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ABSTRACT: The polymer chain orientation and degree of crystallinity within a
polymer:fullerene bulk heterojunction (BHJ) photovoltaic can greatly impact device
performance. In general, a face-on chain orientation is preferred for charge conduction
through sandwich-structure photovoltaic devices, but for many conjugated polymers,
an edge-on conformation is energetically favored. In this work, we examine the effects
of different processing techniques on photovoltaics based on the poly[4,8-bis(2-
ethylhexyloxy)-benzol[1,2-b:4,5-b"]dithiophene-2,6-diyl-alt-4-(2-ethylhexyloxy-1-one)thieno [3,4-b]thiophene-2,6-diyl]
(PBDTTT-C):[6,6]-phenyl-C,,-butyric-acid-methylester (PC,;BM) materials combination. We examine the extent of polymer
crystallinity and crystalline domain orientation using both traditional blend-casting (BC), where the polymer and fullerene are
cast from a single, codissolved solution, as well as sequential processing (SqP), where the polymer film is deposited first, and
then the fullerene is infiltrated into the polymer film in a second solution processing step. We show using two-dimensional
grazing-incidence wide-angle X-ray scattering (GIWAXS) that BC leads to a disordered, isotropic polymer network in the
resulting BHJ film with a correspondingly poor device efficiency. By contrast, SqP preserves the preferred face-on chain
orientation seen in pure polymer films, yielding higher short-circuit currents that are consistent with the increased hole mobility
of face-on oriented polymer chains. We also study the effects of the widely used processing additive 1,8-diiodooctane (DIO) on
polymer chain orientation and crystallinity in photovoltaic devices made by both processing techniques. We show that DIO
results in increased polymer crystallinity, and in devices made by BC, DIO also causes a partial recovery of the face-on
PBDTTT-C domain orientation, improving device performance. The face-on chain orientation in SqP devices produces
efficiencies similar to those of optimized BC devices made with DIO but without the need for solvent additives or other
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postprocessing steps.

B INTRODUCTION

Organic photovoltaics (OPVs) are of interest due to their
potentially low cost, ease of processing, and composition
containing only earth-abundant elements. These devices
typically consist of a semiconducting polymer as the primary
photoabsorber and electron donor, paired with a fullerene
derivative as the electron acceptor. Although reasonably high
power conversion efficiencies (PCEs) can be obtained,' ™ the
overall device performance is highly sensitive to the
morphology of the blended system.* To obtain optimal
performance, the polymer and fullerene must have separated
domains to enable efficient charge collection®® but also must
be mixed on length scales of less than ~20 nm to prevent
exciton recombination prior to charge separation.” The
primary way this morphology is achieved is through blend-
casting (BC), in which the polymer and fullerene are
codissolved in solution and spun onto a conductive substrate.®
In BC, the polymer and fullerene must partially demix during
film formation to form a bicontinuous interpenetrating
network, a process that is often assisted by the use of solvent
additives’ " or via post-treatment steps involving solvent' >
or thermal annealing.">™"” A more recently introduced method
for forming polymer:fullerene BHJs is sequential processing
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(SqP)."*7*° In SqP, the polymer film is cast first, and then, the
fullerene is infiltrated into the polymer in a second casting step
using a quasi-orthogonal solvent or cosolvent blend chosen to
swell but not dissolve the polymer underlayer, allowing mass
action to drive fullerenes into the amorphous regions of the
swollen polymer film.””*’~** The fullerene-casting solvent can
be rationally selected on the basis of its Flory—Huggins y
parameter, which can be determined via a few simple
ellipsometry measurements on solvent-swollen films, thereby
avoiding the need for significant trial and error.” If necessary,
fullerene intercalation in SqP also can be facilitated with a
thermal annealing step.*>%**~¢

It is well-established that the polymer crystallinity in the
active layers of BHJ photovoltaics is one of the key factors in
determining carrier mobility and carrier extraction in polymer
solar cells.”*° In addition to the total polymer crystallinity,
however, the polymer domain orientation (i.e., “texture”) also
plays a major role in hole extraction from the device, which in
turn influences both the short-circuit current and fill factor.*”**
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Because of surface energetics, most semiconducting polymers
prefer to lie with their side chains perpendicular to the surface
(edge-on orientation of the backbone), requiring holes to hop
between polymer chains to be extracted from the top and
bottom contact electrodes in sandwich-structure devices.””™*'
Higher mobilities are found for carrier motion either along the
polymer backbone or through a z-stacked network of polymer
chains. Although it would be ideal to exploit the largest
possible hole mobility, which is along the length of a
semiconducting polymer chain, this would require a remark-
ably uncommon end-on polymer chain conformation in an
OPV device.*”™" Therefore, the best readily achievable
mobility has the holes traveling through a stacked -
conjugation network, which is achieved for OPVs when all of
the polymer chains orient face-on with respect to the
substrate.**

For this reason, there has been much recent interest in
determining whether the conjugated polymers used in OPV
devices lie either face-on or edge-on with respect to the
substrate. Indeed, when conjugated polymers have a face-on
orientation in working devices, both hole mobility and
extraction are improved.?’7’38’49_54 One semiconducting
polymer that is known to lie face-on when cast into pure
films is poly[4,8-bis(2-ethylhexyloxy)-benzol[1,2-b:4,5-b’]di-
thiophene-2,6-diyl-alt-4-(2-ethylhexyloxy-1-one)thieno[3,4-b]-
thiophene-2,6-diyl] (PBDTTT-C), which has been used
extensively with blend-cast processing to make reasonably
high-performing OPV devices.”>~** Although the performance
of blend-cast PBDTTT-C devices has been well-opti-
mized,” ™% the polymer crystallinity and domain orientation
in BH]J devices has not been studied in depth.

