MULTILAYER HETEROSTRUCTURES FOR APPLICATION IN OLEDS AND PHOTOVOLTAIC
DEVICES Field of the Invention 5The present invention relates to the field of polymer thin film
technology and devices such as organic electronic devices, plastic electronic devices and organic
semiconduct@rodewsagsssin particular, it concerns organic polymer heteregtucidsase@sgs organic
polymer solvent-processable heterostructures which may contain one or more diffuse or abrupt
interfaces. The heterostructures may be nanostructured. The 10heterostructures may comprise a
crosslinkable & THIAMRER HEJERGHERYET URES EIRR ARPRGIATHS N INE KRGS Aitltheterostructures.
Background of the Invention 15High-dtR@i 3éaidéd ddtdiGBRrostructures, which are junctions of two
dissimilar materials in contact, are crucial to the proper operation of many organic semiconductor
devices, including light-emitting diodes and photovoltaics. The materials in contact may differ in one or
more of the following opto-electronic properties: the hole and electron transport levels, refractive
indices, excited state energy levels. 20 B\F/_selectlng the appropriate materials which are in contact,

one can form e.g., a charge-confinement#eHacaSwReiathsmits carriers of one sign but blocks
carriers of the opposite sign. This may be achieved by adopting at least one of the following: the

appropriake eRy QIR TRVENIA Ré't%?e@%j fRleRl Qrbf”;?d“ﬁﬁgﬁtﬂﬁ%’ﬁh% RIS MHeieEe<S interface for
efficient injection of charge of one si d:Qeavm raded y el; an exc ton-confinement
interface to pr%l{%’ht?ﬁe RB6n ﬁ% Hh"ﬁ%ntg e E?%%ﬁ ggﬂ%f’ b)?r? p%&?faca higher
energy there; @pmmmntlmthétwmym@Mm fetecaRREcElRSy into the
neighbouring Weéu’gydmp@g‘»iﬁ@ Bvennsisiradandaisldiiaralirelesionmaitheininarieesa
charge-carrier.gengigiian, <0 iieriasee.crenicielelipna gad feles upanahsprRionrala photon by

having the sw ectron an e energ or exciton dissociation; a
cascadedUset %ﬁ@ﬁé’i’é}?ﬂ’é‘?ﬁa@%Pﬂ%@%%&fﬁ?ﬁ%"&?ﬂ%ﬂ%@%{ eV PSR IMEBIRTCASRye-carrier
generation; or¢atbatgmatastie vireakinbaaationdrigriatedo create excitons by the capture of electrons
and holes electrically injected into the device by WO 2009/068884PCT/GB2008/003965

Background of the Invention

15  High-quaiity semiconductor heterostructures, which are junctions of two dissimilar
materials in contact, are crucial {o the proper operation of many organic semiconductor
devices, including light-emifting diodes and phofovoltaics. The materials in conlact
may differ in one or more of the following opto-electronic properties: the hole and
electron transport levels, refractive indices, excited state energy levels.

20
By selecting the appropriate materials which are in contact, one can form e.g., a
charge-confinement interface which fransmits 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

25  interface for efficient injection of charge of one sign by having a graded energy levei,
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 phofons from travelling away into the neighbouring layer by imposing the
condition for total internal reflection at the interface; a charge-carrier-generation

30 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



2 having the suitable offsets in both the electron and hole energy levels for exciton generation. An
organic light emitting diode (OLED) consists of a cathode, an emissive layer, and an 5 anode in a
sandwich structure. The anode usually consists of a transparent indium tin oxide (ITO) substrate

coated with axigyeisakarmnducting polymer. The emissive layer consists giglegiaadiansporting, hole
transporting and emissive materials. These materials may be molecules, oligomers or polymers or

segments of polymers, or nanocrystals, or nanowires and nanosheets, with a It-e gap of 1-4
electronvolts (eV). 10 The cathode usually consists of a low work function material such as calcium, or
a combination of an insulator such_as lithium fluoride and a metal such as aluminium. \When a negative

bias is applied 184A% B&SUiEPEaTeets b PR A & BHIRN NP8 BRKA PSS /8K, F%rlﬁ]‘?gg?é"d into the

electron transpegtergtiemterial, while holes are injected 15 into the hole transporting material. The
electron transporting and hole transporting materials may be the same or different. The electrons are

transported |nt the lowes d m ar orbl aI I\% of the emissive material, and holes
R e e R L5

are transporte m‘f’og e u& ual}sg’rg?aﬁ(?—? )&?Wésgrﬁsﬁvé mgterﬁlal The

recombination @?Qﬁ%ﬂbae?éﬁt%‘% %Fﬁdfh’b?eg Rf\RESEE H5EREN CORBItH &f Gy D EiRRS pRsfieThEnto the
LUMO-HOMO gadis &Anogrgaieafhodaied taith (OBYEr devineicetigi gisiyhan elﬁ@ummawyer (cathode),

an absorption %Bﬁs&'{%ﬁ %‘é‘é}‘&ﬁ%}%@ﬁ{g g 98!1%;:%‘?&':‘?9“8543&9@915 % %ro“h?é’sléecmr usually

consists of a low work function materia h as calcium or -aluminium. sorption and
charge- generaﬂlitPf%r%f’?ﬁé’nQ%tg’@?‘&B@%rﬁfﬁj”ﬁ%?eﬁ%gofﬂﬁfj%%ﬁﬁ‘i’éeﬁ@"nf’fo“ﬁli’/@%ﬁ &Xciton state,
charge dissociatioscrysistrialsrtirainiiss acihtethsheste) teithsiatertogaive fthel electimivaisdd\dle, and

charge trapspofing. pateli a&%gtwwﬁﬁ&e%{ H‘%\E '%HP%&B@ *ﬂ?!?e%ﬁ"&%ﬁ "G fisgpgation sites.

These materials may be the sarne or different, They may be molecules, oligomers or’polymers or 30
segments of pm@t'%%éﬁdﬁmf§ﬁ?mﬁiﬁm§w*ﬁﬁﬁﬁgr?e’@f‘éaWﬁﬁhaaﬁ BB 1-4

electronvolts (eV).

When a negative bias is applied to the cathode and is larger than the built-in potential,
electrons are injected into the eleciron transporting material, while holes are injected

15  into the hole transporting material. The electron transporting and hole transporting
materials may be the same or different. The eiectrons are fransported into the lowest
unoccupied molecular orbital (LUMO) of the emissive material, and holes are
transported into the highest occupied molecular orbital (HOMO) of the emissive
material. The recombination of these electrons and holes gives a photon with energy

20 corresponding fo the LUMO-HOMO gap.

An organic photovoltaic (OPV) device consists of an eleciron collector (cathode), an
absorption and charge-generating layer and a hole collector (anode). The electron
collector usually consists of a low work function material such as calcium or aluminium.
25 The absorption and charge-generation layer consisis 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
30 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 o the absorption gap of the organic
material, an exciton is formed. Excifons are coulombically-bound electron-hole pairs.



WO 2009/068884PCT/GB2008/003965 3 Excitons need to be separated into electrons and holes, and
collected at the cathode and anode respectively. The efficiency of separation of these photo-excited
excitons into free electrons and holes is therefore critical to the efficiency of OPVs. This separation is
achieved at e Hateraggbetween two materials with appropriate energypcgefsaigdssfath the LUMO
and HOMO levels and is crucial for the efficient dissociation of the excitons to provide efficient OPVs.
One of these materials is a hole transporting material, and the other is an electron transporting
material. Holes and electrons are therefore respectively transported through these materials to the
respective electrodes to be collected. 10 For a number of applications, particularly for
charge-carrier-FECEPBIRSRI iPeIRFREERIRRIRE FiRAERRS 2RH Rofesnapged Fehecaibrem
photovoltaics, itis desiaidedectisie artestfiikecdyhdteepstatictuoé fresoppasentdited glaiars
heterostructureinf pla0 QGOSN HBIS 1% krérdlistitgdhateremitupyrectaaies afqtge interfacial

area 15 between the two materials in contact, by havi%g "fingers".of one material in contact with the

other material 3?8?@%&%ﬁ‘érl"‘é\‘ﬁgé&g}?d"ﬁ?ﬁ’?&eoﬂ%?? WRIIAETHD W HAEPEoRISE RIR R e in intimate
contact. Havingtskisge britcthestididtamanthtiPidCidg ale arhis ierysia\iordhg. ebivianjalisaedéetiereneration
efficiency in phﬁt%@@ﬁéﬁdﬂ@\ﬂﬁ@@ﬁ@Iéﬂﬁpféﬂtwsﬁbkﬁfﬁédbaqmazbweexla@mdumd@aterials that
continuous paths exist en.all locations in t ole transporting material 1o jts,proper contact
(positively-bias{eng Sgﬁtagcﬁéfvc\g%n?te%ﬁésn %{‘ ﬁ% etrso?rr} ?grﬁﬁger}rr%}ﬁir%g)a%ﬁ%ey ga}%% ar(?r(‘eGt gi[%\%%/nfi%seed contact
for collection offfSREQATHRRSESVEINdTRRsParR I iREWHEIRSFeTBAERIF IR W&ﬁ%ﬁ?ﬁ@ PRAERTSS In addition,
such paths shoisldgxesiiesriatially lie along the most 25direct route; otherwise the transport of these
carriers woylld 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 B€CAUMRER(iE. 2ppicaidprLaticHaty %p SiervEIie sPRiRtieh s ddhrough the
thickness of thefiliitiyg vdeidtesn and brefempedca it gsnesatitrein coiatovtiteidistitiu dasirable rtostructure”.

Eolumnar (;jistripélwgq Qg%&g%&%&g@ﬁﬁ@u\p@hg%/%gféqg #)%pﬁptpﬁ@[gpg@gﬂm}éo ﬁ@;p;g}gi,r fa?rication
as proved proplematic. Controlling the. mor of such structures during formation is no
Craghttonwara O IEUbaBpE FICHIGN AgsE s cnts 8 o8 SeHREa s

15  between the two materials in contact, by having “fingers” of one material in contact with

the other material or one material embedded in the other, so that the two or more
materials are in intimate contact. Having a large heterostructure interfacial area can

improve e.g., charge-carrier generation efficiency in photovoltaic devices.

20 It is further desirable for the two charge-conducting materiais that continuous paths
exist between all locations in the hole transporting material to its proper contact
(positively-biased contact for injection of holes in Fght-emitting diodes and negatively-
biased contact for collection of holes in pholovoltaics), and likewise for the electron
transporting material. In addition, such paths should preferentially lie aiong the most

25 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

30  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.



