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ABSTRACT: Nanoimprinting the photoactive layer of bulk
heterojunction (BHJ) organic solar cells is a promising technique
for enhancing device performance via improved light absorption.
Here, we demonstrate that imprinting poly(3-hexylthiophene)
(P3HT) and fullerene BHJ blends leads to adverse morphological
changes within the photoactive nanopattern which have been
previously overlooked. In particular, nanoimprinting induces a
factor of 2 difference in polymer:fullerene composition between the
nanopattern posts and interconnecting flash layer that inadver-
tently moves the composition outside the range for optimal
performance. This occurs because of the strong tendency of
regioregular P3HT to crystallize since imprinting blends based on
amorphous regiorandom P3HT have uniform nanopattern
composition. Based on these results, we outline promising design

Regio-Regular P3HT:PCBM

strategies, such as nanoimprinting amorphous polymers, to serve as guidelines for fabricating high-performance nanopatterned

BH]J solar cells capable of maximized light absorption.
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B INTRODUCTION

Device performance of polymer:fullerene bulk heterojunction
(BHJ) organic solar cells has increased dramatically over the
past decade, with power conversion efficiency (PCE) now
exceeding 10% for tandem solar cells." Rapid progress has been
achieved in part through development of new device designs
and architectures. For example, many high-performing devices
employ the so-called inverted device design,”* which utilizes
more effective electrode interlayers compared to the traditional
device configuration. More elaborate architectures have also
been developed that employ imprinted or patterned photo-
active layers with highly ordered arrays of nonplanar features
having periodicities ranging from tens of nanometers to tens of
micrometers.*"® Motivated by predictions of optical absorption
enhancements for feature periodicity on the order of the
wavelength of light,”® scalable nanopatterning techniques
compatible with roll-to-roll processing have been developed
for designs where performance improvements have been
noted.”~"> Nanopatterning has also been used in one of the
few BH]J polymer:fullerene solar cells capable of achieving PCE
> 8.5%."

In spite of this success, devices incorporating nanopatterns of
the most widely used BHJ materials, poly(3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl ester
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(PCBM),"*"'® do not outperform the best nonpatterned,
planar P3HT:PCBM devices.'”'® While nonuniformities in the
built-in electric field of nanoimprinted devices have been
investigated,'”*° the morphological effects of directly imprint-
ing soft, organic materials have been generally overlooked to
explain this lack of champion performance. Because nano-
pattern quality is typically evaluated solely on the basis of
feature uniformity using surface-sensitive probes such as
scanning electron microscopy (SEM), the characterization of
critical imprint-induced morphological properties relevant to
performance is often ignored. This includes the polymer:-
fullerene composition and material crystallinity, both of which
could be modified during the imprinting process. It is therefore
essential to assess the morphological consequences of nano-
imprinting to establish design rules for future devices, and
ultimately, to take full advantage of the proven enhancements
in light absorption.

Herein, we demonstrate that nanoimprint lithography
induces compositional variations in photoactive submicrometer
patterns comprised of regioregular (RReg) P3HT as electron
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Figure 1. (a) SEM image of nanoimprinted RReg P3HT:PCBM photoactive layer. The nanopatterns comprise posts spaced by 400 nm in a
hexagonal array with 200 nm diameters. (b) Adjacent posts are connected by a flash layer, where P3HT polymer chains are green and PCBM
molecules are black spheres (not to scale). (c) Optical absorbance of photoactive nanopattern for 284.4 eV incident photon energy acquired with
STXM. Within the image, a sample-free area is used to simultaneously measure the incident photon flux, I,. (d) Masks that isolate posts (left) and
the exposed flash (right) are used to determine the average absorbance in the posts and flash layer, respectively.

