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BACKGROUND OF THE INVENTION
The first solar cells were fabricated in the mid 1950s from crystalline silicon wafers.
At that time, the most efficient devices converted 6% of solar power to electricity.

25  Advancements in solar cell technology over the past 50 years have resulted in the most
efficient Si cell at 25% and commercial Si modules, an array of cells, at 10%. Although Si,
in crystalline and polycrystalline forms, is the most common type of material used in solar
cells, other semiconductors such as gallium arsenide, indium phosphide and cadmium
telluride are being investigated for the next generation of higher efficiency solar cells. In

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



For the cell fabrication alone, thirteen steps are required to nmake the
solar cell and of these thirteen steps, five require high tenperatures
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probl enms with nanorods and offers no solutions to the pr q(bl ens sol ved by
t he i nve®tlidys 2 result, thin film devices, which have active layers several microns thic
25  amorphous Si, CdTe, and CulnSe; are being explored. In 1991, O’Regan et al. reported the
invention of a novel photochemical solar cell comprised of inexpensive TiO; nanocrystals
and organic dye, O’Regan et al. Nature 353, 737 (1991).
Bilayer devices, from spin casting a derivative of polythiophene on which a layer of
Cgo is evaporated, have been able to reach a maximum external quantum efficiency (EQE) of
30  23%. Higher efficiencies at 50% were obtained from blending derivatives of C¢o and MEH-
PPV into a homogeneous film for a single-layer device. Further improvements in efficiencies
are limited by the poor electron transport properties of Cqo, Which is characterized by

hopping, and the low overlap between the device absorption and the solar emission spectrum,

Greenham. N.C. et al., Phys Rev. B, Vol. 54, No. 24, Dec 1996.



descri bed herein. Solar cells based on inorganic nanorods according to the
i nstant invention, which have good transport properties and absorption
spectra twatoosmasinl so be extended into the near infraredpctasopatsentially
reach efficiencies that rival conventional solar cells based on 10 bul k
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t opogr aphy an se 1 nages The PEonsi* et %9 nmby 13
nm CdSe n@hbmsystal s di spersed in P3HT spin cast froml vol. % and 8 30
vol. % pyridine in chloroform Inages are presented at the sane scale for a

scan area of 5 m 3 WO O3 QphaRY GICHIEROVERPRR# FI G 6 shows surface

roughness (open circles) of filns consisting of 90 wt. %9 nm by 13 nm CdSe
nanocryst al S(?&‘F erse spi n, cast from vari ous concentrations of

pyridine in VERUSF SCFFP’FQ%FFQ%pﬁWﬁﬁeE@‘}’C%@msd"%F’gm6’§5”a¥’§g shown of

devi aes fﬂhﬁiﬂlsﬁ]g megaﬁlh%ﬁc&wﬂﬁcﬁﬂimaﬁdcﬂeﬁlsﬂﬁﬁ&@dﬁsseﬁllw&ﬁﬁnéﬁ)l%ﬁ@s mye. 5 FIG 7a
shows a {11 ?%l zed h ocurrent sgectra for Fl % 3 nm b‘}/ 60 nm CdSe
nanor ods cHCIBERIN @fsp d¢ssdhes BRI QHdie evéfﬁ%‘é‘é‘lri’?{@“"éf €120C (solid
squar es)rhmFﬂlﬁs]b shovvs the ratio of the EQE before and after heat treatnent
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P3HT device and a nanopRf O RIPTION OF THE DRAWINGS

FIG 1 shows an energy level diagram for CdSe and P3HT which shows a schematic
20  of process of charge transfer between Snm CdSe and P3HT..
FIG 2 shows a schematic of the structure of a nanorod-polymer blend photovoltaic
device according to one embodiment of the invention.

FiG 3 shows a Jow resoluiion TEM image of a) 7 nm by 7 nm, b) 8 nim by i3 nm, ¢}

3 nm by 60 nm, and d) 7 nm by 60 nm CdSe nanocrystals

25 FIG 4 shows a AFM-TM topography image of a film consisting of 90 wt. % 7 nm by
7 nm CdSe nanocrystals dispersed in P3HT, spin cast from chloroform. The scan area is 5
pm. ‘

FIG 5 shows a AFM-TM a) topography and b) phase images of films consisting of 90
wt. % 9 nm by 13 nm CdSe nanocrystals dispersed in P3HT spin cast from 1 vol. % and 8

30  vol. % pyridine in chloroform. Images are presented at the same scale for a scan area of 5

um.



device. The inset shows the individual 1-transm ssion spectra for 3 nm by
60 nm CdSe and 10 P3HT. FIG 8 shows the relative contribution of P3HT to

t he absorwoioensies®dl i d di anond, dashed |ine), photocurrentciasesiosse4 cl e,
solid line) and photocurrent after 120C heat treatnment (solid square,
dashed |ine) ﬁ{qéeri es of 3 nmby 60 nm nanorod devices in P3HT at various

nanorod conce thoyr surfagayopghacsy (s il hef faEcassstag ohPO oo Rifbly 14 nm
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t he EQE sipectifna. I0hes 3er9aswtgnid¥ao/thdiegeby 60 nm CdSe nanorods in P3HT 20 (open
circles) and 2r 120 C heat treatnent (sqlid squares). Jnsef: the
corregpondi ngﬁ'If C%ﬁ‘rs}r")e%sta-'{%?a?’ PhelosTR Sé’F‘i'(t???rcagg,o ‘ﬂ'n‘%ér""?w rﬂ"hé??eon of 0.1
MV cn?  amnareidis imB3HTatevikdhioperdanles)and afidn nraalingal 10083 (salid @pats)ci rcuit vol t age
of 0.4 V and fil]l factor o FIG 11 a shows the EQE specira of

devi ces from %6’ ,v?/ts!m%%alge rﬁ{r"r? {/meg%é%Pﬁ’f@ﬁ%éafﬁéﬁeg%eétsmﬁ"hasﬁggﬁm\%’ ?'L t hi ckness
212 nm ¥Adelengthdordd034 6% 3mnbef @rmen C@RGaieads it PHEHL doeiet and 2&nbiloGorlk b shows

the EQE >ctra .of vices from90 wt. % 7 nm.by 60 nm CdSe.nanorods in
P3HT wi t EQV'? Vi ¢ eﬁgsgtss(gg‘ﬁ&%%dwﬁ RS RES Ee R, ﬁf%%ét%nr byl%@‘ f?g%&" reat ment .
FI G 12a 8BdWs the rel ati ve enhancenent of the EQE before and after heating

at 120 C for vices in, . ElG1 la.an S FLG 12b sh. t he absol ute

di fference i nmé&hig B Iglag‘ﬁa 03?1#) g‘%onﬁ’ggﬁ Er%eﬂé artr’éor\r’t)tfonéf)or?'a\l%"fﬁ shows a TEM
of a t hi dash¢d Imebph@@umtnt (eBairvldhyolid lneha@tiBetavannon afcs 12076 hed?3HT spi n cast
from chl . 3 EM.qf the.same nanqcryst f FIG 13a
when castd r%‘rﬁn@g”{éﬁ%{%’o‘%hﬁgﬁPﬁieﬁgs et o ATROBARSE PR £ o8s 083
PCT/ US03y4p®@8epnorpdl Gntentetamas a TEM of a cross section of a 100 nmfilm

consysting ofg 20 o9V 09]@1 e cr | s;.in R3HT FI G 15a
shows a 7nm b _ég%nqs&?sﬂg) nan(S)Byole. g?&b’@%ﬁ%@’&%ﬁﬂ%f %3 cross section
of a 100mM/¢m]itminwioh st 11AgmoThaigsenshowsshe BLEHBEnnari 60 0ds% 7mmR8HP. FI G 16

i n Sty or i o G
shows s ogsd B191 s ufAsdh ATELELLOAR0 R degghfiot SRR Successi vely

from 7nmto 30nmand to or e in P3HT
devi ces, empyglirehy al nost a factor of 3 to 54% under illum nation of

0. 084mN cn 4G 24 HIW the EQE spectra of a 90 wt. % 7 nm by 60 nm CdSe nanorods in P3HT
20  (open circles) and after 120 °C heat treatment (solid squares). Inset: the corresponding
current-voltage characteristics, under illumination of 0.1 mW/cm? at 515 nm, for this device,
which includes an open circuit voltage of 0.4 V and a fill factor of 0.5.
FIG 11a shows the EQE spectra of devices 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 with thickness 212 nm, 271 nm and 346 nm after 120°C heat treatment.
FIG 12a shows the relative enhancement of the EQE before and after heating at 120
°C for devices in FIG 11a and 11b.
FIG 12b shows the absolute difference in EQE before and after heat wreatment.
30 FIG 13a shows a TEM of a thin film of 20 wt. % 3nm by 60nm CdSe nanorods and
P3HT spin cast from chloroform.
FIG 13b shows a TEM of the same nanocrystals of FIG 13a when cast from a 10

vol.% pyridine in chloroform solution.



FI G 17a-c shows a TEM of 7 nm di aneter nanocrystals with lengths, a) 7nm
b) 30nm 10 and c¢c) 60nm The scale bar is 50nmand all TEMs are at the sane
scal e. FIvwoDb8ostesns a the EQE for the 90 wt. % 3nm by 100morhisanetsed CdSe
nanorods in P3HT devices as a function of pyridine concentration. FIG 19a
shows tetrapod nanocrystals unaligned. FIG 19b shows tetrapod nanocrystals
al i gned. 15 El@%9hoshahBMicha cpepedivaef # B0t filg copyistiag obf0 90 %an0nmo, 7 nm by
60 nm CdSg 1ok C35Than88YsAEs pisth different filmthicknesses. FIG 2la shows
the EQE spectra for 90 wt. % 7 nmby 7 nm CdSe in P3HT at various film

t hi cknesses. B2 bovsHoRe WIHENR bAreeids ng absor ption spectra for these

devi ces, showni@sbahowa TEMGE 4 @Bss @dctibM6 LABMBirk BdnekiBST 40 k. & 22a shows a
TEM of 40 Wt % 5 nm CdSe nanocrystals in P3HT for TOPO treated

nanocryst@granerads B3Hdhows a TEM of 40 wt % 5 nm CdSe nanocrystals in P3HT
for Tl treatediG ranees %shakbith ot 7mhGiadter 54108 iGindrENVEDfucdBsivdyfrdm nm CdSe

T ety bR B e WS DRI o U8 2hove, (e
0.1 MmN crffadtdrlof Bid5a¥d, 0fdentllumibation of BOGIAR LS AosISnihhe sol ar cel |
Cam et e 2R B R  Cr naeh RERH E Dae Diham 259
FF 0f100. 424 c)@06in e 0@ bak isI50hth tindvalll TEMpear©4t tid.sbfd/scale. yi el d a sol ar power
O T e e RN S R
DESCRI PTIPGNIT @Evicekiks HitiiReEyrifiBedcédubiién. [ n one embodi ment of the invention
pol yrrer - havi ngCas PRASr P B BR PR RSB r - nanocrystal s 5 embedded.
therein. |n aFGtlveshoshadpaentoctsalsalliggseddi scl osed a photovol tai c device
overt: ont hang Dehgiedly SRR ares P B8 or Ot AP T BB R Flim
conpri si deviskagith diffesarfilmobicntssevat ed sem conduct or - nanocrystals with a
FIG 21a shows the EQE spectra for 90 wt. % 7 nm by 7 nm CdSe in P3HT at various
film thicknesses.
FIG 21b shows the corresponding absorption spectra for these devices, shown as a
20  function 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 40 wt% 5 nm CdSe nanocrystals in P3HT for T1 treated
nanocrystals.
25 FIG 22f%hows a TEM of 40 wt% 5 nm CdSe nanocrystals in P3HT for pyridine
treated nanocrystals.
FIG 23a shows the 1-V characteristics for 90 wt. % 7 nm by 60 nm CdSe nanorods in
P3HT under 0.1mW/cm? illumination at 515nm.
FIG 23b shows the solar cell characteristics of the same FI1G 23a device, measured
30  with a simulated AM 1.5 Global light source, include a short-circuit current of 5.7mA/cm?, a
FF of 0.42, and an open-circuit voltage of 0.67V to yield a solar power conversion efficiency
of 1.7%.
FIG 24 shows both the ideal and a typical I-V curve found experimentally.



10 solvent at |east one tinme, and codissolving the washed

sem conduct or - nanocrystals and a sem conducting polyner in a binary sol vent
m xt ure, Wod3/Mdepsesiting the m xture. I n another enbodi menPcofusbiiesesaivent i on
there is disclosed process of naking a photoactive thin film conprising

di spersi ng sem conduct or-nanocrystals having an aspect ratio of greater
than 2 in a sem conducting conjugated polyner to provide a polyner 15
nanocrystal conpeghiiSp BRSCRPRISHN bEAHEPREFERRED EMBODRGEGTSOMPOSI te, such
that the nanocrystals are enbedded in the polyner at greater than 5 wt %

| n anot her ernl3cdf prabrdinint plithe PyAPEPR heyn istdiwstosed athigifide cor8RIing phot ovol tai ¢
devi ce, a%&%ﬁ%dd%&tm?c@njgg%f&h'f!gl%@rdua%@smé‘akdy@tqp&hﬁ%ﬁﬁdc&rkﬁ%@fys@@w ng sem con
duct or - nanocrysta [s I sperSed therein where the device has an power
convePsi 6Rbeided deeiRcy greater than 1% at 20 AM 1.5 global illumnation. In
anot her enbodiniB#ther @nbbdifer: MeRNE ditlostDLpiR VI &Sl s@fprRing ARty Ol t ai C
device conprising a first planar electrode, a thin filmconprising a

seni condfi¥® PhiyiséRPingat ed pol ymer having seni conduct or - nanocryst al s
embedded t her giaRothdr RAbbdHnEnt bf hididehig tdePiedistiedd a procésbef hilista pl anar

el ectrode, and a second el ectrode ogposi te the first el ectr?de, and a hol e
25 i nj ecPPHGETH]EIMICOPTENS B HeUHICHE CRAd FEPEPH ST 3R Y e and t he
firstiopl asadnt liQetonOdRe, and EodpE@¥ifg he ¢ adad oshicebictorGhndchis@lsianyent i on t he
sem conductor-nanocrystals will have an aspect ratio of greater than 2,

pr ef er abFEMigndURHaE PRIHES 182 bigyy éOIWETlB‘I"%IW‘f%@PWﬁh%JBBH’F'S and 50. Mbst
preferred is @hpsiker ¢MbodiferPbehent@doemBracdy dis&d Pbcetddfsnakinyent i on there is
di scl osed the dis e si on or g‘(g enbeddi ng, of sem cor]d ctor-nanocrystals in
the senm BBTRSERIHE M FTREE BRIy R Er-Pnog T iy BV iEam diPtine amount  of
great er tdanf gremdrthan v & sgpii@heiciibd sonjugheSpdymd id prosdoepomarsn- 20 and about
95 wtloo Even re refer(ﬂi?l g.the ang).sgt i s, bet ween !}8 agg about 95 wt %
Most 'pr ePEPERBTS) CORROSHFBURTCPPYIZ34RE Nah Olith OBPRES G4 0B 883 PCT/ USO3/ 08624

I n pref enanecryestbad efbdiiad i thetphiyset genkd thih § We%b.sem conduct i ng pol yner wil |
be a polyner or bl end chosen. fromt.rans-pol.yacetylenes, . polypyrroles,

ol yt ht ophendd molsE PR Bihd BErlo ARG By BRG AP iRt

pol y( p- pbempyisiap e canjuppied n@ysctvp pdiyhdricdayeniesing spokyrainaomtanecrgmisnes,

pol y(t hi enyl ene-vi nyl e and sol ubl e derivatdves thereof. Preferred 5 are
Cpol v - foereR e oo Gy AR D38 py e Sl ol Aty &bl il vy

pol y@3- AdKky$ tlabad glverretior P3HT), with P3HT being the nost preferred. In
preferred el RNl dnodle: S5 GANENEHEL sRAIRCLYThaLTGRURNLSE T ods having
| engt hs greater than about rirm re preferred are rods having a length
of bet weempZiSingafirst PO elpatrof e thimbinecompetieg 2 shiconductingleonivgettchg | engt hs  of

bet ween ;?ot?% hmngas@gic%ljr&ctro}-nhocrysta]s embedded therein, the thin film being deposited
on the first planar electrode, and a second electrode opposite the first electrode, and a hole
25  injecting layer disposed between the thin film polymeric layer and the first planar electrode.
In preferred embodiments of this invention the semiconductor-nanocrystals will have
an aspect 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 inyention there is disclosed the dispersion or
30 embedding of semiconductor-nanocrystals in the semiconducting-polymer. Preferably this
“loading” is on the amount of greater than 5 wt%. More preferably, this amount is between
20 and about 95 wt%. Even more preferably the amount is between 50 and about 95 wt%.

Most preferably the amount is about 90 wt%.



10 In nore preferred enbodi nents the invention discloses the use of G oup
11-VI, Goup 1Il1-V, Goup IV sem conductors and tertiary chal copyrites.
Mor e prefwonedsiase CdSe, CdTe, |nP, GaAs, CulnS2, Cul nSeRPCTAISG#s24 | nGaAs,
Ge and Si, and even nore preferred is CdSe. It is preferred that the

sem conductor nanocrystal s be branched nanocrystals. Mre preferred
nanocryst al s Hherefagedembodiments @f thistipvgntion thel scwigprfseting polymiey willibg apr ef er r ed

t hat thea};oWnQr gr'd]éﬁ'dgf)osgrhfroc‘mlng%%ﬁ)]a%]&@y%ol?% legmﬁ'%ﬁoﬂfaneﬁbom 200nm It is

preferred that the process for ki n | mof this invention use a
bi nary szmlwh@esm%mrp@nwﬁ@r)watpohy nyde VH‘f/'e’t‘fﬁé robiflpeises: i s chosen from

the group,ohartiadd dmifes, mrﬁlh@!snpnene @n}m{egfam mubteczﬂeumm@s, th¥¥bepeferredi€Xanes,
wat er, dichl or obenzene, %gl ene chl ori de | kyl am ne, where the al kyl
A

chai n’ ey @M HReRe Sd? - H@ﬁ@ﬂpb&ﬁﬁ&e’i%‘“%]@?m}lf PYdnd6°%G car bons i n

| engt h, t}lékﬁm%hengﬁpf}mohtlaﬁﬂ{'rWMMbrefem&t preferred is pyridine in
chl oroform It is preferred that the binary S!&d\rﬁent m xture be in an anpunt

of between 1- Frprefeiraembggipgnts, hesemicopaueiayr ?aé?aﬂr HEBEFTGISBE ol 9 and
nost  pr efigfgie @rehtsr Banvabbd20 nfh. Mbﬁﬂﬂi@férrdﬂmmﬂﬁﬁhg afenghef betwen0 emi descri bed

herein there i s disclosed a nethod. 25 for_nakin c thin filns
havi ng i rfO8RBoF4P aWra MEfFEsdfrioni Ry g lree'Bs o PaNGE? g’é’g‘agi sans\’\me'i“é there is a

step af washi Bgndrb refered atbaIthenGR i@ ChnS@NGi € o Uit e oﬂ@:l’d»ﬁptﬂy\ﬂt(axloﬁp at | east
once with a solvent, preferred. in )yrl di ne. ano dtaﬁpnt of the
i nvent i orfUdbLEPuPdY demisPreurors andyte S?JC%?‘C %Bje&"e{fﬁf %hin film
conpri si ngp,idags, Aln2N0daasd2Ng1GafA s Thea At Qe sid B thnll EVengdre prefegepiecasair e of 30
from60 C to about. 200 Preferred is abo r enbodi ment

C.
O hest ment fBpiraAdhal he qaErude HArBRAL 2o BRBTE0 BIeas BT o

I ncor por ghkdféged analticfsthlsMaang painy(aad Ryhiedar ginaxyy.t hi ophene pol y(styrene
sul phani ¢ aci

03/ 08683 PCT )ti)%%fh‘%gg‘z"ztrh%@vm@é%ﬂg‘éﬁ‘d lipn b Vﬁéﬁﬁ‘éﬁ“%t g?bou%s?gchégﬁ? t(7) e

i ncl ude sem cmncimférrdaghammy$toaésls menapﬁmgmemﬂleﬁlnocﬁf thik invelhapes ahiansi zes.

Pr ef er abl t hey haye at | east nsi on t han _abou - 100
nanomet ersé]b rﬁeyer%?téeaﬁt qne of ft?] so]vetnpe % XS from%ﬁe FQURS nsa%g/)gl engt h.
"Nanocr y?p'g'radme,, chlbrnﬁmmrtddlénaN;dehen,ammqmasr, tvated, eithlox@heracmt metbylegatlioride,

interc hangeﬁq!‘a%tnp e»{herthe a]ky a%er{l&)r@)e%gang%g oP an%ra%]éhe&iqu 1s %%t@vgénl Pl the

nanocrystala at are |l ess than
about2010Q0 nabawsbt lewgsh, bfﬁhr&)l mmlmolwsd abmommyl. bsquelershepyridingpe or core type.
For examg%g one branched nanocrystal particles according to sone

enbodi nents of 'the invention can have arns that have aspect ratios greater
t han about 1.Itismpreférted thabirp bidimyselvent mixnae by ingn emeunt plakeevegs pdévolfeat i os

greater than aRoHLRed ANE bkilg 2960IBSEE mod pRARE isld\Rfabout 10, etc. The

In another embodiment of the invention described herein there is disclosed a method
25  for making polymeric thin films having incorporated therein semiconductor nanocrystals
where there is a step of washing the surfactant coated semiconductor nanocrystals at least
once with a solvent, preferred in pyridine.
In another embodiment of the invention described herein is a method for making a
polymeric thin film comprising thermal annealing of the deposited film at a temperature of
30 from 60 °C to about 200 °C. Preferred is about 120 °C.
In another embodiment of the invention there is disclosed herein a photovoltaic device
incorporating a PEDOT:PSS (poly(ethylene-dioxy)thiophene:poly(styrene sulphonic acid))

hole transporting layer on top of an ITO electrode.



10 widths of the arnms may be | ess than about 200, 100, and even 50
nanoneters in sone enbodinments. For instance, in an exenplary tetrapod

wi th a cowe ocansiicBour arnms, the core can have a di aneter fcaorusabessts 3 to
about 4 nanoneters, and each arm can have a length of from about 4 to
about 50, 100, 200, 500, and even greater than about 1000 nanoneters. O
course, the tdr ApoEePdETie- npererahdhio ey foanchilgrseniePrdycinesorsiliedl herein can

have ot hegarietts bAdH Bapks asl sr%m’re@aeory iy RR At AR MeStiRensiol st MYEMBbLON, the
nanocrystal particles may gle crystalline or polycrystalline in

nature. T "PRREKES BY “éﬂy§f5 "@bﬁ?t"é"ﬁﬁf‘ Jrodsmes ey a%ﬁﬁ%‘%dé‘]a@f’“y% Se and CdTe

t hat have'nhay&y ’&S@%BoﬁaﬁkleOSan&b@M@ ugdd in@VIRRN gddPly hereOin s@ﬂ@lerln@dagﬁeh@s greater

t han 00 ;}] forrreq] accor di ng ];I)]r ocesses described in the literature,

see Pehg, T e vepYonyfhe nanqarysipl parglas miyohaye Wogy MeFrfiBghsipns Patere lggs than 3 am
Chem Soc.abdz300 ﬂa%amétzﬁome nalryitae nraeeg&dae/meu@eérblc@r’edyﬁa Tor BaRER! ystal rods
used herein E (g] engt hs bet en 2 and 200 rd rr)referred enbodi nent s,
the seni CORGORPFY A ?“g}é’f“éf P OSOPH FEbe H&?H‘Srfg cdMGPHE P eat er t han
about 20 mmarﬁbmetmweis@édtﬁxﬁoﬁg?&tdrﬂdﬁamw Nig othet @nt@idhnents, theﬁMEszh 20 and 200

nm Even nore referred gje rod havi nrﬂ | engt hs of bet V\ﬁ@ ut 60 and 1
nm JB'EP 5?"?5(%%&{” a‘bB’FOl“i DAY PR ASBS EBA AL B A MYt al s have an
as pecto r atitibs offteadrmk may halassalaubou? 200, 100, Sndeanio xtaha:heu:rfs irf Jome

sem conducﬁ?g a} ﬁ,_c stals. are un ancheg ‘F at | east part of the
Cotal  amsTReUBPG Hebr 3thace, inih SempRTLRTaRes u r%rr 8rfagrweecr>ret nn about 2.
The anouate axbathetkr femadohighataat 40Q00metdk,20d ez{ch’l b1$n dfmarﬂ\ﬂz d 1agpth offfroirhe

hanocryst, branche m _conduct or - na of course
i ncl udes ?e‘?r aop%as . ﬁi?e%bo“%@’ “éﬁs?” %e“f%r"?r% “t tef%gjt}c%‘{rser east one
branch hal:etarnpa@raectbthmatahc&rwfal ]@l‘t&&isééscrﬁﬂ‘earheﬂm czﬁsmﬁebthemmﬂ)ld s defined as

the ll%ng ! h?nrlzol'p 1en§e[nts(:(l)lf errlnsvI IQQmOtEr nanoc sta‘?{)arhg%s mayybels}nslﬁgl g:’naajlgrhedl n

t he case '?e"];m?)sr anched hanocrysta
nanocr ys tafstailige ofgol yaeystaldise in matutee iyt invcmtxoxt drlm cohlemgiast udmganeodrodhiofi ded by t he

ongest  RLR0GRRArduRIRLEhave Lonlfrf3s ARIORD IS5 Tip WL OO dier BuPOr L1 0N Of

t he sem conduct or - nanocry sta s are branc nocr’ 1S nmeant that
at | east 190/Brbyf0mdg¢q0rdyﬁg to prcersmdecyizdan be Heatun, a¢¢d?¢egi Xamverystals. It is

under st oggl, f higa, §9h(‘§0(%]()25‘r%&§eﬁglz@ PRI} h%”Ch%?Soqte{]Z'a”F% @ig' n cou d also

i ncl ude 100% 1. ortion e and CdTe
seni é8nduct or - Thrdﬁtzérqf§@rap@da¢te nefysial wds USFWeerelmammélﬁ b¢twerar20i cl es may

conpri se ot s Hi frébk& e%ﬁaghrﬁlgmg%tsgﬁlc%ugt)f ﬁalnocrmﬂs &%gﬁsm&'s a shaped

particle or a sphere. For exanple, the particles ma rise

seni condh¥ingrensdy erfagsthancpapddne . Mem nderederords hﬂSﬂlBPﬁbB@ of batpesind
seni condug B0 hCERHnd fbRrddlidfods BEE rqu@ly@ftueme&%mpm% 1f¢ich as MgsS,

My Se, l\/g;l]'re], CaS, CaSe, CaTe, SrS, SrSe,

25 By “at least a portion of the semiconductor-nanocrystals have an aspect ratio greater
than about 2” it is meant that if the semiconductor-nanocrystals are unbranched rods, then at
least part of the total amount of the rods will have an aspect ratio of greater than about 2. The
amount could be as high as 100%. Also, this means that if the nanocrystals are branched
semiconductor-nanocrystals (which of course includes tetrapods), then “at least a portion”

30 means that at least one branch has an aspect ratio of greater than 2. Aspect ratio is defined as
the length of the longest dimension of a rod divided by its diameter. In the case of a branched
nanocrystal, the aspect ratio for the branched nanocrystal is defined as the length of the

longest branch divided by the longest branches diameter.



