10

15

20

25

30

MULTI LAYER HETEROSTRUCTURES FOR APPLI CATI ON I N OLEDS

AND PHOTOVOLTAI C DEVI CES Field of the Invention The
wPtesedskss nvention relates to the field of polpomeesiobs/mnioes

filmtechnol ogy and devices such as organic electronic

devi ces, plastic electronic devices and organic

MQIITH_WE’RHETERWS?%CTURE@ FORUAPPLICATON$8 'OISEDS AND
or gani ¢ pol yner helg,lfgI qﬁ\;éﬁiﬂke E\ﬁCE organi c pol yner

sol vent - processabl e eteros ruc ures ich may contain
one or nore diffuse or abrupt |nterfaces The
het erostructures may be nanostructured. The
het erostructures may conprise a crosslinkable
material. The present invention also relates to
met hods of maki ng saifieldef¢he nvemtivnr es. Backgr ound of
the I nvention H gh-quality sem conductor
het er ostruct ures, which are junctions of two
Thit peesent] inventian eelates doithe Geld tod qiojynear dhiorfilroite¢hnotogy led devices
opgr t I gaNfi~ S u :
s év%%es&egﬁlgl E%&r&ﬂ? nﬁ%%ce%m. ?Hsﬁ% g%@g@ga%\%es and organic
squhiceraluctor alevises. The paa?toglar,ait soncerpp wrgartic palymer fheterostructures,
n f I ' r
e GroBhic Rt schBf- bk S BB ERL WML may qoptain one o
mpkeef dlﬁuse ereabrupti intesfacasx cThee Heterastructorasr rgyy be\r@hgstn&wred The
he?gnjogf?ﬁr%tﬂ‘rgs trﬁ‘ﬁ/ é‘&ﬂér%%f é %Hassrﬁza% éhmaﬁan r@se'n? invention also

one ‘can form e. arge-con
relahe%hofraeibomfmmmdrhe@r®a’u¢tumss of one SI gn but

bl ocks carriers of the opposite sign. This may be

achi eved by adopting at |east one of the foll ow ng:

the appropriate enBagkgrotind of the Invehtiono| e and

el ectron transport |evels; a charge-injecting

interface for efficient injection of charge of one
Higheuality semwiconguatog rieterdsteucturgy, Wbigh| areajunctions of two dissimilar

[ v,

?féglrbnﬁagﬁ rgléthgr%'@r@mlgﬁ&%&é@éﬁr&éﬁrﬂ}%cff n&%g/frﬁ&éénqs@onductor

deyideisg ingludingelighy-emitting: dlo@epmﬂophqt@\rmtaneneme mﬁeﬂafSamecontact
t t f t

mggﬁngfﬁeg dﬁﬁ?’% ot rg%r Br”t%el ",?Eé?’gf‘ %él'e@tg%@g@ogeﬁteg e B hale and
eleetran tratisperd Vé'@t rieﬁnctafe indiees, ﬁx@tenaséa!e epergy levels.

charge-carrier-generation

By selecting the appropriate materials which are in contact, one can form e.g., a
charge-confinement interface which transmits carriers of one sign but blocks carriers of
the opposite sign. This may be achieved by adopting at least one of the following: the
appropriate energy offsets in the hole and electron transport levels; a charge-injecting
interface for efficient injection of charge of one sign by having a graded energy level;
an exciton-confinement interface to prevent the exciton from wandering into the
neighbouring layer by imposing a higher energy there; a photon-confinement interface
that prevents phdtons from travelling away into the neighbouring layer by imposing the
condition for total internal reflection at the interface; a charge-carrier-generation
interface to create electrons and holes upon absorption of a photon by having the
suitable offsets in both the electron and hole energy levels for exciton dissociation; a
cascaded set of energy levels for these electrons and holes for even more efficient
charge-carrier generation; or a charge-carrier-recombination interface to create
excitons by the capture of electrons and holes electrically injected into the device by
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interface to create el ectrons and hol es upon
absorption of a photon by having the suitable offsets

wo mobyodsess he el ectron and hol e energy | evel s fErT/GB2008/003965

exciton dissociation; a cascaded set of energy |levels

for these el ectrons and hol eszfor even nore efficient
charge-carrier generation; or a
charge-carrier-reconbination interface to create

Gl %Ss@tébte"@ffé‘e@@w'b%trpfheebléﬁﬁdrp%ﬁdaﬂﬂie féﬁé@% levels for exciton
electrically injected into the device byhaving the
g&nefal¥Ne of fsets in both the el ectron and hol e energy

| evel s for exciton generatl on. An organic |ight

emtting diode, (g(lED) consi sts of a cathode, an
W@@nvglghfa%'#' ARPE(PLED gangists of @ 5aHaA% [ANgissivg layer, and an

Jﬂweaﬁ adndwieal dtvickPd SThet shodk t@uélryadb‘hﬁi@,fs%fta tré\%p\éf’érft ifdium tin
oxi dﬁ‘&él ng substrate coated with a | ayer

Shaks Aeated Wi alayeiseh \/‘é’”ﬂﬁ?é\g W@?'st'gheoﬁm'ss"’e layer

@Jn@rsfsr N elecRdS ﬁ@h*spdrﬂng hedie tiahspsriney Tahﬂ%rﬁ@@lv@%étémé{@ These
materials. These naterials nay be nol ecul es, oligoners

'BPteﬂé'Py'Hﬁ)/ sbeom%ee’glfﬁénpggwerao ’yH%'V%‘ersoPr ﬁﬁﬂ'@@?ﬁ?s fapQlymers, or

ﬁHnoB@B@NH b?ﬁaﬁéﬂré%%ﬁﬁ%&ﬁeetw vith & =Pz §ap S@M@Ieclroﬂvolts (eV).
el ectronvolts (eV). The cathode usually consists of

Thencatbede uswallyi consigt efr 2 dow yaeh fupstien material syeh as calcnum or a

EoPhBihatidhioP Bn Hsulior! Shek ba liffuns thédride Saintial At dch T didHRinium.
and a netal such as alum nium Wen a negative bias Is

applied to the cathode and is larger than the built-in

BAER Bledbtiveehigs id Qﬁbﬁe@i@tﬂerﬂaﬂ%@%nmé far§diangh el Budtlin potential,
transporting material, while holes arelnLectedl

nt o
SN0 e (IEFIER dite the elegiren fransporing elesiEh avhile holes are injected

|hfoath’é%|é It%s@é}ﬂn@ Phateddl. anﬁ\‘éoélbbtﬂﬂw &aﬁﬁfohmgSaﬁwoiaetranspomng
the sane or different. The el ectrons are transport ed

mategals a2y bathe same et difereat nbhe elgctipns,ams; transpertedvinjo the lowest

driRcEiied Sh¥RciNat rbitdl  (LAMD Q¥ etfheaéﬁlstsfvénﬁﬁ@éﬂaﬁ?d ah@t Roles are
t he hi ghest occupi ed nol ecul ar orbital

teanspartet intat Be; aphe#hecw@swmmlabrpre'fa't@k&'\éo) °f the emissive

RERAEI THE raunBIRAtRh &ithEse Ae@tiisdhdhdIds §UE$ @Yphoton with energy
cor r espondi to the LUMO- HOMO gap. An organic

%@FBWN'@Q&H%%?W%O‘&QMQé@onm sts of an electron
coll ector (cathode), an absorption and
charge-generating | ayer and a hol e coll ector q

A DRI CFr day g SRS lecisp golestprvighibode), an
AB&RAdtIoR NaritRtRarge gefétaling Sayer lapti Udnhele BbIlkdioni (HAdde). The electron

collector usually consists of a low work function material such as calcium or aluminium.
The absorption and charge-generation layer consists of absorbing materials that
absorb the light to give an exciton state, charge dissociation materials that dissociate
this exciton state to give the electron and hole, and charge transporting materials that
transport the electrons and holes away from the dissociation sites. These materials
may be the same or different. They may be molecules, oligomers or polymers or
segments of polymers, or nanocrystals or nanowires or nanosheets, with a n—=n* gap of
1-4 electronvolts (eV).

Upon absorption of a photon with energy similar to the absorption gap of the organic
material, an exciton is formed. Excitons are coulombically-bound electron-hole pairs.
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The absorption and charge-generation |ayer consists of
absorbing materials that absorb the light to give an

W0E2009/0638845t at e, charge di ssoci ati on mat eri al s Hd1@6B2008/003965

di ssociate this exciton state to give the electron and
hol e, and charge transporting,materials that transport
the el ectrons and hol es away ?rom t he di ssoci ation
sites. These materials nay be the sane or different.

E’Z@ﬂéné‘mﬁe@?o H@'s@ﬁéﬂat%&mt@' SIEFIRE SandhoRsy, ¥AB cdlld¥ted at the cathode
f"m:lgrne‘nt s of polymers, or nanocrystals or nanow res or

Bacricctespedtivel: g effisiengypf separation of thasg Rgtarexcited excitons

infViree LIRS SAHAPhHIEE @fthérebeé’tcﬂﬂcéM tbhthSrLﬂfcgé/no?' aﬂ bRs. This
to the absorption gapo he organic nmateri al

eBeEration is §°’F'9Y9%‘ﬁ theinterfangsbetweern by Bytsrak W'Vl BERIﬁBf'ate energy

SFREd bt M&Lmbrﬁwdmgmléﬁelg%?ﬂ i @ruefal &R 1RE Bfdnt BikSociation
el ectrons and holes, and collected at the cathode and

efrthe ex¢itonp &e proyide effi cignt QRVS: Praetthgse maipsialsiis grhols transporting

FnE%’ilﬁl @.hettﬁe %élrﬁsean RAetrbR 'ﬁ%nbb‘ﬁrﬁné hﬁ‘fer@l e%[é%nénoaéléctrons are
holes is therefore critical to the ef |C|enc

therefore dpenestiyebntrarspoBad deudhtheps daterialy fotke rg,%ge\%\@nelectrodes

fove corbaeyal s with appropriate energy offsets in both
the LUMO and HOMO | evels and is crucial for the
efficient dissociation of the excitons to provide

Bérf hChudber Bt Vapplicitons! phRieSIBryESE tharge- cbﬁleﬂ-ré&hfblnatlon in light-

transportlng material, and the other is an el ect

ePRling,devicesy apg, fer, gharge- FHT'@SQ%[}?BatQ“e'BtR"@F%’OB?'QS |t |s desnrable to

haRr @H%Erﬂ:uié%ﬁﬁ&éfdstf@éturet %§rb‘§>BQ§é09ﬂ> 5 Wéﬁéﬂ hefeﬂ%?r@cture A planar
mat eri al s respective el ectrodes t

baptoskugire Bdlate mambEuie hafﬁmstres&ur%ﬁgeat%? targginterfgcial area

bétiveEh ﬁfélﬁ/o‘?ﬁétéhéié T SR ByHavig “fiRgdrd’ gé'ftoﬂ@nﬁdtém in contact with
devi ces, and for char%&carrler generati on

R optBFomptariak or ppe jmaterialjgmindded dn hg, é’"%?“d?%t”‘rqt g &g or more

PatePBRSAre US tntintate @§nt@&poﬂ§\ﬂn§ Q lardel Retafostructure interfacial area can
het erostructure. | anar f&erostructure is flat. A

RIPYS St éBa'ﬂéicéF'Gé PRRIAYRNeCTiTIenYde pH°tP‘.!\?‘Ij’é¢ devices.

interfacial area betvveen the two materials in contact
in conta

aving "fin of one naterj al W t
{fe i Hngati Far the v RbeFaR cAductng BEtRIEI 1t Eftmuous paths
@ilétebetw@@ntéllatocbtl’WSt MOther haerteambﬂrngadnateaaﬁtd lts proper contact
cont act . n e terostructu
(EPp R DiakPY <pEacideh PG ot Paids in TObaTing dqdes and negatvely-
Biased adntact fof thicao yf hbled h@tphhswvbwaucs)dawd GikSwise for the electron
transporting material. In addition, such paths should preferentially lie along the most
direct route; otherwise the transport of these carriers would be obstructed, and the

resistance of the device increases undesirably.

Therefore, for these applications, the heterostructure not only has to have a large
surface area but its morphology should ideally be columnar (i.e., the shapes, such as
either voids or columns, pass through the thickness of the film), which may be referred
to herein as the “columnar distributed heterostructure’. Columnar distributed
heterostructures are widely expected to be beneficial, but so far their fabrication has
proved problematic. Controlling the morphology of such structures during formation is
not straightforward.



5

10

15

20

25

30

It is further desirable for the two charge-conducting
materials that continuous paths exi st between all

w0 Doaésses i n the hole transporting material tECT/6B2008/003965

proper contact (positively-biased contact for

injection of holes in light-emtting di odes and

negati vel ybi ased contact for Collection of holes in

photovol taics), and |ikewi se for the el ectron

transporting material. In addition, such paths should

preferentially lie along the nost direct route;

lot pasticulare farargania pbpioreltain dem@e theyrequired laleral @imensions of the
dﬁo&ﬁ‘&&@r@' in ﬁ%ﬂdﬂ;& oﬁ§§|b i oftth§ fifeYieC hé Hﬁérﬁﬂéﬁéth scale

esira ere ore, OI‘ t ese pllcatlons t he
ofether dlstrnbuwuhetemtru@tmq) increlatest toufhe £xritary difiyigiongleagth scale.

Rﬁseo?ptrblﬁtﬂélb &R&BE gk %Qﬁtoﬁr}ﬂé‘ﬂ & ué@%aéb'ogt iRGhé Ha‘t@ﬂb’l’r It is essential

shapes, SsucC as elt er voi ds or col umms,
et thist excilor sam Feachiihe khargs-cerrier-generating integface withigy itplifetime, in

?}r@fate kd z)?’o&dae hélé&*d?lsa?:h& R6les Ctﬁétumrbedéeﬁarrétga‘t eflor typical exciton

eterostructure’ umar di stri buted

diffusion iengtivsealessofaa ewtaitany of igeemeters. &t Beuseli & hayaythe lateral
I%O%thsé% [ea&f difd rrdlﬁehibr‘r‘@tsb%athﬁé P4 S & H{eoé’:ldﬁaﬁé bénerated can

tro g such structures urlng
regehthe; djwqcsatlﬁmnt@facsu Withitks olarge-rarmiges $a @aatgd, it {sgheén essential

%f Y o BB %a?!ﬁ?%r‘é’ﬂ o HEe b Gsetive BSlebfish blebifodeat elJ;§‘|t|II now, it has

I mensi ons o heterostructure in the directions
priowery diffieultteyfabrisate 1sech jhetgrostructures (o suphefi @gpnqsgnlgt & suitable

I%S?drﬁ g "€ oHé gf fﬁemﬁ&qv&e&%l@%WeHﬁérWoearoinae WalydtEEchieve this

Xciton fusion length scale. Absorption of
vithaut resostingds use obae plestron lp%am ar othersldRographie methadge

material. It is essential that this exciton can reach
t he charge-carrier-generat |ng interface within its

Itinestbegr, shiowndhyi Eviendrang & es$ land etta g80% o, e£35§h1§€57) and
Stﬂ@rsbﬁ'na‘t3 %@ﬁ ?W@ gemﬁ@ﬁddcﬁt‘ H? palymRICAreQR-diddolvediing doﬁ'ih%ri"'solvent

scal es fewto tens o nanoneters, it is useful
prg, ¢he m@dw&t dengsitech tryOives Aine by Srin-RPFtNG @fi kR Rmémg, “the fim

ﬁ:ﬂn&@ il BRatURIP bhise-Spardted exké Eﬁ’éiﬁct@ﬁé‘ﬁd l%hgﬂll geale of the phase
reach the di ssociation interface.

geparefioncdenands samaengst ot factpris ory t'?%éﬁ"’@%‘sé’r‘ﬂ iitg) evagpration rate
libRIBhES BY. tﬂyal'i@a(flﬁgto?(ihé Eretsaﬁcé 868 fifgh \)ébeﬁ?Péseﬁﬁel &fthe solvent).

el ectr odes. " now, proven icult to
fhesa aravecilpAametes @sﬂfP\aé'ﬂ% Pé’@gfﬂe of geRtreliovenBe Lhage geparation

RRbinedlafe RS RRAIHRIYGY, Ahd hen ¢t thé dishiubdd RétkiosREctOfe, which has
thi's invention to pfovide ways to achieve this
been shown to be useful for photovoltaic applications.

