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awar d he U.S. .Departnment of ense, Th aQv.er nt has cer.tai
Gt SO0 (T PR B EAGREBLID RS PNTERTYERS TOU SR EAfD Ment
el ect rgapa 1 %15 UfcH @SMARYER, MRNY; G0RAT 96, IfBQE oh MAPENSI0e0L §RN6 0833 584, ITR&d
transparent el ectrodes suffer fromvarious [imtations, including | ow

conduenifenuayy 18 41 1s Hdet appbisitomnanekso rélated to thedi§alr Anphcatibn ientiflesh&srowaindf hi gh
t. Ih fore, t i il d,to d I tinal.
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SUMVARYareIr 8 T2 11, NMENH ey off Q8Adf the aberEre &Rl (ﬁ'%lic%tioﬁshig ifdoeseied henant i on

provi des transparent el ectrodes that conprise: a grid structure; and
(2) abyrefsrase fil massociated with the grid structure. In sone

r6re ”Pgld's ”eggf i STR%E%@ ﬂﬁiﬁ:&%ﬁiﬁﬁg d{g Sﬁﬁﬁtﬁ%gil %EP@NS{@&EW&EE]@&%?‘} iﬂ“gs(’f
(e.qg. ,[60021] dthigaRegimt wad @sdanith rgevéhnﬁhcmppaﬂt tundérethy AN SonOifTatafovsral
thereof In same enbodi nents, the graﬁgene filmis positjoned gn a th%A

sur f adserch fEangNog P@PP%&_@%-I&@@; Baftei YBIFPreasRoeigh ddoNRioRy (rantgy
Structgdse.0sl93081. 4l tﬁéfig's. 'ﬁm%m@ oradi M&giﬁc%séééﬂmﬁﬁg@. P?sl §550.¢sles of

the present invention further conprise a substrate, suc gl ass, quartz,
bor on 048t rdlldeyardéed by te ASdDppdrynent ©f Cefause. bt getdmyhemehas ecephirightsah ehe
(PET)).. In sonme enbodinents, the substrate is beneath the grid WO

2011/ T1¥888HCT/ US2011/ 027556 structure and the graphene film In some
enbodi ments, the grid StgACKUROUNIYOY THI BV ERRTIONP surface of the
substrate, and the graphene TiTmis positioned on a top surface of the grid
st ructl@f03] Transpeishie cleedodarboelituenthaye trnyt apmispiaensnin epteeleetoriees. ofCurigat
present invention have transparencies .of. nor.e .t han about 70%.in,a

hever gl Sole Sub BB NFRE0 TRlin AiubiRd 88 nafdrh . vlpshesy 1
nor e speGhddeClonrRaskipaRAty, brithéndss and RAhedst. eTRekfne aserefis thaemlyes aBtd to

i nvention have transparencies of nore than about 79%in_the sanme wavel ength

r egi odlevelopowre epfimalitsasnaraiislegiradasaad providrecificlze vays ofepinglcpertain to

nmet hods of meking the 3hoNSgs ﬁ'ﬁﬁiﬂ?@dﬁf‘ ﬁf\lﬁb trodes. Such net hods
general ly conpri se: (1%0%, ) providing a

gr aphgm@4] ith nyonen tn{tB)iraasgcitat iprgeithénvgnhag@hairevitled rrankjdierithelegradds that
structure. I n sone enbodi nent t he graphene filmi, rovi ded by one or
mor e ﬁ@mﬁaa%?élﬁc&ﬂ%ﬂmgﬁi g (Ebas@phm@aﬁg} %Sﬁ?ﬁaa}tew@wﬁe g1d sryciiBoH S8 ce
(- 9- enfbodthdrdh. CREDAM SAHEGR: iSUERCRE RoROINTEp ORISR A1) fotatdlr L6
(e.g., netal surface) reduction of graphene oXide, splitting of carbon
nanot wbestpbsspgeaphrtg, ahogphawhembopamdtall patioles [f¢.ec unsar sgnopartieles cindaneteh of

graphite. In. so nbadi nents, the graphene filmis positioned. on to

Jur FacuciopufisB TG ations Besat ol T IaRn it posimerty GalRPh oA ToigDaRE s,
the a%’ﬁ%bﬁ%ﬁﬁeﬁ:e@ftﬁé?iﬁtﬁ@ﬁﬁ@@n& AdnSiVEL Rsdod Rt QI Bh el difelt sufuBtudd. SO conpri ses
an annealing step that adhesively associates the %I’I d structure with the

gr aphd®@5{ iln raddjtooal73mbedimgntshthe tearspadicnteslcetrodeh o e ogsentomvenimnpiugibent

| nvent ofiel SO FRIRRL S& ASFeclal NeLDe raNSPALENLRLECHIPdR LY A
subst A& T nt Sont enbddi mEnt % he'%aés o |t ion 8’0r§pr| ses. (pf)lyposi i ohi ng
t he grjotlcifyldiet tefphdialage (BPTHUT InagEn®lenibBeintmbs tthalkebstandis( BoncR@sinki @ ng
the graphene filmon a top surface of the grid structure. In additional
enbodi ments, the above-descri bed nmethods al so i nvol ve an anneal ing step

t hat adhesi vely associates the above-rﬁenti oned components.




[0008] As set forth in nore detail below, the transparent el ectrodes of the
present invention provide nunerous inproved properties over the transparent
el ectrodesoabitthesspri or art, especially in ternms of traRmSparSeeaw27556
conductivity and sheet resistance. The transparent el ectrodes of the
present invention also provide nunerous optoel ectronic-rel ated
applications, including applications in organic photovoltaics, organic
light emtting devices, liquid crystal display devices and touch screens.
BRI EF sbES0H &bl thNgAphditdHiln. GuRicthe batihtd 1tAS §HRCTHOLGR0L Poizidhabor O@HO] | n
order that the manner in ﬁhlch the above recited and other dvant ages and

obj ects¥riete afbe fHhveriei B tar eraphing HEWS PasiHer Pt toPctTiase Qfdle tl%@t%%uref t he
i “Ve“tltr#gfbf@iéae&hﬁfoﬂﬁéx\%tﬁ'tﬁﬁq @%%ﬁt %éttod@?offﬁ@%?{]sgﬁjt iVerf gt%@@ﬁ&sgeeﬁhesc' fic

enbodi nents t hereof | ustrated 1 n'the appended Fi gur
Under sff andi¢ tigntabat e sea ﬁflage;lm@h d@wmbetwnétyahwap #eGhmemid adbwtel 0§ nof (¢ he
be co

i nvent n are therefore not nsidered linitin its .scC t he
| mvenosBRnl i Mok i SumdAiRi JuFrronar SrdRdet o b Dai bR PRV ugh

t he UStt%nﬁHaréﬂé%s%?%%@ﬁﬁM'aﬂ&tt%%fnetﬁe Edm M edien f&l@% h. FI GURE 1 depicts
different arrangements of transparent electro in accordance with

speci flW6¢risblitiorahtemboflinadnés of dbemreserty avventom. ppioon 1P WMp@ody Af deéthueg ghe

transparen rode 10 ere hen fllntl |s on. to

structare” ‘tiezfc dit LHBEPEaL %’deT 001] TEfads %ﬁler c‘tmprtsfaﬁé par e%‘tlg& S r ode
20, whegneusy: aPNpReiding M @ddptiche SaE \Wng t(epl af3OtMERS tlgsr bfhpBédeUfitnt gth2the
substrate 26. [0013] FIG 1C depicts a nore specific enbodi nent of t

t r anspHEEHtC. dnsemesgbodinyds. thesrapang film ixprvided bygneras mere Ug‘-‘rﬂileiS?Ttl?lu@ﬂt ure

is a gt caﬂt@ﬁ% mg?ttt@l SHBS I 8‘1‘% dafbo S@ﬂ?d%a{e thesEgglr'i‘cgpﬁ@B&'so%b ds%'cg;a% a

deplcte as S on e su ate nmol ec

st r uctpohyenandn taheatglystckuafaec,n@tg. t metat alrdaceh esdaictiont bé ggaphene paide,ngplittng of

reality much | arger than tﬁ aphene lattice size. FIGS. 1D 1E show
a ragh

more GpECRAIRNP @%§P’6"B’mr$e‘? g Pagieles AnRSHERHs: ewsft)&%&oesof grapRits sIn
enbOd'sHﬁ@temﬂolaﬁnéﬁ% Bhe gfa:pﬁeﬂesﬁl%'ﬂ iPbsHdndd oﬁ@to%%rfa&@@? Hﬁ:r%ﬂf stAltRRL ra?tEle i's

glass. The Au grid siz I na, and the 't nes ha a wdth of
about fdnaton. [tmaaqhnsmc&mnmmens,hdw chsml@taang nf chosrapbené fagewitbf thgrgcphene

grown on a er foi The ai n _boun ave. si zes of hundreds
001 6 e Bl Ciomerioss 2 “aRepR ey B HBE SRy Aok B Rl B dRknyn the P
el ectr, chdfipgcordance wth sone enbodi nents of the present invention.
[0017] Schenes Al - A4 depict the preparation of the metal grid on a
trans ﬂw(ﬁhtln@iﬂwwat@dlmm ghgzmethodp o€ diet presane invepiaen tlsoompripeaspcipfingn

(Z(l\)/ﬁg_? ]}_ez‘é%tgsg%?ﬁtj‘%gcglf%% \t.}gzso s&gtet TR IsRaL I%BE)dlmV\%RS, the association comprises: (1)

positioning the grid structure on a top surface of the substrate, and (2) positioning the graphene
film on a top surface of the grid structure. In additional embodiments, the above-described
methods also involve an annealing step that adhesively associates the above-mentioned
components.

[0008] As set forth in more detail below, the transparent electrodes of the present invention
provide numerous improved properties over the transparent electrodes of the prior art, especially
in terms of transparency, conductivity and sheet resistance. The transparent electrodes of the
present invention also provide numerous optoelectronic-related applications, including
applications in organic photovoltaics, organic light emitting devices, liquid crystal display

devices and touch screens.

BRIEF DESCRIPTION OF THE FIGURES




substrate; A2 depicts photolithography patterning of the grid structure; A3
depicts wet-etching of the netal film and A4 depicts the renoval of the
phot or esiw0.20{10018p Schenes Bl- B4 depi ct the preparati orCofusthia/ogrsaphene
filmby using a solid carbon source (PMVA), where Bl depicts spin-coating
PMVA on a copper foil (Metal 2); B2 depicts growi ng the graphene film using
a solid carbon source; B3 depicts spin-coating a PMVA sacrificial |ayer on
graphene; and B4 depicts wet etching of the copper foil. [0019] Schenes
AB1- ABE009¢ ph ©fdelr hieat alss miatmher infwHidtethbyabovdreeltet tiddder advanegdBinddepeats sf t he

transferring. of graphene to the tqop surface of the netal grid structure;
and ABY BEBHIANSTE RRHEACY BTGP eintanqae 1na91€wn§vleglw§§é¢rtheﬂ@iaow
acet ongy O0FALrel! HRFRnSD QS pidifc RABoYFhcht AR GPTRAIdRS AR lf(ﬂflslftg%id @Y $h

transparent el ectrodes. [0021] FIG 3A shows transm ttance axi s),
sheet appgidsd dhgees. blUnelemkindingathdt tiesr §ezucar dépect adndypigal (anedarésy obfthe
graphene transparent el ectrodes. The orange _.dots.are the hybreié]? r aphene

o) oot MOGELOREER T HHFIOTGAPIO. T OBId BOTEEOL iGriBpbdheD raprEe on
the saERrpkanatasidiidial sheRRYRE-dehiMethfRgh IR ﬁs@éﬂhﬁu@%n%ﬁgﬁh arigRhens,

whi ch mat ched the cal cul'ated results. The purple dots are Au 1§ doped

gr apheviach:Si nce their carrier density is not reported, the data points were
placed m dway between 1012 and 1013 cm2. [0022] FIG 3B shows

trans r[bélﬁ)?'lﬁ@[ﬁ@ﬂ 1Séfhff3%s HER S %ﬁ%ﬁg&ﬁenttshgf @M%éx‘ént%l@&ﬂﬂ@?, i8la8&3 i AReSvith
conpared to conmercial transparent el ectrode materials and previous

r esearnsptrifiesmbodmehBE2 e (Fe@nt BCekhvows t he transnittance of various netal
grids and hybrid filnms. See Table 2 for additional details. [0024] FIG 3D
shows | pq§ 4561 AMRiH GhRpheRe kit h s WS¢ LALSH of! ghid he
upper [gdallr! O%;OFI G)ﬂ@%ﬂf){,l ?r%&algef%fe% o(mr%i gﬂt\g é;r?}r o{léc::s %1f thge0 550 éh&

gr aphetreé¢tompieandgubgraty b.i d (200x200x5 | an) el ectrode on PET; the
graphene/gold grid hybrid (100x 100x 10 | am el ectrode on glass; and the
graph f ' ' |

Feapodt L FES R WA bt Aol OB, vt BERL BT 208 A betyoen

el ect rpidsstraotuREM arldMuB&tlat&R6EURE 4 shows spectroscopi ¢ and SEM anal yses of
the transparent electrodes used in FIG 3. WD 2011/ 112589PCT/ US2011/ 027556

0026 hows fth h i .Th
spect 1O EEGE 1R SRR TRLS RERL BBl e M ANSU R b B MG,

4B shon&18amAn whpecthe aridfstrib@rdgis aphenabgid bh@ thensubiteatdrBl tednsparest. Crheerned]
gl ass. The inset ima%g shows the path where the Raman spectra were taken.
The s&ilds appadeniiqicd ase whiteolmeypn tF@@%}raﬁr &he girehars YRlERISENTYGHES8d dhe t he

h brl £ar . . 9 . . I . t
[ b0zop B AR s RGP LRI i DU 2h BARe i R BB AP Bl
FI G SBi&xeshows optical images of Cu grid on glass. The Cu grid size is 200
gm and the grid lines have a wwdth of 5 gm

[0014] FIGS. 1D-1E show more optical images of metal grids on transparent substrates. In this
embodiment, the metal grid is an Au grid, and the transparent substrate is glass. The Au grid

size is 100 um, and the grid lines have a width of about 10 um.

[0015] FIGS. 1F-1G show optical microscope images of graphene grown on a copper foil. The

grain boundaries have sizes of hundreds of pm.

[0016] FIGURE 2 shows an exemplary method of forming a transparent electrode in accordance

with some embodiments of the present invention.

