WD 2011/ 097470PCT/ US2011/ 023732 PHOTOSENSI TI VE | NK COVPCOSI TI ONS AND
TRANSPARENT CONDUCTORS AND METHOD OF USI NG THE SAME CROSS- REFERENCE TO
RELATED AWBL2DGADTAN This application clai meTtuseotherzB2t under
35 U S.C. 119(e) of U S 5 Provisional Application No. 61/302,013 filed
February 5, 2010, which application is incorporated by reference in its

entirety. Emmlfénsmw'mbcﬁmpbswms ANDB RSNSPARENEICDNDUGTORS

phot osensi tive ink conpositions 10 r|5|ng conductive nanostructures, as
wel | as nethods of using orAIN@tMEH'ITIOi@ Qb SHFEeTHESAMEDt i on of the Rel ated
Art Transparent conductors are optically clear and electrically

conductive filns. They are in w despread use in areas of display,

t ouch- panelg R@ESSJ-WEFE’IQEN@E:TP%LAYEU RPPLIGREONT e-paper, electrostatic
shi el di ng, %eatl ng or anti-re tive coatings (e.g., w ndows), etc.
Various technol ogi es Tiis applicatiocreciaitmsathe zereiit underdd LS €. @at‘ét(ebqf bi® or
nore conductive nedia such as netal Li uct ure ar ent

conduct i Ve Ravisiangl AnplicatioruNeop /8¢ %&di%&i:ﬁ;’ru%ﬁdéggé n'ﬁBlW?@"”hﬁd/ or
car bon nanqb @%r%\ég'[ﬁ)( R ﬁ&@lrﬁltg@ﬁﬁ’@t}f uct ur e- based conductive film an

I nk conpositlro a suspension ‘of conductive nanostructures in a
suspending fluid, is dep05| ted on a transparent substrate. In general, a

t ranspar ent conduct or further includes the transparent substrate on whi ch

t he conductBAESKGR@UND deposited or coated. 25Depending on the end use, the

transparent conductors can be created with predeterm ned el ectrical and
optical properties, as well as pre-

Technical Field

This disclosure is related to photosensitive ink compositions
10 comprising conductive nanostructures, as well as methods of using or patterning

the same.

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,

15 photovoltaic (PV), various types of e-paper, electrostatic shielding, heating or anti-
reflective coatings (e.g., windows), etc. Various technologies have produced
transparent conductors based on one or more conductive media such as metallic
nanostructures, transparent conductive oxides (e.g., via sol-gel approach),
conductive polymers, and/or carbon nanotubes.

20 To prepare a nanostructure-based conductive film, an ink
composition, which is a suspension of conductive nanostructures in a suspending
fluid, is deposited on a transparent substrate. In general, a transparent conductor
further includes the transparent substrate on which the conductive film is
deposited or coated.

25 Depending on the end use, the transparent conductors can be

created with predetermined electrical and optical properties, as well as pre-



determ ned patterns. There is a need for direct patterning

nanostruct ure-based conductive filnms. BRI EF SUMVARY Described herein are
phot osenswoiea/dInkoconposi tions suitable for 5 form ng mamasteworirse- based
conductive films, as well as nmethods of direct photo-patterning of the
sane. One enbodi ment provides an ink conposition conprising: a

plurality of qepnghiedd YEHAIASC TheHs <4 Rged ?ortﬂinéé'lt paittgrey hahostAicture-based

phot osensi ti ve compou and a pol ar solvent. nor.e speci fic enbodi nments,
t he crossli nkahdwctivelfmer is 10 pol yvi nyl pyrroli done or hydroxypropyl net hyl
cel | ul ose. A further enbodi ment provides a nmethod conpri sing:
depositing an ink conposition on a substrate, wherein the ink conposition

conprises a ld onductive nanostructures, a crosslinkable
pol ymer, a pﬁﬁ%grﬁqmmﬁ? and a polar solvent; formng a thin film of

i nterconnecting nanow Deschityed RéRiN At phetodongitNeinkssonysusitiorarslitaboforng a
portion of the thin filmto a UV |ight source to cause the cross|inkable
pol yner i B tfesmingbaeestpmtuiedrassd eansluctive films, rast welk as srgthegts of direct photo-
Anot her enbodigent proyides a conductive filmconprising: a plurality of

i nt er connect PAGS" Hﬁﬁﬂﬁ%ﬁ\?@nﬁe&nostruct ures; a binding material, wherein the

i nterconnecting conducneeemBddifiient proVigss ah hicsdapestion Boinpeisipignelipigrality
material; and a photosensitive conpound. Yet anot her

enbodi ment pobedntkstive manhstiuciorgs; adiinging foatetial agphatesertsitives esmpound; and
B R CR e T R B
plural | tYo0f pERURYIEY 6RO 8P hydBkyBRByIMethy kiRt eri al . a
A further embodiment provides a method comprising: depositing an
ink composition on a substrate, wherein the ink composition comprises a plurality
of conductive nanostructures, a crosslinkable polymer, a photoinitiator, and a
polar solvent; forming a thin film of interconnecting nanowires by removing the
15 polar solvent; and exposing a portion of the thin film to a UV light source to cause
the crosslinkable polymer in the exposed portion of the thin film to crosslink.
Another embodiment provides a conductive film comprising: a
plurality of interconnecting conductive nanostructures; a binding material, wherein
the interconnecting conductive nanostructures are embedded in the binding
20 material; and a photosensitive compound.
Yet another embodiment provides a method comprising: forming a
thin film of interconnecting conductive nanostructures on a substrate by depositing
an ink composition on the substrate, wherein the ink composition comprises a
plurality of conductive nanostructures, a binder material, a heat-activatable
25 photosensitive compound, and a polar solvent; and removing the polar solvent;
placing a mask above the thin film, wherein the mask includes an opening and
defines the thin film into a masked region and an unmasked region, the unmasked
region corresponding to the opening; exposing the thin film to a UV light source
through the opening of the mask at a first temperature to cause photo-degradation

30 of the photosensitive compound in the unmasked region; and exposing the thin



25 photosensitive conpound, and a pol ar solvent; and renoving the pol ar

sol vent; placing a nmask above the thin film wherein the mask includes an
openi ng awmo 2efionegs the thin filminto a masked regi on aou/tseolanaEsked

regi on, the unmasked regi on corresponding to the opening; exposing the thin
filmto a W light source through the opening of the mask at a first

Lemperat ure fifh a4 $aPokRedR Bt Ah Sudhid EfifperlitkoBaidd thersampound in

t he unmasked regi on; exposing the t Imto a heat source in the
dark at a sedegdhdatiopef tieipkotbsensitiez compound indthgr mdakédregidn.t he

phot osensitive conmpound in the nasked regi on. BRI EF DESCRI PTI ON OF THE
SEVERAL VI EWS OF THE DRAW NGS I n the drawi ngs, identical reference nunbers

ot s §n BRIEEDESCRIPTRORORTHE SEVERAZOEASOF A DRARMICS one o

el ements in draw ngs are not necessarl awn to scale. For exanple,

the shapes of various Ritesdrawirgy idergicabreferenoe hurhbns idemtifcsiidlar and sone
of these elenents are arbitrarily enlar ({led and positioned to inprove
drawi ng | Bgi Blements oFgetshethe siges gadielalivaposiigps of slenents &) testFawings areawn

e oo | B A B S e

recogni tion éﬁ?ﬁéb%r@'héﬂﬂ% to scale, and somE&idd tigsecléleAlePiSare amitkariyy aced
above a conductive film prepared according to one enbodi nent. Figure 1B

shows a pat t enlaeged-and positiored ito improve sliawinadegbdity .p Ruttber, 1 patticulani ng.
Figure 2 sho an enpbodi nent, of the present. discl,osure in_which .
i n\g/i si bl e or SNARESP Sié"?@?%ﬁsﬁ% @@er)%ferfb&d%*&'“ﬁﬁd go g?ﬁ\‘@pﬁ?‘éh&“ﬁ%‘ct or

havi ng a1beafe%gibg%é%ﬁja%ﬁé@é%ﬂﬁigt upé/rﬁcaaﬁemts, and have been selectdd gur e

3A shows a st transparent conductor w thout any 20 photosensitive
conmpound. solely for easéofirecogdbiontinise drawiags.or danaged nanowires in a

transparent conductor including a heat-activa | e photqgsensitive co und
fol | 0\5)“ ng a heat treat Fonre 1A s sdgm@s% placed a ovegconguctlve f}Im prepaFg:)dp

according to one embodiment.
Figure 1B shows a patterned conductive film following direct photo-
15 patterning.

Figure 2 shows an embodiment of the present disclosure in which an
invisible or low-visibility pattern is formed in a transparent conductor having a
heat-activatable photosensitive compound.

Figure 3A shows a standard transparent conductor without any

20 photosensitive compound.

Figure 3B shows broken or damaged nanowires in a transparent
conductor including a heat-activatable photosensitive compound following a heat
treatment in the dark.

Figure 3C shows intact nanowires in a transparent conductor

25 including a photosensitive compound following photo-irradiation.

DETAILED DESCRIPTION
In various embodiments, the transparent conductors described
herein are thin films cast from liquid suspensions of conductive nanostructures,

which are also referred to as “ink compositions” or “ink.” In addition to the



Figure 3C shows intact nanowires in a transparent conductor 25 including a
phot osensi tive conpound foll ow ng photo-irradiati on. DETAI LED DESCRI PTI ON

I n vari owoentadir4ment s, the transparent conductors desciPClhas2danei7s2 ar e
thin filnms cast fromliquid suspensions of conductive nanostructures, which

are also referred to as "ink conpositions” or "ink." In addition to the
conductive ”%Bﬁaﬁitwét Nér%%trubﬂﬁeéﬂhe‘?%&%gbéiﬂan CBADisESs B Bindervater syl al
(e.g., a crosslinkable polyner), a photosensitive conpound (e.qg.,

phot oi ni ti at argrossimiableppdlpmer)o Byhotosehsitvesconimthdnexei photoirfiiatof)eand a

Formed’ £ 1 om PRETSAMENLr 85glescoees Beaiy ah B Bier Agtai ek goeserdongnd e |
hot i . e ol

Physi cal t r afenspan Binayar{ecRacne i) sy Oth HRSHACER froBsthae

conpound i5n folng tukthansrebBtce efthket phutoddrisitbeasormpoural) duticnabsorbs iphasons
approaches can be taken to devel op ﬁhoto ima(};es I n the transparent
re

conduct or. 1@nflameergers achemical or physical transieyatationr d)epending an the tepes of

nanostructurgs' . [ P neral |y, r [1es '

conductive n ﬁeop§§@g§3§ﬁ§% 83’?)&% gﬁa a %%e'ﬁg?’mgntge S%ﬁg“@fgﬁhgﬁér&hfg#%ct%r ,

wi dth or di agfiglis apprdaehés chabetaRemtd dEWSISp pYBicCittdges iheré traRgpart@® nm or
50 nm |In various enbodinments, the width or dianeter of the 15
nanost r uct ur éenéweioi.n the range of 10 to 40 nm 20 to 40 nm 5 to 20 nm 10
to 30 nm 40 to 60 nm 50 to 70 nm Lengt hwi se, the
nanostructures are nore than 500 nm or nore than 1 1.1M or nore than 10
pmin | engt hnhRsiabiupss enbodi ments, the |engths of the nanostructures are
in the range™of 5 to 30 pm or in the range of 15 to 50 pm 25 20 to 75 pm
30 to 60 pm 40 to 80 Asiyused Hedeino“ddd@uptive nanostructures” ththamastractuoes’ur es

be of h try. On for defining th f
Cven nanost bt reler By Sk oahy cace e oinc Sk d slekise SRR BRRSL 5 o
the length agg,dOg, M i&oi.eQ'vﬁHf?\tc?r.raiaH\fetér??s Ilé%)ﬂﬁ]r{ 566 HFne,'meérB tgﬁ%@{,”%

enbodi nent s, € nanostructureés are isotropica aped (1. spe
ratio = 1). Teesgithah 100aim op50 rm. Hrubaicuy embbgimens rthpividieoodiametérofdbe
i ncl ude nanoparticles. In preferred enbodi nents, the nanostructures are

ani sot r opPcanaposirigher@saredn thexeangetof 14 to#G:nm) 201 4041Msat9e gBinen, 10 to
nanostruct ur gat ypi I S I f?g)gi udinal axis along its length. Exenplary
ani sotropic ﬁgrﬁ%gt‘ﬁﬁé’t%q B@n’i@ctp e rhanovm’ res (solid nanostructures having
an aspect ratio of at |gagthwldb, the'HaA®stuctures are more than 500 nm, or more than

1 um, or more than 10 um in length. In various embodiments, the lengths of the

nanostructures are in the range of 5 to 30 um, or in the range of 15 to 50 pm, 25
20 to 75 um, 30 to 60 um, 40 to 80 um, or 50 to 100 um.

The nanostructures can be of any shape or geometry. One way for
defining the geometry of a given nanostructure is by its “aspect ratio,” which refers
to the ratio of the length and the width (or diameter) of the nanostructure. In
certain embodiments, the nanostructures are isotropically shaped (i.e., aspect

25 ratio = 1). Typical isotropic or substantially isotropic nanostructures include
nanoparticles. In preferred embodiments, the nanostructures are anisotropically
shaped (i.e., aspect ratio # 1). The anisotropic nanostructure typically has a
longitudinal axis along its length. Exemplary anisotropic nanostructures include

nanowires (solid nanostructures having an aspect ratio of at least 10, and more



typically, at least 50), nanorod (solid nanostructures having an aspect
ratio of | ess than 10) and nanotubes (holl ow nanostructures).

The nanoswouetumesocan be of any conductive material. Mece/usg@ilo2d78y, the
nanostructures are formed of a netallic material, including elenental 5
netal (e.g., transition netals) or a netal conpound (e.g., netal oxide).