In particular, for organic photovoltaic devices, the required lateral dimensions of the heterostructure in
the directions along the plane of the film (i.e., the lateral length scale of the distributed heterostructure)
is related to the exciton diffusion length scale. 5 Absorption of fight creates an exciton that diffuses
about in the mataniahdisis essential that this exciton can reach the chargecearieregienesating interface
within its lifetime, in order to produce electrons and holes that can be separated. For typical-exciton
diffusion length scales of a few to tens of nanometeys, it is useful to have the lateral length scale of
similar dimensions, so that the majority of the excitons generated can 10 reach the dissociation
interface. With the charge-carriers so created, it is then essential for them to be transported to the
respective collection electrodes. Up till now, it has proven difficult to fabricate such heterostructures of
such fineness iin @stitabiefonangholo ghoitvsteitedelites, dbje ctivdsdfizkital mimensiane ¢rdwde ways to
achieve this withquihtgseriiashinsapeliam ey Bl RRARR HRIReH fithosranhis nelgedssald It has been
shown by Friend and c,o-workgrs é{f}lanto. ett 200%,? , 1?5 -1357t, %néi%%ggﬁs‘etg vgggln two
semiconductin§ p&?rﬁ@gbﬁg COTHELBIY Hrﬁ"? ach n&olver , and the mixtures eposftaéd to give a
film by spiff-coAthsgroioiniefjéahsrireiries ancertiteroitadifiveepabestindhy praialialsdpiaesetntithe character
and length scalgphiRe-pbRpecan apRial nlgpende yanagshiherietafmiantihiesolyant and its

evaporation raig {yChegfl e LieBYcNEAUD WD SYCSAN R VB RIALY AR REBREHERARIE Solvend)

These are use]%_rl parameters in Eéow Ing a degree of control over phase separation length scale
and morpholog§T4HienHenels s¢alss AlstriBY iR ARIALRINADRIFE WHRcHSAEY BBy SRS Pbe useful for
photovoltaic apphgtitiorsds 25 shhimtyfieatgidras e thd onajeniythf sbalexstofs yeremdiadofa few

micrometegs to,Lens HEMCIGMRER RedMUIUARG SAlEBIARMILS6 VARALALIRT kA cadtiluence this
somewhat, it is_ultimately strongly related to the charggctcg[?gf_ the polé’mers. y fine h{ektlerostructures

st e
below 1 micron'®h 1B88YAP 18R SR SRAIE LI NG ERERE HOR e A Hic ?a{é VIPthe pBRymers are
sufficiently incoprpatibhiifiibeit tleefapticate soparhetemstracitiiem ohesediuflernasginy preuiaen this

manner, a hiergighyhabpnases spRAIAHEBIESHVSS B Bathrilapiciabrivy abigal ciarneiens, possibly
forming isolated ha§es V\chi theepc%lgmqr tpin tr_i’lm whic;[n often Ieag‘s tr%eqh%%-called "Russian doll"

. WIHE res I!‘}:ERSO N eiectron pea 0{? erlloraaalc ﬁ
morphology in which materi or example is completely occluded in material B. WO
2009/068884PCT/GB2008/003965 5 As a result, the connectivity is broken: holes, for example, cannot

flow out of the acshgdestphasns of thesholanconswetiegs ntesatal.diurbeENBre336i$3585sibte for certain

others, that when two semiconducting polymers are co-dissoived in a common solvent,
and the mixture deposited to give a film by spin-coating or ink-jet printing, the film
formed will be naturally phase-separated. The character and length scale of the phase

20 separation depends amongst other factors on the solvent and its evaporation rate
(influenced e.g., by heating or the presence of a high vapor pressure of the solvent).
These are useful parameters in providing a degree of control over the phase separation
length scale and morphology, and hence of the distributed heterostructure, which has
been shown to be useful for photovoltaic applications.

25
The typical phase separation length scale is of the order of a few micrometers io tens
of micrometers. Although the solvent and its evaporation rate can influence this
somewhat, it is ulimately strongly related to the character of the polymers. Very fine
heterostructures below 1 micron in lateral length scale cannot readily be expected,

30 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 doli” morphoiogy
in which material A for example is completely occluded in material B.



polymers to develop "wetting" layers so that they may form a partial or complete 5 overlayer or
underlayer at the interfaces of the polymer thin film but not necessarily in the most desirable way. In
the context of photovoltaic devices, this will mean that a significant fraction of the charges generated
within these pliases/aagot successfully reach the electrodes, thereby liggitirgiheetbaiency of the
photovoltaic devices. 10It has also been shown by Steiner and co-workers (Nature, 1998, 391,
877-879) that the phase separation of polymer blends can be spatially influenced and directed by
patterns pre-formed on the substrate. Such patterns include patterns in the surface energy, created
e.g. by chemical reaction through a pattern-generating method such-as contact printing, or by
photolithography. It has further been shown that polymer blends 15 have preferred phase-separation
length scales ofthe oxsigt, dha fennéstidtysiofmicranbelandfapplismtien odnhet Fawsevsabdhation pattern

to the unﬁeglyi%&h&éﬁ}iﬁﬁ&é&%&ﬂi%%ﬁﬁ&&% i&?&imn%mﬁém@?@ﬁes\wﬁsmﬁ%eeértmesefmhethods
require the formation of a chemical, pre-pattern on the substrate, apd then e separatjon of the
desired polyme’fm ?ngtiéjﬁvs Sr tﬁ%%)%ttes?ﬁérfosguﬁﬁaai&?%lﬂg ﬁgper%s%gﬁfﬁ?éscgpep %r{}%wn in the art

and are uséd irPpRsigmse ebertal pies bR ANeHacrsed. thrirolirsaislirlim &8 ek AssRIBYEIYER be made by
the natural phage separaéaniné weydesited Jined R oy preisviiait abvitete ok willtures, thetphases are

not continuous gé)r% ane %E&gogfeﬂl‘g @F‘ th&%?ﬁseg%%%g (ﬁtﬁm%@g‘é B@%@QQ’JH:‘?&%@&%@&Q&W‘E‘V”S

invariably occur during such phase separatiofn an a to trappin e charge carriers, and hence
less efficient ligieehitasipeades hisepriningdae eificirssy elittq Ve!Ri%A8YREI of length scales of

the phase separation within a bulk distributed heterostructure is limited (sub-micrometer length scales

are diffiC#LId? Oﬁtﬁ‘éﬁ)a?{adééeﬂ%%wﬂl @gaiHaﬁtwésuﬁmrﬁmm%ﬁh@giwIw;ewf@ram@e wo
approaches to generate micron-scale heterostructures in polymer ilms, do rovide enoug
control to form PSRRI ETRAGEIPO R1 RAYIRR RisS egﬂ%g%gﬁ\{?ﬂs?gt%@ﬁ?gﬁ?eaaﬁ\a ﬁga

ifi Dot the lateral
and vertical dirgetierns. Fedsaregmodohesbiae2089¢068¢81RITIEE IGUSI0DB0ER GHEALRto lead to

the formation otpskliideshrliasg sHRdaneiting daye shtbagiREepansralyas-lagiralited such as

contact printing, or by photolithography. It has further been shown that polymer blends

15  have preferred phase-separation length scales of the order of a few to tens of microns,
and application of the phase-separation pattern to the underlying chemical pattern is
not possible i the tength scales are very different. These methods require the
formation of a chemical pre-pattern on the substrate, and then phase separation of the
desired polymer combination over the pattern.

20
Bulk distributed heterostructures are known in the art and are used in polymer-based
photovoltaic devices. Bulk distributed heterostructures can be made by the natural
phase separation of the desired final polymers. in such heterostructures, the phases
are not continuous from one electrode to the other. Phase occlusions and polymer

25  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 dicdes.
Furthermore, the control of length scales of the phase separation within a bulk
distributed heterostructure is limited (sub-micrometer length scales are difficult fo
obtain) and is dependent on the phase separation of the polymers.

30
These two approaches to generate micron-scale heterostructures in polymer thin films
de not provide enough controt to form polymer heterostructures with the desired
composition profile at will in both the lateral and vertical directions. These approaches



A desirable morphology that cannot be readily formed, for example, is a columnar 5 nanostructure in
which the desired charge-dissociation materials, and electron transporting and hole transporting
materials are arranged appropriately in close proximity laterally, which is immensely beneficial for
OPVs. Similaxhg,»ase@kgganar nanostructure in which the desired emissiveanaiesiak/aaskelectron
transporting and hole transporting materials are arranged appropriately in close proximity laterally can
10be useful for OLEDs.Developing a method that ca control the variation (or modulation) of the
lateral composition profile of the materials is hence desirable. Another desired morphology is the
graded composition Egrofile in the vertical direction. A %raded cor]%ﬁositionsé)rofile is one.in which the

composition of thhSdSAL L Vi fEmeton At oriuaed AR B N REES iR & RCHAWR S ing rich in

material A at thedgsitata.face, to being poor in material A at the top face. The top face could further be
bound by a film of pure material B. In other words, the heterostructure interface becomes diffuse with
respect to materjals A and B. This, morpholo uld be,useful, for example, for OPVs in which the
electron transpoﬁ%egféar{s!eﬁ ig’%?ggégg%% tthcg%g?sb ) et?ghjrysg%rr %g)a'féfiaef%‘tféﬁ ésvaer?lcggfn&e??iation in
composition“maf¥esBittitrrét #eishoftferdetiiedf vaatdieeainposiatsiaithetefordeftidian
objective of this trarepbaingoamovide heiespstiugturasmwith suchrmegdedataboprmpeagitiondusfiles, a

methiod of makngdiffl, RREASRRANCOMAGIAY Bindaltdy BIFOLN SHRGHYCLHIRBYenton 10

create organic polymer’semiconductor heterostructures on the sub-micron scale suitable for use in

semiconductor dERNEEEURUE Fh¥tac 18 BERA S YRIVRoMata i ARG WHABAPRFEg: 84t as, and
preferably more kedffecteantstivaimgenisténg!p oty aeatem agiepiatey andoas wxirdie etbiplyxddbit improved
performancgy 30.Euiihign oRieesi of thig.JaMpHieR | - [l thecrealion $l-0lgaRie
solventprog?ssatlfe ?\%%iro@{eegﬁzss i?r%%gﬁe or m% ?%%f?se@gﬁ L&Eru ﬁgfggei; %& thg é?(raation of
abrupt nanostrué?ﬁf’é’%ag?rgo #ﬁlgﬁe / ﬁ‘i’&%ﬁ"ﬁﬁ’&%%’ﬁﬁ&ﬁia Simﬁtﬁg%%'sg;gﬁ?%eecs}@a 1on of multi-layer

polymer heterostructures with high aspect ratios; (4) the 7 creation of tall polymer nanostructures that
are self-organizeghwibr esneat iR UHERI M gragatompiaies: praliéS) aeywersibiogletasinaking the
structures. Sueragryaded composition profile is one in which the composition of the materials varies
15  systematically in the film thickness direction, from being rich in material A at the botiom
face, to being poor in material A at the top face. The top face could further be bound
by a film of pure material B. In other words, the heterostructure interface becomes
diffuse with respect to materials A and B. This morphology could be useful, for
example, for OPVs in which the electron transport material is graded into the hole
20 transport material. Such a vertical variation in composition may be considered as
another form of modulated composition. Therefore, it is an objective of this invention to
provide heterostructures with such modulated composition profiles, a method of making
them, and devices incorporating them.

25 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.

30
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



In a first aspect, there is provided a supported polymer heterostructure, wherein the heterostnicture
comprises a polymer immobilized on a substrate ang a further material deposited on said polymer,
wherein the heterosn-ucture comprises an in-plane nanostructure comprising a series of discrete

regularly or ran ly s elevations ar. regions of immobilized polymer, In a second aspect, there
is provided a segﬁ%?géﬁdgﬁ%ﬁrp 8{%"88%%?%?}%%9 e ﬁgte?(r)est?ﬁl?t rpeéj%{gge‘ﬁ#éd%%.t%&%rding to a
first embodimenfeeiHaIRARRIeBRIA T erEdd D isrdaatheds fporaidng dipraferdierasrostructure, comprising

a polymer immobilized on a substrate and a second material deposited on said polymer. The

supported polymer heterostructure may grlmﬂg% g modulated composition profile. For example, the
modulated composition may be an‘in-pla nar heterostructure, a vertically graded profile or an

in-plane columharhterasipactu teervitis spvevittally grasedtpiofitdyke helymaroeiesositugtinermaay be
formed using ofie o MQLe.FOIVGR ‘s%gra?@g}ﬂé%meeiﬁ%"fﬁf JEEasiueig Mavhaageraarle

with an organic solvent. The polymer ma an organic polymer. The polymer may be immobilized on

the substrate HYFERSESHNKRY. SPiE meler@trubibeesia. gtherghpteresivehirproseaptbte haterosmaoture

may contain oneishere:liffuae AEiaBrptRICHRERs W BB M DelarasYC W EBY BBitions or

nanostructuredl,eglrg)d S% Iarist 8Q§i ggdthelmaetlgrials in the formation of the heterostructure can be
crosslinked. Thehetarostructure may%gnﬁahostructured, for example it may be in-plane

nanostructured. The in-plane nanostructured heterostructure may comprise a series of discrete

reguiarly or randolyssaasedgiuaionser reaiensialimimabiisesaglymen ihe elevatians or raions
may be referred to as columns. The nanostructure may comprise a columnar or vertical lantellar or be
of a mixed morBHBIBH I AR AGERHLABRYE 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 lgngth.scale fr bout 1.0nm to.aboyt 300nm, for example frqm 8 about 10nm to about
200nm. The na%%%t?%%ﬁ%r%c? gﬂe]s\% |olt?lPs&inl%laeggt hoaf\?é1 PYE: ?ﬁPFSn&iﬁ%&%Péng‘iﬁgaﬁaﬁY%ﬁ?ﬂ RSBt
1000nm. The A&HBSHiteetHEN edaaifing apyimaceintatbitizishgthschigionmsbo st @nhmtaabdut
200nm. 5The latpralienaiariR) S to the average distance from one elevation to an adjacent
elevation. This distance includes the total width of an elevation and the void between said elevation

and an adjacehtelsrmicad Phiyrterchalcksytststatoan apbidseleutddatihendpugidon thefiature of the
device in whickdnexhatns osk wedbifuiSd RERIRRIME%ay be an in-plane columnar heterostructure,

a vertically graded profile or an in-plane columnar heterostruciure with a vertically

graded profile.