[0017] Schemes A1-A4 depict the preparation of the metal grid on a transparent substrate,

where Al represents the deposition of metal film (Metal 1) and photoresist on the transparent



[0031] FIG 5B shows optical images of Al grid on glass. The A grid size
is 100 gm and the grid lines have a width of 10 gm [0032] FIG 5C shows
optical iweges/lupss€u grid on PET. The Cu grid size is 1@0Tgrspoiane7sshe grid
| ines have a width of 10 gm [0033] FIG 5D shows optical inages of A grid
on PET. The Al grid size is 200 gm and the grid lines have a width of 5
gm [0034] FIGURE 6 shows m croscope photos of various graphene/netal grid
hybrid el ectrodes. Graphene covers the |ower part of all the imges, as

i ndi catiledraby mprmmmnb@grhpmttehﬁ@g?SﬂthElgﬁd strictaROWS depictsombt-diztdngstope
i mges, of a phene/ oId rid hybrid el ectrode on glass. The grid size is
100 grfe mag! {1 g[ﬂ’é a@fiﬁﬂq?p,l,%ts ed?lﬁoY fg‘ JHolqePd6] FIG 6B shows opti cal

m croscope i mages of a graphene/ copper grid hybrid el ectrode on glass. The
grid q008] iSsha@és BmBAmGpichehegpicParhiidte oWithld Rraphicie Gim ‘t{yoﬁﬁﬂg aRdhd &fbshows
optical m croscope inmages of a graphene/alum numgrid hybrid el ectrode on
gl ass.soumse (5M1\6|A jphere lzmlcganpuaﬁ%ttnaé’l\éMfﬁ onuan@mprdf%l (Metal ZmB2 dgpicts

2011/ P, 1827 h cal.. i\mages
of 2 oranhary s MR AR Qi chingh, GHL) A 4B, P BAHRSF AT
l'i ne mmﬂciélﬂaﬁr pngra{pﬁ@rﬁ@]and:B@deﬁlEtss/bmwmhngofcthé capper foslcope | mages of
graphene/al um numgrid on PET. The grid size is 200 !lna, and the grid line

?Bdtg ungirsp%ogﬁgﬁ % ot PI%%%%% ngégy?eral %agéﬁaﬁﬁﬁxgn angaﬁﬁ£tﬂé s

f ol | owtangfettigadd geiph@rClol mbltop sarfece il aicial and exphanainl ABIntdgpictanie ar e
not restrictive of the_invention, as clained. In thls appllcatlon t he use
of t hée@PY?gﬁif BMMA@P%%@%IW@WM%PNU%@ WSEWe 3 or "an" neans "at | east
one", and the use of "or" neans "and/or" unless specifically stated
ot her wWo9] FHGUREBKHO6®s tHehmalysis agl cbrhpaﬁ@hmf"vhxﬁmisudin@lgiirentasecwsdiés. as ot her
forns such as "includes" and "included", is not limting. Al so, ternms such
nent enc el enent s
corpr 1G5 FIGa ST Va Ho ST LHER O, RIS ER Bl SPTRS SR B T ane
uni t lél@hﬁtys(fr@d)@ﬁbf b glaplenSt itdnSphrokth@soroaes. MheAddgeTdtts 8RCtht QLG atiphes: Used
herein are for organizational purposes only and are not to be construed as
i mi tickgtrodes wabjieds matk elhel b@ék idpisdre Anqlomé&wa rraphene opdhq sapisplape as
docungn At p n t
pat entsbiid sflphit, The toBRRL HAR: Ebed oRER, Shcibuchd] e bt Raisy
expr eSIShleypulrpfle @bm@rram@lhe@@drgr@heﬁef siencleeit Cartibeddns@ntd fic@trypdraxd, airydata
purpose, In the event that one ofr nore,of the incorporated literature and
si m | &Piinweicipircsd gugvasSetweer i’ #Ad 40 m§Aher that contradicts the
definition of that termin this application, this application controls.
[ 0042]j0022] WaG. BB BRGKY frabiibittahdteantD slicct 069t cY ofSthd Hybadsgapient @bgedepdes
are conducti ng oxi des, such as indiumtin-oxide (ITO on glass. However,
due t Gompaied to pommCEeia] Arnsrarei gleswade magepls ta%a@ﬁwlé mse@mgéctwkwes can be
i nadequat e for many emerging applications, including flexible solar cells
and oneeii F1G. 3t sRWstthe Ranshi@des dQaERS) meﬁﬂ rid9 Sh@RGBid Kk h8se Tablei2 t 1 e
nature. Furthernore, the indium conponent of O is sonetines being
proleéb%@kﬁsnﬁl@ﬁ@hte commodity, and the cost of the overall ITO can linit
its field of applications. [0043] Mreover, current transparent el ectrodes

have | 06@4ﬁ HIPBD hﬁbv&se?ﬁfﬁosogf hf’l%cﬁ%@a@ﬁéhe ﬁRﬁ’sdH&tg'la\éb bid PENdsisARSPANE MG -
For |nstance various 1TO el ectrodées .g., I TO el ectrodes with thicknesses

of abompmiﬁﬂﬁZﬁUFM&03EaﬁDneédht@IsﬁQemfrﬂgﬁwiaﬁdbeQﬁﬂi@n@@mgarwﬂtmhﬂbnht
83% 1 ?@?Obt X8 ]?J,%ﬁ %&) Pae on @Emﬁ\g\é%%heneygold lgr-ll-g hygri&i (()l de<t1 05' Sty prlnsi%[%tcjtrgc?e

absoré
on glass; and the graphene/copper grid hybrid (100x100%10 um) electrode on glass, respectively.

The bottom photo is a bent graphene/copper grid hybrid electrode on PET.

[0025] FIGURE 4 shows spectroscopic and SEM analyses of the transparent electrodes used in
FIG. 3.



WO 2011/ 112589PCT/ US2011/ 027556 vi si bl e spectrum regi on. Consequently, it
is desirable to develop nore cost efficient transparent el ectrodes with
better traoemtiagsee and | ower sheet resistance. Gener alPCy/USRIiQogisses about
30 to 100 E2/sq at 90% transparency neasured at the often-used standard
wavel ength of 550 nm [0044] Accordingly, the present invention provides

i nproved transparent el ectrodes and net hods of making them The transparent
el ectrodes of the present invention typically conprise: (1) a grid

st ruct[os] G 4A2 shawgRamhe n@edtiunmofisbo graphett wicthint FKG.g3.1 TheSspedttunar ®as | n
addi tional enbodients, the transparent el ectrodes of the present invention
f ur t hdskeagpipgiteastenyd grag ﬁ?ﬂﬂ&%&?sgﬁﬁﬁ-as a glass. As discussed in nore
detail below, the transparent el ectrodes of the present invention can have
var i oye02d| g e sicsyvsaRgn&ibdtrawifittbe gfad0dk] wAlobhehe akpe ¢iidodovbhd gassent
i nvention provides nmethods of making the aforenmentioned transparent .

el ect ridgdasct muras shewhduagenaers|thg Ragam ppestra wetg takey vihgisayfc Ragimjigset is 20
structuyre; (2) providing a graphene film and (3) associating the graphene
filmwth the grid structure. In further enbodi nents, the nmethods of the
present invention also conprise associating the transparent electrode with
a subd0®28] FIGKs 4641 shpw éerages ofghe hyfidranspercaielcetrdenfirpigse epvorere
prese i.nve many vari ations. [0046] Various aspects of the
afore%%ﬁ%?%ﬂ%%hgggagégrent el ectrodes and net hods of making themw || now
be discussed in nore detail below. However, Applicants note that the

descr i[PR29b FIGAIRE Spbewappiscal omagss of Farcovasdidsonctutasi ti ng exanpl es of how a
person of ordinary skill in the art can nake and use the transparent

el ectn e i i . 7 r rent.: El:

St ruct 0 2L M A PR IRk IR0k el ety BT LEl S S SRR PG ana e
gener gkildylineo iprd S@idtf{ dJ 5 angri d structure; a (2) graphene film and an
optional (3) substrate. The aforenentioned conponents can be arranged and
associ at e i each other .in dif ent ways. [|n di.tion,. h of e
Sbove LT B Ta shcr smiats th K1 Erdab Bonpbl A GHE SBE indBT art spochioy
Gid 'Mﬂﬁkyﬁ§§u1®ﬁﬂ§gﬂléiﬁp structures in the present invention generally
refer To network structures that are capable of delivering electricity. A
person of ordinary skill in the art will recognize that nunerous materials
may bd0@32d1es S§r shawstapticalumeges Mdru kiidioni P . eXlanPh ezsidi smesl i1d 80 must, and the
carbon’@%not bes,Wgéagp'te, anor phous carbons, netal particles (e.g., netal
nanop&Fidi [1es Bavsa gty Kfoparticl es) and comnbinations thereof WO

2011/ 112589PCT/ US2011/ 027556 [ 0051] For instance, non-limting exanpl es of
met al §003I3RIFICRBDOShowsaptias iBabes St AUSHILEPHMCTHERI oWt sheut 200 fint, ahi Gl Au,
Pt, Cu, Ag, Al, NI and conbi nations thereof Furthernore, in sone
enbodigmdriinss horee widtinof 2uok t he above-nentioned netals can al so be

associ ated with carbon nanot ubes, graphite, or anorphous carbons in the

grid t f i nvent i . i A l.i.m.t§ng
O I GHEHHTURE 6 %S ERERhd PHEL S ik ORRheal e B 100 LleBkdadld
si ngl d&raplidnedoeas therowamnedrudfed], thenrhidgdes valihdidatedbp dr roddahud Esgs.

doubl e-wal | ed car bon nanot ubes, ultrashort carbon nanotubes, and

ot a5t PG WAL Shs TR GRRAE MRS o APk AR AR UPER b Beblodecon |

order gdl@sheh®gmdl tibe b 90QISE] Bidlthd ¥rid life Hitith kero gwbodi ments, the carbon
nanot ubes may be pristine carbon nanotubes. In additional enbodinents, the

car bo may be .fuynctionali.zed cgrbon nanpt ubes.. [ 005 Li kew se,
the. oL 8B BE%s PBiist P SEie Fave i gR R EAC RARRET ALY BRL CAFrahean s
and Pakker e (ROUL IWHd0! 1, SHARPLAS ihOGIdAR o, o combinations of the
fol |l ow ng pat%erns: crossbars, stripes, circles, random dianonoid,

rect angl es, %gheroid, paral | el ogram or hatched. [0054] FIGS. 1A-1E show
non- | il}%7] AdGe 2&niboes opfical appwseoprdmagesgijagrapheneelymBum guiddyspe elociredd | v,
FI G he,gri ructur . C s:harred nmetal grid sandw ched
bet méﬁ%ﬁgﬁlﬁé ﬁggl%?%szﬁs%‘{ﬁ,aat éﬁlééngngﬁﬁgg%gases ''m Likewi se, FIGS. 1D 1E
show optical images of a transparent electrode wth a cross-bar shaped Au
grid on a transparent glass with grid sizes of about 100 ilmand grid |ine
wi dt hs of about 10 gm A person of ordinary skill in the art can al so

envi sion other suitable grid structurg; with different sizes and | engths.



[ 0055] Graphene Filnms [0056] In the present invention, graphene filns
generally refer to allotropes of carbon that are arranged as one-atomthick
pl anar shwete110f23p2- bonded carbon atons. | n general, graprlsa@ifirisss are
densely packed in a honeyconb-like crystal lattice. See, e.g., the graphene
filmin FIG 1C. A person of ordinary skill in the art can al so envision
that various graphene filnms may be used in the transparent el ectrodes of
the present invention. WD 2011/112589PCT/ US2011/ 027556 [0057] For

i nst aneess] iIFGs ebestemaghticelnhirodchpe onaphefie draphené/soppar gripfonsRETMerHeogrid | n
ot her enbodi nents, the ,gr‘aphe_ne filmmay be associated with one or nore

sur f adtzant 30Gbumpend the ggd ling widthtihgd e nbodi nents, the graphene fil m may be
doped with various additives. In sonme enbodi nents, the additives may be one
or nDIe0I IR FENFBWR opBeal MickbscdNe imAles &1 grihheBE/afmihiin BRIdCrSPEE] TicCarid
enbodi nents, the doped additives may 1nclude, without |imtation, nelam ne,
car borseaees?0ninnaisbthagad linpmodthhs Aes). al um num hydr oxi des, sil anes,

ol ysi |l anes, polysj xane i i n i j ereof. In
Pmrg speci fi cpen@{f.. K Q%Eggkéi’gg‘ﬁ@w‘épﬁﬁw%%ﬁwm Eut and/ or

AUCL3 |geped: id APB8]unldBrskREhemBedi i Nofogotp@PARRE ddstifRionNardd &S RAloRMg

el ectrodes only consist of one layer (i.e., a nonolayer). In other
enmbodidetaricd deschiption arsheeaepiary and emiariagiry ofilyrand pisinet resjrentiye Oé thy, inventiog,

| ayers_of..nore ut | tiple |ayers may affect transparency). [0059]. .
ot o R ol P sl B B AT Bl BER gL L AT TARAE B bt 37
co- pemgdang “RdCashptT,cati the) usbf téredncas Oidiodf ukleapdpeaifichlly patct rodidrwise.
Non- gaseous Carbon Sources." This application is being concurrently filed
wi t h thyethgrimeosenthe gsplof dhg tem dReludiag).msovplbratodier Hermas. uly ap einshudae eand

[ 0060]+| -y, Agd ifs'r%@%imigﬂg.OdAlr'%&”Eeﬁans éﬂ‘ﬁs Pél@r’é}%ﬂt" (}r”Vc%H#p'oﬁ&t” %@o‘?ﬁ@a@? totd M8
may be nmade of spraye r aphene parglc es. anpl es of such sprayed

gr aphethengnay di cdrgsonand aingeisgeshel MmiZimd elemahts,or "chingbndrs diaglpmprise more
Preparati on of ng%rége Arfea Transparent El ectrodes Usi ng NonFunctionalized
G aphdfd MR gpocifiggllystajgdiotherwirg11, 23, 935-939. As discussed in nore
det ai | L&l 2s; i

0 aph o A o B B b e T Foiss b i o b
Zhu etcondtrue(l alsdnaifingribke bilgeit mbatehalesatbed] | All 'dbowmEes, ext podiaphendocOricus,