The netal | i cymes \&)3{ 23050/, %ﬁngﬁ) sgllﬂrﬂbﬁbéﬁ&tﬂﬁts%éﬁ%g 8h a8p @&trﬁho%‘fié&

whi ch conprises t nore types of netal. Suitable al s |nc ude, but
are not |im tkah 40) asd hasotubgs|(kiollovopaeostructuies)., gol d-pl ated sil ver,

| ati d |1 ad | nbodj ts, t
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nanot ubes. | Rl ite RERAHERILS ord REnRANGSE FUEAIHE FbiGHa, ARl Aire| bfibnta
wTes. e l'e Tor |

silver nano nanostructures suita orn1ng

conposi ti @ns metal (w@ﬁranbadn hestaishocaimétal porapeurd (@gs enetahgxitde). t Tige met hods
descri bed in, for 15 exanp co- pendi ng_and co- owned appl I cations, U S
Appl i cation regial lgmateealscsam alsa bscabimetalis anaterialeametalalloy; whichn ' t he nane

neroin by T cPEBRaes RO RrIRIBHTS Bingldl SARRMERIS AERR: Byl eI

nanostruct ur &5 gilGe@@old)coppan PidKel, Cyblcﬁﬁldﬁ@d’gll\?erpﬁlétlﬁﬁm&éﬁﬂ pafhdrAe
distribution, in which a certain percent\(}ge of the entire population of the

nanostructures (e.g., hbvalqumembodﬁnerﬁs emaumoatrs¢tyé68(ar@rfglwar aaRpwires dt h)
limt. e detail ed desc I rect toc ollin e distribution
in a gi \I\//gh popul at i on ﬁ? &?E Cb%ig’f‘ﬁ?@s E}H Sia QQO@Z @? and
co-owned appl i cati on, Mfﬁrth%%ﬁmodﬁ«ﬁehfscmé Héhd‘i@ruc&ﬁé@%?e ﬁ@fé Iéfédtshﬁ‘/ef‘ane

of 25 Canbri os Technol ogi es Corporation, which application is incorporated
herein by rehaneaites.in its entirety. I n various enbodi nents,
t he nanostructures are resen

the i osition at about 01050/
(w05 19 (i) 1TBOTERPRYUGHIES: SARIG o ae ik SPmbasitons

?W&ft r gft ‘igﬁ/??ﬁr}b%dﬁﬁ&éﬁﬁéaﬂ Be pR&pdrBl aCB5RATY {d e AbtrRbeYesridedth, f¥ W . 1%

15 example, co-pending and co-owned applications, U.S. Application
Nos. 11/766,552, 11/504822, and 12/1062446, all the in the name of Cambrios
Technologies Corporation, which applications are incorporated herein by
reference in their entireties.
In further embodiments, the nanostructures in an ink composition
20 have a pre-determined size distribution, in which a certain percentage of the entire
population of the nanostructures (e.g., more than 90%) is within a size (length
.andlor width) limit. More detailed description directed to controlling size
distribution in a given population of nanostructures can be found in a co-pending
and co-owned application, U.S. Patent Application No. 13/007,305, in the name of
25 Cambrios Technologies Corporation, which application is incorporated herein by
reference in its entirety.
In various embodiments, the nanostructures are present in the ink
composition at about 0.1-0.5% (w/w), 0.5-1% (w/w), 1-5% (w/w) or 5-10% (w/w).
Preferably, the nanostructures are present in the ink composition at about 0.1
30  (wiw), 1% (wiw), or 10% (wiw).



Binding Material |In addition to the nanostructures, the ink conposition
further conprises a binding material, which is typically sol uble or

m sci bl e wo 2a11por4m0 sol vent, a naj or conponent of the i rkTAS2@OSRIBDON. I N a
conductive filmformed 5 fromthe ink conposition, the binding materi al
serves to bind the nanostructures together as well as pronote adhesi on of

t he nanostrugmmﬁémaqeﬁalsubst rate. In various enbodi nents, the physical
characteristrcs ol a grven binding material may influence the viscosity,
cohesi veness and adhesinvaddition & tHehearosthdetures,ghéiimkicorbpdsition éurtresrn

ci rcunstances (e.g., patterning), the binding materi al @('_al_ referred 10 to
as "bi nder") COmPpfiges adneding material, whishyistyRicall seluble qy 'ﬁﬁf’& A pelar

cor e cnhod NERRE haRE oitERnRD: SHHk s ombogtah, Bt et i fmediy
used heregn, fram theqsR bbnip@biti@nﬁgiteywmdfhg%at'éﬁal JEES td Bindrthe n@andstructures

substantially |inear polyner t , in the presence of a photosensitive
conpound 15 {agether as wabasiprompte adhesioniof thernansstrystures ghasobstratadilat i on

LRIV A LB M N o
accordance WnfilleM@s tHYGis€OHYd LORS ivendditary Affdsivinit of B ¥omdudtive Fithub! e

or miscible in the ink conposition and functions as, in part, a viscosity
20 nodi fi er, Undectentaigdireumstarves\ege,geatteynio),tthe binding.material (also referred

di spersibility of .the nanostrucgtures,therein, . The |inear

pol ymer 3 ai gsagfbiRgRrHB| D%Pnégﬁ'V@rfMPwmﬁf&nW Bhysicalqr ghegical;
certain enbogi ; ' at | ; t he phot osensitive conpound
(e.g., phot oﬁ?\lﬁ?% %trl %&ﬁeégeggﬂéﬁ%)gﬁlo%gr eacqi ve species (e.g., radicals,
25 cations or anions). |nl¢ertaiee@aibodimentss thesbigdimgr matetiaf iscarctdsslinkabie al

photo- irradiation trigger formations of reactive species in }he ol ynmer
chai ns, whi cRolyEsy| Asjysedheret facrasstinkable pelymell obalymen defess ngﬁe or
crosslink t I | 1S ; I ' : ' I cal
oot e such Sk fiF IS BB HhaSin FRArESnand S BabREn s SumeciRy
ol efin gngupge.gra m{wéiﬁﬁi.@tlﬁrz)bhﬂ n BSspdfsé e pho-ipaRfatidhean ehé DRra woRE€PY) bl e
to or can cause their neighboring atons 0%: ., carbon) to be susceptible to
free radi cal rangedflPe nm) or visible range (4 b&hmhgfomas chemigal bonds behuest al
structures of the cross|inkable polyner, the crosslinking process causes
the formati oM 8FMLfe PAYREr @MYy pe” of chenical bonds, namely, coval ent,
i oni c or hydrogen bondy, JhargR@ Witk vERGHE Effbodinatats UhesresslinkRable polymer
crosslinkabl e polyner further affect the degree of crosslinking,

is soluble or miscible in the ink composition and functions as, in part, a viscosity

20 modifier, which regulates the viscosity of the ink and the dispersibility of the
nanostructures therein.

The linear polymer chains of the polymer can crosslink under photo-
irradiation. In certain embodiments, photo-irradiation causes the photosensitive
compound (e.g., photoinitiator) to release highly reactive species (e.g., radicals,

25 cations or anions). The reactive species generated from the initial photo-
irradiation trigger formations of reactive species in the polymer chains, which
result in the formations of chemical bonds that bridge or crosslink two or more
polymer chains. Polymer chains that contain chemical moieties such as hydroxyl
groups, carbonyl groups, carboxy groups, and olefin groups are photosensitive as

30 these groups are either susceptible to or can cause their neighboring atoms (e.g.,

carbon) to be susceptible to free radical reactions.



5 i.e., the nunber of bonds fornmed that bridge the polyner chains.
The crosslinking process typically pronbtes a nodification in the
properti esoabittdees7or ossl i nkabl e pol yner. Thus, fol |l ow ngcCirrusadiiatizen, the
crosslinkabl e polymer is converted to a crosslinked polyner, the properties
of which differ fromthose of the crosslinkable polymer. Notably, the
crossiinked 10 pol yner Hepsgaingl dn e fiiciictheiEal dtfieties iof heérosBmiidigl nal
| i near pol yner chain. In"addi tion, the crosslinked polyner is substantially
| ess sol ubl epblyneergtheecrosslinkérg progess ocapsescifietforraationscafratdeast nertikpé lof
polymer. Other properties of the cross|inkabl e pol r that may. differ. from
those of theChemical PRBASHAMEINcPIAeNt mceszmrggeﬁ/ ES?@-aggﬁ %Pﬁéﬁlssqh@y"aﬂd
adhesi veness [ hodi i r ' ers can
s’crl]J?IIuI]esCSIr had JPo?éarIlggggl_ggIogl ersI(IlrlII@I)Iaff?gt] tﬂé%e'ggééfm @rerIIr}IIS tIIﬁ‘EIc S

be hydroxyl -containing or C arning ce osi C ynmers,

hydr oxypr gpy}. setiey hue®ket of besdd fdier, thatishidpey/theqmlyret biydinsel | ul ose
pht hal at e, hydroxyprop)f_lb cel lul ose (HPC), hydroxybutyl methyl| cellul ose,
I'oe

et hyl hydrox' yet hyl cel IThessessliskiagnioeessiyricatly Riamelesompdifisation i thel ose,

and car boxynet hyl et h 20 |l ulpse. . her. Lments,
sui table cr oBéqFIéﬁIiésoIIIethﬁoqréﬁﬂInga@%rpox%msr' hIQIaV%;IﬂIICIVIIQBII%%IﬁQ%QII%CI udi ng,
wi thout |i m gajssmikati® bykimitlis abRdtedd (R &ossieketypolyey thelpreisaties BYP) |
pol yacryl am des, polyacryl ates, polyethyl ene oxides, polyethylene imne,
ani oni ¢ and whidhodiffer flomytibee of theycresslirikable pelyenese Mojaklyrthe Zrossinked e

I h di |t of I Vi id). and I 2-ethyl; 2-
Oxazol | ndp. - PAbiSferes AL GamabMRHoabl! o obonallind: PR ORTsha ki
Typically, t i I ' UBsfaRti - dol
2 600- 000" Dal e BRIk poBimeih sUPelonUaRFIcss BT e oRER sohert

i ncl ude, fora8companed & alibvaTérossnkdblenpolgimer.s Otbemenopetidsyofdhen | abl e from

BASF (Germany). I n a further preferred enbodi nent, the crosslinkabl
pol ymer is I—F'IV@.SI"’IWI%HPIYWertIR%t ’ﬁﬁYéIb%raIrro Qsie; of dhe liprear PRlYMART I'I?@J‘f‘%\ﬁ%re of

120, 000 Dalt Eéé II OF | ositions described herein
I ncl ude, forggirgﬁpﬁ?é@r @Eﬁo%ﬁlﬁrﬁﬁdm 'S conmercially available from
Dow 5 Chegi cal s, and nhycdréainRibbtivnbstspsuitdble dresstinkable polyonérsecamedienods

descri bed in co-pending and co-owned U.S. Patent Application No.
12/ 773, 734, hydrenylgantaining @rcarboxyeontgtiing ealluesie pRIRjersesighedte in its

entirety. hydroxypropylmethyl cellulose (HPMC), hydroxypropylmethyl cellulose phthalate,

hydroxypropyl cellulose (HPC), hydroxybutylmethyl cellulose, ethylhydroxyethyl
cellulose, sodium carboxymethyl-hydroxyethyl cellulose, and carboxymethylethyl
20 cellulose.

In other embodiments, suitable crosslinkable polymers can be a
hydrophilic polymer, including, without limitation, polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), polyacrylamides, polyacrylates, polyethylene oxides,
polyethylene imine, anionic and cationic polyelectrolytes (i.e., charged water-

25 soluble polymers such as sodium salt of polyacrylic acid), and poly (2-ethyl-2-
oxazoline).

In a preferred embodiment, the crosslinkable polymer is PVP.
Typically, the molecular weight of PVP is in the range of 50,000 to 2,000,000
Daltons. PVP suitable for the ink compositions described herein include, for

30 example, LUVITEC® K, which is commercially available from BASF (Germany).



It should be understood that a crosslinkable polynmer may be capabl e of
crosslinking under one condition, but incapable of crosslinking under 10
anot her ocwodptivoom7ol n vari ous enbodi nents, the crossli neablus2@aloysmz i s
present in the ink conposition at about 0.1-0.5% (ww, 0.5-1%(ww, 1-5%
(wWw or 5-10% (wWw). Preferably, the crosslinkable polynmer is present in
the ink conposition at|2Bqukhd} drefeded embdb theXrodSliHkaBlePolyrhér is

Phot osensi ti ve Corrpoun(ﬁi ﬂre A%mused rYet? eien, " plhot os\ééls)l(ti ve
conpound" r eHRMCt dypicatgniheaholecoian weighthoitH PMEds imbeorangeat 180,00Qyht (i n
the WV range _or, visihle range), undergoes a rapid, photoreaction, t roduce
hi ghly react R?étogﬁe&h\z? %l'fgﬁ?eafgrf [ rCQH?R%'tLJ)né SEH ?@B&@B&ﬂ"&&ﬁ@%ti ons
or anions). j I h g b j ne or nore
phot o- | abt | e KABE. NETHERBESKPERHTED i Corfther QAME ORI B B0 0 e T o
the W-VI§ | Oheimicals, &ttlividytie optisnaipgiueisied sictording torpeundtheds idestebédin t he
i nk conpositions described herein are soluble or mscible in the ink

conposi ti on, cp-pendinghand gp-ewWnsiddiS Ratent AwrpligatianNee /77357 b ydtiched

herein. 25In_certain.enbodi t he Sitive . ound is al so
referred to ggpgca?lgﬂﬁ ﬁ%rgtﬁ%?eoq?he%&ggE@gfq%%%éhiﬂsae[%gg& eacti ve species
that are capable of triiageuidWe UHEERS0d PRFBIdrostinRaAbIEGRINMEEMARSR €S i n
the binder material (e.g., crosslinkable polyner), causing the formation of
cheni cal bondapaterf crdsslipking madec hae eonditihnshutpineapatie of ciogslinking ypdeent
conduct or,_can b?@gattg.éned in a 30 manner simlar to photoresist
R ot M S A —

G ' NRkable 98 rt'he th
transparent ponduct or .?ﬁat arseélg?qéoplse t'otﬁ?he_ phot 0- | ?ﬂl@iﬁ%ti g)rrl feor ns aE_3
cr os; | i nked pgdc;ompl osnmfﬂe?lﬁoutﬁm-lﬁ]j%e(w/wﬁnbt%%ga/g (w,frx:v)t mgﬁ%tﬁwﬁve»(qzro&—éd% egi on
can be renoved al ang, wi € nanow res edded therein. . Thus, a ] atept
i mge in t he(Wimandpafesablyctheriessinkable RRlYmE" W@éen@nita‘?é{gﬁ %R’T‘B?ls'mage
devel oped in t 1) 0 i nductive regions in which
nanost r uct urggogtﬁée'wémhge@%?ﬁ&)aogﬁgg’sﬁ/m'ed pol ymer and non-conductive
regions that are devoid of nanostructures. Suitable photoinitiators
include, for _exanple, the water soluble  benzoyl phenyl carboxylate
conpounddSdeEhptasensitive Wompoumnd 44184, whi ch 10 reference is incorporated
herein by reference in,its tirety " b [ :
photoinitiators incl udésé'fga{}!%%'%maqhé)ligsseas%@ecoﬁ?@%%irééié;% goré?h?rr?('ﬁaddi ng
those that agempeUREHetALpON B¥SHAEBH Bf figMinteouPuang& e vishaeé rangl)st ry,
Ltd, Japan). One exanple Is 4,4'-Diazido-2,2'- stilbenedisul fonic acid
di sodi um sal undargaep refapid phbtpreactionite ipsedirce kighlrREaamive specisy such as free

oxy- phenyl - arga%ééis and charged species (cations or anions). Typically, the photosensitive

20 compound contains one or more photo-labile bonds, which are highly reactive or
unstable when exposed to the UV-VIS light. In addition, the photosensitive
compound suitable for the ink compositions described herein are soluble or
miscible in the ink composition, i.e., they are soluble in a polar solvent, as
described herein.

25 In certain embodiments, the photosensitive compound is also
referred to as a “photoinitiator” because it generates reactive species that are
capable of triggering further formations of reactive species in the binder material
(e.g., crosslinkable polymer), causing the formation of chemical bonds among the
polymer chains. Thus, photosensitive transparent conductor can be patterned in a

30 manner similar to photoresist patterning. For example, the binder material (e.g.,



aci d 2[ 2- oxo- 2- phenyl - acet oxy- et hoxy] -ethyl ester (Ci ba Specialty

Chem cal s, NY, USA, part of BASF). I n various enbodi nents, the
phot oi ni tweat20r1/19%47pr esent in the i nk conposition at aborCTAISM5/083704 %
(ww, 0.01-0.05% (ww, 0.05-0.1% (ww, 0.1- 20 0.5% (W w), 0.5-1% (W w).
Preferably, the photoinitiator is present in the ink conposition at about

0. 01% (W W) ,cr8sshikae olyrﬁgr) ﬁ‘:rjé%ﬁ@ of the transparent conduéfof elat &iF0 @sth B8&Y o

t he photosensitive conpoun ergoes phot o-degradation w t hout an apparent
ef f ect on t liee photieirradiaton fatmsa ¢rbsslimkad polyuwen wiereas thefbinder matepiad it ur e.

