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Tuning Local Molecular Orientation—-Composition Correlations
in Binary Organic Thin Films by Solution Shearing

Wei Ma, Julia Reinspach, Yan Zhou, Ying Diao, Terry McAfee, Stefan C. B. Mannsfeld,

Zhenan Bao,* and Harald Ade*

A general impact of solution shearing on molecular orientation correlation is
observed in polymer:fullerene organic solar cells in which one of the com-
ponents forms fibrils or aggregates. Further investigation with polarized soft
X-ray scattering reveals that solution shearing induces more face-to-face
orientation relative to the interface of two components compared to spin-
coating. This impact is shearing speed dependent, that is, slow shearing
speed can induce more face-to-face orientation than a fast shearing speed.
These results demonstrate that solution shearing is an effective method to
control the relative molecular orientation. Solution shearing can also modify

large-area and fast fabrication are consid-
ered to be crucial to achieve commercially
feasible wide-scale production of any thin
film technologies. Among the fabrication
tools mentioned, the solution shearing
coating method is particularly advanta-
geous to meet these requirements. It not
only allows the fast fabrication of organic
thin films over a large area, but also shows
great ability to manipulate the molecular
packing and morphology on micro or even

the domain size and average composition variations.

1. Introduction

Spin-coating,!!  zone casting,”  dip-coating,®!  roll-to-roll
printing,! slot die coating,’! spray painting[® and solution
shearing’~! are widely used technologies to create multifunc-
tional thin polymer films from solutions. These tools have been
extensively applied to fabricate a number of products in both
industrial and academic fields, such as food packing, bioelec-
trodes, electrical sensor, and CO, detectors.”?"12 They are also
promising technologies to fabricate low-cost, large-area, and
flexible organic electronics.['**'”] Beyond intrinsic performance,
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nanoscopic length scales in, for example, a
single-component organic thin films tran-
sistor.”17 Tt is known that morphology
and phase separation control are some
of the most important aspects to achieve high performance
organic devices for both single and double components sys-
tems.[8-29 Similar considerations apply to any multicomponent
functional thin film. Therefore, it is critical to study the impact
of the shear coating on manipulating the morphology, phase
separation, or orientation correlations of two components
organic thin films.

One of the most important two-component functional thin
film application is organic solar cell (OSC) technology. It is
known that the OSC morphology is critical for the perfor-
mance. The ideal morphology of bulk heterojunction (BHJ)
organic solar cell active layer consists of an interpenetrating
network (=10 nm lateral dimensions) of electron donor (D)
and acceptor (A) materials, exhibiting a large interfacial area
where photon generated excitons can split into holes and elec-
trons that are subsequently transported to the electrodes.!®
Thus, suitable domain sizes at the length scale of the exciton
diffusion length?'?2l and pure enough domains to reduce
bimolecular recombination?*-] have all been known to be
critical factors that control the performance of OSC devices.
As a more recent concept in the structure of organic solar
cells, molecular orientation at and relative to the D/A inter-
face has been shown to be also an important factor effecting
the performance of solar cells.?#26-331 Molecular orientation
relative to donor/acceptor interfaces can be observed in com-
plex BH] morphologies by anisotropic scattering via polarized
resonant soft X-ray scattering (R-SoXS) in polymer:polymer
and polymer:fullerene devices.?*30-*4 A face-on orientation
of the donor materials molecular backbone, with 7 orbital
pointing to the acceptor [6,6]-Phenyl Cg; butyric acid methyl
ester (PCBM) phase, is considered to be the favorable configu-
ration due to enhanced electronic overlapping.?®! Molecular
orientation can even be the determining factor in some cases
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Scheme 1. a) Chemical structure of PCBM and Pil-2T and b) schematic illustration of the solution-shear coating and schematic for the face-on-face and
edge-on-edge orientations. The white bars inside the polymer-rich phase represent the polymer backbone near the interface of polymer and fullerene.

