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Abstract

By controlhng the morpho!ogy of organic and inorganic semrconductors oha molecuiar -
scale, nanoscale p-mjunctions can be generated in-a bulk composite. Such a composﬁe o
is typlca[ly called a hulk hetewjunctlon composite, Wthh can be-considered as one

' virtuat semiconducior comblnmg hé ¢lecirical and optlcal propertiés of the zndlwdual

. “components. Solar cells are one attractrve application for bulk heterqunctron c:omposnes
Conjugated polymers or ollgomers are the favorite ptype semiconductirig clags for these
composites, while forthe nype. Semiconductor, inorganic nancparticles as well as’ orgamc >

- molecules have been |nvest|gated Due to the solubzluiy of the mdiwduai components

_ prmtzng techmques are used io fabricate ‘them.

Keywords conjugared polyme:s hybr:d photovoltarcs mesoporous oxrdes nanopar—
ticles, nanostructure orgamc photovofta.'os phoa‘omduced charge !ransfer

Introduction _ _
The increasing “global consumption of
energy and decreasing fossil fuel regources
are driving research in the area of regener-
ative energy sources. Among the alterna-

tives, solar emergy conversion takes a

prominent role because it is globally avail-
able and imexhaustible, and the electrical
energy can be easily converted to other
energy-transfer media (e.g., hydrogen). It

would be indeed intriguing and highly at- -

fractive to imagine photovoltaic elements
based on thin plastic cairiers, manufac-
tured by printing and coating techniques
and packaged uging lamination tech-
Nigues. Solution-processable organic and
Inorganic semiconductors have a high po-
tential to fulfill these requirements. -
Most organic. semiconductors are .in-
frinsic semiconductors, and the primary
excitation is a Coulomb bound exciton.
Photovoltaic cells made from: single or-
ganic semiconductors therefore achieve
tiny power-conversion efficiencies and
low incident-photon-to-current or external

MRS BULLETIN/JANUARY 2004

quantum efficiencies (EQEs). A solution
was only found in 1995, when several
groups independently showed that the
EQE could be enhanced by several orders
of magnitude by blending two materials
with relative preferences for positive and
negative charges.! The. différence in elec-

tron affinities creates a driving force at the,
interface between the two materials that is -

strong enough to split photogenerated ex-
citons. By blending materials on a nano-
structured scale (~10 nm), the interface is
distributed throughout the device. The
separated charges must then travel through
the appropriate material toward the con-
tacts. The concept of blending p-type semi-
conductors with #n-type semiconductors has
become popular under the name “bulk
heterojunction composites.”

The EQE represents that fraction of
photoexcitations that survive both charge
separation and transport processes. Using
the bulk heterojunction concept, the EQE
has been increased from 29%!? to 50%,2 and

recently an FQE of 80% was reported.?
These impressively high values have been
obtained for blends of con]ugated poly-
mers with fullerenes: :

Solution processing may qualify poly-
meric photovoltaics as an alternative re-
newable energy source. Unfortunately,
overall power-conversion efficiencies
under normalized solar conditions are
low. The highest efficiencies obtained
today are only about 3.5%,* clearly below
the critical 5% benclymark. The main reason
for this disappeintingly low power effi-
ciency despite the high EQE is the spectral
mismatch of the organic absorbers to the
solar spectrum.

Effective light harvesting in a blended
photovoliaic device demands efficient
charge separation and transport. First, the
energy bands of the two materials have to
cascade in order to guarantee charge gener-
ation after photoexcitation. Second, each
material must provide a continuous path
for the transport of separated charge to the
contacts. This demands a highly complex
morphology between the two compounds
with interconnected domains: in the
nanometer scale to prevent trapping and
more ordered regions in the 100 nun scale
to guarantee efficient transport channels.

In the following, we will discuss three
different approaches to the realization of
solution-processable bulk heterojunction
solar cells: one fully organic approach and
two hybrid approaches utilizing inorganic
n-type nanoparticles and p-type semicon-
ducting polymers.

Organic Bulk Heterojunctions
Fullerenes have interesting properties
with respect to crganic photovoltaic de-
vices. They can be processed from sclution,
they are available at high purity, they are
one of the rare environmentally stable
n-type semiconductors, and finally, they
show a sufficiently high electron mobility:

- Among the more intensively investigated

fullerenes are the methanofullerenes, mainly
because of their excellent solubility. In
blends with prototype semiconducting
polymers, photoinduced charge transfer is
observed within 20 fs, while recombina-
tion is significantly slower, typically in the
nanosecond to microsecond regime.