The polymer heterostructure may be formed using one or more solvenis. For example,

the polymer heterostructure may be processabie with an organic soivent.

The polymer may be an organic polymer. The polymer may be immobitized on the
substrate by crosslinking.

The heterostructure, e.g. organic solvent-processabie heterostructure may contain one
of more diffuse or abrupt interfaces, wherein the heterostructure may be
nanostructured, and at ieast one of the materials in the formation of the heterostructure
can be crosslinked. '

The heterostruciure may be nanostructured, for example i may be in-plane
nanostruciured. 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 lameliar or be of 2 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 scaie from about 10nm to about 300nm, for example from



10 For example, in OPVs, this length scale may be given approximately by twice the exciton diffusion
length, which is the distance over which the exciton has a half probability of decaying back to the
ground state. This length scale may be in the range of from about IOnm to about 50nm. 15 For
OLEDs, this {gpathsasateimay be given approximately by the Coulomb capfut@xagissyhich is the
distance at which the electron and hole interact with an electrostatic energy greater than the thermal
energy. This length scale may be in the range of frongabout 30nm to about 50nm. 20 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 elevatign height may be selected depending on the nature of the
device in 25 whidfPHhd FRERHE FHETZ-intd BRTSREYC G IVRL PR Mmaase @%?ﬁ%ﬁﬁ%@(imately by
the thickness reggeaie fram sbsot2@he: tecalrin g daginm Fih© hafdstrdatsretogldyetgivemappreximately by
the thickness regyirgddrngiciRidpcamiingliar.afdie gdeatrons 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 contrdl makerigterhdepaisseadhiieieradietle mivyase dRsanpsofeclanvelgrativonlyeer oligomer,

or polyelectrolytgdpdérasieestion Orae Ak ABS FtRIdeE (B 28ABMAR W 29 drwaierembadinaat, the
heterostructure is. panasts e wherein e aisrl dR0giliscalfs il futpmauih Aspsg ratio
(height to width ratio) approaching or exceeding 1. The aspect ratio may be about or greater than 1. 5
The nanostruct 3SHE] HERERATIRS BY Pheadise Aathsh $UCRVE poiiehelhB nReESRREHESIR S wherein
the phase separatiompasatieippendent on the extent of miscibility between the two polymers, or the level
of entropy @ mixing between the two polymers. A low entropy of mixing between the polymers
indicates that thefﬁo#mers will r5hase separate. The polymer that is used.to direct the phase

c

separation and WHiCHERSr 1Bimtofpoldtef1Atd Ha'%TTh Ef SR ARREITRI N R fYFEIRS as a phase

control excifon diffusion length, which is the distance over which the exciton has a haif
probability of decaying back {o the ground state. This length scale may be in the range
of from about 10nm to about 50nm.

15
For OLEDs, this length scale may be given approximately by the Coulomb capture
radius, which is the distance at which the electron and hole interact with an
electrostatic energy greater than the thermal energy. This iength scale may be in the
range of from about 30nm to about 50nm.

20

The elevations may have & height from about 50nm fo 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 fo about 200nm.
30
The nanostructure may be formed by phase separation. The phase separation may be
conirolled by a phase control material. The phase control material may be a low

molecular weight polymer, ofigomer, or polyeiectrolyte or ionomer.



material. The nanostructure may be formed by phase separation of a one polymer-two liquid system,
for example a one polymer-two solvent system wherein one solvent has low 15 entropy to the polymer
i.e. is a poor solvent or non-solvent which does not dissolve the polymer. The poor solvent or
non-solvent may-hrsefsrred to as a phase control material and may corpphigshafyRabE aprotic
solvent or a high-boiling point alcohol which does not dissolve the polymer. 20The nanostructure may
be formed by nano-imprinting of the first polymer. Ong of the materials may be crosslinked by means
of radiative or thermal crosslinking methodologies. 25 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 gralfirffsRiLesimpRshgostsoRsyEtie fir SEpeRiv@rad vbesodls iemirengtinaterial at
the surface nearesidlwesabiisiimionion 3BpE0DRt o iibig it fdlva i adtyj alpprehhing Yr ekdbedftigtipolymer at

the opposite fac?hgfég&gqﬁpﬁgyggjégqéoo;r&ggg&lﬁ{%qucture may further comprise one or more

inorganic components The one of more inorganic components may be solvent processable WO
2009/068884PCT/G82008/003965 10 There is provided, in a second embodiment a method of making
a supporteddhetéiestaohstarcoraprisrize dorsmbrlpt phatiéf separtiniare; tive pudtmedarensplising or

including the stegaigh wherSRRASKING ORISR 8PS MGHRIALLRaR BaRWEHNIR BRRRR FONIrO|

Smaterial to effect g phase separation between the first material and the phase control material;
romoval of Do N BOBETETR: P08 9 o My oL B G RElg) e e Bolvrers. A low

entropy of mixing between the polymers indicates that the poiymers wili phase
separate. The polymer thaf is used fo direct the phase separation and which is not

10 incorporated into the final heterostructure may be referred to as a phase control
material.

The nanostructure may be formed by phase separation of a one polymer-two liquid
system, for example a one polymer-two solvent sysiem wherein one solvent has iow

18 entropy to the polymer i.e. is a poor solvent or non-solvent which does not dissoive the
polymer. The poor solvent or non-solvent may be referred to as a phase control
material and may comprise any polar aprofic sclvenf or a high-bolling peoint alcohol
which does not dissolve the polymer,

20 The nanostructure may be formed by nanc-imprinting of the first polymer.

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

25  The composition profile of the interface formed af the polymer and second material
may be graded over a vertical distance of from about 5nm. fo 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.

30
The heterostructure may further comprise ane or more inorganic components. The one
or more inorganic components may be solvent processabie.



evaporation; (iii)crosslinking the remaining deposited first material; and 10(iv)deposition of a further
material on at least the deposited first material. The first material may be a polymer. The phase control
“material may be a polymer. The phase control material may act as a sacrificial host. The first material
and the phasectrgishiaterial may be deposited in a two polymer and BAEEBNEIRISYStem. 15 The
phase control material may be a low molecular weight polymer, ofigomer, or polyelectrolyte or
ionomer. The phase control material may be selecti¥ely removed using a selective or
20discriminating solvent which solubilizes the phase control material but not the first material. The

steps (i), (i) andriidir may hevidegatad at leashancenbelteesten (iethbe roethesking maysfipibeed

comprise use otPa subsequent phase. separation step employing, the same 25t olymer one
solvent system SR éﬁ‘ﬁ%lfgllcélgplﬂselg fuith ha]lgﬂl%%p'g%cfl 1ra'f|%¥s.l%%%ﬁ?ﬂ:%$emrg%§%a n%g?g%%&% o
crosslinked. Thelfiddngthtesiehhedy be a polymer. The phase control material may be a solvent.

30The first materialand tggfegﬂﬁ& cANrQl mpiesial may e dePesiaddn HiRng PRIERARH two solvent
system. 11 The phase control material may%ﬁ)aegg goor solvent or nogig?fvent, with low entropy to the
r -

polymer. Th2 solvent may"@5idrSeSR5 Rl FRAGIRAR REBYEeH JI% BT HBAsSiR 8oWS! which

does not dissolve the polyfase control material;
{ii) removal of the phase control material by a selective solvent or by
evaporation;
(i)  crosslinking the remaining deposited first material; and

10 (iv)  deposition of a further material on at least the deposited first material,

The first material may be a polymer. The phase control material may be a polymer.
The phase control material may act as a sacrificial host. The first material and the
phase control material may be deposited in a twb polymer and one solvent system.

15
The phase control material may be a low molecular weight polymer, oligomer, or
polyelectrolyte or ionomer.

The phase control material may be selectively removed using a selective or
20  discriminating solvent which solubilizes the phase control material but not the first
material.

The steps (i), (i) 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
25  itwo polymer and one solvent system to build up tall features with high aspect ratios.

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

30 The first material and the phase control material may be deposited in a one polymer
and two soivent system.



5 The method may further comprise use of a subsequent-phase separation step employing the same
one polymer and two solvent system to build up tall features with high aspect ratios. By depositing
the further material over the crosslinked polymer in a back-filling process, 10a composite
heterostruct¥¥@ #eaiesgth vertically layered and also in-plane nanostrUtbfeBEthsdbtained. In
one embodiment, the subsequent phase separation is self-aligned to the first determined pattern. 15
The further material may comprise a material with aléwer molecular weight than the molecular weight
of the polymer. Suitable materials may include oligomers or small molecules. 20 According to a third

embodiment of e dlagosuiolheiia Hayded BdBPLIRAR TR AILASNAEH Usiigpis cue

comprlsmg a diffuse Interface, the met Comprlsmg or includ Ing the ste Sltln onto a

substrate a f|rst%%l?ﬁ%‘i‘e(u)a}f@f’s§m’fﬁmg”iﬁlé FRORPRRS 30 PR ARIEHD SR @Rbﬁfoat ymer a
further material puith &nveo! mioikeotdes netighsdvarihthpohpokercular weight of the first polymer, wherein the
further material diffuses into the first polymer to forrn the diffuse interface. In (iii), the further material
may be nanocrystals or nanowires. The molecular WEI%ht of 30 therrr}h rgstas or nan0W|res may be

lower than & h@ﬁ@r%??%@ﬁ’(of@gﬂ?ér ng@ﬁ? offte first p%f fhare componglrgg prosflfzéD of the
interface may bergpiadind theesameamizabiiiseimrg M¢rmﬁ%@mst§ﬁhﬁtb%§&mf§b@ﬂwaﬁl\§“@rad|ng may

comprise 80-10¢f éhgggg@tfﬂggg@olymer 12

By depositing the further material over the crosslinked polymer in a back-filing process,
10 a composite heterostructure that is both verficai!y layered and also in-plane

nancstructured may be obtainad.

In one embodiment, the subsequent phasc separation is self-aligned to the first

determined pattern.

15 _
The further material may comprise a material with a lower molecular weight than the
molecular weight of the polymer. Suitable materials may include oligomers or small
molecules.

20  According to a third embodiment of the disclosure, there is provided a method of making
a supported heterostructure comprising a diffuse interface, the method comprising or
including the steps of: |

{i) depositing onfo a substrate a first polymer;
(i) crosslinking the polymer; and

25 (i} 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 (i), the further material may be nanocrystals or nanowires. The moiecutar 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 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. 5The
heterostructure may comprise a vertical lamellar structure. In one embodiment, the lower molecular
weight mateMfIS¥EEHEbMers of organic semiconducting materials witKGppEasItE Hend gap and/or
charge-transport levels, such as thiophene, phenyiene, fluorene, oxadiazole. 10 In another
embodiment, the lower molecular weight materials aré€small molecules with the appropriate band gap
and/or charge-transport levels such as fullerene and its derivatives, and phthaiocyanine. 15 In another

embodiment, (e s dTIoR A MRISHLAIPLARIIAXNS RRAENARIPG ARGE BiBRAIdnordanic

materials with the appropriate band gap an arge-transport levels, s as metal oxides or Group
1I-VI compoundst™® T2 MEGER A B ¥ronthisuiisk VIR0t AR/ OPRPiR By Sfalttor
nanowires 20 magtemmsiprsesa 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. hi another embodiment, the

lower molecular weight materials are po!ﬁ?mers Witg_a o‘e&rj}e Of}ﬁg merisation between 2 to 10. 25
The substrate m!@ PR BT AR _&ﬁ%&;‘/,e [re i8Rl {ﬁ[?e deposited on the substrate. The

substrate or electrode may be pre-patterned prior to the first deposition. The pre-pattem may be
applied by surfagg-gneeabbatiesning ol Rhaemisa patiersing:usingahotalithography, contact printing,
or by in-plane phoqlggn%e aé?tglj"ga%}ccas%ga%gggtpcg%mr%ra'teria!s with appropriaie band gap and/or
chargé-transport levels, such as thiophene, phenylene, fluorene, oxadiazole.
10
In another embodiment, the lower molecular weight materials are
small molecules with the appropriate band gap and/or charge-transport jevels such as

fullerane and its derivatives, and phthaiocyanine.

