HETEROATOM C REG OREGULAR POLY( 3- SUBSTI TUTEDTHI OPHENES) | N PHOTOVOLTAI C
CELLS RELATED APPLI CATI ONS This application clainms priority to US
Provi sional application serial no. 60/612,641, filed Septenber 24, 2005 to
WIllians et al, which is hereby incorporated by reference inits entirety.
BACKGROUND Wil e solar cell technology has steadily inproved, a
substantial leap is generally needed to achieve costs of, for exanple, $1
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het er oat om substitution, such as a p-type Semico
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levels, and processability, polymers are needed which can be the key to unlocking
applications for solar cell technology.

A need exists for better photovoltaic devices which can be commercially processed
well, can be synthetically tailored, can be reasonably priced, and can provide good efficiency
and stability. In particular, polymer materials can provide good processability and synthetic
versatility. Also needed is better use of nanotechnology and nanomaterials to control the
polymer-based heterojunction.

US Patent Publication 2005/0022865 to Robeson et al. describes photovoltaic systems
based on higher glass transition temperature polymers.

SUMMARY
Provided herein are developments in plastic electronics including, for example,
photovoltaic devices where components are made of organic and/or plastic materials
including inherently conductive polymers, other polymers, and small organic molecules. In
particular, use of regio-regular, or well-defined, inherently conducting polymers, more
specifically, regio-regular poly(3-substitutedthiophenes) in photovoltaic organic electronic

devices are provided. For example, described herein is the use of regioregular poly(3-



One enbodi nment provides a photovoltaic device conprising: a first el ectrode,
a second el ectrode, an active |layer disposed between the first and
second el ectrodes, wherein the active |ayer conprises at |east one p-type
conponent and at | east one n-type conponent, wherein the p-type conponent
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essentially of a regio-regular poly('3-substitutedthiophene) in which the
3- subst i t uentAnothen emhbdipient proyides aphotovoltaic device comprising:

a first electrode,

a second electrode,

an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component comprises at least one polymer comprising regio-regular poly(3-
substitutedthiophene) in which the 3-substituent is an alkyl, aryl, or alkyl/aryl moiety with a
heteroatom substitution in either the a.- or B-position of the 3-substituent, wherein the
heteroatom is an O or S atom, and wherein the polymer is a homopolymer or a copolymer.

Another embodiment provides a photovoltaic device having low metal impurities in
the p-type component comprising:

a first electrode,

a second electrode,

an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component consists essentially of at least one polymer consisting essentially of a
regio-regular poly(3-substitutedthiophene) in which the 3-substituent is an alkyl, aryl, or
alkyl/aryl moiety with a heteroatom substitution in either the o.- or B-position of the 3-
substituent, wherein the heteroatom is an O or S atom, and wherein the polymer is a

homopolymer or a copolymer.



al kyl /aryl noiety with a heteroatom substitution in either the a- or
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layer comprises at least one p-type component and at least one n-type component, wherein

the p-type component comprises at least one copolymer comprising regio-regular poly(3-
substitutedthiophene) in which the 3-substituent is an alkyl moiety with an oxygen
heteroatom substitution in the a-position of the 3-substituent. The copolymer can further
comprise a comonomer comprising an alkyl 3-substituent. The copolymer can further
comprise a comonomer comprising an alkyl 3-substituent present in about 5 to about 25 mole
percent.
The active layer further comprises a different polythiophene. The weight ratio of p-type to n-
type material can be about 1:1 to about 3:1, or alternatively, about 1.5:1 to about 2.5:1. The
active layer can comprise a polymer-fullerene heterojunction.

Also provided are methods of making photovoltaic devices and methods of using
photovoltaic devices.

One of the basic and novel features is that the p-type material has metallic impurities
at a level sufficiently low to allow for photovoltaic applications. In addition, the use of the
heteroatom provides tunability to the photovoltaic device.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates regio-regular poly(3-substituted thiophene) with o and B positions of the
3-substituent indicated



One of the basic and novel features is that the p-type material has netallic
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Figure 7 illustrates one embodiment comprising an anode on a substrate, a p-type material, an
n-type material, and a cathode on a substrate.

Figure 8 illustrates another embodiment comprising multiple active layers and electrode or
spacing layers.

Figure 9 illustrates another embodiment wherein the p-type and n-type materials are blended.
Figure 10 illustrates cyclic voltammograms of P3HT-ran-PMEET/MEET on a glassy carbon
working electrode for a solution cast (CHCl3 0.3% w/w) thin film in 0.1 M BuyNPF¢/CH3;CN
at 20 mV/s scan rate.

Figure 11 illustrates current density vs voltage (J—V) characteristics of two polymer
photovoltaic cells with structure ITO/PEDOT:PSSA/active layer/LiF/Al. Active layer is made
with bulk heterojunction of two p-type semiconducting polymer and PCBM.

DETAILED DESCRIPTION

Priority US Provisional application serial no. 60/612,641, filed September 24, 2005,
to Williams et al, is hereby incorporated by reference in its entirety including claims and
figures.

Provisional application serial no. 60/661,934 filed March 16, 2005 (“Copolymers of
Soluble Poly(thiophenes) with Improved Electronic Performance™) is also incorporated by
reference herein in its entirety.

Copending application, serial number filed September 26, 2005 to Williams
et al. (“Heteroatomic Regioregular Poly(3-substitutedthiophenes) in electroluminescent
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Other benefits are noted below.

A photovoltaic cell can be an electrochemical device that converts electromagnetic
radiation to electrical energy. Although the present invention is not limited by theory, this
can be accomplished through a charge separation event that occurs after absorption of a
photon which causes the creation of an excited state, which can be referred to as an exciton,
in a p-type semiconductor which is in intimate contact with an n-type semiconductor.
Typically the semiconductor domains are sandwiched in one or more active layers between
two electrodes, wherein at least one electrode is sufficiently transparent to allow for the
passage of the photon. As known in the art, the value of such a device is that it may be used
to directly convert solar radiation into usable energy without the generation of chemical
waste products or a dependence on petroleum-or coal-based energy. This “clean” and
renewable energy can be used to charge batteries or operate electronic devices. It offers
advantages to any electrical application which is electrically driven by an electrical
distribution grid, either as a replacement for a battery or as means to restore the charge on a
battery which is then used to power a device. Finally, it can be used to supplement power
supply on the electrical distribution grid or to replace power supply from the electrical
distribution grid.
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conjugated structure is dependent upon the polyner chains to forma pl anar
conformation in the solid state. Al though the present invention is not
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impurities from the polymeric matrix. The presence of impurities, notably metal ions, in this
material may have serious deleterious effects on the performance of resulting photovoltaic
cells. These effects include charge localization or trapping, quenching of generated excitons,
reduction of charge mobility, interfacial morphology effects such as phase separation, and
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As is the case with the use of poly(thiophene) as a p-type sem conductor in
a photovoltaic device, the presence of inpurities, notably netal ions, in
this material may have serious deleterious effects on the performance of
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HOMOPCOLYMERS, COPCOLYMERS, AND BLENDS Use of a regio-regular

pol y(3-substitutedthi ophene) is described in which the 3- substitutent is an
al kyl, aryl, or allcyl/aryl noiety w thl an oxygen substitution in either the
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The nunber of different types of repeat units in the copol yner configuration
Is not particularly limted. A copolyner of these materials can be, for
exanpl e, a honp-, block-, alternating-, and random copol ynmers of which

i ncorporate one or nore of the materials defined as a regio-regul ar

pol y( 3-substitutedt hi ophene) in which the 3-substitutent is an al kyl, aryl,
or alkyl/aryl noiety with an oxygen substitution in e|ther the a- or
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n-type sen1conductor materials are bonded to each ot her. The bondi ng can be
i oni ¢ or coval ent bondi ng. Coordi nate bondi ng can be used. For exanple, one

mat eri al can have a nucl eophilic group and the other nmaterial can have an
el ectrophilic group which can react wiih each other to forma coval ent
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SI X EMBODI MENTS A first enbodiment of this invention is a photovoltaic
devi ce wherein the active layer is a conbination of a p-type nateri al
conprising a regio-regular poly(3-substitated thiophene) in which the
3-substitutent is an alkyl, aryl, or alkyllaryl noiety with an oxygen

bet . . . ¢ Poa Sy ) . .
et or o vy, Bl iohdoifey AfccteibRpt bl scordedh, P USADIE Haiol,
copol ymeifheopoljhesiatoetralyi cohduative state whicll fxenot saitablé for photohoRgict he fol | ow ng:

ful |l erene based terials (such as the t hanof ul | erene communly referred to
as PCBMEppheatians. ckheze aresevesal methpdsby which impuritiesmaybryemaved fromkpat ed et al

oxi de n ! S { . : e
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enbodi nent .. . A second epbodi nment this inyention is a nodifie
phot ovomuanﬁeambthaﬁﬁxeymeggwdaﬁ@gab%ﬁormsueapahethpeaﬁm which are

conbi nat_j, Ok - rised of a regio-regular

pol y( 3- 35@2@9@%‘%@5%@6%%@% r?v%imgh the 3-substitutent is an alkyl, aryl,
or al kyl / ar y|These mitérialstcln de ntady @¢ oliganheitchaing swoh ds(3-allkoxgthiéghene);, (8¢
13-position of the 3- substituent or a hetero_atom (such as "5," with

appr opr ig&ylexythigshenes,ion £3-alkyamimethiorhsnen de which i isghe pumber of repeghiaitst he a-

or fl-pQsiit i - LU -34S Wali 23S hese. erials
and. - Lyt & Sehuebe 216 of of tShck ey 04 35D BRI ik on ok ABGEATER T L1
oxi de naney&fpidallyhas & YaB of &bt 39 to syt 260 hin usedais@h-tpk bmi¥shdiRtor in a
nanoparticles (such as Ti 02, ZnO etc.), carbon nanotubes, CdSe naterials
and ot h@hotovaltaiadevicg.unct i oni ng type of material, and n-doped silicon or
germani um wherein these |ayers are adjacent or separated by a discrete

i ntegral conponent such as a spacer |ayer or electrode. Figure 8 provides an

i1l ustr BEPA-PUSITION GXYOENBUBSTITUTION hi rd enbodi ment of this invention
is a nodified photovoltaic device that incorporates single or nultiple

active | ayer Ragin-tsgular polythsubstitutesthiophengs) wighealkpl, aryil.candalicyliarylype nmaterial s
(st o suliishents A a8y aBhRahe 0o of s % Sbefiie fines lsd BetfEhienaed; G, °°

Zn0, et _ on e TeREi 02,
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rial, ahd n-doped sil'icOn or germani um wherein the ayers are
adj acentandiGRIM forigredd netathetissafrac, B-ditmomg3adlkaxytiniopkene fellavwedlsy aniskelcer
| ayer or el ectrode and erein the.p-type material is.conprjsed .of a
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wi t h appomerinsiirees dles3-stbstitutenttmaycemtdies heterdatone otherethan oygent in additiortd her

the a- or ft-position of the 3-substituent as well as copolyners of these
mat er i ala qxygen Bpwin the B-ppsition.c The amount of regiq-Freylas dmaojcoyplings for these

pol y( 3- Lhi a poly(3-arylthi ophene) or

pol y( 3- %&gé*?gﬁ%ﬁf%%%}é’he) or a regio-regular poly(3- allcylthiophene) or
a regro-r 99U!M@@ﬁgﬁl&?gétyﬂ-hﬁbsﬁﬁh@dtﬁbpﬁne@ wistpalkyl, @6 «d aie/lmtyd- _

al kyl I aryl t hi ophene). Figure 9 provides an illustration of this enbodinment.