However, such a photosensitive c ound 25 may b hermal |y deqraded at a
cotond. " hi gfies NoBEXEPSEHregIon CanIE 1RaSs 21850 MR thE Salewirts RIbRABT. aus i o
d d : _ ' : ) . Clh .
o o PSRt TnAEE T M ShESACdUcldt b RRing Bhetd. Mo o |

can be pd t eradidtiby negopedevelbped iroa sokgionphaketto obtaiadbatictiveardiomsdh. As
a result, the photosensitive 30 conpound in regions that are exposed to the
photo-irr adivehl%nao@stwqtunasrafa@mt&eﬁng@ gesslinkedipohyegr ard soprconductive

sel f-destructs. W { ' t i nder material or the nanowires. In
t he subsequg%g'oﬁdﬁw%re?{eggﬁn%ﬂ%ﬁogﬁyﬁé’? dark, the photosensitive conmpound
in the previously nasiggtabROplesteinitiatérstinaladie fobexaeple, thdaaensdllige mal
degradati on products effectively etch or otherw se cause damage to the

nanow res, Ibeaaoylghenylcabepyiate cogipounds slesaribedimikka07/844d%4, whithe
resi stance in . the unnasked region, on the other. hand, kB remains unaffected
becausenlt%.ne.r?fﬁi"‘?'?cﬁ 'Sb'ﬂ?ﬁrBQTart?ghPEﬁ"i‘ gx 4 §e'&cées'f'r'ti/%r§".g§¥y heat - acti vat abl e
phot osensi tive conpouggihEpsgiigivie photoinitiac}ors_ include a7 typE vREReSLBRNT S,

heat - acti vat abl e phot osensitive conpounds i1 nclude cafionic photosensitive
conpounds ophatuiniiatorgHintlodiegshose that anp comaserciblly lanaiteble froo ¥¥akocluieoni ¢
phot osensi tiye conpoynds include phgto acid generatars, i,ch are commonly
used in con Mgl 'ﬂHW%Héﬁﬁfamr@- g)rﬂﬂ‘?’fqr@ﬂ ﬂ%gtzﬁ' %?'99'?%%% S.Y. et

al ., Journal ; ek 0 C. Photochem stry Reviews, (8):
157-173, (2%B%feng@%éggﬁlg%ﬁ%@%ﬁgﬁuﬁféée"'corrpounds are typically soluble in a
pol ar sdlisvent and degpasreférmdd phstoititiatonisi IRGACURET 1840t e-, iaxyqrtientyl-aceticThe
acid 15 produced is generally not sufficiently concentrated to danage the

{ . : g
met al nanos@fifcd{R-e50@-phendacetaxynthen-atiayl asten (Gika speeialty fhemigalg WY,
ot her hand, 0 the absence of the light irradiation, photo acid
generators M&@%ﬁ@gﬁwdl scl osure degrade into caustic degradation
products that are capabigridis éapagdinidhts tBePHotdinitiattdsé present Rthetihier eby
reduci ng the conductivity of individual 20 nanostructures as well as the

i nt er conneccompogitivetatedouhH95t0.0t Yaivew), EREL05To(Ww),i BOSO. Phdwdapisti ve
corrpoun(iﬁ | B%%?\?V/w)\motgﬂ% (w/w). Preferably, the photoinitiator is present in the ink
composition at about 0.01% (w/w), 0.1% (w/w), or 1% (w/w).

In other embodiments, the photosensitive compound undergoes
photo-degradation without an apparent effect on the binder material or the
nanostructures at a first temperature. However, such a photosensitive compound

25 may be thermally degraded at a second, higher temperature, producing
degradation products that are caustic and damaging to the nanostructures.

As discussed in further detail herein, transparent conductor
comprising a heat-activatable photosensitive compound can be patterned by
sequential exposures to photo-irradiation and heat. As a result, the photosensitive

30 compound in regions that are exposed to the photo-irradiation (e.g., through

openings of a mask) degrades or self-destructs without affecting the binder



limtation, oniumsalts such as diaryl iodoniumsalts, triaryl sulfonium
salts and diazoniumsalts. Crivello J.V., Journal of Polynmer Science: Part
A Pol ymewoChaewmiostny, (37): 4241-4254, (1999), which refrerarsec@1ios3732

i ncorporated by reference 25 in its entirety. A diaryl iodonium
salt conmprises a diary' iodoniumcation and a counter ion. Typically, the

diaryl noi et %étériﬂioplaﬁgxgnomr@gpm {h)é's&%eﬁbéﬁlwrﬁﬁﬁé]ttﬁésﬁttmehﬂin"mb%rkﬂﬁe

phenyl or the naphthyl noieties may be optionally su Ituted with al kyl,
aryl, hal ogephotak&nsifive campougd émthet previoukly. masied mgitres isiantivatey dyehe,
chloride, nitrate, tetrafluoroborate, hexafl uorophosphate

hexaf | uor oar WBRERLY, thermaldegradatiompioonsisaTtectixely atels PF aebwiseFaxsed

generator is_gi ' ' L1 g . | 1 .

i aryi i odon; CATBAFTE e AR Jeadith o pifidredSiirce T e FERRBIR SN, 1 1
p- t ol uenesul The aésistanbé i thd @irhAsked Rigtan, loh thé Bihémhand, eémaimssundffectid,

bi s(4-tert-butyl phenyl)iodoniumtriflate, bis(4-tert-butylphenyl)iodonium
per f | uor o- 1- begausedhe fintiak Rhoteiirsadiatien has deslipyapaenpeai-actyatatiet ri f 1 at e,

di phenyl i odonj um p-t.0l uenesul f te. and di phenyl i odoni um

perfl uoro- 1_Bﬂ&gﬁ%@ﬂﬁ\f%ﬁ%‘rpﬁgungrtﬁ’lergln. Apt ri )altryl sul fonium salt conprises

a triaryl sulfonium cafy \iticR8ermbsdinehts, he@facthatakial ghotodemsitivel copouriset y
i's triphenyl, trinaphthyl, diphenylnaphthyl, or phenyl-dinaphthyl, in which
t he phenyl oinclude catiphichphotasgnsitivescaragourelsior anionio whiotasengtive icompsingst h
al kyl, aryl, hal n, al koxy, carboxy and the ]ike. Th ounter ion nmay be
chi or] de10ni iy PATECUIRL cREPRGANGiGsensierRomAT s dRFUdB RGPl 2cid Generalors,
hexaf | uor oar t f r: | t\e; i | um
ol ts i nol udaniep are OGN SR TORCEIEA it EHER ARy Kl phofutpsBe. .
chl or opheny| Mdon &Ny etall. f Jovirmsh dfiRdiyaéreSciedeé | Bant Ob iRhojooreinpbiey WResidwsoni um

triflate, 15 (4-iodophenyl)diphenylsulfoniumtriflate, . .
( 4- met hoxy phé@y 194! gﬁ N ]I'Eﬁsp%ﬁhotosensmve compounds are typically soluble in a

triflate, (4- ' E ani i f r . .
11 120 G BRI LSRRI KRR A0 Bt raciton. T ac
(4- phenoxy pheradured geydraly honsufficiently tericantiaded to damage the metal
phenyl t hi ophenyl ) di phenyl sul foniumtrifl ate,

(4-t ert - but ynMSHUCILIED BB 6aLsRi Heokinden materiaite crosslink. On the other hand, when
-b hor h byl \di.pheny! sul f oni ] _
napht nyl o DRGAISN O HEcAreance g tont BB Bsary Beheralors o ne s

triflate, trd;gsmpsand déﬁ?b&@‘iﬁi@@hhﬁ@ﬂé@f%bﬂ@rﬁ‘??&lu&é that ke BhpaBIE W

hexaf | uor ophosphate, tTiphenylsulfonium perfluoro-1-butanesul fonate,
t ri phenyl suldamagimgtthe metakbnanastrictres dherdbytredpbiegythg sandeetivifnof individual

e o A el LO124a) S0 s i SR RIS R 1 2t

Exemplary cationic photosensitive compounds include, without
limitation, onium salts such as diaryl iodonium salts, triaryl sulfonium salts and
diazonium salts. Crivello J.V., Journal of Polymer Science: Part A: Polymer
Chemistry, (37): 4241-4254, (1999), which reference is incorporated by reference

25 in its entirety.

A diaryl iodonium salt comprises a diaryl iodonium cation and a
counter ion. Typically, the diaryl moiety is diphenyl, dinaphthyl or phenylnaphthyl,
in which the phenyl or the naphthyl moieties may be optionally substituted with
alkyl, aryl, halogen, alkoxy, carboxy and the like. The counter ion may be

30 chloride, nitrate, tetrafluoroborate, hexafluorophosphate, hexafluoroarsenate, or

hexafluoroantimonate. A preferred photo acid generator is diphenyliodonium
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descri bed above , other exenplary cationic photosensitive conpounds include
2- (4-methoxystyryl)-4,6-bis(trichloronethyl)-1,3,5-triazine,

N- hydr oxywephtimari7m de triflate, and PCT/US2011/023732

N- hydr oxy- 5- nor bor nene- 2, 3-di car boxi m de perfluoro-1- butanesul fonate. Al

of the cationic photosensitive conpounds described herein 30 are

comerci al |y aval I(lgp]m ngﬂ&%@ﬁﬁ{ﬂéQ % odotliuml<AtsSncld&2 - for ER4Rple,

Sol vent osition Is conmposed of a pol ar

sol vent, whi plg(4trtbutylptesnyl)ivzioniurs ip-tollesties utbénate g brslg44eert-well as prevents
t he nanostructures from aggregati ng. As used herein uty'g ar. sol ven refers

to a fluid thutyln’ma@yalosioswﬂ@rtob@r@ﬁvwatﬁd@ﬁ(ﬁeﬂs{? ywodﬁn@mjﬁ@ﬁ

polarity ind t on of the
Sot vent "wi ¢ nobLHerfioUUR e PR Reludr 43S 8ADES Rina S BRATEICT, 0Ly o of
the Sol vest Bu%@fetn}/gﬁm@hu@@mwe LdighérigiodoAiant pabluehesiifomaté apd aphy

Sci ence, 16: 2 78), incorporated herein by reference). In various

embodi ment s, dudhvenphndnmwnlpﬁ@ﬂuorps1 -autanesuifonadévent , which 10 is a chenical
conpound conprising a hydrogen.at.om bound to an_ electr such
as an oxygen and a ni t?‘c; sqllflcz@umas  EITRISES "’\’/ﬁfﬁrylt‘v@fgﬁg\% \‘j‘xﬁ?@%ﬁ@

hydr oxyl grolﬁ'BuﬁtBF'(dN AbicdINthedtriaKR moiety is triphenyl, |tﬂné15iﬂﬁﬂr6%eﬁ§1fﬂ9§hm?ms

the pol ar solvent contalns at |east’ one hydroxyl "group his regard
"nonohydri c pophenydainaptithyly isfwhish ttie pheoylar tb@haphthymw(@t@sdeay hed her ei n)

efers td0a Betanallyqubstute et annalyhbabiaen. ehaybartehd i U figo
hydr oxyl 07 0UgS eIt mall b8 HisHde, HitatR! ﬂ%gggfm%ta,en%faﬂubbgpm Rt 0! vent

has a boiling pol n nor e typrcally, t han

200C, nore t gexafildryarsenate) behekaffuotbarithiéhate. Exemplary tnSanBalﬁdmuprﬁaelts
sol vents include, for exanple, water, npnohydric _and palyhydric al cohols

li ke net hanoInC"&eh&?fcﬁxan’r‘P'Q»r@plar@HI'OPWBQWBBQWGPmn'ﬂ'ﬁd”ﬁ??@é"r ol , ethylene

Ut ene. 1" 4- Gt uBPOtRaY fflonefli@0RAudk tip el e g0t RB IR Msufoniom trifiate,
In certaip eﬁ:wdlbﬁﬁéh dlﬁhleﬁ)ﬁéulfbnmh@rl’ﬂaiélMembﬂwcﬁ@phélfol}wfbhéqulf@nmmohol s

that are fur m)dl with one or nore ether noieties, so |long as at

| east one hyttiflates(4- gtecblnnﬂpbenylxdlpmiwonmmtrélap%l(érmgfbwlélﬁpbenﬂ}m%éﬂ

PLOR on 0 XEhy TORRREAT el e Pk Rrer S SRt dRBRITADY! et her
phenylthiophenyl)diphenylsulfonium triflate, (4-tert-butylphenyl)diphenylsulfonium
triflate, (tert-butoxycarbonylmethoxynaphthyl)-diphenylsulfonium ftriflate, 1-

20 naphthyl diphenylsulfonium triflate, boc-methoxyphenyldiphenyisulfonium triflate,
triarylsulfonium hexafluoroantimonate, triarylsulfonium hexafluorophosphate,
triphenylsulfonium perfluoro-1-butanesulfonate, triphenylsulfonium triflate, tris(4-
tert-butylphenyl)sulfonium perfluoro-1-butanesulfonate, and tris(4-tert-
butylphenyl)sulfonium triflate.

25 , In addition to the diaryl iodonium salts and triaryl sulfonium salts
described above , other exemplary cationic photosensitive compounds include 2-
(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine, N-hydroxynaphthalimide
triflate, and N-hydroxy-5-norbornene-2,3-dicarboximide perfluoro-1-
butanesulfonate. All of the cationic photosensitive compounds described herein

30 are commercially available from Sigma-Aldrich® (St. Louis, MO).
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Opti onal Conponents In addition to the above conponents, the
I nk conposition may further conprise optional conponents including a

sur f act anwp 2anich9os1@ or nore co-sol vents. 5Typi cal surfaeCanissoigzmeidr3as

et hoxyl at es, al koxyl ates, ethyl ene oxide and propyl ene oxide and their
copol yners, sulfonates, sulfates, disulfonate salts, sulfosuccinates,

phosphat e esiRjis S@ﬂ%%tﬂ uorosurfact ants (e.g., Zonyl(r) by DuPont). In one

enbodi nment , ant is present at about 0.01% of the total wei ght of
the ink corrposi tion. 1CrRemweeﬁﬂhetmNeoms]ubass ocbmpostdbf a palarfsottean; s

i ncl ude fl uorosurfact ants such as ZONYL(r) surfactants,. including, ZONYL(r)
FSN, ZONYL(r Whishsolubiires the qonstituentsof 'F’SHS(VYIQI\:%?\PFGGHQFﬁ bginanostructures

\s/\:ljlr ][n a(r:]%J ;E;I(I’)l'[] S R@q a@%ﬁ%ﬁw&w&?y r}ei%q\aprﬁo;fé t %g k@%ﬁ@ﬁéﬁét&%o@yl at es.

