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Abstract: To develop an understanding of the effect spin coating or blade coating have on the
morphology of polymer:fullerene thin films for organic solar cells, we have investigated the
morphology  of  poly[5-(2-hexyldecyl)-1,3-thieno[3,4-c]pyrrole-4,6-dione-alt-5,5-(2,5-bis(3-
dodecylthiophen-2-yl)-thiophene)] (P(T3-TPD)) blended with phenyl-C71-butyric acid methyl
ester (PC7:BM) using the solvent additive 1,8-diiodooctane (DIO). When P(T3-TPD):PC7:BM
mixtures are cast with DIO, we observed a fivefold increase in power conversion efficiency
(PCE) from 1 % to >5 % for both spin and blade coated devices. We found the morphology and
OPV performance are remarkably similar for spin and blade coated films without having to re-
optimize the processing solution or coating temperature. We attribute the robust coating behavior
to processing an aggregated solution of P(T3-TPD):PC71BM. Further, in order to gain insight
into how the common solvent additive DIO enhances thin film morphology, in situ UV-vis
absorbance and reflection spectroscopies, coupled with thin film morphology characterization,
was performed to develop a mechanistic understanding of the solidification process. In situ and
static measurements revealed that DIO increases the nucleation density, reducing domain size

and additionally increases the polymer crystallinity and phase purity.

Introduction:
As conjugated polymers used in bulk heterojunction (BHJ) solar cells continue to be
developed and refined, many structurally dissimilar systems now exhibit AM 1.5G power

conversion efficiencies (PCE) between 8% and 11%.'® The material diversity presented in



laboratory scale devices drives a need for developing and understanding rules for scaling to large
scale coating processes. Recent attention has brought up the importance of transitioning
laboratory studies away from spin coating to roll-to-roll compatible processing methods, such as
blade coating, spray coating, and slot die coating, that more properly mimic practical processing
approaches and yield thin films with morphologies that match those that will be obtained in large
scale production.*>® Within the multi-component processing solutions (inks) employed for
polymer:fullerene,” polymer:non-fullerene acceptor,® and polymer:polymer blends,® the use of
processing additives to enhance performance through morphology control has become wide-
spread.” 1% 1 However, a clear understanding of both the influence that processing type has on
morphology and the mechanisms of how these additives interact with the various components to

form a more optimum phase separated morphology has not emerged.

A review of non-spun coat, small area devices found that,* as of 2013, in 36 trials only 4
systems demonstrated PCE greater than 4%, indicating the general complexity of using spin
coating to guide scalable deposition.'? Blade coating is an easily implemented prototyping tool*?
for direct comparison to continuous deposition processes such as slot-die coating.!* With care,
similar PCE can be attained between optimized spun coat and blade coat devices.’>?° The
transfer from spin coating to blade coating usually involves re-optimization of both the starting
solution and deposition conditions, such as substrate temperature, in order to match the drying
dynamics of spin coating.?! 22 Zhao et al. found that simple transfer from spin coating to blade
coating of PTB7, PTB7-Th, and PBDTTT-CT vyielded decreased organic photovoltaic (OPV)
performance for blade coated samples. A re-optimization was required that included tuning the
solution solids content, processing at an elevated temperature and changing the additive
concentration to maintain similar additive to solute volume ratio in order to mimic the drying
kinetics of spin coating and achieve similar device performance and film morphology.?® In
contrast, recent work by Ro et al. showed that optimized blade coating of PffBTA4T-
20D:PC7:BM, while yielding similar OPV performance to spin coating, not only required
significant modification in coating conditions (substrate temperature) but produced significantly

different film morphologies.'*

In this study, we utilize the high performance, semi-crystalline polymer poly[5-(2-
hexyldecyl)-1,3-thieno[3,4-c]pyrrole-4,6-dione-alt-5,5-(2,5-bis(3-dodecylthiophen-2-yl)-



thiophene)], P(T3-TPD), developed by Marks and co-workers,?*?% to explore in detail the effect
that ink formulation (presence of solution additive) and processing type (spin coating or blade
coating) have on dry film morphology and OPV performance. P(T3-TPD) has been demonstrated
to provide high power conversion efficiencies when processed via spin coating with PC7:BM and
the processing additive 1,8-diiodooctane (D10),2* and in polymer:polymer blends with the
Polyera polymer N2200* when processed with the solvent additive 1-chloronapthalene.?® We
find no re-optimization of solution composition is necessary when transferring P(T3-
TPD):PC71:BM inks from spin coating to blade coating. We attribute this to processing from an
aggregated solution that predetermines the solid-state morphology regardless of the processing
method which is advantageous for the scaling of OPV technology. To gain further insight into
how phase separated morphology is developed with the solvent additive DIO, and without DIO
(w/o DIO), we perform in situ UV-vis absorbance and reflectance on blade coated films. In situ
thin film measurements, coupled with ex situ film measurements, reveal that DIO increases the
nucleation density during solidification, leading to reduced domain size and enhanced polymer

crystallinity in the BHJ film.

