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Significant progress is being made in the photovoltaic energy conversion using organic semiconducting
materials. One of the focuses of attention is the morphology of the donor-acceptor heterojunction at the
nanometer scale, to ensure efficient charge generation and loss-free charge transport at the same time.
Here, we present a method for the controlled, sequential design of a bilayer polymer cell architecture
that consists of a large interface area with connecting paths to the respective electrodes for both materials.
We used the surface-directed demixing of a donor conjugated/guest polymer blend during spin coating
to produce a nanostructured interface, which was, after removal of the guest with a selective solvent,
covered with an acceptor layer. With use of a donor poly(p-phenylenevinylene) derivative and the acceptor
C60 fullerene, this resulted in much-improved device performance, with external power efficiencies more
than 3 times higher than those reported for that particular material combination so far.

Introduction

The emerging field of organic semiconductor materials
stimulates new approaches to the production of efficient low-
cost photovoltaic devices.1-4 State-of-the-art organic solar
cells are commonly fabricated from a combination of an
electron-donor and -acceptor material with suitable redox
energy levels, sandwiched as a thin (e200 nm) film between
metallic electrodes.5,6 Photoexcitation of the organic material
leads to an exciton, or a bound electron-hole pair. The
exciton is then dissociated into free carriers in a strong
electric field or at the donor-acceptor interface.7,8 Subse-
quently, electrons and holes are transported via drift and
diffusion processes to the electrodes, where they are col-
lected, giving rise to an electric current.3,9 The yield of charge
generation and charge collection determine the device

efficiency. The small (∼10 nm) exciton diffusion length of
organic materials requires that the donor and acceptor
materials interpenetrate on a small scale since excitons that
are generated far away from the interface will not be able to
generate charges before recombination. However, the trans-
port of the separated charges must be ensured as well, and
each material must provide a continuous path along which
the charges can be readily transported to their respective
contacts.

The small geometrical interface of the planar double-layer
heterojunction solar cell5,10 is not optimized for charge
generation; however, the created charges are spatially
separated and largely confined to the donor and acceptor side
of the interface, and charge recombination losses are reduced.
The bulk heterojunction consists of an interpenetrating
network of donor and acceptor material.6,11-14 This config-
uration decreases the distance an exciton must travel to reach
an interface, diminishing the loss mechanism of exciton
recombination. However, while on transit to the electrodes,
charges have the possibility of meeting an opposite charge,
resulting in enhanced recombination and reduced current.
Carrier mobility in the blend is usually reduced,7,8,10and the
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cell series resistance is high due to the occurrence of charge
traps, space charge buildup, and charge recombination at high
illumination intensites.8,9,15The controlled self-organization
at the nanometer scale during and after blend film formation
depends strongly on a number of fabrication parameters that
need to be optimized for each and every new material
combination.3,4,16 In the best bulk heterojunction devices, a
soluble C60 derivative (PCBM) has been used with conju-
gated polymers. For a poly(p-phenylenevinylene) derivative,
power-conversion efficiencies of 2.5% have been reported,17

and with use of poly(3-hexylthiophene) as the electron donor,
solar cells approaching the 5% efficiency benchmark have
been demonstrated.6,14,18

Recent efforts in manipulating and controlling the structure
of organic thin films tried to combine the high efficiency of
charge generation of the bulk heterojunction with the low
resistance to charge transport of the planar heterojunction
in a single-device configuration. For polymer-based systems,
laminated double-layer arrangements, heat-induced interdif-
fusion, or selective dissolution has been used to create
bilayers with highly folded, or intercalated, heterojunctions.19-21

With use of small organic molecules, device concepts
consisting of a mixed layer of donor and acceptor molecules
sandwiched between homogeneous layers, such as the

controlled growth of a molecular bulk heterojunction using
organic vapor-phase deposition, have proven exceptionally
successful.7,15

