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Conjugated polymers are attractive semiconductors for photovoltaic cells because they are
strong absorbers and can be deposited on flexible substrates at low cost. Cells made with a
single polymer and two electrodes tend to be inefficient because the photogenerated excitons
are usually not split by the built-in electric field, which arises from differences in the electrode
work functions. The efficiency can be increased by splitting the excitons at an interface
between two semiconductors with offset energy levels. Power conversion efficiencies of almost
4% have been achieved by blending polymers with electron-accepting materials such as Cgo
derivatives, cadmium selenide, and titanium dioxide. We predict that efficiencies higher
than 10% can be achieved by optimizing the cell’s architecture to promote efficient exciton
splitting and charge transport and by reducing the band gap of the polymer so that a larger

fraction of the solar spectrum can be absorbed.

1. Introduction

As the evidence for global warming continues to build,
it is becoming clear that we will have to find non-CO,-
releasing ways to create, transport, and store electricity.
For photovoltaic (PV) cells to gain widespread ac-
ceptance as a source of clean and renewable energy, the
cost per watt of solar energy must be decreased. Cur-
rently, the main barrier that prevents photovoltaic
technology from providing a large fraction of our elec-
tricity is the high cost of manufacturing crystalline
silicon. Although the cost per peak watt of crystalline
silicon PV cells has dropped significantly over the past
decade,! these PV cells are still too expensive to compete
with conventional grid electricity without the benefit of
government subsidies.? One potential alternative to
crystalline silicon PV cells is cells made from thin films
(<21 um) of conjugated (semiconducting) polymers, which
can easily be cast onto flexible substrates over a large
area using wet-processing techniques. These organic PV
cells could provide electricity at a lower cost than
crystalline silicon solar cells if a reasonable power
efficiency (~10%) and lifetime (~10 years) could be
achieved on a large scale. To reach these performance
levels, however, several technological hurdles must be
overcome. We begin this review with a discussion of the
photovoltaic properties of organic semiconductors, in-
cluding a general overview of the properties of these
materials that make them attractive as candidates for
use in PV cells, as well as their limitations. We next
review the successive improvements that have been
made in the device structure of conjugated polymer PV
cells over the past decade to overcome these limitations.
We then present what we believe to be the ideal device
structure for conjugated polymer-based PV cells and
describe some of the first efforts to make it. In the final
section of this review we present an outlook for the
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Figure 1. Chemical structures of four different organic
semiconductors.

future of conjugated polymer-based PV cells and discuss
what must be done to maximize their efficiency.

2. Conjugated Polymers for Photovoltaics

The chemical structures of four organic semiconduc-
tors commonly used in photovoltaic cells are shown in
Figure 1. While films of copper phthalocyanine (CuPc)
must generally be deposited by evaporation onto a
substrate, the conjugated polymers poly(3-hexylth-
iophene) (P3HT), poly[2-methoxy-5-(2'-ethylhexoxy)-1,4-
phenylenevinylene] (MEH-PPV), and poly[2-methoxy-
5-(3',7'-dimethyloctyloxy)-p-phenylenevinylene] (OC1Cio-
PPV) contain side chains that make them soluble in
common organic solvents. This allows these polymers
to be cast from solution using wet-processing techniques
such as spin casting, dip coating,® ink jet printing,*°
screen printing,5~8 and micromolding.” These techniques
represent an enormously attractive route for producing
large-area PV cells cheaply because they can be per-
formed at ambient temperature and pressure, and
because many of these techniques are scalable to large
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Figure 2. Fraction of incident light absorbed by P3HT as a
function of wavelength for several different film thicknesses.

area with little material loss. Also, many of these
techniques can be applied to systems that require
flexible substrates,® such as roll-to-roll coaters.

A second major requirement for the active layer in a
PV cell is that it should absorb a significant fraction of
the sun’s light. The high (~10° cm™) peak optical
absorption coefficient of many conjugated polymers
makes them excellent candidates in this regard. While
crystalline silicon PV cells must be made ~100 um thick
to effectively absorb incident light, organic semiconduc-
tors have a direct band gap and generally must only be
100—500 nm thick to absorb most of the light at their
peak absorption wavelength. Figure 2 shows the fraction
of incident light absorbed by P3HT as a function of
wavelength for several different film thicknesses. At a
P3HT film thickness of 240 nm, greater than 95% of
the incident light is absorbed over the wavelength range
450—600 nm, neglecting reflective losses. However,
Figure 2 also highlights one of the biggest existing
hurdles to reaching high-efficiency PV cells with con-
jugated polymers: the band gap of these semiconductors
is too large and the absorption bandwidth of these
materials is too narrow to absorb a large fraction of the
solar spectrum. While the photon flux of the AM1.5G
solar spectrum peaks around 700 nm (1.8 eV), P3HT,
MEH-PPV, and OC1C;0-PPV absorb strongly only over
the wavelength range 350—650 nm (3.5—1.9 eV). As a
result of this mismatch between the absorption spec-
trum of the organic semiconductor and the solar spec-
trum, the 240 nm thick film of P3HT shown in Figure
2 absorbs only about 21% of the sun’s photons. Although
a semiconductor with a 1.9 eV band gap could still be
used to make an efficient PV cell if an open-circuit
voltage (Vo) could be attained that is close to 1.9 V,
thereby giving a high power efficiency (defined as the
maximum power produced by a PV cell divided by the
power of incident light) despite only converting a small
fraction of the sun’s photons to current, in practice this
has proven difficult to achieve in a PV cell made from
conjugated polymers. In these cells V. values typically
range between 0.5 and 1.2 V for devices that have
reasonable photocurrents (>1 mA/cm?) under AM1.5G
illumination.