10 BaS, BaSe, BaTe, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, and HgTe.
O her suitable conmpound sem conductors include Goup IIl-V sem conductors
such as GaOY3/0€a83 GaAs-P, GSb, InAs, InP, InSh, Al As, RACP/USA/GaAS,

I nGaAs and Al Sb. The use of G oup |V sem conductors such as germani um or
silicon may al so be feasible under certain conditions. In other

enmbodi ment s, t B “partipceidi sgmipordyptpt-napecrystdls &t berchpdnaraeeydlalitisuch as 15

Si C, Si N Q&anelidt aObRET% BRIVEEh@ the RociGaRs 8¢ bltHed RA¥LYRE SN Al so i ncl uded
are the terti ard}/‘gmchal copyrites, for exanple CulnS2 and Cul nSe2. Sone

met al s s UPHETsIgodHRat thejlangisge “onpprtiony) as gsdined hppein eoyld-phg instude f 0%y Bt so exhi bi t
pol yt ypi smhaRr@omasr. be used in enbodi nents Rod, Arrow, Teardrop and
tetrapod shaped sem caonductor nanocrystals are defined in Manna et al. J.

Am  Chem Soc Alboygh Cdqeand f-ddessauopndists- naperaysisieele™esh ihi ch are her eby
i ncor por atafétrkial RRicles iRy eieRist GherabitabR YErpiosRiGctor TherRB AR Sbala particl es

accordi ng, to, enbodi nent s t he jnyention can have unique optical,

el ectri cgﬁf“i’veﬂﬁaﬁ@%?fas&&%- ﬁ{owﬁawﬂ%fﬁap %M&&‘P%Fé%?‘%é‘é?“ St82tan be used
in a nurbapond senitdnadh@s. Suitatdp@inipoaid semiondlbey ihide loeoupge®] for exanpl e,
as fillers in conposite .materials S al yst.s functional elenents in
opti cal d%@icﬁrélé’?tﬂlg§°’?"ffﬁﬂqsisﬂﬂ'aﬁs Sew@g?’g'@lﬁ’ (%é é??&t(g%rﬁl %Irgi é’sﬁeg\r/Teces (e.qg.,
sol ar10celBaS)BaSaBaTey#mi] Disa| Zndt arasNCaSe] OdR), Hg$,HeSalandByTe aStheret . By " P3HT"
it is nean ol v(3- hexyl t hi ophene), . whi i ncl udes regjor | ar_ P3HT,

whi o 1 mamtaaBEoRisind o R RO oy b Rt SR A SR PR

Pr ef er r edGaiAs-Pheasb, Inas t1aP, InSHPAHAE, ATPhAKGaAeMeCiAind a0SH amphat#Srédpat any

sem condygti n onj ugat ed polyners.that can.b . rocessed from sol ution
w11 CFondd b e B S e ST 2 G Dl P R onuct 1 o

pol ymer " conditices. e athtr ealblodip@hty,ier marticlkeamapn evngprige pdieled e insterial Sychtaem

Non- |,i.m tihg..exanples inc e_trans-pol yacetyl ene, pol rrole,

Doty R oSG RaESARPoB S ml el il SRR BRI RRANS BRacdA% HOYRLS)

pol y( p- phkkagopeites; for enampledulnSp aldyullnfos. foes, mepdd syelr Grfat NicCam g as, Pd,

l'y(thi - V] . | ubl jvati of t . A
ol YUY 0, S L 0630 ST 1L VRl ke
PCT/ US03/fegé2p andpttangd shapsd iseryibandedtor (nividerybRl preadafingd b YlaBsazdh kiyJ. thhi ophene) .
Espec al ieyeR!sSL 3bdd, 24! 127o0- 1B/ (h%'c%ﬁ%%s: & WhRR MLy ftbiloned By S 1 NVENL 1 ON

al so contenpl ates using conjugate nmers that are sol ution
pr oc @8s apsifesense forall purpasescessabl e because of bul k pendant groups attached to

the main conjygaled,ah .aﬂiclggacptyrdiin\%\ﬁ)ié;: ohith©Br B inné},%omwhugea&n@qg?pol ymer

into a 5 copolyner “structure of _one or nore conponents are
non- conj BRjirletlectricalnmpgngtic, Faig)yticedndmpsickanicplmeongeliss, and can be used in a

pol y(, 4" nehiRhenuhAnedh RPFELYY. AXELOE be uRk! 5 ckafipiPNE BYLE ReompBiRENY ! Vi Nyl ene
and pol y(1, 4- phenyl enedi phenyl vi nyl ene, pol y(3-al kyl pyrrole) and pol y(2, 5-

di al koxyMBEpHe ASIRBHES 3 JUnetirsipl elaments dn eptigd detiess s furgionghelaseapisébnduct i ng
conj ggat bRk ®RNices (e. g-, solar cells), as functional elements in electrical devices, etc.
By “P3HT” it is meant poly(3-hexylthiophene), which includes regioregular P3HT,
which includes head to head and also head to tail regioregular P3HT. Preferred is 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 invention. By * semiconducting
polymer” it is meant all polymers that have a pi-electron system. Non-limiting examples
include trans-polyacetylene, polypyrrole, polythiophene, polyaniline, poly(p-phenylene and
poly(p-phenylene-vinylene), polyfluorenes, polyaromatic amines, poly(thienylene-vinylene)s

and soluble derivatives of the above. An example is (poly(2-methoxy,5-(2’-ethylhexyloxy)p-



this could nean a m xture of blend of polyners, one of which is to be a
sem conducting 10 conjugated pol yner. Thus the nanocrystals are or would be
enbedded wo odbsyeey sed in the blend or mxture. This inverCirarsos/essther
contenpl ates that the sem conducor-nanocrystals, rods, can be aligned by
any techniques known in the art for aligning crystals. By "photovoltaic
devi ce" iRhepdengynpigne) GIEHHEYYirad tiebsEalkyipiaphdned Estiecielyaprefairteddt ur es 15 known
in the argoyEX&qml PV @hit & ' | ' exanpl e,
Sci ence. e R Il e e AP I LRl pot Rl AP
are i ncorBrEeRber pRputiop grossseAbleerr Ml Pekessgbledrogaugheftbeikalcpdancerdensi ce may have

nanocr ystaahchB@iottheGhBeonfgdedéHAReS: b itsTi!ﬂé1§si&PJﬂaie%£jthﬂed%!}rﬁeP%§b pe sandw ched
betvvee; two el ectrodes (e.g., an alum num electrode and an Iindiumtin

oxi de “el é‘(?P?]Y)‘H"é)Smt?H”“aOf PG PTEPETH CYBRORTES PhBAnRPaieHsE Naaimieng 20 By

" bi nary Se&kmlﬂatinc&wsbay@lmidhphk@lqmeaﬂ{enyloin'yl%F,%@(1@4-@)&%}1@15&pf two sol vents,
and one ma'}lllbe a Iidg)a\nd %]q]at is also a solvent. For exanple, ridine in
chl or of oPHFEYIFAF SPALg ehphenyenedipheny|vanylene golyB ey Rvgrolenand pely (B5-sy st em of
at | east doiliexgplpi@niencvalying. It isgaddlstbddabat b sedBlonductifOERIhted f)&fmé?xa”pl €

xyl ene and ph honi ¢ acid. Xylene is a solvent for the sem conductor
nanocr ys'?'?if Poéfﬁjsd‘%ﬁﬁﬁg’ﬁﬁ‘ﬁﬁ?&”%@ioa Pplymers, ang ghhghichyg fo Yegsermicepsfugdng: . 25 Suitabl e
met haids  feotjugmetd ipoigmérThius tHeln@BochyistsR atet@ SQuId®S embdageh dFQIspérsedah e known. Non-
limti ngg?xilgprla.es of various coating and printing techniques from sol ution

i ncl ude %% ng, bl ade coating, dip coating, inkjet printing and

screen pri ntiTids infntionofiirtlieh eGfempllREshRt G e&midsrAu@e Adfoatybis 8dsetaqn@e to herein
as "deposj. i Qi n_fi L{&B of the instant invention have to

n 5‘9;5 Thﬁlt. is, the ¢
be " depod{"S4™ BHiE HAE b dp e g fU SHEIEF¥NI30 The conpl ement ary
el ectro][\i C prE)p‘Q)hd)t:c)\&ﬁinﬁe\iid&OEt??ﬁé@ttﬂﬁid:]lﬂéﬂ@ﬁﬂtﬁpi&ﬂﬁi»@ccﬁﬁdﬂﬁ&&fr& ?an be used
int r mat.i Qn el ectri,c .active junctions arge transfer is
favo:]gd gg%wnvf%eﬁaﬁ'i %’f‘?mé’faéyclfhro Or‘{dé"l’cfcﬁ?ﬁ\c?vr‘% %B‘i’@&%"cfoé‘é?ﬁf”@ ndfil®ors and
rel ati veMpl. R¥5wpp. GAlSz2IRT.OVarctpZft, 0(2] ik corpanif &hith beGrtbgdratddbypol ymers. | n one
enbodi ne f ot pnstant i nvention sem conductor nganaparticles, such as
CdSe nan%té?r%sc %’a'fzrgexgrpélggc?ﬁﬂ%?ﬁ%talCv(\jne‘f]f'ue TN UyHr e 312'8 PW%%?G@TQ%Q,
PCT/ US03Tig6aubinatior qanghes bs sapthwiakbedPBiWEet ovocieedddes Ghranageluimnsf er j uncti ons
w th high.d ' eg. I | ti i.n photovol taj ¢ devi ges havi ng
i mproved géf P%l{nggﬁl;}].aJuE?@rﬁ%fdﬁgEgﬁoéireg% Sgl\)/%f“e(tﬁcl’f\éa?ﬁ Ot?vé’?mlc €& nanocrystal s
and PBHT, it HByahinke sgdeamnsystent’ itGoSenni © iwlde b sprmageepidivegtsaamd oRSHT i s
hol e- accgp} bd\Bidedd 3 The f_Ji.gands. on the-surface of
nanocrystal s n%sgglllﬁat etiS)alj_Stos SV%'??rF%ﬁP%hvanmdﬁg%%]emp8rlrr§irrg'rn?ry\/§3V%nén repl ace or
renove | H§EMAY 2 medd toguglidg@sywdm giSieast by oivght, aidertigaal thadsiol ng  of

Nanocr y s, Rf edfpie xbiERATBMspRInicRREX MRt Ts PLARG: 1 hEBrBlGlciort NEY have

been cast.
nanocrystal and phosphonic acid is a ligand, but not a solvent.

25 Suitable methods for making thin films like those described herein are known. Non-
limiting examples of various coating and printing techniques from solution include spin
coating, blade coating, dip coating, inkjet printing and screen printing. All of these
techniques are generally referred to herein as “depositing”. That is, the thin films of the
instant invention have to be “deposited” onto a substrate of some form.

30 The complementary electronic properties 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

10



The effectiveness of charge transfer and transport is determ ned by the
nor phol ogy of the blend. Aggregation of nanocrystals both in solution and
in the povgmeosidepends on the 10 strength of the van der P@&alSs3/oseer act i on
between the particles and thus on the separation between nanocrystals and
their size. A balance between aggregation for transport of electrons and
di sper si @nlyfers suabrae PﬁﬂT iocramtcha prarrapefet juanisherith lighriegdiaia drea Tydtidgvent or s
have surprisin Q t ripRolRgy i s obtained
t hr ough e oﬁos\/tha\, dev1c sCh ¥1 %(%\Jaf’flgfﬁcfepc 5 rgﬂ tl’; ner {/{j:?gs gﬁcor drl ng to

enmbodi negidSe mfnodzrlnstzsls md\PéH’ﬂ"l ibgan b seen d@h@fbﬁens @memeptm&m%w}i%lsa 15 |i gand
and sol ulpiJi agc%ﬁur&a(p@cf)yﬁeq)lre%wcggﬂ idafds| HRGE B 1 HhSRGA! BRuifLs itshe
nanocrysta o) Since spin casting is a non- e(}w | i brium process,
t he diSspénenainn pith thy@ohmeroWeyar wplagerpr remsive ligaids @athe Pefa¢ped $198F ned in the
pol yner . u%&ﬂrﬁéﬂ%n wsh%%fﬁﬂ#&l@?&zﬂ?&thegﬂmgtﬁ@ndoﬁ@@mpm ReRIMEBfier M Xt Ure is
used to contro phase separation down to the nanoneter scale. The

i nventor@ebiéﬁl‘@bsmoei?tl singly found that it is 20 possible using a solvent
m xture to conffli-RRREs SFRRAEAEAn9Br 4l vdn brlt md%ttnbn@ v m&pRagyt rati on of
nanocrystal s (13£ to 90-95 weight %9 in poly in rtlcul ar P3HT down to
t he manombtheple élgéfegapﬁ’éo%naﬁ‘?%‘aisc?oé’rméfﬂ'é@"tawb‘“élt?lH‘j’ ef ggpepsts op Hig

nanogpys Ts\?én%th@{ the YhildHr WB0L %Qcﬁoﬁ"&!t@&n% gﬁﬁgle§md\fﬁﬁton aRdepdrgrnd for
nanocrystals, and in particular e, a good solvent for the pol yner

for sol ubrwyRenTepReE:sisisigd their Ei?f‘eﬁé%a’faé‘“d: "é%ﬁ’bi’?@ qg%“of' e UABSPRT OECIERTARS ng Lewi s

base, pY'éhdj('hE])%rsmWférhndré StrikiSit abdr peatastbQWeR@iedl TH3 ilhtBis hiWe shidpiGinhi ch was
chosen as a t he nanocrystals with the aimof facile renoval.

Pyri di ne dts?@a*leé ah@ﬁ&éﬁ“ﬂf’é plapapholaey yabiansd thappgh de ushef sSVoUMIELS 3) wer e

co- di ssolygeht WiltteSRET dihf tonibbailbite ofthis Aedtdn #dPeontaih prabieEvhiahad a %)
pyridine in chloroformto create a uniformfilmconsisting of dispersed

par t i16] edeand aphiojubiizespirrisiisreag ipdtuency fig disperian Pidbe naRe q%‘P pyridine to
cover t h@oﬁ%nr@ﬂ&%ﬁs%mhg B UmbRERilibsiumeREdR] thedspeisidnloe te uairerysal in

non- passi vated Cd surface sites on the nanoparticle. Pyridine is mscible
in chl or 82ihcansls PaBipingd{B s PPYMET- t wof ol d sol ubility increase for the
nanocr yst al s: Adcandin¥é bﬂleﬁﬁoﬁﬂ&it@dthﬂ&ﬁ&ﬁi’oys&@{'esn ﬂi’xmrmm&dsobcuhbﬂhé n
chloroformthan their ked count

and l.y sol uble
R S S A R e R St e
pyri done poddiBRYiag a sdlgent @ixbee m/c@mdcﬂthasa$pbﬂan® mreﬂlnaWeh.ahigb 11 WO 03/ 081683

PCT/ US03/ 08624 recipit ation S ve ol e, b chl orof orm
and i nsoFﬂ‘BF'ﬁrai’?{P"&??‘i"g ¥ (“?H%QJ? vrV%’gmt er Eg]émer : ?r}ellceﬁsglé Elllgl i {]y regi nes:
1. The | elwnpyotriedtr mlecnmaemtsmaetnhme tregolnilitylof e hirnociygals bgol ubi ity of the

e pahGE SR A SRR kgl hen {1
concent r agominolvergiforghe pelyoret fhesblitioaprocdssing @ preferred examgple fs|the weak-
25  binding Lewis base, pyridine, with its relatively low boiling point of 116°C which was chosen
as a ligand for the nanocrystals with the aim of facile removal. Pyridine treated nanocrystals
of various shapes and sizes (FIG 3) were co-dissolved with P3HT in a mixture of 4% to 12%
by volume (vol. %) pyridine in chloroform to create a uniform film consisting of dispersed
particles in polymer when spin cast. The preferred amount of pyridine to cover the
30  nanocrystal surface is determined by the number of non-passivated Cd surface sites on the
nanoparticle. Pyridine is miscible in chloroform, so that there is a twofold solubility increase
for the nanocrystals: (a) pyridine coated nanocrystals are more soluble in chloroform than

their naked counterparts and (b) they are highly soluble in the excess pyridine that is not

bound to nanocrystals. Too much pyridine, however, is to be avoided, as this mediates the
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sufficiently soluble in a mscible blend of the two solvents, the
solubility enhancenent in the nanocrystal conponent of the blend solution
will | eadwb®3/ 8183 mat e m xi ng of the two sem conduct ors amrdTiuses/esoor e
prevent phase separation 10 upon spin coating. I1l. The high pyridine
concentration reginme: As pyridine is a non-solvent for the polyner
conponentpreciptaxPEEIHT, ahige isSesl seluplaschi@epat aidiigluybleonmpy@ineby t he

fl occul ati on_of pol r chains. Tq investigate the norphol ogy of
nanocrystL@Fr-e%)(rﬁ’g’gféerayefqﬁrle?rssol@'emsrle I'V& techni ques 15 such as atomic force

m croscopy I{ AFMe, lovapygtidbiictmcs@rgor iegiget lpatifidigpueduislitg hf ths ninogmig#ls ssi on

el ectron mcro = : ' Lod hown in FIG
4 for a blend r%%?t P%‘dgré% %]%%I}a%%%%%gm}mnm%ﬁ%%ﬁ% t%’fcgail 53?—%3%%8 at was spun
froma singl e fwtwawns. of chloroform FIG 4 shows phase separation on a
scal e of sgyeral. .mcr UeGneRttith AbSR. BSviadeh 8 ¢lSbindgsan opti cal

m croscopeelgndﬁlg\]/g%n&]\?m&t&gp)f’#gleba?ce e;t/]en as the film scgﬁg)e#%d Isi'ght. 20 Light
scattering is whesily whibls in mmishible bldant pf hhbropelyErtaitke sekwbiliyy as it can
decrease the faaction: Al dab@RsuPRRbREor derdlsHliobitiba s ur f aces of
nanocryst al -po_Inyrrer @ferﬁ fai"%%mgan be g?eatlil Senh%mc]ed by using AFMin

t he tappi ng nodemaenigxingasthe twa sgmisop@ustoprand thigretore preyadePhass SEPI oA

di ffgpences inthe.compgsition of the filmby conparing the phase and
topography image. 25 To illustrate the transition fromreginme Ito regine
I, FIG 5 JHovBhetigh pARhacTRndcarigh esine: Aapdidpaseninalyest feighe 5 m scan ar eas
of 9 nm by 13 pmRANELRLkPIETx ARG fdalePhass Bipararibd HBmsRL¥EME M xtures with
|l ow and internediate pyridine concéntrations. \Wereas the topography of
these fil ms i Slogavgjion eﬁzﬂvﬂf%?ham@w pyri dine concentration, an internediate

concentrati 0nra'iheéssi%%w%&horﬁm%%eﬁant)&rymapmm@r R FBSRARMH-qREM TM phase
i mges 30 denonstrate that the surface roughness relates to phase

separdt i 84fh aprgmis fyepmicessoph (AaDnePulk Hesitiys HERHGUSE SHCB 28 BNSHISFO%er do not

yiel d si pglnBtslcbi (THN B RSedARHlcmpRUE Rginkd1 i¢ $hoRRtn FIBOSREL Pbiend 0 i dentify
t he individual polyner and nanocrystal areas. At |ow gyrl din

concent r 8t YoM % ek by T am panegystaly INd@Rd dhat yps spar Hpmg singlsisplysiy OlEn t he

conposi t bQBrofm {16 4fshbui phisd s\ H3d HBLLBS oFPETdrAISRSOR3 687K coheiieds at
i ntermedi ate pyridine concentration th& ’s)hase i mage_i s ver% sFoot h. We can
t her ef or Betefied i pRORYGEIIUCTPSIBPABA EWRIT R LIEIHE DS Byfimbscpitesidieny |

respeot i YghyscatleAng/i€ inddfigblaed theAghomwltaio tellsdsSt daf derdabdhe fradtion 6f

contenpl ated that the high | oading of sem conductor-nanocrystals in

conj ugat %f“ﬂl?ff’ﬂ}’ rs in accordance with the instant 5 invention results in a
"snoot h" t hi n Thelstitg off theaefaced bf mn&aystabpol gro@leind filnth. call be gregiyess t hese

; ga;lhhzslgn?ﬁa%:eg E?Qs”gtm Xlethenggpri]negrrhodtere’FMg,%gntt iso t%r?pc?s%g erloeidgmn y }ocaﬂf the film

differences in the composition of the film by comparing the phase and topography image.

25  To illustrate the transition from regime I to regime II, FIG 5 shows the AFM-TM topography
and phase images for 5 pm scan areas of 9 nm by 13 nm nanorod-P3HT blend films spun
from solvent mixtures with low and intermediate pyridine concentrations. Whereas the
topography of these films is very rough for low pyridine concentration, an intermediate
concentration yields much smoother films. The corresponding AFM-TM phase images

30 demonstrate that the surface roughness relates to phase separation. Phase separation between
the nanocrystals and polymer do not yield single material domains and as such, it is not

possible to identify the individual polymer and nanocrystal areas. At low pyridine

concentration, there is clear evidence for local variations in the composition of the film,
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determ ned from AFM t opogr aphy i mages as a function of pyridine
concentration (FIG 6). The RVS roughness decreases by an order of

magni t udewoas/ostse3 pyri di ne concentration increases from @Ccrasssesske %
Between 5 and 12 vol. % pyridine concentrations, there is only a 10 slight
increase in the RVMS roughness, whereas there is an order of nagnitude

i Nncr ease, wigkseat hlenterpmmhrdipym:mnnremtanaﬂ the phass inbagk ssrvefyrsowwpth2We 0ari20 vol . %

Usi ng the S a but tion range fromoO to
5 vol . %tPere ore axmgutel_tﬂqu\{\eo oizgentrgt otng{p/o%gorgefﬁ% preglﬁe%meﬁ?g 12 to 20 vol . %to
regime 111. Thélswermﬂccemb@meomf\ﬂais uesitar, et1$ emtegnpfaied dicht the drgh Igading

concentr f S c RN PP LIRS s fnRedoPBndi NN e SGhMt i ON. For the
90 wt. %a(;g %O%‘duﬁﬁmﬁg%ﬁ%ﬁs@% je{](g?tn é’%’f—ﬂ'rﬁsec ere, thtee parti al

concent r abyeptm whemthgmtloﬂanhin Bign burfaess pest day b ‘*yuanqlfl!ed Teexprespiéesander st ood

t hat Concrgsrﬁffﬂtalqg 1%5951%%59)6\%&H}ez[nesgégrg(mS)V@%lfm ré@“ne‘é?—fsy as nuch as
20% and st be effective. Separation of charges only occurs for excitons
t hat are dslempineddran ARMopdguaplsxiaiagesas a Bineopsf BIdingsgecepyfatign (FIG 6).