Here, we apply the phenomenon of polymer demixing
during spin coating to produce nanostructured, semiconduct-
ing polymer films and demonstrate their use to produce
efficient heterojunction organic solar cells that consist of a
large interface area between the donor and acceptor with
connecting paths to the respective electrodes for both
materials at the same time. A scheme of the fabrication
process is shown in Figure 1. Blends of semiconducting
polymer and polystyrene (PS) were used to spin coat active
thin structured films. Unlike previously22 where PS was used
as an additive, its role in this work is a sacrificial one since
after spin coating PS was removed to take advantage of the
structured semiconducting film. To verify the concept, we
used the archetypal material combination20,21,23-27 MEH-
PPV (poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene-
vinylene]) and C60 to produce solar cells in both the planar
and structured, interface-enhanced configuration. Structured
devices showed white light efficiencies up to 0.64%, and
the monochromatic power conversion efficiency reached
2.97% at 480 nm. These values are∼3 times higher than
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Figure 1. Schematic diagram describing the fabrication process of an interface-enhanced bilayer film, and the final photovoltaic device. (a) An immiscible
semiconducting polymer/guest polymer mixture is spin-coated from a common solvent. (b) Polymer demixing during spin coating results in a vertically
segregated bilayer thin film with a rough, nanostructured interface. Subsequently, the guest polymer is removed using a selective solvent. The remaining
semiconducting polymer is covered with a layer of a second, active component. This can be done either via spin coating (c), again from a selective solvent,
or via thermal evaporation (d). (e) Cross section of the actual device structure. The guest polymer was polystyrene, which was selectively removed with the
solvent cyclohexane. Interfaces are represented as experimental cross sections from atomic force microscope images.
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results for planar devices and the highest efficiencies reported
for that material combination so far, including bulk hetero-
junctions.

Experimental Section

Photovoltaic devices were fabricated in a sandwich structure
between indium tin oxide (ITO, anode) and aluminum (cathode).
ITO-coated glass substrates (Merck, sheet resistance 30Ω square-1)
were cleaned in a laminar flow hood by successive ultrasonic
treatment in acetone, ethanol, detergent (Hellma), and Milli-Q water.
A 80 nm thick layer of poly(ethylene dioxythiophene) doped with
polystyrene sulfonic acid (PEDOT:PSS, Bayer) was spin-coated
on top of ITO. After being heated on a hot plate for 1 h at 120°C
under vacuum, the substrates were transferred to a nitrogen-filled
glovebox (<1 ppm O2 and H2O). Poly[2-methoxy-5-(2′-ethylhexyl-
oxy)-1,4-phenylene-vinylene] (MEH-PPV,Mn ) 40 000-70 000,
Aldrich) was purified by dissolving in THF (1 g 100 mL-1),
followed by filtration, precipitation in a tenfold excess of methanol,
and drying in a vacuum oven at 65°C. Stock solutions of MEH-
PPV (5 mg mL-1) and polystyrene (10 mg mL-1, PS, GPC
standards from Fluka with molecular weights of 3000 and 70 000,
denoted as PS3 and PS70, respectively) were prepared in chloroform
(CF) and chlorobenzene (CB). For planar bilayer devices, a MEH-
PPV film with a thickness of typically 30 nm (measured with a
profilometer from Atomic Force) was spin-coated from CB onto
PEDOT:PSS. Blended films were prepared by mixing together
different quantities of MEH-PPV and PS stock solutions before
spin coating. If necessary, the blend solution was diluted to adjust
the final MEH-PPV film thickness to∼30 nm. PS was then
removed by dipping the substrate for 1 min into cyclohexane.
Devices were kept in high vacuum (∼9 × 10-7 mbar) for at least
2 h prior to the sublimation of a 40 nm thick layer of C60 (99.95%
purity, SES Research). Then, 40 nm of Al was thermally evaporated
as the top contact, providing devices with active areas of 7.1 or
3.2 mm2, respectively. Substrates were rotated (2 rpm) for the
deposition of C60 and Al.