Preferred 5SUSh9§éﬁ;66I§rlii/ﬂﬁHébd©f af leastlp A@Wﬂe@‘ pom?rtty’hﬁléﬁﬂ@b reldtios Yhédsige such
as TRITONTm (X-1 45), and nonyl phenol ethoxyl ates such as

TERG TOLTm ( Dbthecirgree of Im:emyny of mezjwmelntmnyh valipusheolaeteskpolitgs ($68- i oni c

surfactants pnclude ag ant su as DY n(

507 (AT pr SRuESSE R GClaRsPetion O e Sl e RS e Bl Stamen Lisbios,otiinal
n- dodecy113 Q@Fd@éto@%pfﬁpﬁléﬁcéoki’ QQB G %?Qnéo@%?éiég hepéiAbySaferBnte). as
descri bed herein. For “exanple, in various embodi ments, the |Ink conmposition
conprises both water ahdvemems embodﬂimaﬁtartherpeiaframuent fsn& pCatigpsdveritpwhich

The ink ¢onpositjon. combi nes the conmpone descrlb herein in 25
pre- det eﬁ n&f F %m&a?CRWPEH“‘é&R”\P&nB' rdagﬁ@ Famy @}Bﬁr}%‘%‘z@hd t he

met hod of deﬂ@%étf\)eoﬁﬁnf%@c?haé Bn‘@!{;%?ﬂ@ﬂﬂ%@@ﬁt Fhus h§ Fétid ébI\Petntttgkﬁlcglly

crosslinkabl e ymer € nano ures , et a nanow r es
preferably iimclltesraahgdroryl grboptand/dranadraino gro0p0625, nore typical | y, about

Thont 0" 0% 1ath2, %" N Brafrmed embodiments, the polar solvent contains t loast one
hydroxyl group. In this regard, “monohydric polar solvent” refers to a polar solvent

15 (as defined herein) that contains a single hydroxyl group, whereas “polyhydric
polar solvent” refers to a polar solvent (as defined herein) that contains at least
two hydroxyl groups (e.g., glycols).

In various embodiments, the polar solvent has a boiling point of no
more than 250°C, typically, no more than 200°C, more typically, no more than

20 150°C.

Suitable polar solvents include, for example, water, monohydric and
polyhydric alcohols like methanol, ethanol, n-propanol, propane-2-diol and
glycerol, ethylene glycol, propylene glycol, propane-1,3-diol, butane-1,4-diol, 2-
butene-1,4-diol, and the like, or mixtures of two or more such glycols.

25 In certain embodiments, suitable polar solvents can be polyhydric
alcohols that are further modified with one or more ether moieties, so long as at
least one hydroxyl group still remains. These polar solvents include propylene
glycol monomethyl ether (PGME), ethylene glycol fnonomethyl ether (EGME),

propane-1,3-diol monomethyl ether, and the like.
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WO 2011/ 097470PCT/ US2011/ 023732 The ink conposition typically has a
viscosity in the range of 1-1000 cP. A preferred viscosity range is between
about 1 awd200@9zf0(e.g., for spin coating). PCT/USRO1OM0RETB2 var i ous
enbodi nents, the ink conposition conprises the 5 follow ng conponents (in
per cent age wei ght of the total weight of the ink conposition): netal

nanow r es: 0 obohal é?f?f‘%nér{fsto 10% binder material: 0.1%to 1% or 1%to
10% otosensitive conmpound: 0.01%to 0.1% or 0.1%to 1%
and 1lO0surfactant: 0% (hé@djer’omto theDdaboveocdmpénents, the ink compos&iphcmdayi nk

conposition for depositin | nanow re rise ht, from
0.0025% t o OfUrthes sPMmprisef tp@agcomaowraﬁéwﬁﬂgmﬁa%a tr%"r‘ﬁ’ NG §5 HIBTESFO-
0.05% for ZOW %}‘ FSO 100 or 0.005%to 0.025% for TRITON TM X- 1 00) ,
fromO0.02%to0 Cf ossl i nkabl e polymer (e.g., a preferred range is 0.02%to

15 0.5% fgr HPMO), frofypiclsurfactarit$tsiieh als etacwopates salkdxyiates, @wfyldr@ @q&é@ of
photoinitiator and from94.5%to 99. 0% pol ar sol vent. I n

embodi ment s RewreRylenaoxide ansdheicopplymassyeultonatas, sulfates, @lﬁ@lfonate salts

orovi des. an FHOSEHIEE RRCOHAE Suer: Aoa 00bIckEiaPRRR 14§ Zpni by BRREA]™"

nanost r uct ur fpend efbOIRhEAK &R SuPRItAREE pFEsEHt iat abBut B0 6f theabRIl Weidhidir |
wat er and optionally PGVE. Mre specifically, the nanostructures are silver

nanovvl res. theink compositionone enbodi ment, the ink corrp05|t|on conprises 12

754, 5g_of P d5 | t t
003806 5800, 4 ot 1 ver REREELVEE AR ef SUtHTs SO aRRa oS L 00 and
wat er . fl oros}uféctBHgélf‘dh @?@N%r&%@ﬁté% wgf@w@@fsm'me@t

conprises a plura nanostructures, a cr oss pol ynmer conpri si ng
PVP, a phot oF8Q, |ZﬂMYL®ﬁ@‘ﬁeuZ(HﬂML%ES#bt[MFPqnthaBr Wikpiagton, ©&H)| gndt he
nanostructures are_silver nanowr
NOVEC™ (3M, St. Paul, MN) Other exemplary surfactants include non-ionic
surfactants based on alkylphenol ethoxylates. Preferred surfactants include, for
15 example, octylphenol ethoxylates such as TRITON™ (X-100, X-114, X-45), and

nonylphenol ethoxylates such as TERGITOL™ (Dow Chemical Company, Midland

MI). Further exemplary non-ionic surfactants include acetylenic-based surfactants
such as DYNOL® (604, 607) (Air Products and Chemicals, Inc., Allentown, PA)
and n-dodecyl! -D-maltoside.

20 A co-solvent can be a second polar solvent, as described herein.
For example, in various embodiments, the ink composition comprises both water
and PGME, or PGME and methanol.

Ink Compositions

The ink composition combines the components described herein in
25 pre-determined ratios, which can vary depending on the substrate and the method
of depositions used.

In various embodiments, the ratio of the crosslinkable polymer to the
nanostructures (e.g., metal nanowires) is preferably in the range of about 5 to
about 0.000625, more typically, about 1; and the ratio of the photoinitiator to the

30 crosslinkable polymer is about 0.01 to 0.1.
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I n one enbodi nent, the ink conposition conprises, by weight percentage,
0.1% | RGACURE(r) 754, 1% PVP (MM1, 300,000), 0.5% silver nanow res, 85%
PGVE and WO%)nwzoes70 I n anot her enbodi nent pCrhis201nk023732
conposition conprises, by weight 5 percentage, 0.4% di phenyliodonium
nitrate, 0.4% HPMC, 0.2% silver nanow res, 100ppm of TRITON TM X-100, and

water. Thin Fil m For mgieqRk com(?rogition tw(n)ic&]!&(ﬂ;héé'ké \ﬁéﬁ@éﬁ?iiﬂh@rfaﬁﬁg oP8-1000

deposited on the substrate acc I ng r exanpl e e nmethods descri bed
i n co- pendi of. LA PrefBeredvisclisity rarsge isrbet@edio abbat $@ad8DD.cP (e.g., for spin  Thus,
described herein is a nethod that conprises: depositing an ink conposition
on a substr &@iNYkerein the i nk conposition conprises a plurality of

nanostructures, a Cro?’?hm&%hguggwﬁvg%g plﬁkr?:io lﬁ%tsﬂfonstﬁglq?r"f’se@%?r

sol vent; and all ow ng e solven n-coating | ypi ca

t echni ques f dliodeng eoirpddedtsin peroentademveigheoftiestbtalnighdof tieainkol | i ng t he
| oadi ng anobunt, spin speed and time, thin filnms of various thicknesses can
be formed. COMPOSHONEr st ood that the viscosity and the shear behavior of

t he suspending fluid, the o b ) ween the nanowi res,
may affect the distri Hﬁgﬁg%ﬁé@@%s&@&%%ﬁﬁﬁ\L}i/?nfp ﬁ(?%t he nanow res 20
deposi ted. For exanpl ginddrienatBlialc 0MRRh PRy 1de36n0Ped herein can be spin-

coated on a gl ass substrate at a speed of 400-2000rpm for 60 seconds, with
accel eration 1000r pm photpsensitive compeunen010d % to 0118, arubjl ¥ctoctiot andert ai n

post-treatments, including bakjng 0C far nds and 140C for 90
seconds% 25 Pressure ?Pgaﬁﬁﬁﬂtﬁg\ﬁﬂba °9\ﬁ(§ﬁ3%‘?9%@§'%can be further enployed
to adjust the final ‘;L'tﬁpﬁ:ﬁ?ﬁlkfdoﬁ?ﬁds‘ﬁ%mr _deBositin mebtéisnéHUé\ﬁfe%é&ﬂﬁpll?éés‘?ne

skilled in the art, eposition techni ques can be enployed, e.g.,
sedi nent at i by weight, fretre® €625% t 0144 surfadtanin@lg., dipeeferred,rahgeve fooman

coating. i B-00ze0h i csth o GNETE R off ar CHaSited SRR BT R R ues
can al so beqgq) from 0.02% to 4% crosslinkable polymer (e.g., a preferred range is 0.02% to
15 0.5% for HPMC), from 0.01 to 1.5% metal nanowires, from 0.005 to 0.5% of
photoinitiator and from 94.5% to 99.0% polar solvent.
Certain embodiments provide that in each of the above
embodiments, the nanostructures are metal nanowires (e.g., silver nanowires).
One embodiment provides an ink composition that comprises a
20 plurality of nanostructures, a crosslinkable polymer comprising HPMC, a
photoinitiator, water and optionally PGME. More specifically, the nanostructures
are silver nanowires.
In one embodiment, the ink composition comprises 12 mg
IRGACURE® 754, 5g of PGME, and 5g of a formulation that comprises 0.38%-
25 0.4% silver nanowires, 0.4% HPMC, 0.0025% TRITON™ X-100, and water.
A further embodiment provides an ink composition that comprises a
plurality of nanostructures, a crosslinkable polymer comprising PVP, a
photoinitiator, water and optionally PGME. More specifically, the nanostructures

are silver nanowires.
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WD 2011/ 097470PCT/ US2011/ 023732 used to directly print an ink conposition
onto a substrate with or without a pattern. For exanple, inkjet,

f | exopri nwongliza47scr een printing can be enpl oyed. PCT/US2011/Db3532
substrate can be any material onto which nanowi res are deposited. The
substrate can be rigid or flexible. Preferably, the substrate is also 5
optically clear, i.e.,ql4 ARt Sthl i | ' st 80%
in the visible region I?gggﬁ%&&mo ﬁﬁ)b%k 86mb8§|t|8ﬁt08féixpgir?g%§bsﬁ@g]§lgﬁgi d
substrat es ipertemtagg) @4% IRGACLRED 7SS et% PP yMW:s1,38000000.6%Kksilver n

particul ar, specialt I uch as, al kali-free glass (e.g., borosilicate),
| ow al kal i d]ag’é’é"{'re&néis(%é@é'i@éEHHSM(%“@"%(SS-ceram' c can be used. 10 The
specialty glass is panli I " foQL s thi ' ;

i ncluding Tiquid cr yst'éla%gli@éﬁle\a@éﬁ%%ﬁ?’ t@ééﬁ#&r‘%"s‘ﬁﬁé‘ﬁéﬁ‘ ggﬁgrlgg%u%sjt@@tes

i ncl ude, Butpercentagé, 0.4 tipehpliodomivmsiteate, 0. 4% HPNIO| § 20 gilvesreranowires,
terepht hal ate (PET _Hgolgest er napht hal ate, and pol ycarbonate), polyolefins
(e.g., |ined00ppMaatHREOMREX:1Q0.iandpualesl ef i ns), 15 pol yvinyls (e.g.,

pol yvi nyl chloride, polyvinylidene chloride, polyvinyl acetals,

pol ystyrene, polyacrylates, and the like), cellul ose ester bases (e.g.,

cel | ul ose t s &Rt EBornsatldnul ose acetate), pol ysul phones such as

pol yet her sul'phone, pol yi m des, silicones and other conventional polyneric
films. Drying can be dderinkgooposiipnaian b depesitegrgn the suhséateracearging 120
purgi ng, or  baking in,an oyen he .pol.ar sol vents i bed herein have

rel atively IfBW)EﬂfﬂPIPnH‘ep@F odsdesgr I,Bemp %‘P@nﬁmnug%te% 'Fﬂﬁ?nt hey can
be removgd Wd M e8Ges2dypically, drying (e.g., baking) at 140C or belowis
sufficient to pronot'e solvent renoval and filmfornation. The
thin filns thus fornmedhusedesaitted akinyis @ometheid that comprises: ldepoeiting ar nor e
electrically conductjve paths are establi @{je?’d thr%%ﬂ conti nuous Bp‘%si cal

contacts am¥MyCPRROHLARON A sYbsteate, wherel) e Ipk CRMROSHIGNGARHSESA Plurlity
tacts amtiy ¥ ( AP A
ohont 1 eei O nBhbSuhfel, BRASHIARABK pdynd? WPhatbRRERor, apfiEiiat doidnt, O

resi stance iaghdaalfowisg thnsaslfentitoldeast the surface | oading

15 Spin coating is a typical technique for depositing a uniform film on a

substrate. By controlling the loading-amount, spin speed and time, thin fiims of
various thicknesses can be formed. It is understood that the viscosity and the
shear behavior of the suspending fluid, as well as the interactions between the
nanowires, may affect the distribution and interconnectivity of the nanowires

20 deposited.

For example, the ink compositions described herein can be spin-
coated on a glass substrate at a speed of 400-2000rpm for 60 seconds, with
acceleration 1000rpm/s. The thin film can be further subjected to certain post-
treatments, including baking at 50°C for 90 seconds and 140°C for 90 seconds.