donor and PCBM as electron acceptor. Using scanning
transmission X-ray microscopy (STXM), we show that 200
nm diameter nanopatterned posts have a higher concentration
of PCBM than the underlying “flash” layer that connects
adjacent posts (see Figure 1) leaving the flash layer below the
optimum composition for high performance.”"** This occurs at
the standard temperatures used for nanoimprinting but is less
severe when the fabrication temperature is reduced. No
compositional differences are found in nanoimprinted blends
comprised of amorphous regiorandom (RRan) P3HT and
PCBM supporting the conclusion that the composition
variations in RReg P3HT nanopatterns are likely related to
the strong tendency for RReg P3HT to crystallize. Along with
composition, the relative orientation of RReg P3HT polymer
crystallites with respect to the substrate is also modified,
exhibiting greater face-on orientation with nanoimprinting.
Overall, crystallinity is an important material property to
consider when evaluating the potential for a nanopatterned
BHJ system to be successful. Our findings suggest that
photovoltaic devices produced from low crystallinity polymers
are more likely to benefit from nanoimprinting.

B EXPERIMENTAL SECTION

Sample Preparation: P3HT was purchased from Rieke Metals
(regioregular, M, 41K; PDI, 2.0; regioregularity, 93%; and
regiorandom, M, 80K). PCBM was purchased from Nano-C
(99.5% purity). All materials were used as received. P3HT:PCBM
films were spuncast from a dichlorobenzene solution using a 1:0.8 w/w
ratio solution for RReg P3HT and 1:1 ratio for RRan P3HT. Films
were cast on PSS-coated glass substrates for STXM measurement and
PSS-coated Si substrates for GIWAXS measurement. Nanopatterns
were fabricated using Pattern Replication in Nonwetting Templates
(PRINT) with an elastomeric molding material based on perfluor-
opolyether (PFPE) in a nitrogen-filled glovebox. Films were also
nanoimprinted at room temperature outside the glovebox in a closed
container into which nitrogen was used as a carrier for solvent vapor.

X-ray Characterization and Analysis: STXM was conducted at
Beamline 5.3.2.2 of the Advanced Light Source (ALS). Nanopatterns
prepared on PSS-coated glass substrates were floated onto TEM grids.
During measurement, the chamber was filled with 1/3 ATM He.
GIWAXS was carried out at Beamline 7.3.3 of the ALS using a Dectris
Pilatus 1 M photon counting detector. Samples were measured at an
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incident angle of 0.15° above the critical angle so the X-ray beam
penetrated to the substrate. The photon energy used for GIWAXS was
10 keV. Air scatter, which contributes a background signal, was
reduced using helium gas. An assumed density of 1.2 g/ cm® was used
to calculate the thickness maps from STXM imaging (Figure 3) for
both RRan P3HT:PCBM and RReg P3HT:PCBM.

B RESULTS AND DISCUSSION

Nanopatterns of RReg P3HT:PCBM blends were fabricated
using pattern replication in nonwetting templates (PRINT).*
Submicrometer post arrays of P3HT:PCBM have been
previously fabricated using this technique,'> and absorption
enhancements have been demonstrated in agreement with
predictions from optical models.*** Imprinting P3HT:PCBM
with other low surface energy materials, such as polydime-
thylsiloxane (PDMS), has also been reported.'*' Figure 1la
shows PRINT nanopatterns of P3HT:PCBM imaged using
SEM. A hexagonal lattice of posts is formed with a nearest
neighbor center-to-center distance of 400 nm and post
diameter of 200 nm. Connecting each of the posts is a flash
layer as labeled in Figure 1b. During the nanoimprinting
process, the PFPE mold is pressed into a previously spuncast
P3HT:PCBM film under elevated temperature or in the
presence of a saturated solvent atmosphere (discussed below).