In this paper, we present a detailed study of the crystallinity
and orientation of PBDTTT-C polymer chains in both pure
films and in BHJs produced by BC and SqP where the polymer
is combined with [6,6]-phenyl-C, -butyric-acid-methylester
(PC,,BM). We also examine the effects of the widely used
processing additive 1,8-diiodooctane'”'***~7* (DIO) in pure
and BH]J films, as optimal blend-cast BHJs fabricated with
PBDTTT-C require DIO.**%> We employ two-dimensional
grazing-incidence wide-angle X-ray scattering (GIWAXS) to
understand the extent to which the polymer maintains its face-
on orientation in BHJ devices created using these different
processing methods. We find that blend-casting leads to a more
isotropic orientation of the PBDTTT-C crystalline domains in
BH] active layers but that the use of DIO improves device
performance by both partially recovering the naturally
preferred face-on orientation and improving overall polymer
crystallinity. With SqP, we find that we are better able to
preserve PBDTTT-C’s intrinsic face-on orientation in BH]J
active layers. This is because SqP works by swelling the
amorphous regions of a polymer film with the fullerene-casting
solvent, leaving the polymer crystalline domains relatively
intact.”>*” With the more favorable face-on orientation of
PBDTTT-C in devices fabricated via SqP, we are able to match
the device efficiencies of optimized blend-cast devices without
the need for solvent additives such as DIO. The increased
orientation control achieved with SqP and described in this
work provides a further tool for researchers aiming to control
multiple aspects of semiconducting polymer structure and
domain orientation within functioning devices.

B EXPERIMENTAL SECTION

Film Fabrication. For GIWAXS and device studies,
commercially available PBDTTT-C either was used as received
or was combined with commercially purchased PC, BM via
blend-casting or sequential processing. All PBDTTT-C
solutions (pure and blended) were made at a polymer
concentration of 10 mg/mL in o-dichlorobenzene, and all
films were deposited by spin-coating. For blend-cast BH]J active
layers, the solutions were made with a 1:1.5 wt/wt PBDTTT-
C:PC,,BM ratio, which when deposited yielded an active layer
thickness of ~90 nm. Sequentially processed active layers were
fabricated by first spin-coating pure PBDTTT-C and then
subsequently depositing the fullerene from a 10 mg/mL
solution of PC,;BM in a 1:1 v/v blend of 2-chlorophenol:di-
chloromethane (2CP:DCM) (chosen for optimal swelling of
the polymer underlayer’®), such that the final active layer
thickness was also ~90 nm. Some BHJs made by SqP used a §
mg/mL PC,,BM concentration in order to more clearly see
the texture of the polymer diffraction peaks in GIWAXS
experiments. Where noted, 3% v/v 1,8-diiodooctane (DIO)
additive was added to either the blend-cast solution or the pure
polymer solution samples. Also where noted, a methanol wash
was performed to remove DIO from the films.”*”"* Films
made for GIWAXS studies were cast onto silicon substrates
(with a 1.8 nm SiO, native oxide layer) that were coated with a
poly(ethylenedioxythiophene):poly(styrenesulfonic acid) (PE-
DOT:PSS) layer to replicate the bottom device interface; Si
was chosen to minimize substrate diffraction. Active layer films
for devices were fabricated from the same solutions as for the
GIWAXS studies, and electrodes were evaporated to produce
the final device structure: ITO/PEDOT:PSS/PBDTTT-
C:PC,BM/Ca/Al. Diodes for space-charge-limited current
(SCLC) measurements were fabricated in the same way as the
BHJ devices but using an architecture of ITO/PEDOT:PSS/
active layer/Au to ensure majority hole carriers. All film
thicknesses were measured using a Dektak 150 stylus
profilometer. Further fabrication details can be found in the
Supporting Information (SI).

GIWAXS Measurements. The two-dimensional GIWAXS
measurements were performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamline 11-3 using a
wavelength of 0.9742 A. Diffraction patterns were collected on
a two-dimensional image plate with a sample to detector
distance of 400 mm and a spot size of roughly 150 ym. A
helium chamber was utilized to increase the signal-to-noise
ratio. For the analysis of the GIWAXS data, the two-
dimensional diffraction for each sample was integrated using
WxDiff. The limits of the integration were changed on the
basis of the orientation information desired. To obtain a full
integration of a diffractogram, the integration limits over chi
were from O to 180°. For in-plane, out-of-plane, and 45°
integrations, the limits were 0—10°, 80—90°, and 40-50°,
respectively. The intensities on the opposite sides of the
diffractogram (90—180°) were also checked to ensure they
were the same as the chosen limits. Each integration was
background corrected for the substrate scattering. The
subtractions were performed on the raw scattering data to
ensure that no errors occurred due to background subtraction.
To ensure reproducibility in diffraction intensity and shape, all
samples were made and measured in triplicate, and if all three
samples did not agree, samples were refabricated and rerun.
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Figure 1. Raw GIWAXS diffractograms for pure polymer (a) and pure polymer with DIO (b) showing a face-on polymer orientation.
Diffractograms for blend-cast (c,d) and sequentially processed (e,f) BHJs, both with (d,f) and without DIO (c,e) exhibit isotropic fullerene
diffraction, but very different polymer chain orientations. Face-on polymer orientation is clearly seen in SqP films, while blend-cast films show more
isotropic diffraction. A cartoon of face-on oriented polymer chains as well as cartoons depicting the (100)- and (010)-stacking directions are shown

in (g).

