
pubs.acs.org/Macromolecules Published on Web 06/05/2009 r 2009 American Chemical Society

4646 Macromolecules 2009, 42, 4646–4650

DOI: 10.1021/ma802457v

Nanomorphology of Bulk Heterojunction Organic Solar Cells in 2D and
3D Correlated to Photovoltaic Performance

Sophie Barrau,†,‡ Viktor Andersson,†,‡ Fengling Zhang,*,†,‡ Sergej Masich,§ Johan Bijleveld,^

Mats R. Andersson,^ and Olle Inganas†,‡

†Biomolecular and Organic Electronics, Department of Physics, Chemistry and Biology, Linkoping University,
SE-58183 Linkoping, Sweden, ‡Center of Organic Electronics (COE), Linkoping University, SE-58183
Linkoping, Sweden, §Department of Cell and Molecular Biology, Karolinska Institutet, 171 77 Stockholm,
Sweden, and ^Polymer Chemistry, Department of Chemical and Biological Engineering/Polymer Technology,
Chalmers University of Technology, SE-412 96 Gothenburg, Sweden

Received November 3, 2008; Revised Manuscript Received May 15, 2009

ABSTRACT: Control of the nanoscale morphology of the donor-acceptormaterial blends in organic solar
cells is critical for optimizing the photovoltaic performances. The influence of intrinsic (acceptor materials)
and extrinsic (donor:acceptor weight ratio, substrate, solvent) parameters was investigated, by atomic force
microscopy (AFM) and electron tomography (ET), on the nanoscale phase separation of blends of a low-
band-gap alternating polyfluorene copolymers (APFO-Green9) with [6,6]-phenyl-C71-butyric acid methyl
ester ([70]PCBM). The photovoltaic performances display an optimal efficiency for the device elaborated
with a 1:3 APFO-Green polymer:[70]PCBM weight ratio and spin-coated from chloroform solution. The
associated active layermorphology presents small phase-separated domains which is a good balance between
a large interfacial donor-acceptor area and continuous paths of the donor and acceptor phases to the
electrodes.

1. Introduction

Organic semiconducting materials open the way of low-cost,
flexible, and large-scale solar cells.Recently, efficiencies above 5%
and to 6.1% have been reported for bulk-heterojunction cells1-3

characterized by an interpenetrating network of donor and
acceptor materials. Classically, the electron donor material (D)
is a semiconducting polymer and the electron acceptor material
(A) a [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).4-6 The
energy conversionmechanism of organic solar cells involves light
absorption and exciton generation, exciton diffusion, exciton
dissociationwith charge generation, charge transport, and charge
collection. A domain size commensurate with the exciton diffu-
sion length (<5-10 nm) is required, and a large interfacial D-A
area is necessary for an efficient exciton dissociation.7 However,
at the same time it is important to have continuous paths through
both the D and A phases for efficient transport between electro-
des. A too intimate mixing can limit the charge carrier transport
properties.8 A lot of effort has been done in improving the
properties of organic photovoltaic devices by the control of the
morphology of the active layer.9-13 The morphology depends on
properties inherent to the polymer and the fullerene, such as
fundamental interaction parameters between the two compo-
nents (relative miscibility), and on external influences associated
with device fabrication, such as solvent choice (solvent evapora-
tion rate), overall concentration of the blend components,
deposition technique, and thermal and/or solvent annealing.
The optimization of these parameters allows creating the
nanoscale phase-separated domains which give the maximal
photovoltaic performances. Power conversion efficiency (PCE)
is dependent on both the photocurrent and the photovoltage of
the diode under illumination. The short-circuit current (Jsc) is
sensitive to the absorption coefficient and the morphology of the

active layer14-16 while the open-circuit voltage (Voc) depends on
the energy difference between the LUMO (lowest unoccupied
molecular orbital) of the acceptor and the HOMO (highest
occupied molecular orbital) of the donor. To achieve high photo-
current and/or high photovoltage, low-band-gap (Eg< 2 eV)
polymers and alternating polyfluorene copolymers (APFO-
Greens) have been synthesizedwith absorption ranges thatmatch
solar irradiance in order to harvest photons at long wave-
length.17,18 A Jsc ∼ 9 mA/cm2 was achieved in the solar cells
based on APFO-Green5,19 and a Voc larger than 0.8 V was re-
ported for APFO-Green9. A study of the opto-electronic proper-
ties of this APFO-Green9 polymer has already been reported,20