The typical phase separation length scale is of the order of a few micrometers to tens
of micrometers. Although the solvent and its evaporation rate can influence this
somewhat, it is ultimately strongly related to the character of the polymers. Very fine
heterostructures below 1 micron in lateral length scale cannot readily be expected,
particularly if the polymers are sufficiently incompatible that they phase separate out
early in the solution drying process. In this manner, a hierarchy of phase separation
occurs in both the lateral and vertical dimensions, possibly forming isolated phases
within the polymer thin film, which often leads to a so-called “Russian doll” morphology

in which material A for example is completely occluded in material B.
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Wi thout resorting to use of an electron beam or other
l'ithographic nethods. It has been shown by Friend and

weowossker s (Nano. Lett. 2002, 2, 1353-1357), BIWGB2008/003965

ot hers, that when two sem conducting polyners are

co-di ssolved in a common solvegnt, and the m xture

deposited to give a filmby sgi n-coating or ink-jet
printing, the filmfornmed will be naturally

phase- separated. The character and | ength scal e of the
phase separation depends anongst other factors on th
éma/multatm pernestivily ol rpken; rhigles. (fom exanepie.cgannoy ﬂ°Wb9“t of the

Bﬁcﬁdeﬁqm%e% 5ﬁh@ hEREDRBuAIngInAtEMR]. YARREmMIDFE HSY stéi’tﬂe for certain
e solvent These are useful paranmeters in provid

polipagiscty devalom{weltingy layersheo Shastiey &pay famoA Waévﬁjt?{ "Complete
E@'a?e@&%d@éﬂ%'a‘?% infMAcES BEBe oty tﬂlhﬂﬁ'ﬂ%ﬂh&d‘lecessanly in

eterostructure, whi has been shown to be usefu

| fo
meomgstoqlqsgpgleaw il éhgq gwgtext—rcpfeol'toﬂﬁoggp demiges this WI|| mean that a
SIGRMESH: /ARt BOIHR cHafde® dehePdted WRNRY HBSe Bﬁas'ésfé%\Wnot successfully

mcronmeters to tens of mcroneters. Althoug

gasich dhv elapitpdes stherelp mitinadhe etficienexef the, PM@YW@'% ggviges.
somewhat, it is ultimately strongly related to the
character of the polyners. Very fine heterostructure

Bé1a§vaI8p hearY SHPWMDY Steiner| andedrywerkeesaiNaturan HR78. ﬁ@&dWym) that

Cée%graﬂeﬁrdf '&Wnﬂé’r' Bledds éﬁﬁb@%bﬁmyfinfﬂfeﬂced and directed by
suf iciently inconpatible that t phase separate out
ealterps pre tOﬁr@eé SN Sbalraten g %h&%éﬁns NAude ipatterns fa the surface

@né\‘b?ﬁﬁ‘é&t@& e¥. b? Bﬁéﬁlc&e@a&ﬂin' tAfdugR ‘étb”a&einngéh@?é!mb lwgethod such as

| at er al verii cal 1 ons, pPoOSSI

p@raia%ttpé@t"pmavwx thohﬁhﬁgﬁaﬁay pBihgadirthen Pﬁe%/ ?'PCIW" R'A‘ﬁ?%?!vmef blends
ﬂg\kﬁﬁe“é%spﬁa@e-%eﬁﬁaﬁﬁ leAgth s'auliﬁ'oﬂhed&kiér of iDfelAlte |tér&)/of microns,

material A for exanple is conp etelX occl u
%

aRd ppligatian oRthesphasesepptation rp@ttgr(gmnt,qetgglwpg@yl cmrgl@lnpattem is

h@i BSssiblerif Qﬁémﬁh $calkg0drel V&Y @ifféreRf tTHRsOCREMEES require the
phases of the -conducti ng mat eri al . Furthernore
I

Farmegor ok FhaTeiclre RaRe an 61 SYRETLE. 5cHiash e Sopatation of the

'duBitdd plymérabaibhatien bliérithé batterimy forma partial or
conpl ete overlayer or underlayer at the interfaces of

the polynmer thin filmbut not necessarily in the nost

AN &é’tﬁb@te&@ﬁéterbﬁrdchﬁeé? Qfét I@iﬁwnoih tRB GO Arai used aiY ipBlyMmer-based
this wll a significant fraction of

@haﬁog@sawgéﬂvé?%& e@UU& @'ﬁﬁﬂﬁutpﬁe%efﬁﬁt&éfé%feﬁe?ﬁﬂdle madk by the natural
%H§§@§§6df'éﬁo‘h SfQAE bRy AL PolyAiéRS ., Ir &ﬁiheﬁé(er‘osmdtmr@g the phases
ficiency of the photovoltaic devbﬁ
are not continuous from one electrode to the other ase occlusions and polymer
wetting layers invariably occur during such phase separation and lead to trapping of the
charge carriers, and hence less efficient light-emitting diodes and photovoltaic diodes.
Furthermore, the control of length scales of the phase separation within a bulk
distributed heterostructure is limited (sub-micrometer length scales are difficult to

obtain) and is dependent on the phase separation of the polymers.

These two approaches to generate micron-scale heterostructures in polymer thin films
do not provide enough control to form polymer heterostructures with the desired
composition profile at will in both the lateral and vertical directions. These approaches



It has al so been shown by Steiner and co-workers
(Nature, 1998, 391, 877-879) that the phase separation
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directed by patterns pre-formed on the substrate. Such

patterns include patterns in the surface energy,

created e.g. by chem cal reactron through a

pattern-generating method such as contact printing, or

bbénB holealith OfopRRion dilocBaded pH4sBE ank WRRingNYEls iH’é@Ere not always
| ymer bl ends have preferred phase-separation | engt

s@%ﬁ"@g'eof the order of a fewto tens of mcrons, and

application of the phase-separation pattern to t he

under | ying chenical pattern is not Tgossi ble if the.
Ién‘éﬁsﬂaE'éa'I"@@hQPSV\F@?tyC%nP\‘ be dpadily iorged. Higf igxa@mple, is a columnar

r RERYstrlctuRe ik owm%hl e Qesifed” PBdedissUchitiBAt Hatelal) 4ME electron
substrate, and then phase separation of the desired

S GRRRRETING0 A0S Tl TPRGUEAg HERIgHale oA, SaNgec appraPielygin close

hﬁﬂoﬁfnﬂ@t Faté?&l!j/f GvhicH & Kﬁ?ﬁéﬁbe‘ bERdticll orrOP\VAI € Siifflly] B columnar
ymer - base EhOt ovoltai c devices. Bul k distri buted

po
h@?'!ﬁs%t:tﬁ‘tﬁ:t'hw ich the deaireeh amisslye Material @nd| elpairogetransporting and
SRHtrRINsPENIRG nidiriie aiel é’r?arfg'eﬂ%pp%ﬂnhf@ﬁ[ fr clbse prékimity Iaterally can

het erostructures, the phases are not continuous fro
obe ysefli Pbd@-E‘tQ)s t hé:)?)'lef?@fng phaethodc that, Sapneontiol the Va"at'On (or

pﬁh‘o)dmﬁt"or\l)‘%tfEHeﬂﬁte’ra’l)éSﬁwPoélfbfﬁér‘oﬁiE|oYtHéC|ﬁé|tbr|QI§ lid RéhceléeBirable.
phase separation and [ead to trapping of the charge

carriers, and hence |less efficient light-emtting

dAR&HRET aéEilreBhﬁér?M&béy'lISOthé’ gP4RY- composifigh PRdffe |nt t'h@ vertical direction.

contr ol scal es of the phase separati

witgy ?#%CEUPRS'*{RVSPFPFISUF &fe H’ét"‘(—’:\'%’sihPlfa’“Lﬂoé't'Pg qfi th? faerials varies

( SyteribtidafyRithE f|n€ﬂﬂ5khe§§éi|’&ﬁor@fﬂ%ndbélﬁg Gibh tn hﬁteﬁblﬁbﬂ%e bottom
and is derEJendent on the gtéase separation

pfﬂ‘-’?n@r%el orpedn imatenah Ay #4be op fage.gdhedop gace could further be bound
nbjti ROAIMSEFPLRe tﬂﬁdt@rr HE.T tlﬁtdlﬂlﬁét?&véfrﬂs ﬂﬁb%ro&tmoﬂ:r& iihteFactobecomes
noL. pr ovi ou ontrol to for

a0 A, P s B BRI oA ] o LB BOSRIASH pr4d ieeuseful, for

abxakhple, fon ORVE irt %ldh%@r@éctr’bﬁdtrdr%bbh%bteﬂalr@Cdrb@éwmto the hole
These apgroachestend to lead to the formation

olfaNsROBH IR SR ANETIFR gl i CARPORlign M b fagsidered as

dﬁﬁcgthlé\hbﬁn oﬂr@ﬁﬁlbfe@tﬂom p@@lfl&h OTI@é}éfot'é] &ttls aA Ibﬁ,@t:tnﬁwof this invention to
readj |y formed

B R BB it AT RO ERS SamPREIbPBfes & Mmetogpf making
e, iaAl YevieBslinebpetdting them.

It is also an objective of this invention to create organic polymer semiconductor
heterostructures on the sub-micron scale suitable for use in semiconductor devices,
e.g. photovoltaic devices and light-emitting diodes, which are at least as, and
preferably more efficient than, existing polymer heterostructures and which preferably
exhibit improved performance.

Further objectives of this invention include: (1) the creation of organic solvent-
processable heterostructures with one or more diffuse or abrupt interface; (2) the
creation of abrupt nanostructures of controlled vertical and horizontal dimensions; (3)
the creation of multi-layer polymer heterostructures with high aspect ratios; (4) the



transporting and hole transporting materials are
arranged appropriately in close proximty laterally,

woMvosbesst | nmensel y beneficial for OPVs. Sim |mrl/gB2088/003965
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col umar nanostructure in which the desired em ssive
material, and electron transpogting and hol e
transporting materials are arranged appropriately in
close proximty laterally can be useful for OLEDs.

Derétic?P b eallRpSpiBP thahbstfuchads @eatt arel sé]mgamiéoawutﬁnree@éct to the
nmodul ation) of the lateral conposition profile of the

ngfderlying é‘ai‘%teﬁ‘@l%@ aed (D Aswemethads foe making;the atr uctures

nor phol ogy is the graded conposition profile in the

vertical direction. A_graded conp05|t| on profile is

one in which the conp e rials varies
systematically in the filmthickness direction, from

being . rich in materi al A at the bottom face, to bei

p'ﬁ%*?Or‘i"PB fuBelinshpspech of ithe '@V&Bt'?'hctée’eTﬁeP’PY)‘Beq é’c%”RPGUgﬂl polymer

fhlétéuké%fru&@reb%ﬁ'ﬁ)r@ihgaa fpdiymeét’ indtbliliZEat 8h 1 @ lsuBstrdt® and a second
ot her. word he heterostructure interface becones

dmﬁﬁfgbdﬁﬂoﬁ'r?dr%iﬁé%fml%‘eﬁat erials A and B. This
nor phol ogy coul d be useful, for exanple, for OPVs in
whi ch the el ectron transLFort material is graded into

t hee AepRorted PRYMEGT thetRIPRIFYCHIre M) ProYidg & P QP‘EQ%"W@H“ profile.

| PorCaXaRpH, !H&ﬂo&ﬂdteb%oﬁ?@&h&ﬁﬁ%ﬁi b%fanaﬁibldﬁﬁrcoﬁmﬁﬁar QEterostructure
nodul at ?d COnposi }l on her ef or e, i S .an %Atect

of Verically gradedi KA "?&’p?%d"'&@"ﬁe?%f%%ﬁrr*ﬁF&?’&FVé et ‘H‘th a vertically
sgabedpfbaleat ed conposition profiles, a nmethod of

maki ng them and devices incorporating them It is

al so an objective of this invention to create organic

p’PIHé’ B@?méﬁﬁété@@ﬁ&&ﬁr@rmﬁeb@f@ﬁbﬂ WeingloReé o fdré €olvents. For example,
sub-mi cron scale suitable for I n. seni conduct o
dtbg;Rolygner Beterostiygiugs, gyay 5’?(9"&"‘@\??%@% Wih @njorganic %Q‘ir‘fec"f'i ng

di odes, which are at | east as and preferably nore

ficient than, existin het rostr ctures
Mr%h%nowmsf G0 SETRTE PPEIEDy RIS AL &% ERGtIEed on the

ofjerbiewsscrédslinthg | nvention include: (1) the creation
of organic sol vent processabl e heterostructures with

one or nore diffuse or abrupt interface; (2) the
CTﬁ@hét@:‘bsﬁﬁcétaﬁb” ey, ofg’ﬂhlﬂﬁsd\k&t-pfdb%ssﬁblé:l@étéro@trhadre may contain one
vertica orlz nt a
more da # se or rupt mqe c%% ovr\}ﬁéres'ls)the heterostructure may be
nanostructured, and at least one of the materials in the formation of the heterostructure

can be crosslinked.

The heterostructure may be nanostructured, for example it may be in-plane
nanostructured. The in-plane nanostructured heterostructure may comprise a series of
discrete regularly or randomly spaced elevations or regions of immobilised polymer.
The elevations or regions may be referred to as columns. The nanostructure may
comprise a columnar or vertical lamellar or be of a mixed morphology.

The nanostructured elevations may have an average lateral distance space (i.e. the
lateral length scale) from about 10nm to about 1000nm. The nanostructured elevations
may have a lateral length scale from about 10nm to about 300nm, for example from



the creation of nmulti-layer polynmer heterostructures

with high aspect ratios; (4) thecreation of tal
wenloynesssnanostruct ures that are sel f-organi zestmcBE08/003965

respect to the underlying nanotenplates; and (5) new

nmet hods for meking the structuges. Summary of the

I nvention According to a first aspect of the

invention, there is provided a supported polymer

hgl gtk @6AM 46 b & 200RRP MTHR! MBoStriRBUrkdRlevatidHahby ﬁ&ﬂa &atéral length

substrate and a second nateri al_deposited on said

pealmEem aheut 30p &0 akert AP, Trh@tr@negwqﬁwﬁe edevgtigns may have a

PlaféYAldhgth S84 FraiSboGOSMRASId ALt PocHn.| €. For exanpl e,
t he nodul at ed conposition may be an in-plane col umar

heterostructure, a vertically graded profile or an

5 'T‘h@'lﬁ@n%l qg*q-l‘l’if%éleh@fé§ Q§tthé‘-‘é\}é?ébé/\’dtsthr\%eV@6rﬁ'&fé| labévatlon to an
graded profi mer heterostructure nay

f%‘?lﬁ‘iﬁﬂ’t glevatipronEhig dis 6 inchydes e totagyidibefAan @eva{tlﬁg and the void
pl%t%@@r'i saﬁit &éﬁﬁfohl’eﬂduér? aﬁ&eﬁ%l&faﬂéﬁssﬁ@ I@téﬁbltleng’tﬁ scale may be

gianl c solvent. The yrrer be an organi c

peRlegied depﬁgdlpmwe ,pay.ur%é)f, Wﬁoﬁ?‘f"ﬁé’a \@ch Hae heterostructure is

SME&bbr%‘téH.by crosslinking. The heterostructure, e.g.
organi ¢ sol vent - processabl e heterostructure may
10 contain one or nore diffuse or abrupt interfaces,

WagT s*dan;slsemhep%om WHgth Scdl@Yn&E b8 Ep&bkifn%daly @mw.ce the

at | east one of e materials_in the forpation of

h@)gcgprasq#qmmﬂ@gghnw@@ d$ dke; distancg ovefewhich the excmt)n %as a half
h&bﬁélﬂﬁt& lofl @b sHythg Brtk RS tHRaReFd $tateU TRh Iefw?h sexi@Mvdyebd i the range

gty i n-pl ane nanostructured. The in ane

n rfmﬁﬁ%‘!tdpéﬂ‘tﬁ@f’@\"&qnf'hcture nmay conprise a series

15 of discrete regularly or randomy spaced el evatl ons or
regi ons_of i mmobilised polyner. The el evati ons

r%@r QILrgDﬁHV“?D@nﬂHT g¢3'e Maybe, givep| IRpRXIMately by the Coulomb capture
NEdARE! FWAGERITiS ﬂﬁEYdifé&'ﬁBéléiewﬂlcﬁOiHmctr@ﬁ éﬁﬁi tHofeélinteract with an

| amel lar or be of a mixed np

n@lREEastatic enasey Sreates thasnge ﬁ%srﬁﬁée et 1 J\?@r'aa@msa?'srfa?v be in the

diahba e fomboat $0nneto dbdat bedner al | ength scale) from
about 10nm to about 1000nm The nanostructured

20 ¢| evations

The elevations may have a height from about 50nm to about 500nm. The elevations

may have a height from about 50nm to about 200nm.

