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In-Plane Alignment in Organic Solar Cells to Probe the
Morphological Dependence of Charge Recombination

Omar Awartani, Michael W. Kudenov, R. Joseph Kline, and Brendan T. O’Connor*

Bulk heterojunction (BH)) organic solar cells are fabricated with the

polymer semiconductor aligned in the plane of the film to probe charge
recombination losses associated with aggregates characterized by varying
degrees of local order. 100% uniaxial strain is applied on ductile poly(3-
hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) BH]) films
and characterize the resulting morphology with ultraviolet-visible absorption
spectroscopy and grazing incidence X-ray diffraction. It is found that the
strained films result in strong alignment of the highly ordered polymer aggre-
gates. Polymer aggregates with lower order and amorphous regions also align
but with a much broader orientation distribution. The solar cells are then
tested under linearly polarized light where the light is selectively absorbed by
the appropriately oriented polymer, while maintaining a common local envi-
ronment for the sweep out of photogenerated charge carriers. Results show
that charge collection losses associated with a disordered BH] film are cir-
cumvented, and the internal quantum efficiency is independent of P3HT local
aggregate order near the heterojunction interface. Uniquely, this experimental

mechanism for efficient exciton dissocia-
tion) to the location of exciton formation.
Once the excitons are dissociated into
free charge carriers, the BH] morphology
must also allow for efficient charge trans-
port to the electrodes. This requires that
the semiconductors that make up the
BHJ are able to intermix well while main-
taining a path for efficient charge collec-
tion. Thus, it is not surprising that device
performance is highly sensitive to the BH]
morphology. This has lead to numerous
studies that have investigated the role
of BHJ morphology on various energy
conversion losses.>!!l In the majority of
these studies, a variation in materials or
processing methods is used to modify the
BH]J morphology that is then related to a
change in device performance. 3781012
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approach allows for selective excitation of distinct morphological features
of a conjugated polymer within a single BH] film, providing insight into the

morphological origin of recombination losses.

1. Introduction

In high performance organic solar cells, a bulk heterojunction
(BHJ) active layer is typically employed that consists of a blend
of two or more organic semiconductors, usually a conjugated
polymer donor and a fullerene acceptor.!l The performance
advantage of this architecture is primarily attributed to the large
increase in the dissociation of photogenerated excitons, ena-
bled by the close proximity of the heterojunction (providing a
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While this approach is effective, changes
in the film morphology are often coupled
to a number of energy conversion pro-
cesses, resulting in ambiguity associated
with the change in morphology and spe-
cific loss mechanisms.

In this study, we selectively excite distinct morphological
features of a conjugated polymer within a single BHJ organic
photovoltaic (OPV) cell to provide insight into the spatial and
morphological origin of electronic losses. This is accomplished
by fabricating a BH]J film with highly aligned polymer aggre-
gates. The focus here is on poly(3-hexylthiophene):phenyl-
C61-butyric acid methyl ester (P3HT:PCBM) OPV devices,
where highly aligned polymer chains have previously been fab-
ricated using a strain alignment approach.[3! Briefly, the strain
alignment process consists of physically straining a spun cast
BH]J film by 100% while on an elastomer substrate, and then
transfer printing the film onto a partially fabricated device. The
film is thermally annealed to improve ordering, and a counter
electrode is then deposited on top of the film to complete the
device.'®l The large applied strain has previously been shown
to effectively align P3HT aggregates with the polymer backbone
aligned in the direction of strain.'*!*l Importantly, in strain
aligned P3HT films, the highly ordered P3HT aggregates are
strongly aligned while amorphous P3HT and lower order aggre-
gates align to a drastically reduced extent.'#13! As the primary
optical transition dipole is parallel to the P3HT backbone,!'®
illuminating with polarized light allows for preferential excita-
tion of the aligned highly ordered aggregates or the more mis-
aligned lower ordered aggregates, as illustrated in Figure 1 and
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Figure 1. A simplified illustration showing the effect of strain on the mor-
phology of the BH| film and the absorption of the P3HT aggregates with
illumination by polarized light. Left, an illustration of the E-field orienta-
tion being parallel and perpendicular to the strain direction. The color
gradient represents the component of the field parallel to the P3HT aggre-
gate backbone orientation. a) Schematic illustration of the unstrained
P3HT:PCBM film with aggregates isotropically distributed in-plane.
b) Illustration of strain-aligned P3HT:PCBM film with high order aggre-
gates aligned in the direction of strain and low order aggregates with
greater misalignment relative to the strain direction. Note, the colored
regions represent the P3HT aggregates and the gray regions represent
the amorphous P3HT and PCBM in the film.

