1 CURRENT COLLECTOR SYSTEMS FOR USE IN FLEXIBLE PHOTOELECTRICAL AND DISPLAY
DEVICESwW) By MfsT#aDS OF FABRICATION 5Technical Field This inyeplienRJRIRIR 10
substantially transparent current collector systems for use in photoelectrical devices including display
devices. Such devices may include, but are not limited to, photovoltaic devices such as solar cells, or
photocatalytic devices such as those utilised for splitting water into hydrogen and oxygen, or
electrochromic 10 windows or displays, or LCD or OLED (organic light emitting diode) displays.
Background to the Invention The two properties of electrical conductivity and optical transparency
in the UV-Vis-IR wavelength range are both required for at least one electrode in any 15photoelectrical
device such as a solar cellCORRBNT Specifitaiipr Syssensitizer sgiancel Artesily high conductivity

(e.g., silver) should be pgpiingdkwithibigh KRESBYSEIVILY (S8 RIBRNBRAYENEsrIMest all practical
transparent conducting materials exhibit an invgsggﬂa%@ip between these two essential
etween

parameters, and a compromise must be reacheéllx two criteria for any specific application.

20Designs for such photoelectrical devices typically favour lower conductivities so as to achieve higher
optical transiissitiesicanidi@ddsure that appropriate high conductivity current collection pathways

("fingers”) are spaced clgsglynenaughdagetousa.asd0ymnigpisenyoliagr Jogsas-thrqual dhe lower

conductivity tran . 1 tin zed fo pro [ e,lalternativelcl) improved
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Invention In AiPSE JEPEE  th B SHRLE RIS HGEISHd ApPaitlar s nRiuriBtosralstinly HisPuse in
fabricating a photgelicstiests dalised fprctbitheg watirmitie hpdreksotAndhyyeonduciiveredfitanients; a

number of sibstanitiatly ¢ransgarentofilb0Teoi)aE0 Wheriniie asnductivaaad ransparent filaments
are] oined together to form a flexible web. In large scale manufacture of photoelectrical devices,

auch a conductonhggfﬁﬁe]ngblbé me%eble faggcated on a dedicated production line and be delivered to a

rountgl t nvy n . -
subsequent stage of Manu acture 1n e form of a roll, for instance, to facilitate roll-to-

The two properties of electrical conductivity and optical transparency in the
UV-Vis-IR wavelength range are both required for at least one electrode in any

15 photoelectrical device such as a solar cell, or more specifically a dye-sensitised solar
cell. Ideally high conductivity (e.g., silver) should be combined with high
transmissivity (e.g. >95%). However, almost all practical transparent conducting
materials exhibit an inverse relationship between these two essential parameters, and a
compromise must be reached between the two criteria for any specific application.

20 Designs for such photoelectrical devices typically favour lower conductivities so as to
achieve higher optical transmissivities, and ensure that appropriate high conductivity
current collection pathways (“fingers”) are spaced closely enough together so as to
minimise voltage losses through the lower conductivity transparent conductor.

There is a continued need to provide alternative or improved conductor

25  arrangements and fabrication techniques for photoelectrical devices.

Summary of the Invention
In a first aspect the present invention provides a conductor assembly for use in
fabricating a photoelectrical device including: a number of electrically conductive
30  filaments; a number of substantially transparent filaments; and wherein the conductive
and transparent filaments are joined together to form a flexible web.
In large scale manufacture of photoelectrical devices, auch a conductor
assembly may be fabricated on a dedicated production line and be delivered to a
subsequent stage of manufacture in the form of a roll, for instance, to facilitate roll-to-
35  roll processing. The transparent filaments serve to retain the structure of the conductor
assembly during subsequent processes. When fabricated into a photoelectrochemical



35roll processing. The transparent filaments serve to retain the structure of the conductor assembly

during sukgeadest pregesses. When fabricated into a photoelectrochemical oz /devine i@ Igansparent
filaments do not block light from entering the cell, thus maximising captured light and cell performance.

The web may be in the form of a mesh. The conductive filaments may be aligned predominantly in
a first direction; and the transparent filaments may be aligned predominantly in a second direction.
The first direction and the second direction may be sibstantially orthogonal to one another. The
conductors may be formed from a material including any of copper, Ti, steel, stainless steel; Sn, Pt,
Pb, Fe, manganin, constantan, Ag, Au, Al, W, Ni, Mo, and 10alloys thereof including brass. The
substantially transpare nifitamemtsnidanizetiatorad Hrork laghofyomesnsuotg dsepelydisters including
polyethylene terephthalaiespuredyaivianedngrithalates, polyamides, polyolefines including

polypropylenes, polyeth%e&%% éxgmggg%e‘g}(gt(g&%s polyarylsulfones, polyethersulfones,
polyphenylene sulfones Jgggol yvin cijhlorldes or fluorinated polymers. In a%?cond aspect the present