nanocr ystal RvROoY Rk ss P&k ds enor/éérotfns grituld L EnEBY RidedondpERibh Size 20
decreases as a consequence of better nanocrysta di spersion, an increase in
t he ext eripgatasegdeemt Qimoert i Betesn J PAiS VP‘SWWEGP%?C@HG“"WSEQF €&amYBe used as
a meagpr &g idcR8seh {h'emyghn&fs VOHRRL Ofers ERA ORI MnGhieR ifd@te, fahd owi ng
quantities are conparable for a set of devices: (i) inci dent i ght

i nt ensi t yyniging onegngatananiaksp flomgRtto AhedrBddpinedbrrboyg schemenys 8 col [ ecti on

ef fi ci encyrifle it t@,céiu%@énrr%@%omegbou & (T Righe, VBN obYs gkl ce of
el ectrodes. These three conditions are 25 net for the devices for which EQE

data are ap¢ é%@ﬂpéal Parto metmed!l Ehase gongepikon Yehie falp diged ¥ééindence of the
EQE for Qb&@ﬁt&ueﬁ of'Dr;ﬁl-TQErﬁ&Q a%ﬁenmerJqsﬂﬂablgg@@omaﬂomrmtgelwt IReCESE increases

by a factor of 1.4 goi ng fromregine toregine |l and then decreases
agai nl5f oManqepgelhn Wﬂmi ‘l‘f'e‘éheﬁ"r g‘l“@?‘?‘é‘d"%ﬁ%‘&‘d‘i"?ﬁe‘?‘ﬁ’e o] R eYE Ihf 35% i s

found f oris @ bPUkdeFddE thaC@NERMoAS dxPressRll with Yephrd %6 WikhinB enag Ohiyapinudh Xt ure, ie
bi nary solvent system_ 30 A simlar dependence of the EQE on pyridine

concent r &t ?%a‘?drf“flﬁ%e%?cﬂ‘éﬁy sol vent system exists for spherical
nanocr yst al deﬁ)Q@ﬁ(ﬁﬂﬂL chd’ﬂgdg’aﬂ}_occﬁhﬁoﬂﬁikﬁidﬁblﬂ‘hl%:réﬁcdah&m] @t eitonvol . % pyri di ne

concentration, which is co ble to th al.ue foun for t he | ow aspect
ratio né’HBF‘BHEa“Hee%fC’r’iaB(&EVS% @meﬁ‘aﬁﬁ%écef%('«\gﬁs‘ ?1'8‘8?9& gMasKEent ration, the

opti mal ceneedtak atdnddqueat omefterdiamﬁrylsﬁ] dgiesion) ametkrdaye inhie exwifahce-t o- vol une

tio of th . L Fo 13 WD 03/ 081683 PCT/ 1S03/ 08624
Compr 1 Sed BRI B Toon MaaF babs PR Bk e eae st S eI om

sol uti onsf aarnk atparaioh dizen thanfo]l%mglquailnm@ ara/doelperalsc falewétobdevived: ) 7nm by 60nm
nanor ods . I’e(@ﬁll’ nm di aqpter ﬁac%rOQS have a

dj
factor of"? hﬁﬁd t%'Fsyt%g")ff%cnon dw’“ i)so?bed q 381 tcﬁarﬁéf Am  nanor ods. More

ace-to- oI e rat
pyri di ne thes:lemenqhs médthtionaisly gived by thhehose bf degodss. Thage tluhi: pogitiomaanor 0ds

gg\é?[ngr Inﬁhil(\)/i f’ ﬁg crels golr rv]v%ich %613 dhtg%re pre%entt% xgﬁd g'lﬁ'@ GQPCL»%C[% r?ﬁ'ldﬁlg e in dynamc
dependence of the EQE for blends of P3HT and 9nm by 13nm CdSe nanocrystal. The EQE
increases by a factor of 1.4 in going from regime I to regime II and then decreases again for
regime III. In a preferred 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 maximum EQE is also at 8
vol.% pyridine concentration, which is comparable to the value found for the low aspect ratio
nanorods described above. For a fixed nanocrystal concentration, the optimal concentration

of pyridine is determined by the surface-to-volume ratio of the nanocrystal. For devices
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pyridine in solution. In another enbodi nent of the instant invention it is
possible to vary the binary solvent mxture enployed in accordance with

t hi s i nvemoioensiey3 substituti ng pyridine with another |igaowuskseseexanpl e,
CdSe, CdTe and I NP nanocrystals are synthesized in a mxture of 10
consistin HD’S '\’% TOPO or TOP and various phosphonic acids. After the
nanocr yst F’E 56 81 St AP rangresls dbechegidievieqs areecast §rom solriges coxeeiss 12f TOPO,

(or TOP) voh%tplpedid, otlereds, @ovided Wigh 7nﬁﬂf}%ﬁ%%§1§}rc§js %qglr@aﬁgg ygtﬁﬁyé’ggne;m)ﬁ o to

or ganl C Sff]rfjlqctant Nanogsa%sta s vvlth a shel |l of
oxi dat i on "ARH" PSS ROPEHET § aF of tyapigher sufaretopyobmegatia b e Tme| udi ng
t ol uene, namjndxterf)relpmdnh‘tex&qaﬁe,d tJnInEmamﬂid SHAR ofhd thiepRbrodS FEe§an be
am nes and ot her

repl aced ands .f or. um such as thiols,

phospcﬁlene“p%fmﬁge an e ﬁ gudpeid %e ‘gf’cdfgls arg indygaipig Ravilibrmpoyit oy r i di ne 11
P(ocM z p&lChheTﬁPmu(antyl phosphonl c Tl acid 0O HOP(OCCtyl)2 ~~~P=0 P HO 20
14 WO 03/081 [ USO 624 . Non-con ated .| i gands do not absorb in the
vi si bl e port ?gﬁnoggeﬁg dg'f] Ji E[Benﬁlaﬁrgfqvﬁntg’ﬁgdi?‘lﬁﬂ]i’lé Bthe By sivanb t he

phot ogenenmredmnluyerdemaccorﬁar&esmh &iis isehlion KylsulgttulhOpRARR SvitMahdiher PhOSpPhi ne

oxi de or ctionalities attac an bind to the surface
of CdSe hgﬂg' ﬁer gg‘%’%b%%lﬁc do?"[} naﬁ%gﬂ?@tﬂﬁ%mp@ﬂ?& B adBRERet ed |7 gands

with lpong@!sisf@mmf ogetly TR0 & TAFoané vt oo piosfibionid AéilsS AfalsOndhobrikdid@e Vi Si bl e
bhot ocur reherd ShEREERRIE Lfee SRS A BBl Rp TP yproshe b rment of ¢hi s
i nvent i opano@hsalsdrpprss phiaitiyahiacigehid ssxrfacmmmahbmswlmﬂﬂ&(@wbﬁr@fo artgands of
preferr eﬁss‘ﬁ&e to &?dangxﬂ giYsts(Lﬁefrg%@é%fa lgrlglgnz?ntegfloq R enes reater than 10

nonomer uni'ts approac er’"s‘ g‘ HP& i s known as
t hi ophen@k(f?foﬁluh@@r*e%m yogihemd bmncmTQﬁQ q:almbs ﬁdpmmcﬁ)y&miedhgaﬁw bel ow.

Ther g5 ar t| ve ands
cont gsrrplﬁl{j g%ﬁﬁ%%%%ﬁ%&? xc?%l\[;/egﬁ?m@" 55 %"(érf% %"f’c ?chqsosﬁggﬂ%wrl ngs can

vary and they enploy either phosphonic acid, phosphine oxide or an
ol i got hi ophene am ne.

TOPO T1 Pyridine
o)

I

TOPO Octylphosphonic T1

acid
O
‘\1\\ - ”
AN~ p=—0 o ~ P(octyl),
= PN~
/ -~ L
HO s

20

14



HO HO HO HO 15 Because large oligoners bind closely to the nanocrystals
and can interact intimately wth the polyner, they can assist in inproving
t he char gwotmsassier rate between the two sem conduct ors. POTIU$03ress24 t hat

al so have simlar side chains to the polyner can help |arge nanocrystals
repel each other and disperse well in the in a preferred case, 20
nanocrystal s BPEcHiwArdbearit fp net P")?h’b&het"ﬁglﬁp%‘ﬁ'ﬂ ol the eleqioriagngtic

functi onasbéctrumsm@wﬁu a&d to ma@ﬁ@bgaaaa@mm@mmlmemmgeﬁl Renbd With t 0 the
nanocrys In this jnstance, brought in cl ose

proxim t f%?stgh‘f‘ﬁ«%"‘?f’a‘ﬁé’e??g‘f"ﬁ actdcf“‘tﬁ“BWBP"é af‘%@?d ﬁﬁ&"‘@f‘? the FuEface dfedtge transfer.
To repl am&d a_tﬁf?@ﬁmﬁdindﬂ&tbleﬁan&yﬂtahbetrh@e &mjdgaéﬂ ligahReviasper dwfughionar € washed
wth q‘bl e sol vent fg)r t he. gﬁlrtl cuga{ ﬁurfactant in on the

nanoc yst ?ve TRERTEHEIH ARG ) deaf-dlegegion ofaheglechamrengug spectmd 6y with an
excess Ofcorﬁthﬂlttdtbslier]:fhdtobm@ﬁmﬂhdttﬁnsblﬁelrused pomcblm@lfﬂyumeénaidnmrghf thignper at ur e

for several rature _ensures e on and off
the *nandCry Do dhe e AT et TriE ST RS HeTEGur b Eim of ¢ he
new | i garaniermetehse)f bﬁgdﬂﬁbﬂh&ie@&hﬁgﬁatacmmﬂfneﬂamlts approach thadofithesur f ace.

Anot her eff eat nent. that reduce exposure of
nanocrystal s s '"8&%’2? g%dq it & Own asra"?f)th (p Byt 8&5‘&’?&1&"% to dissolve the
nanodﬂysmgﬁphosphamc axd;elscswndfelovh@‘harem amenmst of prfend thibphene @erieaivpi t ate t he
particle S gtic .sol vent ar d discard

t he supe?fgléafftIa %%inﬁ: %? tf(():reﬂ%t"rlsl-L?m m?"% ?’y‘%’?tﬁ"l %@E’ PRI SIHEY g poi nt of
116C, i sthepempiby tither phosphodiaadid, ehd>splya¢1«z}sdetomardolxgplhamee;neanﬂ)ei s preferred for
use W th CdSe. Nanocrystals passivated by pyridine are |ess soluble than
those covered by TOPO but they can easily be stripped of pyridine by
drying or heating the nanocr yst als. In photovoltaic devices fabricated wth
nanocr yst al - pol yney,, bl ends affds on the nanocrystals determ ne the
nor phol ogy of the fd N ‘ f m crophase separation. 10 The

nmor phol ogy of bl engds of ous |igands, including TOPO pyridine
and a nodified TOPO in wh rpi ety is replaced by a thi ophene
ring (Ti), are coppared in i ti ng exanple, CdSe
nanocrystal s passi vated A Aalkyl chai ns, can be

di spersed uniform y, ¥n ¢ JHT. The di sti nct 15

spaci ng between the parti ; 3 he approxi mate | ength
of the TOPO nolecule (FIG 22a). Wien TOPO i s m)dl fied with the repl acenent
of ope octyl chain with a

Because large oligomers bind closely to the nanocrystals and can interact intimately
with the polymer, they can assist in improving the charge transfer rate between the two
semiconductors. Oligomers that also have similar side chains to the polymer can help large
nanocrystals repel each other and disperse well in the polymer. In a preferred case,

20  nanocrystals are blended with a polymer that contains chemical functionalities such as
phosphine and phosphine oxides to bind to the nanocrystal. In this instance, the polymer can
be brought 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 surfactant in on the nanocrystal. Then the nanocrystals are

25  dissolved in a solvent with an excess of the desired ligand to be used, and 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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t hi ophene ring to give Ti, these nanocrystals, when dispersed in P3HT,
behave differently from TOPO coated particles (FI G 22b). Nanocrystals
coat ed wiwb o3hsmgyr egate nore than TOPO coated particl espamasohesc24
aggregates of CdSe nanocrystals assenble into |ines of 20 nanoparticles.

Wi | e not,,, r ) BYrenaRar L] abdleqry, or nciple, it is
possi bl e tﬁ%ﬁ?ﬂ!{aﬂ& ftd(%l gﬁ?{gggﬂgﬁt gé/sh%qy ! tmT"I“lH] ?f g Ut €5 %Eﬁo ‘s’rggt:k vmpt h the

t hi ophene"aﬁ?cﬂg@‘Sé%O)tyla@ ané@dayﬁn@ﬁnghcamramge rshzedme\lnc)meyl&toafysmlahn gn along a
pol ymer  chadshor tﬂ;h@plpseﬁ@rﬁngﬁdg&eéy&ﬁmkmtpﬁmcepm fenOanacioR] 8l surface can

be discerned fromthe sgé)ara i on between 'particles Wt aggr egat es
and am)ngj‘é*ter pRbeitral Ve a leFade%vg%raq@tafrenC@mftlgaasm Pyrdscwiflst al s coat ed by

25 pyrs d'b@ﬂmé‘g@ﬁt‘%@(ﬁ@ﬂ1901P%e(n%s§ag]%(ﬁ%andm'dlxs‘?)la?ﬁ% me%d?o%é%e bound by

any particular theory or principle, it I's poss at because pyri di ne
is a weakihdise IB%{@%WS@%)%S’WC%WQY“%W?@ﬁeﬁ?éoiuéleﬁ@ﬁﬁ\ﬂé@cqwfeﬁrb)t he nanocryst al

surface dwpongu s c ﬁ%@ﬂ@f"b@tslr?s o ;}me%s?'d%&torﬂéauhme n£110|c&§l re cast. As a

consequence, the van der W Peraction between:the y pol ar
nanocryst al s IPPhPREIALHeYitss Sbrgstadithaangerystal I?P]Xﬁlc’élbbé‘ésalhéllmé&?s@ ®epar at i on

bet ween hhcRSalo Bganif R YHorbRMGANILE fFPIMAARERLS &fnn&la@a‘;@gwé}ﬁlo%e Pyri di ne
vvasheg g_ﬂocr stals are in_nore intimate contact w th nei ghbouring
|l e

part i ste h?]ﬂ%'t‘)ftbﬁé‘?sé’f@S%B“'HY@P?SH&“%E%‘F%H& B0, t?é’tldﬂefewd Aanocrystal s

in the finoified TORS iDPEEH HRGc hétet] SRILOREEHnRBAdE Ghg BF1), Sk | ar
di fferences I%%é’?g]%r ation behavi our between TOPO and pyri di ne coated

nanocr ys 3" served for the polynmer MEH PPV, which is a nore polar

t han P3HT 1&%&3&9&%@8%@@d5§%6%a5§1%@d n%qgﬂl’@ ﬁ%tf?gg‘ntﬁm: tlhle
odal nen no actual ly

i nst ant t|on cbgg ’?%?s a preferred. e

repl aci n %?‘S fangoR §1S8G; Y ip fre APl dratpftP3HT - Theediingtr om synt hesi s
plr_ocg-:ISS| B‘;gcmgbd&\t/m'fme\,fﬁhl‘;tles aﬂﬁsp&ﬁaﬂtdlthlt}f&l@p BRina I lhtr)tgt};‘é ”FOfF@?S \(/jVOU| d ]
elimnate ct a is wou e preferred, as the
sur f act amtogp @?‘?Z St‘%antslﬂi gtﬁf‘?‘éﬁgg‘éfepla%%wﬁme?ﬁﬂcﬁa’i‘ WAt ors have
surprisi mgalpyenﬁtnugl@ gdiveatt, M&bs‘ehaﬂﬁfy)(tal@%eﬂﬂﬁﬁﬁrd&@nﬁﬁﬁﬂ b@ﬁf/@d]ﬂ"&’f@ﬂct@m ant is left
on which %'ﬁbc ate 2P glglg\é i c device Hav{h a nmuch greater and
unexpect ed results a’r? o) ﬁ’oﬁ‘g%bf)(fag’ i"e .agﬁfﬁ%“ ef@P such a

devi ce i §0P®rp<ua®d¢>elmale$ @d&mefaggxdgatmef CdiSm@cﬁLeMisQ&smbM@ablBﬁksbhr ee tines.

Nanogg ys m r in methanpol] . to renove
exceg(g ‘E)a@'!f%ggﬁ e hé)ﬁwﬁ %ﬁ’vgam% anyrﬁaﬁlcﬁgﬁﬂ%%‘?” ﬁW"ﬁ‘ipP?e“ 501 per 100ny
CdSe) anlebSpbledmth &htoehtne nngsrmxlwiESndldsqusapntsmhsmh membb;meﬁr: gk b mkes Wit h
pyridi ne I 0 nan ystal s re refluxed first
with pyrh %etér}?u c?ﬁl t}t Qw% g%@n %?n\é%l o {nﬁrtcé’am eﬁrﬁﬁncﬁﬂ}é\%’ﬁe‘é{ﬂ’dﬁ t hen

refl uxedoqthelamgcmysgad ﬁlmfacaﬂan Bt dldqessd)frvmahmsepatzmmeea‘ncpmuJ:Es hakifi thet 0 yi el d TI
coat ed a%g,re%atglaﬁ@am@g E%c‘ﬂ@lﬁseof%mo%é' RER IRVl M8 NG LEQR SOl ULt ons

consi sti nanocr yst ' SSO Xhloroformon to
NaCdl 23 R Wﬁx@@meg@hg@@fﬁ“ﬁﬁm ). \Ménlg not w1shmg to be bound by any parncular

theory or principle, it is possible that because pyridine is a weak Lewis base, some of the
pyridine is removed from the nanocrystal surface during the evapdration of the solvent as the
films are cast. As a consequence, the van der Waals interaction between the largely polar
nanocrystals in the non-polar P3HT results in microscale phase separation between the

30 organic‘and inorganic components of the composite. 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 particles. Similar
differences in aggregation behaviour between TOPO and pyridine coated nanocrystals were

observed for the polymer MEH-PPV, which is a more polar than P3HT.
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di pped in water to float off the blend filnms and copper TEM grids with
hol ey carbon were wused to pick up the filns. In another enbodi nent of the
i nstant iwO®BN81683 t he i nventors have surprisingly di scovecedsoliess2heat
treatnment is an effective nmethod to enhance the nobility of organic 20
nmol ecul es bound to an inorganic surface and that treatnment of the
nanoconposi t e ltidyidersiqed gatalesnyanapyertion eonteaplsies at uprefentd ephodimshynver enabl es
t he novenerbiyokphdie3S ol BEHHBSaMOh me'?odsrtﬂglsme;erﬂ&'rpé’ﬁ{hgés pb&ssigl face. In

organi c gl en t hermal anneal i ng has been used pronote the equilibrium
nmor phol o 9m6‘f’e'é @R AUIE Hank that I‘”ﬁ?"é%? HTRES SYSHIE e&@@é@ "’{06‘3 Téﬁﬁﬁ‘h%’éfa‘ﬁiﬁﬁse

separ at i and mmdou«rdbeq;tra&r}ehzaatmecmrfm&hin&rftzﬂa@wmpmaﬁgs irh@&fer i¥wever, the
nanocryst.al - bl end§1 heat treatment 25 allows for nodification of

t he nanod?¥Fa %ﬂ aYFa*‘HE’BF‘i}@’( nd, Bt HERISY Qe trathingsiep rigme sHfas e lsftep

unexpect edligh rﬁﬂhﬁ:ﬂ@@h@h@l@édévﬁo’ém&flﬁg’ a MOch drdalP BAMExpetted FANOWaRBnd he
performance a o‘#ﬁ/oéérg ] C device. The excess ﬁ’l dine in the binary
sol vent, P8Y afeopr‘é 1t BB A LS IS ’"@fovﬁ%ﬁﬁ’csrg’ WPShosh dpdicyners, wil
be shown “tashe&(ﬂ'treeaﬁneﬁon radi ative recorrbl nati on centers for excitons
created in P3 con}ghaaﬁlgeence e excitons do not contribute to the

30 photocurre noc’?‘ﬁ%}f‘ﬁ’ﬁ?m ri""ﬁ@”af)}fe e RERRdP BAREESXFEh ¢ he

enbodione MoPOoaihd theh Blssolvla&/ﬁrhtmlﬁﬁhdhﬁ(ﬁlﬂyﬁdind (Iaomcpemmehg@ﬁs&)%@ﬁ&@ﬁta&h pyri dine
and excess, unbound p ine within the ymer. regions. Significant

enhancem¥hie&a1eR oBBR@atyslgs Vb BWP'E@E ‘@FP@C@ efbanavashed W 03/ 081683

PCT/ USO3h&d6:ékals %meéﬂuﬁamrh&lmqiyaalﬁdtomplta&bemmgieéeilbifat&f wﬁm&&ﬁaek ost excitons
for char? eran and Ehotfggurr eneration. The nornualized
phot ocur PEHPE ‘g‘ﬁ B splgpo digeolyzddn folusye gD HoerdR vigdTdrcaeied i n - P3HT spi n

cast fromaracl&oFi¥eWer@bbtalibd b9 kpificfynig ﬁldnﬁla)mmns:wnggtﬂ]fg@rm we%gi ven in FIG 7a

(open.5 circle jor to annealin yar es after anneal i ng). The
absolqate W?’ﬂﬁﬂné‘%&%i%“ﬁ‘fg%{]ﬁ%%@”goﬁm E&z gp‘i’"ﬁﬁn%f’ SATPIES VS5 nm under
f1 owi ng dipgarin whipon fihaaftfitigldal fildO4d cuFdeTEN @Hukeith Rl Iabbe werk

appr oxi naLe tquﬁ(OmT rfr] for 3 hours and cooling for 8 hours to room

terrperature euPﬁ ot 0current of the sane device i s enhanced si gnificantly

(FIG 7a), hilghmthet érabvdiret ofohel iokton tiversion ihynexrpeehave:kapﬂmglye not wi shing to
be bounddlp)évé?‘&ythg% attltrggmgﬂli 1s}a9%ﬁrc¥w [Brcl tn%}l an(fe [P%@g%ﬁ%t ggeCted results may

be able t0 be explal ne 00 "HP%ent for the
heat 8l welvjuise btnmdttdnatlnmgantdmrfete\nn(te:alprenmzenmaﬁtH&enachnrgpahovﬁr aa overal |

enhanceg?&ts trprysn%nf[ ﬂ‘ﬁgﬂ{ur Q)ff th%[pglgg]g g\aaes[) g}nb\%u er?trolfﬁwegé ranngnaflégﬁ{x gase by a

factor greater t nea nm w oulder~a l('FI G 7b). To
under st adhelfibrhieweand; ¢ purtate. Irmrsannoetderﬁsgﬂlemmgmelnems peaksed @ grevibtee Wi th 15

only 3nm,by, uﬁ%nm)%ﬁ%g@gn@;a%ph A& AR SRled 2N RgaL 51l %s%g;?rgnotnhe sane

condi ti ons. ana e phot ocurrent prior and’s uent to heat
t r eat nergnd gﬁ@jﬁ}gza{nh@wﬂ@ih@p eomppsiyn | Kpr aanocrystal-polymer blends, heat treatment

25  allows for modification of the nanocrystal-nanocrystal and nanocrystal-polymer interface to
unexpectedly enhance charge transfer and transport in improving the performance of a
photovoltaic 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 contribute to the

30  photocurrent. Thermal annealing of films in accordance with the embodiments of this
invention results in removal of interfacial pyridine and excess, unbound pyridine within the

polymer regions. Significant enhancements in EQE are observed in devices after heating,

17



enhancenment feature centered around 700nm W can therefore attribute this
red shift in the blend photocurrent to the nanorods. Consequently, w thout
bei ng bouwo oBosmsparticul ar theory or mechani sm of oper aPCONS03/08624
postul ated that heat treatnment is seen to aid both in the 20 renoval of
interfacial pyridine and in bringing nanorods closer together resulting in
unexpect ethidirvdn barered 81 thgteyovsypd thegrloge tfdtansdoahage wdikfesargiggr egat i on of

nei ghbor i N2RY s likely to inprove el ectron transport between
nanor ods,prﬂ \Aﬁ‘iggﬁéfftﬁ}é separation distance between hopping steps is
decreased. FuThdvermarzed photpeurrcaimeagiredfor @ A et odoindly 6pyn Cdbneanerads ial so  have
the ef f eghygl,BRNARGHAYICHREGR ol BP5fifhe NELVRRM RehPRHEpdRY bringing
these two 25 rrlaterﬂ ljrs Tnto cl oser%{ ece’t]ron}g% contg:]l;gqtn idlhese Two ef fects
nmost 13 kelrgley.@sion  aeheplingt Hesedtayprss. lafierahrsalingdrbe psokuereaioeye BRERy a f act or
of about 139385 09%Wwaht 13RRAARSH 1 P LRBG dWing 015, Qﬁéﬁkﬁﬁg aPk@current

i ncrease occurs in the region between 500nm and” 700nm_ where a factor of
gr eat er tUR#A7regused pepE Al epprermately e0ggomfor dhausendsreling ferditiovs land both CdSe
and P3HT ré‘d?rmeﬁmgé}h&hl% thé E{chfcbﬁe%%ﬂ e dafheldb\GceaDSMEMRE Q?mﬁ’d‘an fiy @ 7270 determ ne
the relative 30 contributions, we can conpare the fraction of 1ight

absor bed higherHhanipae wpuld pidivrilye*ReRle  phot ocurrent produced by each materi al

conpopent . Thehadse bithin %&%@ﬁduymnpi)aracuwme% opﬁnncq)%vme%ﬁex\ee&éa varyl ng
CdSe concentration can be fitted into a |inear conbinati on of

i ndi vi dudgseledmy bable parrripacd as follops ot giio ofithe R aFes s g hepater/ u503/ 08624

There i s 4B8ceSh Bl Jfltliéai@%c&ﬁ}ﬁ)?Gﬂxehtﬂ]gtsi?tﬁws@h%%rménﬂihcé}ﬁéxﬁ\@ﬁmfa{}t@pmSind 700nm of
the bl end device after heating. For concentrations greater than 40 wt.%

the cont PROARAYSHIaEY Smwcweisbefﬁéa%ﬁaf Fealr thep © npag 6%‘?@?1}”#'? geiobldgr atess ¢ han

t he pr opQoGindFI®fb)l T@kderdstaad th Srighbsfhib &d BOE dnlificent yoaR a2 delibe %t 90 Wt .

