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_ BACKGROUND OF THE INVENTION:
B . The first solar cells were fabncated in the mid 1950s from crystalline sﬂncon wafers :
. At that time, the most efficient devices converted 6% of solar power to elecmcny
25 Advancements in solar cell technology over the past 50 years have resulted in the most
- efficient Si cell at 25% and commercial $i modules, an array of cel!s at 10% Although-St,
in crystalline and polycrystalline forms, is the most common type of material used in solar
cells, other se_nticonductors such as gallium arsenide, indium phosphide and cadmium

- tellu_ride are being investigated for the next generation of higher efficiency solar cells. In

30 particular, high efﬁciency structures such as tandem cells, in which multiple band gaps are

d%z%@heﬁmgepartrrent of Energy N




30 particular, high efficiency structures such as tandemcells, in which
mul ti pl e band gaps are 21 August 2006 WO 03/081683 PCT/ B$@8i008c2006] ayer ed
in a single device, using GalnP, GaAs and Ge have attained record
efficieggi 34W Despite these inpressive effici i e high cost
of rranu??c‘?@?llgélsg solar cells of the prior art Iimtg)%%]g?#oséﬁqdespr ead use
as a source of power. The construction of prior art 5 commercial silicon
sol ar cejefes in avingle d@dcefusing GaTalt, G2y 06 68 588 anatnbbregirdsflidienoits dfhe sem conduct or
mat eri aj,q separation into wafers, formation of the device and its
junctions, and encapsul ation. For the cell fabrication alone, thirteen
steps are reBespitegltst imprssivectiitiencics ithahigh edst of anuhfafurinheiecells ¢fi r t een st eps,
five rqawn*oﬁanh;ng.bm&@maawws@a% 2l {Spol@,oehe%snmag.hof\ﬁwm or both. In
addition, the the seniconductor froma nelt is at tenperatures
above f&@@efeﬂhﬁa@r&dmﬂ&nnVP'r‘l@rftmfawg@rpcmeﬁfdw*eof twelwmnavqtprm gh efficiency

devi cesnaerdi0fgaratish lhiéQJaféfsef‘énﬂaﬂMfﬂfWeﬂ@lceﬁmﬁ%Etfoﬂi ekd &&%ﬁﬁ& to focus
“sunlig multiple s 50 g uantumwel l's to
?féhc

absor bq;ﬁb‘g"eceh?a@ﬂ‘?“"“ O"ﬁi‘ g% S99 TP BN toé” % ch as GaAs and
| NP, aniéricae aebedive Ehyretyizh rcni:ﬁarmer(tam"mm&:)muhdum bibathOlr eased manuf act uri ng

costs, It|p| f fabrication

st eps. %H]" gpeegm“ﬁﬁ]effsd’ée Sﬁm'c%?i'i%or fr8"r1 &F fr%rﬁﬁ!cn’ém%FaC ‘?Stagoc‘:' E@%%gve been enpl oyed
mai 9 y af mest GXMmM}éﬂm%tObmmIhlghgiﬁbmrwaﬁavmm>lm’dmrucaaseamvobqngce shuttles and
satel | i, ortant as

fabri catnlg%ﬁmcog&&m?%%%ug h %th%@déet%ﬁ&p%g&%% g?ﬁo eé\}’g?ces of the prior art
i s t heqvrAnghp welistp alpsprb thﬂlital!ﬂ?lmhfirngfwmmeersmak@dumﬂesue!m@hﬁs@rﬂ si'licon needed .

for R\M@%&%&h%@g&mh&%&mm if heRRRY Rt ABE Rl YostOklen At $20/ kg, the -
material costs for. el ectronic grade silicon is partially subsidized by the -

chi p netrfram thgmpliglicatarepthe numbrreal fabgeaton sigpss To dasgn thase highAs| which are

sy nshepéroashnid atdfiddin@h have see%érﬁp;@amﬁmy%&na_za‘naﬁmppﬁéau&{asmgher in cost at
$400/ k Becaglﬂ[g:efsol r cei s are lar e area devices ' such nmaterial costs

hi nder 9& I AT nd spfeliites. FrOPXRET “e'é‘leigghse&ém%?ﬂf"&gmt thin film

devi ceﬂabnoaﬁ:in@bstshave actl ve Iayers several mcrons thick of 25 anor phous Si .

. CdTe, and I j net al. reported the .
invention o "ahs nove F‘“ {hoc erénep’f:asi(’Ef OTa%JS%feh gco g@ed of inexpensive Tj02

nanocriywﬁ{ibmnngamanm gmumuldyémhc@ R@@an‘prétwaf mod\ia:tounpetp%@,ls 737 '(1991).
'B' |2§ye£pF:%%WaE§§0kgfA%fﬁgolhggﬁéﬁél kdif f&elg&rrol%i!gx%e Osﬁ:c&I is Py hi ophene on which a

ayer i s evaporate have been a reac a maxi mum ext er nal

| quant UstPdizeR &Y erhip ‘{*‘EQE)‘“T@E sectop Oigomatgsialy fush asGaAscrhigh@iees at 50% wer e

obt ai m@ﬂhésrmlmlhegﬂgltm gﬁ’s@! bd@dcPSr 20higheP fh B4l & sbd7koPBVcabsdt 0 @ honpgeneous
j»fl Imfor a . single-la device. Further inprovenents in efficiencies are

l'i mi te‘-‘&'abi?"%%"e'a%%?“ Y"‘e%tsﬁ“-‘aﬁ‘a{eF%lﬁ%Sﬁle'f’efﬂFé’ﬁ@Fﬁ"P’é%f RFEPEOBYS,  whi ch i's
char acikems: AZ£suliythin iRPgRViEE, whidhthalchetive QyerOesrdl Bitrdie thive en- the deVI ce

o rpti m ssi on -

L ab%) pEno?pﬂous gd CB’P an%%lufle Eeg gre bglgg tgm!o;seg %}'(I:EJQY IB "Regan ef al. reported the

.. Invention of a nove] photochemical solar cell comprised of inexpensive TiO; nanocrystals '
- and organic dye, O'Regan et al. Nature 353, 737 ( 1991).

Bilayer devices, from spin casting a derivative of polythiophene on which a layer of -

Ceois evaporated have been able to reach a maximum exiernal quantumn efficiency (EQE) of
30 23% H:gher efficiencies at S0% were obtained from blendmg derivatives of Cgg and MEH-
- PPV into a homogeneous film for a single-layer device. Further 1mp;oveme_ms in efficiencies.
" are limited By the poor electron transport properties of Cgg, Which is Eharacteﬁzed by
. hopping, and the low overlap between thé device absorption and thé_éolér emission spectrum,
Greenham. N.C. ef al., Phys Rev. B, Vol. 54, No. 24, Dec 1996.




Geenham N.C et al., Pliys Rev. B, Vol. 54, No. 24, De§ 1996. 21 August
2006 It has been suggested previ ously to use CdSc partl I1é5§’giuﬁ %29(9
(3-hexyl t hi ophene), see Alivisatos et al. Adv. Mater. 1999, 11, No. 11.
This work only teaches the use of nanocrystals I|ess than 13 m in size and

the devices praguseds u%es’f'&fpr@@ws@%&etd&e ?irfléd&! ift g&gg’f- Pltﬂx@ﬁﬁﬁ%ost A t he

i nstant i nvention. this rror ar
probl ems %Vtsﬁommbﬁéuélat@mlf%ﬂrlewg lrLoTlswmc|oelm§eaphﬁsmwsmfmnwta§o| ved by

the i nvendsi g, #5345 LRAnDAE %Eﬂces %d@t{ed @& H)tsag{)/lggcﬁ% il dARE 9ARbE Jpanor ods

according to the instant 1nvention, which ood transport properties
and abs o%ﬁtmwt isentipn. Fugthet this arorAradmise salition ﬁmstmrdﬂ@mﬁe‘wﬁwmmdﬁ‘ rared,

can  pot gad bifted b HRAGHR t8THkipkibfRGIFed Hahe ﬁﬂzéﬁﬁbn SQ0MRN @#ola?%lﬁr cells
based on bul k i norganic sem conductors. Ms | ncorporating

senr i con&#et er AAYe papsTods accardingrteltha dpstapt ltlYPétlme ﬁﬂb@bﬂlﬁ@raosd @inspdit s i nventi on

t hat pr owiAeisOhHthBRSioh OF THE
| NVENTI O%Ic% el e>?arrp %on%ggt?ﬁng%?gyﬁ%iﬁﬁgg?eg or tzﬁl n ||’n§ and nmet hods of

- making ey shidengien fhet dehsarsentigedl selareslirdussiondulk inpregpés sed i n

sem condygibdHandists Y& iR ﬂhﬂﬁ lg&xlko%ﬁg Qi BSRHnand R X RABRAR %%m?@d' ment s
may al so provide photovol taic devices incorporati P?% the t hi n .

accor dan&ebefimeptepfhis gyentiop et provide yebitignss é??tab‘PW\?Eﬂ ipolemshere is pr OVI ded
athin- film conprising: a sem conducting conjugated pol yner having at
least 5 wtl/o sem conductor- nanocrystal s enbedded therein, wherein: at

least a portion of the seni SENMARYIORIHEINYINHIOMNave an aspect ratio

greater than about 2. In accordance with a second aspect' of the present
‘invention, there is provided a photovoltaic device, conprising: the thin
filmof the f Fhesgrampls gpbodimpntymappragide r it flms andmethodspbmekingf t he present

- inventi 0BomgrRE Sokni s@iiksRMetoRndRb Q58S disfscd RISt RG oftuBRH Y Bfnbebs hhi n film
~conprising, washing surfactant coated sem conductor- nanocrystals with a -

sol vent Bigh joading amghats Thcexamplg cubeflimenss pRygsmeviderinetolsiadeissiduct or -

nanocr ysfbporait tRe @HIGENduct i ng polymer in a binary solvent m xture, and
depositing the mxture. |In accordance with a fourth aspect of the present

i nvention, thBascqrdanes with it aspechplberresepfinyaation greee lf)h"@ﬂéﬁbﬂmﬂe thin film

. conpri si figh, cothsieles %&ﬁ&ﬂcﬁﬁ@@dﬁj&lg%dp&l?zﬁ%%ﬁé &l1&st $wids Sem conducti ng
conj ugat ed _pol'yner to provide a l'ynmer=narrocfystal conposite, and 3 21

- August 28HRongRSISS TPl theﬁdqdﬂlpqﬁ%fw@m adeworrian ofdisch that the
- hanoc ry SelicondicRoreARRASEH hhvt nh€pect ratio greater than about 2.

-  In accordanc;e with a second aspect of the present invention, there is provided a
photovoltaic device, comprising the thin film of the first aspect. |
- In accordance with a third aspect of the prescnt invention, there is prowdcd a process
-of makmg a polymenc thin film compnsmg, washmg surfactant coated semiconductor-~
‘ .',nanocrystals with a solvent at least one time, and codissolving the washed sermconductor—
nanocrystals and a semiconducting polymer-in a binary solvent mixture, and depositing the |
mixture, o o _ |
" Inaccordance with a fourth aspect of the present invention, there is provided a
process of making a photoactive thin film, comprising" dispersing semiconductor-
nanocrysta}s ina senuconductmg conjugatcd polymer to prov1de a polymer nanocrystal

composite, and




polymer at greater than 5 wtl/o, wherein at least a portion of said
sem conduct or-nanocrystals have an aspect ratio of greaféAugudR096 |n
accordance with a fifth aspect of the present invention, there is provided
a photovoltaic device, conprising: a conjugated conductive pol ynmeric | ayer
havi ng sem conductor-nanocrystals di spersed therein, and said device
~havi ng an power conversion efficiency greater than 1 %at A M 1.5 gl obal
i1l um na’dépmtmg athindftdlmrodl said eorpokike, suck khat the ﬁ&pa@ttal@ﬁreteﬁeectdr:@mem i nvention,
there is eda ol,tai ¢, device r si n i st Ianar
el ectrodggl ahgrﬁat?r 1 cor% hgreﬁlgatg St%@%ﬁt‘% @tmﬁﬁg’c‘lgaﬁoﬁﬁaé’f"érﬁ BdI yner
havi ng sbaveaoaghacrap-ofgraeristl s enbedded therein, the thin film being
deposited on fLrst a ctrod ctrode opposite
the first el }encat %ﬁncew{%hagﬁ%oﬁp%&f’%l% ’tes ml’ee%?/i%?%oermﬁgmgﬁ ‘l)%t ween the thin
film pol ymuoltaxtégvme @nnbﬁsmmo cbmngtedpmbmimameq:lobmenottger hlaﬂnQ.CCOI‘ dance wth a
. . seventh f t he S entl an her e rovided a f.i
Compr oi SREE RGO R0 Bl BRAE BB HR R Ccor dance
- wWith an eﬁﬁgﬂendyga@petkmnda%athédrirfegebaﬂﬂiummm on, there is prow ded a
process of naki risi.ng.one or.nore the fo ovvi ng steps: (a)
‘washi ng nanoiélraggslot(galnEé »Qlﬁ% %8%% el:/teoglheglesl:négg?mlg Jlffre }ngrovc 4di ssol vi ng the
- washed naht@aypltzst _éﬁvs:emdlpagmg)(alfmlanarreleatnsbl athintfilh@omprding ;2 i xt ure; and (c)
deposi ti glegn%oﬂ ucti g 30 i ateg| I lﬁ%&%‘é\(fl e%nc lpctoq‘- mo%l’y@ta% egl%e(lde&) Iheltepne present
i nvention ere TOVOrta ¢ aevicé, conprisirng’ a
.pol yrer i the ﬂalyélmllwxgdegosnatmhqﬁtsmlmadeleqned@enﬁaifeemdldtectrodempmsoe)ﬁxdance with
atenth t ti € qlis ded,a tovoltaic -
“devi ce, %%ﬁ%%rgl?haﬁdt}ehoﬁéﬁ%ﬁﬂléllwg%gse%%mﬁ meco P %neml%’ol) a3‘/n(rater on the .
first ethefitst pawy elaeibda second el ectrode. BRI EF DESCRI PTI ON OF THE DRAW NGS
 FIG 1 shows &g vel di.agram CdSe and P hows a
schematic ofﬂﬁ(ré%g&eagés(e“o l?venth réﬂé@e?ml) %‘éeélrlo ﬁlered?jgrgwgﬁ%a@glﬂ FIG 2
shows a mmmaglamomethmmgmanmtatseoﬂ)eﬁemﬁmmmd pol yrrer bI end phot ovol tai c

~device accordj e the inveni.io IoWs a | ow :

resol ution 'Tg{}]qlgcr?%d%gge ith zlgoé%/)ﬁir unpéocf/gg')he Ifjresemb?vegl 5% li%‘m‘r?ﬁf c) 3 nm by 60
orun, andprdt)ess70fmkimg a@mnnomprﬁd&emnarmmeyaéﬁlalfdlo@mgzﬂcpd\@mmﬂg)% FI G 4 shows
"a AFM TMI 8&2 ﬁ"’\glt%a éoﬁ%g{eat?ast%n%grﬁ%,n (E)Ocll'séo@m%ﬂg Jshe%onaﬁ;ﬂcgr t?/ orém by 7 m

Se -nanocryst I 'Sper se PEme m ‘The scan
‘ar eais Elgmruﬁﬁﬁnﬁhowﬁmﬁm IM(a)detpoqmnI@tquhymamd b) phase-i'mages of

| . fi l M5 CONSi St]l'lggctopc{ange%1fhv¥} m{ltl@ agyergt%rf-' thg)ﬁre%%nt lnl{antlco:tdlﬁﬁerQ %rﬁ(rjocvltl/eﬁ tal S dispers ed

in P3HT spin ca
~ photovoltaic device, comprising: a polymeric layer having nanocrystals dispersed therem

" In accordance W1th a tenth aspect of the present invention, there is provided a
photovoltaic device, comprising: a first electrode, a film compnsmg a polymer on the ﬁrst
. electrode and a second electrode. - ' ' '

BRIEF DESCRIPTION OF THE DRAWINGS .

 FIG 1 shows an energy level diagram for .CdSe' and P3HT.which shows a schematic
of process of charge transfer between Snm CdSe and P3HT. |
- FIG 2 shows a schematic of the structure of a nanorod—polymer blend photovoltaic
dev1ce according to one embodmlent of the 1nvent10n '
FIG 3 shows a low resolution TEM image of a}). 7 nm by 7 nm, b) 8 nm by 13 nm, ¢)
-3 nm by 60 nm, and d) 7 nm by 60 nm CdSe nanocrystals j

'3a




% pyridine in chloroform |nages are presented at the same scale for a scan
area of 5gm -3b 21 August 2006 WD 03/081683 PCT[ (JS03/ 086A4gr$tE086 shows
surface roughness (open circles) of filns consisting of 90 wt. % 9 nm by
13 nm CdSe nanocrystals dispersed in P3HT spin cast from various

concent 1 did Ul AFYENElorlolly fls06P] A londlifc U3 R Fire( 5@k d_di anonds)

i's shown o Vi ces m se es serve as guide to the
eye. 5 FCE&qmnedysiads dispesedialBHEdsppheabtdonr shdmefoapdbe sanfisrisd 198 wt. % 3 nin

by 60 nin Cd i ' circl . anneal i ng
at 120T (sol Fgl%g%%%g%%%?gﬁg&gg%%%ﬁépﬁgﬁlgla%efcs 0? ﬁgém%g%‘@é# §i§9é) and after
heat tr et fehnmdy 13 nfSe nanvcrytals dispersed igP 3T spin @&t foam 1 9613%mand Hyol60 ni n
CdSe nan ink 0y PRk ' Aol ' jnset shows

t he indi %%ﬁ%ﬁk%trangﬁ?ﬁ%@f%ﬁggﬁrﬁ@g&?m BCﬁlfﬁggébaggreﬁ}ﬁP%ﬂ%e and 10 -
P3HT. FIG 8 shows the relative contribution of P3HT to the absorption
(solid. dianmond, dashed line), photocurrent (open circle, solid line) and
" photocurrent after 1200C heat treatment (solid square, dashed |ine) of

- series of 3 im by 60 nmnanorod devices in P3HT at various nanorod
concentrations. 15 FIG 9 shows the EQE of 90 wt. %7 nmby 14 nin CdSe in
P3HT under - 0.1 mMNcm 2 illumnation at 515 rurn. The inset shows the PL
efficiency of 60 wt. %7 nmby 14 nin CdSe in P3HT sanpl es under 514 nin
excitation after heat treatnment at various tenperatures. FIG 10 shows the
ECQE spectra of a 90 wt. % 7 nm by 60 nm CdSe nanorods in P3HT 20 (open
circles) and after 120 OC beat treatnent (soli-d squares). Inset: the .

correspondi ng current-voltage characteristics, under illumnmination of 0.1
"MV CM2 at 515 nm for this device, “which includes an open circuit voltage : .-
of 0.4 Vand a fill factor of 0.5. FIGI| | a shows the EQE spectra of =

 devices from90 wt. % 7 nmia by 60 M CdSe nanorods in P3HT with thickness

212 nm 271 nin and 346 nm before 1200C beat treatnent. 25 FIGI| | b shows
t'he EQE spectra of devices from90 'w, %7 m by 60 nin CdSe nanorods in '
P3HT with thickness 212 im, 271 nmand 346 run after 1200C heat treatnent.
FI G | 2a shows the rel ati ve enhancenent of the EQE before and after beating
~at 120 T for devices in FIGI | a and | Ib. FIG12b shows the absol ute

-di fference in EQE before and after-. beat treatment. 30 FIG 13a shows a TEM
of athinfilmof 20 wt. % 3nnn by 60ni n.CdSe nanorods and P3HT spin cast
- fromchloroform FI-G 13b shows a TEM of the sane nanocrystals of FIG 13a
-when cast froma 10 ' ‘ : R




E

vol . % pyridine in chloroformsolution. 4 21 August 2006 WO 03/081683

PCTI US03108624 FI G 34 shows a TEM of a cross section of Z1789uai#006i | m
consisting of 60 wt. %1 Onin by |0Onm CdSe nanocrystals in P3HT FI G 15a
shows 60nm CdSe nanorods. FIG |I5b shows a TEM of cross section
of a 188&’%%:9 H consi sti ng of 40 wt. % 5 CdSe nanorEFHﬁsq3ﬁ8q3§HT FI G 16
shows as the |ength of a 7nmdianmeter nanorod is increased successively
from 7nm tBIGSfI}hWh s&ﬂlfde io@ghﬁ&ﬂ(opentcbﬁesﬁ%]rﬁﬁbnsﬁshﬁg &00 wt. % PanelSe 1 n P3HT

devi ces or. of to.54% wunder illum nation of
0. 084M/{I3 (ﬁ?m@ E‘I"e@g‘i'?a@g%iﬂﬁ'bﬂﬂfs‘ AP RPRoFR RIS 4T anet er nanocr ystal s
Wit h | enygdibesin clagrofﬁ’mnﬂ"hebl)axaﬁnmﬁQEﬂ@ahan:dmm)ds)ﬁeoshmn ofldeviecabde fibmar i s 50nm and

al | TENﬁcsé‘ﬁlﬁ;si‘inéQﬁle%ﬂ%;é&%% e F1 G 18 shows a the EQE for the 90 wt. % 3nm
by 100nm br anched Se anor o in P3HT devices as a function of pyridine
concent r at i JH.72 fhoes amamalipgsipioteasreny trecka fran 8¢ vy St dirsby famiGiSed. FIG | 9b
shows tn@ﬁo?a'ﬂpﬁd%ﬁ'?-ﬂ@%%ﬁé@nr@lesg!nld'ag&%ﬂmalﬂnéatﬁb@g%gl@&g%@s)t he EQE spectra for a

Se I'n devices with different film

"series of gﬂ \étt % 7 ni.n
~thi cknessed© \’@o‘i’i‘hém%?f\}%eww%ﬁﬁ'éﬂtc?‘&c%w@O‘fWC"OW%W nm by 7 nm CdSe

i N P3HWaadlengia for o0ist. %3 dnmytebmﬁloaséﬁ@csodsﬁl@H%he&eamn&aﬁm{gpﬂ espondi ng
devi ces, sho as_a__ 20 function of increasing

absor ptjion spectra for. thes
t hi ckndgace: @s§?§w§ﬁ‘8{ﬁg"'§“§tﬁﬂ§?"sﬁ@’ K98 %’n?’]’f‘ﬂ’ B GIE st al s in P3HT for
TOHO t P&ldT.ed nanocrystals. FIG 22b shows a TEM of 40 wt% 5 nm CdSe

nanocr yst al r Tl .tr.eat 25 FI G 2* shows a TEM of
40 W% 5 nlr'?iG ?:gggg’!ﬁ-la-ﬁ()ac‘Fe Foprdfuion Ofﬁgﬁff%ggsoéﬁqatﬁ‘ﬁ’ﬂg’amﬁdeat ed nanocrystals.

"FI G 23daskidding. Hhhlecuthtmnarcamlb,soiuﬁme)@ad fhorocu@@ntwitier 190°C heam by 60 imi CdSe
naNOT Ofubh (o FERaHASE, e} I il UELDRELAD Bl B PR FI G 23D shoves the

sol ar cell teristics evice, neasured 30 with a
si nul atasgusmprorodsongeritaligns.| | ght source, include a short-circuit current of

5. I5W cne, Fm955w%eﬁb€f&,9o%ﬂ%%}n&pﬂrﬁm%d%&H'P%H’r‘QMcﬁgﬁ’l of 0.67Vto yield a

sol ar J%W\er conversion efficiency
/cm :l]ummanon at 515 nm. The inset shows the PL eff c1ency of 60 wt. % 7 nm by- 14

nm CdSe in P3HT samples under 514 nm éxcitation after heat treatment at various
temperatures, .
. FIG 10 shows the EQE spectra of a 90 wt. %7 nm by 60 mﬁ CdSe nanorods in P3HT.
20 .(open circles) and after 120 °C heat treatment (solid squares). Inset: the corresponding
current-voltage characteristics, under illumination of 0.1 mW/cm? at 515 nm, for this device,
.~ which inc.ludes an open circuit voltage of 0.4 V and a fill factor of 05. ‘ - |
FIG 112 shows the EQE spectra of devirc':e‘s from 90 wt. % 7 nm by 60 nm CdSe
- nanorods in P3HT with thickness 212 nm, 271 nm and 346 111 before 120°C heat treatment.. -
25 . _ FIG 11b shows the EQE spectra of devices from 90 wt. % 7 nm by 60 nm CdSe
~ .nanorods in P3HT thh thickness 212 nm, 271 nm and 346 nm after 120°C heat treatment.
7 | FIG 12a shows the relative cnhancement of the EQE before and after heating at 120 -
°C for devices in FIG 11a and 11b. -
_ F]G 12b shows the absolute d)fference in EQE before and after heat treatment.
30 FIG 132 shows a TEM of a thin film of 20 wt. % 3nm by 60nm CdSe nanorods and
~ P3HT spin cast from chioroform. L
FIG 13b shows a TEM of the same nanocrystals of FIG 13a when cast from a 10

- vol.% pyridine in chioroform solution.




“semiconduct i ng conj ugat

- conposi @ o 3ne aprbte %1, F"ﬁ&ngCFHFﬁOM P 1"§’éﬁad@’é§ﬁspéseﬁblea'm%ch that the

FI G 24 shows both the ideal and a typical IN curve found E‘E:EI’I mentally. 5
21 August 2006 WO 031081683 PCT[ US03/ 08624 DETAI LED DESERIAushe@s THE
PREFERRED EMBODI MENTS | n one enbodi ment of the invention there is

di scl os n filmconprising a sem conducting conj t pol ynmer havi ng
at Ieasﬁ'%égv\é]?}sem conduct or-nanocrystals 5 enbeddeabflﬁgqsg’gﬁf‘ I n anot her
enbodi nent there is disclosed a photovoltaic device conprising the thin

filmof thisig n%mslam&ﬂmaﬁ%r@rrofﬁmﬁTﬁQanQlﬁn}gf[ohh(ﬁwt‘ AMBHL | on theLe i's
m conpri si ng washi ng

di sclo cess of ng a polynmeric thin fil
surfactsbgﬂf)"rﬂggg’é'ﬁ“%’@ﬂ“ﬁ’g%ﬁﬁﬁct or-nanocrystals with a 10 solvent at | east
one tine, aﬁﬁildmdmsso‘!mnby@@ﬂnhedsa/aﬁhﬁ:ds sem conduct or - nanocryst als and a
sem conduct § R m Xt n deposi ting the
mxture. | nhg%(gﬁ%er LD fla%re%gga?oxf’ﬁe | nven ﬁorgﬁy?%eff@ F€ discl osed process
of niakiGdge anoyotison BHER i ve thin filmconprising dispersing

sem conduct Bty 1B RAE hyRd 18] ﬁ.ohfy  Warfir ARBRE s incleleh 8 C&Eswgf yjahel than 2 in a

mer 1o, proviae po nanocr yst al

NanoCr Yihodr 5 b 8498 R thlinktidn bIVSMAWYRR L S38nn@r €at er than 5 wt% In anot her
enbodi nent l§f the invention there is disclosed a phatovoltaic deV| ce,

conpri si-ng HOd & Tkt R EN Y dmeamsisT puecsals with Jeaghsy 2){arp; b gfnm

'S e onodie) 6. mrmmskad)rmandmsxmmﬁmwn&lsmemere t he device has an power

oot ner omdaa hEREPEYe BERT R by G o hilond Bt BeBrtimor ovol 1ai ¢

devi ce P3dDBdqyicessss m fpnatioh Dfr;ghdmﬂcalmaeérect rode, a thin filmconprising a

sem conductﬁ@gga%gms l{"-ﬁ"““"? h%VI ng semi conduct or - nanocr . ‘'ystal s

enbedded t héréin, ng deposited on the first planar .

eI ectrode, %éﬁbah@fémwdet!@meigowpo& te the first electrode, and a hole
' 255 nj ect 'FT@zd%ﬂméﬁ@ﬁ’éﬁ&ﬁgfop%e\q@sed%&@?%t fdoh@c@@éﬁrﬁ?ﬁfc | aver and the
first planar el ectrod I'n preferred enbodi ments o iS Invention the
sem cof")véfﬁi:‘t"ﬂ’rdlfff’ﬁﬁkf@?‘y@‘tkms%esw || have an aspect ratio of greater than.2,

preferablymmtsﬁ;rwswamﬁ%pecmsﬁom%%.alawnmay@@ﬁsmpémno@s and 50. Most
s about 10. 1n preferred enbodi nents of this invention there is

. prefer J
-disclo E’H'h ¥nessesi spersion or 30 enbeddi ng of sem conductor-nanocrystals in-
"~ the sen coleblsmmpﬁkWondlﬁraeéoﬁihampycu&.Imrs]csedbﬁ@@llsmgmai;s on the anount of

gregte re preferably, this anount is between 20 and about
95%\?% }u"@\;}gﬂf'%erasé“gpﬂ"%gsrsabl y the anount is between 50 and about 95 w %

- Most pr ef eFKb2y slifolvea T 0fv0 wi% SaloaldSe S@oms%s in P3HT for TOPO treated

- nanocrystals
" FIG 22b shows a TEM of 40 wt% 5 nm C_dSe nanocrystals in P3HT for T1 weated
- nanocrystals. ' ' |
25 : FIG 22,6%10% a TEM of 40 wt% 5 nm CdSe nanoc:ysta}s in P3HT for pyridine :
. treated nanocrystals. - _
FIG 23a shows the I-V characterisucs for 90 wt. % 7 nm by 60 nm CdSe nanorods in . - -
P3HT under 0.1mW/cm? illumination at 515nm _
FIG 23b shows the solar cell characteristics of the same FIG 23a device, measured
30 with a simulated AM 1.5 Global light Sourrce, include a short-circuit current of 5.7mAjcm’, a-
FF of 0 42' and an open-circuit voltage of 0.67V to yield a solar power cbmlrersion efficiency
of 1.7%. | | .
FIG 24 shows both the ideal and a typical I- V curve found experimentaily.