Nanori bbons.from.Mul tiwal |.ed rb ) tubes, " Al 10,2010, . 4

2050. S8 hysc PR e 8 D MR gR G AR PRBRIORG Arichisshapls7
entitl.ad trdyB§dRods ﬁ&_ébfreﬁlﬂagsgt iR rfratl ARREN By NRRVEH B A NG e TamMGA TR0 My
Nanot ubes and Conpositions, Thin Filnms and Devices Derived Therefrom™ In
f ur t henrmesdobi the avent thay ens pr mgwdfghapiemerated iteratue apdpinbler dafariabdlcfinem
exfoliated.graphit raphene nanaof |. akes, . split.carbon,nanot ybes, or..
Feducad g ph BRIy o RREERS AR STt i EARE R Tona e
graphepeurglarti cl es nmay cover an entire surface area of a transparent

el ectrode in a uniform manner, such as by the formation of an interlinked

VO 20149421 Bysopcef bagiriaynds tssmoseromsraly uschHanPRsARFlcemsd iafe FnsiuChitge

gr aph%&?de?,a{ufc{w Gk G TR 26iE "0 HAQRE Fhe U&B@P ﬁriﬁfee[ﬂltlﬂ% ﬁg cost,
transparent el ectrode to rorm a’nonzuniform graphene film 1n a di'tional
enbodistentranspaest dexmdedcsyd iasdeqaste docaanypemergimppapplicdtmae, iofluding dlksibiat e,
a top surface of a grid structure,. or e urfaces an transparent

el ect '8 égiglfwi]ﬁf@gglafh&%ﬁaﬁﬂﬁp&gh%a;mm)s;i ?’_ﬁ% H}Sﬁma%clﬁpd_é%ﬁc%%wtf@nn%%

af or ermpphioned RIRRHITRHhPont b B A SaKERRMbLiRg PRYj&tdeld dcake!BMmdRY62]
Substrates [0063] In the present invention, substrates generally refér to
supporand gherapst efrtbs o¥aall {H@ con hmstptrfeald ofdppdicatoses of t he present invention.
A per fordinary skill in the art wil] also.recognize that.various
cubet 1008 MEFOWE" Fadu et PR bt PR EAERR S et FeuRfce

I NVentehRductiMaf - dnldi-dnis fderdya e sstafce Swrfoab tOsu&slodad @S.| ME) URetr8dassith
quartz, boron nitride, silicon, plastic, polynmers (e. go PET) and

conmbi rbickunssest ofertont 160 oUWANmMDEgn redshya sheee reuisanacarte s §¥/sq mathprleye s’

| nventlan Br8caloosd FANSRALEL L dTES af QoL ARG EuLrANSPRGRGHAR! the
transpareni el'ectrodes: For Instance,” Tn a specitrc e odi ent | e
substrate is glass. In another specific enbodi nent, the substrate is PET.
O her suitable substrates can al so be envisioned by persons of ordinary
skill in the art. 6




[ 0065] A person of ordinary skill in the art wll also recognize that the
substrates of the present invention can have various shapes and properties.
See, e.g,wbl2@8/112%91E. For instance, in sone enbodi nent ®CTIUSR01IOREEE at e has
a non-pl anar shape. In additional enbodinents, the substrate has a planar
shape. In further enbodinents, the substrate is flexible at room
tenperature. In additional enbodi nents, the substrate is rigid. [0066]
Transparent El ectrode Arrangenents [0067] A person of ordinary skill in the
art wldiblalspetiuacmgiunz eCdlsaduentie, it isadesipatsle nd delebgt motbeosoéfficlkat passperit
i nvention can have different arrangenents. For in tanfe, in some
enbodiCHSHPESS Wikkbejtes ruiaittengeand JoRgsihestdpdsianss SangillEuiiihgiveniboyt 49 foy
structigp @/stE't 995 BaiPEhly MeSMRQ MR ffon-i8 sBhiLd $id Hl%_h%ﬂh%f@ﬁd nfil SO be
positioned on a top surface of a substrate. FIG | A depicCts the
af or et dredrdinglpphe pes¢nd ppedtiomproaiige meprovédtranspmspagl esitodes awt mottiedsLO.
In this exanple, grid structure 14 is op a top .surface of substrate 16, and
o aphenarstinz. PEho bt e rates iR fis B i iRsgsPesPLETO B0 87556
grid shiquetubi@el4nd |(2) adgidphotb fifthGassdGald@Pivih She SrsRgel f ik fMamke of
this '""graphene topped" structure, where the grid structure is a netal grid
and t lkebediseants the transpararisledqiodes)f thepreaent iercnaetb buthereemprised3 2 pubstrate,
structur,e may be ppsitioned.on a t.op.,surfac f a graphene fil In_nore
apect PHE ARk Reres b RRcE if B SOR o Ey e Rap TRl P RLRRBat s =81
sur f ageyvedtioR calislenatibus dridagerhBntdepd &hBodimen@f or ementi oned "grid topped”
structure in transparent electrode 20. In this exangle graphene film?22 is
(0]

sandwil8048l At eppgt PHthsrerepUmECTHION eV derethadeopmaking depaforgmeadianed onal
enbodi t wife f r Sy i

adnesi anrent ShEaSlite, SRR oA AL ook B AT TR AN A B2 )
associpadviding aggnphalel fint;efner @) tassdcheing tho @raphenn fih wilte tieh gfié sentture. In
conpoqents of transparent el ectrodes by vari ous nethods, including fusion,

adhesitBi1hi FROQLIMENtY dhtc edodsoply e PHARY, YRR RSP FURRRSCofssaFipltRg the
cont aGan o ARBEE SARS: QlbsREE! DY MscPlifsbilsobdtint ABrAldiail bOBKOIndREmbasbAnCe:
in some enbodi nents, the grid structure and the graphene filmmay be
adhesitheprgsens soentadrelthvaimidnyeachti@tsher . 1 n ot her enbodi nents, a substrate
may b ively associated.with a id structure. . In re.speci.fic.
oo B Sraroria hsBB Ry o e M ricb BaL bR o DiGPE b o b crduiri ol §F ryine

St I UCHRUNE wilk REwITRRIi @ukRdSh Fdeé HEEI] BB wOEHACRRS] A1 ita@s 96! tA4tQR: WestHp@on
graphene filmto formthe above-nentioned "graphene topped"” transparent

el ect rbelpespérrpi teSpedifc apdinarelinfithorajamphesafdion o petsore insenslgll iy ghe asus
adhesi on | [ dhesj yel sociate the various conponents
of trgh%gggéﬁ?égggﬁ?B§%§§E$E&§%§x§§§£¥§ ‘gggfﬂvﬁﬁographene film For

I nst ane®s7] iTraasim-cfNRRIIrgBO S&uctdies adhesi on | ayer may include, w thout
limtation, C, Ti and/or N.. As discussed in nore detail below, various
met hod¥048hyI ranspercBeclpindics of hamaseydnycniion genereldy eerardser f Braegitd strusHEBar ent
el ectr, 0 t i.th t uc t (IS

neat | 13 EhanprangR: andioh @t L9, Wiy R Pp SRR B SO, AR TR o
oxygenrrah@l/ 21d Asspeinsdnwah cacldiatieeryinsdiffetent watyhe lar 4dditéon, adaslo of ehogbove

di fferent arran%ggents %%g associ atjons ﬁértransparent el ectrode conponents
t hat WEFRORTYES ehnconsislerf difdsrent cRINGSILORS ALY nore detail bel ow, the
above-gpp| igNedralhiddgt ural variations of transparent el ectrodes provide

di fferent advantages and applications. WO 2011/ 112589PCT/ US2011/ 027556

[ 0073] Met hods of Maki ng Transparent El ectrodes [0074] Additi onal
enmbodil0HH Krad strinsunss és dhe prasertniniverrionnganicradly nisfd dd snepworaitiusguresh hat are
above-descri bed .t ransparent el ectrodes,. Such t.hods, generally include: (1)
o ovi a1 of 4 GG BRERRl 2R o SO A1 sattGy r e T M el e
associnatichhst MgtegilgphgN®c fustdawi dridl sthengtd. d Ndn- liditipeexahipl@ditictidonadtals,
enbodi nents, the nethaods of the present invention may al so include
associcatborgnanpaiReh 4t apfitce PEOIRhOYE Satkiony, Matal Radighest (cat-emetah ngpeRartiFless ot h
enbodi : . t a) positioning the grid structure on
a top“%ﬁ@%%%%ﬁgﬁwgﬁlE%ﬁ%%@@é?%@ggﬁ%&)b) posi tioning the graphene filmon a
top surface of the grid structure to formthe previously descri bed
"graphene topped" transparent el ectrodes. See FIGS. | A and IC. [0075]
Furthernore, the above-nentioned nethqps may al so i nclude an annealing step
t hat adhesively associ ates the various conponents of the transparent

el ectrodes to each other. For instance, in sone enbodi nents, the annealing
step may include the addition of an adhesion | ayer to one of the
conponents, as previously described (e.g., addition of an adhesion | ayer
bet ween the substrate and the grid structure). In other enbodi nents, the

. N o ey Y " o o " o " o o




[0076] A person of ordinary skill in the art wll also recognize that
various nethods may be used to form graphene filnms and grid structures for
use i n thwotznarapispent el ectrodes of the present inventiPom/USSual2188¢ hods
wi |l now be described in nore detail below. [0077] Gid Structure Formation
[0078] Various nmethods well known to persons of ordinary skill in the art
can be used to formor provide grid structures. For instance, in sone
enbodi ments, grid structures are forned or provided by methods such as
evaporeasipFor spuintemondimicing Rk &@apley apoktatkeihasdadni lerus¢C¥Orid stdkgtetes prciuae] ng,
gravure printing, painting, photolithography, .electron-hbeamlithography,
soft IMiteyhigpRionsfunph 431 fg&b‘%gslﬁln@‘}‘? paf lé‘?%‘?qﬂ?gt,%er&f%ﬁ TORBPIRATT oSS A e eof
[ 007 Sen B afFRé &, SRE B rh e FFRALL AL fenifbr@f bt e Lo o RYO BRCPLERBLR PN 3
transparent substrate (typically glass) by photollthograp%y, I nk] et

pri nt inagotubesagapkitq or AMbrgoos cabere intiregrid INDCROISIITICHBIPCITHVEBEOL 1/ 027556
patterni ng technique. To produce a high resolution netal grid in sone

enbodi . phot ol i t hogr aph i th.an, etchin rocedure can be.utilized.

[ kevil B ik ki Goh e Rttt Pt BlpEh BogpGemtRothe a8 Hid Mg e

i N songcledsdieBMIRd @ManOhiandRbES, 6hilfigyilRANGAEHHESanTRIbeh edddbid- WZIed edrbsig
with a masking technique. O her nmethods of formng grid structures can al so

be enviaBotabrsed Ubijaspeit semonoharnteasarpd glepibinatiany wecregl . Ip 0O8E] cmpeBASAS. Fi | m
For mat | [ S or di Jj bl h ' | i ze
hat VA eBE ot sionIEs el ahd) PERteRACt i ol bl e O pb SRR

i ncor pereaddrotn halp ovitthdispedivsligr ent figthec tehddasnais, tthe cprves ednotubye Rdaly Obe

Such net hods can include, without. limtation, CVD based gromh, growth of a
car boRT$BRE @R &apefibgsy st Ing @figl&e@al( gmpodimeatsy e B8R RAHRIDRS dRan et al
sur f aggotioh£6M4a h3n Abn@leRhene oxi de, splitting of carbon nanotubes,
sprayi ng of graphene particles or precursors (e.g., graphene oxide),
exfoliation of graphite, nechanical peeling, and conbi nations thereof.

[ 0082]10053] Mokevispebé Eiid sewbodisrdths prastg igyapios reen fhalennigicfous merdngaments

ided by th i.ng of h ticles,. | diments, th
P apnant mird e ey Mk Sl L IRERE R o ShtRtint el “Treng TR Mg hettery <.
I n addidskuralstbadiciiBNaidorh NEaibAs1BEREaRAES, isphRsid Bt alRgo SRy ddtcasd.0 a top

surface of a substrate. [0083] In various enbodi nents, the graphene
particles to be sprayed can include, without |limtation, graphene

nanof [8%¥$ FgrSapHed £ thao moptiwéng exepinicat &fd vefieshimete] griddsieesiurgs-apMerre
oXl d.e’spéo[?h%aﬁlyc 189 rid‘%g&&zy *{’Ee; grig%’ru%ﬁl??g@%te' Q’E?osfs%%fr%)fmétg?logé& éﬂ&wgﬁ@@he“e
partictes to’be sprayed can i ssolved in various solvents. anpl es of
such dotwents tangplateie subsittatvoatd bigrafghene diim. 1] ediichRIGSbdDeEBeshow optical
b oA e SoUR S NP E i R TRE R
spr ayi t g . I NSA . W th
wat o “bps of ATH0 AL A PRI ARIBKERLNI0 [E34 BE b pr SRR BB WA o
t her echi alsp @0ESIbn brheadatdbicograd starchach wightiffergnajpphenel lkhgthe can be formed or
provi ded by the spraying of one or nore graphene precursors. Such
precurﬁggi%gggghgigﬁgg, wi thout limtation, graphene oxi de nanori bbons,
graphé S Sakes, and conbi nations thereof The graphene precursors
may al so be sprayed onto a top surface of a grid structure, or a top
sur f aggoss| 13 B PbEtifvdnfion ORRpIRNE AtlhniBRhérally Y€Per to allotropes of carbon that are
2011/ 112589PCT/ US2011/ 027556 [%086] The spra |ng of the graphene precursors
ont o argpgddageonsatoypihéck pandrosheeinedf Wwy-bandesdearbomrtostsep In gerwply @raphepre
raph ecursors tq.gr e I S digents, 4t | e
R e e S e D S i S s Lo
reducimg Agssidon(&f. @dinaRyskiidin 0, arcOdh 4150 bOFiSbY dhidt deriodNgrapie ke mayl be
various enbodi ments, heat treatnment may occur in an atnosphere that is
under usedkrtBe ppagAkclesiradss af hapesentdivantigs. N2, Ar, H2 and conbi nati ons
t her eof .



[0087] In additional enbodinments, graphene filns can be fornmed or provided
by the splitting of carbon nanotubes onto a surface. In sone enbodi nents,
car bon nawotobieg2spe split by using potassium netal to Pormse@noeissbons.
See, e.g., Kosynkin et al., "H ghly Conductive G aphene Nanori bbons by
Longi tudi nal Splitting of Carbon Nanotubes Using Potassium Vapor,"” ACS Nano
2011, 5, 968-974. Al so see Applicants' co-pending U S. Pat. App. No.

12/ 544,057 entitled "Methods for Preparati on of G aphene Nanori bbons From
Car bo r[OM n G’(ou hiesareadinCampo sinbodinents [ engiaphaie findisDava @eistideeformedin other
Therefr Si nce such g%t hods usual |y form oxi di zed f rms of graphene, the

met ho§! filéneallt% & gFpPRaAF ITymerey I&I@aowewﬂéd%pr BIWrS pUFRCtaRts Qié)@bfm%édin

[ 0088]fu11tﬁbr”9rﬁﬁocﬁﬂgﬁﬂsf ife F% AL RIS rna P@d fV!/l{ Q&dltl%smaqn%ome
provi ded by unzi pping ca n nanotube V|a ongitu |na OX|dat|on fol | oned
by recudbidoment, titesdditivey nmayrlee crenatucoicvetarodsbonof BoiN, Y AlpAiut P &goro%r bon

t ub t t f i . €.0. Ki t
o RS g e D B HEREY RAFBY P BB B L ORGP b AR ep T ERRG: of
Car bonafian@sbe amidbbanEYt aﬁl’?dsﬂlﬁﬁhé/@poélumlrﬁgs NBagoxd@kl, sHandd68-p3filancs,

Exanpl es of such nethods are disclosed in United States Patent Application
No. 120bsdoomes, subfedcsnthiolat a}ndotommwmsghm@%r b natre @pérefie icmbbdimaatsetkhce.

