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ABSTRACT: The solution-state aggregation of conjugated  PM7 10

polymers is critical to the morphology and device performance of - o X v v
bulk heterojunction (BHJ) organic solar cells (OSCs). However, Wl

the detailed structures of polymer solution-state aggregates and . 8

their impact on the morphology and device performance of OSCs .

remain largely unexplored. Herein, we utilize a benzodithiophene- % 7

based donor polymer (PM7) and its ester-functionalized PM7 D1 and D2 o

derivatives (PM7 D1 and D2) with reduced backbone rigidity as 6

our model systems to demonstrate how a polymer solution-state - : m T=25C
aggregate structure impacts the morphology and processing ° m T=65C
resiliency of OSCs. Using X-ray scattering and microscopic ; 4 T=105°C
imaging techniques, we ascertain that PM7 solution forms a PM7 PM7D1 PM7 D2

combination of semi-crystalline fiber aggregates and amorphous

polymer chain network aggregates, whereas PM7 D1 and D2 solutions primarily form amorphous network aggregates through
sidechain associations. Interestingly, when the solution temperature is increased, the fiber aggregates of PM7 break down while the
polymer network aggregates remain stable. Due to this temperature-dependent behavior of the fiber aggregates, blade-coated devices
fabricated from the PM7 donor polymer and non-fullerene acceptor, ITIC-4F, lead to highly processing temperature-sensitive
performance, whereas PM7 D1 and D2 polymers exhibit improved processing temperature resiliency. More importantly, we report
that amorphous, network-like aggregates are conducive to superior device performance in blade-coated OSCs owing to the formation
of blend films with short 7—7 stacking distance, small domain spacing, and face-on preferred molecular orientation. In contrast, we
find that fiber-like aggregates lead to large 7—x stacking distance, large domain spacing, and isotropic molecular orientation in the
blend film, which deteriorate the device performance.

B INTRODUCTION morphology is sensitive to changes in the film-drying dynamics

7-9
Organic photovoltaics have emerged as a promising renewable and transport processes.” ~ Furthermore, the BHJ morphology

energy technology that can reduce the cost of solar cell of OSCs is not only sensitive to the processing techniques but

production using solution-based processing methods as also dependent on processing parameters'’~ '~ and environ-
compared to silicon- based solar cells, which require energy- mental conditions,'’ further complicating the device opti-
intensive manufacturing." Owing to their light weight, mization of OSCs. Currently, controlling the morphology of
flexibility, and transparency, OSCs can also be used in a OSCs for optimal device performance remains a bottleneck,
variety of novel applications including smart windows” and typically requiring time-consuming trial-and-error-based ap-
powering portable devices or internet of things (IoTs). ¥ proaches to adjust numerous processing parameters for device
Although the device performance of OSCs has now reached a optimization. Therefore, achieving high-performing OSCs that

promising 19% efﬁaency with a single-junction cell on a
laboratory scale," the processing method for most high-
performance materials has been limited to spin coating, which - ~
is incompatible with large-area production of OSCs.” On the Rec_e“'ed: July 19, 2022 ==
other hand, meniscus-guided coating or solution printing Rew?ed: March 15, 2023
techniques not only are compatible with large-scale roll-to-roll Published: March 27, 2023
manufacturlng but also can minimize solution waste to as low

as 5%.° However, transferring from spin coating to large-scale

compatible processes is often challenging as the BHJ OSC

can maintain their morphology regardless of the processing
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Figure 1. (a) PM7, PM7 D1, and PM7 D2 donor polymers (blue) and ITIC-4F acceptor molecule (orange) structures; (b) normalized UV—vis
absorption spectroscopy of donor polymers in chlorobenzene (CB) solution at 20 mg/mL concentration; (c) normalized UV—vis absorption
spectroscopy of neat polymer films blade coated from 20 mg/mL concentration of CB solutions.

parameters and environmental conditions is crucial for the
successful commercialization of organic photovoltaics.

