WD 2013/ 066266PCT/ SG2012/ 000407 A light-emtting device Field of the

i nvention The present invention relates to a light-emtting device, a
nmet hod ofwbabriwetsbng a | ight-emtting device and a |i girCTsGRot2i00gt0di ode.
Background of the invention Various new light-emtting device

t echnol ogi es have started energgﬂgp_gﬁg-ggﬁQRJe, US patent publication
2012/ 0112165 proposes a quantu T ‘uses nonradi ative energy
transfer (NRET) to inprove device efficiency. However, comrercially this
ki nd of NRET based quantum wel|l LED has been |argely unsuccessful to date.
This may be because of the difficulty to integrate the NRET structures

wi t hi rfigldeofdhginventionel | LEDs using current process technol ogy, and the
resulting NRET efficiency is poor due to geonetrical reasons. 1 2'3

Nanocr yst al Tlgupresammirdehor( MGADss to altighteenmitting ¢aviee, singthed af fabaitatitigsotigier ed
sem conductor colloidal materials4'5, as they may offer size tunable

em ssi gnitsieddvicd.anadighpBaltehgdiongscence (PL) quantumyi el ds, narrow

em ssion full-w dths-at-hal f-maxi ma (FWHVs) and i ncreased environnental
stabilities at reduced costs. Prior art NQD based el ectrol urni nescent
devices6' 7' 8, commonly rely charge injection punping of the NQDs. However,

char ge,i 'ectio¥ and tgansport across the N@ thin filns are weak, due to
passia%¥ihgﬁ%%§—g§égﬁpﬁ%¥ng organic ligands9'1' 11, and unbal anced, due to
different potential barriers for electrons and holes | eading to Auger

r econbi nat i b1ous new lighd-egnting dgyige tschaologiey hayecstatssemengings o erpmnie, US
principle reach | arge peak external quantum efficiencies (reported up to
6. 3%d 2patent phblicaties ¢8HY81 174 66 graploRds: queatund vkl EEP wihdspieo nesrdntive bugeyl
OLEDs) with proper charge injection and bl ocking | ayers. However, polyner

based tenksfas WRETS W fngprode devidensthicidakon Homessi, oominetuiall shihis kKih® be NRETabased
excitons. WD 2013/066266PCT/ SG2012/ 000407 Phosphorescent LEDs are

anot heqagiuh® WRAIRIS hePhRR! 18 ¢8ly REMLSHING dafd. ThRImEX 6L boRsise Hitheldi@tuliRY be

expensive due to the heavy mefal ions used for phosphorescence. Summary of

the i ﬂ%eﬂﬁéraﬁ?rgte the NRET tst}ﬁcc:fﬁ{e;'sjoﬁritﬁirnt tﬁehg]lu i d{v&%’eﬁwj Hgﬂé g&é%?lk) ylggée%st 0

NQDs 1S co nly consi dere e an ex usi on ass rocessi4.

\AHS /()V\évet%c}{nrc]) ogly[]é/n%r}flg gessulrtllgtg ?\ﬂ{é'lhgftﬁc}erryq? isrp%lo?ﬁgéj tot goeoln%)tl}lica eaéo%%.dll g cases (3-4

Nanocrystal quantum dots (NQDs), are a more promising class of disordered
semiconductor colloidal materials®’, as they méy offer size tunable emission spectra, high
photoluminescence (PL) quantum yields, narrow emission full-widths-at-half-maxima (FWHMs)
and increased environmental stabilities at reduced costs. Prior art NQD-based electroluminescent

8

devices®”®, commonly rely charge injection pumping of the NQDs. However, charge injection

and transport across the NQD thin films are weak, due to passivating vand stabilizing organic
ligénds9’10’11, and unbalanced, due to different poténtial barriers for electrons and holes leading to
Auger recombination. |

As an alternative, organic LEDs (OLEDs) can in principle reach large peak external
quantum efﬁc_icncies (reported up to 6.3%"% for fluorescence based OLEbs and 18%" for

phosphorescence based OLEDs) with proper charge injection and blocking layers. However,

polymer based OLEDs may suffer from forbidden emission from the triplet state excitons.



The inventors have identified that a high NQ | oaded conposite thin
polynmeric filmLED nmay be desirable. The inventors have also identified
t hat aggrwgavidowems aggl onerati on of the NQDs in such fiPCEmsGporambidoal |y
limts the NQD | oading and identified that aggl oneration hinders the

resul ting nk’ﬁ)‘?:ﬂ%ﬁmﬂ% Eb&aGkd %ﬂﬁhet? fhaﬂ@e gﬁ};ﬂlé 8¢ ﬁﬂ@eéngggﬁ?let' ﬁxcitﬁlg but

i nventors i at NRET in- ectrlc driven L

sensitjive to.the separatio i st ance, bet we nor - accept or speci es.
' gerFLmaY be KPR g b @ﬁ%f}}ﬁ%&@&s i ?3%&%5? SrgiceRtnopar t i ol e
(nanocrystal s, nanorods, nanow res, nanotetrapods, etc.) chemcally '

integrated into a soft matter or soft material matrix. Thus enbodi nents of
t he proposed conposite may include high | oading without aggloneration that

enabl eSureimfiryoifdig inggmidnoni ¢ drive of the nanoparticles through

substantially conpl ete non-radiative energy transfer. This may have the

advant ages Inhh¢ ptidrearthe OFRIOIBOR dodyjuatsdiobimdts BNQIRS i celfidhlyeodhkideridao
pat hways with energy transfer efficiencies > 70% high |oading |evels can

be achjeyeexditdn 7(foM\£@n aRREPRBe&s'S eHB%@ér' tﬁ@ nﬁz%ﬂtopsenéth'@ RLE SRS ﬁjelaEé/E 16 Bow

otherw se may have limted prior art filmloadings to 3-4 woin the case of
2013/ 0SePsbrH Bssb 81 386507 sol Ut on based pr ocess. abi 11 ty: | ow wei ght:
large area; 'The inventors have identified that a high NQD loaded composite thin polymeric film
LED may be desirable. The inventors have also identified that aggregation or agglomeration of
the NQDs in such films practically limits the NQD loading and identified that agglomération
hinders the resulting excitonic interactions based on NRET in the LED.

The inventors idéntiﬁed that NRET in electrically driven LEDs is highly sensitive to the
separation distance between the donor-acceptor species.

In general terms the invention proposes a composite of nanoparticles ‘(nanocrystals,
nanorods, nanowires, nanotetrapods, etc.) chemically integrated into a soft matter or soft material
matrix. Thus embodiments of the proposed composite may include high loading without
agglomeration that enables éfﬁciént excitonic drive of the nanoparticles through substantially
complete non-radiative energy transfer.

This may have the advantages that
- the nano-composite promotes highly efficient excitonic pathways with energy transfer

efficiencies > 70%; | |
- high loading levels can be achieved (> 70 w%); and
- phase segregation can be suppressed, which otherwise may have limited prior art film

loadings to 3-4 w% in the case of blending);"

while also providing the following properties of



surface em ssion; flexible substrate; and/or |ow cost. In an

enbodi nent, light-emtting diodes (LEDs) using exciton injection directly
from t he wonstiasemnt pol ymer to the NQDs denonstrate el ectrischurnion@®zTence
spectra fromthe NQs only as a result of the conplete exciton transfer

when the L I iven. This may lead to nore than a 10-fold
enhancenenf§h&ﬁ)ﬁ?ggﬂ§%&%gﬁﬂﬂlantunleff|C|ency conpared to w thout

excitonic |nject|on In an enbodinment, a light-emtting di ode conprises:
a pol ymer tﬁgﬂ”ﬁgmélectrlcally driven to formexcitons and an inorganic
emtter (quantum materials - nanocrystals, nanorods, nanowi res,

nanot et r apoéege arddat i s- chemically integrated into the pol ymer such that a
hi ghl y-di sordered or partially disordered hybrid thin filmis attained,
for whi ch asurfané emisbienj nt egrati on and di spersion are attained with a
specific hybridization reduci ng phase separation while avoiding-the
formati on ofiexaglgs@gHhRS aiPot hat high particle loading in the host is nmade
possi bl e, and .as a result, where strong exciton-exciton interaction
i s obtained,g0.45 to extract ex0|tons fromthe polynmer donor and into the
i norganic acceptér to convert t he zi pped excitons into photons.

B O b SRl s DL SEHERR b8 SR Popteve
- ghéolngt?tuent polyrner to the NQDs demonstrate electroluminescence spectra from the NQDs only
as a result of the complete exciton transfer when the LED is electrically driven. Th1s may lead to
more than a 10-fold enhancement in the external quantum efficiency. compa;ed tq without
expitonic injection.
In an embodiment, a light-emitting diode comprises:
- a ﬁolymer that is electrically driven to form excitons and an inorganic emitter (quantum
materials — nanocrystals,-nanorods., nanowires, nanotetrapods) that is chemically integrated inlto
the polymer such that a highly-disordered or partially disordered hybrid thin film is attained,
- for which an in;cimate integration and dispersion are attained with a épeciﬁc hybridizatibn
reducing phase separation while avoiding the formation of aggregates so that high particle
loading in the host is made péssible, and
- as a result, where strong exciton-exciton interaction is obtained so as to extract excitons
from the polymer donor and into the inorganic acceptor to convert the zipped excitons into
photons.
Excitonic LEDs can be used in similar applications to organic LEDs, including
- smart phones, PDAs
- all other portable displays

- automotive,

- lighting, etc.



