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ABSTRACT: Polymer solar cell devices with nanostructured blend layers have been fabricated using
single- and dual-component polymer nanospheres. Starting from an electron-donating and an electron-
accepting polyfluorene derivative, PFB and F8BT, dissolved in suitable organic solvents, dispersions of
solid particles with mean diameters of ca. 50 nm, containing either the pure polymer components or a
mixture of PFB and F8BT in each particle, were prepared with the miniemulsion process. Photovoltaic
devices based on these particles have been studied with respect to the correlation between external
quantum efficiency and layer composition. It is shown that the properties of devices containing a blend
of single-component PFB and F8BT particles differ significantly from those of solar cells based on blend
particles, even for the same layer composition. Various factors determining the quantum efficiency in
both kinds of devices are identified and discussed, taking into account the spectroscopic properties of the
particles. An external quantum efficiency of ca. 4% is measured for a device made from polymer blend
nanoparticles containing PFB:F8BT at a weight ratio of 1:2 in each individual nanosphere. This is among

the highest values reported so far for photovoltaic cells using this material combination.

Introduction

Photovoltaic devices based on semiconducting poly-
mers have been shown to exhibit high external quantum
efficiencies. Because of the high absorption coefficient,
e.g., compared to silicon, a layer thickness of less than
1 um is necessary to absorb all light, thus allowing for
ultrathin flexible devices. The best efficiencies were
reported for blends or bilayer systems consisting of a
hole-accepting polymer and an electron acceptor, such
as electron-accepting polymers or fullerene derivatives,
relying on the field-induced charge separation between
the two components.?~3 One main problem when using
semiconducting polymers is, however, that excitons
travel at most few tens of nanometers before they decay
radiatively or nonradiatively back to the ground state.
Thus, efficient charge generation requires that most
excitons are generated within a short distance of the
interface between the electron-donating and -accepting
phase.

Since the entropy of mixing of polymers is relatively
low, mixtures of polymers deposited from organic sol-
vents tend to phase separate during the evaporation of
the solvent. The length scale on which this phase
separation occurs depends on a variety of parameters
such as the individual solubility of the polymers in the
solvent, the interaction with the substrate, the layer
thickness, the evaporation speed of the solvent, and the
annealing temperature.*~1° Since a direct and universal
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method to control the phase separation in layers pre-
pared from polymers dissolved in organic solvent did
not exist, most attempts to optimize photovoltaic devices
with polymer blends rely on trial and error. Several
approaches were undertaken to form well-defined and
controlled multicomponent polymer structures on the
nanometer scale including the use of block copoly-
mers.11713 However, this approach is rather limited
because both components have to be connected by a
covalent bond. Therefore, these copolymers have seldom
been used for organic solar cell devices.

Recently, a combination of two polyfluorene-based
polymers has been studied in detail with respect to the
correlation between layer composition, morphology, and
photovoltaic properties.14-22 PEB [poly(9,9-dioctylfluo-
rene-2,7-diyl-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phen-
yl-1,4-phenylenediamine)]?® is known to be a high
mobility hole-transporting polymer, whereas F8BT [poly-
(9,9-dioctylfluorene-2,7-diyl-co-benzothiadiazole)]?* (Fig-
ure la) shows a relatively high electron mobility. The
ionization potentials were measured for F8BT to be
around 5.9 eV 2425 and 5.1 eV for PFB.23 Assuming an
exciton binding energy of 0.3 eV, the electron affinity
can be calculated by subtracting this value and the
optical band gap (2.4 eV for F8BT and 2.9 eV for PFB)
from the ionization potentials. Following these argu-
ments, F8BT should have the lowest unoccupied mo-
lecular orbital (LUMO) at 3.2 eV and the highest
occupied molecular orbital (HOMO) at 5.9 eV, whereas
PFB has a LUMO energy of 1.9 eV and a HOMO energy
of 5.1 eV. Apparently, there exists a relatively large
offset of 1.3 eV for the LUMO levels and of 0.8 eV for
the HOMO levels, which guarantees very efficient
electron dissociation at the interface.
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Figure 1. (a, top) Chemical structures of PFB and F8BT. (b, bottom) Spin-coating either a mixture of different particles or

particles containing a blend of polymers.