Recent studies have emphasized that solution-state aggrega-
tion of polymers is central to controlling the blend film
morphology of OSCs, thereby potentially helping to overcome
the aforementioned morphology control challenges."*™'® For
instance, a prominent work done by Qian et al. has shown that
using a strongly aggregated solution of PBDTBDD for
fabrication of OSCs yielded a superior device performance
owing to the formation of nanoscale phase-separated domains,
whereas using a thermally treated solution with reduced
aggregation led to larger domains limiting charge generation
and worsening the device performance.'® From the processing
aspect, Hernandez et al. have shown that using an aggregated
polymer solution leads to the same film morphology and
device performance for both spin-coated and blade-coated
OSCs as the morphology could be predetermined by the
solution-state aggregation.14 In contrast, studies have also
demonstrated that excessive aggregation of polymers in
solution causes difficulty in processing'’ and leads to large
crystalline domains, which are detrimental to charge
generation.”” Recently, using polymers that exhibit temper-
ature-dependent aggregation in solution partially resolved this
issue as the strong solution-state aggregation of these polymers
can be reduced by simply increasing the solution temperature
before film deposition.'” However, these temperature-depend-
ent polymer aggregates have been reported to make the final
morphology and device performance sensitive to processing
parameters such as the spin coating rate,'” thermal history of
the solution,'® solution temperature,'” processing temper-
ature,'”'"'® and solution aging time.'” On the other hand,
more recently, Seo et al. reported that using a donor polymer
with temperature-tolerant aggregation behavior improves
processing temperature resiliency of OSCs.”" Although these
studies emphasize the importance of solution-state aggregation
in controlling the morphology and processing resiliency of
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OSCs, detailed understanding of solution-state aggregates and
their impact on the morphology and processing resiliency
remains unclear. Therefore, the purpose of this study is to fill
this knowledge gap by conducting a thorough investigation of
polymer solution-state aggregation and its impact on the solid-
state properties.

In this work, we investigate the solution-state aggregate
structures of donor polymer PM7 and its ester-functionalized
derivates PM7 D1 and D2, as shown in Figure la. Using small-
angle X-ray scattering (SAXS), freeze-dried solution imaging,
and optical spectroscopy, we find that PM7 generates a
combination of fiber aggregates and amorphous network of
polymer chains, whereas PM7 D1 and D2 solutions are
primarily composed of amorphous network-like aggregates.
Interestingly, we find that the fiber aggregates of PM7 are
highly sensitive to the solution temperature, whereas the
amorphous network-like aggregates remain stable. Further-
more, we report that these two types of aggregates lead to
substantially different film morphologies and processing
temperature resiliency in blade-coated non-fullerene-based
OSCs. Specifically, temperature-tolerant network-like aggre-
gates lead to superior device performance by forming favorable
BHJ morphology with strong processing resiliency, whereas
temperature-sensitive large fibrillar aggregates lead to inferior
device performance and film morphologies, which are highly
sensitive to the processing temperature.

B RESULTS AND DISCUSSION

The repeat unit structures of the three donor polymers (PM7,
PM?7 D1, and PM7 D2) and the molecular acceptor (ITIC-4F)
are presented in Figure la. The donor phase polymers have
similar repeat unit structures with the only difference being the
structure of the acceptor moiety in the main chain. In PM?7, the
highly fused benzodithiophenedione (BDD)-based acceptor
moiety is incorporated, while for PM7 D1 and D2 polymers,
this BDD-based moiety is replaced with an ester-functionalized

https://doi.org/10.1021/acs.chemmater.2c02141
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Figure 2. Neat polymer solution-state characterization results in CB solvent: 20 mg/mL neat polymer solution SAXS plots of (a) PM7, (b) PM7
D1, and (c) PM7 D2 conducted at 25 °C; AFM phase imaging of 20 mg/mL freeze-dried neat polymer solutions of (d) PM7, (e) PM7 D1, and (f)
PM7 D2; TEM images for the 20 mg/mL freeze-dried neat polymer solutions of (g) PM7, (h) PM7 D1, and (i) PM7 D2.

terthiophene moiety, which leads to a wider optical
bandgap.”"** The difference between the molecular structures
of PM7 D1 and D2 is the location of ester group substitution;
i.e, in PM7 DI, the two ester groups are located on the first
and third thiophene units while in PM7 D2, they are both
located on the central thiophene. Recently, Jones et al. showed
that this structural modification reduced the required synthetic
steps while still maintaining the device performance. Those
authors have achieved the optimal device performance of 11.6,
12.1, and 9.9%, respectively, for spin-coated PM7, PM7 DI,
and PM7 D2 when using ITIC-4F as the small-molecule
acceptor.”” Interestingly, the authors reported that this
structural modification led to a more blue-shifted featureless
UV—vis absorption in both PM7 D1 and D2 solutions as
compared to PM7 solution, suggesting that the solution-state
aggregation could be different. In this work, we will study the
solution-state aggregation of these polymers in detail and
investigate how different polymer aggregates impact the solid-
state morphology and device properties of OSCs.