3. PV Cells Made from Single Layers of
Conjugated Polymers

Although it is possible to generate a built-in field in
an inorganic semiconductor through the controlled
placement of n- and p-type dopant atoms, it is difficult
to controllably dope most conjugated polymers. As a
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result of this, conjugated polymers are usually made as
pure as is practically possible and can effectively be
considered to be intrinsic semiconductors. Generating
built-in electric fields within a film in the dark requires
sandwiching the polymer between electrodes with vary-
ing work functions or incorporating interfaces with a
second semiconductor into the device structure.® In one
of the first reported conjugated polymer PV cells,! a
photovoltaic effect was observed in a device made by
spin casting and thermally converting an undoped thin
layer of PPV on top of a transparent indium—tin oxide
(ITO) electrode and then evaporating on a low-work-
function top contact, as shown schematically in Figure
3a. When light with ~10 mW/cm? intensity was shone
on the PV cell, an open-circuit voltage between 1.2 and
1.7 V was produced, depending on the metal used. In
most cases the open-circuit voltage was roughly equal
to the difference in work function between the top and
bottom electrodes divided by the charge of an electron.
This showed that in single-layer conjugated polymer PV
cells, the sign and magnitude of V. could at least be
partially attributed to an electrode work-function dif-
ference. However, it must be added that further re-
search has shown that there are several other important
factors that contribute to V., such as nonnegligible dark
current,2 Fermi level pinning,’® and chemical potential
gradients.1415

Although single-layer PV cells tend to produce a
reasonable V., their photocurrent is typically very low.
For example, at an excitation wavelength of 458 nm,
the above ITO—PPV—metal device had only 0.1-1%
external quantum efficiency (EQE, defined as the
number of electrons produced by a PV cell for each
incident photon).1! The discrepancy between the large
fraction of photons absorbed at the wavelength of
maximum absorption by a ~100 nm thick conjugated
polymer film (>50%) and the low EQE (1%) of single-
layer PV cells reveals the strong tendency of photogen-
erated electrons and holes to recombine in conjugated
polymers. There are two major causes for this phenom-
enon. First, while the exact nature of the interaction
between the electron and hole in a conjugated polymer
is still a subject of debate,'® it is clear that the
predominant tendency of these materials is to form
bound excitons that decay rather than dissociate at
room temperature.}* Second, even when free carriers are
created in conjugated polymers via charge injection or
exciton dissociation at an interface, these carriers
typically have very low mobilities. The disordered
nature of these semiconductors causes the transport of
carriers to occur through a hopping mechanism rather
than through bandlike transport. Hole mobilities that
have been reported for conjugated polymers range from
1071 to 107 cm?/(V s),17~20 while electron mobilities are
typically lower (1074—10° cm?/(V s)1821), By contrast,
the hole and electron mobilities in crystalline silicon are
475 and 1500 cm?/(V s).22 With carrier mobilities in
polymer semiconductors that are many orders of mag-
nitude lower than their crystalline counterparts, recom-
binative carrier loss can occur in polymer PV cells even
under short-circuit conditions. The wide range of re-
ported carrier mobilities in conjugated polymers results
primarily from extreme sensitivity of the mobility to the
morphology of the polymer film. There is also evidence
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Figure 3. Four device architectures of conjugated polymer-based photovoltaic cells: (a) single-layer PV cell; (b) bilayer PV cell,
(c) disordered bulk heterojunction; (d) ordered bulk heterojunction.

that the carrier mobility in conjugated polymers in-
creases with carrier concentration.??

4. PV Cells Made from Two Layers of Organic
Semiconductors

The phenomenon of exciton recombination and poor
carrier transport in PV cells has also been observed in
pure films of nonpolymeric organic semiconductors. One
key improvement to the structure of PV cells made from
these films was made by C. W. Tang in 1985 when he
discovered that, by making two-layer PV cells with
organic semiconductors that have offset energy bands,
the external quantum efficiency of PV cells could be
improved to 15% at the wavelength of maximum ab-
sorption.242> By analyzing the shape of the EQE spec-
trum for his two-layer device, Tang deduced that the
improved efficiency resulted from exciton dissociation
at the interface between the two semiconductors. Exci-
tons generated within a few nanometers of the hetero-
junction could diffuse to the interface and undergo
forward electron or hole transfer, as depicted schemati-
cally in Figure 3b. This process of forward charge
transfer led to the spatial separation of the electron and
hole, thereby preventing direct recombination and al-
lowing the transport of electrons to one electrode and
holes to the other. Because there were essentially no
minority free carriers in the undoped semiconductors,
there was little chance of carrier recombination once the
charges moved away from the interface, despite the long
transit times to the electrodes.

