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The morphology in organic photovoltaics plays a key role in determining the device efficiency.
We propose a method to fabricate bilayer devices with controlled nanostructured interfaces by
combining nanoimprinting and lamination techniques. This technique allows us to achieve a
network structure of donor-acceptor material with a �80 nm periodicity and �40 nm width. These
structures have an abrupt interface between the donor and acceptor materials and show an increased
effective interfacial area and photovoltaic performance compared to bilayer solar cells. In contrast
to blend films, they will allow an in depth analysis of the influence of morphology on interfacial
physical processes. © 2010 American Institute of Physics. �doi:10.1063/1.3458809�

Since the initial solution processed bulk heterojunction
solar cells,1,2 significant progress has been made in this field
reaching efficiencies over 6%.3 The use of organic solar cells
offers a number of advantages over inorganic alternatives,
such as mechanical flexibility, transparency, and easy
production.4 However, in terms of stability and efficiency, it
is very important to make further improvements to organic
cells, in order for them to be competitive to inorganic de-
vices. Therefore, a deeper understanding of the physical pro-
cesses taking place in organic solar cells is of crucial impor-
tance. The interfaces in organic bulk heterojunction solar
cells �BHJ� are not well defined and prohibit an analysis of
the interfacial physics in detail. In contrast to the BHJ, for
which two organic materials are spin coated from a blend
solution on top of the electrode, a bilayer �BL� approach
gives a well-defined structure that allows considerable in-
sight into the device physics.5,6

In this work, the focus is on different device structures
consisting of poly�3-hexylthiophene� �P3HT� and �6,6�-
phenyl-C61-butyric acid methyl ester �PCBM�. The first
structure is a BL cell �Fig. 1�a��, a second is called a strati-
fied BL �SBL�, where the PCBM layer has been spin coated
on top of the P3HT layer �Fig. 1�b��, while using an orthogo-
nal solvent combination in the P3HT and PCBM solutions.
The third one is a nanostructured BL �NBL� device where
the P3HT was nanoimprinted via nanoimprint lithography
�NIL� using an anodic aluminum oxide �AAO� working as a
stamp �Fig. 1�c��. For BL and NBL cells, the second organic
layer, PCBM, was deposited via a lift-off lamination
technique.7 The lamination technique allows the addition of a
second layer to fabricate BL cells with controlled and pre-
cisely designed interfaces, minimizing alteration of the first
layer.

Solar cells are prepared by first spin coating �30 s at
5000 rpm� an electron blocking layer of PEDOT:PSS �H. C.

Starck� on cleaned ITO substrates �Solems, ITO thickness
approximately 125 nm, sheet resistance approximately
50 � /sq�. The P3HT �Merck, 28 mg/ml in chlorobenzene�
was spin coated �30 s at 2000 rpm� on top of the substrate.
Imprinting was performed with a state-of-the-art NIL tool
�Obducat 2.5� equipment, Obducat, Sweden �Ref. 8�� at

a�Electronic mail: l.schmidt-mende@lmu.de.

FIG. 1. Schematics of the different structures compared in this study: �a� a
BL cell structure with a flat and abrupt interface, �b� a SBL structure with a
certain degree of intermixing at the interface, and �c� a NBL cell with abrupt
nanostructured interface between the donor and acceptor layers. In �d� the
anodized alumina membrane used as a stamp for the imprinting process, and
�e� a cross section SEM picture of the imprinted P3HT nanostructure.
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125 °C with an applied pressure of 70 bar for 5 min.9,10 To
ensure that the materials properties were comparable in the
BL and NBL architectures, the BL cell was imprinted in an
identical manner using a flat silicon wafer as the stamping-
mold. A scanning electron microscopy �SEM� picture of the
stamp is shown in Fig. 1�d�. The stamp is produced by sput-
tering a 200 nm thick layer of aluminum on top of a silicon
substrate before anodization at a constant voltage of 50 V in
an oxalic acid solution of 0.3 molar at room temperature. A
subsequent pore widening step in phosphoric acid �5 vol %�
for 45 min produces pores with about 50 nm diameter and an
average pore-to-pore distance of 100 nm.11 After imprinting
with the AAO stamp, the P3HT surface was analyzed by
SEM �Fig. 1�e��. For the lamination, PCBM �nano-C, 12
mg/ml in dichloromethane� was spin coated on mica at 1100
rpm for 30 s. The PCBM film was then lifted-off in a water
bath and laminated on top of the P3HT film. Subsequently,
the devices were placed in a glovebox, where a thin layer of
LiF �about �7 Å� and a 80 nm layer of Al were evaporated
as a top contact.

Gracing incidence small angle x-ray scattering
�GISAXS� was used to investigate the inner film structure.12

The measurements were performed at beamline BW4 at
HASYLAB �DESY, Hamburg�. The wavelength was set to
�=0.138 nm and the sample detector distance to 1.99 m.
The beam was adjusted to a size of 80�40 �m2 by an as-
sembly of beryllium lenses. In order to be well above the
critical angle of the polymers the angle of incidence was
�i=0.363°.

Unlike the NBL device, the BL cell can be treated as a
planar surface. As shown in Fig. 1�e�, the nanostructured
interface can be considered as an array of cylinders arranged
on a planar surface. The cylinders have a feature-to-feature
distance d, a radius r, and a height h. All of these values can
be described by a distribution rather than a definite value.
The average height and distance of the structures were
obtained by fitting the GISAXS data simultaneously with
a model based on the effective interface approximation
and within the distorted wave Born approximation using
the simulation software ISGISAXS.13 From these fits the ob-
tained structural parameters are d=80 nm, r=20 nm, and
h=35 nm. Based on these parameters, a surface increase
factor z is calculated by

z =
�2�rh + d2�

d2 ,

resulting in an increase of 70% of interfacial surface area
compared to a flat junction.