2715

Determining the Polymer Solution-State Aggregate
Structures. The neat polymer solutions (20 mg/mL
concentration in chlorobenzene) were first investigated using
UV-—vis spectroscopy, as shown in Figure 1b. The UV—vis
spectra of PM7 solution contains 0—0 and 0—1 vibronic peaks
at 609 and 572 nm, respectively, indicating that the PM7
polymer backbone is highly ordered.”*** On the other hand,
PM7 D1 and D2 solutions both show blue-shifted absorption
spectra without vibronic peaks suggesting increased backbone
disorder with a shorter effective conjugation length.”*
Furthermore, the similarity of the solution and film UV—vis
spectra of PM7 (Figure 1b,c) implies that PM7 may be
strongly aggregated in solution. However, for highly rigid
polymers, UV—vis cannot distinguish strongly aggregated
solutions from highly rigid isolated polymers.”® Therefore,
we cannot rule out the possibility that PM7 solution is
composed of highly rigid isolated polymers based on its UV—
vis spectra. On the other hand, the film UV—vis spectra of
PM7 D1 and D2 become more red-shifted than their solution-
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state UV—vis, and the 0—0 and 0—1 vibronic peaks start to
emerge, indicating that the polymers become more planarized
due to further aggregation from solution to the solid state. This
indicates that PM7 D1 and D2 polymer backbones are more
disordered in the solution state. Nevertheless, UV—vis
spectroscopy measurements can only describe polymer back-
bone conformation and ordering and thus do not provide
direct information regarding the solution-state aggregation of
these polymers, let alone their detailed aggregate structures.
Therefore, we studied their solution-state aggregated
structures using SAXS as well as directly imaging the
aggregates by freeze-drying the solutions to complement
SAXS results. Freeze-drying is an effective technique to
transfer the solution-state properties to the solid state by
freezing the solution-state aggregates in place. This method is
extensively used to preserve protein drugs and vaccines as well
as for preservation of biomaterials and cells in a dry form.”” In
the field of organic electronics, freeze-drying has also been
previously utilized successfully to preserve the solution-state
aggregation of polymers.”* " To preserve the solution-state
aggregation, we use a liquid mixture of 63% propane and 37%
ethane, which has a large heat capacity to rapidly freeze the
sample and prevent crystallization during the cooling
process.”” Shown in Figure 2a—c is the SAXS scattering
profiles of each polymer solution along with their total model
fitting, which will be discussed later. As presented in Figure 2a,
the scattering profile for PM7 solution exhibits two Guinier
knee regions around 0.01 and 0.3 A™" which correspond to the
cross sections of large fiber-like aggregates and single polymer
chains in solution respectively, as we previously demonstrated
in other conjugated polymer systems.’’ Atomic force
microscopy (AFM) phase and transmission electron micros-
copy (TEM) images of the freeze-dried solution of PM7
confirm the existence of the fiber aggregates, as shown in
Figure 2d,g (AFM height images are provided in Figure S1).
Based on the AFM phase imaging, an average fiber radius of
9.5 + 2.5 nm was determined, which is consistent with the
radius of 11.5 + 0.1 nm obtained from model fitting, as we
discuss later. This consistency between the freeze-dried
samples and SAXS measurements indicates that the solution-
state aggregate structures are maintained during freeze-drying.
Furthermore, at a high Q region (~ 0.3 A™!), we observe a
crystalline lamellar peak (dp e = 2.2 nm), indicated by an
arrow in the inset plot of Figure 2a, suggesting that these fiber
aggregates are semi-crystalline. We also find that the fibers
exhibit 7—x stacking (d,_, = 3.65 A) using solution wide-angle
X-ray scattering (WAXS) measurement (Figure S2). In
addition to the fiber aggregates, the scattering profile of PM7
solution suggests that there are polymer chains, which adopt
rigid rod-like conformation, as evidenced by the intermediate
Q region (0.03—0.3 A™") with a Porod slope of —1 (Figure 2a).
In stark contrast to PM7, the scattering profiles for PM7 D1
and D2 solutions (Figure 2b,c) do not possess a Guinier knee
corresponding to large fiber aggregates in the Q region
accessible for SAXS. Instead, we observe two Porod regions
with a slope between —2 and —3 at low Q, a slope of —1 at
intermediate Q, and a broad structure factor peak attributed to
lamellar stackingR’?”34 at high Q for both PM7 D1 and D2
solutions. The Porod slope of —1, as previously mentioned for
PM?7 solution, corresponds to rigid rod-like polymer chains or
chain segments, whereas power law slopes between —2 and —3
at the low Q region indicate that there might be large-scale
aggregates in these solutions beyond the Q region accessible
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for SAXS (Q > 0.004 A™" or length scale > 150 nm). However,
we find that TEM imaging of the freeze-dried solutions for
PM7 D1 and D2 is mainly featureless, suggesting that no large-
scale aggregates exist beyond ~150 nm (Figure 2h,i).
Interestingly, based on AFM phase imaging (Figure 2e,f), we
notice network-like aggregates in PM7 D1 and D2 freeze-dried
samples composed of single polymer chains as the width of
these features is less than ~5 nm (the exact width cannot be
determined precisely since AFM resolution is limited by the
AFM tip radius of 2—S nm). It has been previously
demonstrated that network or fractal-like structures exhibit
power law slopes between —2 and —3, corresponding to the
mass fractal of these aggregates,”*® which appears to be
consistent with our results. Alternatively, such power law
slopes at low Q can also be caused by excess scattering due to
concentration fluctuations known as Picot and Benoit
scattering.”” However, we excluded this possibility as excess
scattering due to concentration fluctuations is highly sensitive
to the solution preparation method and temperature of the
solution,”” while the low Q scattering features we observe are
not sensitive to these factors. For instance, we re-measured
PM?7 D2 solution using SAXS after preparing the solution by
thermally annealing the solution at 100 °C and then stirring
the solution at 25 °C overnight and observed that the power
law region at low Q is still maintained (Figure S$3).
Furthermore, the structure factor peaks at the high Q region
indicate that the polymer chains are associated, rather than
existing as dispersed polymer chains in the solution.

