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The present invention is directed to an organic photovoltaic 
(21) Appl. No.: 13/099,082 cell that contains one or more dipole regions generally dis 

posed between an organic active region and the electrodes and 
(22) Filed: May 2, 2011 a process for producing Such an organic photovoltaic cell. 
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METHOD FOR INCREASING THE 
EFFICIENCY OF ORGANIC PHOTOVOLTAC 

CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is non-provisional applica 
tion claiming the benefit of U.S. Provisional Application No. 
61/329,873, filed Apr. 30, 2010, which is incorporated herein 
by reference in its entirety. 

FIELD OF THE INVENTION 

0002 The present invention relates to organic photovol 
taic cells, and more particularly organic photovoltaic cells 
that comprise one or more dipole regions to increase the 
power conversion efficiency of the cells. 

BACKGROUND OF THE INVENTION 

0003) A significant fraction of the carbon released into the 
atmosphere is a result of burning coal and natural gas to 
produce electricity. Burning coal generates an especially 
large amount of CO because of its high carbon content. It is, 
therefore, highly desirable to find ways to generate electricity 
without releasing carbon. The sun deposits 120,000 terawatts 
(TW) of power onto the Earth's surface, which is more than 
enough to provide the 13 TW of total power currently used by 
the planet's population or the 30 TW that is projected to be 
needed by 2050. The development of affordable photovoltaic 
(Solar) cells is, therefore, one of the most promising long 
term environmental and energy Solutions. 
0004 Currently, almost all photovoltaic (PV) cells being 
manufactured are made of crystalline silicon. These cells 
have a power conversion efficiency (PCE) of 10-20%, cost 
$350/m and have a useful lifespan of 30 years or longer. Over 
the lifetime of the cells, the average cost of the electricity that 
is generated in a sunny location is approximately $0.20/kW 
hr, which is four times more than the typical cost of electricity 
from burning fossil fuels. 
0005. In contrast to silicon PV cells, organic photovoltaic 

cells, including Small organic molecule and polymer cells, are 
promising candidates due to their low material and processing 
costs and their mechanical flexibility. But their power con 
version efficiency is currently significantly below that of sili 
con PV cells—about 4-7% compared to about 20%. This, 
despite the fact that much research has been performed on 
organic photovoltaic cells to improve their performance by 
increasing (a) light absorption via, for example, tuning the 
bandgap of the materials, using thicker films, tandem struc 
tures, or optical spacers, (b) charge transfer between donor 
and acceptor, and (c) charge carrier mobility of the materials. 
Thus, a need exists to improve the performance of organic 
photovoltaic cells. 

SUMMARY OF THE INVENTION 

0006. The present invention is directed to an organic pho 
tovoltaic cell comprising: (a) a cathode; (b) an anode; (c) an 
organic active region for absorbing photons and generating 
excitons disposed between the cathode and the anode; and (d) 
(i) a cathode dipole region generally disposed between the 
organic active region and the cathode, wherein the cathode 
dipole region exhibits a positive charge near the organic 
active region; (ii) an anode dipole region generally disposed 
between the organic active region and the anode, wherein the 
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anode dipole region exhibits a negative charge near the 
organic active region; or (iii) both (i) and (ii). 
0007. The present invention is also directed to an organic 
photovoltaic cell comprising: (a) a cathode; (b) an anode; (c) 
a heterogenic organic active region disposed between the 
cathode and the anode that comprises a mixture of an electron 
acceptor material and an electron donor; and (d) an anode 
dipole region generally disposed between the organic active 
region and the anode that comprises permanent dipole nano 
rods aligned and fixed in an anode-dipole-region cross-linked 
matrix that comprises a hole transport material so that the 
anode dipole region exhibits a negative charge near the 
organic active region. 
0008 Further, the present invention is directed to an 
organic photovoltaic cell comprising: (a) a cathode; (b) an 
anode; (c) a heterogenic organic active region disposed 
between the cathode and the anode that comprises a mixture 
of an electron acceptor material and an electron donor; (d) a 
cathode dipole region generally disposed between the organic 
active region and the cathode, wherein cathode dipole region 
comprises a cathode-dipole-region ferroelectric polymer the 
molecules of which are aligned and fixed so that cathode 
dipole region exhibits a positive charge near the organic 
active region; and (e) an anode dipole region generally dis 
posed between the organic active region and the anode, 
wherein the anode dipole region comprises an anode-dipole 
region ferroelectric polymer the molecules of which are 
aligned and fixed so that the anode dipole region exhibits a 
negative charge near the organic active region. 
0009 Still further, the present invention is directed to an 
organic photovoltaic cell comprising: (a) a cathode; (b) an 
anode; (c) a heterogenic organic active region disposed 
between the cathode and the anode that comprises a mixture 
of an electron acceptor material and an electron donor; (d) a 
cathode dipole region generally disposed between the organic 
active region and the cathode, wherein cathode dipole region 
comprises cations dispersed within a cathode dipole region 
polymer, wherein the cations are sufficiently large so as to be 
essentially immobile at temperatures below the glass transi 
tion temperature of the cathode-dipole-region polymer so that 
cathode dipole region exhibits a positive charge near the 
organic active region; and (e) an anode dipole region gener 
ally disposed between the organic active region and the 
anode, wherein the anode dipole region comprises anions 
dispersed within an anode dipole region polymer, wherein the 
anions are sufficiently large so as to be essentially immobile 
attemperatures below the glass transition temperature of the 
anode-dipole-region polymer so that the anode dipole region 
exhibits a negative charge near the organic active region. 
0010. The present invention is also directed to a process of 
making an organic photovoltaic cell that comprises a cathode: 
an anode; an organic active region for absorbing photons and 
generating excitons disposed between the cathode and the 
anode; and a cathode dipole region generally disposed 
between the organic active region and the cathode, wherein 
the cathode dipole region exhibits a positive charge near the 
organic active region or an anode dipole region generally 
disposed between the organic active region and the anode, 
wherein the anode dipole region exhibits a negative charge 
near the organic active region, or both the cathode dipole 
region and the anode dipole region. The process comprises 
forming the dipole region(s) by delivering permanent dipoles, 
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applying an electric field to the permanent dipoles to align the 
permanent dipoles, and fixing the position of the aligned 
permanent dipoles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011 FIG. 1 depicts formation of an anode dipole region 
of the present invention that comprises permanent dipole 
nanorods in an organic matrix being aligned with an applied 
electric field and fixed in position by cross-linking the organic 
matrix by a thermal treatment. 
0012 FIG. 2 depicts an organic photovoltaic cell of the 
present invention that comprises an anode dipole region that 
comprises permanent dipole nanorods aligned and fixed in a 
cross-linked organic matrix. 
0013 FIG.3(a) depicts an organic photovoltaic cell of the 
present invention that comprises a cathode dipole region and 
an anode dipole region, wherein each of said dipole regions 
comprises an aligned and fixed ferroelectric polymer; FIG. 
3(b) depicts an anode dipole region that comprises a multi 
plicity of discontinuous deposits (nanomesas, or stacks of 
nanomesas); and FIG.3(c) depicts an anode dipole region that 
is Substantially continuous. 
0014 FIG. 4 depicts formation of a cathode dipole region 
of the present invention, wherein (a) depicts ions being 
moved to their respective dipole region upon application of an 
electric field and elevation of temperature and (b) depicts the 
fixed position of the anions after reduced temperature. 
0015 FIG. 5 is a graph of the current-voltage output of a 
conventional OPV, and OPV having a region that comprises 
an unaligned ferroelectric polymer between the cathode and 
the active region, and an OPV with an anode dipole region 
formed upon the alignment offixing of the ferroelectric poly 
C. 

0016 FIG. 6 is a graph of the current-voltage output of 
conventional OPV and an OPV with an anode dipole region 
formed upon the alignment offixing of the ferroelectric poly 
meras cast and after thermal treatment. 
0017 FIG. 7 is a graph of the current-voltage curves (AM, 
100 mW/cm) of regular OPVs devices, and devices with 
different numbers of polarized LB-deposed ferroelectric 
polymer monolayers. 
0018 FIG. 8 is a graph of the current-voltage curves for 
devices with differing ionic accumulation for an OPV com 
prising a cathode dipole region that comprises cations and an 
anode dipole region that comprises anions. 