In order to determine whether the PCBM is able to fill
the spaces between the P3HT pillars, GISAXS measurements
were performed. Figure 2 shows the two-dimensional �2D�
scattering images of the nanoimprinted P3HT film without
�a� and with �b� a floated PCBM film on top. The prominent
side maximum that is visible for the nanoimprinted P3HT
film vanishes after coating the film. This can also be seen at
the out-of-plane cuts in Fig. 2�c� taken at the critical angle of
the polymer, which are additionally displayed together with
the corresponding fits using an effective interface approxi-
mation, which is in good agreement with the fits obtained
from ISGISAXS.14 As the refractive index of P3HT and PCBM
are similar and that structures in the out-of-plane direction
are not detectable, this is strong evidence that the PCBM

layer covers the underlying nanostructure completely and
leads to a smooth surface topology. Encapsulated pockets
filled with possible residua such as water or air would lead to
strong side features in the 2D scattering image.15

The SBL architecture has been developed in different
laboratories over the past years.13,16,17 Orthogonal solvents
were used in order to spin coat the PCBM layer on top of a
P3HT layer �Fig. 1�b��. In the case of P3HT and PCBM it is
challenging to find good orthogonal solvents as they are
originally designed and synthesized to show similar solving
behavior. The best orthogonal solvent combination found
was dichlorobenzene and dichloromethane. There are strong
indications that this fabrication process does not lead to a BL
configuration with an abrupt interface but rather to a continu-
ous transition between P3HT and PCBM. For instance, these
SBL solar cells show a short circuit current which is similar
compared to a P3HT:PCBM blend solar cells. Furthermore,
the incoming photon to current efficiency of the cells shows
an increase when going from 50 to 80 nm thick P3HT
films,17 which cannot be expected from a BL cell with an
abrupt interface between PCBM and P3HT, for which an
exciton diffusion length�10 nm is reported.18

By measuring I-V curves under simulated solar radiation
�Fig. 2�d��, an overall increase in current density of about
50% can be observed for the NBL cell compared with the BL
cell, which is comparable to the increase in surface area
�which is �70%�. Beside an increase in current, an improve-
ment of the open circuit voltage and the fill factor can also be
seen, which leads to an overall improvement in the power
conversion efficiency of about 80%.

FIG. 2. �Color online� GISAXS scattering images of the nanoimprinted
P3HT film without �a� and with �b� a coated PCBM film on top. The black
square in the middle is the beamstop to shield the specular. The images were
recorded using a Mar charge coupled device camera. �c� Double-logarithmic
plot of out-of-plane cuts taken at the critical angle of P3HT �upper curve�
and P3HT:PCBM �lower curve� films. The open symbols represent the ex-
perimental data and the solid lines the fit. For clarity the curves are shifted
along the y-axis. The PCBM layer leads to a smooth surface topology and
no more structures in out-of-plane direction are detectable after coating the
P3HT with PCBM indicating a complete coverage of the P3HT. �d� I-V
curve measured under simulated sunlight �AM1.5 g, 100 mW /cm2� of the
NBL cell �open triangles� and BL cell �open squares�, filled symbols show
the respective dark curves.
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Excitons with typical diffusion lengths of 10 nm �Ref.
19� and binding energies of 0.3 eV �Ref. 18� need to face an
energetic discontinuity larger than their binding energy
within their life time, otherwise they cannot contribute to the
current. Using a rough estimation, there should be a direct
linear dependency between the increased surface area and the
increased current. Besides the mentioned mechanism, there
are additional effects that might favor charge creation and/or
transport, for instance a positive polymer alignment20 in the
pores, which might result in higher charge carrier mobility.
Light trapping in nanostructured features could also be a
positive factor. The effect of light trapping or scattering is
likely a minor one because the absorption spectra indicate no
significant difference between NBL and BL films.

However, there are also competing effects, such as
higher recombination due to a higher surface area. Monte
Carlo simulations21 show that the effective influence of the
heterojunction angle, i.e., the angle of an organic–organic
interface with respect to the contacts, is negligible, in the
range of 	90° to +90°. This means that charge separation
happening at the top of a nanopillar is approximately as
efficient as separation at the side. However, in three-
dimensional �3D�-morphologies with interfaces in a direction
opposing the external field, the dissociation of electrons and
holes creates an internal electric field pointing in the wrong
direction leading to less efficient charge separation.21

In this respect nanowire structures might be ideal for
efficient charge separation, better than 3D network struc-
tures. Thus the presented NBL cell architecture is interesting
for further physical investigations, especially of physical
processes at the interfaces. These well-defined nanostruc-
tured organic solar cells will allow to identify an ideal mor-
phology. Further improvements can be expected by optimiz-
ing the film thicknesses of donor and acceptor material and
decreasing the diameter and distance of the pillar structures
down to the range of 10 nm and simultaneously increasing
their height.

In summary, we present an organic solar cell with a net-
work architecture in which there is direct control of the
organic-organic interface morphology on a nanometer scale.
Control over the morphology was made by a process of im-
printing, followed by lamination. Our results show that or-
thogonal solvents do not supply the same abrupt interface.
However, only clearly defined interfaces will allow a direct
comparison of simulated results of nanostrucutured inter-
faces with experimental results, permitting the identification
of ideal morphologies for organic solar cells.
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