25 Pressure treatment with or without heat can be further employed to adjust the final
film specifications.

As understood by one skilled in the art, other deposition techniques
can be employed, e.g., sedimentation flow metered by a narrow channel, die flow,
flow on an incline, slit coating, gravure coating, microgravure coating, bead

30 coating, dip coating, slot die coating, and the like. Printing techniques can also be
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30 density, the sizel/shapes of the nanostructures, and the intrinsic

el ectrical property of the nanostructure constituents. As used herein, a
thin fil rwo=otionsizder ed conductive if it has a sheet Presitst@nne’’ef no
hi gher than 108S2/O. Preferably, the sheet resistance is no higher than
104S2/0, 3,000 WO, 1,000 S2/0 or 350 WO, or 100 WO. Typically, the sheet

o1 stance Ohad BSAGME i35 PRSI ik BBl AR BT o cara oo, e
200 WO, fronFépexaiplen irkjé, MOmmtlhg@deWeMDptmtl@ﬁaMﬂe eonpléyen 10 S2/0 to

200 WO, from10 WOto 50 WO or from1l S2/0 to 10 WO
Optically, the nanost rIEB@@Hbsﬁﬁﬁt@é@r‘tb%ﬁgbm%ﬁﬁ'almmm BAMWIEESHh | i ght

transm ssi on i

Conduct or 1 SoERekfER, /1 SufetP caR pkiia fhaeRBle, FiiuEBl, the bifdaReaRom
than 10 85% bguéah@ d!éé* béeh%ﬁlgréﬁbml%lbﬁ of Y Fn%'térYal .g helehsuB0%tin ahes visisé on
is nmore than 90% nmore than 93% or nore than 95% Haze i s

anot her i nderegidn (ﬁﬁO nml ¢b@nmly. It is generally recogni zed that haze

lts f | i ght d fl [
ind surface roughness. EXRERI ShHaid SpSTaeS e Bfes Porinhiary; dpmies:
transpar ent Aﬁdwmﬁt&tmparﬁcmr Betigh) YakBhcn s é‘lRélﬁfr"eB%jhs‘i%e §9 nore than

5% or no nore than one enbodi nent provi des a
conducti ve t borosilicate)clonpalkali glpss, pmmzanq-ewmlomglas&@ar&mmlq@@ be used.

nanostructures, a bj nder mat I i nkabl
phot osendPt i VBe é@ﬁﬁ'@ﬁ%@ assys %éh?%rﬁ’egiﬂﬁ@ﬂlafﬂéW'i %a'lf'al %gﬁ g)ﬁ%rrer G@I‘L’cﬂ?%
filmhas a lk,(%n%w arl y@frg@? nor e fthan 85% and_ a sheet resi st ance of no

nore than 10 enbodi nents are directed to conductive

thin filnms having a shEQampm oftfaxibde eﬁbstcateenm:lmdarbu‘iaﬁemlimmedmre than
500 WO, no nore than 400 WO, no nore than no nor r] 10
nashalate, an

25 Phot o- Pat pelyasiess fe- golp@whsdﬁ%tefgm@ﬁalate (PET polyeSFﬁf

erbod ent s oblERARLEASBOVb pHEs 417 1heblrbrd e, BE6 EfepayeRinte o

i s capabhg opolyai§isne.d. hBolpiingiechiomde ol vitgidene chloviiel polyaiplykacetals,
polystyrene, polyacrylates, and the like), cellulose ester bases (e.g., cellulose
triacetate, cellulose acetate), polysulphones such as polyethersulphone,
polyimides, silicones and other conventional polymeric films.

Drying can be carried out by air drying, drying under nitrogen

20 purging, or baking in an oven. The polar solvents described herein have relatively
low boiling points (e.g., no more than 250°C) such that they can be removed with
ease. Typically, drying (e.g., baking) at 140°C or below is sufficient to promote
solvent removal and film formation. |

The thin films thus formed are electrically conductive, in which one

25 or more electrically conductive paths are established through continuous physical
contacts among the nanostructures.

The electrical conductivity of the conductive film is often measured
by “film resistance,” “resistivity” or “sheet resistance,” which is represented by
ohm/sq (or “Q/1"). The film resistance is a function of at least the surface loading

30 density, the size/shapes of the nanostructures, and the intrinsic electrical property

of the nanostructure constituents. As used herein, a thin film is considered
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WO 2011/ 097470PCT/ US2011/ 023732 pol yner) to crosslink upon
photo-irradiation. Mre specifically, as shown in Figure 1A follow ng the
format i orwof20m/®hi7n film 10, a mask 20 is used to defi neca/ysatiime3r3on t he
thin filmaccording to one or nore openings or apertures 30 in the nask.
The thin filn110 is thus defined into a masked regi on and an unmasked
region, 0, n

opani ngs 30 Corbgve T A REREEREet fEIRh GRS RPRBRER (e AT R ROEE |

i's exposed tsheetbsistapbe |§nuhcghetrmaﬂﬂoMM)Im@mQ/mrhee@mﬂaaiulséomdtymer in
t he unmasked reg! on_40 to crosslink. The nasked regi on 50, in which the
pol ymer f ai | 0@ &/dr dypicali the sheelregistanneaf gendjcti V?l"ﬁﬁﬁ’?ﬁ'@\f@"ﬁ%‘i‘r@bf@et&hd

e manov " SRl SR K1 e N 5K ORBE! e DR S PRt e

Thus, oneserhpdiffgRR 5ORLPMbIVD Q/01HidAed 0D EL t6 GURrQAESF froaT MOG/E té 2650 fil m
of i nterconnecti n%_ conducti ve nanost ructures on a SubSt rat e /)éddepOSI ti ng

an i nk conpd®il,ios 00m10KyD§0t2ﬂ0r@iEéfr0m1é9é2/ﬁt@r5@ @hk ot epodiVda 180Rpti ses

Shotornitat o, g o Gotealy BRUBHASEE Dasty HeRhaleds PabAudpsiRe nilh
exposing a Hgﬁtmnsﬁhﬁssﬁ&ﬁntthémsfuub%gi@mambw ﬂooghh)ne @@uyt %éﬁaﬁgoérbﬂt

crosslinkabl € polynmer 1 n the exposed portion of t hi n | mto crosslink.
In a furt hercmﬂnmtbrnsanbnsndemdmpjmdllyneleer whles tlaedrghh’mahsmlasmBOS owrprthges:

formng a thin filmof intercon nanostructures on a.
cubst a1 B byB el VisiaTsaion. Moksbaeait it Gaamian B MR ien S0%e

i nk corrp05| tdrorﬂofeotrﬁ%'g%ﬁ/s irrﬁbl’gmaht%"/@f conductl ve nanostructures, a
pho

crosslinkable polyner olnitrator, and a polar solvent; and renoving

the polar solvent; pladazgiscariotlsér intex of dptical blanity. i It g gedmby rectdgenzmisk
i ncl udes an openi ng and 25 defines the underlying thin filminto a masked

regi on and éhabhﬁ%@@"tﬁé@m)hghtt%?@“@ﬂ"r\&@!@@deﬂ%‘(jioﬁﬁeff@ﬁ'@‘sﬁ'é%EF? higth; Rulk H‘é‘d
Che ok ¢ o aiies PEhidNsTeacy bidtion sbblinRA, iie hat dhthd Snansighd ©f

crosslime ayhddcior® Hb MoreltRaMBokE tho R8O thadf 8%h Ao inbre tﬁa:h 5\% or poeNoree a
conductive region in a pattern that corresponds to the opening of 30 the

mask. than1%. | n various enbodi nents, the nanostructures are sil ver

nanow res, and the cr Oﬁwsuls' r(;rlggbemebobaO m%nﬁr)ro'v?delgvapcgrrlductll\\/gth|n film comprising a

plurality of interconnecting nanostructures, a binder material (e.g., a crosslinkable
polymer), and a photosensitive compound. In further embodiments, the

20 conductive thin film has a light transmission of more than 85% and a sheet
resistance of no more than 1000 Q/0. Various other embodiments are directed to
conductive thin films having a sheet resistance of no more than 750 /0, nho more
than 500 Q/[1, no more than 400 Q/0J, no more than 200 Q/0, or no more than 100
Q/0.

25 Photo-Patterning

1. Solvent Development
In certain embodiments, the photosensitive thin films described
herein can be directly photo-patterned. Typically, the thin film comprises a

photoinitiator that is capable of causing the binder material (e.g., crosslinkable
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The UV exposure is typically about 3-5 seconds (e.g., Fusion UV Systens).
Fol | ow ng the UV exposure, the thin filmcan be devel oped by washing 5 with
a pol ar swbwverntta97avhi ch is typically the same pol ar sol veatr/useoitie37Bnk
conposition (e.g., water). Optionally, the polar solvent can be heated to
expedite the thin filmdissolution in the masked region. The

unmasked r e&}"ﬁ’ﬂg‘eg rt1§ crodsilfik PEQ@ ?ﬁ[p)t) Y@%q‘r'}‘é} A MB%%@H%%&EMHWEE%%

silver nano crossl e.g.,

Opti cal and A doellowinglthefapaitiones acthm fils 46 seasel 200s asdd g defin& aqyattern
methods in the art. ) Thus, in yet further enbodi nments,
patterned céndiietthindilm ageording te ppeioH Sapre@RENHIASR Fratures d0iirithe mask.

patterned c ' ! el Si P i_r eqi reqion,
therei n-t he otk M ABIC S Bt bR o Rufit S Eiet deil e
and the @ osyHdrabpeEunPbYKE] rddior BErESEEHYS tbaBé @Reiot NiGERGindd 3@ i thet her
enbodi nent, the first region is nore conductive than the second region.

2. Ther mal Demaskophiereafter, astshowsmibddguient B, the tkingitotio expesed toca UM lighti | m
descri bed herein 20 can he directl. ot o; patt.erned b equent i exposures
o phot o1 1 BUG ScplERharidde Sroapldhic poiFik i e GmbaRedron 80 1§

phot osensi ti oS i g.géb‘!, - IiMat

More speci f icgﬁﬁsfﬁﬁgpggagﬂ%@i H@%ﬁ?’gn g‘,ﬁggﬂt ran@%@?ﬁﬁ‘gggrﬁﬁ%ﬁlg?’ (%406?5
first formedigsphvad (e-g pfilim degvelopmest)tzsidrthemahbWir@stremoved] mheddm whi ch

I ncl udes, 25 interconnecting nmetal npanostructures, a binder material and a

heat - actiO adgNelOPPIRAY Hausavenipea paligyaefa conduedike 1egion 40osesgopding tone

t ranspar ent Aol PN posed to photo-irradiation at a first
t enper at ur e.tﬁ‘%e g’?"e}gt?’q%ﬁgggﬂ%sﬁ{or med and defined by an unmasked regi on 140

and a masked regi on 13Bus|ond embodimeitgsiovides @vpethtd, thiheomprises domhing \ee
conpound is destroyed without 30 affecting the structural integrity of the
i nt er connecthiRdiim@f interrpnpseting eendustiye neRestructrs omatsepptiate hndepesitirg ked

(29 0n 150, o AR BERHTAH 45 EURR O IBE  HBRGAGh sphfebece
hbr o5 5 PRISROSL anticlel ARG, dhiiriatle lymrcs o u e
and a polar solvent; and removing the polar solvent; and exposing a portion of the
thin film to a UV light source to cause the crosslinkable polymer in the exposed
portion of the thin film to crosslink.
In a further embodiment, described herein is a method that
20 comprises: forming a thin film of interconnecting conductive nanostructures on a
substrate by depositing an ink composition on the substrate, wherein the ink
composition comprises a plurality of conductive nanostructures, a crosslinkable
polymer, a photoinitiator, and a polar solvent; and removing the polar solvent;
placing a mask above the thin film, wherein the mask includes an opening and
25 defines the underlying thin film into a masked region and an unmasked region, the
unmasked region corresponding to the opening; exposing the thin film to a UV
light source through the opening of the mask to cause the crosslinkable polymer in
the unmasked region to crosslink; and dissolving the masked region of the thin
film to provide a conductive region in a pattern that corresponds to the opening of

30 the mask.
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5 or nore degradation products damage the nanostructures in the masked
region 150, resulting in a | ess conductive region 160 as conpared to the
unmasked wegnomI140. The degree of damage WwCTluSaiiok37Bhe
thermal | y degraded photosensitive conpound causes the nanostructure may be
associated wth a 10 nunber of factors, including the second tenperature,
the duration of the tNf RlodCbmtiainihta!thelHane8fBHdLCARNIRGHAEoRHES t he
type of the photosensitive conmpound. Typically, the second tenperature is
hi gher than thd thé ceisstiekalde polyneer is PVP or HPMC. Advant ageousl y, because the

nanostructures are not _remved but nerely render | ess conducti ve he

conductive region 140 ghﬁW@XP%%ei%t%@u&%%g%ﬁ?wdfdﬁ%f gusion Y
bstanti al | . ¢ e o

oo sl b or SYSEMEL PdiBuiite DYbobiRNTHE ) ARF A BelRARINR I WashiRg 2"

t he transpgar qith £poldosdblent, whithiidi tpgicaihythe same pofaraotieht af thednlel di spl ays.
Thus, one enbodi nent provides a nethod that conprises: formng a 20 thin

filmof inteEempreitiondg gomatge) i Qptionalystheralar seivent candkmbeatgddo gyxpedite
depositing ap.ink ifkon . t .af e, wherein the ink conposition
colrorp?: s:asga B'leluﬁl'én ﬁmg?‘b@bﬁﬁﬁﬁ%@%ﬁ%@gi' tures, aI bi nderI mat er irrgl ZSI aI
heat - acti vat abl e phot 0$ﬁéiin?ﬁééfke@¢é%i@ﬂﬂﬁe., gdeenduRtias ré@be edmpiages r enovi ng

the polar solvent; placing a mask above the thin film wherein the mask
i ncl udes an tytencongeetad silgerranavéest and ciosalinkedpalymer te.gnskesslinked BYPand

an unmasked pegi on he unmasked region correspondi ng,.to,the opening; .
exposi nglﬁg hehﬁ%Pﬂ' érﬁ ﬁllef:ﬁ'cg? AP carLoe @és‘?sfﬁ%gﬁ?ogq{@g $?)EH?W n&qtﬂgﬁg Thask
at a first t ature to cause phot o-degradati on of the photosensitive
conpound in the unmasked region; and exposing the thin filmto a heat
source in the dark at #&hssdoryet furthee eathodimentse patternedecomauctiBOfildesgaredat i on
of the photosensitjve conpounpd in the masked reqi

] _ ion.. WO _ .

2011/ 097470PRIAMESEH 19N £TRAgIMent provides a pﬁﬂemeat%fiue%ﬁuwmevsmﬂ@
nanost r uct ur Fhi j 0 r iGN b the W
irradiation, ﬁ'l%%hélbc'éﬁ:éﬂg a %9h%5%ﬁ]bgg%éﬁg?ﬁ? \bg&%glﬁrpoungbly\sﬁ?e@?'?éo{}%
Wi t hout damaggieh isherossiimketiy and theesrosslinkaibleepolgnmzo dh thensecondakbioniisag t he
thermal activation, the nanostructures in_the masked 5 region are damaged
by the ther niEMeNash sl fusthes emthacingest the irss Fegios énaore gendustivedhan the  a
result of whg%;o tahr% ‘ohri n filmin the masked region is | ess conductive that
t he unmasked gﬂ o d'en- In a further enbodi nent, the masked
region and the unmasked regi on have substantially the same optical
appearance such that the patterns are 10 invisible or of lowvisibility. In
vari ous enbodi men2s, t heermalfRevelepment t he |ight transmissions in the
respective regions i s no re than 10%,or 8% or .5%, 0or.3% Simlarly. th
difference in the hazef}\/%fﬁlﬁ)égmtbﬁam%nq?e@ﬁe%q{%/%er}séta’ieptnp fi'lgl %%S%'Bﬁﬁleﬁé'ﬂ
ég:ﬁj ug{ i gg? f ?‘é'nngg(qgrirgbtly?’ Bhotbpistterh8d ¥ lsehUEhtifTexpBRaREsTE Photo-RAddigideand

heat. Typically, the thin film comprises a photosensitive compound that is photo-

e

degradable and heat-activatable.