WD 2013/ 066266PCT/ SG2012/ 000407 In a first specific expression of the
invention there is provided a light-emtting device according to claim 1.
In a secowmo 28pawhiebc expressi on of the invention there iPSTSGovi2eakoa net hod
of fabricating a | ight emtting device according to claim12. In a third

specific e lg\rae?ﬁé[t %Be(ﬁ %Qﬁrg&s“c\’ne% 'th%&rr%/&ﬁ{oﬁefrl]lg ep:T%\fbﬂSgd a 11%‘%1@&@%@@ el 12

di ode according accordlng
to any on of c 11 or 13 tp 15.. Brief scr nof t he

One or? i%éa‘méﬁpgm °¥H¥855i%fefﬁ ﬁ‘i‘}\AFB’é’V car‘inﬁ

W th reference to the follow ng figures, in V\/mch Figure 1 is a

scheneefi febugatige aright-cmitting Hevienrpeoording thedpiae 13dacy bird gpecifia Axprzssion ef the
enbodi ment. Figure 2a is a conceptual diagramof the NRET transfer in

Fi gur ein¥entlenghere i2rovideda tighte@pittired didd agpcarding totdkemebécort 10 Embadafiaits may a
prior art device. Figure 3 is a chemcal structure of an exanple pol yner
for thie ieBe&itéLadcbrdimierady bne bf 8uine24 1ick 13 t6N9ss-section of an exanple
NQD for the conposite in Figure 1. Figures 5(a) to 5(d) are electron
m croscopy i mages of phase segregation in hybrid and bl ended NQD thin
films. Scanning eIectron m crographs of (a) functionalised pol yner

pol yfl X rids and (b) nonfunctionalised PF. NQD bl ends

Spi n- cos I <%t ate with the same NQD | oading (- 45 w9 .

Sever e phase segregatlon IS observed inthin films utilizin g

nonf un©h¢ BaPTessgmple qphodiperts ef thedpyenign wathgowrs desatbed. Wih yeferengaie thae
rest is nostly NQD aggregates as confirmed by EDX, although no significant
phase %@pﬂhnﬁg escamwhishobserved for thin filnms made with functionalised PF
(a). STEMinmages of NQDs in (c) functionalised PF and (d) nonfunctionalised
PF usi ng t heigsene iyvai ghtmati®didgrash I sightreriatiy dade: adédinartd aibegample
honogenousl y di spersed in functionalised PF (c), but NQ@s nostly stack

t oget hgpbsmgedtor m aggr egat es when di spersed i n nonfunctionalised PF (d).
NQDs are observed to WD 2013/ 066266PCT/ S&2012/ 000407 be lying in a

At tachi ng cPaRaDs & el Sain b RE Qi I Poe homogentus! v

* Figure 2b is a conceptual diagram of the exciton transfer in a prior art device.

Figure 3 is a chemical structure of an example polymer for the composite in Figure 1.

Figure 4 is a cross-section of an example NQD for the composite in Figure 1.

Figures 5(a) to 5(d) are electron microscopy images of phase segregation in hybrid and
blended NQD thin films. Scanning electron micrographs of (a) functionalised polymer
polyfluorene (PF):NQD hybrids and (b) nonfunctionalised PF:NQD blen&s spin-coated on
silicon substrate with the same NQD loading (~ 45 w%). Severe phase segregation is observed in
thin films utilizing nonfunctionalised PF (b), where black regions are mostly polymer and the

_rest is mostly NQD aggregates as confirmed by EDX, although no significant phase separation
can be observed for thin films made with functionalised PF (a). STEM images of NQDs in (c)
functionalised PF and (d) nenfunctiohalised PF using the same weight amount of NQDs in each
case. NQDs are more homogenously dispersed in functionalised PF (c), but NQDs mostly stack

together and form aggregates when dispersed. in nonfunctionalised PF (d). NQDs are observed to



Figure 6 is a graph of exciton diffusion length in the nanoconposite filns

of the functionalised PF for two different |oading cases of the NQ@s: 3 and

45 Wy giwDngimeméer age di stance of 30-35 nm and 10- 15pamSGeaniodo®7t o dot,

respecti veI y At the increased NQD | oading (45 w4, the exciton diffusion

|s rru raph
Th. £ebafil ﬂ{e%gmltr 91} {Jg g\DﬁICH 14 @ﬁ%%%ft%%ﬁ surround1 pg)?lﬂétg?rg,r At%cﬁlng

cienclres are as & function of
W% NQD | o . ] ase f .45 din RET effl ciencies are vveakl y
terrper%‘ttﬁﬁlggb‘e?ﬁ%r#h tﬂt"&ﬁﬁ%ﬁ ShBRERPEYYt 0 the case of 3 wob
| oadi ng, V\:hl ch exhibits h| ghl y temperature dependent NRET efficiencies.
Fi gure 8 i sFigutsr Gpls digranbsef is¥eiten drffusopsleasth ks naresompesiteriling ofothgt i on
and thin film There is a slight broadening in the absorption spectra of
t he f ufuntiienabibédsPid fi?Rwal dfferentiosdihg dasss af ehefNQBs: Pand#s e, givingtancavatdgsed
PF is also shown in solution and thin film There is a dramatic change in

t he PLd@ﬂAﬁée?@ﬁE&T 35hinGHdas- lm&&roﬂddéﬁoﬂbe réd@éét{\l%ly 1 the Riktdaged W@Wl'o}{dmg
i ncreased exciton diffusion in the solid-state filmof PF causes :

red-s h{4f5tv99? ?Hé ER%iBR di’i’f&stbn%s s g'i‘cg%r Lapl: Bﬁ‘mé ?é}sgr& Edédoca pul at ed

em ssi ve de ‘ect S. Fi gure IS a gra pectra O onl Yy
f t I 0 W% d h b d ho t
TS ool A8 et PR S PN e B

subsequent | y 0enhance ure 10 is a graph of NRET efficienci es at
room t @pé? at Ur NQD, leggingse dp f%met ehdy Wtalwdpe, dERE Hithgerties e weak
functionalised PF in the nanoc sites having NQ loading from1l to 70 W%
cor r esisowdiatige tdspNRIETt efd imuoenhiirgrg@' 4y compared o8k qaes €St Wellgading, which
Figure 11 is a graph of energy transfer rates for 3 and 45 w | oadi ng cases
Wt h redpscthijidy tengeedtatewdependent NREFiefficiencid. i s a graph of iso-efficiency
curves with respect to donor (D) and acceptor (A), shown in the plots of

di ffusi on cpy 1fe' ¢ LR lorddhadfthbdbbhntel FMNQERAUNR fukktfshaBsddUPEc i @dstuﬁtm GRALKR-t O-
WO 2013/ 0662 6PCT/ SGZ012/ 000407 centre NQD separation for (a) 3 wband (b)

45 W% ﬁﬂll?rhﬁje? a%ﬁght ggde%%j&ﬁ@le ﬁb?@%ﬁbﬂ%gec\ﬁlaaof t%gslﬂtﬁtog?ﬁs%d PIFQfone in

predl cted cen re-to-centre ons usi on

coefficient a e wi t h shadowed

T e SR e PL o BpEialRe e bl 5 %%ggﬁqtaﬂ?fb%iﬂyﬁ e Hherd 92

di ffusion | ength decreases at reduced tenperatures due to suppre55| on of
the ex®rmgHe dihprgesipihe M) chirmetastiny doepmpaiednios ther absorrtisine pecdile-oMsénly ower
at higher tenperatures in 45 was conpared to 3 W which is attributed to
changegciensedxeiditon diffefiorsiimihgsolpkstaicesIng iofPE cawsee red-ainfled rermissiah avith a

di ffusion) with changi ng NQD concentration. Diffusion length is nuch

smal | egtrdngerkail \shigsoncdurpapeshlited Smnoveasfecand | ess tenperature dependent.
Figure 13 is a conceptual diagram explaining the |lack of NRET transfer in

| 'ow | oadi ngryafesdIs 4a89iRBira of only A@ShEistd PFS oty N l'ing
of donor |If1\§t§{ mes alrgrlt&%hhe preﬁs}grﬁ?:g (c))f yaccept ors forO y (gpw% and (b) 5 W

oot o ol nes%bélﬁ%lré sty s ST e Pt AR e&%ﬁ%‘?@il%ﬁr& a4 NQD

t enper at ur.e
P emtss10n is subsequently enhanced.

Figure 10 is a graph of NRET efficiencies at room temperature calculated from steady
state PL quenching of the functionalised PF in the nanocomposites having NQD loading from 1 |
- to 70 w% corresponding to NRET efficiencies from 4 to 78%, respectively.
Figure 11 is a graph of energy transfer rates for 3 and 45 W% loading cases with respect
to temperature.
Figure 12 is a graph of iso-efficiency curves with respect to donor (D) and acceptor (A),

shown in the plots of diffusion coefficient D and diffusion length Lp as a function of centre-to-
5



Figure 16 is a schematic of the energy bands in the structure of the
fabricated excitonic LED (XLED). Figure 17 is a graph of nornmalized
el ectr ol uwDnesosm»e spectrum of XLEDs with green, yell owmCasd20edoenitting
NQDs Figure 18 is a graph of LEDs of blended nonfunctionalised

PF
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2013/ 066266PCT/ SG2012/ 000407 Alight-emtting device 100 according to
an exa#ndl lengthiroestimatad wish shirdwrved regionsutad For 3 Wie, didusion coefficient drope sapadly

cat hode | ayer 102, an electron transport |ayer 104, a conposite emtter

| ayer d0b deadtasing aconpkeratusy edsol @iffusibhelengtipdestdases! atyexiuddd6tempgratines dde ta
soft material matrix with dispersed nanoparticles. As is described |ater, a

hol e t §PRRAGA of R¥RkcifBIYdiFLSON. NB) DIt HEG IRl MRE Ao phG1i @BPHELd 1BWRF atlfifhaand
t he conposite | ayer 106. . he primary photon generation nechani sm of

t he deyj i Jd .. §0 l.ai hth - ) L GUre... 2h.
The catgatEy M IR SfsrR G0et, Wiidh i ShRGRE o binfeslicheifdh 4Bsi0H

el ectrons i.nto the co si.te.layer..106. The anode t oget her wi.t.h the
ol o {PARGHER fh<aipisr RRS Syt Shepbiony Bl RGeS OD Rt i
The conbi nation of the electron and hol e injection generates excitons 202
wi t hi nlepgil 1smpeh smalisrim S Wat as compared 185 Whngase gad test temmperajure depsndante 24,
the nanoparticles 206 are highly | oaded, and are thus closely spaced, but
di spersed tFigowgh® ishecqokytnardiagrami sxplining Theelack wé INRIEE trdisfenindowdondiag
with this high, (previously uninvestigated and/or thought inpossible) |evel
of | oaddrfi@ higtheatRET transfer 208 of the excitons 202 to the nanoparticles
206 becane substantial, and that inter-chain exciton diffusion of the

excitons 20gq{% BURRI §8REHE 115 Y&bciiR off RoP ARBARS lih ESrediBe B Scdep@rofdkY
substantial emtters of photons. The inventors discovery of this NRET

transf i i3] 86t I 208 in LEDs, may potentially inprove
the ef ,5é%ﬁg%?&géﬁp‘g‘%e%@gg%@ﬁ@'ﬁ?@a| |y excited polynmer LEDs using bl ends
of NQDs, by_an order of ni tude, For exanpl e e.t he NRET-bas XGiton
D ansrer 1 SFIBEs o A G i gl SUREETEF SPGB B s
been m nim sed and/or inter-chain exciton diffusion has been suppressed.