Sariciftci et al. first applied this two-layer technique
to a conjugated polymer PV cell by evaporating Cgo 0N
top of a spin-cast MEH-PPV layer.26 In this cell the
MEH-PPV was used to absorb visible light and trans-
port holes to the ITO electrode following exciton dis-
sociation at the interface. The Cgo, with an electron
affinity about 0.7 eV greater than that of MEH-PPV,
was used to accept electrons from the conjugated
polymer and transport them to the aluminum or gold
top electrode. While the initially reported bilayer device
produced ~1.2% EQE at 514 nm and showed only a
slight improvement over pure polymer films, Halls et
al. were able to subsequently obtain 9% EQE with the
same materials by optimizing the thickness of the MEH-
PPV and Cg layers.?” These experiments demonstrated
the concept that, for efficient PV cells to be made from

conjugated polymers, an interface between the polymer
and another semiconductor is necessary to allow exci-
tons to dissociate. However, these experiments also
revealed that, as in the organic PV cell made by Tang,
the excitons in these materials need to be generated
near the interface for dissociation to occur before
recombination. The exciton diffusion length in several
different conjugated polymers has subsequently been
measured to be 4—20 nm.?”731 Because the exciton
diffusion length in a conjugated polymer is typically less
than the absorption length of the material (~100 nm),
the EQE of a bilayer device made with a conjugated
polymer and another semiconductor is ultimately lim-
ited by the number of photons that can be absorbed
within an exciton diffusion length of the interface.

More recently, there have been reports of PV cells
made from bilayers of a conjugated polymer and TiOo,
which is a wide-band-gap (3.2 eV) inorganic semicon-
ductor that accepts electrons from many organic semi-
conductors.2932.33 Savenjie et al. made the first such
device by depositing a thin film of TiO, on a transparent
ITO electrode using a sol—gel route and then spin
casting MEH-PPV on top of the TiO,.% In these cells,
the electrons travel to the transparent bottom electrode
and holes travel to the top electrode, which results in
current flow in the opposite direction from polymer—
Ceo bilayer PV cells. A 1% EQE maximum and a 0.15%
power efficiency under white light were measured.
Arango et al. improved the efficiency of conjugated
polymer—TiO; bilayer PV cells by using a phenylamino-
p-phenylenevinylene derivative (PA-PPV) instead of
MEH-PPV .34 Because of the improved hole mobility and
exciton diffusion length in the PA-PPV, a 25% EQE was
achieved at the absorption maximum of the polymer,
which is very impressive considering the flat interface
between the two layers. A monochromatic power ef-
ficiency of 3.9% was reported at a wavelength of 435
nm for this device.

5. Bulk Heterojunction Conjugated Polymer PV
Cells

5.1. Polymer—Polymer PV Cells. To address the
problem of limited exciton diffusion length in conjugated
polymers, Yu et al.%> and Halls et al.3¢ independently
intermixed two conjugated polymers with offset energy
levels so that all excitons would be formed near an
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interface, as depicted in Figure 3c. They observed that
the photoluminescence from each of the polymers was
qguenched. This implied that the excitons generated on
one polymer within the film reached an interface with
the other polymer and dissociated before recombining.
This device structure, called a bulk heterojunction,
provided a route by which nearly all photogenerated
excitons in the film could be split into free carriers.
Photovoltaic cells made from these blends initially gave
only ~6% EQE at low light intensity, but improvements
arising from the optimization of the device morphology
through a lamination technique and from a better choice
of the electron- and hole-transporting polymers resulted
in PV cells with 29% EQE at 500 nm and 1.9% power
efficiency under the AM1.5 solar spectrum.®’

5.2. Polymer—PCBM PV Cells. Shortly after it was
discovered that a blend of two conjugated polymers with
offset energy levels could be used to separate electrons
and holes and prevent direct recombination in the
polymers, Yu et al. found that, by blending MEH-PPV
with a solublized form of Cgo called (6,6)-phenyl Ce;-
butyric acid methyl ester (PCBM), both total lumines-
cence quenching of the polymer and much better carrier
transport could be achieved.?® This resulted in a dra-
matic improvement in device performance, with external
guantum efficiency reaching 45% under low-intensity
light when 80 wt % PCBM was used. In these PV cells,
both the electron-accepting PCBM and hole-transport-
ing conjugated polymer are in contact with each elec-
trode. Despite the fact that electrons and holes can
reach both electrodes in this system, it is generally true
that the electrons travel to the metal top electrode and
holes travel to the transparent bottom electrode at short
circuit. Although it is not yet fully understood whether
the direction of the photocurrent and the sign and
magnitude of V. result primarily from the built-in field
across the device or from selective contacts that can
remove only one carrier type effectively,’* there have
been three recent studies which have begun to elucidate
the origins of V in this system. One investigation by
Frohne et al. has shown that the work function of the
transparent bottom electrode strongly affects Vg..3°
Another study, performed by Brabec et al., has shown
that V.. shows only a weak dependence on the work
function of the evaporated metal top electrode,'® which
has led to the hypothesis that the Fermi level of the
metal top electrode is pinned to the LUMO (lowest
unoccupied molecular orbital) of PCBM molecules in the
blended film. In a third study, Milhailetchi et al.
observed that the Fermi level is only pinned at the
cathode if the metal’'s work function is less than the
electron affinity of PCBM.40

The conjugated polymer—PCBM bulk heterojunction
is currently the best conjugated polymer-based PV cell.
One significant improvement to this device structure
was made recently by Shaheen et al.,** who found that
the morphology of the blend could be optimized by
casting the polymer and PCBM from a solvent that
prevents long-range phase separation and enhances the
polymer chain packing.*? As shown in Figure 4, this
prevented the formation of isolated regions of polymer
and PCBM in the film and gave the polymer increased
hole mobility,*3 resulting in a device with more than
double the EQE of the previous best device and with
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Figure 4. AFM images of the top surface of 100 nm films of
DMO-PPV—PCBM blends after spin coating from (a) toluene
and (b) chlorobenzene solutions, indicating phase separation
on the order of 500 nm in (a) and less than 100 nm in (b). The
J—V curves under AML1.5 illumination for PV cells made using
these solvents are shown in (c). (Reproduced from Ref. 41 with
permission of the American Institute of Physics).