More specifically, as shown in Figure 2, a transparent conductor 100
is first formed by spin-coating on a substrate 110 a thin film 120, which includes

25 interconnecting metal nanostructures, a binder material and a heat-activatable

photosensitive compound. A mask 130 is placed over the transparent conductor
100 and exposed to photo-irradiation at a first temperature. A latent image is
formed and defined by an unmasked region 140 and a masked region 150. In the
unmasked regions 140, the photosensitive compound is destroyed without

30 affecting the structural integrity of the interconnecting metal nanostructures or the
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15 provi ded. One enbodi nent provides a patterned conductive film conprising
a first region and a second region, wherein the heat-activatable

phot osenswoizoa/motpound in the first regi on has phot o- degram$ea,1/0237d2 t he
heat - acti vat abl e phot osensitive conpound in the second regi on has

t hermal -degraded. In a further enbodinment, the first region is nore

conductive thaek Pr%ltfﬁéipriﬁ tﬁ@ﬂ'i%ﬂed ﬁ@gﬁp§|1|5@,r {HRUShABEaIRNESMPGId FdiRgins.

herein are further | ustrate y the ow ng non-limting exanples.
EXAMPLES EXAVRefeafte? 268 ANBARE\GTHESIphof@-ir&idiaticm isihewatiySieveloped by

Silver nanow ] t hesi b . reducti of sil itrat

?: slfl ved | Hinarmal Aeti At redReiholasehsRive SaaP ety HRt: ft #5eeald done)
PVP). The ' ' " & Y.

in ) o yor aegsralite, WREfIARE hbtoserditive bortindine iR dedtadé8 iRt tne’

2(2): 16551685 mio?ddyradatioh roducts duatageane wanestractardweinghé esdsked nggion
| sol ated by centrifugation or other known nethods.
Al t er nat i vel $50.gggultingtin alless cendustive segionr169afsampareddn the usmaskedi zed

directly by {he htion of a suitable ionic additive (e.g., 5
tetrabutyl anﬁﬁ?ﬁ?'ﬁﬁgghl oride) to the above reaction m xture. The silver

nanowi res thus produceghgdegh oE®imagé aathlwhivh thotHermalig dagridedst ep of
si ze-selection. This synthesis is described in nore detall 1n applicant's

co- owned andpketopensitivejcemgoumrd cansesaibisl nanastroatue maylbe essarztedwitica
2PPL1 Cal A0 el BRlGt Pl e sbenha PRk o BN AR RO ¢,
tngﬁogmf’:‘; Est 0 BNabA it ROEQcdPirRsbraRee asiat inRntypE of i plRstebéndibvesi | ver
compound. Typically, the second temperature is higher than the first temperature.
Advantageously, because the nanostructures are not removed but
merely rendered less conductive, the conductive region 140 and the less
15 conductive region 160 are substantially uniform in their light transmissions and
haze values. Such an invisible or low visibility pattern is desirable in many
applications of the transparent conductor, including touch screens and flat panel
displays.
Thus, one embodiment provides a method that comprises: forming a
20 thin film of interconnecting conductive nanostructures on a substrate by depositing
an ink composition on the substrate, wherein the ink composition comprises a
plurality of conductive nanostructures, a binder material, a heat-activatable
photosensitive compound, and a polar solvent; and removing the polar solvent;
placing a mask above the thin film, wherein the mask includes an opening and
25 defines the thin film into a masked region and an unmasked region, the unmasked
region corresponding to the opening; exposing the thin film to a UV light source
through the opening of the mask at a first temperature to cause photo-degradation
of the photosensitive compound in the unmasked region; and exposing the thin

film to a heat source in the dark at a second temperature to cause thermal-

30 degradation of the photosensitive compound in the masked region.

20



PREPARATI ON OF THIN FILMS - PVP 15A photosensitive ink conposition was
prepared by conbi ning, by wei ght percentage, 0.1% | RGACURE(r) 754, 1% PVP
( MAEL, 300W0Q031/092478% si | ver nanowi res, 85% PGVE and 14%paatuseo11/hksgs: nk
conposition was spin-coated on a 2x2 inch glass slide. The solvents were
allowed to air dry. EXAMPLE 3 20PREPARATI ON OF THIN FI LM5s - HPMC

A photosensitive ink Irtal RSB RERiMiHudRaiked regi
| RGACURE(r) 754, 5g o?ﬁ)g@%r m%@égggﬁ?ormﬁ%ﬂon tlhat l(J:oma)]ri sersegIon
0. 38- 0. 4% siare ab lessnconduztive @ftéPaHdPV, irradiadias findiebliadtiNthe pbotosansitivat er .

The ink conposition (5 m) was_spin-coated on a 6x6 inch glass slide 25 at
500 rpm for cempgé'@enﬂéﬁsfr%%wﬂb&mam@legJmBaaastfl&t‘arieﬁ- PPINGT 38C for 60

seconds. E - I . - t hi n
il m ol Bxarioument. Biiowitg Heemhatabhalios, denmperati e ated, o
the thins i kagion e daflagédlbynpe thbenalndigragativn prodactsidfithé photosehsitiveked
regi on and an unmasked region (which corresponds to the openings of the
nmask) . The chmpoundnasadesuital whisbdbe thip fimuythe maskediegien (s1@sson LV

Systens) for_aboyt 3:5 seconds ,to allow the crosslinkable polymer in the
exposed regFBHQ‘ﬂ#'\'FﬁBa{tﬁ‘lenu'}m?%e[doregp&sl I nk. No crosslinking occurs in the

masked region of the lrh'aEu.fthéﬁemE@aih@MtnaeeﬁW@gide tHeurirbsraths

devel oped by washing with 10 water, whereby the masked region of the thin

fil m di ssol vegloamave sabstantially the same optical\appeamansetsuch that thewpaiternaredri ed
SURLE rC‘)I%enina\lltlsrlrt?lsepor}eorfcfov??1 r\]/(ljsit?lﬁ}lf/?qn %ri&gso gmfb%ain?gntg,e t(f'u%ndqﬁérence in-the light
transmissions in the respective regions is no more than 10%, or 8%, or 5%, or
3%. Similarly, the difference in the haze values in the respective regions is no
more than 10%, or 8%, or 5%, or 3%.
Thus, in yet further embodiments, patterned conductive films are
15 provided. One embodiment provides a patterned conductive film comprising a
first region and a second region, wherein the heat-activatable photosensitive
compound in the first region has photo-degraded, and the heat-activatable
photosensitive compound in the second region has thermal-degraded. In a further
embodiment, the first region is more conductive than the second region.
20 The various embodiments described herein are further illustrated by

the following non-limiting examples.

EXAMPLES

EXAMPLE 1
25 STANDARD SYNTHESIS OF SILVER NANOWIRES

Silver nanowires were synthesized by a reduction of silver nitrate
dissolved in ethylene glycol in the presence of poly(vinyl pyrrolidone) (PVP). The
method was described in, e.g., Y. Sun, B. Gates, B. Mayers, & Y. Xia, “Crystalline
silver nanowires by soft solution processing”, Nanolett, 2(2): 165-168, (2002).
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In the patterned thin film the nanowires were intact in the unmasked,
conductive regions, which registered a sheet resistance of about 150 15 WO
by a 4 povotomwmobgs The masked regi on was non-conducti vecagssubsezbt i al |y
all of the nanowires of the masked region of the thin film have been washed
away during the filmdevel opnment. EXAMPLE 5 THERMAL- AND PHOTO- DEGRADATI ON

OF PHOTOSEN %@%EB& a'ﬁtpé‘ i jSoP4tEY bideptifhatid br other
Phot osensi tisyé‘f@mounr st%%#ar I ﬁgiégttl)re%ll gﬁ on bgf 0. h%f/\? HIlDI\/C in water
cont ai ni ng Oki2dwsimethodsianowi res and 100 ppm TRI TONTm X- 100 was prepar ed.

Transparent conducting thin filnms of silver anovi/l res in.an HPMC bi nder

were made by spin coatAH@'n@HéeWnﬁub%?rﬂﬁ.ﬁ"é(tq R &GFM@Y'%C%'B%trgte at
3000r pr Gosegmatﬁgﬁzé(’j Pﬁ%gﬁi’n%ﬁ“é Q@J\ti?ﬁﬁgg ss?l}‘tg/%ré(?&\i&%rddﬁ&es(?fg? nds. Figure 3A

shows a TEM itragé 0 rconnecti nanow res athin film

Thi s un- sgnsigtiabat/lamnioriur Bhigkie) 36 thedgbsvec@alction niixture.( The siléP nanowires
2011/ 097470PCT/ US2011/ 023732 2. Thermal Degradation of Thin FilmWth

Heat - Act i vat ¥siseorpducaskears be iuged diiepbyimithout a separate sigpsefisize-slegien.ndbie by
di ssol vi ng 40 f . di.phenyli. - i . (D in 0

0. 5ot acet DHbHeShif HET TR B MagecBidh i Bifichlls B ottt 06 p8R0 I o
the standar dphfdat p@plieatain 8. ﬂﬂ$66,i5%29wﬁhﬂwébpli$€ﬁoﬁ RSHEbipdeated hetsintinitei Ng

the silver nanow res, HPMC, and DPIN was spun at 3000rpm for 60 seconds in
the dark to éwmfirefya photosensitive thin film(2). The fil mwas then baked at

140C f 0 d hot,plate in the dark. Fi 3B i.ficati
100x, daff 11l d) shonke RIRBRE Ll e SariedlfHhunBE aificar BRORI AR o

I It d t i ] i i N i
Feaponsi bl o ThP e R EORERHIGIAY of It i GinhlF BRoi PRI g™ ! <

resul ted in therredukting silvexfnarowdrest i vity and a slight increase in haze (see,
e.g., Table 1).

EXAMPLE 2
PREPARATION OF THIN FiLMS — PVP

15 A photosensitive ink composition was prepared by combining, by
weight percentage, 0.1% IRGACURE® 754, 1% PVP (MW=1,300,000), 0.5%
silver nanowires, 856% PGME and 14% water. The ink composition was spin-

coated on a 2x2 inch glass slide. The solvents were allowed to air dry.

EXAMPLE 3
20 PREPARATION OF THIN Fitms — HPMC

A photosensitive ink composition was prepared by combining 12 mg
IRGACURE® 754, 5g of PGME, and 5g of a formulation that comprises 0.38-0.4%
silver nanowires, 0.4% HPMC, 0.0025% TRITON™ X-100, and water.
The ink composition (5 ml) was spin-coated on a 6x6 inch glass slide
25 at 500 rpm for 60 seconds. The solvents were allowed to air dry at 38°C for 60

seconds.
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3. Photo-Degradation of Heat-Activatable Photosensitive Conpound 15A

sol ution was nmade by dissolving 40 ng of di phenyliodoniumnitrate (DPIN) in
0. 59 of wwwDen11amd70. 5g of acetone. Thereafter, 0.5g of wPrhe/USBNINTBULI ON
was added to 5g of the standard ink fornul ati on descri bed above. The
resulting ink containing the silver nanowi res, HPMC, and DPIN was spun at
3000rpm for 60 seconds in the dark to fanmspeRhot osensitive thin film(3).
The film 20 was then exposed to UV radiation on a Fusion curing system
running at 10ft/ m n, folDirREEPhYTO-RKITTERNKG IBLVENT DEVYES@RMENIS On a hot
plate. The resulting filmshowed that that the silver nanow res appeared

intact (Figure 3C). Thupe thih flALfEXe e SoNaS Tt thed i aldidssi¥dbistrats]l Aarask

entirely destroyed by W irradiation w thout causing an?/_ structural damage
to the silvewasgpiawid ever thathintfitrat Thermbek defimechtheaindsslyingoibinifilen inde a

produce any thermal -degradation products that. coul d da he silver
nanowi r es.g masked regloﬂ-péﬂ an E"@%ﬁﬁ%ff [Een {%cﬁwfr§§p0%%e$8%nws of
properties o [ ThNag-3 ' i gures
3A, 3B and B{CEé ﬁ\gg%fe?cﬁ%{em@ﬁlng\iﬂassﬁgéﬁé ggsé@r(r)p%\rge‘{iﬁ Ot%é@eé(éﬁ{%?borf QM: | m of
Fi gure 3A, t Bysteims)dorealsoutid+8 seconds3to allvay thenctessinkiable pdipmenin theextposed

(Figure 3B) had a rkedly increase 2011/.097470PCT/ US2011/ 023732
resi stance ateaHon @ thettﬁm%mmpami ﬂgﬁws Wmae%rﬁdw%%m%ye FeIigh Afor e

th | d LOR : t ik WtH L fpat
underwent pratrire et EQERg exotiE: ERFhn RPWERHRRRRA A n WAL

very mnao0 i paterawberaby el masketeregiorcoftpartiei film dissolesthandthd hamwifde
optical and electrical 5 géop_er.t ies of these filns are shown to be
consi st ent WVEFe famaeyedst T thin &ilm ovas thensiriestin pifrogespatmospheshand paked gt (1)

Thin Film (2}goec for 90 seconds.
In the patterned thin film, the nanowires were intact in the
unmasked, conductive regions, which registered a sheet resistance of about 150
15 Q/0Oby a 4 point probe. The masked region was non-conductive as substantially
all of the nanowires of the masked region of the thin film have been washed away

during the film development.

EXAMPLE 5
THERMAL- AND PHOTO-DEGRADATION OF PHOTOSENSITIVE COMPOUNDS

20 1. Standard Ink Formulation Without Photosensitive Compound
A standard ink formulation of 0.4% HPMC in water containing 0.2%
silver nanowires and 100 ppm TRITON™ X-100 was prepared. Transparent
conducting thin films of silver nanowires in an HPMC binder were made by spin
coating the ink formulation on a 2x2 glass substrate at 3000rpm/60sec. The film
25 was then baked at 140°C for 60 seconds. Figure 3A shows a TEM image of the
interconnecting silver nanowires in a thin film. This un-sensitized thin film was

used as a control film (1).
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Thin Film(3) T%92.5 92.0 92.3 H%0.62 0.75 0.61 R(Chn Sq) 78 >19,999 114

EXAMPLE 6 A solution was made by dissolving 40 ng of diphenyliodonium
WO 2011/097470 PCT/US2011/023732

2. Thermal Degradation of Thin Film With Heat-Activatable

Photosensitive Compound

A solution was made by dissolving 40 mg of diphenyliodonium
nitrate (DPIN) in 0.5g of water and 0.5g of acetone. Thereafter, 0.5g of the DPIN

5 solution was added to 5g of the standard ink formulation described above. The

resulting ink containing the silver nanowires, HPMC, and DPIN was spun at
3000rpm for 60 seconds in the dark to form a photosensitive thin film (2). The film
was then baked at 140°C for 90 seconds on a hot plate in the dark.

Figure 3B (magnification 100x, dark field) shows that the silver

10 nanowires appeared broken at places. It could be speculated that the dark

thermal degradation of DPIN is responsible for the structural damage to the silver
nanowires, which resulted in a reduction of conductivity and a slight increase in

haze (see, e.g., Table 1).

