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(54) Title: SEMICONDUCTOR-NANOCRYSTAL/CONJUGATED POLYMER THIN FILMS

: ) {57) Abstract: The invention described herein provides for thin
3.0eV e ‘ films and methods of makingcomprising inorganic semiconductor-
’ nanocrystals dispersed in semiconducting-polymers inhigh loading -
4.3eV : amounts. The invention also describes photovolta.tc devices incor-
D€ porating the thm films.
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telluride are being investigated for the next generation of,k higher
efficiency solar cells. In 30 particular, high effici encyzkf‘?q}gfgqqgs such
as tandemcells, in which rmultiple band gaps are 21 August 2006 WO

03/ 0816@3 B {kJJSOBI 08624 | ayered in a single device, j nP, GaAs and
Ge have attglgned record efficiencies of 34WDespite't g}s%gyiﬁgrr%ressi ve
efficiencies, the high cost of manufacturing solar cells of the prior art
limts their wi despread use as a source of power. The construction of prior
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the device and its juncti onsT}HNcFlmspsul ation. For the cell fabrication
alone, thirteen steps are required to nake the solar cell and of these
thirteen steps, five require high tenperatures (300*C-1000'C), high vacuum
or both. In addiddcQ.rREFBEENIRRWORATERQ PPERAGRINICt or froma melt is at
tenperatures above 1400" C under 10 an inert argon atnosphere. To .obtain
“high effici evi ces structu es, | oncentrator syst ens
to ;Bocus sun S@Pﬁ“’%‘ﬁ“lsé‘ §w0"§)é‘\7?' aplicaygy "‘is“rﬁlloéwih"c%‘ "6‘Fs and quant um
wel | s Applalo Nos. GBE,.401,dlktl Magh 1912@1]2%0/3;5@,5600rmnﬂep17smw1nduct ors such as
GAs a d a n esults in increased
manuf a?:?asrlﬁﬁgatsgﬁgd Qneﬁﬂeﬁ 2063;,‘[‘313%] P S bm{/ ]E)lona lpaIEeP ?C(?é WOR of the nunber of
f abri cheréinmcosposgied by Tederehad i their tntisty fmatymumssepe@fpgmdmﬂb% patenthi t ect ures have
been e%&l%&g a@@bé’nafﬁﬁmb@%ltoh@f 51?%{!%&&%& Q@Eddzc»ﬁ%dh%ﬁﬁmsu‘:h as in space

shuttles and satellite where efflcienc 1%0 unit wel IS as |rrportant
tlg

as 10f apHarigide p@nse@@é‘i‘@befﬁ%@fh‘é? filed BlovambeniOt ed U§) S&Falﬁ@mbfées of the prior -

art i syg/e,15, @hlcxcaﬁﬁqsﬁtomymyfswwnsws@rﬁs%@qheammezmwt of silicon
needed_f or c‘g?‘ﬁ’ﬁgower is 20 a Er oxl mately 20kg. At $20/ kg,

t he maf®HP4ps. EB%P%‘O‘FE)?4 &0k Ris ofbgt ity prpEgtons andally ti al Iy subsi di zed by

the chprpvisimalhaRitshd HgincaRE@l by Clehede inMéitdtialyTorsl phipass, GaAs, which are
synt hesi zed with highly toxic gases, are a factor of 20 hi gher in cost at
$400/ kg. - Because solar cells are |arge area devices ' such material costs
hi dder .t he pr&WMTOREEHQH‘@MENEENSMADEUHDEESUI t, thinfilm.

- devi ces, "whi ck@y; r hi ck of 25 anorphous Si. |
- CdTe, and Cul n are Elé?l[ﬁsgd%?g{ﬁ S&ﬁdﬂ%%%q‘&%%ﬁ;%an et al. reported the -

i nvention of  a novel photochem cal solar :cell conprised of inexpensive Tj02 -

nanocr yst al £he ‘%\Vﬁ'dfm&fj@*&‘ihe‘éa"d)?'é"m@eﬁé‘b‘&ﬁ magle igpart Wiliging funds53 - 737 (1991) .

:3| | ay esipplied/iyaRSUnithd StftsIRpaAeR St Erdgey anddBdonivt NU IACEOIsgEJBOOphene on whi ch a
ayer
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.f| | m for a single-Ilayer deV| ce. Further i nproverrents in effl ci.encies
_ BACKGROUND OF THE INVENTION
: B . The first solar cells were fabncated in the mid 1950s from crystalline sﬂncon wafcrs :
. 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 crystatiine and polycrystalfine forms, is the most common type of material used in solar
" cells, other schiconductom such as gallium arsenide, indium phosphide and cadmium
- tcllu_ride are being investigated for the next generation of higher efficiency solar cells. In

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




- COI’TpI’I sin rsirng semcon duct or- nano

are limted by the poor electron transport properties of C60, which is
characterized by hopping, and the | ow overl ap between tRé Adigustci06
absorption and the solar em ssion spectrum Geenham N C et al., Pliys
Rev. B w No. 24, Dec 1996. 2 21 August 2006 | en suggested
previ ousl\@J {ﬂ%éﬁjse CdSc part| cles in poly (3-hexylthi 6’5&’&%@‘{3?@% Al'ivi sat os
et al. Adv. Mater. 1999, 11, No. 11. This work only teaches the use of
nanocr yisesd $n a singls gevidaasing Galni) Ga fis it e hab ehatnberegheydfiasicipyddduced do not
approacfgt he efficiencies of those of the instant invention. Further, this
prior art admts sol ution cheni stry problenms with nanorods and offers no
sol uti ons t oDé¢shite thescoilmpressiye effiFionsigs. Iy high eos o wentficomingimiceelibedd herei n. Sol ar
cells  BasRFarQhil MOF FRAPEdIROREEF A fNeA T obBulidfof pRSLANT | NVENti on,

whi ch have good transport properties and absorption spectra that can al so
be ekt CARBECiRlHigonsplar celsdpvoivestipus math prosesses: hegrqunh ofahe symicddedtpref f i ci enci es

- that TinvialCQpivReE ineRalersSeintlionCdt tHe Yeia aiis iactind, bnd HOAbGRRE
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Som 1 oaaHf el brcion eyt S 5iBe o NG PIARDE U BIATMIRE of this i nvention
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may Al SGheRfQ] SRR \ggunh%'tsn AR¥laea3, mdm}?cos PRLRALAGG,phe thin Tilms. 10
accordance wt sent invention, there is provided
a thi nquapﬂlrﬂn'{eﬂtteﬁ&?@libsﬂowglghteprbahﬁfeﬁfvdmm sergicodphtagtlon prhyld”er havi ng at

least §pWird hedeq %Q&&Pxﬂﬂ%ﬁﬁfme BRARGH inkredsed rﬁanﬁﬂt}ﬂﬂ{g'%&tst PRELI N, wherein: at
least a portion of .the sem conduct or-nanocré F’Pﬁsa have an aspect ratio
&

gr.eat efe Fam Rpwliplicgtionohthepumberph fbEcalignstera Te ighect of the present

i nvgnt bé?%ndn&@&ﬁudcﬁare@Béﬂé/bcéﬁgnﬁoyemgﬁ@ﬂﬂkﬁh@t&reﬁ%\!hﬁﬁsau&@Bﬁéﬁ| sing: the thin
filmof the f h Zet @s ect >cordance with a third aspect of the present
i nvent FIRSPAESTRYES 7 %FIB‘F/’T ngt’f’c OB WesP S RIEPRRY %ol ymeric thin film .
corrprlﬂabrﬁtguonmhl ng surfactant coated sem conductor- nanocrystals with a
-sol vent at e ti codi.ssol.vi n hed sem .conduct or - :
nanocr yst al é"%neép%’&g%r‘h“ﬂg@%s i e“‘°es°f§16§?r%a“%“‘e”“%“"’szrﬁ sol vent m xture, and
dep05| wiypciufing mareiisds. Thesamohm O'émlwguwaqlvdéor\u\t’hf aocfuimmtpmpasqymt of' the present
I nygnt %mmtaiéﬁrz& | B 26/0 thﬁm‘Jteﬁal cd¥ls PG EiRGrofit gQFe‘%hiB a%ﬂ} oactive thin film
P a seni conducti ng
conj ugebd GBEYWP 'ﬂ@“fmﬂwgéi?éwaoﬁ‘ﬁtlvwlﬁmhP-‘(ﬁﬁﬂ%ﬁs‘t}@ﬂhﬂfﬂcorrpom te, and
synthcs:zcd with highly toxic gases, are a factor of 20 higher in cost at $400/kg. Because . .

* solar cells are large area devices, such material c(:os'ts hinder the production of inexpensive
_ cells. As a rcsult, thin film devices, which havc active layers several microns thick of - -
o 25 amomhous Si, Cch and CulnSeg are being explored. In 1991 O’Regan et al. eported 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 casﬁng a derivative of polythiophene on which a layer of -
Ceois eyaporated, have been éble to reach a maximum external quantum efficiency (EQE) of -
30 23%. Higher efficiencies at 0% were obtained from blending derivatives of Co and MEH-
- PPV into a homogeneous film for a single-layer device. Furthef inip;bveméms 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. e al., Phys Rev. B, Vol. 54, No. 24, Dec 1996.




3 21 August 2006 depositing a thin filmof said conposite, such that the
nanocrystals are enbedded in the polyner at greater thanzéA\}v{gP?tc?oo\ﬁherel n
at least a portion of said sem conductor-nanocrystals have an aspect ratio
of greater than 2. In accordance with a fifth aspect of the present

invention, th 8(2;91;]

conj ugat ed co%lﬁ%?%egﬁﬁggt%?ﬁuspggﬁe%@ P;!rﬁclgs‘%}{h]&gs gu to ngﬂocrystal S

di sper sed\livisatpestgl. Adﬁdfé@%ﬂ ¥\ Ve lﬁaﬂpﬁ‘gor&ﬁnlﬁmlnesé@nlseqbfsnamerS@le i ci ency

greater tQamad1Phdtin dreltha %e%e‘geeggﬂduéehldu Hht'y gﬁﬂo&ﬂ ‘the fRﬁ R gfatﬂﬁs% oMth a

si xth aspect of the present invention, ther I‘OVI otovol taic

devi ce, sriptansinkgtion Fuythas; this peerart adméte solesign ch@znﬁtm mOlﬂ?rhﬁrWl(t:lmﬁanOéﬂ ng a

seni condygd b Ifo%luugett@ém@mbye@ﬁrsolb@&fmﬂe ﬁ@éﬂu&?&@&%@ﬁ N ¢Es sl s

enbedded therein, the thin filmbeing deposited on t Irst planar

el ectr odéaseé%lmargﬁlé%mfoéﬁ acspidigdo tp pastant iaveptien, which davegoadrgnspet and a hol e

i ecti NGl andSRARER ROk ER NS b blinddaliflo BRINMFHlGed, BEr and  the
first planar electro I'n accordance wth a sevent spect of the present

- i nvent i oRVieRisly Eathsefiiciensies that raval pqniventiontpelarsichgpased gpdwikivareanisvi ng

nanocr ys%@ﬁl&n@ﬂ@&@dﬁg tHe Gt Bl méo@po%ﬁlgwﬁe&ﬁumrﬂn@e?ys%ﬁ&&mﬁ Rﬁﬁé of the

present invention, there is provid process of ng a n conpri sing
one or nﬁm@d@Fe’F%FéctlTl%anWﬁ@aéﬁr@‘ﬁéﬁ SO(“&‘P%Q‘Wlah@}’e Sﬁﬁd@&b}ﬂgﬁal s WI th a

solvent at |east one tine; (b) dissolving the washed nanocrystals and a
polyner in a solvent to yield a mxture, and (c) depositing the m xture. hi
accordance with a ninth aspe@WW@%Tm&W@ﬁfi on, there is provided

a photovoltaic device, conprising: a polymeric |ayer having nanocrystals -

‘di spersed therein. In accordance with a tenth aspect of the pfesent
invention, th@hf‘eewplﬁre@b?%eﬂemwp‘d%fw gicfilgms pndmethedspbmpkingig: a first

el ectrod@Om shnb b QR REH; %pg@g gtlnpgcf;oj%es and a.
,second eI ecg?lr og %ﬁll Rl EF %%ﬂémccl?glarﬁ%?b lsagl-ll)e;sg@m\?\lfﬂl\ll%gndﬁ G1 Ehovvs an ener gy
level di Bighimdipsmemtse Tharxapplprmbpdinentsmeavplsopreddribatoveltaicrievisesocess of

char ge t[ﬂa&?&gﬁn B MBEImeNM CdSe and P3HT. FIG 2 shows a schematic of the
structure a nanor od-pol ymer bl end photovoltaic device according to one
enbodi ment  of IeraseerdaReRaith dhHst aspest of thowsarentinyeatipn &west ipiosdedreiin mage of a) 7

L run by 76 QempHsin: Mnﬁ)dbnaiﬁ:tlﬂglong%ate&;p&l%gﬁaﬁgg §t4&st #9@; d) 7 m by 60 nin

. CdSe nanocrystals 3a 21 Augus

semic¢onductor- nanocrystals embedded therem wherein: at least a portion of the
semiconductor-nanocrystals have an aspect ratlo greater than about 2.
 In aceordanee 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 present invention, there is prowded 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 conjugated polymer to prov1de a polymer nanocrystal

composite, and




FIG 4 shows a AFM TM t opogr aphy image of a film consisti ng of 90 wt. % 7 mm
by 7 m CdSe nanocrystals di spersed in P3HT, spin cast fFoMuewt@f86orm The
scan area is'5 gm FIG5 shows a AFMTM a) topography and b) phase inmages
of films consisting of 90 w. %9 ran by 13 run CdSe nanocrystals

di spersed in P3HT spin cast froml vol. %and 8 vol. %pyridine in
.chloroform Inages are presented at the sane scale for a scan area of 5gm
3b 21 AudembitifOfhin NG of 3410 Solﬁ:&&td?ﬁlib (haSB3hABaP4alk-hiSembadded thair f ace

roughnes pep ci.rcles onsi s of, 90.wt, %9 n 13 nm
cdse nanB? srtaé §, Ctéaﬁlefl“s’t % hﬁrelgé’l-lilea 31%18%1%‘:[SaldrSSI?l‘lc%‘l”f’ttgﬁganggﬁsgéﬁt rations
of pyri Himeenaspe@tlrdtmrocﬁ’gaammaftm maxi me EQE (solid dianonds) is shown of
devi ces nmade ?na%c% thesﬁh liltﬁm eclropgs}?%see%\éﬁv%ﬁ%t exs&yog%ﬁ%he eye. 5 FIG 7a

shows a nornma ol oeurTent spec f by 60 nin CdSe
nanor ods phatovie@BHi dedm:; @enp(isipen comngﬂtaels)mchmﬁive@fotymenahgeraiavmg at 120T (solid

aen Tonplsodror SRR St G 8 i e f iR e FEnor ods 1n
. P3HT devefﬁmemy@r@ten&:amt%dtamnyl Sglelwldiammihml nset shovvs t he i ndi vi dual
l-transirti ssin 0%3%8%‘;{&;8%&@1%%%8) esenrtl gq‘ﬁﬁ o?{e tséjoclvlld:'fgm FI G 8 shows

the rel ative con fon O alanond dashed
-~ l'ine), pbotooligic davice@pprisiog: radir&tplaaa:fleledtrdderzet)unafﬂni cpﬂnmnsmg,arrent after 1200C

heat tr ed.line) of ser by 60 nm
nanor od ?%@@ct&%?o&g%@&lgﬁyﬁ%hgﬁﬁ S"%’é"’rﬁ’é‘?‘b“)‘_ "CORT laFS X %8drl§°d h’f%ﬂnFl G 9 shows
't he EQE the tigDiikw beu%dipmsmxbgn thietfirst plar@dSectiode, B3HTsenmdetectrods. oj:posrthem 2 . '
|IIumn 1o th |enc ow. %7 -

‘nm by 125}8%1%& %y;ﬁfgﬂlgr%ﬁfsﬁpog R r514 ﬁl‘ﬁ’rlnng{(c tlno:naa gr heat
,treat rrentheﬁtstvlamarolo@rodterrper atures. FlI G 10 shows the ECQE spectra of a 90 .

W % 7 nm by ({5}10 : sae@e(:)rl’th .'gfect Fftl? ]Brese{lﬁmvellg)gealege 1r grmerf%&i aplgn after 120

OC beat treat men"l ares
cur r ent - sciprisige mmchmngsmnwstaumeddeﬂﬂmmmatl on of 0.1 MWCMW at 515

T Tactor - of g Yl b ACE Se Aol ol et WIS ¢ om 00wt
% 7 m a pyce8Oofimmkidg 8dilm gamprisigone ar 1RGEDT the fdllotvhigatepe €8 v2dlAnghm 271 nin and
 devi oes PRS iis Gghe 4 IGR IR oSkt e e IR ERR AR, T ckness.
© 212 i m , polbyiier ima @hdnﬁdsletdmmﬁnmandl@mhﬁomm& mgareent. FlI G 12a shows the
relative enhapgerRnle il [k Fpea% Ak 520 Rlish BERLMNdh 2120
_ photovoltaic device, comprising: a polymeric layer having nanocrystals d1spe.rsed'therein.; .

" In accordance With 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




T for devices in FIGI | a and | |Ib. FIG 12b shows the absolute difference
in EQE before and after beat treatnment. 30 FI G 13a shows 23 APENStE008 t hi n
filmof 20 wt. % 3nnn by 60nin CdSe nanorods and P3HT spin cast from
chloroform FIG 13b shows a TEM of the same nanocrystals of FIG 13a when

031 081605 Pt e ST RChfttay i Ot LAR BRI BOLH B2 L by BNBE" %100 nin

film congdgﬁmgsmialﬁﬁsmsed GoPBHDspin cabyfronOuhinrdd®e Thasworsesisdl 1gni n P3HT FI G

15a shows a 7 JuT Y , r oss
section of a On%in1 QQPm cdﬁlsﬁl@@%g‘g@aﬂg{’%tlg@?ﬁg&%g&sﬁg%g?g sg%l n P3HT.
FI G 16 sm)\%9a@bwﬂénméiﬁlema@bryaal’mdhpmedm&?éﬂ spana@stdebni ‘svwir%ramh&mi
successi vy, qu;n% % CdSe
in P3HT égén g%égmrhlloses %Q lppeg&te}i%&ﬁgr%?ﬁstcgg ggcfg}%eﬁtr?g%ﬁl | I uni nati on
of 0.084MNCM2 at 515nm FI G 17a-c shows a TEM of 7 nin dianeter
nanocrystals with lengths, a) 7nm b) 30nm 10 and c) 60nm The scal e bar
"is 50nmand all " TEMs are at the sanme scale. FIG-18 shows a the EQE for the
- 90 wt. % 3nm by 100nm branched CdSe nanorods in P3HT devices as a function
of pyridine concentration. FIG 19a shows tetrapod nanocrystals unaligned.
FIG |19b shows tetrapod nanocrystals alligned. 15 FIG 20 shows the EQE
spectra for a series of 90 wt.. % 7 nin by 60 nm CdSe in P3HT devices with
different filmthicknesses. FIG 21 a shows the EQE spectra for 90 wt. %7
nmby 7 nmCdSe in P3HT at various filmthicknesses. FIG 21 b shows the
cpTrespondi ng absorption spectra for these devices, shown as a 20 functl on
of increasing thickness. FIG 22a shows a TEM of 40 wt% 5 nm CdSe
“nanocrystals in P3HT for TOPO treated nanocrystals. FIG 22b shows a TEM of L
40 Wt % 5 nm CdSe nanocrystals in P3HT for Tl treated nanocrystals. 25 FIG -
~ 2* shows a TEM of 40 wt% 5 nin CdSe nanocrystals in P3HT for pyridine
treat ed nanocrystals. - :




E

FI G 23a shows the IN characteristics for 90 wt. % 7 nmby 60 im_CdSe

nanorods in P3HT under O ImMNcm2 illunination at 515nm21FugusB08howns t he
solar cell characteristics of the same FIG 23a device, neasured 30 with a
si mul at 5 G obal light source, include a short-circuit current of

5. 7TmN c%,ﬁ%l%ﬁ# of 0.42, and an open-circuit vol taQECB’FS H‘%‘éﬂ/ to yield a
sol ar power conversion effl ciency of 1.7% FIG 24 shows both the ideal and
a typical | NGHshwe sﬁmmumae(opmn&la ) df¥films considing/ 19061, 93006y WO 031081683
PCT[ USO3/ | %qg) 4, DETAl |LED hg.'p( ON OF THE PREFERRED ENBCDI I\/ENTS I n one
embodi neén CPRER ERRT on PERRE 8] @GP AR E PR O i | m conpri sing a
seni corryudied in ghlarofiomu Gt reed inpiol BQHsolil divinergls)ad shbveas tdevicewindde from

sem conglCHi 1k £E Y tg?,;d&m% ggbedded therein. In another enbodiment there

is disclosed a photovoltalc Ice conprising the thin filmof this
i nvehtion. 16 7&H\9Wﬁé¥°"éﬁ*r’m§‘cﬁhmtfmb$Peqﬂhlf%aP@\Weﬁt-’l onbyt@emeCdSe di scl osed a

~ Pr oces SiafkoddRBAY dévice RALNEPEIES) Qndtamr'an:fe&ﬂnghfi@di‘@ dofid QEariigiShi ng surfact an(

0 solvent "at | east one tine,

~ coated sen §9ﬂgi uct or - nanocr als w
~and codi ss °Wh@c%%?fé'&g§/3§#@6ﬁﬁﬂﬁf‘?6}ea‘ﬁéﬁ’aw95§tf§}¢§°“d%ﬁd a seni conducting

pol yrrenNai/erlbngh i D@y %BUMGBO niNIOEEe Waorodd HP3HEROGde ahd Wnah6y-$HXt Ur €. 1 n anot her
enbodi ment. th |n entJ ] here.is di scho;ed process of ‘making a
e :

pbot 0altive FHIEAS TAEHPATRRET 105 BB hY Sy GEeard nanocrystal s

haviOngPaIﬁTaspect ratl o of greater than 2 in a seniconducting conjugated

| t t dd t
hi 71 m 7SS BE B BBy PSRk S S e, "or o onbodded i n

“the poﬂ%ﬁh@r’m@tphglp@awéfomme,&oml%) ahdphawainkanfiieBdhaent of the invention -
‘there h'émﬁjénﬁ(gclhg cﬁ:greada Q@lﬁn@lﬁ Gl & 34@‘{#%&% nandiol cflﬂ?{:'&f.rL g P?H’f 3 nj ugat ed N

conductive polyneric [aver” having sent conductor nocr al's di spersed
t her ei V‘FW@erW@"Cmi'@é has an power conversion efficiency greater than 1% -
at 1520 AM Ji60 gbohal et bbBE LN by14anRiReh rairbaelep] of The fnvention
there ig, di scl osed a_phot ovol tai c 'devi ce ising a first planar

el ect r’Bgr “P’ma?f’“fﬂf?lﬁf@oﬂﬁmsguswsg'e?eﬁﬁf%ﬁm% gé’ﬁjbnb"at ed pol yner .
havi- ngnrsedSeGmemhxﬁﬂcsmadwsm bk atafon Qi BelEledidciek firibus the thin film being

dep03|[1"3%de eli the first planar electrode, and a second el ectrode opposite

~the firs ef"€ctrode, and a hole '25 injecting laver disposed between the

thin film ﬁlﬁil@mmel}iaﬁepecwavm: %uwmtbymbamwdseﬁaa@bdso;dmm In preferred

* emhpdl @A) anh e 130NN LRI STLEGAIMGE elanRgrystal s w11 have

current-voltage charactensncs under illumination of 0.1 mW/cm? at 515 nm, for th1s devnce
.~ which includes an open circuit voltage of 0.4 V and a fill factor of 0.5. ‘
FIG 112 shows the EQE spectra of devnces from 90 wt. % 7 nm by 60 nm CdSe
- nanorods in P3HT with thickness 212 nm, 271 nm and 346 nm 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. 7
FIG 13b shows a TEM of the same nanocrystals of FIG 13a when cast from a 10

- vol.% pyridine in chioroform solution.




an aspect ratio of greater than 2, preferably greater than 5, nore
preferably between about 5 and 50. Most preferred is abditAuayst 2006
preferred enbodi nents of this invention there is disclosed the dispersion
or 30 i of sem conductor-nanocrystals in the

sem coﬁ%@?ﬁ%lggpol ymer. Preferably this "loading" i gc’gqusf?g&érmunt of
greater than 5 wt% Mre preferably, this anount is between 20 and about
95 Wt % EveRIdmsRowd agERT o s bt Bond® Yitinl BmR6HsGRf BPwe@doghout 95 Wt %
Most pr ef@@gglg/ t he aqo_up; .S about 90 wt% 6 21 August 2006 WO 03/081683
PCT[ USO3/ 5emanosy IS P enbodi ment's of this invention the

sem conduct Figl spoloysneTnmtyl6bnnb@dSa narpaldy mer or bl end chosen from

trans- pal ya C I es t bi ophenes

ol yant 11 nolesh §PESLpR IS BHER or LAph BORIEIGR 041 % 1 cney s,

pol y# | UeiSepragrods ipBiHdar omat i ¢ anmes, pol y(t hi enyl ene-vi nyl ene)s and sol ubl e

enevi-n

. derivativesgghekRRk as ]?rfgﬁnro'f ?‘qun‘ﬁdi efter nanorod js increased successivel
| hexy - 11eny1 yul