A four t tsubstiteentnanskangixygen atonninghe Boesition pbther3-abstientslegionsirale thesawe t hat

i i ngl | tiple active._l hi nbi.na i f

oy anged padTnsRes B e liegie SRuAEpI RS bs A R R MR I BRL b s e

nat eri alahd all/atyl Wiﬂhcfegdiélf@p@b_édgglbiﬁ?, %&B@ttﬁ'ééseléa&b?ﬁc sthfohur€tHigh extinegéed net al
, n
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pol y( 3-substitutedt hi ophene) n which the 3-substitutent is an al kyl, aryl,

or al kylalsormbdestly eedyshifts thedambdamax ofthb staterial,iablowing for speeifi¢c high-®nergy
(3-position of the 3- substituent or het em at o uch.as "S " wth
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pol ypyrrol e, poly(phenyl enevinyl ene), PEDOT, and polyaniline. Figure 9
provides an illustration of this enbodi nent. A fifth enbodi nent of

this invention is a nodified photovoltaic device that incorporates single or
mul tiple active |ayers which are conbi Adtions of p-type materials and n-type
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In this invention good performance of a photovoltaic device containing a
p-type material conprised of a regio-regular poly(3-substitutedthiophene) in
which the 3- substitutent is an alkyl, aryl, or alkyllaryl noiety with an
oxygen substitution in either the a-or 13- p03|t|on of the 3 substituent or a

e ¢ e ROMID) FPLiAd epropARPLaseige (DLl ghd SHISFORE | e 0 eBageS o eaZa'Wil”fe
non- oxi (e SRRIRENER setald Snd dAPEUERHERE méﬁ“*&@“ﬁ’.fﬁ‘%?.‘*‘é’?‘

metal li presamneraftoﬂmsde\acé)edmpmmhtsut 1, 000 ppm or nore particularl y, |s bel ow

about 500 pp or. nore I’tICU| ow about 150 m, Metal inpurity
| evel s can bgsﬁ%%lﬁaﬁ H%%’ )%%Pme?eﬁﬁgmuﬁ Wrigyr exanpl e,

atom c r ngedl tion,
the fol ?gémﬁggi%gg?‘é%?g{cfﬁén%ﬂgy nments caﬁlnggﬂgﬂlﬂgtﬂ%% ;!/ih%ﬁig al{"lldg n the
art: 1) sérivusudskterious effegs Onthegjtkiarmmmew(faesahmmhbwveﬂmb icelis) eTieese effectdri ch t he
3-substitutent is _an_alkyl, aryl, or aJky ll&eeg: nmoiety with_an oxygen

i

subst i t dRGhede qhﬁraeﬂeca&zgw QriteRping, quenching of thejexciion, rednction of chegge

oot o r b, EAPREAFRbERol By RIRLENAN & Shalelbliriof anl WidiiGa St elucron | ¢ .,
al kyl , aftte, po@mallhtpla/taﬂy lcoﬂidiicﬁtr@fstﬂtetvbtuehnsmomﬁmbmg phétu%ltuib in the

-position of the 3- substltuent as p- tyﬁe sem conduct or copponent of a
phot ovoPPRlicatiens, i There agy s Righ §upwgigs smay be removed from a

o 41 ky FraPriRd hEFL %ﬂ?ﬂ&)th%gt%%ﬁﬁf b rr R PRty e e Bt on B

t he 3- submironwegdni@andpdlart sobent:e Mhe RORbilitY bf thesamaetitls Fhciktapldieivol t ai ¢
device. 4) Preferred Enbodi nent #3 in _which the heteroatomis "S" 5)

Enbodi mrrifigationsughhthehithey eambs madesuiteblefonthes pppligation e ptype3 i n V\/m ch the
het er oa | ts #1-6 such that the regio-regul ar

pol y( 3- té%?ﬁ?‘%foetéf?%p&é# 5@8% @QCopol ymer. 8) Enbodi ment #7 such that the
copol ymer i s The 8tri&10 R Y Riadé ACHIS cBaiR€EFRRS 3Lk Eﬁéﬁ@ﬁr ¢3- The
copol yner can have non-thi ophene units or a non- thIOph ne bl oc

B-oxaarylthiophene) ,, or (3-B-oxaalkyl/arylthiophene) , in which n is the number of repeat

units with a value of 2-10 and or as polymers in which n = 11-350 or higher, but for these
materials n most typically has a value of about 50 to about 200.

HETEROATOM IN ALPHA POSITION

Regio-regular poly(3-substituted thiophenes) with alkyl, aryl, and alkyl/aryl
substituents and a heteroatom in the a-position of the 3-substituent has also been prepared by
the McCullough (nickel cross-coupling of 2-bromo-5-magnesiobromo-3-a.-
heteroalkylthiophene) and GRIM (Grignard metathesis of a 2,5-dibromo-3-o.-
heteroalkylthiophene followed by a nickel cross-coupling reaction) methods. The heteroatom
in the alpha position can be, for example, oxygen and sulfur. Specific examples of this class
of materials include poly(3-substituted thiophenes) with 1-thiaheptyl substituent. In some
instances, the 3-substitutent may contain a heteroatom addition to a hetero atom in the a-
position. The amount of regio-regular 2,5’-couplings for these materials exceeds 95%.

Regio-regular poly(3-substitutedthiophenes) with alkyl, aryl, and alkyl/aryl
substituents and a hetero atom in the a-position of the 3-substituent demonstrate the same
enhanced performance as other regio-regular poly(3-substituted) thiophenes with alkyl, aryl,
and alkyl/aryl with regard to processability, defect-free electronic structure, high extinction
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9) Enbodi nent #7 such that the copolyner is an alternating copolyner. The
copol yner can have non-thi ophene units. 10) Enbodi nent #7 such that the
alternating copolynmer is a random copol ynmer. The copol ymer can have

non-t hi ophene units. 11) Enbodi nents #8-10 such that t he copol yner has a

A= an§odfgenty PR A Ronie RN dpORVGT S-S mokaibetand BUREEE Cuch Lnat

t he nonséltibﬂlﬂh BRethe offer finfe SYREr BeRefifsa8 WellD ’I'h%‘éﬁféé’t’b’ft@h&&b atodi ment s
#8-10 such that the non-thi ophene units are derived froman ethyl ene oxi des.

14) Enbeubstitution is/®-rhodifyithe bahdgap #ssociated withdhé ene *dransition relatiteer iovthat of r om a
conj ugat ed di ene odi nents_#8- that .the n pheng units are
deri vedOMeHFRgL0- e&faéﬁ 31‘6‘)‘bSEH’6%§‘HEéR g)#gﬂg lWhS?R‘Fh’@n (%P PHeSphene

b o e e e B T

t hat t hdevicgs: (Hurthpiesre, the hétsroatom ﬁ.&rctwmlltj inorea@sahtBoubitier of thismdlerial 119)

Enbodi nent s #8-10 such that th n-thio ne unj t erlved from CH2CH2R
where RPel amgam% sofvents like tet'ahygro?uran, cL].m formam1de %Dﬁ/[F% -methoxy-2-

propanol acetate (PMA), and chloroform, which enhances the processing options for this

material and allows the selective dissolution of this layer in the presence of other device
components.

As is the case with the use of poly(thiophene) as a p-type semiconductor in a
photovoltaic device, the presence of impurities, notably metal ions, in this material may have
serious deleterious effects on the performance of resulting photovoltaic cells. These effects
include charge localization or trapping, quenching of the exciton, reduction of charge
mobility, interfacial morphology effects such as phase separation, and oxidation or reduction
of the polymer into a truly conductive state which is not suitable for photovoltaic
applications. There are several methods by which impurities may be removed from a
conjugated polymer. Most of these are facilitated by the ability to dissolve the polymer in
common organic and polar solvents. The solubility of these materials facilitates their
purification such that they can be made suitable for their application as p-type
semiconductors for photovoltaic devices.

These materials can be made as oligomer chains such as (3-a-heteroalkylthiophene)y,,
(3- o -heteroarylthiophene) ,,, or (3- a-heteroalkyl/arylthiophene) , in which n is the number
of repeat units with a value of 2-10 or as polymers in which n = 11-350 or higher, but for
these materials n most typically has a value of about 50 to about 200.

HETEROATOM IN BETA POSITION

Regio-regular poly(3-substitutedthiophenes) with alkyl, aryl, and alkyl/aryl
substituents and a hetero atom in the f-position of the 3-substituent has also been prepared by
the McCullough (nickel cross-coupling of 2-bromo-5-(magnesiobromo)-3-(8-
heteroalkylthiophene)) and GRIM (Grignard metathesis of a 2,5-dibromo-3-(-(B-
heteroalkylthiophene) followed by a nickel cross-coupling reaction) methods. Specific
examples of this class of materials include poly(3-substitutedthiophenes) with 2-thiaoctyl
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20) Enbodi nents #8-10 such that the non-thiophene units are derived from
CH2CH2R where R = Il 21) Enbodi nents #8-10 such that the non-thiophene units
are derived from CH2CH2R where R = CH3 22) Enbodi nents #8-10 such that the
non-t hi ophene units are derived from CH2CH2R where R= an al kyl group 23)

where Romgnshs AEAEHbdRh b 3k SR el AR BE AP Ehlo PR QB S EBod S are
der | ved i URCHBTbs BT ofby o Ph TR EINTOML A thl ekt htoka e 1

non-t hi ophene units are derived froman ATRP macroinitiator 26) Enbodinents
#8- 10 spositiomaThe armowntrof pegig-rapudari2s’ icoupléingisifonibhsermiterials can exceedcdSi%.ed from

hi pph Its. .27 ' ts,,#8- 10 h.t t
hon- pol y( 3. s RSB EERBEDRY G RuRomheaey ik b o i Ven o o
funct i - L hi ! . )
nlcj)z-cr gg?gﬁreggfsaéﬁhg%;ﬁggsu%si | teé?ﬁeog{ EI %ghené§l?ot§ﬁ|§lteép%r e g%‘?%ed ¥ rom one or
nore fi ienbdncedpérforadned agsthér reploaegidanivly(B-substithited) thivphenesowitinalkyl, asd,i ned.