Fi gur efils af diffesent typpesatuEast el ectrical |y excited pol ymer LED using bl ends
of NQDs. Due to low | oading, an inter-chain exciton diffusion zone 210

syst emat i caFigyreedpardshematic df thachemydiandningtestrativonoihe datdcdted@xcitomtt er
the exciton diffusion, the distance for the exciton transfer becones small
enoughLEDh&T@&ore, in this case, exciton transfer takes place only with the
assi stance of exciton diffusion. As a result, a weaker transfer 214 of
excitons ocgi 1 QM blih BEACRIELN Alrdtimbagscbd (ithOR HAEEDO vilhedGDS
216. WD 2013/ 066266PCT/ S&2012/ 000407 The conposite [ayer 106 may

nore generally conpr.is hybrid using 2 or nore soft materials or soft
natteryegleﬁ/s nldtrﬁeﬁ@{m%glﬁ)sﬁat erials may include conjugated pol yners, small

organi ¢ nol ecul es, . or col | qi : i ¢l es, anmongsi qthers. The, conposjte
ayer 106, nigtale i eriphat 1oes BEhlsmied aoniRRim st S A WD R
formati on centre and exciton donor 202, and at |east one constituent that
ser vesvatgeshhosseg vaningcseption speada dpg ky shaftiin therexpien recembpladien izarg ke
conposites of conjugated polyners (P), snmall organic nolecules (M, and
col | oi plase pagrd¢datldddmSNQD) , such as NQD-P, NQD-M NQD NQD, NQD-P-M and
NQD- NQD- NQD. An exanpl e of the polynmer 204 is shown in Figure 3. A
bl ue-em t t i piguROlyisl igasher dr eldive BRI 6NiHea ED Wigh ¥reh ed#dingNQDs, only
functionalised with sul phide 304 and carboxylic acid noieties 306

cont ai gy i; 184 QET'E ) | sul fonyl -propyl), and acts as. the
exci tofrc';l!n or%%ge:ao%h%ggsaﬁgqgl%% e g%i ton donor. More specifically the

pol yfl uorene derivative conjugated polyner is . _

(pol y[ (9, 9-bi sl car boxynet hyl sul fonyl -propyl| fluorenyl-2,7-di yl)-

co(9, 9di hexyl] f -2,7-diyl)D, Which is referred to bel ow as

i Betalledcide hg embedimedls chains are functionalised with

car boxynet hyl sul f onyl groups) .-




An exanpl e of the nanoparticle 206 is shown in Figure 4. The nano particle

206 may conprise a core 402 /shell 404 /shell 406 / surface

functi onawD=atiwme408 NQD structure. Alternatively ot hePCliSede2ehHo4QD

structure: only core, core/shell, core/shell/shell, etc can be used. The

NQD. can be gadf ofiilhd BEHEDT od"BiREdiRk o 20 kSt TnRERAGRIY SoSvn FH8kre 1
y }iﬁs% E\Fel enpl oyed ‘5% X enﬁ) éil)lF1 o | lﬂgﬁre

nanoparti cl es e pendi ng on the application. cordi ng

to an exanple odi ment cor.e/l al | d-shel | Se 2/ SeS or S 404/ ZnS
406 NS T P ARG paieS et 0 S5 e oo} it 164 3 niostte e
shell 406 and |igands 408 may be chosen as conpatihle to bind with the
| i nkerldyesglP6 andginzanode dpyer h8S-nllgr eoumpposite lafyehé&) 81y 1n<lade psolh anaserial BAHBXt hus
to make a conposite with the NQDs. To ensure a strong exciton transfer
based with NiRpgrséd oanophweictescAs andésoribédhipteina hdlertsanispayt tomt mey also hehproexedt on
accepting and light emtting centres in the conposite the -
car boxyet@tdiyths uhddeyyer 009 pNd thgrcotiposivs layet 18y act as a nulti-1igand and
interact with NQD WD 2013/ 066266PCT/ S&2012/ 000407 surfaces, which may
suppress phaReyHRRe AbidAkdnBrafigh bR of iHeRevicEN08 WViR9GW b PMEMERth
integration may nmake substantially increased NQ | oadi ngs possible 1n the
functi PE | i u il fr yon. This may
| ncr eASTeISE G d By 12 pt 2 TR i 192" 8 Qbco B RS BRRE T Bonellledp T
NQDs incorporated separately inpto ej r functionalised o
nont uriBeeb ey FB il rarwovist Bye: Fif. de b 108 e der whbcbe SR rensBet opy
(SEM, transm ssion el ectron mcroscopy (TEM and X-ray photoem ssion
spect rigx&rdpgay) xpsyts helgs ingre qeapopide layer Y06f Thergombination elhe elgcipmandphole
coating over precleaned silicon substratesi Figure 5a and 5b present the
SEM i niagpetion gendnates exditdns LAR evifhih the @fft fnatecinl onagix 34 AFsiNQ paticularly in
nonfuncti onal i sed PF: NQD nanostructures, respectively. Although the sanme
NQD anpigife 245 théfhandpakticiée M0 Gaé highddlidaded Qindi drk BNE M6YeBy bisREd, Bt RIpdparsti | s,
we observed severe phase segregation in the case of nonfunctionalised
PF: r d u T r i t n

N Dol e hofirile mieRd204 Utk inSBRG died BB et WAR BE! WE! @g@?ug%e |

functional se NQDs, honobgenous s can be successf al

as shown by..SEM i mage re there s no.detgct abl +base .se at.i on

(Fi our Wil WA olFiBpb AFIS, I of BE IS e RFEVARRGCR 2ref o
the hybrid nanostructures, are shown in Figure 5¢ and 5d.. Here, the_same NQD
| oadi ngFiteRs A0k the aﬁwnaﬁl%se?&ér CERE S‘F‘E%‘g‘éﬁﬁpééh%td?t%{%‘%%n FEriton GHEPPR ed
and nonfunctionalised polyner cases. As seen in Figure 5c, NQDs are neatly
di sper&fethej gxcithes £Ohds isupriesssddsysb thate the mmophgictes 6 argnthe qudpssubstential
severely aggregated when m xed with nonfunctionalised PF as clearly evident
i n Fi gemietetschf phietoas. Thd imeegbrspidcprey of tian NRE Hirarestdrl ex ciln injeaten meulkeanti om
their amorphous structure, NQDs are observed to reside in a nebul ous nmedi um
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(eV) Functionalised PF: NQDs (eV) Nonfunctionalised PF:NQs (eV) Shift in
the peak (functionalised PF) (eV) Shift in the peak (nonfunctionalised PF)
(eVv) WO 2013/066266 PCT/SG2012/000407

The composite layer 106 méy more generally comprise a hybrid using 2 or more soft
- materials or soft matter constituents. Soft materials may include conjugéted polymers; small
érganic molecules, or colloidal pérticies, amongst others. The composite layer 106 may have at |
least one cbnstituent that serves as an exciton formation centre and exciton donor 202, and at
least one constituent that serves as the exciton acceptor and light emitter\ 206. Examples include
composites of conjugated polymers (P), small orgénic molecules (M), and colloidal particles
(NQD), such as NQD-i), NQD-M, NQD-NQD, NQD-P-M, and NQD-NQD-NQD.

An example of the polymer 204 is shown in Figure 3. A blue-emitting polyfluorene
derivative conjugated polymer 302, is functionalispd with sulphide 304 and carboxylic acid
moieties 306 containing side chains (carboxymethylsulfonyl-propyl), and acts as the exciton
formation medium and the exciton donor. More specifically the polyfluorene derivative
conjugated polymer is (poly[(9,9-bis{carboxymethylsulfonyl-propyl}fluorenyl-2,7-diyl)-

»co(9,9dihexy1ﬂuorenyl-2,7-diy1)]), which is referred to below as functionalised PF (since its
side-chains are functionalised with carboxymethylsulfonyl groups).

An example of the nanoparticle 206 is shown in Figure 4. The nano particle 206 may
comprise a core 402 /shell 404 /shell 406 / surféce functionalisation 408 NQD structure.
Alternatively other kinds of NQD structure: only core, core/shell, core/shell/shell, etc can be
used. The NQD can be made of diffefent materials and their combinations. Other nanoparticles
may also be employed depending on the application. According to an example embodiment
core/alloyed-shell CdSe 402/CdZnSeS or CdS 404/ZnS 406 NQDs with oleic acid (OA) ligands
408 may be used.