DETAILED DESCRIPTION OF THE INVENTION 

0019. A typical organic photovoltaic (OPV) cell com 
prises one or more layers of organic materials positioned 
between a transparent indium tin oxide (ITO) anode coated on 
glass and a metal cathode of Mg, Al, Ca, or their alloys. Due 
to the high exciton binding energy (0.1-0.4 eV) in organic 
materials, photo-generated excitons can’t be split by the weak 
built-in electric field. A donor-acceptor type heterojunction is 
generally formed in the OPV cell to split excitons. The energy 
conversion efficiency (m) of a solar cell, defined by the elec 
tric energy output divided by the Solar energy (I) it 
absorbs, is expressed as: 

wherein I is the short circuit current, V is the open circuit 
voltage, and FF is the fill factor. 
0020 More specifically, the external quantum efficiency 
ofan OPV device is the product of efficiencies in four steps of 
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its operation: (1) light absorption by donorand acceptor mol 
ecules (m); (2) exciton diffusion to donor/acceptor interface 
(m); (3) charge transfer efficiency between donor and 
acceptor (m); and (4) charge collection by electrode (m). 
In most OPV cells, there is a fundamental tradeoff between 
the light absorption (m) and the charge collection (m) 
factors. For example, in order to maximize m, most conju 
gated polymers need to have a thickness of at least 100 nm to 
completely absorb the Sun light of energy higher than the 
polymers' band gap. But the carrier drift length in most con 
jugated polymers and fullerenes, within which photon gener 
ated carriers can be collected by electrodes, is generally less 
than this thickness. Carrier drift length depends upon carrier 
mobility, carrier recombination lifetime, and built-in electric 
field. Thus, the low carrier drift length of conjugated poly 
mers is caused by low carrier mobility and the low built-in 
electric field in the polymer layer. The electric field is a 
driving force for the photogenerated electrons and holes 
toward their respective electrodes and results from the work 
function difference between the anode and the cathode. 
0021. In general, the present invention is directed to 
enhancing the built-in electric field of an OPV to increase the 
carrier drift length and reduce carrier recombination thereby 
increasing the short circuit current, the fill factor, and the open 
circuit Voltage and ultimately the energy conversion effi 
ciency of an OPV that comprises one or more aspects of the 
present invention. More specifically, the aforementioned 
enhancement in the built-in electric field is realized by includ 
ing in the OPV a dipole region generally disposed between 
the organic active region and the cathode (a "cathode dipole 
region'), a dipole region generally disposed between the 
organic active region and the anode (an 'anode dipole 
region'), or both a cathode dipole region and an anode dipole 
region in order to reduce carrier recombination and maximize 
the energy conversion efficiency. The electric field built into 
the OPV with one or more of these dipole regions has a 
relatively large polarization and produces a relatively large 
electric field compared to the electric field resulting from the 
electrode work function difference. This relatively large built 
in electric field extends comparatively far into the active, 
semiconducting region of the OPV and significantly 
enhances exciton separation. 
0022. Thus, in accordance with the foregoing, the present 
invention is directed to an organic photovoltaic cell compris 
ing: (a) a cathode; (b) an anode; (c) an organic active region 
for absorbing photons and generating excitons disposed 
between the cathode and the anode; and (d) (i) a cathode 
dipole region generally disposed between the organic active 
region and the cathode, wherein the cathode dipole region 
exhibits a positive charge near the organic active region, (ii) 
an anode dipole region generally disposed between the 
organic active region and the anode, wherein the anode dipole 
region exhibits a negative charge near the organic active 
region, or (iii) both (i) and (ii). 

A. Cathode 

0023 The cathode of the organic photovoltaic cell of the 
present invention may be configured (e.g., width, length, 
thickness, shape, etc.) in any appropriate manner. For 
example, an OPV cathode is typically planar with a thickness 
in the range of about 1 to about 200 nm and usually about 100 
nm. Further, the cathode may be made of any appropriate 
material or combination of materials that in conjunction with 
the anode material(s) results in a difference in the work func 
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tion between them to produce an electric field in the organic 
active region. The potential created by the different work 
functions helps to separate the excitons or bound electron 
hole pairs by pulling electrons to the cathode and holes to the 
anode. For example, an OPV cathode may comprise magne 
sium, aluminum, calcium, lithium, Sodium, potassium, stron 
tium, cesium, barium, iron, cobalt, nickel, copper, silver, Zinc, 
tin, Samarium, ytterbium, chromium, gold, graphene, an 
alkali metal fluoride, an alkaline-earth metal fluoride, an 
alkali metal chloride, an alkaline-earth metal chloride, an 
alkali metal oxide, an alkaline-earth metal oxide, a metal 
carbonate, a metal acetate, or combinations thereof. 
0024. Results to date indicate that a particularly useful 
embodiment of the cathode comprises one or more of cal 
cium, aluminum, magnesium, and lithium. For example, Such 
a calcium-containing cathode may comprise a core that com 
prises calcium and a layer encapsulating the core (to the 
reactive nature of calcium) that comprises aluminum, mag 
nesium, and/or lithium due. That said, in one or more embodi 
ments of the present invention, calcium may be selected as the 
cathode material and the protection provided by other com 
ponents of the PV cell eliminates the need for the aforemen 
tioned metallic encapsulating layer. 

B. Anode 

0025. The anode of the organic photovoltaic cell of the 
present invention may be configured (e.g., width, length, 
thickness, shape, etc.) in any appropriate manner. For 
example, an OPV anode is typically planar with a thickness of 
about 1 to about 200 nm (more typically around 100 nm). 
Further, the anode may be made of any appropriate material 
or combination of materials that in combination with the 
cathode results in a difference in the work function between 
them to produce an electric field in the organic active region. 
For example, an OPV anode may comprise indium-tin oxide 
(ITO), indium-zinc oxide, silver, gold, platinum, copper, 
chromium, indium oxide, Zinc oxide, tin oxide, a polyaniline 
(PANI)-based conducting polymer, a 3,4-polyethylenediox 
ythiopene-polystyrenesultonate (PEDOT)-based conducting 
polymer, carbon nanotubes (CNT), graphite, graphene, 
graphene oxides, molybdenum oxide, tungsten oxide, Vana 
dium oxide, silver oxide, aluminum oxide, or combinations 
thereof. Results to date indicate that a particularly useful 
embodiment of the anode comprises indium-tin oxide. 
0026 1. Substrate 
0027 Typically, the anode is supported by a transparent 
Substrate such as glass or a flexible polymer Such as polyeth 
ylene terephthalate (PET), polyethylene naphthalate (PEN), 
and poly(4,4'-oxydiphenylene-pyromellitimide) (KAPTON 
available from DuPont) that is from about 1 to about 5 mm 
thick. That said, however, OPV devices may be made with an 
“inverted structure, wherein the cathode is supported by a 
Substrate. Results to date Suggest a thickness of about 1 mm 
provides a good compromise between the various relevant 
parameters such as strength, flexibility, and transmission. 
Specifically, the substrate is situated such that it is in contact 
with at least a portion of a surface of the anode, wherein said 
anode surface is that which is furthest from the cathode. 
0028 2. Smoothing Layer 
0029. The OPV of the present invention may further com 
prise a polymeric Smoothing layer on at least a portion of a 
Surface of the anode, wherein said surface is the one nearest or 
facing the cathode. Such a polymeric Smoothing layer pref 
erably comprises one or more materials that are generally 
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considered to be hole conducting. Another function of this 
Smoothing layer is to increase the work function of the elec 
trodes to provide a higher built-in potential. For example, 
Such a polymeric Smoothing layer may comprise a mixture of 
poly(3,4-ethylenedioxythiophene) and poly(styrene 
sulfonate), which is often referred to as PEDOT:PSS. 
0030 3. Hole-Conducting, Electron-Blocking Layer 
0031. The OPV of the present invention may further com 
prises a hole-conducting, electron-blocking layer disposed 
generally between the anode and the active region. If present 
a Smoothing layer is present, it is typically preferred for the 
hole-conducting, electron-blocking layer to be formed Such 
that it is between the smoothing layer and the and the active 
region. An exemplary material for the hole-conducting, elec 
tron-blocking layer is N,N'-Bis-(3-methylphenyl)-N,N'-bis 
(phenyl)-benzidine (TPD). 