15 - In another embodiment, the lower molecular weight materials may
be nanocrystals and nanowires of inorganic materials with the appropl_'iate band gap
and/or charge-transport levels, such as metal oxides or Group li-Vl compounds.

The band gap may be from about 1eV o about 4eV. The nanocrystals or nanowires
20 may comprise a conduction band edge in the range of from about 4.5eV o about 2.5eV

and a valence band edge in the range of from about 5.5eV to about 7.5eV.

In another embodiment, the lower molecular weight materials are
polymers with a degree of polymerisation between 2 fo 10.
25
The substrate may be an electrode. Alternatively, an electrode may be depositad on
the substrate, The substrate or elecirode may be pré-pattemed prior fo the first
deposition. The pre-pattern may be applied by surface-energy patterning or chemical
patteming using photolithography, contact printing, or by in-plane phase separation of a
30  block polymer.

According to a fourth embodiment of the disclosure, there is provided a device made

using the heterostructure according to the first embodiment.



13 According to a fifth embodiment of the disclosure, there are provided methods of fabricating
semiconductor devices, e.g. a semiconductor device, e.g. a photovoltaic device or a light emitting
diode, comprising the methods of the second and1 ird embodiments of the disclosure. The device
according to the fourth and fifth embodiments may be a photovoltaic device or a light-emitting diode.

For each &ferediagicasembbammbatierhatidutodindosiecpshaie ssampip id sk wstbddront classes of
po:yznﬁrsﬁf&%@@gﬁé}ém@abﬁa@@dlfa%c%é,ararli@!e@g&%ﬂ%ﬁﬂ%?e%@?ééIWO%W%tﬁ?ﬁGOﬁ )
poly(phenylene vinylenes) and copolymers thereof, poly(fluorenes), for example poly(octylfluorenes
and copofy&ts ﬂﬁe?e@ﬁ%o%%?ac%f?esﬁ?’ﬁ&%&ﬁeﬁ@ GoR tfﬂ?l rtﬁgtﬁg‘&‘?ﬁ}fgt@‘j“%ﬁal%lyaniIine.
For each ehtivelvagivs s Einbdidivents. of the disclosure the organic solvents may be selected from

classes of alcohols, esters, water, alkanes, and benzenes. For each of the various embodiments of the
disclosure, the substrate may be selected from any suitable planar substrate such as inorganic metal
or semicoﬁ%éﬁé’ﬂ%md@%‘?éﬁﬁ tonth cad AR swmbrdmssti et bne rRiiesisicslarisamaterials is
by ink-jet @rintipht-eanadm@iding 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. 14 block -
polymersFroeestamiptbe & sousorrbioson¢nie e tadsiare) be-polytaery inaacin) (ElkidA-co-PAAH)
is depositggRnNiRAEUSatomARd pRASE %gﬂﬁléﬁﬁ@n%\],e RIUmAS RS BANEIRRRIRYRARY 12nm in
diameter;éga}bedde in a PMMA trix S}Q‘%ﬁf’%{fonm. lon_exchange_ of the PAAH with an alkali metal
ion, for eXAhpIECREITB BYivE S BRANE R is THOURRSIE in A onetRO A&t R EE Y5 4nm
followed IpphwEBhingevith isbproparoiphotalybedsdhéfRiivhashlockndnd cepobuesrthe degeafied polymer,

leaving t%ﬂ){g{ﬁﬁﬁﬂ{%d@gf plgﬁﬁﬂ%r@] ﬁ@gr(methyl methacrylate) and polyaniline.

For each of the various embodiments of the disclosure the organic .solvents may be

selected from classes of alcohols, esters, water, alkanes, and benzenes.
For each of the various embodiments of the disclosure, the substrate may be selected
from any suitable planar substrate such as inorganic metal or semiconductor wafers, glass

and plastics.

In another embodiment, 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-



surface, This allows the deposition of the first polymer. The first polymer may be 10cross-linked and
rendered insoluble before removal of the PAANa. A further material may then subsequently be
deposited. By choosing the length scale and morphology of the underlying pre-pattem, the in-plane
nanostructurg ghthedinal heterostructure can be further controlled. 15 Patyimagisdsiasses of polymers
which may be used as the first polymer in the present invention, including the methods according to
the present invention, include those with the lowest 2¢sunoccupied 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 ther®fch BRI yIE Rk SiATRIFR ) SAhtL pbRAETSIdnstiag i fRorark&caiig
copolymers thereoida(riMdtAyanitingH)T scdzposigdbentrsecbalsstlgetrandaueepteespane L Bhave acceptors.
EXFTpIteT} Iof polxeasmg&f%f%&ggﬁ;ﬁ%@ﬁﬁ%i ravﬁgggp ﬁ@u@&@ug A PRMAIRILGH &
poly(octylfluorenes) such as poly -dio orene-co-bis-N,N1- = .

(4-butylph enyl)-B’i' 3RI,2[QWBh J%K}I%c}f%ﬁgrﬂ/léﬁ&&gﬂ]m%an aa\tiait metal ion, for example, Na“ to
poly((9,9'-didctylBivera réy bl blenl wirithdsdnestlyia jgalcohols.
[2-methoxy-5-(3',7'-dimethyloctyloxy)l-p-phenylenevinylene, poly((9.9-dioctylfluorene)-2,7-diyl-alt-14,

7bis (&-hewon g2, d S aeaUNad B 00 A48 PRGOS WoBRGRE R such o

poly(3-hexylthiophene mer Immobilizatio e polymer may be’immo y crosslinking.
Crosslinking use@T EBeYERAMR ARETIRY RYKBRE iR AN EUIERRG!Ih RN Bk PBresent

invention, may beurface. This allows the deposition of the first polymer. The first polymer may be
10  cross-iinked and rendered insoluble before removal of the PAANa. A further material
may then subsequently be deposited.

By choosing the length scale and morphology of the underiying pre-pattern, the in-
plane nanostructure of the final heterostructure can be further controlled.
15

Polvmers

Classes of polymers which may be used as the first polymer in the present invention,
including the methods according to the present invention, include those with the lowest
20  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(flucrenes) and
copolymers thereof, and polyaniline. These may be used as electron acceptors and
25  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—butylphenyi)-bis—N,N‘-phenyi-1 A-phenylene-diamine), poly((8,8'-dioctylflucrene)-alt-
(benzothiadiazole)) and [2-methoxy-5-(3',7-dimethyloctyloxy)}-p-phenylenevinylene,
poly((9.9-dioctylflucrene)-2, 7-diyl-alt-[4, 7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-
30  2',2'-diyl) and poly(aikylthiophenes) such as poly(3-hexylthiophene).



Sradiative or thermal. Where the polymer does not contain functional groups which allow crosslinking,
the polymer may be admixed with a suitable crosanking agent. The further material 10If the
immobilized polymer is selected to be the electron transporting component of the device then the
further matera mayoegmprise a material which may be used as a hole trangpestiggomaderial.
Conversely, if the immobilized polymer is selected to be the hole transporting component of the device
then the further material may comprise a material whigh may be used as an electron transporting
material. 15 The further material may comprise any polymer known to be effective as a hole
transporting material or as an electron transporting material.  The further material may comprise a
material with a |dve&meidrErag#zaio: than the 20molecular weight of the polymer. Suitable materials
may include ollgomers or small molecules. Classes of oligomers which are suitable for use in the

methods to creatp,difflse, INGILAGeS .mﬁlaelﬁzéa% @oggﬁ,umgedd&sgmsaqréeef&h&e&%aﬁa@henylene

fluorene, 250xadiazole.” Classes of small molecules used in'the methods to create diffuse interfaces

include, for exaniiid, tEIIRFRSFRGIRYERLSTL 0EHYE, BR FBHA% o2 MG e S AL 'BENSe B Hillerene
derivative is $6,6)adiading/|of 8debos)ri/Muice rifet ndleses i3 Plob serdaintfohetionakiatodd swNant which

does not dissolvg,ifig Rebyirihy ik pis\iadorm,tbe amnasirrid’uildte ewsaiplesy lyeweight polymers
may be selected from polymer families such as poly(alkylacrylates), polystyrene or poly(methyl
methacrylate).

The further material

10 If the immobilized polymer is selected to be the electron transporting component of the
device then the further material may comprise a material which may be used as a hole
transporting material. Conversely, if the immobilized polymer is selected 1o be the hole
transporting component of the device then the further material may comprise a material
which may be used as an electron transporting material.

15
The further material may comprise any polymer known to be effective as a hole
transporting material or as an electron fransporting material.

The further material may comprise a material with a iower molecular weight than the
20 molecular weight of the polymer. Suitable materials may include oligomers or small

molecules.

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,
25  oxadiazole.

Classes of small molecules used in the methods to create diffuse interfaces include, for
exampie, fullerene and its derivatives, and phthalocyanine. One example of a fullerene
derivative is (6,6)-phenyl Cgy butyric acid methyi ester.

30

Phase control material

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



5Preferred solvents for use as phase control materials include any polar aprotic solvent or a
high-boiling point alcohol which does not dissolve the polymer. One example of a polar aprotic solvent
suitable for use in the present invention is N,Ndimethylformamide. Suitable alcohols include but are

not limited toypgnianglsescthylene glycol. 10 Methodologies The method:fqrdarme adxeterostructure,
e.g. a columnar distributed heterostructure in accordance with the present invention may involve (i)

use of a sacrificial "phase 15 control" material which igsremoved after the phase-separation step to
leave a pattern generated in one desired material, (ii) crosslinking of the material in the pattern
generated, (iii) optionally, use of this generated pattern as the template for a subsequent phase

separation step SHIiVER MBGhEogfemitissaie e RAkErE ahisR edatButhfonsnnatysitsg  The
high-aspect-ratioif@atvtts;u(@y) Weatgtie poisitien: ohayseeonslcfnt akeralpouerdh éapdittersubh) aptionally,

crosslinking of thg Qﬂ{}lgcw&@sﬂ?bofﬂ{%ﬂn@%%?EB[}@H&I‘Q?BQ%H@(?I&&?ird material over the second,
e

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 25 interface is
well known i thePsefesmed sefesgdonnse ey foivasacwiichnhtercisiptumnss o oty eositis sioeenbf the

interface are compQsHignEting'BslRCaRRIRIGRR GRala drasiendAB siRiasHlasdimensins: 4 he term

abrupt interface is Eil|SO well .knowg ig the Ifi\rglan IS one iniXVhi Q therecsomp?nv%%s on igpq@ﬂge sides of
the interface fornf %%o?é’éﬁtfgrl)? %fls i ctsj'fl ction. 30 The present ifVentors have tound approaches to

create polymer néesdtliefmassidgith Syl airpheisdnsisierdnsrarenpeh SRERS ITHRestaNtI®de phase
separation in whigihjlaadpigsied phase is phase separated and connected directly to the intended
electrode. 10

Methodologies

The method for forming a heterostructure, e.g. a columnar distributed heterostructure in
sccordance with the present invention may involve (i} use of a sacrificial “phase
15  control" material which is removed after the phase-separation step to ieave a pattern
generated in one desired material, {ii) crosslinking of the material in the pattern
generated, (iil) optionally, use of this generated patiern as the template for a
subséquent phase separation step still employing the first material, which can be
repeated, to build up tall high-aspeci-ratio features, (iv) the deposition of a second
20 material over the patten, (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
25 imterface is well known in the art and refers to an interface at which the componenis 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.
30
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.