invention provides a subt eMIBRYS ‘&?é’é%ﬁ‘r%%’&ﬁ#&‘%ﬂ%é’?é‘&ﬁ&ét%% SEGREHERng: a flexible,
substantiallytrarspkthsritassissem blom esh aiotbe Assmhblydassathyina teeolissdisggdert of the invention;
and a layer of transparemhel@stritety @onditbt vecodterialtassoasiobe dubithnthgl s uhbttateabiod 20 the
conductor assemply . Jhg.conductors may be at least partially embedded in the substrate The
conductors may be aff'x‘:‘i(ﬂ to th&e substrat #0 gt}res ve. Tp clon u Iors may art of an
anisotropic mesh. ShaLCtors of the conductor sasens! l%an%o ﬁgSed "between the
25transparent elétﬁ‘ﬂcﬁﬂ?@é“nﬂ%tﬁé Priatdribe dReNEIBIBUISSE D, Agl’ I@é’tfﬂn%ﬁé%‘élé@rlcany
conductive mfaterifibyaeipcfuddudimg bfasarbon nanotiabes, ITO. FTO, doped or modified tin oxide or

zinc oxide, poly(3, 4 ethWﬁ@%ﬁ%ﬁi%ﬁﬁg)&%&@%ﬁ%&@%ﬂﬁﬁ&ﬁi@ yuthiepRenels
polstrenesulioggie) (BFRQTE E PRNGAEINE g'gxxém%%am@n ARisinetacnate
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(PEDOT: TMA) ne or as e resent invention provides a

method of fabI’ICGP[ lé”gﬁfbﬁg Fopding RgmgﬁYﬁed’%?ﬂW&S KRS device including the steps
of: providing a copdlystsralssbptisigs acbading inehetivstapdéonshinelinbentlors séwvieing a flexible
and substantially gsansparendstdesticias andedssoaading the conductor assembly with the

In a second aspect the present invention provides a sub-assembly for use in
fabricating a photoelectrical device including: a flexible, substantially transparent
substrate; a conductor assembly according to the first aspect of the invention; and a
layer of transparent electrically conductive material associated with the substrate and

20  the conductor assembly.

The conductors may be at least partially embedded in the substrate.

The conductors may be affixed to the substrate with adhesive.

The conductors may be part of an anisotropic mesh.

The conductors of the conductor assembly may be disposed between the

25  transparent electrically conductive material and the substrate.

The transparent electrically conductive material may include any of carbon
nanotubes, ITO, FTO, doped or modified tin oxide or zinc oxide, poly(3,4-
ethylenedioxythiophene) (PEDOT), poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), poly(3,4-ethylenedioxythiophene)-

30  tetramethacrylate (PEDOT:TMA), polyaniline or polypyrrole.

In a third aspect the present invention provides a method of fabricating a sub-
assembly for use in fabricating a photoelectrical device including the steps of: providing
a conductor assembly according to the first aspect of the invention; providing a flexible
and substantially transparent substrate; and associating the conductor assembly with the

35  substrate.
The step of associating the conductor assembly with the substrate may include



35substrate. The step of associating the conductor assembly with the substrate may include the step
of at leastwartigdtyoemimedding the conductor assembly in the flexible substpateatheesiendkembedding
the conductor assembly may involve heat treatment. The step of associating the conductor
assembly with the substrate may involve use of an adhesive. 5The conductor assembly may be
unwound from a roll and the sub-assembly formed in a continuous roll process. The method may
further include the step of associating a layer of transparent electrically conductive material with the
substrate. The transparent electrically conductive material may be applied by a printing 100r
spraying process. In a fourth aspect the present invention provides a flexible photoelectrical
device fabricatedh¢sitep of sUbasigwetbiy caduddigghoabralthiod aspobhyoittie floxdritiorhsBrief Description
of the Drawings 15Embauineptsrehibeipiigsaeicindeniio asvahniguwbeidesconed teyaway. of example

only. with reference to s AGERMNRMAG, A Y IOARIRMNRG o1y WBHEE diiSic1RRS RoGeNal view of
a sub-assembly accot{dlna%lto an embodiment of the invention for use In fabricating ‘a photoelectrical
device; Figure 2 %0 oa6 e of the sub-assembly of figure 1; 20Figures 3A to 3H are cross sectional

views of subJassembliesTa¢eOrENSE TGOt e O aYREnsf fleminvelhtomh thersdb-asseglire 4 is a
schemtic illustratformef anecandtictonassepntalysaiccording to an embodiment of the invention. 25Detailed

Description of the Invent@R meth EfRIJIRGHIR figbhRId iR SHDRSICBRIYNLQ frrse iR iahrigating
photoelectrical deY I8 shog\/n includin ‘N;l xlpéesug n§ggrent substrate 101 formed from a polymer

ices |
: SleCt t : : o
film such polyeth(f/eecnrelC e?’ecpg)ﬁtz;l\]f?;lf\e/e(‘[?’1 , @ hnumber d1 fiexible conductors in the form of titanium

filaments 100 and a layeFSrEpaRSEHE St OB RehGRaFE Fhavsr g appied by a printing

10 or spraying process.
In a fourth aspect the present invention provides a flexible photoelectrical
. device fabricated using a sub-assembly according to the third aspect of the invention.