The outer shell 406 and ligands 408 may be chosen as compatible to bind with the linkers
304, 306 as side chain groups to functionalise the polymer and thus to make a composite with the
NQDs. To ensure a strong exciton transfer based on NRET from the exciton forming and
donating centres to the exciton accepting and light emitting centres in the composit¢ the

-carboxymethylsulfonyl-propyl group moiety may act as a multi-ligahd and interact with NQD
8



Cd 405. 18 405.54 405.24 0.36 0.06 Zn 1022.03 1022.68 1022.15 0.65 0.12 Se

WO 2013/066266 PCT/SG2012/000407

surfaces,  which may suppress phase separation in solid-state films. This specific chemical
integration'may make substantielly increased NQD loadings possible in the functional PF matrix
without suffering from the phase separation. This may increase active excitonic operation.

Film formation properties of the NQDs incorporated separately into either functionalised
or nonfunctionalised polymers were studied using scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray photoemission spectroscopy (XPS). For
SEM imaging, thin films were prepared via spiﬁ coating over precleaned silicon substrates.
Figure 5a and 5b present the SEM images of the solid-state films of functionalised PF:NQD and
nonfunctionalised PF:NQD nanostructures, respeetively. Although the same NQD amount (~ 45
w%) and identical loading cenditions -Were used in both films, we observed severe phase
segregation in the case of nonfunctionélised PF:NQDs. On the other hand, due to specific
interaction betWeen the functionalised PF and NQDs, homogenous films can be successfully
obtained as shown by SEM imaées, where there is no detectable phase separation (Figure Sa).

In addition, bright field scanning TEM images (STEM) of the hybrid nanostructures are
shown in Figure 5c and 5d. Here, the same NQD loading was used again to prepare the TEM
samples for both functionalised and nonfunctionalised polymer cases. As seen in Figure 5c,

: NQDs are neatly dispersed in the functionalised polymer. Qn the other hand, NQDs are severely
aggregated when mixed with nonfunctionalised PF as clearly evident in Figure 5d. Here,
although polymers cannot directly be imaged due to their amorphous structure, NQDs are

- observed to reside in a nebulous medium when NQDs are incorporated into functionalised PF
matrix. This may be attributed to the surrounding functionalised polymer, attaching onto NQD
surfaces and helping NQD§ dispersing across the solid film (Figure 5c). However, for the
nonfunctionalised PF case, we did not observe any nebulous formation around the NQDs, which
is again considered to indicate that there is no speciﬁc interaction between the NQDs and the

nonfunctionalised polymer (Figure 5d).
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To understand the specific interaction between the functionalised PF and the NQDs, XPS
measurements were further carried out for only NQDs, functionalised PF:NQDs and
nonfunctionalised PF:NQDs samples. The peak binding energies of the elemental electronic
states of the NQDs are tabulated wher alone and in polymer matrices in Tableil. The XPS
measurements indicate that the shifts in the peak binding energies-are substantially greater in the
case of functionalised PF:NQDsl as compéred to nonfunctionalised PF:NQDs. The maximum
shift of ~ 0.65 eV is observed for Zn in the functionalised PF:NQDs as compared to only NQDs,
whereas the same peak shifts only ~ 0.12 €V for the honfunctionalised PF-NQDs. This
observation suggests that there is a strong interaction between the functionalised PF and the
surfaces of the NQDs, sinpe the NQD surfaces are Zn abundant. Furthermore, Zn binding peak
shifts towards higher binding energies relative to the only 1\‘IQD case. This is attribut_ed mainly to
the screening effects and high electro-negativity of oxygen atoms of carboxyl acid moieties in
the functionalised PF. In\ comparison, there is no evidence for a strong interaction in the
nonfunctionalised PF:NQDs case, since there are only small shifts in the binding peaks, which is
possibly due to the change in the chemical micrpenvironmeﬂt of the NQDs. |
Table 1 XPS results for chemicél integration of the polymer with fhe NQDs. Peak binding
energies of the elements that constitute a NQD tabulated for the cases of only NQDs,

functionalised PF:NQDs and nonfunctionalised PF:NQDs. Shifts in the peak binding energies
are also calculated for functional and nonfunctional hybrid nanostructures relative to only NQDs.

Elements Only NQDs Functionalised Nonfunctionalised Shift in the peak Shift in the peak
(eV) PE:NQDs PF:NQDs (functionalised PF) (nonfunctionalised PF)
@) @V V) V)
Cd 405.18 405.54 405.24 0.36 0.06
Zn 1022.03 1022.68 1022.15 0.65 0.12
Se 53.93 54.58 54.29 0.65 0.36
S 161.9 162.06 161.76 0.16 0.14
0 532.1 532.58 532.26 0.48 0.16
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spectr ove%rl ap b(ﬁ{.ween t nor em ssion and the acceptor absorption nmay
be re T exgitqngitipsion ga mFigure 8, there is a WD

2013/ 066266PCT/ SG2012/ 000407 | arge overl ap between the blue-emtting

f unct i onal i B&erer sBows 4l cx¢itonadidivsioni lengthfing the fpagfionalised Ry measured ‘as a
core/ al l oyed-shel | CdSe/ CdS/ ZnS NQDs 802 thanks to the broadband absorption
spect riunctafn aftempi@isire fromRA9%§uo d 80 K foe 3aind @ Sobe¥@Pdoedings. linthedrsect 3 stat e
enmi ssion of the PF filmis suppressed in the case of PF-NQD nanoconposite
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is strong conpared to only functionalised PF 902 or only NQDs 904.
diffusion length is larger (>10 nm) and, as a result, the exciton diffusion process significantly
assists NRET. However, at the 'increased NQD loading of 45 w%, corresponding to 13-15 nm
interparticle separation, the resulting exciton diffusion length is much smaller (< 4 nm)
compared to the 3 w% case. Consequently, assistance of the exciton diffusion to NRET
diminishes. Moreover, temperature dependent measurerhents reveal that NRET efficiencies are
weakly temperature dependent in the case of 45 w% in comparison to 3 w%, siﬁce temperature
activated exciton diffusion process dominates only in the hybrid system with low NQD loading,
as shown in Figure 7.

To realize high NRET rates and efficiencies, a strong spectral overlap between the donor

emission and the acceptor absorption may be required. As can be seen from Figure 8, there is a
11



Nanoconposite sanples with varying NQD | oadings from1l to 70 wlb were
prepared and NRET efficiencies were neasured by steady state PL
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Equation (1) describes the exciton |ifetime of the donor functionalised PF,

when i ghi{ Reymagpconposi te, by including the eXC| ton diffusion process
assisting for the NRET. "rDA= 1+ av (1) where
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A NQD-polymer hybrid in solution may have electrostatic attraction, where the excitonic
interactions are NRET-dominated as compared to other corﬁpeting processes such as charge
separation and Dexter transfer, due to the shell and ligands of thé NQDs despite of the type II
like band alignment. This may suggest that, because of the shell thickness of the NQDs (i.e., ZnS
in our case) and OA ligands (together thicker than 1.5 nm), the NRET process may be dominant
over other competing processes, which may be desirable for excitonic pumping. This dominance
is also Veriﬁed‘in the functionalised PF-NQD nanocomposites via a simple 1D NRET model,
which includes the effects of exciton diffusion in the polymér (Figure 6). Equatien (1) describes
the exciton lifetimeof the donor functionalised PF, when in the nanocomposite, by including the
exciton diffusion process assisting for the NRET.

= “p

Tpa = 6
' Ry
1+ —2—
[(’:zv> ~-L, ]

4y

where
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A requirenent of efficient NRET may be the presence of a reasonabl e average
donor - acceptor separation distance, which should be conparable to the
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spectral overlap function nmay be anbi guous due to | acking extinction
coefficient information of the core/sh , the inventors estimate the
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fitted wth exponential decays. Donor fluorescence decay in the absence of
NQDs g% tltﬁilt)wé\EQQé?mi&lieﬁ@(é Wehdieda thalargedpigypasiiclasentiaionsni ty x2. The
presence of the acceptor nolecules strongly WO

2013/ 066266PCT/ SG2012/ 000407 nodi fies the donor decay kinetics; therefore,
we enpl oyed a Loring - Anderson - Fayer (LAF) nodel to fit the decay

cur vesp AffModeAF nodel extends decay kinetics described by Forster for the
case of nultiple acceptors in a three dinensional nedium by considering

donor - donor %@@Fe%bﬂl bR Sffcint NEET HhyDIfR! SrefnBEBRY @%ﬁébl%‘v&%gé @8norl N€

LAF nodel is assumed to work for a w'de range of acceptor concentrations
ard MofuR:SiaHRLARRn FRARLe, WRRRH HhBul"Ge RoRIEABR B P FBRIG" udkh. TRHRMER Y
(5) where aand 13 are the strength factors fqr donor-acceptor an

donor - FHG8; ?}cﬁl%-%ﬂfsﬁ%l raCiis dEPL 4G ggtra r%Vseb‘éE&P%‘IO?.m%f be pinbgyodn s (o1
one of the couplings is nore dom nant, then LAF nodel can be used within

t he | ilafking jgatingtion foeftzpiend infprmpféord ehilivaearesbelpNQIgs, the ivventus sstematg thad 13
usi ng em ssion and absorption spectra of the functionalised PF polyner in
sol ut i BirstefFadsks erayrtedippsoximnatelyohor andreoweancinpilamngd eROBhg ICEISEAMSANQDslhad 2. 3
nm We use the smallest reported value for the Forster radi us between

donor -paeeRitdhg PRA&vativipstymers Fhew eetitdn diffilston i8 Makehiimeg atéint st rengt h of
t he donor-acceptor coupling is significantly larger than the strength of
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time-resolved fluorescence spectrometer of TCSPC system (Fluotime 200) integrated with a
clbée cycle He cryostat. In order to obtain corrected fluorescence decays, we deconvolve the
instrument response function (i.e., IRF) from the measured decays.