Investigations concerning its blend morphology in
relation to the solar cell properties revealed that the
length scale on which phase separation occurs does
strongly depend on the solvent used, the interaction
with the substrate, and deposition conditions.10.14.15.18-21

For example, spin-coating a 1:1 PFB:F8BT solution
from p-xylene leads to a phase separation in the
micrometer range whereas the length scale of the phase
separation for films prepared from chloroform solution
is less than 100 nm. This can be explained by the fact
that the more rapid evaporation of the low boiling point
solvent chloroform compared to p-xylene prevents large-
scale reorganization and diffusion of the polymer chains
and thus leads to a finer scale of the phase separation.

To compare the spectral response of different solar
cells, the external quantum efficiency or incident-
photon-to-converted-electron efficiency (IPCE) is widely
used. It is defined by

no. of electrons _ hClsc

IPCE =0 of photons — eAPy;yp

where 4 is the incident wavelength, Isc the short-circuit
current, e the elementary charge, h the Planck constant,
c the speed of light, and Pjgn: the incident light power.
For the 1:1 PFB:F8BT blends the IPCE was ca. 2 times
larger for layers spin-coated from chloroform (IPCE =
2—4.5%) solution compared to p-xylene solutions (IPCE
= 0.5—1%).1520 Note that devices incorporating only one
kind of polymer exhibited a much lower efficiency of
0.3% (F8BT) or even below 0.1% (PFB).2° The same
group also demonstrated bilayer devices fabricated by
a lamination technique, which achieved IPCE efficien-
cies of up to 1.2%. In up-following studies, the optimiza-
tion of photovoltaic devices had been done by varying

the ratios of PFB and F8BT in layers prepared from
p-xylene solution. It was found that the phase separa-
tion and the external quantum efficiencies were strongly
depended on the layer composition. Highest efficiencies
have been reported for devices containing 5 times more
of the electron-transporting F8BT than PFB.2° On the
other hand, the highest degree of photoluminescence
(PL) quenching (being indicative of efficient exciton
dissociation at the polymer—polymer interface) was
reported for layers comprising of PFB and F8BT in a
ratio of 5:1. For theses layers AFM and Raman micros-
copy investigations revealed a substructure in the
nanometer range in addition to a mesoscale phase
separation.182! Here, one phase is composed of almost
equal proportions of PFB and F8BT whereas the second
is F8BT-rich and consists of 80% F8BT and 20% PFB.

Further analysis revealed that the blend layers can
be described by PFB-rich cylinders surrounded by a
F8BT-rich matrix. Assuming the interface between
those two phases to be cylindrical in shape with a height
equal to the film thickness, a linear correlation was
found between the interfacial area (per unit area of the
layer) and the measured quantum efficiency. In fact, the
1:5 PFB:F8BT layer exhibited the largest interfacial
area of 0.46 um?2 per um? film and the largest IPCE of
ca. 4.5%. It was concluded that charges generated near
this interface are efficiently transported through the
corresponding PFB- or F8BT-rich phases. On the con-
trary, charges generated in the bulk are more suscep-
tible for charge trapping due to the absence of a direct
percolation path for charge transport. Higher efficiencies
of up to 14% could only reached by modifying the
substrate by microcontact printing with self-assembled
monolayers and using isodurene as the solvent.** This
has been attributed to a vertical phase separation.
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In conclusion, these studies clearly showed that the
preparation conditions as well as the layer composition
have a profound and, in part, not predictable effect on
the solar cell properties. Moreover, since the mesoscale
phase separation has been shown to strongly depend
on the blend ratio, an investigation for a given length
scale of phase separation but different blend ratios was
not possible by using layers spin-coated from organic
solvents.

Recently, we proposed a novel approach to polymer
blends based on polymer nanoparticles dispersed in
water, which allows for a direct control of the length
scale of the phase separation.26=28 These nanoparticles
are prepared using the miniemulsion method. In short,
the polymers are first dissolved in a suitable solvent.
Then, water containing a small amount of a suitable
surfactant is added, and the whole mixture is sonicated
for a short time until a homogeneous size distribution
of the droplets of the resulting miniemulsion is reached.
Evaporating of the organic solvent by gently heating the
mixture gives a stable, aqueous dispersion of solid
narrowly distributed polymer nanoparticles, with aver-
age particle diameters in the range from 30 to 300 nm.2°
Most important, this universal preparation method can
be applied to a wide range of polymers as long they are
soluble in a suitable (water-immiscible) organic solvent.
Preliminary studies on nanoparticles containing a blend
of PFB and F8BT revealed that the efficiency of photo-
voltaic devices based on these particles is not dependent
on the solvent used in the miniemulsion process.?8 This
indicated that it is not the Kkinetics of particle formation
but rather the particle size and composition which
controls the device efficiency.