Brief Description of the Drawings
15 Embodiments of the present invention will now be described, by way of
example only, with reference to the accompanying drawings, in which:
Figure 1 is a cross sectional view of a sub-assembly according to an
embodiment of the invention for use in fabricating a photoelectrical device;
Figure 2 is a top view of the sub-assembly of figure 1;
20 Figures 3A to 3H are cross sectional views of sub-assemblies according to
other embodiments of the invention; and
Figure 4 is a schemtic illustration of a conductor assembly according to an
embodiment of the invention. '

25  Detailed Description of the Invention
Referring to figure 1, a sub-assembly 10 for use in fabricating photoelectrical
devices is shown including a flexible, transparent substrate 101 formed from a polymer
film such polyethylene terephtalate (PET), a number of flexible conductors in the form
of titanium filaments 100 and a layer of transparent electrically conductive material 102
30  such as a very thin film of carbon nanotubes,.
Figure 2 depicts a plan view of the sub assembly of figure 1 and highlights
some important dimensions. The conductors 100 (herein now called “fingers™) have a
“finger” width W (201) and inter-“finger” spacing S (202). The high transmissivity
conductive layer 102 is disposed between the “fingers” (100). The transparent current
35  collector is further characterised by two parameters of the high transmissivity conductor
disposed between the “fingers”: transmissivity of the high transmissivity conductor (T)



30such as a very thin film of carbon nanotubes,. Figure 2 depicts a plan view of the sub assembly
of figure apdohighlighés some important dimensions. The conductors 100pdyergindowosated
"fingers") have a "finger" width W (201) and inter-"finger" spacing S (202). The high transmissivity
conductive layer 102 is disposed between the "fingers" (100). The transparent current 35collector is
further characterised by two parameters of the high transmissivity conductor disposed between the
“fingers": transmissivity of the high transmissivity conductor (T) 4 and sheet resistance of the high
transmissivity conductor (y). The transparent current collector is still fiwther characterised by two
parameters of the "fingers" themselves: cross sectional area of each "finger" (A) and resistivity of the
"finger" material {pJ.sBThecssloras o€ thbly dtiznfabsicaiterd indgonfinudbs trotspereollqproness. The
substrate 101 sheglkeratariallisuthyeunddkemabotvb salis haswisha maerRicepprar filaments are

unwound from reglsto.be apRligd te.ihe-substate) inaatalal iy ars.angthes ﬂ{&gﬁﬁﬁgmined

spacings. Heat and pressure is applied to the copper filaments to cause Some localised melting of the
substrate material. The conductors become 10partially embedded in the substrate which provides a
degree of méchanical stféagH-aFsarbfidl isibrsytadan & apsprrentmbterdl sepplicthpy a printing
process. In thistevm b odshen intieicbndustansigrerficrmdd kothicopper.dawiber @xlppdiments,
different materialgiGach e userlohhe fiRoeEimateiplRisheiirkRemiRse IRGied fiom spaterials having a
resistivity p of pr‘?afe@eb'xt<r5e%‘é’té‘“r{}l§§s%gcﬂ and yarons alloys, sucha %‘%‘e”é%sse%@%' s ©
preferably <200 nOm e.g?, n, ]ig% , Fe, and varlous%ﬁoys s_ugﬂpas anganP and Constantan); and
most preferably A OMEdgliag reglting pfAe WIbRITa B ateHigly e GenaMElrEshiFeA™E Brass). Lower
resistivity miteriphstrady kniheddsdbie fliciams devisbs  peotidre dutogtt éodsescbhuricsd) wlegdtion transport

20via the "fingergh&ammusiasobe-dakeriomalec maiplilsmfstable gbamical compatibility to
other components of the system. The "finger" materials should be dimensioned such that their

cross sectional area A is; preferably 25 p,m2<A<25,000 pm2; mare preferably 500 pm2<A<10,000
itm2: 25and most preferdb lﬁiﬁ%ﬁ?}{ﬁ%ﬂ £ OB RGBT SeRTalo8tiss sectional area

are very fine andegitiinm s dier o Hiaerisdtmabeurecdarideidnsad sotanatrgudébeFingers” of too
large a croskssecittited Bfieom randesltiedugaltdeiins phickaasabpodsygacsasukingijnilaess efficient
devices. Note th%ﬂﬁb@ﬂ%é@&cﬂ'&Nﬁéﬁ%g%EM%%@@E@&%@WZBO@M%&%& shoyynewith a circular
cross section, the fgrm SOofﬁhese eﬁemﬁ ats need taoé e limited to onlg/ C}/I}ndglcal mashégle and may
include, for and various alloys such as Manganin and Constantanj; and most preterably <100 n:

(e.g., Ag, Cu, Au, Al, W, Ni, Mo, and various alloys such as Brass). Lower resistivity

materials result in more efficient devices due to reduced losses during electron transport

20  via the “fingers”. Care must also be taken to select materials of suitable chemical

compatibility to other components of the system.

The “finger” materials should be dimensioned such that their cross sectional

area A is: preferably 25 pm’<A<25,000 um?; more preferably 500 um’<A<10,000 pm?%;

25 and most preferably 1,000 um®<A<5,000 um”. “Fingers” of too small a cross sectional
area are very fine and difficult to utilise during manufacture, and more costly to
produce. “Fingers” of too large a cross sectional area render the overall device
thickness too large, resulting in less efficient devices. Note that although the highly
conductive elements (100 in Figure 1) are shown with a circular cross section, the form

30  of these elements need not be limited to only cylindrical in shape and may include, for
instance, elliptical, square, rectangular, or any other cross sectional profile.