Addi ti gn es..a 4058 ts' co-pending U S. Pat. App.
No. 1@;@%211%@%9%%1%”3?@(53 Otpﬁgand/?rAu Br({;tl on of G aphene Nanori bbons
From Car bon Nanot ubes and Conpositi ons, Th| n Films and Devi ces Derived
Ther ef{0@88] "In komt hﬁﬁedmess gratphalmﬁm;rmbmﬁ@raam:ldmeroa@pdnl;adomst af 8p¢ ayet O
t he substrate or can fur@her be, do ene

h
sheet $1-¢-spEonglayen. Jré?fil%ﬁe 1%‘@5 § Erpaenehiimy ogish o rﬁulﬁlﬁieelagifég 8i &
emod|%$or&5@9%uﬁl é}?}ha?%ffgattﬁl!n anneal ing a carbon source,
such as ynmet hyl neth cry¥ate taI catal yst, such as a

copper foil. In other enbodiments, graphene f| | & may be formed or provided
by CVIO9$ eﬁidymmm Rspavts of tgatmlencréilmssareedlgclpsehﬂi i Appliyantsther-pafdieg PGlhe

ESH?%@%@%“E”E%E%& ﬁfeﬁ%@g GaBCTEGS slof NtRasr tous Carbpn Souesspst i

dir eCtabiz!hca'tan qwlslél fli Bk the GRERANappRLAtERSand g incofiomted ARy
films may be dope vvlth a dopi ng reagent, such as a heteratom (e.g. H3) .

[OOQOFeﬁQERﬂPQl onal aspects of graphene filmformati on met hods are di scl osed
in Applicants' co-pending PCT Application entitled "G owth of G aphene

Fil ms 0 Pl i

concul ST B RAFRRECUALSARRAS JOMERTRion; Hchi LR AR Hlmls omaf bBmaig of o,
by r efspragod grap[lﬁ@q;h]rtldfe@e Maatpjeshdftshddsprafedidriphrege parainkep arcatiscléded di Zbdes

[ 0092] . As_i.ndi cEt ed abovye, numerogs met rr:‘gds can be utilized to formthe

t ransphr edtigB| LRIOMSHRY  BrePpiEop 85 drres et i 6HSPRERE (FARER G | VSiRgWNBR made
to Sp%héﬁcﬁlaﬁ%li@ ?héﬂéﬂléﬂo‘?&b@ﬁ@”@h&ﬁ M&QP%]IIFB)J 5851989, Qs @cuSedRPERE

t opped” transparent electrode (e.g FIGS. TAand 2) [0094] In this
exanpldetailt redowgr sudh Splraucd gra@helm partlslt:s parebanedlecfnrra of gpapthent earfoeibhons tatiss)

okt Lortng-reenape etk giulibe %o g Zoeer obiG sLiaf TR B ko ure

phot o |“Lb{3«019éi@9th($ra\ﬁhé1{b ORide Wﬂoﬁﬁbcﬁ{soﬁ&ﬁ WIgltiwal16@ TAHSInE adJhuIQIe ACS Nano
enbodi ments. |If a carbon material is being used as a grid structure, CVD,

sput t @0l \WA5A-1988 ki Hep Sfi?@nRsPEltlcap‘Fsl wpinggdiog G Bautr é\ppr Net |121/é4ﬂﬂ§7 sefidiered i n

sone el | dh ysed

T neotbani 0, e GESESh e M PiorbBof prgtl Gurbha NeRlubell Eifefonler

gr aphémgn Famranratalye\beest lDatﬂﬁefde'l"lli@dfr(fnﬁ "orn deRS| dritibddmenitopthofspidyed fpedpiiest

structure. [0095 The advant aPes of form ng a "graphene topped" structure
1

can i mertigrs:cap b desiyed fiog eHeliped Sraphite grapiene epelikeyr RpheHBoOR RIS, gri d
structog;gdulcf(bgégl?@%m%d (2) an easier way to get a large area grid

structure. nore specific exanple of a nethod of formng a 4
4gr apheoed | tlopdetionat enistdiments,sthd epnagedagrapheﬂ%l fartidles hraytdoivsr axamqnieesmfahe

grid structure is a taI grid. .The substrate i t ans are

subst 5130 4 BRPIreRpee 9tfqdéa1fl|ayum CREFREICA AR a%lE?Siaﬂ&et forppal galegwiﬁk%ﬁ t he
metal grid on the transparent glass substrate. In particul ar Al represents
t he deposition of nmetal film (Metal 1) and photoresi st

9

a



WO 2011/ 112589PCT/ US2011/ 027556 on the gl ass substrate. Desirably, the

gl ass surface is first cleaned with acetone and deioni zed water. Next, 3 nm
titani umwesoaniaihesi on | ayer) and 50 nm gol d are sput Peras2an/ogxsapor at ed
(thermal or e-beam on the cleaned gl ass surface. Photoresist is then
spin-coated on the gold surface. [0098] Next, as depicted in A2-A4, the
phot oresi st is patterned by photolithography. Specifically, gold and
titanium are etched away by wet etching to formthe netal grid pattern
shown nctwoAB. Tbheddigsiall walbodhadmy, ee Sraphend ertickasineyd tawayttwved th@ogh@nea t o
formthe structL%re in A. In addition, the netal grid subétrate is,rinfed
with detfpesniisa Phviatapsprarepbstrtreds %f-w-%gqr@t grepkensy lisar dpj giditimal he
gr apheRfofiirhdRtd Yh VR dBuIRed ﬂeePé‘a[nb&é'at%?Lé HGee Wﬁlb?t?atg% sgffa&a(fffa! tg ar,
Bl depicts spin-coating PMMA on a coppe 0|‘f (Metal 2). Ag epicted i n B2,
t hi s issuétotd, onwethebpuitfines gnawinkpaéntt dectigpdap hdtechdds lohobmizang @rapdieca fibon in

sour ce. Xt, a ho in B3,  a sacr.ificial |ayer is [h.coated on a
o apharesdtickaiigBe Sigterndoard Sabedmeih Y b et ibperdSR] GV emove t he
gr aphepgs2f idubyitdi@m the netal substrate. [00100] Finally, schemes ABL- AB2
depict the assenbly of the transparent electrode. In particular, ABL
depicts the transferring of the graphene filmaonto the netal grid

st ructl0963] Inj thewprssent ABYcaféqs, ctubsirdes rasperaly fert e PRt swizeiurgscifen thayer
by di [ on, i t one. .l | f rgnid
DY O SHALH R IoR A K B RGeS 8L S ORIRLFOHITIH 08100l

fil m megoghize shatbeartduanabaratadmhyp berusdeépoish tiedtramparcati brttrédes. of Tihe gededt
structure may then be patterned_ on top of the graphepe filmb
a

phot ol PYHREER-aghg -1k ce eX35RRIpY Pﬁ@?lta&#epélﬂb@gﬁteﬁéwa@? 5@8&1@%%%%0%8%1@ In
sone %HRBH,'M{C,Z%OI ]Bgrs(?{g;gn%;qg%%g%né MGk Yh&ed@y be suitable for robust

t ransparent” conducti ng Advant ages [ 00104] A person of ordinary

skill in the art will also recognize that the transparent el ectrodes of the
pr esend0064h\aniraldy, the svbstietermh theguomnt myesionSuc hlsatheaspreame 1 adpr forrshiowe
W t ho limtatio

t N (1), | ow sheet resistance; (2).high transparency; (3)
ow ok SHPPAfEnsy aif BB TSR TSR Al AR, 4 dagee iR R aymat. the
flexi Bibdttaye is VWRAsLO1 AdRRGIGTIHISABIdiReAE e [UBstRR] Lo WwESheabthBe shisdbance
[ 00106] I n sone enbodi nents, the sheet resistance of the transparent
el ect rsBbrdEgtasfcan plso be envisioned by persons of ordinary skill in the art.

[0065] A person of ordinary skill in the art will also recognize that the substrates of the present
invention can have various shapes and properties. See, e.g, FIGS. 1A-1E. For instance, in some
embodiments, the substrate has a non-planar shape. In additional embodiments, the substrate has

a planar shape. In further embodiments, the substrate is flexible at room temperature. In

additional embodiments, the substrate is rigid.

[0066] Transparent Electrode Arrangements

[0067] A person of ordinary skill in the art will also recognize that the transparent electrodes of
the present invention can have different arrangements. For instance, in some embodiments, the
graphene film is positioned on a top surface of a grid structure. In more specific embodiments,
the grid structure may also be positioned on a top surface of a substrate. FIG. 1A depicts the
aforementioned “‘graphene topped” arrangement in transparent electrode 10. In this example,

grid structure 14 is on a top surface of substrate 16, and graphene film 12 is on a top surface of

10



present invention (depending on the transmttance of the filn) can be |ess
t han about 500 S2/sqg, |ess than about 100 S2/sqg, or |ess than about 30
S2/sqg. | rwoorr/gpssei fic enbodi nents, the sheet resistan®eTafS2a41h®27556
transparent el ectrode structures can be as | ow as about 25 S2/sq to about 3
S2/sqg when the transmttance is not |lower than 91% and 79% at 550 nm
respectively. See, e.g., FIG 3C [00107] H gh Transparency [00108] The
transparent el ectrodes of the present invention can have transparencies of
nor e tehidnstalaut 140%n hadisomeFERbOAi d®@itts a hbe $pcaifispanaaiply of ans bgrapheio
97.7% In pore specjfic enbodinents, the transparency is substantially in
the vitginsdestredignvbae MseHiGrpsturase Bag! %R(P t%seub%ﬁteﬂsa)éw ength, and
nore particularly around 550 nm In nore specific enbodi nents, the
transpesesndy dndStheetenlbodbierithehid @D WirudtGLd atay IO pouitiontdt od @Welp $urf0e it
80% at 550 n or not | ower than about 90% at 550 nm [0Q0109] Low Costs

[ 0011 ahensBinmolsmere spaifia §MPRManiss disarathene le Maypds berposiionpd e atap

i nventj i F L claal: ) i.ak r
the nuT S B R A AB I e <R g R TR R R eh ]

i ncr eaketrbted. pottkintexamples gfaphaessint G2 is eplddenentictoben gdd wirbétared3d aiel
(I'TO inh many applications. For instance, netal grids may be forned by

nor malS" eo‘%lq'thography techni ques or by inkjet printing the precursor

sol utieeke] A AHHohhIOENbRIitBEts AR GFERhALSmAMhenRl 0PI AbsenRNBGORY Gal | Y
favored netals like Cu, Al and NI can also be used. [00111] Availabil'ity of
Lar ge afbdsnvetntisociatad odath $ra0dnbicThésmsth beasingfadhseivprewention’ hgastdllyrettan be
easi | aled up to ovide | arger transparent el ectrodes. For instance,
Conver? TEnAOBREPDOf tho SHIRY ColiPousie| o S BEH e s Toi e ) ge
as sevgdlading FeHES adhbH@IVS8. 2 Filkis@dh B poltiRehaRE, MidARBert faemP 85 Firbit! dobdact 0
process transparent el ectrodes on neter-sized substrates. Furthernore, even
t hougkngwa it eereors dfpsdipery skl inithg ¢1éd to centineter sizes, the formation of
films can also be readily scaled up by using large WO

2011/ 1: / i | 4 ray
coat i ﬁﬁ?%ﬁ%ﬁ%p ghé{ %&aﬁgg%ggl@g’ rﬁger gg%gﬁg@%lreegigg’tﬂggﬂépgﬁ%l f[ﬂ?g n%éu?eg be
even rdhesiwiyrpéseciafddOditi3|chttenihbr.| it wted @hibéHibhetd, raandpaste nhayebeathadesy of
the pragsso%ggcedl vr\;i\{l?gtglri(c)instr%lct%?e. dllnsrgér%yspGeCQEg Qr%%gdirnents, the substrate may be adhesively

associated with a grid structure, and the grid structure may be adhesively associated with a
graphene film to form the above-mentioned “graphene topped” transparent electrodes in FIGS.

1A and 1C.

[0071] In additional embodiments, various adhesion layers may be used to adhesively associate
the various components of transparent electrodes to the substrate or the graphene film. For
instance, in some embodiments, the adhesion layer may include, without limitation, Cr, Ti and/or
Ni. As discussed in more detail below, various methods may also be used to adhesively
associate the different transparent electrode components with one another. Such methods
sometimes comprise heating the transparent electrodes at high temperatures in the absence of

oxygen.

