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ABSTRACT: In this study, the nanomorphology of fluorenyl
hexa-peri-hexabenzocoronene:[6,6]-phenyl Cg;-butyric acid
methyl ester (FHBC:PC4BM) absorber layers of organic
solar cells was investigated. Different electron microscopical
techniques, atomic force microscopy, and grazing incidence
wide-angle X-ray scattering were applied for a comprehensive
nanomorphology analysis. The development of the nano-
morphology upon sample annealing and the associated change
of the device performance were investigated. It was shown that
the annealing process enhances the phase separation and
therefore the bulk heterojunction structure. Due to z—x

stacking, the FHBC molecules assemble into columnar stacks, which are already present before annealing. While the nonannealed
sample consists of a mixture of homogeneously distributed PC4;BM molecules and FHBC stacks with a preferential in-plane
stack orientation, crystalline FHBC precipitates occur in the annealed samples. These crystals, which consist of hexagonal
arranged FHBC stacks, grow with increased annealing time. They are distributed homogeneously over the whole volume of the
absorber layer as revealed by electron tomography. The FHBC stacks, whether in the two phase mixture or in the pure crystalline
precipitates, exhibit an edge-on orientation, according to results from grazing incidence wide-angle X-ray scattering (GIWAXS),
dark-field transmission electron microscopy (DF TEM) imaging and selective area electron diffraction (SAED). The best solar
cell efficiencies were obtained after 20 or 40 s sample annealing. These annealing times induce an optimized degree of phase

separation between donor and acceptor material.
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B INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells (OSC) are
promising photovoltaic devices that can be manufactured at
low-cost using roll-to-roll printing methods." The basic
operation of BHJ OSCs relies on absorption of light in a
blend of donor and acceptor materials. The photogenerated
charges form excited states, before being spatially separated and
subsequently collected at the electrodes.”® To optimize the
BHJ morphology and hence the device performance, it is
crucial to gain as much knowledge as possible about the
underlying mechanism of device operation. There are many
aspects of a BHJ that can affect the overall device performance.
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These include the individual properties of the materials, such as
spectral absorption and charge transport, as well as the
compatibility of materials, such as the matching of HOMO
and LUMO levels and interface formation. In detailed device
studies, often the most elusive parameter that affects the device
performance is the nanomorphology of the donor—acceptor

blends.
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Several techniques are available for nanomorphology
characterization of BHJ OSCs which contain donor—acceptor
blends. Most commonly used is atomic force microscopy
(AFM) which provides information on the surface topography
but not on the bulk properties of the film. The volume
properties of the absorber layers can be studied by transmission
electron microscopy (TEM) which comprises several imaging
modes to probe different sample properties. While bright-field
(BF) TEM is the most common mode to investigate the
morphology of BHJ solar cells,*® dark-filed (DF) TEM has
been rarely used. This is due to the fact that in general
polymers with crystalline structure are usually sensitive to
electron irradiation and relatively long exposure times are
necessary to record DF TEM images. Only few examples for
DF imaging of polymer samples can be found in literature.”'
High-resolution TEM (HRTEM) is used to directly image the
crystalline structure but its application is restricted by the
electron-beam sensitivity of organic materials. Nevertheless,
numerous examples of HRTEM investigations of polymers or
organic molecules can be found in literature as summarized by
Martin et al.'" Electron energy loss spectroscopy (EELS) and
energy-filtered TEM (EFTEM) have been used by several
groups to distinguish acceptor and donor domains in BH]J
OSCs. The distinction is based on the fact that the plasmon
energies of the examined absorber materials differ."””™'* Low-
energy high-angle annular dark-field scanning TEM (HAADF
STEM), a technique with sensitive material contrast, was
applied for imaging the nanomorphology of poly(3-hexylth-
iophene):[6,6]-phenyl Cg;-butyric acid methyl ester
(P3HT:PC4BM) blends."® All standard TEM-based techniques
only provide a two-dimensional projection of the examined
volume. This limitation can be overcome by TEM tomography
which facilitates the reconstruction of the three-dimensional
(3D) sample structure. Several examples of 3D reconstructions
of the nanomorphology of OSC absorber layers can be found in
the literature."*™"?