C. Active Region 
0032. Disposed generally between the cathode and the 
anode is an organic active region for absorbing photons and 
generating excitons. The active region has a thickness that in 
the range of about 80 to about 1000 nm, depending upon the 
particular materials selected. Results to date indicate that a 
thickness that is within the range of about 80 to about 200 nm 
provides a good combination performance, ease of manufac 
turing, and cost. 
0033 Typically, an active region comprises electron donor 
material and an electron acceptor material, which have dif 
ferences in electron affinity and ionization energy such that 
electrostatic forces are generated at the interface between the 
materials. Preferably, these materials are selected to make the 
differences large enough so the local electric fields are great 
enough to help breakup generated excitons. As with the other 
components of the cell, the organic active region may be 
configured in any appropriate manner. For example, the 
organic active region may be configured as a "bilayer” 
organic active region in which the electron donor material 
constitutes an electron donor layer nearer the anode than the 
cathode and the electron acceptor material constitutes an 
electron acceptor layer nearer the cathode than the anode. 
Alternatively, the organic active region may be configured as 
a "heterojunction' active region in which the electron donor 
material and the electron acceptor material are mixed. Typi 
cally, the blend ration of the electron donor and the electron 
acceptor is within the range of about 1:20 to about 20:1 and 
preferably within the range of about 1:6 to about 6:1. The 
heterojunction is generally considered to be advantageous 
when the length scale of the blend is similar to the exciton 
diffusion length, which results in most of the excitons gener 
ated in either material to reach an interface where they can 
separate more efficiently. Heterojunction-type active regions 
include, for example, "highly-folded” configurations and 
“controlled-growth” configurations. The blended active 
region polymers may be deposited by any appropriate method 
Such as spin-coating, spray coating, ink-jet printing, doctor 
blade coating, dip coating, etc. Alternatively, the polymers 
may be mixed during the film formation process by, for 
example, spraying or thermal evaporation with two or more 
polymer sources. 
0034 1. Electron Donor Material 
0035. The electron donor material may be any appropriate 
material or combination of materials. For example, the elec 
tron donor material may be selected from the group consist 
ing of a phthalocyanine complex, a porphyrin complex, a 
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polythiophene (PT) and derivatives thereof, a polycarbazole 
and derivatives thereof, a poly(p-phenylene vinylene) (PPV) 
and derivatives thereof, a polyfluorene (PF) and derivatives 
thereof, a cyclopentadithiophene-based polymer, a ben 
Zodithiophene (BDT)-based polymer, their small molecules 
and monomers, and combinations thereof. 
0036 Polythiophenes and derivatives thereof and polycar 
bazoles and derivatives thereof are believed to be good 
choices for the electron donor material. More specifically, the 
following are believed to be particularly desirable electron 
donor materials: poly(3-hexylthiophene) (P3HT), poly(3-oc 
tylthiophene) (P3OT), poly(3-hexyloxythiophene) (P3DOT), 
poly(3-methylthiophene) (PMeT), poly(3-dodecylth 
iophene) (P3DDT), poly(3-dodecylthienylenevinylene) (PD 
DTV), poly(3.3 dialkylquarterthiophene) (PQT), poly-dio 
ctyl-fluorene-co-bithiophene (F8T2), poly-(2,5.-bis(3- 
alkylthiophene-2-yl)thieno3.2-bithiophene) (PBTTT-C12), 
polyI2.7-(9,9-dihexylfluorene)-alt-2,3-dimethyl-5,7- 
dithien-2-yl-2,1,3-benzothiadiazole (PFDDTBT), poly{2. 
7-(9.9-bis-(2-ethylhexyl)-fluorene)-alt-5,5-(4,7-di-20 
thienyl-2,1,3-benzothiadiazole) (Bish, H-PFDTBT), poly{ 
2.7-(9.9-bis-(3,7-dimethyl-octyl)-fluorene)-alt-5,5-(4.7- 
di-20-thienyl-2,1,3-benzothiadiazole) (BisDMO 
PFDTBT), polyN-9"-hepta-decanyl-2,7-carbazole-alt-5,5- 
(4,7'-di-2-thienyl-2', 1',3'-benzothiadiazole) (PCDTBT), 
and combinations thereof. 
0037 2. Electron Acceptor 
0038. The electron acceptor material may be any appro 
priate material or combination of materials. For example, the 
electron acceptor material may be selected from the group 
consisting of a fullerene and derivatives thereof, a perylene 
derivative, a 2,7-dicyclohexyl benzolmn3.8phenanthro 
line derivative, a 1,4-diketo-3,6-dithienylpyrrolo 3,4-cpyr 
role (DPP) derivative, a tetracyanoquinodimethane (TCNQ) 
derivative, a poly(p-pyridyl vinylene) (PPyV) derivative, a 
9,9'-bifluorenylidene (99BF) derivative, a benzothiadiazole 
(BT) derivative, and combinations thereof. 
0.039 Results to date indicate that fullerenes and deriva 
tives thereof to be good choices for the electron acceptor 
material. More specifically, the following are believed to be 
particularly desirable electron acceptor materials: 6,6-phe 
nyl C-butyric acid methyl ester (PCBM), 6,6]-phenyl C 
butyric acid methyl ester (PCBM), 6.6-(4-fluoro-phenyl)- 
C-butyric acid methyl ester (FPCBM), carbon 60 (C), 
carbon 70 (C7), carbon nanotube (CNT), a carbon onion, and 
combinations thereof. 

D. Dipole Region(s) 

0040. As mentioned above, the OPV of the present inven 
tion comprises (i) a cathode dipole region generally disposed 
between the organic active region and the cathode, wherein 
the cathode dipole region exhibits a positive charge near the 
organic active region, (ii) an anode dipole region generally 
disposed between the organic active region and the anode, 
wherein the anode dipole region exhibits a negative charge 
near the organic active region, or (iii) both (i) and (ii). Said 
dipole region(s) may be formed according to any appropriate 
method for forming a region or layer comprising polar or 
charged materials or molecules that are aligned and fixed in 
position Such that particular region has the appropriate charge 
near the active region. Such a dipole region typically has a 
thickness that is in the range of about 1 to about 20 nm but can 
be as thick as about 100 nm. In general, it is usually desirable 
to minimize the thickness of a dipole region in order to 
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increase the efficiency of the cell. There are three general 
types of dipole regions disclosed herein: a dipole region com 
prising inorganic nanorods with a relatively high permanent 
dipole moment, a dipole region comprising ferroelectric 
polymers, and a dipole region comprising organic ions. 
0041 1. Nanorod-Type Dipole Regions 
0042. In this embodiment of an OPV of the present inven 
tion, the cathode dipole region comprises permanent dipole 
nanorods aligned and fixed in a cathode-dipole-region cross 
linked matrix that comprises an electron transport materialso 
that cathode dipole region exhibits a positive charge near the 
organic active region. Similarly, a nanorod-type anode dipole 
region comprises permanent dipole nanorods aligned and 
fixed in an anode-dipole-region cross-linked matrix that com 
prises a hole transport material So that the anode dipole region 
exhibits a negative charge near the organic active region. 
0043 a. Nanorods 
0044) The permanent dipole nanorods of the organic pho 
tovoltaic cell of the present invention may be configured (e.g., 
diameter and length) in any appropriate manner. For example, 
typical nanorods have a diameter in the range of about 1 to 
about 50 nm and a length in the range of about 2 to about 100 
nm. Results to date indicate that the nanorods have a diameter 
that is in the range of about 5 to about 10 nm and a length that 
is in the range of about 10 to about 20 nm. 
0045. The permanent dipole nanorods may be comprised 
of any appropriate material or combination of materials. For 
example, the aligned permanent dipole nanorods may com 
prise CdSe, CdS, CdTe., ZnO, TiO, PbTe, PbS, CuS, FeS2, 
BaTiO, PbTiO, lead zirconate titanate (PZT) (PbZrTi 
Os, wherein Osxs 1), lead lanthanum zirconate titanate 
(PLZT) (lanthanum-doped lead Zirconate titanate), lead mag 
nesium niobate (PMN), and combinations thereof. Results to 
date indicated that CdSe nanorods to be desirable. 
0046 b. Organic Matrix 
0047. The organic matrix may be of any appropriate mate 
rial or combination of materials. As indicated above, the 
make-up of the cross-linked matrix depends on whether the 
dipole region is a cathode dipole region or an anode dipole 
region. Specifically, for the cathode dipole region the matrix 
comprises an electron transport material (e.g., having a hole 
mobility of at least about 10 cm/V's) whereas the matrix of 
an anode dipole region comprises a hole transport materials 
(e.g., an electron mobility of at least about 10 cm/Vs). 
Examples of appropriate electron transport materials for the 
matrix include oxetane-functionalized oxadiazole, a 
fullerene derivative, and combinations thereof. Examples of 
appropriate hole transport materials for the matrix include a 
cross-linked functionalized triarylamine derivative. More 
specifically, desirable functionalized triarylamine derivatives 
include N,N'-Bis-(3-methylphenyl)-N,N'-bis-(phenyl)-ben 
Zidine (TPD)-Si(OCH), TPD-(CH2)CHO, oxet 
ane-derivatized TPD, TPD-OCH, and combinations thereof. 
0048. These molecules can be cross-linked by heat treat 
ment/UV light or through condensation. For example, TPD 
Si(OCH) readily undergoes hydrolysis and undergoes 
subsequent —OH+OH condensation by thermal treatment 
to yield heavily cross-linked, glassy matrices. These materi 
als can be applied on a variety of Surfaces using self-assem 
bly, spin-coating, spray coating, and ink-jet printing. The 
coated films are microstructurally well-defined, robust, con 
formal, electroactive, adherent, essentially pinhole free, and 
thermally stable. Hole transport materials such as these are 
known to promote in both Small molecule and polymer 



US 2012/011 8368 A1 

OLEDs by increasing interface affinity while simultaneously 
reducing the hole injection barrier. Ultraviolet photoemission 
spectroscopy (UPS) results reveal that indium-tin oxide 
coated with Such hole transport materials have a work func 
tion in the range of about 5.2 to about 5.3 eV. compared to 
about 4.7 eV for indium-tin oxide alone, which explains the 
enhanced hole injection from the anode to the active region 
layer. The higher work function thereby results in a higher 
open circuit voltage. Moreover, the hydrophobic nature of 
these materials can also moderate the Surface energy mis 
match at the interface between a hydrophilic oxide anode and 
hydrophobic buffer layer leading to improved physical integ 
rity of the interface between an anode and the dipole region 
and improved thermal durability for the organic photovoltaic 
cell high OPV thermal durability, which is not known to be 
achievable with other anode functionalization structures, 
such as PEDOT. After cross-linking of TPD-Si(OCH), 
no thermal transitions are observed by differential scanning 
calorimetry (DSC) in the 50-400° C. range, indicating cross 
linked TPD is extremely thermally stable. 
0049 c. Formation of Nanorod Dipole Region(s) 
0050 Adipole region comprising permanent dipole nano 
rods may be formed by dispersing the nanorods in a solution 
comprising the organic matrix precursor and a solvent. Typi 
cally, the solvent is selected so that it is a polar solvent that is 
of a neutral or near neutral pH. The reason for this is that it will 
tend not to affect any of the polymers of the active region, 
which are dissolved in non-polar solvents. Further, because 
the pH is neutral or nearly so, anodes such as indium-tin oxide 
tend not to be etched in contrast to what happens with the 
strong acid solvents needed for PEDOT:PSS in contact with 
anodes of conventional OPVs. 