Here, we use the particle approach to impose a fixed
length scale of phase separation in PFB:F8BT layers.
The optical properties of the blend layers composed
either of single-component particles or of particles
containing both polymers in each individual nanosphere
are investigated for different ratios of PFB and P8BT.
These data are used to interpret the dependence of the
solar cell efficiency on the layer composition.

This paper is divided into two parts. In the first part
we present absorption and photoluminescence measure-
ments on dilute dispersions of nanospheres in water
containing a blend of PFB and F8BT in each sphere.
These nanospheres are prepared by the miniemulsion
process starting from either the pure polymer or a
mixture of PFB and F8BT. In the second part we
present a detailed discussion of the properties of solar
cells based on polymer nanoparticles. The two different
approaches to form a nanostructured polymer blend are
compared, either using a mixture of two single-compo-
nent polymer particles or using the two-component
blend particles (Figure 1b).

Experimental Section

Synthesis of the Aqueous Polymer Dispersions. Dis-
persions were prepared from PFB and F8BT polymers, pur-
chased from American Dye Sources. Single polymer solutions
in chloroform or solutions of the two polymers in chloroform
(at 2.5 wt %) were added to an aqueous sodium dodecyl sulfate
(SDS) (100 mg of SDS/10 g of water) solution. After stirring 1
h for preemulsification, the miniemulsion was prepared by
sonicating the mixture for 2 min. The samples were left under
stirring for 30 min at 62 °C to evaporate the chloroform from
the liquid droplets in order to obtain an aqueous dispersion.
To eliminate the excess of surfactant and concentrate the
samples, they were ultrafiltered in centrifuge tubes (Amicon
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Table 1. Compositions and Properties of the Polymer
Nanoparticle Dispersions Containing Different Weight
Ratios of PFB and F8BT

sample weight ratio mass of mass of mean
ID PFB:F8BT PFB (mg) F8BT (mg) diameter (nm)
1_1D53 1:1 35 35 53
1_0D43 1:0 100 43
0_1D43 0:1 100 43
5_1D54 5:1 50 10 54
1_5D40 1:5 10 50 40
2_1D155 2:1 30 15 155
1_2D9%6 1:2 15 30 96
1_2D45 1:2 10 20 45
2_1D49 2:1 20 10 49

Ultra-4 centrifugal filter, 10 000 molecular weight cutoff). The
final dispersions had 7% of solid content and 5% SDS to the
amount of polymer. The particles sizes were measured using
a Nicomp particle sizer at a fixed scattering angle of 90°.

The particle compositions and particle diameters are sum-
marized in Table 1.

Spectroscopy. Absorption spectra were recorded with a
Perkin-Elmer LS 50 luminescence spectrometer. The spectra
were corrected for the transmission of the uncoated glass slides
in the case of film measurements and for the transmission of
the cuvettes in the case of dispersions measurements.

Fluorescence spectra were measured with a Perkin-Elmer
LS 50 luminescence spectrometer. The excitation was incident
at an incident angle of 60° onto the front face of the sample,
and the emission was recorded in reflection at an angle of 30°.

For time-resolved fluorescence measurements, the diluted
dispersions were excited with a mode-locked Ti:sapphire laser
(Tsunami, Spectra Physics) after second harmonic generation
at lex = 392 nm. The fluorescence of the samples was detected
by a streak camera (C5680, Hamamatsu) equipped with an
imaging spectrograph (250is, Chromex). The streak camera
was operated in the sync mode at 80.2 MHz. The time-resolved
measurements were performed using two time windows of
3495 and 1998 ps. The imaging spectrograph was set to a
central wavelength of 590 nm, yielding a total spectral range
of 413.5 Nm < Aem < 819 nm. The time-resolved fluorescence
spectra (TRES) were recorded in the single-photon counting
mode. For each TRES 1000 images (608 ms integration time
each) were accumulated. TRES were evaluated in slices of 10
nm, and the fluorescence decay times were determined using
the lifetime fitting module TA-Fit (Hamamatsu).

Solar Cell Preparation and Characterization. In the
first step, a thin layer of poly(ethylene dioxythiophene) doped
with poly(styrenesulfonic acid) (PEDOT:PSS) (H.-C. Starck)
was spin-coated at 2400 rpm onto glass substrates coated with
indium—tin oxide (ITO) which were purchased from Merck.
PEDOT:PSS is commonly used for organic electronic devices
since it lowers the electrode work function of ITO (4.8 eV) to
ca. 5.1 eV. In addition, it is known to reduce the surface
roughness of the underlying ITO layer and thus the probability
for electrical shorts.