One of the main concerns for bulk
heterojunction composites is the morphol-
ogy of the photoactive layer, namely, the
formation of a nanostructured three-
dimensional interpenetrating network
between the two components. Phase sepa-
ration arid the possible formation of fuller-
ene nanocrystallites are expected to occur
upon film formation by spin-coating or
prinfing techniques. A proper tool to inves-
tigate the morphology of such films in
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the nanoscale is atomic force microscopy
{AFM).

Simply changing the spin-coating sol-
. vent from xylenes to chlorobenzene and
. dichlorobenzene significantly changes the
morphology, as shown by the AFM pic-
tures in Figure 1 in the case of 100-nm-
thick films that consisted of MDMO-PPV
[poly-(2-methoxy-5-(3',7’-dimethyl-
octyloxy))-1,4-phenylene vinylene] and
phenyl-Cé1-butyric acid methyl ester
(PCBM). .

In general, better fullerene solvents
yield smoother films. Xylenes (Figure 1c)
and toluene (not shown) already give rise
to large defects in the form of deep pinholes
(>5 nm, not visible in Figure 1c) and phase
separation in the 100 nm range or more.
For an intermediate solvent {chloroben-
zene, CB, Figure 1b), surface struckures
indicate phase separation and domain for-
mation in the 100 nm range or smaller,
while the best solvent (ortho-dichloro-
benzene, ODCB, Figure 1a) gives rise to an
intimately mixed morphology in the
10 nm scale. o

The characterization of photovoltaic de-
vices (Table I) with an active layer as de-
picted in Figure 1 allows a discussion of
the correlation between morphology and
performance in bulk heterojunction de-
vices. The better photovoltaic devices
with efficiencies (1) exceeding 3% are ob-
tained from the “better” solvents (i.e., CB
and ODCB), due to an increased short-
circuit current {I,) and a better fill factor.
Both I and the fill factor are strongly in-
fluenced by the morphology of the photo-
active blend. An optimal morphology
consists of an interpenetrating network
with a scale of phase separation that
matches the exciton diffusion length and
that also yields pathways for the rapid

transport of carriers out of the photoactive
layer. The exciton diffusion length for con-
jugated polymers is typically in the 10 nm
range or smaller. Assuming a typical car-
rier lifetime (z) of 1 us and an average car-
rier mobility (1) of 1075 em?/V s (as
measured for MDMO-PFV), the carrier
drift length () at a builtin field (E) of
~10° V/em (short-circuit conditions) is
d = pzE > 10 nm. Note that the exciton
diffusion length and the carrier drift
length are in concurrence with each other
with respect to forming an optimum mor-
phology. For efficient charge generation, a
phase separation of the donor and accep-
tor below the exciton diffusion length is
favorable to guarantee complete charge
separation. For the efficient transport of
single carriers, larger domains of pristine
components will reduce scattering and
recombination and enhance transport
properties. Thus, there is only a small di-
mensional window for the optimum mor-
phology. For the specific semiconductors
discussed here, the better solvents seem to
better fulfill these conditions with respect
to morphology. Interestingly, the highest
short-circuit currents are observed for a
morphology with domain sizes between
10 nm and 100 nimn (CB). Too-intimate mix-
ing of the two components (ODCB) might
generate transport losses like frequent
scaftering or irap-assisted recombination.

Controlling the morphology in the
nancmeter regime is a key parameter for
efficient organic photovoltaic devices.

. Two-contradictory mechanisms have to be

compatibilized into one thin-film layer.
Domains that are too large can hamper the
formation of charge carriers (the exciton
diffusion lengths in p-type and n-type
semiconductors), while domains that are
too small can induce transport losses.

Hybrid Bulk Heterojunctions with
“Soluble” Nanoparticles
Semiconductor nanocrystals with diam-

eters in the lower nanometer size range
display three types of properties: first,
properties that can be attributed to their
small size (referred as “molecular proper-
ties” in the following); second, solid-state
properties; and third, mesoscopic phenorm-
ena, only observed in nanoscale materials,
“Mesoscopic™ here means properties that
arise from the fransition from molecules to
bulk crystals. These physical and chemical
properties scale with the size of the par-
ticles (also called the quantum size effect).