with strong correlations to device performance, instead of
other structural characteristics, such as domain size, domain
purity, and polymer packing/crystallinity.’!]/ The observed
molecular orientation is sensitive to the materials and pro-
cessing solvent used.?*30-32 It is in the context of ongoing
studies on organic devices what we discovered that solution
shearing could modify the degree molecular orientation corre-
lations of the matrix polymer. We find that the lower solution-
shearing speed utilized results in a higher molecular orienta-
tional order. Although this discovery should ultimately have
ramifications for OSC devices, the correlation to the device
performance is outside the scope of the current work due to
complexities arising from thickness differences as a function
of shearing speed and concurrent changes in performance
related parameters that are currently difficult to disentangle.
We observe anisotropic scattering and thus local molecular
orientation correlations in two systems and propose that the
shearing modifies fibrillar aggregation and its spatial arrange-
ments. Due to their anisotropic nature, fibrils forming in the
viscous solution should be sensitive to the shear produced by
the coating method, and consequently, the local orientation
correlations of all materials exhibiting anisotropic shapes or
aggregates should be able to be manipulated with the solution
shearing method.

In order to manipulate the local molecular orientation cor-
relations by shear coating, we investigate Pil-2T:PCBM blends.
The chemical structures of Pil-2T and PCBM are shown in
Scheme 1a. The Pil-2T:PCBM blend ratio is 1:1.5 by weight.
Most conjugated polymers have reported densities between 1.1
and 1.3 g cm™3.3>3 The reported density of PCBM is about
1.5 g cm™3.37) Thus, the estimated volume ratio is roughly 1:1.2
for our Pil-2T:PCBM blend. Spin-coating is the most widely
used research fabrication method for organic electronics, and
thus a spin-cast reference sample was prepared with the spin
speed of 2000 rpm. Shearing speeds of 1 and 2.5 mm s™! are
examined. More processing details about solution shearing can
be found in the Experimental Section.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2. Results and Discussion

To characterize the effect of the coating speed on phase
separation of the polymer:fullerene blends, transmission
R-SoXS is employed to probe the in-plane composition and
orientation correlations and variations over length scales of
~10-1000 nm.[223438-421 A photon energy of 284.2 eV is selected
to provide high polymer:fullerene contrast while avoiding high
absorption at the absorption peaks (284.4 eV for fullerene),
which generates C-1s core holes that can lead to beam
damagel®! and fluorescence background. Figure 1 shows the
scattering profiles for the Pil-2T:PCBM blends with different
processing conditions, i.e., spin-coating, and solution shearing
at 1 and 2.5 mm s7L. The scattering profiles represent the distri-
bution function of the spatial frequencies, s = q/27, of the com-
position correlations detected in the samples. The characteristic
median length of the corresponding correlation distribution in
real space is &= 1/Sycqian- We find that the spin-cast blend films
have & of =60 nm. When the blend film is prepared by solution-
shearing at 1 mm s7}, & slightly increases to =100 nm. A higher
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Figure 1. Azimuthally integrated R-SoXS profiles at 284.2 eV for the spin-
cast blends, the sheared blends at 1 and 2.5 mm s.
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solution-shearing speed of 2.5 mm s7! results in a £ of =75 nm.
These results are similar to the domain length scale revealed by
atomic force microscopy (AFM) images (shown in Supporting
Information, Figure S1). Importantly, a fibrillar structure with
local orientation correlations is revealed on the surface of the
blend, which will be discussed in detail for scattering anisot-
ropy interpretation. Furthermore, the relative composition vari-
ation over the length scales probed (referred as relative average
domain purity) in a two components blend can be revealed by
calculating the Total Scattering Intensity (TSI) of the R-SoXS
profiles.*¥ Relative domain purities of 0.83, 1, and 0.87, for
spin-casting and solution-shearing at 1 and 2.5 mm s, are
obtained, respectively. This suggests that sheared blends exhibit
purer domains, on average, than spin-cast blends with 1 mm
s7! sheared blends having the purest domains. These results
indicate that a slower solution-shearing speed resulted in con-
siderably larger and purer domains, i.e., higher compositional
variation in the blend.