Experimental

Organic solar cell fabrication. Patterned indium tin oxide (ITO) was sonicated in a solution of
sodium dodecyl sulfate and Millipore water,” then rinsed with Millipore water, followed by
sonication in acetone, then isopropanol for 5 minutes in each solvent. The ITO was blown dry
with nitrogen gas, then UV ozone cleaned for 10 minutes. ZnO sol-gel?” was spun coat onto the
ITO at 84 rad s (800 r.p.m.) for 50 s and then annealed at 300 °C for 5 min in air resulting in a
30 nm thick film. Solutions of P(T3-TPD):PC1BM (1:2 weight ratio), [12 mg mL™], in
chloroform, or in chloroform:DIO (98 %:2 % by volume), were either blade coated onto the
substrates in air with a blade to substrate gap of 300 um and a blade velocity of ~20 mm s or
spun coat at 314 rad s (3000 r.p.m.) for 60 s in an Ar filled glovebox. Solutions were prepared
by heating the ink to 50 °C on a hotplate, then allowing it to cool to room temperature prior to
film deposition. Films processed from chloroform without DIO were immediately placed in a
thermal evaporator for contact deposition, while films processed from chloroform with 2% DIO

* Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the
experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement
by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment
identified are necessarily the best available for the purpose.



added by volume were allowed to dry 2 hours in ambient air for blade coated films, or in an Ar
filled glovebox for spin coated films, prior to electrode deposition. Devices were placed in a
thermal evaporator at a pressure of < 10 Pa for 1 hour prior to sequential deposition of 8 nm
MoO3 followed by 120 nm Ag which were used as the top electrodes. The active area of the
devices, defined by the overlap of the top and bottom electrode, was 0.07 cm?. Film thicknesses
for blade coated devices were optimized to achieve the highest PCE and measured using a
Bruker DetakXT profilometer. Devices were tested in an Ar filled glovebox using a Newport
class ABB solar simulator coupled with a Keithley SMU 2410 for measuring device efficiency
under standard AM 1.5G conditions calibrated to 95 mW cm. A Newport EQE/IPCE setup with
a Newport 66485 xenon lamp, an Oriel CS26 VIS-NIR 1/4 m monochromator, and a Merlin

70104 Digital Lock-in radiometry detector, were used.

X-ray Scattering: Grazing incidence wide angle X-ray scattering (GIWAXS) measurements
were carried out on beamline 11-3 at the Stanford synchrotron radiation light source (SSRL).
The beam energy was 12.7 keV. The angle of incidence was 0.12°, whereas the nominal critical
angle for the films at the used energy is about 0.08°. A LaBs standard sample was used to
calibrate the instrument and the software WxDiff?® version 1.11 was used to reduce the 2-D
scattering data into the corrected 1-D integration plots (I vs q and | vs chi). The sample to
detector distance was ca. 400 mm. The crystalline correlation length (CCL) was estimated using
CCL = 2m/Aqrwhm, Where Agewnm is the full width half maximum of the (100) peak.?® Grazing
incidence small angle X-ray scattering (GISAXS) was also carried out at SSRL on beamline 1-5
with a beam energy of 10 keV and an incidence angle of 0.12°. The sample to detector distance
was ca. 2900 mm. IGOR PRO with Nika,*® and Irena, packages were used to reduce the GISAXS
data.