29) Enbodi ments #8-10 such that the non-regi o-regul ar ) L
pol y( 3- Soé skl erybwithiregand troprogessability; deferdrifepedeotiopin smetur, highyaxtinction

functio ' | | . Which ' .3 odi mnent s
#8-10 s&g#ﬁéﬁg% ﬂi@g&%} ﬁ%@?@ﬁ‘%@' ‘é’rv wb%ﬁ{ﬁ%%%gg? ?@I&#}gg’ﬂﬂ f‘%%%?é%g) units are
der i ved sblbilitghat they Sfe sdrhé 6thePbelefitsed wallll dlicleffephethe hatbiogtonr € randonl y
defined. 31) Embodi nents #1-30 such that the active layer is a conbination

of p- anubstitutionds toempdidy thechaod gap associated with the n- © * transition relative to that of
other regio-regular poly(3-substitutedthiophenes). This “tunability” of the band-gap offers

diverse opportunities for the generation of specific absorptive needs for organic photovoltaic

-

devices. Furthermore, the heteroatom functionality increases the solubility of this material in
polar organic solvents like tetrahydrofuran and chloroform, which enhances the options for
processing this material and allows more opportunities to selectively dissolve this layer in the
presence of other device components.

As is the case with the use of poly(thiophene) as a p-type semiconductor in a
photovoltaic device, the presence of impurities, notably metal ions, in this material may have
serious deleterious effects on the performance of resulting photovoltaic cells. These effects
include charge localization or trapping, quenching of the exciton, reduction of charge
mobility, interfacial morphology effects such as phase separation, and oxidation or reduction
of the polymer into a truly conductive state which is not suitable for photovoltaic
applications. There are several nlaethods by which impurities may be removed from a
conjugated polymer. Most of these are facilitated by the ability to dissolve the polymer in
common organic and polar solvents. The solubility of these materials facilitates their
purification such that they can be made suitable for their application as p-type
semiconductors for photovoltaic devices.

These materials can be made as oligomer chains such as (3-f-heteroalkylthiophene),, (3- P -
heteroarylthiophene) », or (3-B-heteroalkyl/arylthiophene) , in which n is the number of repeat
units with a value of 2-10 or as polymers in which n = 11-350 or higher, but for these
materials n most typically has a value of about 50 to about 200.
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32) Enbodi nents #1-30 such that the active layer is two distinct, adjacent,
and separate |ayers of p- and n-type materials. 33)Enbodi nents #1-30 such

that the active layer is a single mxed |ayer of p- and n-type nmaterials 34)
Enbodi ments #1-30 such that the active layer is a m xed but phase-separated

| ayer of R - | 5 0di ts #1-30 such that the active
| ayer i ﬁmmﬂﬁm ‘*”lﬁsgrat erials are organized into a
di screte strysdeWFalregiBirboulir piﬂ%(@%uﬁﬁ?tﬁ@&lﬁﬂiﬁ $s dekerbeinGhhitH e 3Lhe active

| ayer is a conbination in which one or both materials are bound to a

non- act isubstitutgmtris an alfylyatylj or alkydfary snaiety svithnar oxyges sybstitusiondn kither sleadif ol d
37) Enbodi nent s, #1- 30 such that the active,l a,é_g; I s manuf act ured bé/ spi n
cast i ng.or Papasition st the3-substituent o a heteng atom freither theeo opyfspositionefithe 3ct ur ed by

by vaporCbfuel? el B0 ibent o it 3 el 4B Lol ind B BRE' 50, 1
layer i shesemutéulydserp-Bypeteicondiudtdfcompbhenttfiagmhiotsvaltaic/ievide. such that the

active layer is manufactured by printing techniques 42) Enbodi nent #41 such
that the pri nkhemymberahdiffgrent pesrf jepeat unifs inghe coppdymergonfigurationismot hat t he

printi n%&t%My%téf AL ]::I)ﬁoﬁ%lgli S¥hese materials can be, for example, a homo-, block-,

alternating-, and random-copolymers of which incorporate one or more of the materials
defined as a regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is an alkyl,

N—t

aryl, or alkyl/aryl moiety with an oxygen substitution in either the a- or B-position of the 3-
substifuent or a hetero atom in either the a- or B-position of the 3-substituent or as a
copolymer of a regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is an
alkyl, aryl, or alkyl/aryl moiety with an oxygen substitution in either the a- or B-position of
the 3-substituent or a hetero atom in either the a- or B-position of the 3-substiﬁ1ent with
blocks composed of polymers built from monomers such as CH,CH Ar, where Ar = any aryl
or functionalized aryl group, isocyanates, ethylene oxides, conjugated dienes, CH,CH,R
where R =H, alkyl, Cl, ,Br, F, OH, lactam, lactone, siloxanes, ATRP macroinitiators.
Copolymeric systems are described extensively in US Patent No. 6,602,974, which is
incorporated by reference in its entirety including for all of its copolymer types.

In addition, a copolymer can be, for example, a random or well-defined copolymer a
regio-regular poly(3-substituted thiophene) in which the 3-substitutent is an alkyl, aryl, or
alkyl/aryl moiety with an oxygen substitution in either the a- or B-position of the 3-
substituent or a hetero atom in either the-a- or B-position of the 3-substituent or as a
copolymer of a regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is an
alkyl, aryl, or alkyl/aryl moiety with an oxygen substitution in either the a- or f-position of
the 3-substituent or a hetero atom (such as “S,” with appropriate substitution to complete
valence requirements) in either the a- or p-position of the 3-substituent with a block
comprised of one or more functionalized thiophene derivatives, or as a regio-regular poly(3-
substituted thiophene) in which the 3-substitutent is an alkyl, aryl, or alkyl/aryl moiety with
an oxygen substitution in either the a.- or B-position of the 3-substituent or a hetero atom in
either the a- or B-position of the 3-substituent or as a copolymer of a regio-regular poly(3-
substitutedthiophene) in which the 3-substitutent is an alkyl, aryl, or alkyl/aryl moiety with an
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44) Enbodi nent #41 such that the printing technique is a transfer process
45) Enbodi nents #1-30 such that the active layer is manufactured by spray
applications. 46) Enbodi nents #1-45 such that the n-type material, which is
responsi bl e for conduction of electrons out of the active layer, is a

full L fied fudl b d.matgri al h t th f ul

pCaM 47 BHEh SR ioR ia efher3RER° on APBSHRE hF{ns BBl 3y S bt T aBR B 5 o' °"°
b . . : -

Compr | sogres ¢ o B GRITEGE fhd 3 Bt o D R e ¢l s

ar e comupobaneraompristd SO)rerdranbrotiiophehd tnit® such that the netal oxide

nanoparticles arfe.coated with the p- type, nmaterial. 51) odi nents #1-45
such that thi #dm?eam@ymaxc ez EASXRGRIS, HregioFasykr ﬁawﬁr-gwgmteé

vl or | o LR i fch B bubytchU R ol IR BBl RO B oYt )

Enbodi naubistitutidn 4beithee thel diadr f-pesition ofithe Baubstitednt ba Béteierdtodn efthdcdiRen- 54)
Enbodi ments #1-45 such that the n-type material is conprised of n-doped

si | i cononp-pgsitiomnf the3-abjtitneddir ae acepelymeriofiaregiormgulaepaly(3-ve | ayers are
adj acen

i St ot BHPLRRP PR EHED o iRetesh Rog Ay, O VY maieh withah ©

oxygen substitution in either the - or B-position of the 3-substituent or a hetero atom in

either the a- or -position of the 3-substituent with blocks of random or well-defined
polymer comprised of one or more functionalized oligothiophenes which is also random or
well defined.

A photoelectric device can be a set of materials that effectively perform the function
of light absorption, creating electrical charges that are transported or conducted to electrodes
such that electrical power in the form of current flow across a potential which can be used to

power or charge an electrical device.

ACTIVE LAYER

An active layer can have a combination of p- and n-type semiconductors and can exist
in a number of different embodiments. It can comprise, for example: (i) two distinct,
adjacent, and separate layers of p- and n-type materials; (ii) a single mixed layer of p- and n-
type materials; (iii) a mixed but phase-separated layer of p- and n-type materials; (iv) a
combination in which one or both materials are organized into a discrete structural unit or
array; or (v) a combination in which one or both materials are bound to a non-active
organizing matrix such as a polymer or supramolecular scaffold.

In one embodiment, the p- and n-type semiconductor materials are bonded to each
other. The bonding can be ionic or covalent bonding. Coordinate bonding can be used. For
example, one material can have a nucleophilic group and the other material can have an
electrophilic group which can react with each other to form a covalent linkage. Covalent
bonding methods are known in the art including, for example, reactions of amines with
aldehydes, carboxylic acids, or esters.