The high transmissivity conductor sheet 102 resistance y should be selected
such that: preferably 5§ Ohm/square<y<10,000 Ohm/square; more preferably
35 100 Ohm/square <y<5,000 Ohm/square; and most preferably 250 Ohm/square
<y<1,000 Ohm/square. Transparent conductors with low sheet resistances have either



instance, elliptical, square, rectangular, or any other cross sectional profile. The high
transmissiyity a0dueiey sheet 102 resistance y should be selected such that:rpgefialy1936
Ohm/square<y<10,000 Ohm/square; more preferably 35100 Ohm/square <y<5,000 Ohm/square; and
most preferably 250 Ohm/square <y<1,000 Ohm/square. Transparent conductors with low sheet
resistances have either high material or manufacturing costs, or low transmissivities. Too high a
transparent conductor sheet resistance value, howevér, reduces device performance due to resistive
losses transporting electrons to or from "fingers". 5The high transmissivity conductor transmissivity T
should be selected such that: preferably T>80%; more preferably T>85%; and most preferably T>90%.
Higher transmisshvity theiersp aremtredrduoteitaprolevdeviveisifidiencyashibey alluspagratater amounts
of light through. Gateubisisihbe takamdQansuesehemicaleompaiyiifbheineanihe kansparent

conductor and 0%@&?%%&%%&85‘5@%&%% tgjq)ll@rgl;}ls‘ﬁ%ggd_iment, the high transmissivity conductor

material is based on a thin film of carbon nanotubes. In other embodiments suitable high transmissivity
conductor materials include, for example, appropriately dimensioned granular layers of: ITO,. FTO,
otherwise doped or modiffechiifh Baige s vityccoigetop RASUss s thylerdd paplkidphesk) (PEDOT),
poly(3,4-ethyleneabaoxyitfiogiie e} (0] yisiy nenesuitigratejyd Hid @bsthafexably T>90%. Higher
poly(3,4-ethylenggiuyitinpbenmisdetiameiascryiaistRERA: TMA AP aRiing o RRlyeyrole.
Non-dense nanonggunrtlsa?r;ﬂllqlrteth%ru %anﬁgtrjg% gsrtrqé@ agf alppros%rlaée matgrlals mtg%%ijo Euéfellnthe role of
a high transmissivlln%y conductor, usn%’g', or example: Eb%)eln EBETS @,@é : R}I,X\ or 20carbon.
The "fingers" shotfotBasBpseEeP s UGl ehthasY isfef MNP 05 mm<S<10 mm; more preferably
0.25 nam<3845 mm; and most preferably 0.5 mm<S<2 mm. Too close a spacing of "fingers" reduces
the performance of a 25dgvige-hydipskineniondnuehsRaident iat.as: \WakkAs1 N eagtiRgacost and

manufacturing i %IIP&@%&PL%@B@E&F‘%O&QQP%E%hf&g}ﬁ?%ﬁiﬁt@ﬁ% ?éﬁo{ﬁé}x%ﬂ%ﬁgﬁi device by

increasing resistive losses during electron transmission to ar from "fingers". ingers" may be

incorporated into R HEGICE B HBI D A PP So ARRTREREY, HEFRSIaRAid 2o &4%ehily be
patterned onto ad%ﬁ’@@ngﬂ@@ﬂ&ﬁ{m@ or modified tin oxide or zinc oxide, poly(3,4-

15  ethylenedioxythiophene) (PEDOT), poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), poly(3,4-ethylenedioxythiophene)-
tetramethacrylate (PEDOT:TMA), polyaniline or polypyrrole. Non-dense nanowire,
nanofibre, or nanotube arrays of appropriate materials may also fulfil the role of a high
transmissivity conductor, using, for example: PEDOT, PEDOT:PSS, PEDOT:TMA or

20  carbon.

The “fingers” should be spaced S apart such that: preferably
0.05 mm<S<10 mm; more preferably 0.25 mm<S<5 mm; and most preferably
0.5 mm<S<2 mm. Too close a spacing of “fingers” reduces the performance of a

25  device by blocking too much incident light, as well as presenting cost and
manufacturing issues. Too distant a spacing of “fingers” reduces the performance of a
device by increasing resistive losses during electron transmission to or from the
“fingers”.

The “fingers” may be incorporated into a device by a number of different -

30  techniques. For example, “fingers” may be patterned onto an appropriate substrate
using a suitably formulated conductive ink in combination with any commonly
employed roll-to-roll or web adaptable printing technique, including, but not limited to:
rotary screen printing, gravure printing or flexographic printing.

Referring to figure 4, the conductive “fingers” may be provided in the form of

35  a conductor assembly which is in the form of a web such as an anisotropic woven mesh
300, in which conductive filaments 301 are aligned in the desired conduction direction.



using a suitably formulated conductive ink in combination with any commonly employed roll-to-roll or

web adapiableorsigiinggechnique, including, but not limited to: rotary screepdariRtipéhodi@vsée printing
or flexographic printing. Referring to figure 4, the conductive "fingers" may be provided in the

form of 35a conductor assembly which is in the form of a web such as an anisotropic woven mesh
300, in which conductive filaments 301 are aligned in the desired conduction direction. 6 Transparent
filaments 302 are aligned orthogonally to the conductfve filaments 301 and are formed from a highly
transparent but non-conductive material. Suitable materials include polymers such as polyesters
including polyethylene terephthalates or polyethylene naphthalates, polyamides, polyolefines including
polypropylenes, polysgtirenk&tamess olathadisthé diétogrmspoly drylsulfonts; Phipetiret8ufohes,
polyphenylene sulfongescpabninn giioridepaluosinaiad Rabiners ), PeiMBIehatesRolymer

providing the desﬂ{agdglg&%rel}gg&ﬁhng T%%%alc r%’%ﬁmﬁgﬁ&%ﬁﬂ’@ yfficiel &Qgggical resistance to any