The PEDOT:PSS films were dried by heating on a hot plate
under a nitrogen atmosphere for 30 min at 170 °C. In the
second step, the nanoparticles were spin-coated from the
aqueous dispersions at 4200 rpm, which led to monolayers of
particles as demonstrated in earlier work.?° The layer thick-
ness is then equivalent to the particle diameter. It was also
shown that spin-coating a mixture of particles (fabricated from
different polymers) with roughly the same particle size results
in layers with a statistical distribution of the two kinds of
particles.?® The devices were completed by evaporating a 25
nm Ca layer protected by 100 nm Al at a base pressure of 2 x
1076 mbar. The active solar cell area as defined by the
geometrical overlap between the bottom ITO electrode and the
top cathode was 0.25 cm?.

All device characterization was performed under a nitrogen
atmosphere. The quantum efficiency as a function of wave-
length was measured with an Oriel 150 W Xe lamp in
combination with an Oriel Cornerstone 260 monochromator.
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Figure 2. Absorption (blue) and photoluminescence spectra
(red) of PFB (solid line) and F8BT (dashed line), recorded for
an excitation wavelength of 380 nm.

The number of photons for each wavelength was calculated
by using a calibrated Si diode as reference. The intensity of
the monochromatic light was ca. 10 mW/cm?2. The incident-
photon-to-converted-electron-efficiency (IPCE) was calculated
by the number of electrons leaving the device divided by the
number of incident photons. Current vs voltage 1(U) curves
were recorded with a Keithley 2400 source/measure unit in
the dark and under illumination with the full Xe lamp
spectrum at a power density of 100 mW/cm?. The white light
power was measured with a Gentec pyroelectric power meter.

Atomic Force Microscopy (AFM). AFM micrographs
were acquired in the semicontact mode with a NT-MDT Solver
P47H microscope. High-resolution cantilevers with a typical
curvature radius of 10 nm and a typical resonant frequency
of 255 kHz were used.

Results and Discussion

1. Absorption and Photoluminescence Measure-
ments on Diluted Dispersions. All dispersions and
layers were characterized by optical absorption and
photoluminescence spectroscopy. In particular, the de-
gree of photoluminescence quenching was used as a
measure of the degree of photoinduced charge transfer
between PFB and F8BT. PFB and F8BT are well-suited
for quenching experiments since their absorption and
photoluminescence maxima are well-separated (Figure
2). PFB has its maximum emission at 460 nm, whereas
the F8BT emission peaks at 540 nm.

The following sections present a detailed discussion
of the photoluminescence properties in blend particles
listed in Table 1. All measurements were performed on
diluted aqueous dispersions (solid content about 5 x
10~* wt %) to prevent reabsorption. For the photolumi-
nescence measurements an excitation wavelength of 380
nm, which corresponds to the absorption maximum of
PFB, and of 460 nm, which almost exclusively excites
F8BT, were chosen.

First, the photoluminescence intensities of the single-
component particle dispersions were measured and
normalized to the absorption of the dispersions at the
excitation wavelength. Then, the absorption spectra of
the two-component blend particles were deconvoluted
into the single-component spectra, from which the mass
ratio of the two polymers in the blend particles was
obtained. Based on these data, the expected photo-
luminescence spectra in absence of any quenching were
calculated by adding the emission spectra of the pure
particles in a ratio equivalent to the mass ratio as
obtained above. Finally, the degree of quenching for
each component was estimated as the ratio between
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measured photoluminescence and expected photolumi-
nescence intensity.

As shown in Figure 3a, the PFB emission is severely
guenched as soon F8BT is present in the particle. A
fraction of 1:5F8BT:PFB per weight is sufficient to
guench nearly all PFB emission. The F8BT emission as
a function of PFB concentration shows a more gradual
behavior. Even for particles with a 5/6 PFB solid
content, the emission from F8BT is still 1/5 of its
emission intensity in the absence of quenching.

To get more insight into the dynamics of the exciton
recombination, time-resolved spectra of diluted nano-
particle dispersions were recorded. Using an excitation
wavelength of 394 nm, both PFB and F8BT were
excited. The PFB emission was averaged in a range of
440—480 nm and the F8BT emission in a range of 540—
580 nm. The transients could be fitted with a mono-
exponential decay function with a goodness of fit of 2
< 1.5.