X-ray scattering techniques are commonly applied to study
the nanomorphology of organic solar cell absorber layers. They
provide information about the molecular packing structure,
crystallinity, size, and orientation of crystalline domains.”**!
While small angle X-ray scattering (SAXS) is used to analyze
long correlation distances larger than about 10 nm, wide angle
X-ray scattering (WAXS) provides information on the order of
molecular dimensions.”’ To investigate the crystallinity of
surfaces or thin films, grazing incidence wide-angle X-ray
scattering (GIWAXS) is a standard method.**** Tt is, for
example, applied to analyze the molecular arrangement of
conjugated polymers*>***> and small molecules.”*

In our previous studies, FHBC was employed as electron
donor material in BHJ OSCs.”” Hexa-peri-hexabenzocoronene
(HBC) is a discotic polycyclic aromatic hydrocarbon with well-
known liquid crystalline properties as a result of stron; —n
intermolecular association between the molecules.”” The
columnar 7—7 stacking results in high intrinsic charge transport
properties, making HBC materials attractive candidates for
semiconducting applications.”” While photovoltaic response of
HBC containing devices was first demonstrated in 2001,%® the
introduction of fluorene substituents on the HBC molecule
resulted in a material that showed a promising device
performance in combination with the fullerene electron
acceptor PC4;BM.”” Despite the restricted spectral absorption
of this FHBC material with absorption onset at 450 nm, power
conversion efficiencies (PCEs) of up to 1.5 % were recorded for

these FHBC:PC4BM devices with a maximum external
quantum efficiency of 40 % at 400 nm.”” Perhaps, the most
interesting aspect of the device characteristics was the high fill
factor (FF) of up to 65%. The high FF value indicated that the
transport of holes and electrons through the BHJ film is well-
balanced as was confirmed in charge mobility measure-
ments.””*” The charge transport in BHJ films is determined
by the intrinsic mobility of the individual donor and acceptor
components as well as the nanomorphology created from the
phase separation of the two materials. From our previous work,
phase separation between the FHBC and PCyBM materials
was evident from the surface topology of the blend films in
AFM experiments.27 Furthermore, the crystalline structure of
pure FHBC was revealed by 2D-wide-angle X-ray scattering
(2D-WAXS).>” The results of this study are summarized in
Figure 1. Due to m—r stacking of planar aromatic FHBC

n-n stacking distance

Figure 1. (a) Chemical structure of the FHBC molecule, (b)
schematic column of stacked FHBC molecules, and (c) hexagonal
arrangement of the columnar stacks.

molecules, self-assembly into columnar stacks occurs as
indicated in Figure 1b with a distance of 0.35 nm between
single FHBC molecules. The columns can assemble in a
hexagonal arrangement, with a plane distance between stacks of
2.15 nm (denoted with d in Figure 1c).

In this study, various electron microscopic techniques,
atomic force microscopy (AFM), and grazing incidence wide-
angle X-ray scattering (GIWAXS) were applied to study the
nanomorphology of FHBC:PC4BM blends before and after
annealing. Direct evidence for a pronounced phase separation
was obtained, and the assembly of FHBC within the blends is
revealed. Good correlation was found between the thermal
treatment of the blend films, nanomorphology, and BHJ device
performance.

B EXPERIMENTAL RESULTS

To thoroughly investigate the nanomorphology of
FHBC:PC4,BM blends after different annealing times and to
correlate the results with the device performance, solar cell
devices and BHJ absorber layers with identical processing
parameters and annealing treatments were fabricated. The
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presentation of the results is accordingly divided into two parts.
In the first part the photovoltaic performance of the solar cell
devices is presented. The focus of the second part lies on the
nanomorphology investigation.

Photovoltaic Performance. The BHJ solar cells were
fabricated using FHBC donor and PC4BM acceptor molecules.
A schematic diagram of the solar cells with a state-of-the-art
device architecture is shown in Figure 2a. On top of a

-

Al (100 nm)

PEDOT.PSS (25 nm)
ITO

FHBC:PC:BM (1:2) A
—=—0 sec 7l
——20 sec 7
—s—40 sec 78
60 sec )
+—120 sec o

Lo apws

Current Density (mA/cm®)
)

&

02 00 02 04 06 08 10
Voltage (V)

Figure 2. Schematic diagram of the organic solar cells with regular
device geometry and (b) J—V characteristics of the FHBC:PC4BM
based BHJ solar cells with different annealing times under AM 1.5 G
solar illumination, 1000 W/m?.

structured indium tin oxide (ITO) coated glass slide a 25 nm
thin layer of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) was deposited. The sub-
sequently deposited 75 nm active layer comprises FHBC and
PC4BM (1:2 by wt.). A 10 nm titanium suboxide (TiOx) layer
and a 100 nm aluminum layer serve as top electrode. (see
Materials and Methods section for details on device
fabrication). The J—V characteristics of the devices under
illumination after different annealing times are shown in Figure
2b, and the respective photovoltaic key performance data are
summarized in Table 1. The FHBC:PC4BM devices annealed
for 20 and 40 s at 150 °C showed the best device performance
with PCEs of between 1.30% and 1.35%, respectively. The
devices annealed for 0, 60, and 120 s exhibit decreased device
performance due to the moderate short circuit current (J,.) and
FF. All devices showed a high open-circuit voltage U,. These
results are in agreement with those reported previously.”” With

Table 1. Photovoltaic Performance of FHBC:PCy;BM Solar
Cells Depending on Various Annealing Times

annealing time [s] Joc [mA/cm?] V. [V] FF [%] PCE [%]
0 1.96 0.93 33 0.60
20 2.86 0.92 S1 1.35
40 293 0.90 50 1.30
60 2.47 0.86 45 0.95
120 2.19 0.82 37 0.65

the device results confirmed, the nanomorphology of
FHBC:PC4,BM blend films was examined.