The active layer can be manufactured by known methods including, for example, spin

casting, drop casting, vapor deposition or sputtering, crystalline growth, patterned etching,
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57) Enbodi nents #1-54 wherein the active |layers are separated by a discrete

non-active integral conponent such as a spacer |ayer or el ectrode. 58)

Enbodi ments #1-55 wherein there is a single active |ayer 59)Enbodi nents

#1-57 wherein there are nultiple active Iayers 60) Enbodi ments #1-59 wherein

the p-type materi 1,5 .a dor Xt u l,al s conprising a

r egi o- réﬁlﬂ%‘i‘n&a(ﬂ gYBI@EB%?eF ucstSHE é @S’ﬂ@n B'E’ﬁ?ﬁsg%f’éhl’ is an

aI kyI ?r%&a caf@drdscy! 1 aryl noiety with an oxygen substitution in either the
s? I on of the 3-substituent or a hetero atomin either the a- or

fI-p05|t|on of the 3- substituent, as well as copolyners of these materials

and anoéﬂgbﬁaé ctlng pol ymer deri vative 61) Enbodi nent #60 in which the
ot her ¢ Mr derivative is poly(thiophene) 62) Enbodi nent #60 in

whi ch the c Ogg.ﬁ%f é@,\gocﬁﬁk%ﬁ{ﬁﬂug ‘ﬁNeYn b % Fﬁq%t&oﬁgig%%ce %Jﬂeféﬂl {Hé' a‘&B{?\fﬁ? 63)

Enbodi nent # conduc I'ng erivative

aryl t hi isphenehindiibh ofatpotyip amﬂteriéﬂieompnsmg ake dswega:mc;buly(js-@gbmitydrer derivative
is a poly(3- alicyliarylthi ophene) GQ&YEWOC’I ment, #60 in whjch the

conductm@hﬁﬁ ighsthe Fogubgtatutent i ap ardgen alkylissylymeiety WMPW@ne) 66)
ol y( 3 Aeyr{iRPa el b4 & G RAMG o e 3 her B 4 KBt B ey
S s seaa vt A ) o i o
pol y( 3- miatesial/$ueh\as thel fetleyving: fullerene based materials (such as the methanofullerene
commonly referred to as PCBM), metal oxide nanoparticles (such as TiO,, ZnO, etc.), coated
metal oxide nanoparticles (such as TiO,, ZnO, etc.), carbon nanotubes, CdSe materials and
other similarly functioning type of material, and n-doped silicon or germanium. Figure 7
provides an illustration of the first embodiment.
A second embodiment of this invention is a modified photovoltaic device that
incorporates multiple active layers which are combinations of p-type material comprised of a
regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is an alkyl, aryl, or
alkyl/aryl moiety with an oxygen substitution in either the a- or B-position of the 3-
substituent or a hetero atom (such as “S,” with appropriate substitution to complete valence
requirements) in either the a- or B-position of the 3-substituent as well as copolymers of
these materials and n-type materials such as the following: fullerene based materials, metal
oxide nanoparticles (such as TiO,, ZnO, etc.), coated metal oxide nanoparticles (such as
TiOz, ZnO, etc.), carbon nanotubes, CdSe materials and other similarly functioning type of
material, and n-doped silicon or germanium wherein these layers are adjacent or separated by
a discrete integral component such as a spacer layer or electrode. Figure.8 provides an
illustration of this embodiment.
A third embodiment of this invention is a modified photovoltaic device that
incorporates single or multiple active layers which are combinations of p-type material and
n-type materials such as the following: fullerene based materials, metal oxide nanoparticles
(such as TiO,, ZnO, etc.), coated metal oxide nanoparticles (such as TiO,, ZnO, etc.), carbon
nanotubes, CdSe materials and other similarly functioning type of material, and n-doped
silicon or germanium wherein these layers are adjacent or separated by a discrete integral

component such as a spacer layer or electrode and wherein the p-type material is comprised
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69) Enbodi nment #60 in which the conducting polyner derivative is a

regi o-random pol y(3- thienylenvinylene). 70) Enbodi nent #60 in which the
conducting pol ymer derivative is a poly(pyrrole) 71) Enbodiment #60 in

whi ch the conducting polynmer derivative is a poly(phenyleneV|nerne) 72)

Gor tvat Pha g et do A s huie Hina o RS et T h T e MR A  ve i s
a pol y( %Phik?ll?ﬁ%vl iéietﬁwﬁacih gén dtbstARtYA Y fher ﬂn@%z-%r‘Bylf&lt{&t&&h@é s

conprised o regi o-regul ar pol y( 3-substitutedt hi ophene) in which the
3- subst isubstirent orsa hetersl dtgm (swhyals “Sb’muﬂi dppydpriate/substitutiony tordantiplete valencren

substitution in ejther the a- or posi t of the 3-substituent or a
het elr o Aeqrements) iy fither the o or&pqsyloa&f.tbq %ﬁ%ﬁu{eﬁba% <l s eanolmers o vvlell as
weoht " Shedy Rlaterdf TR dcnfiged el SfafpHbhi) of oFpoti rbiihedRe S ™

2, 000 opolyg3-arylthiophere) o@@bty(x-uikgr[/hﬂylﬂl@pmﬂe) dr 9%@fe§hm polyer ei n ol ecul ar

wei ght i's nunber average nol ecul ar wei Enbaodi ment #74 in which the

| ow nol @beyithiop hme@mape&lw@mnp@m(&am &@b@@@)@ﬁﬁé‘?ﬂi@ﬁ%ﬁ@')m@(ﬁndl ment #74 in

Enbodi ree VA SRR CEidlRe FntoRac B Iniedon 8 sl Tor o' o 7
non- oxi di zedA§fo@ﬁﬁemb%huﬁmwmnﬂsnﬂ%hlzﬁddﬁie&fph@tbvbh@lc@@%amanatIon of the
p-type material with metallic inpurities and other inpurities is

suf fi ci érporporatessingle or myytiple racq@vniawwmh@r@mbmmqnsmf prisipe mdterigl andgs t han,

97 Eo oA huch 86 RSy Bb G el eRplemelf Bt hilhpilily 500 PP
pol y( 3- gsiRha THHL Zh), eRNeekedRBlaPoxIde hdnd man:sg ﬁtagmmn@j kté!), @bbrar v

functionalit |nclud|ng erfluorinated al groups.
nanotubes, CdSe materials and other similarly ﬁmctlonmg type o atenal and n-doped

.

silicon or germanium wherein these layers are adjacent or separated by a discrete integral
component such as a spacer layer or electrode and wherein the p-type material is comprised
of a regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is an alkyl, aryl, or
alkyl/aryl moiety with an oxygen substitution in either the a.- or B-position of the 3-
substituent or a hetero atom (such as “S,” with appropriate substitution to complete valence
requirements) in either the a.- or f-position of the 3-substituent as well as copolymers of
these materials in a mixture or blend with other inherently conductive polymers such as
polypyrrole, poly(phenylenevinylene), PEDOT, and polyaniline. Figure 9 provides an
illustration of this embodiment.

A fifth embodiment of this invention is a modified photovoltaic device that
incorporates single or multiple active layers which are combinations of p-type materials and
n-type materials such as the following: fullerene based materials, metal oxide nanoparticles
(such as TiO,, ZnO, etc.), coated metal oxide nanoparticles (such as TiO,, ZnO, etc.), carbon
nanotubes, CdSe materials and other similarly functioning type of material, and n-doped
silicon or germanium wherein these layer are adjacent or separated by a discrete integral
component such as a spacer layer or electrode and wherein the p-type material is comprised
of a regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is an alkyl, aryl, or
alkyl/aryl moiety with an oxygen substitution in either the a.- or B-position of the 3-
substituent or a hetero atom (such as “S,” with appropriate substitution to complete valence

requirements) in either the o.- or B~position of the 3-substituent as well as copolymers of
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In addition, the 70 clains of provisional application serial no. 60/612, 641

can be practiced by one skilled in the art (e.g., "Provisional 1" belowis
provisional claiml): Provisional 1. A photovoltaic device conprising: a
first electrode, a second el ectrode, an active | ayer disposed between

the fir and second el ectrodes erein t ctive |layer c rises at | east
one p-t%@emmalﬁﬁ@%m tw%gtﬁg%vﬁﬁ“@g-mﬁtpxmﬁgy frthe p-type
conponernyg Bﬂ{e'nﬁ.eFig)@ie_9§ﬁﬁlﬁdé§@ﬁi9@uﬁﬁ&iopﬁi§}éﬁﬁﬂdﬂﬁeﬂt?9| o-regul ar pol y(3-
substi t ut edt hi ophene) 1 n which the 3-substituent is an al kyl, aryl, or

al l cyl | aryl riniasixth embhdimendthe 4 positions ofthe thioplicoe ring can alse be substituteds r

- iti the 3- bstit. t. Proyi | 2. .Ih hgt taic. [
0 POST R o R Db i R B B P o B o
Provi si Gi3&Vidihg a $ymniiRlA Sabdtithfor Stte i GIAROS dhd ¥ shibstibutiod @hGrovidde

het eroattom I s "an“oxygen atom Provisional 4. The photovoltai'c device

accor di rdifferentisubstiteents and freadysineetrical substitutionpattémy Examplesf@roups whidh 5. The
phot ovol t ai,c deyi ce according tp 1,.wherein e heterogatom substitution is
in the £3PbEssdAs %ﬁ“%ﬂﬁé}ﬂg-a% thed) PQWIPCIM%#Qr a8 alpATY EIORR, o ¢ ai
devi ce ' ' t(ﬂpéls&lgﬁ, [ | S d he

13- posi ?ﬁ%ﬁa%F@ﬁ%’%ﬁﬁg@?ﬁ{jgﬁ%%?%ﬁg&gna 7. T (laésg%(g?%bvo t%qh(l:é devi ce
accor di rsgbstitudnts déseribsdrher¢in fowcthe B pasition sintleding thdse withsheteroatongen atomin t he

a-position of the,3-suybstituent. . . .
P In tlrm}s mventlfon £00 perI‘ormance of a photovoltaic device containing a p-type

material comprised of a regio-regular poly(3-substitutedthiophene) in which the 3-
 substitutent is an alkyl, aryl, or alkyl/aryl moiety with an oxygen substitution in either the o~
or B-position of the 3-substituent or a hetero atom (such as “S,” with appropriate substitution
to complete valence requirements) in either the a.- or B-position of the 3-substituent as well as
copolymers is achieved if the p-type material is in a neutral or non-oxidized state and the
contamination of the p-type material with metallic impurities is below about 1,000 ppm, or
more particularly, is below about 500 ppm, or more particularly, below about 150 ppm.
Metal impurity levels can be measured by known methods in the art including, for example,

atomic absorption spectroscopy or photoinduced x-ray emission.
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Provisional 8. The photovoltaic device according to 1, wherein the

het eroat om substitution is a sulfur atomin the 13-position of the
3-substituent. Provisional 9. The photovoltaic device according to 1,
wherein the regio-regul ar poly(3- substitutedthi ophene) is a honopol yner.

Pr ovi si onal : .{ aj i.c8 accordi . rel :fihe. pol ymer
I's a honopol ;9 ma?&ﬁﬁ,%?éoﬁl\é%&%f&% e Hp 00t OV 0 agﬁagtpg%%u-cgé‘/ﬂ & g%?‘%hhg‘g“‘t o 1,
wher ei n thewt:pol ymer is a copol yner. Provisional 12. The photovol taic device

according to_1, wherein the polyner is . a bl ock copol yner. Provisional 13.
The phot ovbl ﬂbﬁ@smfmeemmﬁapﬁlg@- btitujgdtiiaphenehia Waich the3-substifvtentis bl ock

the pol yrer 15 kA8 ol laS B RORBI ™ W Sy R She B T sl ot B
devi ce accor @le%sﬁtﬁeﬂbas‘ﬁ‘iﬁﬁ?é BerhidEndiRidr ¥Bfnpbsent Bf @ phtbValidi@evi@n 0l yer .
Provi sional 16. The photovoltaic device according to 1, wherein the polyner

i s a rando) dbpaisy afs regi-regilar paky(3-substithiteslthinphenebint wiich the\3-substigitent i ng t o
1, wherein the po roi capol yper. conpri si ng, non: t hi gphene .uni t

B ovi <1 onal - 18 2t AT ot Qe R0k ShBvgen SHeptgion IndRe S ONPR e 1 yrer
is a block ¢ gy | | S| 19. The
phot ovol t ai c(3 ev?%‘g&}itggo dﬁ%%ﬂgﬁu‘%ﬁé%}lﬁﬁeﬁ]ﬂgega?9%5{“%%%3%% and the
p-type conporiteiusaofa myicategular poly(rsuhstitutedtinophent himrwhich the 3-substitutent is

an alkyl, aryl, or a]kyl/aryl'moiety with a hetero atom in either the a-- or B-position of

the 3-substituent as a p-type semiconductor component of a photovoltaic device.