By assuming homogenous distribution of the NQDs in the hybrid ﬁlmé, the average
center-to-center NQD separation is estimated to be around 30 and 14 nm, respectiveiy. After
measuring the fluorescence decays of the hybrids separately at the donor and acceptor emission

- wavelengths at different temperatures, fluorescence decays of th‘e polymer and NQDs are fitted

with exponential decays. Donor fluorescerice decay in the absence of NQDs was fitted using

single exponential decays with near unity . The presence of the acceptor molecules strongly
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energy transfer rates are shown in Figure 11. Energy transfer rates
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where a and B are the strength factors fof -donor-acceptor and donor-donor dipole-dipole
interactions, respectively. If the’ strength of one of the couplings is rhore dominant, then LAF
model can be used within the limit that 1s dictated by the dominant coupling. We calculated o
and [ using emission and absorption spectra of the fl,lnctionalised' PF polymer in solution. Forster
radius for donor-donor coupling (Rop) is found to be 2.3 nm. We use the smallest reported value
for the Forster radius between donor-acceptor (ROA), which is around 4 nm'®, ‘and find that
strength of the donor-acceptor coupling is significantly larger than the strength of donor-donor

coupling (0. >> B).Therefore, ypp can be neglected. LAF model is given by (6)

,;}
1
1

I

M
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Using (6) and deconvolution fitting data of the measured donor decay curves, ypa (i.e., reduced
acceptor concentratioh) is extracted at different temperatures. Although exciton migration, which
~ depends on temperature, is not explicitly expressed in (7), we observed that yps, which can be
interpreted as an effective acceptor concentration, changes with temperature. This temperature
dependence of ypa can be attributed to exciton diffusion, which reduces the average effective

distance between the donor(polymer chains) and the acceptor (NQDs).
Temperature dependent energy transfer rates are shown in Figure 11. Energy transfer
rates decrease as the temperature drops down. Figure 11 shows that transfer rates are much -
higher in 45 w% case as compared to 3 w% case, since the NQD loading is increased and

average effective donor-acceptor separation is significantly reduced.

Gosele Model
In order to develop a better physical insight, another model proposed by Gosele et al.'® is
used to include exciton diffusion explicitly in the modeling of donor fluorescence decays. Gosele

equétion for the donor lifetime modified in the presence of acceptor is given by (9)

B e
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T D
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WD 2013/ 066266PCT/ SG2012/ 000407 where D is the diffusion coefficient (in
units of nn2/ns), nAis the density of acceptors (in units of nunber of
accept or swpen13mendy, TD is the donor |ifetine al one (inPamiSGaofoonsy, 7DA
I's the reduced acceptor concentration, which can be expressed in terns of
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transfer I Cl enc orm o curves as

given in (1 1D (0,dt, TDI For do or decgy descri hed 9),
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acceptor concentratlon which can be expressed in terms of na, and Rga is the Forster radius

between donor and acceptor. The energy transfer efficiency can be written in the integral form of

decay curves as given in (11).

(I {t
o1 L [BO,
T4 1,0 b
(11)
For donor decay described by (9), the energy transfer efficiency turns out to be as in (12).
- [ vpa® ] Yo4 ‘
1 | 142 Dy nrptp Vf_}pagrfc(————,m}
n=1-—— -
1 +4Drymrety : (1 + 4 Dnymrpt, )z

(12)

Energy transfer efficiency predicted for our hybrid system by Gosele model (12) dvepends
on Rya, na, Tp and D parameters. Donor lifetime in the absence of acceptors (tp) is known siﬂée ‘
they are fitted by using éingle exponential decays. Roals generally approximated to be between 4
— 7 nm and we assume it to be ~ 6 nm for the further analysis. Two ﬁnknowns D and ng are left
to be determined. We do not diréctly extract D and na, bﬁt instead analyze iso-energy transfer

efficiency curves with respect to D and na.

Model comparisons

Iso-efficiency curves with respect to the exciton diffusion length (LD' =D To) and
center-to-center NQD separation in hybrid films are shown in Figure 12. In Figure 12 iso-
efficiency curves for 3 and 45 w% cases at 295, 230 and 180 K, obtained by Gdsele model, are

presented as a function of D vs. ny and Lp vs. center-to-center NQD separation. NRET
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(12) depewmo20mneRsA, nA, TD and D paraneters. Donor |if @eCirse20mn/00007 absence
of acceptors (Tip) is known since they are fitted by using single

expone:i.al - ' I a LRt ed. f et - and
e asenfuthyiEF s R Rned HaE IS HEL! e PREKLICE) £Cisb e RET RS, Ladf G 2
are left to.be determ ped. W do noﬁgﬁrectlé extract D and.rgﬁ, ng#?t I nst ead
anal yZA8SymaBioh dhagna pach CeRtEr-Ia-¢9ntsTe SEPYRLONA G, IHTRRBUBEC (epFudent. nke
Model conparisons |so-efficiency curves with respect to the exciton

di f f usdatermienigepossiblpTmeed yabienfarD vad Lons arfungtonsdjemperpivre andapjdied By
films are shown in Figure 12. In Figure 12 iso- efficiency curves for 3 and

45 Wb sthasdebarehs 2OBiguRB302. vl 3189, Kye eltimataeq tbybeGosaide3ander? coréspondiag ent ed
as a function of Dvs. nA and LD vs. center-to-center NQD separation. NRET

center-to-center NQD separation of ~30-32 nm. For 45 w%, we estimate nu to be around 3-4x10"
4corresponding to center-.to-center NQD separation of ~13.5-15 nm.

For 3w% hybrid, the range values for‘ the diffusion coefficient decreases rapidly as
temperature drops down as shown in Figure 12(a). This decrease in the diffusion coefficient may
be because exciton diffusion in PF derivative polymers may have a temper_;ature activation
property due to disordered DOS of the polymer. For 45 w% hybrid, we observed diffefent trends
for diffusion coefficient as a function of temperature as compared to 3 w% case (Figure
iZ(b)).The model predicts D to be more effective in 3 w¥% than in 45 w%, since the estimated D
values are 1arger for 3 w%. Furthermore, the exciton diffusion length shows different
temperature dependent behavior for 3 w% and 45w% cases. The diffusion length region is

" observed to be weakly dependent on temperature for 45 w% as compared to 3 W% case. These
observations for the exciton diffusion properties reflect the differencés in NRET dyrﬁémics
because of different NQD loadings. For 45 w% case, exciton diffusion length being weakly
dependent on temperature is consistent with the temperature independent NRET efficiencies. On
the other ‘hand, the decrease in exciton diffusion lengths for 3 w% case explains the observed
reduction in NRET efficiencies.

In the case of 45 w%, due to high density of NQDs, the photogenerated excitons do not
need to diffuse long before it is transferred to a close NQD. However, in 3 w% casé, excitons can
diffuse much longer because of the increased donor-acceptor separation distance. At low
temperatures, excitons are tfapped in the lowest band gap defects of the polymer DOS due té

unavailability of the activation energy. Therefore, excitons traverse shorter; which subsequently
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WD 2013/ 066266PCT/ SG2012/ 000407 efficiencies extracted from LAF nodel are
represented as iso-efficiency curves. Under the assunption that nA and

cent er -t owoent3aweED separati on are tenperature i ndepen@emsG2oe/odewer m ne
t he possible range of values for D and LD as a function of tenperature as

dep cgggu%zmt@ﬁ%@eaﬁﬁaas' I B B3 b oo U BRLIEE .00 SfuBing )

aroun ‘corresponding to cenfer-to- Separ at’ on
nrn. %5 W4 We estimate nA to be around 3-4x10- 4corresponding to
cent er SNQD separation of -13.5-15 nrn. For 3wl hybrid, the

range val ues for the diffusion coefficient decreases rapidly as tenperature
drops down He etrdien diffusivry iy polymers)is exppeed b pecis &Yitot naingnedngs inder- and
coefficient may be because exciton diffusion in PF derivative polyners nmay
have aintresthanatiffugomptoceses. dnteprlgie i ffusibvremip beiis ascke tieah ES-ohkint diffusion

pol ymer. For 45 we% hybrid, we observed different trends for diffusion

coef f i &ﬂauaﬁeq)otﬁﬂatthanﬁpﬁs t R ShainUdiefusion GeARaN L Beddhed WHhiAARan (Histdyr €
12(b)). The nodel predicts D to be nore effective in 3 wothan in 45 WA
1

si nce i@t St on
di ffusr%? gIE;1 etﬁiéﬁ% fﬂﬁlo \’l?;#b?ﬁn éeynt€> nttﬁe}érrpg@r%lalﬁ%{de%%en %fuﬁg‘ggéﬁ%c‘ﬁésr@%“é W%
and 45w cases, The,diffusion | hrelonrsoserve to be.,we

depend&Af? @‘ﬁ POLSE Cheis 87 IBP“’4‘1% S48 1 Bifparedt f‘g“%"‘tﬁp e 4y en@’rh‘@% é“xb“te
observations for the exciton drffusr on properties reflect the differences
i n NRethe igwefidfesioeeeiSeicnts i mep ancompmef dadivngss shown s Figlge bdeAt kighi t on
di ffusion | ength being weakly dependent on tenperature is consistent with
t he t eNQEXlandings polpmpe dthamst badRBT nedre iisol ated inecontr@yt to hew NQIR dodvhmgs, such ¢hat
decrease in exciton diffusion Iengths for 3 W case explains the observed
r educt slower iftriNGimin dfffustinebeco®ss more doniRaritifer £26&, Wfbrids. W due to hi gh
density of NQDs, the photogenerated excitons do not need to diffuse |ong

before it 'l§’s1¥x§ %&&E&éd Qe Br 8, 0SB tNERceAOMRNED - didtihc3, wWha 035 Sronf i §Q0S
can diffuse muéh | onger because of the increased donor accept or separation

di st ange. tu |tons ar

def ect Srgienpy et GIBFEGREERT1e BE0 205 P Epit FOR6R elelrilin Q/lgtel’(BFFIgﬁ%ng
Therefore, excitons traverse shorter whi ch subsequentl

2013/ 0BG 2oBmEtddud ) 25 B 6EKHIN PEtAREERINRET 3 Ko ard iz mga §asers i &hﬁenda§églrrr 45
w¥ excitons do not diffuse far due to conpeti ng NRET channel s. The
exci t o¥. e fpogednLo malped, ymg2)sby sssarpeg isottopio excttonr diffusionoinnthe polyeaers The
inter- and intra-chain diffusion processes. Inter-chain diffusion nay be is
f ast erovehNdonvr Mietihed extelicfedUsi outr todel airel e bréempist! Witle thd Btperifridntd results

I nter-chain diffusion generally beconmes dom nant in highly aggregated thin

films @fn Ta'?ﬁax@t%ﬂﬁrﬁ’e"vlau% of h§ 2R BEY AL cas& 6@3 Cvt%' Ad AT US }&Bec@i%&mfﬁ

dom nant -when t he po ymner chains are nore isolated as in the case of

B e

chai ns. beco |soI ated in contrast to | ow NQ@ | oadi ngs such that
sl ovver“ﬁff Tdi ffusi on becomes nore dominant for 45 w% hybri ds.