6 21 August 2006 WO 03/081683 PCT[ US03/08624 In preferred enbodi nents of
this invention the sem conducting polymer will be a pol ¥ieloyst #06nd
chosen from trans-pol yacetyl encs, polypyrroles, polythiophenes

pol yani |] | y(p- pbenyl ene)s and pol y(p-phenyl ene-yin ne)
ponfIu"3’:9%%@\sslaé)3 pol yaromati ¢ amres, pol y(thienyl ene- 3?HV§B§&?§ and sol ubl e
derivatives thereof. Preferred 5 are

(pol y(2- et boxy5- (2 -ethylhexyloxy)p-phenylenevinylen~) (MEH PPV) and

pol y(3- hexylthi opbene é@n d$ wi th P3HT being the nost preferred. In
preferred enbBET: OESCRIETION AR BMRRFERRERS NT®ompri se rods having

| engt hs gremwaﬁbhamerabnham\%&;oﬁmmld\dagcﬁ,sdaraea‘ueﬁ:ﬁ@dmﬁfsﬁgrods having a | ength
of betvveen ﬁ% ven nor refer rréd are rods having | engths of

bt weert ESEuR0 SRGEA=S P8 o P S ErarF EATEHBON mant ot he
i nvent iconeddedsibdrdses t he use of Goup JI-VI, Goup IHYV, Goup rV
senm conduct@Qr, ary.cl VI ites. re prefernr are CdSe, CdTe,"
1 np, GAs, afoﬁ@ggn%%&%@g‘ﬁ% ISEIQ %%?xwoﬁoégl%sc,dwécée Cglﬁ%j%lgg,[h gﬁ’d even nore
. preferrdémofbisipd@sion. |t is preferred that the sem conductor nanocrystals be

branched nap afhitslibbaimedbf s B R1 A SUAMOG! YRLR bRAkAYLNG 4 ar s and

tetrahedral s m"retry I's preferred the thinfilmof this
i nvent iPERMFTGR @mtqqme'véw&gfgshwﬂs et cREd pamiconquetor-aangepspls Mitkd t hat 't he

" pr oREes Sol{l at RBK bridGinde, b8 ddisdIvinlg i vRthed BinfeohddMBHahRRystiSadad bi nary  sol vent
m xture Wnere at | east one of the solvents. s chosen fromthe group

consi stPHEPRAYsHEPGYRE I & hPasy Qe mixre PR deprsiting D¢ BHBE: hexanes, water, .
di-chl or obenz eddter ambdiyéneﬁehe(ix’wlsﬂibh dierc is cﬂsﬁloﬁh Bryﬁl:easfﬂfl’ﬂﬁhng/mere the al kyI chain -

‘may be poantggl unbr ang.l ied and i t l%h 20 20 carbons in

I engt h PEUEERA™ 1 'ﬁﬁ?’?\"ﬁ'ﬁ'&% RS EOWPEHEAT 'Ta"m%tg PPEFRIPEY is pyridine in

chl'or’oiaamnigrdatermaa mneﬁeeuqoatdcrmbactmdghtedﬂmﬁymrtypmmha/em)mm xture be in an anmpunt

of et ye % raf eing 4-12 vol % and -
B ng? pgs(ﬂ ?ld e sﬁlF anotlﬁoﬁaﬁﬁrﬁr@{ ?%bsu qga?th? g L 9 d

nost pre er e n he invention descri bed
her ei nﬂ%"h@)'s@lsla@emb@étrdosélelpféwméimmIE’@ 5tvafe. maki ng vol yneric thin filns

havi ng i NC oY RRHATAHAMA A 1R idGLE AOUH L P AARBINSE Blie, Wher e there is a

- step of washing the surfactant coated sem conhductor nanbcrystals at |east
~.once: wnprignaAsouRgtted copdstivrrplymericaysiayiag semisondugforalerc i@l enbodi ment  of t he

~invent Hlﬁiﬂrsétﬁﬁéié‘ll bl%?e thede@bdhad & pawdRbiVediof &ch&ﬁjﬂ%r&ﬂar@aan ppkynmeric thin film
_ 'co “8“@9@% -anneal ing of the deposited filmat a tenperature of 30

515815'?“32% C. Preferred is about 120 *C. In another enbodi ment
- of t he | nvaninbtben eibudingnt of thel insali abBde 1 disaosed aaphpdamﬂ@voévtcai c device

L neor ek, BERCNL R RRH SRS AR SaRRac; POl st ene
polymer having semiconductor-nanocrystals embedded therein, the thin film being deposited -
. on the first planar electrode, and a second e_]ectrode opposite the first elecrode, and 2 hole
S in_iectina layer dispo.se‘d between the thiﬁ film polymeric layer anc.l‘ the first plénar electrode.
- - In preferred embodiments of this mvennon the semrconductor—nanocwsta!s will have -
o, an aspcct ratio of greater than 2, preferably greater than 5, more preferably between about 5
and 50 Most preferred is about 10. '
In preferred embodiments of this mventron there is d]SC]OSCd the dispersion or
30 embedding of semiconductor-nanocrystals in the sem:conductmg-po]ymer Preferably this
' "1oadi'|_1g" is on the amount of greater than 5 wi%. More preferably, this amount is between

20and about 95 Wt%. Even more preferably the amount is between 50 and about 95 wt%.

Most preferably the amount js about 90 wt%.
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"sem conduct or - nanocrystal” it is nmeant to include sem cohlfedyshgooe

crystalline particles of all shapes and sizes. Preferably, they have at

Ieast oa%g ion | ess than about 100 nanoneters are not so
imted qhgﬁﬁgy be of any length. "Nanocrystal" ~88ﬂ§ﬁ8@§%4 and
nanopartlcle can and are used interchangeably hereln I n sone enbodi nents

5 of the 'nYrﬁﬂ?éfé&HemEdaﬁneH@-BﬂﬁlE%%n%n tRAEhkm&Snd RYynlRAVA bE WO O nore
di nensi ons thag are ss han about 100 nanometers. The nanocrystals naybe

cor e/ shBHY™F 7p "%?“’%"6 @“Fﬁ‘/’ﬁé"’ly%‘ﬁﬂéﬁ?&r‘?ﬁli’( pymroles; polhigahgitehed nanocr yst al

parti cl payasities,pdly(pphénglesgrmmd ﬁdnjqﬂﬁmenpmslngiénejshﬁolymmmmsj on can have arns
;??‘r;[s Egﬁqyahg{jlg: aénéneség?l)?(ﬁ'léegr gnaetvm len saég %E dchldllVf:S g‘lFl'e %eflg%jggg:’rene(r:];:,esf he
greaberart Iﬂlablv(ialb@hnxyﬂ@ -EIEﬂlmxyidﬁ!hJ Pﬁ&ymedmwsrwbﬁMEtHaBP\émmsptﬁﬂs‘ be |l ess than
about 20 lthﬂo ne, %gﬁwﬁppﬁ_ﬁ-&gggg%gmfeg& sone enbodi nents. For instance,
in an exerrp ary tetrapod wth a core and four arns, the core can have a
Cdiameter f r Brorefasstiembadimgnts His stmisonépsinRecarssls coprtiseradthayiiam can have a length
of {1 OMengtly @lddterdhah Sbodt20\in. Bbre prefiled 24d8ds h&@&,ala@@l ofMilecRiEAl er than about

1000 nangneters. O course, . the tetrapods and ot her nanocrystal particles
descri b4 "Rdiver RoTe BiRfered e rB‘EsWéY‘“gé?j‘ig‘f’%l‘Hlbé‘“’iﬁS abupeleed SWIM- | 1y enbodi nents of
t he 10 nvent i Binord paderR@ BRI RHE the PRdntibrCdiCBselY ul@f GloBgHI YT, Gigupst al | i ne or

poI ycryst in ure. The i vent| on al so_conte s usi ng ranorods

S PR g L SR Ml PR ERsTBven wp 1 0 80, and
Iengt hsinBjIGaas, €nlns) GulnSc20AGHAS) InGads, Gedxd&@medtmréﬂefp:ﬁadames described in -
the Ilterat 404, 5 ](%9)00) and Peng, Z. A

} L a| ! ftj spl‘d]err Cdefgloglngéfﬂ?f?%fg 38%8;6;&1)5 mﬁﬂ]c na obrﬁs

sem conmﬂjwd)mamem&mw&snmams)ddtmledtalhemmm have Iengt hs bet,vveen 20 - and 200 |

nm ud 1 P! s SRR HEV5or b B RONANEERL GPAPAGSS ol o conpr e r ods

haV| ng | engt reater t erred are rods having a
I'engt h of blek pastered tmthawacezﬁermmngméwfﬁmpéthmre'mm usg ahipdy r ods havi ng

| engt h%ol@éntﬁﬁh%ﬁm&e@th&ﬁton@&ﬂi%r&glvémsmhosmon?-lﬁeE up Rhsidifgdst a Portion of the
- senii conductor-nanocr%/stal s have an asVect reater t han about 2" it

i s meam¥4ingeploraforpglulenen iyl pi b engh Wﬁ%[n‘éi@\"y%bﬁ%ﬂz@ iy @"?Eﬁﬁ}k’&ﬂ"ched rods, then

.at - | ean bikPaide, Oherd thealilyDéhath mRTBLbMncRE ot UnBracheiSindVs b&zw&avemﬂn aspect ratio of
h as 100%  Also, this

0r O by kR, ARRkh ﬁilﬁfz%w@e%ﬁﬁr@%vﬁn@ﬂ%&m‘?ﬂg@f BRAEE: or - nanocr yst al <

(wh| chchibrofoomrse |ncI udes tetrapods), then "at least a portion" 30 neans

t hat - at @,ﬁp t. an 2. Aspect.
ratio is: dgﬁg?{agﬁ ﬂ?‘)fi "en V@ﬂ e?l%m{n%?]ngg"slt&fb ?‘;ﬁegrﬁfs?s(r)vr?b%f a rod di vi ded
by |ts“ﬁhammﬁfmﬂfﬂnﬂhbﬁmﬁaﬂs@\@f%anbn%nmﬁwdlmwlférystaI the aspect ratio

- for the brapghad, é}ﬁ)ﬂ&{ﬁéﬁ( Sf thd indeRtichd OLstAREhA hdtSis hﬁa&fs@a uﬂétthhe ) ongest
branch di vi ded by the |ongest branches diameter. . :
. +."25 -+ for making polymeric thin films having incorporated therein semiconductor nanocrvstals :

- where there is a step of washmg the surfactant coated sem:conductor nanocrystals at least
" once with a solvent, preferred in pyridinie. ‘ _
" In another einbodiment of the mventléﬁ described herein is 2 method for makinga
- polymeric thin film comprising thermal annealing of the deposited film at a temperamrerof :
30 from 60 °C to about 200 °C. Preferred is about 120 °C. S
) In another embodiment of the invention there is disclosed herein a photovolizic device
| incorporating a PEDOT:PSS (poly(ethyléne-dioxy)thioph.ene:poly(s_tyrcne sulphonic acid)) . -

hole transporting layer on top of an ITO electrode.
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sem conduct or - nanocrystal s are branched nanocrystal s" |t2 é\“'g%gﬁ 6t hat at
| east 1% by wei ght of the nanocrystals are branched nanocrystal s. It is
under st god, t he | anguage "a portion"” as defined n coul d al so

i ncl ude 8/91%%3 e. the whole portion". 5 Although Cd’%ﬁlé??éﬂs

sem conduct or- nanocrystals are preferred, the nanocrystal partlcles may

conpri se ot hay “stiidondbk®r- mmﬂn@mﬁ@ﬁ :mm@k@.llmonamngt&%s@u.@d a shaped
particle

0 For t he particles nay conprise
sem confye 1651923?] E“@Ff aﬁ%“"“&Sﬁ'ﬁeé‘ﬁnﬁdg%”éﬁi’ec?bﬁﬁh@%%m‘@d?sf 4o onpound
sem condmmamtersmnt helardmooiopimiidd. Rbds nag by df 6911eligot rm@oﬁyufﬁppunds such as MyS,

Se, . cle! Rbd iR octbiy. =c.  BaTe, ZnS,
%Se ;/ﬁn%o OJC:%@ @%ﬁﬁ : gg;};%hd 1{%@“ ﬁﬁgﬁhggﬁ}ﬁ%—ﬁﬁ'& soﬁcﬁggg £ t abl e conpound
. sem éon@mhet'b‘ie@loﬂnhelrlamry@l@erpd@lmdysemmmgwtdmnesszwdiat weslesSihds, Gap, GaAs-P,

- GaSb, 1 b lodﬁlﬁ’omét@l?he Adeﬁ/stalﬁ)‘ngn be Sr7RAR @&Agp{?%r HamBle The use of

G oup, fV sem conductors such ds germanl i con y al so be feasible
- under c%’t“’FBﬁaPFhedc‘BPR}DW’d’H%‘cmlaﬁFoﬁid%é?SOE‘RB‘BWW@WF ef the ipventinmean ¢l es may conpri se

-~ a di el ejuve dnfis iR hSVelaPect Sdd6d breafer dhih aBhi1. RloNer@inbadiverdt MEImPBLEri al that can
ism Also included are the tertiary clialcopyrites, for

exhi bi t
exanpl e %ﬁ%ﬁ%gé?ﬁﬁmﬁﬂ“ﬁgét?m SYHER 19BE P qgtehtharsabpg 10, gfc; They - Ag, Au, Pd,
Pt , 1o wikidls aftearns rﬂ@}&eE&s&lﬂnﬁ)ﬁbﬂ%ﬂﬂﬂﬂ)@ﬂdﬁ@hﬁﬂ%ﬁﬂoﬁa@@rsﬁ%m@e used in

enbodl d [ OW, and tetrapo aped sem conduct or '

'nanocrﬁ%‘frgﬂngsr g"’des’r‘ %"e‘ﬂ"f‘ﬁ‘“ﬁ(‘& 93]"”‘39403 ﬁ{ h“%&‘“@ooo 12, 12700~1"
2706, tﬁaeeachﬁnteerﬂmnaji)ut\ﬂmabhutammohew:e,bydtaﬂmmpmlﬁt@de@mo?ﬂomeference for aII
,purposeaﬁoutlts%bﬂ.gswgéoV%a&ooaﬁagJeﬂggaer SRpSIO% daRnIRORITALS OF Lhe '

invention can ve uni ectri : mag?net f°° “eat al ytic, .and
nechanﬁ’é,edﬁfamd@wd@ﬂﬁ'@socwatnldm@dﬁs dessribed befein mnaavemmbhf suitable end

~ applj C%‘irbéﬂﬁ&ms fﬁr}%ocﬁ[ﬁéﬁtsgﬁhyﬁ%nonf € na‘ﬁf)@ﬂﬁiepﬁmc@§m;)’ e/ sﬁ% 8- in conposite

materials, as catal ésts as functiona ments I'n optical devices, as
*funct | SFARNRA % pelyrrstalipe lzsarﬁﬁo%wmai @so&@xﬁméesese@nagmnor@ep%\r cells), as

funct i @asd an@lCeTeRd Bave Havebﬁé‘ci faliG @bovel 80/ bveR Bp 1080, Gnd BYpths BRI thah | S. MeANt
i ncl udes regioreqular P3HT, -which includes

pol y(3 i pphe
~ head td&fﬁ'g’é@ ?‘fgdp‘é‘ir@b‘!tﬁgrﬁ‘éf“%defc&f’?d"?'@@"‘B?%LFF% enptfF etdbreferred is head to
tail  Rakie.40315b ©000) usdReh®) X.AC QL 2 WP ShedSok. Ilzﬁ,lmyomy-:m conducti ng ‘conj ugat ed
'poI rs th ocessed from sol utio Lﬁbfun |on |n
accordance \%ﬁl f ﬁ%lg}‘s%ﬂ?l%?g% | Wi g" sods ué?ﬁﬁ’fr(?'ﬁ'd’ﬂvca?‘f"ﬁ@s i s meant
al'l  pobkyd78P smilinprefemied.embedipéntsetheemnicoriugyrsizmmy suMoconpiiserods ng exarrpl es include

trans- pﬁlin%%?.ﬁsyéréf}?!hmpd%h BY ll;n'; %}o@e npy‘f}e e)ﬁnlg k‘o%?l% gfx letR%L ?‘ﬂﬁwean L

uorenes

- pal y(p- ene and ne-vinyl e
-pol yar fﬁ'hﬁ’fé’émfﬁmﬂf W‘F é}ﬁyhaemelevgﬂmaf hqtme)eg 2out 6020 110
I By “at least a portion of the scmiconductor-nanocfystaic'have an aspect ratio greater -

- than abc_)u_t 2" it is meant that if the Semicon'duclor-nahocrystals are unbranched rods, then at
- ‘A least part of the total amount of the rods will have an aspect .r'atio of gfeatcr than about 2. The - -
amount could be as high as lOO%:Also,_this. means that if the'nanocrystals are branched . . -
semiconductor-nanocrystals (which of course includes tetrapods), then *at least a portion”
3O means that at-least one branch has an.a's'pect ratio of greater than 2. Aspect ratio is defined as -
" the icr_lgth of the longest dimension of a rod divided by its diametcr.,'ln the case of a branched
- nanocrystal, the aspect ratio for the branched nanocrystal is defined as the length of the -

longest branch divided by the longest branches diameter.




and sol ubl e derivatives of the above. An exanple is

(pol y(2- met hoxy, 5- (2' - et hyl hexyl oxy)p 9 21 August 2006 \ith A gueed83

PCT/ USOS/ 08624 . phenyl enevi nyl ene) (MeEH PPV) and pol y(3-al kyl t hi ophene) .
EspeC| ref errTed is poly(3-hexylthiophene), P3HI. . This invention

al so co ﬁfﬁ?lgﬁ es using conjugated polyners that ar eP‘e‘F’Pﬂ‘B{M% ution
pTocessable or melt processable because of bulk pendant groups attached to

the main ConlBygﬁﬁoﬂQn 6 @mgéndWOr-ngrﬁacﬁﬂ:ﬁJ HStr el hadoliGsifi@RiLI0at €d pol ymer
into a ,{?% yner structure of which one or nore conmponents are

non- con]”ﬁ*’dh Ef"’af\‘ldﬁ’ by witebtiohige earassiels arepragghetpanocrystals. 1tis
pol y(, 4““ddtlﬁ“%yﬂhelﬂ@dhgab£wiom Ayk@Be)ereiP@L aido Hclpie@0ysh, 8@l - phenyl vinyl ene

and pol yvgh " rFj)henyl enedi phenyl vi nyl ene, pol y(3-al kyl pyffole) and poly(2,5-
di al koxy- p- phemy! enevinyl ene). It is understood that by sem conducting

conj figat ed pelllgonserSehndﬁdﬁwinutomram @noryshls pre peferrsd, dad of pol yners, one of
which ig i Bﬂg i Iépﬁr Thus the, .
nanocrys{l%cﬁ’ Qg’r edgsﬁmﬁg gﬁﬁ& eP& lﬁ'@é’nﬁgc%’t@%%&age arf’che bl end or

- m xt ur eshapeppasticlerpyephere Fof wmﬂeﬂheemlempw aamepsise seicondhgsors such as

seni Congupaihd RARBAMSS. aéuaamerc@ﬂﬁoun&s%a,c%m@rk inal?&dsrmb B9y techniques known in
the art for aligning crystals. hotovoltaic device" it is neant to

i ncl udéa?’ﬁ%écupr&%“dsdéﬁa&@%@@%t ffre8<LaSe SalgmnStnSiThe art. Exenpl ary

- photi@v abdsasaSe, BeTH, zmzrmeqnqteeas idag¢] clime, BED HeSXMAPIge. Gigdrence, Vol . 295, pp.
2425- 24271)1 ‘Mar ch t he ont@nts of which are incorporated by
r ef er erfl&) cﬁﬂ“*’@%’@ﬁﬁ?ﬁ‘?” CWd?CB\% foup T- Yy amicordugiges swel oL Oy yst al  particl es

Cin a biGudeP, GaSh, s, B HESbAIAK, GNP, mwnm@ncsasmvme bedf betyeen two

el ectr e al um num n | ndi um fin oxi de el ect rode) :
on a sﬁgggméotn%'%ms?crﬂa?ﬁemaﬁﬁg' S’b“l"?? ?Saz’eﬁeﬂsél Y& i nary sol vent systent

it is reemitions dn dtec brutpbdimants yhe paticlay fnay oumpsisel adielettsic materikl Saleas nay be a |igand -

thats . %I@Ismr@n %Mﬁﬂ@. tEaQEanwﬁg)um@x d&ug'.mda i g.ru%},or m "Binary

solvent sy I's al so neant em 0 | east’ one sol vent,
and a ICP@@PDGWF H%ttexﬂﬂ@‘erﬁbiﬂsaaﬂd§dh$ﬁerﬁ0meﬁm@lse@€hnﬂeemx9ﬁ éerwfd phosphoni ¢

aci d, W'C@@ﬁldﬂﬁrs%aﬁﬂ&o‘éﬁﬂ&tEﬁwkﬁ%n@ﬁ%&ﬁ%”%%meﬂ?%ﬁr%@val and pbosphoni c
acidis ali ut not a’sol vent uitabl e methods for making thin

films | W@O&%@Bﬁpa%ﬁ’ewaeawa@rceﬁ HngPelaik Ao difinedNp Mamnaichdle/; 41 exanpl es of

.vari ous:hmabd zwoan,dzmoumasnﬂedoaemf%eﬁaé héPéBy iebrpdrh@d byl NCl ude spin

CO%I 9# coati ng, dip coating, inkjet printing and screen printing.
Al | “Yof ‘ﬂ%’ @B’W%ues are generally referred to herein as'~'deposifing-.
That is, tﬁhcﬁahmcrysfai;imeufccotdm to éntbedifaits dtflﬂiéﬁhﬁbﬂt'ﬂiﬂcah&ﬂ\&uﬁ@ucbe deposi t ed"

onto. aoﬁ{ﬂgscﬁectﬂs m?:%neﬁc g‘?alyng "afid me ganiflc‘:{ﬂé;poi)‘erﬁ n}l)ld an%gt a Yn cl.ectroni ¢ properties.

-of inorganic. S€m con BE G8E0 " the formatlon of -

- .el ectr ngleﬁ"aisf ds'@étz;lysts' zﬂ@kfn&ﬁnmlGleﬁ&n@:ﬁ%gi}'ﬁév%ssaqutrgnglle?eHeMﬂny low i On' Zat ion

25 photovoltaic devices (e ., solar cells), as functional elemems in electrical devices, elc.
' _ © By “P3HT" it is meant poly(3-hexylthiophene), which includes regioregular P3HT,
. which includes head to head and also head to tail regioregular P3HT 'Pfeféned"i’s head to tail - -
P3HT. | | | |
This invention contemplates that any semiconducting conjugated polymers that can be.
30 processed from solution will function in accordance with this inVengiqn. By “ semiconducting
polymer” it is meant all polymers that have a pi-electron system. No’x,i.-lirﬁiﬁng examples
include trans-polyacetylene, polypyrrole, peiythiophene, polyaniline, poly(p-phenylene and
poly(p-phenylene-vinylene), polyfluorenes, polyaromatic amines, poly(thienylene-vinylene)s
_ ,aﬁd soluble d_erivativcs of the above. An example is (poly(2-methoxy,5-(2’-ethylhexyloxy)p-

o




potential organic nolecules and polyners. In one enbodi nent of th |nstant
i nvention sem conductor nanoparticles, such as CdSe na%?: §‘t’§i|2§

conbi ned vvith .conjugated 10 21 August 2006 WD 03/081683 PCTI us03/ 08624

pol ymer fﬁ%},ﬁ% P3HT to create charge transfer junctions with high

i nterfatiCa 2 resulting in photovoltaic devices RSVURE®®Hroved
efficiency. Fromthe energy level diagrans for CdSe nanocrystals and P3HT,

b can, PRnageiniddmER PRV Ad ShECLIORIASGEPELIPPFRATL | s hol e accept | ng

(FIG 1) ? resence of lig e surface nanocrystal s nedi at es
its 5 | APEFE ]i‘ht?ﬁhe\ﬂﬁ)tIWHtTh"erh‘t)W?H@ralsoV@‘WH‘W iz aeniugeied pabmosse | i gands on t he

sur f acethatfare@liSLsolutiéh’ ﬁot%bﬁ&ﬂibl@ﬁbce%ﬁﬁﬂe%sm bllRRAGnY bt S Or heat treatnment
have been cast. The effectiveness of

of CdSe gf."ﬁ”ﬂwm: ouldc%i ryts l¥ f at ]
charge TFans AR GOVYERRL AP Or bydts pelisiondf e SoniRpaedROSE NG ogy  of t he
bl endl. mggjrreayanvprorn Obﬁhmamoormyﬁcahﬁonbﬂi e dof-cOihgdied. OnARding N t he pol ymer

- depends.,onns %}Q‘Yg JRA-Iolel g e hg ﬁ"“ve?%lp\‘}\e‘,ré(eﬁ‘Pﬁdﬁlﬁlaen{,eraCtI on between die

particles an e sep stals and their size. A
bal, ancd’hbfé’!WBW aa‘b@l)ég‘hphe@ﬁenﬁdwhwﬂmkp@p@ly(aélkﬁbﬁmleﬂ angoly@sd di spersion for

- mor e eldihPRbicRIEa ) AT el tmgyfccnﬁgnduzfﬂggmvg%@ | RfRenave surprisingly

di scovered t fine control BEnE PR rough the use of
sol vent™Mifopidgeana mixtags ofepd OMW@caﬁ\émhm tpgea smispisyetingent s of this

i nvemt Icﬁiﬂugahﬁﬁoimﬂtm\lsﬁheﬁyﬂo\:@hﬂ&m MWofIl bl SntRddbPor disga0d iARd Sol ubili zes
nanocrﬁtg can i nfluence the dispersion of the nanocrystals in

sol uti spl n casting is a non-equil.ibrium process, the dispersion
of the nandﬂﬁsym:albnfuﬂhermteﬂﬁ:ﬂa@m&%s@ﬂcdﬁ&ic&tlﬁhd&%aik r}ocfshﬁn lQOl ymer. According
‘to one, %’1@ Jrent of Q)e I %war'o a solvent mxture is used to control the
 phase s€ ard’tlyon (':'118\/\/?1 9" th RSHEt P88 e. The inventors have o
surpri si nglBy ‘f)@m‘ldtaiclda&ccftzsln&antﬂ‘ﬁnc]hﬂ&&béﬂl@mhl&lcﬂ@ agchi@ineent. m xture to o
conisr ol h con ration of - -
15 knm%ﬁe at FE% W@gﬁo%]t@ic Eétwcg/%are Jescngﬁd ylhg ex Ea Feﬁetul ar

nanocrystals (up P3HT down to
t he nan8h&Perp- yé%r?—@" Miveh 29i 2@02 @EF@teenh&mel ard'mcoaxofateblbju ty of the

naNOCT ykakd AbeenlphBIRA S e 4310 AnBRAY RALUSHE Rd |1 gand for

~ nanocrﬁ‘t als, an articular a goo vent for the pol yrer
- for sol f‘fOH‘r‘?’“b‘PBE”é‘é@PE“g‘a“qﬁwﬁ%‘fﬁwﬂﬁwoékmﬁ%ées,smlahenmeak 25 binding Lew s

base, aydh-bdﬂaﬁnﬁan u\ﬂnﬁﬁhnb&ﬁc&%@&c&&ﬂs)ibs'tx—ﬁllé"tol?ﬁhla'pﬂﬁo%ﬂb@&evﬁé 116T whi ch was
ch%en .as ,a, '@g’ nlg?%g% the nanocrystals with the aimof facile renoval.

Pyridi ne t Féa 1670’ ihjs @eank o ‘QF&‘F? drgem pfFe solveRE 284 ones  (FI G 3) were
co- di smay beadigani thin iR2BbIE sdil'lfbnache)&iﬂpTeﬁpyﬁﬁméh?/‘bﬁl&oﬂ;gﬁ/c Biady YdNent® (vol . %

di I t f.di d
Pt o e SRR 8RR 1y SR s sBt of pyr idine to

.cover -olentIdor enmwcwlymaat! plwsnhérm:dl Xylae isarsolvarefdr hy seinivendattober  of |
_hon- paﬁﬁ&)@@&!@ﬁd;@@spﬁﬂﬁca&ﬁﬁsaﬁfg&n‘ﬂ%upﬁhﬂbfv Tlnanopartl cle. Pyridine is nisci bl'e
0 :

in chloroform SO IS atwo d solubility increase:
725 -+ - Suitable methods for making thin fi Ims like those described herein are known. Non- .

