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ABSTRACT: Solution deposition using high-boiling-
point additives such as octanedithiol (ODT) provides a
simple and widely used fabrication option for improving
the power conversion efficiencies of solar cells composed
of narrow-band-gap conjugated polymer donor/fullerene
acceptor blends. Previous examination of the resulting
device active layers has shown that the use of additives
influences the degree of phase segregation within the bulk
heterojunction (BHJ) blend and also improves ordering
within the polymeric domains. In this work, in situ grazing-
incidence wide-angle X-ray scattering as a function of time
was used to explore the dynamics of the BHJ evolution.
These studies showed that a small percentage of ODT in
chlorobenzene (CB) induced the nucleation of polymeric
crystallites within 2 min of deposition, increased the
orientational order of specific polymorphs, and promoted
further crystallite nucleation over a period longer than 40
min after casting. Similar structural changes did not occur

processing techniques capable of modifying the BHJ organ-
ization, particularly at the time of film deposition. One of the
most widely utilized approaches involves adding small
quantities of high-boiling-point additives to the solution from
which the BH]J blend is cast.>™® This approach was originally
demonstrated for a blend of poly{2,1,3-benzothiadiazole-4,7-
diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']-
dithiophene-2,6-diyl]} (PCPDTBT, Scheme 1) and [6,6]-

Scheme 1. Molecular Structures of (a) PCPDTBT and (b)
PC,,BM

when the same BHJ blend was cast from pure CB.
C onjugated polymer solar cells processed from solution are
currently the object of intense study."” Molecular design
parameters exist for donor polymers to achieve appropriate
absorption of the solar spectrum while simultaneously
controlling molecular orbital energy levels to enable charge
transfer to acceptor components, especially fullerenes, in order
to maintain high device open-circuit voltages.” The most
successful devices use a blend comprising donor and acceptor
components that form a bulk heterojunction (BHJ) morphol-
ogy in which discrete phases of the two components form a
nanoscale phase-separated bicontinuous network.* The opto-
electronic properties of BHJ blends are therefore a convolution
of the molecular features of the individual components as well
as the three-dimensional (3D) organization of these
components in the bulk.’ Developing control over the mole-
cular properties and bulk nanoscale organization is therefore
necessary for reliable fabrication of BHJ devices with high
power conversion efficiencies (PCEs).
Despite the vast array of conjugated polymer architectures

that have been synthesized, there exist very few solution
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phenyl C,; butyric acid methyl ester (PC,,BM, Scheme 1),
where the addition of 2—3% octanedithiol (ODT) to the
chlorobenzene (CB) solution was shown to increase the PCE
significantly, from 3.3 to 5.5%.° Efforts to characterize the
origin of this improvement revealed that additives affect the
degree of phase separation between the blend components as
well as the polymorph, size, perfection, and population of
PCPDTBT crystallites.” " Since this discovery, new additives
have been identified, and the technique has been shown to be
applicable to a wide range of BHJ blend compositions; the use
of additive processing can be observed repeatedly in reports
detailin§ the fabrication procedures of record-efficiency
cells."*'® Understanding why additive processing finds such
general applicability is an important requirement for future
materials design and provides a path toward rational optimiza-
tion of device performance.

In spite of microstructural characterization data demonstrat-
ing how additives influence the final BHJ blend structure, little
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is known regarding the dynamics of the process. This under-
standing is lacking in part because of the relative ease with
which new materials can be synthesized and screened in
devices'” and the difficulty of adequate morphological
characterization of BHJ blends.'® " Herein, grazing-incidence
wide-angle X-ray scattering (GIWAXS) has been used to
observe the structural evolution of PCPDTBT:PC,,BM active-
layer films processed from CB with and without ODT.
GIWAXS is a synchrotron-based X-ray technique that has
been used extensively to provide structural insight into the
crystallinity of organic thin films and blends.”* Our studies have
revealed that processing with ODT affects the initial polymer
organization present in the incipient film as well as the kinetics
of morphological development, which includes structural re-
organization throughout a period of more than 40 min after
the solution-casting step.

To ensure faithful reproduction of the structures evolved in
functional BHJ devices (i.e., glass/ITO/PEDOT:PSS/
PCPDTBT:PC,,BM [ITO indium tin oxide, PEDOT:
PSS = poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)],
the samples used for GIWAXS measurements were spin-cast
from CB or CB containing 2—3% ODT atop PEDOT:PSS-
coated Si wafers. The use of Si decreased the background X-ray
scattering from ITO.>* Identical PCPDTBT:PC,,BM ratios
(1:3), concentrations (10 mg/mL:30 mg/mL), and deposition
conditions via spin-casting (1200 rpm for 60 s from a 60 °C
solution, resulting in a film thickness of 80 nm) were used to
replicate those previously reported for device optimization.”
After spin-coating, the films were transferred onto a sample
goniometer and oriented such that X-rays (4 = 0.0975 nm)
were incident on the film at a grazing angle of 0.12°. After
sample alignment (total time ~2 min from spin-coating), a
series of 2 min exposures were taken at 4 min intervals over a
period of 78 min.