The desired elevation height may be selected depending on the nature of the device in

25  which the heterostructure is incorporated. For OPVs, this may be given approximately

by the thickness required to absorb the incoming light. For OLEDs, this may be given

approximately by the thickness required for efficient recombination of the electrons and

holes. For both OPV and OLED applications, the height is typically in the range of from

about 50nm to about 200nm.
30

The nanostructure may be formed by phase separation. The phase separation may be

controlled by a phase control material. The phase control material may be a low

molecular weight polymer, oligomer, or polyelectrolyte or ionomer.



may have a lateral length scale fromabout 10nmto
about 300nm for exanple fromabout 10nmto about
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| ateral length scale from about 20nmto about 1000nm

The nanostructured el evations %ray have a | ateral

| ength scale from about 20nm t0 about 200nm The

|ateral length scale refers to the average di stance

R bSdi R AL f Qth | length-
dn e BBk R0 8Bl AR RinoBlr ki@l iherdi e oteral enath
tgealevisisub-Belmewith aspest eatieyheigbttoaridthaatiq) @pateanhing or exceeding 1.
ChieVadeOiTatid sy baBbE ol FoAbRNRA! € My be sel ect ed

depen |eng 6n t e natur% ﬁ?&ﬂt ﬁew ce in which the
heterostructure is incorporated. For exanple, in OPVs,

tﬂ'\esréé(r‘gdlg Bau%‘:@%gglggﬁmf’egdng éﬁé‘sveﬁ%%iowq tgvl %ol%ﬁ%rc&e solvent

caystenwivhereir the pbreg senaration ia daperidept eibtisi extany opmiscibility between
dtﬁg Q\gb %H%ﬁ oﬁr(t’hé E@e%foém:%pztoﬂrﬁxul%%ﬁreleﬁ Qgéo Eélkﬁ\ers A low

ange of from about nmto a
Fentrowauismwmg sbetveemgt thes palyanersindieatgs that the polymers will phase

tai%g,ra Ealist ange% a)m{ thsthg‘# eﬁ?%ﬁég\‘}]g@ﬂ siéﬁarlam‘égg lwhich is not

vinearperatest ista ties final befemtrgytugef aavebe tragredhle ah @ phdse control
ensfedy. This length scale may be in the range of from

about 30nmto about 50nm The el evations may have a

hei ght from about 50nm to about 500nm The el evations

gcgiel Pe trlﬁgt\'i/lgét P%k tﬁ %@9%&‘ p@%@r@épgra@lgﬁ% azgﬁ)é‘ %blym?-two liquid

be sel ected dependi ng
t $ystemutfor example raeora;ﬁepolu@er-qumlmttsrsféteﬁewwsm ong FQIY%“" has low

' ec'nttL % ' ;ﬁ%ﬁﬁer |5°fs 36 solvBhBor Foh- éb@veﬂl WARih does not dissolve the
he

appr |rmte thet I ckness required to absorb t
|miym¢rng The greor sp[ypnmEDgn spiypat mgy t@erqjerm to as a phase control

apBleRsl HRd ﬁ*ég Qnpride Jrﬂl' ﬁéﬁé‘r%ﬁroﬁ@‘lkﬂvéﬁdorf 8'hidH- I‘Sélh‘dgeﬁ&nt alcohol

reconbi nat i of the el’'ectrons and hol es. For
awbiclodegs agigisselye thmpeolymee hei ght is typically | n the
range of from about 50nmto about 200nm The
nanostructure may be formed by phase separation. The
phisseansiaetule ray bafermed by nanc-imprinting of the first polymer.

One of the materials may be crosslinked by means of radiative or thermal crosslinking
methodologies.

The composition profile of the interface formed at the polymer and second material
may be graded over a vertical distance of from about 5nm to about 500nm. The
grading may comprise 80-100% of the first polymer and 0-20% of the further material at
the surface nearest the substrate to 80-100% of the further material and 0-20% of the

first polymer at the opposite face of the heterostructure.

The heterostructure may further comprise one or more inorganic components. The one
or more inorganic components may be solvent processable.



controlled by a phase control material. The phase
control material may be a | ow nol ecul ar wei ght
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one enbodi ment, the heterostructure is nanostructured
wherein the Iateral Iengthscalg is sub-0.1 mmw th
aspect ratio (height to wdth rati o) approaching or
exceeding 1. The aspect ratio may be about or greater

e & prghﬁed"qﬁ‘ﬁ%tef:&?& égicfécf'@)‘ne*i’ﬁ‘odc ARG dY sﬂﬂﬁﬁﬁd heterostructure

separ ation of pol ynmer - one sol vent system wherein
tW@qﬁﬁmgears@qsaptazndeﬁvsesntemH@rme@ﬁd {CABPERING AF ingluding the steps
ngfsci bility between the two pol yrrers or the IeveI of
entropy of m xing between the two yners.

ent fibpy éﬁp%'tmgngn e svRsitate ﬁeﬁ"ﬁbl"%ﬁﬁr#ai tPQRih%’ai’VéB & Rjgse control
the pol yRRitériaitb |efidBAE Hhase dephtiord HtAHNY IR filshdlatdrfal and the
used to direct the phase separation and which is not

i ncor por 818%e ?Qﬂtr@' mAterigl nal  het erostructure may be

ref @nredréfowst & W%a%’r&dn&bl 'ﬁ?ét@l*iélaby d Ngslective solvent or by
nanostructure may formed by phase separation of

one pol yR¥aRaralen; i qU| d system for exanple a one

pol yifer - tcv&sﬁrm.ﬁgemé réﬁahmmdeb@s*@uWramt&mlvm has | ow
entropy to the poly oor sol vent

hon(i¥hi vERPOSIAN afdaenTRAteHAl 9Bt 1Bast e dsBpsieg st material.

poor sol vent or non-solvent nmay be referred to as a
phase control material and may conprise any pol a

aﬂ?%ﬂrﬁtn@&ﬁr@émav&@ 3 PAYERL. bolf PResssiontrobmatshal "Wnbéha polymer.
aRes phde %&W%ﬂdﬂ@n%d MRla sabifficiRhest I vRé lﬁfs@ nﬁﬁidrlal and the

be formed by nano-inprinting of the first poly One
dfhash EoRteel anatgrial "??é()beo‘lﬁpeﬁ'&ds'f‘ |3M€@°W%§H§"Sﬁ°'ve“t SVStem
radi ati ve or thermal crosslinking nmethodol ogi es. The
conposition profile of the interface forned at th

pU?%/RB?seaﬁen'é‘éc’BﬂtGr'ﬂlaméyl% angy B‘Q'eﬁl'"é&é’@'we?ohé{“ef oligomer, or

_l_@])‘iélé‘@ﬂolﬂésﬁ@ﬁ@ﬁepf from about 5nmto about 500nm
he grading may conprise 80-1 00% of the first polymer

and 0-20% of the further nmaterial at the surface

IR §Hasé h@orﬂtﬁpsﬁr\b@h@l mﬁ%lea%mfem h@mﬁ%d hﬁ’ng a selective or
mat eri al  and 0-20% of the first

oﬁﬁggmp%thgaﬁgwmt vytH%h iselubllizes p'[;CB % controﬁ matenal but not the first

material.

The steps (i), (ii) and (iii) may be repeated at least once before step (iv). The method
may further comprise use of a subsequent phase separation step employing the same
two polymer and one solvent system to build up tall features with high aspect ratios.

The further material may be crosslinked.
The first material may be a polymer. The phase control material may be a solvent.

The first material and the phase control material may be deposited in a one polymer

and two solvent system.



The heterostructure may further conprise one or nore

i norgani ¢ conponents. The one or nore inorganic
wWEHWoessE S my be sol vent processabl e. Ther e 1gcT/GB2008/003965

provi ded, in a second aspect a nethod of meking a

supported heterostructure conqr|3|ng an abrupt or

diffuse interface, the nethod conprising or including

the steps of: (i) depositing on a substrate a first

n‘meebi'\é'e éo?i%i M&terid By BeRNpSS oRBh{ & ndﬁa&ﬁﬁén@' wﬁt‘Plow entropy to

fect a phase separation between the first materi al

athg Rohneshatle seiMentonayneemprisg any ipolar raprtigasoivent oRe@ high-boiling

PoGRQICOPBE WAkh BBEEhdt dissBive e pdifhbd. ve sol vent or by

evaporation; (ii11) crosslinking the renmaining
deposited first material; and (iv) deposition of a

5 fHid '?ﬁét?&?trﬁé)} Rrtrp é’éméﬁ’séshsé hg QWécﬁ@eﬂt fﬂﬁa§é separatlon step

mat eri a first material may be

pefaRleying the samerape ppiimenand huo aolwtﬁrétnem tvrhénlﬁ wasta" features with

Cragh blecipdigsi @l may act as a sacrificial host. The
first material and the phase control material may be
deposited in a two polyner and one solvent system The

P@f‘&é‘pd&ﬁiﬂb Itioe fuﬁﬁélerhh@'rlarabér R GodshiMkdaPIRMtEran a%bklhﬁmg process,
ymer gomer, or el ectrol yte or iononer.

10 p%a%%“RQﬁ"f?rBPteF&ﬁ@PtiU@ thaf:f ipebath mwm {aveeach\and o5 in -plane

qg;ér{égtr@ctg,,%h%y Peolthingd scri m nati ng sol vent which
sol ubilizes the phase control material but not the

first material. The steps (i), (ii) and (iii) my be

rmp&@t Sﬂba&n'leﬁfiﬁf tHeN§RoR8 TRpECtS tRPsbsEyuent [Hhab® isBpstation is self-

y further nPrl se use of a subsequent phase
s@}S&?‘éfQWﬁf&té’Se@ﬁWSﬂaﬁemt he same two pol ymer and one
15 solvent systemto build up tall features W|th hi gh
aspect ratios. The further material may

o P AR aterinh 1 GogPriva Bomatsrial Hyh BdbwePPipRwAr weight than the
pﬁ@%@ulﬁp%fg‘ﬁ& oﬂﬁ{eeﬁélﬁheﬂaﬁuﬁ&)lé‘ n’ﬁéi’ér}é@d“hay-fﬁtﬂucfé biidomers or small

mat eri al and the phase control material my be
d®pEsyieed in a one pol yner

20 According to a third aspect of the invention, there is provided a method of making a

supported heterostructure comprising a diffuse interface, the method comprising or

including the steps of:
(i) depositing onto a substrate a first polymer;
(ii) crosslinking the polymer; and

25 (iii) depositing onto the first polymer a further material with lower molecular

weight than the molecular weight of the first polymer, wherein the further

material diffuses into the first polymer to form the diffuse interface.

In (iii), the further material may be nanocrystals or nanowires. The molecular weight of

30 the nanocrystals or nanowires may be lower than or higher than the molecular weight

of the first polymer.

The composition profile of the interface may be graded over a vertical distance of from

about 5nm to about 500nm. The grading may comprise 80-100% of the first polymer



and two sol vent system The phase control material my
be a poor solvent or non-solvent, with [ow entropy to
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aprotic solvent or a high-boiling point alcohol which
does not dissolve the polyner., The method may further
conpri se use of a subsequent pH%se separation step

enpl oyi ng the sane one pol yner and two sol vent system

t Qn@ BLIgds %Ptﬂ@*u'rthéreﬁ‘\taférngﬁat"ﬂwte @uh‘h&i‘ n@&@?lctthersfiﬁb‘st?fte t@BO 100% of

epositing t terial over the crosslinked
pBTeyﬁlﬂﬂ‘eT rf“ateB%JcRm? |q ZQ%gOfpﬂ@céE% polyreesnplodhe @pposite face of the
hebRrReUEMFS Ure that is both vertically layered and
al so 1 n-plane nanostructured may be obtained. In one
enbodi ment of the second aspect, the subsequent phase

S?H@%@fe‘r&‘?rubﬁ:r@ﬁn'a&%bhﬁﬂ@éja L&rtikA) Sarhéila? Strd&lr M ned

pattern furt material may conprise a materi al
with a | ower nol ecul ar wei ght than the nol ecul ar

Wﬁ'i QRE éiﬁb&f‘rﬁeﬁ’tobf/ tHe thu§%§;§¥8{ ecth\B\ﬁ‘fél‘ Aotedimy \Jvélﬁll'ntuﬁ’l%tenals are

I goners or nmol ecul es. Accord I ng to a
aghﬂmeréfoft ﬁ@anﬁvﬁmlp@mductlmarr@atpgalgr\wtn @earoaﬂﬁt@t hemi @ap and/or

”BKérBS—t:%n%H?PI@OéI? duBR kS Erﬁéﬁl{e'ﬁet sy eABPHUoPé R oRadiazole.
diffuse interface, the nethod conprising or including

the steps of: (i) depositing onto a substrate a first

P ¥ABher émbddifmeRESH hBkhid a&ﬂé’ct pl‘PilaM&ﬁén meleulal Weight matenals are
dep05|t|ng onto the first pol a further materi al

wstg! IW@“'W‘&WP&?{PF’M”QH b"l’l%ﬂ\aﬁ ‘I‘f@/‘i’ﬁ)‘l"‘@&ﬁ E‘F"S\E@l‘dﬂ{e's such as

Ofylihefdntists dRAVMIVBS, anafptifiidtyhRiRe f Uur t her materi al
diffuses into the first polynér to formthe diffuse

interface. In (iii), the further material may be

NN QRGtH é\hﬁo&heﬁtaéfq}% R as-laé%t 'Th"é R %ﬁoléﬁll&h&eu@ﬁt rh&%nals may
nanocrystal s or nanow res may | ower than or he

g
t RRMaNRETYRBIscans BANaNes Af rdaNe At whyh%rappropﬂate band gap

and/or charge-transport levels, such as metal oxides or Group 1I-VI compounds.

The band gap may be from about 1eV to about 4eV. The nanocrystals or nanowires
may comprise a conduction band edge in the range of from about 4.5eV to about 2.5eV
and a valence band edge in the range of from about 5.5eV to about 7.5eV.

in another embodiment of the third aspect, the lower molecular weight materials are
polymers with a degree of polymerisation between 2 to 10.

The substrate may be an electrode. Aiternatively, an electrode may be deposited on
the substrate. The substrate or electrode may be pre-patterned prior to the first
deposition. The pre-pattern may be applied by surface-energy patterning or chemical
patterning using photolithography, contact printing, or by in-plane phase separation of a
block polymer.

According to a fourth aspect of the invention, there is provided a device made using the
heterostructure according to the first aspect.