(pol y(2-met boxy5-(2' -eth | oXy) p en~) y{rl?gl—l- 'PPV)‘ and

- pol y( 3-Réx3Armiandip 6&re the EQE far fhy 90 wi. LS8 iP3HE devises, Hees padmospr ef erred. | n

pr ef er ragsbicp 60E 5478 Rber illbMRatdR 67 RBAWILLErSIBRET ySt al s conpri se rods having
| engt hs greaéer t han about 20 run. More greferred are rods having a length

of bet ween 26 Luhowool EM el 7 nmdiameisppasocsysials @ith lepetisy 1 7P 3%AVi ng engt hs of

‘bet ¥ enndd) 60im, Gk saaddbat is 50hnumt allDEM uré @ ihe sdvte@éay. r ed enbodi nents the

con conaucidp s BRE° b EokBynehnt G by i ire ok B ar o cice, e,

| np, GXABT dG@icka¥S2 fun€lioh nfJgadineAbfsadationl NnGaAs, CGe and Si, and even nore

preferred iﬁquég?wsltét‘Taﬁ%Bgn%g;&r]req. that the seni conductor ‘nanocrystals be -

branched nanocrystals bre prse"f]aerglr‘ed nanocrystal s having 4 arns and
t et'r ahedr alFIGyShsbewsyetragcd nirocrysalynilighesk red that the thin film of this
i nvgnti on hgy ey ﬁo&'mﬁ%{f}fﬁ%ggfor ?Rﬂ&&toftgﬁ%l%!v nrdﬁgdﬂ%m@d@gﬁﬁ’ﬁ that. the

process for making the I I m of I'sS invention use a binary solvent
mi xt ur &vigEeYith differepemihidpssest the sol vents is chosen fromthe group

consi st i Ng FI®Yfalskhiwi the EORsRERS 10 90wt 190 Y bh 8P am CHSERNBSHT NGHRRES, water,

N di chl opbenzene, nethylene chloride, an alkylam ne, where the al kyl chai n
- may be%@T'g%ﬁﬁff'o :

_ r unbranclied and.is between 2 and 20 20 carbons in
| engt h, buFEnZIb shows e agekpondict sbseBbOPadNa lfor tivkesikvigek,8hewnlagsl is pyridine in

. . »

chlgro 1 is preferred that the binary solvent m xture be in an anount
of 2get' f/@%@ﬂi{ﬂ%ﬂa@?ﬁq&?"eiﬁth a nore preferred range being 4-12 vol % and

- nmost  pr ef eFERasipwSa VB %4 40l mi%emot CiSe nendypsdisiePRHTODr TOR® teanwdnt i on descri bed

her_e\i‘nnaglwsg]s.i s disclosed a nethod 25 for making volyneric thin filns

--havi ng 1 ncorporated therein sem conductor nanocrystals

7 FIG 22b shows a TEM of 40 wt% 5 nm CdSe nanocrystals in P3HT for T1 treated
- nanocrystals. ' ' ' |
- 25 : F’IGZ?{C:hoWsa TEM.of 40 wt% 5 nm CdSe nanbc:ysta}s-i'n P3HT for pyridine -
. treated nanocrystals. - _ ‘ _
FIG 23a shows the I-V characteristics for 90 wt. % 7 nm .l.Jy 60 nrn CdSe nanorods in . - -
P3HT under 0.1mW/cm? illumination at 515nm. o
* FIG 23b shows the solar cell char_écteristics 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.




where there is a step of washing the surfactant coated sem conduct or
nanocrystals at least once with a solvent, preferred i nZ3yo4st3096 | n

anot her. enbodi nent of the invention descri bed herein is a method for maki ng
a polyger in filmconprising thermal annealing Qf _ the deposited film
at ate d?@l%lﬁé}e of 30 from60' C to about 200" C. PrEfEPPEEE apout 120
*C. In anot her enbodi nent of the invention there is disclosed herein a

phot ovol tai ¢ device incorporating a PEDOT: PSS

(pol y(et hyl ene-di oxy)thi ophene: pol y(styrene sul honlc acid)) hole
transporting P WPE%?? %‘HBE‘P MBI%&%E%HBED?M?P RFENE:E 2006 WO 03/ 081683
PCT/ USO3/ 0852;46ﬁ)bodlﬁlaﬁbﬂm%@ttoﬁﬂmﬁa{mﬁfoygﬁa&]m ﬁlhatcomﬁ-usﬁi@ant to include
senlconducilg st al articl es_of aljﬂg pes and sizes. Preferably,

oy SIS a0 s B f S0 YU RO RS oret er 5. but -t hiy
ar e hoterdaidkd thardied. Rods nmay be of any length. " Nanocrystal ~6 nanor od"

and "nanop N ' r i nt h L In sone

- enbodi mantg1rn Eomgfe%ﬁﬁégfrﬁ@grﬁ% |dgsﬁ|HS%? Flghoﬁoé'ﬁ'({)aéh;‘g al m%r%]“’élﬁ]cﬁes may have two or
. nor e difieebthigimsentibat are | ess than about 100 nanoneters. The nanocrystals
‘maybe cor e/ﬁQ@tder&%gﬁmgﬁoﬁﬂgﬁvénﬂcgﬁhcrfgalge@m drocess $Fkingh @anched nanocryst al
particles according to sone enbodi nents the invention can have arns

t hat ha&g¥merihie filmcamprising yashing epfagipin ppatel sppicopductopnagechsials @ithadi ment s, t he
“ar My C36lvenhd st GieliBe land @ldis@fvind iR 3asHed tehROnRBGUanRrys@Bghalan SOMe cases,
greater than about 10, etc. The 10 widths of the. arns may be | ess than

about 59jcondushing pelyprerad abinastsolyem gindtre pRd deppsitipgiiie MBS0 di nent s.  For i nstance,

in an exermhafo;heﬂeeibbcaxﬁ@doﬂmehheﬁome'e:sarbdloieﬂ)p:roceasrdmamm core can have a -
di anet e bout a%@mste S, each armcan have a length

of fro Omgﬁtgg}“"" ?’80'535'8 gg’ﬁrs‘"ﬁﬁﬁ“ 6°”§B‘5ry“5ﬁ VB¢ 8h*B¥bat er than about
1000 nmanﬁﬂ@tesmaﬂmem&miucnnghmugaed;mmﬂswmﬁdmmmenanocrystaI particles

CheRl | DGl SR Ind Ryl LR o bt A B AR S (1 STORdE TS of

the i nven e nano es 'nay’ bé single crystalline or
pol ycr y@PﬁYWSn@emheddgtlwmepolmailm@nbandmlﬁl so cont enpl ates usi ng ranorods

of. - CdSe a@ldan%;%mt)mﬁcnm% mb@)\ﬁSH @ré'ps(a;scl&@& ) BRI Bev?, €even up to 50, and

- lengths greater than 100 ran, tformed according to processes described in
the | i fPEfingasonugeted F@H@ﬂwowe@t'aya'l having gemispRdugtormangryeisin00) and Peng, Z.A

et ' al, didpers@ herdWRBreIR devidedids an}BWer(caf¥erdibn efB8ent Bedi® gl o af
_ 'se%con ch stal rods used herein have | engths between 20 and 200
| RS e dfivin

| ments, the semni conductor-nanocrystal's conprise rods
' haV| ng |engtdﬂs{h@bﬁaidﬁfemtoh&am@dmﬁbﬁlh&@isﬂisﬂosed\d);ﬂﬁmﬁmef:&erviced are rods having a

1 N9t Dol RIS B2 08, RO pAMon SR, MBS SRR © 1 ds having

polymer havmg semlconductor—nanocrvstals embedded therein, the thin film being deposited -
. on the first planar e]gctrode, and a second e_]ectrode opposite the first elecrode, and 2 hole
S in_iectina layer disposed 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
o "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 wi%. |

Most preferably the amount js about 90 wt%.




25 By "at least a Portion of the seniiconductor-nanocrystals have an asVect
ratio greater than about 2" it is nmeant that if the 21 August 2006
sem conduct or - nanocrystal s are unbranched rods, then at |east part of the

t ot al the rods will have an aspect ratio o t han about 2.
Rl s elhERas

The coul d be as hi gh as 100% Also, this if the
nanocrystals are branched sem conductor-nanocrystals (which of course

i ncl udes te&ﬁ,ﬁa&@a);mbadm&saﬁs.slne@@&n:&s@.%snum &%n{épam%eshat at | east one
ect ratio of greater tha pect ratio is defined as

branch has anbflg
the | enBUHPEer Yepdehetsp fava trang; pﬁ‘é’t‘?é‘?”&’??s (BP'Y@'"P'B%IPW‘U’PH'@E?S*by its diameter. In
t he caspaolmmaas tpbi&@(ph&;@l]endk&iﬂd)ﬁdﬁﬂﬁ—bl&hy]en&hﬁy]a&Beﬁdilyﬂuaiehe@ for the branched:

T onoest HPlome i ARk i BRG o Rl v B BRI RRBRST Tl U051 0nt2a By
"a pértitrgrﬁpobﬂ—mhbaxsiefm umrmundww)p-nhambmvwsltra}@ffﬁi@\bmmm& nanocrystal s" it
is meagp, lfhﬂﬁﬁen@(%h??@ﬁhh%%x g@,leﬁlg% Ifg{?ngdhe nanocrystal s are branched

'nanocrysta under st 00 e | anguage "a portion" as defined
- herei n coul i pefesgd ephopimgets. teEemicandustor-nanecrysigls §prepriseyedsfeying 5 Al t hough CdSe

and- CdTepgag E?eﬁ&%hl £oBH20 nfAMEYE piefebrdd ae 1BdsRa i 16 @ berlda®20 AgNOCT yst al
particles a‘%/ npri se other suitable sem conductor nmaterial, and be a Tod,
Ve

a shap®4"B ‘i"@?’ép‘"&ﬁ"ﬂ%{‘ agejRdshavingdenetheof bekypen abqupeD agd 1160 s may conpri se
senijgonduct Ernﬁ)r@dﬁ{heg&ntgmﬁw the dw@ﬁd;ﬂ R BE gsre%f Grobip navhzlf:ﬁouggrrpou nﬂ s,
sem co ors_incl ude p 11 senrj.con onpounds such as My
Voo, NG E CRsR Y St eripctalgpies. b areeed SOl 5 20" 08

ZnSe, Znﬁwmspsmaesezmws HGSAs, B 58,Si, a:md:vd:rlgff@c prdediediis CaSeli t abl e corrpound ~

sem conduct N .sen. con uct 4GS such . a GaAs Gap, &As-P,
casb. e, T Riteld 148 e GriteRao bR B R ™ e oo of

G-oup, Prﬁt\w'eéemogmm&hww%mmmd tmhegrelrsm*amtum of silicon may al so be feasible

undf STt o B RAAKlh B ks B NGEEIROLY BBk S o kB ML Cles may conprise

a dielectric teria or an er mat eri al that can
exhi bi t pollytsyﬁsfeg@ﬁthwhsarwqﬁtﬂouawgﬁneémtﬁi@of@mnivenﬂynusepblamopyr|tes for

exanmpl eoitddt IBJ%&rea\thre QU IRLof 1RABRenliB Bbsen FhFfle BOug@nsithg CU, Ag, Au, Pd,
- Pt, Co and others may al so exhl bi t p0|f¥€1¥pl sm and can %e used in

: -enbodl peridine. qRiEpform, tplglpe, xylenes, bexeniss: Water eshedde @ onduct or
nanocr \is higHanisel eheﬂﬁﬁd an@d:hmn m¥R B WRantted adunbrdncheﬁmhd ﬁbameSQ@nd 2000, 12, 12700-~1

 pur s SO RS ol el b PR PG PRANS B rot o the

i nvent icliprofoem have uni que optical, electrical, magnetic, catalytic, and

mechani cal £§}$ﬁ.$erdtulaﬁﬁe%ﬁaﬁlﬂ ngﬂn@&r&'&%ana o%loﬂ%ﬁ@%{l Of vopyli £ abl e end

‘-appl i cations ey can exanpl-e ers i.n corrp05| te
with a more preferred range being 4-12 vol %, and most preferred is 8 vol%.

In another embodiment of the invention dcscnbed herein there is disclosed a method
25 -+ for makma polymeric thin films having mcornoraled therem 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 a method for making a
- 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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materials, as catalysts, as functional elenents in opti CE| devi c as
functional elenments in 25 photovoltaic devices (e. 9. 1 Augesty ; as
functi-onal elenents in electrical devices, etc. By ' 'P3Hr " i s neant
pol y(3 phene), which includes regioregular P3HI. _which includes
head to%ﬁaﬁ %?138 al so head to tail regioregular P3HT. %Wé?"’éqs?zéd is head to
tail P3HT. This invention contenplates that any sem conducti ng conjugated

pol ymers t hatByeadﬂald%ﬁduc:%aB&c%@ﬁ%%dnefaﬁt(ﬂﬁhéﬂie's'énh&ﬂdd%ﬁg'cr;fst’a‘lﬂﬁé' on in

accor danc s inve sem conduct i n it is meant
all pol {/)a"'de {aﬂé{’apraf\'}%s'?S B’fefeéﬁbyc‘ﬂ‘%/ydﬁ"?ylﬁsb% le?PF‘?“q‘Fff F‘F“Wé‘“léxarrpl es include
t r ans- pdPyramateiztscmetheypad mpgonlmbekoq@eiaybdﬁfmhe@m rpﬁnw?dm 1ine,

pol y(p- F}Qﬁd?&i G n%ﬁjam 1ntf:rcﬁanﬁealir;]%l‘neésme )ld Sé)ﬁla l l HnEnes,

pol yaromati ¢ am nes, %{](aﬁl eny ene-vi Ry R derl vati ves of
. the ébovféhe'mﬂt@xamawswl@%ﬂwn@ym veyoy mbre @@hengitrls fHatvesdssk duy) p 9 21 August
2006  V\RoO366R4G s s PPV) and
- pol y(3- alok | t hiop he{:?gn Espéetglglg%l y pgﬁ?gbﬁ{}g\éb&yp@fﬁ?ﬂégﬁ iexyl t hi ophene),
- P3HT.. fAF ”’F‘i’i?ﬁe‘?ﬂ‘?’%’ﬁ“”é’l@&‘“@é‘iﬂ dingi e embpdimepts elohg invsatiasdamol ymers that are

~either mwmmmp%egﬁambdgeea@mmbsmprra%é%lab&ma.escay%s% bul k pendant

groups , attached tk“B mal N conj ugated chain or % its_inclusion of the
conj ugaqaé%“sﬁﬁﬁrfﬁ?é?w‘i“ﬁ n gboutey, g HPRREReSARTE P ROV B one or more
corrpﬁ)ne«mﬁlhs ane aﬂmnna@w]euglah elﬁbutmrlﬂd kit elvénl 5O n@6BBRIs @SsolmpICl ude

poly(, 4 d| ben nyl ene henylene | - phenyIV|nerne
“and’ pol ¥ A'ﬁenpsheﬂr i eaﬁ‘éeglnﬁfﬂéﬁ ‘#Wi’éﬁ&“ﬁbﬁw%ﬁ% XOLBCPBf8) and pol y(2,5-
‘dl al koxhpvae-dimeteyfreanaoitiyd doa ). nadotnelbls aumdafzsﬁmmdmat:mengbw&am copductl ng . .
: \(I:\A(‘)lnj Ugaa‘b&ﬂct R)inun% IO({ 5605 HJI a'en %'Bater ﬁ.aﬂbﬁﬁ:‘f{é@ ngufl b Of ﬁgm ymers, one of

. is to be a mcoh conj ugat t he,
nanocryﬁett%ﬂaBOdaFl@ Oﬁlermr}@alb’mdmm hmm chnabp\@rogmultablet he bl end or

M X§3T Qimehfibrs. InRBHih QR oi' #He Eblz‘ﬁﬁoncfﬂ@ﬁa‘ﬁ s@éﬁﬁmfei‘@ﬁybﬁegﬁ e -

sem conducgr - nanocrystal s, rods, can any techni ques knovvn in’
the ar F’YF‘G'P“%FP‘QWH%"’E?‘MFHF s'fhesvemlmﬁ&oo‘mm jies uamawds pE is neant to

i ncl ude:dBMﬂEdTeylﬂdl ﬁaa:l: hdV@ Mp€eraddsGhtiv 8 budh BSto séinm@m leRlertolhg art. Exenplary
phot oviééfgl E}m(]j]eq\g are described  in, for exanp ci ence, Vol. 295, pp.
(o3 00 mgﬁ%’?“"“ﬁ% scEBinht Wergpre g %qﬂg’é‘;*‘é f#hcor por at ed by

r ef er eVa@re 408 semomlaﬂrrgeng)lzm auDl.taad Cheledvi. ¢ 23, mwy(ztlmaye nanocrystal parti cles
I n ﬁ bl nder “The iepéﬂ?ofcsgm OHHIJCEOI!’-(T?ar}'IOCE? {Ogseuggqlgﬁ&% Che%ﬁil?et en. tV\D

el ectrodes (e.g odee el ectrode)
o n a S 80P am én prefelfr@irembaiupm tbwmtntcmdocldemowsmleﬂmﬁyse rilsnary sol vent systent

hat Igm?‘iengtﬂsgra&mgﬁb S0/ ith, 4B, r%refgﬁwaép VR h]e%%ﬁ ﬁg ceBY - be a ligand

: so a sol vent OI’ exa pyri |ne orm: "Bi nary
5ol vent0and 200 nm. Even more preferred are rods having lengths of between about 60 and 110 .

oam. _
- ~25 R By ;‘at least a portion of the sqﬁliconductor-nanocfystaié'have an aspect ratio greater. -
- than about 2" it is meant that if the Semicon'duclor-nahocrystals are unbranched rods, then at
- 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 100%: Also, this means that if the'nanoérystals 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 branéhed nanocrystal is defined as the length of the -

longest branch divided by the longest branches diameter.




systent is also neant to include a systemof at |east one solvent, and a
ligand that is not a solvent, for exanple xylene and ph p‘i‘HﬂH‘F do()@l

Xyl ene is a solvent for the sem conductor nanocrystal and pbosphoni ¢ acid
isali 9/ % not a solvent. '25 Suitable nethods for maki ng thin filns
like th8¥*¥EEri bed herein are known. Non- 1initi ng 5;@%{"&2 of various
coating and printing techniques fromsolution include spin coating, blade

coating, di pBge@,;dnfa,gommh%napcﬁarasdoagsm BAkREBaREV Rl Ag Al _of these
t echni queslg gener al referred herein as' ~' deposifing-. That is, the

thin fi P8 a‘ﬂ%ﬁl%ibﬁié‘ie‘éwfﬁhh?ﬁémsﬁh arg gpachednapeerys@lsgbisi t ed” onto a

subst r atrlerabodliariRe fafuipe “BfbribnTd@efmodTRr RGN alky/in@hdRADIBME.GhePr Oper ti es of
inorgan:,q1 nd or,ganl c sem conductors can be used in the formation of

el ectrical 'y active junctions. Charge transfer is favored between high

el ecbron af f Aliough (EdSeargaﬂdii‘@sememidommodﬁowsmls anagrefegbdathevel y | ow i oni zation .

POt ent | b, ARG/ TR S EuRN SR MRS Sucuk o B8 FITRGMTEN. OF the i nstant

I nventi on COI'] tor anopart I C SucC e nar‘locr yst als are
- combi nedargd. P-’ﬁ“cb‘:@ﬁf w@m dier ampla, hapestides D OBV OBIUBIESBCIET | US03/ 08624

pol ynere%m%&h‘ﬁﬁ‘seﬁﬁ:oﬁ%&'gmtﬁ:ﬁﬁ%ﬁouﬁ&@ﬁﬂ@n&ét&@ﬁﬁl%e drblipGj-bpns wi th high
interfacial area resulting _in photovoltaic devices having |nproved

ef fi ci ef@iordpstipgsopperndsiachgyMed & ed i CeieaPo AT SeShmfder yst al s and P3HT,

(it o@n ks, BeseBatd)ais, zscb@%n"e cat, e;rase' OaT2B6% AESeNdMpte. RRKT 1S hol e-accepting
(FIG 1) stal s nedi ates

resence on_t he surface of nanoc
its 5 |SH'th;§ Br}ﬁ'seﬂnf‘?‘fg'fc %gﬂg?/ﬁ*@f‘pl%set’,’ﬁ‘i’f“q"é‘&sé'tcﬂa%@‘”’}se ve |igands on the
-surfaceGaAﬁ-thsalnAshme,um Alhe,mlle;ahemsmﬂgamfmsannengeﬂa}oap or heat treatment
OL Cd Sgy Pgﬁiﬁrr tl?uctorsméffhf': 618?1 r31]§co&gn¥ya}s&\6ﬁgeasehgn nﬁ%é&rﬁgﬁ-’rhe effe(_:tl veness of
' (t:)l Zh(g:le c;égge@gatﬁemwlmmomyaﬁc&dsmabmﬂpnsmdsah:l:mmmmaanzlﬁlzlno'? he BLI ;ngr '
dependsi@RinN ey oh@nﬁ;téﬁﬂ%&neih.&t%g&ﬁgg A8l iW¥iALSud B £LAGT 1 ON et veen die

particles and thus on the separatil tween nanocrystals and their size. A
bal ancéh%PWerﬁOT&wmbﬁﬁsmdﬁdﬁsw romms prstats sush asfeeldi Emnf’s AwgRd di spersion. for

nor e efpl,ice aRithhes Ry Qﬁ‘oekﬁzaﬂﬁaiﬁpnsﬁa%nd c%ﬁlHé Js&fhn enliBinleRY G038 Hrdwhave sur pri singly
di scovered that fine control nor p ogy IS obtained through t he use of -

sol vent! e3§raR 23 lekapod shgped éqwcom‘%wwa@e F Sefieyl ip Magnasbdlinttit s of this

..1 nvent mantsbmoocqn,tlavoo-mm :ﬁadaaenwmmaharShaebg-&cbwaapbyand sol ubilizes
Xita S glan i nfluence ‘the dispersion the nanocrystals in '

soI creng Al PIBOSES- . asting i's a non-equilibrium process, the. di spersion
of - the nandhcmmsmimmclsﬂcm(in@no astivdibents i ithe tirevmislcan haehgiggol ynmer. According

Drace. QT tngld, Db LSO R RS Mot W 5, 00 L0 control the

_phase Separat! 0 nanone Phvent or s have
sur pr| symhgt of sfitahlewkd eppditatiprts. They can be used, for example, as fillers in composite :

matenals as catalysts as functional elements in optical devices, as functional elements in
25 photovoltaic devices (e £., solar cells), as functional elemems in electncal dewces ele.
' - © 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 inVengien. 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-




20 possible uéing a solvent mxture to control phase sep ratron |n afilm
with a high concentration of nanocrystals (up to 90-95 GHEUZ

polyner, in particular P3HT down to the nanoneter scale. The alﬁ1IS to
enhance lubility of the nanocrystals by sinultaneousl sing a good
solvent“@nﬁmigﬁhnd for nanocrystals, and in particul FVEYS48 e/é‘ﬁmd a good
sol vent for the polyner for solution processing. A preferred exanple is the

weak 25 &hﬁgkmleggm@ﬁﬁ)emd $¥f§q3qikpﬂndoppéng)hE%ggéallgﬁlleﬁ yely | ow boiling point

of 116T whj osen as a ocry sfsal s with the ai mof
facile P%%P’"’“WWQ‘?H@ ﬁ‘e‘&t’f@@“ﬁ&ﬁmﬁy@{ﬂm '@mge@"mgaﬁcﬂmeshapes and si zes
(FIG 3) th‘dvﬁfeeltl&ﬁsodh&ﬁﬁ&ch’ﬁtle\l&hhlﬁ&:’éﬁgaﬂlé’be@au@dﬁnﬁlf ?‘en@dcm dpt 0 12% by vol une
(vol. 9, &Xﬂoq} ro ormto create a uniformfilmconsisting of

di sper sed emé'l“é”“‘fgﬁle %’F'ﬁ}ﬁb‘fy IGHLHSIAf e coaeatedimolynsrigear r ed anount of
pyri &i n@mlmfmsmemrebhem&@mﬂamwwmp@hmsmﬁo&@&ytg&md%ﬁﬂ:ﬂﬂnﬂgd by t'he nunber of

- non- pas&h%ﬁs%m@poﬁhﬁfcﬁﬁ% hédﬁaﬁengn{n%% %lpga@ Tpg%ﬂei’et . Pyridine is mscible

in chloroform so increase for the
nanocr yemvinylepeapd poj(l. ﬁph?@'i@mleUIWWOcpglﬂﬁalkslpm) saipely@st ubl e in

.. chl or of BiHx§- Hﬁiﬂnylén@@ﬁy‘enE)QKﬁ%cggw tﬁgtﬂﬁgcrng:omg:ng@ng} g&@r{poﬁr'ﬁl%r hi ghl y sol uble

in the excess pyridine t I Too much
pyri di il cHiRseramixtue of Ylend of polct e ofhichis tg bmﬂlﬁp@bmmhe 21 August 2006

