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The most successful active film morphology in organic photovoltaics is the bulk
heterojunction (BHJ). The performance of a BHJ arises from a complex interplay of the
spatial organization of the segregated donor and acceptor phases and the local order/quality of
the respective phases. These critical morphological features develop dynamically during film
formation, and it has become common practice to control them by the introduction of
processing additives. We report in-situ grazing incidence x-ray diffraction (GIXD) and
grazing incidence small angle x-ray scattering (GISAXS) studies of the development of order
in BHJ films formed from the donor polymer poly(3-hexylthiophene) and acceptor phenyl-
C61-butyric acid methyl ester under the influence of two common additives, 1,8-octanedithiol
and 1-chloronaphthalene. By comparing optical aggregation to crystallization and using
GISAXS to determine the number and nature of phases present during drying, we arrive at
two common mechanisms by which the additives increase P3HT crystallinity. Additives
accelerate the appearance of pre-crystalline nuclei by controlling solvent quality and allow for
extended crystal growth by delaying the onset of PCBM-induced vitrification. The glass
transition effects vary system-to-system and may be correlated to the number and composition

of phases present during drying.

1. Introduction

Human progress requires a deliberate shift towards sustainable manufacturing, using low-
energy fabrication processes and renewable or earth abundant materials.™? For photovoltaic
panels, the energy recovery time is the length of operation of a panel required to generate the
energy used to manufacture the panel. In thin film inorganic panels, this time has dropped to
about one year.®l  One of the revolutionary appeals of roll-to-roll manufacturing of organic
photovoltaics (OPV) is the potential to achieve energy recovery times as low as 10 d.[*!
Tremendous advances have recently been made in OPV efficiencies,! all based on

optimization of the bulk-heterojunction (BHJ) motif.[51 The performance of a BHJ requires



WILEY-VCH

the optimization of both its molecular-scale order and its nanometer-scale domain structure. !
In general, the optimized structure is not at equilibrium. Many techniques have been
employed for BHJ film optimization,® including solvent choice and post deposition
thermall*® or vapor annealing.[**] Recently, formulations using low volatility liquid additives
to achieve higher efficiencies without thermal treatment have become popular.*2-*4 Although
additives such as 1,8-octanedithiol (ODT) and 1-chloronaphthalene (CN) have almost
ubiquitous beneficial effects, there is no consensus on either the origin or mechanism of their
efficacy. In some systems, additives cause smaller domains,!*> while in others they cause
larger domains.[*>171 The efficacy of ODT and diiodooctane has been attributed to selective
solvation of the fullerene, enabling improved polymer order. CN, however, is typically a good
solvent for both polymer and fullerene and thus must act via a different mechanism.

We recently employed real-time optical techniques to study the mechanism by which the
additives ODT and CN influence the solidification of the poly(3-hexylthiophene):phenyl-C61-
butyric-acid-methyl-ester (P3HT:PCBM) BHJ.[*8] Both additives promoted a greater than 5x
improvement in device efficiency over the additive-free film in the absence of thermal
annealing. Post-deposition characterization with ultraviolet-visible absorption spectroscopy
(UV-Vis) and grazing incidence x-ray diffraction (GIXD) established that the additives
increased the polymer's local order and crystallinity. Additionally, energy-filtered
transmission electron microscopy (EF-TEM) revealed that the morphology changed from very
finely mixed to the commonly observed fibrillar P3HT.[%%1 The improved device
performance was thus attributed to two beneficial effects of the additives, improved local
polymer order, resulting in improved hole mobility and a coarsened phase segregation,
resulting in less tortuous paths for carrier extraction.

In this earlier work, we used spectroscopic ellipsometry (SE) to track, in real-time, both the
film thickness and electronic spectrum (dielectric function). For P3HT, there are clear

correlations between the dielectric function and polymer conformation. For brevity, we shall
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hereafter refer to optically detected increases in P3HT’s local order (its adopting a more
regular polymer conformation) as "aggregation™. We will present a more detailed discussion
of the aggregates later. The decrease of the fluid film thickness was well described by a
simple model using Raoult’s law, with simultaneous evaporation of the primary solvent
(chlorobenzene, CB) and the additive, each having a different constant partial pressure and an
evaporation rate determined by its relative presence in the fluid mixture. The fluid film
thickness decreased by fast initial evaporation of CB, followed by slower evaporation of the
additive. P3HT aggregation in formulations without an additive occurred under conditions of
extreme supersaturation; aggregation was not significant until the film was almost dry. This is
distinctly different from the near-equilibrium behavior of similar BHJs cast from slowly
evaporating dichlorobenzene.?® For ODT-containing formulations, there was virtually no
further P3HT aggregation following removal of the CB, consistent with ODT being a non-
solvent for P3HT. For CN-containing formulations there was considerable further P3HT
aggregation during the CN evaporation. Both additives caused earlier P3HT aggregation, at a
lower level of supersaturation. Therefore we proposed that the degradation of solvent quality
was a common mechanism of additive influence.