0051 Typically the ratio of nanorods to matrix precursor is 
within the range of about 1:20 to about 20:1 (by weight) and 
results to date indicate that a ratio within the range of about 
1:2 to about 2:1 being preferred. As mentioned above, this 
mixture may be applied to Surfaces by a variety of methods 
Such as ink-jet printing. After depositing the mixture as 
desired, the solvent is evaporated and the matrix precursor is 
cured thereby cross-linking the matrix while the nanorods are 
aligned by application of an electric field of the desired 
strength. In general, it has been found that desirable results for 
aligning the nanorods are attained with an electric field in the 
range of about 0.1 to about 30 MV/m and typically at about 1 
MV/m. It is to be noted that alternating current tends to be 
more efficient than direct current thereby allowing for less 
voltage to be used to obtain comparable results. Not only are 
the foregoing electric field strengths applicable for aligning 
permanent nanorods, they are appropriate for aligning the 
ferroelectric polymers and the ions in the other types of dipole 
regions described herein. 
0052 A set up for forming an anode dipole region com 
prising nanorods in a cross-linked matrix is depicted in FIG. 
1. As is shown, the dipole region is formed by depositing the 
aforementioned mixture of nanorods 1 and matrix precursor 
and solvent (collectively 2) on an ITO glass3. An electric field 
in accordance with the foregoing, is applied while the matrix 
precursor is cross-linked by application of voltage between an 
electrode 4 separated with spacers 5 above the ITO glass 3. 
After, aligning and fixing the permanent dipole nanorods 
within the cross-linked organic matrix, the remainder of the 
organic photovoltaic cell of the present invention may be 
formed. For example, referring to FIG. 2, in the OPV cell 20, 
which comprises an anode dipole region 21 that comprises the 
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aligned and fixed permanent dipole rods 22 fixed in the cross 
linked matrix 23 on the anode 26. The active region 24 is 
deposited on the anode dipole region 21 and the cathode 25 is 
deposited upon the active region. Further, as depicted, in use 
electrons are attracted to the cathode whereas the holes 
attracted to the negative charge of the dipole region near the 
active region and on toward the anode. 
0053 d. Benefits Realized with Nanorod Dipole Regions 
0054 Without being held to a particular theory, it is 
believed that the voltage loss in OPVs, especially bulk het 
erojunction OPVs, is the result of their field-driving nature 
and dark current in the diode. It is believed a stronger built-in 
electric field resulting from one or more dipole regions or 
layers is able to decrease such losses and result in an increased 
V. More specifically, it is believed that the stronger built-in 
electric fields near the interface(s) between the active region 
and the dipole region(s) leads to a reduction in the Saturated 
dark current injection component and, hence, to an increase 
of the V. In certain embodiments of the present invention, a 
dipole region is able to increase the built-in electric field by up 
to a factor of ten. For example, the best previously known 
performance of a P3HT:PCBM PV cell is about 5 V/um (1 
V/0.2 m; the built-in electric field was calculated according 
to the effective work-function difference of cathode and 
anode/thickness of active film. In contrast, the electric field 
generated by a dipole layer comprising permanent CdSe 
dipole nanorods, E., was determined to be 50 V/um for a 
nanorod volume fraction of unity using the formula: E=47LOf7 
e, whereine is the dielectric permittivity of the organic matrix 
and f is the Volume fraction occupied by the dipole particle. 
0055. In addition, the leakage current can be reduced by 
selecting materials for a dipole region that are effective at 
electron blocking and hole transporting for an anode dipole 
region and hole blocking and electron transporting for a cath 
ode dipole region. For example, both the organic matrix and 
nanorod materials may be selected to have good hole trans 
port ability but poor electron transport ability. 
0056. It is also believed that the work function of the anode 
can be enhanced by the dipole layer due to formation of a 
better contact between the organic matrix of the dipole region 
and the organic active region with the reduced energy differ 
ence between the Highest Occupied Molecular Orbital 
(HOMO) of polymer(s) in the active region and the work 
function of the anode. 
0057 The I is directly determined by external quantum 
efficiency, and the external quantum efficiency is the product 
of efficiencies in four steps of its operation: (1) light absorp 
tion by donor and acceptor molecules (m); (2) exciton dif 
fusion to donor/acceptor interface (m); (3) charge transfer 
efficiency between donor and acceptor (m); and (4) charge 
collection by electrode. In a polymer PV cell, the value of 
m me, and my can approach unity in many donor/accep 
tor systems with optimized morphology. Therefore, it is the 
carrier collection efficiency that determines the short circuit 
current for a selected polymer. A dipole layer can increase 
carrier extraction and, hence, increase I because the 
enhanced electric field penetrating the active polymer film 
tends to reduce carrier recombination and increase carrier 
diffusion length, which can allow for a thicker active layer to 
enhance light absorption. 
0058. In the nanorod embodiment of the present invention, 
the I can also be increased due to the fact that nanorods allow 
for the formation of a simple tandem cell allowing for absorp 
tion of both visible wavelengths by the organic materials of 
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infrared wavelengths by the inorganic nanorods. For 
example, CdSe nanorods within the aforementioned size 
ranges have a low bandgap about 1.7-1.8 eV. which absorbs 
infrared light to about 720 nm, at which many organic semi 
conductors, like P3HT have no response. 
0059. Further, it is believed that a dipole layer reduces or 
eliminates the energy barrier between the active region and 
anode thereby increasing the hole transfer rate from active 
layer to anode and reducing the hole accumulation at the 
anode side. This higher charge-transfer rate also leads to a 
lower charge-transfer resistance (or series resistance) at the 
polymer/anode interface and results in a higher fill factor. 
0060 2. Ferroelectric Polymer Dipole Regions 
0061. In this embodiment of an OPV of the present inven 

tion, the cathode dipole region comprises a cathode-dipole 
region ferroelectric polymer, the molecules of which are 
aligned and fixed so that the cathode dipole region exhibits a 
positive charge near the organic active region. Similarly, the 
anode dipole region comprises an anode-dipole-region ferro 
electric polymer, the molecules of which are aligned and fixed 
so that the anode dipole region exhibits a negative charge near 
the organic active region. Ferroelectric polymers are a group 
of crystalline polar polymers with net dipole moments that 
are also ferroelectric, meaning that they maintaina permanent 
electric polarization that can be reversed, or Switched, in an 
external electric field, which allows for alignment to form 
macroscopic polarization. By including ultrathin ferroelec 
tric polymer films in an OPV of the present invention, OPV 
cell may have local controllable electric-field enhancements. 
Further, the field of the dipole layer extends into the charge 
generation active region thereby helping to separate excitons. 
0062 a. Ferroelectric Polymer 
0063. The cathode-dipole-region ferroelectric polymer 
and the anode-dipole-region ferroelectric polymer are inde 
pendently selected from the group consisting of a vinylidene 
flouride-trifluoroethylene copolymer, vinylidenenitrile-trif 
luorethylene copolymer, cyanopolymers, vinylidene chlo 
ride-trifluoroethylene copolymers, and combinations thereof. 
Vinylidene fluoride-trifluroethylene copolymers P(VDF 
TrFE) are an excellent choice for the ferroelectric polymer 
because they have a relatively high polarization, outstanding 
crystallinity, and enable fast Switching. For the same reasons, 
cyanopolymers which have —C=N ligands in place of the 
fluorine —Fligands of VDF copolymers also make excellent 
ferroelectric polymers for the OPV cells of the present inven 
tion. Advantageously, using a ferroelectric polymer cathode 
region allows for a low work function without the use of a 
calcium Such that the cathode may be free of calcium (e.g., 
consisting of aluminum), which can help extend the life of the 
OPV. 
0064 b. Formation of the Dipole Region 
0065. A ferroelectric ultrathin-film can be fabricated by a 
variety of conventional ultrathin-film casting techniques such 
as Langmuir-Blodgett deposition, spin coating and spray 
coating. In particular, using Langmuir-Blodgett deposition 
allows for the thickness of the dipole region to be accurately 
controlled by the number of deposited monolayers. 
0066. The dipole region may be configured in any appro 
priate manner. That said, the thickness of a dipole region 
comprising a ferroelectric polymer is preferably less than the 
tunneling length of a hole or electron as the case may be. In 
view of this, the thickness is typically within the range of 
about 0.5 nm to about 20 nm. Results to date indicate that a 
desirable thickness is within the range of about 1 to about 5 

. 