The conposition profile of the interface may be graded
over a vertical distance of from about 5nmto about
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pol ymerand 0-20% of the further material at the

surface nearest the substrate ﬁ% 80-100% of the

further material and 0-20% of e first polyner at the
opposite face of the heterostructure. The

hakesamb e ﬁﬁl‘?aﬁ@ét SPfﬁBrlh\%?\tlan ViREfe &ré! prb iR Héfhods of fabricating
structure. 1n one enbodi ment of the thlrd aspect, the

| §8micongucer deyicegeegh@ SRIpiePNAsICIOr seuice ﬁgoﬁm’f@th'ta'C device or a
OTGRMerhittH3diSAE) KoM dridthg TRE GhétRbEs Bf i é’ébeﬁ@%lj%f?% 33Pékts of the
gap and/or charge-transSport [evels, such as thiophene,
pH¥AYlidthe, fl uorene, oxadi azole. In another enbodi nent

of the third aspect, the |lower nolecul ar weight

materials are small nolecules with the appropriate

bd R dgyige areprding de dheyfeurth and Stk @spesie may figchpheovoltaic device or a
f yhhtenSfiRgddel t s derivatives, and phthal ocyanine. In

anot her errbodl ment of the thi rd aspect, the | ower

nol ecul ar wei ght materials may be nanocrystals and

NEBPBAEHST Mk \}aﬁeﬁg a8hectdBE Pl iMlentivh tthe td%ﬁmfé‘?@ H%R/r B@EQected from
band gap and/or charge-transport |evels, ‘such

oglageas of patyaens wctnasmw&mmﬂ@nesvh@r @aﬂ@p@amplﬁagkylswnhenes) and
f copoIphent Jcr?eveéfo thé’rﬁl}éneTh%lnﬁ}@H%W%ﬁ'@ Scé’;Sonmers thereof,

nanow res nmay conprise a conducti on band ein
r RAYlugrenephm fabotﬁxamp#'ev Poly (egtdiiHorenesy v &owvreﬁ@e thereof,
bﬁag(éﬁ@%dlﬁeg)hBol&&?ﬂeﬂeOﬁoli(my@%%cﬁﬂaﬁg)vaﬁdbﬂﬂﬂhe
I'n ‘anot’her "enbodi ment of the third aspect, the
| ower nol ecul ar weight materials are polynmers with a

degr e8ctobf the |v¥ﬂ&5é %b&%fbﬁé MeERtioR the ofdhniclé¥ivents may be selected
substrate nmay be an electrode. Alternatively, an

efrapy glanges ﬁﬁ?‘%@'ﬁeﬁ%ﬁ tweteroAlkamngs, 3ng benzenes. The
substrate or el ectrode nay be pre-patterned prior to

the first deposition. The pre-pattern mag be ap
b\f ok ga¢melthenarigys peracts Af W@ igyentiog the sHbsiEate @?‘Wl tPRgse'GCted from

U%hf‘ Quikdb Eiahbh&ﬂfs@ﬁféysucﬁoéét iAGRgaRici MétaNér séMicéNbuctor wafers, glass
| ane phase separation of a bl ock polyner.

A@B%PH? Hef-to a fourth aspect of the invention, there
is provided a device nade using the

In another embodiment of the second, third aspects, the deposition of the materials is
by ink-jet printing, nano-imprinting or spin-coating.

Detailed Description of the Invention

Substrates

Suitable substrates for use in the present invention, including the methods, include any
planar substrates such as metal or semiconductor (e.g. inorganic) wafers, glass and
plastics.

The substrate may be pre-patterned to further direct and enhance phase separation.
One example of in-plane phase separation pre-patterning uses PMMA-co-PAAH di-



heterostructure according to the first
aspect. According to a fifth aspect of the invention,
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sem conduct or devices, e.g. a sem conductor devi ce,
e.g. a photovol taic device or z light emtting diode,
conprising the nmethods of the ‘écond and third aspects
of the invention. The device according to the fourth

a'?) cf< 6 nﬁé}@qf&rse 1S Qolgﬂﬂ{ Qf’Bblk@ﬁé%hﬂﬁhé{h‘é@ pe)f’l:o-poly(acrylic

t1ing di ode. For e vari ous

ofacldhéPMW’em SAH) umdemtymn@ ﬁa%ubEtsathla@@tpéasef separates to give
C'ca sq(as &Hﬁé’cél %npm u@ pcfrﬁmd ih & PMMA matrix of
copo

exa poI % I ophenes) mers thereot,
pw%@@eﬁw nexohangectides PAR! il enyRHaIanetRkioBofor example, Na' to

g'iv)é(af PARNSB kwhﬁc‘ﬂﬁs BQIBF% BRbkéiECt yi 1 uorenes) and

pol ymers t ereo kylacryl ates), pol ystyrene,

pol y( met hyl met hacryl ate) and polyaniline. For each of
t W?adiﬁfdnoé{%ﬂﬁrﬂ%ﬂoﬁ/eﬁf gt\pﬁ‘sﬂlr{bv\ﬁm is8Propafol %B%WSES the PMMA block
sol vents may sel ect fromclasses of alco
egandriemoygs éfne dﬁgmﬁ@soolmﬁf iravinsnthe, hmepmlwcnorm PA&Na on the
V%[JHQééS Qﬁl@e&fo&scﬁwetd%?a% iflonf BF ki first B@Iyﬁ'}épsﬁ"h%t ﬁ’rszBMyrtHSr may be

sel ected from any suli | anar substrate such

i §Easgdinked apd sn redsleml@*dﬂ@@éqrerremavaérogthegFéé%Jaarfdfuﬂher material
Pl thes subdaqadtiytedepBlifg ment of the second, third

aspects, the dep05|t|on of the materials is by i nk-j et
printing, nano-inprinting or spin-coating. Detailed

Dﬁcéﬂo‘btsingnthgfleﬁd?ﬁ sERYEAHd RBrpPIbRyT GRS uRdBARRY %re -pattern, the in-

substrateS for use in the present invention,” including
t iptaneganesteuctyrg of nf\sémawyetmoaiwurgmagtheafwéfze@eemollgé
metal or sem conductor (e.g. inorganic) wafers, glass
and plastics. The substrate nay be pre-patterned to
f [Bol¥mers di rect and enhance phase separation. One
exanpl e of in-plane phase separation pre- pattening
uses PMVA- co- PAAH di bl ock pol yners. For exanp
s&Hlagses of gelypers vieh mamke Hﬁcr 9% HteefjrStceolmﬁwatB? yrqsent invention,

including the methods according to the present invention, include those with the lowest

unoccupied molecular orbital (LUMO) in the range of from about 1.9eV to about 3.7eV
and the highest occupied molecular orbital (HOMO) in the range of from about 4.8eV to
about 6.2eV. Classes of such polymers include poly(thiophenes) and copolymers
thereof, poly(phenylene vinylenes) and copolymers thereof, poly(fluorenes) and
copolymers thereof, and polyaniline. These may be used as electron acceptors and
hole acceptors. Examples of polymers suitable for use in the present invention include
but are not limited to poly(octylfluorenes) such as poly(9,9'-dioctylfluorene-co-bis-N,N'-
(4-butylphenyl)-bis-N,N'-phenyl-1,4-phenylene-diamine), poly((9,9'-dioctylfluorene)-alt-
(benzothiadiazole)) and [2-methoxy-5-(3’,7’-dimethyloctyloxy)]-p-phenylenevinylene,
poly((9.9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-
2',2"-diyl) and poly(alkylthiophenes) such as poly(3-hexylthiophene).



acid) (PMVA-co-PAAH) is deposited onto a substrate,
and phase separates to give colums of PAAH
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matrix of width 20nm 1on exchange of the PAAH with an
al kali netal ion, for exanple, €|a+ to give a PAANa

bl ock which is insoluble in al &dhols. Irradiation at
254nm f ol | oned by washing with isopropanol photolyses
t : d renoves the degraded pol yner,

I %l' b |§a hilic, 1tonic, PAANa on the surface.
This allows the deposition of the first polyner. The

fimgt
| 708 oo oy BVirfotilzR vy oBEAAR CRUIRKA] ysed in accordance
matitbr thal presgnt tinkamtisnibinelydivatthg rmth@@oe%theegresw invention, may be
c g ng

A r ok 0 dbefe W? paiel" 20! it fuiions), roups which
t ladlow icrasklinkgtge thespalyreenmay kexadmixed with lacauitala crasslinking agent.
Pol yners C asses of polyners which nmay be used as the
first polymer in the present invention, including the

milng to the present invention, include

those with the | owest unoccupi ed nol ecul ar orbital
(LUMO) in the range of from about 1.9eV to about 3.7eV

arfcthe mmhb@z@spolmeuipisg&cm tebgithe electien tiangpqcing)component of the
t RRvica ek E fur’iﬁémn?ah Ei]%}ﬁ(ﬁrg éﬂenﬁ vﬁﬁéﬁ me Paiféd as a hole
of such po YIMErs i nc 6’ enes)
cé@osmgmt@uaboﬁ‘ionw@me}x ;!fﬁbmwrenb;l rmlmsg seipefed to be the hole
c I
t?}%ﬁéﬁf g;c%rh;% anl ? géclgérﬁ%gﬂgﬁhhggﬁlgfséglgph)é?%ﬁprlse a material
elvdish may ke @e@d e$ an alegtrmtrenwgd@ptrmtgnala ampl es of
pol ymers suitable for use in the present invention
include but are not limted to poly(octylfl uorenes)

sUde tughenomateriad' may @@mrlw @Y entyreey- kiawn\teybe effective as a hole
( ¥ ene- di ani ne)
, 4%%%@%‘(@1@%@5?6{)%{%% uor ene) - aPt -Iﬂ? g{sﬁi}ot hi adi azol e))

and
[ ezlnh@eq‘hhﬁ’éﬁ'ymgfeﬁgl méy cOPRED YS! RAENAIN & 10w NROBEGRENERNL than the
ponqleqmrguﬁgbtc@fyﬂhel Rebnesie) Syitapleginaterigist may, 'nﬁlqsteswon"@ks or small
(g] &Pi o-Yl)-2,1, 3-benzot hi adi azole] - 2',2"-diyl) and
% yl t hi ophenes) such as ‘
poI y( 3- hexyl t hi ophene) . Pol yner | mmobilization

Classes of oligomers which are suitable for use in the methods to create diffuse

interfaces include, but are not limited to, oligomers of thiophene, phenylene, fluorene,

oxadiazole.
Classes of small molecules used in the methods to create diffuse interfaces include, for
example, fullerene and its derivatives, and phthalocyanine. One example of a fullerene

derivative is (6,6)-phenyl Cg, butyric acid methyl ester.

Phase control material

Examples of materials suitable for use as phase control materials include low
molecular weight polymers, oligomers, polyelectrolytes or ionomers, and also any



The pol yner may be i mmobilized by crosslinking.
Crosslinking used in accordance with the present
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i nvention, may be radiative or thermal. Were the

pol ymer does not contain funct b)én al groups which allow

crosslinking, the polyner adm xed with a

sui tabl e crosslinking agent The further material If

t REVEATRRES H8&InRisdBRle t'h§ PRy tler R te%tnh ﬁweerllﬁf‘okfr@&ure The

transporting onent of the device then the furt

mwrmdecwywemggrnoy@eas rmmerbemsehﬁteéhfrwayp@mersé%mlaes such as
ScyidcA|StBEY, bbIstyFERE &F baly(métAN \Réthsdriate). ! T he

im*r%l I){Izﬁ pg)lrbmgryls seP lym ?o be tr%“%

transporting conponent of the deV| ce then the further

iR &ehral sBRYNtS FFIskSR ﬁtagﬁtcﬁhtrétlmmtll_él&‘ wféﬁbﬂebﬁly%%q apfotic solvent

an el ectron transporting materi al

mer erhigh-beiling mmtmhqhel whigh deesy netrdlmh@ @Ob@er One example of a
efobRF t lapfotieS BaRL CslifaBRS PRF 'u@g 'Tﬁ‘t @t'ié ahre%éntasln%htlon is N,N-

eectro transporting material. The furt mat er i al

nﬁiynetbw-ﬁﬂrmgelctﬁ meluitablg| algphgls amhmerbumredmt dimitgd; tgnhpentanol or
Idrid&IyBal ecul ar wei ght of the pol ymer. Suitable

naterlals may i nclude oligomers or small nol ecul es.

Cl asses of oligoners which are suitable for use in the

MRAdIRSHOId |9q>%screate di ffuse interfaces include, but are

not rrmite ol i goners of thiophene, phenyl ene,

fluorene, oxadi azole. C asses of small nol ecul es used

| rheffethsd fb??b‘-‘mﬁﬁb &ﬁ&@?o%trgd:tﬁfeu §§eh%ﬁlrrrfn%? 8itriblfeld Héeerostructure in

for exanple, fulllerene and its derivatives, and .
ptﬂ"ﬁ%ﬂd%%ﬁam'th ethe apresent ARyaNEiopr may figyalver bhaisg eqf. 3 aptficial “phase

| TohfPol© hiddHAN WhickGs rébed Qﬁé‘Qhéi pﬁ§§é1¥épa?@tfoﬂrsteé° t@ﬁeﬁve a pattern
control material Exanples of materials suitable

ugengratesh is one ofasired matedal 4is crogelinking PBWW%@' at'P the pattern

WejediBiatdRP! i ﬁeééhonﬁﬁy e 08 th@0b¥ﬁér§fédr phitdrBSa®rthe template for a
i ononers, and al so anysol vent whi ch does not di ssol ve

wgbfﬁﬂuynbphm eparatiqno stegr sill awPINiRGsthe Lfirstymateriph gvhich can be
| Q&béﬂ?éc?otkl'lﬂ.ﬁldw gahthlé’rﬁlhé’é&’l-%ti&ﬂﬂéaﬁﬁessqtv?(iﬁ@@lef)ééﬁmn of a second

l'ymer famlies such as
matenal over the pattern, (v) optionally, crosslinking of the second material, and (vi)

optionally, depositing a third material over the second, which can be repeated.

The nature of the second material may determine whether a heterostructure with an
abrupt or diffuse interface is formed between the two materials. The term diffuse
interface is well known in the art and refers to an interface at which the components on
opposite sides of the interface are compositionally graded on a length scale greater
than molecular dimensions. The term abrupt interface is also well known in the art and
is one in which the components on opposite sides of the interface form a molecularly
distinct junction.

The present inventors have found approaches to create polymer nanostructures with a
range of phase separation length scales. These include phase separation in which the
intended phase is phase separated and connected directly to the intended electrode.
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nmet hacryl ate). Preferred solvents for use as phase
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a high-boiling point alcohol which does not dissolve
the polyner. One exanple of a pplar aprotic sol vent
suitable for use in the present invention is

N1Ndi et hyl f or mam de. Suitabl e al cohols include but

armpis'is 4 difdct ﬁﬁ_rpéd? oﬁQﬁE fapoflof @hdngk BRI %€ all charges have a clear
Met hodol ogi es The nethod for formng a

h@?ﬁ}temrem'tﬁ%ect@dg a col unmar di stri buted
het erostructure in accordance with the present
invention may involve (i) use of a sacrificial "phas

c dhertyo PabERer 9ng selyart 1ISY$temy aringdlirialihast pplymer (denoted polymer B)

P E@&ea§ IS rp*hbéé’ rboﬁir@lpmbférllap aNe S phabé SePaGeitewvitheflei fitst material
one desijred erial, (ii).crosslinking

of the
migestoted PPW"\%G“\)pd?Ct'Bé??f Eeﬁefem% by & ?'sewmnama |splvent, leaving

U%@Iyﬁfertmllﬁa&emehiﬂcﬁﬁnrﬁﬂﬁé oleAs ist Besdiiiplvtich kelectively dissolves
subse uent hase se@ar ation step still enploying the

f Fogm erot digsPlvina PYMSE A epeat ed, to build up
tall hi gh aspect-ratl o features, (iv) the deposition
second matersﬁzn over the pattern,

cP@B’é‘qurﬁ(Fﬁ’g bgfcre ked-\sing eRepslinking meathédcglgglgs to rendeylt insoluble

Ofdri QIb%lehNentCiﬁB@é?dstrign@résdhhkl dgi oftoBimets mMEloctlreupon exposure to
second, which can be repeate The nature of the

< GRS EXPTaPIe, HY) raATEP (R TPORARATREF PrRcesSing.

heterostructure with an abrupt or diffuse |nterface IS
formed between the t materials. The termdiffus

i 1R Eer cRniext Offer PX?JHB'ﬁnmgﬁ"'P rBoigvpltair, deyiges, d PEQ%H’ light-emitting

| ficdeb 28 SuRdbldtpohfindri® cﬁﬁWd@b&ﬁe@@u&éﬁﬂéhﬂﬁto&dﬁﬁe@fthe nano-
the i nt erfacgeare conposi tionally graded on | ength

sdgfesosiructre AeYiees ol ecul ar di nensi ons. The term

abrupt interface is also well known in the art and is

0 in which the conponents on oppo i. si des of the .