The decay time constant was found to be 500 ps for
the pure PFB particles and 380 ps for the pure F8BT
particles. As shown in Figure 3b, the PL decay of the
PFB emission becomes much faster as soon as F8BT is
present in the particle, consistent with the stationary
PL emission experiments described before. For a ratio
PFB:F8BT of 2:1, the observed PFB luminescence decay
is on the order of the instrument response times. In this
case, the upper limit for the decay time constant is given
by the instrument response of 10 ps. In contrast, the
time constant for the F8BT emission in PFB:F8BT 1:2
blend particles is only reduced to half of its value
measured for pure particles. The time-resolved experi-
ments indicate that the dissociation of a photogenerated
exciton on a PFB chain occurs in less than 10 ps,
whereas the dissociation of photogenerated excitons on
F8BT is nearly 1 order of magnitude slower.

Transient absorption dynamic studies on F8BT have
found a quite small value for the exciton diffusion
constant of D = 2.6 x 1074 cm? s71.22 The exciton
diffusion length | can then be calculated from the
diffusion constant and the measured exciton decay time

constant for F8BT by | = VD, resulting in | = 3.1 nm.
This value is well comparable to the value of | =5 nm
as extracted from the numerical modeling of bilayer
devices.’® Since the diffusion length is very small in
F8BT, the particular particle morphology and the
distribution of interfaces in the material are of special
importance when discussing the dissociation of excitons
formed on F8BT. Unfortunately, no data on the exciton
diffusion length on PFB is presently available.

The data in Figure 3 show a pronounced asymmetry
concerning the dependence of the degree of PL quench-
ing on the particle composition. Apparently, a F8BT
concentration of 20 wt % in PFB is sufficient to dissoci-
ate almost all excitons generated on the PFB phase.
This experimental findings is in agreement with the
previously published theory that the F8BT will easily
penetrate PFB, leading to a very fine scale phase
separation of F8BT in the PFB-rich phase, but not vice
versa.10.18

With respect to the radiative decay of excitons on
F8BT, blending F8BT with 20 to ca. 66 wt % PFB only
gradually reduces the emission intensity, and the PL
efficiency of F8BT remains within 50—70% of the pure
particle value. Moreover, the F8BT decay time is almost
constant for these blend ratios. This is indicative of a
morphology as described above, with a phase containing
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Figure 3. (a) Quenching of the photoluminescence of the PFB phase (blue), excited at 380 nm, and the F8BT phase (red), excited
at 460 nm, for different ratios of PFB:F8BT in each particle. (b) Fluorescent decay times obtained from time-resolved
photoluminescence spectra for the PFB emission (blue) and the F8BT emission (red) (excitation 394 nm) in pure and blend particles
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Figure 4. Absorption (inset) and photoluminescence spectra
of emulsions containing PFB and F8BT in a ratio of 1:2
(excitation of the F8BT at 460 nm). The PFB emission upon
excitation of 380 nm is completely quenched in both cases (not
shown here). The particle diameter was 45 nm (solid) and 96
nm (dashed).

almost exclusively F8BT and a fine scale phase-
separated phase of PFB and F8BT. In this picture, only
a small fraction of excitons generated on the pure F8BT
phase dissociate at the F8BT/PFB interface due to the
small exciton diffusion radius. In contrast, almost all
excitations in the blend phase decay nonradiatively.
Reducing the F8BT concentration in the particle will
then mostly decrease the size of the pure F8BT phase,
while a considerably amount of F8BT is still contained
in the PFB:F8BT mixed phase. In agreement with this
interpretation, both the integrated F8BT emission
intensity and the fluorescence lifetime drop considerably
for a PFB:F8BT ratio of 5:1. Apparently, almost all
F8BT molecules are now contained in the PFB:F8BT
mixed phase.

To provide further information on the mesoscopic
structure of the blend particles, particles containing
PFB and F8BT in a ratio 1:2 were prepared with 45 and
96 nm mean diameter. Both dispersions have similar
weight contents as proven by the nearly identical
absorption spectra, as shown in the inset of Figure 4. If
phase separation occurred on the length scale of the
particle diameters, smaller particles should show a
higher degree of quenching. As shown in Figure 4, the
PL emission intensity of F8BT is considerably reduced
for the 45 nm particles. Further experiments with other

compositions and different particle diameters are in
progress.