: —lumtmg examples of various coating and prmtmg technigues from so]unon include spin
. coating, blade coating, dip coating, inkjet pnntmg and screen’ prmtmg All of these
!echmques are generally referred to herein as “depositing”. That i is, the thin films of the:
~ instant invention have to be “deposited” onto a substrate of some form.
30 .~ The complementary electronic propemes of inorganic and organic semiconductors -
~can be used in the formation of electrically active junctions. Charge :ransfer is favored |
- between high eleciron affinity inorganic semiconductors and relati?ely fow ionization
. potential organic molecules and polymers. In one embodiment of thé instant invention

_semiconductor nanoparticles, such as CdSe nanocrystals are combined with conjugated '
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for the nanocrystals: (a) pyridine coated nanocrystal s are nore soluble in
chloroformthan their naked counterparts and (b) they ar’d "?‘H%‘ﬁi%p(’@ol ubl e
in the excess pyridine that is not bound to nanocrystals. Too nuch

pyri di is to be avoided, as this nediates the 21 August 2006
WD 03/ @?ﬁ@g%l US03/ 08624 precipitation of P3HT, Whl'CR3{%82%ery sol ubl e

in chloroformand insoluble in pyridine. 77heirefore, there are three

301 UD! ! df ol SO DE il LS WYL LSLAR ARSI LD O REAE: | noul {1l ent

sol ubi I nanocryst ai ar ge-scal e phase separation in
t he bl enahqtqvplrw dp\rl@ntweallﬂmﬂ\@mﬁfwsbsﬁam thegnergydevehdiagramefr 11 . The

inter nPéHs@Bﬁod?%[alsthH?Qﬂﬁﬁﬂés’é&tth@@dﬁe‘?gélé&&n a@&c&WgQﬂﬂPﬁM the polyner is
still sufficientl é soluble in a mscible blend of the two sol vents, the

sol ubi |etegreceptipg i€ h@ﬂpfﬁsﬁcﬁﬂégﬂ‘?ﬁ%f&é‘?efg‘f"é?° eafr?ﬂam”éwcd&f“ he bl end sol ution
Wi |15 | amekadion witithd poBjrer. memrig:maé ortréifove mgan&emaﬂdw:dﬂmse and therefore

prevent se.sep arati pon spin co |gh pyr.i di ne
'concent“i’rgﬁﬁtﬁl?'f’"}'cé JTaREE o “‘“%‘Wfag oﬁgeaﬁ E@B%Sﬁ&se'ﬁ}glem}d ""Stari;te pol ymer
: corrpOnehrdybawbeeexzpect | ar ge- scal e phase separation pronoted by the '

floccul ati ongf, ff&mexeg? bt iR ter 10 ulMEPE a%%eéd@e%@magﬁgy of

nanocrystal pol ensitive t ues suc atom c force
m cros @éybléWFMg!ﬂsamdofbmwyséhmthm\?témloeeﬂtim ﬁ%@u%ﬁl‘dsoﬁlh‘ansm ssi on

el egfr %’en %Fﬂé&?ﬁ%v&alﬁhﬁm@ﬁo‘ﬁ bR m@%naemm@s RAlinc'sGAali& | 1S shown in FIG

4 for a % 7 nrn
“froma b%‘i“’ﬁ@l“éﬂf’éwtﬂ}%ﬁﬂﬁ ‘h@}f Smoﬁb%"é‘?’@?“f#ﬂ %F@a&O@mSP%a%CE@bar ation on.a

scal e Qﬁdfﬁfpyﬁsﬂmm;ﬁémaéﬂchﬂgeeﬁs@ﬂy}eqlu@é aﬁe;h&moma@%ﬁ@ﬁkmgryder an optical -
m croscogfg and even wt bar e lfée as the fi. m scattered light. 20 Light

scat t edisrryerpdthay ﬁ%?@éﬁl“&”ﬂhﬂ"’ﬁyﬁf oharied BrYBbOR PRSIV BEIYS, as it can.

. decr easelv&nhmamfe@ a@brﬂlﬁg\to@fnbodirﬁegiﬁbf tﬁlbﬁﬂdfnlﬁﬁdhat ddneirsiytidiye, @hickt ke surfaces of _
nan ced by using AFMin.

ot adBPR R ecn g oy el e A e b SRHABIT 11”1 oca
-~ di ff er esigt®@s. Sinae ¢pinaagiogp @ santeniibriom prdaess, ftheldivpdosyoned tip aamioergsid Ine  phase and -

to-pogr%qg%nhmgﬁ ’H‘g‘ﬁ‘f&}’&hwl ;rate the transition fromregine | to regine

- 11, FI t opography and phase i mages for 5 pm scan areas
- of 9. by Argordive tneieombelinlatef thy irverdion & $ofygnt oynie ispicdfa cowroldat m xtures with

| ow an hasd e S ABdodh & aﬂn)’ﬁahd%lief&?sc&l@%@iﬂ%erni%l;s'h%%mpﬁé‘ﬁﬁfyeféiﬁxdEh'&ﬁn ist opogr aphy - of
these filnms is very rough for low pyridine concentration, an internediate

corf@enpesgblp Binsypisely@LmizRyEo W@tphﬁf' separptiop in afilia With# kighs pondi ng AFM TM phase

I WageSco%eendﬁigﬁasiaﬁoaiyaalé (*ﬂ?-fo 9bb9w&gtr:fv.gﬁa)orye.u;gmﬁsaa&w BBI\liil‘ mnté@ plhase . t
separa 1 oNn as eparat1 qn €. nanocr al S and po yrrer 0. no
yield FH@P‘B‘B‘?{&‘E"E?’QP"‘HBW&%}‘] é!ﬁd"'&@“%&@i‘? nanqerypial ?Y L ,

simultaneously using a good solvent and ligand for nanocrystals, and in particular CdSe, and
. a good solvent for the polymcr for solution processing. A preferred example is the weak-
" "25  binding Lewis base, D\mdme with its relatively low boiling point of 116°C which was chosen
* ‘asaligand for the nanocrystals with the aim of _facﬂe removal. Pyridine treated nanocrystals :
. of ﬁan'ou's shapes and sizes (FIG 3) were co-dissolved with P3HT in a mixture of 4% 10 12%.
by volume (vol. %) pyridine in chloroform to create 2 uniform film 60'nsisting of dispersed -
: particleé in polymer when spin cast. The preferred amount of pyridine to cover the
30 nanocrystﬁl surface is determined by the number of non—pass_ivéted Cd surface sites on the.
‘ nanoparticle. Pyridine is miscible in chloroform, so that there is a Mofo]ﬁ solubility increase
for the nanocry‘étals: (a) pyridine coated nanocrystals are more soluble in chloroform than
- their n‘;iked counterparts and {b) they are highly soluble in the excess pyridine thal is not

. bound to nanocrystals. Too much pyridine, however, is to be avoided, as this mediates the

11

nm nanocrystal's in P3HT ‘that was spun




possible to identify the individual polyner and nanocryst areas. At | ow
pyridine concentration, there is clear evidence for Iocg?‘a\VﬁP?ta?tOP@ns in
the conmposition of the film 12 21 August 2006 WO 03/081683 PCT[ US03/ 08624
wher eas medi ate pyridine concentration the ph is very
srmoth.“@mgg&tr‘\;g herefore attribute these two concent FE?’%(%WQ ‘?‘6 regl me | and
U, respectl vely, In yet anot her enbodi ment of this invention, i's
Conte”p}%r@cﬁ }Bﬁm‘rh&éﬂh&@ gﬁﬁéﬂ%mm% G‘ms8”|§é‘1%t J}a“OCWSta' s in

conj ugat e cf) yners’ in accordance “w't ns |nvent| on results in a
" smoot h“ﬁtefﬂfm‘hﬁfPanﬁ\sqaﬁffhﬁ?d@fea'mﬁss can be quantified. To express these

resul ts in amyarylibigd codBnuaBEIEime: in@,ﬁra&@stonmmf&gu%eymvs) of the film
roughness is determ ned from AFM t opogr ap 'éges as a function of

pyri di ne con@®HKtip Bgesmic phasesegyation 'FH‘E"’RN)B”P’@H@H‘H Y yaepEases by an order of
magnstude am)c&uheo;pyrl di ne concentration increases fromO to 5 vol. %

Bet ween % i di ne. conce re.is only a. 10 slight
i ncrease | nnﬁ’ﬁg" 'afc(gﬂ'ﬁlﬁ%e%"?““\ﬁ?@fe%n]%'ﬁ"é‘ﬁegq]a%thea??'yg}eﬁléFﬁ] f magni t ude
i ncrease, asuffiently polvbiedn nmiscbinblemitof it v@rsolveatst thketubflinom 12 to 20 vol. %

- Using the a%yaﬁceﬁ'gﬂmé‘%ﬁ%gCS@OF’E"EB%%F%%#%%%W%%&i on range fromO to

5vol. %to re 12 to 20 vol. %to

regi me |11 . immatanidesnt tntwoseniopndyciirymd thenelorefpravens phiasesepprativer al |
~conggntrati q,gd,psgm gerystals and polyner in the binary solution; For the
90 wt. % of 15 nanocrystal S in P311T used here, the partial

concent r dllj Jehighpyadingpentatien rexime: AeBysidine isgapnysolvert foritee t o be under st ood
t hat concentpoinér@bfipoRsl We &3RA Iavelsthld hEia kedarkiRn PRFDIAGy BBY VvauY as nuch as -

" 20% and sti II be effective. Separation of charges only occurs for excitons '

that are cr&BeBRtiaof pMeh@nexciton diffusion range of -a _
nanocr yst almmedugm:zm@ﬁmrogﬁaeanoé@smiaayrsérﬁigisesemtveﬁeicmﬁquebmai n size 20

decyea onseguenc ano st al ersion, an increase |.n |
TS PP alHlonl ST TPy G Bl b ol By FRFENBE can be. used as
a meas gkearoo micrds@pe(TEM} are mey. AneRanplear geims &paieavhiinoGgl foerbldihiat f ol | owi ng :

_ quanti Uﬁﬁﬂt% Jﬁ?@@%%h&ys Rfin ﬁﬁ?’qﬁ%ggssgﬁé’}o sdlgl%: sé)lmsnl geident light.

intensity, Ion o sor iTi) charge collection
ceffici ehieryfom G hdowd phese sewetsm Ommcelhofissverahmmoys, ghigkepulhalsp bee  choi ce of

el ect r gd&eed wldkes® ﬁcﬁrﬁos%@%dkb&%mﬂ{e%mg@e@?&m R schdiRasigyi ces for which EQE

data are presented in shows 't he pyridine dependence of the
EQR0f oF‘gb‘Isﬁﬁg‘gW“WWe&ﬁ’i‘j" gll'ﬂ'ﬁhmBXP“ﬁ.‘SFﬁ'ﬁ esen dufratriadiegion che EQE increases
by a f Bgh sbsorbdd. 1. 4 |n goi ng from reglrre | to reginme 11 and then decreases

PSR IO RS s RS A BRI e gy T UM ECE of 35901
“bi nar yemmicctﬂsymsnﬁg/memthewpﬁg mbdei(TH}, a;dapﬁmd powitle of idéniey IEQE on pyri di ne
B T e
.25 To illustrate the transition frorn reglmel to regime II, FIG 5 shows the AFM-TM topography
" " and phase images for 5 pum scan areas of 9 nm-_by. 13nm nanqrod-PBH’I_‘ blend films spun
L frem_ sel'vent mixtures with low and iménnc_diate p)ﬁ'idin‘e concéntratione. Whereas the
topography of these films is very rough for low pyridine concentration, an intermediate
concentration yields much smoother films: The coﬁespondiﬁg AFMTM phase irhages
30  demonstrate that the surface roughnese relates to phase separation. Phése_: separation between
_ the nanocrystals and polymer do not yield single material domaiﬂs'dnd as such, it is not
possible to identify the individual polymer and nan.ocrystal areas. At low pyridine

concentration, there is clear evidence for local variations in the composition of the film,
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vol . % pyri di ne concentration, which is conparable to the_val ue found for
the | ow aspect ratio nanorods described above. For a fl%é&”ﬁﬁﬁg@p%tal
concentration, the optinmal concentration of pyridine is determ ned by the
surfaceg; ég me ratio of the~ nanocrystal. For devices 13 21 August 2006
w0 03/ 0¥Pd8 / US03/ 08624 conprised of 3m by 100AMWEHIFH4s, the best
~devi ces are cast from Sol utions contai ni ng 12 vol . % pyri di ne, Wnereas,

devi ces Mréapdlznrt]emé) ale ner?:g& rglr%tgo%ﬂqeeg}i%[;ln% 1sv sf"m VB}'W a[%yrl di ne. The 3run
di anet er nanoro \Pg”a factor 6 urtace- %o vol une ratio than
t he 7nn&erefn@mrlm$hesm¢@n@ymdmsmfereg@ci@éﬂme@dctwy mai ntain the surface of

the thinner m%@.ﬂéeﬁmaﬁﬁe%fﬁnsmmmpm&h:&%pna@cﬁmm}ﬁ%@hkz,@mgi pyridi ne
nol ecul es are in dynamc equilibriumwith free ine in solution. In

‘anot her O SHEERIAYOR panggrysialsdn ‘i°ﬁ1§¥3§HP°'V‘ﬂV\‘eﬂta‘f°8'H“’|°f Wl“t%fo@é‘%‘i‘ ble to vary the

‘binasy madni@nEsulsin XtshbathaRp hiayadace. nmmmdi;ammemé Ekptehu thesd NVention by
.dine with anot her CdSe, CdTe and InP

subsfituf ' d. For ex
nanocr y@f"l{ gaﬁy"‘gt’%‘v’ﬁf“ﬂ@? Deioy ‘ﬁe”ésqzﬁf% %% e%ﬁ”@iﬁﬁg}%f ing of nostly TOPO
or TOP d):mdmﬂﬁrflommllﬂpx@pﬂqnmﬁge%Iadhsmnoﬁfof mrﬁdihh@nmmbnma)l s . are recovered

| and st | t he product and

't he ngir‘wlhgﬁwystsg%"gesgare SJ'S% féﬁ?&h Sdgr{?e(r:co;sl-% ah ant. Nanocrystals
-~ with a 1s¢msdsfrem01td3®!é’crBet»veee§9nqolr204qle‘70tpmndmcd@pmt@honanhbrqjsgzboﬁ ve readily in a
1 arge Vil fka0h MR S B t0h UGS mafi bR AL yexanes,  THE,

pyri di ne and but anol O can be replaced by other |i1gands for 15 cadm um
‘such asli'yf'ﬁi'fd@v%maa?ﬁlh'é@ﬂ&ﬁfal%toﬁﬁf"dp‘ﬁdéﬁﬂlﬁihﬁiéb%ﬂcﬁw W@ pbosphoni ¢ aci ds,
see belmMbute tﬂ'qu@eﬂﬂan&}fﬁﬂﬁofr&ﬂofbsﬂ fhjcl B017 vol. %I RGnfat y| pbosphoni ¢ TI

acid 0 KO POO& ugust 2006, WO 031081683
_PCTI Usdlgg g 30 vol. % to regime 1L These concenlrat:on value.s are for a fixed overall

concentration of nanocrystals and polymer in the binary solution. For the 90 wt. %.of CdSe
15.  mamnoccrystals in P3HT used here, the partial concentrations were 45g/1 and 5g/l respectively. ]t_
is to be-understood that concentrations expressed with regard to washing may vary as much -
“as 20% and still be effective. |
Separation of charges only occuré for excitons that are created within the exciton
diffusion ‘ra.nge of a nanocrystals-polymer interface. As the single-material domain size -
20 - decreases as a consequence of better nanocrystal dispersion, an increase in the extemal
| quantum efficiency (EQE) is predicted. The EQE can be used as a measure of the efficiency
of _charge separation given that following quantities are comparable for a set of devices: (i) 7
| incident light intensity, (if) fraction of light absdrbed. and (iii) charge collection efficiency at =
. - the electrodes, which is main_]y' given by the choice of clectrodes. These three conditions are -
) 25 - -met for the devices for which EQE daté are presented in FIG 6. FIG 6 shows the pyridine
: 'dependence.qf the EQE for blends of P3HT and 9nm by .13nm _CdSé nanocrystal. The EQE
increases by a factor of 1.4 in going from regimé I'to regime I and thén decreases again for
regime III, In a prefesred embodiment, the maximum EQE of 35% is'_found for a pyridine
concentration of 8 vol.% in the solvent mixture, ie binary solvent system.
30 A similar dependence of the EQE on pyridine concentration in the binary solvent-
‘ system exists for spherical nanocrystal dispersed in P3HT. The ﬁmiimﬁm EQE is alsoat 8
vol.% pyridine concentration, which is com_parablé to the value found for the low aspect fatib
‘_nanorods described above. For a fixed nanocrystal concentration, the optimal concenn-ation.

of pyridine is determined by the surface-to-volume ratio of the nanocrystal. For devices
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- ol i got hi oph&A

~ that reduces the

Non- conj ugated |igands do not absorb in the visible porti t
el ectromagnetic spectrum and do not add to the phot ogen@?%@ﬂsﬁpent of a

solar cell. digothiophenes with phosphine oxide or phosphonic acid
functio ' attached can bind to the surface of nd ot her
senicongﬁ%4 ?ﬁ%%nocrystals These conj ugat ed Ilgandsgefgﬁo ‘H er
-conjugation, 5 above 4 nononer units, absorb in the visible region of the

el ect r onagret btsnﬁap@atmumaﬁ:l&iﬁs @R Mest 6910k Taie forh Qoh%]iaﬁ’s pelsferety }ﬁf fent, and thus

their u Qn te nbodi nent o |nvet|on
Pher yl p?\(gs oﬁ?ec&ﬁeé&s gev'ces W'XWB'H%}’ ?W"IWP@“&?&%I"E’YGTVOH% pEdEs of preferred

use. TI @hﬁ%méwgyerlnemdsh«ntafa«ttor@ﬁtwhlh(gpéi@:ﬁﬁ&-nﬂdvblbmé}fa%ﬂhhctﬂﬁn 10 nononer

units apgés , in@fs r 3HT. TnPA is known as
thi oghe%gs (et PAYinS}s ol Rk P SRS e AR amP T Shoun bel ow.

Ther@ a¥#¥ RYH‘?*@east"XPEf‘e@“‘B’fPYW@fW@@ atelin dypimsic eqilileun wali freee | | gands
cont enppyatisdn fMfiio.he i nstant invention. The nunber of thiophene rings can

“vary and the elther phosphoni ¢ aci d, phosphine oxide or an
’é’"ﬁg‘?"ﬁ’@x e inyiagt inygion y is mbleltgvmeﬁlausey fotvege ol i gomers bi nd

cl osel ymikigre tloyeainaedoytakoa with B8 chvmbn By thiRERET phitie TR Gh QE] with the polynmer,
et

they c i,n he charge transftfer rate ween the two
sem con un?’ts%%esxm |d§gpr‘ﬂ§% ‘ﬂ‘é{{’“?P%‘ﬂﬁé{?éﬂg'rﬂﬁmdarra@lxa@oéhal ns to the polymer

- “canlthelcpnsisinggbmostin FOB® yrsTGH asd faﬁmebhrﬁﬁﬁ:ahic ﬁzﬁcfae&ﬂeaﬂhdnﬂnbéﬁﬁfs%ﬁ vell in the

pol yner, r . are blended wth a polyner
t hat coﬁ?‘gﬂg%}d%g&ﬁﬂéf% %r%(%: )ic%sﬁ @’ ﬁ@éi‘f‘ %P“’%'ﬁ‘c%?)ﬁi’ ne and phosphine

‘oxi des nEEeTHAdreassivhied twahwgapstsuafactam (Nahdviysials Wath @GR of 10PE 2ROl yMBr Ccan be -
‘br oughtesd glong ko%ﬂatﬁﬁ%cmsch%r&a%gﬂ ?la%@‘@a%{éﬁ%?sog;%f ,HQF‘{,@@J[ e fast and efficient. .

charge transfer. To replace v'vent, the
nanocr Fergipan, %ﬁxe’%&@ﬁe}anwemd kutang) TQREhdae besreplacediby dﬂmrhgaﬁtﬁ fparticul ar

s urifsac tadtuml sich@RhIoCaniRR Sl et fBbsphidd ¥alted 216 lfb@;ﬁ. 3 e 25 dissolved
in a solvent with an excess0 ofpﬁt el desf:r ed13 gr?éyct'(gsﬁee ﬁsed and refl uxed -

at high tenperature for several hours. Mh terrperature ensures novenent of
li.gands on and off the .nanocrystal surface and the excess maintains the

- equilibriumof the new ligand on the 15 21 August 2006 WO 03/081683

-PCTI US03/ 08624 nggg;&ystal Elur f acePyriinst her. ef f ecti ve chenical treatnent

osure of n nocrystal s to oxygen and water at high

. tenperature is sol VZ_KWQPMBOM tals in an
P=O [ ﬁ

" TOPO Octylphosphonic 1y . -
. Yy acid - ' -
. 0
C NN Shemg ~ ICOCM)I
O—P/W\,. / i :
’_// Ho‘/ ’
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excess of the replacenent ligand, then precipitate the particles in a
solvent for TOPO, or other synthetic solvent and di scar #1¥#8Uig99% nat ant
after centrifugation. Pyridine, with a 5 boiling point of I I 60C, is one
of the %%@512{3”6 ligands to displace, and is preferred for use wth
cdSe. NANORMEPal s passivated by pyridine are |ess s8FHEFE3E4n t hose
covered by TOPO, but they can easily be stripped of pyridine by drying or

‘heating t heNsRaaREyEligdnSs dolnbr B iR W biiBle Porfiedr HE SlediAfhdne@t €d With
nanocr ys(tec?r!n}; .hanocrystals determ ne the

§ goJﬁ\émsr crbI ndﬁd t he fi andi on the r
mor phol 8% "B T REA 1405 REP s Talsg £upEPt ob solr el QlisribiogheagsiPat i on. 10 The
nmor phol phgsphiod oxisle enghespbdnicGdiBdunwiondlitissaniachedad bighae the surfabcdf gdfeng TOPO, pyri di ne
and a ek d . L i n ctyl iety is replaced by a thiophene
g S b EltickiiClol Pl 1 1302 oGl IR ok ofef ERUBEES Y o e
nanotr 84K opermes injistabugrbiy th GF: region bf tresiectmolagnetic sphduyin agtvan ns, can be
~ di sper seshitui b @6 pﬂaaa&é&ﬁwﬁ?&%b%ﬁ@%&t& 8§><|§ne:€ﬁt£&me}£&%‘?§ stinct 15

spaci ng between the particles corresp A, the approxinmate | ength

. of the WEREr Fhgylahqspiionie pidds o ponylimitg expmplepHigands eherefeiradaisesien . t he repl acement

of one eagipiéver bedligotkibphbnedwit HéRPRANI rondiBer bifits ShpY@ehlthar of RESE Nanocrystal s,
when di s nerrsedgj Pilifl' lglghave differently from TOPO coated particles
(FIG 2’2?)'?. READ: szt P& R EerRes Wiprhepcth numbeof PR %or ¢ t han  TOPO coat ed
- par i clriess)phosghdnicacidghpvadeabesThat aShhe ypand peisiahisphesedeahlie i nto |ines of 20
nanopakfj ¢l es, id of . wi.shi n o_be baynd, by .any particul ar theory or
princi 'E.’F’Jé’?s c:gﬁtm}“}smedpfgrstﬁs]ﬁ] \é\f.’f’ﬁﬁ'{oggh'%"'{"%FB‘%H%%Q“%’FW@§ Vﬁrytaﬁ‘g"f TI ol ecules -
pi - st adiey eimidy eithee phokpihopdreidephosphigs oxide of dvlig@ddpheremmineausi ng t he nanocrystal s
~‘align along a pol yner c6ain. The presence of surfactants on the _
nanocrystal surface can b6 discerned fromthe separation between particles
~within the aggregates and anongst the chains of nanocrystals. In contrast, -
nanocrystal s coabed by 25/Ppyriditie aggregate in P3HT (FI G 22c). VWile not
b3, 4T CPF y el ar theory or principle, it is possible
& s°awy e s base,,sone of the pyridine is

removed fromthe nanociyst al during the evaporation of the sol vent
as the filns ame cast. : = e van der Waals interaction

- between the | argelp AM0es VBT bhe non-polar P3HT results in -
i ni.croscal e phase”separatiag ¢ - ' organi ¢ and i norganic

conponents of the conpostte. ri dae washed ™anocrystals are in nore
intimte contact w th neighbouring particles such that there is no distinct
separati on between nanocrystals in the filmas was observed with TOPO
coated pargicl eﬁ" - §| m:| ar. ‘ﬂi fferences in. aggr egat i on.behavi our between

. TOPO and pyYTdf N EESPEE RLASEY {pdtepeecypisand GEduergel PPEEY t he pol ymer
Al EH- PRN theghlymbr, they can sssistén ipplosing hhicharg&Bdridfer rdibbedieeAthgued 2006 WD 03/ 081683
PO USR8 bl RIS TR 13 ol o 3Rk ALLET contenpl ates as

i ‘nanocrystals repel each other and disperse well in the polymer. In'a preferred case,

20 - nanocrystals are blended with a polymer that contains chemical functionalities such as
. phosphine and phosphine oxides to bind to the nanocrystal. In this inst}aﬁée, the polymercan
_be'brquéh’t’\in close proximity to the nanocrystal to promote fast and efficient charge transfer. © .
- To replace TOPO, or other synthetic solvent, the nanocrystals are washed with a
suitable solvent for the particular surf_aciant in on the nanocrystal. Then the nanocrystals are
25 | dissolved in a solvent with an excess of the desired ligand to be uséd;.-énd refluxed at high
temperature for several hours. High temperature ensures movement of ligands on and off the

nanocrystal surface and the excess maintains the equilibrium of the new ligand on the

15




actually replacing 95 % of the surfactant on the rods that is there from
synthesis processing. Intuitively, one would think that zmgﬁﬁgzoﬁati nes
woul d elimnate nore residual SUrfactant. and this would be preferred, as
t he sur{v%c&@?t interferes wwth charge transfer. However. the 5 inventors
have su 1y found that with only one washing stEFUSBERsurfactant is
|l eft on which results in a photovoltaic device having a nuch greater and
unex pechapernsielsutface, Anprhan elfertive chamidablretenes that redlicastdgckxpoliteofEQE f or such a

devi ce Aafiochydk R\RheSarki Yater 4t ﬁgﬁteﬂffe?&ur%]ig%Sagss%?evdmcn%r?ocry\én@?h%9 three tines.

Nanocrystals 5nmin di anmeter "are washed 3 tinmes In Rahol to remove
excess TEFTHHOrRIermepidigand; thea grecipitte the partiseyip areatventffonfAPOdirne (501i | per 100ngy
CdSe) amibr phi€ic poitentaadldisdaid HREXRAREN btk &8whpIRS. POnARL &N particles with

pyridine.on the face. t hapol ‘washed nanocrystals were refluxed first
Wi t hgi p%i"&%%" n Pfoﬁg‘ircs’ﬁf"é%é’é“l\{"br@b@“ eHie disless, apfl tsrefresbite®se and then
r ef | uxedthiGeSa Naodcysiale pesgifatcl by plirigiaciry e sbiibld @iniRREcHaEdby2 hours to yield Tl

" coat ed ' | . obt.ai.ned. by spin casting from sol utions

- consi strl;dr?gf %)'}1! ﬁ%cgwg%bﬁmﬁég@mé?eawgryf"ﬁ%ﬁ?%‘l“gmeé'@rﬁfrx’i #in chloroformon to

"NaCl | R wi ndebgiovolpivalsvices Babmsioled wittoraocrystalpolycher blendeathe ligabds o ieat  of f t he bl end
filnms RSP RRmE | i n r used.to pick up the
filps. .In l"Ez}inot hgﬁ%%g?ﬁnéﬁy %P?c'?ﬁtgférﬁ%t%g%?of'ﬁv'\l\%}gﬁ?afedsﬁpafaﬂ%n'i nventors have
'surg}rs i dpfgppholagy Siblspdsiob GdSeryth varions ligende dnclvding TORO,awridifefaatt i ve met hod to .

enhancaaqaihamniajihi»tﬁyh-&;fsoafl%ﬁiﬁsreﬁﬂema%bﬁh%rﬂgmﬁmteo an inorganic surface

and t hat trsg&q&ﬁﬁe of the nanoconposite near the glass transitjon S

t enper §TTPE pol ymer enabl es the novenent of these nolecules within -

‘the film t owanesliritug esihifiCaSe nderPiididaisiatd BEPO, LAsiBbanneal i ng has been.
i a spin cast filmand i.n sone

used t r te . the equilihrjium norphol ogy, of | N
cases ?‘ 5’%naﬁlgﬁ%nebeﬁiﬁsﬁeéﬁgg’@{ﬂggét"%ﬁm' mais of BAHT; Thedistist wi t hin t he |
conpos kraeng fereentbrrecicsdoatsp@ds ¢ ek, delagncemadiesih dfieaoment 25 al | ows for

modi f i ' f . vstal - nanocryst al _and nanocTyst al - pol yner

i nterf g‘?‘é‘*“% 31’7‘1% uzﬁggg\glééé?g%ms %Dr?k%é\gghalg%?\?%%m?"l’ 3ﬁ°§’f qul?‘i‘& "%&'ﬁhs port in

i mpr oviiegheptngiregiteci! nthese wanorystals. yhendispenséd ia PIHT) batiaealiffelengy excess pyridine in
‘the bi fgh YOB®LN@Dbarticiés 89 bAb). MR Rbis doEd Qfﬂif’l.ea@%’e@ mo%haqanocr ystals in

p_olymsréP will be shown to act as non-radi at econbi nation centers for
exci t ol Qsoated pegiclepanperreerogaiesof Ediegangoranlrassemble dno kneedft ons. do not

conor i fansparities. Whke rdOwial O Hob Rty any%f:ﬂﬁllheﬁ? t@@ﬂiin'bniag eiﬁ{) V; : ! . : n accor ?:lnce

with t%es.bzq‘ga?&i @enés of this__invention res ] [ i
pyri di e Aner &% SLeehere s g1 HaT b tirdesi-sigkoHb thehigphenssgrea te r egi ons.
Si gni ffolyamt, capsilpamomierybisls align HQig :368maREST. YRcbristhcslechgRan@f t er beating, 17

21 Aul 03/081683 PCTI US03/ 08624 whi ch can be related. to the
| rec-ovgolrﬂ?/I¥ eg%r%?'gsems]e a%esc-'g)%xdgslcmg'f’g? SPAATGSCPPRREpErs v thephot ocuf f ent

. gener cggregates and amongst the chains of nanocrystals. In contrast, nanocrystals coated by~

|25 - pyridine aggregate in P3HT (FIG 22c). While not wishing to be boind by any particular -
_ theoi‘y or principle, it is possible that because pyridine is a weak Lewis base, some of the
pyﬁdine is rémovcd_ from the nanocrystal surface during the cvap(;ration of the solvent as the
films are cast. As a consegueence, the van der Waals interaction between tﬁe largely polar
| nanocrystals in the non-polar P3HT results in microscale phase sepamﬁon between the
30 organic‘and ihqrganic components 61' the Cdmposite. Pyridine washed nanocrystals are in -
* more intimate contact with neighbouring particles such that there is no distinct separation
“between nanocrystals in the film as was observed with TOPO coated barticles. Similar
differences in aggregation behaviour between TOPO and pyridine cdéte,d nanocrystals were -

observed for the polymer MEH-PPV, which is a more polar than P3HT.
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at 455 nm un
.pressure of approximately 50mlorr for 3 hours and cooling for 8 hours to

. obtained f&ramp

t h%s praH%r prirepdifigtion 9fglﬁmanoﬁ%tstalmsnoartxsai pisadndgrystelipelymer interface to -

The normalized photocurrent nmeasured fora 90 wt. % 3nm by 60nm CdSe nanorods

in P3HT spin cast froma solvent of 10 vol.% pyridine i #1HIWFAWEm is

given in FIG 7a (open 5 circles, prior to annealing; closed squares, after

anneal i g‘g)mmd& absolute maxi nrum ECE is 15% under O.]lmWcn®? il ui nti nati on
& flowing argon. Upon heating at 120" CPCH§&¥Rquced

room t errper aﬁ:Uﬁrﬁerst&dﬂ@]aﬂbﬁﬁ%WH&ﬁ&n Btentpfes %@eﬁgﬁg Erﬁﬁ)d’nﬁntqlgthanced .
expect. 10 Wile

signifi er than one woul di nari

not wis “%’ E%g 9%%”&3&%9‘*5‘55# %ﬁy"’b‘a“rrﬁﬁ%}eﬁl ﬁr‘he’[eﬁféﬂ?rsy“*ﬁf's Hpqeﬁensm e, the
unexpectMrvelW,@sde:! thiskythd) vashinig & tiinds DRldekRindt MO redidudl Irfe@i. A ratio of the
phot OCUHd%ﬁ}wcfuﬁbeEQﬁnQe&tn%%{m%S "ﬁ?erfege%) th@ﬁrg%mgsfhe device prior to beating

shows an overa antenen Have3edhs ti cul arly strong
i hcr @asBYaiprsdavesurpiningls found @atveqh ol e vGshirgatep, 6GOrvmfastabtis laft shoul der at ~ Munn

(F1G TblhichFaneis xomcamcﬂmrgla uB erbaldt Sha LSO SROARCETEN. Peak, a

"~ device WI 15 on 3nnn Or an
" under t‘ﬁ‘é’ HePredisie |T¥’?%Qr%f°f§&ﬁha%ﬁwwilpsw@ﬂtplﬁ@lﬁ)mub@gﬂwem prior and -

2 nanor o i1 ¢4t ed and heat ed
subsequenkedtigectiigad, treat ment shows that there is only an enhancenent
feature cen](lered round,. 700nm We can therefore attribute this red shift in

the bl end PHETHEGAPRHHAmster e #asoriBusis meprrobiqermore §roesi t hout bei ng bound

't 0 0 paiGPOcud thén dissd1ea inja rﬂﬁmﬂﬁ@h@mﬁmsqil ﬁé}nmn@gta:d@a,ana bredisiapst ul at ed t hat
" beat . tretrrenlsxﬁés seen aid bhoth int

renoval of 1 nterfacial
exana*s

pyri di ne an pas i1 ﬂ’@pf‘féiﬂ?fr"ﬂ Pyrding op fhe pstgest Mepanplowashed i ng i n - unexpect ed
and sumprorrgitaighere rsmperﬂmmuﬁbiﬂdﬁte&:rmdpﬁ& TOPO| Sech@Bl6egRI HeResOf nei ghbori ng

‘ 1. bet ds, f
o on SRSt ) bl 0 B R T PR e Peoocr eased

Furt heprrteies, Flhh@emebmucdlbyipinaasﬂngfrﬁ:am}mionsnwslsdngrwmﬁr%al so have the effect
of gnhm&'&lﬁpﬁmls}dj\%@ﬁf% oro?%v(ﬁ%ma wm OWS. ?[ﬁeé%%an% bringi ng these two.