VO 08/ QBditdaRd Riyhlch/Phid 3G 0rdbrystdld BCrNobidbé Qbe@ied HHHPersihl LE? is very soluble

in-chl % orm and insoluble in pyridine. 77heirefore, ere are three
“sol ubi I °rr"3 fres: 1. The | ow pyridi ne concentration regime: |nsufficient

sol ubility "nﬂs mvlaelomanmmﬁ&h@ia&s thit @R WénhiSondRorl MA@H/sEIS 3B, KRS separation in-
‘the bl g { 15, hronot e '}/ ’P‘g Céé?tal 5 flocculation. 1l1. The
" int errre g P ane OS'Hé S P EesgsAs:  Provided that the polymer is
still suf fBYC‘P@FWIMWCSIOIIQCI'bilEmelmtti)iiiﬂlﬂethbde@pbhleﬁdce(hf‘chﬁdﬂﬁreﬁWO sol vents, the

| | t.of the blend | ut
sol i %Mlnﬁgm'ﬁwmb@v&lﬁgdﬁ%ﬁ%r escngegé%Q%gone@t%fggceang tthef 2(r)eu on

will lead to 1In
pr eventVob sk Xapad2a N 2912@011|6@normqmsmf eloetl araigeorpbiafed bThe  hi gh pyri di ne

CONCeNtetasl hale RplAR phASvolft dcdcd iy o) By ARl Bhack 1% | PO TET

- -compon we expect | arge-scal e phase se f onot ed by the
- floccul ffr‘OH‘r‘?’"B‘P“ &elﬂwrersaeqraqh%bﬂwm Wﬁ\?’e@toﬁqgémaanh'emmmphol ogy" of -

nanocr yedrade-apdinyintiin lfnldxﬂb?el&ﬁﬂ&b &d a%ﬁbs‘rﬁ@f&%rﬂ:‘é%oto%ﬁmé&bgﬂe as atonmic force
m %oscopy &%‘2%’ sensitive techni ques such as transm ssion
el €ctron cfﬁcenf EF@RW ‘é’ls gegpiedncludpa @i‘%!’f’rﬁq wo givepledgnhe | “i's. shown in FI G
4 f or majHeeigand thft ifowkolvede For ramptaypyﬁd;nerﬁh BIRGYf 93&1&@ sdvenP3HT that was spun
from Lol 8 Im\{en orm. . hase. separation on a
: RO B hesie s oo 01Tl P o s o it 5, SePer A on on
solvent for example xylene and phosphonic acid. Xylene is a solvent for the sem1conductor ' '
| nanocrysta! and phosphonic-acid is a hgand but not a solvent S ‘
25 . Suitable methods for making thin fi Ims like those descnbed herein are known Non- .'
: —lirmtmg 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
!echmqucs 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 transfer is favored |
- between high electron affinity inorganic semiconductors and relatively low ionization
. potential organic molecules and polymers. In one embodiment of the instant invention

_semiconductor nanoparticles, such as CdSe nanocrystals are combined with conjugated '
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- ‘i ncrease
 Using the a%mr@nmh@mbmeemﬁtheatV@mrpmmweentmﬂaeﬁe@ﬁmcamr%ﬁcrange fromO to

detected under an optical mcroscope and even with t he bare eye as the film
scattered light. 20 Light scattering is undesirable in t i 1rf\udupt 006

photovoltaic cells, as it can decrease th e fraction of |[|ight absorbed.
The st 09;0!31%% surfaces of nanocrystal -polyner blend filns can be greatly
enhance ng AFMin the tapping node (TM), as i ECTESG8LH possible to

identify Iocal differences in the conposition of the filmby conparing the

h I f I
e e I A e
scan ariegkotqypltaiy dewicep havingimprovetaffnicnel- E@Hmetyneewdcvﬁ diaggms f¥in - from sol vent

m xt Uret?ds%atnhcr}sm/é/amﬂ'rrﬁ&ﬁ B@%‘é&n&ﬁa‘?c@s&ﬁd &Hc@cﬁ: a@&ﬁ‘ﬁ%@ﬁd girgns. Wereas the
t opogr ap hy of these lms is very roug Ph%{rldl ne.concentration, an

i nt er néﬂlcé‘f‘ép""ég‘ﬂgéhﬁea"f‘isﬁﬁ ] figan "ﬁ'aféwfﬂgﬁ%frwew $1P52eS ¥he correspondi ng
AFM STMipradion WiRBelyaier. Webmiedidcabreehdvaligahien s kiracaf Casighness rel ates to

oty AR SR R PO DA oLk | O T TP osSi bl 6 (0

~identi fd;eyﬂzhebeandasm dual polymer and nanocrystal areas. At |ow pyridine

concentrati re | I . r i at in the

conposi tion © "‘ﬁf%g"eﬁ?s% %CE“&&% %’f@h’%ﬁ@%@%@ ée‘é%gdobé‘ 7%&%%’&8%&[ US03/ 08624

wher eaf tit blenl: Aggmsation pinappprystels rgh in entetion andan thepehimsedeptnds en therage i S very

SMOQRY .o Ml SAMe Ta0 BLSF 2% ﬁltc?aEﬁJn'bQMBéﬁ e EB8esl NPHEQR GR MU fAlidiONSs to regime | and

U, respectively, In yet another enbodinent of this invention, it is

" cont enpERe@aancERialy 498 BT w3s- fi‘baé@F‘H{j‘“’ﬁ@T aeETeRHi NI AICRRBPOH O PIERERD yst al s in -

CONj UgGhLSsphraiby fiPSre bMciéie SHaipslAhSer iVehlired. e intSioR RhveBurpA@RL i ON results in a

"smooth” thin filmsurface. This can be uantl{)]tjed TOo express these

resul t Sispayered dy Spa cope of\ rermhelpgyds obtained throygl the e of sSYGAMEYSRNG) of the film

- roughnagisent ﬁmtufb@hcﬁbrﬂ%g\ﬁdmﬁd’deAEMﬁG apagtapd yontanﬁgﬁ(ﬁnea@hﬂ] fuanction of

ness creases by an order of

P et SRS hetar it Cihanet e arem ot B BERRGERAL 25 PL 50 ' o

: Bet we e soldtioar$ihcd Himoadting ¥ poprendiitmempeness, tlerdapardonsf the hawgysiadinon| y a 10 slight

i ncrea whereas there is an order of magnitude
§oqudopca§1tﬁﬁm%nérdﬁﬂ;g%§) ¢Shicentration is taken from 12 to 20 vol . %

S VO' l%%és@pa?a%gd dﬁﬁrnlothélaﬁda)eﬂnzscéﬂgl'lhe Pﬂ%&&rsrh%'sﬂﬁns%%l @d ik 0 20 vol. %to
re ime |II]. These concentration values are fo i xed overal | -

r@enPessiblE BYREASOIVERHBIEMIP tp SANZOl PRese SBATRHIOR 0 3 ﬁrlf" f’"ﬁ%a Bethary sol'ution; For the
90 W, cHedbranihl &anaao'érya@.mp foWB & weight %) Mpbilyhed im@akifif e3HT fvnpar t i al

concentrations re 45g/ nd 59A respectivel is to be understood :
~that ,c@?ﬁ&"é’ﬁ‘f‘?‘%fﬁgﬁnﬁ’eé%’p‘?@§ ’Efc\}ﬁ%-t‘ﬂ“tf‘lz’gﬁfct Wc(vi’éfglﬁé ‘g may vauY as. much as
20% andmﬁltahdohsigbsingﬁﬁﬁﬂfmltbﬁt and ligand for nanocrystals, and in particular CdSe, and o .

. a good solvent for the polymcr for solution processing. A preferred example is the weak-
" "25  binding Lewis base, D\mdine 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 eonsisﬁng of dispersed -
: particleé in polymer when spin cast. The preferred amount of pyridine to cover the
30 nanocrystel surface is determined by the number of non—pass_ivetcd Cd surface sites on the.
‘ nanoparticle. Pyridine is miscible in chloroform, so that there is a Mofo]ﬁ solubility increase
for the nanocry‘etals: (a) pyridine coated nanocrystals are more soluble in chloroform than
* their neked counterparts and {b) they are highly soluble in the excess pyridine thal is not
bound to I}anocrystals. Too m’uch pyridine, however, is to be avoided, as this mediates the
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-~ toluene,

Separation of charges only occurs for excitons that are % ated mn%hln t he
exciton diffusion range of a nanocrystal s-polyner inter

single-material domain size 20 decreases as a consequence of better
nanocrya&ﬁj gi ersion, an increase in the external % f|ciency
(EQE) 1s pred %fed The EQE can be used as a neasuregginlﬁ%m ficiency of
charge separation given that foll ow ng quantlfles are conparable for a set

of dev'ﬁsgép, debbe ARG el <G lem@ﬁmm% 3 o ifsabdhe b p@fdideOn OF | Tght absorbed,

and (ii ge collectio I cienc trodes which is mainly
gi ven b'l/"h*&‘l:ﬁfﬂﬁf2 @Heﬁreéqugﬁohélll@mes’m@es 71ese t hree condl tions are 25 nmet for

the devi C?S iR Towl&Ghe EfEnudadnde @ln@sffﬁé&pgoﬁ:glhlyrbf frk Garerydeh G 6 shows the
pyri di ne rpendence of the EQE for blends of "P3HT and 9nni by 13nm CdSe

nanocr yst al . "efjks ‘E@“"S‘ia’ﬁﬂ“’é%l%e%a‘ﬁ?‘“éhefb%? Bipms prometediby BnERIsAly fromregine | to
regisre 11 an@bcéulr@sh. decr eases again for regl me | I . In a preferred

mbodi %is f di trati
of 8 vor B i e FHEmeas a7 o e A Yo R § Sl S0 A st m | ar
- dependence ohfficimely Ehibleoma pisciblelblerel otmmm@rsblwatsl tbasolubilishe: bi nary sol vent
- system exi Steﬁhaﬁ&fne&m&@{.{laﬁsm&g o%%%&ﬁ]%&bgénépo%lgr?ﬂlll 1fhafBHT- The maxi mum EQE

is also at 8 e concentr i's corrparabletothe
val ue found trtemind obthe trpremicondectdrnd emforepeyent phwes febreaiormbove.  For a fi xed
~nanggrystal ng,gﬁﬁﬂlggalg] ion, the optimal concentration of pyridine is
determ ned t he surtace-to-volune ratio of the~ nanocrystal. For devices
13 21 AugIHst obigepyiiin OBrUBIGIRIPTHs DSYRr Baemmsohedpitiesed of 3m by 100nm -

~.nhanor ods, - t hgiyR@Sbmysbasl, %&p@d’lﬁlrg@@é‘&iepﬁfs@&B&lpoﬂoﬂBﬁdSﬂﬂé aining 12 vol .
pyridine, -V\/?ereas evices wth 7nm by 60mm nanorods require only 4 voI

pyri di ne. ulgh At REYEEIRIPS nanor ods” have a factor of two hi gher i
surface-to- mﬁ\wuigmertaam@prrotmgfbftnmc@molymBﬁﬁsoséssmvwmamnqwsrl dine is required

to t he. surface o ner. nanorods covered 5 with pyridine, as
el Bt aRroRt M LarM and M PRy RGBT oY FF o« 1t ce -
pyri di election modsespy OEM) dreyusad dinlkeampob egimab iz tshoovh i 16 4 fasitdaat | nvention it is

POSSi bl oy%e@@ﬁrgg%n@@%pﬁ%\fﬁ%m wiRshitoh SHRl-QYG 4 accordance wi th

“this invention pyridine”w i gand. For exanpl e,
© CdSe, €lqreform §1qG hhowcphese sepasstioh on agcale ofjspchabmicoagl which epuldiajsp by e of - 10

consi s iidid Hder RSPtk J&mpgsndtw »@m%emﬁkﬁ%mpﬁmﬁéamﬁaﬁ yaci ds. After the

‘nangcrystals are "recovered and stored, t'here Is a Iarge excess -of TOPO,
(or? OToéﬁhﬁSﬁi“Wé isgpdssiiable ma‘naﬁlf"r@Otowaﬁaeqlfys%latfag degreasedbedeaPipAoEd by 't hi s

or gani Gghsabsdrbeat ant . Nanocrystal s with a shefl of TOPO are |ess prone to
oxi dation a d| SS e.rea | ar ri et of sol vents .including

‘ ‘Lﬁ surag é’ﬂ Wﬁkpmwrgmdﬁ@" HHiEdhol . TOPO. can be
repl aceﬂarbgdhymhmAmgmd@pihgmodhEmaﬁkﬂxumeﬁqjad&bﬁsoiﬂmsgﬂbﬁ! am nes- and ot her

: p hosp h&:ﬂgren% ,ﬁi&? composn on oﬁ}?ekﬁr?l Ibg coan%larclinsg 'the pﬁase aneci lopography image.
25 To illustrate the tranisition frorn regime 1 to regime I1, FIG 5 shows the AFM-TM lODOE‘.TaDhV
" " and phase images for 5 pum scan areas of 9 nm-_by. 13nm nanqrod-PBH’I_‘ blend films spun
L frdm_ s@lVent mixtures with low and iménnc_diate p)ﬁ'idin‘e concéntrationé. 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 roughnes§ 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 loca] variations in the composition of the film,
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TOPO TI Pyridine 0 P(Ccty% 'P=0r r TOPO Cctyl pbosphonlc TI acid 0 KO
POO& 0 -7~0 NO's 20 14 21 August 2006 WD 031081683 PC#i H4g43i38604

Non-conj ugated |igands do not absorb in the visible portion of the

el ectrog;?)lgﬂ%%fg spectrum and do not add to the photo enerat ed current of a
sol ar ot hi ophenes with phosphi ne oxi de or % bt c acid
functionalities attached can bind to the surface of CdSe and ot her

sem con nano | S e Qnj ed |] sy th | onger

conj ugalg’yegéa%lgm”ﬂecpmyF%ﬁgrﬁgm ioﬁl egfﬂﬁsgg% cr’f)vel')ﬁg? % Y/ngl bl e region of the
el ect r oerglasrivdbuts et tveipaneenhtionsno regimal d Bhpespettively.he phot ocuf fent, and t hus

their use Isnpﬁ%@.ﬂaleasadne%fdﬂ%@ﬁﬁgpqﬂlmakmﬂzte&tnatae high¥&dHd ON.

Pheryl phosphonic: acid is a non-limting exanp @?ands of preferred
use. Tl %fse’@Ffﬁ‘FWf'P”é’Q"é?S?‘Sé‘fcoﬁ‘luﬁagedﬁ’ﬂﬂ'ﬁifh’éﬁ@gfdwcf ﬁ'“@ﬁh%@f‘ than 10 mononer

units apRne@GEulishd “stboth hEin iRAGAIRE. PRI GBS quarldBkdl To Hipkés these known as

t hi ophene. (n nunber of thiophene 10 r 08, hon c acid, shown bel ow.
Ther o PR 4 BEEgHye Bomst b BPCReb ot T Bt PEARIPRIEST e | | gands
- cont enplegtmaickdffom AHMVBtopagsiblaninagesisa ifiinc ton ofﬁ&hdanmmm:ramﬁ (Fli(h'ﬁ)ophene rings can -
vary a ‘ﬁwﬁ o) ﬁ: | oxi de or an

ol i got %op éggﬁr%@ne rbpgior%ogﬁﬁg?ggecas p%%?%%ﬁ%ﬁﬂéaggq arge oli gorrer s bind
cl osel yingressas frem famDenl s Betiveen arangt I@anal. forpyedinesoncenitationgit thdrgis only a

10 slight increase in the RMS roughness, whereas there is an order of magnitude increase, as the

"pyridine concentration is taken from i2 to 20 vol. %. Usmg the above scheme we can -

attribute the concentration range from 0105 vol. % to regime I, 5 to 12 vol % to regime 11 -
“and 12 to 20 vol. % to regime III. These concentration values are for a fixed overall 7
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. It
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)
| incident light intensity, (if) fraction of light absdrbed. and (iii) charge collection efficiency at = s
. - the electrodes, which is main_]y' given by the choice of clectrodes. These three conditions are -
) 25 - -met for the devices for which EQE data 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 fatid
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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. chenmical tr

with the polymer, they can assist in inproving the charge_transf rate
between the two sem conductors. O igoners that also hav§1§VWF§é%O§|de
chains to the polymer can help |l arge napocrystals repel each other and
di spers the polyner. In a preferred case, ocrystals; are
bl ended%dl\ﬁhglghgol ymer that contains chem cal functi %ﬁy% qsfog *such as
-phosphi ne and phosphine oxides to bind to the nanocrystal. In this

| st anc oomsind of A 0nGAICraE OGN kesft &l BSR AR Mhlitind LI nanOCt ystal
ace or otner

to pro cient. charge transfer. To re

synt hetrrP %:@spﬁ/ ?Per?aﬁélevﬁcﬁ W'@‘r@?t"é?@’"’aﬂ“‘é"%é?ﬁ'é’& Wt“ﬁdﬁ p&idine.abl e sol vent for

t he parﬂeéﬂlhdlﬂmsttrmﬁquathafactmm twhalgﬂﬁmwtslvalbme eh€Ranidiempanocrystal s are

.25 di sggby; f t he desired Ilgand to be

used and%ggérﬂg)@dﬁlgls\éﬁmeﬁwH}man%’1 Stﬁ;‘re e@%"ér“?;ﬂ"mﬂ%‘iﬂ‘% Myh tenperature

ensure esw'l‘FtRY’é?'r’En‘ts"19?3hw@m@nwi%ma@ﬁﬂdymmceqna:ﬂ:ﬁmiymmde surface and the

excess pyaiind imbohdiot.he equilibriumof the new ligand on the 15 21 August 2006

WO 03/ 0816813 ‘ﬁl‘g’h %{03{/ 08624  nanocrystal surface. Another effective
BAYHERE™ %“‘P@W&%“PY‘F@“C@X‘W@tefvamﬁznbmmysﬂ\alhts to oxygen and

wat er _abixise ghplbyedbeiigifcs vit s elhHS) MR ABASHKShals (N an excess of
es I N a solven or

the re recipitate theé partic
TOPQ, gitg%%%ﬁ&m %Eéfsfl eag‘gineé???""éfﬁ’& affisgﬁ'?ff'éf:dt‘wn%@r%f natant affter
cenlti fcalgatﬂg@fmosny'mﬂ@uéroma hnaxs5hdaﬂioh:b ﬁlﬂisﬂﬂ’teﬂﬁ-.e dnodrystais@RC, 1s one of the

nost f ace rred for use wth CdSe.
Nanocr3%’%%&‘1Lﬂggg%?\s/(g%r%agki?f@exce“ 4%“1%1(;3 &P 2B Phan t hose covered by
TOPO, BEpecrysipdsrenassiveledhyl tyis wanstswrfapmmaedcmm with Déheld¥ TOPYIaRG . Or heating the.
‘NaNOCT Yesd 1@dns to okid: at ed t h nanocrystal - pol yner
bl ends, trfl{lje fi ga%tﬁgg%dﬁm%%%a&] ng%irafg fjsé’f vaseleenedliitr phol ogy of -t he
film aftoreipe. E"%%’@ﬁfﬂlg{wﬁd’w@)m@&@@m b regaved byldhell@andsearphol ogy of bl ends
of . 16d Seadiiuta TudhA InRIS ankihed BHd ne ,apd a nodified TOPO

i n which one octyl ?I‘DI ety ?gmrﬂgp gg%uémgsam%@ﬁqhg%%%ecﬁdé S?ebeé’ (Tl), are
conpared in FIG 22. As a non-limting exarrpl e, CdSe nanocrystal s passivated
by TOPO, w th non-polar. alkyl chains, can be dispersed uniformy in the

- non-polar matrix of P3HT. The distinct 15 spaci ng between the particles
--corresponds to |_TORO the apBh oxi mePwidinengt h of the TOPO nolecule (FIG

. 22a). Wen TOPO E\{Vodl fi ed Wi t||h the replacement of one octyl chain with a
. thiophene ring _to e TI, el aN Q. ystal s, when di spe~rsed in P3HT,
behave differently ~Aftn O coatedj palticl es (FI G 22b). Nanocrystal s
coated with Tl aggfegate t han 020 coated particles and the

aggr egat es -of Se nanocrystals assenble into |.ines - of 20 nanopar ficl es.

- Whi | e. not Wi shi ng to be bound by any particular theory or principle, it is
possible that the thiophene rings on the Tl nol ecul es p| stack-with t he

. thiophene rings on the ' ‘ ‘ .

- TOPO Octylphosphonic 1y .
- acia - ‘ :
/ - .
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pol ymer, causing the nanocrystals align al ong a pol yner c6ain. The presence
of surfactants on the nanocrystal surface can b6 di scer RAPUIHEIRA0Re
separation between particles within the aggregates and anongst the chains
of nano |ls. In contrast, nanocrystals coated by 25 ri di ne aggregate
in PBFHﬁ%%ﬁéﬁﬁék). Wil e not wishing to be bound by £ﬁ§m§§PFP6u|ar t heory
or principle, it is possible that because pyridine is a weak Lew s

‘base, , some Nbn-foifagatdaYipdntd dbhol sBsHERY GBIt Tt dR e BRARMEMSIAl surface during
t he evapor atio f Ilms _are cast. As_ a consequence,

oration o t$91§okgent g@ the f | e Cé¢ 5
the vanraar™ 8o &8 PP BemLE Grresh of peelar el @apthingberss Withanocrystal s i n
t he norphpsphiag 0xi8 leiphogpbenict asid ifumctionalitiesaaehd deapiiaie ths epatadricase bet ween t he 30
or gani [ j C £ 1he. ite. Pyridine washed
nanocr32?292Sgﬁéﬂﬁﬁbpﬁﬁggﬁgg?ﬁ%%f%m@§%ﬁ§%%g§ﬁ%%mﬁé?gﬁggﬁ%ing particles such
t hat3 t H8PY& 4impnomer wilsiebsathtin e pisiblategiomof tselcvmememetnpemystadenin the film as
- Was obsghnek ht PholSRfenC AR UREmBAIL lsgl)n?npi?%lg}itlm@%mb&'hﬁe Er@ices 1n.

aggregati on hehavi our between TOPO an ne-coat ed nanocrystals were

. obser vetegP- Frenlrprspiiphie peigus erenpipyting giampls of kgapds ebprefempsiuge: Thehan P3HT. 16 21

AUGUS eRBEcveNET gsISHhORIWRGHASAH D3RR bnils SpvAEkSLARM that the instant

i nvention cqnte t as, a preferred enhodinent not actually replacing 95
% of t K& 8 @Yﬂ%’[@h‘?‘ ﬁ’ﬁ)At.'ﬁlg“’?”Eﬁ"é ipphere (b wmbgrof hiophegen, synt hesi s processi ng.
1 nt 1§ t iregshphosphanie avid,shabmtbbibmKihtra at thrde Sipestd prafefréd RiSpheitesvaglel M nate nore

residu I f t. ..and t.his. |d he preferred, as the surfactant
i nterf ijaé’g&lé\?mm?ﬁg ]%%z{?rgﬁée Ra gtﬁg‘i‘e%tfo\.{'\%ﬁﬂa’gﬁmﬂ‘?‘? F8TRES GENERPRY have surpri singly
f ound' thenempigyteltheo pogphomeacidaptiosphige stidepr ansdipehisphiedeaminant is left on  which -
~‘results in a photovoltaic device having a nmuch greater and unexpected
results than one would have predicted. The EQE for such a device is. _
~inmproved 3 to 5 fold over those devices washed three tines. Nanocrystals
5nmin dianeter sare washed 3 tjmEs in nethanol to renove excess 10 TOPO and -
then di ssol ved i &g p~niupe s di ne (501il per 100ng CdSe) and '
precipitated imohexa&des®tht iges to obtatin particles with pyridine on
t he surface. Methanol tals were refluxed first with
pyridine to dispbace TOPQ ) hexanes and then refluxed in -

S8 2_hours to yield Tl coated
particles. Fil nse fver &S00 ng from solutions consisting of
40 wt . %.15 nanocryst al s™ - _ 6 hl oroformon to NaCd IR

wi ndows. These sanples were dipped in water to float off the.blend filns
and5 copper TEM grids with holey carbon were used to pick up the filnms. In
anot her engc')di ant_invention the inventors have surprisingly

~di scovered ?CH‘Q?E%E 8&%&‘2@?4}’3‘%@" fodheJAnogp it and G20 IHEFRH MBI enhance t he
nobi | iwith tefpolymeratheyacan assist in improving the charge transfer rate between the two o
' . semiconductors. Oligomers that also have similar side chains to the polymer can-help large | |
‘nanocrystals repel each other and dis,r.se-.rs:e' well in the m!y@ef. In a-.p.rcfcrred ‘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
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20 nol ecul es bound to an inorganic surface and that treatnent of the

nanoconposite near the glass transition tenperature of t Kd %@P?‘rﬁﬁ%enabl es

t he nmovenent - of these nolecules within the filmtowards the surface. In

or gani c l?ﬁxﬁ% t hermal anneal i ng has been used to pronote the equilibrium

mor phol BG4 spin cast filmand in some cases to BRHENBE3BAase

separation and crystallization within the conposite. For

nanocr y¥pegnsiloiyase rnpihes aifestivelebeaticat reetaremetnt re@besabd copusuré o nodi fi cati on of

the nanagéeah dloARnRRNsE! &b AROE BRlHe Rl IBLal Aler f ace to

unexpect edlgl enhance charge Fr ansfer an transpor?C in inproving the

per f or nRFEL e reglecamepjligind| heaiprecipitte theepartigipran e sabwsridonFAPOdirne in t he bi nary

sol ventathetisBitictic Gol Gearbhd dikcald R sihemRR SheP EenirifllpaRAN PGENRL &lnS, 1 n pol yners, wil |

be s{m ik 9 act ﬁ%gn.on-rﬁgi ati ?{?e, reconbi pation centers for excitons

cr eat ed e BT 1RG5 one 5L Da BaR el hegndpie diselace; and ierefredifgt use ont ri bute to t he