4) Preferred Embodiment #3 in which the heteroatom is “S”

5) Embodiment #3 in which the heteroatom is O.

6) Embodiment #3 in which the heteroatom is O or S.

7) Embodiments #1-6 such that the regio-regular poly(3-substitutedthiophene) is a
copolymer.

8) Embodiment #7 such that the copolymer is a block copolymer including a segmented
block copolymer. The copolymer can have non-thiophene units or a non-thiophene
block.

9) Embodiment #7 such that the copolymer is an alternating copolymer. The copolymer
can have non-thiophene units.

10) Embodiment #7 such that the alternating copolymer is a random copolymer. The
copolymer can have non-thiophene units.

11) Embodiments #8-10 such that the copolymer has a non-thiophene block and the non-
thiophene block is built from CH,CH Ar, where Ar = any aryl or functionalized aryl
group.

12) Embodiments #8-10 such that the non-thiophene units are derived from an
isocyanates

13) Embodiments #8-10 such that the non-thiophene units are derived from an ethylene
oxides.

14) Embodiments #8-10 such that the non-thiophene units are derived from a conjugated
diene

15) Embodiments #8-10 such that the non-thiophene units are derived from a lactone



Provi si onal 20. The photovoltaic device according to 1, wherein the n-type
conponent and the p-type conponent are bonded to each other via coordinate
bondi ng. Provisional 21. The photovoltaic device according to 1, wherein the
pol ymer conprises nonthiophene units. Provisional 22. The photovoltaic

devi ce ac er t.he no | ophene u |t.s ri aryl or
Funct | ona o) Emeguiprents 4810 Sich B BF piEiceeRE HEM e Antin PR it

accor di ng F??Eﬁx%odﬂﬁlﬁtﬁ#gll@ B RA- thOheRiEheHd ihits £€ EIBﬁi/e‘ileﬁ-étﬁ%tsﬂé}%eor urea
| i nkages. Provisional 24. The photovoltaic device according to 21, wherein

t he non- t hi8) Hmbasliments #8clfsuch that thelophehiepheiedwits aretderived fomsCHeGH,R5. The
phot ovol taic_devi.ece gccording to 21, wherein the non-thiophene units
conprise eth Hital unsaturated units. Provisional 26. The photovoltaic

devi ce acc)gihadinterds#8-1084&H tﬁaﬁtﬂ@n&@ﬂnéﬂﬁeﬁ@ﬁﬁx&%ﬂ AbhivedCRERCISECHIRI 1 S
derived froma lactone or l'actam Provisional 27. The photovoltaic device

accor di ng t owhere RrddBi n t he non-t hi ophene units conprise siloxane units.

Provi si on 8., The ph evi ce.accordin 21, er

mon-t hi op AN Eintterts E- Shcpahsihe Hork Rcitene nfichee Anfree ERICHGIRY, o,

al kyl, F, orwRere P=qYi Si onal 29. The photovol taic device according to 21,
wherei n the non-thi ophene units are derived froman ATRP nacroinitiator.

Pr ovi si on&l) Bfbodimeents#8-d0 suchathat the nore-thiephene dnitsare derivedifvem SHy,GHHR pol yner
Is a copol yne EJW{}% t@_c{orrprises at least two different thiophene units in the
pol ymer chai W®bVisFonal 31. The photovol tai ¢ device according to 1,

wher ein thg } gi erltS #8610 SRH tHAERhe ﬁﬁﬂﬂﬁ?@%m nites eﬁEn%‘i‘iaﬁéthﬁ‘PzC‘HHerem

functional i hene units 1nt
where R an alkyl group

23) Embodiments #8-10 such that the non-thiophene units are derived from CH,CH,R
where R=F

24) Embodiments #8-10 such that the non-thiophene units are derived from CH,CH;R
where R =Br

25) Embodiments #8-10 such that the non-thiophene units are derived from an ATRP
macroinitiator

26) Embodiments #8-10 such that the non-poly(3-substitutedthiophene) units are derived
from one or more thiophene units.

27) Embodiments #8-10 such that the non-poly(3-substitutedthiophene) units are derived
from one or more functionalized thiophene units.

28) Embodiments #8-10 such that the non-regio-regular poly(3-substitutedthiophene)
units are derived from one or more functionalized oligothiophenes which is also
random or well defined.

29) Embodiments #8-10 such that the non-regio-regular poly(3-substitutedthiophene)
units are derived from one or more functionalized oligothiophenes which is also well
defined.

30) Embodiments #8-10 such that the non-regio-regular poly(3-substitutedthiophene)
units are derived from one or more functionalized oligothiophenes which are
randomly defined.

31) Embodiments #1-30 such that the active layer is a combination of p- and n-type

semiconductors
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Provi sional 32. The photovoltaic device according to 1, wherein the pol yner
conpri ses nonpol y(3-substitutedthi ophene) units derived fromone or nore
t hi ophene units. Provisional 33. The photovoltaic device according to 1,
wherein the polymer conprises nonpoly(3- substitutedthiophene) units derived

phot ovol t af® ERdibes Al Bl gt the SRR it o pigite o AP separite

nonr egi o- r eguhads HOP-Vend i gﬂ&éﬁﬁqt hi ophene) units. Provisi onal 35. The
phot ovol tai ¢ device according to 1, wherein the polynmer conprises

nonr egi o-r Q@Embomwtsﬂls‘:\mmhmt tiettabtiveplayerdy a singlesmixied dayes obprednd3Btypdhe
phot ovol tai c dewqie according to 1, wherein the active |ayer conprises a
conbi nati on dpat Ype and n-type seniconductors. Provisional 37. The

phot ovol taB?EiﬁHdcﬁﬁeﬁ@?‘?;%pdgz?%{t&tﬁne a\éﬁ@‘él‘ﬁ & it Q%nﬁ@db HaSeL6e] aﬁ%ﬁ&e’%%ﬁ two

di stinct acent e layers o p- and pe malperl al s.
Provi si onal 38.and hdyphmiatenalst ai ¢ devi ce according to 1, wherein the active

e s e et e

compri ses a haxegaibiite g &Qtesﬁ'b{@cﬁ:ai’gm or &gl N-type materials.
In

Provi si onal 40. The phoTovo tal o eV| ce accor g to"l, wherein the active
| ayer conpBéXimbadimentsi#l40 smoh ithat teiactivelagerds akrombmmtmm whicthane oobgthni zed
into a discrete structural unit or arraﬁ{\é,éZ Provi si on 41. The photovoltaic

devi ce accor dP4igal3are bajRd te.f RoR-AEtive qrgaplzing afrix, 5 8 FOIEESRD nat N | 1
whi ch one or P{a&m,ﬁ{rl g&ﬁa(i re bound to a non-active organi zing matri x such
as a pol yner sg su;l)ram)lseculgr scaffol d. Provisional 42. The photovoltaic
devi ce accB7xEmbpdimerts #1084 stich thah theactive/layérdy aranifactured ibyaspin castingy spi n

Pr ovi Q?bnaﬁﬁ’)f‘émggﬂﬁ% il oAToch BB e B vt mnambtacionel b HRPERSIBENG. act  ve
Layer s maoyagkihests . R dith UGEON B8 hafiraollhés BADLRY Bhicgicon b Vi oo

accor d| ng t ern e active layer s nanu printing,
wherein the pyputwnngg is an ink jet printing, an off-setting printing, or a
transfer pr oces
)Embodlments #1-30 such that the active layer is manufactured by dip coating,.

41) Embodiments #1-30 such that the active layer is manufactured by printing techniques

42) Embodiment #41 such that the printing technique is ink-jetting

43)Embodiment #41 such that the printing technique is off-setting

44) Embodiment #41 such that the printing technique is a transfer process

45) Embodiments #1-30 such that the active layer is manufactured by spray applications.

46) Embodiments #1-45 such that the n-type material, which is responsible for conduction

of electrons out of the active layer, is a fullerene or modified fullerene based material
such as the methanofullerene PCBM

47) Embodiments #1-45 such that the n-type material are metal oxide nanoparticles

48) Embodiment #47 such that the metal oxide nanoparticles are comprised of TiO,,

49) Embodiment #47 such that the metal oxide nanoparticles are comprised of ZnO,

50) Embodiments #47-49 such that the metal oxide nanoparticles are coated with the p-
type material.

51) Embodiments #1-45 such that the n-type material is comprised of carbon nanotubes

52) Embodiments #1-45 such that the n-type material is comprised of CdSe materials and
other similarly functioning electron affinity materials

53) Embodiments #1-45 such that the n-type material is comprised of CdSe
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Provi sional 45. The photovol taic device according to 1, wherein the active
| ayer i s manufactured by spray applications. Provisional 46. The

phot ovol tai ¢ device according to 1, wherein the n-type naterial is a

full erene, or netal oxide nanoparticles. Provisional 47. The photovoltaic

T rooar oy b Enifisents #1145 i bt iBe Ry gRa kipusd O iomdaifmnor 4g. The

phot ovol tai c glﬁ,ydng;ﬁn_accordl ng to 1, wherein the n-type material conprises
coated netal “oxi de nanOf)art icles. Provisional 49. The photovol taic device

accor di ng 3% Embodiments # 5H|évh¢rqu)rﬂ1§ activelayers aradjadestes car bon nanot ubes.
P I Si l,t d th t
o e B LSS B R Bk ™

phot ovol t ai chﬂﬁbﬁeﬁtm%@sggcér%yhoﬂ\élé‘dtﬁide the n-type material conprises
CdSe. Provi si onal otovol tai c device according to 1, wherein the

n-type mat EPEmbodiments #6654 rwhsmqmthesactlve:lamere rarmpmtﬂdthyia discretegionraativis3. The
phot ovol t ai cé&ew e accordi active |ayers are separated

by a discret nglbtasggﬁa%glsgqc Y?f(?ée}eﬁ g‘il Provi sional 54. The

phot Ovoltass)maﬁeﬁ#pfsgwmréﬁm&eieﬁa%[r%wa&l%l @ekive layer is a single
| ayer. Provisiona he phot ovoltaic device according to 1, wherein the

active | ays%) Emhodiments# 137 twhetain there are niudtjple active layers
60) Embodiments #1-59 wherein the p-type material is a blend or mixture of materials

comprising a regio-regular poly(3-substitutedthiophene) in which the 3-substitutent is
an alkyl, aryl, or alkyl/aryl moiety with an oxygen substitution in either the a- or -
position of the 3-substituent or a hetero atom in either the a-- or f-position of the 3-
substituent, as well as copolymers of these materials and another conducting polymer
derivative

61) Embodiment #60 in which the other conducting polymer derivative is poly(thiophene)

62) Embodiment #60 in which the conducting polymer derivative is a poly(3-
alkylthiophene)

63) Embodiment #60 in which the conducting polymer derivative is a poly(3-
arylthiophene)

64) Embodiment #60 in which the conducting polymer derivative is a poly(3-
alkyl/arylthiophene)

65) Embodiment #60 in which the conducting polymer derivative is a regio-regular
poly(3-élkylﬂ1iophene)

66) Embodiment #60 in which the conducting polymer derivative is a regio-regular
poly(3-arylthiophene)

67) Embodiment #60 in which the conducting polymer derivative is a regio-regular
poly(3-alkyl/arylthiophene).