2. Nanoparticle Solar Cells. Layers Prepared from
Particle Blends. Photovoltaic devices were prepared with
varying ratios of PFB and F8BT in a range of 5:1 to 1:5.
These devices were compared to the properties of diodes
containing either pure PFB or pure F8BT particles.

Since the glass transition temperature of both poly-
mers is well above room temperature, the particles
retain their spherical shape after spin-coating. There-
fore, the solid particles in the as-prepared layers have
only few contact points In addition, as-prepared layers
exhibit voids between the particles. Therefore, solar cells
from as-prepared nanoparticle layers had low efficien-
cies and high leakage currents. To improve the contact
between the particles and to fill the void in between,
the layers were annealed at 150 °C for 2 h in a nitrogen
atmosphere. As shown in the atomic force microscopy
(AFM) picture in Figure 5, annealing leads to a flatten-
ing of the particles and the formation of a more
homogeneous surface. Because of a tip curvature of 10
nm, the AFM cantilever can only penetrate a small
distance between two particles, such that the actual
particle topography is convoluted with the tip curvature.

The increase in interparticle contact area was docu-
mented by recording PL spectra after annealing at
different temperatures, as shown in Figure 6. As-
prepared layers consisting of PFB particles and F8BT
particles in a ratio of 1:5 exhibit a strong PFB fluores-
cence upon excitation at 380 nm. The emission is only
weakly quenched by adjunct F8BT particles due to the
small interface. After annealing the layer at 150 °C, the
situation changed dramatically. The PFB emission is
fully quenched, whereas the F8BT emission is nearly
unchanged. AFM measurements revealed that at this
temperature the PFB particles have deformed, leading
to a large interfacial area between PFB and F8BT. This
results in an efficient quenching of the PFB fluores-
cence. On the other hand, the F8BT emission is almost
not affected. This lack of quenching of the F8BT
emission is still not fully understood, but we presume
that the small exciton diffusion coefficient of F8BT
imposes a strong limit on the fraction of excitons
reaching the interparticle interface.
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Figure 5. Atomic force microscope (AFM) height image and surface profile of a film prepared from dispersion 2_1D49 before

(left) and after annealing (right) at 150 °C.
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Figure 6. PL spectra of a layer consisting of PFB and F8BT
particles in a ratio of 1:5, before (solid line) and after (dashed
line) annealing of the device at 150 °C under a nitrogen
atmosphere.

Figure 7 shows the incident photon to converted
electron current efficiency (IPCE) as a function of
wavelength of solar cells containing particle blend layers
with different compositions. The spectra roughly re-
semble the spectral features of the both species. It is,
therefore, meaningful to compare the quantum efficien-
cies at a wavelength of 380 nm (where mostly PFB
absorbs) and 445 nm (at which F8BT absorbs almost
exclusively) as a function of layer composition.

As shown in Figure 8a, the highest efficiency (ca. 2%)
was measured for the mixture of particles with the
highest concentration of PFB in the layer. Note that
devices containing only PFB particles showed a much
lower efficiency, well below 0.4%. The IPCE efficiency
of blend devices with excitation at 380 nm decreases
nearly linearly with increasing F8BT content in the
layer. This indicates that the photocurrent at 380 nm
is almost completely determined by the fraction of light
absorbed by the PFB phase. This result is quite surpris-
ing as it suggests that the fraction of excitons generated
in the PFB particles which dissociates into free charges
is constant and independent of the F8BT fraction.
Apparently, all excitons generated within a certain
volume of the particles are able to diffuse either to the
interparticle interface (and dissociate via electron trans-
fer to the F8BT phase) or to the cathode (which then
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Figure 7. IPCE spectra of PFB:F8BT devices prepared from
a blend of different particles (top) and for devices containing
multicomponent blend particles (bottom).

acts as an electron acceptor), independent of the layer
composition. The interpretation that electron transfer
to the cathode contributes to the dissociation of PFB
excitons is supported by the shape of the IPCE spectra:
the peaks in the IPCE spectra of the PFB:F8BT blends
are either red- or blue-shifted with respect to the PFB
absorption maximum. This indicates the presence of
inner-filter effects: At the wavelength of maximum
absorption, the penetration depth of light is smallest,
and most excitons are formed close to the electrode
through which light enters the layer (which is opposite
to the electron-harvesting cathode). For longer (or
shorter) wavelengths, the penetration depth increases,
and a larger fraction of excitons are generated close to
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Figure 8. IPCE at 380 nm (blue) and at 445 nm (red) for (a)
devices with a blend of different particles and (b) for devices
containing a polymer blend in each particle.

the cathode. Note that in contrast to the studies on
conventional blend layers (spin-coated from organic
solvents) the length scale of phase separation in the
nanoparticle layer is constant and independent of the
composition. As a consequence, the probability that
excitons formed on the PFB phase reach the interpar-
ticle interface is the same for all compositions. There-
fore, the IPCE is expected to be solely determined by
the statistical probability that excitons at the particle
interfaces dissociate into free carriers and by the
probability that these carriers are collected by the
electrodes.