" e et fenibEs FYeaap duny Ziney i Buid palves Aenostructures of high

Io ra@ﬁ@cﬂtralldﬁ/ BylfaOIWerhﬁWIGyérOaWoémp fl'ﬁé(fhﬁspﬁdse Csre‘patﬁed nanostructure
nanost r uct u

JF BEISGH § 2AQPRMEIELS 08 WL SiBfert dafeg 38 seftorganize, creating
thig’h" &pediratid nahdstiuctuiés. A suitable polymer C can be deposited subsequently

to complete a semiconductor device such as either an organic photovoltaic or organic
light-emitting diode device.

If polymer A is selected to be the electron transporting component of the device then
polymer C may comprise a polymer which may be used as a hole transporting material.
Conversely, if polymer A is selected to be the hole transporting component of the
device then polymer C may comprise a polymer which may be used as an electron
transporting material.

Besides utilizing the two polymer plus one solvent approach in the preceding
paragraph, the present inventors have also found that polymer columnar distributed
heterostructures can be created using a one polymer plus two solvent method.



i nt ended phase i s phase separated and connected
directly to the intended el ectrode. This has a direct
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charges have a clear path to or fromits electrode. In
a two polyner one sol vent syst ng a sacrificial host
pol ymer (denoted polymer B) acts as the phase control
material and is phase separated with the first
rinal v

m?ﬁ ?sdé'?’u m)/rij]rg?:ﬂntﬁdosn%@\%ﬁf ssé)eear(l/ ﬁﬁé 3bmgrnemusd'&§%a§ %ebyolvent if the
d |sy§temﬁa$dtlgmgnmhmﬂppy éJ@nssﬂluﬁ@ﬁthWﬂS%lng ota epe POU[“FF dissolved
di; I
P 3 oY SRVER YRR, Pl et M oyBpOae Hid e Rl Wifbe eft behin.
met hodol ogi es to render it insoluble for subsequent
pr |
o T U 1 QR oA he BolPr (BN, K (R fidsal®8 polymen) and
upi‘dﬂher Wépﬂfapfeﬁiiléi@éb%n .fq@e SP'Methéat: isnakig to &‘SSOIV@rthe polymer can be

E&i ??ﬁémé?alﬂ' & dﬁg%&%ﬂ&t Blus 58!9§ntaé'y§te‘?r¥ %Qurﬁmg that the two

a suitable po yner can

ttin
déplyﬁmséﬂemﬁf%uent ly to conplete the

nanohet erostructure devices. The present inventors
have al so found a way to build pol yner nanostructures ]
ofUneingsplidioprrocesgindo thepgolyent dhatrdigsplves the palypies avlh evaporate first,

Théavidg séh.ﬂh L s SERRNVAHERWISRASHY Wit tHeCpdIMEr, hdRde tiSsolvent wil
a nanotenpl ate on whi ch subsequént | ayers’ can

s dihpse sepaiateavithcihe polymerhV\iiend8e segondzgalvent dries, the polymer left will

N3RAQE hakStitRiPes 165t DEhihd By the’Sdiverer C can be deposited
subsequently to conplete’a sem conductor device such

as either an organic photovoltaic or organic
| 'ﬂﬁtm&ﬂbﬁ ?dr@&ﬂhé’g‘adlfﬂﬁwu?@rfadé‘ m%o\!réﬂﬁ hé‘tefo%trﬁ@t\.lRé3rtr1§9i involve the

be the el ectron transportin nponent of
déV'!Q‘!\é"Q steps: {i (dgResitian %a/flrébwe r@b (g cesnsijting th% firstraterial; (i)

bejepdsifforis PsdtBh8 nidtéri MBIchi AR iffitkE bAdiffuSeOieAhe fifsY material.
if polyner Ais selected to be the hole transporting

conponent of the device then polynmer C may conprise a

PHieraBYe WAVELIOURR INIBodsSROdifSseAbr Pfifiate’ MBterbAREPHEt ﬂ)dl‘ﬁner system
material. Besides utilizing the two p

ol
dmlqu]fangﬁﬁf patetials, Ahe first atepathigmay |nclu>c/ie depgslltlng ofa f" rst material,

~ for example, a polymer (A) onto the intended electrode. This has a direct |mpact on the
transport of charge carriers as all charges have a clear path to or from the electrode.
Polymer A can be crosslinked using crosslinking methodologies to render it insoluble
for subsequent processing. In the context of organic photovoltaic and organic light-
emitting diode devices, a suitable material can be subsequently deposited to complete
the nano-heterostructure devices.

Deposition of materials may be achieved by contact printing, spin-coating, ink-jet
printing or other solution methods known in the art. '

Classes of solvents which are suitable for use in the methods include alcohols, esters,
water, alkanes, and benzenes.



par agr aph, the present inventors have al so found that
pol ymer columar distributed heterostructures can be
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a one polynmer plus one solvent system the polyner
wi Il dissolve in the solvent |§ the system has high
enough entropy. Upon sol ution proceSS|ng of a one

pol ynmer dissolved in a one solvent system the sol vent
WiNdnoStree@eat € and the polynmer will be left behind. A
sofvent wth low entropy with the polynmer (hence does
not di ssolve the polyner) and hi gher vapor pressure

t hthe %séﬁhﬁﬁéﬂﬁoﬂ rﬁﬁé miofprRRIg§ of %é’haﬁﬁﬁer&uﬁeﬁ%e@é}bé’tﬂﬁiure may be
can be m xed get er in a one go [us two

s&PO@?ﬂedstiys'E'%ﬁTP BRAREG; FRYtohmeateri 23,6UtioRd, PrRVIOURIe Deposition of a

m Fyh@r @nd H%Bsé ebhtkdl RiatdHaP §8RNeB Dy ghiaSe SEPaFEIEN &R polymer and
dISSO ves the polynmer wll evaporate first, |eavi

b AERSereoNe| Waleial,anchSyhsREaTt FRBvalif ey iasg Gopiielmaterial may

h@égiﬁ’t if téese‘?ﬂ@ls Bﬁ&i&cﬁé’cé <1.=Ie\i?)ﬁ|6ﬁée &%B@h%eoﬁ%dl él’rtﬁ'l a first surface of the
VWhen the second sol'vent dries, pol yner

I @pgstmtqs RndhseRaratar by veide taft isthe @h?s%%?ﬂt'i?b maye"@he

solvent. The nethod for form ng a diffuse |nterface in

avertlcal heterostructure may involve the foll ow ng
deRogitige Rfsa tfhdheromaterial, rtg? veidscray ) be (bppljfllled by the further

Crn%érllélnﬂ"ésﬂln@fm bhﬁlpﬁbﬁéd heRFsrudture (:d)ri‘mbﬁsuﬁ’@ﬁ@érhb!e%glons of the
a second material which can infiltrate or diff

Cr
ot/ Nl the frdier GPAtaTal. e dhebeleRRUURLER (P REHURRS for use in a

dls@ﬁﬁl-‘é&nductm@fdbb.bé afhe c!EHo@ﬁnbﬁrl'or'H&b@ﬂﬂr@%ﬁ?'ﬁé@ucrﬁﬁt @B discrete
a ran materi al s first step

! revatensrtdoe P?'wnsr 51 the subsie a6 SAbsiAnIERLr q%m?iﬁ'@ ‘engapsulated

Py R&furthé matdrial. t he intended el ectrode. This has a
direct inpact on the transport of charge carriers as

all charges have a clear path to or fromthe

elget jpRAR dl@@ilmer&d?@hé?éln%%fiﬂafdﬂléﬁ!é Msstnﬁtantlally paraIIeI to the
crossllnklnanethodolo es to render it |nso

sdirtsyiface optscubsirals. The heightcnihicipesss of dhg ﬁlﬁv&\tlons refers to the
PRhevsidr dhiehad de@eddibliar td eMéudRtdntiaiOpstbeticla\odRs plane of the

a suitable material can be subsequently deposited to
$EA® t he nano-heterostructure devices. Deposition
of materials may be achieved by cont act printing,

spin-coatin i nk rintin ot her sol ution
n&%@gtn%‘aﬁﬂﬁﬁ !ﬁ-%ﬂé gé’goscale h terostructures

The methodologies described herein outline the formation of organic polymer
nanoscale heterostructures. Such heterostructures are suitable for use in the
fabrication of polymer organic semiconductor devices such as organic light emitting
diode devices or organic photovoltaic devices.

In the construction of such devices, the polymer in question (Polymer A) may be
deposited onto a substrate or an electrode. The electrode may also be pre-patterned
by methods known in the art, for example, surface-energy patterning or chemical
patterning using photolithography, contact printing or in-plane phase separation of a
block polymer. Following formation of the heterostructure, a second electrode may be
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nor phol ogy of the nanostructured heterostructure may
be controlled by use of phase 28ntrol material s as
outlined previously. Depositiofi"of a polyner and a
phase control material, followed by phase separation

Ofdebbiéted Wit Rhe %Bﬁo&@esnﬂ%@%f‘:@\@t hetbroSRi&@lire®o, MR%irst electrode to
of the p

subsequent renova i hase control material may

r €90pplets fabEcatiopiokthedeviiescret e el evations, or col ums,

of polynmer on a first surface of the substrate and

separated by voids |eft by the phase control _materi al _

. Tbp@node prayi he formed frany ajtransnareni daver af Indiure TingPyde gagted with a
beayeRCKT bt | ededhaubtify T Ur pEIFB 41BhGEREIox ifSHHERENT | Bogd  with
supported heterostructure conpriSing alternate regions
ofPowkidyrpassuifenatel dThereathege, wekallyer metah with pdpwiwask function such as
heLRIAS LAWRINIING of Indheliing, 8R4 bEOdepdefed By @hermal or electron beam
sem -conducting device, the deposition or” backfilling
meyaprationcgf themetalhe di screte el evations of the

pol ymer on the substrate are substantially or

conpl etely encapsul ated by the further material. The

| ateral direction rag ripsi f arallel to

or substantially parallel to the first surface of the
substrate. The height or thickness of the el evations

r &nehoglinents of the dRvestiem wihnew bes dpagribeddby: wayr oft gxasiple only and
SWakbaN fihRatloy, RAhPRIAEHALE 36 the® dcBEmPARIRY Gfa\ﬁir‘\“q% and the following
substrate. Uses of the organic pol ynmer nanoscal e

hdpampiesr cwhishes The et hodol ogi es descri bed herein

outline the formation of organic polyner nanoscal e

het erostructures. Such heterostructures are suitable

f diguiee ian ande 1P adesceilei aenesal sehemes forr dhgifermation of nanoscale

S iRt ONRAIEY inGRYSEBISRcS WM thRSpreéddi Mventidnght  emi tti ng
di ode devi ces or organi c photovoltaic devices. In the

construction of such devices, the polyner in guestion

(FERUFEES showdTiive PRo@0BIRSE tRFoMMdRe2ofS ¥d\iddsah&oRlingfo the present
el ectrode. The el ectrode may al so_be pre-patterned
invention compared to known blended composites; and

Figure 3 shows the dielectric function of a composition formed in accordance with the
fourth aspect of the present invention.

With reference to Figure 1, a solution (1) comprising a first polymer and a phase control
material is deposited onto a substrate (2). Phase separation into distinct phases of
polymer (3) and phase control material (4) then occurs. In a third step, the phase
control material (4) can be selectively removed through use of a solvent which
dissolves the phase control material (4) but does not dissolve the first polymer (3) or in
the case of the phase control material being a solvent, by evaporation, leaving behind a
series of voids and nanostructured elevations of polymer (3), which may then be
immobilized by crosslinking. As a fourth step, deposition of a second material (5) onto
the first polymer (3) completes fabrication of the heterostructure.
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surface-energy patterning or chem cal patterning using
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separation of a block polyner. Follow ng formation of
the heterostructure, a second Ell ectrode may
bedeposited onto the opposite Surface of the
heterostructure to the first electrode to conplete

f afr biedf 118Ningfeasd eth@eHélﬁﬁ’t oThtﬁe aﬁé’r%trﬂ@t)bré)ecnfo%lﬂﬁé’d polymer (3),

froma_transparent of Indium Tin Oxi'de coat
wilfnfogilized, op %fbstgg,tﬁdggtma, undergo a subsequent deposntlon of solution (1)

PQsg3né it h héﬂ)e?fﬁ?@' teMplak %@%6@)\ ifl PR %t IThIS |ntermed|ate structure

pol y('styrenesul fonate). The cathode, usual ){1
wivaylch thesvbeubracessasas Hafossi selestive sempyahof Ahase ﬁputfﬁldvatenal (4)

NBYRARIWBY cr@ﬁéﬁnf@lﬁg,dﬁrﬂpééﬁo%ﬂloh)bftahﬁcﬂﬁh nPdte®dl §5) 1t Back-fill into first
beam eva oratl on of the metal. Brief Description of

t eYMeI(Bhgs Enbodi ments of the invention will now be
descri bed, by way of exanple only and w t hout
I|mtat|on wth reference to the acconpanyi

QrARBIRND EEIGHTRe ! {BE IASRPSPTERE) Se5ond AIBHALKS) KAy Becch that it

1aopipibtdiy o AvBEtaRRallg BnBEEUISIES fiefrsf Bélyﬁwene(é)qrﬂaﬁtthe%ubstrate ).
of nanoscal e heteroStructures in accordance wt

o TSP (B AEPRSTIOnFA! i GrobPalYDRisi3) Ao pRARECRADITELmetaral (4) and (i)

PEEMBUATEIN &S Phastibntr8PmaeRar g? BAd CRskivkiny &SRB irst polymer (3) may
i nvention conpared to known ended conposites; and

Fikguiereated ReRanYHENSS 39 is (eressan dependingen the required morphology of
CQRP Rsteldsticlupg med i n accordance with the fourth

aspect of the present invention. Wth reference to

Figure 1, a solution (1) conprising a first polyner

arMn@naBﬁS@éq@m.g Gk 1BERY 3 the 18RRASEhGH gualé)oathe elevatlons of
substrate ase separatjion into, di stl nct phase

o OBREFIRRGRONTIST. 108 COMABIENER s dh InGigBisd 37 QIag tHa R of the width of

OCdHéreEFevath and e Width St fthe AEIGhLDLARE vﬁlanbfnﬁénsmht(sf fefdrs to the height
can be sel ecti vel % renmoved t hrou
S

S GirSBRtnaRRicE fnerieaiop Dimension & r%fscr’f{1 X mb*eer'aht 9 Ayickness of

bqheggﬁ%n@gmeggr&mcmethe first polynmer (3) or in the
case of the phase control material being a solvent, by

evaporation, |eaving behind a
As can be seen in Figure 2, in comparison with the bulk distributed heterostructure

devices given by the bi-blend of PFB and F8BT (maximum photon to electron
conversion efficiency of 1.5 % at 475 nm), it is clear that the columnar heterostructures
of the present invention give much better performance (up to 7% at the same
wavelength) by a factor of greater than 4.5.