Space Charge Limited Current (SCLC) Hole devices: ITO, cleaned in the same fashion as
that used in solar cell devices, was coated with PEDOT:PSS (Clevios P VP Al 4083) filtered
through a 0.45 um nylon filter, by spin coating in air at 523 rad s (5000 r.p.m.) for 60 s. Films
were dried in ambient air on a hot plate at 120 °C for 10 min. A solution of P(T3-TPD):PC71.BM
(1:2 weight ratio), [12 mg mL™], was blade coated with a 500 pm gap at 30 mm s to produce
films that were 300 nm thick as measured using a Bruker DetakXT profilometer. Devices were



allowed to dry, followed by evaporation of 100 nm of Au. SCLC hole mobility was determined

in the same way as reference 3.,

Atomic force microscopy (AFM): AFM was collected using a Bruker atomic force microscope

(Dimension icon) with a Bruker Tap 150 cantilever in standard tapping mode.

In situ UV-vis measurement: In situ UV-Vis absorbance/reflection spectra were collected
during deposition of films using optimized solar cell parameters. Solutions of P(T3-
TPD):PC71BM (1:2 weight ratio [12 mg mL™] were coated on top of quartz that was cleaned
with isopropanol, then UV ozone cleaned for 10 minutes. A fiber optic spectrometer based
system (Dual spectrometer - Ocean Optics Inc. SD 2000) was used to simultaneously record s-
polarized reflection and p-polarized transmission spectra at an incidence angle near the
substrate's Brewster angle (= 56°). Polarizers were setup in front of the collection optics to select
p-polarized light for the transmission and s-polarized light for the reflection and the incident light
is non-polarized. The integration time for both the transmission and reflection channels was 50
ms, and the first available spectrum was collected after 50 ms and every 50 ms thereafter for
further analysis.

Results and Discussion:

1.1 Solution Properties.

P(T3-TPD), having the repeat unit chemical structure shown in Figure 1 a) and a number
average molar mass (M,) of 19.7 kDa, was synthesized according to a modified literature
procedure (Supporting Information, (SI)). The polymer was found to be soluble in chloroform
up to ~3 mg mL* at room temperature by passing a known amount of saturated solution through
a 0.45 um PTFE filter onto a pre-weighed glass slide and taking the mass difference upon
solvent evaporation. The polymer was found to be insoluble in DIO at room temperature. Figure
1 b) shows the temperature dependent UV-vis absorbance of P(T3-TPD) in chloroform
indicating that it displays thermochromism in dilute solution (~ 0.1 mg mL™). At elevated
temperature, the polymer is in a non-aggregated state and the solution appears orange, while at
room temperature the polymer is aggregated and the solution appears purple. This observed
thermochromic transition was found to be reversible with no hysteresis (Figure S1, SI). When
the polymer is in a non-aggregated state at 50 °C, its Amax IS at 480 nm. As the solution cools to
room temperature, there is a planarization of the polymer backbone, extending the conjugation



length,32 which causes the Jmax to shift to 580 nm, along with the development of a low energy
shoulder at 635 nm. The longer wavelength absorbance is typically attributed to an increased
aggregation of the polymer chains.®® Figure 1 c) shows the UV-vis absorbance spectra of the
BHJ solution (solid line) and BHJ thin film (dashed line) normalized to the PC7:.BM peak at 375
nm with DIO and w/o DIO. The addition of DIO to a dilute (0.04 mg mL™*) BHJ solution, seen in
the UV-vis absorbance solution spectra in Figure 1 c¢), shows a slight increase in absorbance
intensity suggesting that DIO promotes additional aggregation. The BHJ thin film UV-vis
absorbance, normalized to the PC7:BM peak at 375 nm, also shown in Figure 1 c), demonstrates
that DIO significantly increases the polymer order in the dry film evidenced by the increase in
optical absorbance of the low energy peaks, and a 20 nm red-shift in the Amax. It is important to
note that all thin films used in this study are processed at room temperature meaning that a
solution of aggregates are being coated and not a well dissolved solution.
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Figure 1. a) Repeat unit structure of P(T3-TPD), b) temperature dependent solution UV-vis
absorbance spectra of neat P(T3-TPD) in chloroform and thin film UV-vis of neat P(T3-TPD).
c) Comparison of spectra of the solution and dry film with DIO and w/o DIO. The solid lines
show P(T3-TPD):PC7:BM in chloroform with DIO and w/o DIO at 25°C. Dashed lines
correspond to the UV-vis absorbance of BHJ thin film processed with DIO and w/o DIO. For
clarity, the absorbance of the films with DIO and w/o DIO was offset by 0.4.