2.5% power efficiency under AM1.5G conditions. A
second improvement came when it was found that
switching the conjugated polymer from PPV derivatives
to P3HT could give a further increase in hole mobility,*
giving photovoltaic cells with EQE above 70% at the
absorption maximum and 3.5% power efficiency under
white light illumination.

Both of these advances in the polymer—PCBM PV cell
highlight the need for device architectures that give
optimized charge separation and charge transport in the
two phases of a bulk heterojunction. If a high degree
(>95%) of exciton dissociation can be guaranteed in the
PV cell by intermixing the two phases well enough, as
is generally the case in the polymer—PCBM PV cell
because of the high cosolubility of the two constituents,
then achieving high external quantum efficiency will
result from extracting the separated carriers from the
film before the competing process of interfacial recom-
bination can occur. This recombination process, called
back electron transfer, occurs when a hole on the
conjugated polymer recombines with an electron on the
electron-accepting material. For the OC;Cjo-PPV—
PCBM system, this process typically occurs in the first
1-10 us following exciton dissociation, although a small
fraction of the excitations are long-lived and require
milliseconds to recombine.#>46 In conjugated polymer—
PCBM films thicker than 100 nm, this recombination
rate becomes competitive with the transport time for
carriers to reach the electrodes, resulting in recombi-
native loss rather than increased external current.
Because PCBM does not absorb strongly and an 80%
weight fraction of PCBM is required to optimize trans-
port properties, a PV cell with an optimal film thickness
of 100 nm is ultimately limited by the ability of the film
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to absorb light. Forexample, in the case of a 100 nm
film of 20 wt % OC;1C10-PPV and 80 wt % PCBM, only
slightly more than half of the incident photons are
absorbed at the wavelength of maximum absorption.*!
To achieve improved light absorption using films with
an optimal film thickness of several hundred nanom-
eters, it will be necessary to reduce the transport time
for carriers to reach the electrodes. Recent studies of
the transport through these films have indicated that
the holes in the conjugated polymer are less mobile than
the electrons in PCBM, so that it is hole transport which
is competitive with back recombination.#’~5° These
findings seem to have overturned the traditional belief
that the device performance in polymer—PCBM PV cells
is limited by electron hopping between PCBM molecules
and suggest that improved hole mobility will be required
to give higher EQE in these cells.

5.3. Conjugated Polymer—CdSe Nanocrystal Bulk
Heterojunction PV Cells. A third type of bulk het-
erojunction that has achieved impressive efficiency is
the conjugated polymer—CdSe nanocrystal PV cell. This
PV cell has an architecture that is similar to that of the
polymer—PCBM PV cell, except that the PCBM mol-
ecules are replaced by nanocrystals of CdSe. Using CdSe
nanocrystals offers the advantage of having two com-
ponents in the bulk heterojunction that can absorb
visible light (the band edge of bulk CdSe is around 720
nm) and contribute to the photocurrent. In addition, the
shape of the CdSe nanocrystals can be controlled to give
highly elongated molecules, resulting in better pathways
for electron transport.

The first experiments involving blends of conjugated
polymers and inorganic nanocrystals came in 1996,
when Greenham et al. reported PL quenching in MEH-
PPV after intermixing it with 5 nm diameter spherical
CdS and CdSe nanoparticles.?! To obtain PL quenching
in excess of 95% in these blends, the authors found it
necessary to remove the organic ligand trioctylphos-
phine oxide (TOPO) from the surface of the nanopar-
ticles and replace it with pyridine. PL quenching in
excess of 98% was observed when 90 wt % 5 nm
diameter CdSe nanoparticles were blended with the
MEH-PPV. However, in blends with lower weight frac-
tions of the nanoparticles incomplete quenching was
observed. TEM images revealed that phase separation
in the blends was the primary cause for the incomplete
guenching. Photovoltaic cells made by depositing these
blended films on a transparent ITO electrode and using
an evaporated aluminum top electrode produced 12%
EQE under low-intensity light, and a power efficiency
estimated to be around 0.1% under AM1.5G conditions.
The device performance improved as the weight fraction
of nanocrystals was increased, leading the authors to
conclude that electron transport was the limiting pro-
cess in photovoltaic conversion. In a subsequent report,
Ginger and Greenham showed that the ability of the
CdSe nanoparticles to quench the PL in conjugated
polymers depended on the side chain structure of the
polymer.52 Polymers with side chains attached to both
sides of the conjugated main chain showed much less
PL quenching than polymers with side chains on one
side only.