30 photvothéidBe Manociisals paadivazed hepridingarOlkssfolliBhimh@e enedyyce Wi th the

- enbodi RS | S o i resylts.in repoval of interfacial pyridine

~ and excess,’bu(ttja;lll OCEHF\ S‘B}ybr@:‘é[ﬁ%ggﬂ\?ﬁy? ey e opisringdemanogiiis . Signi fi cant

- enhancenment 13 Phatpvpl@k dayviss fsbiiveled with iappcgentipolysierctfidngs; thbBgihdsioghe 17 21 August

2006 MEABSLOCLERSiThIRERGL it Bl Gl £8P ekl £, the Tecovery of
nster an phot ocu

these | ost excitons for charge trar ent - generation. The
nor Hal iTheRophbeneiendsof Chtsadd vetouslisimas doivding TORMmpylncaBhm CdSe nanor ods. i n
P3HT . S pioBifieBRPC ih FAciPons 8beiSidleryQd reﬂigcd/lg'la-u%ﬁﬂwe'_rﬂgpﬁ),'a% chloroformis given
in F Gc7a &ggﬁ%}g circles, prior to annealing; osed squares, after .
anneal FHYF bsol ute maxi mum EQE is 15%under O.]nmWcn®R illuintination
‘at 455 nm usdeasn-lirhioa eRgGnpdd, 0452 narldlPsiaisPaaiviBibyafopb2 Ritlnonhider 1 educed .
pressupge ]gtfmin?’p% T QX Srragegl%gog@mch‘)]{sr ;_oraTS h_-gurs and %QQ|CI ng for 8 hour s to
room t enperature. thepb PR mEx e T Disidisinct s~ enhanced o
si- gAi f-isngznaﬂewcégh{fbaﬁial)zs conbsbgidemnk;afaagjla@;immrfhﬁg(mdien@pbl y ef<pe.c_t_i'1 10 Wi l-e
not W shikqs articular theory or principle, the
unexpect e dr.qg;suﬁ't sﬁ)e#aqgjpgés "gcrbé?lﬁéeﬁ)fwéh 'heere%lﬁcﬁﬁn%ﬁt ﬁtgoﬂgﬁcéy]f'g'fnl“ﬂ%i Aratio of the
phot octhiopkeng rinedy gived, thesenaackrysdbwiterdispersedia P3N, bthae difeewntye pri or to beating
- shows féh PBES &ald BRRAD  NYocRsih i nd articularly strong
—incre by a fag,c or oi gregt eroct%ﬂaﬂ& tg‘;lg@h%‘bggrﬁ%%ﬁotramgl'shoul,der at  Munn
(FIG ?E(?I.)O gled pegislesing g agsreatey o §iSs nofocysilsassemilc BGinemdfancement  peak, a
ded C enanbpatlicldSWRIN ot B thbe HOHdHH a%%cmlﬂﬁ&ﬁqlspr% efigbricated and heated

e photocurrent prior and

under t hehllstﬁlr’ﬂi;l @ongi ti.ons. Ajl:l anal'ysis of the [ i

subsedUeht® PO p BLPhes Bngs Artie Tomeltaales mralpck b the thigphengiripessn theenhancenent

f eat-urplysentasiqohatamdyetaly DA song\Wpowae chave TRS HEsencabilshirRudbg this red shift in
nsequent |y, w thout being bound

‘the | urrent. to the.nanorods, [ :
"to a E‘Jﬁ'{z’?’é@%“’%‘t aceetfrarilbeod?sc R fPaipHog Bervesmpaticles ithindbey o o ¢ ul ated t hat

- _beat_ taggregatorant aengs e phain ofviathockystlh i dontrddenanocrystals 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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20 renoval of interfacial pyridine and in bringing nanorods closer together
resulting in wunexpected and surprisingly superior effi ci2drftigust 2008i s
aggregation of neighboring nanorods is likely to inprove electron
transpogs, ReENEen nanor ods, for which the separation_di tance bet ween

‘hoppi ng sﬂeps I's decreased. Furthermore, the renoval POIUSIYE X aci al
.pyridine can also have the effect of enhancing charge transfer between

CdSe and Pl iayerbodangi tﬁ&n%ﬁﬁ%nﬁdﬂom%ﬁﬂa@ﬁﬁrﬂrﬁén%d bAlinchGser el ectronic
cont act nost |i kel resulted in the overall

phot oc uzrmrmé i re%?ﬁp"‘ﬁg g"rﬁgﬁ‘f SUEfgeLept prthe T ‘%li‘f is ks dromsynhesis praessingl | absor bed
wavel enbtfityely, Phewgidsibiesit wadhil G GbES Woild MREEASE redidal Euifa&tdht he region

bet ween,, Q0. act or reater than 6 is obtained for
e 0.t 167 Gl pelat s 0B Endng B, O e R et G 1 but
si gnPfi ’ééﬁ*ﬂorsyw‘teé"rpwg'amm thetiwith ouf oleivgbting stk sdﬁsenfmanﬁs lfaen rel ative 30

- cont i bukitiasis WEpHRIIEL ERRE fkllS rhEARLIPI Aol Bhleo PRSI Be0 Wi L0 the
fraction uc A

. absor pt Y ﬁj "é‘t‘féﬁetdf‘:ﬁ?n%‘f EQE fopppripadeyice is iteppdvedsto fifdlhoverthgse dyyic@dSe concentration -

phot ocurrent pro y eac eril a conponent The
can be wishe@tgeeiige®® a | i near conbi nation of the individual CdSe and P3HT
spectra (Fi ﬂ%’sg&é%f‘ ust 2006 WD 03/081683 PCT[ US03/ 08624 There i s no

si gni fi cant LB HPF M Msrnolio ermIeVasEesy 00nu of the Dbl end

“devi@e TiPOand headissalgd ml-‘aommmm@eﬂma& qsqn&rqotﬁﬁgt@satah@&eéﬁm\é& % the

contri bult1 4.on lRWQ?PSH'I' % hgt ocurrent is significantly less than the
propor t1 o6t "4ef YRt mtoﬁtﬁ’f’ pi”é’c UG PBedre gy the pafacepMphapglwashed t he 90 wt . % CdSe
devi ce naediyffali Berafreﬂtparfmtbzluﬁpirmrne ﬁﬂdls%&dePbeprédqﬂElEd wisRihed but 5 the

‘pol ymer, otocurrent. This indicates that a
substant‘f‘g%nxe@?r%un OH O"IOfEthss Vg‘{)‘?’ff’é"d"ﬁﬁjﬁ]r ]%ﬁ%“’ﬁgwld56§%a‘q40t contribute to
" the genubcsi Ii;hnsm:rcobmmém spamdstmgfro:he:smwmcb:kmﬁngtommﬂmradl adve or-radiative

recgnblng]fgg VIR, tment. of these devices at
120*C theryswc}ﬁ'ggé méveﬂm“ﬁ%?%"gﬁyg’gﬁ spwe"(': °w%1 FRPIRPYER  contri buti ons

" that afEpdiimwas tqfls’attoﬁehewieo%msnamomﬂ TEMybrids witlaboldytcarhbeards.  For the 90 wt .. %

Use. 10ugamb|pmupi},bﬁmg3l—ﬂ' portion of the photocurTent increases dramaticall y
to 66% co ble to the 61 %of the absorbed Iight in P3HT. This

. anplificati  emppdimeghof e fslpat inyentien s Breniosibevesyprsinglyobser ved f r om 600C to

160' C, dmbemmlammgneman iagmmct%né&édtgcﬁﬁncalhwmoﬂm%mr%ét es through the
Correspondi ngly, the PL efficiency of

f | d
a g]a'\g/]\/{;‘ﬁcdJ e%i’fée IB(f}'glﬂ?fgagic 'I‘f%é“sanﬂmlﬂtﬂ‘?é'f"re%ﬁ ‘Bﬁf“af"i’cé'am%ﬁ'rﬂeaft‘@nperat ure, rises up

to 120gl@s rapedtionsempesiuie s thbpolped tableatndvei@i sriheSONGEcald witkn hi gher
terrper set JThis invention enpl ates that the. ther nal
tﬂéfdﬁh%\ﬁaﬁsﬁegurfa& l%o)yga%:c Eﬁends !herm%l QEIW%" %%g; é’“ﬂﬁ@xpec te d results

-anneal I ng tenperature na
- may behesgplibriumatprrbologyc hmcastﬁlm@eim fvene Plsesad éﬂhmceﬂﬁ;e sgfaratiédSe in the blend

- is | esﬂﬁd& 1ZQIO;LWJ{ﬂm ﬁ)b&ﬂPbSltngJrn%:tﬁ?s%)qu l)lgn s, hldt %Fel | ant |y from P3HT.

n ance crys nity, which. . .
gwstfprénqﬂ]f canon of the nanocrystal-nanocrysial and nanocrystal-polymer interface to - :

. unexpectediy enhance charge transfer and transport in 1mprov1ng the pcrformancc of a

Heatlng P3 IS known tO resu

- 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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20 efficiency. This effect is observed in heated filnms of P3HT at as low a
tenperature as 40PC . Increased crystallinity, therefor&! Agydd98 t he
slight decrease in PL efficiency observed in the blend filnms above 120*C,
but fai qtséav\}%ﬁcount for the substantial increase in_PL efficiency below
1200C. errperatures t he renoval of excess pyPFE’Uﬁ@WEm n the

. pol ymer |s the | i kely cause for the increase in P3HT PL effici ency W th

oS0 il GALTENG ok RIREH U HEL ol bR o nB B B L 180 I S e D

sonme of t otons non- rad1 ative reconbination
at pyrlféhoﬁ‘@’“ﬁ‘tge@fawnt hin the polyner in the untreated filmand do not

contri but e ThGoffalizefploRicurRfBrhealure@ 3 TBH . % BAE HPcORR L8 Bn&& P ONt ri bute to
both r tive deca and charge transfer. Consequently, the renoval of

excess iSBIP st F"é‘s"tfP't"?‘ Pi0 X0l % pygidyne pglATolomm s EIVERLIR FISh72 (BR67 t he phot ocuf f ent
| ead$ ngrirtles ,iphie ieMmhanBEEeRE squitesiller HRSRIY TRk abtblatélﬂaxtrﬁgﬁ BeE et ween 30 500nm

,. and 70 ne ta nment or di to pre red enbo nts of this

i nvent ?fé%ﬁ"gcrégn{gél a fmma"’o“ gﬁ'ﬂt‘m‘{é'gﬂ°é"r‘ﬂ$§f$8'e?%ﬁﬁ§ea?% h]iqg{#easpect ratio

: nanorownd@mdmoprGMcofhpﬂrweateiymmhnﬁunshemndtmhngjbwtmmswt| 0. a_nd r equi re

hi gher GONEERLLRL hegsmepmsﬁsﬂu@sﬂe& Ak ¥ Qhandlh sighrl Ny @RI A casting  sol utl on.
| n devi ces consi st ese nanoro at are ge nanorod nanor od,
and 19 lmerﬁtfge@twogtgoehnawwmsless PCT[ US03/ 08624 nanor od- pol yner

intgyfaci alwereesﬁv,ss};gt@se%m bp¥y p%ttereéorye' hn@ae.&waﬁ&?eatet al amounts of
excess pyridine. Renoval of di ne’ resulted he | arge ECE:

i mpr ov &Y B ablfo begxplaingdge follpws Taé? of tspbetpspeept for thepeatedt. | ny cont rast,

nanor 0¢3w&fto it BEASdeiBe prd Mo BYAGRIIABW B SveRlIRRRRImebY DraB3HT 2. 5 n solvents with
only 4 v F(g % %Pdl ne and, the maxi mim EQE i-ncrease after beatlng is by

only a y sijong increpsgsby gkactor g, greqtey dyan, G peag Wg%t"i"bt‘ls"c‘?'ﬂﬁ‘ff@‘rrpl ates the use
- of. nandoandﬁ(m%thmeSWdfzmexgﬁxofmmddrEQEeﬁtaiidcﬁ&up@m,ddbhus»mﬁyr| di ne renoval

f t i f th I t 1. |
b o3 900 ol B £ACE et B ki R BT e e PIRRRTET A2 observed apon
"~ heat t pusdysimeftbe phivibqugens prigr altlssaliscquere &them réatmpdnt sthhwnhsftmensss dnlyadetri mental to

the Op%aﬁe&&pfegmrggcn gf%ﬁ %o&ﬂdhb(trﬁrﬁ%eggn lﬁe?eftg‘% Hglhﬁgvﬁ %dftnlfﬁrb@e through a.

-Si gni ficant por 1 ON evice. In a series o 60nm nanor ods
. CdSe i Rlemqhgograet todhe nanpsess.nEensaquily. MitgoHheing boups Brapeitienlarhi ckness, t hose

above 2EHbimedeAbhek BESHSalidkDE @ s‘smtse@maheetmtnﬁe@t 62 o o both ks C (FIG 11). As

t he._devi ce tﬁncreases i.n thickness the rel ative enhancenent of the EQE al so

ri S8s repgvy ¢fjirieripsishpyridinc andig bngnedanorpds dereiessherirsuliaEn af t er treatnent al so

i ncr eaSIQSpew:d dnd tdap;ﬁisgues@eme th&ﬂczbm.bsgtgrega‘ﬁoﬂ sm:&mfamagtnamQ m t hi ckness due
to the poorer tra ort F ertles of é} est device. As hybrid.
nanor oB RO G BT SRR Cbied SRR T are r SRTaeRARER

between h0ppmg steps is decreased. Furthermore, the removal of interfacial pyridine can also

have the effect of enhancing charge transfer between CdSe and P3HT by brmgmg these two
25  materals i into closer electromc contact. These two effects most hke]y resulted in the overall
I photocunent enhancement by a factor of about 2.5 across all absorbed wavelengths
| - The greatest photocurrent increase oceurs in the region between 500nm 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 Spectrum 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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nanorod alignnment and the synthesis of rods greater than 100nmin Iength
thicker films with higher optical density to absorb nor&!MIUsEHtO6can be
used. In these.-thick filnms, heat 20 treatnment is preferred to realize high
perfor mance deV| ces. In yet another enbodi ment of the instant invention the
i nvent oS W& urprisingly realized unexpected str&CEYPEPSr increasing
the carrier nDblllty and |nprOV|ng charge collection resulting in enhanced
cell perfor nce. n el.ectron ans t erial with a hole
transport mater fsé.’f’s'g‘f’ﬂcé"“ p”é’é‘i al?ff’rpboé‘rbﬁ%’fm&th ?E?@RE&E&’?S necessary to
convey b&ndgiasegig heating. Horspreesmtins gréaten OO WISs, ﬂe%oﬂbibhﬁbnmﬁl’%lﬂisr S, _ _
teirm nﬁkﬂe%éochnen[Qﬁioﬂﬁ&n)%éésb§nqg.ﬁr§poﬁl8y§ L9 r?m%f}c 2135y 8ea’ bg&% recombi nat i on

centres. Increasin nanocr yst a t he number of
t hose t%"r’)fﬁehé&‘h%?ﬂ’s’”é’ﬂ@dsp Herice FAHE fiaesponsible fqn 61% efrlmalmb@bsorﬂm\b“lier to achi eve

the of fheponymei Sy QRBRALESk s & IRIFIB,AiRH:S MRkl b Spsdobiatl S desirabl e to

have higher carrier nobilities and |ower reconbination rates. Wth

"hanor o q‘ﬁ&f“ﬂ’i%ﬂ?ﬂ”‘&d Pethe P Idoss motgontibpie 1p fhe seperban ok siey apskis t he device it is
- possi bllest enmehav@.raﬁaﬁw@eatdadvq@a;biﬂmaﬁoﬁ PatiaysCHowdver, ¥pdh hda€l NObI ity is

Si mlartre%nqwtlhﬁ) of a I-tg%jpgga@]e onal re. Thus the(ﬁ ﬁ’g ms of percol ation
and hopprhg ot 'PaheErL H0eEF Fmsain %PJ“’“’%V%‘SWF'FH‘ gs he aspect ratio of
CdSe nanuripdensdhasgpedisedo. ihﬂpﬁsﬂbp of lighahd: hwigtbo Fer theed@evi.gadSe i Si ngl y

Lo 10r ahe OET SR bR B Bl b R b PBte v 03 051083

PCT/ USO*S‘/@W@C AasorbedriightriyB¥H) This amplificatoe of the a@qwlmuantm efficitncpim spherical. to
~rod-1li K@obsérﬂ@%mﬂ%"@ td féé? décﬂﬁ‘su%‘?;l&%%%!aly tléoecgésrﬁﬁ u%ﬁ%?uo the realmof a

one- di nensi onal w re an es Tea ble. In"FIGI 3a,

nanor od¥°ush g Elnind the devizs IdHBT%dGF ﬂ@r%ncaﬂwqirgmz!)’»|ﬂ§IPéﬁﬂ"C@wmﬁ$ ¢y several .

- micr OnSthd”@iSe bikbAdTHm asraefuﬁca&tofiréa%nanﬁ%ﬂa@fr&h&b u;H@W@rdecréa%rs the same-
congcent r at 5.t he naDar ods GE’erse uniformy wWithin the pol ynmer film

whefr c et Hﬁnf%{“aﬂw"a‘f*ﬂé‘/*tﬂlwfém 15 (6 Smsey- Tmsmvmﬂé" FIG 13b. This
- di sper sortimplifes hauue Tetal ankedlyig kel peitfuréiis) be G drext 21200°0) | s essential for the
casting of ,H,nl form creati nﬁ]a%af .arge charge transfer

| as well as f
interface W fsﬁ"'ﬁé?—ef?e‘# %@?@WJS&@‘B@?@FVSJF?WF&}%F gty Hecause t he
-ar chi t €d¥ain é:eblﬁndlhles@asall%rtha:mdfﬂreisampbmtts priadumirtzhy fedneRSHTI ¢ fi el d extends -

110 acr %a?m% gﬁ’#ﬁ‘ ks%&ﬁﬁg re?Jlt nﬁ %ﬁangc% gt@] m1§y hhlqrh ({ugnacpeg the P he p| ane; It is also

i nport ant aracteri ze 'end filmin cross
secli opfficignsy aBisshipit Fs§hsetvml§hea&d§lﬂswf P?(HT abfs 1@0a wmpdysturt BOIE by 10nm CdSe

nanocr %kﬁk@crﬁ&l]ﬁ%cﬁéﬁ& SBlafls GO ghtfd&%}eﬁﬁgy&ff“ iQ@he dﬁib%f?@ el yb ed epoxy

di sk. .The di hen m crot one I amon e.to yield .60nm:thick.
films. b'?‘ﬁ‘ég'és abeifer! EBE hurfaifsitp spgoupiforghrevksisptal BerprsainkL&fisleesys section of the

" nanocr yedwel20®@3 mlobltmmm}ea theh@noldl ofl xbsd pYREiGe ithit Epdiyntelis G 14 the dark
- sect I Olr}ccy\nc}iu@g H)r thQ l%prgacsé Pﬁ%ﬁ’r EL ef? czéngye w:& 1r?c)%gsgguu'c%ttmre%tteemperamre 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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" nanor od&thPad

on which the P3HT film approximately 100m n across, confainin

nanocrystals can be seen. The nanocrystals span the entéféuglf?ﬁp?qn ckness

uniformy with no significant phase separation in the Iateral d| rection.

Qbt ai ni ﬂgt?.ﬁ £SS section for |ong nanorod-polynmer filns

difficu 850 nanorods, because of their |arge spgyns‘%'ng%ted bei ng cut

and the bI end filnms had a tendency to tear and be dragged by the knife.

Consequ Qgr o tmrt]alemrerfac:anreascong ntnhe RPXY di sk, were

i nbedded 1 N epoxXy resin over tHe? cured to prOV|de

f ur t herexcesugypding. Rdmlrvglhismmdmcmul@ﬁ mnlmlngeE%@pmmhtﬁ Pl e oss section for

40 Wt Bk B A IIG FATERRN RS drlinRAlth ARBYGAARNIAGY Spanni ng a

subst ant | al ?ortlono hi ckness of I'm FlI G 15b. As the
@aﬁgheth*ﬂ’@n@ﬂ Holt%w@ﬁywnﬁ He "taﬁme've EOEdctspse alehhot ovol t ai ¢ devi ce,

it is }ﬁi:ﬁgis%}eﬂysﬂabrdflpngt ron transport will inprove substantially.
However , hﬁﬁpredl ct ed rr@r ovegee in transﬂﬁort assumes t hat t he nanorods
©are al i gned FEPREATEHGD srterpatpsbe Y5t of wanomds WilaY SEBEPAPE™And that (hey are
— | ong enaisgland 1Bus plytidineadntal fiom Shint ﬁlmb&ZOO‘lﬁii}S‘@ﬂ[stfﬁd neerdy puelpiyig o t hin 30 one
nanor.o reveal e ranorod r ando i spersed, but
nevert ghﬁ Sgrgps% g[?% ressurea(?tladéson%a"q e ve'%'e 'rnlpgn?rm%im'sg!ﬁg%‘%3| gni fi cant
conponentn Fa#lomymmédmom,dltattmv@hméﬂmﬁlmom dewtimentibp drelopdrgirtdiler evi dence for

t hepa icial effects on electron
tra%(gpo&%ﬁtfgﬁ&rgggg%@senr'@g -érq%t ﬂgt oﬁ&?@%’?ﬁéﬂ 21 August 2006 WO

'03/ 081683 WF%%QP@BG@ZHWH@OMFQ@FKS Gise inFBHT devicgs megngdiom of the effi.ci ency
- Of  chargRumb SRR hickheéOihbsd SbBte 200 thibkHeds AMErBE updidRdt ibdufihe 47 € conparabl e for

nd éle as Ye?lens subsganglés? am dl'l%

~a set of devjces: (i) incident Iight intensity, (ii) fraction of light

-t hr ougReIBLIMGRPRTISHRItED B F‘F’Hﬁ'“%f""' £ Bg

absor bd@"C 13- charge collection efficiency at the el ectrodes, which is
“mai-nl y gi vefhellpvitiRrahtoinatckidss @ RRlveRARACmaNGr dd BQE Ndeischar ge transfer

eff] eterm ne hot ol um nescence, enchl ng. These four

Conth t FfideaniRe REOISE BN Ruena DRE o FimeR i HANEOR o or esent od 1 FI G
16. V‘é (f@anzy) haidinoedal Gooael thickeest ha to tBspdofeeragpa pioparidds bixheof the nanor ods
i ncrea. e FI.G.17, the iﬁhar e tra It hgs to inprove

Q
- signifi caereQ'c? fis h%"“%“%"“"d pE&eres%l ancemenf: mf)’re eﬁsgqc}fmurg of approximately 3.
I n net mpmalmeﬂt gudithegyntifesistf oeds grater ttandflamtin. lcrbgésthlt:bdréhmsmm transport is -

domi najeeh S}X:cﬂﬁ&l?ibﬂgaﬁ?&ﬂ}é&%@unﬁ%ﬁ%% frse® 34 &és@lh?cﬁ fili@fearl 0 cONprise the

pathway 't o the el ectron-col [ ecting electrode. However in devices consisting
of ‘20 oH@EW“b&P’FfPEQdé%T“IE&h@F@ﬁ%%ﬁﬁ%ﬁeﬁ s preval ent as pat hways can be

formed from Yt Sbih&HeRbodtReR QI 8 instBR 5R8h%6n hEBvdnhkhkReSSridfznt he nanor od- pol ynmer
filmin 2 devi ce i s approximtely ZOOnRr’R a 60nm '2%”9 nanorod.can penetrate-

ity @A {MPPENELhTE M and a 7nm | ong
-part i céoaeoﬁbreremmgrnesl&hceel:en pbrSifianed, F& Glehdsf 1ﬁzearc&:6ransﬁaemhaﬁt devi ce,

- with-a holp transport material, the creation of percolatlon pathways is ncccssary 1o convey.
25 charges. In dispcrsioil- of nanocrystals with polymers, terminations in the pathways for
* electrons act as traps or recombination cenlrcs._l‘ncrcaSing the size of:th;: 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 pgréolation 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.
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15 which contained 7nm by 60nnn nanorcids, perfornmed with a maxi num EQE of
55% under O I mMKM illum nation at 485nm and this val u@ H}9UpEIRE

remar kably reproducible. The results reported represent the nedian of five
sets of eyl ces made on separate occasions from three djfferent synthetic
bat chesVO#HEE totaling 57 individual solar cells. FhEUHES%tm external
gquant um effl ciency of each of these 57 devices are all V\,i thin 10%rel ative
- to the 20 ian with the highest btalne effi C 59% all under
.| i om - SUBERPUREETE PERP A LOT S P AP HeGeRs nave been

char actigrmaedarrepeatosd ythoedn of heneiimvasigelatie aod theydbeser ks nont hs and showed
o o OBkl SPARAS, RELNSERRRASESR G o RaGEEAUBhaR] t he super [ of
carrier tra norgani c semwc or ~ nanorods as
conpar eevemi mlhrosseﬂrt@maerepasﬁ@ﬂmhm@ Wey%efpsthaﬁme epmeEralig| ecul es, t hese

25 Wbrd&aﬁmpﬁl%smlifxmf witti 1R pofyle! ﬁm%@ﬁ &Et'ﬁomat h the highest EQE under
| ow i ntensit um nation, reported for a ynmer containing cell to

“dat e. P@’“‘l‘@’“é@’ﬁi’o vERtaEX IR ATG {he it hweroien ?f&i”@rqg%\ﬁp&@@eé%ordl ng to the
o nstant:mbﬂarbﬁmsbﬁéhuauf&mrcmﬁgadfammnghimé 2DWENG e drenpp Pl Ghargkl ghl y branched

nanor ods re s ed —accordin 0 those techni ques known in the prior
art frdme ‘“fcﬁi'%(‘ﬂ'?gﬂng m%‘Feé’c?ﬁ?[%‘iﬂg’mtbwﬁ%% 30 subsequent injections during

~the synt heJesasetiivasbitdanof mehs sa:lav:eﬂs oped tmphy cleulfieldiektods si tes  for

br aﬂ)Ch gss ch% Isstc!f%edewcle nm E’Age]ancl gnlg um%[%ﬁg%%F rpeY of these

br ahch&d hanor ods I'néréases in EQE were

‘expect ¢ maipbologyoétie blendidm cnrams sepmh yiewecomplishl éns, cwobuiorBf &hetfbng i s caused by a

 Tow ENGEAY by 0 @e%ﬂa?&ﬁ?aﬁ’é‘ g? }?T%Qs%ﬁ&stvﬂ'gn{s@uh&onﬁatarw% dﬁt‘) ?f ‘the rods

simlar to stac I'ng cause the nan o have kinks 22 '7 |
21 Augdisk- Thotis wayiproBeroeneBgthRdEmosigifo BaEl s tickiftes. Thettgt h.. As a '

- Consequﬁﬂﬁﬁfhﬁston bife e826R64i £ Horbdd BetidndE thERRLIr st PIHT hidA8. 1k @ET 1 €rs within t he

branched nanorods is_simlar to the unbranched rods. Furthernore, the :
i ntlér adEMdmess gkl FIG 144hedathsectian ¥ihont rasacrystels (he 6POXY fsTa%nor od i s st ronger
t han bes %m&m@lrﬁﬁﬁﬁéxﬁnmm&rdsﬂcorﬂ’ty@lnﬁﬁcryﬁﬂfﬁaﬁﬁéseerﬂ'hus band

transp eval nt within a branched nanor.o d hopping of 5
- el ect r%s"a?)‘)(?‘a’ ISP ?/\?é'g‘ﬁ f&ﬂ' e %{'ﬁ'g'r“B@é'o Sipy ‘ia§‘ 1’Bzﬁfc'lerst ood t hat

—enbodi spatten dftheThealidiacdnt.i on i ncI ude even nore conpl ex shaped nanocrystal
part icles. nucl eation event
Cyields a dbgmﬁln??rﬁgsg%%n;fmqgncg %{ddﬁ%@?r UC]PS wz;sbfréd%cut %el nc bl ende cryst al
st rZct vanerpds, beeauserof their mcmhﬂaed teiag eug enddhe bigng Shmg hadsa tendencyiioe (e, g. |

WUr t Zi o) SR e@‘% Bkni ffer(.gﬂ] g Guye BE ﬂlms'@W&rwere%xfnfoﬁo%ﬁlépmlp gr owt h

condi tions can provi de st'at1 sti cal alternate the Tormation of
~cubi c. @Hfdwerﬁ@ba%ﬁapp%r 1e6ip gYer be soapelyyedays %nﬁﬁ'sreq 12 ARV IARfURRST i 1 regul ar

" br anc hiupgbrt dRARGleSRorSORhE. theﬂafsulnﬁng%Mfoe% S aua BPedant he reaction may
_'y| el .d sequenti al |y _branched "i norrganl C ‘

.CdSe nanorods in P. HT shows nanorods spanm a substantial poruon of lhe thickness of -
25 the film FIG 15b. |

As the nanorods increase in Jength to span the thickness of a photovoltalc device, itis.