In this paper, we extend our real-time study of the influence of additives in the P3HT/PCBM
system with the use of X-ray scattering techniques: GIXD and grazing incidence small angle
X-ray scattering (GISAXS). These techniques allow characterization of the crystalline order
in the film (GIXD) and of the nanoscale phase separation (GISAXS). All films were deposited
using a custom blade coater, as shown in Figure 1a. Blade coating is an excellent prototyping
method for roll-to-roll coating with a slot-die. Based on the x-ray scattering results, we
formulate a hypothesis for the mechanism by which additives improve P3HT crystallinity,
incorporating the number and nature of phases present during solidification and the glass

transition temperature (Tg) within a P3HT-PCBM mixed amorphous phase.
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2. Results and Discussion

The GIXD technique has seen wide use in the organic semiconductor community as a robust
measurement of crystallinity.[?*! We first consider the GIXD measurement of crystallinity
characteristics for dried P3HT:PCBM films. Shown in Figure 1b is a typical, raw GIXD
detector image for a P3HT:PCBM film. The primary features are well established:?? a
pronounced (h00) diffraction series [typically (100) through (300) are visible] corresponding
to the crystalline P3HT lamellar repeat distance (1.69 nm), a weak (010) feature at 1.6 A™* due
to the P3HT r- stacking, and a broad, isotropic feature at 1.4 A attributed to amorphous
scattering from glassy PCBM (see Figure SO for details).

The relative crystallinity of P3HT and its crystal orientation distribution can be determined
using pole figures, as shown in Figure 1c. These figures illustrate differences in the (100)
packing, and include P3HT/PCBM films formed using different additive formulations. The
pole figure maps the diffraction intensity of the (100) peak with the angle €, which is the
angle between the film surface normal and the measured lattice vector (Figure S1).[2%1 The
intensity data have been normalized by the film thickness (from spectroscopic reflectometry)
and the P3HT volume fraction (calculated from mass loading and density!?4)). The integrated
intensity of the normalized pole figure, properly weighted by solid angle (sin(€2)),1®! can be
used to compare relative P3HT crystallinity and its shape used to compare crystal orientation
distribution. The results for the neat P3HT film are similar to those in the literature[??! and
represent a moderately crystalline film with a significant preference for edge-on order. The
full width at half maximum (FWHM) of the pole figure, which we will use for brevity to
describe the breadth of the orientation distribution even though there is no a priori reason to
expect the distribution to have a particular functional peak shape, is about 36°. In comparison,

the additive-free BHJ film has significantly lower relative crystallinity, and the ordered
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material that is present exhibits significantly greater preference for edge-on orientation with a
FWHM=7°.

The influence of the two additives on the final film relative crystallinity is displayed Figureld,
as the integrated, weighted intensity of the orientation scan. Consistent with earlier reports, 8
both additives significantly increase the total crystalline fraction. The additives also
significantly alter the orientation distribution, restoring the broader components suppressed by
the PCBM. The pole figure of the BHJ processed with ODT is very similar to that of the neat
polymer (FWHM=27°); however, that of the BHJ processed with CN exhibits a narrower
central fraction (FWHM =~21°) plus a significant isotropic fraction. In a recent study of order
in spun-cast P3HT films, Duong, et al. postulated that one can correlate the orientation
distribution in an X-ray diffraction pole figure to the spatial location of crystal nucleation.[?°!
Narrow distributions are attributed to nucleation at a planar interface. This interface could be
either the top liquid/air interface or the bottom liquid/solid interface, both are nominally flat
during drying. Broader elements in the distribution are attributed to bulk nucleation.?! The
additive-free BHJ would, under this framework, be considered to have a significant interface-
nucleated fraction due to its narrowness. The broader pole figures in the presence of additives
or absence of PCBM suggest a more homogeneous distribution of nucleation sites.