1.2 Photovoltaic Properties.

Bulk heterojunction OPV devices were processed at room temperature from chloroform,
w/o DIO, or chloroform with 2% DIO added by volume, labeled as DIO, using an inverted solar
cell architecture of ITO/ZnO/P(T3-TPD):PC7:BM (1:2 weight ratio)/MoO3z/Ag. Figure 2 a)
shows the current-voltage characteristics (J-V curves) of devices made with DIO and w/o DIO
processed using spin coating or blade coating demonstrating that the addition of a small amount
of DIO has a pronounced effect on the solar cell electrical characteristics for both deposition
techniques. Table 1 shows the addition of DIO afforded a fivefold increase in short circuit
current density (Jsc) and PCE, along with an increase in fill factor (FF) from 44% to 61% for
blade coated samples. The large increase in short circuit current is represented in the external
quantum efficiency (EQE) spectrum, Figure 2 b), where the addition of DIO leads to a
significant increase in photon conversion between 350 nm and 700 nm, whereas the films
processed from chloroform alone show EQE values <20 % across the spectrum. The integral of
EQE multiplied by the photon flux corresponding to AM 1.5G closely matches the
experimentally determined Jsc (Table S1, SI). When blade coating is compared to spin coating,
the photovoltaic characteristics are similar with comparable reproducibility. While spin coated
samples were processed in an Ar filled glovebox, blade coated samples were processed in
ambient air, indicating that this system is not sensitive to processing type or atmosphere, which
is advantageous for large scale ambient processing. The optimized film thickness for BHJ films
cast from chloroform was found to be ~ 90 nm while the optimized thickness for BHJ films cast
with DIO was found to be ~ 150 nm. The observation that films processed with the solvent
additive optimize at greater thickness suggests reduced recombination and improved transport.
Interestingly, no further optimization was needed when transferring from spin coating to blade
coating to produce similar OPV performance. The solution used for spin coated devices is the

same solution used for blade coated devices and the processing temperature remained the same.
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Figure 2. a) J-V characteristics of P(T3-TPD):PC7:BM processed w/o DIO and with DIO, and
processed via blade coating and spin coating. b) EQE of P(T3-TPD):PC71:BM processed w/o DIO

and with DIO via blade coating or spin coating.

Table 1. Comparison of solar cell electrical characteristics of P(T3-TPD):PC7:BM processed w/o
DIO or with DIO by blade coating or spin coating. Averaged values were obtained from 8

devices. Numbers in parenthesis represent best performing device.

Processing Jsc (MA/Cm?) Voe (V) FF (%) PCE (%) Film
Condition Thickness
(nm)

DIO (Blade) 11.5+05(11.8) 0.73+0.01 61+2(61) 5.4+0.1(5.6) 150
(0.74)

w/o DIO 2.7+0.2(3.0) 0.75 +0.02 44+3(48) 1.0+0.1(1.2) 90

(Blade) (0.78)

DIO (Spin) 11.0£0.5(10.6)  0.74+0.02 62+3(65) 5.3+0.2(5.5) 140
(0.76)

w/o DIO 2.7+0.2(2.9) 0.75 +0.02 43+3(47) 0.9%0.1(1.1) 80

(Spin) (0.78)

1.3 Thin Film Morphology

To elucidate the effect DIO has on P(T3-TPD):PC7:BM BHJ thin film solidification, and
to understand how this impacts solar cell performance, the morphology of dry spin coated and

blade coated films was investigated. Atomic force microscopy (AFM) was used to qualitatively



probe the morphology of the BHJ system. Figure 3 depicts AFM height images of the BHJ film
processed from the two solvent systems. Height images of the BHJ films processed w/o DIO
show large features for both blade coated and spin coated films. The average feature diameter
seen in blade coated samples is 280 nm, and in spin coated films is 260 nm which is in
agreement with TEM images reported by Guo et al.?* Evaluation of the topographic contrast
demonstrates that the effect DIO has on polymer:fullerene phase separation is striking. Two key
features stand out when examining the topographical contrast seen in the height images. First is
how fine the phase separation is between polymer rich and fullerene rich phases. This observed
reduction in feature size suggests an increased interfacial area between the polymer and
fullerene, allowing for increased charge separation that would account for the large increase in
Jsc seen in the photovoltaic parameters. Secondly, the small fibril like structures, which are not
seen in the BHJ films processed w/o DIO, indicates there is a change in polymer order at the
surface. This trend is seen in both spin and blade coated films signifying that processing of

aggregated P(T3-TPD):PC7:BM solutions yields similar surface topologies.