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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dendriners", see Mana et alL, J. Am Chem Soc., 2000, 122, 12700-2706 and
U.S. Serial No. 10/301,510, filed November 20, 2002, cur2eAUSYst288@li ng. 15
- The inherent property of a tetrapod to self-align on a substrate with one
arm alm%y ﬁplntlng towards one el ectrode, conmbined with the | ow band gap
mat er i alYOLGEHo CdTe, makes the tetrapod sem condufEHUSHAEFEr yst al
enbedded in a conjugated polyner an especially preferred enbodinent. In

~conparison mm@;@%m&ha&aﬂ@asarmluﬁ%fﬁcﬂ% oPEHarel RRERMpNen RLiRNT €d, The
tetrapodlf according to enbodi ments of the |nvent| on are aligned and can 20

pr ovi de® °8’f“g§“‘i‘?8'l‘eéa’ﬁﬁ‘i’”éﬂa¥"@8 o & eapf devires: éﬁt”c’ﬁ%{‘f beht inspsity. dHdond y ori ent ed

- nanocr yfatih opagmabghlrm (m)a‘ah@emmxmrd@mans@eﬁ&msfmchas mdignd of 90 wt. %
CdSe br anc nanor,.o vari o i ne CO centrations are

di spl aﬁvﬁn ﬁ'—‘ihgcelcgepcﬁ?ges’par" iy eéga’ SR ﬁ}gc’e‘géﬁ& er‘FE"F"Q?‘% 8% for branched
*- nanoy od)botdmnmrrssenaiqu@@%g Wmschun csncmlogsmré ma JoriHe e iegfoewhithBQE f or - shorter

unbr an T for these devices is
31 % 2%%&g%§lﬁdp%€%te é{%’%&mﬁgdcﬁfﬁgﬁﬁéwmﬂ %lhﬁSOW Contrary to
"t he pr dghoeadeidcreasesdiomd o 16, ﬁle”dechrarse eAneRoY hasdo inpevesigndicantinge | ower than the
devi cesyeldrad BB OfnbABnARRA RG4S of alpkn%xlg)'aél@@rlﬁhaﬂorﬂgcohs‘i)sﬂﬂéatgfslﬂﬁaor ods (>100nm in

P3HT is limted by their sol ubi di ne-chloroform The branched

nanor o t&Pagiclss, elgrtEoR GpasReyt i dpmyRated iy P‘B&Weéﬂ' et RBFPTIRY a gel ati nous,

Vi SI0Ugorfigisdthd Rihwayl Bittfe eleSironRolieBih SRdTo@N HOevENPddvRMREnsiBIgWpi | 1 ty of the
and. the hi.gher nanorod-nanorod interaction relative to

branched 30 o
t he na F{)Bﬂf‘égﬁ' &étﬁfco“ BEF{OR fSREY I as P RS EADRE Lomrf PR etrlsbj ects, the .
Cd Se- P3#idrofl. |Hmse0mmckmeftmﬂ¢rm ﬁownm findn a 6vizé s appitichateght , a cl ear

“indica ophase separ L shny enhancenent i n transport
ef fici 2?103'3 a?dé)n:g? mﬁ)‘ SEQPp eg?t?l rog aﬁ@g‘ﬁgﬂ“f?{’%{?ﬂg ee‘}e?é?)”gP &f'i on efficiency
resul t Béng and o?nﬂalonmmplea@erogmsswﬁvEssu‘ea‘ednatt FiG Ha Thetegwelevicenanor ods and P3HT.

23 21 Qm},mggpﬁmbg\@%ﬁg&ﬁ% fertild YR30 088244954 gﬁy;% um sel eni-de

nanorods, 1 n_soluti concentrations an paSS|va ed by pyridine,
are sePanWicadilypinaienpy 48@"%?‘&1&'&?’“%*‘# bsemremarkpbly sepradecitdd: Fret er of pyri di-ne.

~Under  resitsRpdie@piichithe rhddfin Mﬁnesk%rofm%sﬁnﬁa b @fkdiReasibhlsily SCal es as the
-vol ume and _di st ance i s ver pronot es_aggl oneration. To

- sol ubi fhes &iffprg gyihatiratsbes o ¥dSFH§“hPﬁ %H“dé‘@qﬂ’é'éﬂlﬁrrcﬁlﬂs‘r BisgmasimuBqui red for maki ng:
uf f i Céxpobial graritih efkicibicy Bffeadh@F thERY 5TI@Mic&QE: all Svithin W07akIGRAB e LI gands wi th

t t t he | th of
naiDr oS B Fe SRR EIR S e oLt AR T GERE PP iin acti ng as a
_ bar r i ‘edluthigafien. Iltdimipalnmsttcs e e dizfatierizkd typeaadly owse:heunﬁi: sdieofener gy | evel s nust
- be such,dhaby sl B B R R e Aen o T 1 D L et ontirol
. conductl on of e Xt

ctrons requires ransport be contalned entlrely
On account of the superior carrier transport properties of inorganic semiconductor o

. nanorods as compared with semiconducting organic polymers and small molecules, these
‘- 25~ hybnd nanorod-nolvmcr solar cells perform with the hxghest EQE under low intensity
o 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 'éu-ucmfe of the rods similar to stacking fault defects that canse the nanorods to have kinks
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wi thin a single nanocrystal. Further inprovenents in transport relﬁ on the
al i gnment of nanorods across the filmthickness. Method€#819uskEA9Fod
ali-gnment include electric field and stretch alignnent, both of which
require_sigpificant, nodifications of the current device processing and
architegiﬂg@h' etrapods, with four identical nanor od TG e 48¢%4ched at a
cubic 15 center, orient thenselves naturally on a surface with one arm

perpe ndér&{gl,@ren%rp ASQ%OT’%%Q%J ﬁg&xpa@le@@iﬁl clil% o%ﬁ"g'fof lhe camers wr%m tL | e next

generatj on of rid solar cells cou oré i ncorporate tetrapods as
sel f - al ’@‘ﬁl"?‘td”ﬁ’é?ﬁb‘éf'?s"’e’&t the ynfrapshedregdso Fertheimarst thoineractidnibetivental y.  Anot her

ertbodi reaich 2 telaRinibOG{cAD ninGi6@ Rl ilerfin bk Wil ichddk 0 € i ckness ¢ hat
evices of the instant | nvention oper ate

the n otovoltaic

at . mgﬁg?caf ??Emr‘réﬂ% bag‘gmé'ﬁt?&hstpé“dé'%“‘ Sithig & Pragshedaneseedasd apgingdfd pol yners are

t he i ghecadys ocpt bawee digddid mheatss conpared to bul k inor ganr c sem conductors.
These formihi ically |less.than 300nm i are able to absorb
nore than 9%&) E%eislh it ﬁ'g?! en !soy‘(}ie YU ‘"CPHHT t"ﬁ‘ém%ﬁv‘%‘ﬁ?‘ﬁtﬂﬁaq i nor gani ¢

- semi corf@RrRensnl partiticar In@etbb@menwmf thinvegjon, e inral ixcltdtiancestyeidah mi cron

t hi cknegsesm b CubRRSMNRiruc eg(pg di&vrﬁlmcgsra?%%cu‘s@g tgngFEI exible devices are

possi bl e with nandocTystals ner’s W shi ng to be bound
by any hﬁé‘ﬂ?‘?’"(f‘ms‘a]rswcﬁ’é’dw vaﬁééwvswfmmihscges%m&n\re diffrxnt because the good

'tramsp@fctwtrpcroﬁtp@htéaﬁselﬁtwdtarbqtaeaéarrygmata%elﬂsrtn%ﬁoﬁ%ﬁc &g the 1ength of the
nanor. og‘ ns a si gnr ficant portion of 1'm e dependence of the

effici Wﬁﬁﬁw s Wyt C‘;Wf%?r“’ Wg'd@'\?taﬁwgvmefcomoh?ft hi ckness provi des

- furt heuemPaﬁMfemiohghﬂut&b@ddinoh key nab qu&én@Illy bﬁﬁ’dhéd ‘@forgahi@NSpOrt . 30 The '
‘phot.ocyrrent ,sgg% the dev| cefqnﬁ the absorption, is di scussed
{

- above ‘grdmERY G’f@ Chgar. 396200, 132. tlmoe‘lz—r'ﬂ?sa‘édpr'?c?eé‘éts‘@s from 100nm t o
~ 350nm 1¢/B@, 51@6bd§epmhd|2&go®mmheﬁ§@eﬂn@ subsequent decrease in EQE does not - -

arijge solely f dI| hape of the spectra -
deplgnds on the @E]"h%g ér%e%ogaﬂe“aoé@? g ?ﬁ'ﬁ’s‘f’ﬁe‘? RbYst 2006 WO
03/ OBlﬁ'S’@’W@W“@JSG@YdG)%%chheQm@Qpoin&elorwrbartdlmpmetelnaﬂ agh ans OF the Spectra
| nCT eagBfe, HiKedhd DM KREmi:baBor- b5l Bibea i 4 dohBh G Doh By WO3K i1 LET

of th m not  Cont

effect that results from part I'ng to the
- phot ocTPTERY preipsred spbadiment. dmgogtparispy malﬁ@v%vﬂx@leeihamndmlyl y touching

nanor o6Hented, & &Rolls ac@kdRlts Qﬁb”odrﬂeﬁt?oflt}@%r@ﬁfoﬁ b8 by Sgtrpé)anh b4y, conpared to
tra sport ont ai neé entirely in one particle, and el ectrons generated

near tHe” mgirechonplsentpath thinrapdemly erigpied panqemivstl 8e1Eckso - reach t he
col | ect i ngTi phicrbantrent ke tforarRnd dBlo0 &t %iCaHE brandkeid hhotoas APIQT Red cl oser to the

addr ) B SR by BE Ept e on ¥ Bt TRk el b ponsi bl e for ¢ ELrTSZt "
separ @epegniration fordeanchud salorads cacuy avm% wiiioh isaigeififablshigher thak fbrhi cker. film as
,C 0 ”parsﬁ&ey\ﬁrrbﬂn&%oésmm&qg 8909rqess The maximum EQE for these devices is 31%. -
© 25 under approx:mate!y 0.} mW/cm® 1]lummanon at 450nm. Contrary to the predicted results,
| .- this 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
-pyridtne -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 resultmg from a |
; decrease in mtetfac:al area betwaen nanorods and P3HT.
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10 The instant inventors have surprisingly discovered that nanorod-pol yner
devices can be nade significantly thicker at 200nmto aéhugest7pe
absorption of |ight because the dispersion characteristics of the nanorods
ate wel 0?/”@:8' led and the transport properties in _the nanorods are nore
effici eff PhHAt he nentioned organic materials. The BHOVBEUFPEnt spectra of
90 wt. % 7nm spherical nanocrystals in P3HT devices 15 display simlar
properties, 1 a, r. n ectra of .t devices with
varyi ng thlg %edé]éue"’ssclae}“gc“sﬁp% i ]L@f’@g X %'imr%sa[nﬂ?as ‘ﬁagss of the device
~incr easb@yﬂ@lmarE@ra@tasm#ltﬂmﬂce@nnwfnemmeemﬂg!ehr@‘lm@neaUme pr onounced

r eSpoNSgch ol lﬁ@@n'ﬁ@r@l’ﬁﬂ%m@gﬂoﬁ Wich &9@5&«;8 Eﬂé%lmﬁp;ndtdﬂﬁl%%ls %e” cal

nanocrystal s, the opti num device thickness is at ich can be
conpar eiﬂr°%af‘1aupff”ﬁ‘éesd'§%'?‘?ﬁﬁﬁ’f"bf70 2"1‘2"1’%@“& 'HPRJ"%&HB‘?W 06@9?'5@%@5 Because | ong

nanos odisquatt BHibink Bﬂ?f&éﬁ&jdthEk ﬁﬁisﬁ@mvtdéﬂdaw@"cﬁau&@é ¥ wh® shorter di mension
spheres ge\u C @ can de. thick gr to@gb orb nore |ight, before hopping
transp o b °’fg8’°8%l?ﬁaFFe{?°é3"6d1‘ﬁF’§°“ Hie tenetb of i3peserk a%led By i dence for the

benef i t@lyokrs Dipregenothese dgamkrfmm:&ig aﬂﬁlﬁﬁfcﬂﬁﬁer they infigpbeaetritdlignsport . 1 n anot her

| enbodi B '?J‘heen%@jd%‘\té$%t§|5'?‘>ﬁ %gn% a!rswgl}ls C FE?L%'% E)hot ovol tai c device

i ncorporating a ene- dloxy poly(styrene
sul phorfﬁ%le acid)) '25 hole transporting laver on too of an rM el ectrode

The,g ncor e I TO el ectrode
(PR poty A8 Zorlutin NI CRAMES bl he i 8ok B Bac™™ 1 T2 01

provi di‘igina Sﬁﬂ%ﬁ“@ﬁ%@l Festherguprpesgentuip Gepspii relli o e aligpoeritef, e. g., by spin

casti ngan&aaga&@ﬂmmmaanés@ Mefh68Y for Iﬁﬁﬁlad all e\éﬂﬁéﬁ:dw&%d R @t ches the
‘val ence band of the _conducting much better thah does | TG,

t her eb?“‘i‘@él‘ﬂ“?’ﬁt@ﬁé’%@%‘%ﬁﬁﬂ&g Hl‘i‘“’d‘ﬁEﬂ @PSOEEB‘EIF%’“ de¥ie .may sel ect a.

¥ar| et roodssish dnd £E1EBdrd) Fhip6d el il Gour figntea sofd deRedhdag: 4pea t he work
ungtion

of .the electrode material. that is e A non-limting exanple
of i S el Berpe PRy e son e ST SPe R e s ront of tho T
. instanplaixerweuanmcﬂﬁ 1% Tiae nes@eriemoonchfi Bibeid saka odis coudd tedref@e ingorporats ol ar cel | :
constr { % 7nm by 60nm CdSe -
nanor o s I'n agiyﬁ-%n%) g'%g%lly%%u %goq‘eheg'gon?%fg?%ﬂéoat ed with 25 21 August 2006
- WO 03/ 08168oPTTndeBA08 82 ipstapBER@ToPsBe wirpising filmibiskmessetbat thhhe t op contact.. A
power %@M@fpayn%n%}%toweic%%és &fzheﬁns%{?nmoﬁlaﬁe@dt@a‘?doﬁé’b@% mihyl MV CTZ

il lumi nation at Snminside an inert atnosphere. of f|ow ng argon. At this
i nt?8n's PePteee b Ls@anoeT L ANG PYIERTeih leiRbspiop preffisicwss enmpRrEhge . at t he

maxi meum%nlmhﬁbnméor%(es@-ﬁﬁn thlﬂﬁ“lhf'lk lypichi§dsQthari 00k, Guhick! G 23a. for

D R LS Al 5 ONOE O BOVEL CONVEraLan of ol ency i one
-at t-ai nsemivosibieraol@icels, WshaEquiOmnbie han @ver  frfidra tmames@a to Ak@Ve 2% .. The nost
T el | ablllg%t et rgpenaq ulsasgc atnt]?] xﬂ% de%:cgs a?e'}gss}cbfe w@h%anso%!yyta 3 and p&r I Vat I ve G CGO and
25 While not wishing to be bound by any particular theory or mechanism it is possible that -
" ‘because the good transport properties of naﬁorods 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 '
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MW PPV, which reaches an efficiency of 5 % In another enbodi nent of the
I nvention, alignnment of the sem conductor-nanocrystals 20 AM9EH0%he film
t hi ckness can be further controlled with external aids. Alignnent aids can

i ncl Udewz)iogésthat are known to those of ordinary skill in the art. These
i ncl udeY2YPBWHat can produce an electrical, magnet PETRPEER40r stretch

alignnent, that can be used to align the nanocrystals. For the purposes of
this i nyeRdL | i t be defined if between 10 and 99% of the
nanocr yét alrssgﬂiéégkhgﬂeg‘i? é%mf‘{)%ﬁéllef%ea'faﬁ'éﬁreagﬂ”é‘{ Qlcﬁe@ﬁﬁg’lf' HoY* " e than 20 degrees
from 18%iHed @ mieet filtersfieds atrésilts ffoml pant pi thoniim nEdcpriribisng mkhe  The above

descri pb‘*‘m"‘hﬁﬁBmgﬂg&%ﬁm%}mﬁl{?gﬁ%ﬁ%{gﬂ:ﬁ%ﬁ%}%x%gsttrah yention detail ed

therein.. Sone paraneters of the ab S are summarized in Table
1. Furt REFORSTEMh 0 sates mRpilivk comprred o gansparicoptaigedentirely inconpariisie, ar e det ai | ed

bel o Byrelciithogenerital ndar MY IPEDDTESS dlectrddd rv¥v@VeRE RhiY Mhotdddte Tabl e |
stal solvent solvent Reference |oading, w

nanocry |, nanocrystal nanocr : 1 ve
si ze, n%mg°ﬁé'l°§|g‘%?‘5‘|g¥‘§’81“9)ﬂg’F““ﬁﬁ?‘?xg‘ﬂ? kehty i ts 2bsoebestglosertatie 7 x7 CdSel11P3HT
- pyr/ chl wanspatc@GleBttode, does 88 s@onyly dduribotSey tR3bcRyeA Clal 0dindh; 8O FIG 6 90 3 x 100
CdSe/ P3HL o RYEA S {)951 éﬁ% g% 7 X 6 Se/ P3R T. r/cBI or.4 0-95 3 x 60
CdSe1 PATRT B dqtiss e RiFiSE Espopaihle fg&é’:%ée CHEEPHS ARG F1 G 14 40 7 x 60
py! : :
CdSe/ P3vqitags pias tord thickerfil@® as Bomp26d Pith thuinsdr o006 WD 03/ 081683 PCT[ US03108624
‘Nanggr yst al $hewRbaG isdibDRSE 28GHa! DLV LQ.Ysis of ~organonetal Iic precursors
ina. nixture consisting rraﬁ%flygﬁ%@ tr o%f%’i'?ﬂ?{gés)%"ﬁg%&ffsﬁ" (TOPO) and
fti but yiemags significangy. thickes RPEmI ta echigramerpralisbrpéomotiightbeodusawrr | ous pbosphonic
aci ds kspérhiesdharh@Gih SFRSatoRRRe whiltoh e the 36 %ﬁ:@ % M. Nature .
2000, 404, 59: _and Peng el al. J. Am Chem  SoC. RS TE Vs’ 1380, The
r ecover S BTHHE motksHicignt e ibe mentiaped olgarimeterialtr ee | i mes. in net hanol to
renbve exc®mphetdufrentipadia of JWitl B inaesphé R AR08 inPBET RARACT ystal s to renove -
t he.lssurdfsﬁlﬁ sﬁ‘nﬁar urseeg.ei I'q]eé ﬂe synt hesi's of nanorods was acconplished by
~ di ssol Vi e PARTHEres F‘H"b%ﬁ"?fa‘f"ﬁépea%d the 56 SAstigss Vit vaEgi t at i on i n
bexane hickyses era shoWORPIG kbt AckhGHDmcdNME Byt alkiSasay, Be BOERWY € i n -
. function 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 transport relative to shorter dimension spheres, devices can be made
thicker to absorb more light, before hopping trahspon begins to dominate. This further
‘ 'proyides' e\_ridence for the benefits of using Ohg—dimensional nanorods to'improvc‘ trahs;iorl. '
In another embodiment of the invention there is disclosed herein 2 photovoltaic device: - - -
 incorporating a PEDOT:PSS (poly(ethylene-dioxy)thiophene:poly(styrene sulphonic acid)) - .
‘25. ~hole transporting layer 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 includinlg; e.g., providing 2 much smoother suiface upon which to deposit, e. 2., by spin -
casting, the nanocomposite layer, and, its work function matches the valence band of the
_ conducting polymer (P3HT) much better than does ITO, theréby facilitating hole éonduction. :
30 Of course, one may select a variety of different hole conducting layers'dgpending upon the
‘work function of the electrode material that is employed. A non—li_miting example of this
device is shown in FIG 4. The most preferred embodiment of the instant invention is a _
siemico_nductor nanocrystal-polymer solar cell constructed by spin-casting a solution of 90
~ wt.% 7nm by 60nm CdSe na_noro_iis in P3HT onto an ITO glass substrate coated with
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-~ 30 M nbive 8%aThe 28 relitbld Ranplciohhieda Blad fomntsoluflu@acivooGyamig e any renai ni ng

‘mai ntal ned at this val ue throughout 't he synthesis
" st oppelnafrysEls- Bor fip perpases obtis i 'Fﬁ’g“‘?%é‘“ﬁéﬁld?fwgd‘ﬁﬁ%weéf%ﬁd by rapidly 30
- cool i ngp% bahd daielystaléMavEthe IO AdABI AxREaligRl HbtnRR thad 26 Qeglides frain - 4 M anhydrous

hexanes, pyridine-coated particles are insoluble in hexanes. Repeatl ng the
pyridine treatnent 10 two to three lines can effectivel yzﬂé’ﬂgﬂgé-’ RBre t han
95 % of the TOPO on the nanocrystal surface with pyridine. CdTe tetTapods
wer e syg}o@gmé d as described in U S. Serial No. 10/301,510, filed
Novenbe ,2002, currently pending, substantially RCTAHBRE.  cadni um
oxi de (CdO) (99.99+ %9, Tellurium (Te) (99.8 9% 200 nesh), and

tri- | ne. oxi P 15 or re purchased from
A o Ry AU e R iR R A ot R o G050 s

pur chas?édmf»‘i lamr@dyli‘ﬁcnl_dbmm@@rai H$§nm inside anTieitowioyphpholfppinge (TOP) (90 %9  was
purc ha%?één fﬁ[t@maﬁarlﬁf)athe &:leh C!ﬁ?glll V&Eﬁeﬁs (}Jﬁe%e cﬁolﬂl%%&%ﬁmuﬂur chased from