WO 20091068884PCT1GB20081003965 17 This has a direct impact on the transport of charge
carriers as all charges have a clear path to or from its electrode. In a two polymer one solvent system,
a sacrificial host polymer (denoted polymer B) 5 acts as the phase control material and is phase

separated witpghedistdnaterial (denoted polymer A). Polymer B is remgyegdnssligsiieninating
solvent, leaving polymer A intact. A discriminating solvent is a solvent which selectively dissolves

Polymer B while not dissolving polymer A. 10PolymegA can be crosslinked using crosslinking
methodologies to render it insoluble for subsequent processing. Crosslinking of polymers may occur
upon exposure to radiation, for example UV radiation, or upon thermal processing. In the context of,
for example, orgd™ B?ﬁ)‘l’di}ﬁ?&iﬁ' E%éhﬁﬁ@?ﬁ%‘%?é MR AATRG 2saibeeIes ARG RS B ¥lymer C
can be depositedsstittsen fremtiis tectmmislete the nano- heterostructure devices. The present inventors
have also found a way to build polymer nanostructures of high aspect ratios by a layer-by- Iayer
approach. The first ghase _%Barated n nostructure 20 Izﬁ/er acts as a narxgtem late on whic

subsequent laye /8 W8k BRI SR |r§65ﬁ”ah %Eﬁg R RRYEREC RS Salvaisie onmer C
can be depo@tecﬁﬁ?bé%cﬁﬂﬁarﬁ’h?% contiplenateri mivb i gbase dgesneisgckvitls BrhEsamaigyahic
photovoltaic or Ol@aﬁﬁt‘eﬁg;ﬁtﬁiﬁﬁ&tﬁm @iaglmaesiqe réhidvealyiyes /&.&mta&lﬁag &bﬁrﬁhee@l@@ron .
transporting co nen eyice then mer, y.C e mer.whic e used as
a hole transporth d atesr-%‘afht (?n\)/!\er(ge %FB 9 msg}vgn?;%e e%te it @%ﬁ }éﬁiefhvee%’ngbof%%r%gg
component of thézg Gﬁm@eBtW@HeﬁtﬂW?éP %89‘¥iﬁﬁﬁﬁﬂse a polymer which may be used as an electron
transporting material.

10 Polymer A can be crosslinked using crosslinking methodologies to render it insolubie
for subsequent processing. Crosslinking of polymers may occur upon exposure {o

radiation, for example UV radiation, or upon thermal processing.

in the context of, for example, organic photovoltaic devices and organic light-emitting
15 diodes, a suitable polymer C can be deposited subsequently to complete the nano-
heterostructure devices.

The present inventors have also found a way to build polymer nanostructures of high
aspect ratios by a layer-by-layer approach. The first phase separated nanostructure

20 layer acts as a nanotemplate on which subsequent lavers can self-organize, creating
high aspect ratio nancstructures. A suitable polymer C can be deposited subsequentiy
to complete a semiconductor device such as either an organic photovoltaic or organic
I}ght-emitting diode device.

25  If polymer A is selected fo be the electron fransporting 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 o be the hole fransporting component of the
device then polymer C may comprise a polymer which may be used as an elsctron
fransporting material,

30
Besides utilizing the two polymer plus one solvent approach in the preceding
paragraph, the present inventors have also found that poiymer columnar distributed

heterostruciures can be created using a one polymer pius two solvent method.



30 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. 18 In a one polymer plus one solvent system, the

polymer will gigsahsadgsthie solvent if the system has high enough entropy:idppnisebiutian processing of
a one polymer dissolved in a one solvent system, the solvent will evaporate and the polymer will be left
behind. 5 A solvent with low entropy with the polymer4ghence does not dissolve the polymer) and
higher vapor pressure than the solvent that is able to dissolve the polymer can be mixed together in a
one polymer plus two solvent system assuming that the two solvents are miscible. 10Upon solution

processing, the SBI3EREPRYBRRISLDBRONBR Hisiamiths 2bmee witistel R heslteiid Dsvent with
low entropy with tipetero lymaéiginenaggthensobye bipovillspliiise mepessity wf thaiepobiyerctisydived the
- second solvent dgies, e AANAca LRt Will Raxenanestisriwendaiosiynidayiike RAveRnd SThe

method for forming a diffuse interface in a vertical heterostructure may involve the following steps: (i)
deposition of a first material; (ii) crosslinking of the first material; (iii) deposition of a second material
which can infiltrafessiveiffuéd iavoaheofiyovithdber Ralymer dhgrce goesfooldisaebin SsPRYRURNMr infiltrate

material into the RighPQBSHSEEeseR ikhaRanar et NIRle eI \D aikssheleRs iy mayoncise
depositing of a first material, for example I r (A) onto_the.| d - 4 s a direct
impact on the traWéxp?g?ttt ¢ %%ré% %aor??e s°?§1 gﬁygiwasré‘gzs) ﬁgs\\/lg% gvéggr&pagt%%% §§f3g$tn %h%sglﬂg:trode.
Polymer A can b&XY&¥8IAREHSGHIRg crosslinking methodologies to render it insoluble for subsequent
processing. In the context of organic photovoltaic and organic light- 25emitting diode devices, a

suitable matgyial Gan be,ubseieativdanositeil ip FAMmBleln RamapayRIeIRPUVSIHradeMces.

Deposition of materials may be achieved by contact printing spin-coating, ink-jet printin or,?ther
solution methods'SaYae PRIk g solvent wi h low entropy with the polymer, hence the solvent wil
phase separate with the polymer. When the second solvent dries, the polymer left will

have nanostructures left behind by the solvent.

15 The method for forming a diffuse interface in a vertical heterostructure may involve the
following steps: (i) deposition of a first material; (if) crosslinking of the first material; (iii)
deposition of a second material which can infiltrate or diffuse into the first material.

Here we have found methods to diffuse or infiltrate material into the polymer system
20  with a range of materials. As a first step, this may include depositing of a first materiai,
for example, a polymer (A) onto the intended electrode. This has a direct impact 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 photoveoitaic and organic light-
25  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. '

30
Classes of solvents which are suitable for use in the methods inciude alcohols, esters,

water, alkanes, and benzenes.



30 Classes of solvents which are suitable for use in the methods include alcohols, esters, water,
alkanes, and benzenes. 19 Nanostructures In the present invention, the morphology of the
nanostructured heterostructure may be controlled by use of phase control materials as outlined

previously. Dgposiltarseéa 5 polymer and a phase control material, followegdy:nRaspseparation of
the polymer and the phase control material and subsequent removal of the phase control material may

result in a series of discrete elevations, or columns, ofgolymer on a first surface of the substrate and
separated by voids left by the phase control material . 10Upon deposition of a further material, the
voids may be backfilled by the further material, resulting in a supported heterostructure comprising
alternate regionsm%[%@%ﬁﬁer and the further material. For the heterostructure to be suitable for use
in a semi-conducting device, the deposition or backfilling may be such that the discrete elevations of

the polymer on the gdbsuals: Arrsshs @B UARARS RiehafagRRAN R edidrali e - LuriBppgnaterial.
The lateral direction referred to he{eln runs parallel to, or substan%ﬁql% ‘#éaral el t%the first %Jrface of the

substrate. The h@@ﬁ'ﬁog??htfgk‘ﬁ%sg RS SRAVRI SPRIFEHS E3PHI foR Wwh ?P%s'ﬂg?p rdicular to
or substantidily pesjyarediandz rbastecpiifverofttnal 2odowetrhvahase sephihécnfdrerpbiiyai@ndanoscale

heterostructures the phase control material and subsequent removal of the phase confrol material may
result in a series of discrete elevations, or ¢olumns, of polymer on a first surface of the
substrate and separated by voids laft by the phase control material .

10 Upon deposition of a further material, the voids may be backfilied by the further
material, resulting in a supported heterostructure comprising alternate regions of the
polymer and the further material. For the heterostructure to be suitable for use in a
semi-conducting device, the deposition or backfiling may be such that the discrete
elevations of the polymer on the substrate are substantially or compietely encapsulated

15 by the further material.

The lateral direction referred to herein runs paraliel to or substantially paraile} tc the

first surface of the subsirate. The height or thickness of the elevations refers to the

dimension which is perpendicular to or substantially perpendicular to the plane of the
20  substrate.

Uses of the organic polymer nanoscale heterostructures

The methodologies described herein outiine the formation of organic polymer

25 nanoscale heterostructures. Such heterostruciures are suitable for use in the
fabrication of polymer organic semiconductor devices such as organic light emitting
diode devices or organic photovoliaic devices.

in the construction of such devices, the polymer in question (Polymer A) may be
30 deposited onto a substrate or an electrode. The electrode may also be pre-patterned
by methods known in the art, for example, surface-energy patteming 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



The methodologies described herein outline the formation of organic polymer 25 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 constructanm nfisughsdevices, the polymer in question (Polymer A) mayiiaes3@slepasited 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 pattegging using photolithography, contact printing or
in-plane phase separation of a block polymer. Following formation of the heterostructure, a second
electrode may be  WO:2009/068884PCT/GB2008/003965 20 deposited onto the opposite surface of
the heterostruct fERRFHRE AR ANEARRRASHS EUiRSh® B REMTTBIGHE davie M BRI ity be
formed from a trawsydeterfateigatiart shihedediae. Oxide coated with a 5 layer of conducting
poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate). The cathode, usually a metal with
a low work functignp such as calcium, aluminium or magnesium be deposited hermal or

y Rk B R s T e

electron beam e o%?ﬁ)%r%ﬂ}?g IRETSF 108 RV To8ReY
invention wilbnoviaer deséfibed cRHMRIPDT exanyoiyienadigibisrlifieation dpfgfreferéfite to the
accompanying dissiyigeenssliidadelowieochxaap @iy wihieki Wit-igurewdiR anctith dessrige general

schemes for the formation of nanoscale heterostructures j QMQF ép%lgggg g jpyention;
Figure 2 shows tﬁ%qcﬁ oté}/{&%g@nae%rgﬁ% nr?c%u%? Cli%%\l(CEG)%S g%%%%@%g%@% present 20 ﬁlvéfgi'gléon
compared to kno%ﬂﬂ@ﬁﬂ%&fém%@ltes; and Figure 3 shows the dielectric function of a composition

formed in accordance with the fourth aspect of the present invention.
10 Brief Description of the Drawings

Embodiments of the invention will now be described, by way of example only and
without limitation, with reference to the accompanying drawings and the foliowing
Examples, in which:

15
Figures 1a and 1b describe general schemes for the formation of nanoscale
heterostructures in accordance with the present invention;

Figure 2 shows the photovoltaic performance of devices according to the present
20  invention compared fo known blended composites; and

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

25  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 soivent which
dissolves the phase control material (4) but does not dissolve the first polymer (3) or in

30 the case of the phase control material being a solvent, by evaporation, ieaving 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) compietes fabrication of the heterostructure.



25With 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 @fcnagveskyvhich dissolves the phase control material (4) bat@aesebsissolve the first
polymer (3) or in 30 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. 21 In order to increase the height of the nangstructure,
crosslinked polyrferd8FTittnBsEees i shEgia® ()8 niapRyeiys a%gﬁ%ﬁ?eﬁf’&%sk%n of
solution (1) usingrtimeofiiizeth yer abstraten{Zateapsisbewn in stigrecdot Thisittermeddutost{itture would
then be processegag prffre: isplesivedrmasakeirbassoapliel ipateriahtdralaiawsd ey e osslinking,
and deposition of a slgcgnd material é5 to ba%ﬁfl_ll %totflrst ol%/m[er (3;{. As sh vvin in Flggrg 1, the
deposition of_the‘gg'é A %é’feﬁé(fc(%e’) aﬁlstfée o AN\ 'i‘f%é%?b %?e@f St & rﬁaﬁ&‘ﬁ?ﬁ ﬁgs)ulates the
first polymer §3) (ipiswedeby sihesrlinkifg) and denesitepoba @paepbriaienabfehetdikagsdinty i) and phase
control material (gyingr(i8)removal of the phase control material (4) and crosslinking of the first
polymer (3) may be repeated as many times as is necessary, depending on the required morphology
of the heterostructure. 15Dimension (a) in Figure 1 refers to the lateral length scale of the elevations of
deposited polymd® BRRWHITVEideiRch, tiarpasiien@idhes 15y tmateth BF RV wRIBIST 818 Elevation
and the width of tenpeighboeusingaidihDemapsitnad irefees polihehdghpor thicknetstef (Pie
elevations. limerglone) (RIS tRARhDAIARICISRS phibe SiRBPHERHRIRI QM YRUre. 20 As

can be seen in Figure 2, in comparison with the bulk distributed heterostructure devices given by the
bi-blend of PFB dREPSEY Eh?a@ﬁﬁﬁﬁrﬁ"ﬁHB‘ta??fﬁ'%'|é@tﬁﬂ? CEORRPLPKIng, ErinadichPa e c%’aﬁ“ﬁ% nm), it is
clear that the colusnremehtett rsstramt diressafstsenpeessa ideeatidinggivdha cehvibetteopdrfoomahce (up to
7% at the same Zhyvipmelenatix Ry a factor of greater than 4.5.