displaying a decent Jsc (6.5 mA/cm2), an impressive Voc (0.81 V),
and a PCE of 2.3% by combining the polymer with [70]PCBM.
[70]PCBMwas used to replace [60]PCBMas electron acceptor to
harvest the photons in the region around 500 nm and thereby to
compensate the valley in the absorbance of APFO-Green9,
allowing an enhancement of photocurrent.

In this paper, we focus on the morphology of APFO-Green9:
[70]PCBM blends, we report the influence of parameters such as
the weight ratio of the blend constituents, the substrate, the
solvent, and the acceptor materials on the active layer morphol-
ogy characterized by atomic force microscopy (AFM) and
electron tomography (ET), and we correlate the nanoscale
phase-separated domains to the photovoltaic parameters.

2. Experimental Part

Materials. An alternating polyfluorene copolymer APFO-
Green9 was used as electron donor. The synthetic route for the
synthesis of the polymer was described previously.20 [6,6]-Phe-
nyl-C71-butyric acid methyl ester ([70]PCBM) from Solenne
Netherlands was used as electron acceptor. The structure of
the materials is shown in Figure 1a,b. For comparison, a blend
with [60]PCBM (Figure 1c) was also used.*Corresponding author. E-mail: fenzh@ifm.liu.se.
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Device Preparation. Cleaned indium tin oxide (ITO)-coated
glass substrates were covered with a poly(ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS) layer by spin-
coating at 2500 rpm (40 nm) and then annealing at 120 �C for
5 min to remove the residual water. The active layer of APFO-
Green9 and [70]PCBMblendswas spin-coated at 2000 rpm from
chloroform (CF) solutions, on the top of PEDOT:PSS. The
corresponding thicknesses vary from 50 to 80 nm. The blend
with [60]PCBM was spin-coated at the same spin speed. From
chloroform:dichlorobenzene (10:1) mixture solution or dichlor-
obenzene (DCB) solution, the active layer spin speeds were 2000
and 500 rpm, respectively, implying comparable thicknesses
with those from chloroform. The samples were finally trans-
ferred into the vacuum chamber to deposit LiF (0.6 nm) and Al
(60 nm). For the film spin-coated directly on silicon substrates,
the spin speed is 1000 rpm, which identical to the one used for
construction of devices.

Atomic Force Microscopy. The film surface morphology was
investigated by atomic force microscopy (AFM) with a Dimen-
sion 3100 system (Digital Instruments/Veeco) operating in
tappingmode. Silicon cantilevers (NSG10)with a force constant
of 5.5-22.5 N/m, a resonance frequency of 190-325 kHz, and a
tip curvature radius of 10 nmwere used. For all the samples, the
scan size is 2 μm � 2 μm.

Electron Tomography.The active layers of the solar cells were
placed on copper grids. 10 nmgold particles for image alignment
were applied to one surface of the film, as described earlier.21

Image series of the tilted specimens were collected in a transmis-
sion electronmicroscope (FEI CM200 FEG, 200 kV), in a range
of ca.-60� to 60�with 0.5� increment. A cooled slow scan 2048�
2048 TemCam-F224 CCD and software for automated data
collection (TVIPS, Gauting, Germany) were used for data
recording. The TEM magnification was 20 000� and the post-
magnification was 1.531�, resulting in a pixel size of 7.84 Å at
the specimen level. The target underfocus during data collection
was set to 2-2.5 μm, corresponding to the first contrast transfer
function zero at∼2 nm. The obtained images were used tomake
three-dimensional reconstructions of the samples.

Photovoltaic Device Characterization. Solar cells were char-
acterized using white light illumination from a solar simulator
AM1.5 (100 mW 3 cm

-2). The photocurrent (Jsc), the photovol-
tage (Voc), the power conversion efficiency (PCE), and the fill
factor (FF) were deduced from I-V curves.