Al drich, and used w thout urt her fIC Al'l" ‘mani pul ations were

‘per f or PEYerReNti0-&Y andchs il fagior 1s¥]6,r]-g@ 232 Eqy lﬁiaa’éi@é’ devigse 'Y/ Te nol ar rati o was

varised nioﬁeumoilmc]potvdc&wammmdmanaeis 65 RP ARk @briedOverplevo Was varied from 1:2
to 1:5. The Te rsor, sol ution was prepared by gff_ssolw ng tellurium
IRETE was stirred for

i nsol UW%%?C&%@%%C“&%&%I synthesis of CdTe tetrapods, a mixture

of assed at 120 'C for 20 nminutes in a 50 n
t hr ee- neck If b@ﬁikrwrbpdnmttéd!etmelalot.|am1@nt©bmd®m3errductmnamst% heated sl owy

undﬁr Srosy 91‘3 'ﬁlm Méﬁegféﬂ @?ﬁmm&ﬁ%ﬁ?ﬁ&ﬂ e&tgﬁa! §1 ?ﬁjéﬁ?eﬂt didkle Ehed cl ear and

colorl ess. trioct was added and the

't enper HIFM@IM!& #WF"P%IP thogecnf gfédaw 9‘01312@16 ags, Tlmfietimludﬁ pidt thatcdre. Te: TOP pr ecur sor

sol ut i pRdMes él&hﬁﬁtn%gnegéjﬁéfdgloysmt&hﬂxgmﬁ&nﬁﬁ{c%&rugcd%Q%QﬁQ tgt ﬁé5eT %?ews. :
Sy ses -

toI en the flask, and the dispersion was transferred to an
gry@%ﬁ"ﬁﬁ%’gﬁﬁil’lrﬁ"ﬂﬁ?ﬂeamunt of anhydrous nethanol, which was used to

pr eci pEspatigentshe nanocrystal particles after centri fugatl on, was added to-

:)Egsglhzﬁ:: :I'Iﬂp abO\le%esth[%,l\lgn m}{umb%%%se e(rl;:;blot%fn%ngsrof rB]g %e?:s;tlmﬂ |1r;[v€ca'ttJ rg Qestaal];)ef, Egt g; t he

pr eci phereip. esmwmreetﬂﬂofﬂm aMQ@fshod@@msare Sﬁ@neﬂk@&mBBIP@ﬂhUSOBI 08624 di ssol ved

St ce foiind SR ROGH tle SrsRb SFbitioh 8k Bk ﬁenw%ﬁbw%a ﬁfghﬁ% rermv' ng the

super nat ant, the firnal precipitate was stored in.t resul ting
Cd#e tdlorolomBauxtier e readily sol uble in sol vents such as chI orof orm or
toluene. Exanple 1. According faeone enbodi ment of the invention,

phot-ovol taic devices were 5 fabricated fromspin casting a solution of

--CdSe nanocrystals and P3HT in a'-pyAri di ne- chl orof orm sol vent m.xture onto

" an | Tateafsed §hamerySaID] nhwogsENder | lheaf  at W81 er €], Reference |- ...
K | loading, wt | size, nm _ | material/polymer | mixture amount, : :

% _ - ‘ R | vol %
90 . 7x7 CdSe/P3HT pychlor. | 100 FIG 4

190 9x13 CdSe/P3HT ~ |[pyr/chlor  |0-20 FIG 6

{90 [3x100 CdSe/P3HT | pyrichior |12
90 7x60 CdSe/P3HT pyrichlor | 4
0-95 . 13x60 CdSe/P3HT pyr/chlor FIG 8
60 110x10 CdSe/P3HT pyr/chlor . FIG 14
40 1 7x60 CdSe/P3HT pyr/chlor ‘ FIG 15.




punpi ng for 12 hours under <10-6 nbaT and evaporating al um numon top to
obtain the structure depicted in FIG 2. Exanple 2. a. NZEASwOYsi2906

Synt hesi s: Accordi ng to anot her enbodi nent of the invention |long 10 CdSe
nanorod 0?1 g’%@T (90 wt % CdSe) were synthesized as follows: Cd stock: 0.161
g of r?e i dmiurn was dissolved in 0.34 g of ttFEECSPEBBEphi ne (TOP).
. Se stock 0. 2 g of Se in 2.367 g of TOP was dissolved. In a three neck
flask, 3.536ng, iy HQER [ g of

bexyl phosphon, (ﬂz&flé’ Q@s&;ﬁ/ﬂﬂg 19%&@0! ﬁoﬁ&gan ééﬁ@ rccﬁf(_s)osr% (ZJnl ¢ acid (TDPA)
wer e m’%B‘g"eC?Wlsgngrﬁaﬂymfg'oﬁﬂghq%éﬁd%(ﬁ P ‘é%“é@ﬂ ender argon to 360C. Cd 15

st ock vascrgghoyphivie anajsmrtaefaumstdnmoamosbmmaélaawﬁ&sy@&m &wo@@l to 330C the Se

stock wa i nject |on was allo roceed at 290C
for m%ﬁﬁrt‘es Pd?%‘hal ‘g“rﬁgg{o 4-5\%33 %8’6" gy %‘(’1" S%fbglﬂf %5 m_ of net hanol
was éddlé‘»ﬂﬁ' tTthe tebwverbd msdoct whhdispaised and easmshreeoﬁm:t fninfeth@aul maaﬁva he super nat ant
_V\B.S dl @e'ésdsﬁﬂ cta§l dmé) C&H?Ll%g@ggaﬂocgugsthl'gl%qOVﬁ ce)I’SIFII‘%FlaIEl L‘IgE m t%?gal n Cent rl que

dlscar I'ng the superna ra rep sh indiumfin
- oxi de (synimyis efnanpircals wassiedomplisheddsy di&gplwnsdmmmmlcsomp)mdmaamler| es of solvents.
. After tsti%afukzﬂ%c:ﬁ@&dﬁ%cx%@ssthﬂsﬁbﬁ@@oa%ﬁ éeqﬁ?&@glalk E}E?&l}blu hem into a

precl eaned plasma chanber. Treat t a plasma fm4
M nut e XS, RYGEHRE-ceated RIdiclspgRpinwliblg freheyas tihg @mr)trid@e Eﬁ&wb@r begi n

- deppBi trveon uide tmbFRk Tifeavely Piplabd G Efanl 95 O BRYVIVIPOon BleSGILQRIC gr ade). DEpOSit
PEDOT,.;%? bip/’ %)ln 25 casting at 3000 rpns after filtefing through a 0.2
m cron WYYl or . Dry the filnms by heating under fl owi ng. argon. for

‘ogehgf)]lcjraﬁt ¢m@n@d5w@ﬁm¢sﬁe@d;g¢gaﬂabmms E}rm1mked0fg¢1q1?r]gmhgzl ;ﬁﬁ gang; ?gZd
A 1. I fug I's -
the supsr n%@ﬂ%ﬁ"gﬁé’ﬁ@%@ﬂ S{“H’faby ?f?‘ﬂ]@’«‘é’% 2 ’Qﬁ‘ﬁl"ﬁ'de Bkd 0.35 niL of S

S pyri di 889900 % delhuriiva (Te) (988 6, 20ahests, ahde- mtyﬁihﬁﬂl‘iine heriEsEstor20C and: 30

occ Si e ita of hexane for each |
pﬁ(tﬂJrc%/? %‘%e‘ta&géﬁ%h%?({s%%? ﬁ%&t 'hé)&as e E’oé“r'l:tac'd gﬁé g%ﬂ?g& "the nanorods in
a c hl oPE’F’érﬂ?ﬁﬁWﬁ Rbrahesed fgnx ©yrad-abdraigricd I@/walphhsmuet@()@l {(8e%p concentration.

of 83 AN nts §ke. n . ssol ved
regi org%qﬁlg?md (3- %ﬁ@ﬁ"ﬁﬂ%% %ﬁ%d ‘%{)&éﬁ@ﬁg{ h“%%ﬁ’: 'J(i)llrj@C o?hm at 30 ng/ni.

- Used t H”l “’%'I?PU‘E‘Y %‘H hes pRaificHgn. éﬂwwpﬁ%e@rwwﬁmmm seelagiron 28 21 August
- .2006 W 18541035, GBSCHETh & 010 WG Al 1FoREr: Mo 3R 0ME Ine lCU/OIPARRZ @ COsol ution of
ﬁr o% and ngéprfgé@d?hlj“ of o%ggfgémq%égg m x%ugle ]\cn th a 9:1 mass ratio
an BFPaB budisgVigg/ i From this
s oI uti tem;nuspbwﬂecxaﬁ'()f’ gobdahtratidn df e n‘rw:%)pmﬁmﬁ wasidiiskd RE® (see U above) at
- (]:-ﬁggbr Bﬂht@s d'n Eoeé [h no coglecpa%g %)ésnh}ftllgoeg' io rel?n%g'e z?ny retmgﬁnng?'naub c;s palrnrcl:}eg an evapor atlon
Ina typ:cat synthesis of CdTe tetrapods a mixture of ODPA, TOPO, and CdO was degassed '
¢ at120°C for 20 minutes in 50 ml three-neck flask connccted 1o a Liebig 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 temperature 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 anhydrdus 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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5 allowed themto pu under vacuum for at |east 8 hours, reaching a
pressure bel ow 10- 2 '[rgrr Thermal |y deposited an al um n U Aygust 2006
approximately 100 nmthick through a shadow mask to define the top

el ectrog%s m@é?srrpl e 3: CdTe tetrapods in P3HT CdTe tetrﬁgod nanocrystal S
havi ng core dnd 4 arns of approximtely 80nmin Ieﬁ' f: _
synt hesi zed then washed with several dissoludon/precipitation steps I n

t et r ahy dissolvestaae fo ToHiche anarecbretphwdaﬁmtn@mol T!(mr RABAsI¥st al s were then

odi sso e or Wi th t n hosphoni ¢ acid
gndI ?lea‘lt;u ﬁgmlt"pglggrﬁﬂ eﬁlpl%&’f S??m% nb‘é?rél?m h'é)]E §“hg’ ggT"ng E%ygfeal s were then
" preci patﬁ@ftlléwlwetimstﬂmtmﬁtﬂsclamfomemhtcsm ved in chloroform 15 The nanocrym
sol uti %aﬁﬁln)\%&dmy&oﬁ]e @nﬂg&im}t gﬂhé"&wegtm)n ﬁ\%ﬁ% :ecgs e exanpl e 2 and spin

cast _to create thin filns. Substrates an des’ Wer e processed as in
exanpl e @Ca‘W@"EQEC%S&PHPe“’]PW of GiSs nanperpydtals ﬂﬂd\ﬁ@ﬂlessmdn‘an 10% Exanpl e 4:
CdTe t edhloRp@EiSoltet MBHE o&gamﬁ%o:h&tg'i@s@@ﬁ%@ﬁ{d& PRA ed and washed with

“tol and exanple 3 (wth TBF -and et hyl acetate). The
- ngnggpye/pé'wgﬂ“%%‘(ewﬁﬁ? %dg ?%P@Wﬁéﬁ"%&%ﬁl%&ﬂ‘?@%&ﬁt 2 nil sol vent

chl or ofsonamre depicdad ialpuE2. 1000 i ng of |igand hexyl phospbonic acid (HPA) and

h t of th eurefollovved exanpl e 3.
The. ECRSBEE YRSR-pRELS Russis REqHEE b aluet siBmes SheeIBke 5. CdTe
t et tpddiSe vanorp MTPIHTEH A SACdSs vier s@d&mﬂdes #llosutd saalticticopaf | y czib s?]ol ved
[ t h | 0 ours
theri aMELﬁLﬁn \M&d‘SEdI\Qﬁ:ﬂWﬁ %Ptg ty'i'p?:ﬁs mef@l’gg séta:tk éagﬁf%xarrpl e 3. The ECE

before preC| pitati Ranor: a
val ue fibt ft7I3|°§T%Yﬁ§Id§S°Jm¢ lhewemMﬂasjsOQ/é36g3lﬂ)trﬁmalpmSmnﬁ oxi@elTe tetrapods in

MEH- PPYF@‘(?QB@@' élshek 1 h@&ﬁﬁ&ﬂi&'a@d ﬁiPAgl“!ltndé%'g%é&ée%ﬁ%ﬂlgﬂgx?{:ym al's in sol vent

p-xyl-en ter |na rret anol r tati e thus will have a
the Ii ﬁﬁféﬁwﬁh&bwawrfcwaah%d arrdrdegy@ppré upgerangon i zsﬁﬁfioder\uvHr PPV in -

p- Xl ell@ﬁk\iﬁb&o&l?injizctﬁd Eﬂan m@@mﬁb?ﬂlﬂgfv?{s%\ﬁ]reﬁ 1PRAC s sil6@vbe  cast blend int o
films as. Xxa 21 Auqust 2006 WO 03/ 081683 PCT/ US03/ 08624

Exanpl éapL? §gp ﬁ?ﬁFtB’Bé"a‘? RopsiiaPrpreett efCAe 1F minieathpt be oexcept the |igand

pyr.i-di mes reaeved eAtHeM| e ds i bimdthalel by @Bddiid¥Be Msk. NFhe mixture was
centrifuged and the supernatant was discarded. 8 mL of methanol was added, vortex, then
- again centrifuge, discarding the supematant. | | _
.20 .~ b. Substrate Preparation: Wash indium tin oxide (ITO) on glass substrates by
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 -casting 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 8mL 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 Dissolved regioregular poly(3-hexylthiophene) (P3HT)

. in chloroform at 30 mg/mL. Used this solution and the above described nanorod solution
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hexyl am ne in every step. Exarfpl e 8. CdSe nanorods in P3HT 5 Proceed as in
exanpl e 4, but repiace CdTe nanocrystals with CdSe nanocy#ugret 2008 o
replace BPA with Tl for use as the ligands. Exanple 9: CdSe or CdTe

nanocry i.p, P3HT Proceed as in exanple 8 with ei or CdTe
nanocr ysta:@{ng Repl ace HPA with T5-PA 10 Characteri z%??@ﬁ&zoﬁﬁéanpl es.

Nanocrystal size, norphol ogy and structure were neasured by TEM usi ng a FEi
Tecnai 1e M204v9) irprepacescroitionldiingofodd 448 PIHT i0d SQorB3kipyriamgi or egul ar P3HT from

Al drich) . ' I =10 hi ck were investigated using TEM
by cast %r?\xgt;“ rg‘!‘"?ﬁcb?ln %%P{aa%ﬁaq%[&ﬁéo\?m%&%? Bﬁ%‘ﬂ’?&ﬂﬁa”%‘g 4f5? W?"ﬁh wat er and
pi cki ngFiom tkipsolutionhspin caes p hért filWEVE peiackd substaate & Habeh)d 6359 of. t he bl end fil ns

was al so charm&h&k DEsRindh Tk e O fé&\{&&?&@/&@ﬁ&%&?aJdorCe m croscopy in
t appi_ng node using a Nanoscog; I\/B'Prom Dgita nstrunments. Film
t hi cRne¥O¥Ed Uizt 8 PefeR BESH vRREEM (AT 8t leagt Rhourn esaghing e ppstsbusbelof 1€ Hem.Cd Sc- P3HT bl end

~ il s watentily epositeRs abinifimdit, Agtckiely 160G RIR RPN Mok
spectroBI&gftnoiEe?er. Phot ocurrent neasurenents were conpleted using a 20 250
vttt ungErENC PR Sur ce coupled to an Acton SP150 nonochromator as an

i 11 um nEtainplp 3: GifeneepodsridPIMTKei t hl ey 236 Source Measure Unit to obtain
current e. e.light Jintensity was asured with a calibrated
e asebyC@?%uX%Baﬁﬁasggﬁ%‘a"éag:ﬁﬁg’fdodlnaﬂﬂﬁ %8@%@%&“@5’%"*%& Weriments were
- conpP et wothesinedderSevaghad-Witf severab digbluticnipieciginé assich O+ drmragTAF)cast  on gl ass
substr af,g@smylabife @bsol ut e phot ol um nescence of the 25 sanple under

- excitatjonat 514 nin froman argon ion |aser was neasured wth an .
i nt egr afe Agocrslisier tep codisml ved intshizenhehidnfermdeaireilliped by deMel | o et al , Adv.

Mai er. -p]!&l?l}hosﬁm%@gﬁd'dnhﬁea@ﬁgéaﬁmﬁff se?erﬁrﬂ%%?vo' taic device can be

descrihed in two ways, see Rost . Energy Maier. Sol. Cells 61, a
- 87- (20005 Manegstal g dhep Brecipatalid it methasoksed efissolvebo eljarefamed by  reference in
| t S1%2NtThE Rinyerystal sBlufidnivid mixed Mt HITAE Solfich h&doQRBAn LBRpIEXERIRRI quantum '

ef fici ecglsgt\éc‘BOt ‘QIE%]% whi ch expresses the nunber of photons that are
conver t7&d 6 el'&"ons. The second is a power conversion efficiency, which

st at es Shiptaterundricetraies wiremboeBai/. in dx@nply 0 URLEERE ARE for Bistsampdd | NCi dent

- radi at i8R0 es A though the EQE is inportant to understand the nechani sims
~of current generation, it is rarely given as neasure of the efficiency of

a commEraniplgld: GHlespuapeds in PSHBO 21 August 2006 WO 03/ 081683 PCT/ US03/ 08624

2/?;;'@0: gﬁ%"l@%?ﬁd? tﬁgé synthESRd 53 WIRES S 10105 heleGSettaor Ilsqg BRpES CO nvér sion
~(with 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% A "
. Example 5: Cd¥e 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 ﬁanocrystals in soivent p-‘kyl__ene 'afier final methanol -
| precipita_tion. This example thus will have the ligand phénylphosphohic acid. |
Prepare 2 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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devi ce under solar conditions. For comrercial applicati ons t he nost

i nportant paraneter is the power conversion efficiency Ugét'sb?ﬂﬂﬁovol taic
cell. Since electrical power is a product of the current and 5 voltage, the
power c %@ #%n efficiency is determned from msasurlﬁﬁ the current as a
functio 8Pt age. The power conversion efficiency PEXNSEE@4pr essed in
terns of the power of the incom ng Iight Pligh, and the el ectrical output

power FEx,amplgf; ddbg]aq;@bclsmmr Pfilh, V) 'ne maxi mumtheoretical power output
i i t he short circuit 10 photocurrent |I,, and the

is glv t he duct of
open ci dtas {P(‘J’T‘“?’E’ge o oeept thedjepnd pyridays Gancbe ptared it "‘bﬂgﬁl’“"éﬂrd' atypical I- V
curve floxaniexpetiyseptal |y. ne area of the inner rectangle corresponds to

the maxi, f the real device (at the maxi num power point),
wher eas ]eg(adg&"%?or?‘ﬁm%g?er rectangl e formed by the axes and the i deal

I'N cur esocked ap wiangledniout teplade g Tamandorystals wileGdSe nanotrpastls. power . Real
charactgg éBlbc@?{Pﬂr\&th‘ﬂ‘FoYﬁ a@tgghéé\ﬁ%have to maxim ze the product of 15

“current_ and tage in order t tain the maxi mum power output. The ratio
- bet weeExapRle 9: fgSeionfrATermeeswEe @XPHpPower output and the actual maxi mum power
- out put Prdeecals ih ggag,bk@r‘u,me,ﬁ@ﬂt;dgg@,(gafre;,ahgmts{y]schar acteristics. This ratio is

cal | edR@t\] yf' factor FF and can be defined as max 11(V('?)) - V(A)
FF(, ?) Replerebp with THpA_ If we express the maxi mum output power of a

photoov dhiradigizdied ¢f SusplEg the fill fact or, the 20 power conversion

ef ficiency ,beco A 4911, (-A) A large amount

of i nformat Sﬁwf'glssgﬁﬁﬁkoﬁhﬂ%@’ ‘\Rﬁgfnl)’iftf‘fe "%ﬁ“’&‘%ty%? &I of a device. The
‘& is pﬂ“@qnmrmilmhukmdmcdphehﬁcﬂﬁnmddmmwgumgnhr ij*ﬁbm Aldidt) FF, it provides -
al | thglgn#%@%a%‘ 5011661 gwtr(ggw?] aeﬁtusenltl If { oenfafl ci ency of the

cel | Fhvent1on descri e n e at” photovol tai.c
cell's HeSldRivindow, floatag the fi hlamefaarqnd)mngomwemsmmneré‘ﬂﬁ gidefey of at | east

gr egt anonF&x%h% ot K8 Blerleilrrls whs Qk&tﬂé’rkctén%édkii}%cﬂgw nﬁ@ices MOlidHel er abl y the amount

is greate an 5 % Even nore era e anount is greater than 10 %
Mbst pPETAEFeabInePRiReMedenEipg 2 W%’Oﬁﬁﬁt?eﬂ@ fpep DigitdiseropsieFilBonver si on efficiency

can bemghmwm[mﬁpgmﬁmmtl c or white light 30 illum nation.

- -Monochr oma convg %I on effijciencies are not sufficient to
- charact eri eabg)ﬂmon of the CdSe-P3HT blend fi lms was determined with an.Aglent

- Chemstation UV/Vis spectrophotometer. Photocurrcnt measurements were completed usmg 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 vtfith a calibrated Graseby silicon photo«_iiode. | |
Photoluminescence quenching exp‘erirr_tems'.'_\.fvere completed on CdSe-P3HT films of -
_ thickness 100-200 nm spin cast on gtass 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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21 August 2006 WO 03/081683 PCTI US03/ 08624 a solar cell but are a neasure
of the performance of the device at a specific mavelengt%?A#ﬁW§zop§ usef ul
for the case that the device is intended for use under conditions other

t han so ch as in small electronic devices and_watches which function
under aﬁ@*%ﬁ?ﬁg%on1lighting or as a power neter foergéé?ﬁ$§%iation. The
standardgpnthod of. characterizing a solar cell i? ) ungﬁr Air Mass 1.5 or
AMI1.5 8??&‘?’1?‘1”6}5?‘?’%{1“’“&“%%' SiEHs p Bt AN TSI P H P P ng 1.5 ti nes

t hrough ddviee medsblarzomiitiemssphere). This solar illumnation is generally

si mul at ed, ag St andarld ]iéﬁmséhSmc?ndi itons ar e %@%ffi cct{)lll‘;erstoo obtain reliably
due to non-i d&aP™REEY AR con |ff|%sn'§".p°'§7m PRREF R PRITEO8ET®s si ons whi ch
have beesffigamgy pyfaghdiewidicrehSicedadica pove isuprahict otibsarrenptidon and not of
limtati here | | tion tp the use.of such terns and 10

expr oo IRt ferkin Al S8beBhe) Pord B RE 0P e, “ana descr i bed,

. or port i resion ¢feplaed. The foweriserivengion effcigny vas bie expetsediatamou thewelvdri cat i ons are

" possi bl oMo & o C 281 | i pgred. Moreover, any one or

: nDre'feggﬁ%gg&g?é§%§ﬁﬁﬁﬁgg?E%%?sg?H%ﬁgkkﬁgéﬂﬁ#%ﬁnﬁay be conbined with any

- one or nore other featurgﬁipifhﬁﬁ ot her enbodi nent of the invention,

wi t hout departing fromthe scgpdiof the invention. is Al patents, patent
applications, and publications nmentigned above are herein_ incorporated by
‘reference i nThefgrimup thepreticelpoyggoutaptis givep bptbe producinf e ghoteiithat ent s, pat ent
-appl i@ atphowarrer fCanid tho bpef Sitduid isitagEEM], IFFOSLsha 860 i igaPhilih iybie4l 1t 0 be pri or

art. 32 21 Ag'uit 2006 W) 03/ 0%683 PCT/ US03/ 08824 VHAT, IIS CLAIMED IL.S: I A
thin filhf"¢ %‘ﬂ Prpprpntally- oS ﬁ@?ﬁf%m%&#%ﬁf’ﬁﬁa%“ HO U5 having at |east -
"5 wt % s ewipoipoderof the realidevive ¢at the iratisue phad deint), vha@eae tha arenblelieantat - at [ east a =
portion h ﬁéxy ct.aT-nanqerystal s haye an aspect ratio greater than
5 about r%ftanée ?Q'FE%MY [ rare?? d%’eé e%gﬁg‘fuﬁeis,eqm aéerngﬁoﬁh At 'é'é(%fl a portion of the:
ser ni comdipetpowernBeabEY ylstagtersstitsavesuered aud pe bave toataxmigriggra@nctohan  about 5. 3.
'The. Hﬂ“ mfrénle{’lqldgttlta%a| 15"&%%{1 bWﬂ]etﬁqunzgnm oﬁgr Juﬁﬁé.t'lh@ralpo%emegrpm f-the

0
seni conduct or - nanocrystal s have an aspect ratio greater than about 10.
. ‘maximum theoretical power output and the actual maximum power output is an important - ,

feature of the I-V characteristics. This ratio is called the fill factor FF and can be defined as.
| max {1(7(2))-7 (D} |

== 7w

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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4. The thin filmof claim1l1l, wherein: at |east a portion of the

senm conduct or - nanocrystal s have an aspect ratio of betwedd AugHsha00§ and
about 50. 15'5. The thin filmof claim1, wherein: at |east a portion of

t he sen;,'a,gJ or - nanocrystal s have an aspect ratio t ween about 2 and
about 1 gﬂ e thin filmof claim1, wherein: the gg?@% {‘?ﬁq}étl ng

conj ugat ed pol yner has between about 5 and about 99 wt % of 20

sem condswit ail bnareareysteal e parfosthdedf thh @rviee i .a sﬁemf‘&'{»&veteh@tm Thisl m of claim1,
wher ei ni; JLRESR loig 5 q r_h en about 20 and 95
wt % selrsnucon c??egﬁagﬁlgcr sta éude eg‘ge'@g %gﬁg?sﬁﬁ’cﬁg "fRe thin filmof claim
1, wher®Fhps lwatl H@HQW%@%G%W%@ worhjfergimaddepahbjomerooh sightibgt ween about 50

and 95 wfas/epcwme@&rbdugér%ammrﬁxmln&m%mgﬂﬁ@na s%lanceu% The thin film
of claim1, ei n: the sem conducting conjugate ]oo ymer has about 90 wt %

seni Eon‘ﬂ‘ﬂ?ff“&r“asﬁ’a%%cqu\ﬂétséP%d“@ﬁﬂé‘HcFéﬂ”sf‘ﬂ'éﬁpﬁ“ﬁn aft Ua\glingfivdimeRi n fi | m of. cl ai m
1, wheriotigh tﬁemanlsﬁrmspma;iumslsmg xmmamgag Rfkr9 kdiRied s siglaasen from the group

 potyani et BRt SE8Y B Bael DY huieonBeR "W 0s os16ss

PCT[ US03/ 08B4enpdny (:mqsdmm yhmnmwbmydn@teamrepakeykédw reamas, pol yaromatic
2 e qeRfibabh Mo SV By, MW P10 BieiRE ind lé&'g sucﬂ%! nd i ves Qg[]eﬂ - tthhe
“gr ot @émlgllsmﬁg{cm:ng qouival¢nms-ofithe Featusps @owﬁand descnbed or pomons thereof, ‘
i e T L
seni corfitimed dMarpparigBY grsonmere &stviss pley srehodimprt of thejnventienmemy e of greater t han

- about  2@biRwitdh Bhy b or Mo ditld Rarhrbd IR ol ibBRirhent WHR ip¥ehion! NE
_ _sem (;ond[HDut r-nanocrystal s_conpri se-rods havi ng a |'ength’ of bet ween about

eparting from the scope of the invention. .
15 - Al patents, patent applications, and publications menuoned 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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m and about 200 am 14. T he thin filmof claim13, wherein: the

sem conduct or - nanocrystal s conprise rods having a Iength26f L@H?Wé’@ﬁ about
60 15 nmand about I 10 nm 15. The thin filmof claim1, wherein: the
sem con nocrystal S conprise rods that are ab X 60 turn.
16. Thew{ﬁ m of claim1, wherein: the serni cond&%&&%oszﬂg]%cr ystal s
conprise a sem conduct or sel ect ed fromthe group 20 consisting of G oup

H VI, Owveap 1 ElAaMED3soup TV sem conductors and tertiary chal copyrites. 17.