Device Measurements. Photoluminescence spectra were
collected on a Spex Fluorolog 3 spectrofluorometer using a 630
nm excitation wavelength, 5 s integration time, and 5 nm
excitation and emission slit widths for all samples. Photovoltaic
performance was measured in an argon atmosphere using a
Keithley 2400 sourcemeter and AM-1.5 filtered light from a
xenon arc lamp source equipped with a liquid light guide
(Oriel). The incident light intensity on tested samples was
adjusted to be 100 mW/cm” using a calibrated Si diode. SCLC
measurements were taken on the same setup but without the
light source. The dark J—V curves were corrected for series
resistance and fit to the Murgatroyd equation”>™"" to extract
the steady-state mobilities (details of the fits can be found in
the SI). EQE measurements were collected using a chopped
(23 Hz) monochromatic beam (Newport TLS-300X)
measured across a 50 € resistor using a SR830 lock-in
amplifier. Because the currents are low, the voltage across the
resistor and therefore the device is also low, which means that
short-circuit conditions are well-maintained at all times.
Multiple long-wave-pass filters (90% transmission cut-on at
345, 605, 850, 1030, and 1550 nm) were used during the
measurement to remove high-energy light transmitted through
the monochromator due to lower-order reflections. Each data
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point was taken from the amplitude readout of the lock-in and
averaged for ~5 time constants.

B RESULTS AND DISCUSSION

I. Orientation of PBDTTT-C Crystallites Measured by
2-D GIWAXS. Two-dimensional GIWAXS is a powerful tool
that allows us to determine both the relative polymer
crystallinity and the orientation of the crystalline domains.
From the two-dimensional scattering patterns, the extent of
polymer orientation can be determined by comparing the
intensities of the (100) lamellar-stacking and (010) z—z-
stacking peaks in both the conventional out-of-plane and in-
plane scattering directions. The out-of-plane scattering reports
only on those diffraction planes oriented parallel to the plane
of the substrate, while in-plane scattering focuses on diffraction
planes oriented perpendicular to the plane of the substrate. To
study how the polymer structure changes with different
processing conditions, we measured the two-dimensional X-
ray scattering from both blend-cast and sequentially processed
PBDTTT-C:PC,BM BH]J active layers in addition to pure
PBDTTT-C films with and without DIO, as shown in Figures
la—f.

A. Face-On Structure of Pure PBDTTT-C Films. From the
raw diffractogram of the pure polymer (Figure la), the
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preference for face-on orientation of the polymer domains can
clearly be seen: the (100) lamellar peak is located primarily in-
plane, and the (010) 7—z-stacking peak is seen primarily in the
out-of-plane direction, in agreement with the literature.”’ A
cartoon depicting this face-on orientation of the PBDTTT-C
polymer chains in the pure polymer film is shown in Figure 1g.

The addition of the solvent additive DIO to blend-cast
solutions of polymers and fullerenes has been shown to
improve the power conversion efficiency in a variety of
systems®®™"* and in particular has been effective for improving
devices made with PBDTTT-C.>*"¢* Thus, we also looked at
the effects of DIO on the structure of pure PBDTTT-C and
sequentially processed BHJ films in addition to the well-
studied blend-cast system with PC,,BM.”>"%> We find that
adding DIO to solutions when casting pure polymer films does
not change the polymer domain orientation (Figure 1b). For
blend-cast and sequentially processed BHJ films, however,
isotropic scattering from the fullerene is observed near the
polymer (010) peak, making it difficult to see the polymer
(010) diffraction peak in some cases. Even though the raw data
cannot be used to determine polymer chain orientation in all
cases, clear (010) scattering can still be seen in the out-of-plane
direction for the sequentially processed films, suggesting that
this method preserves the face-on orientation of the pure
polymer. For a more detailed analysis of the chain orientation
across processing conditions, selective integrations of the data
are needed, as presented below.

For pure PBDTTT-C films, we radially integrated the two-
dimensional diffractograms shown in Figure 1 to obtain
information on the crystallinity and crystallite size, as depicted
in Figure 2a. The fitted peak areas and coherence lengths,
which give quantitative information about the overall
crystallinity and crystallite size, are given in Table SI of the
SL. The pure polymer exhibits characteristic (100) and (010)
scattering peaks at 0.33 and 1.57 A™', respectively. Upon the
addition of DIO, a marked increase of over 50% in the overall
crystallinity of the pure polymer is observed. It is well-
established that, due to its low volatility, DIO tends to remain
in polymer films, where it can be detrimental to device
performance if it is not properly removed.”’~"> Furthermore, it
has been shown that the addition of DIO increases time for
crystallite formation in BHJs.”® Thus, the low volatility of DIO
compared to the polymer-casting solvent gives the polymer
more time to crystallize and thus increases overall crystallinity.