discussed below in detail. Uniquely, the polarization sensitive
BH] film provides a framework to selectively excite morpho-
logically distinct features of the semicrystalline polymer, while
maintaining a common local environment for the sweep out of
photogenerated charge carriers. In this study, we consider 4 dis-
tinct BHJ films where the main differences between films are
the applied strain (0% or 100%) and film thickness. The thick
films are approximately 220 nm thick as-cast (unstrained) and
155 nm after strain oriented. The thin films are approximately
85 nm thick as-cast and 60 nm after strained.

Performance losses in un-optimized P3HT:PCBM OPV
devices have been attributed to increased charge carrier recom-
bination due to space charge effects associated with low hole
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mobility.'”18] These devices may have additional losses associ-
ated with an increased rate of bimolecular recombination inde-
pendent of space charge effects.”] The level of molecular order
at the heterojunction interface may also impact the efficiency
of exciton dissociation. It is currently unclear what the contri-
bution of each loss mechanism is to the overall device perfor-
mance given their common morphological dependence. Addi-
tionally, while the carriers are unable to be efficiently swept out
of unoptimized devices, the spatial location of the recombina-
tion events may be distributed throughout the active layer, be
located in close proximity to the location of exciton dissociation,
or primarily occur near the contacts. Importantly, the aligned
polymer OPV approach is able to probe photogeneration associ-
ated with disordered regions of the film while not encountering
space charge related performance losses.

2. Results and Discussion

2.1. Active Layer Morphology

Critical to this study is that linearly polarized light incident
in orthogonal directions excites distinct P3HT morphological
features in the same OPV device. Thus, the morphology and
absorption character of the films must be analyzed in detail.

To characterize light absorption in the films, we use ultra-
violet-visible (UV-vis) absorption spectroscopy with polarized
light. The absorbance anisotropy of the 100% strained films is
provided in Figure 2a and Figure S1, Supporting Information.
Both the thick and thin strained films show high absorbance
anisotropy, reaching dichroic ratios of 7.4 and 5.3 at 605 nm,
respectively. The dichroic ratio is taken as absorbance of light
polarized parallel to the strain direction to absorbance of light
polarized perpendicular to the strain direction. The dichroic
ratios are indicative of significant alignment of the P3HT back-
bone in the direction of strain, consistent with strain-aligned
neat P3HT films."" The unstrained films do not show absorb-
ance anisotropy, indicative of no preferential in-plane alignment
of P3HT chains, as expected. The absorbance also provides
information about the P3HT aggregate order. The normalized
absorbance of the strained films, given in Figure 2a, shows dis-
tinct absorbance features, particular at the 0-0 energy transition
(at =605 nm) and 0-1 energy transition (at =550 nm). These
vibronic features arise from intramolecular and intermolecular
P3HT interactions and are indicative of P3HT aggregate order.
This can be quantitatively described by a weakly interacting
H-aggregate model previously developed by Spano.l'”] The fit-
ting parameters of the model are the exciton bandwidth (W),
the 0-0 energy transition (E;), and the Gaussian line width
(0). Here, W is related to the length of planar interacting chain
segments, where a lower value is indicative of higher conjuga-
tion length, and o is related to the energetic disorder, where a
lower o value indicates greater order within and between the
aggregate polymer chains. The best-fit values for W and o, for
films under polarized light, are given in Figure 2b,c. Eyq is
relatively constant for all measurements and is set to 2.0 eV.
The values for ¢ and W vary depending on processing condi-
tions as well as incident polarization. For unstrained films, W
and o are similar to previous reports.l'¥l In the strained films,
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Figure 2. a) Normalized absorbance of 100% strained films under polar-
ized light parallel (para) and perpendicular (perp) to strain direction for
characteristic thick and thin films. Inset, absolute absorbance (Abs.) for
the strain aligned thick film. b,c) The Gaussian line width (W) and exciton
bandwidth (o) of the absorbance measurements for the unstrained (O),
and 100% strained films under polarized light parallel ([) and perpen-
dicular (L) to strain direction for the thin and thick films.