The origins of the improved crystallinity and the altered crystal orientation distributions
caused by the additives can be probed by collecting the GIXD during the solidification of the
BHJ. Shown in Figure 2 are 2D false color representations of the evolution of the (100)
experimental pole figure with time for solidification under 4 conditions: neat P3HT solution,
additive-free BHJ solution, BHJ solution with CN, and BHJ solution with ODT. Shown in
Figure 3a are the integrated (100) pole figures, derived from Figure 2, and film thickness from
simultaneously recorded normal incidence spectral reflectometry. The thickness evolution is

consistent with our earlier SE study, with an initial rapid evaporation of the high vapor
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pressure primary solvent CB, followed by much slower evaporation of the low-vapor-pressure
additive.[*® For all systems, the initial appearance of crystallinity occurs very late in the initial
stage of drying, under conditions of extreme supersaturation. The solubility limit for P3HT in
CB at room temperature is nearly the initial concentration of 20 mg/mL.[ 8 For the neat
polymer there is a reproducible decrease in the total crystallinity with sustained measurement
of the nominally dry film. This is not due to beam damage because the decrease is not
observed for the other systems under much longer viewing times. The physical origin of this
decrease is unclear, but it may be related to dissolution or melting of metastable and/or
defective crystals because the stage temperature (30 °C) is significantly above the Tg of the
neat polymer (9 °C).[?627 |n the additive-free BHJ film, the evolution of crystallinity ends
when the CB evaporation ends. Its crystallinity is low, at least lower than that of the neat
P3HT film, but it does not further evolve at 30 °C, which suggests that the Tg of disorded
regions is significantly higher than the neat polymer. We will address the issue of glass
transition further below.

Additional insight into the drying process can be gained by analyzing the diffraction pattern
shape. Shown in Figure 3b is a radially averaged (+/-18° sector) diffraction pattern of the final
dry films, with the scattering vector g nominally perpendicular to the substrate (qx~0), such
that it describes the characteristics of crystal planes parallel to the substrate. The (100) feature,
which describes the regular layering of the P3HT chains, was fit to a Lorentzian and a linear
background. The peak position and FWHMq were extracted as a function of time. The
resultant fit parameters are shown in Figures 3c and 3d. The FWHMq can be related to a
characteristic grain size (in the lamellar repeat direction) based on the Scherrer relationship
(dgrain~ 2n/FWHMg). Because defects within domains can broaden the FWHMg, the Scherrer
grain size should be considered a coherence length, i.e. a convolution of crystal size and

quality. Except for the ODT processed film, there is very little variation in dgrin With time. In
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the case of ODT, there is a slight increase in dgrain during the final stage of additive
evaporation. The neat polymer and the two additive processed BHJs exhibit similar dgrain (~
8.9 nm) at the end of drying. The largest dgrain (=13 nm) is found for the interface nucleated
crystals in the additive-free BHJ. Also shown in Figure 3d is the (100) peak position. As has
been reported for thermal annealing of P3HT?228] there is a consistent decrease in layer
spacing (increase in g) with increasing crystalline content seen for all films. The final (100)
layer spacing is nominally the same for all films: ~ 1.6 nm.

The GIXD results present a simple picture for the influence of the additives. The presence of
PCBM significantly inhibits the development of misoriented (likely bulk-nucleated)
crystallites with respect to the neat polymer. Both additives restore the population of bulk-
nucleated crystallites. The presence of PCBM appears to inhibit P3HT bulk crystallization but
does not significantly inhibit interface nucleation. This is supported by angle-of-incidence
dependent pole figures (S2) provided in the supplemental information. Broad, isotropic
contributions to the orientation distribution are only seen at incidence angles larger than the
critical angle for the film, characteristic of the film interior. The appearance of only a narrow
fraction at lower incidence angles indicates that interface nucleation occurs at the top of the
film (the flat air/liquid interface).

It is important to ascertain how PCBM suppresses the P3HT bulk crystallization. It has been
proposed!*? that early solidification of the fullerene creates a PCBM network that inhibits the
development of P3HT crystallinity. We propose an alternative explanation, based on the
recent discovery that amorphous PCBM is miscible in the amorphous regions of P3HT and
most other semiconducting polymers.[?*= The Tg of a mixed amorphous phase containing
both P3HT and PCBM should lie between the Tg of the neat polymer and the Tg , 118 °C, of
pure PCBM.[?627] As the crystalline P3HT rejects PCBM,[??l the mixed amorphous phase

should be rich in fullerene (exhibit a higher Tg) relative to expectation based on the film mass
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ratio. Empirically, 1:1 by mass films exhibit a Tg for the mixed amorphous regions of ~

60 °C 126271 The increased Tg of the mixed amorphous phase may suppress the crystallization
of P3HT during drying because the temperature/solvation coordinate quickly passes below it.
We will describe this hypothesis as vitrification,? which is by definition the transition of a
liquid to a glass as it passes below Tg. The top surface is nearly pure P3HT and therefore
its Tg is likely to be significantly lower. Additionally, the interface-nucleated, orientationally-
narrow fraction crystallizes early while significant solvent is still present.