In summary, a natural phase separation between polymers or solvent and polymer may
be achieved according to the present invention. Tall polymer nanostructures can be
built using the layer by layer upon polymer nanotemplate approach. Also a diffuse
interface may be achieved according to the present invention. The methods according
to the present invention are more easily processable than processes that require
lithography. The methods according to the present invention are also solution
processable which enables large area production by using techniques such as ink-jet
printing.
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material (5) onto the first polynmer (3) conpletes
fabrication of the heterostrucggre.ln order to

i ncrease the height of the nan6Structure, crosslinked
polymer (3), immbilized on substrate (2), may undergo
a subsequent deposition of solution (1) using the
first layer as a tenplate, as shown in Figure 1b. This
i nternedi ate structure woul Examle$e processed as
before: selective renoval of phase control materi al

(4) followed by crosslinking, and deposition of a
sddate@plsmt erial (5) to back-fill into first polymer
(3). As shown in Figure 1, the deposition of the
second material (5) may be such that it conpletely or

s UBlahgriiGalg and repgeips weke ektaingd frony Sigmadidriphruniess qﬁpﬁmlse stated.
t RG ?—Hﬁ’éﬁyﬁ @&%Lﬁgﬁc ach“ﬁleﬁ{y?@s?eP(i’dBM m&ﬁé@ﬂorﬁméﬁ&%

first pol'ymer (3) and phase control” material (4)

(ii) renoval of the phase control material (4) and
CIRFEPAAdESEOMaY bk iBtdindds forRRBMPRY frérd)Ar@heaR @y@%&@ée%d
as many tinmes as is necessary, depending on the

requi red norphol ogy of the heterostructure. D nension
( aest Mefriodsire 1 refers to the lateral |ength scal e of
the elevations of deposited polyner. For convenience,
this is indicated as being the sumof the width of one
el Qyantdne EffRiticl e Wi dth of the nei ghbouring void.
DTﬁﬁﬁﬂTﬁTTTU‘*efers to the height or thickness of the
el evations. Dinension (c) refers to the total height

OrExtdthAkqURRRNP BfficlRRcid s P& nechsDRldeih |ﬁ§§ta%§sphé?e 62 a vacuum
be seen in Figure 2, in conparison with the

didQ7 | Femedising: e osalibirtedr Ysiew; COFPHFiIDgn abySOH'ie simulator  (Oriel),

b'm&*d@ﬁ%nﬁtorﬁfﬁ%r@?&’toﬁ&@nd SFUFESHERP tﬁ!é tZQOQ eShér‘P'&lrcwt current
conversion efficiency of 1.5 %at 4 it is clear

t PR QRee QISHl YRKROSWEE BreapYre (s Q,ﬁempp@nnggremrametnc analyzer

l rn(smw;pazmwelnmeht b%{tt;ﬁfwe?eﬁésoﬁﬁﬁﬂi‘réd (With & GalBfafdd silicon diode

he sane vvave engt factor of greater than 4.5.
| HOETEENY ™ Guamiin fciis: wets gbiANeanSH @ fusetion of wavelength by

p‘Uo)ﬂBéﬁﬁg Bie éﬁét&&ﬂfen@'&t&@'oyw d&Wde under test with that of a calibrated
photodiode. Power conversion efficiencies (PCE) were calculated according to

Equation 1:

PCE = Fill Factor x Voltage open circuity X CUrrent snor cireuiy X_100 @)

Incident Power
wherein the fill factor is the ratio of the actual maximum obtainable power to the
theoretical power, given as a percentage.

Measurement of nanostructures

The morphology of the nanostructures were measured by atomic force microscopy
(Digital Instruments Dimension 3000 atomic force microscope in tapping mode).
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di ffuse interface nay be achi eved according to the
present invention. The methods, ?ccording to the
present invention are nore easily processabl e than
processes that require |ithography. The nethods

aAQHA it ekrieSsdd Wte MiRRERI dn'y PERdoP P2gdrfilethéter. SOl ut i on
processabl e which enables | arge area production by

usi ng techni ques such as ink-jet printing. Exanpl es

MEIRsbkfiy Al | chemical s and reagents were obtained
g

from ma- Al dri ch unl ess ot herw se st at ed.
(6, 6)-phenyl C6i-butyric acid nethyl ester (PCBM was

OtEIIﬁisBﬁétrfl rn%ﬁshﬁﬂ%ni% wBreBcatied E&BJn BEMA D@ oftith EMZUUOW elllpsometer

exa rom Aneri can Dye Sources. Test

Q¥zvieti 20l eweéatre§w®& RPRamENY AMa% FE@HIE ol ey jop and bottom

BREHARE, WRerih thBaSH |rﬁérfﬂbénéféi§td3ﬂheld'r—|§blyfﬁ§fuﬁiéﬁéé@a@d the bottom
Torr) usl ng a calibrated system co(rrgn?ﬁl Si QF?Sbﬁ@SO ar

S N ee D1 PO RS RIATACS psomiric values were

S QUNécksrheh flrisabr b veavelHath for ﬂig)éé oft80, &8idhd @8/defiles and
open circuit voltage were measured using a

sem conduct or paranetric anal yzer (Keithley 4200).
| rgptan imddelifg m&m&aswfea&ug efVRSEB2anoakliRg aloft@are.  Optical

silicon di ode meff|C| enci es were
olfPasIARY na@dd(\s’ JWPGM’ &F'"ﬁé%/%m@ﬁﬂfrﬁ wc@(?ﬁ?)arl ng the
phot ocurrent output of the device under test with that

of_a calibrated photodi ode. Power conversion
e@@&&lﬁ es (PCE) were cal culated according to

Equation 1: PCE = Fill Factor x Voltage® x Current”,*

t ber Botrehspavie SEbeuorans e D At s B St Sohenyi1 4

t I”#henylene—dlaml_ne) PFB with molecular weight ~100,000 is dissolved in toluene at a
concentration of 9mg/mil. Polystyrene (PS) with molecular weight ~10,000 is dissolved
in toluene at a concentration of 9mg/ml. The two solutions are added in equal amounts
such that the weight ratio of the two polymers are equal. A photo-crosslinker is added
at 6wt%. 12mm by 12mm silicon oxide wafers are pre-cleaned with RCA standard
clean 1 solution for 15 minutes. The solution is then spin coated onto the wafer at 3000
revolutions per minute (rpm) for 40 seconds. The thickness of the resulting film is
~40nm. Methyl ethyl ketone (MEK) is dropped onto the film for 10 seconds to
selectively remove the polystyrene. The wafer is then spun dry of methyl ethyl ketone
with dissolved polystyrene at 3000rpm for 40 seconds. The remaining polymer PFB
reveals a nanostructure with feature sizes in the range of 100nm to 500nm, more
specifically 300nm. The PFB layer is then cross-linked by exposing the sample to
ultra-violet light (254nm) for 2mins under nitrogen at ambient temperature (10ppm O,/
H20).
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Instrunments Di mension 3000 atom c force mcroscope in
tappi ng node). Al filmthickne a:s are nmeasured on a
Tencor P2 profiloneter. Ellips try Ellipsonetry
nmeasurenents were carried out on a JA Wol |l am M2000V
el_%m er. Variable angl e spectroscopic
elTrpsoneiry was neasured at both the top and bottom
interfaces, wherein the top interface refers to the

aiggiypol W@fdldciylfﬁfoﬁ'él'féec@&g N el l%ﬁkﬁ@riyﬁlb"i‘s" NP DhERYIAN £phenylene-

to the ner-glass interface, d
elq'qfﬁ'%)m? with anglesulake meight | 1300:0089m8l a isf Qﬁé?lb/@f?h ipftoluene at a

“’%\Sﬁbc—ﬁﬂ&h@n Bpgmﬁl?ﬁl_ epolgtyrefe éﬁé) @il aqﬁolg&géreﬁélaht ~ 10,000gmol” is
Optical nodel was carried out usin

VeRdn 8. SonseEalion o6 ATk < PB. thesdesised irst polymer to
f 'Hetr@m%’udt'&bﬂ %n& rEﬁea@@ AIRAE abbdRdNE §Sfor E§é‘fﬂ3£ Bhdvdilific cell. PS

di octyl fl uorene-co-bis-N
| g E/[wumaﬂa ﬁﬁ@fﬂhn)atgr@ hertwe galytjpnsiare Avixed in equal amounts such that

phﬁ@%@'ﬂ?rﬂnb@iﬂtﬁ@iwd:’ E&yfﬁ’é?shs | €BidhAle Pﬁbt@r&osshﬂl@ ditffene bis(4-

is dissolved in toluene at a concentration of

PaR{ora, S rtiiyorm-isarrepyRangesiehie diEsoied in taluermet Agoncentration of

dighfiny Ghdi dUdea | ts 8RE pailymBr SQGSH nbire &R 104195 With rrbspel':h% the total
two solutions are added in equal anmounts such that

weolymer weight of the two pol ymers are equal. A
photo-crosslinker is added at 6wt % 12mm by 12nm

silicon oxide wafers are pre-cl eaned with RCA standa
clTdgrsolutiop i spisreaatad emfoglean HO-oks Sg?ﬁt@quoﬂrer%?af%wnh a 50nm

S [hibk C.@@ly(gdt étﬁylenédi&(yfmé&feney praﬁegrér@wwd Oéb$d)pQPEDT PSSH) at
m nut e r IT) seconds. hi ckness of

r S90P ‘r“f?det'PM; H?f @'Wiﬁ)ﬁﬁm‘) 106 pecanday IThR Hhigmess Mélh? resultant film is

df&ﬁﬁﬁd\/l@tﬁ?l%tﬁﬂ Retfohé MMERY isldtoSeCsHils tHeXilm b $&cdhis and spun-off
renove the % ene. The wafer is then spun dry of

ndP ﬁ?'Pdé’FIWPmr? ? Qlystyers-ssol ved pol ystyrene at
3000rpm for 40 seconds. The rerrai ning pol yner PFB
reveal s a nanostructure with feature sizes in the

r él',lp&eﬂlm rﬁ”ﬁ@'ﬁWQtB"éb@rﬁH strgiecis PFB (with dispersed crossllnker) in-plane

nanostructured at a lateral length scale of ~ 100nm and thickness of 20nm.

The nanostructured PFB layer is then cross-linked by exposing the sample to UV light
(254nm) for 2 minutes under a nitrogen atmosphere (<1ppm O./H,0).

Poly((9,9'-dioctylfluorene)-alt-(benzothiadiazole)) (F8BT), the electron accepting
material for the photovoltaic cell, is then spun-cast from a 15mg/mL solution in toluene
to give a film thickness of about 50nm.

After the crosslinking step in the two polymers plus one solvent approach, the same
solution of (PFB/PS) is spin coated onto the polymer nanotemplate. The PFB will align
to the PFB nanotemplate below. The polystyrene is then selectively removed using
MEK. The resulting self-organized polymer nanostructure is rendered insoluble by
exposure of The PFB layer can be cross-linked by exposing the sample to ultra-violet



specifically 300nm The PFB | ayer is then cross-1inked
by exposing the sanple to ultra-violet |ight (254nm
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2 |/ HO . Exanple 1b Poly
(9,9l -dioctyl fluorene-co-bis-N gl
I -(4-butyl phenyl)-bis-N, N - phe% -1, 4- phenyl enedi am ne
PFB wi t h nol ecul ar wei ght ~300, 000gnor 1 is
d'l@ﬁP'(i%‘m nf&rO?MPnBeuﬁ&eranﬁgggﬁgérﬁu%flnor(‘mﬁpn?'@/ mHgO) Third and
}ésw@gblawa cap be gddeby e&peatlrag)th@@tﬁnsat i on of
9rrg/rr1 . PFB is the desired first polyner to be
nanostructured and is also the hole acceptor, e.g. for
ude@mpleinhot ovol taic cell. PS is the phase control
material. The two soI utions are m xed in equal armunts
such that the weig rati o of the two %/rrers ' : 1.
BiASaggs¢BbeschBthe @f%—‘@gmgrn@éagrepwn @n\@fBF'%"( gt the method of Example 1b,

azthéi%te?ps3@f5déﬂdsftlechQh§ PRSIPEORHLARIAG %‘ilﬁﬂ)n' §/ashlng with MEK and
di ssolved in toluene at a concentration of /M~ and

ackRs8linking Were,eariag 0uL 31 eCPsh tifeAriar do &epqsnwm/efvw\e _rF8BT solution,
[ 4889 ih @ aBsthRtbo P@m% Wit olcknddacorsshit f on s

spin-coated onto clean I T ass substrates pre-coated
with a 50nmthick

PE Mt &t hyl enedi oxyt hi ophene) : pol y(styrenesul fonic
acli a§ n(lF’EDT: PSSH) at 3000 revol utions per mnute (rpm

for 40 seconds. The thickness of the resultant filmis

40pna viyRAtoWl oﬂH%.VI'nelﬂﬂ*IdOBie E&%@e HB, fHeOQIBSQ d?rﬁébofslh@n of the PFB
filmfor 10 seconds and sRun on to selectively renove

¢ FRONRIG BGHaTs Washiar i dhicrgsUking-wer fispeaiag dwice prior to

'SdeBgﬁtléﬁN'o‘f hhé"ﬁ&lﬁ'%@@tléﬁ O?e%hltlﬂbelh)a'ﬁhrﬁ%ﬁ‘ﬁ@ured PFB layer with a
nanostructured at a lateral |ength scale of ~ 100n

artbicknasgiohe@¥Mof 20nm The nanostructured PFB Iayer is
then cross-1linked by exposing the sanple to UV Ii ght

(254n for 2 mnutes under_a nitrogen atnospher
( L @ylm@ytum efficiencies of Examples 1b, 1¢c and 1d are ||Iustrated in Figure 2.

Pol y((9, 9" -dioctyl fluorene)-alt-(benzothi adi azol e))
(F8BT), the electron accepting material for the

p ic cell, is then spun-cast froma 15ng/m _
solution in toluene to give a filmthickness of about

50nm
The polymer poly(9,9'-dioctylfluoreneco-bis-N,N'-(4-butylphenyl)-bis-N,N'-phenyl-1,4-

phenylene-diamine) PFB with molecular weight ~100,000 is dissolved in toluene at a
concentration of 9mg/ml. Polystyrene (PS) with molecular weight ~10,000 is dissolved
in toluene at a concentration of 9mg/ml. The two solutions are added in equal amounts
such that the weight ratio of the two polymers are equal. A photo-crosslinker is added
at 6wt%. 12mm by 12mm ITO substrate after 10min oxygen plasma was span with
PEDT:PSSH at 5000 revolutions per minute (rpm) for 40 seconds to give 40nm thick
PEDT:PSSH. The solution is then spin coated onto this PEDT:PSSH film at 3000 rpm
for 40 seconds. The thickness of the resulting film is ~40nm. Methyi ethy! ketone (MEK)
is. dropped onto the film for 10 seconds to selectively remove the polystyrene. The
wafer is then spun dry of methyl ethyl ketone with dissolved polystyrene at 3000rpm for
40 seconds. The remaining polymer PFB reveals a nanostructure with feature sizes



After the crosslinking step in the two polyners plus
one sol vent approach, the sane solution of (PFB/PS) is

w6 pion/oes3gs ed onto the pol ynmer nanotenpl ate. ThecEB2008/003965
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will align to the PFB nanotenpl ate bel ow. The

pol ystyrene is then selectlvel¥ removed using MEK. The
resulting self-organized polyner nanostructure is
rendered insol ubl e by exposure of The PFB | ayer can be

Crasdnrh! ﬁ*ﬁ@@@’laf@?ﬁé’ﬁieﬂ%r&s@ﬂmﬁm Expdiing the sample to ultra-violet light
ultra-violetli 2mns undér_nitrogen

nm _f
aBr4ewm) fm%mpmuméer/mm@p ambient{1Qapm Sabd€Huent | ayers
can be added by repeating the steps. Exanple 1lc As
described in the preceding paragraph, in a variation
ofExamplenth hod of Exanple 1b, the steps of deposition
of the PFB/PS contai ni ng soI uti on, washi ng VVI t h I\/EK
and crosslinking were carri out a second
F Shacposmer E-matoBaE 2 Amel eI 1A PHRgYIeRS a(OCTC10-PPV)

nmshblé%hﬁf Qi B 106086 |§V'd§s|§oﬁe& i Q&G&% aPEoﬁ’t@ﬁthtlon of 9mg/mll.
In a variation of the nmethod of Exa 1b,

tﬁ’@'@f&’é?ﬁe dPSyewis | molspulan Vﬁ'ﬂ!‘tPFBO 08Nt iai Aispgve ' {ohiene at 3

S @bHédritratioNVds HingBn " khd td-Kolditths &ré aabeéd i &g;am@ﬁ@unts such that the
repeated twi ce prior to deposition of the

sd‘{elﬁht datio o dhg Mwowmeas REh &9valudy Bheta-crasslinkey s agded at 6wt%.

af1'2h1n$|ﬁ'\}e$2mﬁ|f i Tbxidd GvRrs EArRabreCtictived Mvie TRGA %[Kridﬁf-‘d clean 1

0 aml es _1b, 1c and 1d are illustrated in FI% 2.
EsahfeR fgrewﬁglnﬂtgsyﬂfgp solution is then spin coated onto the wafer at 3000

p%\)&tﬁmﬂs ﬁ@rQﬁthief {rHI% @&ei@'s@béhdg Ffhe (tﬂlcl”()r‘}{is‘éI &‘hﬁ@yﬂe)sulﬁng film is

i s-N, N - phenyl - phenyl ene- di am ne)