we find that o and W have unique values depending on blend
film thickness and the orientation of the incident polarized
light. The key differences are that the aggregate length (1/W)
is found to increase for aggregates that preferentially absorb
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Figure 3. Grazing incidence X-ray diffraction (GIXD) image plate data for
the thick a) as cast film (iso), and b,c) strain-aligned film. In the aligned
film, the image plate data are for the scattering vector nominally aligned
b) perpendicular (perp) and c) parallel (para) to the strain direction.

parallel-polarized light, and decrease for aggregates that pref-
erentially absorb perpendicular-polarized light, as compared
to their unstrained counterpart. When the film is strained the
aggregate order (1/0) decreases for both thick and thin films
for both incident polarization orientations. In the thin film,
absorption of polarized light perpendicular to the strain direc-
tion has a distinctively high o, or lower aggregate order.

Details of the crystalline P3HT stacking character are pro-
vided by grazing incidence X-ray diffraction (GIXD) measure-
ments, which were conducted on the unstrained and strain-
aligned thick films with image plate data given in Figure 3. In
the strained films, the diffraction characteristics are given for
the X-ray beam oriented parallel and perpendicular to the strain
direction. The diffraction pattern of the unstrained film is typ-
ical for a P3HT:PCBM BH]J film where the P3HT is observed to
have a slight preference for edge on stacking (conjugated ring
plane perpendicular to the substrate) with a broad out-of-plane
m—7 stacking orientation distribution, and a diffuse PCBM ring
found near 1.4 A=".2%l When the film is strained by 100%, a dis-
tinct difference in P3HT diffraction is found under orthogonal
X-ray beam directions, while the diffuse scattering from PCBM
remains similar. When the X-ray beam is parallel to the strain
direction (scattering vector is nominally perpendicular to the
strain direction), the P3HT crystals oriented with the polymer

Adv. Funct. Mater. 2015, 25, 1296-1303
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backbone parallel to the strain direction have a similar out of
plane stacking distribution as the isotropic film with a slight
increase in face-on stacking (conjugated ring plane parallel to
the strain direction). When the X-ray beam is perpendicular to
the strain direction, a significant drop off in intensity is found
for off-normal diffraction. While the intensity in the two direc-
tions cannot be quantitatively compared due to differences in
scattering volume and exposure time, the lack of diffraction
is indicative of a very small amount of P3HT crystals with
their backbone aligned perpendicular to the strain direction,
consistent with previous work on strain-aligned neat P3HT
films.[1415]