This vitrification hypothesis is consistent with recent in-situ studies of the slow (near
equilibrium) drying of P3HT/PCBM BHJs from DCB solutions. For this system, the
development of P3HT crystals and PCBM solidification are separated in time and the PCBM
solidification clearly occurs after polymer ordering.!?” This hypothesis is also consistent with
the PCBM concentration dependence of the P3HT (100) pole figure, shown in S3. At PCBM
mass fraction < 40 %, where Tg of the mixed amorphous material is below the stage
temperature, there is very little perturbation of the P3HT crystallinity. To extend this
hypothesis to additives, we propose that the additives lower the Tg of the mixed amorphous
phase, allowing crystallization to occur at a far lower temperature/solvation coordinate, hence
restoring the bulk crystallization that PCBM inhibits. There are at least two potential ways the
additives could lower the Tg of the mixed amorphous phase: 1) by direct plasticization of that
phase or 2) by removing the high-Tg PCBM to a second amorphous phase via selective
solvation. We address these possibilities later in this manuscript.

The GIXD evolution of the ODT additive P3HT/PCBM films is in stark contrast with our
earlier optical studies.l*® In the optical studies, P3HT aggregation, as judged by the
normalized height of the 0-0 feature in the Franck-Condon envelope, ceased to evolve when
the primary solvent (CB) finished evaporating from the film (near 20 s). However, in the
GIXD, the film continues to evolve over the entire time that the film is swollen with the

additive (20 to 300) s. This is illustrated in Figure4 in which p-polarized, near Brewster’s
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angle transmission studies are contrasted with the above GIXD results. The experiments were
performed on independent films in different labs, and therefore the timings are not identical.
No attempt was made to scale the results, however the comparison is clear. In the case of the
additive-free film, both the polymer spectrum and the GIXD cease to evolve abruptly upon
removal of the CB. In the case of the CN additive, both the UV-Vis spectrum and the GIXD
evolve continuously as the CN-swollen film dries. However, in the case of the ODT additive,
the evolution of the absorption spectrum ends abruptly while there is extensive continuing
growth in the GIXD pattern.

We propose the following resolution of the apparent uncorrelated optical order and diffraction
order in the drying BHJ film. The optical order in P3HT can be quantitatively interpreted in
terms of a weakly coupled H-aggregate model. The relative height of the 0-0 feature in the
absorption is related to the inter-chain bandwidth,®* which is inversely related to the
conjugation length along the polymer chain, c-axis.[*® The optically measured aggregation
therefore relates to local c-axis order, whereas crystallization, as monitored by the (100) peak
intensity, relates to the lamellar, or a-axis, order. Previous comparisons of optical
measurements to diffraction measurements show that they are often uncorrelated.®!
Kinetically, aggregation clearly precedes crystallization, and we therefore attribute the
aggregated state to the formation of pre-crystalline nuclei. Our earlier optical study found a
direct correlation between the extent of aggregation and the concentration at the onset of
ordering. Additives promoted earlier aggregation, attributed to degradation of the solvent
quality. In the current study, we see that crystallization occurs the entire time the film is
swollen with ODT, possibly because the additive lowers the Tg of the mixed amorphous
phase. This suggests that the additives have two mechanisms of action: 1) they lower solvent
quality, accelerating the early formation of pre-crystalline aggregates, and 2) they lower the

Tg of the mixed amorphous phase allowing for prolonged crystallization late in drying.