0067. In certain embodiments of the ferroelectric poly 
mer-type dipole region, a dipole region may comprise a con 
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tinuous deposit. Specifically, a cathode dipole region may 
comprise a continuous deposit of the cathode-dipole-region 
ferroelectric polymer and an anode dipole region may com 
prise a continuous deposit of the anode-dipole-region ferro 
electric polymer. Alternatively, one or both of the dipole 
regions may comprise a multiplicity of discontinuous depos 
its (“nanomesas) of the cathode-dipole-region ferroelectric 
polymer or the anode-dipole-region ferroelectric polymer, as 
the case may be. In such a nanomesa embodiment, the 
nanomesas tend to have a circular cross-section, the diameter 
of which is typically in the range of about 10 to about 500 nm 
and preferably in the range of about 50 to about 130 nm. 
Adjacent nanomesas are typically spaced apart by a distance 
within the range of about 10 to 500 nm and preferably within 
the range of about 50 to about 130 nm. In general, as the 
thickness of the dipole region increases there is a tendency for 
the difference in the surface energy between the ferroelectric 
polymer and the polymers of the active region to form 
nanomesas. For example, Langmuir-Blodgett deposition of 
P(VDF-TrFE) on P3HT:PCBM resulted the formation of 
nanomesas with the third monolayer, whereas one and two 
deposited monolayers resulted in a continuous deposit. 
0068. After depositing a ferroelectric polymer one an elec 
trode, the active region may be deposited, followed by the 
other ferroelectric polymer, and the other electrode. The fer 
roelectric polymers of the two dipole regions are allowed to 
cure (for example by elevating the temperature of the ferro 
electric polymers to within the range of about 110 to about 
120° C.) while subject to an electric field as described above 
to align and fix the ferroelectric polymer molecules. After 
aligning and fixing the ferroelectric polymer of the dipole 
regions, an OPV of the present invention is formed. For 
example, referring to FIGS.3(a), (b), and (c), the OPV cell 30 
comprises an anode dipole region 21 that comprises an 
aligned and fixed ferroelectric polymer and a cathode dipole 
region 31 that also comprise an aligned and fixed ferroelectric 
polymer. The active region 24 is between the anode dipole 
region 21 and the cathode dipole region 31. The cathode 25 is 
adjacent the cathode region dipole 31 and the anode 26 is 
adjacent the anode dipole region 21. FIG. 3(b) depicts an 
anode dipole region 21 that comprises a multiplicity of dis 
continuous deposits (nanomesas) whereas FIG. 3(c) depicts 
an anode dipole region 21 that is substantially continuous. 
The nanomesas embodiment set forth in FIG. 3(b) exempli 
fies a meaning of the dipole region being "generally disposed 
between the organic active region' and its respective elec 
trode. The dipole region, as a whole, is disposed between the 
organic active region and its respective electrode. But, as 
shown, there are discrete volumes of the polymer(s) of the 
active region that separate the nanomesas and extend to the 
electrodes or coatings thereon. Thus, at those locations within 
the dipole region, there is no dipole material. That said, the 
size and spacing of the nanomesas within the dipole region is 
such that it is believed that their collective effective is that of 
a single dipole region extending over the region in which the 
nanomesas are located. 
0069 c. Benefits Realized with Ferroelectric Polymer 
Dipole Regions 
0070 The carrier collection efficiency determines the 
short circuit current I for a selected polymer. The following 
factors will contribute to the increase of Ifrom the devices. 
The proposed ferroelectric layer can bring additional electric 
field into the polymer film other than that from the two dif 
ferent electrodes, which increases carrier collection effi 
ciency and hence increase I. There are two main channels 
for the loss of photoexcited carriers: loss by high density 
carrier traps, dead end in the polymer blends, and the recom 
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bination of electrons and holes. The built in electric field in 
regular bulk heterojunction (BHJ) OPVs is not strong enough 
to pull all of the carriers out of most semiconducting polymer 
films. For the best reported performing P3HT:PCBM PV 
cells, the calculated built-in electric field according to effec 
tive work-function difference of cathode and anode divided 
by thickness of the active region is about 1 V/0.2 Lum or 5 
V/um. The built-in electric field introduced by the P(VDF 
TrFE) dipole layer can exceed 1000 V/um, considering a 
remanent polarization of 0.1 C/m as has been measured 
directly using Stark spectroscopy. This enhanced electric 
field readily penetrates the active polymer film, since both 
layers have low permittivity, and can therefore reduce carrier 
recombination and increase carrier drift length, also allowing 
a thicker polymer layer to absorb more Sunlight. In addition, 
the strong electric field is expected to accelerate the exciton 
splitting and increase its efficiency, which has been found to 
be a necessary with fullerenes, which are widely used in high 
efficiency OPV devices as the acceptor. 
0071. The dipole layer helps to separate excitons and 
reduce energy loss crossing the barrier. The variation in 
charge-collection rate is due to the variation of the energy step 
at the interface. The strong electric field reduces or eliminates 
this energy barrier and hence increases hole transferrate from 
active layer to anode, and reduces hole accumulation at anode 
side. This higher charge-transfer rate also leads to a lower 
charge-transfer resistance (or series resistance) at polymer/ 
anode interface, and results in a higher fill factor. 
0072 The voltage loss in OPVs, especially bulk hetero 
junction OPVs, was believed to result from its field-driving 
nature and dark current in the diode. In this invention, the 
ferroelectric layer has the advantage of increasing the open 
circuit Voltage V by suppressing these losses. It is believed 
that this is accomplished, at least in part, by the strong built-in 
electric field near the surface, which leads to a reduction of the 
saturated dark current injection component, and hence to the 
increase of V. A second mechanism believed to increase the 
V is that the strong dipole moment in the ferroelectric mate 
rial changes the work function of electrode. The open circuit 
Voltage in many cases has been found to increase with a low 
work function cathode or/and a high work function anode. 
The work function of a modified anode by a poled (i.e., 
aligned and fixed) ferroelectric polymer can be studied by 
UPS measurement or/and by measuring the dark current of 
device. Each method has its own advantages: UPS can 
directly measure the work function a Surface, and current 
fitting methods can tell the real energy barrier at the interface. 
0073. 3. Organic Salt Dipole Regions 
0074. In this embodiment of an OPV of the present inven 

tion, the cathode dipole region comprises cations dispersed 
within a cathode-dipole-region polymer, wherein the cations 
are sufficiently large So as to be essentially immobile attem 
peratures below the glass transition temperature of the cath 
ode-dipole-region polymer so that the cathode dipole region 
exhibits a positive charge near the organic active region. 
Similarly, the anode dipole region comprises anions dis 
persed within an anode-dipole-region polymer, wherein the 
anions are sufficiently large so as to be essentially immobile 
attemperatures below the glass transition temperature of the 
anode-dipole-region polymer so that the anode dipole region 
exhibits a negative charge near the organic active region. 
0075 a. Ions 
0076. The selection of the ions tends to be quite important 
in the fabrication of high-performance OPVs of the present 
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invention. Preferably, the organic salts, which are the source 
of the aforementioned ions, have (a) a good solubility in 
common organic Solvents, such as toluene, hexane, and aceto 
nitrile, which tends to simplify fabrication (b) a relatively 
high decomposition temperature (e.g., above 200°C.), which 
allows the OPV to have high performance at typical operation 
temperatures, and (c) a melting temperature that is within the 
range of about 50 to about 90° C., which also tends to simplify 
fabrication by allowing the dipole regions to be formed at or 
near room temperature. Examples of appropriate anions 
include carboxylate anions, Sulfonate anions, methanides 
(RC ), amides (R-N- ), polycyano anions, phenolate 
anions, organometallic anions, cyclopentadienide anions, 
and combinations thereof. Examples of appropriate cations 
include bis(ethylenedithio)tetraselenafulvalene, bis(ethyl 
enedioxo)tetrathiafulvalene, tetrathiafulvalene, tetrameth 
yltetrathiafulvalene, tetramethyltetraselenafulvalene, 
tetrathiafulvalene, and combinations thereof. 
(0077 b. Formation of the Dipole Region 
0078. The salt(s) comprising the ions are blended and 
dissolved into the polymer(s) used to form the active region. 
Typically, the amount of organic salt(s) used to form the 
dipole regions is in the range of about 0.001 to about 10% by 
weight of the polymers used to form the active region. The 
fabrication of an OPV according to this embodiment is essen 
tially identical to that for fabricating a conventional OPV but 
because the ions are mobile in the Solid polymers used to also 
form the active region at elevated temperatures they can be 
moved upon application of an electric field. As illustrated in 
FIG. 4(a), an initial forward voltage (electric field) is applied 
to move the ions 41 to the vicinity of the electrodes while the 
polymers are at an elevated temperature that is above the 
melting point of the ions and the glass transition temperature 
of the polymer(s) such that the polymers serve as the solvent 
for the organic salts. For example, the temperature is typically 
elevated to within the range of about 50 to about 250° C. After 
the ions accumulate near their respective electrode, the tem 
perature of the polymers is reduced to fix the ions in place 
because the ion diffusivity at room temperature are orders of 
magnitude lower than at the elevated temperature. Upon 
being fixed the dipole regions comprising the ions are formed 
in the OPV as depicted in FIG. 4(b). 
0079. As indicated above, the salt(s) are dissociated in 
polymers used to also form the active region. Thus, when 
fixed, the dipole region in addition to the ions comprise the 
same polymer(s) that are in the adjacent organic active region 
adjacent. Thus, the cations of the cathode dipole region are in 
a cathode-dipole region polymer that is the same as that of the 
organic active region adjacent to the cathode dipole region. 
Likewise, the anions of the anode dipole region are in an 
anode-dipole-region polymer that is the same as that of the 
organic active region adjacent to the anode dipole region. 
Thus, for a bilayer active region the cathode dipole region 
comprises an electron acceptor material and the anode dipole 
region comprises an electron donor material. For a hetero 
junction-type active region, in particular a highly-folded het 
erojunction-type of active region, the cathode dipole region 
and the anode dipole region each comprise both an electron 
acceptor material and an electron donor material. 
0080 c. Relationship of V and the Built-In Potential 
I0081. In an inorganic p-i-n solar cell, the built-in potential 
is generally recognized as the ultimate limit to V. An OPV. 
however, is more complicated, because there is both an inter 
nal p-n junction between the donorand acceptor and an exter 
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nal electrical field. There is still no conclusive study on the 
relationship of V and the built-in potential (V) of OPVs. 
especially in bulkheterojunction OPV devices. The enhanced 
built-in electric fields formed included one or more dipole 
regions open the possibility for investigating the relationship 
between the V and V. A controllable built-in electrical 
field can easily be achieved by tuning the concentration of 
organic salts in the polymer blend. The maximum V might 
be much higher than the workfunction difference between the 
two electrodes. 
0082 4. Combinations of Dipole Regions Types 
0083. A single OPV cell may comprise combinations of 
dipole layer types such as a nanorod-type anode dipole region 
with a ferroelectric polymer-type cathode region. 