To characterize the ability of solution shearing to manipu-
late the local molecular orientation correlations, the azimuthal
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variations in the R-SoXS 2D signal were analyzed.** The
R-SoXS data of Pil-2T:PCBM solution sheared at 1 mm s™! and
randomly mounted relative to the electric field are shown in
Figure 2b—d. The solution-shearing direction is marked with a
thick arrow, and the perpendicular direction with a thin arrow.
The topography of the sheared blend films revealed by AFM
shows line patterns with a width of =10 ym and a height vari-
ation of =7 nm. The x-ray beam spot size is ~100-200 pm, and
the scattering thus integrates over multiple periods of this sur-
face pattern. Figure 2b,c shows the R-SoXS scattering patterns
with horizontally polarized x-rays at 284.2 and 285.2 eV, respec-
tively. Note that the anisotropic scattering pattern is tilted, i.e.,
the most intense Z scattering sector is not perfectly aligned
(parallel or perpendicular) with the electric field, which has
not been reported before for two components blends.[2+30:34
We further note that the vector Z can be decomposed to the
vector perpendicular to the solution-shearing direction (SL)
and the vector perpendicular to the electric field of X-rays (EL).
In addition, at 284.2 eV, where the scattering contrast between
materials (Pil-2T:PCBM) dominates the R-SoXS scattering, Z
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Figure 2. P-SoXS 2D scattering pattern of 1 mm s~
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sheared blend at different photon energies, and with different polarization and sample rotations.

a) Atomic force microscopy of the blend films. The shearing direction is marked with the thick arrow, and the thin arrow presents the direction per-
pendicular to the shearing direction. 2D scattering pattern of the randomly loaded sample at b) 284.2 eV with horizontal polarization, c) 285.2 eV with
horizontal polarization, d) 285.2 eV with vertical polarization, and e) 2D scattering pattern of sample aligned with the shearing direction horizontally
and vertically at 284.2 and 285.2 eV with a horizontally polarized beam. f) Scattering profiles from Lorentz corrected sector averages of data in Figure 2e.
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is closer to SL; and at 285.2 eV where the polymer orientation
contrast (parallel aligned polymer:perpendicular aligned pol-
ymer) dominates the scattering, Z moves closer to EL. These
findings strongly suggest that both materials contrast and ori-
entation contrast impact the titled scattering anisotropy.24

Scattering anisotropy relative to the direction of the electric
filed has been previously reported and delineated. Increased
scattering perpendicular to the electric field at energies below
287 eV indicates a local face-to-face orientation correlation of
the polymer in polymer:fullerene blends, while increased scat-
tering parallel to the electric filed indicates an edge-to-edge
correlation.[?#39-3234] The detailed interpretation is illustrated
in Supporting Information, Figure S2.°*l The origin of the
scattering anisotropy is the same for the fibril-like structure
discussed in the literature.?” Hence, the observed EL sug-
gests a local face-on polymer backbone orientation configura-
tion relative to the polymer:fullerene interface (as illustrated
in Scheme 1b) for the fibril-like structure. The magnitude of
the scattering anisotropy is proportional to the fraction of the
molecules that are aligned. Consequently, EL can be concluded
to be associated with this local orientational anisotropy. The
origin of S is not yet completely understood, but it is clearly
related to the shearing and likely originates from the equiva-
lent of an average asymmetric “volume fraction” along the
two orthogonal directions as the domains are distorted by the
shearing process. Due to the slightly higher acceptor amount,
the blends have an average 1:1.2 volume fraction and given that
the scattering intensity is proportional to y(1 —y) (where v is
the volume fraction of one of the components), it is reasonable
to surmise that the spin-coated blends show an overall asym-
metric length fraction in the orthogonal directions defined by
the shearing direction. The solution-shearing process poten-
tially elongates the dispersed domains along the shearing direc-
tion (as shown in Supporting Information, Figure S3) and at
the same time reduces the width of the dispersions along the
direction perpendicular to the shearing direction. This would
cause a more symmetric length fraction along the direction
perpendicular to the shearing, which enhances X-ray scat-
tering. Conversely, in the direction of shearing, the scattering
is reduced to a now more unfavorable y(1 —y) product in that
direction. Switching the polarization of x-rays from horizontal
to vertical at 285.2 eV (Figure 2d) confirms this model. Since
the locally probed molecular orientation rotates with the electric
field while the global scattering is stationary, the Z direction is
located between the unchanged S and the rotated EL (com-
pare to Figure 2c). Z rotates by more than 45° as the scattering
due to local molecular orientation dominates at 285.2 eV. This
confirms that both the local molecular orientation correlations
and the asymmetric length fraction (a global asymmetry related
to the shearing) contribute to the total scattering anisotropy
observed by P-SoXS.