Nanomorphology. Several electron microscopic techni-
ques (BF TEM and DF TEM, selected area electron diffraction
(SAED), EFTEM, TEM tomography), AFM, and GIWAXS
were applied to unravel the complex nanomorphology of the
FHBC:PCyBM absorber layers and the evolution of the
nanomorphology with increasing annealing time.

Figure 3 presents the results for the nonannealed sample. An
AFM topography image is presented in Figure 3a, which reveals
depressions with a depth of about 10 nm. The depressions are
surrounded by elongated structures (marked with black dashed
lines). Additional height variations are visible on larger scale,
which can be attributed to layer thickness fluctuations.
Examples for a higher and a deeper sample region are encircled
in Figure 3a.

To analyze the crystalline structure of the sample, SAED
patterns were recorded at 200 keV in a transmission electron
microscope. Pure FHBC and PCy BM reference samples were
additionally examined (data not shown here) to identify the
FHBC and PCg4,BM reflections. FHBC is characterized by two
relatively sharp reflection rings which can be assigned to a real
space distance of 0.35 nm. The inner ring corresponds to the
m—r stacking distance displayed in Figure 1. The outer ring at
0.175 nm™" is the second order of the inner ring. The reflection
rings of pure PC¢BM are broad and can be assigned to 0.46,
0.31, and 0.21 nm distances which agree with the results of
other groups.>**' A diffraction pattern of the nonannealed
FHBC:PC4BM layer is presented in Figure 3b, and the
corresponding radial intensity line scan in Figure 3c. The
diffraction pattern shows three diffuse PC¢;BM rings with a
weak intensity of the two outer rings. One strong and relatively
sharp FHBC ring (marked in Figure 3b) is observed while the
second ring at 0.175 nm™ is hardly recognizable. The high
intensity of the inner ring indicates that FHBC stacks are
already present in the nonannealed sample. The absence of
further reflections suggests a preferential alignment of the stack
axes parallel to the layer which will be denoted as in-plane stack
orientation in the following. Moreover, the inner ring intensity
changes azimuthally which is indicative for an inhomogeneous
in-plane distribution of FHBC stack orientations. For example,
the intensity is higher in the upper left and lower right ring
segment. To study the origin of the anisotropy of the FHBC
ring, DF TEM images were taken with the positions of the
aperture indicated by the dashed circles in Figure 3b.
Accordingly, mainly electrons from these specific segments of
the FHBC ring contribute to the images. The resulting DF
TEM micrographs for the two aperture positions are presented
in Figure 3d and e which show bright and dark regions with a
size of a few 100 nm. The displacement of the aperture position
leads to images with essentially complementary contrast.
Exemplarily, one grain is marked in both DF TEM images,
which appears bright in Figure 3d and dark in Figure 3e. This
clearly indicates a preferential in-plane alignment of FHBC
stacks, that is, a texture, in regions with a few 100 nm size. A BF
TEM image taken at the same sample position as in Figure 3d
and e is presented in Figure 3f. None of the large-scale
structures of the DF TEM images are visible here; only small-
scale structures prevail. The small bright regions can be
correlated with regions of smaller sample thickness due to
small-size depression which are observed in the AFM image
(Figure 3a).
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Figure 3. Nanomorphology of the non-annealed FHBC:PCyBM sample. (a) AFM topography image. The dashed white circles mark a deeper (A)
and a higher (B) region of the sample. The dashed black lines mark elongated surface structures. (b) TEM diffraction pattern and aperture positions
for the DF images (dashed circles). (c) Radial linescan of the diffraction pattern. (d, e) FHBC-sensitive DF TEM images taken at 200 keV
corresponding to the aperture positions marked in the diffraction pattern. One grain, which shows contrast inversion, is exemplarily marked in both

images. (f) BF TEM image of the same sample position.
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Figure 4. Nanomorphology of the FHBC:PC¢BM sample annealed for 120 s. (a) AFM topography image. The dashed black lines mark elongated
surface structures. (b) TEM diffraction pattern and aperture positions for the DF images (dashed circles). (c) Radial line scan of the diffraction
pattern. (d) DF TEM image taken at 200 keV corresponding to the aperture position on the FHBC ring (marked in b). One grain with the same
preferential orientation of the FHBC stacks is encircled. The arrows mark some FHBC precipitates. (e) DF image corresponding to the aperture
position on the PC¢,BM ring (also marked in b) of another sample position. (f) BF TEM image taken at the same sample position as the PC¢;BM-

sensitive DF image.