We further quantified the crystalline domain sizes using the
full width at half-maximum (fwhm) of the (100) peaks via the
Scherrer equation (details in the SI). We note that in
conjugated polymer systems like those studied here, the
broadening of X-ray scattering peaks results from a
combination of finite size effects, as seen in traditional
crystalline materials, as well as disordered-induced broadening.
As a result, domain sizes derived from the fwhm of diffraction
peaks using the Scherrer equation correspond to what we call
the crystalline coherence length, which is always smaller than
or equal to the actual crystallite size because of the effects of
chain packing disorder. Although there is an increase in overall
crystallinity of the pure polymer upon the addition of DIO, the
coherence length is unchanged within the error, going from 4.1
nm for the pure polymer to 3.7 nm with DIO (Table SI of the
SI).

We next examined the results of removing the DIO additive
from the pure polymer films. Because it is detrimental to device
performance, several groups have investigated removing DIO
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Figure 2. (a) Full integration of GIWAXS diffractograms for pure
polymer films showing the increase in crystallinity with the addition of
DIO, where the black curves are pure polymer, red curves are polymer
with 3% DIO, and blue curves are obtained after washing the DIO
away with methanol. The face-on orientation shown by the strong
(010) diffraction in the out-of-plane direction (b), with much less
intensity in-plane direction (c).

from BHJ active lazers using techniques such as the application
of high vacuum’"”* or methanol washing.**""* In particular,
Ye and co-workers showed that by monitoring the C—I stretch
vibrations from DIO, both techniques can remove DIO from
PBDTTT-C:PCBM BHJs with similar efficacy.”’ Here, we
remove the DIO from our films via methanol washing, as this
provides consistency between our GIWAXS and device active
layer samples. For the pure polymer films, we found that
methanol washing produced very little change in the structure
of films cast with DIO as a solvent additive. The calculated
Scherrer length of 3.8 nm is very close to that of the polymer
film with DIO and still within the error of the pure polymer.
Indeed, neither methanol nor the 2CP:DCM solvent blend
that we used for casting the fullerene during SqP significantly
changed overall the polymer crystallinity or chain orientation
(see Figure S1 of the SI).

We next determined the extent of the polymer chain
orientation in the pure polymer films by directionally
integrating the diffractograms. To look at the orientation, we
took 10° integration slices in the out-of-plane (Figure 2b) and
in-plane (Figure 2c) directions. By comparing the out-of-plane
and in-plane peaks, it is apparent that the PBDTTT-C chains
in pure films lie mostly face-on. The face-on orientation can be
determined from the (010) 7—z-stacking peak, which appears
at 1.57 A™! in the out-of-plane patterns. The high out-of-plane
intensity relative to the in-plane intensity is indicative of a face-
on chain orientation. We note that the relative (010) peak
intensity is a better measure of chain orientation than the
relative (100) peak intensity because of interference from the
specular reflection in the (100) peaks. Although we always
subtract the specular reflection away before integration, its
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intensity varies with surface roughness, so perfect background
subtractions are not always possible. We note that for all
samples, the in-plane (010) peak is much broader than the out-
of-plane peak and is dominated by a shoulder shifted to lower
q (centered at about 1.3 A™'). The shoulder indicates the
presence of some disordered, edge-on polymer chains that
have a significantly larger m—n-stacking distance. Thus,
although the chains in the pure film are not perfectly face-on
oriented, the data show that PBDTTT-C films do have an
excess of face-on domains and that those face-on domains
appear to be more ordered.

The orientation of the pure polymer chains is mostly
maintained upon addition of DIO, whose dominant effect is to
produce an increase in overall crystallinity, as observed in
Figure 2b. This increase in crystallinity is likely due to the
slower drying kinetics with DIO, since its low vapor pressure
causes it to remain in the film.”® Some decrease in face-on
orientation is also observed with DIO addition as indicated by
the relative increase in the in-plane (010) scattering intensity.
No significant additional changes are observed upon removing
the DIO with methanol. Overall, these data suggest that pure
PBDTTT-C, without additives, is the most promising
candidate for devices that require a face-on polymer
orientation but that DIO-containing films still show a
significant fraction of face-on polymer chains for such
applications.

B. Polymer Orientation in Blend-Cast PBDTTT-C BHJs with
PCBM. Now that we have an understanding of the chain
conformation in pure PBDTTT-C films, we turn to assessing
whether or not this orientation is maintained during blend-
casting with PCBM. The fully integrated diffractograms for
blend-cast BHJs are shown in Figure 3a, which can be
compared to the pure polymer patterns in Figure 2a. The data
show both the (100) lamellar polymer diffraction at 0.36 A™"
and several PC,;BM scattering peaks located at 0.66, 1.34, and
1.89 A", In addition to increasing the polymer crystallinity,
the use of DIO as a solvent additive in BC devices also
decreases the lamellar (100) polymer peak width, indicatin,
the formation of larger crystalline PBDTTT-C domains.*”°
Indeed, the calculated coherence length increases from 2.4 to
3.9 nm upon the addition of DIO to the BC film without a
significant change in overall crystallinity. Increased domain
size, up to a certain extent, can enable better hole conductivity
through the polymer network and is likely partially responsible
for the increase in current observed for the DIO-treated blend-
cast BHJ devices, whose properties are discussed below.