Although excellent nanopattern uniformity is obtained, SEM
and other scanning probe techniques such as atomic force
microscopy are not sensitive to potential compositional
variations across the nanoimprinted material (posts versus
flash layer). Even though the surface energy of the PFPE stamp
is very low, there could still be unintentional preferential
migration of one component since the tangled P3HT polymers
are less mobile than PCBM small molecules. To address this
possibility, composition is measured using scanning trans-
mission X-ray microscopy (STXM), which utilizes the near
edge X-ray absorption fine structure (NEXAFS) spectra of
P3HT and PCBM that have unique spectral features near the
carbon 1s absorption edge. STXM was conducted at Beamline
5.3.2.2 of the Advanced Light Source® (see the Supporting
Information for measurement details). This technique has been
previously used to measure absolute composition of PCBM in
P3HT films***” and the composition of other BHJ blends.**™*°
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Moreover, STXM can resolve features below 50 nm. The
combination of high resolution and material sensitivity makes
this spectromicroscopy tool an excellent technique to assess
compositional differences in nanoimprinted photoactive layers
with submicrometer sized features.

Figure lc shows optical absorbance of a nanopatterned
sample for 284.4 eV incident photon energy. The black area on
the right side of the image is an area with no sample, so the
incident photon flux (I;) can be simultaneously measured to
obtain the optical absorbance. Individual posts are clearly
resolved with the same feature size and spacing as observed in
the SEM image (Figure la). Differences in optical absorbance
are a combination of two effects dictated by the Beer—Lambert
law. First, thickness differences between the posts and the flash
layer will change the absorbance and second, compositional
variations will also lead to absorbance differences depending on
the photon energy. The average absorbance is determined
separately for posts and regions of the flash layer that are post-
free using masks based on histograms of detector counts
(Figure 1d). It should be noted that the STXM measurement is
done in transmission, so any vertical composition variations will
be averaged.

Because a single energy is not enough to distinguish between
thickness and compositional differences, ~40 images with
different photon energies were acquired to produce average
absorbance spectra that represent the post areas and flash layer,
respectively. These spectra are shown in Figure 2 for three
different nanoimprinting temperatures. Also shown in Figure
2b are the measured pure material NEXAFS reference spectra
of P3BHT and PCBM, which reveal the unique spectral
fingerprints of each material. Near the absorption edge, the
spectra are very different, while well above the edge (e.g,, 320
eV), the intrinsic absorption of P3HT and PCBM is similar.
Differences in the measured post and flash spectra for each
imprinting temperature are noted especially near the PCBM
absorption peak (~284 eV) where the absorbance is greater for
the posts than for the flash layers in all samples. Using the pure
material spectra, the absorbance data are fit using an overall
scaling factor to account for thickness variations along with a
weighted linear combination of the reference spectra following
previous methods.>" Fits are achieved that capture the essential
features of the data. As a check, measurement of a
nonpatterned, planar P3HT:PCBM film resulted in a PCBM
weight percentage of 42.4%, which is close to the nominal
44.4% expected from the 1:0.8 wt. ratio solution used (see the
Supporting Information, Figure S1). It should also be noted
that the P3HT pure material reference spectrum used in the fits
was acquired from a spuncast film pressed with a featureless
(i.e, flat) PFPE mold and is different than a spectrum from a
standard spuncast only film (see the Supporting Information,
Figure S2). Using either spectrum does not significantly alter
the fitted values, but a better fit is achieved using the spectrum
corresponding to the pressed P3HT. Finally, an anisotropy
factor that accounts for polymer orientational differences is also
used in the fit, following previous protocols for fitting
P3HT:PCBM composition.”’

The fits in Figure 2 reveal that the content of PCBM in the
posts is twice the amount by weight than in the flash layer for
the nanopattern produced under standard processing con-
ditions at 140 °C. Furthermore, given the nominal value of
PCBM of 44% based on the solution weight ratio, it is apparent
that some PCBM is removed during the nanoimprinting
process. This leaves the composition in the flash layer much
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Figure 2. Measured absorbance and composition fits for (a) post areas
and (b) exposed flash layer for nanopatterns imprinted at different
temperatures. Absorbance for each energy corresponds to a separate
image using the masking technique described in Figure 1. For all
temperatures, there is higher PCBM percentage by weight in the posts
than in the flash layer as labeled. This leads to flash layer composition
that is below the optimum for high performance. The spectra for 140°
and 25 °C are vertically offset for clarity. Pure material NEXAFS
reference spectra for P3HT and PCBM with unique spectral
fingerprints are also shown in b.