Figure 4 presents results for the sample annealed at 150 °C
for 120 s. The nanomorphology of this sample is representative
for all annealed samples. The AFM topography image in Figure
4a shows depressions at the surface with sizes which do not
depend on the annealing time. Again, elongated structures
surrounding the depressions are visible (marked with black

dashed lines). In contrast, the large-scale thickness variations
disappear almost completely upon annealing (note the different
height scale of the two AFM images Figures 3a and 4a).

In Figure 4b and ¢, a diffraction pattern and the
corresponding radial intensity linescan are shown. In
comparison to the nonannealed sample, the FHBC -z

dx.doi.org/10.1021/am4044085 | ACS Appl. Mater. Interfaces 2013, 5, 11554—11562



ACS Applied Materials & Interfaces

Research Article

stacking ring exhibits a higher intensity for all annealed samples,
indicating a higher degree of crystallinity. Azimuthal intensity
variations along the FHBC reflection ring are not observed.
However, this does not exclude a preferential FHBC stack
alignment because the SAED pattern was taken from a
relatively large area, which may contain differently textured
grains. Grains with preferentially aligned FHBC stacks are
indeed still present as demonstrated by the DF TEM image
(Figure 4d) which was taken with the aperture position marked
by d) in Figure 4b. In addition, small bright regions with a size
of a few 10 nm appear in Figure 4d (marked by arrows) which
are absent in the nonannealed samples. The high intensity of
these regions suggests crystalline FHBC precipitates. The
presence of crystalline FHBC is supported by the high intensity
and small width of the FHBC ring in the diffraction pattern
(Figure 4b,c) The DF TEM image in Figure 4e was taken with
the aperture position shifted to the PC4BM ring. A smaller
aperture was chosen to exclude any contribution from FHBC
and select only the intensity of the PC¢;BM ring (see Figure 4b
aperture position e). The PCqBM-sensitive DF TEM image
shows a homogeneous intensity apart from the interspersed
dark regions which can be assigned to the FHBC precipitates.
Figure 4e suggests that the PC4BM distribution is homoge-
neous in the phase surrounding the FHBC precipitates. We
conclude that a two-phase structure is present after annealing
which consists of a FHBC:PC¢BM mixture and crystalline
FHBC precipitates. Within the FHBC:PB¢;CM mixture, grains
are formed with a preferential alignment of FHBC stacks
(marked with a dashed line in Figure 4d). The BF TEM image
Figure 4f shows small bright regions which can be correlated
with regions of smaller sample thickness. However, the grain
structure with preferentially oriented FHBC stacks cannot be
visualized by BF TEM.

By comparing FHBC-sensitive DF TEM images of samples
with different annealing times (Figure S), it becomes apparent

Figure 5. FHBC-sensitive DF TEM images of samples annealed for
(a) 0, (b) 20, (c) 60, and (d) 120 s.

that the crystalline FHBC precipitates are formed quickly after
only 20 s annealing time. If the annealing time is increased, the
FHBC crystallites grow slightly, but the large-scale texture of
FHBC stacks in the FHBC:PC(BM mixture remains. To
analyze the evolution of the morphology at even longer
annealing times, a sample annealed for S min was investigated
(Supporting Information). The size of the FHBC-rich
crystallites further increases as compared to the sample
annealed for 120 s and, in addition, large PC¢BM crystals
with sizes of a few micrometers appear which are surrounded
by an FHBC-rich region. The increase of the average FHBC
precipitate size is plotted in Figure 6 as a function of the
annealing time. It increases from 42 + 10 nm for 20 s annealing
to 83 + 20 nm for 300 s annealing. The error bar represents the
standard deviation of the size distribution.

100 +

204

precipitate size [nm]

T T T
0 100 200 300
annealing time [s]

Figure 6. Mean FHBC precipitate size as a function of the annealing
time (determined from the FHBC-sensitive DF TEM images). The
error bar represents the standard derivation of the size distribution.