10
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The GISAXS method provides insight into the characteristic length scales of domains in the
BHJ. Shown in Figure 5 is a representative GISAXS pattern recorded at the end of a dynamic
study of film deposition. Following Gomez and co-workerst” we have analyzed the GISAXS,
within the Born approximation, by constructing g? weighted scattering functions only from
the enhanced scattering in the g,=0 plane due to wave guiding of the totally internally
reflected beam. Representative data are shown in Figure 5b. The results are consistent with
earlier reports of GISAXS from P3HT.3"-%% There is a single peak in the scattering at go
corresponding to a characteristic dimension of = 28 nm. The most significant difference in the
films is the total scattering invariant (TSI=J Iq*dq), that increases significantly when
additive is present. There is also evidence for a low g-tail in the additive processed films. To
reconcile these results with previously published energy-filtered TEM8:4%1 we attribute the
single peak to the characteristic separation of P3HT crystalline regions and the tail to the long
dimension of the fibrils, characteristic of the additive processed films. It is interesting to note
the strong similarity between the GISAXS patterns and small angle neutron scattering results
for P3HT and P3HT/PCBM gels.[*+#2 Shown in Figure 6 are summaries of the TSI and the
peak location (reported as r0=21/qo) for the three BHJ films. Also shown is the film thickness
from the simultaneously recorded reflectometry. The evolution of the GISAXS is similar to
that of the Figure 3 P3HT (100) integrated pole figure, indicating that the BHJ domain
development is driven by P3HT crystallization. In the absence of additives, both qo and the
TSI develop under conditions of extreme supersaturation and stop evolving upon the complete
removal of CB. In the presence of both additives, there is a significant increase in the TSI
during the late-time (after CB removal) drying of the additive-swollen film.

To further analyze the late-time evolution of the GISAXS in the additive-swollen films, we
must consider the number and nature of phases that could form domains. It is well established
that there is negligible solubility of PCBM in P3HT crystals,?! so the simplest BHJ model

would include two phases: 1) P3HT crystals and 2) a mixed amorphous phase containing
11
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amorphous P3HT, the large scattering length density (SLD) PCBM, and the additive. A

significant contribution to the TSI evolution can be attributed to contrast changes due to the
evaporation of the low-SLD additive. As shown in Figure 7, a two-phase model well
describes the evolution of the TSI for the CN additive (see supplemental for details). This
strongly suggests the presence of only 2 majority phases: crystalline P3HT and a mixed
amorphous phase. The significant presence of a separate pure PCBM phase with a
characteristic length scale within the g range studied (.003 to .2) 1/A would disrupt this
agreement. However, as seen in Figure 7, this simple 2 phase model does not well describe
the evolution of the TSI for the ODT additive. This is not surprising, given the poor solubility
of P3HT in ODT. A model containing 3 phases: 1) crystalline P3HT, 2) mixed amorphous
P3HT and PCBM, and 3) mixed additive and PCBM describes the data well (see Figure 7).
The fit reveals a partition coefficient of PCBM between the additive and amorphous polymer
phases that shows a weak preference for the amorphous polymer phase. Models that include
complete partitioning of the PCBM into the ODT phase are incompatible with the data. Note
that, consistent with the similar final GISAXS patterns (Figure 6), the dry 3 phase model
corresponds to only the crystalline polymer and a single mixed amorphous phase as the
PCBM repartitions into the mixed phase upon removal of the additive.

The evolution of ro is in interesting contrast to the TSI. In the case of ODT there is a factor of
2 decrease in the characteristic polymer-polymer correlation length with time, consistent with
deswelling of a fiber matrix by removal of the insoluble additive. This implies early
aggregation of the complete polymer matrix (consistent with the optical data) followed by
crystallization of the fibers upon removal of the non-solvent. In the case of CN, there is very
little evolution of ro. This would suggest that the CN film develops by continuous nucleation
of new ordered regions (with nominally fixed correlations due to tie chains) out of the CN-

solvated bulk, again, consistent with the continuous evolution of the optical data.

12
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The evolution of structure in the OPV films we studied is summarized in Figure 8. The
evaporation regimes of each liquid are determined from the liquid film thickness
measurements. The local order is determined by the SE methods described in our earlier
publication, where the onset of local order change marks the point where the optical spectrum
begins to deviate from that of the solution, and the end of local order change marks the point
where the optical spectrum ceases to change. The long range order was measured by GIXD,
and the domain formation by GISAXS, as we describe above. For these scattering
measurements, the onset and end roughly mark the times where first scattering is observed
and the pattern ceases to change, respectively. Qualitative judgments about the speed of
change in different time regimes are also included for illustrative purposes.

The number and nature of phases in each of the drying films are described in the summaries.
The additive-free CB solution is summarized in Figure 8a. It dries quickly, and the local order,
long-range order, and domain formation all occur roughly simultaneously within the last few
seconds of CB evaporation. We interpret this as the crystallization of P3HT from a
homogeneous solution of P3HT and fullerene in CB. Once sufficient CB is removed such that
crystallization ceases, the remaining polymer and all of the fullerene are left as a mixed
amorphous glass.