A homemade airtight transfer box was used to keep the devices
under N2 during characterization. The quantum efficiency as a
function of wavelength was measured with a 300 W xenon lamp
in combination with a Cornerstone 130 monochromator (Oriel). The
light spot area was 12.6 mm2 and the number of photons for each
wavelength was calculated by using a calibrated Si diode as
reference. Internal photon-to-electron conversion (IPCE) values
were calculated as IPCE) 1240× J × λ-1 × Pin

-1, whereJ (A
cm-2) is the measured photocurrent density andPin (W cm-2) is
the incident light power at each wavelengthλ (nm). Current vs
voltage curves were recorded with a Keithley 2400 source/measure
unit in the dark and under white light irradiation using the full Xe
lamp spectrum and an AM1.5G filter set with a power density of
56.6 mW cm-2 (measured with a thermopile power meter, Oriel).
Power efficiencies were calculated asη ) FF× Jsc × Voc × Pin

-1,
whereJsc (A cm-2) is the short-circuit current,Voc (V) is the open-
circuit voltage, FF) Vm × Jm × Voc

-1 × Jsc
-1 is the fill factor,

andVm andJm are current and voltage for maximum power output.
No corrections were made for losses due to absorption and reflection
of incident light illumination at the glass/ITO/polymer interfaces.

Atomic force microscopy (AFM) measurements were performed
on a Digital Instruments Multimode Scanning Microscope (Nano-
scope III) in tapping mode using etched silicon probes with tip
radii of ∼10 nm. For experimental convenience, mica (1 cm× 1
cm) was used as a substrate, on which a 80 nm thick PEDOT:PSS
layer was spin-coated. For accurate comparison, the film preparation
conditions for AFM measurements were kept the same as those

for the photovoltaic devices. Dissolution of PS from blended films
was investigated with a UV-vis spectrophotometer (Varian Cary
50). The absorption spectrum of a 80 nm thick PEDOT:PSS layer
spin-coated on quartz glass was the baseline for these measurements,
and the spectrum of a single layer of MEH-PPV on PEDOT:PSS/
quartz was used as the reference. Blend solutions of MEH-PPV
and PS were then spin-coated on the same substrate, and films were
kept in cyclohexane for different periods. The decrease of the
absorption in the 200-250 nm range was used to follow the
dissolution of PS, and the constant absorbance in the 400-600 nm
range showed that MEH-PPV was not affected by cyclohexane.
Fluorescence measurements were performed on a Fluorolog-3
spectrofluorometer (Jobin Yvon Horiba) in front-face detection
mode.

Results and Discussion

Thin films (∼30 nm) of MEH-PPV were prepared on
PEDOT:PSS-coated (∼80 nm) ITO glass substrates. Struc-
tured layers were prepared by spin coating blends of MEH-
PPV and polystyrene (PS), dissolved in chlorobenzene (CB),
chloroform (CF), or mixtures of CB and CF. After spin
coating, PS was removed with the selective solvent cyclo-
hexane. We used PS with different molecular weights (Mn

) 3000 and 70 000, denoted as PS3 and PS70, respectively),
different blend ratios and solvent mixtures to study the
surface-directed polymer demixing process, with the aim to
obtain MEH-PPV topographical structures with dimensions
of the exciton diffusion lengths for both materials (7-40
nm).8,10,28Approximately 40 nm thick layers of C60 and Al
were subsequently evaporated on MEH-PPV, to yield device
structures such as the one shown in Figure 1.

Spin coating the MEH-PPV/PS polymer blend in a
controlled manner is the central aspect for the successful
realization of this device configuration. Mixtures of polymers
deposited from a common solvent tend to phase separate
during evaporation of the solvent. However, during spin
coating the solvent evaporates quickly, and the demixing is
not complete. The domain sizes of the three-dimensional
morphology and surface topography of the film can be
controlled by varying parameters such as solvent,29 polymer
size,30 concentration,31 and the rate of evaporation.32 In
contrast to polymer demixing in the bulk, the substrate also
has a strong influence on the morphology,33 and surface-
oriented phase separation can be induced, which leads to
wetting layers of either of the two components.29,33

Figure 2 shows selected AFM images and cross sections
of patterned MEH-PPV films after PS removal. Films were
spin-coated on PEDOT:PSS and thus developed the same
morphology as in the actual device fabrication process. We
observed a strong demixing of the two phases during spin