Taking advantage of the fact that local anisotropy and global
anisotropy exhibit different sample rotation sensitivities, it is
possible to differentiate between the two contributions. This
is most easily done by aligning the sample with the shearing
direction parallel (H) or perpendicular (V) to the electric field
vector of the X-ray (referred to as horizontal and vertical sample
directions). Figure 2e shows the R-SoXS results at 284.2 and
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285.2 eV of 1 mm s™' sheared blends for the two sample ori-
entations. The corresponding sector profiles are displayed in
Figure 2f. For the horizontally (H) orientated blend, the local
molecular orientation related anisotropy (EL) and the shearing
direction related anisotropy (S_L) overlap in the vertical direc-
tion at 284.2 eV, which produces a significant enhancement in
the total scattering anisotropy. When the sample is rotated to
the vertical orientation, the scattering is more isotropic (also
shown in Figure 2f) as S and EL are orthogonally aligned and
compensate the effects of each other. A similar observation is
obtained when 285.2 eV X-rays are employed.

To analyze the local and global anisotropy more quantita-
tively, the total scattering anisotropy is defined as the difference
of sector scattering intensity (SSI) perpendicular and parallel
to the electric field direction over the sum (see Equation (1).
Regarding the sample with the horizontal shearing direction
(H), the local anisotropy and global anisotropy overlap in the
vertical direction (shown Figure 2e) and the total scattering ani-
sotropy is the sum of the two

_ SSTep, —SSTan,
_SSIH +SSIpa,aH (1)

Global

Anisotropy”

Local

= Anisotropy *“ + Anisotropy

For the sample with the vertical shearing direction (V), local
and global anisotropies are located in different directions (as
shown in Figure 2e) and the total anisotropy is the difference
between the two

SSIgerp + SSIgarall. (2)

Local Global

Anisotropy” =

= Anisotropy *“ — Anisotropy

Thus, the local anisotropy is equal to

tocal _ Anisotropy” + Anisotropy” o)
2

Anisotropy

and the global anisotropy is equal to

— Anisotropy”

Global_ Anisotropy”’
= 5 (4)

Anisotropy

Using these equations, the total scattering anisotropy, the
anisotropy induced by local molecular orientation, and the ani-
sotropy induced by global asymmetric volume fraction are cal-
culated for the spin-cast, sheared at 1 and 2.5 mm s~! blends,
respectively, for the photon energy range of 280-287 eV. The
results of the total scattering anisotropy are shown in Figure 3a.
The spin-cast blend is globally isotropic (Supporting Informa-
tion, Figure S4), and thus the total anisotropy only originates
from the local molecular orientation relative to the interface. Its
energy dependence can thus be used as an internal reference
standard. In the blend sheared at 1 mm s7!, the anisotropy is
clearly enhanced when the sample is horizontally placed where

Adv. Funct. Mater. 2015, 25, 3131-3137
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Figure 3. a) Thickness normalized scattering anisotropy of the spin-cast, sheared 1 and 2.5 mm s blends with horizontal and vertical aligned sample
rotation as a function of the photon energy, b) the calculated local anisotropy, and c) the calculated global anisotropy.

local and global anisotropies are overlapping. The anisotropy of
the vertically placed blends is reduced due to the compensating
effect discussed above. At a higher solution-shearing speed
of 2.5 mm s7!, horizontally and vertically placed films exhibit
only slight differences, which indicates that the rotation of the
sample has limited impact on the total anisotropy.

The energy dependences of the local anisotropy and global
anisotropy are displayed in Figure 3b,c, respectively. The spin-
cast blend shows the weakest local anisotropy and the blend
sheared at 1 mm s7! the highest. The substantial difference
indicates that solution-shearing can significantly improve the
molecular orientation correlations. Interestingly, the local ani-
sotropy for the low solution-shearing speed 1 mm s™! is larger
than the high solution-shearing speed of 2.5 mm s7'. This
might result from shearing induced disorder, the film drying
process, and the domain growth kinetics, which is the subject
for further future investigations. This suggests that the solu-
tion-shearing speed is potentially a useful factor to manipu-
late the morphology and molecular orientation in materials
that show aggregation in at least one component. Figure 3c
plots the energy dependence of the global anisotropy and as
mentioned above (Figure 3a), the 2.5 mm s™! sheared blend
exhibits weak global anisotropy. In contrast, the 1 mm s7!
sheared blend shows a strong global anisotropy. Furthermore,
the energy dependence of the global anisotropy is very different
from the energy dependences of the local anisotropy and fol-
lows approximately the materials contrast between Pil-2T and
PCBM (Figure 3c). This confirms that the origin of the ani-
sotropy associated with the shearing direction is related to an
asymmetry in material composition distributions rather than
molecular orientation correlations.