~25 materials into closer ‘ronic contac {ROVEF fect's most i kely -

' resulté'apqdr‘i“Y’?‘Fé'@?é‘roé’ltheblepﬁﬁ‘!f@emqommmgraiwammmmyomefract or of about 2.5

in the region between 500nm and 700nm where a factor of greater than 6 is.
® egbpdiftentaf e atan frwppgonbe nventohavelspisielySe  and P3HT

cont ri disoercilgiichioeandnt ¥ at @fetive m2ihsdb BihkRP mfnobilig Bf orgal@ det ermine t he
npare the fraction of |ight absorbed

acrossu@hlop&psﬁﬁ,@ﬁﬂ,smvel engt hs. The greatest photocurrent increase occurs

| t 3 but
B re ﬁ 'ﬁ&e QS&[ nt}téla'b‘lf’Jm%aﬁ’g%ﬁrB’ﬁ%?‘g@ﬁ?‘fe@Wf’“‘ﬁ?%ﬁﬁ&@ﬂ"’l’f?“@ﬁﬁhﬁe@t erial conponent.

The abgles pnsiten igypenturewfmho polymes emablesthehoveday bfainse Mbléchleddity Ng CdSe

| conce near. c0 nati on.of the ndi vi dual
. CdSe grr“m%mp‘s%“g@’gé‘?rﬁ%e ‘("ﬁ‘%%k’ ‘%"gi'%ﬁ"“l ?Ig'%a‘%ﬁgg“?/\be%t?ﬂ’ﬁ%%ss PCIT[ uls\él?,/ 08624 |
 There ¢%€qwbb@m?ﬁrﬁmbm a sptwagagdilm mdtlmn‘labas&nqﬂtﬂhﬂmaﬂﬂﬂie\&ﬁﬁﬂtlé-DOHm and 700nu of
. the Qh@apktmﬁytnoﬁ@,tﬁﬁ e LonGH ! nﬁﬁgm?gﬁfn?epgl kel SR o than 40 wi.

|cantly less than

the ‘contribution of i's st gni

. unexpectediy enhance charge transfer and transport in 1mprov1ng the pcrformancc of a
- photovolta:c device. The excess pyridine in the binary solvent, used to control the dispersion .
. of nanocrystals in polymers, will be shown to act as- non-radiative recombination centers for

. excitons created in P3HT. As a consequence, these excitons do not contribuie to the

" .30 photocurrent. Thermal annealing of ﬁhns_in accordance with thc embodiments of this

. “invention results in removal of interfacial pyridine and excess, unbound ﬁyridine within the .

polymer regions. Significant enhancements in EQE are observed in devices after heating, '
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polymer. In the 90 wt. % CdSe devi ce, P3HT is responsible for 61 % of the

| i ght absorbed but 5 the polymer only contributes to 8% &l Augast 2006
photocurrent. This indicates that a substantial anmount of |ight absorbed
by the %—%’, gl(ggs not contribute to the generation of current and is |ost
ei ther 1O oM #adi adve or radiative recombination pa?ﬁm@ms%v\ever upon
.beat treatnent of these devices at 120*C,.the, change in the photocurrent
spectr are cl QS to the proportion of

l'i ght ?wh]}g%ﬂlm?&arg%g& g Né}y%ﬁ{hks gé\/\}a?}slf%mﬁ esgﬁr(a:eao t he P3HT portion of
t he phd?*'@k?ﬂ%"%tﬂ?“ﬁamr eases dramatically to 66% conparable to the 61 % of

the absor beghd ogfizel &&éhﬁ%ﬂéasmmbo&m%mgm% daB&ran&dds G nal quantum
i s observed from 600C to 160 ecreasi ng once again at 18(rC

efficie
as al urﬁpj APIRFASHEmAssolvenh PG 3 - % Psids in shlaraterns s &vensip Fie %d@@? ades, FIG 9.
Cor r £ pivalell ,pEdrito anbéangPtiosed SquarespaT@yanfdaling). 68k ab¥dludmbshngn BoeRd fi Imas a

,. functi of .t rat t enper s u eases 15
"t her eaf gorungcﬁg?renal cgﬁoé’tagt{r? “'Et""‘{‘ﬂ@‘ﬁ’é’}g Fgg?r%é’f”gl?eﬁ?’@a?ﬁ? €9 inset). This
-1 nvent ivfier redead Emiraofesprbmaﬁtelymmhédrﬂradaurammammgfgr &lemper at ure nay be as

-gr eat l. | as follows. Since
t he PLar&fnﬁg%’lxe mrJlﬂﬁF? ﬁo%g%épc?%h? ﬂneﬁ%ﬁ&; e%%r a)ﬁmn 91% the PL of the
sanpl e %ahﬁrs@somvea@mmmwem om P3HT. Heatl ng of P3HT is known to result

in ﬁﬂhancedWHIl‘eBﬁ&t\ﬁéhll grﬁ Ee)ﬁoun‘ﬁ,@? Ergé)%&{h?ﬂ@o?y ¥indihe, 8 ufidkbdcfel €NCY. Thi s effect

is observed in heate [ow a tenperature as 40PC..
| ncr eadEdiscRay b afa ¢ briexplainadiasiolivsy & ratie fsheaheigcumprt fos he dted decr ease in PL

ef i ci @Gk 0lhs of Hedkvicd prioh® hedih LR ah biFanaRAN@mIR 85 Sractibk25ai | s to account
‘for the UbSta}‘f’hl al incre se in PL éfficie ¥ bel ow 1200C. At ‘| ow

nc
t enper &F SUGng FgToae byt fagtorof greats (han GipeaebShpm Witha thAWdsheH yrer i's t he
- i Kel y 700maSEIG ). 'n:hrelmmzmacs@monmi?wmﬁhntﬁﬁ&mmpdamé dékidelwithncr easing

t 25 this f th
poRon e EDAR S Smeries SR GPRER Pai wpr ot SPLEBBPRAR, on at pyr i dine.
- si t es wiabsis of therpdotpatrgniprior sl stbvequem torhea trexindni showsaiha thee isvely asont ri bute to -
L o el e TR roua 35, RAOL NS BATUILR o e DOLD radi ati ve

-decay and charge . trans nseq uen e renova excess pyrldlne
- resul tQlﬂ?%hefoq“aﬁlg@ﬁh%mvdéoGﬂnﬁqqmzrtlx,wnhou'chgmg bevng lpgtpeicidrent | eadi ng to the

en hance]@&%r meehaﬁi@ﬁop@&@mqﬂ,s bl Gk HnhS WBLR 030 3AGNM and 700nm

ner tre fmant according to preferred enbodi ments of this invention is
ﬁggl B3P Of G el RpEdiRe i RapEN neopeds gloterivegheraspER P r at i 0 nanorod devi ces,

Whl ch hl&)lﬁctad i ghprﬁidg]f( afpamr Efﬂmb&ﬂieklfl’ﬁis £g@fegdﬂo@6fdlel R fandidag her
concentrggylons of E)%[PI di ne 8 vol F& % n castin solution. In

. devi ce BT HRE F?i’éps"é‘ ﬁtgf’F&”i’Pc? ds, f"ﬁg s 2P 4o &R or od- nanor od, and

19 21 WavgusbopRiogdeps M\ﬂb&bﬁéeﬂ&hﬁ&ﬁnd?ﬁf{et&ﬁﬁﬁdl %ﬁaﬂamanﬂﬁmhadn gigd ymer interfacial

R o Y S

of 2@1 p mderials into closer electronic contact. These two cffccts most likely resulted in the overall. .

_ photo;:um_:nt enhancement by a factor of about 2.5 across dll absorbcd wavelengths.
~ The gréatest photocurrent increase occurs in the region betweeﬁ'S_OOnm and 700nm,
where a factor of greater than 6 is obtained for the 90 wt.% CdSe blend device and both CdSe:
and P3HT contribute significantly to the absorption of light. To determine the relative
30  contributions, we can compare the fraction of light absorbed with the fraction of the
. photocurrent produced by each material component. The absorption Speclrum of a series of
| devices with varying CdSe concentration can be fitted into a linear combmatlon of the |
' mdw:dual CdSe and P3HT speclra {Fig 8).
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factor of six observed in FIG 7. In contrast, nanorods of dinension 7nm by
60nm are blended with P3HT in solvents with only 4 vol . %'dHaugi #¥06and t he
maxi mum EQE i ncrease after 5 beating is by only a factor of 1 3 (FI G 10).
The instant invention contenplates the use of nanorods wth

surf aceMU00¥e ratios, and thus pyridine renmoval F’F’Hﬁ@f%‘i% films (<200
nm results fromnerely punping on the sanple at | ow pressure (<10'6 nbar)
and no inprayenent . erforna observe heat  treatnment.

Nbr eover , hgfefl'frefsr"%%‘%{“c ’?"g‘ilﬂﬂﬁal?sf”?’ﬁ‘ﬁ’bﬁ?eﬂ S‘?"ﬂf@ﬂ?‘%ﬂmt" ¢ he open-circuit
10, andblﬁndldbwcfeaﬁctrdwana@Falcuwtmumndgréaﬁsu&mmhm)ughommngmf P3IIant portion

dev! 0o tohid pRaGhkR Blindflile M RN O0TNACL STyl 0 PIFT devt ces

rangi ng f ness ose abov 00ni n thickness
i npr ovePWE‘}h I 10 “ﬁﬂe‘éisﬂﬂmceef?m‘kzr(sp@s'plﬁro@m)ﬂ thegght dheertgdinitce i ncreases in
t hi Ckn%épdlﬁ@rér@&Edab’nﬁesmm%&&umm e i et Psubdidfs 15 (FI G 12a). The

absol ute 1 nprovenent in %E after treatnent also increases with thickness

(FIG I Zﬁmﬁlﬁ‘ﬁ‘ﬁh?bf"iﬂ??f'f”é’ae HIZdees i copiiuisie e eapgratiansf eurent gy er t r ansport

- proper tibgsitherfo hdweadidiné & iftivedesinBifatiof\SatiM ! HewdaPorBkapol ymer sol ar cel | s

becone t;mr%le | ci,ent #%ﬂ] nanoroclPaIi nnment ‘ﬂ‘? Bf synt hesi s of rods

great er &N ﬁﬁ?ﬁqcﬁ © chapge iy th PhojopypiEnt speciea y1 gﬂ% optical density to

absor b mmlwtlwmatwosaamhbﬂrome:dof}igm m:ineslsoxbhm-khefgolm Cdseat 20 treatnment
eftﬁ%Eeefﬂe %ﬂ"fﬁ Cph OCUH'E [ 1n re%?&ndcwagca“ %g% COII'I X%}clan()t her erTbOdl rrent

e I nst an I nvento realized
u n ex ped’tlftafti%sptf ﬂiaﬁlﬁgb@élghtorr Pﬂﬁ‘cﬂmph@patdn@f tf.:acxtenai qummn Iefif itigncand i nprovi ng

- char ge js sleaabhePcieRiid | a&gaskr@ ﬁaafagaﬂjcﬂ%iﬂsa&eisamﬂ,ﬁ{u&% ifggace. For blends of am

el ectron trans]oort mat er i al ol e transport erial, the creation

of per dYPuhthe A "b@ﬂﬁ\ﬁdweldﬁgf%‘%@§§arcyﬂwﬂé@ﬁvév P&fficienaygbs60 1 n di sper si on of

© Nanocr yauatdSe WeddTilh & H0RES of trlichddl BRper MRS il uf Be20PaLaMaYs for - el ectrons,
act_as ftr s or reconbi nation centres. | ncreasing the size of t he

nan cry?feéleéa'}déﬂ’ﬂi’@égc’“s‘f‘ﬂé"\‘ﬁﬁ%@?wé?‘”t(ﬂgs9énsﬁ%ffﬁ¥ﬁ‘é{ﬂ“ﬁfhs and thus enhances

“the pemémmmnematmdawmnnem@g @B R Emaytth @s @at sQ@QCI s observed in
comrerci al ,lsbﬂse her carrier . mobilities

| S haye
~and | ower reco%ex%eg +’8§F"}°"£?y §CXW’Fﬂasﬁ-8}F?3’F§;H§e¥'ﬁ§{I fﬁ%{%y%f length simlar to
t he 30 Cd¥r i bnblesl iplkss thae 0.8@vthcRL of the is@nprasies frkdontiendyefien BBHTI r ect ed - pat hway in

Whi oh Hging B P KR [ in é,aan%éd%@]ﬁmfpv wiid aqtu%n%ﬁesﬁ,ep  di mensi onal wire.

Thus the pfo perco at1on ransport are clirninated. By
contlr offfirigngy- Thés effegh isobserved in deatst! fi @#Sél’iﬁﬂrm#sci@tsa ginppewe sd0iGh P3HT, the

i nvent %ﬁas&?&ﬁmﬁﬂﬁypmbéfo&gé%laﬂé HE gﬁﬁ&ﬁeamamfﬁaﬁ.ty obg&féd% gnd direction of

el ectron transport can be tailored throu PV devi ce. 20.21

~August blongdms ahpyed 2" 6 rbiats prrmpdohospatahscetB g8ty i ncrease in aspect
or at io BdldNﬂZS‘llﬂ’I@&rt lo@&émﬁeﬂﬂxfe@dhe'rérﬂ@al of&@é&s FyBYiGe LHMMe polymer isthe - ,

likely cause for the increase in P3HT PL efficiency with increasing lrcatmcnt_ temperature. It
. 25 - is possible, that this is because some of the photons absorbed in P3HT undergo non-radiative -
* recombination at pyridine sites within the polymer in the untreated film and do not contribute
" toPL. After heat treatment, these photons can contribute to both radxanve decay and charge
transfer. Consequently, the removal of excess pyridine results in a Jarger P3HT contribution -
~ to the photocurrent leading to the enhancemient in EQE observed in the region between
30 500nm and 700nm. ) |
‘Thermal treatment according to preferred embodlmems of this invention is especially
irnportant to enhance EQEs in high aspect ratio nanorod devices, which have a high surface-
tq-volumc ratio and require higher concentrations of pyridine (>8 vol.%) in the spin casting-

- solution. In devices consisting of these nanorods, there are large nanorod-nanorod, and -
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- t he bl e‘ﬁttl’ﬁﬁ

t he nol ecul ar regime closer to the real mof a one-di nensjonal WI re and they
becone less readily soluble. In FIG | 3a, nanorods aggre%ﬂaf\lé YSA2BRT to
forma single island spanning several mcrons when filnms are cast from
chl orow 0%—? ver, for the sane concentration, 5 the naDorods disperse
uni f or ?0\% ’n the pol ymer film when cast from a pWTIH?%@?@ﬁI or of onn
sol vent m xture, FIG 13b Thi s di spersion of nanoTods in pyridine and
Chl or Of %r pOly%'ISElsi% e;letc?é area conl:ahen C)%’] ;“ 0 e(h as Sl!rgsl I} a] {)_lllrllng as V\B| l as for
creating a large charge transtef Nt & Yade™ Wi or reduced exciton
r econbi etees§ pyridinBBeraarglof thheymmStled:tnulméargﬁfEQHtlemevwhtapf wedd s i s such that
the el efg&&'oﬁsnf 6b§4r@d%?<}{'l@':)d(§ cc;]ngas@%ngt%ﬁs df G&ehﬂn@%ﬁ%?&nﬁlfarﬂtm&aev' ce rather
than int Eane I's al so inportant to characterize the norphol ogy of
mﬁoher&w%%éat'ﬁwnmwnﬁé@mwmp@ﬁQEmcseaSBaﬂ%o| ution of 60 wt.

| Oni # b&atﬁgmmy@qﬁgfaamwm@ab)s |n P3HT was spin cast from solution onto a
Pol ybed epa di sk. The di hen mcrotonmed with a dianond knife to

“yield 60nm |i‘l§ﬁ"‘f"?"l‘“"?f’§"°°|‘ﬁ@§]éws ‘F?%ft"ﬁ’?"ﬁ’df VIHE™ SRfREHEVEM® contain a cross

- secti onatiat, aﬁd}ﬁlsﬁ)@ﬂm&rrgtﬁivmfrﬂﬁﬂhﬁrﬂbk 1200 nnb)RestilBdrohmelebNuimpigien of the filmFIG

. obser vE#ZEHepectditeges

14the|_lﬁgr t|onW| ocrystals is the epox bstrate, on which
the P3 as?mlflgﬁ?ow I?S(S)ui{? na bar?i'@d'ﬁf TREPES S PN "cllrstf’%sa lr#ianocrystal s can be

seen. ufmcmammglwdosc@paneamméﬂm ﬁlms fidburimenil olbrese-drgiif ornmly with no
Si. ghd.fi rection.. Cbtaining a cross
sectﬂ? o ra]t fﬂffa?gﬁ§9%n§§|§1?@g§sg lﬁrg réegsz%mﬁ aLﬁ)toﬁ] ﬁ‘hcvféé

nms was very diffi cuIt The 20 nanor ods,
‘because of 1t1hé,fiﬂFS af 8¢ ge%gnnz@ Op@gtr@méﬂiﬁerrrﬁjﬂé‘ld@vwawan@nzémml end films had a

- tendengyonto 330RANn EkheR AL ABASH0rRY hibhRssRprbR upiBBR GEUBRL Y the filns,

m."once thﬁ¥ wer e spun onto an epoxy disk, were 1 nbedded in epoxy resin over1 
t he spé ot days and cured to prOV|de further support during the
nri-crotorn mg.e diN& ificatel fniti@nest OS@IAGREChHafRmER Bf HEQH : also%o'ez nm by 60tan CdSe

| nan P OWS nanor.o spanni n subst ant ortion of the :
TAng 06" S T e T 08 B R e REBRe e h Penath (o
span tItEthth)binﬁnaaﬁtemit3@6npmﬁ¢kmsoﬁtteaatﬁeldsem mspontaropemespf@ajl cted that the
el ect rﬁlnckés[(?e.o LpO}{S hﬁg%dlnla?or g)rolovgr sa?rﬁe[ ome m01¥a effJEP%u t.he predi cted

- i npr overmen e Nancr ods aré allgned
: per pendainorgii ahgnmcﬂl aﬂdeheprralnes dffrods griater Sab $@0nmtirelerpticthicka filngshvaty ar e |1 ong enough

For LBl 640 A0!0aRGy Hb@ARRGE LAt R0 1f ALy otk Hlhed one nanor od. FI G 15

reveal s'that the ranorods are fan di sperse but nevert hel'ess, there
ar é0s o BetsaYis prefera 'Q)Wléﬁklétpeﬁti”tnh“cad%’lc@m ficant conmponent al ong the

di recti.on @f yePdnBéreBodirkdnEud 8 Hsthnt FFREHiDShe RVdnBANGR shpfisidglie partial alignment
of nanor.ods and t.he bemfefl cial .effects' an. el ectron- transport can be .

F Bfpasing e ?I"BAE'@'EJQW TPIOYOVRO T8 081683 . .
‘PCTI US&Bécﬂ&ﬁrBAltﬂiElﬁ: ehitahcet adn pbﬁ)nﬂ&ﬁﬂF«&SJ]eﬁdslmaﬁd!Hc@othﬁnsbﬁﬁnﬂérfal ci ency of charge
- t rans pO th-a l%lc\{rgpspgnhn%tenap ﬁte creation of percolation pathways is ncccssary 1o convey.
' ‘25. : charges. In dispersion of nanocrystals with polymers, tenmnatmns,m.thc pathways for
* electrons act as traps or recombination centrcs._l‘ncrcaSing the size of:tht: nanocrystals reduces.
L 'lhe- number of these terminations and thus enhances the performance. Hdwever,- to achieve
the efficiencies observed in'commercial salar cells, it is desirable lolh'ave higher carrier
- -mobilities and lower recombination rates. With nanorods that have a length similar 1o the
30 - thickness of the.device it is possible to have a directed pathway in which the carrier mobility
‘ i sinﬁlar to that of a I-dimensional wire. Thus the-problems of pcj:rt:olation and hopping -
transport are eliminated. By controlling the aspect ratio of CdSe nanorods dispersed in P3HT,
~ the inventors have surprisingly discovered that length scale and direction of electron transport -

. can be tailored through a thin film PV device.

20




follow ng quantities are conparable for a set of devices: (i) incident
light intensity, (ii) fraction of light absorbed, (iii) 2dHx9yet2996| ection
efficiency at the electrodes, which is mainly given by the choice of

el ectro ‘g{] and (iv) the charge transfer efficiency, _as determned fromb5
phot ol UWPH¥EHce quenching. These four conditions aPeH¥B %%t the devices
for which EQE data are presented in FIG 16. W can therefore concl ude that
- as the aspect ratio of the.  nanorods |rilicrease g Q 10, FIG 17, the
char ge t r anspOPPOCHEYS PEISHBARIE 40P g FIPRIALP {Porise 8&7?’8?"& "% EQE enhancenent
by a f alpirodiecafr reppymrctikér mpthedealm 31 a dma-dinehsinlvdrecodbeydbsomg lesst short er

nanopar. t bet ween di screte
particle éadﬁ)} %@?]e'%ﬁ§1%%3?n%% grg%&e 1%%%% h?gge%%a q%ﬁhc | I ecting

el ectr @d@ral TrioaRs\vehen films erevflefésn Suoreforat H%’g}vmfor thowgerongraraipsl es, band

CONGHC e Qlandh s BERNATB PR iRASWRNE: SRAWHEEcbpRd from a si ngl e nanor od.
Because the thickness of the_nanorod-polyner filmin a device is.

“appr oxiPEtE{corobgmigert B¢ b?l?gwrﬂﬂ’ S apopdnBPyiding 2%y ough a
- signi flcmaﬂatonﬂ@e;sermm f&fmetcht«angﬂwmﬁ@mmslaewal as &9 oranmpallaie dafge| ong particle are
progressi }/ | ess ﬁ]%ectl FI.G 16. ,The best device, 15 which contai ned

7nm by "8Y terfagh gt e&fﬁ%‘anww’}‘?*"a PFaxi mum EQE of 55% under O | mMAKM2
i um nat i Glecante ﬂlfb&ﬁ:hitﬂctu&mdth&dalsﬂar‘téﬂsiseudhalsn hedeuicdindekelds y reproduci bl e. The

! ESH)| t I'OS% Blg tc%gess O?EII_ ggv?cgta}%%clglgandn E‘F glane il 1§ allso qtrrﬁ)§r?z}n§lo %la{ag y:ces made on

separat e occasi ons rent etrc 165 of CdSe totali ng

‘57 i ndithginebephdlogyof the blod!filng in chaesecm{»mecmmehsh isnadoluereaf 64w %f f i ci ency of each

of L heSGund A5 LRESuREGul i Y Dot B! dblioplod Pffeadfhuodian Wi th the -

hi ghes nc er - nonochromati c
i |1 um Aigk Thydisk wagiihen reicrgiom vﬂ@e%ammlfb@efwld&@amawéﬂwﬂmer epeat edl y aver

. the ti m%mﬁmln%o%neeafe\és.ma&wa&éaﬁon%meﬁﬁe&ﬁ@; Psh@Rinh iksant change bet ween

measur enent s account of the superior carrjer transport properties of -
i no¥gamt ‘@@ﬁf’fd{b"rﬂﬂﬂ%w m%‘&ﬂ‘o*?%’ﬁ%“’é@“‘d’é??ﬁ‘éﬁ?‘@ﬂ“ﬂ%??‘%@Wf‘??l’induct| ng organic
pol yrrebrswmﬂdhesmairlﬂmb;ﬁ&uhmy 1000 Sfbss, 2naniimkbeanodante pal ymer sol ar cells

performwith t eh| under. | ow .i nt ens il lum nation, reported
For o Bt men iy AR e i o SERUANT at ed ¢ hat 1t he |
--phot ovapiraios indeditedsiradenr di ng to the instant invention incorporate highly

branched naporads. os'?'s&t%oxyforq%ng%&?o% Qm?rfﬁg "‘%@d‘?ﬁcﬂﬁ hsi zed according to

- those technique nown prlo |nject|ons of precursors.
Upcfl  3tengnadsslecpuesrf theinjarge slmwsstdlmnagu tridehedlend films ihad 2 teridensietonanor ods

devel opgdn iR gé};%} ﬁ@f(ﬂlfgrth gl?c'ﬁuy, EQﬁanr&EEiﬁHy%rc'sﬂun%QQ'aﬁ bRy Lo increasing in

| engt h. Because nany o branched nanorods " have | engths above 100nm
~furt hetisk werp @&grlﬁgdmmsmwyhémamfﬁ‘éﬂdwﬁ oReti PRHIGHIRSE od- pol ymer PV

 devi. cegippdRldaiizitichiorbtSmia A USHE thskiling@rossQULiBRRF BYwiZ#1em BY 6oagle defects in the
'vvurt2|Ie structure of the rods simlar to stacg g]c{ﬂéjl def ects that

*cause 98 nnady B HETE howsrpuoreds ewnings %‘ag%mmz' /081683
PCES UShSfindtedsn.
~ 7 Asthe nanorods increase in length to span the thickness of a photovoltalc device, it is.
predlcled that the electron transport will i improve substanua]ly Howcver the predicted
improvement in transpott assumes that the nanorods are aligned perpcndlcular to the plane of
" - the substrate and that they are Jong enough for the electrons to be transported enti:ély within .
B 30 one nanorod. FIG 15 reveals that the nahorods are randomly dispe:[s'v::d,= but nevertheless, there -
E “ate some particles oriented with a significant component along thé direction of electron
- “transport. Further evidence for the partial alignment of nanorods and the beneficial effects.on

electron transport can be observed in the photocurrent.
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~reaction may yie

along its length. As a consequence, it is expected that the nmobility of the
carriers within the branched nanorods is simlar to the2liAUgeReR8® r ods.