3. Morphology

Polymer:[70]PCBM Ratio. The influence of [70]PCBM
concentration on the phase-separated domains was investi-
gated. The morphology of a series of films spin-coated from
chloroform solutions containing different weight ratios of
polymer to PCBMwere imaged with AFM. The topography
images of APFO-Green9:[70]PCBM with ratios of 1:1, 1:2,
1:3, and 1:4 are shown in Figure 2. The 1:1 and 1:2 blends
present a smooth surface with a root-mean-square (rms)

roughness of 0.47 nm. From the 1:3 blend, some small phase-
separated domains appear. The rms roughness is 0.54 nm.
With increasing [70]PCBM content, the domains become
bigger and the rms roughness is 1.08 nm. For all the ratios,
the associated phase images (not shown) do not display
a contrast.

For the 1:1 and 1:2 ratios, we expect a fine mixture of both
materials and so a goodmiscibility. By increasing the PCBM
content from 1:3, some phase-separated regions containing
an excess of [70]PCBM appear. Hoppe et al.7,22 obtained
comparable pictures for MDMO-PPV:[60]PCBM spin-
casted films from toluene solutions. The authors showed
that for the highest ratios some flattened PCBM nanoclus-
ters covered by a polymer-enriched “skin” layer can be
observed. However, the study of the compositional depth
profiles of APFO3:[60]PCBM 1:3 blends spin-coated from
chloroform solutions displays the formation of vertical
phase segregation.23 The free surface of the film is en-
riched with the lower surface energy blend component
polymer. The spin-coating process freezes the blend in

Figure 1. Structure of (a) APFO-Green9, (b) [70]PCBM, and (c) [60]PCBM.

Figure 2. AFM images in topography of APFO-Green9:[70]PCBM
spin-coated onto ITO/PEDOT:PSS substrate with (a) 1:1, (b) 1:2, (c)
1:3, and (d) 1:4 weight ratios. TheZ range is 10 nm for (a-c) and 15 nm
for (d).
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a nonequilibrium state, implying a multilayer structure with
polymer-enriched layer and PCBM-enriched layer inside the
film. Recently, the study of the same APFO-Green9:[70]
PCBM blend by photoelectron spectroscopy24 displays
that the interface between the PEDOT:PSS and the blend
is a PCBM-enriched layer.

Substrate. Because of the specific surface energy, the na-
ture of the substrate canmodify themorphology of the active
layer. To display this difference, silicon wafer were used as
substrate, and the resulting active layer phase separationwas
compared to the one on PEDOT:PSS. The morphology of
the previous blend solutions spin-coated on the silicon
substrate is presented in Figure 3. The 1:1 and 1:2 blends
present a very smooth surface. The rms roughness is 0.33 nm
for the 1:1 blend and 0.35 nm for the 1:2 blend. Like
previously, from a 1:3 ratio domains appear. However from
this ratio, the size of the domains is bigger for the films onto
silicon substrate. The rms roughness is 1.46 and 1.78 nm for
1:3 and 1:4 blends, respectively.

The morphology of the blends is significantly affected by
the nature of the substrate, more precisely by the surface
energy and the interactions between the blend constituents
and the substrate. The composition of the film in the region
close to the substrate is mainly affected.25 For low concen-
trations of [70]PCBM, the smooth films indicate the forma-
tion of an homogeneous blend. For high concentrations, the
very rough surface of the blends and the presence of big
domains suggest the presence of higher repulsion forces
between [70]PCBM and the silicon substrate.

Solvent. The choice of the solvent is a key point in the
formation of phase-separated domains. A significant mor-
phological difference is observed by the use of nonaromatic
(chloroform) or aromatic (toluene, chlorobenzene, dichlor-
benzene) solvents.8,16,26,27 The topography images ofAPFO-
Green9:[70]PCBM filmwith a 1:3 ratio and spin-coated from
DCB solution and from aCF:DCB 10:1mixture solution are

presented Figure 4. The film elaborated from DCB presents
a very smooth surface with a rms roughness of 0.36 nmwhile
the one elaborated from the CF:DCB mixture has a rms
roughness of 0.39 nm, intermediary between the roughness
of the films spin-coated from CF and from DCB. The use of
DCB as a solvent avoids the formation of phase-separated
domains. The morphological difference can be explained by
the higher solubility of the blend constituents in DCB
compared to CF, resulting in the formation of smoother
films. A similar behavior has already been reported for
APFO3-polymer-based blend with a homogeneous compo-
sition in the vertical direction.28 Wienk et al.29 obtained
similar active layer topography forMDMO-PPV:[70]PCBM
blends spin-coated from DCB.