lower than the optimum range for high performance between
40 and 50% PCBM.>"** The amount of loss decreases with
decreasing temperature and is the least for samples imprinted at
room temperature using a saturated solvent atmosphere. We
hypothesize that the PCBM is transferred to the mold, which is
a function of temperature. Interestingly, there are still
compositional differences between the posts and flash layer
even when imprinting without elevated temperature. However,
the composition remains nearly inside the range of optimum
composition for high performance and should not be
detrimental.

These results are unexpected and reveal that the composition
can differ substantially across nanopatterned photoactive layers.
Along with the nanoimprinting temperature, the extent of
compositional heterogeneity is potentially related to the
material properties of the chosen polymer and fullerene. To
test the influence of polymer crystallinity in particular,
nanopatterns were fabricated using a BHJ film of highly
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Figure 3. (a, b) Thickness and (c, d) composition maps derived from
STXM measurements of nanopatterns comprised of PCBM and (a, c)
RReg P3HT and (b, d) RRan P3HT. Both nanopatterns are fabricated
at 140 °C. The composition differences between the posts and the
flash layer are minimal in the nanopattern made with amorphous RRan
P3HT compared to the nanopattern made with semicrystalline RReg
P3HT.

amorphous RRan P3HT with PCBM at 140 °C. Thickness and
composition maps are displayed in Figure 3 comparing
nanopatterns made with RRan P3HT to those made with
RReg P3HT. The maps are calculated using two STXM images
with different energy (284.4 and 320 eV in this case) following
previous methodology.®® The thickness maps reveal similar
feature height, size, and spacing for both RReg and RRan
P3HT:PCBM nanopatterns (Figure 3a, b), supporting the
effectiveness of the PRINT technique regardless of material
choice. However, in terms of composition, the RReg
P3HT:PCBM pattern (Figure 3c) exhibits differences between
the posts and flash layer, in agreement with the fits in Figure 2.
On the other hand, the composition map for the RRan
P3HT:PCBM nanopattern (Figure 3d) shows minimal
composition differences between the posts and flash layer.
While there is still some PCBM mass loss during nano-
imprinting, there is not a drastic compositional difference
between the posts and flash layer like for the RReg
P3HT:PCBM nanopattern. This was also the case when
imprinting at other temperatures with RRan P3HT (data not
shown here). These results indicate that RRan P3HT is not as

8228

susceptible to composition variations during the nanoimprint-
ing process.

The primary difference between RReg P3HT and RRan
P3HT is their tendency, or lack thereof, to crystallize. RRan
P3HT is highly amorphous, while RReg P3HT readily
crystallizes. The differences in crystallinity were assessed with
grazing incidence wide-angle X-ray scattering (GIWAXS)
conducted at Beamline 7.3.3 of the Advanced Light Source.*”
Figure 4 shows an absence of P3HT crystal peaks for the RRan
P3HT:PCBM nanopattern as expected, while the RReg
P3HT:PCBM nanopattern exhibits P3HT crystallite reflections
in both the lamellar (h00) and 7—7 stacking (0kO) directions
(Figure 4). RReg P3HT is a highly semicrystalline material for
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Figure 4. (a, b) GIWAXS scattering data for (left) nonpatterned,
planar RReg P3HT:PCBM and (right) RReg P3HT:PCBM nano-
patterned samples, with the important peaks labeled. (b) In sample
plane and out-of-plane sector averages reveal that nanoimprinting
causes P3HT crystals to become more face-on with respect to the
substrate compared to the nonpatterned planar film. Sector averages
are also shown for the RRan P3HT:PCBM nanopatterned sample that
lacks crystal reflections. It should be noted that (a) are not corrected
for the missing wedge in the out-of-plane direction, making the axes
approximate.
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which the crystallization dynamics play an important role in
influencing the morphological development of BHJ blends.*>**
The crystallization of P3HT also plays an important role in the
compositional measurements shown in Figures 2 and 3. We
rationalize the observations as follows. The crystallization of
RReg P3HT makes this material very immobile compared to
dispersed PCBM molecules that can move freely, especially at
elevated temperature.”® The RReg P3HT crystals thus form a
rigid matrix during the nanoimprinting process where the
crystallites are unable to fill the mold voids effectively, leaving
them open to excess PCBM infiltration.