_These particular characteristics of semi-
conductor nanccrystals result in some ad-
vantages, enabling many new applications.
Due to their size, nanocrystals resemble
colloids and meoelecular and ionic solutions;
that is, they are transparent, and the par-
ticles form a sediment only very slowly
{within the period of months). This repre-
sents an advantage for the processing of
such colloids, because they can, up to a
certain degree, be treated like ordinary
chemical solutions. A further advantage is
that semiconductor nanocrystals can be
prepared cheaply and in large quantities,
Complex and expensive process steps
such as clean rooms or high-vacuum tech-
niques are not needed. Beyond photovoltaic
applications, semiconductor nanocrystals
can be applied in catalysis, phosphors,
and light-emitting diodes.

Nanoparticle Chemistry. In the early
1990s, the first synthesis methods for
11-VI semiconductor nanocrystals from
organometallic precursors were pub-
lished.® A new feature was the ability to
fune the optical properties by varying the
size and shape of the nanocrystals. Further-

xylol3]

Figure 1. Nanomorphology of organic bulk heterojunclion composites: atomic force microscopy (AFM) images of the surface of
MDMO-PPY:PCBM (1:4 wt. ratio} composites, spin-cast from 0.4 polymer wt.% solutions. MDMO-PPY is [poly-(2-methoxy-5-3, 7
dimettyloctyloxy))-1,4-phenylene vinylane]; PCBM is phenyl-C61-butyric acid methyl ester. Solvents used were (a) ortho-dichiorobenzene
(ODCBY), (b) chlorobenzene (CB), (c} xylenes. The gray scale bars to the right of the images indicate the height of the features shown.
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Table i: Photovoltaic Parameters of MDMO-PPV:PCBM (1 :4) Devices.

Open Circuit Short-Circuit
Voltage, V. Current, L, Power Efficiency,
, (mV) {mA/em?) Fill Factor 1 (%)
- Ortho-dichlorobenzene 796 4.46 0.5171 2.294
Chlorobenzene 802 537 0.5628 3.034
Xylenes 816 416 0.4922 © 209

Notes: MDMO-PPV is [poly-(2-methoxy-5-(3, 7-dimethyloctyloxy))-1,4-phenylene vinylene]. PCBM
is phenyl-C61-butyric acid methyl ester. lllumination = 80 mW/cm? white light (AM1.5 solar
simulator, 55°C). Efficiencies are uncorrected for the mismatch between the spectrum of the solar

simulator and the true AMT.5 spectrum.

more, the surfaces could be easily modi-
fied; paving the way for many novel
electro-optical and biomedical applica-
tions. Preparations for chalcogenides of
the transition metals and -V semicon-
ductors such as GaAs and InP were puh-
lished, and first papers reported the
successful preparation of ternary systems.

Nanocrystals tend fo expel impurities.
Due to this self-cleaning effect, no ulira-
cdean conditions are required for their
preparation. The chemical (molecular)
propetties of colloidal nanocrystals are
primarily determined by their sarfaces.
Therefore, nanocrystals can be dissolved
in nearly every solvent by appropriate
surface modification. With respect to photo-
votaic devices, the particle surface in-
duces the p-n junction and therefore
should not be passivated for charge trans-
fers. While solution processing is a clear
advantage over solid-state solar cells, the
depletion effect, or formation of a charge-
carrier-depleted zone at the semiconduc-
tor interface, in mixed nanocrystal/
polymer solutions can be a problem. In
some cases, the addition of surfactants or
modification of the polymers could be-
come necessary.

Nanoparticle Physics. Charge transport
within the components and charge transfer
between polymers, electrodes, and nano-
crystals are crucial for the functionality
and efficiency of hybrid photovoltaic de-
vices. The charge-transport properties are
primarily characterized by the carrier mo-
bilities and doping of the semiconducting
materials; the charge transfer between the
Components is primarily characterized by
the bandgap, .the band-edge positions,
and the properties of the p—n junction.
Generally, the rather low intrinsic mo-
bility of organic semiconductors is re-
garded as a disadvantage with respect to
photovoltaic applications. In" inorganic
semiconductors, much higher mobility
can be observed. Therefore, solution-
Processable nanoparticles are a sound al-
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ternative for photovoltaic applications.
Recently, CdSe nanocrystals® were used in
blends with p-type conjugated polymers
le.g., poly(3-hexylthiophene), P3HT] to
create novel, nanostructured hybrid bulk
heterojunction solar cells.