8.0 nm

w/o DIO

-8.0 nm

8.0 nm

-8.0 nm

L

Height Sensor 5.0 pm

0.0 Height Sensor 5.0 um 0.0

Figure 3. AFM height images of P(T3-TPD):PC7:BM films processed by spin coating or by
blade coating with DIO or w/o DIO. The image size in all cases is 5pm x 5pum.

Grazing incidence small angle X-ray scattering (GISAXS) was used to probe the bulk
morphology of the BHJ films processed with DIO and w/o DIO. Figure 4 shows log-log film
thickness normalized GISAXS 1D line profiles at g,~0 of BHJ films processed using spin
coating or blade coating both with DIO and w/o DIO. Films processed with DIO show a feature
at scattering vectors gy of approximately 0.017 A™ which corresponds to a domain spacing,
calculated using 2m/qxy, of ca. 37 nm for both spin coated and blade coated films. The increase in
scattering intensity seen in the films processed with DIO suggests enhanced domain purity,

which is consistent with other high performance semi-crystalline polymer:fullerene systems.® 3
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The GISAXS of films processed without the solvent additive do not show a defined ‘Guinier
knee’*® in the probed range indicating that the length scale is larger than 125 nm, consistent with
the AFM. Remarkably, the BHJs processed using spin coating or blade coating show near
identical characteristic length scales, in contrast to high performance systems such as PffBT4T-
20D, and PBDT-TSR®, which demonstrate different characteristic length scales based on

deposition method.
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Figure 4. Thickness normalized GISAXS of BHJ films processed with DIO and w/o DIO using

blade coating and spin coating.

In order to further understand the impact that processing type and additive have on polymer
order, crystallinity, crystal orientation, and lamellar spacing, grazing incidence wide angle X-ray
scattering (GIWAXS) was performed. Figure 5 shows the film thickness and illumination time
normalized (100) pole figures for spin coated, and blade coated, P(T3-TPD) and P(T3-
TPD):PC71BM processed with DIO and w/o DIO extracted from 2D images (Figure S2, Sl).
Also shown in Figure 5 (insets) is the relative degree of crystallinity (rDoC), calculated using

T
2

fO 1(x) sin y dy,*" for the different preparation conditions. From Figure 5 a) it can be deduced

that DIO has a twofold impact. First, it changes the polymer crystallite orientation from being
bimodal (significant edge on and face on components, relative to the surface plane) to mostly

face on when processed with DIO. This is evident from the loss of intensity centered around y =~
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0 ° and increase in intensity near y = £90 °. Secondly, DIO changes the rDoC. When the neat
polymer is processed with the additive, DIO significantly suppresses crystallinity; however, in
the BHJ films DIO slightly enhances polymer crystallinity. It is not uncommon to observe
enhanced crystallinity in the BHJ films when a processing additive is used. This has been shown
for multiple semi-crystalline polymer:fullerene blends. 1* 3 Examination of the blade coated
films in Figure 5 b) shows similar characteristics to that of the spin coated films. First, DIO
influences crystal orientation. Again, when processed without the additive DIO the crystal
orientation is bimodal as indicated by the strong intensity near y ~ 0 ° and y ~ 90 °. The
addition of DIO drastically reduces the edge on orientation and increases the face on crystal
orientation analogous to spin coated films. Like the spin coated samples, the addition of DIO
suppresses polymer crystallization in the neat sample. However, it enhances polymer
crystallization in the BHJ samples. In both the spin coated and blade coated BHJ films we find
that DIO enhances polymer crystallinity, changes the crystal orientation, and reduces domain
size. The reduction in feature size found in the AFM images coupled with the enhanced polymer
crystallinity in the BHJ films, shown in the GIWAXS, signals that DIO serves to increase

nucleation density.