Usi ng extract ed values for D, center-to-center NQD di stance, and LD from
the isoef fikiBguy Bunomalised sicadystelp Lo speairaniadhe polyesr alonpiagdrthe hybridpa
measured in our experinments and conputed by (1) as a function of

t enperases ef fowy3 and/sta e A8Qtoading sat i285 snd\iY Krar&idgpiced 1MQDAemnsajnemty LD
values, in (2) by assumng isotropic exciton diffusion in the polynmer. The
over al incdagowith NGED ldudnee Rirfiatdreshebiyur WF theostimar @ay Be SighERABINY affbdibd biie
experinental results with a nmaxi mum devi ati on of 15 and 30% for the cases

of 3 Wi aRtefic: WPANGISS PRCHAIVREY alo?i@eana%ﬁ%ei W dadd a@‘Q@S (R) thecaﬁ{s%{%rlé‘t €s

t he terrperature dep ndent” exciton diffusion dynamcs and its ef ects on

Al one SRHAEES b RtAEL AR, BEEIR G5y é%ﬂyew} s cfﬁgét e 58 nf G5

are depi ct sion ncre I oadl Em ssi.on spectrum
of thePpdp m%%& taatﬁrlfﬂém Dinathes bg'%r e shapeg pt ﬂ@_iglfl)

pol ynmer_al one and hybrid 3 we case at 295 K, the em ssr on is signifi cantly
br oadeibrpnigremission beaks. Ia tho dennarsioneani 3enYesossesrat 283K, ithe lower enasey sibeenie of
45 W% the tail em ssion is substantially suppressed. Another observation

i S t hepsakdagengfdodanamamnit iv4Hmwdhcasedind deninantpmaksthe highehenddgyeibraliopeakand 3
W cases at 295 K, the | ower energy vijgroni c peak becones dom nant, but in
45 W% case the dom nant one is the higher energy vibronic peak. WO

2013/ 066266PCT/ SG2012/ 000407 These observations in steady state PL for the
polymer in the presence and absence of NQDs is directly related to the

excr ton d| ffusr on pr opertr es. The sr gnr f| cant d| ffer ence | n t he spectrum
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In an exanpl e enbodi ment excitonically-driven NQ based hybrid LEDs, dubbed
excitonic-LEDs (XLEDs in short) here, were fabricated using a sinple device
desi gn coweietdmegeeef | TO 1602 / PEDOT: PSS 1604 /functi onCrsedoRBoNQDs 1606
/Al 1608, as sketched in Figure 16. Hybrid nanoconposite |ayers utilized

S B, o g e
For tdhtsteamenis Bnesdof iR outerS! ot anGicrudrackingbe Srecig e

deterntnes the degree of quantunrconfrnenent This is defined with respect
to t hetSw¥%cas qostpamsip pohacnslase ankd whaicasas s dusiei STRNE ByPDBRSSIOBNS it stion s
the radius of the bound el ectron-hole pair with Coul onb interaction between
t hem adiffusion.he quant um nodel of a hydrogen nodel (with one el ectron and one
proton). An NQ can be smaller than the Bohr radius of an exciton in the

bul k materigl a@fex E@le( nbediiAMExeFofitIBAGH ANNQIRBRRE hESHITHEDY, &dbede
(0]

bi gger than this radius but still need to be close to the Bohr radius
to see, 0 t ven
thi o, PREOE PR HIS T hof] hES ‘%E’Sn piGhERE tgl‘ﬁiﬂl@ﬁ%"ﬁn@%%ét%* it

tens of t t or .S eI

coati e, T5p 4R BERCT ?%%"fﬁtﬁeﬁw wtes RiaNETs e r% 3@@ & grqr%rr flars re

sub- nanoneter to many nanoneters. E of these J i S

cover ekP- ixtmd |rag1aﬁ%mpwfp dryeHs gﬂtlzeéehlgta oashieo MQRY (vrrdf 4é/059rarlrr t%u88 rﬂét%) &9 or
a few nanoneters (if a |long chain). The control sanples including 1)
only flasditatoefficieneNREH, fop jirayrg excitiDinyeptidn Sjreethynfromdhé polzimes tocthPINQIZDWe The
only NQD-LEDs (w thout any polynmer host) exhibit very weak and unstable

el ect rfabticatéie geen eés (Flprosiusf-doncgn adeviies clarinc@INQD] €24 hued fon tirhetedtgeak
hand, WO 2013/066266PCT/ SG2012/ 000407 only functionalised PF-LEDs (wth no

NQDs ) EhisdioR i @rddndBEIISWARE Hed. Thd biz8 oFthO NI RESAREARE R BHS SbOfuanfurh t S
EL. In addition, beCause of these defects, onIy functionalised I'F devices

are qu f
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possi due t n o he e ton di sion and subs uent
ot oot PSRt (e ﬁ%?ﬁirﬁvoutﬁélﬂgﬁgr-ﬁsk e Bish B Heihe: ﬁgwsee%f
XLEDs usi ng functronalrsed PF: NQDs exhi bit EL spectra where the_em ssion
cones Bamyasn thequaatunapede of @h@@ﬁgrrhmpﬂédw@hmerebﬁct%anqcrltﬁzryrogf@o | NLAD 4
and green 1706. In all of these XLEDs pol yner em ssion in the EL
spect ream beegmadler shapphe Bobdrddasafsm exfcitomen gfefhudk erterak of NP alse &nsfems | n
contrast, reference LEDs nade of blends of nonfunctionalised PF. NQDs may
exhi bi dtrofiy X6Alfi1RM 6 te@imé ) @tab b bigichaa tids Bbhi( fatligs bet st need helbe alokd® thbat
the excitonic transfer is inconplete due to the phase segregation (Figure

5), UnBhHe&ad8ine to< affunt H&fﬁdeﬁﬁﬁi LB&sk E:ﬁl@@%ak MY RRMRNS 1 e Uivs @ik,

spectruntof nonfuncti onal i sed PF: is agaln unstable W th respéct

to the hgr o'}f{hé’ %:}1 %%%tafl 'éfrhﬁeo ad anlf Q§ Etﬁt Jegerglf(f;ehg 8ﬁn£n%ng%r if Qh%l%tgr and

correspon ingly’.c ase segrega um when

drivin 6V 1802 .5 18 4 nd 4V 1 . erns external qua
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due to the | ow Iyrng HOMO | evel of the pol yner, which was neasured to be
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operation in the XLEDs enabl ed a substantial enhancenent in the resulting
ECQEs, limspi whichheighowe HOMDaheweter Gif of small iacomedtics el PFew Inandnetarse(ifl@ long
relative EQEs of the XLEDs, only PF and only NQ LEDs are shown. The XLEDs
exhi bi¢hafyre than an order of magnitude higher EQEs conpared to bl ue
emtting only functionalised PF LEDs, which have typical EQEs ranging from
0.05%to 1.2% Only NQD LEDs exhibit the poorest performance due to the
poor char geThdjcestidloBanaples tincBdipgr 1) oalyo fiMtionklded PH) 2) loaly NOBs and 3)
enhancenment in the EQEs is mainly due to the fact that excitation energy in

the polopfictivRaistd PF:NDDR. The &mly YRIY-LEMY ARt GRS ERINAESHEDL ARBRARYy

utilized through NQD emi ssi on, aIthough proper hol & transport” | ayer for the
functi Oga% ) sg]gl ec@t%liun% 40813{ 5d(nEg_§ %ﬁe g&;r eléthCa.l ectlogoaé tﬁ'r? hﬁlelt h port
|nject|on uorene ase erra e |nproved € I nclusi on
of optrntzed hoIe transport |ayers. These hoIe transport Iayers may be a
thin filmspincasted before the pol yngg- NQD conposite filmand after the
hol e injection |ayers, for exanple on top of the PEDOT: PSS | ayer.