Figure 1 shows 3D GIWAXS sector plots from
PCPDTBT:PC,,BM films cast from CB containing 3% ODT
after (a) 2, (b) 26, and (c) 78 min. These sector plots display
the scattered intensity versus the scattering vector q and the
polar angle (¥ = 0° corresponds to the out-of-plane direction,
ie., parallel to the film normal). A procedure for generating
sector plots from raw GIWAXS patterns is provided in the
Supporting Information (SI). In contrast to the GIWAXS
results from films processed from neat CB, which showed an
amorphous, isotropic scattering pattern that remained un-
changed from 2 to 78 min (see Figure 1d for the situation after
78 min and Figure S2 in the SI for the plot after 2 min), ODT-
processed blends showed polymer crystallite formation within
only 2 min after casting (Figure 1a). The presence of polymeric
crystallites was signaled by three distinct scattering peaks: a set
of two peaks [labeled (100) and (100)’, observed near S nm™
and 5.5 nm™', respectively], which are attributed to two
polymorphs with different periodic alkyl stacking arrange-
ments,”> and a third peak near 16.3 nm™! [labeled (010)]
assigned to face-to-face (7—x) stacking of the PCPDTBT
backbone. The broad scattering feature arising near 14 nm™" is
attributed to scattering from the amorphous fraction of the film,
with contributions from the amorphous PC,,BM as well as
from disordered PCPDTBT and possibly residual solvent or
additive. Although the position of the amorphous scattering
peak loosely indicates the presence of some characteristic
packing distance, the large breadth of the peak indicates that
ordering occurs over only very short ranges.”*
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Figure 1. 3D sector plots of PCPDTBT:PC,,BM blends cast from CB
containing (a—c) 3% or (d) 0% ODT, showing the scattered intensity
(linear color scale) vs polar angle y and scattering vector q at times of
(a) 2, (b) 26, and (c, d) 78 min after spin-coating.

The total scattered intensity from each specific crystallo-
graphic feature can be used to obtain information regarding the
dynamics of film formation. The total scattered intensity was
determined by separately fitting the individual line scan I(y, q)
at each polar angle y. Specifically, the 1D scattering intensity
curves [I(q) at fixed y] were fitted using a linear combination of
Gaussian curves representing the contributions from (100),
(100)’, (010), and amorphous scattering (see the SI). The
results of this fitting procedure are provided in Figure 2, which
shows how the positions of the (100) and (100)’ peaks changed
between 2 and 78 min.

Further insight from the GIWAXS patterns can be obtained
using a quantitative description of the orientation distribution
of the crystallographic features in terms of an orientational
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Figure 2. Positions of the (100) peak (blue) and the (100)’ peak (red)
as functions of time, demonstrating the densification of (100)
crystallites in a PCPDTBT:PC,,BM film processed from CB
containing 3% ODT.

order parameter S, given by**
1
§= 5(3f 1~ 1)

where the molecular orientation parameter f; used to represent
the orientation of the polymeric crystallites relative to the axis
normal to the surface is determined from the geometrically
corrected scattered intensity f(y) (see the SI):

/2
fi fo cos” x f(x) dx

From a practical perspective, S is a quantity that varies between —0.5
and 1, where a value of 1 (—0.5) indicates a parallel (orthogonal)
orientation of the normal of a crystallographic plane relative to
the substrate normal. Conversely, a completely isotropic
distribution of the crystallographic planes leads to an S value
of 0. Our analysis showed that although the (100), (100)’, and
(010) peaks were present after only 2 min (Figure 1a), these
features displayed markedly different orientations: S(;45) = 0.67,
S0y = 0.25, and S(g,p) = 0.01. Figure 3 summarizes the time
evolution of S;p) and S(;qq) during film drying,
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Figure 3. Time evolution of the orientational order parameters S

calculated for the (100) and (100)’ crystallographic planes.

Differences in the scattering patterns can also be qualitatively
observed by comparison of panels (a) and (b) of Figure 1.
These changes indicate substantial structural modification over
the first 26 min after casting. From Figure 2, one observes that
the position of the alkyl chain stacking (100) peak shifted to
higher q (from 4.85 to 4.9 nm™). From the relationship
between q and the lattice spacing (d = 27/q), we find a
contraction of d;qg) from 1.30 to 1.28 nm. As shown in Figure
3, S(100) increased slightly, from 0.67 to 0.7S. The latter can be
also noted in the plots in Figure la,b, which show a higher
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concentration of (100) scattered intensity near the out-of-plane
direction. S shows the preference for crystallites to be arranged
with their (100) planes either edge-on (S = 1) or plane-on
(S = —0.5) relative to the substrate plane. The increase in S(100)
with time suggests a physical picture in which early during the
film drying process, polymeric crystallites rotate into a more
edge-on orientation or new crystallites are preferentially
nucleated with an edge-on orientation. Figure 3 also shows
that during the first 26 min, in contrast to the (100) crystallites,
the (100)" peak evolved toward a less edge-on orientation
[S(i00y = 0.18]. Finally, it is worth noting that Figure la,b also
indicates a decrease in the total scattered intensity from the
amorphous regions of the film (also see Figure S4b).