~ Furthernore, the interaction between a branch and the nain body of t he
‘nanor od |s stronger t han between two di screte nanorods in

Cont act WORY¥8hand transport is prevalent within a BFE@@%@@“ anorod and
hoppi ng of 5 electrons occurs between discrete nanorods. It is understood

that enbOdl'ﬁﬁ@bﬁcﬁb&tt@a&ﬁ@aﬁr&@%eeﬁﬁie %f@%%@trmoﬁ FORA: 8% shaped
nanocrys particles. In epbodinents of the’i nvent| on, the initial

nucl eat’! “'é\?lé‘ﬁ"f“’es? PrE ERpepargble fonp set fjdeices; (3 ippident lghtigendity. ér uct ure (e.g., a
- zi nc bl fanibe otilgficdbaiirbes, i(iilehangé &)lectibipdffdiencybdl B8 elddrblies avhidhexa@dnal cryst al

Sstruct ug row out fraomthe core, wever, different

10 gr ot h %on%‘hf’ T \Aﬁgte%hé’%lesbag& ‘56'\% %g%f “ta?)s'c%fﬂg’f’f”ﬂ YRty “1"'37‘“5":_'1?08} nate the

f or nlat ipbeiolwhincepicouenhing. Massaigoraiditonyst @t fe thedebdss foswhithBQE | eadi ng to

i rregulgt b MI@]& A% [ 86d a8 grgea{g CQAdugé that hEAPRERL ISR o thr oughout . t he
sequenti a ranc I horgani c endriners", see Mana

et al, mgrorodgpncregsesomdde 10, F@OUOlhe charge rapsppQ Gas2q Droapdenificsitty Ser i al No. : o

10/ 301 yaikQn E()Eleﬁngncm&@mcu%gf ap&gg%ateﬁlﬂrlﬁﬁa&&rﬁs Rthd\G shoder The i nher ent

property of a tetrapod to self-al |gﬁr; on a substrate wWth one arm always
poi nt i MEOPBRRES Flecemdranspatit dogprated by appineReees disratpartisles nd gap mat eri al
sucto a%om;ﬁde'rtﬁa palRiL6 ﬂieféléctioﬁfcblﬁlﬂtlﬂg emfe:gmsﬂd %evig@sr&@.@srsy@toal embedded in a
conj ugat mer. an referred _enmbodi nent. In comparison to
nanocr)%’é’ﬁcépgltfé%’t 24 cggduftf?ﬁ sPéer"ge’F %/ﬁ'lzg‘BW?V candie formeddtPm A §glet et r apods accordi ng
t 0 enboghomeBesauefihet thieknéss vihd naddrodolymt filgriesldediaels GgpfoxBhtepr Ovi de for a nore -
cunidir onal current ath a hdomnl orlent anocr.ystal - partlcles :
The phg o}guai@grﬁtongnaé‘gtmria %)r'reg%"@o%ﬁ' SEPINGE REUoBE v’ﬁ?”ém%ﬁed nanorods in,
P3HT f ¢nm apchz ?mbnmnnldﬁmeroemﬂwémtesmm@msFIﬂhﬁ Ohsightalyed, i n FI G 18. The
prelfser(,,ﬁigh&x,g t Rd ccurs at 12%

which is sig h%jgg'r? %&mﬁﬁ%é(rgéc L"? bt %FL'?% gﬁ"gﬂﬁdn}e)d rods, which is
8% or P&a¥i H@mwas@'mﬁ%@wmw va!%és@e@ewar@blyur@wgqcr% % under

- appr OXlreEE%ﬁ dhe@rcﬂreﬁ%lﬂ’&ﬂnédiah bﬂ"ﬂv@?&s‘o@@evﬁ&s r{}a’ﬁQBWsepa%Ea@iroVs thh the predict ed

‘results, % of |'ower than the devices from

- 60f f 1. n*hf?aﬂ'ﬁﬁs'aéyn T'Cé’atﬂl‘féﬁ%?dér*m'lﬁsﬂu%‘g@ﬁl Sﬂlarrfﬁ%ﬁgen(a&mwnn) in P3HT is .

| i it eekemgl ciuhk&hﬁefﬁﬂbﬂdiﬂbﬂehdh)bfﬂméhe 5padvicwam1IMhﬂn%eulme e branched nanor ods,
el ati nous, ~-Vi-scous

B TR =L N R S A AR R

obj ect dumgmaion. Ihehvhﬂugrdanccmhmobeeniehaaamaﬁepeﬂﬁcm aet hotmd sedladfi-ve to the

nanor Ogvc%)lnxmtand Ah@&%n%%f%h?&m cﬁ!ngpbeﬁ ey r%eagur n';]e% ed objects, the CdSe- P3HT
films cast were non-uni sca‘%et ere t, a clear indi cat| on of

" . macr ophas eOnespenntaf iths wuperes paraes rarspastpeopertipspf imaﬂmqmmtcondewrl ciency is .
CONDr O &R aQ¥mb & ﬂm%sﬁeé.eua.ﬁg &%ﬁfcgaylﬁe?pm@u@sweg%e &%@ncy resulting from

a decrease in interfacial area between nanoro P3HT.: 23-21. August .
' 20@% hybrid nanorod-polymer solar cells perform with the hxghest EQE. under low intensity

- lllummallon reported for a polymer containing cell to-date. _

It is contemplated that the photo_voltalc devices accordmg.,‘to the-instant invention
incorﬁoiatc highly branched nanorods. Hi ghiy branched nancrods were synthesized
accor'ding‘lo those technigues known in the prior art from 10 injectilon's of precursors. Upon

' 30 subsequen_t injections during the synthesis, these nanorods developed many nucleation sites -
. for bra_nching in addition to increasing i__n length. Because many of mcs_e'brénched nanorods
 have lengths above 100nm, further increases in EQE were expected when used in nanoroc'l-.

;iolyme"r PV devices. Branching is caused by a low energy zinc blende defects in the wurtzite

R 's'lruc_tu_i"e of the rods similar to stacking fault defects that canse the nanorods to have kinks
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WO 031081683 PCT/ US03/ 08624 Long cadni um sel eni de nanorods, in solution at
hi gh concentrati ons and passivated by pyridine, are sepgr U@HSWO@naII

di stances, in sone cases the dianeter of pyridine. Under such proximty,

t he vanvg)ewyg | s attraction, which scales as the volune and distance is
very s 33 d pr onot es aggl oneration. To sol ubili ngﬁUéq?ﬁ'sWénor ods at the
hi gh concentrations 5 required for making sufficiently thi ck films for PV

devi cesalby u@mﬁé&ﬁ'pls% @ﬂﬁequ&}cgﬁrm?éé{e& E'Iﬂt i o%}:hg' C?f Ie%:aGmearsn \gl hircha € C hains are

required to extend nanor 0ge nrers To prevent
t hese | gshgganorodnis detlar ﬁﬁh%@bﬁﬂ%a}fpﬁ%ﬁﬂh@y@m Iﬁlhegcmmwetbeenel ectrically

active langh ﬁdﬂ%eaﬁﬂfbgd& df&vﬂén‘érom%ﬁrorlgé}tﬁ%&wéeﬁ%o HlRLGEnddagst er between CdSe

and PSI(}[[‘ P alconmc 113 8‘9 Ful | .band conduction of electrons requires that the

transpdrt  BECOMAN TR EAS WP FEROP SR valg! vHbin 2 brachedgreerede boppiag ofl . Fur t her

i pr DV eslnemons odcmrs baveras diade masdrydson t he al i gnnent of  nanorods across t he

filmthickng nan od ali i ncl ude electric field and

stretch ali gﬁ%{l&ﬁ Egﬂﬁm&% ﬁ:ﬂe '3‘(’156?3"3"°£['§%‘?1"F? PEBAPPPIHSHPES cati ons of the

- curr ent“aﬁwwté@afﬂ%ob@mpdwgen&wﬂtham@dmnbrembumml nudlettioapesigiciaeht h four identi cal

Nanor 0GoRMWHR a &lblcRARadrRturde. u;c:;i bl]t 3G ?)@;af eI E?ct theﬁel ves naturally on
ar L}bS

a surface with oné arm perp ane as seen in FIG
19. || dexpexel C@’é‘ﬂé%ﬁﬁ&@?“@?ﬁ@‘t@%@&ﬁ%éﬂeP@e dMedertm@f ore incorporate

L et rp actiuRtndithi cabd 55Vidld IRARENY Shcbhilt theorrb@RBPOIbLe o €Ot TONS eff T ciently.
Anot her enbodi ment of the instant "invention is the surprising film

't hi cknQERePplSpystpljimclores, {hyis fradingyp rrpevlar reahingoPedisecomeslofces of t he i nst ant

~i.nvent itemperapes diotghait the AaQiod fnaj had E@ﬁb&ﬁnall?gmﬁ’dﬂé!cﬁfﬁlo?@% of using nanocrystals.
“and . polgn [SaLE he hlgg 1&6 coeff|C| ents conpared to bul k o

* inorgani't Sam conatet ’tlﬂ? 2 1P, 2nd Y5t ¥e8pINP- | ess t han .300nm
- which 1@, Saﬂblfbdﬂoveabrsaﬂliommwareﬁdy@a:dgg% of the incident radiation. Unlike - -

congentional i duct or | ar ich require nore t han |
several micr Onfﬁ:ﬁﬁﬂ.ﬂﬁ se?ﬂ”ca Q‘o Odt%selflar “‘Fbé FHEEEPF 4 usage - and

fl exi bP'&aﬁ@VP%@“aﬁeorp@bmm, eomtitel) wnmmobwdzglalsmatml pob mers. 25 Wil e not
Wi shi Ngatedmbes tp&%godgxmﬁ&ﬁﬁuﬂ?é Eﬂogﬂgélﬁ'émsela@e(arrya c%ﬁ]u Ned 38 rpa‘lm grrp It 1s possible

‘that becayse the good transport properties can be utilized
- when- t FBeARRREETed embadisnenty dheomperisonstp apecrystal pagicics i!@mrapbmb'l on of the film

the depenee i eufiodd Bdrdfltb GhRBEKNO: 1RIVRARR are BRYIRE LY devices with f ilm
th| knessdcp}row des. further information about the nature of carrier

tr& spory< 3 W@“ﬁﬁ?ﬁf’%lﬁ’?@hP“‘%‘B@Uﬂ@&“ﬂéﬁf’“ﬁnﬁé EOGYEE 8RS whi ch t he
absor pti onThdphotctvsenpsed fcalae}é@d of 80 Gt. %mNbrénﬂheEhgﬁo?on indSHthe filmthickness

docr cadus i AR o ledbe oy PleaRCPER0e  f n- absor bed |1 Sﬂ?e”%he'
shape coficentrtionsfpraeanchad MWMCmt 12\7@ which BkigeScnf highachaayi ce and.the 24 21
AUg us tshgrgp@branched rods, which is 8% or less. The maximum EQE for these devices is 31%. -
: 25 under approx:mately 0.} mW/cm® 1]lummanon at 450nm. Contrary to the predicted results,
thzs EQE is almost a factor of two lower than thc devices from 60nm nanorods
‘The dzspers:on of longer nanorods (>100nm) in P3HT is timited by their solubility in
-pyridme -chloroform. The branched nanorods, when dissolved in pyndme-chlorofonn, formed
a gelatinous, viscous solution. This is an indication of the lower solubility of the branched
S _ 30 objects and the higher nanorod-nanorod interaction relative to the nanorod-solvent
interaction. With these branched objects, the CdSe-P3HT films cast were ‘non-uniform and
scattered light, a clear indication of macrophase sepération Any enhancement in transport
-~ efficiency is compromised by the decrease in charge separation efficiericy resulung from a |
; decrease in mtmfac:al area betwaen nanorods and P3HT.
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WO 03/081683 PCT/ US03/ 08624 phot oresponse in the red regl ons
Spectra increases with thicker filnms. This can be attrib i‘é\&‘g%'ﬁzgo%ak
filter .effect that results frompart of the filmnot contributing to the
phot ocuy.re Because in thick filnms networks of phySI cal |y touching
nanor odgooﬁéﬁgsﬁort el ectrons with |ow carrier nobil FFYU ‘E%' dred to
transport cont al ned entirely in one particle, 5 and el ectrons gener at ed
near the PE ool SELLO flavers nanor. reach the
col lecting a m t'Jur'nnsé:e'é'g gg‘)% ‘Esf° {87 1 h\%ﬁcom ‘%a"r?"”nd%ssnéaﬁeged cl oser to the
- trans pa?yemldllﬂ;ﬂl seepaatel by godkdistanees.dn mngdssﬁ teepligmeleheftpgriding. Yider phot ocur Tent. I n
addi ti Ofch ﬂr&@mgﬁh@ﬁ&l '&&r@V:fals@lltrgtu% Wﬁﬁsc‘él@seas%\%lﬁrﬁe Jngﬁﬁgﬁbﬁlsl%r? for charge

ec

separation is reased given voltage bias for a thicker film as
conpar e af‘ﬁprP’H‘éestaﬁﬁ'?WFéﬁ“°‘bﬁ%5°hi’d’@ﬁ¥ 'I“Pfg?déﬁ’t‘hq h{'ﬂ)’éﬁ'ﬂcﬁ‘?[@“%ave surprisingly

di scgvemﬁ}edﬂaﬂhamgmrmﬂpmicyﬂms f&@VIdaﬁ&sﬁaehanlafge IReRis Sa@ni ficantly thicker
at 200nman ach eve re _absor t| on \%5 l@ﬁg because the dispersion

* char act 8% LRl IgRect AE G EPH @d e fereR g epestds adfedid t he transport

pr oper tpobsiets To ptelem malﬁgaﬂdis"roafae(mgﬁs‘fbaﬁfcf lager ey mishbaeldetieallpent i oned organi c
mat er i rr %,dnm rical nanocrystals
in H?IJ %vgegﬁeseggg%lw&ﬁ mu?'% Suéﬂl?ﬁ‘latlcéarrge%?%&ér twee @d%aédg%: The absorption
spectrafﬂmjﬁ t he set of deV| ces with varying th| cknesses are shown in FIG
21b1q AS _t hepBikORRS0RSr oeonlRUIE Nk BE LERRS e ol a function of
wavel engt h sh hows a nore ereongg]%%"dseﬂrjés onsg (lsdr?ic rhe rgjmﬁigl ons of the
spect r fkhinggingle mwsgbﬁwprcmprowan@wysnsmr@eiyphée gigningnyph devi ce thi ckness i's

at 160 paibrod¥tididthe DR MilkGess MRREGE Mhdrdd alifircAREdEH B dic Rili2nd OF | Ong nanorod -
"devices. Begause Ion9 nanorods 20 show i nproved el ectron transport relative
Y

to shorfed aligmmetidobel Yhrupwe sighicr swdifigione! heewrentdaticker to absorb.more

| i.ght, pbeésﬂﬁ@nmﬂmbdage trep&de,OFith FEe @emiSal hehofb BintahRhed B @bit Ur t her  provi des
ewﬁence i one- di mensj. o orods to inprove

enefits of usin al

C ¥ atep e et Bims PR et ie e S o ARUBH GO UHARSS o acl oned her ei n
- a phot plamd & sgecindfly 15 Ehe ucn(gempﬁdirﬂ:if hybeid soldPEtEdufiSherefore incorporate.
(pol y( Rgiy t | phonic: acid)) '25 hole
transp%%%ﬁﬁﬁé@iegﬁ%nta%ﬂ%%%g ee?té%' ?fgggﬁl*he i ncor poration of a hole
-~ conduct i ng Anaiesemendimepi! di instan inviidoris de syrptiog (PEOTHYERIBY thgi ves a- nunber - of

benef i %%a@&ﬁ%?fammaﬁldmemmeensg.m,.mxamw ofbeité S0f4f the IR her surface upon -
which to deposit, e.g. spin casting he nanoconp05|te | ayer, and, its
~wor®R t edyertaseypt H%Itgd‘ﬁ‘é’gwffﬁ%a"éa%‘%@%[hmg’bﬁbsqu@“ cqeHfisigute eamperedhol ymer  ( P3HT)

much bﬂbbﬁﬁnol‘g@rﬁd"seﬁt&@rﬁiuéla;pﬂés@%ﬁb% ﬁlﬁ@kﬂf!cﬁl@tl%sﬁlﬁarfﬁbﬁn Gﬂ;&ﬂgﬁl OP 30 O
erent hol e_conducti ng ayers .

cour.se, qne sel ect:
. depend{"ﬁa’!“l‘fﬁﬁr’%&f’ prgre ‘%P(% Pﬁ&d?‘i‘%ﬁt regatipr, Unlikte CoRveRSigRal ipgigRNG al t hat .

enpl oymxcoﬁuaamolhncanstwm@ repBEIRbe haf sevdidl micrahahitleessdsso b@wn in FI G 4 The
nost pre i nvention i ~seni conduct or

nanocr y%[ é’lw '%ael" #%algc %n 5’?131%%3"10“35?@8?5{]’% Wi ganggry el Wd@%’ﬁ%g a solution of."90
W 280 7Whildnpt "@hingtotDeurnd i onygesiculan thedyidr mebaisanit i Joigt s substrate coated

wi.th. Zt%cause the good transport properties of nanorods can be utilized when the length of the

- nanorods spans a significant portion of the fi im, the dependence of the effi iciency of nanorod-
: polymer PV devices with filn thickness provides further mfonnanon ‘about the nature of

carrier transport.

30 The photocurrent spectra of the devices for which the absorption is:discussed above
- are shown in FIG 20. As the fiim thickness increases from 100nm to 350nm, the
corresponding increase and subsequent decrease in EQE does not arise solely from increase.

_ in absorbed light. The shape of the spectra depends on the thickncss'_of the device and the '

-



21 August 2006 WO 03/081683 PCTI US03/ 08624 PEDOT: PSS wiith al umi num as the
top contact. A power conversion efficiency of 6.9% was oSt A1uqEst 2098er

OInmNcnz illumnation at 515nminside an inert atnosphere of flow ng

ar gon. | S dntensity, the open circuit voltage is 0.5V, the
phot ovoV‘{ Oﬁ@ﬁlg??, the maxi mum power point is OAV and EREUBIH2actor is 0.6,

FI G 23a. for plastic PV devices, this 5 nonochronmati c power conversion

ffi orksSors . hest reported Very few mer - based sol ar
el I 5 P és?" S ‘hgiedg‘{%% L SRFBTE pEh PE?EﬁWeT’Eﬁ 8‘?14’ above

cells are ab N NDNOCAF effici encies
2% The atidued !Oél"“iﬁﬂq)r Iter Céf%arhptlresulﬁss’mtmn Obf:e Bimbbendrifuiegm sesol ubl e derivati ve

O C60 pRsbcurddvt BRYse ma&han{as%mﬁé nfg'ﬁgg"o‘f %,Cﬁmgxangg‘ods Uaggpmlln anot her

enbodi ma]nt of .the invention, e“sem conduct or - nanocrystal s
10 acr o§E TP "?V?ﬁa'f‘ﬁ‘i’m?ﬂ%%""ﬁ’ar B &anspert qotpingsientirelp in cwelpaiclen ext er nal  ai ds.

Al'i gimeatd ekbwbas gadated nod ke PEDET-ASs &é&a&de%{u@uﬁé%\éﬂmﬁﬂ]ﬁ&&ﬁ% of ordinary skill
I n the Ecthd{eco ncl ude a produce "an el ectrical, magnetic

“fields or ec{ﬁ'gélfl’?"ﬁﬁrﬂﬁlﬁctm&tﬁ'ﬁf h&'?&l’?“lﬁ%“@%‘é{?e‘i%"sﬁl“i’ §h the nanocrystals.

- For t hetrgpsmposiestadf, dodsngt smg:gmnnmme&lmmmahemm abanddehé ned- i f between 10
| ongi.tudi nal axis aligned not nore

and  99% ave t heir

than 20 %‘g{crf télggcr g@%&%g}%ﬁmbie PHRe BPYIED Fhscrrase F'rﬁgﬁ’le'éne Exp~~nental .
The abo‘(Péfaaﬂé%ﬁOTfp‘!Uanﬂh@scwmb@wMe winbodharent s of the instant ‘i nvention
detapl ed t QLA invIRNELR. aboy | ments are sumari zed
in Table 1. Further %glﬁ F{uﬁ{ﬁ@k% (ﬁsg)%‘éemlr%énag?m‘f%oey"feﬁ TSR nvention are
det ai | ™94 Samificanyly fhicksr atr200mmgo ephpytrm‘dﬁ sigorptipn oPlightietapseabieor m ni xt ure Tabl e

nanocr kmm et nce |oading, w -
ioen ARyl NG el RMEI BOUR R 1B 00

'si ze, eirial/poly
pyr/c hldg]“a" S5t e Fese gihcige tign e meiopederemiemateRals/ cbl or 0-20 FIG 6 90 3.x 100
: CdSe/ P3HT. p¥ke/ ;m&bdnfrenl%e&ﬁ caf790>wt6@7:§§fil érPc@]% MA1¢ ﬁﬁ"bﬁf‘ débic- 95 3 x 60 '
| E,;P%i% é{r/cr 19 :F@% T% : m CdSoe/PS ‘&DC chlor FIG 14 40 7 x 60
CdSel P % %P%F‘ kG 48 %}’ ‘ﬂ RSRFEER of 816 6% Of darices 3ith BereEs - PCT[ US03108624
thlcknesses are shown in FIG 21b. As the thickness of the device increases, the EQEasa
fanction of wavelength shows a more pronounced response in the red regions of the
spectrum. For these spherical nanocrystals, the optimum device thickness is at 160 nm, which.
" canbe cofnpared with ‘the optimum of 212 for long nanorod devices. Because long nanorods
20 - show improved electron ransport relative to shorter dimension spheres, devices can be made
thicker to absorb more light, before hopping transpon begins to dominate. This further
' prowdes evndence for the benefi ts of using one-dimensional nanorods to 1mprovc tran3porl
' In another embodiment of the invention there is disclosed herein a photovoltaic device-
' incorporating a PEDOT:PSS (poly(ethylgne-dioxy)miophcne:poly(smcne'sulphonic acid)) -
‘25. “hole transporting laycf on top of an ITO electrode The incorporation of a hole conducting -
* layer dn,top of the ITO electrode (PEDOT/PSS) gives a number of bc'qc.ﬁciail effects
A inciudiqlg; e.g., providing 2 much smoother suiface upon which t6 depdsii, e.g., by spin -
casting, the nanocomposite layer, and, its work fanction ‘mal'ches't'her valence ban'd of the
_ conducting polymer (P3HT) much better than does ITO, thereby facnhtatmg hole conducuon
30 Of course, one may select a variety of d:fferent hole conducting layers depending upon the
‘work function of the electrode material that is employed. A non- h_mumg example of this
device is shown in FIG 4. The most preferred emb.odiment of the instant invention is a | _
semiconductor nanocrystal-polymer solar cell constructed by spm—casung a solution of 90
- wt% 7nm by 60nm CdSe nanorods in P3HT onto an ITO glass substratc coated w1th
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- 1:n] ect g1t

Nanocrystals were synthesized using pyrolysis of organonetallic precursors
ina mxture consisting nmainly of trioctyl phosphine oxi dé éﬁoﬁnd
ftibutyl- or  trioctyl phosphine and small anpbunts of various pbosphonic

aci ds b%f%@%i t echni ques known in the art, see Pen% et M, Nature

2000, 40 #d Peng el al. J. Am Chem Soc. 2001, FEPASIMBAgg  The
recovered product was dispersed and washed three Iines in methanol to
remove p rfactant t r eat ment Wocrystal s to renove
the surfach an?wﬁge'c]imm"m?smet sco?ll?%er}‘spowemf’"vﬁré'ﬁ'é? o‘ac"%as acconpl i shed by

di ssol biaiyed inder 9 m e’ dhmmuqnwﬁldmemm ineg wwephere nt flqpireci pi tati on in
bexanesy omhﬁéﬁenl?@e&ﬁ%%l {mR i W%?ﬁlﬁﬁdﬁhlﬁl A the SRkiARME 1N hexanes,

pyri di ne-coated particles are insol &nes. Repeating the pyri di ne

't r eat PRV POLIRRY tndihs il Excior wRS FIG A3 Fer plastic P¥dgvigeg fiace nore than 95 % of

t he sTOR{On6EArckiag: ﬁ&&&QGﬁv&ﬁbrﬁéfﬁm@Wfﬁ a&wmhﬁgayé bitHdNeery fe@Te t et Tapods were
synt hesi i Seri al f /301,510, filed Novenber 20,

S|ﬁlzed as crib CL]I n U S. %
2002, EEYPEHEEGS %‘é 7P 1gabletp BRI RP PATOPPICROWET SPIVERRIGN SIBEE%Etm oxi de ( CdO)
7 (99. 994bdMp Z%T'Eiehmftlrdli.la(éfﬁ)ple(@&at&f%l?xﬁ@mﬁﬁ&bﬁab]c ®fdhiive of-Ogrmat y| phosphi ne

oxi de g%flﬁﬁﬂ. Q. 99 wer e purchased from Al drich.

n- Cci adecy pHospﬁrgﬁcﬁﬁsaIé%denfbﬁ H3903P or CODPA, 99 % was purchased from

Oryza Laborlatwthereembodiment OfTTIeIIIUGI!Wh,pﬁEDB‘piUiOFﬂbef(efﬁ@)dU(@O?a%CTYSMhS pur chased from
FlLUiGa. odibd: méglnmﬁmssla&%g msr%omﬁe%r@uﬁma%acf}@ ol G&WAN drich, and used

wi thout any turt uri |cat|on ons. wer e perforrred usi ng

‘st andainglugd gids ﬂTﬂP%@kﬁp‘é@hmoﬁmﬁ@dmwwmmﬁeﬂnﬂﬁwnd@? pids ptsanvari ed from1: 1

0 5 Lprodblaf dkfol ot FMI3F srdh Al WARAYRNAA, [ 1 2 to 15, The Te .

‘precursor solution was prepared by. dissol vi na}a telluriumpowder in TOP
" concePﬁnPcmwéan%fhe pupoges©f w@ %ﬂnowgmﬁ%nkmmbé d
. 250 " Oyg%h efMtheCamdostalihite m@nbﬁgmﬁd&geﬁlsténgﬁeeﬂammam 20 8¢pRdeirdtg -1 nsol ubl e

edisbetyveed0dr 30 nminutes at

iC i synt hesi s of CdTe tetrapods, a mxture of ODPA,

E) @ﬁﬂ"%@% ’“d@b@%ed at 120 'C for 20 mnutes in a 50 m three-neck
flask Exparirestabd t 0 a Li ebig condenser. It was 25 heated slowly under Ar
until the C turned clear and col orl ess.
Next, 1.5 g o?ﬁts%%n}g?p%?rghaﬁwmﬁﬁguse%?"SO?the' Gid] ERg" 9%‘%&'?enperat ure was
f ur t hethereipafomegaremet@D the @ova¢mbedinechtnare Smﬂmniﬁémﬂ@e px Botersor sol ution was

Clapled e s RRRE AL dAi) « BRI mai nt ai ned at

this val ue t%roaﬁ}sﬁ%ut etl he synt hesrl S, %9‘ eses‘,ma remstopped after 5
m Rt eQIERfoIdM¥eng t he heati ng rrantle and by rapidly 30 cooling the
flask. After cooling the solutigggpto 70 *C, 3 - 4 nl anhydrous tol uene were
added. to the flask, and the dispersion was transferred to an At drybox.

-~The al i ni um anount of anhydrous. nethanol, which was used to precipitate

-t he naraacsrystd all nfpeditel] ¢aamklygal. Ce §dl‘leﬁtUg_at IsélVent eS| Rd&este] 0 .t he
. di spejreadiug, wi n | tiki BmWay | naGkieViolydler CMixAireCi Phainainton jof the. Cd- phosphonate
conplie was prevented. After renovihg the supgrgatant, the precipitate was
re 27981 August 72006 CdSe/P3HT pyr/chlor. | 100 FIG 4 L
R 9x13 CdSe/P3HT - |pywchlor  [0-20 FIG 6
{90 [3x100 CdSe/P3HT | pyrichior |12
90 7x60 CdSe/P3HT pyrichlor | 4
0-95 - [3x60 CdSe/P3HT pys/chlor | FIG 8
60 t10x10 CdSe/P3HT pyr/chlor . . FIG 14
40 1 7x60 CdSe/P3HT pyr/chlor ‘ FIG 15.




WO 03/081683 PCTI US03/ 08624 di ssolved twice in toluene and re- pr eci pitated
with methanol. After renoving the supernatant, the finalRTgueEsi?006t e was
stored in the drybox. Al resulting CdTe tetrapods wer e readlly soI uble in
sol venﬁr@ 09@#116 s chloroformor toluene. Exanmple 1. Accordi ng on

embodi met he invention, photovoltaic devices weFET/USIH %ﬁl cat ed from
.Spin casting a solution of CdSe nanocrystals and P3HT in a pyridine-

~chloroform S@L%@l@%tarl]meféQ’ﬁtﬁesﬁéﬁt@m@ﬁ}r&%gp’?gg%&ge%ﬁ&u&gﬁ%r ate under inert

at nospher e, hour's "un evapor ating al um num

g f
on top ’E’Bm&l’}P’&Isﬁ“gtﬂﬁé“Y of friogRilphperbing exfe T@BOY apd Bbeyl2er Exanpl e 2. a.
Nanocry&b@llpt&p&hh@amﬁau ﬁaﬁw@wﬂgugpﬁosamkhaas@ma&%dﬁﬁ;qaes afowkhhe invention

| ong nor re synthe5|zed as foll ows:
C ot ock W TR o Ren bl b St bt AL e Gl St 2010254 g of
ttiokt y13pfbd§lphcwaec(1f®3}t wa%smisanahd wilhéd ugreeafmeSm methana? 03émovg Of TOP was

di I hi id
05201 et e A D8l 80 e R, BB BB o ¢
- tetrad eﬁmw’t’@'ﬁ@fspmﬁ wasgejomplishepbp djssolving he pirkigeh.in Hinidipe aidxt ur e was heat ed and
- . degasseghstipdf Ereﬁﬁlgﬁﬁﬂ i) &xzﬁﬁ@so @hcrgg T@)ﬁo SlaRged méz?l‘va\ﬂs dre Ec%ib?eq{\ ed, then the

temperature was | ower ed C'the Se stoc vV 1 nj ected. The
reacti d'ﬁxaa%ispyaﬂlvem%eﬁnaﬁlc‘ﬁ%%@@@bmn heyoe- F@Fallmlhmmmegwﬂ*mh the heat was

~ renmv/edwo ﬁm&%es @PEFLvAS réplacerhordMinu8 B0 inaoPadd 8 nhiRci g 1 ask. The

m xture pcen rifuged and the supernatant was discafded. 8 nl- of
met handt ‘Wa‘%‘ P ; vortex, then again centrifuge, discarding the .
super nat.ant . C&@ wdirapoBinogGs syath@izEY £ patbd ANLS. E\&ﬁai’Né noos16,ikaoxi de (1 TO on

gl t Ivents. After-the final =
S orvon ek 070 Vet R, Ao Fas 3 lon iR RS G9B col eaned ol aSma

¢ chanbe®9.9Fr &aTeturian CRe(sP.8 S, Leowesid.awdrivi-delylphogphifsaxide (O24H510H nUt €s. As 'soon

as t5he 0§ﬁ§@f ﬁ“%ﬂu?c'ﬂl%}!cﬁ onI Aﬂﬁﬁht nhSCIgd}écazﬁospE%nc agd &I%E?@bt ion of PEDOTTSS

(purchas er - ectronic PSS by spin 25
cast i n§PR. 9§G’€)O’3$ pyrebasgd framg Ofyid laboritorigs, finver 'Erwghlpaosmnﬁe (RORr@pcet ate filter.
Dry- t hQad fulchBeddyom FARAL Al’i‘&l‘}éﬂgﬁs@d \fréré):}% us,%ﬁ%ﬁh@edfﬁ%% @Hﬁch haﬂtl'flr at, 120C. c.