EXAMPLES 

Example 1 

OPV with a Nanorod Anode Dipole Region 
0084. The patterned ITO-coated glass substrates were 
cleaned by Successive ultrasonic treatment in detergent, 
acetone, and isopropyl alcohol. A chloroform solution of 
CdSe nanorods (1 wt %) and TPD-Si(OCH) (1 wt %) was 
prepared and used to form a mixed CdSe:TPD-Si(OCH) 
film on a cleaned ITO glass by spin coating at 800 rpm. Then 
an electric field E (1 MV/m) was quickly applied while the 
chloroform evaporated over the period of about 5 hours. This 
electric field was achieved by locating a gold-coated glass 
slide above the substrate with a distance of 300 Lim with a 
Teflon spacer and applying a 300 V potential across the ITO 
and gold layer, as shown schematically in FIG. 1. Then, the 
perpendicularly aligned nanorod were fixed in position by 
crosslinking the TPD-Si(OCH) at a temperature of about 
100° C. for about 30 minutes. For the active layer, P3HT was 
first dissolved in 1,2-dichlorobenzene (DCB) to make 30 
mg/ml solution, followed by blending with PCBM at a ratio of 
1:1 by weight. The blend was stirred for about 14 hours at 40° 
C. in a nitrogen-filled glove box. The active layer was 
obtained by spin-coating the P3HT:PCBM (1:1 wt %, 30 
mg/ml) at 800 rp.m. for 20 seconds, and the thickness of the 
P3HT:PCBM film was approximately 150 nm. The Alcath 
ode was evaporated through a shadow mask with an active 
area of approximately 10 mm. 

Example 2 
OPV with Ferroelectric Polymer Dipole Regions 

0085. A conventional OPV without dipole regions com 
prising an indium-tin oxide anode on a glass Substrate, a 
PEDOT:PSS Smoothing layer on the ITO, and active region 
comprising P3HT:PCBM; and aluminum cathode was 
formed. An identical OPV except for having a P(VDF-TrFE) 
containing cathode dipole region between the cathode and the 
active region was also formed. 
0086 For the device fabrication, PEDOT:PSS was first 
spin-cast onto a cleaned ITO/glass Substrate at a spin speed of 
3,500 rp.m. to form a film with a thickness of approximately 
30 nm. The spun PEDOT:PSS was then baked at about 120° 
C. for about 20 minutes before spin-casting the active region 
polymer film. The active region layer was obtained by spin 
coating the P3HT:PCBM (1:1 wt %, 30 mg/ml) at 800 rp.m. 
for 20 seconds to forma P3HT:PCBM film having a thickness 
that was approximately 150 nm. For the deposition of FE LB 
films, the random copolymer P(VDF-TrFE), containing 70% 
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vinylidene fluoride and 30% trifluoroethylene, was dissolved 
in dimethyl sulphoxide with a concentration of 0.05% by 
weight. The polymer was dispersed on the surface of ultra 
pure (18 MS2cm) water and slowly compressed to a surface 
pressure of 5 mN/m at room temperature in air. Then the LB 
layer was transferred to a glass/ITO substrate covered with 
P3HT:PCBM film. The P(VDF-TrFE) films were deposited 
1ML at a time by horizontal dipping. The samples were 
annealed at 135° C. in N for half an hour to improve the 
crystallinity of the P(VDF-TrFE). 
I0087 As is shown in FIG. 5, the insertion of a monolayer 
of P(VDF-TrFE) resulted in a small increase in the short 
circuit current I, probably due to the dielectric properties 
and partial polarization of P(VDF-TrFE). After polarizing by 
a -15 V reverse bias, both V and I increased by more than 
25% over the control device, leading to an increase of effi 
ciency from 1.6% to 4.2%. This level of efficiency is among 
the highest for P3HT:PCBM based devices with an aluminum 
cathode. Referring to FIG. 6, the effect on the efficiency by 
the dipole region can take into account the movement of ions 
in the various polymers in the cell by comparing OPVs com 
prising as cast polymers and heat treated at about 120° C. for 
about 15 seconds while under a -15 V electric field. 
I0088 Testing different aligning (poling) procedures 
showed the benefits of aligning (poling) a ferroelectric poly 
mer at an elevated temperature. Specifically, performing the 
poling at room temperature required about 50 minutes and 
increased the open circuit voltage from 0.48 V to 0.53 V 
whereas to about 120° C. the poling only required about 15 
seconds and produced a higher open circuit voltage of 0.57V. 
I0089. The effects of differing numbers of ferroelectric 
polymer monolayers on the performance of an OPV was also 
investigated and set forth in FIG. 7 and Table 1. 

TABLE 1 

Jsc Voc PCE 
Cathode (mA/cm) (V) (%) FF 

Bare Al 9.16 O411 1.09 O.29 
1 monolayer Al 10.25 0.570 3.39 O.S8 
2 monolayer Al 1O.OO O.575 3.33 O.S8 
3 monolayeri Al 9.72 0.537 2.65 O.S1 

One or two monolayers seemed to provide the optimal com 
bination of properties for this device whereas increasing to 
three monolayers resulted a slightly reduced efficiency, 
although it is still much higher than the device without any 
ferroelectric layer. This can be well understood by the low 
conductivity of P(VDF-TrFE). 
(0090. A review of the morphology of the different ferro 
electric films also showed a correlation between morphology 
and device performance. The results of the morphology study 
are set forth in Table 2, which summarized the roughness of 
0-3 monolayers of P(VDF-TrFE) on P3HT:PCBM, before 
and after annealing. 

TABLE 2 

ITOPEDOT 
Polymer? ... RMS Ra 

O 1.724 1.379 
O (heated) 1542 1.212 
1 ML 1.14 O.918 
1 ML (heated) 1.16 O.917 
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TABLE 2-continued 

ITOPEDOT 
Polymer? ... RMS Ra 

2 ML 1.248 1.001 
2 ML (heated) O.982 O.782 
3 ML O.790 O.651 
3 ML (heated) 3.587 2.798 

The results set forth in Table 2 show that coating of ferroelec 
tric polymer can make the film Smoother. After annealing, the 
films of 1 and 2 monolayers of P(VDF-TrFE) become even 
more smoother, which may be the result of smoothing of 
P3HT:PCBM active region. Nevertheless, it is shown that 3 
monolayers of the P(VDF-TrFE) ferroelectric polymer 
tended to form many nanomesas. The thickness of the 
nanomesa was around 10 nm making it more difficult for the 
tunneling of electrons through this layer, which explains the 
reduced Voltage and current output. 