A HRTEM image of the sample annealed for 60 s is
presented in Figure 7 which is representative for all annealed

Figure 7. (a) 200 keV HRTEM image of the FHBC:PC,BM sample
annealed for 60 s. Crystalline regions are encircled. (b) Enlarged image
of the dashed square in the HRTEM image. (c) Fourier transform of
HRTEM image.

samples. Lattice fringes are observed in the regions marked by
dashed lines in Figure 7a, which are indicative for a crystalline
structure. Figure 7b shows the crystalline region in the dashed
square with a higher magnification. To determine the distance
of the lattice fringes the Fourier transform of this image was
calculated (Figure 7c). Two bright spots are visible in addition
to the zero-order beam, which correspond to a lattice fringe
distance of 2.15 + 0.15 nm. This distance can be correlated to
the lattice plane distance in the hexagonal arrangement of the
pure FHBC stacks (Figurelc). A detailed analysis will follow in
the Discussion section.

To confirm the interpretation of the images in Figure 4 with
respect to the distribution of PC4;BM and FHBC, EFTEM was
applied. For this purpose, reference electron energy loss (EEL)
spectra of pure FHBC and pure PC4BM were recorded which
are presented in Figure 8d. The maxima of the plasmon peaks
are clearly different for the two materials (FHBC at an energy
loss of 22.5 eV, PC;;BM at 26.2 eV). This is exploited, to take
EFTEM images at different energy losses (Figure 8a—c) to
reveal the distribution of FHBC and PC4BM. The hatched
rectangles in Figure 8d mark the corresponding energy loss
windows which were selected with a slit width of 4 eV. The
EFTEM image Figure 8a was taken with a slit position centered
at an energy loss of 20 eV. For this energy loss, the FHBC
signal distinctly exceeds the PCy4 BM signal, leading to a higher
image intensity of the FHBC-rich regions. For the second slit
position centered at 23 eV, the two signals have the same
intensity, and changes of the image contrast in Figure 8b can be
interpreted in terms of thickness variations. The last slit

dx.doi.org/10.1021/am4044085 | ACS Appl. Mater. Interfaces 2013, 5, 11554—11562
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Figure 8. EFTEM images of the FHBC:PCBM sample annelaed for

60 s. The images are taken with a slit width of 4 eV centered at energy

losses of (a) 20 eV, (b) 23 eV, and (c) 27 eV. (d) Low-loss EEL

sprectra of pure PC4,BM and FHBC. The slit positions for the

EFTEM images are marked by the hatched rectancles.

position centered at 27 eV exhibits a higher PC4BM signal.
The PCy4BM-rich phase appears brighter in the EFTEM image
Figure 8c. This image closely resembles the PCs BM-sensitive
DF TEM image (Figure 4e), in which the PC¢,BM also appears
brighter than the FHBC. The comparison of Figure 8a and ¢
shows complementary contrast indicating that small FHBC
precipitates are embedded in a FHBC:PC4BM blend.

TEM tomography was applied to analyze the 3D structure of
the sample. In Figure 9, three slices extracted from the top

#Ib) center

‘I'c)close tobottom

Figure 9. Slices extracted from the TEM tomogram of the sample
annealed for 60 s. FHBC precipitates appear dark because the contrast
is inverted for better visibility. (a) Slice close to the top, (b) slice from
the center, and (c) slice close to the bottom of the sample. The white
arrows in (a) indicate elongated surface structures.

(Figure 9a), center (Figure 9b), and bottom (Figure 9¢) of the
reconstructed volume are shown. FHBC-rich regions appear
dark because the image contrast was inverted for improved
visibility. The dark FHBC precipitates are distributed
homogeneously over the whole sample thickness, but seem to
be slightly larger close to the bottom of the sample (Figure 9c).
Figure 9a shows a slice close to the sample surface, where bright
structures are visible in the upper right corner (marked with
arrows). They correspond to the faint elongated structures in
the AFM images (Figures 3a and 4a) which surround the
depressions. By applying a threshold gray value to the
reconstructed volume, the FHBC domains could be extracted
and a 3D model of the FHBC distribution was obtained (see
video in the Supporting Information). The video confirms that
the FHBC domains are homogeneously distributed over the
whole volume of the sample.

GIWAXS was performed to study the crystalline organization
of the FHBC:PCyBM sample after annealing at 150 °C for up

to 120 s. The GIWAXS pattern of the sample before annealing
(not presented here) does not exhibit any reflections, indicating
none or very poor order on a macroscopic scale (few cm?) in
the probed volume. Figure 10a shows the GIWAXS pattern of a

c)

0 30 60 90 120 150 180
azimuthal angle, 3 / °

d)

0 30 60 90 120 150 180
azimuthal angle, 3 /°

e)

d=22.1 A"

Figure 10. GIWAXS patterns of (a) pure FHBC and (b)
FHBC:PC61BM blend (the films were annealing at 150 °C for 120
s prior to measurements). (c, d) Azimuthal intensity distributions
within the g-range of 0.282—0.286 for FHBC and FHBC:PC4,BM
blend respetively. (d) Schematic cross-sectional arrangement of FHBC
stacks in the ordered (columnar) phase.