To further explain the origin of network-like aggregates, we
compare the SAXS profile of PM7 D2 solution in CB with the
scattering of PM7 D2 solution prepared in chloronaphthalene
(CN) since CN solution exhibits a more pronounced power
law region at low Q, as shown in Figure S4a. We find that CN
is a better solvent for PM7 D2 than CB, evident from its more
blue-shifted UV—vis spectra (Figure S4b). Due to this
improved solvent quality, the intensity of the intermediate Q
region corresponding to rigid polymer chains in CN is
substantially reduced than in CB. Although polymer backbone
becomes well-dissolved in CN, the power law region at low Q
corresponding to the network-like structure is maintained and
the broad structure factor peak at high Q in CN solution
becomes more pronounced. We believe that in CN solution,
the network aggregates are formed by well-solubilized polymer
chains, forming an amorphous network-like structure likely
through sidechain interactions, leading to the broad structure
factor peak observed at high Q.** Similarly for CB solution, we
attribute the power law region at low Q to the scattering from
the network-like aggregates. However, different from CN, CB
solution has a more intense intermediate Porod region
corresponding to a larger number of rigid polymer chain
segments, which is consistent with its decreased solvent
quality.”* From WAXS measurements, we did not observe 7—x
stacking as the intensity is quite low to overcome background
scattering. However, using TEM electron diffraction measure-
ments on the freeze-dried samples, we observe a coherence
feature at 4.8 and S A in PM7 D1 and D2 freeze-dried samples,
respectively (Figure SS), corresponding to amorphous alkyl
sidechain stacking distance.”® This implies that PM7 D1 and
D2 polymers form amorphous network-like aggregates via alkyl
sidechain association, resulting in the broad lamellar stacking
peak in their scattering profiles. We also note that the freeze-
dried sample of PM7 exhibits alkyl sidechain stacking at 4.5 A
(Figure SS), slightly closer than those of PM7 D1 and D2,
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likely due to the crystalline lamellar stacking of the fiber
aggregates, forming closer sidechain interactions.