As a first step toward assessing the generality of our dis-
covery, we processed and characterized poly(3-hexylthiophene)
(P3HT):PCBM, by comparing spin-coating with solution
shearing at 1 and 5 mm s!. Again, variations in scattering
anisotropy related to differences in molecular orientation cor-
relations could be observed. The results are displayed in Sup-
porting Information, Figure S5. The scattering anisotropy
observed is induced only by the local molecular orientations,
i.e., without a global, shearing direction related component. We
find that the scattering pattern of the 1 mm s7! sheared blend
is most anisotropy, and spin-cast blend and 5 mm s~! sheared
blends are more isotropic at 285.4 eV. Quantitative analysis

Adv. Funct. Mater. 2015, 25,3131-3137
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using the same method as above reveals that the anisotropy for
spin-cast, solution shearing at 1 and 5 mm s7! are 0.055, 0.191,
and 0.056, respectively. This system shows strong q-dependent
anisotropy (energy-dependent R-SoXS of 1 mm s—1 shown in
Supporting Information, Figure S6) and thus further optical
modeling needs to be done to figure out the spatial orientation
(face-on vs. edge-on). However, it is clearly shown that shearing
affects the orientation of polymer blend films, which is similar
to those observed for Pil-2T:PCBM. This strongly suggests that
the manipulation of aggregate orientation correlations achiev-
able with shear-coating is a new independent means of manip-
ulations local molecular ordering.

3. Conclusion

In conclusion, we have discovered the impact of solution-coating
conditions on the molecular orientation correlations in thin
polymer:fullerene films in which one of the components (i.e.,
polymer) forms fibrils or aggregates whose orientations are
locally correlated. We revealed that the slower solution-shear
speed of the two speeds utilized enhanced the face-to-face molec-
ular correlations of the polymer the most. The shearing also
modifies the domain size and average composition variations.
Our work indicates that manipulation of molecular orientation
correlations and thus also the ordering relative to an interface
of a two components system can be achieved by the solution-
shearing coating methods. This opens up a new and exciting
possibility for controlling aggregation in drying solutions under
shear, and thus the morphology and phase separation including
the interface structure. The method should be general and thus
be of interest for any system in which at least one component
aggregates. An immediate potential application might be the
improvement of OSCs performance in systems that are difficult
to control with spin-casting or other conventional methods.

4. Experimental Section

Materials: Synthesis of Pil-2T (M, = 12.1 K g mol™', PDI = 2.98)
was reported in the prior literaturel*! and PCBM was purchased from
Nano-C. The ultradry solvents DCB used in device fabrication process
were purchased from Sigma-Aldrich.
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Shear Coating:*l The Pil-2T:PCBM blend was prepared at 10 mg mL™!
concentration in DCB solution. As substrates, native oxide silicon wafers
(25 mm x 12 mm, 25 mm in shearing direction) were used. They were
first cleaned for 20 min by a UV-ozone treatment and then spin-coated
with PSS (140 nm) (in H,0). The substrates were then coated by solution
shearing at a substrate temperature of T = 110 °C, a blade-substrate
distance of 100 pm, and a blade—substrate angle of 1°. Samples were
removed from the heated substrate stage and cooled down in air
without additional control. Two shearing speeds were investigated, i.e.,
1 and 2.5 mm s7'. The solution shearing was performed under ambient
conditions with temperature of 21 °C and typical humidity of 30-44%.
After shearing, the samples were left on the heated substrate stage for 1
min to ensure evaporation of the solvent.

Measurements: The thickness of the active layer was controlled by
changing the spin speed during the spin-coating process and by using
different shearing speeds and measured with an AFM (MFP-3D, Asylum
Research). R-SoXS transmission measurements were performed at
beamline 11.0.1.2 at the Advanced Light Source (ALS).*”] Samples for
R-SoXS measurements were first prepared on a PEDOT:PSS modified Si
substrate as mentioned above, and then transferred toa 1 mm x 1 mm,
100-nm-thick Si3N4 membrane supported by a 5 mm x 5 mm,
200-pm-thick Si frame (Norcada Inc.). 2D scattering patterns were
collected on an in-vacuum CCD camera (Princeton Instrument PI-MTE).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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