The next improvement in conjugated polymer—CdSe
nanocrystal PV cells came in 1999, when Huynh et al.
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Figure 5. TEM images of PSHT—20 wt % CdSe nanocrystal
blends. In (a) the nanocrystals are 7 nm by 7 nm; in (b) they
are 7 nm by 60 nm. Part ¢ shows the improved spectral
response of devices made from P3HT—90 wt % CdSe nano-
crystal blends as the nanocrystal length is increased from 7

to 30 to 60 nm. (Reproduced from Ref. 54 with permission of
the American Association for the Advancement of Science).

discovered that electron transport in the film could be
improved by using larger, slightly elongated nanocrys-
tals that could pack efficiently within the film.53 The
authors also found that better hole transport could be
obtained using P3HT instead of MEH-PPV. These
changes in device structure produced 16% EQE under
0.48 mW/cm? 514 nm illumination and increased the
device fill factor to 0.5. The concept of using elongated
nanocrystals to give improved electron transport was
extended in 2002,5* when a method was discovered for
making well-blended films of P3HT and CdSe nanorods
with high aspect ratios from a mixture of chloroform
and pyridine.5® With this technique it became possible
to blend CdSe nanorods as long as 60 nm into P3HT,
resulting in much better connectivity between nanorods
than between spherical nanoparticles, as shown in the
TEM images in Figure 5. This resulted in dramatically
improved electron transport and increased the opti-
mized film thickness to around 200 nm. Figure 5 also
shows the spectral response of devices made with
nanorods of increasing length. The highest EQE (55%)
was achieved with the longest nanorods. This device
produced 1.7% power efficiency under AM1.5G illumi-
nation. As in the case of the polymer—PCBM system, it
is now believed that hole transport limits the device
performance in the P3HT—CdSe nanorod system.56
From the shape of the EQE spectrum shown in Figure
5, it can be deduced that both the CdSe nanorods and
the P3HT contribute to the photocurrent in these
devices, thereby extending the edge of the spectral
response to 720 nm.

The most recent research on conjugated polymer—
CdSe nanocrystal PV cells has focused on multidirec-
tional growth of the nanocrystals.>” By using branched
CdSe nanocrystals that have four limbs extending
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tetragonally away from a center linkage point (referred
to as tetrapods), Sun et al. have been able to blend
conjugated polymers with nanocrystals that extend
partially perpendicular to the substrate rather than
lying parallel to it, because of the three-dimensional
shape of the branched nanoparticles.5® Devices made
with an 86% weight fraction of tetrapods blended with
OC;C1p-PPV showed 45% EQE at 480 nm, approxi-
mately double the EQE of a device made with the same
weight fraction of 65 nm long nanorods. The tetrapod
device showed 1.8% power efficiency under AM1.5G
conditions.

5.4. Polymer—Titania PV Cells. A fourth type of
bulk heterojunction PV cell that has recently received
attention is the conjugated polymer—titania (TiO,) PV
cell. Although TiO, does not absorb visible light like
CdSe, it does have some potential advantages over CdSe
and PCBM as an electron-accepting material. The most
attractive aspect of using TiO, with a conjugated
polymer in a PV cell is the fact that the TiO, can be
patterned into a continuous network for electron trans-
port.5960 A continuous network for electron transport
should allow a fairly high volume fraction of the
conjugated polymer to be used in films, as long as the
TiO, and polymer can be structured so that excitons can
be dissociated effectively. Other reasons to use TiO, are
that it is nontoxic, many molecules can be attached to
its surface, and it has been used to make dye-sensitized
solar cells with up to 10% power efficiency.51-63

At present, almost all of the work on conjugated
polymer—TiO; PV cells has involved sintering together
TiO2 nanocrystals and then attempting to fill in the
pores of the nanocrystalline film with a conjugated
polymer, although there has also been one recent study
involving films made by casting solutions that contained
the polymer and a titania precursor.5* The method of
making a thin nanoporous TiO; film and then filling it
in with conjugated polymer has the advantage of
producing two truly bicontinuous phases in the PV cell.
In addition, in a bulk heterojunction that is made by
depositing the electron acceptor and conjugated polymer
separately, it is much easier to prevent holes from
reaching the negative electrode and electrons from
reaching the positive electrode, thus preventing carriers
from going to the wrong electrode. In PV cells made from
conjugated polymers and TiO,, it is generally the case
that electrons are transported to the transparent bottom
electrode because that is the electrode that the TiO; is
connected to; similarly, holes are transported to the top
electrode.®5%6 In these cells it is advantageous to use a
high-work-function metal such as gold as the top
electrode to provide an ohmic contact to the HOMO
(highest occupied molecular orbital) of the polymer.

Arango et al. made the first polymer—TiO; bulk
heterojunction PV cell by sintering together titania
nanocrystals and then spin casting MEH-PPV on top.5567
A gold top electrode was used to extract holes from the
polymer. For comparison the authors made bilayer PV
cells with solid TiO; instead of nanoporous titania. They
found that the EQE at the peak absorption wavelength
of the polymer was 2% and 6% for the devices with solid
and nanoporous TiO,, respectively. They attributed the
enhancement that arises in devices made from nanopo-
rous titania to the increased interfacial area between
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Figure 6. Top-view SEM images of (a) sintered TiO, nano-
crystals and (b) mesoporous TiO,.