Excitonic punping can used in different architectures and is not limted to
pol ymer - NQD nanoconposi tes. The mechani smof injecting excitons in the
entssron centres as opposed to t he charge |nject|on as_ used |n
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Fil m preparation Doubl e side polished quartz substrates were cl eaned
using multiple solvents (detergent, water, acetone and isopropanol). 20
ng/ mL of wonetdwembi sed PF in THE and 10 ng/ nL of CdSe/ Ed¥/SGa@d2M@A0T0! uti on
in toluene were nixed and stirred with sonication. Subsequently, the

T SIS PSS (A0, Ko B P oSSR by
char2Ck LAY B g SFROAR I GELER AEERR AT AR, G E

substrates was carried out. Ener di spersive X-ray spectroneter integrated
wi t h odeffisimt 8y semppregriahe hybad HLEDnHeyeves, theviabrientgd ¥ Dsskead tto more
under stand the phase segregated parts of the filnms. Transm ssion el ectron
m cr ossapy ELTenipasdd G0nEB0F deViCeAds31bdp 626 BPEE/sBRA0sRieNMe 2xsikn diffssiosed
with ultra thin carbon grids in scanning node via high sensitivity HAADF

STEM dgide slis¥equehk ndeféct spopaitioan Fusthedtbite S tiadse pgtbof-of-concépte deosstationdlof
spectrum was obtained using tinme resolved fluorescence spectroscopy

(Fl UOT}'(EED%%@ing%ﬁ&k%l@seéqiﬁNbb% ééﬂ{@R@E%' Oral Vit REAMSHLY €SmEB B rg;&lnwi th

ti me-resolved €m ssion spectra node ( at cryogenic. To account for our

wavel e, ependent. detection I nse, of et ect a fully calibrated
PL spet?l?trl\g%lg veSrShf)EPd%r%ﬁu(r)egHs?or dral a’X%g)l“ﬁ%% v%genuﬁqq zed. Here an

integrating sphere and its thin filmconpartnent of the Fluorolog 3 were
used. PL spgec r I . i - vi sibl ctronet er
(Cary 100, p@a&rulr anx ES\%/e)r(%]grgg ?81@%{3%1%51 \Afai %rtﬁl%}i’ggg%t}n%]&@o S?Bﬁ%? Sle(()ir%) e%%“r%% es.
Device fabrication and characterization The ice fabricatiopn starts
ot stibab Pl Eo SN o A0H s 10 e BIUERc MRS oueiar b WP 7

Sl /sq sheet resistance (Kintec) of 1.5 cmx 1.5 cmin size. First, we '
et chednqnf@ciendigedEl: mpyoexhibigmixed emissigy fromcbethtNQBS gad &F (Figwe Rk
side. Then, we cleaned the substrate by sonicating themin deionized

wat er - ndicetimpethnt thelek¢itvametanisfer jis idedrhplaithieytto ihesphase seigragationl figumie 2@ dinlikter |
acetone, and isopropanol for 15 min. After this cleaning, substrates were

UV- Oz ofe SaLERO 6 filnkgtialibed PF &@IDs. M6Raver) the RN o SSeclrufil HfnérFthctidfiseand
5000 rpnms for 5, 120 and 120 s, respectively). The filmthicknesses may

need g ROBALEPLGE akgihglﬁics){aﬁﬁf &ith rEéﬂegﬁtogfﬂgoérA%gﬁg;véﬁit Oftle! doSihe shit&Min t‘hgrei g

filmwas anhnealed In ve box at "140 ours. A mxture of hy

sol uti gn..wa repared usi.ng. 20 / f functionalise F_and 10 .ny/ of
el ISR TR Rl B s Sron s, om0 Y Ela e O & OB b

sol ution was spi n-coated _on PEDOT; PSS coated suybstrates via spin coating at
2000 riRSFFYR Whghdriyng ﬁ’aﬂbﬁVd}%%gerﬁ‘énk%Oﬁiq?ésg\éa@%éehuéeéawf@r exiergpl quangHp

t hi ckness | ayer. The active |layer was annealed at 70C in nitrogen _

envi r offfieigncies (EQE) Heviees| of ephplonetianaliseiRF havetauite poat EQES dnotesthddpwdyingd.
Later, devices were encapsul ated with a cover glass using two m xture epoxy
( Bi sonfOMED rievet of dle pol¥nd() 13U G 26HPESTI SEDAI2/600 0¥ Eing cyclic voltammetry. On

the other hand, the excitonic operation in the XLEDs enabled a substantial enhancement in the
resulting EQEs, despité the low HOMO level of functionalised PF. In Figure 19 relative EQEs of
the XLLEDs, only PF and only NQD LEDs are shown. The XLEDs exhibit more than an order of
magnitude higher EQEs compared to blue emitting only ﬁmctiorialised PF LEDs, which have
typical EQEs ranging from 0.05% to 1.2%. Only NQD LEDs exhibit the poorest performance
due to the poor charge injection and transport into the NQD thin film. This enhancement in the

EQE:s is mainly due to the fact that excitation energy in the polymer was much more effectively
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deposition nmethods of casting soft material into a solid filmcan al so be
used depending on the application. For exanple, inprinting, inject
printing,weebf3mexenbl y, etc. The control group, Wwa3/SG2012/000407

(poly[ (9, 9-dioctyl fluorenyl-2,7-diyl)-co-(N, N -di phenyl) -

N, N di ed
B ey S XA RN LR T ASPROEARY B oBaGP RS Qe 50
af fini tg/ Nonf .onalised PF was obtained from Ameri can -Dye Source (ADS
232 G&¢ t'employed %ﬁe d8usdibl e enbodi ments of the invention have been

described in detail, many variations are possible within the scope of the
i nvent i on aBoas| helergranspertiiniertione fas| nodyfluogens-haged matrrialamey be Remerved dusthe
Achermarm M et al., Energy-transfer punping of sem conductor nanocrystals

usi ng mclusjontodoptimizpd dioteutransport laybiat These4idB; tréidpord &yefs208yipe a Phiddierspann,
M, Petruska, MA., Koleske, D.D., Cawford, MH, Klinov, V.I.

Nanocr ysxtedl belsis ek bcbl br-RIGD Ebrﬁﬁosﬁiﬂecﬁiﬁisaﬂ& éﬁdr&h@ﬁol@h@@ctﬂﬂ laGér8 non example
nonradi ati ve energy transfer for col or conversion. Nano Lett. 6, 1396- 1400

(2006) BPEHhY: zelturk, B., Jeon, D.-W, Lee, |.- H, Demr, H
V., Ef £1 ?brpel}urft% nonr a |Pa%tsfl\é}§}éner gy transfer froml nGaN/ GaN nanopi |l |l ars to

CdSe/ZnS co e/ hel | nanocr S.. . P Lett 163108 011

Sune @ et ERCItOB B G e id i bR aBEeS ek is Tt SERE0 SRt EBENR vt urm
dots. Nature Photonics 1, 717-722 (2007). 5 Kim T.-H et al., Full-colour
quant UMIYEPMBPStss. hhe m%Pbamélat@dangmt% SHEPRY mﬁhi: FRESHIPN ORBE T és m% fothes
176-182 (2011). 6 Colvin, V.L., Schlanp, MC, Alivisatos,

Li ght - rirge injagtich sl esednncenfensionaladiDs of pelyersr.deERs nﬁNQ&t, ar sLEaE?rscbfaN QD-

sem conducti ng polyner. Nature 1994, 370, 354-357. 7 Coe-Sullivan, S. |,

Wo, Welymambleads, iy Ge,us&linosther, deVic;es.Eﬂﬁ:Céﬁcﬁbxu forfasoe e parhtedi figh ¢he light
nonol ayers of nanocrystals in nolecul ar organic devices. Nature 420, 800-

803 ( 29&1%}3th§ FREHER: andl- Bles arb@h;B&EA to ﬂre dxciton YRMtiol centrd3Ut Y’ 'tl?e er¥ission

Bawendi, , Colloidal quantumdot |ight emtting diodes wt

et al - QMW{@% B8 R ARREPLLcibAY Blia VB LE AL A0 3¢ 247 250 '(2009). 9

Acher mann nduct or nanocrystal s
usi ng En e itaXI al quantum vvel | . Nature 429, 642-646 (2004).
xamBe ' : .

The synthesis procedure for NQDs described in Lim et ai. '7 is incorporated herein by
reference.
Film preparation

‘Double side polished quartz substrates were cleaned using multiple solvents (detergent,
water, acetone and isopropanol). 20 mg/mL of functionalised PF in THF and 10 mg/mL of
CdSe/CdS/ZnS NQD solution n toiuene were mixed and stirred with sonication. Subsequently,
the mixture was spin-coated at 2000 rpm for 1.5 min. The resulting thin film thickness was
measured to be 60 nm using a profilometer. |

| SEM and TEM characterizations

Sc;anning electron microscopy (Quanta 200 FEG, FEI) of the hybrid and blend films spin-
coated on (100) p-doped silicon substrates was carried out. Energy dispersive X-ray spectrometer
integrated with our SEM system (EDAX, Materials Analysis Division) was used to understand

the phase segregated parts of the films. Transmission electron microscopy (Technai G2 F30,
21



1 Talapin, D. V. , Lee, J.-S., Koval enko, M V. and Shevchenko, E. V.,
Prospects of colloidal nanocrystals for electronic and optoel ectronic

appl i cat iwo2013@eeass Rev. 110, 389-458 (2010). 11 Ani keevaT/sB2012/0p04vdi gan,
C. F. , Halpert, J. E. , Bawendi, M G, BuloviQO V., Electronic and

exci t gad | | -em tii. | 0, . | =Rk S
and oo Mo ASACERERT i iotibudiid B et gRa AR o B R HAARE STER
Li, P., Tong, H, Xie, Z, Wang, L., Jing, X, Wang, F., Wite’

el ect r‘lﬂt?ﬁﬁrnescent si ngl e- pol ynmer achi eved by incorporating three

pol yfl uorene blue arns into a star-shaped orange core, J. Polym Sci. A
Pol ym Tigrerasolved apdsteadgstat¢ Pb12). 13 Chien, C -H, Liao, S.-F., Wi, C -H.,
Shu, C.-F., Chang, S.-Y., Chi, Y., Chou, P.-T., Lai, C-H,

El ect r ophosftbmiyegate L ppdcyrhimuone nbminednisaigniimg resivadniloaragpenroce spectrodchpy
conj ugat ed backbone, Adv. Funct. Mater. 18, 1430-1439 (2008). 14 Beljonne,

D., et(FaloTimk 06! PRB8HArY $00)i vik riﬁt%gﬁtiﬁ%fﬂﬁ@ a4yt &l BEasufbdaw B Rin-r&ksReed
conj ugat ed pol yners. PNAS, 99, 10982-10987 (2002). 15 Staferle, T. ,