ﬁez '{% ‘1}1
solution the device IS In contact w 0 4 cog_ ucts electrical current

/ €S|
uni-directionally W{Pﬁ%‘@’é‘%ﬂ?é&%‘ﬁ%ﬁfﬁfﬁé%gﬁa HBHERERES 86 Ime RAUVBIRYIH SN anisotropic mesh
need not have coetiethisrétiias nelueiberipedstngs podyaralsparenifaatkassléigse same spacing or
cross section, orayheniichenesbnae vy biyheviertiee; yidisarment polihe:desirad, ponauetion direction be
the conductive/ogagieBARTALf IRl suehanARsPIRRIGRIE R RAtbSUIIEAnd Ponded to an
unwinding roll of slubstralte via roller, if 15.r d with elevate 1erature, to form any required
t

esistance fo an solu?%%tlgﬁ?hdeevw 1S, I con ac%r\%

. cnemic 1,
embedding and to Ohd the 5hiso ropic’mes substrate. mesh may be woven or layered,

and may be connected afth@ #8388 plfighediqorststsckatiien sumeyival-qirstaradly maleoe flattened
after weavin® suclrasityy gyasstagdilveva éShmdme B§h. aHaie el caldnderinsprolier syasthichdoptionally are
heated, in order 9,20 auiateRpIad e Mtk uies it heneNmassyands attbeymatal-polymer
ntersection nodes, .. ThaJneshTay be Rarisly Emsdoed Dole sHhstiatg, pepending on the

relative melting points o olymer fibres and the substrate (or the top layer i 5 substrate is a

. pol ) [
laminate), differePSHFAEBAESHIPRAS LS FAREUSIBINIORPOP S BRISHHg DAt DY AbAMIET Mfes is
substantially highaesharrithe wehimg srdbitsisihty poimtvohdies solbstratbs ot topdnyer if the substrate
is a laminate} therpqlyederitibsrsmel talpagiith thmelal flaesdempeadtinlbyembedgedinto the
substrate (or into fhe fop, laygeifihg.seBstate is a laminate) without being distorted substantially. If, on
the other hand, 30the mejtin or softt)ening oinlt of tfhei)%l}%meﬂ fibres is ub%anti Il Iow}?r %han the
melting or softening poin o’??ﬁené%setr‘?a?ee(%f) h%y%% 18yeririne SUbs rta‘?aealtst 8 a?r%?f{gi[ea) il y the metal
fibres will be embEaERs Buhstadheslrs intbetRstuBetbed pienatrtise WepviagsphpedE mBLge is a
laminate) and thetipoiyesiethfibresavillfuflyatemdenitigltylies|tverch bptdisitisted Soinsiantiadignwithout getting

embedded toa syhgiamniishgeoneamipia e SatvbsiB (R iadbe: ap iayeribiasubstrate is a

Iamlnate): Ina pre.lzﬁ%rrs% t%rplpoodggment of the present invention the melting or softening point of the
polymer fibres is

The mesh may be partially embedded into the substrate. Depending on the

relative melting points of the polymer fibres and the substrate (or the top layer if the

25  substrate is a laminate), different situations will arise. If the melting or softening point
of the polymer fibres is substantially higher than the melting or softening point of the
substrate (or the top layer if the substrate is a laminate) the polymer fibres will, along
with the metal fibres, be partially embedded into the substrate (or into the top layer if
the substrate is a laminate) without being distorted substantially. If, on the other hand,

30 the melting or softening point of the polymer fibres is substantially lower than the
melting or softening point of the substrate (or the top layer if the substrate is a laminate)
only the metal fibres will be embedded substantially into the substrate (or into the top
layer if the substrate is a laminate) and the polymer fibres will fully or partially melt and
be distorted substantially without getting embedded to a substantial degree into the

35  substrate (or into the top layer if the substrate is a laminate). In a preferred embodiment
of the present invention the melting or softening point of the polymer fibres is



7 substantially higher than the melting or softening point of the substrate (or the top layer if the
substrate iy @ la{ojipatephReferring to figures 3A to 3H, in other embodiments the, bighdiRpsspissivity
5conductive material may be applied in other ways: directly to the substrate prior to "finger"
patterning/deposition/embedding/bonding/etc.; in the case of suitably freestanding and pre-spaced
"fingers" such as an anisotropic mesh, between the "fingers" prior to embedding and/or bonding the
"fingers" to the substrate, either only between the "fingers", both between and over one side of the
"fingers", or encasing the 10"fingers", or otherwise ; over the "fingers" after
patterning/deposition/embedding/bonding/etc., either only between the "“fingers", or both between and
over the top of thebfimgensy highenteasidy thetengposetqpartpomoitiie tibgers'oomhethpraise ; or any
combination of theiabaisirdBIR thengRakgdiment in which the presently disclosed transparent
anisotropically conductive current collectors are employed in a dye sensitised solar cell (DSC), they
may be used on either the anode, cathode, or both sides of the device. When used on the anode, the
so called "working electrd8E™ F&E) FSEs or iR ZbdR ofher soRntpcaietir dheh ARNHBERRYEY from
photoexcitedserxsindnat veanaititize nayihecepHeddo ptrousansinbseticturd staffaidingy the mesoporous

nanostructured seadfeidipgtesing@apiseiapphdiidaiefovn iampreratiiesuacessinase as to be
compatible with the.SeleeieddiAneRaient asaronicrlY sRAURYRHIEMGReFRE and substrate

materials. Such Ipw temperature processing,can be achieved, for example, by utilising 25
appropriately nangl\é%%% Rig r%’a%‘% ﬁg 1n§eam?g%nb§38{3$ i BUgEESy ARG SubsitsE: k68 Btc.) dispersed

in a suitably low BsivserahsreipesEeseblBesenariwHer IV tiinpetetifagsestivateddatagitiing agents.
Such materidls atiihpeoCessedharasenowar iethinpeio? afttr\When used on the cathode, the so called