PFB
rorRam et g ketonb, GRS 8 diosasttvarlo o B, e 1% seconds to
s@%ﬁﬁ@l\ﬁ Fél‘ﬁd\/érth@fpo%ﬁﬂféﬂe TREWakdr)is eitd pur)drpot thethyl ethyl ketone

mol ecul ar wei 000 is dissolved in_toluene at a

c HfiiBedipsoinadonp wayrgaﬁﬁhﬁooerr@ntfwo4%amanpenzheareén@a'eecpolymer PFB

i '?e\%é%aé n&ﬁ%ﬂﬂbﬁ:ré%ﬁmféahﬁé sizB8 ~180h! ThaPFS Iﬁfertlé"ﬂ’neh\éfbss linked
hat o- crossllnker i s ad

\%yyrrers ar e qual ttJp

6\ RXPISIRGNIR SADRImte Hityas\iplet okt £254nmifor dRins %gaﬁogen ambient
Pl(#6pPM GasHsPRN Wi t h PEDT: PSSH at 5000 revol utions per

mnute (rpm for 40 seconds to give 40nmthick

Example 1g

Polymer poly[2-methoxy-5-(3',7’-dimethyloctyloxy)]-p-phenylene (OC1C10-PPV) with
molecular weight ~1,000,000gmol” is dissolved in toluene at a concentration of 5
mg/mL. Polystyrene (PS) with molecular weight ~10,000 is dissolved in toluene at a
concentration of 9mg/mL. The two solutions are added in equal amounts such that the
weight ratio of the two polymers are equal. Bisazide photo-crosslinker ethylene bis(4-
azido-2,3,5-trifluoro-6-isopropylbenzoate) is dissolved in chlorobenzene at a
concentration of 9mg/mL and added to the polymer solution mixture to give 1 wt% with
respect to the total polymer weight. The remaining steps are identical to those in
Example 1b.
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ketone (MEK) is dropped onto the filmfor 10 seconds
to selectively renove the pol yézyrene. The wafer is
then spun dry of nethyl ethyl tone with dissol ved
pol ystyrene at 3000rpm for 40 seconds. The remaining

g;ﬁﬁgﬁfe @;B reveal s a nanostructure with feature

m The PFB | ayer is then cross-1inked by
exposing the sanple to ultra-violet I|ight (254nm for

1? dimer ng‘?{’P%&F‘WQ L RTRURYthIJAROD Bohéiidne ESETRIGPPY) with
pd"l‘%’?@ﬂarewmiay ~5.00:9007is- disselveq | iDctojengy p] congantiaionraf 9mg/ml.
erE?P I\/ﬁsy\‘of\ﬂh"mo‘?é\dﬂllla?r IHhL 10,080 Ois O%sh ed in toluene at

d| ssol've ene at concentrati on of
P@ppcsqnyramof( Sray/mii Tihe tre) salutians areiagied in eaiabamouiats such that the

t\fSﬁjo lof tHeP 'hM:?g:g aﬁ%ré’" af® %38?“ anghcﬂa cﬂss@rﬂ@i‘ haada_%k? at 6wt%.

ol utions are unts su
we1|291m by 42mm 130 subétrmcaﬁpbn%@r@(yafmaplequawvas/spun with PEDT:PSSH

H‘P%@oﬂ&%&}gbﬁ&mﬁr hﬁwu?éjgrsﬁ’;m ‘fb"% on WI 'O%éﬁg@'ﬁ PEDT:PSSH.

| con OXl ers ar
c|Thgrsotutian isithemapin gpated isdEDT:RESEdiImtat 380Q epm fes 40 seconds.

Spf'h@ tﬁf&ﬁ‘ﬁ&@ mhs rsélﬁmvgafuﬁf .@L@Wqﬂ pétHw maqdomex) is dropped

m nut second ness

r ©atn tl'\efﬂgmf o1 ﬁ.Q ,sgconqjgﬁmselegtl\rgby resnque| thR aob/ﬁyrqnﬁgﬂjwewgafer is then
drsggR @Fi/t(ﬁrﬂﬁéih)fl gyl kétBhé Witn H%sél%@ BQI?S ?t‘éné &t 8660 ﬁﬁ# Yor 40 seconds.

renove € po é§tyrene e waf er hen sSpun
matheylemainiya PRYMsA PR trﬁVQ?iSséomaf@étf%UVsW% deaturgy sng@mmOOnm -

" BEbhAT THE P RDESIs tﬂ?ﬁc%@gﬁh@d Q@o&ﬂs thd’ gﬁnﬁls\fﬁ alt2-violet light

a nanostructure wth ature sl z Onm The
| 49%4nm)dor 2nains @n@qsmwgeneamm?ntéiw ﬁ’g/ . sarrpl e to

ultra-violet light (254nm) for 2m ns under nitrogen
anbi ent (10ppm 2 / H20). Exanple 1g Pol yner

p | hoxy-5- (3", 7' -di net hyl octyl oxy)] - p- phenyl ene
(OCLC10-PPV) with nolecul ar weight ~1, 000, OOOgm)r lis
di ssolved in toluene at a concentration of 5

Pdihgs tPplveares  peig(o. fidiactyiiiiosenacarbishliNié- butymeoﬂbblﬁsN N'-phenyl-1,4-
diphap} s diamided \PEENRitRImdlecular weight ~100,000 is dissolved in toluene at a
concentration of 9mg/ml. 6wt% of a photo-crosslinker is added next. A dissimilar
solvent (dimethylformamide) which has low entropy to PFB is added at 5vol%. The
solution is spin coated onto pre-cleaned silicon oxide wafers at 3000 rpm at 40
seconds. PFB is naturally phase separated with length scales in the order of a few
micrometers. The PFB layer can be cross-linked by exposing the sample to ultra-violet

light (254nm) for 2 mins under nitrogen ambient (10ppm O,/ H,0).

Tall polymer nanostructures can also be built using the one polymer and two solvent
approach as the nanotemplate layer and subsequent layers can be built using either
the two polymer one solvent or one polymer two solvent approach.



concentration of 9ng/nL The two solutions are added in
equal anpbunts such that the weight ratio of the two

wenloynsssss are equal . Bi sazi de phot o- cr ossl i nkerCT/GB2008/003965
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et hyl ene bi s(4-

azido-2,3,5-trifluoro-6-i soproggl benzoate) is

di ssol ved i n chl orobenzene at concentration of

9ny/ nL and added to the polymer solution mxture to
gi%mbé/\ggﬂ)vmth respect to the total polynmer weight.

The remaini ng steps are identical to those in Exanple

1b. Exanpl e 1h Pol yner

( Ocovirﬁel Cloﬂg& %Wet’ﬁbﬁy?zsa(i 7 Qirﬁ@ﬁﬁd&tyﬁ&im p@ﬁé@&fep heBYESOPPV) with

ecul ar wel

direlesularaveight; 6@%9%'3611'55@5/#@6%{‘3%’190?{ %150@#@‘}'%0" of Smg/ml. 6 wt%

P‘?Jlf )ésFﬁétSflﬁos{sP@er% HRaEP IneulTie SRt i s spw cggl@d' éwto pre-cleaned
di sso in toluene at concentration of

t \Bilicen pyde yaters ab3QQ0HRM at 40 segpads iogive ?5559!]1:‘1'?'0!‘ i !ﬂ‘ Fh% OC1C10-
\A@’Fﬁhtayélaéérpbé’&rogg-‘ﬁnﬁ f&%&&hé%ﬁm@%' ultrﬁwolet Ilq_ht (254nm) for

phot o-Crosslinker is ad %

P BBt HRGeT AitTagen EOTeNt SISRPEMOp! beth (BOIBWATYI ReHtyrio acid methy
PFe@t-Brgﬁét I\/Btw@IOIQQIeEQMPWHEhPDQ (P@'is H?s!%lkﬁi (" tHBrobéHzefte. PCBM is

secon gi ve 40nm t hi ck PSSH. The solution is
¢ 1FBIT-GABte tikea @nlo GHE 1S OHFRY Iao 242080 P 26 40 SeB00GS toggive a 35 nm

f QhickBcIeaoEy/14hk Popnvgkness of the resulting filmis
~40nm Met hyl ethyl ketone (MEK) is dropped onto the

filmfor 10 seconds to selectively renove the

PEY4 gpe. The wafer is then spun dry of nethyl

et hy etone with dissol ved pol ystyrene at 3000 rpm
for 40 seconds. The remai ni ng pol ynmer PFB reveals a

NFHRFhdru gblyrzemahbky B-Q@tﬂlﬂﬁneﬁhﬂ&ﬁylaﬂﬁpﬁ-ﬁheny'i&@ r(@cTtmo -PPV) with
PFB 1 ayer is then cross-1inked rg(}gtosm t he sanp

t dele¢ %l' \W'%'I‘teﬂoq Pehis disaohvedyin F%‘He r%cqnﬁevatmntqf@gaﬁm' 6 wit%
arﬁ?lae hot6lﬁﬁéﬁ?l@fflf abidéd ne@%ﬁ@'ﬁl%@nTg%ﬁbUéfﬁd onto 40 nm thick
pO 1 OC uor eneco-nil s u en

&yéw’ SSHEA DR ShHE ASHABHR ToiBA B TRABORIE The BCT1C10-PPY
rméyéce ¢hRbe \WrdsBhihked M)ex&%gltﬁe dhﬁa?ré' t¥ Qnira-ﬂorbpﬁgm (E54akn) for 2mins
a concentration. of ng 6wt % o

i Ungag aitroger ambignt (10pPm; (Pa/r Hz Q% v 66,6)- pﬁeny‘ 861(-:t§u%§nscl écl?gi( %ethyl ester

( 3PC§W¥Mf5rpﬁllﬁ$Ghl$ﬁhelght ch1d195s HRYoIeEd PEoroBeldeRel SPCBM is spin-
ded a e e
coated twice onto 0OC1C10 PPV layer at 3000 rpm at 40 seconds to give a 35nm thick

OC1C10-PPV/14nm PCBM.

Example 3c

Polymer poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)]-p-phenylene (OC1C10-PPV) with
molecular weight 100,000 is dissolved in toluene at a concentration of 9mg/ml. 6 wt%
of a photo-crosslinker is added next. The solution is spin coated onto 40nm thick
PEDT:PSSH at 3000rpm at 40 seconds to give a 55nm thick film. The OC1C10-PPV
layer can be cross-linked by exposing the sample to ultra-violet light (254nm) for 2mins
under nitrogen ambient (10ppm O,/ H,0). (6,6)-phenyl Cg,-butyric acid methyl ester
(PCBM) with molecular weight ~910.9 is dissolved in chlorobenzene to give final
concentrations between 0.1mg/mL and 10mg/mL. The PCBM solution is inkjet-printed



solution is spin coated onto pre-cleaned silicon oxide
waf ers at 3000 rpm at 40 seconds. PFB is naturally

wehmsecssseparated with | ength scales in the orderT/gB208/003965
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few m cronmeters. The PFB | ayer can be cross-linked by

exposi ng the sanple to ultra-viglet light (254nm for

2 mns under nitrogen anbi ent PQOppn1C2/ H20O . Tal

pol ymer nanostructures can also be built using the one

PV¥ITRE EOLibRMY (&@@P@W&M%l@% bss%e@aagtv%raoi ?éreof (OC1C10-

Ia er and subse uent ers can be built using
\Dveh abwpy'nwe bﬁénr@am p {hidkness omie qf d\{hy?héﬁ denpsitediaayar of PCEM

LB%Yo n'%ﬁéh}'@brﬁn cHrRy ITer
ponFZ 3,7 - dlnethyloctyloxy)] p- phenyl ene
(CC1C10- PPV) vvlth mol ecul ar wei ght 100,000 is

dissmpkesy i n toluene at a concentration of 9ng/m . 6
‘W—fp_—o 0 phot o-crosslinker is added next. The sol ution

is spin coated onto pre-cleaned silicon oxide wafers

eo%m x?IS-@@?’Scﬁﬁ\Qﬂ@%chxg}]lbepr%n?@Hén (U@&:ko BPVIMwith molecular

1C10- " PP can ‘be’Cross by exposi n%{
trv@@ﬁnbpeﬂ 9@Ogmlr awaﬁ gisselved g%ttolezmmtr)a fcer‘cezmaﬁgn 3 mg/mL.

u "Ei@éznd’é' tdh%&ﬁ&o@ﬁfﬁk&ntetﬁﬁlgrw ”bl% 42|d3293,5 tflﬁuc% Bﬂg@é"rbfbylbenzoate)

%glc acid nmethyl ‘ester ﬁ nmol ecul ar .
mmagh@d 1t0. thej rixiire 4o gjvedaifina ﬁ'l%?'%@hﬁ@??@"trﬁ’@ﬂvpf Q-5wiw% with

S%§be%9ﬁ)t e SR PP OTI%:%Q&@WP Wé(s k@ﬁ%&l@&oﬁ@@@nfop&léﬁ{ ITO-glass

0 seconds to give a nmth PPV/ 14nm PCB
nghﬁrage BE-tRAtedwith a 50nm thick PEDT PSSH film at 3000rpm for 40 seconds to

pgic\)é[gwmﬁm dymR (3", 7' - di net hyl octyl oxy)] - p- phenyl ene
( GCLC10- PPV) Wt h m)lecular wei ght 100, 000 is

di ssolved in toluene at a concentration of 9ng/m . 6

WiHeObCic RIrPhOrREORas 'tﬁ%ﬁ?&rob&nﬂgﬂj% e@( gding 1O O\VSRIHYDRSN nm) for 2
is spin coated onto 40 nmthick PE TP SH at SOOOr%m at

4G"'§téf@§ iviger @ niiogen ét@gﬁfﬂ"r’ﬁfﬂw{ﬂﬁpﬂ Pt Grandansed gvitbpigluene on the

ftineft (B, @)epﬁérn9 8; d?%ﬁdaé?d’ aktag (ﬁ@BM?%B’eSulhpwelght 910.9¢
uI tr -VI ol et ‘%Qt 254n for Z2m ns under nitrog

arf’ﬁ?'eh‘b’af( ‘f!'@ﬁ?;hfﬁ I@nze(lg t53 cglpir\;g‘rpy'[atlQ%qafb?mglmLC %Q@M was then
Mahflirdted fitS the(FlAMr 14y by %Binﬁ@%'a@BOU@bﬁlhbr 403&b0fldd.S

di ssol ved in chlorobenzen is spincoated tw ce
onto OCLCl10-PPV | ayer at 3000 rpm at 40 seconds to

i 4 ehig exaiiplet tHeOXCBM is the electron acceptor and electron transporter, while the
OC;C4-PPV is the hole acceptor and hole transporter of the photovoltaic cell. The
primary light absorber is OC,C;,-PPV, which has an absorption coefficient five times
greater than that of PCBM at wavelengths between 450 and 550nm.

Infiltration of PCBM into the OC;C+,-PPV film results in a diffuse interface and a graded
composition, as confirmed by top-side and bottom-side spectroscopic ellipsometry, the
results of which are shown in Figure 3. The dielectric function determined from the top-
side (air-polymer) shows a higher PCBM content compared to the bottom-side
(polymer-substrate). This can be seen from the relatively higher k values at
wavelengths below 450 nm, where the OC,C4,-PPV absorption tails off and the strong
absorption band of PCBM begins. The ellipsometry results also suggest the possible
presence of a thin layer of PCBM (about 3 nm) on the surface of the graded composite
film.