CdSe device, P3HT is responsible for 61% of the |ight absorbed but 5 the

pol yn‘ér 8P|‘V9“‘8BhP‘?’]"bﬁ?%é’a{‘?io%%aéfabf‘ﬁ’éedri‘ﬂ‘é)f‘??&?ﬂPP‘?M“C sap OnfifigfiscAt es that a
subst ant amdlysisanTe Bhoteurrtit @Rbr and sudkdy@eht RyhehttRai@iEhélaasat iete iC oy i but e to

t he generation of current and 4;0 | o ei hefr to,non-radd'sﬁtlv or radiative
r ecombi nSYRBHEMEY{FARES e e REVRT 700aPo WY e fheretor bR his 5gd SR deqeyi ces at
120C, t helesdyghageurrdat fohie rphmb@cnbﬁeqﬂens)pwhdmbm@cﬂﬁd B&hﬁmcm@mt ri butions

that are , cl oser c&’ 0.t heﬁ_#rogortti.on o{ Iighr%: t hat Cg For, the 90 wt. %
CdSe 10 HEUY CEMPRUSTBSIPPCRE I SPost e &Y B‘t‘E?éWP‘éﬁfeeP F?c"r’ SUEL W ammt i cal |y
to 660 eowpdohidleefatia pytidiee zﬁlﬂl%lrm‘ngin@eax@hsimclb&dtogugshtresulnnfﬁl—ﬂ' Thi s

B i8R nd A AR WAL ST LERaRc o 8aRRRRE Yk om £0C Lo
160C, declEaSIN§ onCE G AL 1as 0 AR RN GPETOSETE PPN the film
and t he deﬂ(elgendapngadasron Ehr@p@t be@@cfene&pmdshfmgquh theh:&pd?h.tloefdismwency of a 60

.% Cd bIendfllmas n n_of reatrren e ses up to
SEerl d % dcf: e, 1 3 P
1200 decy e%egé’gppi§ erearter and remdi r?sre"c’:%'ﬁlstfmt‘ a’t }HI lr'1]eFa"tallerrperat ure

(FIG 9 | methe efﬂdﬂpéenhmelgtchangv traosfnttervpleraﬁd& anth B3HT bebririgmgiieeke avoneal i ng
t enpes at 1h tgndthol%ﬁ)sg}%le%o%%tcoﬁt%ctzﬁwggé two effects most likely resulted in the overall
photocurrent enhancement by a factor of about 2.5 across all absorbed wavelengths.
The greatest photocurrent increase occurs 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 combination of the

individual CdSe and P3HT spectra (Fig 8).
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These unexpected results may be explained as follows. Since the PL
efficiency of CdSe in the blend is less than 0.1% the PL of the sanple
ari ses predosisiast |y from P3HT. Heating of P3HT i s knownPCo/usexesict4 i n
enhanced crystallinity, which quenches the PL 20 efficiency. This effect is
observed in heated filnms of P3HT at as |ow a tenperature as 40C .

| ncr eased CI’ysm)aﬂelliﬁﬂsﬁg};ﬁchlhem&]&ﬂmehe szx@btainrmsmtehmmhxhgm Tabasrogdse i n PL

efficien sglve d in but ..fail account
For Chan DerdBBRLE: deirel For ekl M RPN S 328 e b ighfon Pl

t enper at ue ts nhat'bre!rrexammahﬂf@ﬁtlydm éss ﬂpy,\mndnnner\wﬂbhbm ‘std’!JGﬂ thaltymer i s the
likely C%Bﬁ'g]e;t ®f th% B@ wl ‘%(\(;cﬁgg 1JenP3PPﬁlﬂbﬁE!%‘on%E{1;(§rl6?2c&f the 11g talbgo(%lge%%sg ng

tr eat nent era 0Sssi 'S I's®because sonme of the
phot or¥s almmuomlncmmtegm gﬁhmmchadinatmumwdlqaeemm sbstanoml at pyri di ne

sites w taﬂfoﬁ‘m%hﬁ%h?%s&'ﬁ@cf by ‘ﬂ%ese !E)I%E h&abbhid b MeRafk A2, BPLuEANLE DUt e TO

PL. After heat tTeatnent otons can contTibute to both radiative
decay andesttidegje non- radiat feeqr rad@ymnsreepmaniaion pathivarys. éloweedr, wbn boatess pyri di ne

resul ts ig@adhehdF Gle o%’%kgg appzaté 'tﬁé%é Qm ho r[)tb%mpéa%pg&% ggegn fipspgading to the

enhancenent in EQE observed in the egl on’ bet ween m and 700nm
Ther mal cerabueRst thy eresiodérngythe properepreefright thariiebiorhsnffos thef90tvhi%CdSsvent i on i s

eSPeCioal ikied BT Ririb Lo INABRE R Rc R R EIATT o Apbyfiacr od devi ces.

whi ch have a hi gh surface- to-volunme ratio an quire h

concent r &ei6dfsof gte apspried light iy BIHT, dhis sgpplifirationeof dysientemaktuarigm eﬁfmemx on. In

devi ces comsd-siindth QFc I R8%, BARALAESnce b ﬁmlgdoéag amﬁ,uﬂ%g{aeg nanorod, and
19 WO 03/ 081683 PCT/ US03/ 08624 nanor od- pol yner interfacial areas

cont ai ni HgeusY thedimandige dptiqe dag adgpy 536 anEP’afFSP‘éIWmSHt the BE efficieaeysof gyhi di ne.

Renoval Qf.atduss bR Hf & fﬁﬁ%l, baf atnRnd Bifper A58 §isEIp b m@vcﬁe;@mé of up to a
factor of six observed in FIG 7. In contrast, nanorods of di nension 7nm by

60nmlar e heTealifd aef refipipheopsient ai higheplepperareFIG insady This Ppyentop pyri di ne and t he

naxi mim Eenpids RS e alefrfdl ameNBR tdnipBrahise Yy R Yredk ok agdcer of 1.3 (FI G 10).
The instant invention contenplates the use of nanorods with | ow

sur f ace- t o- volGirenexPsteyesults pay b ixelapmge psdfpiryvsr Spesviag Pls ¢f8feRMioh fil ms (<200
nm  r esuChSe ih BRMISAE isQésy Akl TNV Ghe OD ofmbeanwmis@ prddomfehdpr s pster.( <10- 6 nbar)

and no inprove erformance i s observed on heat treatnent.

Nor eoverﬁgﬁﬁ’%f’{%}t@ h’Eﬂf“ g festip griansedsrysielliggy l‘”h}?gﬁt‘eé’F hesgpetlle open- circui t

10 and f éffitiedcac his effet Blobshveam idhitd AIRR S PYHDAIGRI0N ﬁhxggﬁrith@amwgoré ion

devi ce. eri of 90 wt. % 7nm by 60nm nanqQg o Se in P3HT devices

Fangi g PRBRe ol Do BT T TR SE o GO U0 JEF THckness

i mprove Mmmlheaﬂovénm reentaileto acchaf @or(thd sCostab)ial ilBeatdie Pleficg@cy NCreases in
tive enhancenment of sQ . rises | G 12a). The

t hi ck th
ablsgl Efzsl npfzgsl(gn‘gw?w i TPPERE S P ?e"}orzgﬁ{r?f‘g'ﬁgf %@&W Wt“r ag%bém%l'( €t hi ckness

likely cause for the increase in P3HT PL efficiency with increasing treatment temperature. It
25  is possible, that this is because some of the photons absorbed in P3HT undergo non-radiative
recombination at pyridine sites within the polymer in the untreated film and do not contribute
to PL. After heat treatment, these photons can contribute to both radiative decay and charge
transfer. Consequently, the removal of excess pyridine results in a larger P3HT contribution
to the photocurrent leading to the enhancement in EQE observed in the region between
30  500nm and 700nm.
Thermal treatment according to preferred embodiments of this invention is especially
important to enhance EQEs in high aspect ratio nanorod devices, which have a high surface-
to-volume 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

19



(FIG 12b) but is limted at 346nmthi ckness due to the poorer transport
properties of the thickest device. As hybrid nanorod-polyner solar cells
beconme nowe 0eb$ic83 ent t hrough nanorod alignnment and the egmtuseriss2of rods
greater than 100nmin length, thicker filnms with higher optical density to
absorb nore sunlight can be used. In these thick filns, heat 20 treatnent

i s pref ernasglod-polymalintareicial géus pmzﬁmngwmdmedewélbzeSubstannayemotalrtsoxf her enbodi nment
O e & AL A SREI0H of B o BN 018 N UEBE LB BRtous LEG b 20

unexpect S0°St PR egi'es incéreasing the car y and | nprovi ng
char ge (fmitdreémobsewe@mlﬂ@ﬁglnlcwtenhlaammedt g @inhenpien thﬁmeﬁ arpendgfl ends of an
el ec”on&{h%ﬁﬁ%% JE%&%&%L) 2ol 4 ?ncﬁr?e a%dwe%%rﬂﬁ&gﬂn%{ehé'aﬂe# he creation
of percol ation %vva S'T's Hecess to convey 25 charges. In dispersion of
nanocr5ystha¢tslgwbwwnbalfmm§131(1é1f3riﬁhat| ons in the pathways for electrons act
as traps of 1 eRAgelRALLABN CERMIEATS HelS! AF3hAG1LIR 5] &raal ol BRmRanocryst al s
reduces the nu hese grm nat1ons and thus enhances the

per f or mamaties, a%WevmﬁldIW@nmﬁlf@Véhlntfﬂ@s 200 o loagite §op sl WRENANE Ponmmrer ci al
sol ar celylSampit af léwgﬁc%urea(a & hinDAY §o mﬂa@&eﬁaﬁ drfofmanBDRiobdehe@S and | over
reconbi nation rates. Wth nanorods that have a length simlar to the 30

t hi cknes$pofhepiHeathsys M@fqotferi hsatdrsamiens|oé thinofilma deedetrinn iable thecPPputifdy i n whi ch

the cgyrrigd alRELE dsta¥umihidn &TfﬂgeL ﬁ‘ﬁoutgf?a Fﬁ?cagfp(ﬁ-nc;h Hijgensional wire. Thus the
probl ens of percolation and ransport are elim nated. By

control | i ng the sergseE?0 W‘a%ﬂeméf 6@!“5@3%@%?6?%“ B3R pdevicetrapsing e, -~ t he

I nvent or §ohi@ve 3§M{}1an'tl§bl&gis}'th€ye§§&/¥§0% thidRlesd BB u @?@kﬁ uftheftiaf ecti on of
electron transport can be tailored through a thin | m PV device. 20 WO

03/ 0816832BCTF1GS03/ 08624 As nanocrystals increase in aspect ratio from

spherical to KOl bV inctAQY i TR¥kheld iR Melali® dARANBSHINRST DB RsSHRser to the
real m of a one-dinensional wire and they becone |ess readily soluble. In

FI G 18a, FSridPobie hepie rrevement polEQE plter freqtmeny alse Hgieases ¥thifkesssinni ng
several FIGrORHuR Bfittd dBBOR BickSS duk @ik p&ﬂr@ruaﬁspbﬁprob&mwm for the sane
concentratl on, 5 the nanorods, di sperse unifor #%ﬁ{ﬁé]en t he polynmer film

when casfhigkeshAgvace. By Y19 Terr el R YR SokrEE s Rerem NEIeNEh C This

di spersi ez?hoﬂi‘d a?@ﬁxﬁl:lh]?ﬂ}lﬂ tﬂeﬂ;yﬁlyd’sis@ffbﬁs g$der tedil 1001k B]I’]Eﬁgﬂﬁthﬁ:&&ﬁfﬂﬁlk althfor t hfe
casting of  uni ilms a or cr charge transfer
Bt e o Brel RO o7 S o Bt e PR Teb I ke hasa. t he

ar chi2bectredtgendfs prdiasa (S@hlae higebd:rSoﬂnSncsum“cet hat the el ect ric fiel d ext ends

10 across th t hi ckpess J the“gﬁ)w ce.rat erht n is al so
o tont o dnheabE EmyEmt e AEV AT B RE At SRR o) oss
section. re';l'lnaeaﬁmmlddshatég‘n‘dssbr ixreasihgithe camccrfmcﬂ‘»()uwnd%prﬂ)@nmlbygelonm CdSe
nanocrys nto .a Pol 0X

di sk. Th‘éoqlaf%)ﬁ T ]gng wvc\aa}?arrhce(%rcgl% rfSoHna %]orsbqe %s of an (5'? tron, tranfport)én ?elnafap y

I"anon nife 60nm t hi ck
filnms. Thiakeholelrinspdrhmaerfal, ItmraamomepexedgeanqaetrhWaysns wecesas ® ®aeyi on of the
nano% ysct:haalrges %nl_g;soers?orr]]dof nzlmocrvsqgl‘s with polymers, terminations in the pathways for

electrons act as traps or recombination centres. Increasing the size of the nanocrystals reduces
the number of these terminations and thus enhances the performance. However, to achieve
the efficiencies observed in commercial solar cells, it is desirable to have higher carrier
mobilities and lower recombination rates. With nanorods that have a length similar to the

30 thickness of the device it is possible to have a directed pathway in which the carrier mobility
is similar to that of a 1-dimensional wire. Thus the problems of percolation 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 TEMimage of the filmFI G 14 the dark section wi thout nanocrystals is
t he epoxy substrate, on which the P3HT film approximtely 100nm acr oss,
cont ai ni nyonangicsl/st al s can be seen. The nanocrystal s spaaTiuses/esstd re film
t hi ckness uniformly with no significant phase separation in the |ateral
direction.. Obtaining a cross section for | ong nanorod-polyner filnms was
very difficult As H‘dﬁecrg&lmaearsedsasp&eﬁauﬁ&n@;ﬁheﬁb&idrohakgmeg moe; franesi st ed
bei ng cut, an bl en denc te nd be dragged by the
knife. CHFJA ng re%‘met“ﬁéerf‘? 'gs?n% ﬁ"o%%e H’é‘ﬁf"wée{?aewmf)mﬁia %eﬁt AN Ehoxy  di sk,
wer e imeddMsolmleemﬂQ1Bzesanmmlveggr¢glaensmiﬁrtoffortmmsmmnslamarmmged to provide
further Support du the m ¢rot ultin ction for 40
W, % 7niiY lejP A5 emﬁérﬁg?sé?gmlcﬁloﬁg(fqﬁ ﬁﬁs‘ﬁ\épﬁ%ﬁ}g 0ds %ng%%ﬁ?oﬁg a
subst ant |tlalnammds|dapers¢funtfhaﬂy witok tegelyokr 25 wikes cast romfEl G 15b. As t he
nanor ods i n th t gvgltaic device,
it is plp gc’ane?C i r(%f%mltsof R %%t ﬁ%ﬁﬁP rﬁﬁss%%?%}%\%% angrdeQmS)ggilu @t antially.
However , chlhqumnMSwhw forlthmlasme wEwrtiform fitmszem ot ng foasrsames larggrbargthe nanor ods
are alignpe €4 bildd6y SUbstrate and that they are
| ong enoﬁg’%&? %%ﬁ%ﬁ{ r%l(r)\rg‘hl?o E’gﬁgrr?rﬁﬁjs%érat ed entirel y within 30 one
nanorod. FIG E.@ausemeatcmtetctq\eﬁtoftmee soden oells chssuely batrtaardksivicyficli egjsedssed,  but
never, bhebé%%ﬁ%,metuhﬁ{?@ss fIhE da%%atn%nﬂ;{n% i 1%& fH 8D i }/M'Pmnam%hgmén&&ant
conponent along t direction o ectr on transport. Further evidence for
t he part thgimogpholpayrefithe éndrfiman ordss segtign tToec¢narpdigh Bisad sobfipreh® viife el ectron
transpor A H‘l%}ﬁﬂ%@ HELBRb &MA\Q Q3 RS
108D, R R A how

PCT/ US03 e used nmeasure of the efficiency of
char ge t dishspodisk yhstben rmhf@toﬂteﬁé“‘f’(aldla@\m%’gmfju‘amid@@ﬂ Wlwérﬁaﬁeabl e for a

set of dﬁ]\ﬁlafﬁﬁzshlmg 61') oﬂe'agée@%ﬁ'ﬂ:am gt se'cmn%@%ietn)‘mocgsﬂa) p3HTF R&ld AMhof |1 ght

absorbed, (111) e col Iectlon efficiency at” the el ectrodes, which is
mai nily @FMeﬁlanﬁﬁef 18 FHF &4 the flark secion witout naaady (1% thesoxyfabsgaCt r ansf er

ef fici engywhdmnd @h@f ity %ﬁprémmeé 1003h mr&mce%ﬁ%E%oeﬁam@ Bin@-sechhese four
conditions are net for t devi ces for which data are presented in FIG

16. Ve cabe naperwsiassaandbhentirddm thigknegsniforanl y Wik pe signifisagt RBpset he  nanor ods

i ncr easegephfa@R ih tht Patelll dirkchi6h. 17, the charge transport has to inprove
signifi cant ly to vyield an EQE enhancenent bgl a fact or,gf approxi mately 3.

In networks CUrRTRS 3 ¢185s Secueh by 1q8e nanesdokimer Himssvas g SHPIW- Tieansport s

dom nat egandbdf) BRRLRBGS MEk vmgamzelrsm@t@m@amtah@ the slehdBims Had & @@ty t he
pathway to the el ectron-collecti &gp@ eﬁ%g ode wever in devices consisting
n

of | ongk® 4Pt fragesd by Be kejfec GARSS BY 8VEI XV HS PRIV EPan be
formed f gigkNwareSnbedli€d in BpdX9 frédeh ovaaﬁakjﬁﬁioftth'e dhyai aﬁdmﬁecsto@fovtdaeurmaxnor od- pol yner

L ough SPETBHETE BRATROMEo PO HBVIE R e et aOMNEARD & 7om | ong.
parti cl eCasemapsro@heBEH Vabys haptodeifaetihg a/@bstintia pbfion Dh ehe ltecknesdef/i ce,
25  the film FIG 15b.
As the nanorods increase in length to span the thickness of a photovoltaic device, it is
predicted that the electron transport will improve substantially. However, the predicted
improvement in transport assumes that the nanorods are aligned perpendicular to the plane of
the substrate and that they are long enough for the electrons to be transported entirely within
30 one nanorod. FIG 15 reveals that the nanorods are randomly dispersed, but nevertheless, there
are some particles oriented with a significant component along the 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.

21



15 which contained 7nm by 60nm nanorods, perfornmed with a maxi num EQE of
55% under O0.1nmWcnR illum nation at 485nm and this val ue has been

r emar kablworogpswszici bl e. The results reported represent trag/usesiosan of five
sets of devices nmade on separate occasions from three different synthetic
bat ches of CdSe totaling 57 individual solar cells. The maxi num external
quant um ef f i cTERQE @n bedeH 2bt MEdee of By eifisigpy e charge EpIPOREIER Hattt®s r el at i ve

to the 2Qosmeigaantiibdbré Mﬂﬁiall'@%ta s@ttbffaé\i’t%d (ﬁiﬁcnd@ﬁte@ﬁmn@ﬂsxrﬁ%% al | under
-0.1mW ?Q?g)grg?chr omati c |1 um nation._ | ndividual devi ces have been

characte khb ahserdeds (‘B?/ﬁ‘l‘“g? ﬁ@'ef‘i'%ff%"é’ﬂéa‘é'?e e‘%%‘\’f@f' -AhihdhPHEY and showed
no signi fgiv@nﬁlﬁ}hh@hibit@@f aatuw@rhnme»a;mé SRR nansfERIREMOH BE de@irminb@fratiper i or
carns 6\? ort propertie |nor ani c semfcglgglgctor Fmo%&gs as
conpared? e %fF&Oé’ﬁF b*awm’%‘ arite SGviers orpPiel these
25 hybri datnsepreshtcdon FIGET6. SWd @h teedfdrs c@eltiohmn aiHehspebeatd @ligst ECE. under
low intensity ill pm at |lon 0, ? ted for agg)olcryrrer_ cont ai n} n%l cell to date.
1t i's coRtSHE HFsiet AP |ARLO ERET bUIPHPe BT e CABEGY HY B e | nst ant

i nventi omleldiaﬁmﬁmhat@ndmby‘dfylctbrrcﬁmpﬂmdmmanyarhdﬁtwol-lisghxhsysnbg@mads}ed nanor ods
were synt hesi cordin se techni gues known in prior art from
A L S e R e M S Sl

synt Hesi sompriscthe pnbwarto de eliaemkaapeningmwommﬂoefatdr Oi’ﬂesmés&Snsmfh@g ofbranching in

addi tion tOerI zI;Ir gleesag ggond%ct ofn 1? revalel%teacsau scal}/beElr J& rso?n absrlr?nChed nanor ods
have | en§PHEPARgTe0 e he eas S T ECE" cted when used

i n nanor odmropcﬂqtmse theVhickawds oéthe nBromdqimlyngr filn mauisecle nbyppmﬂlmmelgner gy zinc

bl ende d HLet n the wuirt frlct ur e of t S | ar .t o stacking
Pault derosnpss i DR B B Bl s i lra M P S B s hpiScs

PCT/ USO33@86in4 a 7aindeng pettislelagmygegnessiidy ksseffiegogUudtdé, Thd bestigleeiggpect ed t hat t he
mobi ity @Lhzggm%gwp%g%om hbfRal Do RERADGNERLNANATOA Sy Shil| ar Lo the
unbranche ro

I nor e, Interacti on ranch and the
mai n bod9lmW/qnhellmmnoodt48§nmtm¢ﬁgﬁe\falueh@rbebertemémblt{vaprqducsbicé’the nanorods in

physi cal remgh%g%?dr{%ﬁ%?mé&arpéb&n A RSORLsor he’%xégE EX&'O%QE hd QLflics REgnched

nanor od and ectrons occurs between screte nanorods. It is
under st obite ditfgrenesybbeticrhaishes o CdSdvetalinpdrindigdual mldr@dé ‘Beemaximime conpl ex

shaped a@aﬁ%mwefm&u 6f &8 oﬁlﬁks@s#)&d;c&emé] \Q&mmﬁyewﬁ@tou&n the initial

nucl eation event yi el core wt cubi ¢ cr structure (e.g., a
zi nc 2Bl e‘i‘?&fbﬂﬂﬂ@s‘b%‘rlg@?lﬂ?@mﬁﬁ eff 'C’elljé(taé”% aP adopi-@- Illm&’/cml aRaagdmematier yst al

St ruct Ur @uhiRadbn, InWidhAidbBdes AR bgérpawa@aznzta fe?aartéaey GBI e OGN er . di fferent
10 grom h conditions can be provided to statistically alternate the

f or mat i 0§VaH moaths endshawednociggiisant cbingsbehyees fMeavfeficds; thus | eading to

irregular br @naRi&-of Me86pepier GARE rrmsp&ifpmﬁeﬂ{épsﬁa&fg&rﬁ&s&n%gmiaput the
reaction may yield sequentlall branched "inorganic dendriners", see Maria

et al., "Rnoragnas egappredayh semisopyyctingpoganis palgmers pubsmatdnalgedles, dspq g " No.

25  hybrid nanorod-polymer solar cells perform with the highest EQE. under low intensity
illumination, reported for a polymer containing cell to date.

It is contemplated that the photovoltaic devices according to the instant invention
incorporate highly branched nanorods. Highly branched nanorods were synthesized
according to those techniques known in the prior art from 10 injections of precursors. Upon

30  subsequent injections during the synthesis, these nanorods developed many nucleation sites
for branching in addition to increasing in length. Because many of these branched nanorods
have lengths above 100nm, further increases in EQE were expected when used in nanorod-
polymer PV devices. Branching is caused by a low energy zinc blende defects in the wurtzite

structure of the rods similar to stacking fault defects that cause the nanorods to have kinks
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10/301,5 10, filed Novenber 20, 2002, currently pending. 15 The inherent
property of a tetrapod to self-align on a substrate with one arm al ways
poi nti ng wowansissdne el ectrode, conbined with the | ow banacgyasosresces i al
such as CdTe, makes the tetrapod sem conductor-nanocrystal enbedded in a
conjugated polynmer an especially preferred enbodinent. In conparison to
nanocr yst&repatength| Asa ednsaquence ilriawd)emq/that@lreimlﬁl@pftbh@rﬁm welpods accordi ng
to enbodiyERhe n@forddiSs s‘nﬂlYa(?Mthpﬁhbﬁfngh b n%’m%nr;‘orggﬂl%QraQJo%e{&%eJ a more
uni di rectional current t han random'y orientéd nanocrystal part icles.
The phot g6t @tthespaie Of 8’15"alomdeﬁwwﬁefg@n\ht:l“%rc@/s@lsmeam@mwsmanor ods in

P3HT for phyddal &M@cmuscuan@né;@,su;ﬁ%rea:nen@rmm%%mme@mre%b anll h{)sz fRgt$ The

preferred pyridine concentration for branched nanorods occurs at 12%
whi ch |se?Fé?ﬁst%ﬁr?ﬁ“S?e'}ﬁ’@ﬁf‘é?"aPﬁf&ﬁsfor shorter unbranched rods, which is

8% or |ess. The dﬁﬂékt&ﬁ%ﬁ%bcﬁdﬂﬁerﬁMS& ,%Mb&ﬁﬁclﬁcﬁ; eveh nrsrzéoruﬁrgﬁsrha ed
approximately 0.1 mWcnR illum nation at Contrary to predi ct ed

results, "a?%fyémlli‘@cl% I epbediments %fd’ﬁ%‘r‘ve@flo't \‘/W"P’WEPCIQZIHQW‘teh'eWQ!@\A ces from

60nm nanebled\sm a th8c ety SPenEhaN(eQf, al.R0 BRAdNIRN QS mbey LA s VidE3HT 1S
limted géthe | sagl ubility in gg/rr di ne-chlorof orm The branched nanor ods,

when dis THDFFICBITE S HUBHIET GO it e therogre Haveneudifferonts cous

sol utiioon groht &)ndlﬁorﬁﬂ:arﬁ Reir6addd@dstatfstidaN$ ak SRS thS RHHRioh bE ¥ubRfan he branched 30
obj ect s gnd th{ec her nanor od nanorod interaction relative to the

nanor od- SBI*FUAL YT EBIRED (B IeaAPE i FedE bhnelitm ddeciBicewtosof t he CdSe- P3HT

filns Ca&ﬁnﬁéﬂmﬁasm&gﬁﬂjt fhe réc@ndnaySead k@ﬁ&daliy‘lﬁﬁtchedamf&é & 1 ndication of
rracrophag arati y enh%nce in transport ficienc

A
conpr om t K& 'ﬁ@’@r"’b‘gsé A Ce » AR 221 §2500- €106 2m¢ Q%;?c%é&r ting from

a decr ea®®201,510j m&cemmmbalzoazoea cbﬂéﬁl‘@@éhdﬁh%nor ods and P3HT. 23 WO 03/081683
PCT/ l1J§03/ 08624 L@.p aga m um sel eni de nanorods, in_solution at high
concentrations an % LY ORIV 2 [57PRadith sell-align on a spbstt e Hithgre aFF | | ‘

di st anCe&lWaYSI’pOM@IOW&rﬁe&Ieteihemﬁﬂeadmﬂ)&i‘ed afith plyncbvdbdihe gapRgerfial s&HGH proximty,

t he van ttr ct on, . which scales. a e vol urre and di stance is
very streglrreg an eaﬁjeatlem Sem&ﬁ@‘i%%??i’?f%ﬂa' 6'1“86‘@8‘5 UBicPHIRA IR ™MsEHbr ods at t he

hi gh concﬁecmarﬂau)re@ermsd Emluadqnnnr eld cbmparimktb menodtybhl patierel lhyh atrhfaﬁdroni]y | s for PV

devi ce LI n -t ater .size and er chains are

r e\clrlur r Zdé"?oég)%{‘]%ﬁ%ﬁ%? % ac‘for a‘ﬁ “Bp %ﬁ’é’ﬁ"c&% %{ig C YRR Yoalieped Vﬁé To prevent

t heeéO i lgawdsfor‘ # omeaotdirergomd cuarehgrarhi than rhiapaily drieeyd nanstrybsi penlnelei rically
active an.d t ‘?chéfefhﬁ)éajﬁsfmg}'lﬁ%\d o? 96%? émtb*ancr}‘ar %enotéc%lgpsl;g%ﬁ‘ fbet .

and P3HT is conduction o es that the
t r anspor Yaripes m@rnemeqﬂtr@wm are digplayeid ihFIG 18. %ﬂgle@rrerammmrnﬁstal Furt her

Tt e (e ABRRE bt o8l gl By T Py Ry QR BT €T PoT o

shorter unbranched rods, which is 8% or less. The maximum EQE for these devices is 31%

25  under approximately 0.1 mW/cm? illumination at 450nm. Contrary to the predicted results,
this EQE is almost a factor of two lower than the devices from 60nm nanorods.