"counter e|ECUOdﬁiﬂ@%@g@lﬂ%@ﬁéﬂ%ﬁ%ﬂ%ﬁmﬁﬁﬁw@ﬁ&'&%ﬁﬁ@ﬂi}‘f&&&@éﬁrﬂﬂ@dﬁﬁg@?’%vme from an
m tne

external circuit a%gtfl %?v%@h”a?n&" gxl;lelo %fllg | f%fr t%gqﬁg e?gle(fsr];rr?%asm tﬁleCtrgsIXé%)Xll‘talo%nO%I‘S%rocatalytlc
agent, the electrocatalytic agent may require approptiaté low emper es8iNy S0 s to be

) I rof; &tirB pro
compatible with thEPSETE P tPEREsG rOhEBRSBtREKemY [dBREbRYRe current collector and substrate
materials. Such low temperature processing can be achieved, for 35example, by coating the
transparent gnisotropically e Rgistiuacauterticoteciasing it REAPRIAPHAIR sleckesrtalytic agent

chemical precurs raying.rollar: INg,. Ik iQn, di ng, or drop coating,
etc., combined W%]%EZE%%%HPL%R%% ﬁg%l@éﬂ 1&9%&@§ex:.g}4?§§£§83%§§£ rst ’;%SYd the desired

te | t of
shape and morphotogy é?%g’gfl]éc%ﬁ%ge ?C%ir r#gﬁizmﬁﬂﬁolﬁfeo & &¥ifal reduction of

hexachloroplatinic acid by a suitable reducing agent such as sodium borohydride at low
When used on the anode, the so called “working electrode” (WE), side of the

20 device, in which electrons are liberated from photoexcited sensitising constituents into a
mesoporous nanostructured scaffolding, the mesoporous nanostructured scaffolding
may require appropriate low temperature processing so as to be compatible with the
selected transparent anisotropically conductive current collector and substrate materials.
Such low temperature processing can be achieved, for example, by utilising

25 appropriately nanosized high band gap semiconductor oxides (e.g., TiO,, ZnO, Nb,Os,
etc.) dispersed in a suitably low temperature processable medium with low temperature
activated interlinking agents. Such materials and processes are known in the prior art.

When used on the cathode, the so called “counter electrode” (CE), side of the
30  device, in which electrons are returned to the device from an external circuit and
recombine with oxidised redox species from the electrolyte via an electrocatalytic agent,
the electrocatalytic agent may require appropriate low temperature processing so as to
be compatible with the selected transparent anisotropically conductive current collector
and substrate materials. Such low temperature processing can be achieved, for
35  example, by coating the transparent anisotropically conductive current collector in a
film of appropriate electrocatalytic agent chemical precursor(s), for example by



Stemperature to form nano-platinum cluster electrocatalytic agents. Ele,ctrocatalytic agents may also
be deposiiged ip1eaxagaple, by PVD such as sputter coating of platinum, PERQTA FiR§iFeS:
PEDOT:TMA, or cabon. Further, electrocatalytic agents may be coated or otherwise deposited, for
example, by doctor blading, drop coating, spin coating etc of a suitable dispersed formulation of
PEDOT, PEDOT:PSS, 10 PEDOT:TMA, carbon, or platinum. In some embodiments, the mesh itself
may also function as a substrate. In some emiBodiments utilising a mesh, the mesh is not
associated with a 15transparent electriclly conductive layer. This disclosure utilises the example
of a dye-sensitised solar cell as the photoelectrical device, but the field of application for this invention
is much wider, ansprthmgisellf thigispaoificsiamiibecisitiot, tor deotedwrimgs dadicatibihtdatithe invention is
only 20appllcabl%59rgyﬁa§aew@ﬁgem ﬁ@é‘éssﬁ@ epmwm@m@s RuERtaR-mAY BV aPPlication in

thin film technolo ?/&IG a d techn Io S; an nic PV Note that
although the hlghycon R?’g err<1)(-:-crl1%cst C(%gshavg%een SKowr w SI%E alccafrcrﬁﬁlggcross section, the .

form of these eleff&#fa! W@BWHB‘E B‘éqﬂi’ﬁlf’e‘d‘% biriisregine et ﬁﬁ“gh%?ﬁ@dé‘r‘la PrEshkideiat Yo instance,
elliptical, square, teauteraudd, bnamyn@tp@rmws@m@n@trmmmc 28R FiEttaldstytic A
sub-assembly forpsasimigblioing sophagsiestigst d@lmmwﬁp@tﬂ@@bﬂﬁgw&ﬁﬁﬂﬂﬂy
transparent SUbsﬁﬁf%f’aP‘E‘ﬂ@P‘?@ mm%@%‘&c@me&@ #ﬂ%ﬁ?f@g%% AUMRALOf

electrically conductive,fil an})}] ents: a number fsubs 1??8 gtran [ent nts;the co ductlve and
X1l

transparent fllam(é%at§%9é(f ﬁrVHSFo%Fé’ﬁ?éF% forma O THBEA S anisotropic;
and a IayeP@f‘tﬁﬁr@é‘b&féﬂrﬁuékbé‘trﬁléﬁwﬁ%ﬁmﬁ%mﬁﬁgﬁ&@ga@i@@@ﬁt@@ﬁwith the 10substrate and
the conduct®® asSEMOIY.TM A, satbassepiiyumecording to claim 1 wherein the conductors are at least
partially embedded in the substrate.