68) Embodiment #60 in which the conducting polymer derivative is a regio-regular
poly(3-thienylenvinylene).

69) Embodiment #60 in which the conducting polymer derivative is a regio-random
poly(3- thienylenvinylene).

70) Embodiment #60 in which the conducting polymer derivative is a poly(pyrrole)
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Provi sional 56. The photovoltaic device according to 1, wherein the p-type
conponent further conprises a second conductive polyner. Provisional 57. The
phot ovol tai ¢ devi ce according to 56, wherein the second conductive pol yner
is a poly(thiophene), wherein the poly(thiophene) conprises alkyl, aryl, or

al | cyl aryl L §: . P QViLS] ai devi ce accordi ng
to 56, whe wfﬁ{’%‘%@g@%@ V@H&%@??@éd%g%ﬁew?%ﬁ%?dg %egul ar

pol y(3-all cyl étgtleﬁe lehepi o- regul ar pol y(3- al kyl /aryl thi ophene), or a
regi o- regul arﬁd}y ar Vm?hl o%hene) Provi sional_ 59. The hot ovol tai c device

accor di ng t%)@@bo mw@l@e@sﬁen@mgeplmr genivative is s PEDOTdesivetivail ar

pol y(3-t hi ny Br. Lt al ewvi accordi ng
Fo 56, wnerd) Hapiimat %@Mmﬁh@? 5558 ol BB if £ plin{eBieeS

pol y(3-thi em)@ﬁﬁddﬁeh@ﬁﬂm \Vhét&m&h@ﬁ@jrpeﬁﬁateﬁﬂﬁs @(blﬁﬁﬂééﬁldf@rﬁ%ldﬁb’glﬁﬂ accordi ng
to 56, wherein the second conductive _polyner conprises y(pyrrole) a

pol y( pheny! erpoly(@Brapbgitatedthinpbere)dn “quhm-su@twanﬁmna&yf oonallearylne) .
P | 62.. The. phot ovol t di t
mver il fur CHRiESCBH AR oRYeR sHbrisfPn iRt Ha g wds aa?e@ﬁw% et | VP°
mol ecul ar We'&r&the?éro?{b%’mgxeéli tHePhe Y- c}r‘BsgiosmPth)‘f'ﬂ?d? Stlﬁl% t 49 \gelPRPL Ovol tai C

devi ce accordi el n the e materl a er corrprl ses a

p-type naterlcmlpolymamgfthesumﬁemalamblgnd oi)inectuﬂeevmﬂy\elcgﬁltnotlﬁcuhbmighipooo or
| ess, wherein the rr&t erj al a_t hi gphene, ol i gomer. Provisional 64. The
phot ovol t ai ¢ WBe/Materiah clmmsgequ&arrvelgmmbﬁ forrrxapmple, 3o, Q0 qnilesssorn n a

neutral or n %l?e!r ‘]rﬁ?ar ' Lce
accordi ng to%m%iyner el nlyshg&ﬁ OB? %\“sdb %@'?éoég al %@&é?hﬁb‘f&u&%g?
substituted aholetbwlariwpight.ti on. Provisional 66. A photovoltaic device
conprisi ng75) Embodiment #74 in which the low molecular weight p-type material is -

sexithiophene

76) Embodiment #74 in which the low molecular weight p-type materials is a thiophene
oligomer.

77) Embodiments #1-76 in which the p-type material is in a neutral or non-oxidized state.

78) Embodiments #1-77 in which the contamination of the p-type material with metallic
impurities and other impurities is sufficiently low to allow for photovoltaic
applications including less than, for example, about 1,000 ppm, or more particularly,
less than about 500 ppm.

79) Embodiments #1-78 in which the regio-regular poly(3-substitutedthiophene) contains
fluorine substituted alkyl and aryl functionality including perfluorinated alkyl and aryl
groups.

In addition, the 70 claims of provisional application serial no. 60/612,641 can be

practiced by one skilled in the art (e.g., “Provisional 1” below is provisional claim 1):
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a first electrode, a second el ectrode, an active | ayer disposed
between the first and second el ectrodes, wherein the active |ayer conprises
at | east one p-type conponent and at |east one n-type conponent, wherein the
p-type conponent conprises at |east one polyner conprising regio-regular

pol y( 3- subst%hg dthIO hen jn which the 3-substituent is an al kyl, aryl,

or al kyPyoxIse 1 SICECORPBM & ubstitution in either the a- or
P-position ogﬁhﬁgkgnggpstltuent wherein the heteroatomis an 0 or S atom
and wherein t poIY i's a honopol yner or a copol yner. Provisional 67. A
photovoltaicadumnde Hvd@g |l ow netal inpurities in the p- type conponent

f t t I
(i Sposed Dot AR Aippsa HotSesa B 4 FRRLSIeciRden WAEFE BRASYE | ayer
conpr i Sﬁ?ﬁ%on&q’rﬁgié at‘clgﬁ‘r% gﬁée g%&&mﬂéﬂtana%leﬁét on€ 3 gt?pé’&?mﬁoﬂe)ﬁ?%vlﬁf&irxpone”t

wherein t"‘consi'sts essentially l'east "one pol ymer
consi st theg-type eompandny caprises atleastroag pbkqunobmpﬂsmg: b@m-mglMIphly@-hene) in
which th titue i S, kI.ar.I, o] | kyl / ar, i e W|tha
net or oxPONH e ERPPRRTEL R Which theesdhstinBatts i kol gt o s by it a
substit A Sq&isp nd V\,herel n the

pol yrrerHﬁ'etgltoa %ﬁb@ﬁ%ﬂtﬁgﬁng@kg co 8‘%’ 7 %fglﬁem gﬁgﬁyﬂéﬁl A phot ovol taic
devi ce PmyViviorail 29 Tha phd)fb%ltﬂé ésiicedteordingto 9 nhrerirettie heéeoatom is an oxBigeRCt i ve

| ayer di sposed between the first and second el ectrodes, wherein the active
| ayer c@ﬂﬁ)ﬂ &Mt | east one p-type component and at Ieast one n-type

conpone | ymer
or copol s, thk 8o UREAS NPT WhBEH kRl B ACHLIREE 10
the 3-safpgi.i tuent is an alkyl, aryl, or alkyl/aryl noiety with a heteroatom
substitution in either the a- or 13- p05|t|on of the 3-substituent, wherein
the act Pravisienabd. dberphotoueltaieidevigs ascordingte 1, whetein thethstereatomas a gofur o

photovoL ai ¢ devi ce conpri sing:

Provisional 5. The photovoltaic device according to 1, wherein the heteroatom substitution is
in the a-position of the 3-substituent.
Provisional 6. The photovoltaic device according to 1, wherein the heteroatom substitution is
in the B-position of the 3-substituent.
Provisional 7. The photovoltaic device according to 1, wherein the heteroatom substitution is
an oxygen atom in the a-position of the 3-substituent.
Provisional 8. The photovoltaic device according to 1, wherein the heteroatom substitution is
a sulfur atom in the B-position of the 3-substituent.

Provisional 9. The photovoltaic device according to 1, wherein the regio-regular poly(3-
substitutedthiophene) is a homopolymer.
Provisional 10. The photovoltaic device according to 1, wherein the polymer is a
homopolymer.
Provisional 11. The photovoltaic device according to 1, wherein the polymer is a copolymer.
Provisional 12. The photovoltaic device according to 1, wherein the polymer is a block
copolymer.
Provisional 13. The photovoltaic device according to 1, wherein the polymer is an ABA
block copolymer.
Provisional 14. The photovoltaic device according to 1, wherein the polymer is an AB block
copolymer.
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a first electrode, a second el ectrode, an active | ayer disposed
between the first and second el ectrodes, wherein the active |ayer conprises
at | east one p-type conponent and at |east one n-type conponent, wherein the
p-type conponent is part of a polynmer blend conprising at | east one

h | ygrer, i Si i.o-regul ar . . :
ool y 5. SHBeIona S FHEGHRLE)BIe ASHIE EFForias & CLNEETiR fuspolymer i agplipating

or al kyldog?u,h?gpi ety with a hetematom substitution in either the a- or f3-

posi tion e 3-substituent, wherein the active |layer conprises multiple
acti ve |RrpeisionalPi6ovitei photdvongic davish accordihg td L, \dwd:inél}l/e:pwlmnbsisragancbrm rst

el ectr ode, second el ectrode, an active |ayer disposed between the
first arftfP8 d el ectrodes, wherein the active |layer conprises at |east one

p_type %w@ t . . - EEBE . 1 _
conponent isﬁgglrltﬁgﬁl hgg%cqgﬁlgﬁgeconpgﬁ;?’ng E‘.E‘i‘ att ilgiggﬁfs%ﬁcgﬁ?%f
el ect r ondongrisinganethivpheree yuitsy ner whi ch i s a honopol yner or copol yner

conpri si regio-requl ar poly(3- substit.utedthiophene) i.n whjch._the
3- subst iﬁﬂ&%@ﬂ@%%ﬂ%&%@ﬁ%ﬁc figg fq Qr‘yher%i%é% polygmenisa tegker oat om
substi ttgog%gggﬁ&ggg{,%hgg_ﬁbggﬁe@tpom tion of the 3-substituent, and (ii)

at | eas ctroni y conductive polyner different fromthe
first. FMroksibohlONEIHS photovolthie devieh atcvdibg to T, wiesreinghe fi-type dokipokertasdf or t he

active layer is not particularly limted hut can be, for exanple, about 25
nmto aagﬁp-tmmmﬂonsaataassa‘fﬁ%%/rhw?%{fawaehom urn. If two layer are used,
such as ¢.R.: ket Eg: YXSVTR e 'q%&q A

conbi nedPrgglltrﬁgggl\,%]; or >Parrp| e%ﬁé%giﬁgwg‘ﬁﬁr};ﬁpgi’a ou?iﬁﬁ@%n?ﬁ%,&gﬁ”g@éﬁp&wo m |
t o aboutthe plypécompInBhiCirl/BbditdedTb eaiHOthdrGial &dordinhieIbohding. The polyners as
described and cl ained herein provjde inproved performance for open circuit
vol t age. Prowisionaldip| Ehe photqveltaie derice appopding thbhavhezein shepolymer comprisesBON t hout
t he het%?h%gl}ﬁh@stitution. An i nprovenent of at |east 5% or at |east 10%

0

or at |eas o can be observed. For exanple, inproved in open circuit

vol t age Rrovisionaldd?s eThegshotdvolthicl deaizt abddrding te2 1, wirsdin H¥honcthiophedeaasits 15%
Al so, inprovenent in short_ circuit current can be observed of at |east 5%
or at | cmprispazyl oF functippalized ardEraypsERCI UNCTI ON

Provisional 23. The photovoltaic device according to 21, wherein the non-thiophene units

comprise urethane or urea linkages.