Unlike the case for the pure polymer films, we do see
significant changes in the scattering from DIO-containing
blend-cast BHJ films upon washing with methanol. After
methanol washing, we are left with higher overall crystallinity
and similar Scherrer domain sizes of 3.1 nm. Further, methanol
washing causes a significant increase in the fullerene
crystallinity as seen by the increase in the intensity of the
peak centered at about 1.3 A™! in Figure 3a. The removal of
DIO with methanol washing clearly enables the polymer:-
fullerene system to pack better and form more crystalline
domains, creating a better overall bicontinuous BHJ network.
We note that in addition to removing the DIO, the methanol
wash likely also removes any residual blend-casting solvent.
This conclusion is based on the fact that methanol washing a
blend-cast film without any DIO additive (shown in Figure S2
of the SI) also produces a slight increase in fullerene
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Figure 3. (a) Full integrations of GIWAXS diffractograms for 1:1.5
PBDTTT-C:PCBM blend-cast films without DIO (green), with 3%
DIO (blue), and methanol washed (red). The films appear to show a
preference for an edge-on polymer chain orientation, as seen by the
strong (100) scattering in the (b) out-of-plane direction but not in the
(c) in-plane direction. Examination of the (010) scattering in (d) in
both the out-of-plane and in-plane diffractions is facilitated by
subtraction of all isotropic scattering, which includes the fullerene
diffraction. The inset in (d) is a zoom-in of the (010) polymer region
and shows negative intensities in the out-of-plane direction, which
again indicates a lack of face-on polymer chains.

crystallinity, though this increase is to a much smaller extent
than in BH]J films prepared with DIO.

We also compared the in-plane and out-of-plane diffraction
of our blend-cast BHJs to determine the average polymer
domain orientation, as plotted in Figure 3b,c. In these panels,
we see a large out-of-plane (100) lamellar-stacking peak with a
correspondingly much smaller in-plane lamellar diffraction.
This suggest that the PBDTTT-C polymer in blend-cast BH]Js
has an orientation that is more edge-on or isotropic, rather
than mostly face-on, as observed for the pure polymer. Because
of potential interference form the specular reflection, however,
it would make sense to confirm this conclusion using the (010)
diffraction peak. Unfortunately, the (010) z—z-stacking peak
in these BHJs is largely obscured by the presence of the strong,
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isotropic fullerene scattering centered at 1.34 A™'. For the
sample with DIO, the (010) peak is observed as a small
shoulder, but the intensity in both samples is too small for
quantitative analysis. To extract the (010) z—z-stacking peak
from the fullerene peak, we took a 10° radial segment from the
diffractogram centered at 45°, which contains scattering from
any peaks with an isotropic orientation. Since the fullerene
diffraction is isotropic, we subtracted the 45° segment from
both the out-of-plane and in-plane data in Figures 3b,c,
respectively. This procedure should leave only the nonisotropic
polymer diffraction. The results of this subtraction procedure
are shown in Figure 3d, where we see that the (100) lamellar
peak for the blend-cast film now lies entirely out-of-plane. This
indicates that no polymer domains show a preference for face-
on orientation and that indeed most of the blend-cast sample is
isotropic.

We next focus on the (010) 7—z-scattering region; here, the
subtracted data are quite complex. In the in-plane direction,
little nonisotropic scattering is observed. In the out-of-plane
direction, by contrast, we see a derivative-shaped peak. The
negative intensity of this peak indicates a lack of face-on
oriented polymer chains relative to the isotropic scattering, and
the overall derivative shape indicates that those chains that do
orient face-on have a slightly different lattice spacing than the
isotropic chains. As discussed above, we frequently observe this
trend, with a smaller 7-stacking distance in face-on chains that
are flattened by interaction with the substrate. The
combination of increased out-of-plane lamellar diffraction
and decreased out-of-plane z-stacking intensity thus indicates
that for blend-cast films without DIO, the polymer no longer
has a net face-on orientation.

Finally, we can compare the blend-cast BHJ films with and
without the DIO additive. When DIO is used in the casting
solution, the (100) lamellar peak intensity increases in both the
in-plane and out-of-plane directions, indicating greater overall
crystallinity, as discussed above. A small out-of-plane (010)
peak can also be seen between the two fullerene diffraction
peaks at ~1.6 A™!, which was not visible in the blend-cast
sample without DIO. The existence of this out-of-plane (face-
on) (010) peak is confirmed in the 45°-subtracted curve,
which again shows no signal in the in-plane direction, but now
shows some positive intensity in the out-of-plane direction
(Figure 3c). This indicates a slightly larger population of a
face-on oriented polymer chains for the films cast with DIO. A
loss of out-of-plane isotropic (010) scattering and an increase
in face-on out-of-plane (010) scattering are also observed for
methanol-washed samples, this time accompanied by a relative
increase in the in-plane (100) scattering, indicating even
further recovery of the face-on orientation in the methanol
washed samples and the highest overall crystallinity out of all
our conditions. The recovery of face-on orientation and
increased coherence length, in combination with the increased
overall crystallinity, explains the higher current and increased
overall performance observed in blend-cast devices made with
DIO (removed by methanol washing) as discussed in more
detail below.