Examination of Figure 1b,c shows that the morphological
features continued to evolve after 26 min and that these
changes were similar to those observed during the first 26 min
of the film evolution. As shown in Figure 2, the (100) peak
position was further shifted to higher g values (from 4.9 nm ™" at
26 min to 5.15 nm ™" at 78 min). The overall shift in q from 2 to
78 min corresponds to a 0.75 A decrease in the (100) alkyl
chain stacking distance. Figure 3 indicates that the population
of the (100) crystallites exhibited a nearly constant edge-on
character [S(;op) = 0.76] from 26 min onward. Conversely, the
population of (100)’ crystallites appears to have rotated toward
a plane-on orientation [S(;op) = —0.06], although these are a
distinct minority in the film. The time evolution of the features
in Figure la—c is in striking contrast to the behavior observed
from films processed from neat CB, which exhibited an amorphous,
isotropic scattering pattern that remained unchanged over time
(Figure 1d).

The composite set of data and analysis described thus far
reveals that the ODT additive (i) induces ordering of
PCPDTBT within a short period of time (less than 2 min)
and (ii) enables structural reorganization of the film
(particularly reorientation and densification of polymeric
crystallites) throughout a remarkably long of period of time,
at least in comparison with the conditions for films cast from
CB alone. It is also important to note that none of the
crystalline features observed in the ODT-treated BHJ blend
could be attained by thermal annealing (Figure S2c).

The crystalline correlation length (CCL) can be estimated by
the Scherrer equation:

21
FWHM

where FWHM represents the full width at half-maximum of the
Gaussian curve used to fit the scattering feature. This analysis
shows that the CCL of the (100) peak was ~9 nm over the
course of the experiment (Figure SS).

Figure 4 compares the increase in the total scattered intensity
from the (100) peak with the decrease in the total scattered
intensity arising from the amorphous fraction of the film during
the film drying process. The fact that increases in the total
scattered intensity arising from the (100) crystallites were
accompanied by no observable increase in their CCL values
suggests that the crystalline fraction of the film increases as a
result of additional nucleation processes rather than by further
growth of existing crystallites. Similar population growth was
not observed for the (100) crystallites, as the total scattered
intensity from this feature did not change with time.

It is also interesting to note the similarities in the qualitative
behavior of the position and the total scattered intensity of the
(100) peak as functions of time. The changes in the peak

CCL =
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Figure 4. Total scattered intensities (i.e., integrated over all y) from
the (100) peak (blue) and the amorphous region (red) as functions of
time after casting.

position were correlated with the changes in the crystalline
fraction of the film [ie, the total scattered intensity of the
(100) peak]. In addition, the contribution to the amorphous
scattered intensity attributed in part to scattering from ODT
molecules was observed to decrease during this time. This
result suggests that a small fraction of ODT is initially inter-
mingled with the alkyl chains of the polymer and that the
additional crystal nucleation occurs as the additive concen-
tration decreases during drying. The larger fractional decrease
of the amorphous scattering, relative to the smaller increase
from the (100) scattering (Figure 4), is consistent with the notion
that a larger fraction of residual ODT molecules are entrapped in
the amorphous portions of the film.

Results from the temporally resolved in-situ GIWAXS
experiments described here indicate that adding ODT to the
CB solution from which PCPDTBT:PC,,BM is cast simulta-
neously reduces the nucleation barrier for polymer crystal-
lization during the initial film formation, facilitates crystallite
reorientation, and allows for nucleation to occur during a
prolonged film drying process. It is worth recalling that ODT
has a much higher boiling point than CB (a feature common to
the majority of solvent additives that improve BH]J
organization), and thus, the gradual evaporation of ODT
from the film may naturally explain the time dependence of
the structural evolution. Notably, the PCPDTBT crystalline
features could not be obtained by thermal annealing of the
films. The results described herein provide concrete evidence
that formation of the final organization of the conjugated poly-
mer donor in BHJ blends takes a longer time than originally
anticipated and that additives influence the processability by
providing an environment in which polymer chains are suf-
ficiently mobile for continued equilibration and reorganization.
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More detailed technical description of the generation of 3D
sector plots from raw GIWAXS data; GIWAXS of non-additive-
processed PCPDTBT:PC,,BM films; GIWAXS line-scan fitting
procedure; and calculation of S and CCL values. This material
is available free of charge via the Internet at http://pubs.acs.org.
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