The dispersion of longer nanorods (>100nm) in P3HT is limited by their solubility in

pynidine-chloroform. The branched nanorods, when dissolved in pyridine-chloroform, formed
a gelatinous, viscous solution. This is an indication of the lower solubility of the branched

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 separation. Any enhancement in transport
efficiency is compromised by the decrease in charge separation efficiency resulting from a

decrease in interfacial area between nanorods and P3HT.
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stretch alignnment, both of which require significant nodifications of the
current device processing and architecture. Tetrapods, with four identical
nanor od awoms3astesxhed at a cubic 15 center, orient thenselpcaasnzaosseal |y on
a surface with one arm perpendi cular to the substrate plane as seen in FIG
19. The next generation of hybrid solar cells could therefore incorporate
tetrapods as $ehdcadihivgrclgdnemordy $t@lusot @ highanspardiosd ad passingedef f i ci ent | y.
Anot her e@qﬁg e h urpri $i | m

t hi ckness 't at @}e Sg%lgiﬁlegr 53‘?%&) grﬁ%?epy e 03 gt‘gf%aﬁee[{%rio(:fé)gﬁdzwgﬁgé i nst ant

i nventi onSUdplefP)amEY alte, vaOrer VéffaIStah@CMnyhllemlad&ﬁam“@}w apfl diggngegs Wa)nocr ystal s
and pol yrges, hGdpfif ARROTRLLRBiIIEABES GboR 2 (AL

i norganic slzgm cg)ro Cts()%ggcn'n These fsor m t eﬁl ng#aﬁ t ?g(i:))agfcq (?ess t han 300nm
whi ch 5 arrequibd tor F@M%SJ&*W"%F@kthaﬁfOQBWodeYICGMﬁ@qhﬁle‘,qnsfehtgavcéd’ﬂ&t| on. Unlike
conventi gpale, klE‘é)JnQ?d?ng@rchﬁ%&n@&\%&@‘i&éxte’ﬁ@h@ﬁen%ﬁ'o‘f%ano}%k GdheligAUI re nore than
several mcron thicknesses to absorb [light, Tow material usage and

f1 exi bl e ReBWIEEeEo BIPveniHhess figinds fipm peting Aorchayrsr Aiver thgydnysbbeaiesirisallps Wai | e not
Wi shing tQRGnd M BrBYeRMnRAelshGUh A thd QAL MeHerlRr BASY SEPBETHS POSSi bl e
that because the good transport properties of nanorods can be utilized
when the ffé¥agt h of the nanorods spans a significant portion of the film

t he dgpendenceyipfand Bsnakdibh 6 SREYnsPEquitanal afd- uaﬁ%ﬂ'ﬂ@ﬁ*on&%e@%ﬂﬁr@]?s with film
t hi ckness prow des further information about the nature of carrier

t r anspor t¥ith3(e siele nIpRSDSEL FREiet mppReTPYs Birapmert af‘éx/%té%alfgamewﬁ ch the

absor pt i GAndréds AeroGWRSRA 1BBRUE. Meth8dsTHMMRorbdalighfFerd bheluds eib&ifc fidid Mdt hi ckness
increases from 100nmto 350nm the corresponding increase and subsequent

decr ease SreichEbENAGE Sohef which seemsfo%'@vfgfa'rtmﬁf cmqnéa%lee cyrigntds¥iss bed 1i ght. The
shape of piddessimpaed drchitclaRe Mdgapdls, Wik fdubideineSan@bd AR afRuéLR 20 t he 24 WO
03/ 081683 PCT/ US03/ 08624 photoresponse in the red regions of the spectra

i ncr eléseé:ewrt?{‘ef“kwe(%%]?’esf"iafuf?é'y OTﬁ?‘gaE"aYi'”b%“e agp PFTPEGHCRIAT OdhesuhREak il ter

ef fect tpahe £sa8eh ih B1d 10 Themki gedraddaef ﬁ}ﬂrﬂsﬂ@ﬁceﬁ@d&]’dl the#éfbrGndofpofate

phot ocur r ent Bec[e}uFe in thick filns networks fo ﬁhy5| cal ly touching

nanor ods '{PRGHS poret-2ligingdyapeshs alii'e HanseRl P&l i ty, conpared to
transport conAﬁdtmednmtmdhe&fyhd mstaﬁmewmbﬁ ischessurpbisiag finelheRhdsOthat tgener at ed

near the PEDQ&‘AD eh N (% tf raverse pmany nanorqQds to reach the

col | ecti AY°A hR& Oégfz'l’ e {8 stagHPventip RETaieAt SR W W oser to the
t rangpar eduamegeeof ll‘sm@emnodt)etsls nm:tpos)tmamrrgé the h@hhllisbi‘.plﬂbﬁcdeﬁ'lcielne cplpdracurrent. In
addi tion deV|c es bIe or char ge
separ at i 6°nb“|lﬂ‘s "%féa"” Sﬁm’ca"‘r“t“‘”sd“e\sfef(r‘)?““ R ISR '%‘r‘g il PeRBF £ 1 m as
conpar edamsiablh td dbsorb hioreniem 90%enf th’b@nc'fdtet rnm&toaritlnhkmz@wtmmsalhnmgmsur prisingly

di Scovere‘%'méo%tcm@% Q' RRLY L edrgc\)/rleﬁles S8 mPon TGS gRhldogant |y thicker
at 200nm't 0 I eve nore aﬁsorq 1on " ﬁ bedatse the dmsper5| on

char act ehighs tlow sagfial ubege mmwd:tsdemC® aveaicksnld@wtth mdnloeulstain@dtmb'ntersans port
pr Op%gt I %ﬂé not wishing to be bound by any particular theory or mechanism it is possible that
because the good transport properties of nanorods can be utilized when the length of the
nanorods spans a significant portion of the film, the dependence of the efficiency of nanorod-
polymer PV devices with film thickness provides further information 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 film 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 thickness of the device and the
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t he nanorods are nore efficient than the nmentioned organic materials. The
phot ocurrent spectra of 90 wt. % 7nm spherical nanocrystals in P3HT devices
15 di spl ayosnsiess properties, FIG 21 a. The absorpti on spegtusas/afe24 he set
of devices with varying thicknesses are shown in FIG 21 b. As the

t hi ckness of the device increases, the EQE as a function of wavel ength
shows a nphraorgspense inbedd regoposistie spectt hverened witk giicmasfilek. Thiecan spect rum  For

these SphE‘tHbGt@Ji o AR F Xe?te h&t}ﬁﬂgﬁm r%ﬁl%yrmf)ﬂgié enc;[tt:" grlﬁ)n?sstolts at 160 nm

whi ch can be conpare 83%d devi ces.
Because | Mcm@ﬁ@eﬁgsez@) thsdkcmm m@wwe«zf pbysatly mucmmms@oﬁsttramaioat ive to

shorter diEmRs G ISP RER&SobHRY LGRSGAD AR %Pé’o%m denq i ?be AL° prov

l'ight,_before hopping transport begins tor provi des
evi dente FEreleetrns Bewmier per dfe Pﬁ?@ﬂg"séwmdmnsi t(malse maryommcojgdsn@ | npr ove

£ 1 anspor treadniheARMECRS al SHROH B %‘metd;gﬁt M%\é@%gggd?be%*}?o § b e di sclosed herein

a photovoltaic device incorporating
( pol y( et HAPERTEPLRIGTR et fco P ehenghysoyiEisuts foghephotdcyrrahi lo addiiiet) $he 25 hol e
t r anspor tdidghcl fRMakrof thd &plcgfesﬁﬂmi)lz%r%hzﬁgé Jeﬂggtloéwsed[)'&r?sgg Qarg%elnon of a hole

conducting, |ayer on top of the ITO el ectrode gl ves a nunber of
benef i ci afo!tagerois {<g a thigker fifg a5 gommarey. withshetbingérege.a much sm)ot her surface upon

whi chig o depo%émstﬁﬂﬂwent&yh;ﬁ/@k s@r%?}td&g ddBat RERR h& r, and, its
wor k function matches the val eﬂgne banci overt heat conduct’ ng p(l)‘{esér?gr (P3HT)

much bet tMAHEEIAGRY vk 2t 408w kachiged mere absorgonel lightsaghseh on. 30 Of

course, QiperdBY clRelRAdtcAMRY daBér¥dsQfre Qélf cfoﬁfr&n:ﬁ aftPhE SR E ks iy ers
dependi nthPon the work function of the electrode material that is

enpl oyed ﬂ‘HﬂdsIairerﬁ‘?’Fﬁ@“@&‘é’t’?ﬁl‘@‘qu’f”l'ﬁd@ga@é\ma@éaliss shown in FIG 4. The

nost pref er r edhephvedim@nipeata df B wt. 76 VRN phEMUERN b dISin @3HFQBYGENnduct or
nanocrystal ol ymer sol ar_cell constructed by spin-casting a solution of 90

. % PnmBP 2B ST EIBE RS AT otis Therpbpospirpr sprcla fth FOlglerisss wibysvingt e coat ed

vv| t h 25 \nﬁ};l&{a’ds&&ieﬁsﬂawrPﬁ'F/IGJSﬁ)B/AQ%Zﬂck@&%%@&c%ér&s@d HHBHEQWQS gs the top
cont act ion effici eng%j of 6.9% was obtai ned under

r
0. 1mW cmﬁuqcp?% ML ?néﬁ E‘Ew%’l’%‘ﬁﬁ?mﬂ‘%‘l" TSROPSH &t the Kd AR el @e of 1 owi ng
aL gon. iNSpa:hurs Honﬁledasp}teygal hivecrppas) tel opGiinh dvﬁ&éﬁgﬁ]eéﬁs% IB?Inrln][ wkl];ﬁich
photovol tage at t i mum int is 0.4V and the fi actor is
0.6, FIG CCOEBH“F‘V@%F %p“ﬁ\'?mgogt??%@gpw RI"9T8 dRHFRSCRRCBTalanE "HINRSF conver si on
ef f i @enehow impoved q)écubthnls;bcghelsﬁven@mﬂéreﬁ}nen\sfﬁh ypHeRY defitdsyiEbe hagsed sol ar
cells ar attai hronatl ¢ pgauer conver si i ci encies above
2% The ?ﬁl)%? re Slgré)b & fe%?" bsie ng’%gﬁns%(’? 558 Qrfgmf”i"??nﬁﬁ g‘B’L‘ﬂbl e derivative
of C60 anmwdmdﬁ%kb’foru%ub@hnfnsadmhegora:mnaéﬁsioﬁalaﬁmyodafto inffrovk Rampert. her

enbodi ment Of %\1511%16" %]ﬁboiat e%poftf;ie m\g %qher%ﬁdlscl(e?ﬁeﬁsmggﬁlggo g\%f@%lc {/}gq(.:rng‘lst al's

10 across the Khess "Can ™ be s UF ai ds.
Al i gnnenincerpetatingaEDOAJISS deol g etbigertehiidxy pliiepHenopaly (btorebdaipponit addygli nary ski | |

int B? aﬁ&le trz;lr-lpg?t)?tﬁxgilg}gll &qu 81' a(H§T(_I) Q]%étro%g‘ r:i"he incorporation of a hole conducting
layer on top of the ITO electrode (PEDOT/PSS) gives a number of beneficial effects
including, e.g., providing 2 much smoother surface upon which to deposit, e.g., by spin
casting, the nanocomposite layer, and, its work function matches the valence band of the
conducting polymer (P3HT) much better than does ITO, thereby facilitating hole conduction.

30 Of course, one may select a variety of different hole conducting layers depending upon the

work function of the electrode material that is employed. A non-limiting example of this
device is shown in FIG 4. The most preferred embodiment of the instant invention is a
semiconductor nanocrystal-polymer solar cell constructed by spin-casting a solution of 90

wt.% 7nm by 60nm CdSe nanorods in P3HT onto an ITO glass substrate coated with
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produce an electrical, magnetic fields or stretch alignnent, that can be
used to align the nanocrystals. For the purposes of this invention

al i gnnentwowg/obeszief i ned i f between 10 and 99% of the namaTrusst/edess have
their longitudinal axis aligned not nore than 20 degrees from 15 the
normal to the thin filmplane. Experinental. The above description has
nunber ouPEROI RS htatunofunt dsehe! tnstamntt. Aweatdomnysdmteﬂ‘!idieedy ot b eiam. Sone

par et et,5, 0fq {1 AROVR -CTRATIENL S) AL SRR ZEHERd B idy  Fur ther
non-1im t1ng exanples of’ the I nstant i nvention are detarle ~ bel ow.

Pyr / Chl orrgon.sAtahipiptengiy ke open cip@itghltage 6f0drMntheipketavaliageabihe maxmasmocr yst al
nanocrys t L0 i SP b g8/ adijng, W size, m
nateriaI%%gr@ﬁ@?ﬁ%¥§fﬁ?gé§h§untjf9%5@? %{%%%%%% Cd%%%P3HT pyr/chlor. 100
FI G 45 9@odschiic@na SeyePstivergiys ¢ifibicesy iQen20f i @ebest 9prredxVerpFwCdSe/ P3HT
pyr/chl opolge Asel K1ab@nEHSRER iR Woh & ati@p el RonPerSo PO Rads PSHT

byr / chl of° Hfesgech lal gcHeR cdSe! P3AT pyr/chior Fl'G 14 40 7 X 60 CdSe/ P3HT
pyr/ chl orbdw &%1Ehe PGt ibE3X8HE 53h4PofTy Ris@dronB6Rbleansivg et @b andner e

synt hesi gg4; psv NehidERh%Sh Srifkng'9aponetal [ic precursors in a mxture
consi sting mainly of trioctylphosphine oxide (TOPO and tributy]- or
trioctyl phosphiapehe aeibegirednt ofdhpinvang o plispameniol $restisparPenaaeislby t hose
tec hqbqugc?o% BRVHIm thilknbd CarBetfuriREEnEENG wih c&krnal ARL ﬂiignrg&ggds 4Q4, 59; and
Peng et al. J. Am Chem Soc. 2001, 123, 5 1389. The recovered product was
di sper setchifelidiibH et knpvrle thaserelordiparyaitithinrbs art dhessinsingde agges@nsur f act ant .
Pyri di ne 5 QaLAERHAE, nfaPREOANACE XS SighRert SNRYA tk N&asyEi@GkaNt used in the
synthesi s of nanorods was acconplished by dissolving the particles in

pyri di nenaiaerystaly FeeheiRposesof hipinyeatipoigpihem ey hedelinglié peweenidpes coat ed CdSe

Nanocr yshey, of @k fand@ysthl Bavé their NBXAABII axRYDiglid IR H6RUAM 2DAELESIRM are

i nsol ubl e i n hexanes. Repeating the pyridine treatnment 10 two to three

t i medd cathe apmsticihrahiy fiepeRtce nore than 95 % of the TOPO on the nanocrystal
surface pidehmpMai di ne. CdTe tetrapods were synthesized as described in U S.
Serial No. 10/301,510, filed Novenber 20, 2002, currentl pen,cfidng,
substantial |y 'Iaxg af)qﬂe ﬂmtnowmum@% %o@w@y of the instant invention detaile

therein. Some parameters of the above embodiments are summarized in Table 1. Further
non-limiting examples of the instant invention are detailed below. Pyr/Chlor. is a pyridine in

20  chloroform mixture

Table 1
nanocrystal | nanocrystal nanocrystal solvent solvent Reference
loading, wt size, nm material/polymer | mixture amount,
% vol %
90 7x7 CdSe/P3HT pyr/chlor. 100 FIG 4
90 9x13 CdSe/P3HT pyr/chior 0-20 FIG 6
90 3x 100 CdSe/P3HT pyr/chlor 12
90 7 x 60 CdSe/P3HT pyr/chlor 4
0-95 3x60 CdSe/P3HT pyr/chlor FIG 8
60 10x 10 CdSe/P3HT pyr/chlor FIG 14
40 7x 60 CdSe/P3HT pyr/chior FIG 15
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(99.99+ %9, Tellurium (Te) (99.8 % 200 nesh), and tri-n-octyl phosphi ne

oxi de (C24H510P 15 or TOPO 99 %9 were purchased from Al drich.

n- Cct adecybpbosipesoni ¢ aci d (Cl 8H3903P or ODPA, 99 % wasPpuushaessed f r om
Oryza Laboratories, Inc. Trioctyl phosphine (TOP) (90 %9 was purchased from
Fl uka. Al'l solvents used were anhydrous, purchased from Al drich, and used
wi thout any fuPekrsrysplimefd syeibésgrd usiigpyretis plpragriomeslliseresuisers fior med usi ng

standar d @i ke bf S@ind REAR A HRSy IpIABhIEI &R (TBPOT arfadl; s varied from1:1 t
5:1, and th erec ODE% f}o tyrpatlso vva{(s v(arle{tla droﬂnut?yllv\gr to 1: 5. The Te

precur sor”‘%%M'RhOFRS‘WC\RHbS"W'é‘b‘QWéﬂOfW iRffs §asPRANIfGCids BY thagei tepnigeadieewt n TOP

(concent riatnke @ 6 Pehg e, M 200007 64, 53, %415 g WS, Shi! €45, KO8 2614, 1231 nut es at
250 C then cooI ed and centri fuged to renpve an%( remai ni ng i nsol ubl e
3

parti o ed389-|The gecpypridgarduetyyeg Higrersed and waghed thiss tagsdr grethangliodenpye of ODPA,

TOPO, an@x&eQuiasand @Qﬁ(ﬁﬁee@tam%'ht ok r@ndcc%talg(t’o TEBW @S srfic@niRedTh tlehr ee- neck
flask connected to a _Liebig cgndenser. was 25 heated slowy under Ar

until t héYRRFES QERBARESER a&"r?ﬂ‘ﬂ‘?’i‘éd E’b‘l"ﬁ‘t"i"ﬁ’ﬁ theyperiislys by RYEAIna A  col orl ess.

Next, 1. Juiequbntipfdcaindh 1rplh:Q§rﬁh Wi rdad COPO VEuSedahde dardbY sthib GrelsEI0RE At Ur € was
further ra| sed to 320 C. After that, the Te: TOP precursor solution was

i nj ect ed PEFASKPYdinTGeatedRaFHSle aff ifsRlublF B EKRet BerppinechePdssrea@ERt ai ned at

this poal weo boliired gheaehn dffeeti @l tRRS infore thilnl 959 Bt he$OBOWR iR nahppRad after 5
m nutes b rermw ng.the heating mantle and by rapidly 30 cooling the
flask. AFYEFe ¥EBHPYHPt he solution to 70 C, 3 - 4 m anhydrous tol uene were

added to the Ud%létrap@ﬂﬁwérh@yndieﬁﬂﬁhSﬂé@&Bé@-ﬁmlUBaSbiSnfalQﬂd ed/3bRs@Nfey drybox.

The m ni t hapo vvas used to precipitate

t he nano H‘Eé‘?(ﬁr ‘B’I"é%t P 'Pg S‘@E'ﬁt‘faﬂt %fdrat]‘?%sn adfpiem 2848 9B t he

di spersi 9. 99# |%)t hdlisrimayTe) POBEM208 ety apd Lich- mmgmdsgnn@&mdehezmblophosphonat e

conpl ted. After he s tant itate was

N et T A N L R e S L E i

re- preci piDPat @d%v\»vhstpumbtaslaafro:h Orﬁfatlﬁlsorsmimwh@gnbdftﬁptsdspleﬁen(ammm o9vhe fi nal
ti,n fetra ds were

precipitate
readi |y S61RIBTE Seﬁtﬁors“?lq‘{}%n s!scg,]ve“ ”(V:GﬁT ‘8\*’6%8?%?‘5?}” %ﬁ[dp d"@(é le 1.
Accor di ngseﬂ@ntbcMan@rfbnﬂd:r pwificatah. Almmampuuamhs were pphehed/ olitgatapddést-ces were 5

fabri cat P asolutlo nanqcr and P3HT in a
by d ne EchBALRD e CET R BiC Prcah Ol 1S R AR OB BB ey s o e
undei0i neie was yaospiiem é:2 to ponipheaily franrsd2ohoon sasiymegpered bi@mﬁ)lnmgir and

evapor at 5:}&@@&%@95 ogggjtrao%t@trbtm ttnlf bG8 gl 2R 54,8 ng in FIG2.

Exanpl e nocr yst Resi s* Accor o anot her ' embodi ment of the
i nvent i ominushgf 250 0C @erS@manmqyd@fdgnd IESWOV(sQﬁb' mm%@é@xe)vlutmerpanslymt hesi zed as

fol | ows: %ﬁﬁ?ﬁ%m 95 J&h te‘t}ﬁ odg'a rﬁﬁ%rl}% '0985 U’P@)M&%ng bgégulak"é%falsgdog- 34 g of
trioctyl phosphi TCP) 10ck i'n-2. g was
di ssol ved 120 % far ¥th@eteﬁ'@@k50fm1§§¢@, negk B8k Cfgmetfteftlpiad)tﬂbggl qohdeogeni heaoxi de
25  heated slowly under Ar until the CdO decomposed and the solution turned clear and
colorless. 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 injected quickly. The
temperature dropped to 315 °C and was maintained at this value throughout the synthesis.
All syntheses were stopped after 5 minutes by removing the heating mantle and by rapidly
30 cooling the flask. After cooling the solution to 70 °C, 3 - 4 ml anhydrous toluene were added
to the flask, and the dispersion was transferred to an Ar drybox. The minimum amount of
anhydrous methanol, which was used to precipitate the nanocrystal particles after
centrifugation, 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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(TOPO, 0.187 g of hexyl phosphonic acid (HPA), and 0.357 g

t et radecyl phosphonic acid (TDPA) were m xed. This m xture was heated and
degassed woaansmsyon to 360C. Cd 15 stock was sl ow y i njeeceaisos/ossed t he
tenperature was | owered to 330C the Se stock was rapidly injected. The

reacti on wa owed to proceed at 290C for 18 mnutes then the heat was
r enoved. Aisslﬁ%éwlcéﬂb‘ﬂlﬂ’e’fé’“ RFCIRER YHB MeRAROT A Y MEHRE 1 ask. The
m Xt ure vsagernaCantheiffnblgedipael wtahﬁorsmiaemertﬁxybwt AWasulghscardeehpod wike of

met hanol vort ex al n cent rifuge, discarding the

super nat a\rll\‘{{{?}ﬁy chqﬁe i B He asﬁﬁgﬁgﬂﬂg BH"Sash i ndiumtin oxide (1TO on
gl ass suMsAb@rdlmlomhmlmemcﬁt}&:emueets)no;ﬁho&mblw&mes;cew/drer t he final
sol Verst nczitfcgfrr%f'm spm cas m a s]pl%tlono ddgggz{nt slzn :Img PSrg?F'b? Br ecl.eaned pl asha

chambér. Trea e hutes. As soon
as the sazhptOé@Tnapbem emumedntb o MG chnated bmxbelss,tratbegdenmdlepm;ﬁhe@n of PEDOT: PSS

D © nas GlmbB R PAUEDs inaff SB° R afa MBirddne PSBRE & EERBTRe Y, 271 T £

casting erlng cron aceétate filter.
Dry the fstr¢qtrseﬁﬁ5p1ctdderafii(}12; under flow ng ar gon for one hour at 120C c.