[0072] A person of ordinary skill in the art can also recognize different arrangements and
associations of transparent electrode components that were not discussed here. As discussed in
more detail below, the above-mentioned structural variations of transparent electrodes provide

different advantages and applications.
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flexibility. Wthout being bound by theory, it is envisioned that graphene
films used in the transparent el ectrodes renders the el ectrodes flexible.
Such fl exWwbi2bityp258an be i nportant for many appli cati onsPChalS2@n@2msecl osed
bel ow. [00115] Applications [00116] A person of ordinary skill in the art can
al so envision that the transparent el ectrodes of the present invention wll
find many applications. For instance, in sone enbodi nents, the transparent
el ectrodes of the present invention can be used as el ectrodes for

opt oel[exm3] vethedapPMakaid Tremspareaio Edsctavdgani ¢ phot ovol tai cs, organic |ight
emtting devices, "smart w ndow panes iquid crystal display devices,

t ouch ens,. .and "head-u s.in, for e | e, dscreens,
gogg! é@‘ﬁ‘@ gﬁlagvffl Of |th E’W%‘t dyetien VB RGBT - mplag he3hoysr ent
el ect rd‘é&‘%?be@ftrahﬁﬁrd% @F%@t%de‘s ”Sﬁéﬁ hl@ﬂloﬂﬁgerfekaﬂ iAPRke: Q3 %r‘aﬂld'n% g éﬁéf bt?&&ur%()' ar

cells and organic light emtting diodes (OLEDs). [00117]Additronal
Enbodl(i&)emomd[l@elg@]pﬁﬁ@rﬁhhemétié)/essqucrng)‘él@r@aphan@ﬁ&rso’ﬁﬂnfhecgrdl stilaucylr@ kid | in

the art ni ze that th t.hods and. SY st ens_ of

ot adtohil SRREHRCAS, b hetdfs BF e dFesER s F R Bref b B i briatingy pe
nmade t@nfpkét SRRe0HECwaAtasanRbittatOf 14 REmPrESRBh eﬁib@@in@aw eh@ftkthods may
experi ment al results that provide support for such enbodi ment s. However ,

Appl i dadeds (adpesitionang thyeridissestoenmes oplssiassofithe substpte! and (Pwopveewsdh y

001 37 BRSOy b s B R OB R 3T dh e B b AR e, T

about téfpedexpeypareantlattraikpesisFIES. tincarabol.e- descri bed studi es are di scussed
in the subsections bel ow I'n the Exanpl es bel ow, transparent, fI exi bl e

condu s wer br| cated by usin a rre al |i rid and hene

b 1 QTR urh P ERt pasndbost SRt BBeh Mgk picbidF i SR LRE ShepdAbnt

subst r,gh &i ik BsBSiall ARS vé’ﬂiodD '%Brﬁﬁoh@f&s W ltke %&%%Q?%hﬁglect?'&%s 3He6dh b@st skance

of the fabri‘cated transparent electrodes was as low as 3 S2/sq with a

t r ans mgtargncie sofnccnBOWments, dgenncamgniten may ecludedhs hdsktion @‘sanaetdanmen lysr - 20

S2/sq. Both.val ues are ano i ghest for transparent. el ec

ot or 1208 06 RaGtETPoRREsi Bryiangy dedaioes, ¢ £h e AR R BF RS Gt by S rapan

ear t htabundant a6l A gricbenRnes, I\btheherhBEdi S, ﬂhB%hﬁeaﬂlﬁg githirdy HSRIUIMESS

for repl acenment of indiumtin-oxide (ITO in many ap E ications. 1001211By
b

way ofhciesadmenird the Framﬁ@p@nbﬁlpctmw@tspﬁ@ anbogimeTiy hg Best tighdedng opesslin n

appl i Gat éb%@r?cesc}i%'}yge} S]ﬁ fbre sgkélﬁ% ehl'bgﬁihle%{y {hte' H%Qt tgga\ﬁln&?t nclﬁ{i]éjs tﬁé GEAchnt ©

t ouch 'screéens di

t r ans pdtientangpacitredtasde Mmmirayxean Ha/ap fpafgeda“bmacdo&r 00nyinReSH abbuwssx al. e

l'ight, rendering it one of the nost transparent conductors avail abl e.

Experlnent | resul{s have d nonst r at t hat graphene has a 230, 00

ooy 10018] b Bespompt GBI Szkgf inrthe arte%lf Islya fopgenige tE% Vé‘PPH%mﬁYhaghgﬁégﬁ d8been

esti Mg Géknt Or a?ﬁeﬁ"csﬁ oL AP O uheMioMBlCR e PnbONEH: J@BbaL! U K bR

silver. y, the sh% resistance, Rs, is used to describe the

el ect rm‘(ﬁntlolmd&mh metﬂlyds)ml]anctvv\be désesbsd mrmd)retdle‘mistpawent el ectrode. Rs has

the foll ow ng relationship to the nobility of materials (Eq. 1). Rs =t/ (q
. er t'%yue %ﬁ%are the majority carrier density and nobility

respe i charge and t is the thickness. Based on the

experinmental nobility data, nonol ayer graphene with a transmttance (T) of

97. 7%[0078] Widloas mctiueometlikpalvn o persdiy chedharfyakilsihahe et 0dn be Wed & fgmadr a

carrier density of 1012 cm2. This predicted value is better than the

pr eseMrOddnhee sTuatures. A pastaiee. BSAMSCMbegimmitse grid structaycptefogReder

resi stanGgedly M¥MbGAloK as cPoBRion2drAcMiE hlhRAPMLE 8dfSition @RPHLinRfLY0

printing, gravure printing, painting, photolithography, electron-beam lithography, soft

lithography, stamping, embossing, patterning, and combinations thereof.
[0079] In more specific embodiments, a grid structure may be prepared on a transparent

substrate (typically glass) by photolithography, inkjet printing, gravure printing or some other
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1001221However, graphene's extrenely high nobility has only experinentally
been observed on suspended graphene that is produced from nechani cal

exf ol i at iwo 20ft/hegghl y ordered pyrol ytic graphite (HOPG PCDUseo11892Hms@bl e

gr aphene- produci ng net hods such as epitaxially grown graphene on silicon
carbi de and chem cal vapor deposited graphene on netals such as N WD
2011/ 112589PCT/ US2011/ 027556 and Cu, produce | ower quality graphene. The
hi ghest nobility of synthesized graphene used in a |arge area transparent
el ect padening bBfigaaR Ub $hodake rodiipgh enpditedn mestalr grighlny sa00 timbedincess
than the highest reported nobility of chani cal]y exfoliated graphene.
Ther efPhpelithoge ngﬂaqn dhiBE PrRSREHE C%ggfltlﬁ%ﬁ‘éii diisgiriee.d C%%'E%fi Fagderials

gr aph i : : : S 1 I

o e T R e S T e AT O

el ect noties] alang mathsminiaslang éechpignox Otiedtr ehgth@B%6fi fermiaggridedruciingsscapeaisn bes t he

assenbl y. of to four. | ayers . graphene to reduce the sheet resistance
whiIeeﬁ%@ﬁ?ﬁ#ﬁYHﬂsgﬁ@§F¥§ﬁ@B§#ﬁL@3ge wever, the sheet resistance of
four-layered graphene is - 350 ffsq, thereby falling 10-fold short of the

desi r ¢0080h&atphons iFsihaFeenatibn nonol ayer ed graphene. [00123] Since the nobility
of the graphene is Iimted by the scal abl e producti on process, increasing
the c jer densit econes an_alternative nethod for. reduci t he sheget
Fosi s QUE ' PO Y RHERSURH BL4 T R RO e e Mg BFE g Lo ke
t he gr@RRBNS: prBYAe GRIMILEL fiies foﬁ‘ﬁlc@%folréﬁoﬁsm%qgg traNPURSPbRVr&des BF the present
denonstrat ed poly vinyl alcohol (PVA)-coated graphene exhibiting a sheet
resi stiayepdonf 8D Sydgdsgen tinclpde widhiudireitdtoor (OfDbyd Spsitenaonth oif udi es
have been reported recentl|y for doped aphene- based transparent, ..

el oot R5RuSBZEbEH ARk B ac RS A0 e ARBREE Phtyetign & ¢ 1
aci d exdphbnd Sxide,%l?ﬁﬂﬁlgl’cﬁ’%hﬁ)bﬁrﬂl@ﬁotasesl s b2 BrapN&it faktictesSotiPrecuasitdls (e, sanme
four-layered graphene transparent el ectrode was reported with a sheet

resi stZinbenayexide), sopkgiqurotgragite, mpehenical pgeling and cow@inationsstheisped gr aphene,
whi ch has a m ni nrum sheet resistance of 150 SYsq (T = 87%. Gine et al

pr 0posGshR 1FRIROd Qs hRY B debohe 4R 'l GHAPRETR b

whi chslg%kn?r eac Qgpés&héée?%?é%l?ﬁsétghcg %%46 sgﬁég% Te(:1 OEEE(%‘% n tﬂ%tsfpv\xﬁ%

gr aphefigrdphemeparticis.pai senavembodiendpthargraphehe pattieks nfdyt beospgdyetlfomto a top
perfor ce of the transparent .fi|ns. pr.oduced usi doped, gr aphene hav

Deen SHHRSS! § 8if REURR oirdciongt SPSTEHS: DeaBritng PRt ety be Spranec

gr apheigs ARPantfasysttabisatinknown.  Sinmilar doping effects have been studied
in SWCNTs filns, and the doping enhancenents had limted stability in air
and urees3] tihevamabs leodeidmentCoths i gfepliong nantatlesa tavdie ospraysd! ¢ematricbrlef ovithout

transpar.ent el ectrodes i-S, in solar cells,where.the co cia oduct s

|1 7 ot e en S Bh 4R ok aPPhRly SfiocBurtn SEHARCa T Tor risEd BEhTe

si m | @kidel §plit SaibEE aSSAHidEs! hd dpAYRBiohHtheto@phene- based transparent

el ectrode. 1001241The practical limtations of the conventional nethods for
nmeki nd0Qdhihersamigse patticken sp he sprayed et hodiswlvdnnparigyesad venss. bixamplendf i ng

Gxaapl
the tr p el. de_} .ot her . OPC 556
t han gﬁ y géﬁﬁgﬁtfgﬁgggreW?ﬂﬁgtgﬁ%gﬁ§ghln%?%%%@&%?%%é%gréﬁ%kgﬁégﬁﬁéaéé’can
al so kelomwigezér ag lueas- tihaddpanhentmbadigichld) tieuwiveas nisgt @limadiyossinkigs odr
carbon nanotubes, Unlike transparent |TQ, o
pol y ( 3VUSTE A WHeRBYX yéﬁ‘?rotéﬁ éwéylpgotlth? @%&%ﬁt@% &8Pt simgver byPESOE hsgyragit
9r aPNGfEacd S GalBRbPALANGT (§ BERREIHSE ol ORGTHBanc R KHbirkABnIMEEbHal s can
formthin transparent percolfation networks. The network can conduct "current
and | 46085] llandditieny teynbogacass, zhephenehbier cantbeserrtied omprovidnd patlentprayBagsel on
t he under st andi ng of these two_approaches for.nahin .transparent conducting
11 m OBR FHASCERARPTS AT PEEI o FogPaREnR PR e SFHRPENS o
r educexidie nslRBboR€ SEapiRMe Cofllc MARSRIRY,NhAE otk ABAE NBeBES edThd %Paﬁ)lﬁ@ﬁee nt
el ectrodes, and even exceed the theoretical limt of a graphene film_ The
i dea ipscquesors By alwnbe sprazphoaiet a top girifacecefnd goidi spaicivee, adr @ eoprekéaced gri d
structu%gzlgpnola%erog{quene or fewlayer graphene or spray-on networks
are t BERTRIERSPEFY N'¢'0p of the grid to fill the uncovered area. See
FIG 1C [00125]The integration of the netal grid has nmany advantages.
First, unlike graphene, which is a two dinensional material, netal is a
t hree di nensional material. Although i e resistivity of nmetal is higher
than that of graphene, it can have a |l er sheet resistance than
nonol ayer graphene by using a thick film Based on the definition of sheet
resi stance set forth in Egq. 2 bel ow,




R = (p/t) (LAY) = Rs( LAY)(2) (where Rs = sheet resistance, p =
resistivity, R =resistance, t = thickness, W= width, L =length), a

100- nm siwoentifilk3sowi | | have a sheet resistance of 0.16PE2/Usq011/Dki5S6

resi stance i s about 200 times smaller than the Iimted sheet resistance of
graphene. [00126] Secondly, the graphene grown on copper or nickel
substrates have inevitable defects induced by netal grain boundaries and
the transferring techniques. For exanple, it is known that the grain size
of cr\eassl ITheespropperofi the t grppieat | pre@irerrs b gnsurfase addiypically folédvext by have
been found on the grain ﬁéund ries, which could be aone reason for the high
sheet TPEEHER #iPetooFOrKPHT NS SFIRENG  RIBHEMYES 9 |apherg e Ip ege gmbadimens, (s ng a
sui tablgcgbh dicp! AR ikcluddY i@kt n&h@mﬁ{ QG Renf lvithRILoIRERGES GAR a%dlf&mg;ced-
Last, since nonhol ayer graphene is alnost transparent (1t absorbs only 2.3%
vi si blagenti @i, pedraginapbehem| byehydridehemntr thashid)t abteragbud leebhgtinranes, fhiektm can
be easily adjusted by nodul ating . the netal grid size and gridline w dth.

VD 20 LEAIIS BRSBTS iS50 mPrne SHFR SLERE af TORC TS etrch o i
wor K isy tieph&E&Abinatidts Gherdof( @S previ ously described in broader terns).
First, the netal grids are formed on the transparent substrate. Then, a

gr aphd®@87{ ilh gddisiongl embodiments gparbiend Bims eanchd fooned evpiavided &y|thy eplitofg of
sacr | fcialr ! %l aﬁg@{ﬁ\és :)rh[g { %Ph%mnfsi %n%] eirn &dri]r?lgntg rca‘rSJnera{n%gubteo a% hs? htt%o 1(1)fint he
grid, an t'RESRE PP T Al I8yer 'S renove o Formt e(?ﬁhalyhy 1 d

t r ans patesitimeh&el toofdas nadheinar SedTRIDY, NGy SkinQr geNeMighly Gortkicave Gidplenc
structure on a transparent substrate. In this work, photolithography with

wet - etNaPHBbepsbapangigning Siigingcaf CaebonelNanotyhasdUsing Jotaspiem Yiaper, pAScedur e
has n toadgesy. Fi I : »Ql i Yp:S i r

ot hod TP ST ORBIORICSHsc (it ApplBRE 2olsESLAPRYPACAR Nd |2 AT ThRicq,

met al “YdtibdsgdmPrcksrafiar oGrapyicphNimlribbbegF@aph§ ailbaw & anbtubesindcOorhpeditions,

resi stance. between grid-lines For instance, in randonly fornmed. netal
nanowi 181 GHms 2P BtV iranoetbe B P%DSSEIFP@ SubhERods @_gliaéltyagﬁ%gxgiﬂ@dgfe% ally
mich |#Lasheldlal hifibadho G il Golbi &l B a kddiGion ik s BBkEiLLOosE F11 T8

nore re Ive than expected.” Furthernore,” wet-etching i1s preferred over

lift-off techniques since the forner procedure has better yields on | arge
devi cd9088n gporgspesifioembediments; grapheae HHmg weay, basipemed ot prorjded Byr RENMRE of
t he 1 0f i: S i il : i he
ot al Copto TRGLE SR o ANARAI HHBAGE Bithi by, AEERARE WBHif hidFe BB B o
ei t heribbygnyer by splithiag cedob manstobrsasingr paasiuth matab anfasmuraneribbdm. sSheetg.,

resi stance .of the ri ranspar ent ect.y ode S neasur by a essi
Four - AUPHEIR e TR (BRI Cyaiias Narar B 4) drrah v Ry srorgibon
MeasungmBifbes 1RMmeSAAssRAMRaBor, THESINABSI011L 8NGER YRS E?ﬁﬁ%"e?@f Bychémsiba@dz u
UV-vis-NIR Spectrometer. The results are shown in Table 1. Entry Nane Gid
si ze @d disclosed wi dithteNEStates Ravent rApmication No. 12/544,017, the entirety of which is
incorporated herein by reference. Additional examples are included in Applicants’ co-pending
U.S. Pat. App. No. 12/544,057 entitled “Methods for Preparation of Graphene Nanoribbons
From Carbon Nanotubes and Compositions, Thin Films and Devices Derived Therefrom.” In

these cases, the nanoribbons can be applied as a spray to the substrate or atop the grid. This can

further be done with graphene sheets (see former references and disclosure).