the two semiconductors for exciton splitting. However,
given the large fraction (>50%) of incident light that
was absorbed in the device at the wavelength of
maximum absorption of MEH-PPV, the fact that the
EQE in the nanoporous devices only reached 6% indi-
cates that incomplete pore filling was achieved by spin
coating, that excitons in the pores were not split prior
to geminate recombination, or that charge carriers were
not able to escape the region of interpenetrating titania
and polymer prior to back electron transfer. There have
also been several studies of PV cells made with nano-
crystalline TiO, and polythiophene derivatives.8=73 In
some cases a ruthenium dye was attached to the TiO,
before the polymer was infiltrated into the pores. In the
best devices made with these materials, Gebeyehu et
al. observed energy conversion efficiencies as high as
0.16% under simulated solar irradiation.®® A recent
study by Ravirajan et al. using polyfluorene derivatives
and thin (100 nm) layers of nanocrystalline TiO, pro-
duced 14% EQE at low light intensity and 0.16% power
efficiency under AM1.5G conditions.5®

External quantum efficiencies below 15% have been
reported in nearly all of the reported bulk heterojunction
PV cells made from nanocrystalline TiO, and conjugated
polymers. Unfortunately, it is difficult to analyze the
loss mechanisms in these PV cells quantitatively be-
cause there have been few reports that have determined
how fully the conjugated polymer is infiltrated into the
TiO, matrix, and without this knowledge it is impossible
to calculate what the maximum EQE could be for a
given exciton diffusion length in the polymer and
infiltration depth into the TiO,. However, on the basis
of the SEM image of nanocrystalline TiO, shown in
Figure 6, we can at least qualitatively identify one major
loss mechanism in these films: There are too many
large (50—100 nm) domains of empty space in nano-
crystalline TiO; to give sufficient PL quenching of most
conjugated polymers after the polymer has been infil-
trated into the TiO,.

6. Ideal Conjugated Polymer PV Cell Device
Architecture

In all of the bulk heterojunction devices that we have
described to this point, the conjugated polymer and
electron acceptor have been randomly interspersed
throughout the film. In the case of polymer—PCBM and
polymer—CdSe nanorod devices, the random distribu-
tion of electron acceptors can lead to electron trapping
on isolated acceptors unless a large weight fraction of
acceptors is used. In both the polymer—CdSe and
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polymer—nanoporous TiO; devices, the randomly dis-
tributed interface between the two semiconductors can
lead to incomplete PL quenching in the conjugated
polymer in regions of the polymer that are more than
an exciton diffusion length away from an acceptor. For
these reasons, some have sought to create well-ordered
conjugated polymer—electron acceptor films. In an ideal
device structure, as shown schematically in Figure 3d,
every exciton formed on the conjugated polymer will be
within a diffusion length of an electron acceptor, al-
though quantitative modeling has pointed out that some
light emission will still occur in the polymer even if this
is the case.”* Additionally, in the ideal structure both
the conjugated polymer and electron acceptor should
have straight pathways to the electrode to minimize the
carrier transport time and reduce the probability of back
electron transfer. A second strategy for reducing the
probability of back electron transfer is to modify the
interface between the two semiconductors, as has been
done successfully in dye-sensitized solar cells.”76 We
also believe that an ideal structure should be designed
so that each phase of the bulk heterojunction is only in
contact with one of the electrodes, which would help
ensure a high shunt resistance through the device and
prevent carrier loss at the wrong electrodes, although
to some extent this requirement can be mitigated
through the use of highly selective contacts.

Our group recently reported on first attempts at
making ordered bulk heterojunctions using conjugated
polymers and mesostructured TiO,. We first fabricated
well-ordered TiO- films with 8 nm pores using the block
copolymer synthesis route developed by Alberius-Hen-
ning et al.’% A high-resolution SEM top-view image of
a film made with this method is shown in Figure 6.
Although the pores in this film are not perfectly ordered,
the pore size is highly uniform, which is desirable for
the efficient dissociation of excitons. Films made using
this synthesis route have pores that form an intercon-
nected network within the film, but it should be
emphasized that these films do not have pores that go
straight to the bottom of the film. We have shown that
P3HT can be infiltrated into the pores of mesoporous
TiO, very effectively by spinning a film of the polymer
on top of the mesoporous film and then heating the
sample to infiltrate the polymer.”” We measured the
degree of polymer infiltration into the 50—300 nm
mesoporous TiO; films using an X-ray photoelectron
spectroscopy (XPS) depth profiling technique and found
that the polymer chains could be infiltrated to the
bottom of the TiO, film after heating at 200 °C for a
few minutes. Because the pore size in these films is
smaller than the radius of gyration of the polymer chain
and it is likely that the polymer undergoes a conforma-
tional entropy loss as it is infiltrated into the pores, we
hypothesize that a favorable enthalpic interaction be-
tween the polymer chain and the TiO; surface drives
the infiltration. Interestingly, despite the fact that the
pore size in these films was only 8 nm, we did not
observe full PL quenching in the infiltrated P3HT
depending on the infiltration conditions used (Figure
7a). As shown in Figure 7, both the absorption and
photoluminescence spectra of the polymer in the pores
following different infiltration conditions show a blue
shift compared to the spectra of a neat film of P3HT.
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Figure 7. (a) Photoluminescence and (b) absorption spectra
of P3HT in the pores of mesoporous TiO; following infiltration
of the polymer at different temperatures. The spectra of a neat
film of P3HT are included for comparison. All spectra were
recorded at room temperature. (Republication with permission
of Wiley-VCH).