Scher fomidion %@?ﬁ%énr??e 6@?8%?%@%?25 %2%0@5? fd?%%{afqvgélgg’%ﬂ UEAdnABE IR Fon

nanoconposi t , o ‘
R Fr J5SPORET TLILE ORoaRG o B bRe BRSPay el FEPRTon arftorn o) wi§7s,
34, 519-522. 17 Lim J., et al., Perspective on synthesis, device
st r uctWilized. Herg apintagrating prhseeandeids thit il sampartment ofiths Flugrologd werg used.
Materials 2, 594-628 (2012). WD 2013/066266 O ai ns
PL spectrometer (Cary Eclipse, Varian) and UV-visible spectrometer (Cary 100, Varian) were
also employed for measurements éf solution samples.
Device fabrication and characterization
The device fabrication starts with substrate preparation. We used square glass-ITO
substrates with 15 Q/sq sheet resistance (Kintec) .of 1.5 cm x 1.5 cm in size. First, we etched ITO
using HCI:HNO;:H,0 (4.6 : 0.4 : 5) etcﬁant solution from the side. Then, we cleaned the
substrate by sonicating them in deionized wéter-detergent (Hellmanex III, HellmaAnalytics)
mixture, deionized water, acetone, and isopropanol for 15 min. After this cleaning, substrates
were UV-Ozone cleaned right before spin-coating PEDOT:PSS (using 500, 4000 and 5000 rpms
for 5, 120 and 120 s, respectively). The film thicknesses may nééd to be adjusted for different
films and their viscosities. Then, the film was annealed in a glove box at 140 °C for 2 hours. A
mixture of hybrid solution was prepal;ed using 20 mg/mL of functionalised PF and 10 mg/mL of
CdSe/CdS/ZnS NQDs and mixed using a vortex for a few hours. The hybrid solution was spin- |
coated on PEDOT:PSS coated substrates via spin coating at 2000 rpm for 2 min, although
different times may be used for a different thiclfness layer. The active layer was annealed at 70°C

in nitrogen environment. In a thermal evaporator, 100 nm thick Al film was deposited. Later,

devices were encapsulated with a cover glass using two mixture epoxy (Bison). Commercial
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PCT/ SG2012/ 000407 1. Alight emtting device conprising a hole

I njection |layer, an electron injection |ayer, a conposite emtter

| ayer i ncWodbmsgeeeésoft matter or soft material exciton #omsG2matonése7 and
exciton acceptor nanoparticles substantially dispersed within the exciton

donor cg?&&ﬁ{ﬁhmehholds orﬁfsél@g @oﬁ'rﬁ:ﬁéﬁa‘f Dol Qfal i 8;1 :EIEcK Be u&e{&lhc?e%teh&%ﬂg ofdfe o and

hol es Ion Tayer generate excit

matri X, machamsmo hot o e tlon at the nanopartlcles
e Sy tepitioh To SIS OE ‘é‘}Fé?FB‘;’/‘E‘)ttf}gaﬁfgf’gﬁs b3 HE" gener ated exci t ons
directly into the nanopartlcl es. 2. The device in claim'1l wherein a

| oadi ng of Hige eentobargreun, esvass obdthPrdicstylflaorenyie, trdiplkeo-(NNEtdiphanyl)-

wherein the substantial |oading is above 4% 4. The device in any
preced\ h@dl@-hutryi -okepkenyl F hé-dnammbbﬁnzdrm)})[ dubdted inonfwctonialined PBrieke &drete it
P ymadroes not contain any specific groups with high binding affinity). Nonfunctionalised PF was
obtained from American Dye Source (ADS 232 GE).
While example embodiments of the invention have been described in detail, many

variations are possible within the scope of the invention as claimed as will be clear to a skilled

reader.
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5. The device in claim4 wherein the functionalised polyner is a

pol yfl uorene derivative co-polyner ftinctionalised wth one or nore

car boxynmewbybhsulebmayl groups. 6. The device in any preeediSegoload«r wher ei n
t he nanoparticles are a quantumdot core with an alloy shell and/or |igand
surface functionalisation. WO 2013/066266PCT/ S&012/000407 7. The device
in clas . i : . e nS
TR S i ¥ g S g A L S i s e
funct i'onigl, 1. S8kl Phspbctivdldn@iftheds id€lice ¥yctures, And pHRBneGRIEEER fdr Quaiiddh dONEs Qfls. Qiat@h ns 6
to 8 whednrisn, dhetd2@nd/ or |i-rgand surface functionalisation thickness is
greater than 1.5 nm 10. The device in any preceding claimwherein the
average nanoparticles separation distance is conparable to the Forster

di stance. 11. The device in any preceding clai mwherein the spectral
overlap integral between the em ssion of the exciton donor matrix and the
absorption of the nanoparticles is substantial. 12. A nethod of
fabricating a light-emtting device conprising depositing a hole injecting
| ayer on a substrate anode, depositing an exciton injection emtter |ayer
on the hole injecting |layer, and depositing a cathode on the emtter |ayer.
13. The nmethod in claim 12 further conprising annealing the hole injecting
| ayer and/or the emtter layer prior to deposition of the subsequent |ayer.
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14. The method in claim 12 or 13 further conprising depositing a hole
transport | ayer between the hole injecting |layer and the emtter |ayer
prior. \W0020B36686266PCT/ SG2012/ 000407 15. The net hodPCh/S&ny120n@00f
clainms 12 to 14 further conprising mxing a functionalised polynmer and
nanocrystal quantum dots with a solvent until any aggl onerations are
substantially mnimsed, and the depositing the emtter |ayer conprising
spin cating the mxed solution on the hole injecting layer. 16. The
nethoéﬁﬁﬁﬁ%ny one of clains 12 to 15 further conprising encapsul ating the
respective layers. 17. Alight-emtting di ode conprising: a polynmer host,
and NQD emtters chemcally integrated into the host, wherein an

el ectrical punping schene primarily relies on exciton injection into the
NQDs ilnst eadliglit emittingelevice kamgesingj ecti on scheme. 18. A light-em tting
di ode conprising: a highly-disordered or partially disordered hybrid thin
filmincludimge mje@byMer,t hat is electrically driven to formexcitons, an
inorganic emtter chemcally integrated into the pol yner,

an electron injection layer,

a composite emitter layer including a soft matter or soft material exciton donor matrix
and exciton acceptor nanoparticles substantially dispersed within the exciton donor matrix,

wherein electrons from the eiectrori injection layer and holes from the hole injection layer
generate excitons in the exciton donor matrix, and the primary mechanism of photon generation
at the nanoparticles is substantially non—fadiative energy transfer of the generated excitons

directly into the nanoparticles.

2. The device in claim 1 wherein a loading‘of the nanoparticles is substantial.

3. The device in claim 2 wherein the substantial loading is above 4%.

4, The device in any preceding claim wherein the exciton donor matrix is a functionalised
polymer.

S. The device. in claim 4 wherein the functionalised polymer is a polyfluorene derivative

co-polymer functionalised with one or more carboxymethylsulfonyl groups.

6. The device in any preceding claim wherein the nanoparticles are a quantum dot core with

an alloy shell and/or ligand surface functionalisation.
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wherein an intimate integration and dispersion are attained with a specific
hybri di zati on reduci ng phase separation while avoiding the formation of

aggr egat e’oe01ddseze6hi gh particle | oading in the host ispoage2pagsidte, and
wher ei n strong exciton-exciton interaCiion is obtai ned whereby excitons

donat cpevhc%%ll %fﬂ?m 6 frer@h 4 &Ea‘iimhﬁ‘ 48t &Qg alluf' gﬁeglw Ia?e @Héé/&ﬂin@éyZnS
conver ed | photons
or CdSe/CdS/ZnS.
8. The device in claim 6 or 7 wherein the ligand surface functionalisation is oleic acid (OA).
9. The device in any one of claims 6 to 8 wherein shell and/or li_gand surface

functionalisation thickness is greater than 1.5 nm.

10.  The device in any preceding claim wherein the average nanoparticles separation distance

is comparable to the Forster distance.

11.  The device in any preceding claim wherein the spectral overlap integral between the

emission of the exciton donor matrix and the absorption of the nanoparticles is substantial.

12. A method of fabricating a light-emitting device comprising
depositing a hole injecting layer on a substrate anode,
depositing an exciton injection emitter layer on the hole injecting layer, and

depositing a cathode on the emitter layer.

13.  The method in claim 12 further comprising annealing the hole injecting layer and/or the

emitter layer prior to deposition of the subsequent layer.

14.  The method in claim 12 or 13 further comprising depositing a hole transport layer

between the hole injecting layer and the emitter layer prior.:
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15.  The method in any one of claims 12 to 14 further comprising mixing a functionalised
polymer and ﬂanocrystal quantum dots with a solvent until any agglomerations are substantially
minimised, and the depositing the emitter layer comprising spin coating the mixed solution on

the hole injecting layer.

16.  The method in any one of claims 12 to 15 further compﬁsiﬁg encapsulating the respective

layers.

17. A light-emitting diode comprising:
a ponrﬁer host, and
NQD emitters chemically integrated into the host,
wherein an electrical pumping séheme primarily relies on exciton injection into the

NQDs instead of a direct charge injection scheme.

18. A light-emitting‘diode. comprising;
a highly-disorderéd or partially disordered hybrid thin film including
a polymer that is electrically driven to form excitons,
an iriorganic emitter chemically integrated into the polymer,
wherein an intimate integration and dispersion are attained with a specific hybridization
reducing phase separation whilé avoiding the formation of aggregates so that high particle
loading in the host is made possible, and
wherein strong exéiton—exciton interaction 1s obtained whereby excitons donated frdm the

polymer are accepted into the inorganic emitter and converted into photons.
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