Like the results observed in the AFM and GISAXS both spin coating and blade coating of the
aggregated solution yield very similar GIWAXS characteristics. The lamellar stacking distance,
and 7-nt stacking distance (Table S2, SI) were found to be similar for blade coated and spin
coated films. In fact, the only observed difference between the two processing methods is the
crystal coherence length (CCL), which was found to be larger for spin coated samples relative to
blade coated samples. The difference in CCL found in spin and blade coated P(T3-
TPD):PC71.BM samples indicate that a range of crystal dimensions achieves similar device

performance.
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Figure 5. Thickness and illumination time normalized, sin y corrected pole figures of a) spin
coated, and b) blade coated, neat P(T3-TPD) films and BHJ films each processed with DIO and

w/o DIO. For BHJ samples the polymer volume fraction was taken into account.
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1.4 Hole Mobility

Space charge limited current (SCLC) measurements were performed in order to
investigate whether or not the crystal orientation change from bimodal to preferentially face on
contributes to increased mobility through the device, which could be the cause of the observed
increase in short circuit current density. For some conjugated systems it is hypothesized that face
on orientation of crystallites is beneficial for charge carrier transport to the electrodes for solar
cells.®® 40 Using a modified Mott-Gurney expression,3 SCLC hole mobility was found to be
(1.1+0.4)x10* cm? V1 st and (2.1+1.2)x10** cm? V1 s for 300 nm thick blade coated BHJ films
cast w/o DIO and with DIO respectively with the deviation accounting for fit uncertainty.
(Figure S3, SI) While the addition of DIO changes the edge-on to face-on ratio, this does not
appear to have a significant impact on charge transport. Therefore, the impact of crystal
orientation with respect to the substrate seen in BHJ films processed with DIO is insufficient for

explaining the large increase in Jsc when DIO is used as a solvent additive.

Spin coating and blade coating the same concentration solution at room temperature
results in nominally identical device performance and behavior at optimal thickness w/o DIO and
with DIO. This is consistent with the production of virtually identical film morphology by all
measures, which is striking, given the radically different drying speeds of spin coating and blade
coating.?! We ascribe this observed similarity to the use of an aggregated solution that appears to

dominate the final film morphology with respect to drying dynamics.

1.5 In situ UV-vis and Morphology Evolution:

In situ morphology evolution studies have proven to be a powerful method for
investigating thin film solidification of polymer:fullerene blends cast from mixed solvents. 27 4%~
% In an attempt to gain insight into how DIO influences the BHJ film formation, in situ
reflection/absorbance UV-vis spectroscopy was performed during blade coating of P(T3-
TPD):PC71:BM films cast w/o DIO and with DIO. Polarized UV-vis absorbance spectroscopy of
dry films was taken, in order to investigate in-plane optical anisotropy caused by a preferential
orientation of the polymer backbone with respect to the blade coating direction in P(T3-
TPD):PC71:BM; however, an in-plane orientation was not observed indicating that blade coating

does not induce polymer alignment with respect to the blading direction in this system. (Figure
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S4, Sl1). Figure 6 shows both in situ absorbance and in situ reflection measurements taken at the
same spot, at the same time, and on the same sample. 2D plots were rendered with the y-axis
accounting for time (s), the x-axis for wavelength (nm), and the color represents absorbance,
where a strong absorbance is yellow, and where there is little absorbance, dark blue. The passage
of the blade was set to one second in order to compare time scales between films cast w/o DIO or
with DIO. Films cast w/o DIO are straightforward, wherein the chloroform rapidly evaporates,
and at approximately 3.5 s after blade passage the film is subsequently dry. The in situ UV-vis
absorbance shows little evidence for formation of new aggregate peaks unlike P3HT:PCBM film
solidification;?" #6 however, by plotting the absorbance and reflection intensity as a function of
time (Figure S5 a, SI) a subtle transition can be observed at ~2.5-3 s that suggests further
aggregation of the polymer as concentration sharply increases during solidification. The most
significant change in the UV-Vis upon film formation is a broad increase in absorbance above
400 nm, that we attribute to scatter due to film roughness and/or the coarse morphology. Films
cast with DIO exhibit a two step drying process, and significantly increased drying times. Two
transitions can be observed in the reflection spectra, the first one corresponds to the end of rapid
chloroform evaporation at approximately 2.5 s after blade passage (Figure S5 b, Sl), and the
second transition is at the end of the DIO evaporation, that is not complete until ~5500 s. Both
transitions seen in the in situ reflectance are marked by dashed lines and labeled in Figure 6.
While the chloroform evaporation rate is rapid (<4 s), the complete evaporation rate of DIO is
prolonged (~90 minutes). The evaporation of chloroform leaves a DIO swollen film in which the
fullerene is soluble, but not the polymer. The extremely rapid evaporation of the chloroform
precludes resolution of the expected interference fringes in the reflection data. Nonetheless, an
inflection in the reflection can be observed at the anticipated point of chloroform removal and
the radical slowing of the evaporation rate. The absorbance data, recorded at nominally
Brewster’s angle, are insensitive to the film thickness interference and directly probes the
polymer backbone order. There is a distinct change upon removal of the chloroform.
Interestingly, over the next 90 minutes, while evaporation of the DIO is clearly occurring as seen
in the evolution of the reflection data, there is little detectable change in the absorbance spectra.
As the transition dipole moment along the backbone is only sensitive to a planarization of the
polymer backbone and aggregation, rather than a change in final crystallinity, invariant UV-vis