The solution with CN additive is summarized in Figure 8b. It exhibits an early, fast
solidification regime where the local order and long-range order co-evolve near the end of CB
evaporation. We interpret this first step as P3HT crystallization similar to that of the additive-
free solution. The two phases remaining after CB is evaporated are 1) the P3HT crystal and 2)
a CN solution of P3HT and PCBM. Given the small amount of CN relative to the P3HT and
PCBM, this second phase is perhaps better described as a CN-plasticized mixed amorphous
phase of P3HT and PCBM. A second, slower P3HT crystallization is observed as the CN
evaporates. Once the CN is fully evaporated, the uncrystallized P3HT and the PCBM remain

as a mixed amorphous phase.
13
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The solution with ODT additive, as summarized in Figure 8c, exhibits the most complex
behavior. As was observed in the other two systems, an early rapid P3HT crystallization
occurs near the end of CB evaporation. After the CB is left, our modeling described above
suggests that 3 phases remain: 1) P3HT crystal, 2) an ODT solution of PCBM, and 3) a
P3HT/PCBM mixed phase. The PCBM is partitioned between the two PCBM-containing
phases by a constant coefficient. At early times during this second drying regime, the ODT
volume is large relative to the amorphous P3HT volume, and therefore most of the PCBM
resides in the ODT phase. As the ODT dries, the P3HT further crystallizes. At the same time,
the PCBM moves out of the ODT-containing liquid phase and into the P3HT/PCBM mixed
amorphous phase due to the shrinking volume of ODT and the constant partition coefficient.
As the ODT volume becomes vanishingly small, the last PCBM molecules move into the
P3HT/PCBM mixed amorphous phase and the ODT/PCBM phase disappears, leaving behind

only crystalline P3HT and a mixed amorphous phase.

3. Conclusion

From our combination of real-time measurement results, a consensus model for the
development of order in the P3HT:PCBM system emerges. The normal crystallization of the
polymer is disrupted by the PCBM, due to the relatively high Tg of the P3HT/PCBM glass,
which cannot further evolve P3HT crystals at room temperature after the removal of CB. In
the case of the CN additive, the P3HT continues to prodigiously crystallize after CB removal
from a CN-plasticized mixed amorphous P3HT/PCBM phase having lowered Tg. In the case
of the ODT additive, two liquid/amorphous phases are formed, and PCBM is removed from
the P3HT-rich phase into ODT, lowering the Tg of the P3HT-rich phase. It is also possible
that ODT could directly plasticize P3HT, if a trace amount of it partitions into that phase.

Only the ODT mechanism requires the additive to be a selective solvent for the PCBM. In

14
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particular ODT’s immiscibility with P3HT is the basis for the formation of a second liquid

phase partitioning fullerene away from P3HT.

4. Experimental Section

All films were prepared using the blade-coating technique,*® as previously described.*®! In
brief, the BHJ master solution was a 1:1 (by mass) mixture of P3HT (OS 2100, Plextronics
Inc.)®¥ and PCBM (Nano-C) well-dissolved in chlorobenzene (CB) at 40 mg/mL (total
solids) concentration at 70 °C. Additive solutions were prepared by addition of 2 % (by
volume with respect to CB) of ODT and CN. Approximately 20 uL of the P3HT:PCBM
solution was dispensed from a 70 °C syringe under the edge of a glass blade fixed at 300 um
above the substrate surface. The substrate temperature was 30 °C. The blade was immediately
translated at 10 mm/s of velocity. The final BHJ film ellipsometric thickness was nominally
150 nm. The substrate was fixed and the knife blade translated. Care was taken to orient the
blade translation direction parallel to the sample stage of the instrument to avoid any possible
thickness gradient. All films were prepared on PEDOT:PSS treated Si substrates to closely
mimic device films.

In-situ x-ray scattering measurements were performed at the Advanced Light Source*®! beam
line 7-3-3, with a beam energy of 10 keV. For GIXD measurements a 2D image detector
(Dectris Pilatus 1M) was located at a distance of ca. 280 mm from the sample center. The
measurements were performed in ambient air to reproduce the drying conditions of earlier
studies.[*®1 Slits were adjusted to produce a nominally 0.3 mm high beam which overfilled the
nominally 2 cm wide substrate. In-situ GISAXS was performed at the same beam line with
the 2D image detector-to-sample distance 3850 mm. An evacuated flight tube was used to
minimize air scatter. The x-ray beam was attenuated to eliminate sample damage. The
detector was calibrated with a silver behenate standard. Both GIXD and GISAXS data was

reduced with the Nika software package.[*! Simultaneous with both GIXD and GISAXS
15
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measurements, normal incidence spectral reflectometery was performed with a home-made,
fiber spectrometer based system. Care was take to overlap the reflectometry probe beam (~
0.3 mm diameter) with the stripe illuminated by x-rays. The reflectometry was analyzed
using a commercial ellipsometry code (JA Woollam WVASE32). X-ray data were recorded
with a variable integration time and period. The initial 120 s were recorded at ~0.1 s
integration and period while the next (3 to 8) min were recorded with 1 s integration and 1.5 s
period. The reflectometry was recorded at a constant ~0.1 s integration and period.