15  Dimension (&) in Figure 1 refers to the lateral length scale of the elevations of
deposited polymer. For convenience, this is indicated as being the sum of the width of
one elevation and the width of the neighbouring void. Dimension {b) refers to the height
or thickness of the elevations. Dimension (¢} refers fo the total height or thickness of
the supported heterostructure.

20
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 fo eiectron
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

25  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 iayer upon polymer nanotemplate approach. Also a diffuse

30 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.



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 30 interface may be achieved according to the
present inveriprodagggethods according to the present invention are mora:eaaidtiyaeessable than
processes that require lithography. The methods according to the present invention are also solution
processable which enables large area production by gging techniques such as ink-jet printing. 22
Examples Materials All chemicals and reagents were obtained from Sigma-Aldrich unless otherwise
stated. (6,6)-phenyl C31-butyric acid methyl ester (PCBM) was obtained from Nano-C. PFB and F8BT
may be obtained, for example, from American Dye Sources. Test methods Quantum Efficiency
15External quantum efficiencies were measured iBx@migiest atmosphere or in a vacuum (10-6 Torr)
using a calibrated system comprising a solar simulator (Oriel), monochromator (Cornerstone) and
sourcemeter (Ke'!tEIe%:, §400). Short circuit current and open circuit voltage were measured using a
semiconductor p Btfic analyzer (Keithley 4200). Incident light power was measured with a
calibrated silfeon diode 20 (OPT301M). Quantum efficiencies were obtained as a function of

wavelength by compréifigalb arhetrnisanire Winkihed thendSiyae-Naeer tesswbthéhakekaralibrated
photodiode. Power conversion efficienc lculated accordi ation 1: 25PCE
ERil Factor x VoSO Gt Eac e e LA O e
PFB and FBBT may be obtained, for example, from American Dye Sources.
10
Test methods

Quantum Efficiency

15 External quantum efficiencies were measured in an inert atmosphere or in a vacuum
(10° Tor) using a calibrated system comprising a solar simulator (Oriel),
monochromator (Cornerstone) and sourcemeter (Keithley 2400). Short circuit current
and open circuit voltage were measurad using a semiconductor parametric analyzer
(Keithley 4200). Incident light power was measured with a calibrated silicon diode

20  (OPT301M). Quantum efficiencies were obtained as a function of wavelength by
comparing the photocurrent output of the device under test with that of a calibrated
photodiode. Power conversion efficiencies (PCE) were calculated according to
Eguation 1:

25 PCE-= Fill Factor X Voltate open cirguin, X CUrreNtisnan erein X 100 (1)
incident Power

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

30 Measurement of nanostructures

The morphology of the nanostructures were measured by atomic force microscopy
(Digital Instruments Dimension 3000 atomic force microscope in tapping mode).



Incident Power wherein the fill factor is the ratio of the actual maximum obtainable power to the
theoretical power, given as a percentage. 30 Measurement of nanostructures WO 2009/068884PC
T/GB2008/003965 23 All film thicknesses are measured on a Tencor P2 profilometer. Elliosometrv
5Ellipsometrywmeasyegsnents were carried out on a JA Woollam M2000¥@llipsemetassd/ariable angle
spectroscopic ellipsometry was measured at both the top and bottom interfaces, wherein the top
interface refers to the air-polymer interface and the bggom interface refers to the polymer-glass
interface. Del and Psi ellipsometric values were collected as a function of wavelength for angles of 50,
55 and 65 degrees..10 Optical modelling was carried out using VVVASE32 modelling software. Optical
constants n and RWEPEH 836’%%%5‘?}%8%’%?8&’&%&%?&?@ .ﬁﬁmble la 15 The polymer
poly(9,91-dioctylfluorene-co-bis-NN-(4-butylphenyl)-bis-N,N-phenyl-1,4- phenylene-diamine) PFB with
molecular weightglgi3488,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 20 such that the weight ratio of the two polymers are equal. A
photo-cross|fke EPSeMEyIN ey MRS a9 tIHRA SHicHh it SV RAlRPsMee0R ectipsamerialith RCA
standard clean 1\esiatiorafglelspaatrotapicl BRpsoméon waihaespiecantethantottbeanaitiain3000
revolutions per ”?J@éﬁ?e%’,%é?éﬁ@fxﬂéﬁfi A égJJé%%%%ﬁeﬁ% ArpEySEH RS R BrMethy! ethyl

ketone (MEK) is dropped onto the r 10 seconds to oo .
interface refers {o the polymer-glass interface. Del and Psi ellipsometric values were

coliected as a function of wavelength for angles of 50, 55 and 65 degreses.

10
Optical modelling was carried out using WVASE32 modelling software. Optical
constants n and k were fitted by using the measured thickness.
Example 12

15

The polymer poiy(9,9'-dioctylfluarene-co-bis-N,N'-(4-butylpheny!)-bis-N,N'-phenyi-1,4-
phenylene-diamine) PFB with molecular weight ~100,000 is dissolved in toluene at a
concentration of @mg/ml. Polystyrene (PS) with molecular weight ~10,000 is dissolved
in toluene at a concentration of 9mg/mi. The two solutions are added in equal amounts
20 such that the weight ratio of the two polymers are equal. A photo-crosslinker is added
at Bwit%. 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
25  selectively remove the polystyrene. The wafer is then spun dry of methyl ethy! ketone
with dissolved polystyrene at 3000rpm for 40 seconds. The remaining polymer PFB
reveals a8 nanostructure with feature sizes in the range of 100nm te 500nm, more
specifically 300nm. The PFB layer is then cross-linked by exposing the sample to
~ ulira-violet light (254nm) for 2mins under nitrogen at ambient temperature (10ppm Oz /

30 H;0).



25 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 gr@ssasliinkggsby exposing the sample to ultra-violet light (254amk iRk amiessnder nitrogen
at ambient temperature (10ppm 02/ 30H20). 24 Example |b Poly(9,9'-dioctylfluorene-co-bis-N,

N'-(4-butylphenyl)-bis-N, N'-phenyl-1 4-phenylene- digmine ) PFB with molecular weight
-300,000gmo1-1 is dissolved in toluene at a 5 concentration of 9mg/mL. Polystyrene (PS) with a
molecular weight - 10,000gm01-1 is dissolved in toluene at a concentration of 9mg/mL. PS is the
desired first poly anostructured and is also the hole acceptor, e.g. for use in a photovoltaic
cell. PS is the phase control material. The two solutions are mixed in equal amounts such that the

weight ratio of theyyo p@mﬁa&mao;le@%%gwcttpsﬁfgaﬁgﬂw5@%%&4@% 4% ene-

azido-2,3,5-trifluoro-6- |so§%o£ Ibenzoate) is dissolved oluene.at a concentration of /mL and
t

added to the polyIREI& Wi Quﬁ%‘%ﬂ%%'%&h”?&%@@@f&%eiioﬁiﬁ%‘{?%é} \%‘fﬁﬁ? & solution is
spin-coated &ntoadesentmtiog lefs¥maitnbtr dRoly siveson H6H wilthaarBlrauiat Sveighk ~ 10,000gmol” is

poly(3,4- ethylen%@m&@%ﬂﬂ@k@@'&(&%ﬂ&%ﬁpw%m Pﬁ%ﬂﬁ%&&%@ﬁ%@ sEVRistigns per

minute (rpm) for 40 seco The th ckn ss.of th result nt film,is 40nm M t (MEK) is
dropped onto the F It for il@tgéec%ﬁ%%'gr? sttben%o% & é’étl‘\a/ yf?falr’ﬁ' g?’ ?(/e%kl? %he film

remaining on the'%ﬂl?smﬂie@qnm 'QWF&Y‘@MSH@F’S@@ é%&ﬂ%@’ﬂ W%ﬁbeﬁaﬂmﬁrwm@ﬂateral
length scale of - Mﬁgmﬁhiskﬁmsfpa@dmrsme maERsEEHR wetoRIS dmyesr istileRecergs-linked by

e e Bk S B ARG dbéanSE % Hﬁgacgdwft%a%ﬂeam%%ne&txééoﬂp 02/1120).

25 Polyff9,9'-dioctyffluorene) aIt electron accepting material for the
photovoltaic cell, {¥7Bh %’ﬁﬂjﬁd{?ﬁgttﬂéﬁ? ROl8ReE AR t?&ll‘ﬁf habiliahé WthiRSeeRtiP thrkpiaks of about

50nm. polymer weight.

The solufion is spin-coated onio clean ITO-glass substrates pre-coated with & 50nm

18 thick poly(3 4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDT:PSSH) at
3000 revolutions per minute (rpm) for 40 seconds. The thickness of the resultant film is
40nm. Methyi ethyl ketone (MEK) is dropped onfo the fiim for 10 seconds and spun-off
to selectively remove the polystyrene.

20 The film remaining on the substrate is PFB (with dispersed crossiinker! in-piane
nanosfructured at a lateral length scale of ~ 100nm and thickness of 20nm.

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

25
Poly{(8,9 -dicctyliluorene)-alt-{benzothiadiazole)) (F8BT), the electron accepting
material for the photovoltaic cell, is then spun-cast from a 15mg/mL solution in toluene
fo give a film thickness of about 50nm,

30 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 poiystyrene 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



30After 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

nanostructurgyis sppdessd insoluble by exposure of The PFB layer can he-¢jeasaligiigdsby exposing the
sample to ultra-violet WO 2009/068884PCT/GB2008/003965 25 light (254nm) for 2mins under

nitrogen ambient (IOppm 02 / 1-120). Third and subseggient layers can be added by repeating the
steps. Example Ic As described in the preceding paragraph, in a variation of the method of Example Ib,
the steps of deposition of the PFB/PS containing solution, washing with MEK and crosslinking were

carried out a secH?Y thrRéHRLID dBISSitBRET TREPFaDB FRRRM oH CREGLIfiteg it A Rarid¥ueitred PFB
layer with a thicksess:qi @6 fayerk xam gl @dddd by vepiation thetstepmethod of Example 1 b, the steps of
deposition of the PFB containing solution, washing with MEK and crosslinking were repeated twice
prior to 15deposition of the F8BT solution, resulting in a nanostructured PFB layer with a thickness of
50nm. The exter m efficiencies of Examples 1 b, Ic and id are illustrated in Figure 2. 20
Example le The polymer poly(9,9'-dioctylfluoreneco-bis-N,NI-(4-butylpheny1)-bis-N,111-phenyl-1,4-

As described in the preceding paragraph, in a variation of the method of Exampie 1b,

the steps of deposition of the PFB/PS containing solution, washing with MEK and

crosslinking were carried out a second time prior to deposition of the F8BT solution,

resulting in a nanostructured PFB layer with a thickness of 35nm.

10

Example 1d

In a variation of the method of Example 1b, the steps of deposition of the PFB
containing solution, washing with MEK and crosslinking were repeated twice prior to

15  deposition of the F8BT solution, resulting in a nanostructured PFB laver with a
thickness of 50nm.

The external quantum efficiencies of Examples 1b, 1c and 1d are illustrated in Figure 2.