Nanocrys [ esiz oro n. hal.f and added 8
mL of rretﬂtglrna%}%?rl Ngmm?ﬁylhsgﬁtgesg c’g?ﬁ%? '%%r}o &t here %’sr%eé'?%fehe & %P“%Ihge% nat ant ,

t hen lﬁepﬁﬁe@npﬂ@dsnﬁBHEé@i)swl%a@@ﬁehwerAdsdﬂdm&d%fqirlbwodepswtkd] e gtad each hal f

to di SSO'd%tﬁﬁﬁdr&%&&a?ﬂ%%ol\gg fn}gcﬁre?phg (Tinnegp(% haﬁ ?oc(l%nal ltg OI‘ texed for

10 mn. Precrpitate exa uged and
di scar dedh 2-}& esdi P dissolveldi BIS!OIHV@U#CK Aeskn 41366 pdisripatylphasphior edder Nl pyri di ne

mXture it AN b diBsch ool aS ANE ABSS Al flcBln Bt fRATL- Of

nanocrysta position r'egior egular
pol y( 3- hEMADhicophiast) Wmm@ra wisrheatpd @ﬂddﬁgﬁswﬂatnd@@rg@gﬁcniwws@ﬂ this

sol utjsongand, 4R %w@%\éaeai%s e REDARROL Adow L Ab B (he8e WR103/;081683

PCT/ USOS/ 08624 (see€e | above) to prepare a cosol utiron of nanorods and
P3HT in @P@mlwﬁ@?‘brWW?WCﬂl“ﬁéaliﬁW@ trrsosgRd 4 280001 1§mingtes dhep thedtatnanor ods t o

P3HT andygs r@%h@dcgnmt%aﬁﬂlg)ﬂﬂ,%m%th%] W2 £lded 10 QTR hh%n%?tluf‘ét\{'agn spin cast

a thin filmon aqore pared substrate (see || above) at 1350 rpm e.
El ect r odeeNIEPRSE ] Bhsuperpia ovds disrardsd nd mb<ofimethgnal yapyddpdrvaridethee hamber and 5

al | oned ggaﬁsrpeﬁtgfu@ymcym%n,e lg;gﬁy%tf or at least 8 hours, reaching a pressure
bel oW 10-6 torn. Ther sgom ted an alum numfilm apgr oxi mately 100 nm

t hi ck®t hr ough- ﬁ“bé”i‘f‘é?j}c)f\ﬁ}’%@k Wash i feoxided I QY om glagscpyiaiss by Exarrpl e 3: CdTe

t et r apodsonichtidR It H seekTaF sbiRéni@ A AN kM SdnalvEshN @Y iheGarfpl6Ome iRl 4 arnms of
approximately 80nmin |l ength were 10 synthesized then washed with several

di ssol ut POR/PBT LRPETREH FIawaSpaper | eyt glers%{ﬂi}%frféqed’f"é(ﬁ witrgelasmafi 4et hy| acet at e.

minutes. As soon as the samples are removed from the chamber, begin deposition of
PEDOT:PSS (purchased from Bayer - electronic grade). Deposit PEDOT:PSS by spin

25  casting at 3000 rpms after filtering through a 0.2 micron acetate filter. Dry the films by
heating under flowing argon for one hour at 120C.

c. Nanocrystal washing: Divided the synthesized nanorods in half and added 8 mL of
methanol to each half. Centrifuged and discarded the supernatant, then repeated this process
again. 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 in a chloroform/pyridine
mixture with 9.2% pyridine to give a concentration of 83 mg/mL. of nanocrystals.

d. Active Layer Deposition 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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The nanocrystals were then codi ssolved in solvent chloroformw th the

| i gand phenyl phosphonic acid and heated at around 1000 for several hours.
The nanocw@sBasissiver e t hen preci patated wi th net hanol andpcedisssadered in
chl oroform 15 The nanocrystal solution was m xed with a P3HT sol ution as
described in exanFIe 2 and sPin cast to create thin filns. Substrates and

el ect r odeSeAHPROYSH BPERYEA 3 UiRR ¥papRspds apd P3FHlainpeilorpiermépyridine t hi s sanpl e

was | ess inhaife 4dPa 9: Exagphed of nafoeblie i ISHTaRO 8 B3HN cddddikaddh JidBelntg%L.a?odshwere
e 3 (with THE

synt hesi zed and washed with toluene and pethanol as in exa

and et hyI§8‘Bt%?if %)}\‘go“l’ﬁ%'“ﬁaas%g’? dpgra p(eﬁ%ﬁf“tb%”ﬁ"%(ﬁ‘)e Ib\ﬂ’i"ée)tahé}rr?gé‘aﬂi ssol ved in

about 2 nl sokvE&iro@Dbafiar: Moadst tHe sabiflestintd @O vapgrawh dhingedandrexyl phosphoni c

acid (HPA). and heated for several hour The rest of the progedure

ol | ovea BeBREdR R Sipnanisi Y Sirof B F b Bistitecs st BSePORER™ 26 1006

Exanpl e Srhe@dillg dépetitea poslsminnmPBiblipfro-oaeee d0@sm thickakang £shddowisk

addi ti onat!,_)ldé/f. dit se%)l Ye%do Qe nanocrystals in tributyl phosphine (TBP) and

stirred for 20 hnod’res B&T0r e precipitating with nmethanol. Then proceeded as

i n exanplExa®ple PhedTe@@rapaldsurePFHI t hi s sanple was | ess than 10% 30 Exanple
PPV Proceed ,as | ut. redi ssol ve

6: CdTe t ods, in exanpl b
nanocryst(gﬁé?ﬁ%ﬁp 0216] '{/Ogl%tgt%-h%‘g}rfgeancéma &f ﬁonﬁ?pr%n%%ﬁgﬁg?"m BHE® V€St i on. Thi's
exanplOe tspmibesizgd therheaskediieh skvega didsghhien/plepibiosiph aepsin @eald drdfirap@ie) a sol ut i on
of MEH PPgdétﬁ%lg)c-e@él ene, mx this with the nanocrystals and this can be

It o

cast bl en I'ms as in exanple 2. 29 WO 03/081683 PCT/ US03/ 08624

Exanpl e 7he GdSaysidnecro den calisF kel iPsdeeadadoimwixhapgaad?2 except the |igand
pyri di ne I i - 1 ne or .n- hexylamne in every step.
Exanpl e gg&%ggsﬂé@%oar%@%gd ﬁ%&%%@@%éb@é&w Vgrgl l?ohlrs'exarrpl e 4, but replace
CdTe nandbe yaberlygalswvdrd thén Secipariorfishebaol andresipsolved i edgofd®A with TI for

use t i . 9: T rystals i P3HT Proceed as
o oS e b SAP sl AR, i oS BT SN DBRAREY B Gl ahdbll L1 Oh°T5.
10 Char actsetoicrakitomfilofs. Sanpl es.

Substrates and electrodes were processed as in example 2. The EQE value for this sample
was less than 10%.
Example 4: CdTe tetrapods in P3HT
20  CdTe tetrapods were synthesized and washed with toluene and methanol as in example 3
(with THF and ethylacetate).
The nanocrystals (about 50 mg) were then codissolved in about 2 ml solvent chloroform
with about 1000 mg of ligand hexylphosphonic acid (HPA) and heated for several hours.
The rest of the procedure followed example 3. The EQE value for this sample was less than
25 10%.
Example 5: CdTe tetrapods in P3HT
Proceded as in example 4, but additionally dissolved the nanocrystals in tributylphosphine
(TBP) and stirred for 20 hours before precipitating with methanol.
Then proceeded as in example 3. The EQE value for this sample was less than 10%.
30 Example 6: CdTe tetrapods in MEH-PPV
Proceed as in example 3, but redissolve nanocrystals in solvent p-xylene after final methanol
precipitation. This example thus will have the ligand phenylphosphonic acid.
Prepare a solution of MEH-PPV in p-xylene, mix this with the nanocrystals and this can be

cast blend into films as in example 2.
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Nanocrystal size, norphol ogy and structure were nmeasured by TEM using a FEI
Tecnai 12 120kV m croscope. Thin filnms of CdSe-P3HT (regioregular P3HT from
Al dri ch) wblosssissappr oxi matel y 50- 100 nm t hi ck wer e i nvestPcgatsesiossss ng TEM
by casting a filmon a NaCl IR wi ndow, floating the filmin water and
picking it up with a copper TEM grid. The 15 norphol ogy of the blend filns
was al so Eéﬁ@ﬂé&@*?@ﬂ’fﬁf%}& y on devices via atomc force mcroscopy in

tappi ng mMoE8edts i\ GadpR2RA&EORE! dadd gy ridine BanDeGédiRbd Wi h-blyRAHi®R.or fri | m
t hi cknesses were determ ned via AFM The absorption of the CdSe- P3HT bl end

filnms wadeHPHPAEED WRh an Agilent Chenstation UV/Vis spectrophot oneter.

Phot ocur rexahplBBaSdSE aandds inveyHT conpl eted using a 20 250 Watt tungsten
| i ght so:ircée coupled tg an Acto P150 m)noch 8 tor as an illum nation

source a das i $prEpte 43 SpY e TR ARG ElE T BHPE Y% ur rent and
vol t age. Altterebla@HPA with ENsdr e as@s ligaaisured with a cali brated G aseby

silicon ot odj ode. Phot ol um nesce guenchi ng experiments were conpl eted
on CdSe-%“?W&?}# 68?8&%%&?:‘?5%? "i%gf%o nm spi n cast on gl ass substrates.
The absolPiceedpk ot e@hripit B @5t eftee Case driddTe Zhoswmd. e under excitation at 514 nm
froman argon .ion | was nmeasured with an integrating sphere follow ng
the et h&gH ﬁ%‘é‘lja?g}”‘delveuo et al, Adv. Mater. 1997, 9, 230. The

ef f i cioenChaaéierizaplhef Ooplésai ¢ devi ce can be descri bed in tw ways, see
Rost al ski , Sol 000 e contents of

S
which are her%ﬂ?@%tﬁ?ﬁd’%‘f%&’g%a"d 3 8?“"? gﬁr@énﬁashméidtb%’ en |ur“°“(5,\]%g Y .FHFhe first is a
nunber efrkénai Hr’lagkv miwoseop*eeﬂnaﬁlnq v O SerR3Ef(tegioesgaiyr BT EﬁE)A Jdrigh)i ch

expresses, t P that are convert ﬁlq’ tg. el ectr . The second
i s a pO&éPQS 38%1‘0)(] atel e? | C| enCWBI‘C Wesllﬁatstuéxpés castm gt]eg rl Cal pOV\Br
is pr oducNedl memnd;m ﬂoacmg then“mnaiemterraadplaltmgneumwwea c0ppd:rt'Iﬂngnd fThe EQE IS

! frpor %an (?)of‘cj) l{q?_rl]q fIl hewerlrsea SO C zirasfrtgxs'lzégifdlre& on& 1ceg%P%lEo%§1L ﬁ)Fce is rarel y

gi ven as asur e ency of a co rcia 30 WO
03/ 08168311da®15¢}1>4$®@151ﬁ8§@4de uving @ Nangsoape &t frdno Pigithidswrugonteditlol al devices i s

t he powe[h| %&Xﬁ‘?&%}e%@te%ié&%?ﬂﬁ% of the device under solar conditions. For

conmerci a plications, the nost inportant parameter is the power
conver si on eTfﬁlabﬁO@newofﬂﬁe ©dSeaP3pHdHapd Gilmsaias detemmiinedSyithae Agdilet ri cal power is

a pr Oduct&&x}stattlgﬁww ik %ero%nﬁoéet&obﬂo?&ﬁment m&sm%{ts @%%%ﬁlht@@us‘%{g dciency is

determ ne rom measurin e current as a function of voltage. The power
conv@Psi &1 Wit jupgsien élyhtéawcq}@ué%bﬁoéé detgn SR 0anqpgchapmatres piillminaggn t he

i ncom ngsdu}cgmnd ﬂ(é]&my 230 S RAVEL GE Uhit Clb Rt alPVMagd The light Of the cel |:
P. (A Plight( The maxi mum t heoreti cal power output is given by the

pr oduct @fengl}yévag Retsuredjwith gjcglibrated Graseby silicon photodiode.
Photoluminescence quenching experiments were completed on CdSe-P3HT films of

thickness 100-200 nm spin cast on glass substrates. The absolute photoluminescence of the
25  sample under excitation at 514 nm from an argon ion laser was measured with an integrating
sphere following the method described by deMello et al, Adv. Mater. 1997, 9, 230.
The efficiency of a photovoltaic device can be described 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 external quantum efficiency
30 (EQE), which expresses the number of photons that are converted to electrons. The second is
a power conversion efficiency, which states how much electrical power is produced per unit
of incident radiative power. Although the EQE is important to understand the mechanisms of

current generation, it is rarely given as measure of the efficiency of a commercial solar cell.
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10 photocurrent IS, and the open circuit voltage V, FIG 24 shows both the
ideal and a typical |- V curve found experinentally. The area of the inner
rect angl ewoasngwsponds to the maxi mal  out put power of thepcealSosiesseee (at
t he maxi num power point), whereas the area of the outer rectangle forned
by the axemoRmdpdraft Bt cdmnverGibirdé@icdsSs BElpdwark fversioR effidRndp@fitiEUM i deal

out put power., Real |-V characteristics are curved and we have to maxim ze
t he produc‘iev’ﬁ?“@r%’li’ﬁ‘é’t‘h“o&‘nd voltage in order to obtain the nmaxi num power
output. The rarb@cobﬂiewappu&mlonmmfwmb&@af@&an%wr lspﬁwwweewnpumand t he

actual maxi pum power out put, nportant feature of the |-V
char act er | <b5i@sy 7ph Bhofoypliayr ‘ieﬁ %&qewlafamfﬂéowrv?alrra@th? ‘}f‘—q'—c“érﬁ’a 38dn be defined

as max q | (Mfagé) th¥power tonvEfsion Zﬁicm@ﬁé’d%térﬁm@é—)roﬁ{%(ea&}mg {hE ciyeen€aspr ess t he
maxi mum out put power of a photovoltaltgc(lcell using the fI||P‘{ ctor the 20

power conv‘B’i’%‘P’bﬂf‘@ﬂ‘fﬂecT*?rP@VerlfQE%ﬁﬁ%@‘51 enpy ??“(bﬁ\fxﬂf?s(;ed)m gl teDRVeR | ar ge
anmount  of dmfeqlﬂdmﬁﬂgqghtzs,ghp@amlenkeﬁhcwot@mrpotvbep | o¥tebaracteristics of a
device. The ISc is proportional he EQE and coupled with the Von and
FF, it provides all the par L ( quired to characterize the power
efficiency of the cell. 25 The 'rﬂ/geh%)i on described herein contenpl ates that
phot ovol taic cells descri bed here| n have a_power onve}‘rs on .efficiency of
at | east great &he PpaRupdpearetifal ROveT GYRHA g’Yq"IbéiﬁlierPé?q“E)tr? l\%%c“ﬁ}“éferabl y the
anount 1y S fhbeAirRht £ AAdthS ofén clEMBIVolEYe e, TeE e4 stolwy bbth eheddaaLiatid aitgpigt Bat er

than 10 % Most ref er abl anou E IS u to 30 % ower qonver5| on

ef ficiency V Bugye foun XQW“B%&% frdfdEHPOHBE taB*F]e\‘i\ﬂfef%on-f{?t@ﬁ € maxgna
i Il um nat ifput W@ﬁﬂﬁmﬂtdbﬁceﬂ@mmmmm&ﬁ)swa@oﬁhf)f WEdr€g the @fea af the butér

sufficient to chara erlze /081683 PCT/ US03/ 08624 ol ar cell
but are a rﬁ%%l?? ¥ﬂ‘8 a’ﬁ?é?‘i’%?‘%/gﬁ%i Cf“r‘feﬁ%e%é"\*}(e 3 g‘F“ﬁx‘é‘B@:‘? i

wavel engt houtphtpdsvet. SRedBEY Whardcafistich @recased dndate Hatietodavints thSprbthcEdeded for use
under conditions, o an sol.ar roni,c devi ces and
wat che® V\/rﬁ“EFf‘tF%\E“Et?%?H" Brﬁffé? OQWB.‘@A‘E“P‘WWC@H‘FPﬂB%e I '%get‘éeeﬁélﬁer neter for
| aser radlraatthnn thTEdsralcst;ﬁ)mdemmbummmbcmﬁal rﬁh@ﬁaﬁbewctrbuupgt iaarsi@lpartancel | is 5
under A|r ndi.tions (su si,on trum after
travel i ng ia Pflth‘ége Cpﬂ?c(')elﬁ@thcs 'S Eé?t‘shc'a edtﬁn@%%ﬁtgrrmg)sandfﬁn E(P&% edJ
illTumnation is gener ally si nmiaaI{Ekl(/l)ag()s)ﬁandard AM1.5 condl t| ons are
difficult to obtain rel |ﬁ‘afloﬂ),f=éﬂe‘—t—e—ﬂen——|—eleal weat her conditions. The terns
and expressions which have been e%l’@ﬁéﬁ herein are used as terns of

descripti qu@%}&reﬂ? {he x1ln|uH;I o‘héﬁx{ ;%Q'er &Q%h&t'&%lﬁlc cell Q&ng‘ e fr‘l'i]fa'ctgp tﬁen the use of

such terns
20  power conversion efficiency becomes

1.(A)-V..(A)- FF(A)
2 — sC
7 P ()

A large amount of information is contained within the I-V characteristics of a device.

The I, is proportional te the EQE and coupled with the ¥, and FF, it provides all the
parameters required to characterize the power efficiency of the cell.
25 The invention described herein contemplates that photovoltaic cells described herein
have a power conversion efficiency of at 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 power conversion efficiency can be given under monochromatic or white light

30  illumination. Monochromatic power conversion efficiencies are not sufficient to characterize
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10 expressions of excluding equivalents of the features shown and

descri bed, or portions thereof, it being recognized that various

nodi f i catworns/osree3 possi bl e within the scope of the inventipam/USos/edoned.

Mor eover, any one or nore features of any enbodi ment of the invention may

be conbined with any one or re other eq tures of he nbodi ment of

The | nverlt RERC s Pl nege e PR PR el e S5t SreiPhurls0gh: o 15 Al

patents, 1pa$emhforapphs|e¢l&t theﬁsnceandtepdddlfbrom ﬁrma&onmﬁéns(onedthabmm are herein

| ncor por at a51 snll‘a?lfe rt?gnqedgv{?:establ tcﬁnt Ihlic%tf DC(IC(;JI'[UI] er HR)]CHPI‘O%T% ht'l\rllogne of the

patents, applications, 3 bl T Cat ions ren §ve ar e

adm tted (Ir@s EbB)V‘{Er neter far taser &Zla\l@ 08¢ OM@S&@P@MU&;@@/:@B@% sdwmcﬂ 1S CLAI MED
yjrer having

at 1 edst Bohy) MalTh SRl S bR T B ARG P et

| east a pboeghahe EffrthtshEncsghw@oﬂnhﬁ@taoﬂmmammnysemadaﬁy fimviatedrns ats'pbr,ct ratio

ar eat e gy s 5 aRBHtar Aol HBahI VoMol dP\ Blonhl Mobrer WAEHGHN: a1 | east a

portion o e senlconductor-nanocrysta ‘have an aspect ratio greater than

about 5. 3. Tﬁl@ett:rhnsnnd eA{pmssipnsthighrppve begihenmoyad hargin ate useskasteras por t i on of t he

sem cond RANLE P HAhRRANEHRR ERPHERIHH hO LB SRR  about 10. 4.

The thinq%%ﬁg?of c %|n1@J mﬂerefn 1 eéét a 8rf1oﬁ O{E %ﬁ

seni cldhdwepreqswnaw@wly@mmctqglvwawofahe @sfp@mhowatailcbdeecfnbb@me@nonsm 5 and

about 50.; b]egl $ecoé;l?£dmal vrhthJrF&d?ﬁcaﬁénﬁa{Qp%smHM\@ﬁ}#ﬁ fhe s % Lﬁﬁéﬂwé}mwft' on of

t he semn con ucto nanocrysta have an ‘aspect ratio bet ween about 2 and
about 10.clagnedTMerepterany pherar gforecfieathngs af anmelp@ilmﬁm efttke igeamticmadllest | ng

conj ugat egdy,RALMIRS anh 85 RLNEGRr 2R of 2R ihR Bk rge%t ¥ Re RAlenudd

sen conduct or - nanoci ystal s enbedded therein. 7. The thin filmof claimai,
wher ei n: “itheutdenertng rgmchs ssgrecldjedgse®- pol yner has bet ween about 20 and 95

W% SR CONKNELQERBAGR S5 oss. SHORAHGDRE AR abtve TRRei N 11 m of claim
er el n.

incorporated by reference in their entirety for all purposes. None of the patents, patent

applications, and publications mentioned above are admitted to be prior art.
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25 the sem conducting conjugated pol yner has between about 50 and 95 wt %
sem conduct or - nanocrystal s enbedded therein. 9. The thin filmof claiml,
wher ei n: wbaessgwszonducti ng conj ugat ed pol ymer has about ®OTMWSY6/08624

sem conduct or- nanocrystals enbedded therein. 30 10. The thin filmof claim
1, wherein: the sem conducting conjugated polyner is chosen fromthe group
consi st i WHAL IS CRAIMEBAY:y acet yl enes, pol ypyrrol es, pol yt hi ophenes,

pol yani | ijnes, palyhBaRhemyhéne) s and 33 WO 03/ 081683 PCT/ US03/ 08624

pol y( p- phenyl ene-vi nyl ene) s, | yfl uorenes, polyaronmatic am nes,

: : S, PO . .
pol y(t hi enyl ehtemispnaptingeopmisalripbaten Banedelersy At sEMEdPedt . 11, The thin
filmof clai makQeryddIesieBdedtifee:i 0mngggat ed pol ynmer is chosen fromthe group
consi sting of (poly(2-methoxy 5- 5 (2'-ethyl hexyl oxy)p-phenyl enevi nyl ene)
CVErt vy e SBRAR T RE oL i SRR Sancsn s Mg gh S PRty FRS v MYy o) )
wher eisn: the segixonduct or-nanocrystal s conprise rods having a | ength of
greater than abﬁ}lijit _ g?n{r;.lg 13. . The thin filmof claim1, wherein: the
semi conddct or - n 6‘@?5 g aip S ¥d9L ¢ ods having a length of between about
20 nm and abfldast2QQ@riafof théd semidvadichirfaddclytmlohave lagbspecd Jtiowharethm t he
sem conduct or - nanocrystal s conprise rods having a | ength of between about
60 15 nm and®®8Bout 110 nm 15. The thin filmof claim1, wherein: the
sem cond@ct or - NMeva GG §ibik 6f ckire O Plieresie r ods that are about 7 nmx 60 nm  16.
The thin film sem,conduct or - nanocr rs%gnls conpri se

f claim1, wherein: th
a se 'conduct%?eagélpg}é‘tr’%aﬁp?%e%r"ie&ﬁ‘gucﬁ’f'(‘}g"ﬁm%s BRET PFAGFISEEFNS U vi, Goup

[11-V, Goup dosaw conductors and tertiary chalcopyrites. 17. The thin

filmof ¢laimilg, tv.vhﬁ e(i)fn' .tkllewsgm_condu_ct or-nanocrystals are selected from
the gr oug' consi stiny" &t WS 1 nP, GaAs, QuinS2, CulnSe2, Al GaAs,
| NnGaAs, CGe ana legt.a p2diod 8f thelseeridohdustof-némrigstale have an dspeontudip ©f between

about 5 and about 50.
15 5. The thin film of claim 1, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 2 and about 10.
6. The thin film of claim 1, wherein:
the semiconducting conjugated polymer has between about 5 and about 99 wt% of
20 semiconductor-nanocrystals embedded therein.
7. The thin film of claim 1, wherein:
the semiconducting conjugated polymer has between about 20 and 95 wt%
semiconductor-nanocrystals embedded therein.
8. The thin film of claim 1, wherein:
25 the semiconducting conjugated polymer has between about 50 and 95 wt%
semiconductor-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. The thin film of claim 1, wherein:
the semiconducting conjugated polymer is chosen from the group consisting of trans-

polyacetylenes, polypyrroles, polythiophenes, polyanilines, poly(p-phenylene)s and
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t he sem conductor-nanocrystals are selected fromthe group consisting of
CdSe and CdTe. 19. The thin filmof claiml, wherein: a portion of the

sem condwoOoBosiasOCcr yst al s are branched nanocrystals. 30pe0/Usohiesehin film
of claim 19, wherein: a portion of the branched nanocrystals have at | east
two arns, said arns are not all the same length. 21. The thin film of

cl ai m 19, whepely@:-phetyienbrvianietresd PakifiBerenestralysrodgtiqyoninegs] ROIHBNFBY e sane

shape. 34 V\()V{),;s{epgs]a@ggolagégf]sgg/epa@%f 22. The thin filmof claim19,

wherein: the branched nanocrystals have 4 arns and have a tetrahedral
symret ry. 1. 23, Theathip fifm of ¢14iph 18¢ Whered'm 22, wherei n: the branched

nanocrystal s ﬁ{e%oxﬁ@l%ré@'bol%&s Sosdadben m@groa;;@ongﬁb%de@o]?;@ Iaenhcamunt of 5

about 90 w % e thi | mof claim wherein | m has a

t hi ckness of 4 SHYRBUIRXYPrRIFYABEY ICPOYMEH- %’Bvbﬂﬁeuﬁolyg%bexmﬁmph?’se The thin
filmof clai mEZmwherein: the filmhas a thickness of about 200 rim 10
26. A phot ovoltaic device, caonprising: the thin filmof claiml1. 27. The
phot ovol tldi ¢ delhedhin §im of dthipBheGifer ei n: at | east a portion of the

sem conduct or i 3REdndSdiéH randtA¥ls @Bm s 8k hivag DerpitbaTlghatet hamaboabout 5. 15
28. The phot ovoI taic device of claim 26, wherein: at |least a portion of the

sem conduct or ¢ Q‘n%fﬁocrystal s have an aspect ratio greater than about 10. 29.

The pfot agol t ai thed@¥ FiGe oOdaiGl1avRerad®, Wherein: at |east a portion of the
sem conduct or - nanocrystal s have an asggct rati o about 5 and

of
about 50. 30. th%ﬁf’émm%%wamyémlﬁéww s Bpvine longth ??ﬁ&‘?"gf'habo‘é‘%ol east a
portion of thgmasgmveanduaihor - nanocrystals have an aspect ratio of between

about 2 a}Qd abo_H;te tﬂir?ﬁ 1f clzﬂa]% wl})egeonvol tai c device of claim26, wherein:
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 lI-V1, Group III-V, Group IV semiconductors and tertiary
chalcopyrites.
17. The thin film of claim 16, wherein:
the semiconductor-nanocrystals are selected from the group consisting of CdSe,
CdTe, InP, GaAs, CulnS2, CulnSe2, AlGaAs, InGaAs, Ge and Si.
25 1R The thin film of claim 1, wherein ‘
the semiconductor-nanocrystals are selected from the group consisting of CdSe and
CdTe.
19. The thin film of claim 1, wherein:
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 arms,
said arms are not all the same length.
21. The thin film of claim 19, wherein:

the branched nanocrystals do not all have the same shape.
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25 the sem conducting conjugated pol ynmer has between about 5 and about 99
wt % of sem conduct or - nanocrystals enbedded therein. 32. The photovoltaic
devi ce ofwoloabsne@6, wherein: the sem conducti ng conj ugat e#CpaiSysss2has

bet ween about 20 and 95 wt % sem conduct or-nanocrystals enbedded therein.