C. Polymer Orientation in Sequentially Processed
PBDTTT-C BHJs with PCBM. One goal in using naturally
face-on oriented polymers is to be able to preserve the
favorable polymer orientation in BHJ devices blended with
fullerene. We have shown above, however, that the face-on
morphology is not always well-preserved by blend-casting; the
presence of fullerene during film formation can kinetically

frustrate crystallization, leading to isotropic polymer orienta-
tion. The use of low-vapor-pressure solvents like DIO leaves
the film wet with solvent for an extended period of time, partly
alleviating the frustration. But an alternative to preserving face-
on polymer domain orientation in BHJs is to use sequential
processing, where a pure polymer layer is deposited first with a
face-on orientation, and then, the fullerene is infiltrated in a
second step using a solvent that swells but does not dissolve
the underlying polymer film. We have argued in previous work
that SqP preserves much of the morphology of the original
polymer film,”**>**7"7® 5o it is entirely possible that the
method could better preserve the native polymer orientation
producing real differences in the net orientation of blend-cast
and sequentially processed BHJs of the same materials.

Figure 4a shows radially integrated two-dimensional
GIWAXS diffractograms for sequentially processed films with
and without DIO additive in the polymer-casting solution. It
should be noted that the PCBM concentration used for these
films was S mg/mL, whereas the optimal PCBM concentration
for sequentially processed photovoltaic devices is 10 mg/mL.
The GIWAXS data for films made with 10 mg/mL PCBM are
shown in Figure S3 of the SI, where the large fullerene peaks
with the high fullerene concentration make the analysis of
these patterns difficult. The increased fullerene peak intensity
is consistent with the fact that the optimized SqP device has a
PBDTTT-C:PC,;BM weight ratio of 1:3.5 (see SI, Figure S4),
much higher than the BC ratio of 1:1.5. Therefore, we choose
to analyze the GIWAXS data for the 5 mg/mL PCBM
sequentially processed samples, where the trends in the various
peaks are easier to extract.

We note that in SqP, because the vapor pressure of DIO is
low, if DIO is used in the polymer-casting solution, some of it
remains in the film during the fullerene deposition stage.
Figure 4a shows that the addition of DIO to the polymer-
casting solution does not significantly change the overall
crystallinity; however, it does increase the coherence length
from 4.9 to 5.7 nm. Since the coherence lengths are larger than
both the pure polymer films and the blend-cast BHJ films, we
performed photoluminescence (PL) quenching experiments to
verify that the sequentially processed films still were sufficiently
mixed to provide good exciton harvesting. Figure S shows the
PL of PBDTTT-C films fabricated via BC and SqP with and
without DIO. The intensity was scaled by the polymer
absorption at the excitation wavelength (see Figure SS in the
SI), and the data show that in all cases, the BHJ films’ PL is
more than 90% quenched compared to pure PBDTTT-C. The
PL data thus confirms that there is adequate polymer:fullerene
mixing for BHJ films made via both processing methods,
despite the larger domain sizes obtained via SqP. In fact, Figure
S shows that the blend-cast-with-DIO film has the most
residual PL, which makes sense as it has the highest overall
crystallinity (see Table S1 of the SI).

The presence of DIO in the polymer-casting solution also
causes an increase in the intensity of the PC, BM scattering
peak centered at 1.34 A™' as seen in Figure 4. This intensity
increase suggests that DIO enables PC;;BM to diffuse more
easily into the polymer, which likely occurs because of the low
vapor pressure of DIO,*”%° resulting in some DIO remaining
in the film under ambient conditions.®® As a result, the film is
still partially wet with DIO during the fullerene-casting step in
SqP. Favorable mixing between DIO and the SqP—castin%
solvent then results in DIO-induced polymer swelling.”
Increased solvent swelling during SqP either allows more
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Figure 4. (a) Full integration of GIWAXS diffractograms for
sequentially processed (SqP) PBDTTT-C:PCBM films, where the
orange curves have no additive, and the purple curves have 3% DIO in
the polymer-casting solution. Despite the fullerene scattering, strong
(010) diffraction can be seen in the out-of-plane scattering in part (b),
but not in the in-plane scattering in part (c). Examination of the
(010) scattering in (d) in both the out-of-plane and in-plane
diffractions is again facilitated by subtraction of all isotropic scattering,
which includes the fullerene diffraction. The inset in (d) is a zoom-in
of the (010) polymer region and shows strong positive intensities in
the out-of-plane direction, indicative of a face-on polymer chain
alignment.

fullerene to incorporate into the film or allows whatever
fullerene that is present in the film to become more crystalline,
both of which result in increased fullerene diffraction and
could be beneficial for device performance.