Nanocrystal washing: D vided the synt esl nanorods I n half and added 8
L of UKEVRRSHGRY @Bh%amfi%arr Il mepiplitions wpespedoredising steellerd aithe  super nat ant ,

"-t hen rﬁ%&hﬂ@eﬁ WhSCM@aﬁﬁﬁ'ﬁratlo%ﬂaﬂed etedn8: l%d%@fOﬂ?’)&rﬂ'}éj’drne to each hal f
2&1 ssolve t ng Odf at ed at 120C and 30 occasi onal | y vortexed for
b P AT LG e

= -1 HRreyporselyianvas gppard Endissglving - Centri f uged and
d| scar dMumlpwdeupmnadomaﬁtratlﬁcsseimae%)t e riirie Wasigiredforec hl or of onn/ pyri di ne

| m xt-ur 02 %0 e e a concentrat [ m. of
x na?(]ogrélsn sla?%% 8tﬁﬂpﬁ%deéja"ﬁge"yr?"&%écsﬁov? Kol reﬁiag’g’él“{?‘g@’i? %aéch; ggul ar. .
pol.y( 3inhé&ricklsyridopid KTe RBéds)a)mixtim oL ODIY, GDBOdeiCdCBGasrﬂgéanded Used this

p ,SO| ut i zQHZOa@%rbb'ﬁlmﬁtgﬁ}{gSéjﬁﬁﬁrreé pe%pﬂﬂf‘&%eggd E)%ll..%ng condenser It was -

" 25  heated slowly under Ar unti} the CdO decomposed and the. solunon turned clear and _
= co]or]ess Next, 1.5 g of trioctyl phosphine (TOP) was added and the tcmperature was further-
raised to 320 °C. -After that, the Te:TOP precursor solution was mJected qu:cldy The

temperature dropped to 315 °C and was maintained at this value throughout the synthesns
All syntheses were stopped after 5 minutes by removing the heat:ng mantle and by rapidly
30  cooling thc_e flask. After cooling the solution to 70°C, 3 - 4 ml anhydrous toluene were added
- tothe flask, and the dispersion was transferred 1o an Ar drybox. The minimum amount of
- arnhydrous methanol, which was used to precipitate the nanocrystal particles after
centrifﬁgation, was added to the dispersion. In this way, potential co-precipitation of the Cd-

__phosphonate complex was prevented. After removing the supernatant, the precipitate was re-
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21 August 2006 WO 03/081683 PCTI US03/ 08624 (see M above) to prepare a
cosol uti on of nanorods and P3HT in a chlorof ornvpyridi ne 2iiyqust 208 th a
9:1 mass ratio of nanorods to P3HT and a P3HT concentration of 4.55 ng/nL.
From t hj jon, spin cast a thin filmon a prepared substrate (see U
above) @@@%Mr pme. Electrode Deposition: Loaded tRETUSHIBPRE into an
evaporation chanber and 5 allowed themto punp under vacuum for at |east 8
hour s, dxaalvtﬁtw@eﬁtcpreasaaureepr&@kmw\d;ﬁh&mhm rafier tbiagviihd y deposited an

al um nu I r sha w mask to define
t he topmg%r’é([:aﬂ’ @gﬁna pr%(’” %w\és %’ C%(’f'd'%grf W 4 é) ﬂ’gt’“gﬁd ‘Y@’et et rapod
" nanocr yEstdily soliblen wyﬂlaswdvraeclamfom anslenof approxi mat eI y 80nmin length were

10, Syt haplie 9 bl RBLGS ML o  B1Blon UpBSRACANkR £ PT L2t on seps 1

tetrahydrofuran and et hé acetate e nanocrysta s were then
codi $sofvrsged ffP"S‘@’I“\‘ié‘ﬁﬁg CHEmEf GeSanamosistalyred P3Hind pyrsreny | phosphoni ¢ aci d

and headhkebfain s@ﬁeﬁuﬁiﬁlm}eo% f'IOrco saslubsbﬂyﬁnﬁcr ﬂeﬂ%m%@ﬂ]%r yst als were then
" preci pat ated th me i ssolved in chloroform 15 The nanocrym -

nd re
- sol uti (ﬁ‘i’“\WB% %J’é’afswc{;hgﬁ B3Y d§5@8‘i"!"&$ﬁ‘“wuﬂé’§W|“b@t§“’iW exanple 2 and spin
cast t croameadepicedin®IG 2.1 ms. Substrates and el ectrodes were processed as in

exanpl for,this sa S Ie s than 10% Exanple 4:
‘CdTe gEt&glr%%%% NE%ECE@%% PSELFEOTRg @é’%’ﬁ’é"%\l\@@‘a’gﬁ (PSR nd washed wit h
t ol Ubn&démﬁnmstnaﬁ‘ﬁﬁl‘ (%stm’or{:déemmlsmﬂ&snzeﬁm folowEREd stk (etichy bfacet at e) . The

nanocr [ﬁglﬁp r h 2 nil solvent
chl oro%‘ﬁ% E\aM H{ﬁgd@o}%% £ %f[;' 055 ﬁ@%g ?{%Cgp@g éseam d (HPA) and -
heat ed 1 5367 ge{ EpRavasidissnived. In’q’m‘:em@ttﬂam363ﬁegquugldhnsﬂnﬁe@kzhomed exanpl e 3.
The EQErmaj)melsfz bt My:p%o%maedm 588, §7@%a%eg§phlogp§$,t,, anpl e 5 CdTe

t et rapogds |n P3 Prioce |onaIIy di ssol ved
theria él"PréI“’é"eiinW’FWﬁH‘EW“ﬁ)FR?%PﬂM@SﬂSSGdFBIﬁFWt@lﬁoﬁré‘d for 20 hours

befﬁrestbfﬂceﬁls ﬂbw@tnjeagd \tich (e RRpIHARIOlvas 1&&%&1@3@@%@@%&%&“ exanpl e 3. The EQE
val ue for %:5:& ﬁ& was |ess than 10% 30 nple 6: CdTe tetrapods in ‘

NVEH PPYP 19?6'@ "'raﬁt"’é)‘%’éWP‘éedé" W%Fdﬁté?ﬁ]icggdﬁwuﬁéﬁ’é‘bﬁh%ﬁt"al s in solvent .
p- xy| emes rerfidved. Atﬂﬂ(&labﬂﬂﬁfﬂh@ﬂmetfﬂﬁ@%@dﬁﬁ&d Bé¥lasd NTHe n@BRbe thus will. have

:_the i hos ni c Pre soI on of NVH PPV in

S p-xyl e%@gﬂﬁ?&%ﬁlﬁm?pm "?Wic’ d'sc &r‘f’g Byt ‘F@é S cast ‘blend into
filns agginicendnifpgeyliscarding the supematam
.20 - b. Substrate Preparation: Wash indium tin oxide (ITO} on glass substrates byr

sonication in a series of solvents. After the final solvent wash, dry the samples and insert
- them into a prec}céned plasma chamber. Treat the samples face-down with a plasmai for4
* minutes. As soon as the samples are removed fro'm'the chambef begin deposition of
| PEDOT:PSS (purchased from Bayer — electronic grade). Depos:l PEDOT:PSS by spin
_{ 25 castmg at 3000 rpms after filtering through a 0.2 micron acetate filter. Dry the films by
. heatmg under flowing argon for one hour at 120C. :
' c. Nanocrystal washing: Divided the synthesized nanorods in half and added 8 mL of .
methanol to each half. Centrifuged and discarded the supematam then repeated this process -
_ agam Added 0.35 mL of pyridine to each half to dissolve the nanorods, heated at 120C and -
' 30 occasionally vortexed for 10 min. Precipitated with 8 mL of hexane for each half.
- Centrifuged and discarded the supernatant. Dissolved the nanorods i m a chlorofonnfpyndme
_mixture with 9.2% pyridine to give a concentration of 83 mg/mL of nanocrystals.
d. Active Layer Deposmon Dlssol_vcd regioregular poly(3-hexylthiophene)} (P3HT)

. in chloroform at 30 mg/mL. Used this solution and the above described nanorod solution
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29 21 August 2006 WD 03/ 081683 PCT/ US03/ 08624 Exanpl e 7: CdSe nangrods in
P3HT Proceed as in exanple 2 except the |igand pyridine €ddugestd9faced
with n-butylanrine or n- hexylamne in every step. Exanple 8: CdSe nanorods
in P3HT d as in exanple 4, but replace CdTe s with CdSe
nanocry@aﬁ@%gﬁl so, replace BPA with Tl for use as Fﬁ@@@@%@s Exampl e 9:
CdSe or CdTe nanocrystals in P3HT Proceed as in exanple 8 with either CdSe
or CdTe (wnallabovwsb pksire a diebitioced nidoyddsnint P3SN RAdSFofpyrams er i zat i on of

Sanpl es . Nan t I r.ph a tructure re asured by TEM
using a FEl ?%%%a’?isi%llﬁgaﬁ@gfinﬁg ?%@g‘}éﬂép ?Oﬂcef"falnﬁ%(’f\g%s E&%ﬁ‘-‘ P3HT

(r egi or Eto s sojngedTspinragsip flirdfilinoh } prepatel evbstoated e Hakdverd €359 rip0- 100 nm t hi ck
wer e i nvest i Gadc@ghe Bepodtlon-EMRY the BShie o n fabdMi b¥dd | R wi ndow,

floating the fil mei r_lls wa?ner andt pI c}ziengmi t G JH\}Q&F%"%? corc)d\lpéer TEM grid. The 15
mor pRol Biyedhen 1\ aupn wHeT VR IR tldesst§ihaws. eadingepersueddod i derl y on devi ces

vi a at-ofMeandioipesited dnGQReSRMTYm hyprokidailyN00 APARK Uﬁdu@lga SadBRmcope Ma from

Digital mldghstrumants. Film thicknesses were determ ned via AFM The

- absor pt PSS RECHEIES. PIHT blend films was deternined with an Agil ent
Chenst aEiample Bf CdTdesapsdyecPIHIphot onet er .  Phot ocurrent neasurenments were
conpl et i 2 S50 VALt t sten light source coupled to an Acton

' SP150 ngér%%ﬁl‘ﬁ%gnﬁaﬁﬁ'ysg‘?%%“ﬁ“%*‘I"Prﬁﬁ?d#; o, presyinately S0 lenedtern ey 236 Source

- Mead@ir esyuhisizedtthen @athed withosaverabdissolatval/precipitatioresiepd i eethbyghfurani(THBNSI ty was

measur eflq Whjiledte. Cal | brated Graseby silicon photodiode. Photol um nescence

- quenchi ng experiments were conpl eted on CdSe-P3HT filnms of thickness. '

100- 200" panggsYstels cvgeetthen godissalwed inssollvent ehdoreferm Withehedlgmdl ut e phot ol umi nescence of

‘the 2@h§@mmsﬁomamran@¥&iehéﬁa}£ﬁh@bcﬁ’}f"é’) %‘2‘3&‘%8”1 he et ﬁgdi ggslj?isggdmﬁj

‘rreasurglg‘ W th an integrati n%gg%ﬁ)here . . _
 deMel | ofPepanggrystalagpgre thop prggipata h meghapaind sefligsoluedrip elilarpfoyn. of a phot ovol taic .
devixe TheumnieysdBsKiidnRE mixed Witk PARY SolutRf 8 BRfibAliSklmpid 2 andSph: Energy Mai er-.
Sol . Cel Its 61 BZ_' 2000), the contents of which are bereby incorporated by
refer efEeCrR PR AMY i rety. 11e first is a number efficiency, the external -

- quant uvisfritisendsircyodBOwdrEigitessedi intRangid D, BRFEE Vahie fonthishanplof photons that are
-~ conver ted.fg.el@ctrons. The second is a power conversion efficiency, which
‘states how nuch el ectrical power is produced per unit of incident

radi at EsamplsdnGdTe eapprodomdBHT he EQE is i nportant to understand the nechani sns -

O 200U LR BERRERRzch dnd s Pl it Yo BAS Wi’ L D € fi ci ency of

a comercial solar

~ {with THF and ethy]acclatc).
The nanocrystals (about 50 mg) were then codissolved in ‘about 2 ml solvent chl'orbfonn
" with about 1000 mg of ligand héxylphosphoﬁic_ééid (HPA) and heated for several hours,
~ The rest of the procedure followed example 3. The.EQE value for this sample. was less than
25 0% R "
. Example5: CdTe tetrapods in P3HT .
. Proceded as in example 4, but additional:]y dissolved the nanocrystals in tributylphosphine
- (TBP) and stirred for 20 hours before precipiiéting with met]iandl; g :
~ Then proceeded as in example 3. The EQE value for this sample was less than 10%.
30 Example6: 'CdTe tetrrapods in MEH-PPV ' '

Proceed as in example 3, but redissolve nanocrystals in solvent p-xylene after final methanol -

| precipitation. This example thus will have the ligand phenylphosphoni_c acid.
Prepare a solution of MEH-PPV in p-xylene, mix this with the nanogﬁrystals and this can be.__'

N cast blend into filins as in example 2.
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30 21 August 2006 WO 03/081683 PCT/ US03/08624 More |rrportant for these
comerci al devices is the power conversion efficiency of Zf9ugedi%e under
solar conditions. For commercial applications, the nbst inportant paraneter
is the §W nversion efficiency q of a phot ovoltaic cell. Sinc

el ectri S is a product of the current and 5 vBFT’gafg"‘)s@ﬁe power
conversion efficiency is determ ned from neasuring the current as a

functi (]_Ekaﬂ 1evqjdg@gg@rod'ghepmvmr conver si on effi ci ency can be expressed in
terns ower of the jncom, gh, and the electrical output

n
power P. mdd‘? E’te?‘f’é’plﬁglel"°ep'\}‘%hg?ﬂdlp9"?f’“%\‘i‘)“ s %’laﬁe&ﬂ‘tﬁﬂr’l’f"@’ﬁ?&?@’t’i cal power out put
is gi Vdﬁx;bzymiehﬁevmy@(dplct of the short circuit 10 photocurrent I,, and the
open ci | G 24 shows both the ideal and a typical I- V
curve f%%’r@'emge"a r“i Hl% ne area of the inner rectangle corresponds to
t he Jrexdiroredd as mmapmte 4p‘mMpla®£dTmn¢cwahIs ditlvCdSe n{naatrysti® maxi mum power point),
Wnerea%gohgp,%g%qjxmtrp%rggétaﬁgm, ggtangle formed by the axes and the ideal
"IN curve 1s equlvalent to the X mum i deal output power. Real IN
- char act dSer EdFenansyystaln® PHET have to maxini ze the product of 15
| currentpro%&daa/:%;taalgﬁsmh@imciswfm&ﬁdn&r}sﬁﬁ mexi mum power output. The ratio
bet ween the__maxinumtheoretical power output and the actual nmaxi num power
out put °§'a°§HP{\r‘ﬁ’)‘BF?£ﬁt feature of the IN characteristics. This ratio is
cal 10ed Ohingcidriedibn Jf@adglés. FF and can be defined as max 11(V('?)) - V(A)

FF(, ?) O<V< ( ress X|rru ut put power of a
phot ovol tal%n%cgflf‘l lfél"??&’\q{ﬂﬁ}@/)af’% 'ﬁ"cq‘“ﬁ&’f F"eas{“ﬁ%pye?g;?ﬂé‘%? onver si on L
ef fici &pmyi 12 &208Wescréscdp)Thin fitny @ °dSe-HBAT Apgior&idlar EXEH P Aldfok) A Iarge amount -
of inf n within.t acteri ¢s of a’'device. The.
& is p?{)%% p?%'ﬁ’laa Y%q?‘ﬁ’!'mﬁ YERC Ves"%?gﬁed"%mﬁﬂﬁg%%s"“\g/aﬂm nd FF, it provi des
al |t h&aCldR windew, éhogmgéqﬁlmledvalemnéhdﬂmtlemmecwme‘mﬁ Beeficiency of the-
celfs. - FRrpRiify bHENIL ihiRs G chﬁgaéa%%&ug%m'vat phiddial phot ovol tai ¢
cell's descri herein have a power conversion efficiency of at |east
gr eat eF“GE%‘é’ﬁY’PWR‘MWBPNE@F@%?PEWMWPFW]@FF“memrFémpr eferably the amunt

IS gremk%esgem&tep{meﬁwﬁmmpre preferabl y the anmount is greater than 10 %

- Most prefe the ano is . u 30 %
. P [l'ﬁ bg/orpuon of the Se—P3HT bleeld fi lms was determined with an Agilent

o Chemstation UV/Vis spectrophotometer. Photocurrcnt measurements were comp!eted using. a“
20 . . 250 Watt tungsten hghl- source coupled fo an Acton SP150 monochromator as an illumination- . .
source and a Keithley 236 Source Measure Unit to obtain current and voltage. The light
" ‘intensity was measured vﬁlh a calibrated Graseby silicon photo«_iiode. | |
Photoluminescence quenching exp‘erirr_l'en,ls'.'_\.fvere completed on CdSe-P3HT films of -
_ thickness 100-200 nm spin cast on giass substrates. The absolute phpto]uminescencc of the
25 sample under excitation at 514 nm from an argon jon laser was measured with an integrating
- sphere following the method described by deMello et al, Adv. Ma:er 1997, 9, 230.-
The efficiency of a photovoltaic dev1ce can be descrlbed in two ways see Rostalski;J.
Sol. Energy Mater. Sol. Cells 61, 87 (2000), the contents of which-are hereby incorporated by~ -
reference in its entirety. The first is a number efficiency, the extérgx.a] quantum efﬁciencjf :
30  (EQE), which expresses the number of photons that are comerted to c]ectrons The second is .
a power conversion efficiency, which states how much electrical power is produccd per unit
of incident radiative power. Although the EQE is important to understand the mechanisms of

© current generation, 1t is rarely given as measure of the efficiency of a commercial solar cc}l.._.
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The power conversion efficiency can be given under nonochromatic or white
light 30 illum nation. Monochromatic power conversion ef? AUPeiEPee are not
sufficient to characterize 31 21 August 2006 WD 03/081683 PCTI US03/ 08624
a sol ar 3}03 yt are a neasure of the performance of E:he device at a
specific wavelength. This is useful for the case t hAPTURE 8 ce i s
intendede or. use yunder condi.ti,ons other than solar, such as in snall

el ect r oni"@® ”@Eg’r Y CORIPEHE devitht ‘éf’i’cf’?}’f?é‘fqn&‘?ﬁs‘%ﬁﬁr@m%‘(r‘i%ﬁ‘gnt room | i ghting
or as a {goiseindemblefcodditiond aser radi ati on. The standard net hod of

characteri zi BY .2 sol.qr %galﬁl sitﬁe 5 lfmder ir Mass. 1.5 or AMI.5 condi tions
(sun's emi ssi O Spect Fm arter ’f'?sawg?ﬁ‘ﬂﬁgaffmﬁwﬁ'f%gowef%roug’gqun‘ the Earth's

at nos pheefBgiencyThofs phabvaltaid dell. Fincaelé¢ckraal pbeer dparperdadt bithesdunent atded, as st andar d
AMI1.5 il [ | {41 t.o obtain reliabl e 1o non-ideal

‘weat hser ‘gog%gi tﬁél p%%%.cg@v%m%%fﬁ%%? &dtét?\ '"3%(%?"%15“5%5%’16’ 9’\?\%?1% aﬁétve been enpl oyed
. herei n afeectigsefdoliage. Tharpegergpnverdien efficipry on baewpresred intdims éfthiepavéron, and t here

s no i ndrentidceRink ot BE, ' n JEXpPressions of excluding
- equi val ents gfglgltn%gbh]gngﬁggggg%%&mﬁ&gﬁﬁioggﬁ?&b%g?]?or portions thereof, it

- being recogni zed t hat var,}(gjl_spazrb@i fications are possible within the scope
of the invention clainmed. MFgdé¥er, any one or nore features of any
enbodi ment of the invention may be conbined with any one_or nore other
‘features of SHeynasimEthepraicalper YEnoLPEis givea by the iducind the skgrticligiift - departing from
‘the s®opmoBfurti g, dnh e Bleh Gifuit VSltagd I, [FRG 24h6ws toditRNdcaPdaPh fypdllons, and
‘publii cat,ions nent i oned @b ve are herein %'kncorgorat g% bk" reference in their -
entirety’ FoF 4 el Thedri ot Bt npgneeiguglespresponds o Bgmaximaly) i cati ons, and -
“publ i catdutpnipowent thoradevids (ar the amemant powdr palnt), Whérers e @4 ofalictonteB2 21 August =
2006 QO3 0BFA3, RETLISAH08624, WERT. |5, LA ERLS Ly thin Film .
conprising:-a sem condaett ng conj ugat EFPOTYer FaVMg 'St 1 east 5 w % .
sem concduptigowernBeabkY yistagtbstienizedoetint e hok o, masinezeahaprodadt of east -a portion
of t g%?q QT - hav. - at | ater than 5
abou{se2§ﬁlg%n eM%%ﬁqgor??Fb?n&%*aféﬁﬁn ,p%ﬁg}uglﬁﬁ?ﬁ%rtaﬂ éag%%rg%gporti on of the -
ser ni cormviupytheamtirgnoyenoatpyt apdibeachl mayismpt powetonpuids amdmparianthan  about 5. 3.
The thi Neahird dPRT-vCh@ctidkics. WRRT£ 5 called the fill factor £F and can be defined as

max {1(7(2))-7 (D}

== e

If we express the maximum output power of a photovoltaic cell using the fill factor, the
- 20 poWe_"r'conversion efficiency becomes . '
77(/1) — 1. (4) Vo (4)-FF(4)
: Bighr(/?') R
~ A large amount of information is contained.within the 1-V characteristics of a device:

© The Iy is propoftional to the EQE and coupled with the ¥, and. FF, it provides all the

'_ parameters required to characterize the power 'efﬁcier‘my of the_ceﬂ. _ _
25 . The invention described herein contemplates that photovoltaic cells described herein
' have a power conversion efficiency of af least greater than 1% A.M. 1.5 global illumination. |
~ More preferably the amount is greater than 5 %. Even more preferably the amount is greater
than 10 %. Most preferably the amount is up to 30 %. '
- The i)ower conversion efficiency can be given under monochromatic or white light

30 - illumination. Monochromatic power conversion efficiencies are not sufficient to characterize
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10 at least a portion of the sem conductor-nanocrystals have an aspect
ratio greater than about 10. 4. The thin filmof clai m 2! AugEstei0RS at

| east a,portion of the sem conductor-nanocrystals have an aspect ratio of
bet wee 5 and about 50. 15 5. The thin filmof claim1, wherein: at
| east gwgorfﬂl % of the semi conduct or - nanocr ystal s ha&gT’gﬁmé?g?}éct rati o of
bet ween about 2 and about 10. 6. The thin filmof claim1, wherein: the
seni condseit ¢efl gutcenjnegateedibp pirpmencebade betcnmakpeaiiowhvekngindhiabout 99 wt % of
20 orey SRRAHRE BLLDAROGE UMt GARABARE MAChE e oicr Biight! 0 TH LT OT 2T
1, wher &i n: e sem conducti ng conjug at f has Befween about 20 and
95 wt %Svslequwﬂwmc Waﬁ@@ﬁq/\sat@mwwmmandehenimnnroorshgthe thin film of

claim 1y wwxﬁaer?g‘élagéaﬁadﬁm ﬁﬁ@ﬂﬁlﬁ?d'nﬁ&o@&%dﬂ&%ﬁgﬁ) PQlyaRys has between
about 50 and 95 wt % seni conductor-nanocrystal s enbedded therein. 9. The

thin fﬂf“ﬁ‘?’éﬂ“"&ﬂs%d Tt Mdreprditions Guie caispipwirgwe el gaebng lbgisteed pol yner has
about aﬁrovgh%esaam mn&w&}dﬁ%ls@@ﬂmﬁ:mﬁﬁﬁ(ﬁahﬁgem@dﬂﬁﬂwa heggiastd 30 10. The thin
“filmof i gon uctin ated pol yner is chosen

o S oS Elellio S PR AR B e J R Ry oot o o,
- pol ythi Ophemmmﬂy@msdmnmablphm&@e(e:penﬂiit@mﬁcei‘t&)&sﬁrwhcn&&fZI August 2006 WO

03/ 0816835 FGILnLc{%Qt?’o/fPl%@a%#y?ﬂn e(rélls omtn1¥ulo§1rh helusené?ls rﬁ QOl yfl uor enes,

_poI yaromatl c am nes ene)’s an soI ubl e derivatives
t hel@ofexpressionstegexcinding dqpivaientsfof dlb &amemowm#néldembed ohporironfherepdt ed pol ymer is

chosen ;fy.Q I I
(2'-et ﬁ %h@%@%)@%gﬁy %‘é%}l?%; @&%ﬁ{#m&ﬁm& y{'3 hcxyl t hi ophene
~ (P3HT) chaipped. Meseoverifnp onejor wp@fca@reapfmnnem jmens of the inygation may be ,
- sem. coréd.uﬁﬁeewmaﬂwaf%ﬁ!oﬂwmmego‘i%yroqldlserdaaaunaﬂoﬁhézﬁ\régﬁoha of greater than

_ _aboutr 20 nm 10 13. The thin fil m of calml wher ei n:

without departing from the scope of the invention. .
15 Al patents, patent applications, and publications memioned above are herein
incorporated by reference in their entirety for all purposes. None of the patents, patent

applications, and publications mentioned above are admitied to be prior art.
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t he sem conduct or - nanocrystal s conprise rods having a | ength of between
about 20 mm and about 200 am 14. T he thin filmof claidh”Hgusigd®bein: the
sem conduct or - nanocrystal s conprise rods having a | ength of between about
60 15 out I 10 nm 15. The thin filmof claj wherein: the
sem con uc‘?@gl-ﬁgsgnocrystal S conprise rods that are ab%&%osﬁﬂﬁﬁ? 60 turn.

16. The thin filmof claim1, wherein: the serniconductor-nanocrystals

S conpri SWHATISULEeMEIUGE or * sel ected fromthe group 20 consisting of G oup

H VI oup ILI-V,.. G oup.TV sem conductors and tertiary chalcopyrites. 17.
The thlqn Fi 1 Qi iy Fome %% & \wherei n: the sem conductor-nanocrystals are

sel ect ed f r e@samidesduging umjigaespoltertgviad at BekSe wi% EaifepdubinP, GaAs, Cul nS2,

Cul nSe2, Al fads., ]sg%gedﬂ@pe‘fgﬁgrég 19. The thin filmof claim 11l wherein

t he sem conductor-nanocrystals are selected fromthe group consisting of
CdSe and CifRest a pgtion df ghe semiigpndurtormapgerystala have an aspdaientis geatesthgmor t i on of t he
sem §onduct51,romr2anocrystal s are branched nanocrystals. 30°20. The thin film

~of c¢laim 19, a portion of the branched- nanocrystal s. have at | east
Ctwo arms, séﬁ“’ﬁ’ha’rfﬂ‘é“’é‘il%mr’lo‘fhe&l“f the same length. 21. The thin film of

- claim 19, vheagh Portidne th EspihReloARREEMS hadb s MfciBio gidater Ve t he sane

shape. 34 21 August 2006 WD 03/081683 PCT/ US03/ 08624 22. The thin film of
claim19, &Y Qi n: the branched nanocrystals have 4 arns and have a

cotetrahédral Shenmintfily of cladB 1, wheseint hin fil m of claim 22, wherein: the branched
' nanﬁprySt alﬂi/leg ﬁpo%lc{%%?@%s[-:m -nlnrprtor-l?nocvgé]sdha?ggvﬁnqr%o tﬁrQh an amount  of > .

about 90 wt 1 ¥i | m has a
t hi ckness -abofti®m about from about 100 nmto about 350 nm 25. The thin

filmofy clai f2dm b6 &ldi, itEnf i | M has a thickness of about 200 nm

. atleast a portion of the semiconductor-nanocrystals have an aspect ratio of between

about 5 and a_bout 50.

15 5. The thin film of claim 1, wherein:
at least a portion of the semiconduﬂor—nanbcrystals have an aspect ratio of between
about 2 and about 10.
6. The thin film of claim 1, wherein:

the semiconduéting conjugated polymer has between about 5 and about 99 wi% of
20 - semiconductor-nanocrystals embedded therein.
7. . The thin film of claim 1, wherein: _
| the semiconducting conjugated po]ymér has between abbut 20 and 95 wi%
semiconductor-nanocrystals embedded the‘rei_n'.
8:  The thin film of claim 1, wherein: |
' -_25' S the semiconducting conjugated po]ymer has between about 50 and 95 wit%
| semnconductor—nanocrystals embedded therein. '
9. - 'The thin film of claim 1, wherein:
 the semiconducting conjugated polymer has about 90 wt% semiconductor-
" nanocrystals embedded therein. '
30 10.  Thethin film of claim 1, wherein:
| the semiconducting conjugated polymer is choseh from the group consisting of trans-

polyacetylenes, polypyroles, polythiophenes, polyanilines, poly(p-phenylene)s and..'

- 33




10 26. A photovoltaic device, conprising: the thin film of claimi. 27.
The photovol taic device of claim26, wherein: at |east a2péwugug?086 t he
sem conduct or - nanocrystal s have an aspect ratio greater than about 5. 15

28. The | taic device of claim26, wherein: at_| t ortion of the
sem conﬁ@@?’é’% anocrystal s have an aspect ratio gr ea?gf’%gq:ﬂﬁﬁzgabout 10. 29.