Also noted from Figure 4 are differences in the diffraction
between a nonpatterned, planar RReg P3HT:PCBM thin film
and a nanopatterned one. The planar film has more intense
lamellar reflections in the out of sample plane direction (~q,)
compared to in plane (~q,.,) as expected.>* On the other hand,
the nanopatterned sample has higher intensity lamellar
reflections in the in plane compared to the out of plane
direction (see the Supporting Information, Figure S3, for
multipeak fits). This indicates a reorientation of P3HT
crystallites to be comparatively more face-on with respect to
the substrate with nanoimprinting. In other words, a higher
proportion of polymer crystallites are oriented with side chains
parallel to the substrate for the patterned sample compared to
the nonpatterned control. The fraction of P3HT near the mold
interface in the posts likely increases the face-on signal.
Reorientation of P3HT crystallites in nanopatterns based solely
on RReg P3HT has been recently reviewed,’ where an
enhancement in face-on population as observed here was
previously shown in nanogratings of P3HT.* A higher
population of face-on crystallites with out of plane 77—z
stacking could improve vertical charge transport® for nano-
imprinted blends, but this benefit would compete against the
negative impact of the compositional heterogeneities discussed
above.

The compositional variations described above induced by the
strong propensity of RReg P3HT to crystallize help explain the
inability of nanopatterned RReg P3HT:PCBM devices to
outperform the best nonpatterned P3HT:PCBM devices in
literature. This prompts us to suggest three design rules that
can be followed to fabricate devices with nanopatterned
photoactive layers capable of converting enhanced light
absorption to enhanced photocurrent: (1) Nanoimprint
amorphous materials. It is encouraging that the highest
performing BHJ polymer to date, PTB7,” is highly
amorphous™ and has been recently used in initial work to
fabricate photoactive nanopatterns.®® (2) Nanoimprint other
sublayers of the solar cell and then use standard casting of the
photoactive layer. This has been successfully demonstrated for
RReg P3HT:PCBM with PCE > 4.0% along with other BHJ
blends."’ (3) Nanoimprint the photoactive layer at low
temperature, potentially with the aid of a solvent-saturated
atmosphere. Along with its likely amorphous structure based on
a similar polymer,39 the previously mentioned nanopatterned
device with PCE > 8.5% was imprinted at room temperature.
Quenching from a melt at high temperature should also
mitigate compositional variations when using semicrystalline
materials. Furthermore, limiting the number of tie chains
between crystallites by controlling the polymer molecular
weight may also make semicrystalline polymers easier to
deform plastically.*’
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B CONCLUSIONS

In summary, nanoimprinting submicrometer features in highly
crystalline materials, such as RReg P3HT:PCBM, results in
compositional heterogeneity which, in turn, has negative
consequences for solar cell efficiency. The compositional
differences between the posts and flash layer can be mitigated
by using a highly amorphous polymer, such as PTB7. On the
other hand, if a highly crystalline polymer is used, like RReg
P3HT, then nanoimprinting should be conducted at room
temperature. If the induced compositional variations are within
the range corresponding to high performance, then there is the
potential added benefit of higher mobility in the direction of
charge transport due to a greater population of polymer crystals
taking a face-on orientation with respect to the substrate.
Overall, these results suggest fabrication strategies for max-
imizing light absorption and efficiency in high-performance
organic solar cells with nanopatterned photoactive layers.
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