Example 3 

OPV with Organic Salt Dipole Regions 

0091 An OPV comprising an indium-tin oxide anode on a 
glass substrate, a PEDOT:PSS Smoothing layer on the ITO, 
and active region comprising P3HT:PCBM; and aluminum 
cathode was formed. An amount of methyltrioctylammonium 
trifluoromethanesulfonate (MATS) organic salt in the range 
of about 2 to about 15% by weight of the polymers was mixed 
into said polymers. 
0092. The devices were fabricated on patterned ITO 
coated glass Substrates, which has been cleaned by Successive 
ultrasonic treatment in detergent, acetone, and isopropyl 
alcohol. The ITO glass is then subjected to UV-ozone treat 
ment for about 10 minutes. A thin layer of PEDOT:PSS film 
was spin-cast onto the ITO glass Substrate with a spin speed of 
3500 rpm for 1 minute and then baked at about 120° C. for 
about 20 minutes. The polymer layers were then spin-cast 
from the solution containing a 1:50-1:20 weight ratio of 
MATS and P3HT:PCBM (1:1 by weight) in DCB (spin speed 
of 800 rpm) for 20 seconds in the nitrogen glove-box. The Al 
cathode was evaporated through a shadow mask with an 
active area of approximately 10 mm. When the devices were 
heated to about 100° C. under 10 V forward bias, the move 
ment of the ions in the polymers was observed. As shown in 
FIG. 8, the V and I can be significantly influenced by the 
direction of the electric field. When the device was subject to 
+1.5 V or -15 V alternately at a temperature of 120° C., the 
V switched between 0.427 V and 0.500 V alternately at 
room temperature, meanwhile the I switched between 8.85 
mA/cm and 11.2 mA/cm alternately. The efficiency 
increased up to 3.2% when the cations and anion were frozen 
to form the cathode dipole region and the anode dipole region, 
which demonstrates the controllable strong built-in electrical 
field that can be attained with the present invention. 

What is claimed is: 
1. An organic photovoltaic cell comprising: 
(a) a cathode: 
(b) an anode: 
(c) an organic active region for absorbing photons and 

generating excitons disposed between the cathode and 
the anode; and 
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(d) (i) a cathode dipole region generally disposed between 
the organic active region and the cathode, wherein the 
cathode dipole region exhibits a positive charge near the 
organic active region; 
(ii) an anode dipole region generally disposed between 

the organic active region and the anode, wherein the 
anode dipole region exhibits a negative charge near 
the organic active region; or 

(iii) both (i) and (ii). 
2. The organic photovoltaic cell of claim 1, wherein: 
the cathode comprises magnesium, aluminum, calcium, 

lithium, Sodium, potassium, strontium, cesium, barium, 
iron, cobalt, nickel, copper, silver, Zinc, tin, Samarium, 
ytterbium, chromium, gold, graphene, an alkali metal 
fluoride, analkaline-earth metal fluoride, analkali metal 
chloride, an alkaline-earth metal chloride, an alkali 
metal oxide, an alkaline-earth metal oxide, a metal car 
bonate, a metal acetate, or combinations thereof; 

the anode comprises indium-tin oxide, indium-zinc oxide, 
silver, gold, platinum, copper, chromium, indium oxide, 
Zinc oxide, tin oxide, a polyaniline-based conducting 
polymer, a 3.4-polyethylenedioxythiopene-polystyre 
nesultonate-based conducting polymer, carbon nano 
tubes, graphite, graphene, graphene oxides, molybde 
num oxide, tungsten oxide, Vanadium oxide, silver 
oxide, aluminum oxide, or combinations thereof, and 

the organic active region comprises: 
(i) an electron donor material that is selected from the 

group consisting of a phthalocyanine complex, a por 
phyrin complex, a polythiophene and derivatives 
thereof, a polycarbazole and derivatives thereof, a 
poly(p-phenylene vinylene) and derivatives thereof, a 
polyfluorene and derivatives thereof, a cyclopenta 
dithiophene-based polymer, a benzodithiophene 
based polymer, their Small molecule and monomers, 
and combinations thereof, and 

(ii) an electronacceptor material that is selected from the 
group consisting of a fullerene derivative, a perylene 
derivative, a 2,7-dicyclohexyl benzolmin3,8 
phenanthroline derivative, a 1,4-diketo-3,6-dithie 
nylpyrrolo3.4-cpyrrole derivative, a tetracyano 
quinodimethane derivative, a poly(p-pyridyl 
vinylene) derivative, a 9.9'-bifluorenylidene deriva 
tive, a benzothiadiazole derivative, and combinations 
thereof. 

3. The organic cell photovoltaic cell of claim 2, wherein: 
the electron donor material is selected from the group 

consisting of poly(3-hexylthiophene), poly(3-octylth 
iophene), poly(3-hexyloxythiophene), poly(3-meth 
ylthiophene), poly(3-dodecylthiophene), poly(3-dode 
cylthienylenevinylene), poly(3.3 
dialkylduarterthiophene), poly-dioctyl-fluorene-co 
bithiophene, poly-(2,5-bis(3-alkylthiophene-2-yl) 
thieno 3.2-bithiophene), polyI2.7-(9,9-dihexylfluo 
rene)-alt-2,3-dimethyl-5,7-dithien-2-yl-2,1,3- 
benzothiadiazole, poly 2.7-(9.9-bis-(2-ethylhexyl)- 
fluorene)-alt-5,5-(4,7-di-20-thienyl-2,1,3- 
benzothiadiazole), poly{(2.7-(9.9-bis-(3,7-dimethyl 
octyl)-fluorene)-alt-5,5-(4,7-di-20-thienyl-2,1,3- 
benzothiadiazole), polyN-9"-hepta-decanyl-2,7- 
carbazole-alt-5,5-(4.7'-di-2-thienyl-2', 1',3'- 
benzothiadiazole), and combinations thereof, and 

the electron acceptor material is selected from the group 
consisting of 6.6-phenyl C-butyric acid methyl ester, 
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6.6-phenyl C-butyric acid methyl ester, 6.6-(4- 
fluoro-phenyl)-C-butyric acid methyl ester, carbon 60, 
carbon 70, carbon nanotube, a carbon onion, and com 
binations thereof. 

4. The organic photovoltaic cell of claim 1, wherein the 
organic active region is a bilayer active region in which the 
electron donor material constitutes an electron donor layer 
nearer the anode than the cathode and the electron acceptor 
material constitutes an electron acceptor layer nearer the 
cathode than the anode. 

5. The organic photovoltaic cell of claim 1, wherein the 
organic active region is a heterojunction active region in 
which the electron donor material and the electron acceptor 
material are mixed. 

6. The organic photovoltaic cell of claim 1, wherein: 
the cathode dipole region comprises permanent dipole 

nanorods aligned and fixed in a cathode-dipole-region 
cross-linked matrix that comprises an electron transport 
materialso that cathode dipole region exhibits a positive 
charge near the organic active region; and 

the anode dipole region comprises permanent dipole nano 
rods aligned and fixed in an anode-dipole-region cross 
linked matrix that comprises a hole transport materialso 
that the anode dipole region exhibits a negative charge 
near the organic active region. 

7. The organic photovoltaic cell of claim 6, wherein the 
cathode comprises a core that comprises calcium and a layer 
encapsulating the core that comprises aluminum, magne 
sium, lithium, or a combination thereof. 

8. The organic photovoltaic cell of claim 6, wherein: 
the aligned permanent dipole nanorods comprise CaSe, 

CdS, CdTe., ZnO, TiO, PbTe, PbS, CuS, FeS BaTiO, 
PbTiO, lead zirconate titanate, lead lanthanum zircon 
ate titanate, lead magnesium niobate, and combinations 
thereof; 

the hole transport material comprises a cross-linked func 
tionalized triarylamine derivative; and 

the electron transport material comprises an oxetane-func 
tionalized oxadiazole, a fullerene derivative, and com 
binations thereof. 

9. The organic photovoltaic cell of claim 8, wherein the 
functionalized triarylamine derivative is selected from the 
group consisting of TPD-Si(OCH), TPD-(CH) 
CHO, oxetane-derivatized TPD, TPD-OCH, and com 
binations thereof. 

10. The organic photovoltaic cell of claim 1 further com 
prising a transparent Substrate that is in contact with at least a 
portion of a surface of one of the electrodes, wherein said 
surface is furthest from the other electrode. 

11. The organic photovoltaic cell of claim 1 further com 
prising a polymeric Smoothing layer on at least a portion of a 
Surface of the anode, wherein said Surface is the one nearest 
the cathode, and said polymeric Smoothing layer is hole con 
ducting. 

12. The organic photovoltaic cell of claim 11, wherein the 
polymeric Smoothing layer comprises a poly(3,4-ethylene 
dioxythiophene) and poly(styrenesulfonate). 

13. The organic photovoltaic cell of claim 1, wherein: 
the cathode dipole region comprises a cathode-dipole-re 

gion ferroelectric polymer, the molecules of which are 
aligned and fixed so that cathode dipole region exhibits 
a positive charge near the organic active region; 

the anode dipole region comprises an anode-dipole-region 
ferroelectric polymer, the molecules of which are 
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aligned and fixed so that the anode dipole region exhibits 
a negative charge near the organic active region. 

14. The organic photovoltaic cell of claim 13, wherein the 
cathode-dipole-region ferroelectric polymer and the anode 
dipole-region ferroelectric polymer are independently 
selected from the group consisting of a vinylidene flouride 
trifluoroethylene copolymer, vinylidenenitrile-trifluorethyl 
ene copolymer, cyanopolymers, vinylidene chloride-trifluo 
roethylene copolymers, and combinations thereof. 