The absorbance and GIXD show evidence that both the
highly ordered P3HT aggregates and the crystalline aggregates
are primarily oriented in the direction of strain. However, high
order aggregates that are not perfectly aligned parallel to the
direction of the strain will contribute to absorption of perpen-
dicular-polarized light. To consider the magnitude of this con-
tribution, we consider previous work on aligned P3HT films
where GIXD ¢-scans were measured on 100% strained films.['*]
These films had a dichroic ratio of approximately 4.0 at 605 nm,
similar to but lower than the dichroic ratio of the aligned films
in this study. The ¢-scan considered the diffraction intensity of
the in-plane 100 peak as the film is rotated azimuthally, which
is considered the characteristic orientation distribution for all
crystals in the film. While aggregates do not necessarily dif-
fract,?!l the crystal distribution provides an approximation
of the high order aggregate in-plane orientation distribution.
Based on this assumption, the contribution of the high order
aggregate absorption for light polarized perpendicular to the
strain direction is estimated to be approximately 2%, with
details of the analysis provided in the Supporting Information.
Thus, while absorption of light polarized parallel to the strain
direction may have contributions from both high and low order
aggregates, absorption of light polarized perpendicular to the
strain direction is found to be primarily from more disordered
P3HT aggregates.

2.2. Internal Quantum Efficiency

To probe how light absorption in the distinct polymer aggre-
gates influences device performance, we determine the internal
quantum efficiency (IQE) of the unstrained and strain-aligned
OPV cells under linearly polarized illumination. The IQE is
the ratio of the number of charges extracted from the device
to the number of photons absorbed by the active layer,*? and
is found by dividing the external quantum efficiency (EQE) by
the absorption of the active layer. The EQE of all devices under
polarized illumination is given in Figure 4. A large anisotropy
is observed in the EQE that is primarily attributed to the differ-
ences in device absorption.

The active layer absorption in the device is measured using
a combination of an integrating sphere reflection-based meas-
urement and a transfer matrix model (TMM).?2 The reflection-
mode integrating sphere measurement is used to obtain the
full absorption of the device stack including electrodes. The
TMM is used to predict the absorption of all layers of the OPV
cell excluding the active layer, i.e., the parasitic absorption. The
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Figure 4. External quantum efficiency (EQE) for the unstrained film (iso)
and strain-aligned films under polarized light parallel (para) and perpen-
dicular (perp) to the strain direction.

active layer absorption is then calculated by subtracting the par-
asitic absorption from the total device stack absorption, given
in Figure 5 for the strain-aligned OPV cells.?”l The active layer
absorption for the isotropic devices is given in Figure S2, Sup-
porting Information. It is important to note that anisotropic
optical constants for the P3HT:PCBM layer were required to
accurately calculate the parasitic absorption with the TMM for
the strain-aligned devices. While the P3HT:PCBM layer is not
included in the parasitic absorption, the electric field inten-
sity distribution throughout the device stack is affected by the
optical constants of this layer and thus should be representa-
tive of the film. The anisotropic refractive index was estimated
by using previous ellipsometry measurements of strain-aligned
P3HT films,'* and taking the films as a 50:50 ratio by volume
of aligned P3HT and isotropic PCBM. The imaginary part of
the refractive index was then scaled slightly further to cap-
ture the larger dichroic ratio of the aligned BHJ films as com-
pared to the aligned neat P3HT films. The scaling was such
that the experimentally determined total reflection of the cell
closely matched the modeled reflection, as given in Figure S4,
Supporting Information. Finally, a film roughness was also
introduced in the TMM to accurately reproduce the measured
absorption at wavelengths greater than 650 nm.?3l The input
roughness values ranged from 2-7 nm and agree well with the
surface roughness of the P3HT:PCBM layer as measured by
atomic force microscopy.