Provisional 24. The photovoltaic device according to 21, wherein the non-thiophene units
comprise alkylene oxide units.

Provisional 25. The photovoltaic device according to 21, wherein the non-thiophene units
comprise ethylenically unsaturated units.

Provisional 26. The photovoltaic device according to 21, wherein the non-thiophene units
comprise units derived from a lactone or lactam.

Provisional 27. The photovoltaic device according to 21, wherein the non-thiophene units
comprise siloxane units.

Provisional 28. The photovoltaic device according to 21, wherein the non-thiophene units
are derived from CH,CH;R, wherein R is Cl, OH, H, CHj3, alkyl, F, or Br.

Provisional 29. The photovoltaic device according to 21, wherein the non-thiophene units are
derived from an ATRP macroinitiator.

Provisional 30. The photovoltaic device according to 1, wherein the polymer is a copolymer
which comprises at least two different thiophene units in the polymer chain.

Provisional 31. The photovoltaic device according to 1, wherein the polymer is a copolymer
which comprises at least two different functionalized thiophene units in the polymer chain.
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In an inportant enbodinment, the n-type material conprises a nanomateri al
such as, for exanple, a fullerene or a fullerene-derivative. Fullerenes can
be derivatized with organic groups e.g., PCBM The processes for m xi ng can
be controlled to provide the best degree of phase separation. WORKI NG

EXAMPLES | n addi L , -limit] ki. I I i ded.
sl e ol S L TR BBy
pol ythi W@%ﬁbgn?ﬁteﬂl{iogyﬁ%éggﬂ&tén gél%ed% Eh%ﬁre :goﬂcmﬁogﬁaﬁ«mnﬁ@ ntal Materials.

Al'l reacti‘ons were conduct er prepuri nitrogen, using either
f | ame- drBrevisional®3e rflerphetbvgltais derice accbrdingstoal, sviserein Waespalymendangstisednére  hot

and cool e nder, ni trogen. |Ice/water,. dry ice/aceionge re used for 00 and
- 78C batmﬂv,(gwse %&P@@m}&mﬁwﬂ frome e of @9@%@5&%% BhRie units.

1, 3- bi j « ' ' ' i . -
B T Tt ey B
puri f i catgionegilaoly@ssubstitatedibdephenE)Initwvas recrystal lized fromwater. Prior

to use, terrahydrofura gTT)_ was, dried_over_and distilled from sodi um
benzophdievisiopal 3. .'Ilimﬁv velaigidsvice a¢¢0xding 13k Wherein thepqlymegpcamprisehfed on a

Br uker C - ( | 213 MHz in Il and 75.47 MHz in 33Q)
and Br u@é@%@%@%ﬁ%ﬁ%%gﬁ%@?@%@%&wo. 13 MHz in 311 and 125.76 in 330
spect r orRrbeikidnalNd. THeRphosgvelthic eviee acdoeding ctell wirereiatliecdotive thyehtamiprises m

(CDC13) as _sol vent containing 0.003% TMS as an internal reference unless
not ed ot® n ofR -type spraic@ndvEi9ra | coupl i ng was det erni ned by NMR

I nt egr atg t figgj 'E?ﬁ” e )l

anal ysi sprgﬁalggﬁleﬂgea Hr?léogi?ﬁ%??egig%%% Ircﬁngﬁ ﬁlqé%?rﬂé ogﬁko ﬁ%& gaggﬂgol? réeget al .
El senbauwerdistinct, kdjaceftt)andiSepafate 1dferd ¢ffp- atid n@ype matehialsdt , H.; Shacklette, L.
W,; Sow, R Electronic Properties of Conj uggt ed Paol ymers; Kuzmany,  H.,
Mehr i ng,Previsiopak38. The photayoltaicdeyige agcomling kosl,iwhempinithe aotive dayer cumprisss 2987,
76, 400. Al r N .Hewl ett - Packard Agilent 6890-5973 GC- M5
wor kst at' 1%@1@%%%&%&@&%&@. €tt-Packard fused silica capillary

col um greFisiohal 39 dThe pHatdVylitid levicoRéddYding td D)eatittein iied dctifve W@r Ediprises hi er
gas (1 mL/mn). Unless otherwi se noted, the follow ng conditions were used
for al | nozedbutpheseseparatedlagenafp- eadpdypamaterialss0 C; initial tenperature, 70

C te ”peﬂrg%filslfoxelalrﬁrpfhelp%o%v@tgié dfe{'i@ laccto?cHRge {oaf,%l?e’reixgi %)e a%tive layer comprises a

combination in which one or both materials are organized into a discrete structural unit or

array.
Provisional 41. The photovoltaic device according to 1, wherein the active layer comprises a
combination in which one or both materials are bound to a non-active organizing matrix such
as a polymer or supramolecular scaffold.

Provisional 42. The photovoltaic device according to 1, wherein the active layer is
manufactured by spin casting, drop casting, vapor deposition, sputtering, or dip coating.
Provisional 43. The photovoltaic device according to 1, wherein the active layer is
manufactured by printing.

Provisional 44. The photovoltaic device according to 1, wherein the active layer is
manufactured by printing, wherein the printing is an ink jét printing, an off-setting printing,
or a transfer process.

Provisional 45. The photovoltaic device according to 1, wherein the active layer is
manufactured by spray applications.

Provisional 46. The photovoltaic device according to 1, wherein the n-type material is a

fullerene, or metal oxide nanoparticles.
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Gel Perneation Chromatography (GPC) traces were recorded on a Waters 2690
Separati ons Mddul e apparatus and a Waters 2487 Dual X Absorbance Detector
where chloroformwas the eluent (flowrate 1.0 nL/mn, 30C, X = 254 nu and X
= 350 an) with a series of three Styragel colums (10, 103, 100 A; Pol yner

St andar d, Sey vi ce nd .a guard co] um. |'i bratjon based on polystyrene

st andar ommﬁai%dlaherlmcg@f ViSE 3 g &} yhegeindhe mgme taaferid) s tetal
determ 3! s Wk . used as an internal

st andar ?ﬁ&@ﬁhﬂ%ﬁﬁ&@?@ﬁ#ﬂﬂ@?%&@%@?&%@& ed on either polyner

sol ut i orBrovisioaniys]r Thesphotdvoitaicalenice acdordiag td hitwelibreinithe wityee, materiglol yner thin
films cast onto 22 mm square cover, Pl ass using a Perkin-Elnmer Lanbda 900

UVNi s N Gomapsises sosfadmetakoradepanopastishsed in terms of wavel ength (am) Opti cal
spectro : HORS ofthi i : | o -ttjvﬁl']']ﬁ ner al
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Provisional 59. The photovoltaic device according to 56, wherein the second conductive
polymer is a regio-regular poly(3-thienylenvinylene).

Provisional 60. The photovoltaic device according to 56, wherein the second conductive
polymer is a region-random poly(3-thienylenvinylene).

Provisional 61. The photovoltaic device according to 56, wherein the second conductive
polymer comprises a poly(pyrrole), a poly(phenylene vinylene), PEDOT or a PEDOT

derivative, or a poly(aniline).
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Provisional 62. The photovoltaic device according to 1, wherein the p-type material further
comprises a p-type material having a number average molecular weight of about 1,000 or
less.
Provisional 63. The photovoltaic device according to 1, wherein the p-type material further
comprises a p-type material having a number average molecular weight of about 1,000 or
less, wherein the material is a thiophene oligomer.
Provisional 64. The photovoltaic device according to 1, wherein the p-type material is in a
neutral or non-oxidized state.
Provisional 65. The photovoltaic device according to 1, wherein the poly(3-
substitutedthiophene) is further substituted at the 4 position.
Provisional 66. A photovoltaic device comprising:

a first electrode,

a second electrode,

an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component comprises at least one polymer comprising regio-regular poly(3-
substitutedthiophene) in which the 3-substituent is an alkyl, aryl, or alkyl/aryl moiety with a
heteroatom substitution in either the o~ or B-position of the 3-substituent, wherein the
heteroatom is an O or S atom, and wherein the polymer is a homopolymer or a copolymer.
Provisional 67. A photovoltaic device having low metal impurities in the p-type component
comprising:

a first electrode,

a second electrode,

an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component consists essentially of at least one polymer consisting essentially of a
regio-regular poly(3-substitutedthiophene) in which the 3-substituent is an alkyl, aryl, or
alkyl/aryl moijety with a heteroatom substitution in either the a- or f-position of the 3-
substituent, wherein the heteroatom is an O or S atom, and wherein the polymer is a
homopolymer or a copolymer.
Provisional 68. A photovoltaic device comprising:

a first electrode,

a second electrode,
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an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component comprises at least one homopolymer or copolymer comprising regio-
regular poly(3-substitutedthiophene) in which the 3-substituent is an alkyl, aryl, or alkyl/aryl
moiety with a heteroatom substitution in either the o.- or B-position of the 3-substituent,
wherein the active layer comprises multiple active layers.
Provisional 69. A photovoltaic device comprising:
a first electrode,
a second electrode,
an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component is part of a polymer blend comprising at least one homopolymer or
copolymer comprising regio-regular poly(3-substitutedthiophene) in which the 3-substituent
is an alkyl, aryl, or alkyl/aryl moiety with a heteroatom substitution in either the a- or B-
position of the 3-substituent, wherein the active layer comprises multiple active layers.
Provisional 70. A photovoltaic device comprising:
a first electrode,
a second electrode,
an active layer disposed between the first and second electrodes, wherein the active
layer comprises at least one p-type component and at least one n-type component, wherein
the p-type component is part of a polymer blend comprising (i) at least one first electronically
conductive polymer which is a homopolymer or copolymer comprising regio-regular poly(3-
substitutedthiophene) in which the 3-substituent is an alkyl, aryl, or alkyl/aryl moiety with a
heteroatom substitution in either the a.- or B-position of the 3-substituent, and (ii) at least one

second electronically conductive polymer different from the first.