[0089] In more specific embodiments, graphene films may be obtained by annealing a carbon
source, such as polymethyl methacrylate (PMMA), on a metal catalyst, such as a copper foil. In
other embodiments, graphene films may be formed or provided by CVD-based growth on

suitable metals (e.g., Ni or Cu). Thereafter, the formed graphene films may be transferred to the
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resistance (Transmittance) * 1 Hybrid transparent conducting

el ectrode 1001.tmx 1001.tm 101.tm Au/d ass 4 SlI/sq (79% 2 2001.tm X
2001. t m Syotzmi1AueBPass 20 Sl/sq (91% PCT/US2011/027556

metal grid-patterned transparent substrate directly. In additional embodiments, carbon sources

that form graphene films may be doped with a doping reagent, such as a heteratom (e.g., BH3).

[0090] Additional aspects of graphene film formation methods are disclosed in Applicants’ co-
pending PCT Application entitled “Growth of Graphene Films from Non-gaseous Carbon
Sources.” This application is being concurrently filed with the present application and is

incorporated herein by reference.

[0091] Exemplary Methods of Making Transparent Electrodes

[0092] As indicated above, numerous methods can be utilized to form the transparent electrodes

of the present invention. Reference will now be made to specific and non-limiting examples.

[0093] Formation of a “graphene topped’’ transparent electrode (e.g., FIGS. 1A and 2)

[0094] In this example, the grid structure is first prepared on a substrate (e.g., glass) by
photolithography, inkjet printing, gravure printing or some other patterning technique. To
produce a high resolution metallic grid structure, photolithography with an etching procedure is
conducted in some embodiments. If a carbon material is being used as a grid structure, CVD,
sputtering with masking, inkjet printing or gravure printing may be used in some embodiments.
An adhesion layer (e.g., Cr, Ti or Ni) may also be used if necessary to improve binding of the
grid to the substrate. Thereafter, a graphene layer may be transferred to or deposited on top of

the formed structure.

[0095] The advantages of forming a “graphene topped” structure can include: (1) reducing the
possibility of etching graphene when the grid structure is etched; and (2) an easier way to get a

large area grid structure.

[0096] A more specific example of a method of forming a “graphene topped” structure is
depicted in FIG. 2. In this example, the grid structure is a metal grid. The substrate is a

transparent glass substrate.

[0097] Specifically, schemes A1-A4 depict the preparation of the metal grid on the transparent

glass substrate. In particular A1 represents the deposition of metal film (Metal 1) and photoresist
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on the glass substrate. Desirably, the glass surface is first cleaned with acetone and deionized
water. Next, 3 nm titanium (as an adhesion layer) and 50 nm gold are sputtered or evaporated
(thermal or e-beam) on the cleaned glass surface. Photoresist is then spin-coated on the gold

surface.

[0098] Next, as depicted in A2-A4, the photoresist is patterned by photolithography.
Specifically, gold and titanium are etched away by wet etching to form the metal grid pattern
shown in A3. The residual photoresist is then washed away with acetone to form the structure in

A4. In addition, the metal grid substrate is rinsed with de-ionized water.

[0099] Schemes B1-B4 depict the preparation of the graphene film by using a solid carbon
source, such as PMMA. In particular, B1 depicts spin-coating PMMA on a copper foil (Metal
2). As depicted in B2, this is followed by the growth of the graphene film on a solid carbon
source. Next, as shown in B3, a PMMA sacrificial layer is spin coated on a graphene. Likewise,

B4 depicts wet etching of the copper foil to remove the graphene film from the metal substrate.

[00100] Finally, schemes AB1-AB2 depict the assembly of the transparent electrode. In
particular, AB1 depicts the transferring of the graphene film onto the metal grid structure.
Likewise, AB2 depicts the removal of the PMMA sacrificial layer by dissolution in a solvent,
such as acetone.

[00101] Formation of “grid topped” structure (e.g., FIG. 1B)

[00102] In this example, the graphene film may first be transferred to or deposited on a
substrate. The grid structure may then be patterned on top of the graphene film by
photolithography, inkjet printing, or other method as described above. In some embodiments,

the “grid topped” structure may be suitable for robust transparent conducting films.

[00103] Advantages
[00104] A person of ordinary skill in the art will also recognize that the transparent

electrodes of the present invention provide many advantages. Such advantages can include,
without limitation: (1) low sheet resistance; (2) high transparency; (3) low costs; (4) availability

of large fabrication areas; and (5) flexibility.
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[00105] Low Sheet Resistance
[00106] In some embodiments, the sheet resistance of the transparent electrodes of the

present invention (depending on the transmittance of the film) can be less than about 500 €/sq,
less than about 100 €/sq, or less than about 30 /sq. In more specific embodiments, the sheet
resistance of the transparent electrode structures can be as low as about 25 €/sq to about 3 Q/sq

when the transmittance is not lower than 91% and 79% at 550 nm, respectively. See, e.g., FIG.

3C.
[00107] High Transparency
[00108] The transparent electrodes of the present invention can have transparencies of

more than about 70%. In some embodiments, the transparency can be up to 97.7%. In more
specific embodiments, the transparency is substantially in the visible region between about 400
and about 750 nm in wavelength, and more particularly around 550 nm. In more specific
embodiments, the transparency is not lower than about 70% at 550 nm, not lower than about

80% at 550 nm, or not lower than about 90% at 550 nm.
[00109] Low Costs

[00110] The methods of making the transparent electrodes of the present invention are
also cost effective. In particular, the materials used for the new transparent electrodes are earth-
abundant stable elements, which increase their potential usefulness for replacement of indium-
tin-oxide (ITO) in many applications. For instance, metal grids may be formed by normal
photolithography techniques or by inkjet printing the precursor solution. In addition to the noble

metals Au, Pt and Ag, more economically favored metals like Cu, Al and Ni can also be used.

[00111] Availability of Large Fabrication Areas

[00112] The methods of the present invention can be easily scaled up to provide larger
transparent electrodes. For instance, conventional photolithography can easily be applied on
substrates as large as several inches. Likewise, inkjet printing provides the possibility to process
transparent electrodes on meter-sized substrates. Furthermore, even though graphene films may

be limited to centimeter sizes, the formation of films can also be readily scaled up by using large
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anncaling furnaces. And when applied by spray coating from graphene nanoribbons or graphene

pieces, scalability could be even more simple.

[00113] Flexibility
[00114] The transparent clectrodes of the present invention also display enhanced

flexibility. Without being bound by theory, it is envisioned that graphene films used in the
transparent electrodes renders the electrodes flexible. Such flexibility can be important for many

applications that are disclosed below.

[00115] Applications
[00116] A person of ordinary skill in the art can also envision that the transparent

clectrodes of the present invention will find many applications. For instance, in some
embodiments, the transparent electrodes of the present invention can be used as electrodes for
optoelectronics applications, such as organic photovoltaics, organic light emitting devices,
“smart window” panes, liquid crystal display devices, touch screens, and “head-up” displays in,
for example, windscreens, goggles, glasses and visors. In more specific embodiments, the
transparent electrodes of the present invention may find application in flexible solar cells and

organic light emitting diodes (OLEDs).

[00117] Additional Embodiments

[00118] From the above disclosure, a person of ordinary skill in the art will recognize that
the methods and systems of the present disclosure can have numerous additional embodiments.
Reference will now be made to more specific embodiments of the present disclosure and
experimental results that provide support for such embodiments. However, Applicants note that
the disclosure below is for exemplary purposes only and is not intended to limit the scope of the

claimed invention in any way.

[00119] EXAMPLES
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[00120] Additional details about the experimental aspects of the above-described studies
are discussed in the subsections below. In the Examples below, transparent, flexible conducting
films were fabricated by using a metallic grid and graphene hybrid film. Transparent electrodes
using the hybrid film and transparent substrate such as glass or PET films were assembled. The
sheet resistance of the fabricated transparent eclectrodes was as low as 3 Q/sq with a
transmittance of ~ 80%. At 90% transmittance, the sheet resistance was ~ 20 Q/sq. Both values
are among the highest for transparent electrode materials to date. The materials used for the new
hybrid electrode are earth-abundant stable elements, which increase their potential usefulness for

replacement of indium-tin-oxide (ITO) in many applications.

[00121] By way of background, transparent conducting films have been widely used in
applications such as solar cells, light-emitting devices, and electronic touch screens. In addition,
graphene is a promising material for transparent electrodes. Monolayer graphene absorbs only
2.3% of wvisible light, rendering it one of the most transparent conductors available.
Experimental results have demonstrated that graphene has a 230,000 cm”V™'s™ electron mobility.
The resistivity of pristine graphene has been estimated to be as low as 10° Q-cm, which is a
lower resistivity than silver. Generally, the sheet resistance, R, is used to describe the electric
conductivity of a two dimensional transparent electrode. R; has the following relationship to the

mobility of materials (Eq. 1).

Ry = t/(q i ftm) (1)

where n,, and 1, are the majority carrier density and mobility respectively, ¢ is the unit charge
and ¢ is the thickness. Based on the experimental mobility data, monolayer graphene with a
transmittance (T) of 97.7% will have a theoretical minimum sheet resistance of ~ 30 €/sq at a
carrier density of 10" cm™. This predicted value is better than the present commercial
transparent conducting material ITO with sheet resistance of typically ~ 30-80 €Q/sq when
transmittance is about 90%.

[00122] However, graphene’s extremely high mobility has only experimentally been
observed on suspended graphene that is produced from mechanical exfoliation of highly ordered
pyrolytic graphite (HOPG). Other scalable graphene-producing methods such as epitaxially

grown graphene on silicon carbide and chemical vapor deposited graphene on metals such as Ni
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and Cu, produce lower quality graphene. The highest mobility of synthesized graphene used in a
large area transparent electrode is 5100 cm” V' s™' at room temperature, roughly 100 times less
than the highest reported mobility of mechanically exfoliated graphene. Therefore, the typical
experimental sheet resistance of synthesized graphene is between 2k Q/sq to 5k €/sq (also
roughly 100 times larger than the theoretical minimum). For practical usage in transparent
electrodes, a transmittance approximately 90% is required. This permits the assembly of up to
four layers of graphene to reduce the sheet resistance while maintaining 90% transparency.
However, the sheet resistance of four-layered graphene is ~ 350 €/sq, thereby falling 10-fold

short of the desired sheet resistance of monolayered graphene.

[00123] Since the mobility of the graphene is limited by the scalable production process,
increasing the carrier density becomes an alternative method for reducing the sheet resistance of
graphene. Various doping methods have been suggested to make the graphene more conductive.
As carly as 2008, Novosolov et al. demonstrated poly vinyl alcohol (PVA)-coated graphene
exhibiting a sheet resistance of 450 /sq due to the doping effect of PVA. Systematic studies
have been reported recently for doped graphene-based transparent eclectrodes. Bae et al.
demonstrated that monolayer graphene doped by nitric acid exhibits a sheet resistance as low as
125 Q/sq (T = 97%), and the same four-layered graphene transparent electrode was reported with
a sheet resistance of 30 Q/sq (T =90%). Kim et al. reported AuCls-doped graphene, which has a
minimum sheet resistance of 150 Q/sq (T = 87%). Giines et al. proposed a method of layer-by-
layer (LbL) doping of thin graphene films, which can reach a sheet resistance of 54 Q/sq (T =
85%). In that work, graphene formed ion pairs with the dopant molecules. Although the
performance of the transparent films produced using doped graphene have been similar to the
performance of ITO, the stability of the graphene-dopant system is unknown. Similar doping
effects have been studied in SWCNTSs films, and the doping enhancements had limited stability
in air and under thermal loading. Considering that a major application for transparent electrodes
is in solar cells where the commercial products lifetime is 25 - 30 years and LED lamps with
expected lifetimes being similar, it is necessary to improve the graphene-based transparent

electrode.

[00124] The practical limitations of the conventional methods for making graphene-based

transparent electrodes can be overcome by assembling the transparent electrode in a way other
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than only using transparent materials. Instead, transparent electrodes can also be made using a
non-transparent material such as metal nanowires or carbon nanotubes. Unlike transparent ITO,
poly(3,4-cthylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) and graphene, those
materials themselves are opaque. However, the materials can form thin transparent percolation
networks. The network can conduct current and leave large empty spaces that render these films
transparent. Based on the understanding of these two approaches for making transparent
conducting film, in this Example Applicants disclose a graphene hybrid structure to reduce the
sheet resistance of these synthetic graphene based transparent electrodes, and even exceed the
theoretical limit of a graphene film. The idea is to use a non-transparent, highly conductive
metal to make the grid structure. Monolayer graphene or few-layer graphene or spray-on

networks are then transferred on top of the grid to fill the uncovered area. See FIG. 1C.

[00125] The integration of the metal grid has many advantages. First, unlike graphene,
which is a two dimensional material, metal is a three dimensional material. Although the
resistivity of metal is higher than that of graphene, it can have a smaller sheet resistance than
monolayer graphene by using a thick film. Based on the definition of sheet resistance set forth in

Eq. 2 below,
R =(pH(L/W) =Ry (L/W) (2)

(where R = sheet resistance, p = resistivity, R = resistance, t = thickness, W = width, L =
length), a 100-nm silver film will have a sheet resistance of 0.16 €/sq. This resistance is about

200 times smaller than the limited sheet resistance of graphene.

[00126] Secondly, the graphene grown on copper or nickel substrates have inevitable
defects induced by metal grain boundaries and the transferring techniques. For example, it is
known that the grain size of crystalline copper is typically over 100 um. In addition, defects
have been found on the grain boundaries, which could be one reason for the high sheet resistance
of synthesized graphene films. See FIGS. 1G-1H. By using a suitable grid size (~ 100 um), the
effects of those defects can be reduced. Last, since monolayer graphene is almost transparent (it
absorbs only 2.3% visible light per graphene layer), the transmittance of the hybrid film can be
casily adjusted by modulating the metal grid size and gridline width.
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[00127] The process sequence used in this work is depicted in FIG. 2 (as previously
described in broader terms). First, the metal grids are formed on the transparent substrate. Then,
a graphene film is grown on a copper foil and isolated with a layer of sacrificial PMMA. The
graphene film is then transferred to the top of the grid, and the sacrificial PMMA layer is
removed to form the final hybrid transparent electrodes. There are many ways to generate a
metal grid structure on a transparent substrate. In this work, photolithography with wet-etching
was applied to produce the metal grid structure. This procedure has numerous advantages. First,
photolithography is a high throughput method with which large substrates can be ecasily
processed. Second, the metal grid networks formed by photolithography have minimal contact
resistance between grid-lines. For instance, in randomly formed metal nanowire or carbon
nanotube networks, the contact resistances are generally much larger than that of the single wire
or tube, which make those films more resistive than expected. Furthermore, wet-etching is
preferred over lift-off techniques since the former procedure has better yields on large devices.