30 33. Theyphot oyl f,Rim dEMAiEE 90k h&didl M 26, wherein: the sem conducting
conj ugat ed pol yner has between about 50 and 95 wt %

senmi conduct or - HEREEFREd naosyeAlp B S &pYs 2 trrhedrpl &y BREovol t ai ¢ devi ce of
claim 26, wmher ei fize thiz FINEGF 8amOB 1683iPCT/ USO3/ 08624 the sem conducting

conj ugat ed pol yner has about 90 wt % sem conduct or nanqcrystal s enhedded
therein. 35. THE bﬁ’l‘iﬁ)‘leS\‘?mofré(Ftélsﬁré\?lt]Féséﬂ$e Qfl(%fgﬁ?r?&re Vﬁ?g‘ifidd’.’ art%ountnc;r}l
sem congduct i ng ssRM9osgdL. ed pol ynmer is chosen fromthe group consisting of

trans- 5 pol yacetyl enes, | ypyrrol es, polythiophenes, polyanilines,
pol y( p- phetlyi eneﬁ%{e ‘B‘Hd‘lmﬁg‘ﬁy%‘ﬂz 3[1@?1‘9'1 ene-vinyl ene)s, pol yfi uorenes,

pol yaronati C akfef@s hasdQhiyKdeki EFyheBeut fidmnpbiene) sm &ndbostalsobine deri vati ves

t hereof. 36. The_phot %YOl i.c(}gev' ce of claim 35, wherein: the conjugated
pol yner i s25chosefstPBRA'T AEYPeap &8A%i sting of (pol y(2- met hoxy5- 10

(2' - et hyl hexyl ax¥imhahaniykesef abyik 200am. ( MEH- PPV) and pol y( 3- hexyl t hi ophene,
(P3HT). 37, The photovoltai ¢ device of claim 26, wherein: the

sem comjuc?t%r-nagé’g?tﬁ B §EREnpY P8 ™ 0ds having a | ength of greater than
about 20 nm Xk B&.filmbeclghot ovol tai ¢ devi ce of claim 26, wherein: the sem

conduct or - panocrystal s conpr.is ods_having a | ength of between about 20
nm and about 20oﬁﬁﬂ%"@?)‘?lmf;?é?v’ﬁ%%tcm??’f?’greﬁevi ce of claim38, wherein: the

sem conduct or - aaeecd postioalos the eeritordectsradsochataisrhgvesanl agpegt tatiodredie thween about
60 20 nm and bou% 10 nm 40. The photovoltaic device of claim 26,
wherein: the s8Mtynduct or-nanocrystals conprise rods that are about 7 nm x
60 nm 15 4128. The Pegihorodltaiidevickesictaén 26, whk@inm 26, wherein: the

sem conduct or - DA 0%11:0%|0§ the % 1E<i)n Sct%-n%ﬁ&iw%t%ﬂq,QSet a%raséegé &d ﬁgatgr R t he group
about 10.
29. The photovoltaic device of claim 26, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
20 about 5 and about 50.
30. The photovoltaic device of claim 26, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 2 and about 10.
31. The photovoltaic device of claim 26, wherein:
25 the semiconducting conjugated polymer has between about 5 and about 99 wt% of
semiconductor-nanocrystals embedded therein.
32. The photovoltaic device of claim 26, wherein:
the semiconducting conjugated polymer has between about 20 and 95 wt%
semiconductor-nanocrystals embedded therein.
30 33. The photovoltaic device of claim 26, wherein:
the semiconducting conjugated polymer has between about 50 and 95 wt%
semiconductor-nanocrystals embedded therein.

34, The photovoltaic device of claim 26, wherein:
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25 consisting of Goup II1-VI, Goup ]JII-V, Goup N sem conductors and
tertiary chal copyrites. 42. The photovoltaic device of claim41l, wherein:
t he sem cwWoW®B0$1683 nanocrystal s are sel ected fromthe groupCtamsss/etseang of
CdSe, CdTe, InP, GaAs, CulnS2, CulnSe2, Al GaAs, InGaAs, Ce and Si. 30 43.
The phot ovol ta| c device of claim 26, V\,her ein: the

seni conduct or PassTEeaguting sonmeatedpalway digs pbayhoP W& SHERRdENS| sting of CdSe

and CdTe. 44pandhesddh@iRi@dluRisn. devi ce of claim 26, wherein: a portion of
the sem conductor-nanocrystals are branched nanocrystals. 36 WO 03/081683

PCT/ US03/08624 Thgphotgypliais Heicsieh Flirid) ¢ #8¥FBe of clai m 44, wherein: a portion

of the branchmelsdﬂamemcmsgadnﬁlgmacvw)&ﬁerhmsgentm uaergmp coﬁs’:’dudgaﬂ'ms-al’e not all

the sane length. 46. The ovoltai devi ce claim44, wherein: 5 the
br ancRed nano‘?ﬂ’%ﬁ’%‘?ﬂ?‘?s BIYE gtoal *?OIWQQ}I@’SF%EPO YA h%?zyép -Phepiflensiandp ot ovol t ai c

devi ce of cl apdiy(@phenylese-Bhylenelsh polpfanals golpanmaicysiink, polyakienylenas N and have
a tetrahedral phot ovol tai ¢ device of claim47, wherein:

metry. 48, .The

t he branched H%’ﬁ%’&%f&%%]‘g’]eaqﬁgvaé'iv?s Bfretlyse or CdTe and are embedded in an
amount of36. 10 aﬂbﬁtpbot&iblm%%vie@%fcla‘xheasphaérauol t ai c devi ce of claim 26,
wher ei n: the IL m has {,roma out fo\rx;ﬁg 2 tthloo nmto about
350 rim THYSHES B%P‘i’éﬁ Cgosﬁg\ﬁog’é SFON S8 WV ETIFORRE film has a
t hi ckioess of (abahﬁlhezgmxy)mphelﬁleﬁelnnyl%n@r(DEEEBBP\ofanmkhy(ngeaylpmipymr| c thin film
conpri si ng, I V\@zﬁ g surfactant coated sem conductor-nanocrystals with a

e (o}

sol vent at ne time, and codissolving the washed
sem cond@att or - manapncngr\&ltaib 8evane @f elaisE6l ebsrelct i ng pol yrrer in a binary

sol vent m xture 05|t| ng_ the ure. &, QC of rrakl ng a
pol ymeric thl%l %e Cond %r a| fh gilsc areln® %(avf"gla ]en§ Oégrﬁg?ﬂg%]na%é?t

sem conduct or20rmmocr yst aI s have an aspect ratio greater than about 2.
15  38. The photovoltaic device of claim 26, wherein:
the semiconductor-nanocrystals comprise rods having a length of between about 20
nm and about 200 nm.
39. The photovoltaic device of claim 38, wherein:
the semiconductor-nanocrystals comprise rods having a length of between about 60
20 nm and 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, wherein:
the semiconductor-nanocrystals comprise a semiconductor selected from the group
25 consisting of Group II-V1, Group III-V, Group I'V semiconductors and tertiary
chalcopyrites.
42. The photovoltaic device of claim 41, wherein:
the semiconductor-nanocrystals are selected from the group consisting of CdSe,
CdTe, InP, GaAs, CulnS2, CulnSe2, AlGaAs, InGaAs, Ge and Si.
30 43 The photovoltaic device of claim 26, wherein:
the semiconductor-nanocrystals are selected from the group consisting of CdSe and
CdTe.
44, The photovohltaic device of claim 26, wherein:

a portion of the semiconductor-nanocrystals are branched nanocrystals.
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53. The process of nmaking a polyneric thin filmof claimb51, wherein: 25 at
| east a portion of the sem conductor-nanocrystals have an aspect ratio
greater twans/osilogt 5. 54. The process of maki ng a pol ynerct/ushs/esetd | m of
claimb51, wherein: at |least a portion of the sem conductor-nanocrystals

have an aspgct r%éﬁlo%&?aﬁﬁevkbmlanﬁb@,u&heﬂe%: 30 55. The process of naking a
polymeric thin filmof claimb51, wherein: at |east a portion of the

sen conduct or - riReeiéanys thg beanghed Banearysalph BRve atlsast o3fmbet ween  about 5 and
about 50. 56. Thg MQrES8alPhe eiidi@ma pol yneric thin filmof claimb51,
wherein: 37 WO 03/081683 PCT/ USQ03/ 08624 at |east a portion of the
seni conductr - nadBephpiovalfaic dexgeothimdparierstit i o of between about 2 and
about 1. 57. TherfkReessoc8kaRakniGidaRahyaREkiapéhin film of claim 51,
wherein: the sem conducting c,onjfucg‘agt eg ol ymer has between about 5 and
about 99 wtbe of The RV BHHREHPLYRIAS ’r"ﬁ@f%'s enmbedded therein. 58. The
process of nmakihracRAIniFRFs@lshiNet diinb Mdmbverd adaieddl symhetgi n: t he
sem conduct i ng conj ugat ed. pol yner has_bet ween about 20 and 95 wt %
seni conduc‘fgor-naﬁB%P}X?QV%IFaéC‘%H%‘éB{féad’“ﬁﬂ’e%fem 59. The process of making a
pol yneri c thin gfeidrdhcktld nehcriyital hre ethe CABOor OdTe bitears enbeddeidn ab am@gincefnj ugat ed
pol ymer has between ahout 50 and 95 wt % semi conductor-nanocrystals
enbeddél t her epPUtBHYThe process of making a polymeric thin filmof claim
51, whereisy. theTheploeoaIthitCleliogofuldih 2gatteetipol ymer has about 90 wt %
sem conduct or- nanogrystal s emhedded therein. 15 61. T rocess of mnaking
a pol yneric thit}f‘?a}ﬁ?‘ﬁ‘ﬁ%/ao"ﬁ“c & ?fa%\%ﬂérrogiaﬁ’f"ﬂtlﬂémgg?ﬁbglétn% 8(%{nl ng conj ugat ed
pol ymer i ssechosemhé phorvbie: dgvoeipf domap,stlersin: of trans- pol yacetyl enes,
pol ypyrrol es, polythi ophepes I i lines, poly(p-phenylene)s and
pol y( p- phenyl eﬁ?—fé’i‘“ﬁ‘ﬁ ‘&H'«S e,sgclfgﬁ(i)%(?@o ‘nes, pol yaromatic ami nes,
pol y(t s enyl. ene- Apaysesrankingagolydletibtha fdercbmpisinges t hereof . 20 62. The
process of making.a ric.thin filmof clajim.6l, rein: the
conj ugat ed pol 3}”&%}‘“3 Sggjﬁ%ag"g‘é%%fiF%C?W%Ctogrfngﬁ%ryégiﬁg‘f@ﬁ Sﬁféj‘\ﬁ&gfa F]f %6?“3‘7( 2- met hoxy5-
(2' - et hyl hexyl exi¢)gdphenyl enevi nyl ene) (MEH PPV) and pol y(3-hexyl t hi ophene,
(PSHT). 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 polymeric thin film of claim 51, wherein:

at least a portion of the semiconductor-nanocrystals have an aspect ratio greater than

about 2.
53. The process of making a polymeric thin film of claim 51, wherein:
25 at least a portion of the semiconductor-nanocrystals have an aspect ratio greater than
about 5.
54. The process of making a polymeric thin film of claim 51, wherein:

at least a portion of the semiconductor-nanocrystals have an aspect ratio greater than
about 10.

30 55, The process of making a polymeric thin film of claim 51, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 5 and about 50.

56. The process of making a polymeric thin film of claim 51, wherein:
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63. The process of nmaking a polyneric thin filmof claim51, wherein: 25

t he sem conduct or - nanocrystals conprise rods having a |length of greater

t han abouwo 0208183 64. The process of making a pol yneric thirrusbs/bsseof claim
51, wherein: the sem conductor-nanocrystals conprise rods having a | ength
of between about 20 nm and about 200 rim 30 65. The process of making a
pol yneri ¢ t hi At fas amastoncdf Hiefemgondpgierranerry statschavean aspenate ofrbetvgmmcr yst al s
conpri se rods  havh ag Bokigogt h of between about 60 nm and about 110 rim

66. The process_of making a polynmeric thin filmof claimb51, wherein: the
seni conduth or - n&bfoPsgEstoAmekiapipRlyawictyp &l peglaimSe, wsem: 7 nmx 60 rim 38
WO 03/ 081683 RISTAhISHALABE 26hjughiéd paifierBh P55 S&n QboulBkid Hbof dOQk3MRT i C thin
filmof claimb5l, wherein: the sem conductor-nanocrystals conprise a

seni cohduct or STRFRELHI TERSHF RN EMBTIdedhereBnsi sting of Group I1-VI, G oup
L11-V, G33up | Vrisgmiceandnakiag Spayherc @i ik ¥f cl6h3h GaRyid.t es. 5 68. The
process of magli n%w,a olymeric thin filmof claim67, wherein: the

sem conduct or Mfi& 89"5%"[“3?%0"&5@6 B ury bep Befweh ebnt H3d 95 #6%si sti ng of CdSe,
CdTe, |nP, GadsnicdatilcBaandaybimiSensbedMd@aAisin. | NGaAs, Ge and Si. 69. The
process maki a polyneric thin filmof claimb51, wherein: the

sem condasf(?t or-n 6’6?°€5§t° faking apolymegic thayyhikm of 4T &1.g¥S18 consi sti ng of CdSe
and 10 CdTe. thé¢ &emiddadudiihpemfigated polphdr Ag Roreh Y8Rl 30Cant b5 Kitdpi | m of cl ai m 51,
wherein: a porti.ondof t he sg@i cong ctor-nanocrystals are branched

nanocr yst al s. SR IRE NG YE BIeUAEKISY™a pol ymeric thin filmof claim 70,
wher ei n: 68. por tThepraéss bhmalbigaiectro anotiystcals shawereat | east two arms, 15
said arns are,not .all the sane |ength, 72. The ocess .of making a

pol ymeri c t hi e FPTRngcling %ﬂ“ngaf?jJ,p(\}éﬁ'éef E‘?Sn’?%’ou't E%W% SEeRd Y dhocryst al s do not
al | have the saoeysitapededdédthertiie process of making a polyneric thin film of
cl ai m:.70,..wherein: the branched nanocrystals. have 4 arns and have a

t et rar?ﬁed%'l sy(ranhr]ﬁtpfofss obgalne @ PRIyt g‘b"e m nga%%’l’ivﬁerﬁmbol yneric thin film
of claim 73, thhemidonductiiecobjugnaietymeanebssys frath shegr@pebidivting GdGaes-or CdTe and

are enbedded So@a&rt]ylg)rgg']%Qltypycx)Tfoles,a;‘)lagllfﬁiop%e(:)ne\sf\ftp%yani]ines, 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-methoxy5-

(2’-ethylhexyloxy)p-phenylenevinylene) (MEH-PPV) and poly(3-hexylthiophene,

(P3HT).
63. The process of making a polymeric thin film of c¢laim 51, wherein:
25 the semiconductor-nanocrystals comprise rods having a length of greater than about
20 nm.
64. The process of making a polymeric thin film of claim 51, wherein:

the semiconductor-nanocrystals comprise rods having a length of between about 20
nm and about 200 nm.
30 65. The process of making a polymeric thin film of claim 64, wherein:
the semiconductor-nanocrystals comprise rods having a length of between about 60
nm and about 110 nm.
66. The process of making a polymeric thin film of claim 51, wherein:

the semiconductor-nanocrystals comprise rods that are about 7 nm x 60 nm.
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75. The process of making a polyneric thin filmof claimb51, wherein: the
filmhas a thickness of from about from about 100 nmto about 350 nm 25
76. The pwomesmsiess making a polynmeric thin filmof claimPEI/UsSh&ossRn: t he
filmhas a thickness of about 200 nm 77. The process of making a polyneric
thin filmegf clairm Rdeess¥rafaRinga pbli@edd thidfiym SOLIMBIH, Wherdintr € conpri ses at

| east one sol vent chosen fromth roug) considsti n% of Bgriﬂgi ne,

chl orof orm t of§ISEREONdRSIPTIRARCTYS Fegse 3 gepspndugtyr FleeiRe gPBNE B ARe

met hyl ene chl ocbfRiing2dT GroupyI-aMiGIEup MEIGoGI I seinlcyhductossiand reatanbe  br anched
or unbranched and is _between 2 and 20 carbons in |ength, butanol, nethanol
and i sopr opanoFhalePRYhe process of naking a polymeric thin filmof claim
51, wheyeigs. theTrOseRRidTalakiag a pblyinbre thinmidn yf deiheenyhartixt ure i s bet ween
about | and about 15 vol % 39 03/ 081683 PCT/ US03/ 03624 . The process
of making a polfFSEPrEdPHPPPIRA Sfa"i:?egeftﬁﬁ? %’,“tl\’/\e]%?ué’icﬂ’?sm‘?ﬁ%o%%dzs%’ent ration of
the binary sol vamg, e, GhAs, €uins2 h@atin@e nAaastin@daende alddit 12 vol %  80. The
process of making a pol ric thin film clai.m.79 erein: the

concent rat§n of %%gﬁf%ﬁﬁ?{“g%f‘e%lﬁrtner%ﬁt@f%ﬁnéo#@a"élloséu hV\@”\]/ol % 5 81. The
process of makithgsemidpadugmeniroctyftalnart is¢lentedffron the grodiysonmktagef OdSe anhe bi nary
sol venmsn’i xt ur e, sl:orrpri ses pyridine in chloroform 82. The process of naking
a polyneric t hid i I m of claim51, wherein: the deposited thin filmis

heat ed at &.t enpekairodess offnaking apalpoeric t6id fin bbclaindut wkOOn:C.  83. The process
of making a polyneric thin filmof claim82 LN t he deposited thin
filmis heated ZROIP LS EFUFNE %Ct%fna?orcg%wasﬁéeu rx}ggerdga?ognis Sut 130pC. 84. The
process of7imaki nGheprp@bsyiferaking b holpmésid thindfim of daim 7®3wherkiwr ei n: t he deposited
thin filmis heated at. .a.te ratur 85. A process of

maki ng a phot oadt T8 Ohlﬁe Rraf]%?nnangorﬁ*%?]?fslﬁvgggg%}%éce%ns%’ng

sem comduct or - nahaonrsyetnat dl theisamedangthconduct i ng conj ugated polynmer to 15
provi de a pol yner;: hanocr y-st al i te [ athin filmof said
conposi te,BSUch t ea‘fm(ieﬁse%ﬁngglg ?‘9@?@?@ tglgl ﬁ%ﬁ%@%’%ﬁ&&?he pol ynmer at
greater than 5 twtb¥nchddenmicrystats db eetsil havepr eingshapé. sai d

sem conduct.,or - nappcr I i er than 2. 20 86.
The proces?' of nma ?Iﬁé&g&gﬁ%@%g? ?lgré]gt%ﬁ?ﬁtthl?%@?ﬁfgi ‘g%iﬁé%& wherein: at

| east a port i orhedkantind ngemiystolh darstiormnenddereyasteizghsdrilgyamaiy-aspect rati o

great 5o t hﬁln The process of making a polymeric thin film of claim 73, wherein:
the branched nanocrystals are either CdSe or CdTe and are embedded in an amount of
about 90 wt%.
75. The process of making a polymeric thin film of claim 51, wherein:
the film has a thickness of from about from about 100 nm to about 350 nm.

25 76. The process of making a polymeric thin film of claim 75, wherein:

the film has a thickness of about 200 nm.

71. The process of making a polymeric thin film of claim 51, wherein:
the binary solvent mixture comprises at least one solvent chosen from the group
consisting of pyridine, chloroform, tolulene, xylenes, 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 polymeric thin film of claim 51, wherein:

the concentration of the binary solvent mixture is between about 1 and about 15 vol%.
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about 5. 87. The process of making a photoactive thin filmof claim 85,
wherein: at |east a portion of the sem conductor-nanocrystals have an
aspect ravoo3gsest er than 25 about 10. 88. The process oPCmalsd3IgRo24
photoactive thin filmof claim85, wherein: at |east a portion of the

seni conductr - narpeH¥&tSd Ry e pemesPeRlnat tiginDfs, Re&veen about 5 and
about 50. 89. The process of naki nq a phot oaﬁti ve thin filmof_ claim 85,

wherei n: 30 at thegqugentzatign pt the inggy selprat @EiHre 5 RERYETRPOMEBE AR H W Rave an
aspect ratgm of gl We&Ss ofdhRity aPoRRdHARRUTIM bOclaif079, Whaeipr ocess of nmaking a
phot oactive thin filmof cl ﬂi E‘] 85, wherein:. tg(f gem;) conducting conj ugated
pol ymer has betRisaRceRERSGR 05he hgary SR e URE Bt 8 ¥drk conduct or - nanocryst al s

enbeddesl tfier ei NThedRoddR WM HE G P3lyRerTd hinQidh 088zith 779dnherdile process of maki ng
a photoactive thin filmof claim 85, Wh%lrei.n:h tgte sem conducti ng conj ugat ed
pol ymer has bethi@SRDEBEER WO F§mE8 s RIS AR BRIt or - nanocryst al s

enbedded térer ei NTheQidocest htmahinge edgneit thirekm nfclam phetheast i ve thin fil m of
cl ai m 85, wher gj.n. 1 LRGSO d ~between
@ea&%po%gte& & 6 Wg@&é&qpﬁ%&&t & d?lfgkﬁgﬁ g%ggh&’eﬁﬁ{t %éba’é_

about 50 and 9 sem conduct or - nanocryst a ( erein. 93. The
process of 83aki ngharpisestodaekinaarolymens thip fil drlaipy 82 Wheg®: wherein: the
sem cop@uct i Ng 1z @&osi@@thedilP &l hyAErat haspeahaldf 80 abuhfose i Banaioctor -

nanocryst al,s e”b‘?lgededests\?\ﬁﬁﬁinna P2 thin AN oP ‘?x%??%hé)rzin-”aki ng a photoactive
thin filmof clai M85, Wherern’ the sem conducting conjugated pol ynmer is
chosen from t héedengeiled boddn sthearg abf tempemiveeof bty BOety | enes, pol ypyrrol es,

pol yt hi ophgnes, RQI¥aRIEhARSRE a PRIGACHERIR AN, RBEIrsignd _
pol y( p- phenyl ene-vi nyl ene) s, pol yfl uorenes, . pol yaromati c ani nes,
pol y(t hi enyl endispejsipgsemirapducioraanoany sl B afsmicoauringsonngatdpelymesiogs  The

processgs of rrakip{@,gid@_aggqg),tng,a,pdrng&ﬁsmtl Bérpokitd sAgof cl ai m 94, wherein: the
conj ugated polyner is chosen fromthe group consisting of (paly(2-nmethoxy5-
(2' - et hyl hexy| 80pyigrghbindlend aihganmegte. PRE a‘ﬁma"%ﬁtfgbﬂrw@eﬁ%&%yv t hi ophene,
( P3HT_) . 96. Thqle%gg,@,sas brePBkd 99102 wibRIoactive thin filmof claim 85,
wherein: 20 the sem conductar-nanocrystals conprise rods having a | ength of
greater than aBJeast a portion of said semiconductor-nanocrystals have an aspect ratio of greater
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 the semiconductor-nanocrystals have an aspect ratio greater than
25 about 10.
88. The process of making a photoactive thin film of claim 85, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 5 and about 50.
89. The process of making a photoactive thin film of claim 85, wherein:
30 at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 2 and about 10.
90. The process of making a photoactive thin film of claim 85, wherein:
the semiconducting conjugated polymer has between about 5 and about 99 wt% of

semiconductor-nanocrystals embedded therein.
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20 nm 97. The process of mmking a photoactive thin filmof claim 85,
wherei n: the sem conduct or-nanocrystals conprise rods having a | ength of
bet ween abows/H2@83 nm and about 200 nm 25 98. The processPofi/usakosegs a
photoactive thin filmof claim97, wherein: the sem conductor-nanocrystals
conprise rods having a | ength of between about 60 nm and about 110 nm 99.
The proce3s of rakPRgSE FEINGahPI0stivehin fim phslom 85| whansiB5, wherein: the
seni conductorm&q%m&tmg%oﬁwlpa@m&q%béd:l@én a%@z@mﬂs wighm x 60 nm ~ 30
100. The process of naking otoactive thin | m of claim85, wherein:
the sem conduéf’B‘For}‘?é‘ﬁ‘Hd}ay%Oﬂéﬂag Rfsted bere- sem conduct or selected fromthe

group cogmsi sti mge,%cegmmkjﬁgybhm@rcmnmhﬂf%oﬁaﬂmmsNN&eém conductors and
tertiary chalcopyrites, 101. The process of naki g@wﬂghot oactive thin film

of clalm 100, WEERSPHucting foRysatss POSTEEES PRETIepIErY)

semi conduct or scﬂﬁ&ﬁﬁﬁ@{cﬁhﬁh&rﬁfaﬁeﬁﬁécﬁi@dméeﬁﬂOmthe group consisting of CdSe,
CdTe, InP,, GaAs,, CulnS2, Og.l nSehZ, Al GaAs . GAs, Ge and Si. 102. The
process o maki MEF BROSSHGY BREPE § BhGpfctiverhin m"b?fc&"algﬁ’l‘ﬁi?’e’%erel n: the

semi conduct or mamedsrmsmgso@wgexes@b@ﬁ&re,ds bbb e gEmdendaasi sting of CdSe
and 5 CdTe. 103. Tt]egﬁggge maki ng a photoactive thin filmof claim
85, wherein: "HOFEHET ghPegredt eé"‘"%em conduct or - nanocrystal s are branched
nanocroystol s. ”ﬂ%roc}h&fﬁfahﬁ@&ﬁh(ﬂﬂacmmlmglnaofnhﬂﬁ @8GiHexem:t hin filmof claim
103, wherein h t he ranche(ii] stal s have aé | east two
arnms, 10 sai d‘ﬁf?PE‘C"é’F%C“H%{’O"é‘igP‘e?H%Y'E%{ﬁse PER Pl” 9 §8IP PRSI SLEES of nmaki ng
a phot oact i vepéltrucétylémelsmodyfpyﬁdlm, polyliBidphends oty anilinest lbtﬂy(brpaa@iwé}s manocrystal s
do not all hav % h“p p The ]r ocess of maki 2& gvot oactive
thin film of 8 i’@ S WRYFS: npoy H%”’B?z? 5?(8’8“??%'&‘? e HERe 4 arns and
have a tetI‘ahe:dylaie)sSinIHquenvéltﬁesl(theofThe process of making a photoactive
thin fdil of claim 106, r.apch crystals are either CdSe
or Cd]'Fe and ar eﬁer%ocasaofmqn%anpmé’%!f}n 9" hi ef(%b”tm %‘W% "*108. The process of
maki ng a phot thacdnjugeted polymériid amogeh fmhahmgr&ﬂn comtmhgbﬁ (ptlh@-rhdthoxyfras a

thi ckness of {2‘-th'lﬁ&?f&y)];)fpggr?y%gg}ilntyle%g(?h/[%@ IL}C\/) polyé?hexylmllophene

(P3HT).
96. The process of making a photoactive thin film of claim 85, wherein:
20 the semiconductor-nanocrystals comprise rods having a length of greater than about
20 nm.
97. The process of making a photoactive thin film of claim 85, wherein:

the semiconductor-nanocrystals comprise rods having a Jength of between about 20
nm and about 200 nm.