absorbance does not omit the evolution of higher order, such as crystallinity. Similar invariant
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UV-vis spectra were reported during the processing of P3HT with the non-solvent octane
dithiol.® In order to gain more quantitative insight into the time resolved absorbance spectra,
three features, P1-P3, as labeled in Figure 6 were deconvoluted into three Gaussian peaks. The
FWHM (o) and the height (H) of the Gaussian peaks were plotted as a function of time in order
to investigate if any changes had occurred during solvent evaporation as seen in Figure S6, SI. It
was found that when using an aggregated solution of P(T3-TPD):PC;:BM there are no
significant changes in polymer aggregation that occur, other than increased aggregation during
solidification, that were detected using in situ UV-vis absorbance. This further reinforces that an
aggregated solution is being processed, and suggests that film morphology is predetermined

when processing polymer aggregates and is less sensitive to processing method.
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Figure 6. In situ reflection/absorbance UV-Vis measurements of blade coated pre-aggregated
P(T3-TPD):PC7:BM films cast with DIO and w/o DIO. Time resolved absorbance spectra were

selected to show there is little change in local order during solidification.

Combining the morphology and kinetic studies, a coherent picture of the processing of P(T3-
TPD):PC71:BM emerges. The robust behavior with respect to coating method: nominally identical
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film morphology and device performance is obtained with the same solution at the same
temperature for both spin and blade coating, is directly attributable to the high level of
aggregation in the solution. However, the overall low solids content enables adequate film
quality for good devices, which is often not observed when processing from aggregated
solutions.** While solution aggregates are critical for OPV*" and OFET*® performance, it is also
clear that the presence of DIO in the solution significantly modifies the final film characteristics.
The decrease in characteristic dimension for phase separation is consistent with the observation
that DIO is a non-solvent for P(T3-TPD). It thus will lower the processing solution solvent
quality, increasing the enthalpic drive for aggregation, increasing the nucleation density. An
interesting question arises as to the origin of the beneficial effect of DIO on order and phase
purity. Changes in nucleation density do not directly relate to subsequent changes in crystal
growth and quality. Based on the in situ UV-vis absorbance and reflectance, the dominant effect
of DIO on aggregation occurs during the early stages of deposition, consistent with the
deposition of aggregates. However, it is possible that simply extending the time over which the
film is swollen with DIO (90 min) provides an opportunity for increased crystallization.
Additionally, the selective solvent nature of DIO can plasticize any mixed amorphous phases of
P(T3-TPD) and PCBM and extract the fullerene.38 4°

Conclusion:

Using P(T3-TPD):PC7:BM, we have shown that processing via spin coating or blade
coating yields similar electrical and morphological characteristics when processed from an
aggregated solution. This is quite contrary to other polymer:fullerene systems which show
drastic differences in film morphology and solar cell performance when processed via spin
coating or blade coating. We have investigated the impact that DIO has on BHJ thin film
morphology development. Using AFM, GIWAXS, and GISAXS, we show that DIO enhances
the crystallinity of the polymer and reduces the domain size in the BHJ film. The decreased
domain size increases the polymer:fullerene surface area which enhances the short circuit current
density, and improves OPV performance. Combining static thin film measurements with in situ
UV vis absorbance and reflectance spectroscopy reveal that DIO serves to increase the
nucleation density which in turn reduces the average domain size and enhances polymer

crystallinity. The lack of solution re-optimization, and simple transfer from spin coating to blade
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coating, without impacting the BHJ morphology, by using aggregated solutions, is advantageous
for the scale up of organic electronic devices via roll-to-roll processing. The use of aggregated
solutions opens the door to move away from traditional spin coating to more scalable processing
methods for organic electronics without undertaking extensive reoptimization studies. Broadly
speaking, we show the use of aggregated polymer solutions pins the resultant thin film

morphology regardless of processing method.
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