The phot ovol tai c device of claim 26, wherein: at |east a portion of the

sem conduct gyBRRAAENSindlese)s BUFBRE! LRULReOfofiiyian 20 about 5 and
about 50. 38_ y@%e ghot o@ol_%sa,?égﬁ]dev?cngg@hélltaim%é‘fo}vz\heif{%?n: at | east a

portion of tH¥eEsapolbittrRidiotystal s have an aspect ratio of between
“about 211and abRudin Ai.of 3dim 10,heeliot ovol tai ¢ device of claim 26, wherein: 25

t he sem conducting conjugated pol yner has . het n._about 5 and about 99 w %
of seni cong’ﬁ ?“6"#8?9&19@%‘?‘335‘{”311‘3%9% 838%“{]%%’%%&”@%"” 9% Bhot ovol tai ¢

devi 6e of clZaethyl&Gyloxpaheiylkpevinplencs MBI BPIGucd poig3-boxpjthigphdned pol ynmer has

bet ween abop; and 95 w"/o0 sem conductor-nanocrystals enbedded therein.
- 30 33. The photovoltaic device of claim26, wherein: the sen conducting
conj ugat?ed polhyienfilhatclimtwderinabout 50 and 95 wt % '

-sem conduct @ sAARRGEY SRS BTREHIL dods REARIa RnatBdr erchRPniIBLRV Ol t ai ¢ device of
claim 26, wherein: 35 21 August 2006 03%081683 PCTI US03/ 08624 t he

sem conduct?qw"conj'ugat ed pol ymer has about 90 wt % sem conduct or -

nanggr yist al s 'ﬂ.gb@cmlﬁ@f J;Jﬁgl},a.i,mmin;_%. The phot ovol t ai c device of claim 26,
e el STLCRYCt Lng, con uaal el oL 2 chiosen T om e group
poJyani | i nesy adebos( JoRMAeNyl ene) s and  pol y( p- phenyl ene-vi nyl ene) s,
S0l Ubl aer 2t OGP PREPLES A8 "The Bhot ovol tarc devi ce of ol &1 m 35,
wher ei n: .t hbe coivprdgadrenopmpitalsmempriss radhiosap a fenginoftbbreeaprabampélconsi st i ng of
(poky(2- mtrprpm%omlwnm. - "
15. The thin film of claim 1, wherein:
the semiconductor-nanocrystals comprise rods that are about 7 nm x 60 nm.
16. The thin film of claim 1, wherein: |
. - -the semiconductor-nanocrystals comprise a semiconductor selected from the group
-20 : | consisting of Group 1I-V1, Group 111V, Group IV semiconductors and tertiary
o chalcbpyriles.
17. - The thinfilm of claim 16, wherein:
| '.the‘ semiconductor-nanocrystals are se}‘eé_téa from the group consisting of CdSe, '
.(_:d-Te,.InP, GaAs, CulnS2, CulnSe2, AlGaAs, InGaAs, Ge and Si.
25 18 The thin film of claim 1, wherein S
' the semiconductor-nanocrystals are selected from the group éonsisting of CdSe and
 CdTe. S B
19. ~ - The thinfilm of claim 1, wherein: _
o - a portion of the semiconductor-nanocrystals are branched nanocrystals.
30 20, The thin film of claim 19, wherein: |
‘ a'portion of the branched nanocrystals have at least two anns
| said arms are not al] the same length.
2L The thin film of claim 1%, wherein: |
' | the branched nanocrystals do not all have the same shape.
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10 (2'-cdiyl bexyl oxy) p- phenyl enevi nyl ene) (] ~M4 PPV) and

pol y(3- hexyl t hi ophene, (P3HT). 37. The photovol taic devidleAugust2®6m 26,
wher ei n: the- serniconductor-nanocrystalls conprise rods having a | ength of
greater out 20 mm. 15 38. The photovoltaic deyj f .claim 26,

wher ei n‘:VBt g@”‘?@m conduct or- nanocrystal s conpri se rodgg?(ﬁng’ﬁﬁﬂ | engt h of

bet ween about 20 nm and .about 200 nm. 39, The photovoltaic device of claim
38, wher&n: tHe WMot HHRIG W Hanocrystal s conprise rods having a | ength
of between abebhnchéd nardOryktilé hatdlarab dthale 2 1ddrahtdnal sydfletnd | € phot ovol t ai ¢ devi ce
of clai 6, \Aﬁgrei X we ?ﬁr‘ghconpluct or-nanocrystals conprise rods that are
about 7 fim x 616 THIm ohqaim L WhARIL ovol tai ¢ devi ce of claim 26, wherein: the
sem conduct othe rambaimytabtds @oeiberiCsi8e @ CdEsnnd am dustidd irsmlametnédd from t he group
25 copsi st ”quﬁlfgoﬁt%“p HVI, Goup MV, Goup YV sem conductors and
tertiary chalcopyrites. 42. The photovoltaic device of claim41l, wherein:
t he seni#conduldk tinfimebdaiypdivdieinar e sel ected fromthe group consisting of
CdSe, CdTe, il fify halPhiRkneldk RopfabolbtloR 36 100nfASbont!386AS, Ce and Si. 30 43.

. 71le photavoltaic device of claim26, wherein: the S

seni condifct or - RakEdy st s 224 "8ereB) ected from the group consisting of CdSe
“and  CdTe. A4de fikh@s Phiokneef ibant@oriayi ce of claim 26, wherein: a portion of

t he ) r.pi conduct or - nanocrystals are branched nanocrystals. 36 21 August
2006 10 3003/ ORISRV ISSSTPREBE 45 The phot ovol tai ¢ device of claim 44,
wher ei n: a pdethiofiimefcliilRe. br anched nanocTystal s have at | east two arns,

said arng are.not. all. the.sape .| h.. 46, .The photovoltaic device of _claim-
44, vvhe_p%i n: fﬁhé}%ﬁ?l%'ﬁ@ﬁvécaoﬁ}gaﬁ%gg’%tshfrgf]'s do not all have the sane shape.

~"47. The phot oleadt § pirionadéthe emicoidugbrananacrdils tnvesrsispect retlverdaterthavhed nanocrystal s

- have 4 arns gnds;have a tetrahedral symmetry. 49. The photovoltaic device

~of .clai m 47, erein: - A :
15 28 The photovoltaic device of claim 26, wherein:

at least a portion of the semiconductor-nanocrystals have an aspect ratio greater than -
about 10.
29, The photovoltaic device of claim 26, wherein:
. at least a portion of the semiconductor—nénocrystalsr.have an aspectratio of between:
20 about 5 and about 50. o
| 30. The photovoltaic device of claim 26, wherein:
- at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
~ about 2 and about 10. - ‘
31,  The photovoftaif: device of claim 26, wherein: _ .
25 ~ the semiconducting ﬁ;onjugated polymer has between about 5 and about 99 wt% of
‘ L semiconductor-nanocrystals embedded therein. :
- 32, 'The photovoltaic device of claim 26, wherein:
-  the semiconducting ponjugatéd_ polymer has between about 20 and 95 wi%
sémiconductor-nanocrystals embedded therein. -
' 30 33, -~ The photovoltaic device of claim 26, wherein: _
L the semiconducting conjugated polymer has bet\weEn"abQut 50.and 95 wit%
semiconductor-nanocrystals embedded therein, '

34, . The photovoltaic device of claim 26, wherein:




t he branched nanocrystals are either CdSe or CdTe and are enbedded in an
amount of 10 about 90 wt% 49. The photovol taic devi ce &fl AGHFMROPE,
wherein: the filmhas a thickness of firom about from about 100 run to

about 3 o2 00. The phot ovol taic device of cl a| the film
has a tﬁiR)c 3&%323 of about 200 run. 15 51. A process o ﬁ@ﬁ?:’ﬁ’gﬂg poI yneric '
-thin filmconprising, washing surfactant coated sem conductor-nanocrystals

wth a sol Vﬂﬁﬂﬁenadondu&a:@korﬁlfgﬁied folyfRs hat A6buE O6lvESRMMbivgidrhe washed
sem conduct oar“acnasir:}I crgeg%e% s and a sem conducting polyner in a binary
sol vent m xIUF 8’$|t| ng the m xture. 52. The process of nmaking a

pol yner33¢ th|%efaiuo|lqwlafcdch@oﬁﬂﬁﬂ:%wﬂe:rem n: at least a.portion of the

Te process i atitthE LA adRKEnEN, ASRR G0N LBk, HAREL BT D02 0%
|l eas? a porkabeeehishes; polypyeakispotydisphanes, Mmbﬁﬁygﬂlaﬂpwhmh@)sadnd aspect ratio
. Qgreater t h\?\ﬂ:ly(@ﬂ@ﬁ{,tleﬁe véﬁene)-ghﬁolﬁru&@% %ol?irorﬂ@ghﬁ‘igesapo%hﬂﬂﬁﬁé ¢ thin film of

~claim 51, erein | east a portion of the sem'conductor-nanocrystals

 have an aspBBienesind solgpiedspapives jagreol about  10. 30 55. The process of making a
pol yrreraﬁc thlmeﬁuo{omlm‘cdaﬂwabmimas\M};@,&,ﬁj n: at least a portion of the

sem conduct or - nano éstal ) har;/i atﬁ ect.ratio of be?1 s}n about 5 and
about 50. “"""FH%‘“%P YRAS chgserfiam heeainsorsrig o POMPTEMPIYR of claim 5 1,

“whetki n: - A7 -@ylhéyipugp-pROQenevivyR@BMMEBIIESS afdGoly( I mARMLDPERd at | east a
portion of Od,gi,g%sem conduct or- nanocrystal s have an aspect ratio of bet ween

‘about 2 an ut 10. 57. The process of making a polyneric thin film of -
cl ai m 81, V\héh@nhnmqlthed@envf@@nm%bvhﬂgn :conj ugat ed pol ynmer has between about -

5,and abou it narRr o SABLPLAEPRAANS ERUS, RRRAged herein. 58,

The process o |ng a po wherein: the
seni conduct®#®- conj ugat ed poI yrrer has bet ween about 20 and 95 wt %

senjscongluct orrhm&%w@a@icéoﬁmﬁﬂﬁaﬁeréber ein.
the scmlconductor-nanocrystals comprise rods having a length of between about 20
mn and about 200 am.
39.. The photovaltaic device of claim 38, wherein:
the semiconductor-nanocrystals comprise rods having a ]eﬁgth of between about 60
20 * nmand about 110 nm.
40. . The photovoltaic device of claim 26, wherein:
the semiconductor-nanocrystals comprise rods that are about 7 nm x 60 nm.
" 41. . The photovoltaic device of claim 26 whérein S
o ' lhe scnnconduclor—nanocrysta!s comprise a semlconductor selected from the group
25 . consnstmg of Group 1I-V], GTOUD 11I-V, Group IV semlconductors and tertiary -
' - chalcopyntes
42, - The photovaltaic device of claim 41 wherem
E the semiconductor-nanocrystals are sclgc[ed from the gronp 'cénsisling of CdSe,
_ ~ CdTe, InP, GaAs, CulnS2, CulnSe2, AlGaAs, InGaAs, Ge and Si.
30 43. - The photovoliaic device of claim 26, wherein: |
the semiconductor-nanocrystals are selected from thé group Vc‘:o_n'sis‘ting of CdSe and
CdTe. -
44. - The photovoltaic device of claim 26, wherein:

a portion of the semiconductor-nanocrystals are branched nanocrystals. -
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59. The process of making a polyneric thin filmof claim51, wherein: 10
t he seni conducting conjugated pol ymer has between about 20 Augysti906t %
sem conduct or - nanocrystal s enbedded therein. 60. The process of nmaking a
pol ymer filmof claim51, wherein: the senco ' onj ugat ed
pol yner wr\?aJs:Jaalbout 90 wt % sem conduct or- nanocrystal sggﬁ@g@@gﬂgt herein. 15
61. The process, of naki n% ‘F l?é} I’IC thin filmof claimb51, wherein: the
sem conddtt i ng TR RGHIEEVIsoY I 4% ¥heiibsen from the group consisting of
trans- pol yacaiopiororate braacHelf panberglaBhavepOkagtthd apRenes, pol yanil i nes,

pol y( p-phenyl e S anog @Fenyl ene-vi nyl ene)s, polyfluorenes,

pol yaromatic® ‘ﬁ? e nayalf ﬁaﬁé%n ‘ene- vinyl ene)s and sol ubl e derivatives
t her eof . 420 62Theinbeovphm®sseaffclama44ml@;r®1 polyneric thin filmof claim6l,
wher eisn: t hegcanij i 19191!5 l}ﬁ Qh; om t he group consisting of
(pol y(.2- met hoxys- % t'hyi E ox§/ T y‘?enew nyl ene) (N EH PPV) and
pol y(3-hékyl th h@weltﬂlc‘{ePSQ-?f)’ a'"B@;WhPF?@ process of meking a polyneric thin

filmof clai meﬁﬂamhmﬁﬁ&wamasn&émhﬁam&qaﬂﬁ&w hREpcrystal s conprise rods
- having a Iength of greater. than about - ZYm

The process of nmaking a
pol yner | 8. hi n“felpl‘%?"ellta"cqe‘&f’erﬂfslalf‘47V\‘;?‘R§F"éﬁ n: the seni conduct or - nanocryst al s

: corrprl se rod&ehﬁﬂdhﬂ&aﬁocb&ﬁllaraemr@s& WeRme b atdtemBQAdedimmi@duabout 200 M. 30

‘proc klngapolynericthinfilmof clai m 64, wherein: the

2Bnabet opeulachy
'semcl nduct of*Hei8&Pyst al' s conprise rods having a I ength of between about
60 nm a#rd - abOTHe pldldyolmin deGite of Llhien 261 vaeems of making a polymeric thin film of

. claimb51, wher t ct r rise rods that are- :
about 7 nm xﬁ’ ﬁim%asa@fggr?%@ﬁﬁmu?{lf@g@ﬁﬂﬂ!%%{,}f%ﬂf@@@ CT/ US03/ 08624 67. The
- ‘process. ¥k rrak]‘lmghCmVpl@hqum@clmhMﬁ,Whetem of .clai'm 51, wherein: the

sem conducto ﬁ,ﬂggg Sxgetetanel a sem conductor selected from t'he gr oup"'
consi sting o oup %?E@/%S %’oup I'T1 -V, Goup IV seniconductors and - ‘

t ertiléryst chal é@p)ywQf@sekmsawmemh@mp’ﬂr@e@wsmﬁ, maki ng a polyneric thin film

of claim 67, wWhgs &iftant DReSEMERANAMGHRLTIANR Volvalt 3 18kensel ected fromthe

group consi sting of CdSe, -CdTe, InP, GaAs, CulnS2, Cul nSe2, Al GAs,

I nGaAs, Ge atiee, gid,

-codissolving the washed sem:conductor—nanocryslals and a semiconducting polymer.
_ in-a binary solvent mixture, and
20 depositing the mixture, ,
52, The process of making a polymenc thin ﬁim of claim 51, wherein:

O oat Ieast a portion of the semiconductor-nanocrystals have an aspect ratio greater than. _

aboul 2.
53.  Theprocess of makmg a polymenc thin film of claim 51, wherein: ‘
25 ~ atleasta portion of the semiconductor-nanocrystals have an aspect ratio greater than
about 5, 7
54, The process of making a polymenc thin ﬁlm of claim 51, wherem

- atleasta portion of the sem1c0nductor-nanocrystals have an aspect ratio greater than
about 10.
30 S5 " The process of making a po]ymenc thin film of' c]anm 51, wherein:
' at least a portion of the semiconductor-nanocrystals have an aspect ratio of between.
abdut 5 and about 50. '

- 56.. The process of making a polymeric thin film of claim 51, wherein:
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|

~about from about 100 nmto about
- pol ymeric t HF 7 A5RIFEE comugated ppiymentehestonn abok@0 fid Svwh%s a t hi ckness of about -

- corrprlses B

69. The process of making a polyneric thin filmof claimb51, wherein: the
sem conduct or-nanocrystals are selected fromthe group cé’ﬂfi‘-@t’?tr?@oéf CdSe
and 10 CdTe. 70. The process of making a polyneric thin filmof claimb51,
wher ei Ny, rtd on of the sem conductor-nanocrystals_ar hed
nanocrystoaq o[tk 1. The process of naking a pol yneri CP?EETEO‘?’{"%Z of claim 70,
wherein: a porti on of the branched nanocrystals have at |east two arns, 15
said arns aléﬁedgﬁtpoﬂﬁball oftllkaelﬁé’dii&c&oﬁ%&@ysta?s%ave-gnQsp%'; %ﬁ@ﬁﬁoet@v&n”ak' ng a

pol yneric thé d”t}?Of claim 70, wherein he branched nanocrystal s do not
al | “have t h& ¥4I 8088 73, The process of making a polymeric thin film of
claim 767 VmeT!EIpmbcssbﬂmkiﬂgaMﬂ&dcmamﬂ)ﬁbﬁ/&i}rﬁbﬁ\m&yﬁ 4 arns and have a
tetrahedral 4Synmg ess of Jrakin | ymeric thin film
of claim 73, vdher e‘?“xnn"gcﬁngug tedapn ocrf/bé’f“aﬁagd%ﬁogwg”{?% CdSe or CdTe and
are énbeddeﬁlewﬂ@lﬁolammmiMmbEéébd)Un'crcﬁo wt/u. 75. The process of making a
pol yner sg thlnefpiokéaaaﬁnaféh@dﬂayﬁém:M%Eﬁbﬁiaxnk?h%h%' m has a thickness of from

The process of nmaking a

200 nm 77. seiﬁhendaﬂ&crﬂﬁﬁryﬁilséﬁﬁ:lédda&h&em' yrrerl c thin filmof claim51,
wher ei n5 thngll nargSS?ol \ ent g}nxture conpri ses at | east one sol vent chosen
from t & gr o5 PREHY EekiRs P8 Wrﬂi"ﬂﬂ’fé"fcﬁ‘m Yr¥hesiit  tol ul ene, xyl enes,

hexahes, mahesemnc&ﬁludingkdnjngma@a@ﬁaaasUmaydb&ﬁgoﬁ,lalggmcﬂe an al kyl am ne,

wher e the al chai n m ched or unbranched and is between 2 and
20 carbons |]§% ndm‘fr'm"of)'?i ]SC becgﬁ‘élp?ﬁ?iﬁol and i sopropanol. 78. The process

of makiffg a §b¢19rn®$s|0ﬁmal¢1ngmpblmhmcafﬁn filmaof elilm151, Wheemei n: t he concentration of -

uguot 300 PR G R AR e e AR o1 o g

pol.yneri c. t™MpaeTYflpls emhedded therbinn 78, wherein: the concentration of the binary -
sol uents1.m Xt Qheprbesss BEh Famm%m J}ggg\/\% w9l % 80. The process of

maki ng a pal yneric¢ thin m of claim reirn: the concentration of the
bi nary sol \}@r‘??m‘ﬁ’?“ﬁ‘fcﬂPgec"I'J%ga%B‘t!lfm"B‘S\‘ibﬂWAfoB‘ thel groupigensisingeégmsof maki ng a -

pol.ymeric tpbﬂyﬁet&kﬂeﬁnPG@PﬁB@ ﬁﬂMﬁl@phW&? 'ia@lbrzfﬁlimcst ﬁﬁ’y(@bﬂlﬁl%eﬁ %dvent m xture
-plheny]ene vmypenc? 1yt[iuorcnes polyaromatic amines, poly(thlenylene-
| vinylene)s and soluble derivatives thereof.
“20 .62, . The process. of making a polymeric thin film of claim 61, wherein:
' the conjugated polymer is chosen from the group consisting of (poly(2-methoxy3-
' (2’-ethylhexyloxy)p-j:henylcnevi_ny]eng) (I\{lEI—!-P?V) and pcly(3-hexylthio§bene,

(PBH’I). o
. _ 63. The process of making a polymeric thin film of claim 51  wherein:
25 - lhe. semiconductor-nanocrystals compnse rods havme a Ieneth of grealer than about :
- _ o 20 nm. _ |
', 64. 'I'he process of making a polymcnc thin film of cialm 51, wherein

' the semiconductor-nanocrystals compnse rods having a lenglh of between about .20

' nm and about 200 nm.

. 30" 65. ©  The process of making a polymeric thin film of claim_' 64, wherein:

_the semiconductor-nanocrystals comprise rods having a length of ‘between about 60
nm and about 110 nm. |
66. The process of making a polymeric thin film of claim 51, wherein:

the semiconductor-nanocrystals comprise rods that are about 7 nm x 60 nm.
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82. The process of making a polyneric thin filmof claim51, wherein: the
dep05|ted thin filmis heated at a tenperature of from atid lﬁ‘”%’@ 2(@510 about
200 'C. 83. The process of making a polyneric thin filmof claim82,
wherein deposited thin filmis heated at a t fure of from
about Bg&@oﬁfg%about 130 T 84 The process of maki ﬁ’gwi’%g’éq%@ﬁeri c thin

film of ai m 83, wher t de.g fted th| Irgnnls heated at a

t enper at Ure of B’B‘ﬁ?ss‘iﬂ? ’?g p 13“” 3‘&8’88%“3 Ry a pbot oactive thin
film conpri :ﬂ1eﬁgr::coddtspenasomugtakeommmﬂmmicomduaarsej@wsﬁbmIt13 gragpa sem conduct i ng
conjugated p r corrp05| te, and
deposi ting ag%%% P%ﬁ%ou:)]i?vsal%‘bggh/ba%@?éw@@ﬁg &?%a%{ﬁ% e nanocrystal s are
enbedded in Cl!ahepmb‘Fyner at greater than 5 ww(Q'a, wherein at |east a
portien gf sai ﬁme%?d&s&@f%!&i‘ﬁﬁPﬁomﬁeFIQEJrMﬁxhﬂmanH@Y%h@r@inaSpeCt ratio of greater
than 2. 20 86. Teg)rocesso cg_@ hot oacdtive thin filmof claim 85,
wherein: at fhesgesticon “ﬁ‘@?‘faPWSB'FaFH‘%!e ﬁP’é&?c&ﬁ’éP@ﬂ"“ﬁ’&hMét al's have an

'aﬁpec]g Irati ?Cgll‘eeﬁ:PQ%aAUIﬁIhSZ&jﬂm%Z , AIGaA%, InGAs, GHaQ&SiSS ]<3f Lraki ng a photoactive
~thin filmof claim85 ereln eas onote,
seni condlict or - 'H‘&ﬁﬁ’&‘?s§/%ff’§?§gwg’eaﬁth5‘§ﬁ@ C?ﬁ“g? &"gr®ater than 25 about 10.

- -.'88. ‘The pr ocekemitontidior-nmoayspiratecaledtdd\fomtthd gioup cdngistoig ofCdBe mmd35, wherein: at

Ieastl a portb&n of the sem conductor-nanocrystals have an aspect ratio of
bet vveen about 5 and about 50. 89. The process of making a photoactive thin
~ filmof ¥ ai mB&provisesfeiaking B®lyateri¢ bmdm of gbom 51, vhergif: t he o

- semi.conduct or, PRGN Sh Al RN e ARARHanliBl hiloBrupol veen about 2 ang

about 10. 90. € process o otoactive thin filmof claim 85,

“‘wherei n: 7k he sﬂnwmwnfmahmymbmpug@m&fnpww whagn:bet ween about 5 and

about 99 Wt %,QfmioSE e E@kggcggg@%gmgﬁlnsompedded therein. 40 21 August -
2006 WD 03/0 1683 PCT/ US03/ 08624 91. The process of meking a photoactive -

thinl¥il m of sadagpsarest allpesimas Jgagth he semi conducti ng conj ugated pol ymer has
between about 2@ pRbk &%amg@pom@mmammquwﬂﬁt al s enbedded therein.
92 | The pr oc_ﬁ}sg 05 maki ng og%]%gc evse tslil_ll n filmof claim85, wherein: 5.
t he  seni condgPrRrged anoriialt g AESS"#&t ween about 50 and 95 wt %
' © . 73.  The process of making a polymeric thin film of claim 70, wherein:
the branched nanocrystals have 4 arms and have a tetrahedral symmetry.
’ 20 74 The process of making a polymeric thin film of claim 73, wherein: .
the branched nanocrystals are either CdSe or CdTe and are embedded in anlamount of .
. about 90 wt%. _ ‘
" 75 The process of making a polymeric thin film of claim 51, wherein:
the film has a thickhess of from about from about 100 nm to about 350 nm,
25 _76.- " The process of making a polymeric thin fi lm of claim 75, wherein:
| the film has a thickness of about 200 nm.. _ _
77. The process of making a polymeric thin film of claim 51, whefein:
- the binary solvent mixture comprises at _Ieast_one_:solvent chosen from the group . '
_ 'co_nsisting of pyridine, chloroform, tolulene, xylénes, hexanes, water, .
30 dichlorobenzene, methylene chloride, an alkylamine; where the alkyl chain may be - )
' | “branched or unbranched and is between 2 and 20 carbons in length, butanol, methanol
and isopropanol.
78.. .~ The process of making a p'olymeric thin film of claim 51, wherein:

- the concentration of the binary solvent mixture is between about 1 and about 15 Voi%.
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sem conduct or - nanocTyst al s enbedded therein. 93. The procgss of ing a
phot oactive thin filmof claim85, wherein: the seni conddctMY#® ugat ed
pol ymer- has about 90 wt % sem conduct or- nanocrystals enbedded therein. 10
94. ThewyResEs; of naking a photoactive thin film of ' , Wherein: the
sem congﬁ{:t?ng conj ugat ed pol yrrer IS chosen fromthe glF 6?/0? sisting of

trans- pg)yacetyl enes | pyLrol e th| nes, polyanlllnes
pol y( P- pﬁ%nyl enee)péocgsﬁaﬁga%r% % 4 ﬂ’éﬁW@ ?}7'??3? gF8:  pol yfl uor enes,
pol yar omat i ¢ therpmedratigpof hé bimrxewyﬂeﬂmmeturwmgthQBoatmd atwof 12lybies. der i vati ves

t hereof . ¢d5 95 A\ Ghiye thin filmof claim 94,
wher ei n: (%Lhe c?ahn}%g%s?éﬁﬁ ? Prel?"mmh] grgigﬁé?@??;gé‘mﬁj group consi sting of
(pol y(2- net héwyemewonefﬁwrmgﬂrvgxwwphebwiSe\nt%q nyl ene) (NVH PPV) and
pol y( 8- hewlthme%%&@ofmawgwalyme%@m mopaé?.ﬁ%%vh%nﬁakl ng a photoactive

thin filmof claim85, wherein: t he sem conduct or - nanocrystal s conprise
“rods havi ng ﬁ‘eP@Hﬁf%veB‘fm‘(;‘I"@&?’%ﬂnsisHW“&M@“’@U nm 97. The process of
- maki ng asPhot oRepioxs ofrhakmgﬁpdlyme@cfthncﬂilalomlaﬁﬁﬂ whemei n: the

~ seni conduct o, ?ageggyﬁaa&s%?ge@ggu O BBl B T 8 n%bcof bet ween about

20 nm and abou € process a photoactive thin
filmof & aim 8 PGl BRking apelanesetin Soydelim 8% 3"Pf‘afﬁbcryst al's conprise rods
havi 1g a | engt dep@fied bitfe & hezath @ temflburd uiranBod RIOCko abdD1308m. 99. The process

of maki ng, a phﬂ&ﬁ@c@% yﬁk&%ﬁ&ly&n‘e&c'ﬂuﬁf!mgdﬁin{%%m erein: the

sem conduct or - nahocr yst al rise ro are about 7 nmx 60 m. 30
100. The pro@%‘?gﬂsﬂfﬁ‘hﬁeﬁw ﬁ@eaﬁdiﬁbfﬁflﬁf&@’f‘i"&éb"t“ﬁ?%cfl | mof claim85, wherein:
t he sem gonducA ;nbeeﬁsaiﬂmﬁml)@d;ﬁ.bmcﬁwmﬁ filke campsiging: conduct or sel ected from the
‘group .consigtin sem conductors and

tertiary hafpgrtg'%/ls'e"‘fcg%&c@b‘f“oc?ﬁ%]s Blracf"&'g@y%cfmqﬁgﬁ'ﬁg?&gﬁ WABtbactive thin film
of - Cllﬁ.l m 1009romdr@rpeiymer-nado:bry’a’lil cAuppeist aid006 WO 03/ 081683 PCTf US03/ 08624 the -

duct , ra rou |st|n of CdSe,
U T e e T TR
pr ocess of nthdkpotnenat gteeserdben S iwi%, whaieilm fil m of claim 85 V\,her ein: the
sem conduct oj zemas;aaﬁ%?@akdsse.ﬂmdm.mﬁgsdnsngv@ BT FARP Sting of CdSe

- and
o - than 2.