pure annealed FHBC sample which was processed in the same
way as the FHBC:PC4,BM blend. Three discrete reflections can
be recognized in the meridional and off-meridional planes
which are characteristic for a hexagonal organization of the
columnar stacks with their columnar axes oriented parallel to
the surface as illustrated in Figure 10e. The respective distance
between the FHBC stack layers corresponds to d = 2.20 nm
which agrees well with the lattice fringe distance of 2.15 nm in
the HRTEM image of the FHBC:PC4BM blend after
annealing (Figure 7). Due to the low crystalline order on a
macroscopic scale, only the first order reflections appear
without higher order reflections. Reflections from the FHBC
m—r stacking are, however, not observed though confirmed by
HRTEM. This observation may indicate that, at the macro-
scopic scale, hexagonal ordering of the FHBC columns in the
films dominates over the 7—7x interaction-driven assembly of
the FHBC molecules within the columns. The GIWAXS
pattern of the FHBC:PCyBM blend (sample annealed for 120
s at 150 °C) (Figure 10b) resembles the GIWAXS pattern of
pure FHBC (Figure 10a). However, the azimuthal intensity
distribution of the main reflection indicates a decrease of order
if PC4,BM is added (comparison of Figure 10c and d). This can
be concluded from the smearing out of the reflections along the
azimuthal angle in Figure 10d, while these reflections are quite
sharp for of pure FHBC (Figure 10c). Unfortunately, based on
the diffraction data it is not possible to determine the
crystallinity degrees of the films. This is mainly due to the
fact that there is only one clearly defined scattering peak that
describes the ordering just in a single direction of the real space.
Moreover, full determination of the amorphous halo in the
pattern is not possible due to the limited g-range.

dx.doi.org/10.1021/am4044085 | ACS Appl. Mater. Interfaces 2013, 5, 11554—11562
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Bl DISCUSSION

Detailed information on the nanomorphology of the
FHBC:PC4BM absorber layers and the effect of annealing
was obtained by combining several electron microscopic
techniques, AFM and GIWAXS. We first focus on the
nanomorphology of the FHBC:PCy BM blend before anneal-
ing. The images and SAED pattern in Figure 3 demonstrate
that the nonannealed sample consists of a homogeneous
mixture of PC;;BM and FHBC stacks. The FHBC stack axes
are preferentially oriented parallel to the substrate with an
additional azimuthal texture in regions with a typical size
between a few 100 nm and 1 ym. The PC4,BM molecules are
homogeneously distributed and do not agglomerate to form, for
example, pure PCy BM crystallites. This is illustrated in Figure
11a where a scheme of the nanomorphology of the non-
annealed FHBC:PC4BM sample is shown.
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Figure 11. Schematic illustration of the nanomorphology of (a)
nonannealed and (b) annealed FHBC:PCBM. Before annealing, the
sample consists of a homogeneous mixture of FHBC and PC4BM.
Grains (1) exist with FHBC stacks which are preferentially aligned
parallel to the substrate. During annealing, FHBC crystals are
precipitated (2) from the textured FHBC:PCyBM mixture (3).

The morphology of the annealed samples is schematically
summarized in Figure 11b. The most notable change of the
nanomorphology after annealing consists in the precipitation of
crystalline FHBC as demonstrated by the DF TEM (Figures 4d
and Sb—d), HRTEM (Figure 7) and the GIWAXS data (Figure
10). The FHBC stacks are arranged in a hexagonal symmetry as
indicated in Figures lc and 10e. The GIWAXS data confirm
that the stack axes in the precipitates are indeed preferentially
oriented parallel to the substrate (Figure 10b). PC4BM-
sensitive EFTEM (Figure 8c) and DF TEM images (Figure 4e)
reveal a homogeneous distribution of the PC¢;BM molecules.
Furthermore, the FHBC-sensitive DF TEM images (Figure 4d
and Figure Sb-d) show that the surrounding FHBC:PC¢BM
blend contains regions with preferentially aligned FHBC stacks
as the non-annealed sample. The size of these regions does not
change with increasing annealing time. In contrast, the pure
FHBC precipitates grow slightly with increasing annealing time,
which becomes apparent in the FHBC-sensitve DF TEM
images of the annealing series in Figure 5 and the graph in
Figure 6. The growth of the FHBC precipitates leads to an
FHBC depletion of the surrounding FHBC:PC4;BM blend. For
long annealing times (S min), large PC;;BM precipitates are
formed which may be initiated by the FHBC depletion of the
FHBC:PC4BM blend. The precipitation of large PCysBM
crystals has been observed before for long annealing times and
high PC4BM concentrations in other PCy;BM-based absorber
layer blends, for example, in P3HT:PC4BM blends.****

Electron tomography (Figure 9 and Supporting Information)
reveals that the FHBC precipitates are homogeneously
distributed over the entire sample volume. However, the
FHBC precipitate size is slightly larger close to the bottom of
the layer which indicates that FHBC precipitation is slightly
favored at the interface to the PEDOT:PSS. The annealing
process induces only minor changes of the surface topography.
The AFM image of the annealed sample (Figure 4a) exhibits
the same 10 nm deep depressions as the image of the
nonannealed sample (Figure 3a). Only the large-scale thickness
variations are reduced.