From the EQE and active layer absorption, the IQE for each
device is determined with results for OPV cells under polarized
light provided in Figure 6. The IQE for the unstrained devices
is found to be similar to previous results for high performing
P3HT:PCBM OPV devices,*??l without significant separation
with incident polarization direction, as expected. In the strain-
aligned devices, it is observed that the IQE spectra are also
independent of incident light polarization. The IQE of these
films is similar to the IQE of the unstrained devices, with a
slight drop at shorter wavelengths. The IQE data are limited to
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and increased bimolecular recombination rates’”! that limit
0.00 e device performance. Light intensity measurements are a simple
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180l Wsa?lglengtoho[nn?]so 00" 730 recombination (i.e., monomolecular vs bimolecular) as well as
space charge effects and are thus investigated with this set of
1.00 — : : : : . devices.[>92423]
The light intensity (I) dependence of the short circuit cur-
rent (Jsc) and open circuit voltage (Voc) is given in Figure 7
0.80 7 for the thin film, and in Figure S5, Supporting Information,
for the thick film devices. The Jsc dependence on I is found
S 0.60| J to follow the relationship, Jsc o I™,1>17] where scaling factor, m,
g is found to be close to 1 for all films (unstrained and strain-
é aligned) and under the two polarized light orientations. As m
= 0.40 B approaches 1, it has been shown that charge recombination
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Figure 5. Light absorption in the a) thin and b) thick strain-aligned
films. The active layer absorption (active) is determined by subtracting
the parasitic absorption calculated using transfer matrix modeling from
the experimentally measured total (total) device absorption. The absorp-
tion is measured under polarized light parallel (para) and perpendicular
(perp) to the strain direction.
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Figure 6. Internal quantum efficiency (IQE) for the unstrained (iso) and
strain-aligned BH) device under polarized light parallel (para) and per-

pendicular (perp) to the strain direction for the a) thin film and b) thick
film devices.
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is primarily monomolecular.>??l Conversely, if space charge
effects are a factor, the scaling factor is typically found to be
significantly less than 1.071 The linear dependence between Jgc
and I highlights that there is efficient charge transport through
the device and space charge effects are not significant. As the
P3HT:PCBM device moves away from short circuit current and
toward open circuit conditions, there is commonly a transition
from monomolecular recombination to contributions from
bimolecular and Shockley Read Hall (SRH) processes.*’l When
bimolecular recombination is the sole loss mechanism, the
slope of Vo with In(I) is equivalent to kg T/e, where ky is Boltz-
mann constant, T is temperature, ¢ is the electron charge.”’!
In P3HT:PCBM BH] OPV cells, the slope is typically found to
be greater than kyT/e, attributed to a contribution from charge
recombination of SRH nature. The V¢ as a function of illumi-
nation is given in Figure 7b for the thin film and Figure S5b,
Supporting Information, for the thick film devices. The slope
of the data is found to be similar to other reports on high per-
formance P3HT:PCBM OPV cells,!?”! and no significant differ-
ences are found between the unstrained and strained devices
or between the two incident polarized light directions. In sum-
mary, the light intensity measurements show that the dominant
recombination mechanisms in the device follow similar trends
commonly observed for high performance P3HT:PCBM OPV
cells, and that no distinct recombination processes are observed
between the unstrained and strain-aligned OPV cells.

2.4. Discussion
In OPV cells, the IQE can be broken down into the efficiency of
exciton diffusion to the heterojunction, exciton dissociation into

free charge carriers, and charge collection. When considering
various loss mechanisms, previous work has suggested that

Adv. Funct. Mater. 2015, 25, 1296-1303
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Figure 7. a) Short circuit current (Jsc) with varying light intensity for the
unstrained (iso) and strain aligned films under parallel (para) and per-
pendicular (perp) polarized light for the thin films. The line fits are given
with the slope m provided in the legend. b) The open circuit voltage (Voc)
with varying light intensity for the unstrained and strain-aligned films. The
data are given with a natural log curve fit with a slope of skgT/e, with s pro-
vided in the legend. The illumination is for simulated solar AM1.5G light.

geminate recombination at the heterojunction is a significant
loss mechanism in disordered P3HT:PCBM devices.>'] How-
ever, more recently, bias-enhanced charge extraction (BACE)
measurements have provided evidence that geminate recombi-
nation is not a significant loss mechanism in these cells over
a wide range of morphological order.”l This suggests that the
predominate loss mechanism in disordered P3HT:PCBM
solar cells originates from poor charge collection efficiency. In
P3HT:PCBM BH]J films, efficient and extremely fast exciton
quenching is typically observed.>?’] This suggests that in the
films under consideration, electronic coupling to the hetero-
junction is efficient and the exciton does not travel between

Adv. Funct. Mater. 2015, 25, 1296-1303
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P3HT domains. Thus, the similar IQE for light absorbed by
the ordered and disordered P3HT aggregates in the aligned
films provides direct evidence that exciton dissociation into
free charge carriers is efficient in films of various P3HT local
order (i.e., the quantum efficiency of photogeneration of charge
carriers is independent of P3HT aggregate order) supporting
recent findings.!