This suggests that the polymer chains are twisted and
not sz-stacked on each other. At this point it is unclear
whether the incomplete quenching resulted from re-
duced exciton mobility on the poorly packed infiltrated
polymer chains, or from the pore size simply being too
large given the small exciton diffusion length that has
been observed in thiophene-based polymers.2°

We have also reported on the photovoltaic properties
of bulk heterojunctions made with mesoporous TiO, and
P3HT, using SnO,:F and silver as the bottom and top
electrodes.”® In the optimized device geometry with the
polymer chains infiltrated approximately 20—30 nm into
the mesoporous TiO, film, we obtained 10% EQE under
514 nm illumination, a factor of 3 improvement in EQE
over devices made with nonporous TiO; (Figure 8). We
estimated that the power efficiency of an optimized PV
cell would be 0.45% under AM1.5G illumination by
integrating the EQE spectrum of the device. We also
found that the EQE of cells made from these materials
dropped if the conjugated polymer was infiltrated more
deeply than 20—30 nm into the mesopores. This indi-
cates that holes generated on P3HT chains infiltrated
deeply into the TiO;, cannot escape from the film before
undergoing back recombination, and that the hole
mobility on the infiltrated P3HT chains limits the device
performance. This is perhaps not too surprising given
the fact that the P3HT chains take a highly nonlinear
infiltration pathway to the bottom of the film. This
conclusion is also corroborated by the spectral data
presented in Figure 7, which indicate that the polymer
chains are unable to z-stack in the strongly confining
pores of the TiO,. We believe that straight pores and
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Figure 8. (a) Device structure, (b) J—V curves under 33 mW/
cm? 514 nm illumination (solid curve), and (c) spectral response
of a P3HT—mesoporous TiO; PV cell. In (b), the 3—V curve of
a device made with nonporous TiO, rather than mesoporous
TiO; is also shown (dotted curve). (Republication with permis-
sion of the American Institute of Physics).

perhaps a larger pore diameter will be required to give
good hole transport in these films, and that this will
lead to improved EQE.

We anticipate the development of several new re-
search efforts soon that will attempt to improve the
efficiency of conjugated polymer PV cells by using better
ordered bulk heterojunctions, with some efforts already
under way.”980 Implicit in this discussion of the ideal
design for a conjugated polymer PV cell is the assump-
tion that the materials needed for this design can
actually be fabricated. Fortunately, there have been
many exciting developments over the past several years
concerning new methods of producing materials that are
ordered on the nanometer length scale, such as the
growth of silicon, GaAs, and ZnO nanowires and CdSe
nanoparticles and nanorods and the fabrication of well-
ordered mesoporous TiO; and SnO; films.”®81-8 Much
of the work on improving conjugated polymer PV cells
over the next several years will undoubtedly involve an
attempt to fabricate nanostructured materials that have
the ideal geometry for exciton dissociation from the
polymer, while simultaneously giving improved carrier
transport in both components of the bulk heterojunction.

7. Prospects for High-Efficiency (10%)
Conjugated Polymer Photovoltaic Cells

Since the discovery of the bulk heterojunction in 1995,
tremendous progress has been made in improving the
efficiency of conjugated polymer-based PV cells, with the
best reported cell now producing above 70% EQE and
~3.5% power efficiency.** Given the 100-fold lower
power efficiencies that were produced in the first
conjugated polymer PV cells a decade ago, a factor of
2.8 improvement to get to 10% efficiency seems almost
trivial. However, some quantitative analysis of the
situation shows that reaching this milestone will require
significant innovation and effort, as we discuss in this
section.
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In the near term, it is likely that research efforts will
continue to be focused on improving carrier transport
in the two phases of the heterojunction, with the
ultimate goal of producing PV cells with EQE greater
than 90% across the wavelength range that is strongly
absorbed by the polymer (450—600 nm). This will
require the fabrication of PV cells that are either thicker
or more light absorbent than currently optimized cells.
For example, we can see from Figure 2 that, in PV cells
made with P3HT as the absorbing material, a 240 nm
film thickness of P3HT will be required to absorb
enough light to make accomplishing this EQE possible,
neglecting a possible enhancement in absorption that
can occur if a reflecting back contact is used. If the light-
absorbing capabilities of the film are reduced by the
addition of transparent or weakly absorbing electron
acceptors, then an even thicker film will be required.
This is one area in which we believe the use of ordered
bulk heterojunctions might be very useful, because in
a bulk heterojunction with straight conduction path-
ways the transport time to the electrodes should be
reduced, thereby allowing a thicker film to be used for
a given back recombination lifetime. In addition, in an
ordered bulk heterojunction it might be possible to use
a smaller weight fraction of the electron-accepting
material in the film, thus improving the light absorption
in the film for a given film thickness. A second route to
achieving higher EQE in conjugated polymer PV cells
is through the development of polymers with higher
carrier mobilities. As mentioned previously, it now
appears that hole transport in the conjugated polymer
is the limiting process in most bulk heterojunction
polymer PV cells. For example, while the electron
mobility of PCBM in an 80 wt % PCBM—0C;C;0-PPV
blend has been shown to be (2—4) x 1073 cm?/(V s),4849
the hole mobilities of OC,C1o-PPV and of a polyfluorene-
based conjugated polymer have both been found to be
only ~2 x 10°% cm?/(V s) in blends of the same
concentration.#”*8 Simple models developed by us and
others®* estimate that, for a 1 us back recombination
time constant and hole-limited transport, a hole mobility
of 1073—102 cm?/(V s) is required to result in an EQE
greater than 90% across the wavelength range that is
strongly absorbed by the polymer. Given that mobilities
of 0.1 cm?/(V s) have been achieved in polymer field
effect transistors, it seems promising that higher hole
mobilities can be achieved in PV cells.