A further important parameter is the
bandgap of the material. Photons with en-
ergy higher than the bandgap are broadly
absorbed by inorganic semiconductors
{also nanocrystals), in contrast to organic
molecules, which usually display a rela-
tively narrow absorption feature. Further-
more, the absorption characteristic of the
cell can be optimized by choosing a semi-

conductor with the appropriate bandgap. .

The bulk bandgaps of the mentioned ma-
terials are E, = 1.75 eV (CdSe, 293 K),
1.33 eV (CulnS,, 300 K), 149 eV (CdTe,
300 K) and 1.34 eV (InP, 300 K). From this
point of view, all of these semiconductors
are well suited to photovoltaic applications.

The bandgap of semiconductor nano-
crystals scales with the size of the particles.
This is observed when the crystal size falls
below the size of the Wannier—Mott exciton
within the material. In this case, the Bohr
radius of the exciton is confined by the
size of the nanocrystal. This effect results
in an increasing effective bandgap with
decreasing particle size. Figure 2a displays
this effect, using CdSe nanocrystals of dif-

ferent sizes. Along with the increasing ef--
fective bandgap, the absorption edge is *

blue-shifted with decreasing particle size
(from left to right4n the figure). In order to
enable a spontaneous charge transfer be-
tween the hole-conducting polymer and
the nanocrystals, the ionization potential
I, and electron affinity E, have to be taken

into account. With respect to the electro-

chemical potential scale, I, and E, incréase
with decreasing nanocrystal size (Fig-
ure 2b); here, the nanocrystal size decreases
from right to left: (a} 3.23 nm, (b) 3.48 nm,
(¢) 3.73 nm, and (d) 3.80 nm. If these po-
tentials do not meet the photovoltaic re-
quirements, the particle size can be tuned,
another semiconductor can be chosen, or

)
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Figure 2. Size effects in colloidal
nanocrystals. (a} Photograph of
different-sized CdSe nanocrystal
colloids in chloroform. The
photoluminescence was excited with a
UV lamp at 355 nm. (b) Schematic
diagram of the electrochemicafly
determined fonizalion polentials | o and
eleciron affinities E,, of four different
sizes of CdSe nanocrystals: a, 3.23 nrr;
b, 3.48 nm; ¢, 3.73 nm; d. 3.80 nm.
AglAgNO;, is a reference elecirode.

the hole-transporting polymer can be
changed.

Nanoparticle Applications to Bulk
Heterojunction Solar Cells. Similar to the
fully organic devices, the nanostructured
morphology of the nanoparticle~polymer
blend is critical in determining device per-
formance. Noi surprisingly, the highest
performance was found for nanoparticles
with a rodlike shape, which allow for
longer electron drift lengths within the
nanoparticle. Alivisatos et al.® demon-
strated recently that cylindrical CdSe
nanorods with lengths of 50 nm or more
significantly improved the photovoltaic
performance, as compared with small
spherical nanoparticles. Subsequent opti-
mization of the nanoparticles with respect
to their transport properiies”as well as
careful selection of suitable p-type poly-
mers such as P3HT® yielded devices with
an FOQE of nearly 60% and a power con-
version efficiency of 1.7%, impressively
confirming the validity of the hybrid bulk
heterojunction concept.

Compared to the ideal heterojunction
system described earlier, none of the solar
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cells published so far fulfills all of the cri-
teria necessary for high power-conversion
efficiencies. However, on the basis of these
first prototype systems, and given the
huge optimization potential of further
tuning the electro-optic properties of the
components, rapid future improvements
are likely fo come.