15. The organic photovoltaic cell of claim 13, wherein: 
the cathode dipole region comprises a continuous deposit 

of the cathode-dipole-region ferroelectric polymer; and 
the anode dipole region comprises a continuous deposit of 

the anode-dipole-region ferroelectric polymer. 
16. The organic photovoltaic cell of claim 15, wherein: 
the continuous deposit of the cathode-dipole-region ferro 

electric polymer comprises one, two, or three monolay 
ers of the cathode-dipole-region ferroelectric polymer; 
and 

the continuous deposit of the anode-dipole-region ferro 
electric polymer comprises one, two, or three monolay 
ers of the anode-dipole-region ferroelectric polymer. 

17. The organic photovoltaic cell of claim 13, wherein the 
cathode consists of aluminum. 

18. The organic photovoltaic cell of claim 13, wherein: 
the cathode dipole region comprises a multiplicity of dis 

continuous deposits of the cathode-dipole-region ferro 
electric polymer, and 

the anode dipole region comprises a multiplicity of discon 
tinuous deposits of the anode-dipole-region ferroelec 
tric polymer. 

19. The organic photovoltaic cell of claim 18, wherein 
adjacent discontinuous deposits are spaced apart by about 0.5 
nm to about 20 nm. 

20. The organic photovoltaic cell of claim 1, wherein: 
the cathode dipole region comprises cations dispersed 

within a cathode-dipole-region polymer, wherein the 
cations are sufficiently large so as to be essentially 
immobile at temperatures below the glass transition 
temperature of the cathode-dipole-region polymer So 
that the cathode dipole region exhibits a positive charge 
near the organic active region; 

the anode dipole region comprises anions dispersed within 
an anode-dipole-region polymer, wherein the anions are 
Sufficiently large so as to be essentially immobile at 
temperatures below the glass transition temperature of 
the anode-dipole-region polymer So that the anode 
dipole region exhibits a negative charge near the organic 
active region. 

21. The organic photovoltaic cell of claim 20, wherein the 
anions are selected from the group consisting of carboxylate 
anions, Sulfonate anions, methanides, amides, polycyano 
anions, phenolate anions, organometallic anions, cyclopenta 
dienide anions, and combinations thereof, and the cations are 
selected from the group consisting of bis(ethylenedithio)tet 
raselenafulvalene, bis(ethylenedioxo)tetrathiafulvalene, 
tetrathiafulvalene, tetramethyltetrathiafulvalene, tetrameth 
yltetraselenafulvalene, tetrathiafulvalene, and combinations 
thereof. 

22. The organic photovoltaic cell of claim 20, wherein: 
the cathode-dipole-region polymer is the same as that of 

the organic active region adjacent to the cathode dipole 
region; and 
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the anode-dipole-region polymer is the same as that of the 
organic active region adjacent to the anode dipole 
region. 

23. The organic photovoltaic cell of claim 22, wherein the 
organic active region is a heterojunction active region that 
comprises an electron donor component and an electron 
acceptor component. 

24. An organic photovoltaic cell comprising: 
(a) a cathode: 
(b) an anode: 
(c) a heterogenic organic active region disposed between 

the cathode and the anode that comprises a mixture of an 
electron acceptor material and an electron donor, and 

(d) an anode dipole region generally disposed between the 
organic active region and the anode that comprises per 
manent dipole nanorods aligned and fixed in an anode 
dipole-region cross-linked matrix that comprises a hole 
transport material so that the anode dipole region exhib 
its a negative charge near the organic active region. 

25. An organic photovoltaic cell comprising: 
(a) a cathode: 
(b) an anode: 
(c) a heterogenic organic active region disposed between 

the cathode and the anode that comprises a mixture of an 
electron acceptor material and an electron donor, 

(d) a cathode dipole region generally disposed between the 
organic active region and the cathode, wherein cathode 
dipole region comprises a cathode-dipole-region ferro 
electric polymer the molecules of which are aligned and 
fixed so that cathode dipole region exhibits a positive 
charge near the organic active region; and 

(e) an anode dipole region generally disposed between the 
organic active region and the anode, wherein the anode 
dipole region comprises an anode-dipole-region ferro 
electric polymer the molecules of which are aligned and 
fixed so that the anode dipole region exhibits a negative 
charge near the organic active region. 

26. An organic photovoltaic cell comprising: 
(a) a cathode: 
(b) an anode: 
(c) a heterogenic organic active region disposed between 

the cathode and the anode that comprises a mixture of an 
electron acceptor material and an electron donor, 

(d) a cathode dipole region generally disposed between the 
organic active region and the cathode, wherein cathode 
dipole region comprises cations dispersed within a cath 
ode-dipole-region polymer, wherein the cations are suf 
ficiently large so as to be essentially immobile at tem 
peratures below the glass transition temperature of the 
cathode-dipole-region polymer so that cathode dipole 
region exhibits a positive charge near the organic active 
region; and 

(e) an anode dipole region generally disposed between the 
organic active region and the anode, wherein the anode 
dipole region comprises anions dispersed within an 
anode-dipole-region polymer, wherein the anions are 
Sufficiently large so as to be essentially immobile at 
temperatures below the glass transition temperature of 
the anode-dipole-region polymer so that the anode 
dipole region exhibits a negative charge near the organic 
active region. 

27. A process of making an organic photovoltaic cell that 
comprises a cathode; an anode; an organic active region for 
absorbing photons and generating excitons disposed between 
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the cathode and the anode; and a cathode dipole region gen 
erally disposed between the organic active region and the 
cathode, wherein the cathode dipole region exhibits a positive 
charge near the organic active region or an anode dipole 
region generally disposed between the organic active region 
and the anode, wherein the anode dipole region exhibits a 
negative charge near the organic active region, or both the 
cathode dipole region and the anode dipole region; the pro 
cess comprising forming the dipole region(s) by delivering 
permanent dipoles, applying an electric field to the permanent 
dipoles to align the permanent dipoles, and fixing the position 
of the aligned permanent dipoles. 

28. The process of claim 27, wherein: 
the permanent dipoles are permanent dipole rods; 
the permanent dipole rods are delivered in a cross-linkable 

liquid, wherein the cross-linkable liquid comprises an 
electron transport material in the case of the cathode 
dipole region and a hole transport material in the case of 
the anode dipole region; and 

the aligned permanent dipole rods are fixed in position by 
cross-linking the cross-linkable liquid to form a cross 
linked matrix. 

29. The process of claim 28, wherein: 
the permanent dipole nanorods comprise CdSe, CdS, 

CdTe., ZnO, TiO, PbTe, PbS, CuS, FeS BaTiO, 
PbTiO, lead zirconate titanate, lead lanthanum zircon 
ate titanate, lead magnesium niobate, and combinations 
thereof; 

the hole transport material comprises a cross-linked func 
tionalized triarylamine derivative; and 

the electron transport material comprises an oxetane-func 
tionalized oxadiazole, a fullerene derivative, and com 
binations thereof. 

30. The process of claim 27, wherein: 
the permanent dipoles are a molecules of a ferroelectric 

polymer, 
the molecules are delivered in the uncured form of the 

ferroelectric polymer; and 
the aligned permanent dipoles are fixed in position by 

curing the ferroelectric polymer. 
31. The process of claim 30, wherein the cathode dipole 

region ferroelectric polymer and the anode dipole region fer 
roelectric polymer are independently selected from the group 
consisting of a vinylidene flouride-trifluoroethylene copoly 
mer, vinylidenenitrile-trifluorethylene copolymer, cyanopo 
lymers, vinylidene chloride-trifluoroethylene copolymers, 
and combinations thereof. 

32. The process of claim 30, wherein the uncured ferro 
electric polymer is delivered in the form of one, two, or three 
monolayers, and the dipole region(s) comprise a continuous 
deposit of the ferroelectric polymer. 

33. The process of claim 30, wherein the uncured ferro 
electric polymer is delivered to a thickness sufficient for the 
dipole region(s) to comprise a multiplicity of discontinuous 
deposits of the ferroelectric polymer. 

34. The process of claim 27, wherein: 
the permanent dipoles are ions, which are dispersed within 

a polymer that is the same as that of the organic active 
region adjacent to the dipole region(s), wherein the ions 
are sufficiently large so as to be essentially immobile at 
temperatures below the glass transition temperature of 
the polymer, and wherein the ions are cations in the case 
of the cathode dipole region and anions in the case of the 
anode dipole region; 
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the ions are delivered and aligned by heating the polymerto 
a temperature at which the ions are mobile and applying 
the electric field to drive the ions to their respective 
dipole regions; and 

the ions are fixed in position by decreasing the temperature 
of the polymer to a temperature at which the ions are 
essentially immobile. 

35. The process of claim 34, wherein: 
the anions are selected from the group consisting of car 

boxylate anions, Sulfonate anions, methanides, amides, 
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polycyano anions, phenolate anions, organometallic 
anions, cyclopentadienide anions, and combinations 
thereof, and 

the cations are selected from the group consisting of bis 
(ethylenedithio) tetraselenafulvalene, bis(ethylenediox 
o)tetrathiafulvalene, tetrathiafulvalene, tetrameth 
yltetrathiafulvalene, tetramethyltetraselenafulvalene, 
tetrathiafulvalene, and combinations thereof. 
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