(28) Markov, D. E.; Tanase, C.; Blom, P. W. M.; Wildeman, J.Phys. ReV.
B 2005, 72, 045217.
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coating and a preferential aggregation of the more polar
MEH-PPV at the surface. A film spin-coated from single
MEH-PPV is almost planar (Figure 2C(a)), but PS induced
a significant increase of the polymer-polymer interface
roughness with characteristic topographical variations left
in the MEH-PPV films. For identical polymer ratios and
solvents (Figure 2A vs 2B, Figure 2C(b) vs 2C(f)), PS70
resulted in more pronounced topographical undulations with
lateral length scales of∼200 nm and thickness variations of
∼10-30 nm, whereas the surfaces using PS3 appeared
smoother with irregular height fluctuations of∼5 nm. This
can be explained with the less favored demixing using higher
molecular-weight polymers.30 The roughness dimensions of
the interface topography increased also for increasing PS
contents, illustrated when spin coating a blend of 20% MEH-
PPV with a high fraction of 80% PS3 (Figure 2C(e)). When
the solvent is changed from CB to CF, the serrated surface
(Figure 2C(b)) changed to a topography with distinct craters
(Figure 2C(d)). These films were spin-coated with PS3, but
the same trend was observed for PS70. With use of a 50%
CB to 50% CF solvent mixture for PS70 (Figure 2B), spin
coating resulted actually in deep holes with dimensions (∼30
nm) of the film thickness. This indicates a pointwise lateral
demixing that did not occur when CB was used as the single
solvent (Figure 2C(f)). Comparable AFM images were
obtained after storage in the glovebox for several weeks,

indicating the stability of topographical features in these
structured thin films.

These experimental findings seem to agree with the model
of the polymer demixing process recently developed by
Heriot and Jones.34 The initial phase separation takes place
in a surface-oriented fashion forming a transient bilayer,
followed by the potential breakup of the layers because of
interfacial instability. It was suggested that the instability
arises because of a solvent-concentration gradient through
the film, which will be more pronounced for fast evaporating
solvents (such as CF). Figures 2B and 2C(d) can then be
interpreted as the early stages of the lateral demixing process.
For a slowly evaporating solvent (such as CB), solvent
diffusion will be able to maintain a spatially uniform solvent
concentration, removing the driving force for interface
instability. Therefore, the topographies in Figures 2C(b,f)
appear smoother with probably random height variations.
Finally, Figure 2C(c) illustrates the intermediate stage when
using a 50% CB to 50% CF solvent mixture.

Lateral demixing is undesired for efficient photovoltaic
devices. This is because covering of the second active organic
layer will then contact both electrodes at the same time.
These direct paths between cathode and anode act as a shunt
resistance in parallel with the active part of the device,

(34) Heriot, S. Y.; Jones, R. A. L.Nat. Mater.2005, 4, 782-786.

Figure 2. Atomic force microscope (AFM) images and cross sections of spin-coated thin films after polystyrene (PS) removal. (A) 3D height image from
a MEH-PPV/PS (Mn ) 3000, denoted as PS3) blend (1:2 w/w) dissolved in chlorobenzene (CB):chloroform (CF) (1:1 v/v). (B) 3D height image from a
MEH-PPV/PS (Mn ) 70 000, denoted as PS70) blend (1:2 w/w) in CB:CF (1:1 v/v). (C) Cross sections of AFM height images from a (a) MEH-PPV-only
film, (b) MEH-PPV/PS3 blend (1:2 w/w) in CB, (c) MEH-PPV/PS3 blend (1:2 w/w) in CB:CF (1:1 v/v), (d) MEH-PPV/PS3 blend (1:2 w/w) in CF, (e)
MEH-PPV/PS3 blend (1:4 w/w) in CB:CF (1:1 v/v), (f) MEH-PPV/PS70 blend (1:2 w/w) in CB. Average maximum heights of the profiles wereRz ) 2.3,
3.1, 6.3, 7.3, and 28 nm for images C(b)-C(f).
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resulting in a lowering of the open-circuit voltage.9 Devices
were therefore fabricated using structured MEH-PPV layers
as shown for example in Figures 2C(b,f). The internal
photon-to-current conversion (IPCE) spectra are summarized
in Figure 3. Compared to the planar bilayer device, structur-
ing resulted in a photocurrent increase and reached a
remarkable maximum value of∼30% in the 480-500 nm
range. The increase is more pronounced in the region of
MEH-PPV absorption (450-550 nm) than at wavelengths
where predominantly C60 is excited (<450,∼600 nm), and
larger when using the topographical MEH-PPV surface
shown in Figure 2C(b). This can be explained with the
different exciton diffusion lengths of MEH-PPV (∼10
nm8,10,28) and C60 (∼40 nm8). The small-scale structured
surface resulted in a higher relative increase of the donor-
acceptor interface that lies within the diffusion length of
MEH-PPV than the undulated topography with lateral
dimensions of∼200 nm (Figure 2C(f)). The IPCE values
for wavelengths below 400 nm indicate that both structured
MEH-PPV layers increased the charge-transfer efficiency
after C60 photoexcitation to a similar extent.