Hybrid Bulk Heterojunctions with
Sintered Nanoparticle Networks
Metal oxide semiconductors such as
TiQ, are well known for the photocatalytic
properties of their surfaces. Correspond-
ingly, the interface between a metal oxide
and a conjugated polymer is a potential
exciton-dissociating and charge-generating
heterojunction. This brings about the pos-
sibility of fabricating hybrid metal oxide/
conjugated polymer solar cells. As with
bulk heterojunction solar cells based on
blends of conjugated polymers with
fullerenes or nanocrystals, an exciton gen-
eratedd in the polymer must be within
about 10 nm of an acceptor interface in
order for it to be able to diffuse to that in-
terface and be dissociated. A composite
structure consisting of a conjugated poly-
mer intercalated into the pores of a meso-
porous metal oxide can provide the
nécessary morphology to dissociate all the
excitons generated in the polymer.
Mesoporous metal oxides can be
excellént charge-transfer networks, as
demonstrated by the liquid electrolyte
dye-sensitized solar cell” In this device, a
monomolecular layer of dye is chemi-
sortbed onto the surface of mesoporous
TiO,. A liquid electrolyte solution of an
iodine/ trliodine redox couple dissolved
in‘an organic solvent is used to fill the free
spaces of the pores and makes contactto a
platinumm-coated counter electrode. In the
operation of the device, the dye molecules
absorb. light and inject elecirons into the
TiO,. The oxidized dye molecules are sub-
sequently reduced by a reaction with the
redox species in solution. Transport of the
charges out of the device occurs by diffu-
sion -of electrons through the TiO, and
diffusion/ionic conduction of the redox
species to the counter electrode. These de-
vices have achieved 10% efficiency under
solar illumination; however, the use of a
~liquid electrolyte makes them difficult to
fabricate on a large scale. Solid-state ver-

sions have been fabricated by replacing .

the liquid electrolyte with an optically
transparent hole-transporting polymer}
polymer electrolyte,” copper salt,”® or mo-
lecular hole transporier, with the last
achieving efficiencies of more than 3%.
One of the limiting factors in the per-

formance of these solid-state dye-sensitized

solar cells is that a sufficient number of

dye monolayers is ﬁecessary for a high op-
tical density. Thus, the devices must be

made several micrometers. thick. How- .

ever, transport of holes through an organic
semiconductor of this thickness is difficult
without the presence of strong electric
fields. A conjugated polymer/mesoporous
metal oxide composite device is therefore
an attractive alternative. Since conjugated
polymers have high optical absorption
coefficients {>10° ¢m™), a composite de-
vice that is 50% polymer and 50% metal
oxide, for instance, can be a few hundred
nanometers thick and still absorb nearly
all incident light at peak absorption
wavelengihs. '

Several studies on fabricating such de-
vices have been performed to date. The
mesoporous metal oxide structure can be
fabricated first by solution casting and sin-
tering of nanoparticles, followed by inter-
calation of the conjugated polymer into
the ‘porous structure by spin coating or
soaking in solution. The thermodynamics
of polymer intercalation into porous media
is governed by several driving forces.
Osmotic pressure drives polymer chains
into the pores. However, the entropic force
is opposite due to the reduced number of
configurational states available to the
confined polymer. The force that can tip
the scales in ejther direction is an en-
thalpic drive arising from a strong atfrac-
tive interaction between the polymer and
the pore surface, such as one associated
with a polar surface and a polarizable
polymer.

A strong motivating factor for research
on conjugated polymer/metal oxide com-
posite devices is the remendous amount
of recent progress on low-cost, solution-
based synthetic routes to novel metal oxide
nanostructures.'? Fabrication of nanotubes
and nanorods has been demonstrated for

" a wide range of oxides, including TiO,,

7ZnQ), 5n0,, and GaO, by means of hydrol-
ysis or thermal decomposition pathways
of precursors in solution (Figure 3). These
can often be nucleated on the surface of the
substrate and grown vertically, opening
up the possibility of fabricating nanostruc-
tures that are optimized for transporting
charges to the electrodes.

Conclusion

Nanostructured p—# junctions are a rel-
atively new approach fo designing low-
cost photovoltaic devices. A wide class of
solution-processable semiconductors, both
imorganic and organic, have become avail-
able. The main attraction of this technology
originates in its huge potential for solution
processing. First results with respect to
photovoltaic devices are encouraging, and
better control over morphology on the

200 nm

Figure 3. (a)—(c} Scanning electron
microscopy images of @ nanoporous
8n0, network at different resolufions.
The struciure was fabricated by
spin-coating an aqueous solution of
Sn0, nanoparticles (diameter, ~8 nmj}
blended with polystyrene spheres
(diameter, ~ 100 nm). Sintering the film
at 450°C in air burned away the
polystyrene spheres and caused the
8nQ, nanoparlicles to fuse together to
form a continuous network.

nanometer scale is expected to bring fur-
ther pe_rformance improvements. ;
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