In contrast to the blend-cast BH]J films, the in- and out-of-
plane diffractograms for the sequentially processed BH]J films
(Figure 4b,c) show more pronounced differences in scattering
intensity. The data clearly show a (010) scattering peak
(shoulder) in the out-of-plane direction but not in the in-plane
direction for the sequentially processed films made both with
and without DIO. The presence of this strong out-of-plane
n—n peak means that PBDTTT-C in the sequentially
processed BHJs is far more face-on than in its blend-cast

1.0X106 T T T T T T
& Pure PBDTTT-C
BC no DIO
8.0x10°4| o BCwith DIO
A SgP no DIO
6.0x10° SqP with DIO
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Figure S. Photoluminescence of pure PBDTTT-C (red squares) as
well as BHJ films made via BC with DIO (dark blue circles) and
without DIO (light blue squares), SqP with DIO (dark green down
triangles) and without DIO (light green up triangles). A methanol
wash was performed to remove the DIO in the BC case, while in SqP,
we rely on the SqP solvents to remove the DIO. The PL intensities
have been normalized by the polymer optical density at the excitation
wavelength (630 nm, see SI Figure SS). All of the BHJs are well-
quenched, indicating the domains in the films are well-mixed.

counterparts. There is also somewhat more (100) lamellar
scattering intensity observed in the in-plane direction for the
sequentially processed BHJs than was seen with the blend-cast
BH] films, consistent with a more face-on domain orientation.

Although the (010) polymer diffraction peaks can be seen in
the sequentially processed samples, strong fullerene diffraction
again makes quantitative analysis difficult, so as with the
analysis above, Figure 4d shows the results of subtracting off
the isotropic diffraction measured at 45°. Unlike the blend-cast
films, where the subtraction led to a derivative shape, the
sequentially processed PBDTTT-C:PC,;BM BHJs instead
show a distinct peak in the (010) region for out-of-plane
scattering (inset of Figure 4d). Moreover, the (100) lamellar
scattering in the sequentially processed BHJs shows more in-
plane intensity than in the blend-cast samples, again indicating
a more face-on orientation. Thus, in contrast to blend-cast
BHJs, SqP-based devices have stronger face-on polymer
orientation both with and without DIO, similar to pure
polymer samples.

Il. Device Performance of Blend-Cast and Sequen-
tially Processed PBDTTT-C:PC,;BM BHJs. To understand
how all of the above structural observations affect actual device
performance, we fabricated OPVs with blend-cast and
sequentially processed PBDTTT-C:PC,;BM active layers,
without DIO, with DIO, and with DIO removed via methanol
treatment; the results are summarized in Figure 6 and Table 1.
To further correlate performance with variations in mobility as
a result of changes in polymer orientation and degree of
crystallinity, we fabricated hole-only diodes and fit the
corresponding dark J—V curves to the space-charge-limited
current (SCLC) model, yielding the hole mobilities listed in
Table 2. Details of the fitting procedure and corresponding fits
to the data are shown in Figure S6 of the SI

As has been observed in previous work,”’%” the addition of
DIO during blend-casting is necessary for optimal device
performance. Our blend-cast photovoltaic device data fits with
this expectation, as we observe an increase in overall power
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Figure 6. (a) J—V device curves for blend-cast films without additives
(light blue squares) and with 3% v/v DIO (blue diamonds).
Additional improvement is seen with methanol washing the DIO
films (dark blue circles). Sequential processing without the use of
additives (light green triangles) shows improvement over the blend-
cast films, mainly due to Jsc improvement. SqP devices fabricated with
3% v/v DIO (green down triangles) and, subsequently, MeOH
washed (dark green stars) are similar in performance to SqP devices
without additives. All devices have the structure: ITO/PEDOT:PSS/
PBDTTT-C:BC,;BM:Ca/Al (b) External quantum efficiency (EQE)
for optimized blend-cast (w/DIO + MeOH wash) and sequentially
processed films (no additional processing), showing higher obtainable
current with SqP.

conversion efficiency from 4.4 to 5.0% upon the addition of 3%
DIO by volume (Figure 6a and Table 1). The boost in
efficiency arises from a slight improvement in the fill factor and
a large improvement in the short-circuit current, Jc, from 12.7

Table 2. SCLC Hole Mobilities (t},5.)™"

Hiole (em*V~'s™!)
1.07(6) x 1073

active layer

pure PBDTTT-C

sequentially processed 29(2) x 107
blend-cast 1.26(8) x 107*
blend-cast no DIO 2.8(2) x 107°

“Representative active layers: pure PBDTTT-C, optimized SqP
(without DIO), optimized BC (with DIO and MeOH wash), and
BC without DIO. “The results for the pure polymer and optimized
blend-cast are in agreement with the literature.’”*>”°

to 154 mA/cm® for devices without and with DIO,
respectively. Upon washing the blend-cast-with-DIO films
with methanol, the PCE is further increased to 6.3%. These
results fit well with the observed SCLC hole mobility increase
from 2.8 X 107> cm®V~'s! in the blend-cast active layer to 1.26
x 107* cm*V~!s™! in the optimized blend-cast films with DIO
and subsequent methanol wash. On the basis of the scattering
data in Figures 1 and 3, we associate the improvement in
mobility when DIO is added to a combination of increased
polymer face-on orientation and an increase in domain size.
DIO removal further causes an increase in crystallinity and
more favorable rearrangement of the fullerene, as discussed
above, and also eliminates any detrimental effects DIO might
have on device performance.”””