Assuming that the photogenerated exciton dissociates into
free carriers at the nearest heterojunction interface, the hole is
either introduced into the high or low order P3HT aggregates
associated with the location of light absorption. The similar
polarization-dependent IQE in the aligned BH]J devices also
shows that photogenerated charge collection is independent of
the local order at the heterojunction. Previous work has shown
that space charge limited photocurrent becomes an impor-
tant factor in BHJ films when W is greater than =150 meV
and ¢ is greater than =77 meV.'"® While the absorption of per-
pendicular polarized light in the strain-aligned films is found
to have fitting parameters with greater W and o, space charge
effects are not observed in the films. This suggests that the
hole introduced into the disordered P3HT effectively moves
to an ordered polymer network for efficient charge collec-
tion. In the strained films, the majority of P3HT aggregates
are aligned in the direction of strain, and are similar in order
to high performance BH] films.'8 Therefore, once the hole
moves away from the heterojunction it will see a similar P3HT
environment of a high performance BH]J films, and efficient
carrier sweep out is possible. This picture is consistent with
the BHJ description that P3HT and PCBM segregation results
in ordered regions that have a favorable shift in the local
molecular energy levels compared to the disordered regions
providing a driving force for charge dissociation and a path for
efficient carrier collection.[610:11]

Finally, the IQE in the strained films is found to have a slight
decrease in IQE as compared to their unstrained counterparts,
particularly for shorter wavelengths. The increasing difference
found at shorter wavelengths corresponds to an increasing con-
tribution of the PCBM absorption to the IQE. Thus, the drop in
the strained films may be associated with more isolated PCBM
molecules or clusters that do not allow for an efficient elec-
tron percolation network. Previous work on polymer:fullerene
devices has suggested that isolated PCBM molecules will act
as morphological traps and a drop in quantum efficiency will
occur across the entire response spectrum of the device.l®! In
addition, analysis of P3HT:PCBM OPV cells doped with the
fullerene derivative, PCg,BM, to act as an electron trap, had a
similar drop in quantum efficiency across the entire response
spectrum of the device.l?®! The slope of the V¢ as a function
of illumination intensity in this study was also found to be sen-
sitive to fullerene trap density.?!! Here, we do observe a small
drop in IQE across the spectrum, suggesting that a small con-
tribution from PCBM trap states may be possible. However,
illumination intensity dependent device behavior does not sig-
nificantly vary in the strained devices, suggesting this is only a
minor factor in device performance (similar to the minor drop
in IQE). The fact that the films are physically strained by 100%
while maintaining IQEs associated with high performance
P3HT:PCBM BH] devices speaks to effectiveness of this align-
ment approach.
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3. Conclusion