Acceptor.Because of the broad absorption peak, the use of
[70]PCBM instead of [60]PCBM is very attractive to improve
the solar cells performances. However, the change of the
acceptor material has some consequences on the D-Ablend
morphology. The surfacemorphology ofAPFO-Green9:[60]
PCBM blend with a 1:3 ratio is shown in Figure 5. The
APFO-Green9:[60]PCBM film presents a smooth surface
with a rms roughness of 0.36 nm, which is lower than the
one obtained for the blend with [70]PCBM (Figure 2a,b) at
the lowest ratio (1:1). And for the same 1:3 ratio (Figure 2c),
the mixture of APFO-Green9 with [60]PCBM displays
a good blend while the mixture with [70]PCBM implies
a phase separation.

The tomography images of these samples are presented in
Figure 6.Reconstruction overviews (Figure 6a,b) andmiddle
sections (Figure 6c,d) of APFO-Green9:[60]PCBM (1:3) and
APFO-Green9:[70]PCBM (1:3), respectively, are displayed.

Figure 3. AFM images in topography of APFO-Green9:[70]PCBM
spin-coated onto silicon substrate with (a) 1:1, (b) 1:2, (c) 1:3, and (d)
1:4 weight ratios. The Z range is 7 nm for (a, b) and 15 nm for (c, d).

Figure 4. AFM images in topography of 1:3APFO-Green9:[70]PCBM
spin-coated from (a) CF:DCB solvent mixture and (b) DCB. The Z
range is 10 nm.

Figure 5. AFM images in topography of 1:3 APFO-Green9:[60]
PCBM. The Z range is 10 nm.
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The reconstructions are low-pass filtered at 10 nm.
The images show that when [70]PCBM is used in the blend,
larger andmore pillar-like structures of PCBM-rich domains
are formed compared to APFO-Green9:[60]PCBM. APFO-
Green9:[60]PCBM seems to have a finer and more well-
dispersed morphology.

A proposed hypothesis to explain this morphological
difference is the lower solubility of [70]PCBM in chloroform,
resulting in the formation of PCBM domains in the films.
However the nature of the acceptor material presents also an
effect on theD-A interactions.30,31 Then, themorphological
difference can also be explained by the stronger repulsion of
APFO-Green9 with [70]PCBM than with [60]PCBM.

4. Photovoltaic Properties

The performances of the organic solar cells are strongly
correlated to the morphology of the active layer. The photo-
voltaic parameters such as Jsc, Voc, PCE, and FF are reported
(Table 1) for the different diodes discussed previously. The best
parameters are obtained for APFO-Green9:[70]PCBM (1:3) with
chloroform as a solvent. Jsc, Voc, and PCE are maximal with
values of 6.1 mA 3 cm

-2, 0.84 V, and 2.2%, respectively, and the
associated FF is 0.42.

The optimal weight ratio of the two blend components is
strongly dependent on the D-Amaterial miscibility. Classically,

for P3HT:PCBM blends the ratios which give the best perfor-
mances are lower than or equal to 1:132,33while forMDMO-PPV:
PCBM blends the ratio is 1:4,34 pointing to a much greater
inherent miscibility between P3HT and PCBM. APFO-Green9:
[70]PCBM blends present an optimum for a 1:3 ratio.

The physical properties of organic solvent used to dissolve the
D-A blend dramatically affect the device performance.
Several studies display an increase of PCE with the reduction
of the solvent evaporation rate by using a high boiling point
solvent.35-37However, contrary to P3HT, the use of such solvent
with APFO-polymers does not help for the improvement
of photovoltaic performances.