Other more cost-effective techniques, such as inkjet printing of the metal nanowire or

nanoparticle solution, are available for making the metal grid structure needed.

[00128] The graphene film was grown on copper either by using a gas carbon source or
solid carbon source. The sheet resistance of the hybrid transparent electrode was measured by an
Alessi four-point probe. The reported values are based on an average of 20 measurements for
cach sample. The transmittance was measured by a Shimadzu UV-vis-NIR Spectrometer. The

results are shown in Table 1.

Entry Name Grid size Grid line Metal/Substrate Sheet resistance
width (Transmittance) *
1 Hybrid 100 pm x 100 pm 10 pm Au/Glass 4 Q/sq (79%)
transparent conducting
electrode
2 200 pm x 200 pm 5um Au/Glass 20 Q/sq (91%)
3 100 pm x 100 pm 10 pm Al/Glass 13 Q/sq (79%)
4 200 pm x 200 pm 5 pm Al/Glass 45 Q/sq (91%)
5 100 pm x 100 pm 10 pm Cu/Glass 3 Q/sq (79%)
6 200 pm x 200 pm 5 pm Cu/Glass 22 Q/sq (91%)
7 100 pm x 100 pm 10 um AI/PET 18 Q/sq (79%)
8 200 pm x 200 um 5pm AI/PET 60 Q/sq (91%)
9 100 pm x 100 pm 10 pm Cuw/PET 8 Q/sq (79%)
10 200 pm x 200 pm 5um Cuw/PET 30 Q/sq (91%)
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Table 1. Sheet Resistance and Transmittance of Graphene/Metal Grid Hybrid Films, Entries 1 - 10. The metal
films on glass substrate were prepared by sputtering. The metal films on PET substrate were prepared by thermal
evaporation. When gold was used as the metal grid material, a thin layer of titanium (5 nm) was used as adhesion
layer. When copper was used as the metal grid material, a thin layer of aluminum (5 nm) was used as the adhesion
layer. The thickness of the metal layer was 100 nm in all cases. The best results from published alternative
transparent conducting electrode materials are in entries 11 — 19.

[00129]

As indicated by the results summarized in Table 1, the graphene/metal grid

hybrid transparent electrode can match or outperform all reported transparent electrode materials.

The sheet resistance of the hybrid film was as low as 20 /sq with transmittance over 90%. At

lower transmittance (~80%), the sheet resistance can reach 3 /sq.

[00130]

To evaluate the performance of transparent conducting electrode, it is necessary to

consider both sheet resistance and transmittance. Unfortunately, literature sheet resistance data is

often taken under different transmittance values, making direct comparisons difficult. Recently, a

theoretical model for few-layer graphene has been proposed, which gives the relationship

between transmittance and sheet resistance. Based on the model of few-layered graphene, the

transmittance and sheet resistance of graphene can be expressed by the following equation:
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[00135] The graphene film used in this work was predominantly composed of a
monolayer, as indicated by Raman spectroscopy. See FIG. 4A. When Raman spectra were
taken directly from the hybrid electrode, the metal enhancement was observed where there was a
metal line underneath. Full coverage of graphene on the grid structure was confirmed by Raman
mapping (FIG. 4B) and SEM images (FIGS. 4C-4D). FIGS. 4C-4D show the edges of the
graphene film, where the contrast between the graphene covered and non-covered grid is clear.

More optical images are shown in FIGS. SA-5D and 6A-6E.

[00136] Since no chemical doping was introduced to increase the carrier density of the
graphene, the hybrid transparent electrodes are free of degradations originating from the dopant.
The graphene/gold grid hybrid electrode was tested after exposure to ambient condition for 6
months and the sheet resistance was the same as the fresh sample (an indication of the stability of

the electrode).

[00137] In summary, a new graphene/metal grid hybrid transparent electrode has been
developed. Based on the available data, the transparent metal grid/graphene electrode
outperformed all commercial and research-based transparent conducting films in the

transmittance range of 70-91%. The hybrid film is stable under ambient temperature when a
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Tabl e 2 below, the nmask has the follow ng paraneters. Abbreviation in the
text Gid Siz e Gid line width Theoreical tanttnce 100 /100 x 10 100 um/
100 pm MWOpPM120058200x 5 2.00 Kr: x 2.00 pin 5 urn 95. 2RCT/N®k16/027556 i d
Mask Paraneters. [00144] Exanpl e 3. Photolithography Patterning of Gids on
Substrat es

suitable metal is used. The hybrid film can also be integrated onto a flexible substrate, which

renders this hybrid film a general purpose transparent electrode material.

[00138] Various experimental aspects of the above study will now be discussed in more

detail in the Examples below.

[00139] Example 1. Formation of Grain Boundaries at the Edges of Graphenes

[00140] Applicants observed that grain boundaries are formed at the Cu foil domain edges
of graphenes. See FIGS. 1F-1G. Applicants also observed that those boundaries have sizes of
>100 um after annealing the copper foil. These observations agree well with the observation

reported in the literature.

[00141] The size of the Cu grain boundary is one of the guides to design the transparent
electrode metal grid size. Starting from any point on the copper foil to travel 100-200 um, at
least one grain boundary will be met. It is likely that graphene grown on this Cu foil will have
defects at the Cu grain boundaries. This means that when the graphene is transferred onto a
substrate, the current applied to the graphene will cross a defect after travelling 100-200 um. If
the metal grid has a size of 100-200 um, the chances of the current crossing the graphene defects

will be much smaller because the metal grid can bridge the defects.

[00142] Example 2. Mask Preparation

[00143] The grid mask used in this work is made by DWL66 mask maker. As outlined in

Table 2 below, the mask has the following parameters.

Abbreviativat in the taxg Grid sire CGrrid hine widih Theorstioal transmiftance
ERE RS $LERS R 100 wm = 100 pm 10 wm 8255
20002003 200 g o 208 an 5 pm @5 2%

Table 2. Grid Mask Parameters.

[00144] Example 3. Photolithography Patterning of Grids on Substrates
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WO 2011/ 112589PCT/ US2011/ 027556 [ 00145] The conpositions of the etchants

used in this work are listed in Table 3 below. Metal Eichui onli :r\--t.--
| 7:5. g) wWOlom/t23420 (S5 g.,), 20 Mann. n H).0 (20 g) 1- PTTaRe®A/0e556 1 Q)
+HF (4S% 1 2), 20 '='":, copper 1.:" F;,(10 g)HC1(37."1)., 50 in,L) +,C O
i nL) nickel
[00145] The compositions of the etchants used in this work are listed in Table 3 below.
Metal Eichany
gold L5 )+ KI{10 g+ Ha {85 gl 26 °C
sitanhnn O (20 &) - HeOe {300, 1 gy + HF {48%, 1 g}, 203
copper CuSOy (10 2+ FBCHE Y, S8 oy + HO {30 md)
nickel CuSGy {10 @y F HCOHGET, 30 mb)y + HG {30 mi}
HiPOy {95%, B0 g3 + HNGx (70%, 3 gy + HOAe (00%%, g+ HiD
ahunéRun
{10 g, TORC

Table 3. Metal etchants used.

[00146] Gold metal grid on glass.

[00147] The glass substrates used in this work were Premiere® brand 9101 microscope
slides. The glass slides were cut into 1 inch % 1 inch square samples by a dicing saw. The square
samples were cleaned in a fresh piranha solution (7:3 mixture of 98% H2S04/30% H202 )
(Caution: The mixture is strongly oxidizing and may detonate upon contact with organic
material). Next, the samples were rinsed with de-ionized water. The cleaned samples were
sputtered with 5 nm Ti and 100 nm Au using a CrC-150 sputter coater. Photoresist (Shipley
1813) was spun onto the Au film (4000 rpm, 60 s). The samples were baked and then exposed
using the prepared grid mask. After being developed by MICROPOSIT MF-319 developer (45
s), the films were baked again on a hot-plate (110 C) for 10 min. The second bake is important to
obtain defect-free grid structures on the inch-sized samples. The samples were then etched by
the Au etchant and then the Ti etchant. The residual photoresist was removed with hot acetone.

Optical images of the Au grids are shown in FIGS. 1D-1E.

[00148] Copper grid on glass

[00149] The procedure for making the Cu grid is similar to the preparation of the Au grid.

In order to prepare the Cu grid, 5 nm Ni and 100 nm Cu were evaporated on the substrate by
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a 0,1 (1Y + a71(,o0. 50 n+ HAD (50 trfil; alumnum +1.-tNOG3 (7i.r-'6, 5
g HOAc (99% 5g + H7/,0 70 C. Table 3. Metal etchants used. [00146] Gol d
met al griwoeniigiiazss. [ 00147] The gl ass substrates used i RCThiSgomoeiSsMEr €
Prem ere(r) brand 9101 m croscope slides. The glass slides were cut into 1
inch x 1 inch square sanples by a dicing saw. The square sanples were
cleaned in a fresh piranha solution (7:3 m xture of 98% H2SO4/ 30% H202 )
(Caution: The m xture is strongly oxidizing and may detonate upon contact
W t h aes@gninc Edwbmes i385 )therivesk tevalidilﬁoﬁ armel sn \wetild td p&@ﬂeﬁi\hﬁsi’ﬂlgdespm&i zegter

wat er. The c| eaned sanpl es uttere th 5n and _100_nm Au usi ng
a Or Cinsends piyt pas upslaisethe aﬁ Prstnsfeé;ﬂ pﬁ‘my qréﬁ% injages b e GHEIP RE Au
film AQOR ] PIG;. £0 s). The sarrpl es were baked and then exposed using the
prepared grid mask. After being devel oped by M CROPOSI T MF-319 devel oper
(45 s), the filnms were baked again on a hot-plate (110 C) for 10 mn. The

second0MERE i s iAdpoirtuamprid on ghissii n def ect-free grid structures on the
i nch-si zed sanpl es. The sanples were then etched by the Au etchant and t hen

the Ti ant . he [ esi tore r V i th
Opt i ce;?(ﬁi%ingges of “the“Rd ul%%r HBEI% ah %Il%tr’%d IS&E a%&r‘iﬂé pl[eg%tfig‘f& per grid
on gl asiel. [OE&R), The uartﬁe%dudi adiicdfonn®kA ngn tghﬁs Glo gihicSioh Sayer Mds aleceddd. t Nige
preparation of the Au ?rid. In order to prepare the Cu grid, 5 nm Ni and

t

100 nriigknaaepbALlEp vrad Bdnmn Qnisakimseey eftthe By ey are shown in FIG. S
2011/ 112589PCT/ US2011/ 027556 usi ng an Edwards 305 thermal evaporator. The

film gegylse) be pr@t@&e%jd@j %9:1& %@éﬂ@tt?fﬂ?m%% gPE'lS)t ead. Al was used as the
adhesi on ayer instead o I Ica mages e Cu grids are shown in
FIG 5A. [00150] Alumi numgrid on gl ass

[00153] The procedure is similar to the preparation of the Cu grid on glass except for the

adhesion layer. Al was used as the adhesion layer when the PET substrate was used because Ni
has a high melting point and the PET substrate overheated when attempting to deposit Ni with
the Edwards evaporator. The thickness of the Cu film was 100 nm. Optical images of the Cu
grids on PET are shown in FIG. 5C.

[00154] Aluminum grid on PET

[00155] The procedure was the same as the preparation of Al grid on glass substrate. The

thickness of aluminum film is 100 nm. Optical images of the Al grids on PET are shown in FIG.

SD.
[00156] Example 4. Transferring sraphene onto a metal grid
[00157] Graphene was grown using a recently developed low temperature growth

technique with poly(methyl methacrylate) (PMMA) as the carbon source. In some cases, the
standard CVD method was applied as well. The graphene used in this work had mobilities
between 700-2000 cm” V_; s ;. The wet transfer technique was used to transfer graphene onto
the metal grid substrate. In brief, a thin layer of PMMA was spun on the graphene covered
copper foil, and then the copper was etched with copper etchant. The floating PMMA passivated
graphene was rinsed with water several times and transferred on various metal grid substrates.

The sacrificial PMMA was finally removed with an acetone rinse at room temperature. The
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[ 00151] The procedure for making the Al grid is the sane as for the
preparation of the Cu grid. However, due to the good adhesion of Al on

gl ass, nowvacdhusileds9l ayer was needed. The thickness of APCTiUSRoMAg75300 nm
Optical inmages of the Al grids are shown in FIG 5B. [00152] Copper grid on
pol y(et hyl ene terephthal ate) (PET) [00153] The procedure is simlar to the
preparation of the Cu grid on glass except for the adhesion |ayer. A was
used as the adhesion | ayer when the PET substrate was used because Ni has a
hi gh rh@btlii m@ngardilt ciedoddeaPHfics ubatwaatem awei beatnéstht Wikl mériodayet ighgphtme
deposi w th the rds eva orat or. The thickness of the Cu film was
100 mﬂ[ mcxﬁ%S. odpst; %@'5@ 181‘16{ the opfica) migroseapCpETs APEeSERy fihohsire tag cdgs of the

[ 00154 Al QHER-ARE goﬁrasPEéEw[eaP&é%m%d RRE BRONICE WS aldlE aRATENAS difon:.
preparation of grid on glass substrate. The thickness of al um numfil

is 100 hnmpt@jtrmcmlsccnpmgmgesnﬂn K6k 6athogrthesdgm oPHE @rrghesh owdififereit r@:talsgid
[00156&%%% e 4. Transferring 2raphene onto a netal grid [00157] G aphene
was gr ing a recently devel oped | ow tenperature growm h technique with
pol y(nmet hyl nmethacrylate) (PMVA) as the carbon source. In sone cases, the

st and3go@is8)VD netthoginyas gﬁ&inltse%afz’@ iMBdnked G rtaRbRRentUISd iHeet h‘bﬁstéﬁw’ek had
mobi lities between 700- g 00 cn2 V_1 s_i. The wet transfer technique was

used tf@Xthl%usgbsérrategmm@éhl@ lomt epst: 184 Fedust trwpﬁe@mﬂé@rrpé@% The magy prepertigs ohi n
| ayer % h h e
coppertg%/véig llmth%] tr ceong({ %'ﬁ)aérelp% thT %% o) @P@%m{}g\fv ag@%ﬂgﬁﬁg%@
gr aphehetrods. r i nsed vm t h vvater several tinmes and transferred on vari ous
metal grid substrates The sacrificial PMVMA was finally renoved with an

acetone rinse room.tenp ture. Th 1/ 11 CT/ US2011/ 027556
hybr | Aigts8hSpar par ehttheyt S B AL DO 1 e v SR NretthPhsing e
nonol uekiplibRMBRNE uftlhkéﬂh‘éﬁﬁes%hm%ntio'ﬂ\/tb $is B sU BESH:. 1R ARIJdGAntTHELABEPPE.
It is necessary to observe the edge of the graphene where the contrast

bet wedwrdithercdobercedstared ashBustntoy end dotasanssteaieng thatemaynddi f Greghsclostihe
opti cal mcrosc in FIG .6 sho e edge f th raphenpe gn

oPE 1 erb ARy mBa RS eH T pHE el P Geo g i it HaRpricehatehabl Thvditea
hi ghl yndnfatERaoedtand | AWYIS0ARINs 1BSIc6E @BE e Ma8XIVY Bac SKiNSY riat e CRMAHOGE €,
| ow cost, and robust transparent el ectrodes. The main properties of the

devi celepating e e spivdné teaghinpap e dnvntinn t Reser dorlyrsiescorpehpiopstion is
Dot L3Sl Rnfic ) BlSEARAARR: ook ARABIW HIOH o SAREY BY AROLAIHE Inctubin

art”’ can,
equivalents of the subject matter of the claims. The disclosures of all patents, patent applications

and publications cited herein are hereby incorporated herein by reference, to the extent that they

provide procedural or other details consistent with and supplementary to those set forth herein.
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description herein, utilize the present invention to its fullest extent.
The enbodi nents descri bed herein are to be construed as illustrative and
not as cowmetnaimeisg t he renmmi nder of the disclosure in aoy/usayiEsGoever
Wil e the preferred enbodi nents have been shown and descri bed, many
variations and nodifications thereof can be made by one skilled in the art
W t hout departing fromthe spirit and teachings of the invention.