3. Photo-Degradation of Heat-Activatable Photosensitive Compound
15 A solution was made by dissolving 40 mg of diphenyliodonium
nitrate (DPIN) in 0.5g of water and 0.5g of acetone. Thereafter, 0.5g of the DPIN
solution was added to 5¢g of the standard ink formulation described above. The
resulting ink containing the silver nanowires, HPMC, and DPIN was spun at
3000rpm for 60 seconds in the dark to form a photosensitive thin fiim (3). The film
20 was then exposed to UV radiation on a Fusion curing system running at 10ft/min,
followed by baking at 140°C for 90 seconds on a hot plate. The resulting fiim
showed that that the silver nanowires appeared intact (Figure 3C). Thus, it could
be speculated that the DPIN had been entirely destroyed by UV irradiation without
causing any structural damage to the silver nanowires, such that further baking at
25 140°C did not produce any thermal-degradation products that could damage the
silver nanowires.
Table 1 summarizes the optical and electrical properties of the thin
firms (1), (2) and (3), which correspond to Figures 3A, 3B and 3C, respectively.
As shown, as compared to the control film of Figure 3A, the photosensitive film

30 that underwent a thermal treatment (Figure 3B) had a markedly increased
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10 nitrate (DPIN) in 0.5 of water and 0.5g of acetone. Thereafter, 0.5g of
the DPIN solution was added to 5g of the standard ink fornul ati on descri bed
i n Exanplwo2oiildeesnesul ti ng i nk containing the silver nagowise@3/023BMC, and
DPI N was spun at 3000rpm for 60 seconds in the dark to forma
phot osensitive thin film(4). The thin filmwas then baked at 100C for 90
seconds on a | . B owwe '
el ectrical prr%%%tra'ltaibgtsa%oa* Fﬁshﬁﬁ)fgﬁjﬁu(ﬂ)% as %}%I ﬁgs t osesw?ﬁbggﬁ?er ol film
(1) and the themdlidegrddationph8iEct. IrCoontrast, fhiel phatdgerEitive fiiml tha{ @Hddrd@at 90
sec Thin Film 843 100C190 sec T%92.5 92.0 91.7 H%:g) 6% 5) 75 0.78
photd-irradiation prior to a thermal treatment (Figure 3C) had a very minor
increase in resistance as compared to the control film. The optical and electrical

5 properties of these films are shown to be consistent with their structural

characteristics.
TABLE 1
Control Film (1) Thin Film (2) Thin Film (3)
T% 92.5 92.0 92.3
H% 0.62 0.75 0.61
R(Ohm/Sq) 78 >19,999 114
EXAMPLE 6

A solution was made by dissolving 40 mg of diphenyliodonium
10 nitrate (DPIN) in 0.5g of water and 0.5g of acetone. Thereafter, 0.5g of the DPIN
solution was added to 5g of the standard ink formulation described in Example 5.
The resulting ink containing the silver nanowires, HPMC, and DPIN was spun at
3000rpm for 60 seconds in the dark to form a photosensitive thin film (4). The thin
film was then baked at 100°C for 90 seconds on a hot plate in the dark.
15 Table 2 shows the optical and electrical properties of thin film (4) as

well as those of the control film (1) and the thin film (2).

TABLE 2
Control Film (1) Thin Film (2) Thin Film (4)
140°C/90 sec 100°C/90 sec
T% 92.5 92.0 91.7
H% 0.62 0.75 0.78
R(Ohm/Sq) 78 >19,999 280

As shown, given the same photosensitive compound and the

20 duration of the thermal treatment, the temperatures of the thermal treatment

correlate to the degrees of the structural damage to the silver nanowires. The
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R(Chm Sq) 78 >19, 999 280 As shown, given the sane

phot osensitive conpound and the 20 duration of the thernmal treatnent, the

t enper at we=onfosr4te t hermal treatnment correlate to the aegrsesi1ot3she
structural damage to the silver nanowires. The higher the tenperature, the
rmrebdamage I's done to the nanowires. Thus, a certain threshold tenperature
may be neede | RsesO e,si |l ver
nanow r es toﬁgégtﬁeﬁgn‘ﬁ E%%’ftﬁgg‘ﬁ@%?edgﬁée]%ekﬂ\%féng r%ﬂ S fThtug’ aA

sol uti on wasceredle timesHoRitemperatufdmay b nelkdetkfoy thethenmahdegratibtior of DPINT )
in 0.59g of water and 0.5g of acetone. Thereafter, 0,59 of the DPITf

sol uti on wasandidamage afdhesilvaidanomigsite ocalr toxr FgNHicABhAeSer i bed i n
Exanple 5. The resulting ink containing the silver nanow res, HPMC, and

DPI Tf was spun at 10 3000rpm for 60 se%%ml Lég the dark to forma

phot osensitive thin film(5). ?n addi tion, a photosensitive
thin f!ln5(6) was al so prepared, which was then exposed 3 tines to W
radiation on a Fusi on &ublulidnwas RIEIEW)WiSSoldhg WY ingrafaipHerhliov@siuby baki ng
at 160C for 90 seconds on a hot plate. "Table 3 shows the optical and

el ectrical prrifipter (DRIIT)GA 05y of Wateran@dd).59 Bf anetone) Thereafier, i8g ohtheeDBITTt he
control fil n;él&t)lor?nd traidn fil

was added to 5?;1 o(f%%é standard ink formulation described in Example 5.
The resulting ink containing the silver nanowires, HPMC, and DPITf was spun at
10 3000rpm for 60 seconds in the dark to form a photosensitive thin film (5).

In addition, a photosensitive thin film (6) was also prepared, which
was then exposed 3 times to UV radiation on a Fusion curing system running at
10ft/min, followed by baking at 160°C for 90 seconds on a hot plate.

Table 3 shows the optical and electrical properties of thin films (5)

15 and (6) as well as those of the control film (1) and thin film (2).

TABLE 3
Control | Thin Film (2) | Thin Film (5) Thin Film (6)
Film (1) DPIN DPITf DPITE
140°C/90s 160°C/90s | Photo/160°C/90s
T% 92.5 92.0 91.8 91.8
H% 0.62 0.75 0.80 0.64
R(Ohm/Sq) | 78 >19,999 1,600 160

Thin films comprising DPITf show thermal- and photo-degradation
behaviors similar to those of thin films comprising DPIN, namely, DPITf thermally
degraded in the dark and caused damage to the nanowires, as reflected by the

20 increase in resistance in thin film (5). However, it would appear that DPITf is less
efficient than DPIN at creating insulating films upon thermal exposure even at a

slightly higher temperature.
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TABLE 3 Control Film (1) Thin Film(2) DPIN Thin Film (5) DPITf Thin Film

(6) DPITS 140C/ 90s 160C/ 90s Phot o/ 160C/ 90s T%
WO 2011/097470 PCT/US2011/023732

Further, like DPIN, DPITf underwent photo-degradation and were
likely completely destroyed such that a subsequent thermal treatment failed to

produce sufficient thermal degradation products to damage the nanowires.

EXAMPLE 8
5 LOW-VISIBILITY PATTERNING BY THERMAL DEVELOPMENT

A solution was made by dissolving 40 mg of diphenyliodonium
nitrate DPIN in 0.5g of water and 0.5g of acetone. Thereafter, 0.5g of the DPIN
solution was added to 5g of an ink formulation comprising 0.3% silver nanowires,
0.3% HPMC, and 100 ppm of TRITON™ X-100. The resulting mixture was spun

10 at 1000rpm for 60 seconds in the dark, and briefly dried at 40°C for 30 seconds in
the dark to produce a photosensitive thin film (7). A photomask was applied onto
the thin film (7) and the assembly was exposed to UV radiation on a Fusion
system at 3ft/min. The photomask was removed and the film was then baked at
140°C for 90 seconds on a hot plate in the dark. The resulting film showed a faint

15 haziness difference (e.g., less than 10% difference) between the exposed and
unexposed regions. The electrical conductivity of the exposed regions was about
40 Ohm/sq, whereas the unexposed regions were insulating, thus demonstrating

a low-visibility pattern can be created using only heat as the development step.

EXAMPLE 9
20 EVALUATION OF OPTICAL AND ELECTRICAL PROPERTIES OF TRANSPARENT
CONDUCTORS

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
25 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
Muitimeter or contact-less resistance meter, Delcom model 717B conductance
monitor. A more typical device is a 4 point probe system for measuring resistance

(e.g., by Keithley Instruments).
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92.5 92.0 91.8 91.8 H% 0.62 0.75 0.80 0.64 R(Ohm Sgq) 78 >19,999 1,600 160
Thin filnms conprising DPI Tf show thermal - and phot o- degradati on behaviors
simlar twothogw74afh thin films conprising OP I N, nanel ypCDRISTé110bsBMAI | Y
degraded in the dark and caused danage to the nanowires, as reflected by

t he
The haze and transmission of the bare substrate (e.g., 0.04% haze

and 93.4% transmission for glass) were typically included in the measurements.
The interconnectivity of the nanowires and an areal coverage of the
substrate can also be observed under an optical or scanning electron microscope.
5 All of the above U.S. patents, U.S. patent application publications,
U.S. patent applications, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or listed in the Application
Data Sheet, are incorporated herein by reference, in their entirety.
From the foregoing it will be appreciated that, although specific
10 embodiments of the invention have been described herein for purposes of
illustration, various modifications may be made without deviating from the spirit
and scope of the invention. Accordingly, the invention is not limited except as by

the appended claims.
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20 increase in resistance in thin film(5). However, it would appear that
DPITf is less efficient than DPIN at creating insulating filns upon thernal
exposur e woentian7aos! i ghtly hi gher tenperature. PCT/US2011/62878her ,

i ke DPIN, DPITf underwent photo-degradation and were likely conpletely
destroyed such that a subsequent thermal treatnent failed to produce
sufficient thermal degradation product gtqpegnmage the nanowi res. EXAVPLE 8
5LOW VI SI BI LI TY PATTERNI NG BY THERVAL DEVELOPMENT A solution
was nmade by dissolving 40 ng of diphenyliodoniumnitrate DPIN in 0.5g of

wat er and 0.5g of acetone. Thereafter, 0.5g of .the DPIN solution was added
to 5g of an ink formullati oANdBRSPIMBOSHEIOH CPNRIISINGr nanowi res, 0. 3% HPMC,
and 100 ppm of TRI TON_,T : : d i i xture was spun 10 at

1000r pm for 60 secondf %ég'ﬁ@&fgwﬁcg\%%%%%c@%r&i ed at 40C for 30 seconds
in the dark to produca wngihginesterialtive thin film (7). A photomask was
applied onto the thin film(7)_and the assenbly was exposed to UV radiation
on a Fusion system at aghotesensitivecComrawiaaRdwas removed and the fil m was

t hen baked at 140C for 93 sei\gé;,‘qs on a hot plate in the dark. The resulting
filmshowed a faint 18 AT difference (e.g., less than 10% difference)
bet ween the exposed and unexposed regions. The electrical conductivity of
the exposed regions was about 40 Chnmisg, whereas the unexposed regions were
i nsul ating, thus denoBst raf hadnlacomposition of claim pabheksimtheabindimgonateriadis

i I h he d I .. EXAMPLE 9. 20EVALUATL ON OF CPTI CAL
AND B ECTRI BATOMBIsRRle HEH e SoRRH PR I e-BIaYBCaRRSTING of BOVInyipyfiplidone;
t ranspar ent 1 f d i descri bed
pS@gWFé!cﬁﬁol, bb%g@fﬁﬁ%@ p@l?&%ﬁté@ 5"%“@?”@&%%

herein were e ated to e t hel tical ectrical properties.
The |ight t palysthyderieoimidet anioricanditaionedpalygelectiolytest polyn@-&tbylr@t hodol ogy

in ASTM D1003. Ha d i BYK Gard Haze- d Plus. Th
Sheet  resi sPRRAINGLVREROH RV et CaMiPeR VErayPIoRy REEWGEIIRgE or or
cont act | s S Ebis ARG TbB] cdMEIGRET PBRS A FARNAGIRRce Toni tor. A

nore typi cal device i nt probe’ sy asuring resistance
(e.g., by Kethyyelyoxyesityl eatulbse, sodium carboxymethyl-hydroxyethyl cellulose, and

carboxymethylethyl cellulose.

3. The ink composition of claim 2 wherein the crosslinkable

polymer is polyvinylpyrrolidone.

4. The ink composition of claim 2 wherein the crosslinkable

polymer is hydroxypropylmethyl cellulose.

5. The ink composition of any one of claims 1-4 wherein the
photosensitive compound is IRGACURE® 754.

6. The ink composition of any one of claims 1--4 wherein the

photosensitive compound is an onium salt.

7. The ink composition of any one of claims 1-6 wherein the

polar solvent is a protic solvent having a polarity index of at least 4.
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The haze and transm ssion of the bare substrate (e.g., 0.04% haze and 93. 4%
transm ssion for glass) were typically included in the nmeasurenents.

The i nt erwonnaowdrarnty of the nanowi res and an areal covecags2af/opire2
substrate can al so be observed under an optical or scanning el ectron

m croscope. 5All of the above U S. patents, U S. patent application
publications, U S patgnt amhklifbbBBsitbRlcfcimPPhABlin tdpobASoRahes!
applications and non-patent publications referred to 1n this specification
and/ or | i st evater, hienoNydtic @iddhohoDadighysiveealcolwle | ncor por at ed herein by
reference, in their entirety. Fromthe foregoing it wll be appreciated
that, although specific 10 enbodi nents of the invention have been descri bed
herein for purposes of gillu i £ id J:

wi t hout devi ating fron?the Zh%?%%8§ﬁ8¥§@g§gﬁ8Pmﬂﬁgwﬁ§%%ﬁpﬁ%ﬁ5¥%g@gr |§gly,

t he inventi opolypromllené giycermexespthyetias. t he appended clains. CLAIMS 1.
An ink conposition conprising: a plurality of conductive nanostructures; a

bi nding material; a photosensitive conpound; and a pol ar sol vent.

2. The ink it f im wherein the bindi teryal is
cr 03l i nikabl e pol yrer 481 ectBE PF GANBRENEP ShaY SRS AT Sy ® Hineréinhe
pol yvi nyl pyr b@hw&%néﬁl@sw%myés 8t<cBRII napehiras! vl am des, pol yacryl ates,

pol yet hyl ene oxi des, polyethylene imne, anionic and cationic
pol yel ectrol ytes, poly (2-ethyl-2- oxazoline), hydroxypropyl nethyl

cel |l ul ose, hydroxyprop Irret@ | .cellul os, ht hal at e, %dr.o propyl .
cel l ul ose, hydroxybut yﬁﬂret h Ke FQIPBQ%‘?O'EP%&II%HV&%OW mpécrgpf)%lnagg\{vwes
sodi um car bo vz yet hyl cellul ose, and carboxynet hyl et hyl

cel I ul ose. HTEVRY nahw’g.eé“rhe i nk conposition of claim2 wherein the

crosslinkabl e polymer is polyvinyl pyrrolidone. 4. The ink

conposition of claim2 wherein_ the crosslinkable pol Igggrﬂr IS .
hydr oxypr opy! met hyl cell2ul o&Be ink composition of glaintld whgreiptheduetal sanewirgsy

one of clai My ol rdr P & uh'H IBRGIMOSRIRES tdh FOORAAbibmetfSACURE(T)  754.

13.  The ink composition of any one of claims 1-12, further

comprising a surfactant.

14.  The ink composition of any one of claims 1-13, further

comprising a co-solvent.

15.  The ink composition of claim 14 wherein the co-solvent is a

polar solvent.
16.  The ink composition of any one of claims 1-15 wherein a
weight ratio of the binding material to the nanostructures is about 0.1:1 to about

10:1.