FILM THICKNESS

In a photovoltaic device, film thickness for the active layer is not particularly limited
but can be, for example, about 25 nm to about 200 nm, or about 50 nm to about 150 nm. If
two layer are used, such as in the working example below, the thickness of the two layers
combined can be, for example, about 50 nm to about 250 nm, or about 100 nm to about 200

nm.
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Amax (nm HOWMD3 Solid statel Solution2 Eg (eV) (eV) P3HT-r-PVEEMI 537 448

. PERFORMANCE OF PHOTOVOLTAIC DEVICE
The polymers as described and claimed herein provide improved performance for
open circuit voltage. For example, performance can be compared to an alkyl analog without
the heteroatom substitution. An improvement of at least 5%, or at least 10%, or at least 15%
can be observed. For example, improved in open circuit voltage can be observed of at least
5%, or at least 10%, or at least 15%. Also, improvement in short circuit current can be
observed of at least 5%, or at least 10%, or at least 15%.

HETEROJUNCTION

In an important embodiment, the n-type material comprises a nanomaterial such as,
for example, a fullerene or a fullerene-derivative. Fullerenes can be derivatized with organic
groups e.g., PCBM. The processes for mixing can be controlled to provide the best degree of

phase separation.

WORKING EXAMPLES
In addition, non-limiting working examples are also provided.

" PREPARATION OF POLYMERS
Novel copolymers of alkyl/alkoxy-functionalized polythiophenes for PV applications. See
Figure 10.

Experimental

Materials.

All reactions were conducted under prepurified nitrogen, using either flame-dried or
oven-dried glassware. All glassware was assembled while hot and cooled under nitrogen.
Ice/water, dry ice/acetone were used for 0° and -78°C baths, respectively. Commercial
chemicals, 3-bromothiophene, [1,3-bis(diphenylphosphino) propane]dichloronickel(II)
(Ni(dppp)Cly), were purchased from Aldrich Chemical Co., Inc. and used without further
purification. N-Bromosuccinimide (NBS) was recrystallized from water. Prior to use,
tetrahydrofuran (THF) was dried over and distilled from sodium benzophenone ketyl.

Measurements.
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I TO anoqq., SRklette, L. W.; Jow, R. Electronic Properties of Conjugated Polymers; Kuzmany, H.,
Mehring, M., Roth, S., Eds.; Springer Series in Solid State Sciences 1987, 76, 400.
GC/MS was performed on a Hewlett-Packard Agilent 6890-5973 GC-MS workstation.
The GC column was a Hewlett-Packard fused silica capillary column cross-linked with 5%
phenylmethyl siloxane. Helium was the carrier gas (1 mL/min). Unless otherwise noted, the
following conditions were used for all GC/MS analyses: Injector temperature, 250 °C; initial
temperature, 70 °C; temperature ramp, 10 °C/min; final temperature, 300 °C.
Gel Permeation Chromatography (GPC) traces were recorded on a Waters 2690
Separations Module apparatus and a Waters 2487 Dual A Absorbance Detector where
chloroform was the eluent (flow rate 1.0 mL/min, 30 °C, A =254 nm and A = 350 nm) with a
series of three Styragel columns (10°, 10%, 100 A; Polymer Standard Services) and a guard
column. Calibration based on polystyrene standards purchased from Polymer Standard
Service was applied for determination of molecular weights and toluene was used as an
internal standard.
All UV-Vis-NIR spectra were recorded on either polymer solutions in anhydrous
chloroform, unless stated otherwise, or polymer thin films cast onto 22 mm square cover
glass using a Perkin-Elmer Lambda 900 UV/Vis NIR spectrometer and are reported in terms
of wavelength (nm). Optical spectroscopy was performed at ambient atmospheric conditions.

General procedure for preparation of random copolymers of alkyl/alkoxy functionalized
polythiophenes by the Grignard Metathesis (GRIM) method.

In a typical polymerization experiment, a dry 50-mL three-neck round bottom flask was
flushed with N, and charged with 2,5-dibromo-3-(2,5,8-trioxanonyl)thiophene (0.486 g, 1.3
mmol) and anhydrous THF (13 mL) via syringe. A 2M solution of an alkyl magnesium
halide (0.65 mL, 1.3 mmol) in diethyl ether (Et,0) was added via a deoxygenated syringe,

and the reaction mixture was stirred for 1 hour at ambient temperature. The magnesium-
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Table 1: Molecular weight and structural composition data of random copolymers of
alkyl/alkoxy-functionalized polythiophenes. The value n refers to mole percent of the
alkoxy-substituted monomer, whereas the value m refers to mole percent of alkyl-substituted
monomer. Polymerization conditions can be varied so that m can be, for example, about S to
about 25 mole percent, or about 10 to about 20 mole percent, with the remaining being the

alkoxy-substituted comonomer..
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2. The device according to claim1, wherein the copolyner further conprises
a conononer conprising an al kyl 3-substituent. 3. The device according to
claim1l1, wherein the copolyner further conprises a conmonomer conprising an
al kyl 3-substituent present in about 5 to about 25 nole percent. 4. The
device according to claim1, wherein the active layer further conprises a
di fferent polythiophene. 5. The device according to claim1l1, wherein the
wei ght ratio of p-type to n-type material is about |I: 1 to about 3: 1, and
the active layer conprises a polynmer-fullerene heterojunction. 6. The
device according.to claim1, wherein the weight ratio of p-type to n-type
material is about 1.5: 1 to about 2.5:1.

Copolymer GPC "HNMR

M, PDI | n(%) m(%)
P3HT-r-PMEEMT 42150 1.5 87 13
P3HT-r-PMEET 47540 1.5 90 10

Table 2: Optical and electrochemical data of random copolymers of alkyl/alkoxy-

functionalized polythiophenes
Copolymer Amax (NM) HOMO’
Solid state’ Solution®  Eg (eV) (eV)
P3HT-~-PMEEMT 537 448 1.9 -5.09
P3HT-r-PMEET 558 461 1.9 -5.04

Films spin-cast from chloroform; 2Choroform solvent; HOMO values calculated by onset of
oxidation using cyclic voltametery (typical values for P3HT are 4.8-5.1eV)

PREPARATION OF DEVICE

The photovoltaic devices were prepared with patterned indium tin oxide (ITO, anode)
glass substrate; a 50 nm thin layer of poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonic acid (PEDOT:PSSA, Baytron P VP AI 4083 grade, HC Stark); a 100 nm
thin layer of the regioregular polymer of the working example described above mixed with
methanofullerence [6,6]-phenyl C61-butyric acid methyl ester (PCBM) to form a blend; and
LiF/Al bilayer cathode. The patterned ITO glass substrates were cleaned with hot water and
organic solvents (acetone and alcohol) in an ultrasonic bath and treated with ozone plasma
before the PEDOT:PSS water solution was spin coated on the top. The film was dried at
170°C for 10 mins in air as recommended by Bayer. The thickness of PEDOT:PSS film was
controlled at about 50 nm. Tapping mode atomic force microscopy (TMAFM, Veeco Multi-
mode) height image shows that PEDOT:PSS layer can planarize the ITO anode. The
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roughness of PEDOT:PSSA surface is smaller than that of the ITO surface, preventing local
shorting currents and improving device reproducibility.

The 2:1 weight ratio (P3HT-ran-PMEET: PCBM blend was next spin-coated on top
of the PEDOT:PSSA film from chloroform solution with no damage to PEDOT:PSSA film to
give an 100 nm thick film, verified by AFM. Then the film was annealed at 100°C for 2.5
mins in glove box. TMAFM height and phase images indicated this blend can microphase
separate into bicontinuous bulk heterojunction. Next, the 1 nm LiF layer was thermally
evaporated onto the active layer through a shadow mask, followed by deposition of a 200 nm
Al layer. Then a drop of epoxy was put on the top of devices with a glass slide covering it.
The encapsulation was completed by shining UV light on the devices for 30 minutes.

Finally, the devices were tested in air.

The photovoltaic characteristics of devices under white light exposure (Air Mass 1.5
Global Filter) were measured using a system equipped with a Keithley 2400 source meter and
Oriel 300W Solar Simulator based on Xe lamp with output intensity of about 80 mW/cm?.

Under same preparation and testing conditions, the copolymers of the working
example showed 12% higher open circuit voltage (Voc), 15% higher short circuit current
(Isc), consequently 18% higher efficiency than that of regioregular poly(3-hexylthiophene) as
shown in Figure 11. The P3HT/PCBM system was assumed to provide a 100% efficiency
for comparison purposes.

The electronic and optical properties of solid state film of p-/n-type blend correlated
with the quality of the films, depending on the casting, e.g., solvents, spin speed, and
environments, as well as post treatment conditions (e.g., annealing temperature and time).
Also, the transport of electrons and holes in bulk to electrodes is related to the ratio of n-type
and p-type materials. So the performance of these polymer photovoltaic cells can be

improved by optimaizing these parameters.
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WHAT IS CLAIMED IS:

1. A photovoltaic device comprising:

a first electrode,

a second electrode,

an active layer disposed between the first and second electrodes, wherein the active layer
comprises at least one p-type component and at least one n-type component, wherein the p-type
component comprises at least one copolymer comprising regio-regular poly(3-
substitutedthiophene) in which the 3-substituent is an alkyl moiety with an oxygen heteroatom

substitution in the a-position of the 3-substituent.

2, The device according to claim 1, wherein the copolymer further comprises a comonomer

comprising an alkyl 3-substituent.

3. The device according to claim 1, wherein the copolymer further comprises a comonomer

comprising an alkyl 3-substituent present in about 5 to about 25 mole percent.

4. The device according to claim 1, wherein the active layer further comprises a different
polythiophene.
5. The device according to claim 1, wherein the weight ratio of p-type to n-type material is

about 1: 1 to about 3: 1, and the active layer comprises a polymer-fullerene heterojunction,

6. The device according to claim 1, wherein the weight ratio of p-type to n-type material is

about 1.5: 1 to about 2.5:1.
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