20 Example 1e

The polymer poly(8,9-dicctylfluorenaco-bis-N,N'-{(4-butyiphenyl}-bis-N,N'-phenyl-1 4-

- phenylene-diamine) PFB with molecular weight ~100,000 is dissoived in toluene at a
concentration of 9mg/ml. Polystyrene (PS) with molecular weight ~10,000 is dissoived

25  in toluene at a concentration of 9mg/ml. The two solutions are added in equal amounts
such that the weight ratio of the two poilymers are equal. A photo-crossiinker is added

at Bwi%. 12mm by 12mm ITO substrate after 10min oxygen plasma was span with
PEDT.PSSH at 5000 revolutions per minute (rpm) for 40 seconds o give 40nm thick
PEDT:PSSH. The solution is then spin coated onto this PEDT:PSSH film at 3000 rpm

30 for 40 seconds. The thickness of the resulting film is ~40nm. Methy ethyl ketone (MEK)
is. dropped onto the film for 10 seconds to selectively remove the polystyrene. The
wafer is then spun dry of methy! ethyl ketone with dissolved poiystyrene at 3000rpm for

40 seconds. The remaining polymer PFB reveals a nanostructure with feature sizes



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 25 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 aregas|pab dfsgakoto-crosslinker is added at 6wt%. 12mm by 12mmiAigssmstiate after 20min
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 spjig coated onto this PEDT:PSSH film at 3000 rpm
30 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 ketont with diB8SIERSEI ?Er?éc’éf'g@ﬁﬁ?B}XFFBF%WE%H?!BFWéJWéﬁl‘ﬁH{?'ﬁOIymer
PFB reveals a nd@a@roidarnmiishfegtunit cgiee smigm008d6 688840)CT/GB20081003965 26 -100nm.
The PFB layer is then cross-linked by exposing the sample to ultra-violet light (254nm) for 2mins under
nitrogen ambient_(IOppm 92/ 1-120). Example if 5 The polymer

poly[2- methoxy-%@sﬂﬂdrm- ethyloctyloxy)]-p-phenylene (0C1010-PPV) with molecular weight -100,000
is dissolved fh toluene at concentration of 9mg/ml. Polystyrene (PS) with molecular weight -10,000 is

dissolved in tolueme apayaanceayRtiaseH9BgsT - dkethyedalidngs e gased dTegualrmdpunts such
that the 10 weighfratg ?Jcﬂl&twagﬂ?'y%%féoﬂf%%%ivé HR%@&HQS&'QW ﬁzéﬂgﬁ%ﬁéﬁ - 12mm by

12mm silicon oxide wafers areﬁ cleaned wit standard clean 1 solution 15 m nutes The

solution is then sPAYEYRRG &A% thhwaeEsiao it omthPpd Mifnehet pif) Rivens sécdhds. The
thickness of the resekmicpiidmat9aQinmh. Thietivgl stliibke tona¢hbEKD) &yckbgpechtnsodinéhitrihdor 10

seconds {0 {§ SQMMQMH@W\@ R RRIyHRIERR Theay aleshsdReds sk i/ éﬁdé@%}%ﬁ%%’ | ketone
with dissolved p #Yé?é 3000 rgm far, 40 seconds. The rem |n|n %1((1 mer PFB r veal

nanostructure wit %’% siﬁ ﬂrﬁx%e EB IﬁV’ePfg ﬁllee%‘ o‘gl.% li %}9’1&?{,% a"the sample
to ultra-violet hgmcdgmhrﬁq) o Prinikigunther Aitige nsath®ie ARifl Gpplier 0oMte 209 . wafer xainddll1q Polymer

poly[2-methoxy-Se@idichEnssh Wmatd opaks P e ¥lea dd) Ciie RS Withhe resutting film is
~40nm. Methyl ethyl ketone (MEK) is dropped onto the film for 10 seconds to

15  selectively remove the polystyrene. The wafer is then spun dry of methyl ethyl ketone
with dissolved polystyrene at 3000 rpm for 40 seconds. The remaining polymer PFB
reveals a nanosiructure with feature sizes ~100nm. The PFB layer is then cross-linked
by exposing the sample to ultra-violet fight (254nm) for 2mins under nitrogen ambient
(10ppm O,/ H,0).

20
Example ig

Polymer poly2-methoxy-5-(3', 7’ -dimethyloctyloxy)]-p-phenylene (OC1C10-PPV) with
molecular weight ~1,000,000gmol™” is dissolved in toluene at a concentration of 5

25  mg/mi. Polystyrene {(PS) with molecular weight ~10,000 is dissoived in foluene at a
concentration of Smg/mL. The two soiutions are added in equal amounts such that the
weight ratio of the two polymers are equal Bisazide photo-crosslinker ethvlene bis(4-
azido-2,3,5-trifluoro-6-isopropylbenzoate} is dissolved in chlorobenzene at a
concentration of Smg/mL and added to the polymer solution mixture to give 1 wt% with

30 respect to the fotal polymer weight. The remaining steps are identical to those in
Example 1b.



molecular weight -1,000,0009ml-1 is dissolved in toluene at a concentration of 5 25 mg/m1...
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. Bisazige;ph@igsgsslinker ethylene bis(4- azido-2,3,5-trifluoro-6-igopepylasiweate) is
dissolved in chlorobenzene at a concentration of 9mg/mL and added to the polymer solution mixture to

give 1 wt% with 30respect to the total polymer weightsIhe remaining steps are identical to those in
Example 1 b. 27 Example In Polymer poly[2-methoxy-5-(3',7'-dimethyloctyloxy)]-p-phenylene
(001010-PPV) with molecular weight -100,000 is dissolved in toluene at concentration of 9mg/ml, 5
Polystyrene (PS)&@RBiolBcular weight -10,000 is dissolved in toluene at 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-crosslinkerggiggg:?gybgwg{%%gg]@,Ey&gmié%%%%ﬁf%%%ﬁg J{%if%%w Rlagma was

spun with PEDT:PS 0 revolutions per minute or 40 Seconds to give 40nm thick

PEDT:PSSH. 10 TAEXALEHIE 17dRPRR dBafitsdvRe tisteeans B &uaantatiososh Ase/®r 40
seconds. ThethickngsweatethdRswithg hbledsiad Omeightl etiig @Dy ik etisel(R4EK) iscilrenpeat onto the

EIT for 1Qt s%?o”C{:%ﬁ@eﬁ%%ﬁ%?%'ﬁrﬁ@fﬁggggﬁﬁ%Né%@%e%@é@rfeéﬁt%{bﬁmrﬁ&’&{ @E{gﬁéhyl etrllyl

etone with dissolved polystyrene rpm for 40 seconds. The remaining r reveals a
nanostructure WitH’ef'éhFJ %Gsi}éfe@?l%‘@nﬁ?lynfgrgoﬁrﬁ n%%ﬁg%ﬁéﬂ‘&ﬁ?ﬁé@%h ‘Eréég?}l%ﬁéeéa "Bty"exposing

the sample to ultrs20iei&Y g 252 sHbstateafiers! Omiee RSy asEm bR BRIDW M FZPT I28FHEXample

2a 20The polymestsoiut I dndies it minmeqepkisfor Ml sebdndy to iy Yohis-Nidk/ sEEnyESd-

phenylene- gm"‘i‘??eFéEﬁ;X‘r’J‘iQ i '%8%6'%&%{’8‘9& *?ﬁé%ﬁi%’g@f%gﬁ?%}ﬁe& Hbé 'Irb‘?ﬁ‘?o?&@s%%gﬁgé‘”aﬁon of

9mg/ml. 6wt% of a photo-crosslinker is added next. similar solvent (dimethylformamide) which
has low entropy toIPPBES /IS0 SRRNNOTHE b TidHisMpitvEBLA SRS IMECIEREBRaRE 0N oxide

wafers at 3000 rpsntattdOfiim for 10 seconds to selectively remove the polystyrene. The wafer is then
spun dry of methyl ethyl ketone with dissoived polystyrene at 3000 rpm for 40 seconds.
The remainling poiymer PFB reveals a nanostructure with feature sizes ~100nm -
15  500nm. The PFB layer is then cross-linked by exposing the sample to uitra-violet light
{254nm)} for Zmins under nitrogen ambient {10ppm O,/ H,0).

Example 2a

20 The polymer poly(8 8 -dioctyifiuoreneco-bis-N N'-(4-butylphenyl)-bis-N N'-shenyl-1,4-
phenylene-diamine) PFB with molecular weight ~100,000 is dissolved in toluene at a
concentration of 9mg/mi. 8wt% of a photo-crossiinker is added next. A dissimilar
solvent (dimethytformamide) which has low entropy to PFB is added at Svol%. The
solution is spin coated onfc pre-cleaned silicon oxide wafers at 3000 rpm at 40

25 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,O}).

Talf polymer nanostructures can also be built using the one polymer and two soivent
30  approach as the nanotemplate Jayer and subsequent layers can be built using either
the fwo polymer ane solvent or one polymer two solvent approach.



25 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 (IOppm 02/ 1-120). Tall polymer nanostructures can also be built using the
one polymergpdiwmssgyent 30approach as the nanotemplate layer angsphseaitenidgyers can be
built using either the two polymer one solvent or one polymer two solvent approach. 28 Example 3a
Polymer poly[2-methoxy-5-(3',7'-dimethyloctyloxy))-p-ghenylene (0C1C10-PPV) with molecular weight
100,000 is dissolved in toluene at a concentration of 9mg/ml. 6 wt% 5 of a photo-crosslinker is added
next. The solution is spin coated onto pre-cleaned silicon oxide wafers at 3000rpm at 40 seconds to
give a 55nm thickX@MRR%38 0c1C10- PPV layer can be cross-linked by exposing the sample to
ultra-violet light (254nm) for 2mins under nitrogen ambient (10ppm 02/ H20). (6,6)-phenyl C61-butyric

acid methyl esteipfdia (wgme%%&m SRR S@IWW M is 10
spin-coated twice o to O er at 300 {n at4 fc,econds ;[o ive g prp éhlct§
0C1cC1io0- PPV/14%eﬁe§|\‘ﬂ'eE 'ﬁg'ﬁ%q ° uene at a concentration of Smgim

poly[2-methdky- 511‘(3',moﬁ?m@ﬁ?}ll'&@tyi@ﬂﬂ}]qﬁ-méhﬂéﬁeswmgmmﬂpmmm pnttepistaiaargdht 100,000
is dissolved in tokapion akideCoaTerR bt D00 SH Wﬁ&c@wﬂﬂ% glﬁa Pboiarerrrlknkemnis addetonext. The

solution is spin gﬁﬁg%?&t%aﬁooe ’%&'s‘s‘il%k ﬁ %sm IQ ALl S\?&%Pii’@&@ léé il [:%?”m thick

film. The 0C1C1 er can be cross- posmg e sampletou t (254nm)

for 2mins 20 und&miAr %Em%h?mﬁﬁ o) H&6) - sRéhphems| Ly aaid ey ester
(PCBM) with molestataP@Bightvi IfoBinidi seeibte d-01 €| &y alixzoied dn Eﬂ&%a&m -deaBM #wwvice onto

0C1C10-PRy 'ay&mt:éﬂg&m@e BhisGBIEAnISHP ige & §5864ﬁ5m%lf AELCHUER ISR REBM. 25

E I Pol h 7'- hyl I henyl 10-PPV) with
xample 3c oytrg\lg& ¥E16n§év?1xng ?c’:,B dimethyloctyloxy)]-p-phenylene (0C1C10- ) wit

Example 3b

15  Polymer poly[2-methoxy-5-(3',7'-dimethyloctyloxy)}-p-phenylene (OC1C10-PPV) with
molecutar 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 40 nm thick
PEDT:PSSH at 3000rpm at 40 seconds to give a 55nm thick fim. The OQC1C10-PPV
layer can be cross-linked by exposing the sampie to ultra-violet light (254nm) for 2mins

20 under nitrogen ambient (10ppm O,/ HO).  {8,8)-pheny! Cq-butyric acid methy! ester
(PCBM) with molecular weight ~910.9 is dissolved in chlorobenzene. PCBM is spin-
coated fwice anto OC1C10-PPV fayer at 3000 rpm at 40 seconds to give a 35nm thick
0OC1C10-PPV/14nm PCBM.