The th| D filmof. ¢claim16, wherein: the sem conductor-nanocrystals are

sel ect ed fronﬁt“ﬂ%ﬁ&&ﬂﬁ’ ¥si sting of CdSe, CdTe, InP, GaAs, Cul nS2,
Cul nSe2, Al GmAgondurdaAsnjugied @lydeSiayinglDleast hi@t% emivobdubion of cl ai m 11 wherein

t he sem con sel ected fromthe group consisting of
CdSe and Cg&#ﬁ&ﬁ%@%ﬁ%ﬁédx% ?h‘?gﬁof claim1l1l, wherein: a portion of the
sem conduct@ﬂﬁaﬁan@emﬂﬁf’aﬁ@ll@ﬂ@clm@n@crve@shmatasaﬂs'tratiosgreate@banzo The thin film

of cfaim 193b0yy+Qere| n: a portion of the branched nanocrystals have at | east

~two arns, arms are not all the sane length. 21. The thin film of
- claim ., \/\he?’éfhﬂ‘“’f‘ﬁéc’%‘i“éﬂ‘&}ﬁ@ﬂ nanocrystals do not all have the same
- shape. 34 atlead\l§didn o2 O Emicdhdubio BB HRs Wﬁrﬁéﬁﬁ&lrﬂ%@%ﬂaﬂaﬂ The thin film of

claim19, erein: the branched nanocrystals have 4 arns and have a
tetrahedralagv try. 23. The thin filmof claim22, wherein: the branched

“:nanocr \ist al s Tae sindili bidlainod.Sehewin: CdTe and are enbedded in an anount of 5

fllmhas a

~ aboyj 90 w24, The. of
t hi HLness af( ?S% 3 portiqn of ?ﬁmcom;"%'“ta“%gals hav%a" alafbm"f“oﬁf@t 25. The thin

film of cl cabput 22 vvherel n: the fil m has a th| ckness of about 200 nm

4. The thin film of claim 1, wherein: _
_ at Jeast a portion of the semiconducior-nanocrystals have an aspect ratio of between 7

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..'
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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 | tai c device of claim?26, 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_% a,?ééiﬁ]devf'cnggé%lgl aim §6§oﬁhe¥%‘?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
the sem conglléct L ng cog_'klu Sathe%lmqgl mer has . het vivan ébn(]) L 55_and about 99 wt %
of sem condG&PHENHAERFYLSPL TEREE FERLPTUPES n'PORE MREY 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 photovol tai c device of claim26, wherein: the sem conducting

. conj ugak?ed polhythnfilmadcledwdeninabout 50 and 95 wt % _ . |
-sem conduct @ sRAIRREY ST s A8ods NEkfR I RneRar erch3fthNIBbRVOl 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 mebhadneds ddet 8imBrein35. The photovol taic device of claim 26,
wherein: the sem conducting conjugated polynmer is chosen_fromthe group
“consi st i'ng 'BF FAHEOPROGRIALOPITE Fdg hav Fi}ﬂ%’??fchc‘é@?“ W44 hi ophenes,
poJyani | i nesy andabor( Wopkenyl ene) s and pol y(p- phenyl ene-vinyl ene)s,

pol yf | ugr enes,, pol.yaromat i nni nes, pol y(thienyl ene- vinyl ene)s and
sol ubl (Lajlg'deri \5/12%?,{}, Pﬁcéal’"ég.w 98" The photovol taic device of claim 35,

wher ei n: . the semiconductor-nanocrystals comprise rods having a length of between about 60
15 nm and about 110 nm. '
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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t he conjugated polyner is chosen fromthe group consisting of
(pol y(2- met boxy5- 10 (2'-cdiyl bexyl oxy) p- phenyl enevi nyl erie)Ayqushgdbpy) and
pol y(3-hexyl t hi ophene, (P3HT). 37. The photovoltaic device of claim 26,

wher ei old rni conduct or - nanocrystalls conprise r a length of
gr eat e?wt hgﬁ81§§out 20 m. 15 38. The photovoltaic dgeflygﬂ%}éim | ai m 26,

wherein: _the sem conductqr-nanocrystal s conprise rods having a | ength of

bet ween Zbout D6 HiHHMRLARA&NPeB0 m. 39, The photovol taic device of claim
38, wherein: mbhencs@irﬂaﬁcﬁ@ndmhmaﬂaammme&mm&dﬁmmmbtge rods having a |l ength
of betwegn ab\c;ﬂ't 160 2? t,and about | 10 urn. 40. Ile photovoltaic device
of cl ai % iy fijm of glaim sém “8Rduct or - nanocrystal s conprise rods that are
about 7 nm x th6b@nched. nanodestalThreciphér@idSye|Cdad and e vmigedded fin aplampwnt 86, wherei n: the
sem cgnduct of- B?H&?,}ystal s conprise a sem conductor selected fromthe group
25 consisting o H VI G oup MV, Goup YV sem conductors and
tertiary24 chal%ﬁmﬁlmeédalmi,“'hﬁ?@ phot ovol tai ¢ devi ce of claim 41, wherein:

“the seniiconguglOhs mmﬁgs%&aﬁ ShoRBmSBLL & b £b‘3£‘€'3"5ﬂ5‘1%n group consisting of
. CdSe, CdTe, InP, GaAs, CulnS2, CulnSe2, Al G@aAs GAs, Ge. and Si. 30 43.

71e phot®vol téﬁhetbd’eﬂ}?‘egdﬁ’f’z%l‘”é‘ﬁﬁ‘PZG wher ei n: the
"sem conduct oihena,n@g:gmﬁm,agssf@f,ﬁmﬁh@ct ed fromthe group consisting of CdSe

and _CdTe. dh’-lg‘f’ (Hhot ovol tai c. device of claim 26, wherein: a portion of
the 4%) 38 con BYlAis AGSPAFEPRP WS ar e branched nanocr ystals. 36 21 August
2006 WO 03/ @8 HiBBmBCHi303108624 45. The phot ovol tai c device of claim 44,
oo d arril ar o VAT TabAE S g 2hot {ﬁ%@‘ﬁﬁéys%ﬁ'espﬂitvivif (ai o device of ol aim
-~ "44, wher ei n: atBagt hmnhnnaﬁﬂnhsdncnmdwmrmmafbtsls bive mospeal rhtictgepater thine same s hape.
.4l The phot gvaltai c deV| ce of cl aim 44, V\,her e| n: .
15 28. The photovoftalc 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.
30. The photovoltaic device of claim 26, whcrem
:at least a portion of the sem:conduc_tpr—nanocrystals have an aspect ratio of between
~ about 2 and about 10. - ‘
31,  The photovo}talc device of claim 26, wherein: .
25 . the semiconducting conjugated polymer has between about 5 and about 99 wt% of -
‘ L semiconductor-nanocrystals embedded therein.
32, 'The photovoltaic device of c]aim."2'6,'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 have 4 arns and have a tetrahedral symmetry. 49.
The photovol taic device of claim47, wherein: the branch@d AgH830P6t al s are
ei ther CdSe or CdTe and are enbedded in an amount of 10 about 90 wt% 49.
The pho VB device of claim 26, wherein: the fi t hi ckness of
firom algg)ut}%lr%%s?n about 100 run to about 350 run. Pa:}ﬁg%ﬁﬁg{*ovol taic
.device of claim49, wherein: the filmhas a thi ckness of about 200 run. 15
51. A pl’OCeﬂlsseﬁﬁcomkﬁn@gorﬁ\lgﬁl&Jle}ﬂfeiKas tabdu 96 Wi RemREMEESL NY, Washi ng
sur f act ant coat e% Eg% ductor-nanocrystals with a solvent at |east one
time, and coar&SBFFRYCAE Washed seni conduct or-nanocrystals and a
sem COFﬁfUCtI rikhe paloyplaic deviey oficlibm2érwhesial vent m xture, and 20 depositing the
m xt ure. 52 f claim 51,
wher ei n: " ;leég‘;&to ﬂg&%@%&f gstedﬁg}nﬁes%é’%g(lf:% ug% o'% ngsﬁ%%éf;pg?al s have an
 aspett rat i EP‘)QW#E‘ESFPoﬂma’rplesa’sbmozhenﬁmiﬂwbmplpdﬁ:(e@bewiﬁneimnﬂ ng a pol yneric
- thin film ofolygs- ﬁieﬁ?leﬁévm%ﬁfsebd’&ﬂugrénegtpollyﬁgtﬁatuc AniRQ! folyRfieBient-nE ‘
sem conductqr-nanocr stal s have an aspéct ratio-greater than aboutS. 54.
- The process"Bienfipaad ﬁﬂdubéef}saway%ﬁlreaeof hin filmof claimb51, wherein: at |east
a portismn of mhﬁ]o&)amaﬁaaqbdetmmaamgrwstal s have an aspect ratio greater
t han about 10.. 30 5‘:‘1 The(?rgfce of makin %d’ﬁo‘g meric _thin filmof claim
51, wher ei n® Qpugaled Rolymer j5 spgserfromyihe grRup const AYEmelNder yst al s have an
Lasp&kt rati@- adfylhba@ﬂm@)mphenﬂhmuhyl&eﬁ(hﬁﬂamhndS;ﬁbe(Eﬁ:xyliﬁh;@hepé ocess of making a
polymeric Efg%}gﬁf' I mof claim5 1, wherein: 37 21 August 2006 WD 03/081683
'PCTIIJSO3/ at least a portion of the sem conductor-nanocrystals have =
an- aspéét  r affheophofovdiat devismof ciapoed. wiersimd about 10. 57. The process of making
‘a pol yneri ting conj ugat ed :
polymer has et fusbichitte oG Pl sR G R BEAAE
sem conductQBF‘mnanocryst al s enbedded therein. : :

15 38 The photovoltaic device of claim 26, wherein:

the scmiconductor-nano%:rystals 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 sclac[ed from the gronp 'cansisling 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 mé 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 na.r_locrystals. :
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‘polyrreric th |
‘conpr.i se4%. ods Trayphonyoksid devigidf cleiin 20pthaein about 20 nm and about 200 mm. 30

05 The Pr OChERntle IRKLAN RiBRLUIRLEGEIN ol b Bglssgh M 04 whereln: i he

58. The process of making a polyneric thin filmof claimb51, wherein: the
sem conduct i ng conj ugat ed pol yner has between about 20 ard AUk 2206

sem conduct or- nanocrystal s enbedded therein. 59. The process of nmaking a
pol yrner filmof claim51, wherein: 10 the se 1,ng conj ugat ed
pol yrrer“ﬁ)a‘}ssm%et ween about 50 and 95 wt % sem conduct ggﬁgﬁ’@% Jstal s
enbedded therein. 60._ Th rocess of making a polyneric thin filmof claim
51, wher &n: tﬁ@@@ﬁ‘i"%ﬁ%u‘g??fﬁ MEn'bt ed pol ymer has about 90 wt %

sem conduct Ol‘a-poﬂﬁﬂﬁmlie)kﬁdnaleﬁnﬁﬁhﬁd&&dvetah&fsﬁtvﬁlaMS 61. The process of naki ng
a polyneric ‘in fil O]E esa ef” Elhl wherein: the sem conducting conjugated
pol yner is cﬁ% AR 35 0947 el S08P-consi sti ng of trans- pol yacetyl enes,

pol ypyrr éé.es, Pelphtihiotqihdemiesef chiol 4damberdimes, pol y(p- phenyl ene) s and

POl ¥ (B- PhenyeRes bl SAELS do RELHLIHAR SRESupeO! yar omal i ¢ ani nes, |
pol y(t.hi enyl ene- viny and sol ubl e derivatives thereof. 20 62. 7be
process &t nakﬂwg‘h?iovpkﬁl%?lélﬁq‘tfclﬂmﬁ whereiy of cl ai m 61, wherein: the

~conjugat ed P@e¥RRdhed MindchRBS Ravt & R bllitha 8 2R RRNS ndleing  Of (pol y(2- et hoxy5-
(2" -et hy| hexyl oxy?llcé phe %I enevj nyI ene) (NI EH PPV) and

pol y(3- héky! t hihspheteliaic fepeefylaimgid, Whefel: pr ocess of maki ng a pol ymeric thin

~filmof clai febdnchhRials ar25th&ﬂ@8§md¢@ﬁﬂHféteﬂbedaéﬂﬂﬂﬁfa)&@hzﬁbﬁ conpri se rods

havi alen thgcafﬁ?reater t han about 20 nm 64. The process of nmaking a
¥"f claim5. 1, wherein: the sem conduct or - nanocrystal s

sem conductor-nanocr Vi n engt h of bet ween about

60  nm affd aboTJlepflomolnmdeﬁ®oftlhlm4@;\@@@@5 of rrak| ng a poI yneric-thin filmof

claim 51, WhgE Bihas i & e SQRAHELRY - hanocrystal s conprise rods that are
about 7 nm x %g 2 %gﬁ% %ugust r2006 WD 03/ 081683 PCT/ USO3/ 08624 67. The

procéds of nakﬁmgm@s?f@h@}mwmehﬁ thinffilm pamptisied, ai m 51, wherein: the

~sem conduct Oaasﬂﬁg@%{aﬁ@kéﬂ SRIBILGS- rnoe G SIS ORAHGHET 29858RE €d from the gr OUp |

consisting of Goup Il-VI, Goup IIl-V, "Goup IV sem conductors and

tertiary  fimeand

-codissolving the washed semiconductor-nanocrystals 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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|

“of claim 73, wherein: the branche
- are enbeddeli® Fmicepfusiipg conveaisd polymerbes ovesn Fbout 20 B1d SFtwe%pr ocess of making a

chal copyrites. 5 68. The process of making a polyneric thin filmof claim
67, wherein: the sem conductor-nanocrystals are sel ected 2 Ayigrstro0 Sroup
consi st i ng of CdSe, CdTe, InP, GaAs, CulnS2, CulnSe2, Al GAs, |InGaAs, Ge
and Si .“@9% g process of making a poI ynmeric thin f| f ol ai m 51,
wherein: t egigem conduct or-nanocrystals are sel ect ed *f %ﬁ‘?‘?’{"ﬁ@"gr oup
consisting of CdSe and 10 CdTe. 70. The process of making a polyneric thin
filmof claiatidds, poﬂieaeéfemersemlamm&} hBerPalsthe aﬁw&ﬁﬂg%ﬂct%ennanocr ystals are

branched nangcr a%é)s 71. The process of making a polyneric thin film of
claim 70, wAerkrH®2 8rt| on of the branched nanocrystals have at |east two

arns, b sai ’ﬁle@rmssa‘rmkmpipcﬂ@lrﬂenidnﬁf&ﬁﬂ&ldnﬁﬂﬁ'&dﬂemﬁ The process of making
a polynericuthin rei d nanocrystal s do
not all have t ewg%mmg% né"%!ngd meﬁr’ﬁm@e roc%’é’gts ?@R&H é"fool ymeric thin

filmof cl aF%“fPOdUCWP@WmISernthédemmaznmhed nanocrystal s have 4 arms ‘and have

a tet ra@dralm)‘gmwfﬁamgppogﬁ}m ng-glg %gﬁﬁ PhndBking a polymeric thin film

nanocrys al's are either CdSe or CdTe and

polynmeric t&miokdubbrrahocEbdl dbadded WbtShei N: . the filmhas a thickness of from
about fgom abﬁut 100 .nm.to apout 350 nm 25 , 76. The process of making a
pol ymeric t hi He PP S makirespqlypenc dyp Bimsef glain Hewhergith has a t hi ckness of about

-:2001hm  77. ma‘damucprdommg&njnéatmhlyiﬂ@has Heae @bt 60 40dioB whdy| M of cl ai m 51,

wher ei n: ths%mgon%uct sol v ﬁ]seg‘;becéffr e .conprises at |east one sol vent chosen_

fromthe group consistri ‘H?’ﬁe chloroform tolul ene, xylenes,

hexane$0. wat dbe pra@ssaf mikingraphigmare tisy ﬁlnﬁﬂﬂyhmewmhhﬂrl de, an al kyl ami ne,

“wh h b dand is b 2 and
ere the qi,ég\gllr,ecﬁ}ga%,ﬂg%@)é%a Poﬁ%c?‘ﬁﬁ S?todo WEQ sé@g%p%boéﬁ& I?g_ etTvﬁﬁeBr 00228

20 carbons in _
of -maki ng d2gsn§ieenteddedibereini | m of cl ai m 51, wherein: the concentration of-

t heisoi BAry S@he/Sikssd mlikhe 8 pé] about 15 vol % 39 21 .
August 2006 V\dg038/508168§ C%?USO%@G%HB{%] @'gg'process of - making a

pol y mer | c t“f‘ﬁ stmF?npqﬁnEﬁcogp%}e ner {Riskqsest from the group consisting of trans-
polyacetylenes polypyrroles, polylhwphcnes polyamlmes poly(p-phenylene)s and

poly(p-phenylene-vinylene)s, polyfluorenes, polyaromatic amines, poly(thienylene- |
| 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 cla.im_' 64, wherein:
_the semiconductor-nanocrystals comprise rods havfng a ]ehgth of 'bétwcen 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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the concentration of the binary solvent mxture is between about 4 and
about 12 vol % 80. The process of nmaking a polyneric t hidd A4yqust H06c| ai m
79, wherein: the concentration of the binary solvent m xture is about 8

vol % Syl process of making a polynmeric thin fi] laim77,
s red i

wher ei n: I nary solvent mxture conprises pyridi oroform 82.

The process of. _makin ol ric thin film | ai m 51, wherein: the
deposi tegft hi nT’?"iPr%?S?%‘a"F?g’ﬁﬁ %gfﬁ%{?méﬂ’f"eﬂﬂgtﬂ"f"i’]SL wg'f"re‘f"rom about 60 *C to about
200 ' C.  83. tiEkemipmdcesmnofystakomgisaa paicymipeorcelécked fromithergrasp cl ai m 82,
wherein: 10 . ' It bl L] ature of from
about 80 *C %gnglgglgﬁfégf%gg#a@ﬁm %lh%erogr@ﬁsgégg"g?%n@l?%g}g polynmeric thin
filmof clai ehBgpynigherein: the deposited thin fil mis heated at a _
tenpegat gy € of naboydlss dialikifg a pddrneriémBY MG 653k b7, WRktLiRg a pbotoactive thin
film conprising: dispersing sem conductor-nanocrystals in a sem conducting
~conj ugat ed p8weyirisongugtor-mBocn{EEls prg gelagted Grm e BronRFBEFPE PEIdSEonposi te, and
deposi ting achiy, ApfGABIRInSSTuthsen AIRAs IfGaAS Uhind fiat the nanocrystals are

- enbedded_jn the polyner at greater.than 5 wO a, wherein at |east a
portion sai '¢§ ﬁ"l%‘(‘fﬁﬁh‘&% ImsHb g‘f’&fia“’\ﬁ%bé’%%f Taspect ratio of greater

-~ .than 2.- 20 8Ghe sdhieonpicat-emscrpialsiiglselageddrophind goap tongieting lof CdSkiaddn of cl ai m 85,

vvherq' n: at hglaest a portion of the sem conductor-nanocrystals have an
aspect ratio greater than about 5. 87. The process of making a photoactive
© thin filT of cThaiproe8Eof making apolymeei¢ thindidrs of cdeipp Y, wheyein:of t he .
- sem.conduct or,- \'] Lo greater than 25 about 10.
sgﬁg}f&%ﬁénﬂéoﬁ%daggﬁm%s%%%ﬁhﬁé #a??%so .

88. The.procea makl ng otoactive t cl aim 85, wherein: at -

'l east a Porti oFepfocestad making arohyengde biifira picleiny 40, whaeiiave an aspect ratio of

bet ween  aboyloRoPdtthe BRARME mfbcry®ts habB &t 1A6QGERSs,0f making a photoactive thin
filmof claim@85, wherein: 30 at |east a portion of the ' o
'sem édnduct ofidiARAE s HIdhesARIGMan aspect ratio of between about 2 and

about 1072, 90. , ThE hrcd ST aRESg Lolyikd 1l fifin MIRIOAL Wheran:t hin film of clai m 85,
wherein: the sem gonductiag con@gﬁat edgrgolh mer has between about 5 and :
about 99 wt oAhgpranchedpenogRERitdedirt ARG AP e nbedded therein. 40 21 August

2006 . 73.  The process of making a polymeric thin film of claim 70, wherein:
| the branched nanocrystals have 4 arms and have a fetréhédral 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 thiqkhess of from about from about 100 nm to about 350 nm,
25 76. " The process of rﬁaking a polymeric thin film 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%.