The nanomorphology of the FHBC:PC4BM blends can be
correlated with the photovoltaic performance of the respective
solar cells. Annealing of the active layer is required to
substantially improve the device power conversion efficiency.
The J—V characteristics of the nonannealed devices show
pronounced S-shapes. Thermal annealing of the active layer
leads to the precipitation of FHBC crystallites. Large PCBM
crystals only appear after very long annealing times. The
improved morphology leads to better pathways for charge
migration, and therefore enhances the device performance. The
samples annealed for 20 and 40 s exhibit the best PCE of 1.30%
and 1.35%, respectively. This indicates that the absorber layer is
sensitive toward small changes of the FHBC precipitate size. A
mean size of the crystalline FHBC precipitates in the range of
42—46 nm (obtained after 20 and 40 s of annealing at 150 °C),
surrounded by a homogenous mixture of FHBC stacks and
PC4BM, vyields the best exciton dissociation and charge
transport among the studied samples. The ideal precipitate
size should be in the same range like the exciton diffusion
length in this system, which has not been determined yet.
However, as this is a baseline study in active layer morphology
characterization, the exact value does not appear to be essential
at this stage.

The moderate PCE of the cells can be attributed to the
FHBC stack orientation “edge-on”, that is, parallel to the
substrate plane. This orientation is unfavorable for charge
transport which preferentially occurs along the FHBC stack
axis. Additionally, the insulation side chains of the FHBC
molecules impede the charge transport perpendicular to the
substrate. The effect of interface modifiers to induce a more
favorable organization of the FHBC columns, where the
columns are oriented perpendicular, that is, “face-on”, to the
absorber layer is currently being examined. This orientation
would support efficient charge carrier transport to the
electrodes.

B SUMMARY

The nanomorphology and power conversion efficiency of
FHBC:PCy,BM-based BH] OSCs was studied and correlated
before and after annealing at 150 °C for up to 120 s. FHBC is
an interesting donor material for OSCs due to the high fill
factor of the solar cells and the possibility for further
derivatisation. The application of several electron microscopic
techniques, AFM and GIWAXS revealed the complex nano-
morphology of the FHBC:PC4BM layers and its dependence
on the annealing treatment.

The results of the study can be summarized as follows: (i)
The FHBC molecules assemble into columnar 7—7 stacks with
a distance of 0.35 nm between the FHBC molecules. FHBC
stacks are already present before annealing. (ii) The non-
annealed sample consists of a mixture of homogeneously
distributed PC4BM molecules and FHBC stacks with a
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preferential in-plane stack orientation (texture). Strongly
textured regions with the same FHBC stack orientation have
sizes between a few 100 nm and 1 ygm. (jii) During annealing,
FHBC crystallites are precipitated from the FHBC:PCy4BM
mixture. They exhibit the same crystalline structure like pure
FHBC, that is, a hexagonal arrangement of the FHCB stacks,
with a lattice plane distance of 2.15 nm. (iv) The FHBC
precipitates grow with increasing annealing time until the
depletion of the FHBC in the mixed phase reaches a critical
value and large PC¢BM crystals are formed. (v) The FHBC
precipitates are distributed homogeneously over the whole
volume of the absorber layer as shown by electron tomography.
The size of the FHBC precipitates is larger close to the bottom
of the layer probably due to preferential FHBC nucleation at
the PEDOT:PSS interface. (vi) The best solar cell efficiencies
were obtained for samples annealed for 20 and 40 s. This
annealing time yields the best donor/acceptor phase separation.

So far, the weak absorption and the orientation of the FHBC
stacks parallel to the substrate (edge-on) enable moderate
PCEs only. However, with respect to future smart molecule and
device design and hence improved absorption and charge
carrier transport properties, FHBC will be a promising material
class for self-organizing bulk heterojunction solar cells.

B MATERIALS AND METHODS

Materials. The synthesis of 2,11-bis(9,9-dioctyl-9H-fluoren-2-
yl)hexabenzo[bc,ef,hi,kl,no,qr]coronene (FHBC) has been reported
previously.””** PCy;BM (99.5 %) was purchased from Solenne BV.