In-situ p-polarized, near-Brewster transmission data were acquired with an M-2000DI series
spectroscopic ellipsometer (J.A. Woollam Inc.) at fixed 45° of incidence angle with respect to
the surface normal. The weakly focused beam was nominally 0.3 mm x 0.9 mm on the sample.
A PEDOT:PSS coated quartz substrate was mounted on a sample stage that has a hole with a
diameter of ~24 mm. The UV-Vis beam was p-polarized and aligned to penetrate the sample

and bounce up to the detector.

Supporting Information
Supplementary information, defining the experimental GIWAXS angles and their relationship

to the proper scattering angle Q, presenting the angle-of-incidence dependence of the (100)
pseudo pole figure, comparing crystallinity with PCBM loading and modeling the TSI based
on the (100) pole figure is available from the Wiley Online Library or from the authors LJR or

DMD.
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Figure 1. a) Schematic view of experiment. b) Experimental GIXD detector image for a neat
P3HT film, vs uncorrected momentum transfer: g, recorded at the critical angle. Dashed lines
show regions used to define the (100) and background. ¢) Background corrected pole figure
for (100); data have been normalized for both film thickness and polymer volume fraction. A
small gap near 90° arises from a correction to the scattering angle due to the small fixed
incidence angle d) Relative crystallinity from orientation scan integrals. Error bars are one

standard deviation over 3 or 4 duplicate films.
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Figure 2. 2D false color images of radially averaged and background corrected (100)
diffraction intensity vs time. a) neat P3HT film; b) additive-free BHJ film; ¢) BHJ film with
CN additive; d) BHJ film with ODT additive. All data were recorded for beam incidence at
0.03° to 0.05° greater than the film critical angle. The change in background uniformity at
approximately 15 s is due to increased reflectivity upon evaporation of the CB, while the
change at 120 s is due to improved counting statistics upon increasing the integration time

from 0.095sto0 1.0 s.
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Figure 3. a) Time dependence of: red- Integrated (100) pole figure intensity (normalized by
final film thickness and polymer volume fraction); black- FWHM (in °) of (100) pole figure;
blue- film thickness. b) sector-averaged data around Q=0; c) FWHMq of (100) feature in

sector average d) (100) peak location.
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Figure 4. Comparison of time evolution of GIXD pole figure (left) and p-polarized near-

Brewster transmission spectroscopy (center). Select spectra are shown from the indicated
times on the right. The 0-0 component of the Franck-Condon series is indicated in the CN
transmission spectra. Experiments were conducted independently, so small differences in

timing due to variations in drying rate and initial film thickness are present.
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Figure 5. a) GISAXS detector image from a BHJ film deposited from an ODT volume

fraction 2 % solution. b) 1(g,=0)qx? for dry BHJ films, extracted along the evanescent field

enhanced horizon. c) False color plot of 1(q,=0)qx* for the ODT containing solution as a

function of time.
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formulations studied a) CB only, b) CB with CN additive, and ¢) CB with ODT. A sequence
of how the number and nature of phases progress during evaporation is shown with each data

summary.
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kin

Figure S1. Intersection of the orientation sphere (polar angle Q) with the Ewald Sphere and

the projection onto the image detector (angle o)
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Additional support for the interface nucleation hypothesis can be found in the depth profiles

of the (100) pseudo pole figure. Below the critical angle (surface sensitive) the isotropic

plateau/wings are absent.
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Figure S2 Angle dependent (100) pseudo pole figures for additive-free, CN and ODT additive.

X-axis is uncorrected orientation angle o.
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Additional support for the vitrification hypothesis can be found in studies of additive-free
BHJs as a function of PCBM loading. Shown in Figure S3 is the P3HT crystallinity: (100)
pole figure normalized to film thickness and polymer volume fraction (red open circles), for
additive-free films as a function of the PCBM volume fraction. One can see that the polymer
crystallinity is essentially independent of PCBM loading until =50 % mass fraction where it
precipitously drops. Also shown in Figure S3 is the Tg of the blend (black filled symbols),
based literature studies.' One can see a clear correlation between the composition range where

PCBM begins to disorder the polymer and when the film Tg becomes slightly above the stage
temperature (30 °C) as shown in the box.