20 8.  The process of making a photoactive thin film of claim 85, wherein:

at least a portion of the semiconductor-nanocrystals have an aspect ratio greater than -
. about 5. _ ) _
- 87 The process of making a photoactive thin film of claim 85, wherein:
at least a portion of thé semiconductor;ﬁanocrjstals have an aspect ratio greater than 3 L
25 about 10. | ' o
88 . The process of makmg a photoachve thin fi lm of clalm 85, wherem
at Jeast a portion of the semiconductor-nanocrystals have an aspect ratio of between
 about 5 and about 5. o . :
89, . The process of making a photoactive thin film of .claim- 85, wherein:
230 C _ai Teast a ﬁortion of the semiconductor—nanocrystﬂs have an aspect ratio of between
ébout 2 and about 10. ' _
90.  The process of making a photoactive thm film of cIanm 85, wherem
| the semiconducting conjugated polymer has between about 5 and about 99 wi% of

B semiconductor-nanocrystals embedded therein.
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~thin filt of CERR

5 CdTe. 103. The process of making a photoactive thin filmof claim 85,
wher ei n: porti on of the sem conductor-nanocrystals are 2 Epler00
nanocrystals. - 104. The process of making a photoactive thin filmof claim
103, th(ﬁb}asm% portion of the branched nanocrystal splln_ﬁ)ﬁguﬁ%least t wo
arms, 10 said arns are not all the same |length. 105 e process of making
-a phot oactive thin filmof claim103, wherein: the branched nanocrystals
do- not &kl hat mdvess stmnaking A aledoactibO fhin filh ©f dMH 8 SHertih: rraki ng a photoactive

thin filmof | in. bra 0C stals have 4 arns and
have a tet ra"ﬁceé_%f?‘%ﬂ%%g‘?%‘%’mé{egp@%?“ﬁ"é?“"“’"ﬁﬂe O&Qg’ca@@% ¥ maki ng a photoacti ve
thin film ofsc'mcaiiwiom)ﬂ@ocnmbIﬂ@bwdedttMmIbranched nanocrystals are either CdSe

or CdTegand afg ppRReddeiin hgp%aéﬁph{ chlamggso% 20 wt % 108. The process
rTEklngaphotoactlvet a|m erein: the filmhas a
t hi-c

ness offeFFHsAndnsENBConivEaRd BAbGREE ha:’t@@“’%’h?h%‘-‘@b@dﬁ wB%0 nrn. 20 109. The
~process of sakdondhciar-RAGKRAE bhbAddd teRinf | | m of claim 108, wherein: . the film
has a t ckn s _of %1% u%\_ﬂZO&.nm, 110. The process of making a photoactive
makRes OW?C“E"HB’"QB’h?fGBWU%t"Bf‘r’C"hanocrystaI s and the
seni conduct lhn@mhq;nmmg carjugatedytilyaROHay @bui PO wi%h Balcynde@bvent m xture, ~5 said
bi nary sol ve ‘{%c R Be%déaq r| ses at | east one solvent chosen fromthe group
consisting o p’{/H oroform t ol uene, xyl enes, hexanes, water,
~ di ch? or%benze'l’hepwceﬁ-dﬁmahegmmmveahh Gli of elaimeBS, ahelwrl am ne, where the al Kyl
chain may b n betme d 20 carbons in
| engt h, but gﬁ%ﬁﬁwﬁﬁganfugﬁg@o%ﬁgﬁﬁﬁg%gﬁg %ulicffm"ﬂ%c’ p"tﬂ'bcess of making a
phot oact i veP¥aserylengs) ReIYEFTTRls diokyfhiopinessolvrlines, polie-rbonkemdstandit i on .of t he
bi nary . sol vgip ;mcp@tjgflg anil&eﬁeﬁmg}e@pwhﬂm €Q“ ﬁéé%iyaﬂng@éﬂé % 112. The

process of nakin phot opactive thin wherein: the
concentrat|‘BWIGB‘P)S”t“HéO"EHI‘?rF&FV“%IWP@ﬁf m xture is between about 4 and about 12 -

vol ¢4 9%1. 3. ﬂ&wodafs(bﬁﬂﬁﬁng(lfphﬁﬂd&h@%nﬁﬂﬂ@&]ﬁﬁ@ﬁ'\M}ecrchh' n filmof claim112,
wher ei n: 21 Au 2006 03/ 081683 PCT[ US03/ 08624 the concentration '
of the bi nary(’%qaggﬁ?]y“?ﬁrk‘tcw T g onp consigtinedf  (pau2-melhexysr ocess of making a
phot oact i ve(Z‘t-dm;fmcn‘ylokyypq)ﬁcnﬂbmvm}lénc)l(ﬁmmlfﬁﬁrpoly(s.mylmop@w sol vent m xture
corrprl ses R){j’ﬂﬁll ne in chloroform

96. - The process of making a photoactive thin film of claim 85, wherein:
20 . - the semiconductor-nanocrystals comprise rods having a length of greater than about .
o 20 nm. 7 ‘
97. - The process of making a photoactwe thin film of cla:m 85, wherein:

the semiconductor-nanocrystals comprise rods having a Jength of between about 20
1m and about 200 nm. '
.25 98, The Droccss of making a photoacuvc thin film of claim 97 wherein: _
" the semiconductor-nanocrystals comprise rods ha\_rmg a length of between about 60
nm and about 110 nm. ‘ R
99. . ‘The process of making a photoactive thin film of élai'rh-SS,-w-here.in: "
‘the semiconductor-nanocrystals comprise rods that are about 7 am x 60 nm.
30 100.- - The process of making a photoactive thin film of claim 85 wherem
the semiconductor-nanocrystals comprise 2 semlconductor scicctcd from the group
. consisting of Group I-V1, Group 11I-V, Group IV semiconductors and tertiary '
. chalcopyrites. | |

- 101: The process of making a photoactive lhm film of claim 100, wherein:
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t he devi has ower
‘phot ovol fogl c d@??lpg’éesﬁ)?f“@?ﬂgﬁ?hfﬁ’?mm'élﬁgi‘ pf.clayp 8%, wBereivi ce has a power

“phot ovol {4i V|ce of

115. The process of nmaking a photoactive thin film of cl a| 85 V\:h [ein:
the deposited thin filmis heated at a tenperature of from *Cto
about 200 OC. -116. The process of making a photoactive thi n f| | m of claim
85, whe{R) Risfsie deposited thin filmis heated at a re of from
about 80 ',C to about 130 'C. 117. The process of n%&?qrallg&%&ﬁot oactive

thin filmof ,cl ai.m 85 wh i.n:. the osited thi |s heated at a
tenperature o s%%%oﬁﬁucfﬁaangggsbﬂfﬁSQT&g%ﬁm%}? 0“58‘7”?15"50} &vi'ce, conprising: a
conj ugat ed c@d&ubﬁ’i%swlgﬁﬁﬁ?ﬁhﬁ%ams,ﬁa&ﬁngmeonduct or-nanocrystal s
di sper segt her gj S Y 8 ) onversion efficiency
greater than | %%%cgs,%gf “g ﬂ%daﬁ ma\ﬁ‘“ﬁgfm natef\gﬁ&c"& 119. The photovoltaic
devi ce of cl d?W‘I‘E@d“WéF'@FWm S aeselgeas; from theagsoup consigking o€ 64P¢aRdsi on ef fi ci ency
of gregater than. 5% 120. The phot ovol taic device of claim 119, wherein:

‘ [ nversion effici ency of greater than 10% 121. The

conver si on efafmrﬁcme;mmyseraﬁcob@maaﬂoc@bmuarebx%oaam;aa&agwﬂs 0% 122. lle

vice has a power
conver si !)(ﬁ ef f1EPESEs TSP L‘B%W\é’ ﬁ&%"ogh? rﬁg/pg%lpogb‘ﬁ [*™30% 123. 'Ibe
phot ovol t ai ca petinoéthe brawhalinanot:324ls ket s twotdnes, devi ce has a power
convgpsi on eft{ GLencys: af mds about 5 % and about 15 % 25 124. The
phot ovol tai c acffea\q§'%1ce 3 tPal mg\% , Wherein: the device has a power
conver si B ef fThe preprsyofofakiatyomhotodctiwodin filbpd clain W3pHhoteinvol t ai ¢ device of claim
118, wher ei nthe%nch&%ﬁoc@stﬂ?&otdomhQJetﬂeQS‘més%EB conduct or - nanocrystal s have an
aspect ratio greater than about he phot ovol tai c device of claim
118, wher ¥pn: "P’@%%Of&'a’ﬁb%étﬁhe‘ﬁ“&’fe“E‘hélﬂs@ﬁiatffbwau@le@ﬂh nanocrystal § have an

- aspect rati Othgﬁlﬁﬁhﬁrnaﬁob@ﬂals]ﬁb@ﬂimélﬁdha]x%ZtetrIlﬁﬁraﬁgﬁﬁl%m taic device of claim

118, erein: __43 21 ust 006, WD 031081683 PCT[ US03/ 08624 at |east a .
port g/n O tnehe Bfﬁceasc% ’tf?’otﬂﬁﬂ‘(fd}i"glgll“h‘lf?aﬁh\? M ¥spect ratio of between
about 5 and m@mtchéaQano&ryﬁals G 0as <t Ol Teing ard ©vibedd:d of anamainiafl 18, wher ei n:
~ about 90 wt%. '
108.-~ - The process of making a photoactive thin film of claim 85, wherein:
. the film has a thickness of from about from about 100 nm to about 350 nm.
720 109. - The process of making a photoactive thin film of claim 108, wherein:
| the film has a thickness of about 200 nm. N -
© 110.. ~ The process of making a photoactlve thin filmy of claim 85, wherein:
" the semlconductor-nanocrystais and the semlconductmg polymer are codlssolved m -
‘binary solvent mlxture '
T 25 7 said binary solvent mixture comprises at least one solvent chosen from the group:-
‘consisting of pyridine chloroform, toluene, xyleﬁes hexanes, waler, dichlorobenzene,: -
- THF, mcthylene chloride, an alky]amme where the alkyl chain- ‘may be branched or " o
- unbranched and is between 2 and 20 carbons in length butanol, methanol and |
1sopr0panol :
30 111, The process of making a photoactlve thm film of cla:m 110, wherein:
' ' ' the concentration of the binary solvent mixture is betwee_n about 1 and about 15 vol%. .
112, The process of making a photoactive thin film of claim 111, wherein:
- the concentration of the binary solvent mixture is between aborut 4 and about 12 vol%.

113, The process of making a photoactive thin film of claim 112, wherein:
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at | east a portion of the sem conductor-nanocrystals havg an aspect ratio
of between 5 about 2 and about 10. 129. The photovoltai T4ugHt208F ¢l ai m
118, wherein: the sem conducting conjugated pol yner has between about 5 and

about 9QyoM%&RE; sem conduct or - nanocrystal s enbedded ' 130. The
phot ovol tai ¢ device of claim 118, wherein: 10 the serﬁcggfﬁ%@ﬁ‘ng conj ugat ed

pol ynmer has t . At O ! duct or- nanocrystal s

enbedded the?%ic%ﬁg%g%?%%%agﬂ?ﬁag’s&ﬁ&ﬁrﬁs(aitzo\q}lmc‘gowg'f claim 118, wherein: the

seni cond&t i ngTeearicess aftrealiing & PRotaaetivi liin e ofipedm L hwbereiB0 and 95 wt %

seni conduct orﬂ_rerisﬂ,mg%rveghﬁskér_e%sm,ﬁfég%iﬁémﬁaﬁo?ofmilré 132. The photovol taic

devi ce 01; claim118, }lj\/ﬂ;ﬁ(l’el r}ﬂ t he Sem conducti ng conjugated pol ynmer has

about 90"\t % sERPRERAHEEEE 2 PRwEEMAYIN B HOER t herei n, 133. The

phot ovol t ai c thd dapesite thorf film Isdieated 4t 8mpadwas ditom abbin 60 Cambow WISt | Nng conj ugat ed

po: yner nls. chomm%gspmnhmagﬁmv&mjﬁlllr@mmw?tulh&cﬁ.@nsh 20| pol g/acet é' enes,
pol ypyrrol es ol yt hi ophenes, po)yanilines, po - phenyl.ene)s an

" pol y( p- pheny ™ e@‘-’%ﬂ%@ﬂ@f‘?fea ?58%5‘;?%?‘5&%?“‘88?%é?‘@?fﬁﬂogc’am nes,

- pol y(t hi Bityl enthe prodesypf makiad sphamnadtivs diinuthh of cliprdSyeeeives t hereof . 134. The

phot ovol tai ¢ uegpdsked 1@ filrk Is Bdaldt & 3BmpeMARY & 1abbut 106@. cONj ugat ed pol ymer is chosen
from @he lﬁroup copsilsti n‘ﬁ of g ol y(2-met hoxy5- -25 ° o

(2 - &2 hylRexy| HERPOVS@sHaTsH OREUT% | ene) ( A4EB- PPV) and -

pol y(-3- hexyl & binjnpeasirenductiyOpityme)ic lafed bavinghenigihoicov-pdnbaysmisdevi ce of cl ai m 118,
wherein; the.sem condu r-nanocrystals conprise rods having a | ength of
greater thand'%gﬂﬁﬁer%%% 30 136. The photovol taic device of claim 118, -

wher ei n:- t hessglhvicdadugtn@prwe aercersiypsdibdiaccpar thael % adsMhiavgloigl-a | engt h of

‘bet ween abomlmggaﬁogn and about 200 nm 137. 'the photovol taic device of

cl ai m 136, erein: 44 21 August 2006 WO 03/081683 PCT/ US03/ 08624 t he
seni ¢dndidét or -Traphotovyiticapdaceobeipmils® whereds: having a | ength of between about -
60 mr and @b@wice et @ psWer cohiBsion BRRiRI U Q¥d: idh Sopdevi ce of clai m 118,

wher ei n: ) . )
120. The photovoliaic device of claim 119, wherein:

the device has a power conversion efficiency of greater than 10%.

121. The photovoltaic device of claim 118, wherein: .

20 ~ ‘the device has a power conversion efficiency of between about 1% and about 30%'.
122. ‘The photovoltaic device of claim 121, wherein:

the device has a power conversion efficiency of between about 2% and about 30%.
123. The photovoltaic device of claim 122, wherein: :
ﬂle device has a power conversion efficiency of between about 5% and about 15 %. N N
25 124, The photovoltaic device of ¢laim 118, whe;ein: _ “
o ‘ihe device has a power conversion efficiency of.'aBout 1.7%.
125 ~The photovoltaic device of claim 118, wherein: - '

-+ atleast a portion of the semiconductor-nanocrystals have an aspect ratio greater than - -

about 5.
30 126 The photovoltaic device of claim 118, wherein: - o
| at least a portion of the semiconductor-nanocrystals héve an aspect ratio greater than
~ about 10. _ SR '
127. The photovoltaic device of claim 118, wherein:
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t he sem conduct or - nanocrystal s conprise rods that are abqut, 7 nm x 60 nm

5 139. The photovoltai c device of claim 118, wherein: thé Aug”Stn}OOG

sem conduct or-nanocrystal s conprise a sem conductor selected fromthe group
consi st watisfkigey oup 11-VI, Goup DIN, Goup IV sem cg&mg}ggﬁs&z&‘and tertiary
chal copyrites. 140. The photovol taic device of claim , erein: 10 the
'sem conduct or- nanocrystals are selected fromthe group consisting of CdSe,
CdTe, |nP, @Heestaponipmsizhe sepirongecor-ngmb@eshls havenGaspe) ra@oofdaded®i . 141. The

phot ovol t ai ghddeying8seisoc! ai m 118, wherein: the sem conductor-nanocrystal s
are selected fromthe group consisting of CdSe and CdTe. 15 142. The

phot ovo(l?%gai c Hephevogic deyigs ehekprn! I8iheF®i n: a portion of the

seni conduct arle:apeGbytiRlsemiedn@uchi-fancdhatls R af syt @lisof berhded. The

phot gvol tai ¢ devi ¢ce of claim 142, wherein: a portion of the branched
nanodryst al LHABI AN ast two arns, said arms are not all the sane
1 engt h.1220 14The pidweyolpivakeoeeaif tlaimd 18lewiereie of cl ai m 142, wherein: the branched
nanocr yst al . |1k e 145, e Jphot ovol tai ¢ devi ce
- of clai m14§?%\?\'}5%?&eufﬁg C?'ﬂ‘@%‘%%ﬂ%ﬁé%pﬁ%‘%%ﬁ%’gtsé’ dsa%ﬁle'i&gwfp 3f(r)ms and have a

't etrahedr al seayaeprugtprmancrzygals Sinkeddsih theroinol t ai ¢ devi ce of cl ai m 145, wherein:
25 the ppanchgd ﬁb@d%@l‘é[clé&ti&'o?clﬁﬁz%é?iwh&@ﬁ: CdSe or CdTe and are enmbedded in an
amount of abou{J 90 mt % 147.- The photovol tai c device of claim 118,
wher®in:  t hie femicppilugiing conjgprdelymerdagicterioben Botd 9 Méfn about 100 min to

about - 350 néemlconddd&-nandaSsikeyRl hakig. devi ce of claim 147, wherein; 30 the
film haII§ a tg[ihclﬁ]rg’ess1 of abogt 200 run.. 149, A photovoltaic device, .. '
“conpri sihg: & "PPRLYOIBIc ke obfldmd Foukereinis 21 August 2006 WO 03/ 081683
'PCT/ US03/ 08b@sémizoridbéting Ednjupateiqopink: S tgensBstc s0mdusvigng conj ugat ed pol yner

havi ng sem gonduct or- nanocrys . .enbedded therein, the thin film being
deposi t ed osggfﬁnéuc??r'r"?{wﬁmg egi{’eédgcitﬁ%‘f "Pode, and a second el ectrode opposite -

" thel¥irldl el dbtphodegltaiakeyice of claim 118, wherein:

the semiconducting conjugated polymer has about 90 wt9% semiconductor-

nanocrystals embedded therein,
133, The photovoltaic device of claim 118, wherein:
the'semiconducting conjugated polymer is éhosen from the ‘-group consisting of rans-
: -20. , polyacetylenes, polypyrroles, polythiophenes, polyanilines, poly(p-phenylene)s and
poly(p-phenylene-vinylene)s, polyfluorenes, polyaromatic amines, poly(thienylene-
vinylene)s and soluble derivatives thereof. ' ' '
" 134, The photovoltaic device of claim 133, wherein:
_ _ the conjugated polymer is chosen froﬁ the group consisting of (poly(2-methoxy5-
S5 (2’-ethylhexyloxy)p-phenylenevinylene) (MEHPPV) and poly(3-'heXy]thi0phene,
135. Th.e photovoltaic device of claim 118, wherein;
the semiconductor-nanocrystals éompﬁsc rods hav.ing' a length of greater than about
| 20 nm. . -
30 136,  The photovoltaic device of claim 118, wherein:
* the semiconductor-nanocrystals comprise rods having a ]eﬁgth of between about 20
‘nm and about 200 nm. | '

137. - . The photovoltaic device of claim 136, wherein:




5 a hole injecting | ayer disposed between the thin film pol ric |ayer and
the first planar electrode. M The photovol taic device &f %4%?%’@@9
wherein: the hole injecting |layer conprises PEDOITSS. 151. The

phot ovolipaisfesdgvi ce of claim 149, wherein: 10 the fi E’EE[U? ﬁlg#rode conpri ses
| TO and the second el ectrode conprises Al. 152. The photovoltaic device of

cl ai m 149, Rt eknalorh538suf AL AR Wind DEBRILGOAGNEL Y - nanOCT yStal o

have an aspect ratio greater than about ot ovol tai c device of
clai m 149, wiEeeaeuti 1} | east a portion of the sem conductor-nanocrystals

have an a:spectwe@ha@og{@@biegofuaan13&}).@,@;1 10. 154. The photovol tai c device
of claim 149, wherein a portion of the s=Ji conductor-nanocrystals

" have an aspedf SFEP CBT'“%%%EW"’%'B‘H s Ut afeyghoulygip X gm. 155, The

phot ofol t¥i c dﬁwmlwceomrtamdeammfa:léﬁnmﬁmé:emﬂ at |east a portion of the

sem conduct Of;- an._aspect .r of be ween about 2 and
about 10. 15 Q%h(%g&%%{ %?/go HeV ce™s nd%ﬁ? %f‘:fﬁ éﬂﬁ’ n: the

- sem conducti ﬁgsmmmpi@a@é&vb6Wnﬁlr-VHasupH§tSMmd@bmwnd&rtmyd about 99 wt % of
25 sem condug,ks fqugpocr ystal s enbedded therein. 157, |le photovoltaic
device of claim149, wherein: the sem conducting conjugated pol yner has

" bet ween HBout Do rhotyoleus dayiopof faimi 8% whereiror - nanocryst al s. enbedded t her ei n.

158. 1ghe phomaseﬁhca@duao,d@yécg@ammgéaeaaem&ﬁ&e g‘ﬂgﬂfoﬁélﬂng f&dshe sem conducting
~conjugated p as bet ween

semi conduct o&"%lalﬂ%&a%f:&l@z &Hﬁ@ﬁd@’@%%@ﬁéﬁﬁ%%@l The photovol tai ¢ device

of cl ai m41.49, Mﬁfo&ivﬂtancﬁbﬂceﬁ:emlﬁqmwﬁérélﬂg conj ugated pol ymer has about 90
wt % sem condyct or.- ocr sta Hg{dTed therein. 46 21 Au%ust 2006 WO
'03/ 081683 P f&‘é‘b@)‘ ?ﬂf‘“ ?ﬁée?f BR) e grope.copsisfing of (sie 9ai m 149,

wher ei n: theCdfem conducti ng COI’]] ugated polymer is chosen fromthe group

consisstl g of ]rhg ra%volggldgacemllml Hhe?m ypyrroles, polythi ophenes
polyanlllnes phenyl enée o

a pomon of the semiconductor-nanocrystals are branched nanocrystals.
143. The photovoltaic device of claim 142, wherein:
a portion of the branched nanocrystals have at least two ammns,
gaid arms are not all the same length.
20 144, . The photovoltaic device of claim 142, wherein: |
' the branched nanocfysta]s do not all have the same shape.
‘145, - The photovoltaic device of claim 142 wherem
- 7 the branched nanocrystals have 4 arms and have a tetrahedral symmetry
146. - The photovoltaic device of claini 145, wherein: _
25 ' the branched nanocrystals are either CdSe or CdTe and are embedded in an amoun{ of LT
. about 90 wi%. '
147 . The photovoltaic device of claim 1 18, wherem o ‘
" the film has a thickness of from about from about 100 nm to about 350 nm.

- 143, - The photovo]tazc dewce of claim 147, wherem
S 30 - thefilm has a thickness of about 200 nm.
149, . A photovoltaic device, comprising:

a first planar electrode,
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|

pol y( p- phenyl ene-vi nyl ene)s, pol yfluorenes, polyaronatic am ne

pol y(t hi enyl ene- 5 vi nyl ene) s and sol ubl e derivatives the?bﬁPQUSI@QOB The
phot ovol tai ¢ ‘devi ce of claim 160, wherein: the conjugated polyner is chosen
from t heyupis@epssonsi sting of (poly(2-methoxy 5- $03/08624

(2' - ethyl hexyl oxy) p- phenyl enevi nyl ene) (MEH PPV) and pony?é ﬁexyl t hi ophene,
(P3HT). 10 162. The photovoltaic device of claim 149, wherein: the

seni conduct 8ithimiifpcrymisat & scoduplittpe conpgsedypiyimachaging engbhluad- gr eat er t han
about 50 N@nodfAdis e%&ld%@ﬁ’ﬁlem tﬁm%@é%&eﬁos%d &lﬂ%l rt%]g'r? wherein: the

sem conduct or - nanocrystal s conmprise ro avi ng l “h of between about
20 is nm aR&us#etrd 200 nm 164. The phot ovol tal c deV| ce of claim 163,

wher ei n: thm@@fd@k@cﬁbﬂ&%ﬁ&ﬁé&@ﬁﬁ@%%ﬂ&%@ CO”D“ se rods having a | ength of
bet ween abog\h%GO n 10 mm, The phot ovol tai c devi ce of

‘&eﬂm arrlg‘ﬂlé’s?g’ﬂl‘”&etﬂt‘lﬁlﬁ'ﬂ? @F"Plﬁ’%l’ﬁ'ﬁ‘é"rlﬁb’:?’f widedhpri se rods t hat

cl ai m 149,

are about 7plammelec6&lenm  166. The phot ovol tai ¢ device of claim 149,
‘wher ei ngsot he ctor- stal.s conprise a sem conductor sel ected
from t hé gr Ouﬁ'l@gl&ogoﬁgg%dgwcco (i4§lwth?_plpll Goup I11-V, Goup IV

sem conduct@?bol@mdclmehrwmnwnseshwféhm&| tes. 25 167. The photovoltaic device

of cl aigy 166, muheksbiRic ok r-nanocrystals are selected fromthe
group consi sting (;) &S mo@&qwq@&é As, CQulnS2, CulnSe2, Al GaAs,

I nGhhs, Ge BpfrsiSlectroge@mpriselTorad e standiclectddadomernises Akl ai m 149, wherein: the

. sem congact OrmORRRGEINS ESE ofidifim 38, fRdggd from the group consisting of CdSC

and 30 CdTe. 169. The photovoltaic device -of claim 149, wherein: a partion

of the ser nF‘é‘iﬁ‘ﬁdB?ff"&‘l‘r"fH‘ﬁ?ﬁ%ﬂ@‘ﬁ‘&l’%ﬂ%ﬁﬂé'ﬂlﬁﬁﬁ’ﬁéﬁ@ﬂﬁch’aﬂm@?ﬂiﬂsﬂ’w s. 170. The

phot ovol talabomlew ce of cI a| m 169, wherein; a portion of the branched

nanocr%;% als e 9t| \{vo p{b 47 21 August 2006 WD 03/081683.
PCTI US037 086 §l°a°'é‘ "“’&Pe"% aViedihe sane | ength. 171. T he
photSvol t aiatlegeaoaion of thademicondidd@-nandby@sted Mive an aspect ratio greater than
about 10.
154. " The photovoltaic device of claim 149, wherein:

at least a portion of the sennconductor—nanocrystals have an aspect ratio of between
about 5 and about 50,

20 155, The photovoltaic device of claim 149, wherein:
at leasi a pomon of the semrconduclor—nanocrystals have an aspect ratio of bctwcen
about 2 and about 10: :
156, The photovoltaic device of claim 149, wherein:

. the semlconducnng conjugated polymer has bcrween about 5 and aboul 99 wi1% of
25 sem1conductor-nanocrvstals embedded therein, _ '
- 157.‘ . The photovolta:c device of claim 149, wherein: ,
" the semlconducnng conjugated polymer has between about 20 and 95 wt%
semiconductor-nanocrystals embedded therein. ‘
‘ 158. . The phetovoltaic device of claim 149, wherein:
30 - the semiconducting conjugated polymer has between about 50 and 95 wt%
| “semiconductor-nanocrystals embedded therein. 7 B :
159.  The photovoltaic device of claini 149, wherein:
the semiconducting conjugated polymer has about 90 wt% sermconductor

. nanocrystals embedded therein.
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~ devi ce, ri sing first electro
~ first el ec “b‘iﬂ’é’“g"éfﬁd"‘ylaﬂéséé@ﬁ'uff@ the grpRpcRensistige of - (poly(2-methoxy 5-

t he branched nanocrystals do not all have the sane shape. 172. The
phot ovol tai ¢ devi ce of claim 169, wherein: the branched @ér%@#‘?ts%ozgﬁs have 4

arms and have a tetrahedral symetry. 173. The photovol taic devi (C::STof |
claim1l in: the branched nanocrystals are ei 8,4 Or e an
are enbgg)dogygﬁi%%ﬁan amount of about 90 wt O o. 174. T ElJﬁrllﬁ(ﬁﬂ'ovol tai c device
of claim 149, wherein: the filmhas a thickness of from about from about
100 nm 160. abOrHe pafolB devideloPclaikn@o RpgLpvol t ai ¢ devi ce of claim 174,

wher ei n: thg filmhas a thickness of about 200 nim_ 176. Afilm

conpri si ng: “&%PECTEE FAUHER, ‘ﬁ’ ASES Shoten fromdwienyp B #HB PR~ 177, A process

of maki ng apdhjatemlanesnpilypgirdls, mlymxdphenea)p(ﬂyaﬁﬁmek hﬁly{pqihé@l%dmust eps: (a)
di ssol ving the

washi ng nan | sQl vent eas
was hedgnano@ﬁ%@aﬁﬁ’gé‘g\r%%g"e%bP%’Pm?es pdy%rglf’ 8%’%"“%509‘3)731% ‘:’32 m xture; and (c)
depodi ti ng Yimeengs sndigeleble detivagves Ahendobt ovol t ai ¢ devi ce, conprising: a

pol yerics. | a6E pAVAR AROPINAYEY Sndliaper sed thereln. 170 A photovol taic

(2’-ethylhexyloxy)p-phenylenevinylene) (MEH-PPV) and poly(3-hexylthiophene,
(P3HT). '
10 162. The photovo]taie device of claim 149, wherein:
the semiconductor-nanocrystals comprise rods having a length of greater than about- -
50 nm. 7 | '
163. = The photovoltaic device of claim 149, w};erein
A the semlconduclor-nanocrystals comprise rods havmg a length of between about 20
15 nm and about 200 nm.
164 'The photovoltaic device of claim 163, wherein:
the semiconductor-nanocrystals comprise rods having a length of between about 60
nm and about 110 am.

165. “The photovoltaic device of claim 149, wherein:

20 . the semicondudor—nanocrystals comprise rods that are about 7 nm x 60 nm. -
166. The photovoltaic device of claim 149, wherein:

the sem:conductor—nanocrystals compnse a semlconductor selected from the group
consisting of Group H-V1J, Group 1I1-V, Group IV semiconductors and ternary
, chaicopyntes ' '
| 225 167 The photovoltaic device of clalm 166, wherem
- ' - the semiconductor-nanocrystals are selected from the group consistiﬁg of CdSe,
~ CdTe, InP, GaAs, CulnS2, CulriSe2, AlGaAs InGaAs, Ge and Si.
168.  The photovoltaic device of claim 149 wherein:
, _  the sem;condnctor—nanocrystals are selected from the group consxstmg of CdSe and
30 © CdTe.
"169.  The photovolaic device of claim 149, wherein:
a portion of the semiconductor—n_ahocryslals are branched hanocrystals.
170. The photovoltaic device of claim 169, wherein: .

& portion of the branched nanocrystals have at Jeast two arms,
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171,
172,

173.

174.
175.
176.

1717,

178.

179.

. a first electrode,

said arms are not all the same length.
The photovoltaic device of claim 169, wherein:
the branched nanocrystals do not all have the same shape.
The photovoltaic device of claim 169, wherein:
the branched nanocrystals have 4 arms and have a tetrahedral symmetry.
The photovo]tafc device of claim 172, wherein:
the branched nanocrystals are either CdSe or CdTe and are embedded in an amount of
about 90 wt%. |
The photovoltaic device of claim 149, wherein:
the film has a thickness of from about from about 100 nm to about 350 nm.
The photovoltaic device of claim 174, wherein:
the film has a thickness of about 200 nm.
A film, comprising: _
a polymér haﬁiﬁg nanocrystals embedded therein.
A process of making a film comprising one or more of the following steps:
('a)‘washing nanocrystals with a sol.vent at least one time;
(b} dissolving the washed nanocrystals and a polymer in a solvent to yield a
mixture; and |
{c) depositing the mixture.
A photovoltaic device, comprising:
a polymeric layér having nanocrystals dispersed therein.

A photovoltaic device, comprising:

a film comprising a polymer on the first electrode, and

~-a second electrode. -
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