OC1C10- PPV/ 14nm PCBM Exanpl e 3c Pol yner
pol y[ 2- met hoxy-5- (3", 7' -di met hyl octyl oxy)] - p- phenyl ene

wd £009/688984PPV) wi t h ol ecul ar wei ght 100, 000 i SPCT/GB2008/003965
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di ssolved in toluene at a concentration of 9ng/nm . 6
wt % of a photo-crosslinker is ggded next. The sol ution
is spin coated onto 40nm t hi ck PEDT: PSSH at 3000r pm at
40 seconds to give a 55nmthick film The OC1Cl10- PPV
| ayer can be cross-linked by exposing the sanple to
ul tra-violet (254nm for 2mns under _nitro
arfppticat mequl‘gg ﬁpgges;s qqg@re 3vgrags PM}QC@@ \41"9\”%’@ ratio in the film
aGé theb@deny b.5es ten: 1( RitBMNlighyt Righet ecBM icol@hg bt thedidp &ir-polymer)

is dissolved in chl orobenzene to give fina
cdreeree hen shivehoftf@en 0. 1ng/ Ml _ and 10ng/nL. The PCBM
solution is inkjet-printedover the crosslinked
(QC1C10-PPV) over nultiple passes to give a |ayer of

( 3 PV) of approximately 35nmin thickness on
top of which is deposited a layer of PCBM of

r oxj mat Oon ckness a
DTy PY o IO & P Bsampleo Sy RO TR HER cathode was
( Qepbditedrind thel Helfterﬁﬁhltﬁlié & give aPhotobiddeGpi@POgnol 1 was
di ssolved in toluene at a concentration of 3 ng/niL.
Bi sazi de phot o-crosslinker ethyl ene
bise(rﬂscazdﬁmr ZdeVics triadd fromosiich EetercsmittariRZeaiRY) highsr efficiencies
ﬂed to the ?bét%re to give a final crosslinker
c& A revantihl BIENgdsVigeso wi t h respect to the OC C
10-PPV. This solution was then spin coated onto cl ean
| TO- gl ass substrate pre-coated with a 50nmthick
PEDTPSSH fil m at 3000rpm for 40 seconds to give a 55nm
thick film The OC1Cl10- PPV | ayer was then crosslinked
by exposing to W/ light (254 nn) for 2 m nutes under a
nitrogen atnosphere (<lppm 2/ H20) and rinsed with
t ol uene on the spinner. (6,6)-phenyl C6 1 butyric acid
met hyl ester (PCBM (nol ecul ar weight 910.9g nol 1)
was di ssolved in chlorobenzene to a concentration of
9ng/m _. PCBMwas then infiltrated into the polymer
| ayer by spinning at 3000rpm for 40 seconds.



In this exanple, the PCBMis the el ectron acceptor and
el ectron transporter, while the OCLCl10-PPV is the hole

weazoepisss4 and hol e transporter of the phot ovol rGE/GB2008/003965
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cell. The primary |ight absorber is OCLCLl0- PPV, which
has an absorption coefficient %Jl ve tinmes greater than
that of PCBM at wavel engt hs between 450 and 550nm
Infiltration of PCBMinto the OC1Cl10-PPV filmresults
in a diffuse interface and ayiafed conposition, as
confirned by top-side and boffonrside spectroscopic

el lipsonetry, the results of which are shown in Figure

34. The Adslﬁipeaéa 'p6|yfﬁé9¢1bte%htr@@iu€é RAHREIN fthed Refehdstiueire comprises a
side (air-polynmer) shows a hjgher PCBM content

c@ﬁb(ﬂ'}eé d“’!‘@b'{'ﬁg Yo FW’@F‘U@Q%&#W%’F‘?@JB%‘?W@d orrgaid polymer.

can be seen fromthe relatively higher k val ues at

wavel er_}%t hs bel ow 450 nm_where the OC1Cl0- PPV

aBsor pt'i Bhvetespsteuchire agepidipg do §'?F’%ﬂgwﬁﬁr§5‘r§9?|"8ﬁ‘°9!¥ﬁ%d Belymer is a

PERMshf@dpolymeie el | i psonetry results al so suggest the

possi bl e presence of a thin |ayer of PCBM (about 3 nm

on the surface of the graded conposite film Qpti cal

madel i Mhe hEdEIRSInSctirdadccoitfinA e cRBe 2 WHdrEin tkd r is radiatively

vqurrerat|0|nthef|Im|s between 0.5:1 to 1:1 with

sieresatinkgdni gher PCBM content at the top (air- poI ymer)

interface than at the bottom Exarrpl e 3e Foll owi ng

infiltration of PCBMin an al um ni um net a

cét hodd hﬁa@*ﬁ’@ﬁ%’é‘?‘?’@da‘éﬁﬂ%"q ﬁ% q?é'T'e? o¥hergit Hise PRlYMET %therma"y
a cpdselinkdgode pi xel . Sem conduct or devi ces nmade from

such heterostructures exhibit higher efficiencies than

conventional blend devices.Clains 1. A supported

pt5| yﬁerrhaeh&éﬂﬁfrﬁétﬁieu %@corﬂfﬁgr@ Bny fdeh 6t @IRAs r11ab U4 ewherein the
ri ses a ‘v) i rmobi | I zed onasubstrate and a

P %ﬁ*f%‘?ﬁ{“’eP‘P’H YRS R5&iOr BiPre Aiffuse ar aRippLiRterfaes. Tre
heterostructure according to claim1l, wherein the
I nobi L zed polyner is a crossllnked p

olyper. 3. The .
s or oJe L ReBrASHEE: 3PeRINg @ AMnone” ah TS, THe & wherein the
P GlelerBstructuré asthpiideéed vertical lamellar.

7. The heterostructure according to any one of claims 1 to 5§ wherein the
heterostructure comprises an in-plane nanostructure.

8. The heterostructure according to claim 7, wherein the nanostructure comprises
a columnar heterostructure.

9. The heterostructure according to claim 8, wherein the nanostructure has a
lateral length scale from about 10 nm to about 1000 nm.

10. The heterostructure according to any one of claims 7 to 9, wherein the in-plane
nanostructured heterostructure comprises a series of discrete regularly or randomly
spaced elevations or regions of immobilized polymer.



crosslinked. 4. The heterostructure according to claim
2, wherein the polyner is thermally crosslinked. 5.

wOol hmo/esser ost ruct ure according to any one of circi/GB20D8/003965
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to 4, wherein the heterostructure conprises one or

nore di ffuse or abrupt interfaﬁ 6. The

heterostructure according to a g one of clains 1 to 4,

wherein the heterostructure conprises a vertical

! qqel | Ahe ﬂaergﬁﬁjég\\ﬁ HBSdiNgClo UhE pRévidistidi, WheRH tHeNElevations of
cl ai ns erein the heterostructure conpri ses

arhmmbtbF% polyaab Bave, ddependently srlectedtfeany spgh ethat. e lateral length of

aGpBLT dMeh {P100bAnM 7. Wherein the nanostructure

conprises a columar heterostructure. 9. The

het erostructure according to claim@8, wherein the

NgRost rﬁh%tﬂéﬁ&oﬁﬁ.&tlﬂfela%tz&ﬁmg to @AY bRevitkid! fairh! Wﬁé@hﬂhﬁe 13@ral length

nmto about 1000 10. The heterostructure according

wsamntdﬁ@ndwe@ranns 7 to 9, wherein the in-plane

nanostructured heterostructure conprises a series of

di screte regularly or randomy spaced el evations or

r dgi ongTherhe mﬁmqwrzé&cw@mnterthqfrewm@ qRime Whekeinthe ateral length

ags Qbslit PBniqo bB6hMY evi ous claim wherein the
el evations of imobilized pol yner have, independently

sel ected fromeach other, a lateral |ength of about

| Gam t Q'héoﬁélemstr&&ure-rggcd?&hﬁ rtes‘érfyu&t\éJ ro? c?éirﬁ@rfb &9 18O wherein the
the previogus claim wherein the I'ateral | engt

2 (R YRt depeDaRTHbN of E7ch TtReThBevs Bdieialt tseheeteacfm @Pagt SOnm to

t ®gbhM. Previous claim wherein the lateral length is
about 20nmto 200nm 14. The heterostructure according
to any one of clainms 10 to 13, wherein the el evations,

| ngepengRnhitérdatrugard aeéé}aihg foaxey dnBeboBhinfLHewt a4, wherein the
from about 50nmto 200nm
polymer is an organic polymer.

16. The heterostructure according to the previous claim, wherein the polymer is
selected from polymers or copolymers selected from poly(thiophenes), poly(phenylene
vinylenes), poly(fluorenes), polyaniline.

17. The heterostructure according to claim 15 or 16, wherein the heterostructure

comprises one or more inorganic compounds.

18. The heterostructure according to any one of claims 7 to 17, wherein the further
material comprises a second polymer and the heterostructure comprises an abrupt
interface.

19. The heterostructure according to any one of claims 1 to 17, wherein the further
material comprises a material with a lower molecular weight than the molecular weight
of the deposited polymer and the interface at the deposited polymer and the further
material is diffuse.



15. The heterostructure according to any one of clains
1 to 14, wherein the polyner is an organic polyner.

wdlfnoo/déssshet erostruct ure according to the previr@uEB2008/003965
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claim wherein the polyner is selected from pol yners
or copolynmers selected from polLy(thi ophenes),
pol y( phenyl ene vi nyl enes), poIé%fluorenes),
pol yaniline. 17. The heterostructure according to
Cld M KpeHetdrBstruthife %'c@oruﬁg 8 S:‘a%olg)t WP%HH fheGBWEF Mdfedular weight
one or nore Inorganic conpdunds. 18. e
hanatedal complisgscameligomérng to any one of clains 7 to
17, wherein the further material conprises a second
pol ymer_and the heterostructure conprises an abrupt
rﬂ1er f dde. hetgostiuetura aaceerdingrta claime2Cawderein the eligomey comprises an
er materi al
n%%gigg%ﬁ%a%gr ?nfn@len%&?%m%@aﬁ%gélgl ar wei ght
than t he nol ecul ar wei ght of the deposited pol ynmer and
the i ntﬁ%fl%‘? 0 #ucrttn'@ f%@&%ﬁgttﬁ‘ila‘ﬂﬂlW'WheWtﬂehﬁwEPFnBIé%ﬁlar weight
mat eri al use eterostructure accordi ng
tdnaiﬁl’é\ﬁlﬁpmflsmﬂé?'hmplﬁ’éuﬂeomer mol ecul ar wei ght
material conprises an oligoner. 2 1. The

het erostructure according to claim 20, wherein the
oI33goné|'mecbﬁ$§r¢%rél§tUam ascpiginge to oglaim 22 hwherein the small molecule

erﬁé‘seﬁullérleHQB?é‘@eﬁV tiog g0l €. 22. The

ostructure according to claim 19, wherein the
I ovver nol ecul ar wei ght material conprises a small

m§4ecul1ehe l?e%erog—thﬁ:ttn?ta%&&rﬁfngl{?%rﬁ L QPerli ?‘G]et IBwet RoBcular weight

wherein the sma e conprises | erene or
m@ew&pm@ésesmnwrysm or FRaneMteer ost ruct ure
accordl ng to claim19, wherein the | ower nol ecul ar
ight material conprises a nanocrystal or a nanow re.
2@5 The'hechetetestruciuteypecosding taliatty ene fhclame & ta24i M@efe'n the

1%poog|ﬁon ‘M&ﬁ@ bﬂtﬁeh&ﬁm%‘rfabé‘?i‘gpio‘éﬁ' dver @f vérft@l distance of from
fuse interface Is graded over a vertical distance
fabppbﬁﬁim to about 500nm and the grading comprises 80-100% of the first polymer
and 0-20% of the further material at a first edge of the vertical distance nearest the
substrate to 80-100% of the further material and 0-20% of the first polymer at the edge

of the vertical distance furthest from the substrate.

26. A semiconductor device comprising the heterostructure according to any one of
the previous claims.

27. A semiconductor device according to the previous claim wherein the device is
an organic light emitting diode or an organic photovoltaic device.

28. A method of making a supported polymer heterostructure comprising an abrupt
or diffuse interface, the method comprising the steps of:

i) depositing on a substrate a first material and a phase control
material and wherein the first material and the phase control material
phase separate;

ii) removal of the phase control material by a selective solvent;



about 5nmto about 500nm and the gradi ng conprises
80-100% of the first polyner and 0-20% of the further
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nearest the substrate to 80-100% of the further

material and 0-20% of the fi rsé pol yner at the edge of
the vertical distance furthest ‘%romthe substrate. 26.
A sem conduct or device conprising the heterostructure

accor di ng; é): o af%esé?uﬂﬁngihet Jéﬁqaﬂﬁﬁq/aéﬂb%n&d filsatefidt afd

sem condu vice accor revious ¢ al m

wher ei n tiMe dederositios oha fmfmmaﬁemal gntat taast therggossiiokas deposited

or an organic ﬁ}gp,g %t_al c device. 28. A nethod of

maki ng a supported polynmer heterostructure conprising

an abrupt or diffuse interface, the nethod conprising

t by st emén?é hod &f G&RCOS, %B&rﬁﬂe%r&lﬁ‘iﬁiéﬁaﬁ]&a V\Eol st

mat eri al a phase control materi an ein the

first materl al and the phase control naterial phase

S8BAI arhe rhdthod STERNA zgjflvhtenté‘?h PBHRR Y falatiUEH EfdsSinkBY

a selective solvent;iir) crosslln I ng the renaining

deposited first mat er | al; and iv) deposition of a

fugt herTHB%th‘o@'of QIQm"F‘QQ |vﬁ1”§élnttﬁ'@p&§rﬁ§ﬁ5 ‘tﬁ&fﬁl‘g V\ﬁ@rﬁ@ﬂnké‘@.

first materi al . The nethod of claim?2 erein

the first rmterlal is a polynmer. 30. The method of

chai m 39 r%lﬁ{)@'of‘a fESné’B* Mg’ﬁ{s 2§td' 8fliviHdrdiRtie phase control material

crosslinked clai'm 29, wherein the

pEPyREses @t t lﬁe$twan¢ yofe raasl@m mral@&ulas oweighte PRVEEHJ apf Oligomer,  a

2B¥yBREAtechRIdMBmRR 4 Soiveht wHR WBELnbH ssBR%Re OPHEP!

mat éri al conprises at |east one of; a | ow nolecu

wei ght pol yner, an oligoner, a pol yeI ectrol yte, an

' @@Orre“l'heaméﬁ%ﬂ itan ?"Bn‘éhofdélﬁﬁ'lsn@é t6“3§39$ﬁ4§nst| a subse%uent phase
l'ymer . The nmetfhod of any one of clainms 28 to

c@ﬁearagcpmgtea subsequent phase separation step. 34. The

met hod of claim 33, wherein the subsequent phase

separatlon Is selfaligned
4. The method of claim 33, wherein the subsequent phase separation is self-

aligned to the first determined pattern.

35. A method of making a supported heterostructure comprising a diffuse interface,
the method comprising or including the steps of:

i) depositing on a substrate a first polymer;

ii) crosslinking the polymer; and
iii) depositing on the first polymer a further material with lower

molecular weight than the molecular weight of the first polymer,
wherein the further material diffuses into the first polymer.

36. The method of claim 35, wherein the lower molecular weight material comprises

an oligomer.

37. The method of claim 36, wherein the oligomer comprises an oligomer of

thiophene, phenylene, fluorene or oxadiazole.
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the steps of: i) depositing on a substrate a first

pol ymer; ii) crosslinking the Bgl ymer; and iii)

depositing on the first polyner~a further materi al

with | ower nol ecul ar weight than the nol ecul ar wei ght

of the first polynmer, wherein the further materi al

di ffuses into the first polyner. 36. The nethod of _
cI38i m Jbe mathotoiclaime3s, whereimiiedeweranolgesighveightraateral comprises
CEhdISRSie@lle ol i goner. 37. The nmethod of claim 36,

wherein the oligomer conprises an oligonmer of

t hi ophene, phenyl ene, fluorene or oxadi azol e. 38. The

mgghod TﬂE rhetAbd of elain /38! ﬁ/PEreﬁ f?ﬁ\ﬁf mBleEGe Worlprided eiikrene or a
material conprises a sna ecule. 39. The nmethod o
cldgrivativg thefgefr ei n t he snmal |l nol ecul e conpri ses

fullerene or a derivative thereof. 40. The nethod of

claim 35, wherein the | ower nolecular weight materi al )
cdfipri Jbg nsteodhef Glyme3S: anhgeainy thedpwergnolgewianiweight material comprises
ThiRe B8 HoR nSocARYal® BEndHowfired M _28 to 40, wherein the
substrate 1s prepatterned. 42. The nethod of any one

of clains 28 to 4 1 conprising the further steps of

| QO Pahat hBhoki N6F §WBﬁétcﬁdcl§lﬁfseié’% r4¢C tiHeRein rthél substrate is pre-
sem conduct or device. 43. The nethod according t

clPaiteingd. wherein the device is a photovol taic deV| ce.

44, The nmethod according to claim42, wherein the

device_is a Iight emtting diode
42 The method of any one of claims 28 to 41 comprising the further steps of

incorporating the supported heterostructure in a semiconductor device.
43. The method according to claim 42, wherein the device is a photovoltaic device.

44, The method according to claim 42, wherein the device is a light-emitting diode.