Although we expected an increase in PCE with the use of
DIO for blend-cast systems, surprisingly, we see similarly high
PCEs for devices fabricated via SqP, both with and without
DIO. Without the use of any additives, SqP produces a higher
Jsc than the optimized blend-cast devices, which is verified by
the external quantum efficiency (EQE) measurements shown
in Figure Sb; the EQE curves, when integrated, yield the
measured short-circuit currents to within a few percent. We
note that a similar improvement in J5: with SqP compared to
BC has been seen with a related polymer, PBDTTT-C-T.*" In
the case of PBDTTT-C-T, however, the Jsc improvement was
attributed to improved vertical phase separation with SqP
rather than to changes in the polymer domain orientation, as
we postulate here. The higher Js. for SqP devices is consistent
with the higher hole mobility expected through the stacked 7-
conjugation. Indeed, the SCLC hole mobility for the optimized
SqP active layer (without DIO) is 2.9 X 107* cm?V~'s™!, an
order of magnitude higher than that of the blend-cast device
without DIO and more than twice that of the optimized blend-
cast device (with DIO and methanol wash). Since the overall
crystallinity is lower in the SqP device compared to the
optimized BC, the mobility improvement can be assuredly
attributed to polymer orientation effects.

In contrast to the blend-cast films, neither the addition of
DIO to the polymer layer nor subsequent methanol washing
has a significant effect on the overall performance of

Table 1. Summary of J—V Characteristics for the Devices Shown in Figure 5%

device

no DIO

with 3% v/v DIO

with 3% v/v DIO + MeOH wash
no DIO

with 3% v/v DIO

with 3% v/v DIO + MeOH wash

blend-cast

sequentially processed

V,. (V) Joc (mA/cm?) FF (%) PCE (%)
0.775 + 0.005 —12.7 £ 0.2 45 + 4 44+ 05
0.719 + 0.004 —154 + 04 46 + 3 5.0 + 04
0.733 + 0.005 —14.0 + 0.5 61 +2 63+03
0.701 + 0.006 —15.1 + 0.6 59+ 3 63 + 04
0.711 + 0.003 —16.0 + 0.8 56 + 1 63+ 02
0.696 + 0.005 —16.2 + 0.6 55+ 2 62 +03

“The device characteristics were averaged over 3 films (12 devices) and are presented with + the standard deviation of each set of conditions.
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sequentially processed devices. As discussed above, the
addition of DIO to the polymer-casting solution for SqP
devices does lead to slightly larger domain sizes, but the
Scherrer domain sizes and extent of face-on orientation remain
relatively unchanged, in sharp contrast to the role of DIO in
blend-cast devices. The lack of appreciable change in the PCE
indicates that this slight increase in fullerene content and/or
crystallinity with DIO is not important for device performance.
Furthermore, methanol washing is no longer necessary, as it
has no significant effect on the device performance, likely
because the solvent blend used in the SqP step already washes
any excess DIO out of the active layer. Thus, sequentially
processed devices do not need processing additives (or a
subsequent methanol wash) to match the optimized 6.3% PCE
of the blend-cast system, which requires both DIO and a
subsequent washing step. Given that all BHJ morphologies are
adequately mixed and that the overall crystallinity is lower in
sequentially processed samples than in blend-cast devices, the
preservation of the face-on orientation of PBDTTT-C in
sequentially processed films must be the main contributor to
performance enhancements.

B CONCLUSIONS

In this work, we have shown that the face-on orientation of
pure PBDTTT-C films is not preserved when standard blend-
casting techniques for creating polymer:fullerene BHJs are
employed. Although PBDTTT-C shows a preferred face-on
orientation in pure films, regardless of the presence of any
solvent additive, the interactions of the polymer with PC, BM
appear to dominate over polymer—substrate interactions,
leading to a loss of the natural face-on polymer orientation
upon blended film formation. The addition of DIO helps to
restore the face-on tendency of the domains in this material
when blend-casting.

By producing BH] devices from PBDTTT-C using
sequential processing, however, the face-on orientation of the
pure polymer film can be preserved even without additives, as
summarized in the TOC graphic. Sequential processing thus
enables us to translate pure polymer properties into blended
BHJ devices. The benefits of preserving the face-on polymer
orientation are seen in improved hole mobility and overall
device performance. Face-on orientation enables more efficient
hole conduction through the polymer 7z-system, yielding a
higher Jsc in OPV devices. Overall, even though the final
device performance for this polymer:fullerene combination is
similar for blend-cast and sequentially processed devices, the
structure of the polymer in the two devices is quite different.
We note that although the focus of this work is on the
preservation of optimized polymer chain orientations using
solvent additives or SqP, an interesting corollary is the
observation of the remarkable flexibility of the BH]J
morphology: we see that there are a wide range of underlying
BH] architectures that can lead to good device performance,
which perhaps explains why the BHJ concept works so well in
the first place.”” In the PBDTTT-C blend-cast system, we see
higher overall crystallinity but smaller crystalline domains,
whereas SqP produces BHJs with lower overall crystallinity but
domains that are larger and more face-on oriented. When
optimized, both techniques can lead to good device perform-
ance.

Overall, our work emphasizes that these two distinct
processing methods for creating OPV active layers can be
used to enhance different aspects of polymer structure and

nanoscale morphology. By adding SqP alongside BC with
solvent additives to the OPV processing toolbox, researchers
now have a larger variety of ways to robustly and reproducibly
tune both polymer crystallinity and domain orientation in
semiconducting polymer OPV devices.
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