Opposed to our expectation, a higher F8BT content
did not lead to a higher efficiency at 445 nm. Appar-
ently, the larger total number of excitons generated on
the F8BT phase for increasing F8BT particle concentra-
tion is accompanied by a strongly decreasing dissocia-
tion probability. This effect can be explained by simple
geometric considerations. For the sake of simplicity we
assume hexagonal packing, where each particle has six
nearest neighbors. It should be noted that true hex-
agonal packing can only be reached for monodisperse
particles (size variation <2%) on a completely flat
surface. This is not the case for these experiments since
there is a small size variation as seen in the AFM
pictures and the ITO substrates with PEDOT/PSS are
quite rough. Nevertheless, a nonideal packing should
have only little influence on the following argumenta-
tion.

Following this consideration, in the PFB:F8BT 5:1
layer the F8BT particles are on average surrounded by
five PFB and only one F8BT particle. On the other hand,
for the 1:5 ratio, nearly all F8BT neighbors are also
F8BT particles, and the dissociation of F8BT excitons

Macromolecules, Vol. 37, No. 13, 2004

by hole transfer to PFB is quite unlikely. We, therefore,
propose that the photocurrent efficiency at 445 nm for
different compositions is largely determined by the
average number of PFB particles in direct contact with
an F8BT particle.

Layers Prepared from Blend Particles. Solar cells
prepared from dispersions containing a blend of PFB
and F8BT in each particle behaved rather different
compared to solar cells prepared from particle blends.
First, as shown in Figure 8b, significantly higher solar
cell efficiencies are measured. Moreover, the highest
efficiency is now found for F8BT-rich blends. Note that
a peak quantum efficiency of 4.2% measured for this
device is among the highest values reported so far for
PFB:F8BT blends, indicating efficient dissociation of
excitons and transport of charges to the electrodes. Also,
the maxima in the IPCE spectra (Figure 7 (bottom))
coincide exactly with the corresponding absorption
maxima of the two polymers. This indicates that inner-
filter effects play a minor role and that exciton dissocia-
tion at the interface to the cathode is insignificant.

The dependence of the IPCE efficiency as a function
of the composition can be understood from the proposed
morphology of the particles, taking into account the
geometric constraints, as shown in Figure 9. To achieve
high IPCE efficiencies, the electron-accepting phase
must be in direct contact to the electron-withdrawing
cathode (and the hole-accepting phase in contact to the
PEDOT:PSS anode). In the case of the single-component
particle blend layer discussed above, this condition is
automatically fulfilled for all compositions. In contrast,
for layers prepared from dual-component blend par-
ticles, the probability to extract both kinds of charges
from the layer depends on the orientation and composi-
tion of the particles. Apparently, the optimum composi-
tion is determined by the condition that both phases
take up approximately equal volumes in the particles.
Since a pure F8BT phase is only formed above a certain
concentration in the particles, we presume that the PFB:
F8BT 1:2 blend (rather than the 1:1 blend) is closest to
this optimum situation. As further expected, the IPCE
efficiency is low for the 5:1 and 1:5 blend particles. In
this case, only a small percentage of the nanospheres
fulfills the conditions for efficient extraction of both
kinds of charges.

As mentioned in the Introduction, it was proposed
that the efficiency of the conventional PFB:F8BT blend
devices increases linearly with the mesoscale interfacial
area.?® According to these results, an IPCE efficiency
of 4.2% as measured here for the best device should
correspond to an interfacial area of 0.42 um? per um?
film area. Up to now, we do not have detailed informa-
tion on the exact phase-separated structure in the blend
particles. In a first step, we have estimated the inter-
facial area for particle layers by assuming that the
blend particles consist of two-half spheres. The inter-
facial normalized to the layer area will then be

7(d/2)2/4/(3/4)d?* = 0.9 for a hexagonal packing of the
particles. This value is roughly a factor of 2 higher than
the interfacial area of 0.42 um? per um? as estimated
above. However, the samples studied by Snaith et al.
exhibited a lateral phase separation, which is the ideal
case with respect to charge extraction. For the blend in
individual particles, the orientation of the interface to
the substrate will be random as pictured in the scheme
in Figure 9. Thus, the active interfacial area is expected
to be half of the value estimated above (0.45 um? per
um? of film).
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Figure 10. I(U) characteristics for a particle blend device
containing 43 nm PFB particles and F8BT particles (blend
ratio 1:2) in the dark (squares) and under white light illumina-
tion (circles) with an intensity of 100 mW/cm?Z.