Based on the scattering features from SAXS plots and freeze-
dried imaging of the neat polymer solutions, we have
established that PM7 solution consists of two distinct
populations, which are fiber aggregates and rigid rod-like
polymer chains (which we will later show as part of a network-
like aggregate), whereas PM7 D1 and D2 solutions are
composed of network-like aggregates with rigid polymer
segments. With this knowledge, we can proceed with fitting
the scattering profiles to obtain quantitative information such
as the size of aggregates and polymer chains. When fitting the
SAXS profiles, using an appropriate model that accurately
describes the system is critical since multiple models can
produce equally good fits, leading to the lack of model
uniqueness.”” Obtaining some knowledge about the system by
using complementary measurements thus ensures selecting a
model that can capture the actual macromolecular structures in
the solution state. For a multi-particulate system such as a
polymer solution composed of fibers and single polymer
chains, we have recently published a model fitting approach,
which has successfully described similar donor—acceptor (D—
A)-conjugated polymer solutions at various concentrations and
solvents.”” In this model, we describe the fiber aggregates and
the polymer chains by using the flexible cylinder model,***'
which is commonly used for fitting the scattering profiles from
semiflexible donor—acceptor-conjugated polymer systems. If
there are network-like aggregates and lamellar stacking present
in the solution, this model can be modified to include power
law and pseudo-Voigt function to fit the scattering at low Q
and the lamellar structure factor peak at the high Q region,
respectively.

For PM7 solution, we firstly fit the scattering plot to a
combination of two flexible cylinder models (or 2FC model)
to capture two different populations in the solution (fibers and
polymer chains). When the 2FC model is used to fit the
scattering profile of PM?7 solution, we find that it does not fully
capture the low and high Q regions (Figure S6a) and leads to a
large chi-squared value of 5.2 and a large variation in the
residuals (Figure S6b). We also find that this model gives an
extremely small cylinder radius of 3.5 A, which is not physically
possible for polymers with long alkyl sidechains (eight carbon
atoms). Considering that network-like aggregates lead to
scattering at both low and high Q regions due to the
dimensionality of the network and lamellar interactions as
previously discussed, we hypothesize that PM7 solution
contains polymer network aggregates in addition to fiber-like
aggregates. We validated this inference using temperature-
dependent SAXS shown later. To include the contribution
from the network-like aggregates, we thus add power law and
pseudo-Voigt peak functions to describe the dimensionality of
the aggregate and the hidden broad lamellar structure factor
peak originating from sidechain interactions within the
network, respectively. This modified 2FC model shows an
improved fit with a reduced chi-squared value of 2.2 and
smaller variations in the residuals (Figure S7). To capture the
lamellar stacking peak arising from the fibrillar aggregates, we
added a Lorentz peak function to this modified 2FC model,
which gives a chi-squared value of 1.9 and residuals, as shown
in Figure S8. For PM7 D1 and D2 solutions, since there is no
contribution from fiber aggregates, we removed one of the
flexible cylinder contributions from the modified 2FC model.
Using this approach, we obtained the final model fitting results
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provided in Figure S9 and Table S3, which show the full details
of the deconvolution of the model fits and the resulting fitting
parameters, respectively.

When fitting the scattering profiles to a model with multiple
parameters, parameter correlations need to be considered,
especially when there is no adequate signal and the functions
are overlapped. To avoid parameter correlations, we fix the
parameters that can be estimated using other methods. For
example, since there is no Guinier knee corresponding to the
length of fibers and polymer chains for PM7, we fix the length
parameter of the two flexible cylinder contributions (L, and
L,), which represent the polymer chain length and the fiber
length, respectively, to 100 nm, which is close to the contour
length of the polymer (Table S1). However, we expect that the
polymer chain segments within the network-like aggregates
would be smaller than this value. Additionally, since the
Guinier knee from the cross section of polymer chains and
pseudo-Voigt peak overlaps at high Q, we fix the polymer chain
radius (R, = 1.5 nm) based on the radius obtained from model
fitting results from PM7 D1 where we were able to see the
pseudo-Voigt peak more clearly. Using this fitting procedure,
we find that the cross-sectional radius of fiber aggregates of
PM7 is R¢ = 11.4 + 0.07 nm (error is the fitting error from the
model), consistent with the average radius of 9.5 + 2.5 nm
obtained from AFM imaging of the freeze-dried samples
(Figure 2). Furthermore, all polymer solutions contain broad
structure factor peaks corresponding to lamellar stacking
distances within the network aggregates, as indicated in
Table 1. These values are larger than the lamellar stacking
distance of 1.9—2.2 nm observed in the blend films, as shown
later from grazing incidence wide-angle X-ray scattering
(GIWAXS), which could be due to the swelling of the lamella
in the solution state.”” We were also able to extract the length
of the rigid polymer chain segments of PM7 D1 and D2
polymers and found that it is consistent with the length of