Solar Cell Fabrication. Bulk-heterojunction (BHJ) solar cells were
fabricated by spin coating 30 nm thick layers of PEDOT:PSS (Clevios
Al 4083 from Heraeus) on patterned glass/ITO substrates which were
cleaned by acetone, and 2-propanol in an ultrasonication bath and
UV/ozone-treated. The PEDOT:PSS films were baked at 140 °C for
10 min in air. A blend of FHBC and PC4,BM with a ratio of 1:2 was
then spin coated from chlorobenzene solution with a thickness of
about 75 nm. A TiO, precursor solution (1:200 in methanol) was
deposited on the active layer by spin coating (2000 rpm) to form a
TiO, layer with a thickness of about 10 nm.*”** The films were
exposed to air for about 20 min at room temperature for hydrolysis or
baked at 150 °C for 20, 40, 60, and 120 s. The films were transferred
to a evaporation chamber where aluminum (100 nm) was deposited
through a shadow mask (active area: 0.06 cm?) at approximately 1 X
10 Torr. Film thicknesses were determined by Veeco Dektak 150+
Surface Profiler. Current density—voltage (J—V) measurements were
carried out with a Keithley 2400 source measurement unit under
AML1.5G (1000 W/m?) illumination from an Oriel solar simulator.
The illumination intensity was calibrated using a reference silicon solar
cell (PVmeasurements Inc.) certified by the National Renewable
Energy Laboratory. Device fabrication and characterizations were
performed in an ambient environment without any encapsulation.

For the GIWAXS investigations, the films were spin coated on SiO,
silicon wafers with a PEDOT:PSS layer.

Sample Preparation for Electron Microscopy Investigations.
Samples without a top electrode were prepared under inert conditions
for the nanomorphology studies. The PEDOT:PSS layer thickness was
slightly increased (~4$ nm) to facilitate the dissolution of the layer for
TEM sample preparation. The samples were annealed at 150 °C for
20-300 s.

Plan-view samples of the photoactive layers were prepared by the
following procedure. First, the absorbing layer on the substrate was cut
with a scalpel into small pieces. As PEDOT:PSS is water-soluble, the
pieces of the active layer can be floated off the substrate by a drop of
water from where they can be transferred onto conventional TEM
copper grids. The sample thickness was about 90 nm for all samples as
determined by focused-ion-beam cross sections.

Electron Microscopy. TEM images and diffraction patterns were
recorded with a Philips CM200 FEG/ST at 200 keV. The EELS,
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EFTEM, and tomography analyses were performed in an FEI TITAN®
80-300 instrument at 300 keV. EELS and EFTEM were performed
with a Gatan Tridiem 865 HR imaging filter. EEL spectra were
recorded with an energy resolution of 0.7 eV and a dispersion 0.05 eV/
pixel. A total of 1000 spectra with an exposure time of 0.01 s were
acquired and summed up. For the EFTEM images, the exposure time
was 4 s, and an energy slit width of 4 eV was chosen.

For tomography, a tilt series of bright-field TEM images was
acquired in a tilt-angle range of +77° in steps of 1° with a “Fischione
model 2020” tomography sample holder, resulting in 155 images. For
the tilt series acquisition, the software package “FEI Xplore 3D” was
used. Subsequent alignment of the image stack and reconstruction of
the tomogram were performed with the “FEI Inspect3D V3.0”
software. The reconstruction of the tomogram is based on the SIRT
algorithm®® which was performed with 20 iterations. A sectioning of
the tomogram’s inner structure was obtained by applying a grey-level
threshold to the image stack to distinguish between FHBC and
PC4,BM regions. The “Amira/ResolveRT” software was then used to
convert the tomogram into a 3D model.

AFM and GIWAXS. AFM topography images were taken with an
Asylum Research MFP-3D in the AC mode.

GIWAXS measurements were performed using an instrument
consisting of rotating anode X-ray generator (Rigaku Micromax,
operated at 42 kV and 20 mA), Osmic confocal MaxFlux optics, and a
three X/Y slit collimation system (JJ X-ray). Samples on the top of
approximately 1 X 1 cm?® silicon platelets were irradiated at the
incident angle (a;) of 0.20°. Diffraction patterns were recorded for 3 h
on a MAR345 image plate detector. The camera length (316 mm) and
the g-range (q = 4z sin 6/4 = 0.12—2.0 A") were calibrated using
silver behenate standard. The data was processed and imaged using the
Datasqueeze 2.2.9 and Origin 8.6 computer programs.

B ASSOCIATED CONTENT

© Supporting Information

Electron tomography video and dark-field image of the
FHBC:PCBM sample annealed for 300 s. This material is
available free of charge via the Internet at http://pubs.acs.org.
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