Current—Voltage Characteristics. Figure 10 shows
typical current—voltage characteristics of a particle
solar cell device in the dark and under illumination. The
fill factor for these devices is in the range of 25%—28%,
and the open-circuit voltage was as high at 1.38 V. All
diodes prepared by the two different approaches for
different compositions exhibited rather similar charac-
teristics, without any obvious differences in the shape
of the I(U) curves. The large open-circuit voltage and
the low dark current indicate that excellent layers
without any void can be formed with spin-coating the
nanospheres. Further, the fill factor is in the range of
the values reported previously for conventional polymer—
polymer blends, and there is no indication for any
additional barriers between the particles and the elec-
trodes. Note that much higher fill factors >40% were
only obtained for devices incorporating strong electron
acceptors such as PCBM,3Ti0,,3° or CdSe,3! possessing
high electron mobilities.

We therefore presume that the only moderate electron
mobility on most electron-accepting polymers is a major
factor limiting the fill factor and thus the power conver-
sion efficiency of polymer-based solar cells.

Conclusion

The possibility to control the dimension of phase
separation in polymer blend layers by using polymer
nanoparticles opens new ways to study the influence of

the layer composition on the solar cell performance. In
layers composed of mixtures of single-component par-
ticles of PFB and F8BT, a laterally phase-separated
structure in imposed, in which the solar cell efficiency
should be mainly determined by the probability that
excitons formed on the two phases dissociate into free
carriers. Further, since the particle size is nearly
constant, the fraction of excitons reaching the interpar-
ticle interface is expected to be independent of the layer
composition. Therefore, the dependence of the efficiency
of these particle blend layers on the layer composition
should be mainly determined by the probability of the
excitons to dissociate at the particle interface. Surpris-
ingly, the external quantum efficiency is highly asym-
metric with respect to the PFB:F8BT ratio. In fact, the
IPCE measured under illumination conditions which
excites excitons primarily on either the PFB or the F8BT
particles decreases almost linearly with decreasing PFB
concentration. We further presume that this particular
effect is due to a rather small exciton diffusion length
on the F8BT phase. As a consequence, the fraction of
excitons on a F8BT particle that dissociate into free
carriers is linearly proportional to the interfacial area
formed by direct contact with adjacent F8BT and PFB
particles.

In contrast, the IPCE of layers prepared from blend
particles containing both polymers in each nanosphere
is rather symmetric with respect to the composition. We
presume that the IPCE of these devices is strongly
determined by the probability that both kinds of charge
carriers generated by the dissociation of excitons on a
blend particle can be extracted to the corresponding
electrodes. This probability should depend on both the
orientation and composition of the particles. Apparently,
the optimum composition is determined by the condition
that both phases take up approximately equal volumes
in the particles. In our layers, the highest quantum
efficiency of about 4% is measured for nanoparticles
with a weight ratio PFB:F8BT of 1:2. This indicates that
a slightly larger amount of F8BT is necessary in the
blend particles to obtain optimum conditions for exciton
dissociation and charge extraction. On the basis of our
photoluminescence results and studies on the morphol-
ogy of conventional PFB:F8BT blends as published by
others, we presume that a certain fraction of the F8BT
polymers are embedded into the PFB phase and that a
separate F8BT phase is only formed above a certain
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concentration in the particles.

Finally, we note that an external quantum efficiency
of 4% measured for devices containing 1:2 PFB:F8BT
particles is among the highest values reported so far
for this material combination. On the other hand, this
value is rather small, considering the almost complete
qguenching of the PFB emission in the blend particles.
On the basis of our spectroscopic studies, we propose
that both the tendency of F8BT to penetrate the PFB
phase and a small exciton diffusion length on F8BT are
the most crucial factors limiting the efficiency of these
devices. Therefore, our future work will primarily focus
on particles prepared from highly immiscible polymers,
allowing for a better control of the particle blend
morphology and thus of the structure of the resulting
polymer blend layers.
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