Accordi ngly, the scope of protection is not limted by the description set
out above, but is only limted by t@EAEMS& ns, including all equival ents of
t he subject matter of the clains. The disclosures of all patents, patent
appliéﬁ%@dﬁ@aﬁﬁﬁlﬁublications cited herein are hereby incorporated herein
by reference, to the extent that they provide procedural or other details

consi stent W y to those set forth herein. WO
2011/112g85%%%%@%%@&%%8@@%ggg%ﬁ%¥%5 What is clainmed is: 1. A transparent
el ectrode conprising: a. a grid structure; and b. a graphene film

associ at ed wi &¢.h atgrel sguctirgtandict ure. 2. The transparent el ectrode of claim
1, wherein the grid structure and the graphene film are adhesively

associ at ed mjﬂhaﬁgﬁgwﬁ%Pﬁﬁa“% MEQQWH{&@%Rﬂ%ﬁﬂPgﬁieCtrOde of claim1l,

. C .
wherein the grap m i s positioned~on a surface of the grid
structure. 4. The transparent el ectrode of claiml1l, wherein the grid
struct ur2 iThesehgutred clectodd dfeclgmol pvheons ilet grivgstoktune sral the gomhbonfilm are

nanot ubes, graphil} Hsodhil RiGUscEathpns, netal particles, netal
nanoparticles, netal mcroparticles, and conbi nations thereof 5. The

transparent el ectrode of claim4, wherein the grid _structure conprises one
or nore tarlB§ArARIEskstredn %t?tl?éal k. PRI gim Ehegy n%&ﬁgil%wﬁgmsg on a top

si ngl e- wal Isedacarfiongmdstototives, nul ti-wal | ed carbon nanot ubes,

doubl e-wal | ed carbon nanot ubes, ultrashort carbon nanotubes, and

conbi nat jl.o r:ﬁletnt?l%g %%nt glec‘gr_gc?e & FrPe "Aeif }h%c tr{dlos%%c&fr %lsgfegﬁeﬁ fro\M'%re %ir&lpt he
grid structure cd%prlses one  of “nore netal s selected promthe gro?
consi st i ng CBRSIR{E gbmetys, capppn naROtURES, SEARGIS GRNPRAYS SHEORh peédpatticlepne
t r anspar entma&hleahomuiacled, neita inmctbpamictes gand dohdbimutiaphtheeof.i | m conpri ses
ri stine graphene. 8. The transparent electrode of claim1l, wherein the
p grap p

gr apheneS .f i"[lhrenu%%s a%n% %isecf:lirgé)eeoqF o%i%péh fRtein the grid structure comprises one or more

carbon nanotubes selected from the group consisting of single-walled carbon nanotubes,
multi-walled carbon nanotubes, double-walled carbon nanotubes, ultrashort carbon
nanotubes, and combinations thereof.

6. The transparent electrode of claim 4, wherein the grid structure comprises one or more
metals selected from the group consisting of Au, Pt, Cu, Ag, Al, Ni, and combinations
thereof.

7. The transparent electrode of claim 1, wherein the graphene film comprises pristine
graphene.

8. The transparent electrode of claim 1, wherein the graphene film comprises doped
graphene.

9. The transparent electrode of claim 8, wherein the doped graphene film comprises one or
more heteroatoms selected from the group consisting of melamine, carboranes,
aminoboranes, phosphines, aluminum hydroxides, silanes, polysilanes, polysiloxanes,
sulfides, thiols, and combinations thereof.
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9. The transparent electrode of claim8, wherein the doped graphene film
conprises one or nore heteroatons selected fromthe group consisting of
mel am ne,woantior2¥ses, am noboranes, phosphi nes, al um nulrChyuse@XioeEss6

sil anes, polysilanes, polysiloxanes, sulfides, thiols, and conbi nations

t hereof 10. The transparent el ectrode of claim1, wherein the graphene
filmconprises sprayed graphene particles, wherein the sprayed graphene
particles are selected fromthe group consisting of graphene nanofl akes,
gr aphenelhadmerntabb@nsmt ekxfrodd ¢t cbdmgr, agferdie thergathead figh apheriecseyiaged spl it
carbon nan ' [ I ; I rode of
Craim 1w an: ARACIERTRCRah UR el LR Renc audifur g;é‘@@?ﬁ%‘flﬁﬁﬂﬁigiﬁl nt
ol oct rode SPRUIIEAT EGART LRIk BPRpMsEnTI sSSP RLRART ) of

| ayers. 13.grapheng exidepaliesirbe nappubeeansk comtangtions thoigeér ei n t he graphene
filmconprises fromabout two | ayers to about nine |layers. 14. The

Lranspar pnirighl 008 bl Uidm £ UFHAGH dRAMRSIAL Mind, SHRRGAALS. 15, The

transparent el ectrode of clalm 14, ereint strate is beneath the
grid structure and the graphene film 16. The transparent el ectrode of

cl ai m 1412.vifherteinpparers chagbede af elaing 1 swhetginethe farankenh @l comprisesrisplytalitgobf
gl ass, quaniygrs.boron nitride, silicon, plastic, polyners and conbi nations
thereof 17. The transparent el ectrode of claim 14, wherein the grid

structure,i.§ positione n.a top.syrface of .the substrate, and erein the

or apnenci 3 e RRRss TS of SRR, ShFeLubFaTiae Hidi ST HPE Solt ‘The
t r anspar enttwellasstytogboeinied layers1, wherein the el ectrode has a transparency

of nore than about 70%in a wavel ength regi on between about 400 nm and

about 1209 1H0rahSharéhi URLBOG OfcldIRK], Refuifer LOAPARAL GRbsglaRCL  0de, wherel n 1t he

met hod conprises:” a. providing a grid structure; b. providing a graphene

film and c. associating the graphene filmwth the grid structure.
15. The transparent electrode of claim 14, wherein the substrate is beneath the grid structure

and the graphene film.

16. The transparent electrode of claim 14, wherein the substrate is selected from the group
consisting of glass, quartz, boron nitride, silicon, plastic, polymers and combinations
thereof.

17. The transparent electrode of claim 14, wherein the grid structure is positioned on a top
surface of the substrate, and wherein the graphene film is positioned on a top surface of

the grid structure.

18. The transparent electrode of claim 1, wherein the electrode has a transparency of more
than about 70% in a wavelength region between about 400 nm and about 1200 nm.

19. A method of making a transparent electrode, wherein the method comprises:
a. providing a grid structure;
b. providing a graphene film; and
c. associating the graphene film with the grid structure.
20. The method of claim 19, wherein the grid structure is selected from the group consisting

of metals, graphite, carbon nanotubes, amorphous carbons, metal particles, metal
nanoparticles, metal microparticles, and combinations thereof.
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20. The nethod of claim 19, wherein the grid structure is selected fromthe
group consisting of netals, graphite, carbon nanotubes, anorphous carbons,
nmet al parwocbagi1258et al nanoparticles, metal m croparti clPe3/USand/027556

conbi nati ons thereof 21. The method of claim 19, wherein the grid structure
is provided by one or nore nethods selected fromthe group consisting of
evaporation, sputtering, chem cal vapor deposition, inkjet printing,
gravure printing, painting, photolithography, electron-beamlithography,
soft |ithography, stanping, enbossing, patterning, and conbi nations thereof

22. The @Ptﬂ%%&ﬁo&éﬁdlﬁhﬂﬁ) \M{éﬁeﬁﬁtﬂe JRGHIERRNE ?oJldiéJ‘Be;J &emr%drg%ﬂmﬁsone or
nor e nethods selﬁpte 8 from’t é@ﬁéf)conSIStln

deposi tion® \%{‘Hlpo“ronérs LYY 5B te&“&a{]‘ﬁ V%Rﬂffng%smon
reducti on gtrmpwéaegr@wa@rmﬁm iPettiAg, Rimt@uhqgéwhyaﬂé@tmbeansbﬁhagﬁan@y,of
gr aphene paoftilichogsaphly, padpipsanisossiapptcfrnd, ahd oombinatisaphéteef. 23. The
met hod of claim 19, wherein the graphene filmis provided by grouﬂh of a

carbon sgurce o rface wher t he
o hohene2d i rrang AR, B WG ﬁ%&«ﬁraﬁﬁn&mpﬁ@eéh gne ot tpEnods  The
met hod of oblartad f@m mﬁ@r@rprrsonﬁétl qahgaper deprsitipnagspetie sfawthohit h t he
g (r]I Ih d str iJthuﬂ)en(SOlﬁiﬁé b aga@alysasurtat,iroducsivepf g e oxiddeplatineat ¢anigorst ep )
adhesi vel y a r 6. The
canesl el (ASBRLRINIE! SRR HHRILE HARHEBLABNANR JigkB S The

of the transparent electrode structure. 27 The net hod of claim25, wherein
the met hdH Themadiked efpleim Kbavherinthcaranhgne film is pravidad breresytbof A sa@oni t h a
substrat e. s@@ce dha m@ilhagagd cl ai m 27, wherein the associating of the
transparent electrode with the substrate conprises a. positioning the grid

structur at fac of the subs and sitioning th
ot ponesd et BE SHILECRY inatdlt tgRaeR fiop RdaslioaB 56 & 'St Abtco

claim 19, whdrstuptuthe graphene filmis provided by the spraying of graphene
particles, wherein the graphene particles are selected fromthe group

consi sti fig 1"1‘1f M ARDEN G RETP WHAKSS the %F%%ba%ﬂg o?ﬁﬂ%’ rﬁ%ﬁ ?iim%’f ahé
gr aphr te, uce %1 ene O0xi , bon %1 CcO I nat i ons
t her eof structure comprises an anneahng ste whereln the annea 1ng step a heswely associates

the grid structure with the graphene film.

26. The method of claim 25, wherein the annealing step comprises a heat treatment of the
transparent electrode structure.

27. The method of claim 25, wherein the method further comprises associating the
transparent electrode with a substrate.

28. The method of claim 27, wherein the associating of the transparent electrode with the
substrate comprises:

a. positioning the grid structure on a top surface of the substrate, and

b. positioning the graphene film on a top surface of the grid structure.
29. The method of claim 19, wherein the graphene film is provided by the spraying of
graphene particles, wherein the graphene particles are selected from the group consisting

of graphene nanoflakes, graphene nanoribbons, exfoliated graphite, reduced graphene
oxide, split carbon nanotubes and combinations thereof.
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30. The nethod of claim 29, wherein the graphene particles are sprayed onto
a top surface of the grid structure. 31. The nethod of claim?29, wherein

t he net howlof2arirhessoconpri ses associ ati ng t he transpar enPCeluseamnoesseni th a
substrate, and wherein the graphene particles are sprayed onto a top
surface of the substrate. 32. The nethod of claim19, wherein the graphene
filmis provided by the spraying of graphene precursors, wherein the
graphene precursors are selected fromthe group consisting of graphene

oxi de nad®rTiheensodeltlgmadsh enerdx ildexradreod pakielrs arngrayhe beiora tbpsursarayi ng
is foll owedybyifsfRANEL i on step to convert the graphene precursors to
graphene. 33. The nethod of claim 32, wherein the graphene precursors are
sprayed onto a top surface of the grid structure. 34. The nmethod of claim

32, wher &l.Themecthed efodaimad hderain hsmeibad Astheceamprisgs apeciptizghigar ent
el ectrode wtahbpagerss glestrodd with anabsehaey ehdwhbreingha plaphencragidlessat sprayel sprayed

onto a topﬁﬁﬂfgﬁ@%uﬁgmggqhégﬁgﬁ&gpe. 35. The nethod of claim32, wherein

the reduction step conprises at |east one of treatnent with heat or

treatment with a reducing agent. 36. The nethod of claim 19, wherein the
gr aphene33.iThmmathqst efileiad] hywhspsin theigigphene Hbm iveravidad by thespraymgeofret hod of
claim 36, whehenhdpicb@ssp) whirtingh®graphdne@icduaidnd abeslected Bom thy gidup use of
potassium %ﬁﬁ&tﬁrg ra -ﬂgﬁe SRuHbAsh %b&llsaaln@b@ hehOELig \%ﬁ&ﬁkés? Iaﬁ& bihBQid esul ts
in the fornation.o .q})g ene oxl de.nanor d%s an ereln the nmethod is
fol | owed buISSHRELS IS Bﬁ Wedhy a reduction step to convert the graphene precursors to

graphene.

33. The method of claim 32, wherein the graphene precursors are sprayed onto a top surface
of the grid structure.

34. The method of claim 32, wherein the method further comprises associating the
transparent electrode with a substrate, and wherein the graphene precursors are sprayed

onto a top surface of the substrate.

35. The method of claim 32, wherein the reduction step comprises at least one of treatment
with heat or treatment with a reducing agent.

36. The method of claim 19, wherein the graphene film is provided by splitting carbon
nanotubes.

37. The method of claim 36, wherein the splitting of carbon nanotubes occurs by the use of
potassium metals.

38. The method of claim 37, wherein the splitting results in the formation of graphene oxide
nanoribbons, and wherein the method is followed by a reduction step.
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