In some embodiments, the mesh itself may also function as a substrate.

In some embodiments utilising a mesh, the mesh is not associated with a
15  transparent electriclly conductive layer.

This disclosure utilises the example of a dye-sensitised solar cell as the
photoelectrical device, but the field of application for this invention is much wider, and
the use of this specific example is not to be taken as indicating that the invention is only

20  applicable to dye-sensitised solar cells. Embodiments of the invention may have
‘application in thin film technologies, CdTe, CIS/CIGS, «-Si; silicon-based
technologies; and organic PV.

Note that although the highly conductive elements (100) have been shown with
25 acircular cross section, the form of these elements need not be limited to only
cylindrical in shape and may include, for instance, elliptical, square, rectangular, or any
other cross sectional profile.



3. A sub-assembly according to claim 1 wherein the conductors are affixed to the substrate with
adhesive. 154.A sub-assembly according to any one of claims 1 to 3 wherein the condu s are part
of an anisotropic mesh. 5.A sub-assembly according to any one of claims Ito 4 wherein the conductors
of the conductor assembly are disposed between the transparent electrically conductive material and
the substrate. 206.A sub-assembly according to any one of claims Ito 5 wherein the transparent
electrically conductivelmsgterial includes any of carbon nanotubes, ITO, ETO, doped or modified tin
oxide or zinc oxide, poly(3,4-ethylenedioxythiophene) (PEDOT), poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), poly(3,4-ethylenedioxythophene)-tetramethacrylate
25(PEDOT:TMA)! poIyaﬁilﬁ?@'@?sﬁﬁﬂ?ﬂiﬁ%lé?W%W%H%§%ﬁW@@W&?@ s vipy ionlidingie preceding
claims wherein the web isflaxtihéeforrbsaintiatigsran8pAcsitlrassarably according to any one of the

preceding clajms whereindhiicordusius fiamRnis: ik AldRethueAnmiRanly In et girection; and
the 30transparent filamer]tstare ﬁllgéngaakpredo mantlé in a second direction. 9. A sub-assembly
according to claim 8 whérem the firet §&Y8r¢%’?&eﬂ"l A SLBRBEL L SHBR AR Ly B ARy orthogonal to
one another. 10. A sub-A33@8T8ly Becetangtivcany drosphpreictHimgntidneg viftet eig dheconduatars
are formed from a matetfiekibtdustitg anyvaicopnas wgbslt@gi,@&ﬁggi?ge?g stbeel; Sn, Pt,SEbI,DFled A
manganin, constantan, A NI. Mo, and alloys thereof includi rass.. M :
sub-gssemblé according ?géﬁf @l?ref\ic{,xes ?r%%né%ﬁ%{}\}vﬁ% e)lér? ?Egcs%t}/gs%a# |réﬁ]l3% %r%ﬁgﬁbaflg t"Yﬂé:‘rﬁlé%ts are

formed from polymer %@ﬁt%ep?&%é?é%wwiﬁ@%ﬁ%thylene terephthalates or polyethylene

naphthalates, polyamide’s sub-assembly according to claim 1 wherein the conductors are at least
partially embedded in the substrate.

3. A sub-assembly according to claim 1 wherein the conductors are affixed to the
substrate with adhesive.

15 4. A sub-assembly according to any one of claims 1 to 3 wherein the conductors
are part of an anisotropic mesh.

5. A sub-assembly according to any one of claims 1 to 4 wherein the conductors of
the conductor assembly are disposed between the transparent electrically
conductive material and the substrate.

20 6. A sub-assembly according to any one of claims 1 to 5 wherein the transparent
electrically conductive material includes any of carbon nanotubes, ITO, FTO,
doped or modified tin oxide or zinc oxide, poly(3,4-ethylenedioxythiophene)
(PEDOT), poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS), poly(3,4-ethylenedioxythiophene)-tetramethacrylate

25 (PEDOT:TMA), polyaniline or polypyrrole.

7. A sub-assembly according to any one of the preceding claims wherein the web is
in the form of a mesh.

8. A sub-assembly according to any one of the preceding claims wherein the
conductive filaments are aligned predominantly in a first direction; and the

30 transparent filaments are aligned predominantly in a second direction.

9. A sub-assembly according to claim 8 wherein the first direction and the second
direction are substantially orthogonal to one another.

10. A sub-assembly according to any one of preceding claims wherein the
conductors are formed from a material including any of copper, Ti, steel,

35 stainless steel; Sn, Pt, Pb, Fe, manganin, constantan, Ag, Au, Al, W, Ni, Mo, and
alloys thereof including brass.