In this study we demonstrated an experimental procedure
that allows us to study performance losses associated with
light absorption by high and low order polymer aggregates in
a single BHJ solar cell. In order to do so we applied a 100%
uniaxial strain on ductile P3HT:PCBM BH]J films. This results
in a film with a high degree of polymer alignment, particularly
of the crystalline P3HT. The devices are then tested under lin-
early polarized light, where polarized light parallel to the strain
direction is found to be absorbed predominately by amorphous
P3HT and high order P3HT aggregates, and light polarized
perpendicular to the strain direction is absorbed by amorphous
and lower order polymer aggregates. The IQE for the strain-
aligned devices was found to be similar under each polariza-
tion, indicating that the efficiency of charge photogeneration
is efficient for excitons generated in both high and low order
P3HT aggregates. Once excitons dissociated into free charge,
the BHJ morphology is such that sweep out of charge carriers
is efficient. This is supported by varying-light intensity meas-
urements that show no presence of bimolecular recombina-
tion under short circuit conditions. This device architecture
overcomes space charge effects that have previously dominated
IQE losses that have made it difficult to probe the losses at the
heterojunction interface associated with film disorder. Thus,
the demonstrated method of orienting distinct morphological
features in the plane of the film has the unique and significant
capacity to determine if recombination losses associated with
polymer morphology occur in the film bulk or near the hetero-
junction interface. Since the low and high order aggregates are
probed within the same film, we were able to normalize any dif-
ferences in charge collection efficiency that are typically present
between low and high order BH]J films. The approach of fabri-
cating in-plane aligned polymer BH] OPV devices is expected to
be possible in a number of polymer systems,?”l and as shown
in this study, is a simple and highly effective tool to gain insight
into device performance.

4. Experimental Section

Materials: The P3HT was obtained from Plextronics Inc. with a
number-averaged molecular mass M, = 50 kD, a regioregularity of 99%,
and a polydispersity of 2.1.2% The PCBM was obtained from Nano-C
with a purity of 99.5%. The PEDOT:PSS solution was type PVP Al4083,
obtained from Heraeus Materials Technology.

Device Preparation: The device fabrication starts with spin casting
PEDOT:PSS films at 5000 rpm onto a donor glass substrate followed by
thermal annealing at 120 °C for 20 min. Two P3HT:PCBM solutions were
used, with a 60:40 mass ratio in 1,2-dichlorobenzene at a concentration
of 20 mg mL™" and 36 mg mL™". The P3HT:PCBM film was then spun
cast at 1000 rpm for 60 s, resulting in a =85 nm and a =220 nm thick
film, respectively, as determined by variable angle spectroscopic
ellipsometry. The P3HT:PCBM film on the PEDOT:PSS coated glass
substrate was then laminated onto a PDMS slab that was attached
to a custom built strain stage. The composite stack was immersed
in a deionized (DI) water bath where the PEDOT:PSS layer dissolves
and the donor substrate detaches from the film. The P3HT:PCBM
film, which is now adhered to the PDMS slab, was removed from the
DI water and dried with N, gas. The composite was then strained to
100% (strained film) or left unstrained and printed onto a receiving

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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substrate that consists of spun cast PEDOT:PSS film on an indium
tin oxide (ITO) coated glass substrate. The PDMS was then removed,
leaving the P3HT:PCBM film on the receiving substrate. In order for the
strain alignment method to be successful, the P3HT:PCBM film must
be highly deformable, which has previously been shown to depend on
the local order of the P3HT in the blend film.B' The designated solution
formulation and casting conditions, described above, resulted in a
relatively low level of local order. This resulted in the ability to strain the
films, by over 100%, without fracturing or tearing. After the strain and
print process, the local order of the P3HT:PCBM is improved and OPV
device performance is optimized by thermally annealing the films at
130 °C for 10 min, followed by slowly cooling the films to room
temperature. To complete the OPV cell, the cathode, consisting of 1 nm
of LiF and 100 nm Al, was deposited by vacuum thermal evaporation at
a pressure of 1 x 107® mbar.

Morphology ~ Characterization: Absorbance measurements were
made using an Ocean Optics Jazz spectrometer. X-ray diffraction was
performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on
beam line 11-3 with an area detector (MAR345 image plate), an energy
of 12.735 keV, and an incidence angle of =0.12°.

Device Characterization: The active area of the OPV cell was 3.14 mm?
and the devices were tested using a Newport 150 W solar simulator
with an AM1.5G filter under linear polarized light at an intensity of
41 mW cm2 The EQE measurement was performed using a Newport
7400 Cornerstone 130 1/8m monochromator and a Stanford Research
Systems SR810 Lock-in amplifier.

Supporting Information

Supporting information is available from the Wiley Online Library of
from the author.
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