In the long term, however, it is clear that, in addition
to achieving idealized morphology and transport in
these cells, some more fundamental improvements to
the components of the bulk heterojunction will need to
be made to reach 10% efficiency. In the PSHT—PCBM
system, for example, it will not be possible to reach 10%
power efficiency by simply improving the EQE of current
devices, which is already 70%. Using a simple calcula-
tion that assumes 100% EQE for all photon energies
above the 1.9 eV band gap of P3HT, the best possible
P3HT—PCBM PV cell would produce roughly 17 mA/
cm? of photocurrent under AM1.5G illumination. Com-
bined with the open-circuit voltage (550 mV) and fill
factor (0.6) that has been reported for this bulk hetero-
junction,** the resultant power efficiency would be only
5.6%. Thus, it is clear that, for the PBHT—PCBM PV
cell to reach 10% efficiency, significant improvements
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to the device fill factor and open-circuit voltage will need
to be made, and this will require new device designs
that give reduced recombination under forward bias.

In terms of the basic properties of the materials used
in a bulk heterojunction, one area of research which
should be pursued for conjugated polymer-based PV
cells to reach high efficiency is the development of
conjugated polymers and electron acceptors with lower
band gaps than conventional P3HT, OC;C,0-PPV, or
nanocrystals of CdSe.8%8 As mentioned previously, the
thickest P3HT film shown in Figure 2 absorbs only
about 21% of the sun’s photons. If the absorption band
of a conjugated polymer or a polymer—electron acceptor
blend could be extended to the range 350—900 nm (3.5—
1.4 eV) using new chemical syntheses of these materials,
46% of the sun’s photons could be harnessed. This would
effectively double the power efficiency of the best bulk
heterojunction PV cells if the open-circuit voltage and
fill factor of the cell are not adversely affected by the
decreased band gap. This can be ensured to some extent
by maintaining a constant energy difference between
the HOMO of the polymer and the LUMO of the electron
acceptor as one of their band gaps is decreased.

A second area where there is also room for improve-
ment is reducing the energy loss that occurs during
electron transfer. In the P3HT—TiO, system, for ex-
ample, approximately 1 eV of energy is lost when
electrons transfer from the polymer to the TiO,. Figure
9 shows the maximum theoretical efficiency that can
be achieved as a function of the band gap of a conjugated
polymer when electrons lose 1 eV of energy during
electron transfer to an electron acceptor. This plot was
generated by assuming AM1.5G illumination, 100%
EQE for photon energies above the band gap of the
single light-absorbing polymer, a fill factor equal to 1,
and an open-circuit voltage equal to the energy differ-
ence between the LUMO of the acceptor and the HOMO
of the conjugated polymer. This simple calculation does
not consider the reduction in these quantities that must
occur in any real device as a result of the presence of a
nonnegligible dark current.8” Although it is not yet clear
how the effect of the dark current can best be accounted
for in a bulk heterojunction organic PV cell, it must be
emphasized that an inclusion of this effect in our
calculations would result in significantly lower theoreti-
cal maximum efficiencies than the ones shown here.
While the maximum theoretical efficiency for a single
1.9 eV band gap absorber is 32%, the introduction of
an electron acceptor with a 1 eV LUMO offset causes
the maximum theoretical efficiency to decrease to 15%.
Assuming more realistic values for the EQE, fill factor,
and open-circuit voltage that account for reflective losses
and recombinative losses suggests that it will be very
difficult to reach 10% efficiency with these two materi-
als. The concept of the deleterious effect of too much
energy loss during forward electron transfer is extended
in part b of Figure 9, which plots the maximum
theoretical efficiency of a PV cell with an optimal band
gap for a given LUMO offset versus the value of the
offset. These simple calculations make it clear that, for
the highest efficiency to be reached in bulk heterojunc-
tion PV cells, the energy band offset between the
conjugated polymer and electron acceptor will need to
be minimized while still allowing forward electron
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Figure 9. (a) Theoretical maximum power efficiency of a
conjugated polymer—electron acceptor PV cell as a function
of the polymer band gap when 1 eV of energy is lost during
electron transfer. (b) Optimal polymer band gap and theoreti-
cal maximum power efficiency as a function of the energy loss
during electron transfer. The effect of the dark current on the
theoretical maximum efficiency is not included in the calcula-

tions used to generate these plots.

transfer to occur at a sufficiently high rate. This
optimization will require the synthesis of both new
conjugated polymers and new electron acceptors. On
this front one recent report involving a 1.6 eV band gap
conjugated polymer that shows electron transfer to
PCBM despite only a ~0.3 eV LUMO offset is encourag-
ing.86

On the positive side of these calculations is the fact
that, if improved materials and device architectures can
be fabricated, there is no theoretical reason that will
prevent conjugated polymer PV cells from producing
efficiencies that are competitive with commercially
produced crystalline silicon PV cells. Reaching 10—20%
efficiency will come partially from better designed
organic PV cell architectures, but it will also require
the synthesis of new conjugated polymers with smaller
band gaps, wider bandwidths, optimized energy levels,
and higher carrier mobilities. It is these innovations
that will be the key to allowing plastic solar cells to
become a viable energy source for the 21st century.
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