Jsc is correlated to the active layer morphology which is
optimum when there is some small phase-separated domains
(Figure 2c). Jsc is lower in the case of finer mixtures or in the case
of bigger domains. Indeed, a very fine mixture does not allow
a percolating path of the domains to the electrodes which is
necessary for the charge transport and big domains act as traps
for the charges decreasing the charge separation degree.
A balance between both morphologies is then required.

It is tempting to suggest that the coarse morphology found
with [70]PCBM is not impacting the photocurrent in a detri-
mental way. If we note the higher absorption generated by the
C70 derivative (from EQE curves),20 we may conclude that the
exciton diffusion length is not much shorter than the critical
dimension observed.We note that the domains observed in some
blends (Figure 2c) is of the order of 100 nm, which would lead to
photocurrent generation if the diffusion length of the exciton in
the [70]PCBMphase would be∼50 nm, a high but not impossible
number.

5. General Discussion

Different parameters present a significant effect on the mor-
phology of the active layer. The nature of substrate is one of these
parameters. The observation of the active layer morphology on
silicon substrate is not representative of the active layer morpho-
logy in the solar cells (on PEDOT:PSS-ITO) because of the
surface energy difference.

The main parameters that determine the morphology of the
blends are theD-A interactions and the solvent evaporation rate
which can be tuned by the choice of the solvent.38 For APFO-
Green9:[70]PCBM blend, a high concentration of PCBM implies
big domains while the use of DCBor a solventmixture withDCB
avoids the formation of domains. The morphology can then be
modulated by the balance between these two parameters.

An active layer presenting small phase-separated domains
seems to be the morphology that give the optimal performances.
In the case of a APFO-Green9:[70]PCBM blend, this morpho-
logy is obtained with a 1:3 polymer:PCBM ratio and from
chloroform solution. A previous study on the influence of solvent
mixing on the morphology and performance of solar cells based
on a blend of APFO3 and [60]PCBM39 displays that the best
performances of devices are obtained for a similar morphology
with small domains.However, in this case, the active layer is spin-
coated from chloroform:chlorobenzene (80:1) solvent mixture
solution. It seems that whatever the nature of donor and acceptor
materials, the nature of solvent, or solvent mixture, the morpho-
logypresentingphase-separated domains large enough toproduce
routes for charge transport, while a large interface for exciton
dissociation is maintained, gives the optimal performance.

6. Conclusions

We investigated the influence of intrinsic (nature of the
acceptor material) and extrinsic (concentration of the blend
components, nature of the substrate and solvent) parameters
on the nanoscale phase separation of APFO-Green9:[70]PCBM

Figure 6. Electron tomography reconstructions of APFO-Green9:[60]
PCBM (1:3) (a) and APFO-Green9:[70]PCBM (1:3) (b) cast on PED-
OT:PSS. The reconstructions are low-pass filtered at 10 nm. (c) and (d)
show planar sections (ca. 16 nm thick) from the middle of the
reconstructions.

Table 1. Performance of the Diodes

active layer solvent
Jsc

(mA 3 cm
-2) Voc (V) FF PCE (%)

APFO-Green9:
[70]PCBM (1:1)

CF 1.9 0.81 0.34 0.52

APFO-Green9:
[70]PCBM (1:2)

CF 4.5 0.84 0.36 1.3

APFO-Green9:
[70]PCBM (1:3)

CF 6.1 0.84 0.42 2.2

APFO-Green9:
[70]PCBM (1:4)

CF 5.3 0.82 0.44 1.9

APFO-Green9:
[70]PCBM (1:3)

CF:DCB 5.7 0.8 0.39 1.8

APFO-Green9:
[70]PCBM (1:3)

DCB 4.4 0.77 0.42 1.4

APFO-Green9:
[60]PCBM (1:3)

CF 4.6 0.83 0.41 1.6
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blends. The morphological differences are explained by the
relative miscibility between donor and acceptor materials, the
solubility of the blend component depending on the solvent, and
the wettability of the active layer onto the substrate. The best
photovoltaic performances are obtained for the device presen-
ting phase-separated domains which show a good balance
between a large interfacial D-A area required for maximum
exciton dissociation and continuous paths through both the
D and A phases necessary for efficient charge transport between
electrodes.
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