The merits of the IPCE data are reflected in the device
performances under white light illumination (Figure 4, Table
1). The short-circuit current densities (Jsc) of structured
devices are about twice that obtained for the planar bilayer
configuration. At the same time, the open-circuit voltages
(Voc) remained high, which is essential for achieving high
electrical power output. Included in Table 1 are device
performance data from the literature. Due to different material
purities and experimental techniques used, a detailed result
comparison between different laboratories is certainly not
meaningful.3 However, the data serve to illustrate that the
performance figures obtained using structured devices, such
as power efficiencies ofη ) 0.64% and 2.97% for white
light and monochromatic illumination, are much better than
what has been achieved so far.

Increased charge generation in structured layers is cor-
roborated by photoluminescence (PL) quenching (Figure 5).
For the MEH-PPV/C60 material combination the photo-
induced electron transfer is more than 103 times faster than

the radiative or nonradiative exciton decay, and the efficiency
for charge separation within the exciton diffusion length is
close to unity.11,25,26Compared with a single layer of MEH-
PPV, relative values of 35% and 7% PL efficiencies were

Figure 3. Internal photon-to-electron conversion (IPCE) efficiencies and
absorbance spectra of thin films. Upper part, IPCE spectra of ITO/PEDOT:
PPS/MEH-PPV/C60/Al devices for a (a) planar MEH-PPV layer, (b)
structured layer from a MEH-PPV/PS70 (1:2 w/w) blend in CB, and (c)
structured layer from a MEH-PPV/PS3 (1:2 w/w) blend in CB. Lower part,
absorption spectra of thin films (d) of MEH-PPV and (e) of C60.

Figure 4. Current density vs voltage (J vsV) of photovoltaic devices under
white light and monochromatic (480 nm) light illumination. Left,J vs V
characteristics of ITO/PEDOT:PPS/MEH-PPV/C60/Al devices under white
light excitation (56.6 mW cm-2). (a) Planar MEH-PPV layer, (b) structured
layer from a MEH-PPV/PS70 (1:2 w/w) blend in CB, (c) structured layer
from a MEH-PPV/PS3 (1:2 w/w) blend in CB. Right, (d)J vs V
characteristics of a structured device from a MEH-PPV/PS3 (1:2 w/w) blend
in CB and excited at 480 nm (0.8 mW cm-2). Devices showed dark currents
below 10-7 A cm-2 and rectification factors at(0.8 V of ∼90 for the
planar layer and∼670 for the structured devices.

Table 1. Comparison of Device Performance of MEH-PPV/C60

Photovoltaic Devices

|Jsc|a
(mA cm-2)

Voc

(V)
FF
(%)

η
(%) ref

White Light
planar double layerb 0.71 0.57 22.6 0.16 this work
structured, PS (Mn ) 70 000)b 1.40 0.55 42.5 0.58 this work
structured, PS (Mn ) 3000)b 1.69 0.61 35.1 0.64 this work
100 mW cm-2 0.57 0.54 0.20 27
100 mW cm-2 0.50 0.65 26.7 0.09 23

Monochromatic Light
planar double layer,

480 nm, 0.8 mW cm-2
0.044 0.46 45.6 1.15 this work

structured, PS (Mn ) 3000),
480 nm, 0.8 mW cm-2

0.094 0.50 50.6 2.97 this work

500 nm, 0.3 mW cm-2 0.035 0.44 19 0.98 21
514.5 nm, 1 mW cm-2 0.002 0.44 23 0.02 25
470 nm, 3.8 mW cm-2 0.092 0.50 25 0.30 20

a Jsc is the short-circuit current density,Voc the open-circuit voltage, FF
the fill factor, andη the external power efficiency.b The illumination
intensity was 56.6 mW cm-2.