25 98 The process of making a photoactive thin film of claim 97, wherein:
the semiconductor-nanocrystals comprise rods having a length of between about 60
nm and about 110 nm.

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

the semiconductor-nanocrystals comprise rods that are about 7 nm x 60 nm.

30 100. The process of making a photoactive thin film of claim 85, wherein:
the semiconductor-nanocrystals comprise a semiconductor selected from the group
consisting of Group II-VI, Group III-V, Group IV semiconductors and tertiary
chalcopyrites.

101. The process of making a photoactive thin fiim of claim 100, wherein:
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20 109. The process of making a photoactive thin film of claim 108,
wherein: the filmhas a thickness of about 200 nm 110. The process of
maki ng a wobesosesi ve thin filmof claim85, wherein: the PCT/US03/08624

sem conduct or - nanocrystal s and the sem conducti ng pol yner are codi ssol ved

in binary sol vRrEm@badubtbEnandSyshdd e RiORE Yrom@eV@lp JFhsidtiMg 6f CAZaPr i ses at
| east one sol vent chosen f i sting of pyridine,

rom.t roup. .cqn
chlorof orm tofCd&ndn? ’@ﬁér%%“,@zh(gﬁﬁgf@sf‘lqﬂéf’é?éaﬁﬂ Ehfsrdbenzene,  THF,
met hyl ene mhl ori oRs pragesediskmpt PRotoddher tBin il ofd1Ainl 8 sCkIRIrdin:may be branched or
unbranched and j s bet%en 2 and 20 car bOeHS in |length, but aoﬁﬁhseﬁn t hanol and

i sopr opanol . 30heseRicoRystonpanoarydaly pre selegiaq drom 1, grofip,cansighngy mof claim

110, wherein: tageconcentration of the binary solvent mxture is between

about | and_ about.k 15 vol % ~112.. The.process pof . [ a photoactive thin
filmof cl 'g)ﬁm 11 ,e%?ﬁse‘?foﬂ?aki“ﬁép}&%ﬁac‘fg‘%tt ‘ﬁﬁﬁ%ﬂpcé?‘ggﬁe%ﬂﬁry sol vent m xture
i s between aboupodionstthaemidondiRtov-aaikrystdld e bibheéhep hapegsalef maki ng a
photoactivg, thin filmof claiml wherein: 42 3/,081683 PCT/ US03/ 08624
t he concenﬁf‘ati o#eo‘fm“teﬁse(’fmag’g?f/plélo(%)‘i’a&tévﬁﬁﬁlﬂiﬁ)%? ﬁ?cia’?vgog%hﬁfel% vol % 114. The
process of nakhpgrtian pihibd wachédr@nddnysmisfhalaat ddastev@aams, 110, wherein: the

bi nary. sol vent r}*ciixture ct)rm isesrlﬁg%w dine in chloroform 115. The process

of makl g a phgf oacr PVt hi e ¥ cl aim 85, wherein: 5 the deposited

thin fil mios. heaTkobradessaoftrekipg p phassagtivefthih fibmp&ikomt] 050vHEreiro about 200 C.

116. The process,of Ki n otgagtive thin filmof claim85, wherein:
t he deposited eibﬁan ]?rg?r??r}ogryﬁ%laza%aoqaaﬁ%get eer?ﬁré“F’ ?iliaﬁer'e of fromabout 80 Cto
about 130 B6. 11The pkbxesspif owkisg a pliotoratoienign &lnpbixfload 03, weetehi:n fil m of claim

85, wherein: the. . deposite in fi,lmis heat ature of about
120 C. 10 118. eRraﬁﬁ‘c? 3?/“6)? é@éﬂa g\?ia(r:"é,a%ggfgr\%raﬁgs{?aﬁ%érgg%glggﬁjgat ed conductive
pol ynmeti ¢ 10dyer Taemrongsssd makiogdplrttactveaino Giny st ddis 10@ivdpemrsed t herei n, and

said devi ce hayl.ig, o ROWES s GRIXSIRE LBSELIdAE BRCY. ShEAAT LhaRuhograt A M

1.5 global ill'umnation. photovoltalc VI ce alm 118,
wherei n: the dehut® W& a power conversion efficiency of greater than 5%

120. The gt OvOLf e G.cdthtiindl pfich kil by siltiifihts, hilifuflevi ce has a power

conversion efficiency of grea
the film has a thickness of from about from about 100 nm to about 350 nm.

20 109. The process of making a photoactive thin film of claim 108, wherein:
the film has a thickness of about 200 nm.
110. The process of making a photoactive thin film of claim 85, wherein:
the semiconductor-nanocrystals and the semiconducting polymer are codissolved in
binary solvent mixture,
25 said binary solvent mixture comprises at least one solvent chosen from the group
consisting of pyridine, chloroform, toluene, xylenes, hexanes, water, dichlorobenzene,
THF, 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
1sopropanol.
30 111 The process of making a photoactive thin film of claim 110, wherein:
the concentration of the binary solvent mixture is between 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 about 4 and about 12 vol%.

113. The process of making a photoactive thin film of claim 112, wherein:
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121. The photovol taic device of claim 118, wherein: 20 the device has a
power conversion efficiency of between about 1% and about 30% 122. The
phot ovol tawpm3demssre of claim 121, wherein: the device hasPaTAS0&08624
conversion efficiency of between about 2% and about 30% 123. The

phot ovol t ai ¢ denticememtatioh af the Hiraty soMeat @ixfire & Bioud@veize has a power
conversion_ efficj nc% of fbek%\/veenhabout F Ot/glan labotfé ]}}5? % 25 124. The
phot ovol t al'¢ devi PP 8IS L12K1E 1 8NOWRY R I REIYB RS IR 2 power

conver si on ef f it@ibaag)sokbntakictute cdmp¥es pytidme inldhorgthah.ovol t ai ¢ devi ce of claim
118, wherej.n: at.] east rtiaon. of the sem conguct or.- nanocrystal s have an
aspect ratfllg' grea eé)rrocfsﬁgfnlpa?g%?)ﬁ%mog(f“végmﬁ%mc%%%g‘ﬁ% ‘Ovol tai ¢ device of

cl ai m 118, whethsidepositgd thindigps ts heptad @t 4 tprensrapfe of fiem dhwn| @SAHAELWEVGnocr yst al s
h?\lel an aitlag_ct r athd roggs%aﬁmngtatpa?%ag?lgggﬂflgan/fcllJagagi,w‘ﬁ%yeizphot ovol tai ¢ devi ce

of claim : rei.n; . \ at .1 east a portion
of the seni con%??p(??’tf’?w%ﬂ’i‘%’g?%?‘fageﬁgtaﬁ‘é"\?’em%eﬁg it Om(r)ggtlgboaob?mﬂ)ié)t \%'een aBout 5
and about BQ@. 128hepides phokoyebliomhdivdbnifiieofofaincmivhardt8, wherein: at | east
a portion of tRQe 5eMmeandusEatadanaahpahal 3 hAVR0aD aspect ratio of between
5 about 2 and about 10. 129. The photovoltaic device of claim 118, wherein:
t he self coHduct i APhE!a§AEELE PETRITEE: has bet ween about 5 and about 99 wt %
of sem conduch@smjipaReesnstiat polgRBRASREhdVR:&hRonddBr-nahbayfdt ovol t ai ¢
device of claim 1?8, wherein: 10 the sem conducti ng conjugated pol ynmer has
bet ween about StPLISH NS M, seni conduct or - nanocrystal s enbedded t her ei n.
131. The phot o¥gk 8c¥ice hd\evd H§oGtr dhdrgidnletBsienth e @bmhant I9atse M. CORWLAL | Ng

conj ugat ed pol yrmer. has between about 50 and 95 wt %

sem conduct or - H¥AYREYSt al s enbedded therein. 15 132. The photovol taic

dgvi ce;pf gbaim iﬂ&hom@fa&idawcémlmmz?mdumt idgg conj ugat ed pol yner has
about 90 wt % sem caonduct or- nanocrys s enbedded therein. 133. The

phot ovol tai c diidE‘écegTas éP%\‘Y%C‘i’T'SfS‘Oaﬁ&’?EPW:Or}%eatert an 35

120. The photovoltaic 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:
the device has a power conversion efficiency of between about 5 % and about 15 %.
25 124, The photovoltaic device of claim 118, wherein:
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 semiconductor-nanocrystals have an aspect ratio greater than
about 5.
30 126. The photovoltaic device of claim 118, wherein:
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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t he sem conducting conjugated polymer is chosen fromthe group consisting
of trans- 20 pol yacetyl enes, polypyrroles, polythiophenes, polyanilines,

pol y( p- prhwoybeswes and pol y(p-phenyl ene-vi nyl ene)s, pol yPCuarsesess24

pol yaromati c am nes, poly(thienylene- vinylene)s and sol ubl e derivatives
thereof. 134. The photovoltalc devi ce of CI%|n1133 wherein: the conjugated

pol ymer is chadSE 4 PRHI A AeGF B pPBENsT BRGSOV PIFRFET2HR 5 25
(2' - et hyl hexylagoty 3 prdddeitysbenevi nyI ene) (MEHPPV) and pol y(3-hexyl t hi ophene,

( P3HT) Th ot ovol t f claim 118, wherein: the

seni condu@?or- iﬁ%%f"&l“:ﬁﬁ‘fi oé@erﬁ‘&w ng a length of greater than
about 20 nm aﬁ@asﬂ&ﬁ)mdﬁhemahahlommhhmrmnmtalse:a@fan@b;&bmﬁd& berzet ei n: t he
sem co ductor-nangﬁwy%%t a|18 conprise rods having a | ength of between about

20 nm and ab8" 137. The photovol taic device of claim 136,

wher ei n: 12844 WOTR:IhOBIABR d@@&'dctﬂS&BM)%%eremhe sem conduct or - nanocrystal s
conpri se rods havi.ng a Ie bout rima 110 run.
198" The phot 81T Pardlysg PRk eRThiEu il W ANSs SR

sem conduct or sanamdmcycstrabcsmehpmbwedtbdsmt hat are about 7 nmx 60 nm 5

139. The BpOt ovpld % t%vc%:is d%%ceoc‘;fc%rﬁ'lfﬁ‘ $h8eipiner ein: the
Cc

sem conductor - nan I'se a’sem conductor selected fromthe group
consi Hti ng of thasmmnldhsn‘dg porﬁgambml}'mer\hps @twrapatiovt Hemid @6md#%ct or s and

tertiary  chalgQpyiid @S0 E.ALALGYR! tai ¢ device of claim 139,

wherein: 10 the sem con Or - nanocrys s are selected fromthe group
consi sti ngl.of CHS8ehotocdiie deviceRof clami\bl 8, €reiB2, Cul nSe2, Al GaAs, | nGAs, Ge

and Si. 141. mb@ena&%%% &9@ atgc@ﬁlﬁﬁer%gs bgetv@eicm#ﬁso Mhes G the

sem conduct or - nanocr yst a ecte rom-t group consisting of CdSe
and CdTe 1 5sepiconduripe-nprivotysigle bnbdiddeddbereine of claim 1] 8, wherein: a

portign gk, the ﬁ%gh&BﬂﬁH%%QJ: e’lﬁ@@ﬁﬁ yl%t@ Seiftf € branched nanocrystals. 143.
e

The photovoltaic vice of clalm 1 erein: a portion of the branched
nanocrystal s maw%dm@ag@omqg@te@pqmner has about 90 wt% semiconductor-

nanocrystals embedded therein.
133. The photovoltaic device of claim 118, wherein:
the semiconducting conjugated polymer is chosen from the group consisting of trans-
20 polyacetylenes, polypyrroles, polythiophenes, polyanilines, poly(p-phenylene)s and
poly(p-phenylene-vinylene)s, polyfluorenes, polyaromatic amines, poly(thienylene-
vinylene)s and soluble derivatives thereof.
134. The photovoltaic device of claim 133, wherein:
the conjugated polymer is chosen from the group consisting of (poly(2-methoxy5-
25 (2’-ethylhexyloxy)p-phenylenevinylene) (MEH-PPV) and poly(3-hexylthiophene,
(P3HT).
135. The photovoltaic device of claim 118, wherein:
the semiconductor-nanocrystals comprise rods having a length of greater than about
20 nm.
30 136. The photovoltaic device of claim 118, wherein:
the semiconductor-nanocrystals comprise rods having a length of between about 20
nm and about 200 nm.

137. The photovoltaic device of claim 136, wherein:



said arnms are not all the same length. 20 144. The photovoltai c device of
claim 142, wherein: the branched nanocrystals do not all have the sane
shape. M6.03/8%168Phot ovol tai c device of claim 142, wherei RCTiUse3meanched
nanocrystal s have 4 anus and have a tetrahedral symetry. 146. The
phot ovol t ai ¢ dehisegicafductbanandddals soprigirods habing henpth anbdrectnabw6¢ yst al s are
ei ther CdSe or CdTg ang“%rntlan enbedded in an anount of about 90 wt % 147.
The phot ovol t ai"® “dedi°¥e of "¢l ai m 118, wherein: the fil mhas a thickness of
f rom about 138r om @hoptibtolQBicnfevicoofxirdutl 185Bemim  148. The phot ovol tai ¢ devi ce
of claim 147, erein:., 30 the filmhas a i ckness of about 200 nm 149. A
phot ovol tai c d\éﬁ\%is?:"él,c Ong(%%%rf?agf?cr%s:t a]sacofn d f"ssetm&ﬁpfgggrre ag “éz 'sde, "5 WD 03/ 081683
PCT/ USO8/ 08824  @hd phiotovéliaicndegioapiralagh mif, ahsremi conduct i ng conj ugat ed pol yner
havi ng sem conduct or - .nanocr I . rel t ' Il m bei ng
deposited on tﬂ}g%\glﬁlf %rfdu%?ralﬁ'g?&%ﬁ%é%toﬁga%%gﬁﬁgl}ialtﬁgtgr(:%lﬁaategﬁg%t%eg%gedpopposi te
the first el ectorsdeng ditdowp Ik Vhdireup IR \&ciroupd Visapepndicoposé tirthet ween the thin
filmpolynmeri Cc}kai%gytrit@snd the first planar electrode. 150. The photovoltaic
device of claim , Wherein: the hole injecting |layer conprises
PEDOT: PSS.140151. Themhophdtam\dshcadfslae 3G ehating] ai m 149, wherein: 10 the
first ectrod L I r : ises Al. 152,
f ﬁxe%ﬂ@%’éﬂdﬁ&& dah ﬁ%%laz{;gf%lé RO ufe ggcgﬁalc%?snﬁ%%ds%,

The photovoltaic ice of ¢ ereln: east portion of the
seni conduct or - fdho &ty Snas, Cuh@dcCunSedshlbets, infidAs, @ emitSer t han about 5. 153.

The phot ovght ai cpygls %f&@ol‘%fcoﬁbi@é@c%ﬁ%ﬂ]é’,"@«ﬁér‘é@anf 15 at least a portion of the
S

semn conduct or - nanocryst a ave an aspect ratio greater than about 10.
154. The phot ol scmicendiieipi-panogrystads 2 paleced fromyibg arpyp, consisting @E€dSe adrt i on of
the sem conductgfe nanocrystals have an aspect ratio of between about 5 and

about 50. ‘ _ .
15 142. The photovoltaic 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 arms,
said arms are not all the same length.
20 144, The photovoltaic device of claim 142, wherein:
the branched nanocrystals do not all have the same shape.
145. The photovoltaic device of claim 142, wherein:

the branched nanocrystals have 4 arms and have a tetrahedral symmetry.

146. The photovoltaic device of claim 145, wherein:
25 the branched nanocrystals are either CdSe or CdTe and are embedded in an amount of
about 90 wt%.
147. The photovoltaic device of claim 118, wherein:

the film has a thickness of from about from about 100 nm to about 350 nm.

1438. The photovoltaic device of claim 147, wherein:
30 the film has a thickness of about 200 nm.
149. A photovoltaic device, comprising:

a first planar electrode,
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20 155. The photovol taic device of claim 149, wherein: at |east a portion
of the sem conductor-nanocrystals have an aspect ratio of between about 2
and aboutw00®3/04683 The photovoltai c device of claim 149, waErsonosethe

sem conducti ng conjugated pol yner has between about 5 and about 99 wt % of
25 sem conduct or - nanocrystal s enbedded therein, 157. The photovoltaic

devi ce of cl af ANl cofRpEyeg dsemiqerdusing BMERARCHEE BHNegePEePIBIPY ner has
bet ween about nZ@cifls &hbedlctothesEiitieams BGh 8&ind\RPESEY 5t @t Srsepiipelded t herei n.
158. The photovol tai c, device of claim 149, wherein: 30 the sem conducting

conj ugat ed pof§Tere At pet ween about 50 and 95 wt %
sem conduct or a kRoRCIY GbRloppRNbdddrteitdreaghis 159. The photovol tai c device

of cl ai m 149, erein: the sem conducti onj ugat e ol r. has about 90
o 9 s condut PUF MR RiRJtRy ST TR EUTE AT g e o g B 62 g

PCT/ US03/ 0862@lanat Bictrodfie phot ovol tai ¢ devi ce of claim 149, wherein: the
sem cond i ng conjugated polyner. is, chosen fromthe group consisting of
tr?n?- pggéialcgtgjé%ggihﬁl%ﬁ?groﬁlmzﬂi olphen)es, po: y?lni li nes,

pol y( p- phenyl nagdlsingeadng Ipyel sompr ; i nyl ene)s, pol yfl uorenes,

pol yar onq%'%c anh]réeg topo?tLiX%tvri'cie%?éllai%nﬁ' v@ ev(_j;.n_yl ene)s and sol ubl e derivatives
t her eof . 1. T epp?'uo‘f ovoltaic devi cg’ o? "@ai m 160, wherein: the conj ugat ed
pol yn®r i s chibsént dleconiid domprses HifD aoinkd stand gleafod¢ pahpr{ses Alet hoxy 5-

(2'-ethyl bexyl ).p-phenyl.enevinyl ene) ( MEH PPV) and pol y(3- hexyl t hi ophene,
(P3HT) . i€£162?ﬁ¥ EOtg‘ﬁog[?%\%vlmteéﬁf@Xlalef\}igtvé}(eé?m'cI aim 149, wherein: the

sem conduct or arlemsocroyiinaf the soniperids@orrmdsriyasibag: @ asgeaghtiv géatgrleat er t han
about 50 nm _163. The photovol taic device of claim149, wherein: the
sem conduct or-nanocrystals conprise rods having a | ength of between about
20 15 nidAnd alve phot@@Daindevick @ claimhiddphletarvol t ai ¢ devi ce of claim 163,

wher gisn: t he zﬁgeglt%ﬁ%%gr% 3 J%ﬂu%%ﬁ%ﬁ}-ﬂén%c&mmv% &n bR B3R @ad €NGLH Of
bet ween about mand about rim
about 10.
154. The photovoltaic device of claim 149, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 5 and about 50.
20 155, The photovoltaic device of claim 149, wherein:
at least a portion of the semiconductor-nanocrystals have an aspect ratio of between
about 2 and about 10.
156. The photovoltaic device of claim 149, wherein:
the semiconducting conjugated polymer has between about 5 and about 99 wt% of
25 semiconductor-nanocrystals embedded therein.
157. The photovoltaic device of claim 149, wherein:
the semiconducting conjugated polymer has between about 20 and 95 wt%
semiconductor-nanocrystals embedded therein.
158. The photovoltaic device of claim 149, wherein:
30 the semiconducting conjugated polymer has between about 50 and 95 wt%
semiconductor-nanocrystals embedded therein.
159. The photovoltaic device of claim 149, wherein:
the semiconducting conjugated polymer has about 90 wt% semiconductor-

nanocrystals embedded therein.
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165. The photovoltaic device of claim 149, wherein: 20 the

sem conduct or - nanocrystals conprise rods that are about 7 nmx 60 rim

166. The wbososest ai ¢ device of claim 149, wherein: the PCT/US03/08624

sem conduct or - nanocrystal s conprise a sem conductor selected fromthe group
consisting of Goup 11-VI, Goup II1-V, Goup N sem conductors and tertiary
chal copyrib@.es. T ph@dvolFiedeypéraif olaoh 140, whetewi ce of clai m 166; wherein: the

e, Tp. - Cakl PRI Eorfle SR bR RabIR: B RASRA bPLRS T OS¢
phot ovol t ai ¢ pléxacedensk, polyaymeldsqgnlythiketeadsnpol tahdingsepaldpiptenyieod)s r@nocr yst al s

are sel ect ed fr 0PphACI A AR RANSLS AL HSR At QTR 4RO The

phot ovol tai ¢ devi ce of clal m 14! ere ortion

semi canduct or Vimdgneisreyd slyble derisatiyesaetseld nanocrystals.  170. The

phot ovol tgj ¢ denGRor@fonk Akl ainRY Ghdkeind@ POrtion of the branched
nanocrystal s have at |east two arns, 47 WO 03/081683 PCT/ US03/ 08624 said
arms are not 'Bf foniugated potEngrdngipsen fromithe arpep qonsting of taelkdesioseSof cl ai m
169, wher ei n: otheviR«aR% hEARAGK | GEECPP@Land ! me shape.
172. The phot(ovolﬁyt aig dyeb\s/%cg@of 01?932?1% 169,ngpéeliph]:y@¥egy]mggﬁéd
nanocrystal s ®3¥B-4 arns and have a tetrahedral symmetry. 173. The

phot ool t&d.c dei pRor@oltkik 8évite bf AaimMI®! Blieisin:t N branched nanocrystals are
either CdSe or CdTe and are enbedded In an amount of about 90 W% 174.
The phot ovol tB§ €Mirepfucior-rnostygialsrammise (pdehaying:a lengh of igreptchidid ®ovthi ckness of
from about frgmmbout 100 nmto about 350 nm 175. The photovoltaic device
of claim 174, wherein: the filmhas a thickness of about 200 nm 176. A
film cofPtisidgePRRSIYndsielsiag WenEry%st al s enbedded therein. 177. A
process of makd R@icdnducloPn&RBREhIS EdEprROBIOKavIRen@th Jf BawES] b0y St eps:
(a) xﬁshi ng nanocrgstal s wWth a solvent at |east one tine; (b) dissolving
the vidshed ndRbAYERUFYOYRY a polymer in a solvent to yield a

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 semiconductor-nanocrystals comprise rods that are about 7 nm x 60 nm.
166. The photovoltaic device of claim 149, wherein:

the semiconductor-nanocrystals comprise a semiconductor selected from the group
consisting of Group II-VI, Group III-V, Group IV semiconductors and tertiary
chalcopyrites.
25  167. The photovoltaic device of claim 166, wherein:
the semiconductor-nanocrystals are selected from the group consisting of CdSe,
CdTe, InP, GaAs, CulnS2, CulnSe2, AlGaAs, InGaAs, Ge and Si.
168. The photovoltaic device of claim 149, wherein:
the semiconductor-nanocrystals are selected from the group consisting of CdSe and
30 CdTe.
169. The photovoltaic device of claim 149, wherein:
a portion of the semiconductor-nanocrystals are branched nanocrystals.
170. The photovoltaic device of claim 169, wherein:

a portion of the branched nanocrystals have at least two arms,
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m xture; and (c) depositing the m xture.
a polyneric |ayer

conpri si ng:

178. A photovol taic device,
havi ng nanocrystal s di spersed therein.

179.

A phot ovowoDaBwosdeyi ce, conprising: a first electrode, a fiPCmusSosfmeRsi Nng a
polyner on the first electrode, and a second el ectrode. 48

171.

172.

173.

174.

175.

176.

177.

178.

179.

said arms are not all the same length.
The photovoltaic device of claim 169, wherein:
the branched nanocrystals do not all have the same shape.
The photovoltaic device of claim 169, wherein:
the branched nanocrystals have 4 arms and have a tetrahedral symmetry.
The photovoltaic device of claim 172, wherein:
the branched nanocrystals are either CdSe or CdTe and are embedded in an amount of
about 90 wt%.
The photovoltaic device of claim 149, wherein:
the film has a thickness of from about from about 100 nm to about 350 nm.
The photovoltaic device of claim 174, wherein:
the film has a thickness of about 200 nm.
A film, comprising:
a polymer having nanocrystals embedded therein.
A process of making a film comprising one or more of the following steps:
(a) washing nanocrystals with a solvent at least one time;
(b) dissolving the washed nanocrystals and a polymer in a solvent to yield a
mixture; and
(¢) depositing the mixture.
A photovoltaic device, comprising:
a polymeric layer having nanocrystals dispersed therein,
A photovoltaic device, comprising:
a first electrode,
a film comprising a polymer on the first electrode, and

a second electrode.
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