25 Example 3¢

Polymer polyj2-methoxy-5-(3', 7'-dimethyloctyloxy)l-p-phenyiene (OC1C10-PPV)  with
molecular weight 100,000 is dissolved in toluene at a concentration of OSmg/ml. 8 wt%
of a photo-crossfinker is added next. The solufion is spin coated onto 40nm thick
30 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 uitra-violet light (254nm) for 2mins
under nitrogen ambient (10ppm O,/ Hx0). (6,6)-phenyl Cs-butyric acid methyl ester
(PCBM) with molecular weight ~810.9 is dissolved in chiorobenzene to give final
concentrations between 0.1mg/mL and 10mg/mL. The PCBM soiution is inkjet-printed



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 30 PEDT:PSSH at
3000rpm at 40 seconds to give a 55nm thick film. The 0C1C10-PPV layer can be cross-linked by
exposing theysampiadergdtra-violet light (254nm) for 2mins under nitrogesreobientdddppm 02/ 1120).
(6,6)-phenyl C51-butyric acid methyl ester (PCBM) with molecular weight -910.9 is dissolved in
chlorobenzene to give final concentrations between Gyymg/mL and 10mg/mL. The PCBM solution is
inkjet-printed 29 over the crosslinked (0C1C10-PPV) over multiple passes to give a layer of (0C1C10-
PPV) of approximately 35nm in thickness on top of which is deposited a layer of PCBM of
approximately 30 %%RW@%?'@@%%B@%DCF BORYD-MutiRBpasses 1P i SRR IS DiBhenylene
(0C1C10-PPV) vrtrVind| eppricwimeatign 83,000, 00dgese ovaomls yoiichdsindpbsiertaaapecohB&Bition of 3
mg/mL. Bisazideoqg%%g,gg@wggﬁ,gt{p,y&ﬁ@sgis(4-azido-2,3,5-trif|uoro-6-isopropylbenzoate) 10 was
added to the mixture to give a final crosslinker concentration of 0.5w/w% with respect to the
OC1C10-PPV. This solution was then spin coated onto clean ITO-glass substrate pre-coated with a
50nm thick FEDEX28mig &tin at 3000rpm for 40 seconds to give a 55nm thick film. 15 The
001C10-PPV layer was then crosslinked by exposing to UV light (254 nm) for 2 minutes under a

nitrogen atmosphgre {<1nom 02/H20) and rinsed with toluen iNG&T, (6,6)- 61 butyric
acid methyl ester}e@@ém; E%&éﬁé’?ﬁ?@%ﬂﬁ%ﬁﬁﬂ%ﬁ%‘ ge é)%;gg%é% %?Mor%@e%ﬁ%d%a
concentration of YRign . OPGEIIMES Wah RS hiS'HeasH el SPREFBBIPB PR g 8t™000rpm for
40 seconds. 20 |githigdexashplectbssiie Meinlaace| bl azitse 3 6rdmareleduammnosgibhsmoraer) while the

OCiCio-PPVds the.balg agcepir andhole transaoster el RErQyRlAinGs! of ReRimadiaht
absorber is 0C1C10-PPV, which has an absorption coefficient five tlmesdgreater than that of PCBM at

wavelengths betﬁ}ne?@ﬁcﬁé‘btaﬁ@%ﬁiﬁpv' This solution was then spin coated onto clean 1TO-glass
subsirate pre-coated with a 50nm thick PEDT.PSSH fiim at 3000rpm for 40 seconds fo

give a 55nm thick film.

15  The OC,C.-PPV layer was then crosslinked by exposing to UV light (254 nm) for 2
minutes under a nitrogen atmosphere (<tppm 0./H,0) and rinsed with toluene on the
spinner. (6,6)-phenyl Cq; butyric acid methyl ester (PCBM) (molecular weight 910.9¢
mol”) was dissolved in chiorobenzene to a concentration of 9mg/mL. PCBM was then

infiltrated into the polymer layer by spinning at 3000rpm for 40 seconds.

20
In this example, the PCBM is the electron acceptor and eleciron transporter, while the
OC,C-PPV is the hole acceptor and hole transporter of the photovoltaic cell. The
primary light absorber is OC1C1o-PPV, which has an absorption coefficient five times
greater than that of PCBM at wavelengths between 450 and 550nm.

25

Infiliration of PCBM into the OC,C1o-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 funciion determined from the top-
side (air-polymer) shows a higher PCBM content compared to the bottom-side

30 (polymer-substrate). This can be seen from the relatively higher k values at
wavelengths below 450 nm, where the OC,C,o-PPV absorption tails off and the sirong
absorption band of PCBM begins. The eflipsometry resulis aiso suggest the possible
presence of a thin layer of PCBM (about 3 nm) on the surface of the graded composite
film,



25 Infiltration of PCBM into the OCIC10-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 topside (air-polymer) shows a
higher PCBMyeontentsgmpared to the bottom-side 30 (polymer-substraje)r/&hisasansbe seen from the
relatively higher k values at wavelengths below 450 nm, where the OCiCio-PPV absorption tails off
and the strong absorption band of PCBM begins. Thesgllipsometry results also suggest the possible
presence of a thin layer of PCBM (about 3 nm) on the surface of the graded composite film. 30 Optical
modeling suggests that the average PCBM:0C1C10-PPV volume ratio in the film is between 0.5:1 to
1:1 with slightly higher PCBM content at the top (air-polymer) interface than at the bottom. Example 3e
Following infiltratiopticdl FOsSnhsEgeesis|thddhaavaragd GBMi{etaloatifbowiime Wp dstieditohto the '
heterostructure tg;ghsevadnotodiasie Aixath IeRISOARJMEIOPdaNICE IBRAS Mt thrhRigresiructures
exhibit higher effiﬂgﬁg‘i:ee ggggtiggggtrlgional blend devices. 31 Claims 1. A supported polymer
heterostructure, wherein the he efostructure comprises a polymer immobilized on a substrate and a
further materfal deposited on said polymer, wherein the heterostructure comprises an in-plane
nanostructure cogyarmropa series of discrete regularly 5or randomly spaced elevations or regions of
immobilized polymer. 2. The heterostructure according to claim 1 , wherein the immobilized polymer is

a crosslinked pol¥mer., 3. The heterostructure according to claim 2, wherein the golymer is radiatively
crosslinked. oliowing infiltration of PCBM in Exampie 3c, an aiuminium metal Cathode was

deposited onto the heterostiructure to give a photodiode pixel.

10
Semiconductor devices made from such heterostruciures exhibit higher efficiencies
than conventional blend devices.



4. The heterostructure according to claim 2, wherein the polymer is thermally crosslinked. 105. The
heterostru.cture according to any one of claims 1 tq 4, wherein the heterostructure comprises one or
more diffuse or abrupt interfaces. 6. The heterostructure according to any one of claims 1 to 4,
wherein the heterostructure comprises a vertical lamellar. 7. The heterostructure according to
claim 5, wherein the nanostructure comprises alclziimmna 15heterostructure. 8. The heterostructure
according to claim 7, wherein the nanostructure has a lateral length scale from about 10 um to about

1000 urn. 32 9. The heterostructure according to claim.1, wherei levations. of.i lized
polymernha%e?ﬁiﬁgglb%% é)e‘r%ﬁ}esreﬁe(’lé é(a?lflrlécr%%éc Hg%?eﬁﬁ gﬁaﬁﬁ%ﬁi{%&ﬁuﬁfg@gﬁ%ﬁ %@gwﬁgggnm 10.
The hetenvsivbdiacd accomlingitdcthepreistis clamterivhdesivrtied lanesaldangimia apdardorihe to
200nm. 5li. The hetero fur. rding.t j Teg PRV ' -lateral i$,about
om0 T T BB o Sk e the
elevations, rindependentlyl slaathioterchiave al heighbdeedted iorh about 50mn to 200nm.  13.
The heterostructure according to any one of claims 1 to 12, wherein the polymer is an 10organic

polymer, 14, The SISIARYEIUIE ACARLCING 19, 1e Previous Gleim.hGIEf eolmats selected

from polymers or copolymers selected from poly(thiophenes), poly(phenylene vinylenes),
poly(fluorerreblikgdlyahiifise.  15. The heterostructure according to claim 13 or 14, wherein the
heterostructure comprises 150ne or more inorganic compounds.

3. The heterostructure according to claim 2, wherein the polymer is radiatively crosslinked.
4. The heterostructure according to claim 2, wherein the polymer is thermally crosslinked.

10 5. The heterostructure according to any one of claims 1 to 4, wherein the heterostructure

comprises one or more diffuse or abrupt interfaces.

6. The heterostructure according to any one of claims 1 to 4, wherein the heterostructure

comprises a vertical lamellar.

7. ‘The heterostructure according to claim 5, wherein the nanostructure comprises a colummar

15 heterostructure.

8. The heterostructure according to claim 7, wherein the nanostructure has a lateral length

scale from about 10 nm {0 about 1000 nm.

20



16. The heterostructure according to any one of claims | to 15, wherein the further material comprises
a second polymer and the heterostructure comprisgs an abrupt interface. 17. The heterostructurc
according to any one of claims 1 to 15, wherein the further material comprises a material with a lower
molecular weight than the molecular weight of the 20deposited polymer and the interface at the
deposite? folyingranttthiefuntierdgdrialidndiffusdcrs® 4e. dtiahensrostraaeldiaetoriiiecto claim
L7, wherglo e onsnmaleeularusiont metesaleamauarsAnEamat T ke beteigstiucture
according to claim 18, wherein the oligomer comprises an oligomer of thiophene, phenylene, fluorene
or oxadiazole. 520. The heterostructure according to claim 17, wherein the lower molecular weight
material torifésesastnatimplesalding lioThe histdrostrletise dscoiihg folerainrnghyhabsi the small
moleculg gomprisgg, fullerene or a derivative thereof ~ 22. The heterostructure according to claim 17,
wherein the lower molecular weight material 10comprises a nanocrystal or a nanowire. 23. The
heterostructure according to any one of claims 17 to 22, wherein the composition profile of the diffuse
inteffacelib graglddtovsiaciertiosteidtande BrfysY Bbs WEAM WaBBUIBOBHfagHe 1§ iy
compris%l{?l%-g(p%nqlfl‘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 15material and 0-20% of the first polymer at
the edge of the vertical distance furthest from the substrate. 24. A semiconductor device comprising
the heterdstiltiieieaceavding wrentylisad oRiYepreviche praiess claims, wherein the elevations,

independently of each other, have a height selected from about 30nm to 200nm.

13. The heterostructure according to any one of claims 1 to 12, wherein the polymer is an

10 organic polymer.

4. 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.

15. The heterostructure according to claim 13 or 14, wherein the heterostructure comprises

15 one or more inorganic compounds.

16. The heterostructure according to any one of claims 1 to 15, wherein the further material

comprises a second polymer and the heterostructure comprises an abrupt interface.

17. The heterostructure according to any one of claims 1 to 15, wherein the further material
comprises a material with a lower molecular weight than the molecular weight of the
20 deposited polymer and the interface at the deposited polymer and the further material is

diffuse.

25



25._A semiconductor device according to the previous claim wherein the device is an organic 20light
emitting diode or an organic photovoltaic device. 33

18. The heterostructure according to claim 17, wherein the lower molecular weight material

comprises an oligomer.

19. The heterostructure according to claim 18, wherein the oligomer comprises an oligomer

of thiophene, phenylene, fluorene or oxadiazole.

5 20. The heterostructure according to claim 17, wherein the lower molecular weight material

comprises a small molecule.

21. The heterostructure according to claim 20, wherein the small molecule comprises

fullerene or a derivative thereof.

22. The heterostructure according to claim 17, wherein the lower molecular weight material

10 comprises a nanocrystal or a nanowire.

23. The heterostructure according to any one of claims 17 to 22, wherein the composition
profile of the diffuse interface is graded over a vertical distance of from about Snm 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
15  material and 0-20% of the first polymer at the edge of the vertical distance furthest from the

substrate.

24. A semiconductor device comprising the heterostructure according to any one of the

previous claims.

25. A semiconductor device according to the previous claim wherein the device is an organic

20 light emitting diode or an organic photovoltaic device.