-39




WO 03/ 081683 PCT/ US03/ 08624 91. The process of making a %B toacté vg thin
filmof claim85, wherein: the sem conducting conjugated S

bet ween about 20 and 95 w % sem conduct or-nanocrystals enbedded t herei n.
92. ThewyRRsRs; of making a photoactive thin film of ' , Wherein: 5
t he sem conducting conjugated pol yner has between abo&%ﬁg@’mﬁ 95 wt %

sem condygt or - nanocT s al.s enbedde The process of nmaking a
et nER TR S PR S WOl 7R aheEth oo a

phot oactiVe thin €M conduct i ng conj ugat ed
pol ynmer has @lb@oﬁcer@@tumwgbmmmhdmmnﬁrexshanmlalmt@dns aobleddied t herein. 10

94 The @6 Oces%h chggfrﬁ%mg Paﬂeé?lg Iﬁﬁ O%QA!TH 7; I“!hgl) Of Cl al m 85 V\Iher el h: t he

sem conduct i ng conj ugat e I's chosen fromthe group consisting of
trans- pol ya&ecgicereamn ofihe wa&b@mlxnpeisyhom&m%nes pol yani | i nes,

pol y(B- peny! en%)pacayskmamgywy@&@m fﬁ.@%rarangw QR&ds, Pol yfluorenes,
polyaromatic am nes, poly(thienylene- vi n% ene)s and sol ubl e derivatives

“thereof. 15 Y§! ‘“ﬂfﬁém‘ﬁ?%é‘g@WWP%IEYW@’e&”ﬁ B?thS'actl ve thin filmof .clai m 94,
- wher ei n: 82 he cInapu@atbedakpg b yolpeierid thn KIAGSDEN §1( Hieinhe group consi sting of

~ (pol y(2- met haﬁxe téd%,mfﬁ%gl@%sx Rl RBGLAL BRI LNL LR (WM PPY) and

pol y(3- hexyl t hene e process ng a photoactive
“thin fildhof c PFPF‘B%’ %@ﬁ@?lﬂmn@bmfh@f%w%wmt or-nanocrystal s conprise
rods 1havi ng e depni iindiim § heas &k tehbeduradd 6ai abo2 ) °0m8 abQT 1300e process of

~maki ng aggphot %@E&%ﬁohﬂkﬂgiéoﬁy@e&ﬂhﬂhﬁ' sﬁlﬁgg Werein: the

sem conduct or - nanocr yst al rise ro Vi ng a length of between about

20 nm and aﬁ‘f)‘i??“s‘féﬁ““rﬁ‘ﬁ"Sh?ﬁdﬁgtemﬂq?é’reﬁfé@é‘s@o ‘6f making a photoactive thin .
filmof &l ai m@ﬁrpcemmehﬁga;mhteacﬁ&rmﬁﬁmdbtﬁﬁpﬂﬁmgnanocryst al s corrprl se rods . .
“having a I engt .about 1é0 run. 99. The process L

d
of meking a pf?Srs’g%l%ef"’co\é\&%ftﬂ”ﬁn?qsﬁs ¥ SE'P'&? °§¥ COW PRy iy _
seni ¢dnduct opreviderpolypetmh®rysiaivpmposie, smdds [ bat are about 7 nmx 60 m. . 30

Ty e Br ORERFnPL oIt Bk BRALAREH S b B Bl I OpCh Bl 1 52: er o

t he sem condu nanocr 1or gefect ed fromthe
group con5|tbwabgieo#tg@taubnlél-“wgw?@emup MV, G oup TV seni conduct ors and

tertiary chajge pwrﬁ&%issmdls%mﬁmrmm&ms 1fe MR GhaB APRLPACt I ve thin film
- of cIa|m100 wher el n:
- than 2.
20 86. 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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41 21 August 2006 WD 03/081683 PCTf US03/ 08624 t he

sem conduct or-nanocrystals are selected fromthe group cgﬂﬁugf’?tr?é’ogf CdSe,
CdTe, InP, GaAs, CulnS2, CulnSe2, Al GaAs, InGaAs, CGe and Si. 102. Ile

pr ocess“@03mlg§3ng a phot oactive thin filmof claim 83cTibEgin: the

sem conduct or-nanocrystals are selected fromthe group consisting of CdSe
-and 5 CdTe. 103. The process of nmaking a photoactive thin filmof claim
85, whe®din: Thmbdsﬁhntﬁnghlpﬂat@&ﬁiammﬁﬂluehﬂhﬁmBﬁ%%MSta| s are branched

nanocryst al e pr ct|ve thin filmof claim
103, wher ei ?\hesen}]%&d e OPPégﬁ ﬁga)c’)'?eéiﬁaé eﬁecﬁal?%gb Uhave at |east two
arms, 10 salsﬁmmﬂﬁmloameowlsambedﬂw@em | engt h. 105 The process of nmking
a_phot 08Et i Veridhidisst bl s ol d AR riph0RLE B wil)e br anched nanocrystal s
do ngt al | have t he sane sh g process of ki ng a photoactive
thi n”fil m offegymisoRdueins conipgate quvmerhahbctwamw&@amm%ystm s have 4 arns and
have a ot | ahadnakiosuiumRisaY enbllfa 143, The process of making a phot oactve
' th| n f| g’n of fhl aim1l t he branched nanocrystals are either CdSe

- or ‘CdTe™and a 8"@%%‘3&‘@5’"??lphé?}?a‘éﬂﬁ"dﬂ‘ﬁtm“b‘?f"'*"“h%tﬂ‘e’% W% 108. The process
of maki ng ampbmﬁemﬁttubungemtjdgatad paiyinigr 12f abduB DOWESsemWbR@bD: the filmhas a
t hi ckness Ofan r}gms Qarlét dflﬁ om about 100 nmto about 350 nrn. 20 109. The
process of na toactive thin filmof claim108, wherein: the film
" has 1@ tH ckne'@sPm@saﬁmhnﬁmomm:vcjmxﬁ)t“ldeielanpr&S(:emeexmf maki ng a phot oactive
thin film ofe &habiu8Rec uct or - n stals. and the
sem conductlﬁg po‘?ml F M@g&@dop&}yg%ﬂ; ch%%”}r&?ﬂ. lgrr?z'ill”x’"gaﬁ{1 o " xture, ~5.said .
bi nary sol VEQ’WCEH?BR‘%SWPWP@{HOQ@W@WSI r@h@ml"mﬂeolsﬁp’rphmtener}sm¢en from the group
0ONST St g hyYHehHhiFiny R ORI Bler, OV IEARe antikle nes, water, |
di chl orobenzeyne ﬂgﬂ ny iscg;ne rcﬁls%g%de an %139) e %eav\,here the al kyl
chai n may b‘é“yﬂ?f“a%ﬂ?ﬂéﬁ“béﬁdmﬁﬁﬁﬁm%d and i s between 2 and 20 carbons in

| entgt h,95but armpmdmtohammga@naoaca.@@mmmm;m 03Qubbii: NC process of making a
phot oact i ve, t hi.n of C 110, wherejn: the concentration of the

bi nary sol venct(’mﬁqaﬁ“ B? wgrisc ‘3’? he BRHRCOSISUNg AT ABRUR-mEBONST 06 112, The.
process of @ediyhexybxpppbaagerterivgentIMEHIAPVNANG f poBA Bhedy HhiopHene, V\/ner ei n:

(P3HT).
_ 96. - The process of making a photoactive lﬁin 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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the concentration of the binary solvent mxture is betwee ﬁbout 49ﬁa
about 12 vol % 11.3. The process of naking a photoacti ve21( 2P
claim 112, wherein: 42 21 August 2006 WD 03/081683 PCT[ US03/ 08624 t he

concent Wdfa the binary solvent mxture is about 14. The
process ﬂkiﬁfng a photoactive thin filmof claim]l P?BM% dg?’zél n: the

bi nary soI ve m.xt ri.dine in chlorofo 115. The process
of making a peg "0&c cor'natnﬁg%bsa esQé(:]zed(f!r rgﬁhﬁ]%pcwgnéo égs% t he deposited
thin filmisOiEain®dGas, GinS3ripdnSa, di@AsfinGareriedndsit 60 *C t o about 200 OC.
116. The,gpr ocempmcesmgmgQpﬁr&%@@ﬁ&wﬁoécﬁmﬂﬁ Whipipf clai m 85, wherein:

t he deposi ted thin filmis heate tenmperat'ure of fromabout 80 ',Cto
about 130 ' C.the sgmipondqqi-nnogydddsareselegiedidionghegrpmeensisingiof€dSepidn i1 m of clai m
85, wherein: cyhe dep05|ted thin filmis heated at a tenperature of about
120 *C. 0 11 hot ovol tai c device, conprising: a conjugated conductive
pol yneri 1: l'aye eﬂfﬁ\? Sﬁﬁf"%ﬂgE%ﬁ@ﬁﬂ%@'“ﬁ%%@@%?%%ﬂe'ﬂl spersed therein, and

sai d device BpaHidh(f BB seruoRduciGORURHShIP Bre Blafdhed Riys@ikeat er than | %at A M
1.5 gl ob |I_}hmnat

a| c device of claim 118,

wher ei n: ﬁJthe deViP %esﬁ%gmag'"%a%%ac%et&’@rfgm%‘Iﬁp L CY"EFFZ:"S/ of greater than 5%
120. The phot portidntofiihe bragbedmencodystds laveat kddwodnes, ei n: t he devi ce has a power
convgpsi on eff than 10% 121. The phot ovol tai c device of
cl ai ?nbllB mﬁaedra&ﬁﬁg%bm%%ﬁ@%%he has a power conversion efficiency of
bet ween HBout Thepemerss eftyeking Fd0tpactigealrin filn) o chhwotiSdietcii ¢ devi ce of claim 12

1, wherein: ﬁ,pg,alggé@,ﬁ&cgﬁs&ngpéqﬁlgveq}grgyﬁgsm n efficiency of between about
2% and about 30% phot ovol tai ¢ device of claim 122, wherein: the

devi ce h¥8 a ﬂﬁ\ﬁé‘i""“é’iﬁf\lfél“%&*’tﬂ‘i‘m@?"f‘?edﬁﬂéﬁkfy‘)félm"b@?wé@wmabout 5 % and about 15 -

% 25 124 fﬁb&a:&hatneab@;lymgmvw&hgﬁdaiveqkeahméﬂ@mmmer ein: the device . has a

power verS| n efficienc ut 7% Il e photovol taic device of.-
cl ai rlnS '11 é‘ﬁ‘&?rﬁces%ﬁf“ﬁalﬁﬁ%’t ?’ato‘t?B‘fet‘]i“’E)ﬁ}“b‘meWblogé’fhe{?Bnduct or - nanocrystal s
have an aspemébrmhdd@a@b@aileerre dith@ TdSeads CUTund &0 erbdded Them ambunt vl t ai ¢ devi ce

of cI aim 118 \A\Q% W

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
greater than about 10. 127. The photovol tai c device of &l &SR wher e n:
43 21 ‘August 2006 WD 031081683 PCT[ US03/ 08624 at |east a portion of the

sen- dcomyegf@_panocrystal s have an aspect ratio of %trﬁﬁ&%sﬁﬁbout 5 and
about 50. 1~8. The photovoltaic device of claim 118, 'wherern: at |east a

portion of t I gels n aspect ratio of between
5 about 2 an Ergut Oq’ 129. a%ﬂ?ﬁhﬁﬁ%@% ogféé%(]fgw ce of claim118, wherein:
the sem é%ducﬂwc%ﬁﬁ%%wﬁ%@?wﬁhﬂfﬂlasfﬁt?elv\lviélewhahmut 5 and about 99 wt %

of sem condtﬁrctbgg @@m@,ﬁ,y@;eaﬁprg% dn dSSe&in- 130. The photovol taic
device o sem conducti ng conj ugat ed pol yner has

cl ai
bet ween Llﬁout %p'&?ﬁf '?SSWF%’[]”@%?H‘F&WH'HE{CBP"Ef?a%‘i?’t"ystaI s enbedded therein.
131. The phothedepbsitaglitten e sihetd g tempaitne & £8p abodn 66 % tnabot RIS °€.e i conduct| ng
conj ugat ed. pol mfocéa@o?mhm\aema@mm mﬁQréﬂ#sﬁﬁhe\% o

sem conduct or- The phot ovol taic

“device of cl a| ‘gﬂ'@@?ﬁda'fﬁ&“’%‘lﬁ‘gmﬂ’ﬁlﬁ%&t?:??ﬂ'j‘ﬁiga?ed pol yner has
- ‘about 90“\7(/t%s&wre@ﬁdtmakmgaphnfaawm@ﬂmrabfsfawrﬁﬁeﬂd@d therein, 133. The

phot ovol t ai ¢ inel@ydshed i fild |s Bdaldl 2 3 BmpeARL &2 labbur 1061, Sem conduct i ng conj ugat ed
poly Ll% chosen fromthe cg}roup consi sting of trans- 20 pol yacetyl enes,
ggrr e

pol y B AR SRR eS™PBEE ani | i nes, pol y(p- phenyl ene)s and -
pol y(p- phenyham,agazadmyﬂdamﬂé polynpat ;a?drusﬁr@mmconmloyaxmdlsc am nes,

pol y(t hi enyl gn %rsedtheéf grbe) s and sol ubl e derivatives thereof. 134. The
phot ovol tai-c dgevic Claim 133, wherein:. the conjugated polyner is.chosen
fromthe grosp tkuwsha‘sna m@owdr cényerkiy ﬁmbyfmea;esﬂaan Dhat A M. 1.5 global :
(2'-ethyl hexmkﬂﬁ% 5h) - phenyl eneV| nyl ene) (A4EB-PPV) and ‘ :
pol.y(3-hexylt |op1hene (P3H 1). 135. The photovol taic device of claim 118,
wher & n;11fhe s’é"ﬁi’@éﬁ‘l@l@@tde‘ﬂﬁemﬁﬂ@@rly&mﬂsmcorrpr| se rods having a Iength of

greater thang,aQidt has ggo%m:onversmn efficiency of greater than 5%.
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 powei' conversion ef'ﬁc'iency of between about 5 % and about 15 %.
25 124, The photovoltaic device of ¢laim 118, whe;ein: _
o the device has a power conversion efficiency of.'aBout 1.7%.
125 ~The photovoltaic device of claim 118, wherein: '

- at least a portion of the semlconductor-nanocrystals have an aspect ratlo greater than - -

about 5.
.36 126 The photovoltaic device of claim 118, wherein: o
| at least a portion of the semiconductor-nanocrystals | have an aspect ratio greater than
~ about 10 _
127. The photovoltaic device of claim 118, wherein:
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30 136. The photovoltaic device of claim118, wherein: t

sem conduct or - nanccrystal s corrpri se rods having a length FAYISHER] about
20 m- and about 200 nm 137. 'the photovoltaic device of claim136,

wher ei Nniyo BAsKds August 2006 WO 03/081683 PCT/ US03/ 08624sd8e24

sem conduct or - nanocrystal s conprise rods having a |length 01! ?)et ween about
60 mr and about 110 mm. 138. The photovoltaic device of claim 118,

wher ei n: t hét lesirinosineiofcheseminendentor-panperystalshaneen spet ravalef betwadn ar e about 7 nm x
60 nm 5 138w sTheaapciovol taic device of claim 118, wherein: the

sem con?uct or - nanocr?/stal S conprise a sem conductor selected fromthe group
consi st %‘Fg of Thephripyroftaic dgyice ekl 1Bi"ereity oup 1V seni conductors and tertiary

chal copyri t @Seasth4BriondTehephikitDURLcE-Rinber@dQM hoe aﬁ):fs?'&:{ @iidibaleenWherein: 10 the

sem gonduct%él fban%%{ﬁg als are selected fromthe group consisting of CdSe,
CdTe; InP Cul nSe2, ALGAs, InGAs, Go and Si. 141. The
phot ovol29ai c 'H@\phc{:@o@ic@h@inﬁﬂxﬂlS whetiei . the sem conduct or- nanocrystal s

‘are sel ect © e Hnfhhiif U SR LAl Blhef S P R%ge{,f 15 142. The

o photovoltalc erern. a port
“sem conduct qum@errryeqcastslsanl@ddsﬂ tiereined nanocryst aI s. 143. The

phot ovojsbal ¢ igidisiollc dhéloMidhdis Wit n: @ portion of the branched
nangcrystals have at |least two arns, said arns are not all the sane

lendfh. 20 Sasmicesductsgemipgeed palymeidiay fepwerobont Pasndh93 4% wher ei n: t he branched

‘nanocr ystal &mdendaa&r_@dmmyﬁngemdgﬁ@gg shape. 145. The photovol taic device
of cl al 142 erein; the branched. nanocrystal s have 4 arns and have.a

“tet rahe {oyQ)aic dovice o fﬁmﬁ%f"t’ﬁ%’f tai ¢ device of claim145, wherein: .
25 the br armmﬁhcmmmmgg@ugmpalyﬁereabstaaexeenad&esmdﬁsﬁl}%and are enbedded in-an -

anount of S%R%‘y‘}d 0 wtO/ é’ﬁ‘?ﬁ‘g‘@‘&ghm ovol tai c device of claim118,

wherei n: theé S 8% from about from about 100 mnto

“ aboiff 38D ni (fhe photovoltaic devwe of claim 118, wherein:
the semiconducting conjugated polymer has about 90 wi% 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- pheny]ene -vinylene)s, polyfluorenes, polyaromatic amines, poly(thlenylene
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-
25 (2’-ethvlhexvony)p-phenvlenevmylene) {MEH- PPV) and poly(3 hexy]thlonhene
‘ o (PBHT) _
. 135, - The photovoltaic device of claim 118, wherein:
the semiconductor-nanocrystals éompﬁsc rods hav.ing' a length of greater than about
| - 20 nm. - N
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:




148. The photovol taic device of claim 147, wherein; 30 the filmhas a
t hi ckness of about 200 run. 149, A photovol taic device, 2ddMsHsiA008: a
first planar el ectrode, 45 21 August 2006 WD 03/081683 PCT/ USOS/ 08624 a

thin fi@esigs Si ng a sem conducting conj ugated pol %E"F}h ‘;}fh .
sem conduct or- nanocrystals; enbedded therein, the t 15 m e| ng

deposi t ed Ontlfe@@médnalﬁgor-ginaé}ﬂfals c%ﬁﬁéﬂb%vmﬁl@n %9&’9 akufgol r 0de opposite
the first electrode, and hol e 1 njecting | I sposed between the thin
fil m pol yner i“\‘,”’l‘da&‘?%‘i“%{)rﬂ’the first planar el ect rode M The photovol taic
devi ce ofsscl ai mquﬂ&ovomedeeicébfclaﬁmﬂs Rat@ini Nj ecting layer conprises PEDOITSS.
151. The photovol.t aic device of cla 1!@ wherein: 10 the first el ectrode
" conprises | TH° é%%%t%%aesmmgfmwg% bitpraculdamyy 60 nm 55 The phot ovol t ai ¢
devi cé& of39c| ai The pdigvoldiateeicanf claikn lll@aditreia: porti on of the

ser ni conduct gr - an._aspect, ratio greater t han about5. 153.
The phot ovol alﬂtlzngilc e{d%c%iﬁa%%c S{gﬁmmpf @ﬁmd%ﬂmﬁse]?f fpmIBE LM 2 nortion of the
~ seni conduct ofonsigting ef Graupdl-¥1, Grorp RN, (aswdb’tsemlamﬂtatogsraaate&nryt han about 10.

154. The phoppngl i@l c device of claim 149, wherein: at least a portion of

t he s=Ji conduct of - nanocrystal s have an aspect ratio of between about 5 and
- about 5040 155The Fiptovplipisdsviest of elim 13 whereiniof ¢l ai m 149, wherein: at |east a

por tii@en of Hﬂ@scﬁ&ﬂhdﬁ@t&d&éﬁ&c@}éml@@r@%ﬁé&ﬁ&% e B@ﬁ?coﬁs“st:ﬁécﬂ%@l& rati o of between
“about 2 and out ot ovol tai ¢ device of claim 149, wherein:

t he seni condbt®iiAly C@éﬁjcﬂﬁ‘é% QHI“B??WWS SaAn e st about 5 and about - 99 wt %

of 25 sEmi comuleptoniolnrieatStang 1§ wedsed therein. 157, Ile photovoltaic
devi ce of cl ?]I m 149, wherein; the sem cogguctl ng?lconj ugat ed pol yner has

‘bet ween abou %"%’H‘H’%S"W‘%mgéﬁfﬂﬁmﬁw BROEMEPETIEE afl Se @Wbedded ther ei n.
CdTe.
15 142, The phptovoltaic device of claim 118, wherein:

a portion 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,

45




|

158. The photovol taic device of claim 149, wherein: 30 the sem conducting
conj ugat ed pol ymer has between about 50 and 95 wt % 21 August 2006

sem conduct or- nanocrystal s enbedded t herein. 159. The photovoltai c device
of cl ai woléRsiseherei n: the sem conducting conjugated Pg:?hy&. {Jas about 90
wt % sem conduct or- nanocrystal s enbedded therein. ugust 2006 WO
03/ 081683 PCT[ US03/ 08624 160. The photovoltaic deV| ce of claim 149,

wher ei n: t he thidlitincomptisiog & segricowingting adnpgatpidolymer havisg eles@nctéryr om t he group
consi sting Qénoéﬁﬁﬂ%mbaﬁémgﬁ W BRE b@ll?%?eg%slt&f) QI;Se’f rd? ﬁlmy (} hi ophenes,

pol yani | i nes, pol y(p-phenyl ene)s anrg p e-vi nyl ene) s,

pol yf | uor en&§croe l“?arqmatl c am nes, poly(thi enyI ene- 5 vinylene)s and

sol ubl e der by@&ﬂdwe&ﬁmﬁémemyec@a@ aphot ovol tai ¢ device of claim 160,
wher ei n: the on u%a% pol ge is chosen fromthe group consisting of
(pol y( 2- rretﬁ ¢ 3""’& d ﬂyﬁ“&%‘pf‘ﬁw@ﬁw'éﬁ@@rﬁaﬂ@ﬁ&) ( MEH PPV) and
pol y(3- hexyblarhrcﬂqahene (P3HT). 10 162. The photovoltaic device of claim

149, ei nipd ndu t.ar stals conprise rods having a | ength
- of great gr tha Eymd 0 g CIE’Tégm%ﬁé

‘phot ovol tai ¢ device of claim 149,
wher ei n: th@emjwnzﬂammmpnmw(ykfw s conprise rods having a l'ength of

bet vveeqsgboutmgﬂlotd@mﬁr&mqfﬁg]g% a,? L;im 164. The photovol taic device of
clai m 163, wherein e sernicon oF - nanocrystal s conprise rods having a

lendfh of b‘é?MW%EWPBESITrﬁlwéﬁasea@dGlecﬂlodﬂl@mmes AB5. The photovol taic

. device 183, cl am (1,9@1[3;,5/@@\;;&5{513“3 4 m conduct or - nanocrystal s conpri se
8160 (i’ & Rferif

rods t hat ar ut. 7 nmx 60 166. The photovoltaic device of claim

149, wher ei ?f af‘ﬁ@mg%&ﬂfé’sm%mh%eﬁw%mcgn epeepielicgear dami conduct or

sel ected frabsatshe group COI’lSI sting of Goup HVI, Goup IIl-V, Goup IV

sem co ctor nd te lary rites. 25 167 The photovoltaic device
of -cl alq%yl% TEW% l”e‘?"ﬂ'chetvl‘fé @{? r - nanocrystal s are sel ected fromthe

grolfp consiaskisngpoafon @ifesemiconductor-nanccrystals have an aspect ratio greater than
about 10.

154. . The photovolaic 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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CdTe, InP, GaAs, CulnS2, CulnSe2, Al GaAs, InGaAs, Ge and_St. 168. The
phot ovol tai ¢ device of claim 149, wherein: the seni conduéf oa}UQH%tr%?@Fsyst al's

are selected fromthe group consisting of CdSC and 30 CdTe. 169. The

phot ovoligaisfsdgyi ce of claim 149, wherein: a portion
ser ni conduct or - nanocrystal s are branched nanocryst al se{mﬁgg)%zﬁ'h

phot ovol tai ¢ device of claim 169, wherein; a portion of the branched

nanocr ysal s M\mm@tmdmaﬁﬁ&edfmmaamhemﬂ? 21 August 2006 WO 03/081683
PCTI US03/ 08 24 said arns.are n the sanme length, 171. T he
phot ovol t ai &€ FEYORBCTR CuPYSRF PP @crmfeélﬁﬁm‘?W@“BFO&ﬁﬂﬁéEftﬁ%ocr ystal s do not

all have thwlﬁmnsmﬁqmynolekmlydepeenahptnpvﬂhek Foly(pciMiniyge)ind cl ai m 169,
wherein: th St ve a tetrahedral
symmetry. 9& E\{%ﬁ}]&.@ vﬂ Q“% rfj}mrﬁ'ée\s/’l @arglf’anéfna‘"?ﬁ 'ﬁ’yg‘ “Mf8¥ i n: the branched
nanoer yst al ‘gnWéS@dtSﬁeb*e@@emrlh@ﬂe and are enbedded in an anount of

about 9@;wt 0"1% hbisé evice of claim 149, wherein: the
| e prbielolub e RIPLANbA, Ahcieif

filmhas a th ess of from about from about 100 nmto about 350 nm 175.

- The phot ovo‘P?@PJEgaéfé\PP‘é@ﬂ(b‘irCh@P'hﬁ“rﬁ thy groupgeesiséngef - phlg(2ficthortias a t hi ckness of

about 200 Wmmylhl)?}ﬁ)xy)ﬁ-pﬁénbzmevﬁﬁéﬁéfWH@V)%@PAMWX){!%\%&EQ nanocrystal s
enbedded th(E 177 A process of making a | m conprising one or nore of
the fol I ow gﬁs)‘t eps (a) washi ng nanocryst al s with a solvent at |east one

iy (6. di %@huto@afchﬁncwaﬁchhaﬁhmﬂmdwstal s and a pol yrrer in a solvent to

xture. 178. A photovoltaic
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therein. - 599m. A photovoltaic deV|ce conprising: a first electrode, a film

'corrpf' 369 TR B0 Bovlel G clabik o, GGt M 0de. and

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 nm.

-~ 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. 7 The photovoltaic device of claim 149, wherein: _
a portion of the semiconductor—n_ahocryslals are branched hanocrystals.
170. The photovoltaic device of claim 169, wherein: .

a portion of the branched nanocrystals have at least two arms,
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said arms are not all the same length.
171. The photovoltaic device of claim 169, wherein:

the branched nanocrystals do not all have the same shape.

172. The photovoltaic device of claim 169, wherein:
the branched nanocrystals have 4 arms and have a tetrahedral symmetry.

173. The photovo]taic device of claim 172, wherein:
the branched nanocrystals are either CdSe or CdTe and are embedded in an amount of
about 90 wt%. |

174, The photovoltaic device of claim 149, wherein:

the film has a thickness of from about from about 100 nm to about 350 nm.
175. The photovaltaic device of claim 174, wherein:
the film has a thickness of about 200 nm.
176. A film, comprising: _
' a polymér haﬁiﬁg nanocrystals embedded therein.
177. 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.
178. A photovoltaic device, comprising:
| a polymeric layér having nanocrystals dispersed therein.
179. - A photovoltaic device, comprising:
B a first e]eétrode, B -
a film comprising a polymer on the first electrode, and

~-a second electrode. -

48