O — 120
1000 — - 100
800 — 80

600 — — 60

(0)B1L

400 — — 40

(100) integral (a.u.)

200 — — 20

20 40 60 80 100
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Figure S3 Red: psudeo (100) pole figure as a function of PCBM % mass fraction for additive-

free, as-bladed films. Black: Tg from the literature. Lines are drawn to guide the eye.
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In a simple, 2 phase system, the TSI is given by TSI~(Ap)*¢(1 — ¢) where Ap is the
difference in scattering length density between the two phases and ¢ is the volume fraction of
one phase. If we assume the two phases are crystalline P3HT and a mixed amorphous phase
of P3HT, PCBM, and solvent and assume ideal mixing in the mixed amorphous phase, the
TSI can be calculated from standard approximations to the x-ray scattering length and the
densities of the neat components.! For the 5 component system of crystalline polymer,
amorphous polymer, fullerene, solvent and additive, the TSI becomes a function of 3 volume
fractions: crystalline polymer (¢x:ai), solvent (¢), and additive (¢@add). Assuming volume
conserving mixing, the volume fractions can be calculated from the known pcbm volume
fraction of the dry film (focom), the dry film thickness (tary), the thickness attributed to the

solvent (tcn) and additive(tadd) and the (100) pseudo pole figure with one unknown scale

factor:
(,'b _ tcb
B =
‘ tcb + tEI‘l'ﬂ' + trir}'
qb _ tﬂl'l'd
add —
tcb + tﬂdd + tdr}'
tary
¢¢Jcbm = ﬁp

Pty + taga T tary
Prtar = me:(l':":']po:a Figurs
1= ¢eear T Pamor T ‘ibmbm + @op T Paaa
Fooom = 042 = Ppcbm
Prrar T Pamar T Ppoim
Pamor T @ ‘ibmbm + 0 ¢ TV Paaa
Pamor T Ppeom T Pep T Psaa

(q}ﬁﬂ'ﬂ' _T{I}Eﬂ'd + {I}cb _ng}cb + f‘pcbm(_l + ij(_1+ q}ﬂﬂ'ﬁ' + {I}cb))‘ q}xtrﬂl

Apoc(1—

)

TSI o Eg. 51
dxtal — 1
Mol formula Density SLD (x10°) SLD Ratio
P3HT C11H14S 1.12 1.03
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PCBM C72H1402 1.60 1.38 a=1.34
CB CeH5CI 1.11 0.98 [=0.95
CN C10H7Cl 1.19 1.05 v=1.02
oDT C8H1852 0.97 0.91 v=0.88

Shown in Figure S4 is the raw (100) psudeo pole figure and in-situ film thickness and the raw

TSI and in-situ film thickness for CN additive films. The GIWAXS and GISAXS were

performed during different runs and there is a clear difference in the film drying kinetics,

reflected in the position of the thickness kink due to cb removal and the final removal of CN.

In order to correct for the drying, the GIWAXS time axis was shifted to align the position of

the kink and scaled to align the drying of the CN. Also shown in Figure S4 are the resulting

time dependent volume fractions and the scaled GIWAXS results. The results of the predicted

TSI (Eq. S1 with only 2 adjustable parameters: Cxta and over scale) are also shown. The

simple 2 phase describes the data very well.
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Figure S4 development of 2 phase model for CN additive results
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Shown in Figure S5 is the raw and time corrected data for films containing ODT as additive.
Also shown is the prediction from Eq. S1. Clearly the simple 2 phase model fails completely
to describe the evolution of the TSI. The early time TSI is much stronger than expected based
on the average contrast of the ODT diluted mixed amorphous phase. For a 3 phase system,
Wu has shown that the TSI is proportional to Apl, ¢, ¢, + Apfz @y @y + Api; @, . Given the
marginal solubility of P3HT in ODT we have developed a 3 phase model consisting of P3HT
crystal, mixed amorphous (amorphous polymer, PCBM, cb) and additive (PCBM and ODT).

The PCBM partitions between the additive and mixed amorphous phases as:

qbrzm::-r — (,'b kéamor /Padd
pebm pebm 1+kdogmar /Padd

This introduces one more parameter, the partition coefficient of PCBM between the mixed
amorphous and odt phases. As shown in S5, the three phase model describes the data very
well, with a partition coefficient of 1.9 which corresponds to a weak preference of the PCBM

to reside in the polymer phase.
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Figure S5 development of 2 phase model and 3 phase model for ODT additive results
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