5polyolefines including polypropylenes, polyetherketones, polyetheretherketones polyarylsulfones,
polyethersulfones, polyphenylene sulfones, polyvinyl chlorides, or fluorinated polymers. 12, A nethod
of fabricating a sub-assembly for use in fabricating a photoelectrical device including the steps of:
10providing a conductor assembly, the conductor assempéy including: a number of electrically
conductive filaments; a number of substantially transparent filaments; the conductive and transparent
filaments are joined together to form a flexible web; and wherein the web is anisotropic; providing a
flexible and substantially,transparent.substrate; and 15assocjating the conductor assembly with the
substrate. 13. A n?gtho yacsz%c%_r%l%eéntq%l}(’: a‘fﬁ%)%n\%%oe?g%ﬁ S St ST UL SO e BHARL Y assembly
with the substrate includé¥'fhetsid fibmagnisaiefarmead femba agivg ens udrasunbresisse mblydinghe
flexible substrate. 14. A pokthibg laseaceliphthalatairn: i woerdimthe:stempianhadsingdhe conductor

20assembly ivolves heasgsm%mn%ﬁxdﬁlg‘ﬁéﬁ%%%&g&”\?Ji?y -g%e]tgnvevsh ! ine{f?e%gﬁ%%r%%é?ﬁg%

O1)
associating the conductor asse with the substrate involves use of an ad esive. C
according to any one of %?ﬁ'ﬁfg Q‘Q%’f@? \Rfﬂé’%ﬁr W helsPAsRdmsy YA E Vi a roll and
the sub-assembly is forrpidarides.28cdwinesed polyprasess. 17. A method according to any one of
claims 12 to 16 further inclyeingdtoe finnai assQaitngA by e6.0l Eangrereati flies biralluicordyctive

S . \ : . a0
material with the substraggvll& Al@cﬁﬁhot% gccogdolgg to claim 17 wherein the transparent electrically

conductive 30material is appc)ﬁelacby a rln?lﬁtf%r Spraying process. 19. A method according to any one

of claims 12% 18 wherdliPHidingehqanaugiar assembly, the conductor assembly including: a number of
electrically conductive filaments; a number of substantially transparent

filaments; the conductive and transparent filaments are joined together to form a
flexible web; and wherein the web is anisotropic;
providing a flexible and substantially transparent substrate; and

15 associating the conductor assembly with the substrate.

13. A method according to claim 12 wherein the step of associating the conductor
assembly with the substrate includes the step of at least partially embedding the
conductor assembly in the flexible substrate.

14. A method according to claim 13 wherein the step of embedding the conductor

20 assembly involves heat treatment.

15. A method according to claim 12 wherein the step of associating the conductor
assembly with the substrate involves use of an adhesive.

16. A method according to any one of claims 12 to 15 wherein the conductor
assembly is unwound from a roll and the sub-assembly is formed in a

25 continuous roll process.

17. A method according to any one of claims 12 to 16 further including the step of
associating a layer of transparent electrically conductive material with the
substrate.

18. A method according to claim 17 wherein the transparent electrically conductive

30 material is applied by a printing or spraying process.

19. A method according to any one of claims 12 to 18 wherein the web is in the
form of a mesh.

20. A method according to any one of claims 12 to 19 wherein the conductive
filaments are aligned predominantly in a first direction; and the transparent

35 filaments are aligned predominantly in a second direction.

21. A method according to any one of claims 12 to 20 wherein the first direction and

the second direction are substantially orthogonal to one another.



form of a mesh. 20. A method according to any one of claims 12 to 19 wherein the conductive
filaments are aligned predominantly in a first direction; and the transparent 35filaments are aligned
predominantly in a second direction. 21. A method according to any one of claims 12 to 20Mfherkin the
first direction and the second direction are substantially r{hogonal to one another. MCSLLP 11 22. A
method according to any one of claims 12 to 21 wherein the conductors are formed from a material
including any of copper, Ti, steel, stainless steel: Sn, Pt, Pb, Fe, manganin, constantan, Ag, Au, Al, W,
Ni, Mo, and alloys,thereqf 5Sin¢luding brass. 23. A met accarding,to any one of claims 12 to 22
wherein the subst%ghtiall?} t%ér}glgéﬁr%ntoﬁ éﬂ%ﬁtglgrg%??nﬁglf%%%%o ynv”‘l/alél%seﬁncﬁjgsc nﬁ‘;%ts?trgrgr?ncluding
polyethylene terephthal 88161 SOetHpRiAEah ARudngtaay poisanmries L sipblanitdesmaraling. Pt.
polypropylenes, polyeth@ikdtenasn palyethenetheasketonesd,QppyardsNionesd polysthesisdifones,
polyphenyleng sulfoneshp(gbﬁﬂg@/bggggrides, or fluorinated polymers. 24. A flexible photoelectrical

device fabricated ysin sub-assembly.according to any one of claims 1 to 11.
2%. g % methodS accorglng to any%ne op c):llalms 12 to 22 wherein the substantially

transparent filaments are formed from a polymer such as polyesters including
polyethylene terephthalates or polyethylene naphthalates, polyamides,
polyolefines including polypropylenes, polyetherketones, polyetheretherketones
10 polyarylsulfones, polyethersulfones, polyphenylene sulfones, polyvinyl
chlorides, or fluorinated polymers.
24. A flexible photoelectrical device fabricated using a sub-assembly according to
any one of claims 1 to 11.