17.  The ink composition of any one of claims 1-15 having a

viscosity between about 1 and 1000 cP.
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6. The ink conposition of any one of clains 1--4 wherein the photosensitive
conpound is an onium salt. 7. The ink conposition of any one
of cl ai rew@-261vdee47@i n t he pol ar solvent is a protic sol yemushaviozgy3a
polarity index of at least 4. WD 2011/097470PCT/ US2011/ 023732

8. The ink conposition of claim7 wherein the polar solvent is water,

nonohydri ¢ al cohol or féol VWH{étﬁ @E&l‘ﬁpﬂjsin . 9. The ink
conposition of claim8 Whereln the polar ol vent is pol ypr opyl ene gl ycol
nononet hyl et her. forming a thidfilm dhiatérosnmestipgssdnidastivie namystactures otl ai s

1-9 wherein the conductive nanostructures are netal nanow res. .

11. The i nk ssbsfiata by dapesiting anink compesitiom onribe stbsirateawbareie thaink si | ver
nanow r es. " 12. The ink c Qsi tion of ' in the
metal nanow EPaFiomedsea oy eh BaR e s P e U8B

di amet er.  material, a photdsensiii@ ¢dHpSOtR &idtd polaPSoRBHL @RE removiny the poldi,
further conprising a surfactant. 14. The ink conposition of
any one of ohiend; d@ndl3, further conprising a co-solvent. 15.

6. The | nk. compost t1 GAPBRNEr PORBNGY s Hing 108 U Bont soleffa G aEl o o
the bindi ng yiBddinkablelgdiyrier RARETxpEEEd bBRioh%ofake tin fin td chesshfreut 10: 1.

19.  The method of claim 18, further comprising placing a mask
above the thin film, wherein the mask includes an opening that corresponds to the

portion of the thin film that is exposed to the UV light source.

20. The method of claim 18, further comprising dissolving a

portion of the thin film unexposed to the UV light source.

21.  The method of claim 18 wherein the binding material is a
crosslinkable polymer selected from the group consisting of polyvinylpyrrolidone,
polyvinyl alcohol, polyacrylamides, polyacrylates, polyethylene oxides,
polyethylene imine, anionic and cationic polyelectrolytes, and poly (2-ethyi-2-

. oxazoline).

22.  The method of claim 21 wherein the crosslinkable polymer is

polyvinylpyrrolidone.

23. The method of claim 18 wherein the binding material is a
crosslinkable polymer selected from the group consisting of hydroxypropylmethyl
cellulose, hydroxypropylmethyl cellulose phthalate, hydroxypropyl cellulose,
hydroxybutylmethyl cellulose, ethylhydroxyethyl cellulose, sodium carboxymethyl-

hydroxyethyl cellulose, and carboxymethylethyl cellulose.
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17. The ink conposition of any one of clains 1-15 having a viscosity

bet ween about 1 and 1000 cP. WD 2011/097470PCT/ US2011/ 023732

18. A nmetwoadoriamps7nsi ng: form ng a thin fil mcofuscertieeizennect i ng
conductive nanostructures on a substrate by depositing an ink conposition
on the substrate, wherein the ink conposition conprises a plurality of

conductive nanostruct qu_s, ?h@'rﬂgﬂhtaﬁ d?‘?:?eﬁrﬁiﬂ ngrﬁmﬁé@ggﬂga\sﬁ FOYRR RS

and a pol ar solvent; and renovi ng e polar solvent; an

exposi ng a paytioxypaspyirhethiyhéelluloden to a UV |ight source to cause the
crosslinkabl e polymer in the exposed portion of the thin filmto crosslink.
19. The nmethod of claim 18, further conprising placing a nask above the

thin film wherein thegﬁffkgbg%&ﬂga o?g@?@?%\&ge@ghegﬂﬁ&gggﬁm to the

portion of the thin fi h IS expos source.

20. The met hegmpbufitidé RGACURE® 164, conpri sing dissolving a portion of the
thin fil munexposed to the UV |ight source. 21. The nethod of

claim 18 wherein the binding material is a crosslinkable polynmer selected
fromthe group consistipg of, pol vvinylpyrrald done,. pol yvinyl, al.cohol ., ..
pol yacryl am des, pol yaé yl aﬁBg,m%ﬁPg&fﬁfﬂ"@n@ %ﬁ?ﬁ&ﬁ‘%%?‘?&%ﬂy%‘dg% PH°H8,
ani oni ¢ and gakkRhAVIRG YIS itdek 6at 1848t 4001 y (2-et hyl - 2- oxazol i ne).

22. The nmethod of claim 21 wherein the crosslinkable polymer is
pol yvi nyl pyrrol i done. 23. The nmethod of claim 18 wherein the

binding material is a grossljnkable | yoer, sel ected fraomthe gr.ou

consi s'?i ng of hydroxyp%gpyl {Fb?mﬁtl“e@f%l?ﬁ%&e?ﬁw ﬁ%&ﬁ%‘g?f ﬁ{]i’ﬁ&l 'S(‘,"g"?t?ﬁl ose
ht hal ate, h . ; but yl et hyl | I ul :

pht hal at e ﬁﬁ?&ﬂ@f‘??}%hs%ﬂ %%Wrﬂczmar KRjybut yl met hyl cel | ul ose

et hyl hydr oxy e ose, oxynet hyl hydr oxyet hyl cel | ul ose,
and car boxynet hyl et hyl cellul ose. WO 2011/097470PCT/ US2011/ 023732

24. The nmethod of claim22 wherein the crosslinkable polyner is .
hydr oxypr opy! met hyl ceBBul odBe method of claim 26xshergitheR¢lauselvertiiai m 18

wherein the ngbmé él\}&l%&?&ﬂ@%y& éthleﬁGACURE( r) 754.

29. The method of any one of claims 18-28 wherein the

conductive nanostructures are metal nanowires.

30. The method of claim 29 wherein the metal nanowires are

more than 10 um in length and less than 100 nm in diameter.

31. A conductive film comprising:

a plurality of interconnecting conductive nanostructures;

a binding material, wherein the interconnecting conductive
nanostructures are embedded in the binding material; and

a photosensitive compound.
32. The conductive film of claim 31 wherein the binding material

is a crosslinkable polymer selected from the group consisting of

polyvinylpyrrolidone, polyvinyl alcohol, polyacrylamides, polyacrylates,
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26. The nethod of claim 18 wherein the polar solvent is a protic sol vent

having a polarity index of at |east 4. 27. The nmethod of claim
26 wher eiwotzhe/qoi7ar sol vent is water, nonohydric al cohecTars2@aloyirgdri c

al cohol . 28. The nethod of claim 26 wherein the polar sol vent

i s pol ypropyl ene glycol nononethyl ether. 29. The. net hod of

nanow es.  POERyishe Salgs b PENE AR BRI A BRANHEC BOFRIEBMS 2
nanow res ar polyqRethylerotfizgling).i n | ength and | ess than 100 nmin di ameter.

31. A conductive filmconprising: a plurality of interconnecting conductive
nanost ruct ures; a binding material, wherein the

i nt erconnecting conducééve M&?ﬁ%@h’%ﬁ% cﬁrc?aiﬁ{@f%%%b?hérﬁ%sgiiﬂgéﬁ e

material; and a photoseénsitiVv e COo

filmof claipolghethepelyinyipyridlidehelg material is a crosslinkabl e polyner
sel ected fromthe group consisting of polyvinylpyrrolidone, polyvinyl

al cohol , polyacrylam des, polyacryl ates, polyethylene oxides, polyethylene

i mne, anionic and catipni cpolyelectrqlytes, .a ly . N~ .
(2-ethyl - 2-oxazol i ne). 38" “TRe CX"d‘_‘&%@.q""}f‘rPg C&%wgﬂkﬁ’?'ﬁge'?itﬁ‘%@fd"@ maﬁqr?é
wherein the groggsiabIEpogheraeldciedfbithBY]rBYp CBhsigMEof 34.
The conductive filmof claim31l wherein the binding naterial is a

cr ossl i nkabl byqrokyprepylketbyitceliufosenhydroxygproppimethyli csiluloge ghthalate,

S s UBSB CEihes: S b 2 e
cell ul ose, Sfcgqim @%W%@gp%‘m%%%tﬂw&nﬂwﬁfSlﬁi}%Fb%%(am%ﬂiﬁl(/lethfy, pellulose,

car boxynet hy e conductive of claim
34 wherein the crosslinkable polynmer is hydroxypropyl nethyl cellul ose.

36. The conductive filmof claim35 wherein the é)hot osensitive conpound is
a photoinitiator. 35.  The conductive film of claim 34 wherein the crosslinkable

polymer is hydroxypropylmethyl cellulose.

36. The conductive film of claim 35 wherein the photosensitive

compound is a photoinitiator.

37.  The conductive film of claim 36 wherein the photoinitiator is
IRGACURE® 754.

38.  The conductive film of aﬁy one of claims 31-37 wherein the

conductive nanostructures are metal nanowires.

39. The conductive film of claim 38 wherein the metal nanowires

are more than 10 um in length and less than 100 nm in diameter.

40. The conductive film of any one of claims 31-39 comprising a
first region and a second region, wherein the crosslinkable polymer in the first
region is crosslinked, and the crosslinkable polymer in the second region is

removed.
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37. The conductive filmof claim36 wherein the photoinitiator is 1RGACURe
754. 38. The conductive filmof any one of clainms 31-37

wher ei n tWe 20omdrdi ve nanostructures are nmetal nanow r @€T/US2011/023732 39.
The conductive filmof claim38 wherein the nmetal nanowires are nore than
10 [tmin length and | ess than 100 nmin dianeter. 40. The
conductive filmof anysgne ‘Pﬁe%bﬁb ive it o fCISR 46 WHEréinlthé fifst T8§IbANs and a
second regi on, wherein the crosslinkable polynmer in the first region is
crossl i nked, nrnd cohductivesthbh th@lseeombtegien. i n t he second region is renoved.

WO 2011/ 097470PCT/ US2011/ 023732 41. The conductive fil m of
claim40 wherein the first region is nore conductive than the second

regi on. . T Ve fid el s 3d-39
wherei n the phot osensi filg've ?ﬁ%%gﬂﬁg&wg @aéf-%ng%%a%%?@% §{ 39 heRRirrthe 43.

The conduct i gRofoskfsiffe ebMpBuAd is\Restcadtivaliighot osensi tive conpound is an
onium sal t. 44. The conductive film of any one of clains

42-43 conprising a first region and a second region, wherein the

phot osensi ti ve compoung,i n e first.region has ot 0- g L.t he
phot osensi tive corrpoung31' n ﬁﬁ% CQBgBﬁHerefg@i %ﬁlﬂg&gé]Wi%ﬁ%ﬁg@% Egﬁ?ggﬂg't'vg

45. The condgghpb¥and id am ehiurh 8 44 wherein the first region is nore
conductive than the second region. 46. The conductive fil m of

claim44 wherein the first region has a first haze and the second region
has a second haze, and ergjn thg first hal,ze and tthei sec Qg haze are no
more than 10% di f f er enf4f r ofin@&CAdYetlyEfilm of any one o Ca"'lﬁﬁ. A3 FAMRIIPIng a
conpri sing: ¢ : i th il i i kve
manost r uct ur gt Eepion 20 & sekedNafort Wrtrcih e Bhold3EREBADEAFONAA TR R i
substrate, wegfien has photortiegradpdsatd the photpserssitiveacqrnpoand inythefseconduct i ve
nanostructures, a binder material, a heat-activatable photosensitive
conpound, ant®%ehbeathesmal-dggradasd renovi ng the pol ar sol vent:

pl aci ng a mask above the thin film wherein the mask includes an opening
and defines the thin filminto a masked regi on and an unmasked region, the
unmasked regi on corresppndi Tige tondlistivefimi afelaim 44 wherein the first region is

more conductive than the second region.

46. The conductive film of claim 44 wherein the first region has a
first haze and the second region has a second haze, and wherein the first haze

and the second haze ‘are no more than 10% different from each other.

47. A method comprising:

forming a thin film of interconnecting conductive nanostructures on a
substrate by depositing an ink composition on the substrate, wherein the ink
composition.comprises a plurality of conductive nanostructures, a binder material,
a heat-activatable photosensitive compound, and a polar solvent; and removing
the polar solvent;

placing a mask above the thin film, wherein the mask includes an
opening and defines the thin film into a masked region and an unmasked region,

the unmasked region corresponding to the opening;
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exposing the thin filmto a UV |ight source through the opening of the mask
at a first tenperature to cause photo-degradation of the photosensitive
conmpound wo 20hie9mTrasked regi on; and exposipag/ush@ 1toki7e2 fil mto
a heat source in the dark at a second tenperature to cause

t her mal - degradati on of the photosensitive conpound in the nmasked region.

48. The nethod of cl aiégapééiggﬁﬁé%iﬂ fﬂrﬂ%m‘?rtqﬂ?%@rgéttﬁ%gﬁgh%%Eening of the

phot osensi tive conmpoun not cause structural damage

nanost r uct urmask at & fisst tempekatarer tegiauise photo-degradation 49 thelTpleotosémsitiveof any
one of clainms 47-48 wherein the thernmal -degradation of the photosensitive
conpound caf&dpandjpithe spmaskadsegigni &9 nanost ructures in the nmasked

region. Y ogﬁg tﬁ%ttﬁ'iﬂgilrﬁft? %deoér%l RBuRde iﬁletﬁ% ?ér ﬂ'é{ 4 %ecm rein,

foll owi ng the exposur€s, nmaske [ 'S Tor n fve n the

masked regi @8mperature to cause thérmditgegradiatish of tharphotssemeitivel compouhd-inGhe
wherein, follow ng the exposure, the unnasked region has a haze val ue that

is no nore tAASKEDOBRPWIN.ferent fromthat of the nasked region.
52. The nethod of any one of clains 47-51, wherein the photosensitive
conpound is a photo acid generator. 53. The nethod of claim52

wherein the photo aci dggenghgtietHod ¢F it &7 Wh@?élﬁ!th@gﬁéiotdéﬁraaaﬁdiﬁ af the
sul fonium salt. 54. The nethod of claim 53 wherein the photo

aci d gener aphotosensitivemosmdundddoesumtsaiuse shivetusairamage ta the nanostiuciunes
di phenyl i odonium sal t i chloride, nitrate, tetrafl uoroborate,
hexaf | uor opMbEhUIBasked [89I0Rr oar senat e, or hexaf | uor oant i nonat e.

49. The method of any one of claims 47-48 wherein the thermal-
degradation of the photosensitive compound causes structural damage to the

nanostructures in the masked region.

50.  The method of any one of claims 47-49, wherein, following

the exposures, the unmasked region is more conductive than the masked region.
51.  The method of any one of claims 47-50, wherein, following
the exposure, the unmasked region has a haze value that is no more than 10%

different from that of the masked region.

52. The method of any one of claims 47-51, wherein the

photosensitive compound is a photo acid generator.

53. The method of claim 52 wherein the photo acid generator is a

diaryl iodonium salt or a triaryl sulfonium salt.

54.  The method of claim 53 wherein the photo acid generator is a

diphenyliodonium salt, wherein a counter ion of the diphenyliodonium salt is
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chloride, nitrate, tetrafluoroborate, hexafluorophosphate, hexafluoroarsenate, or

hexafluoroantimonate.
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