Figure 5. Fluorescence spectra of MEH-PPV and MEH-PPV/C60 (40 nm)
films. Spectra were normalized by the amount of absorbed light at the
excitation wavelength of 530 nm. The structured MEH-PPV layer was spin-
coated from a mixture with PS3 (1:2 w/w) from CB. The MEH-PPV
emission in the planar bilayer configuration was quenched by about 60%
and in the structured device by more than 90%.
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measured for planar and structured layers using C60. This
substantial increase in PL quenching indicates that indeed
the rough MEH-PPV/C60 interface, allowing for more charge
generation, is directly connected to the efficiency improve-
ment in structured devices. However, only an apparently
much larger exciton diffusion length than the known value
of ∼10 nm for MEH-PPV would explain the almost complete
PL quenching in a 30 nm thick structured polymer layer as
shown in Figure 1e.10,35 We argue that this pronounced PL
decrease is due to intermixing of the evaporated C60 with
MEH-PPV. It has been demonstrated that C60 diffuses into
spin-coated PPV-based polymer films on a time scale of
several hours,35 leading to an extended zone in the polymer
layer where PL quenching and charge generation occurs. The
thickness of this C60/MEH-PPV intermixed region is larger
for the structured layers, which we suspect to be the signature
of the demixing process with entangled MEH-PPV and PS
chains forming a diffuse interface. PS removal then results
in a MEH-PPV surface containing pinholes with small-scale
dimensions that allow C60 to penetrate easily into the polymer
layer during the evaporation process or by subsequent
diffusion.

The intermixed zone not only increased charge generation
but also effectively reduced the device-limiting hole charge-
transport distances to the anode and allowed for more
efficient charge collection. This is reflected in a rise of the
fill factors (FF) from ∼23% to >35% for white light
illumination (Table 1). A rise of FF indicates a smaller series
resistance and is attributed to more effective charge trans-
port.4 Normalizing the curves of Figure 5 to the same
maximum value showed identical spectra for the red portion
of the PL. Enhanced emission at higher wavelengths would
indicate a higher degree of MEH-PPV interchain aggregation
in the films spin-coated from MEH-PPV/PS mixtures, which
in turn enhances the mobility of carriers.36,37We can therefore
rule out this other possibility that enhanced mobility of

charge carriers in the structured layer is the reason for the
rise of FF in these devices.

As apparent from Figure 1e, the C60 top surface conforms
to the underlying interface, resulting in a second, folded C60/
Al interface. Increased electrode roughness can lead to
electric field-enhancing properties of tiplike structures, which
affect both the carrier transport and injection.38,39In addition,
more undulating surfaces with larger dimensions might
effectively increase the light absorbed within the active layer
since the optical path length is increased for light reflected
at angles other than normal to incident. These mechanisms,
related to the nonplanar geometry of the reflecting back
electrode, can in our devices only account for minor
efficiency improvements at most (Supporting Information).

Conclusion

The substantial freedom in the choice of the guest polymer
and the sequential deposition of donor/guest and acceptor
materials offers a great flexibility to control the polymer-
based self-organization process and to optimize the local
phase separation and nanoscale morphology of the donor-
acceptor interface. In addition, the two-step concept allows
for the independent design of a desired layer topography that
can be covered with a series of second active components.
This is in contrast to the direct spin coating of a donor-
acceptor polymer blend mixture, where the desired morphol-
ogy has to be re-adjusted for every new materials combi-
nation.16 More significantly, the method results in device
performance increase for materials combination where the
development of an effective bulk heterojunction is hindered.
This is especially true for the fullerene used here since the
limited solubility of C60 and its tendency toward crystalliza-
tion and aggregation during film formation limits its use in
high-concentration blends.11,20,24Further work will involve
the extension of the concept where also the second active
component will be applied via spin coating.

Supporting Information Available: Absorbance spectra of
MEH-PPV and MEH-PPV/PS films before and after PS removal;
absorbance spectra and total organic layer thickness of photovoltaic
devices; evaluation of electric field effects induced by the rough
cathode interface. This material is available free of charge via the
Internet at http://pubs.acs.org.
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