Table 1. Summary of Quantitative Details of the Solution
State Aggregation

PM7 D1 PM7 D2
parameters PM7 (25 °C) (25 °C) (25 °C)
length of polymer chain 100 30.3 + 13.7 284 + 39

segment (nm)
persistence length (nm) >R, 9 +30 10.3 + 3.5
polymer chain radius, R, 15" 1.5+ 0.6 14+ 03
nm
lamellar stacking distance 3.9 +07 34+ 06 34+ 04
within the network
(nm)
FWHM of lamellar 028 +£001 0314002 028 + 001
stacking of the network
(A
fiber length (nm) 100*
fiber radius, R (nm) 11.5 + 0.1
lamellar stacking distance 2.16 + 0.01
within fibers an)
FWHM of lamellar 0.016 + 0.001
stacking of the fibers
(a7
#—x stacking distance 3.65 £ 0.01

“Values were fixed during model fitting due to the absence of Guinier
knee corresponding to the length at low Q. ®Value was fixed based on
the radius obtained from PM7 D1 due to function overlap of the
Guinier knee of flexible cylinder and the pseudo-Voigt peak functions
at high Q.
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Figure 3. DFT calculation results for comparing the backbone conformation: (a) Potential energy scans for the dihedral angle between thiophene
and BDD groups (thiophene-BDD) for PM7 (red) and the dihedral angle between thiophene and ester-substituted thiophene groups (thiophene-
ester) for both PM7 D1 and D2 (blue); (b) comparison of potential energy scans for the thiophene and ester-thiophene dihedral of PM7 D1 and
D2 when the sidechain is replaced from methyl to an ethyl group; (c) face (top) and side (bottom) view images of the optimized dimer

conformations (anti) of the three polymers.

polymer segments obtained from AFM phase imaging of the
freeze-dried solutions, as shown in Figure 2e,f (20—30 nm).
The persistence lengths of these polymer chain segments are
7.9 and 10 nm, respectively, whereas for PM7, the persistence
length could not be accurately determined due to the
overshadowing Guinier knee from the fiber cross section, but
it is expected to be significantly higher than the polymer chain
radius (I, > R,). Nevertheless, we predict that PM7 is highly
rigid due to its planar BDD and conformationally locked
acceptor core, which has been shown to induce strong
aggregation and backbone planarity in many polymer
systems.d"’”44

To further investigate how BDD and ester-substituted
thiophene groups affect polymer backbone conformation, we
compared the potential energy scans of the dihedral angles
corresponding to these groups by using DFT with the wB97xD
method at the 6-31G (d, p) basis set.*”~** This dispersion-
corrected functional is a more accurate DFT method in
estimating the torsional barrier and dihedral angles of
conjugated molecules than the commonly used B3LYP
functional, which overestimates the torsional barrier and
overly stabilizes the planar conjugated conformations due to
its many-electron self-interaction error.*® In Figure 3a, the
potential energy plots corresponding to the dihedral angle
between thiophene and BDD groups (thiophene-BDD) of
PM7 (red) and the dihedral angle between thiophene and
ester-substituted thiophene groups (thiophene-ester) of both
PM7 D1 and D2 (blue) are presented and show significantly
different features. The fragments used for obtaining the
potential energy plots are shown in the inset plot of Figure
3a. We focus our discussion on comparing these dihedral
angles since the potential energy scans of dihedral angles
between donor and acceptor moieties were found similar for
PM?7 and its derivatives (Figure S10). In Figure 3a, 0° on the
horizontal axis refers to the anti-conformation in which sulfur
atoms on the adjacent thiophene groups are facing the
opposite directions while at 180° sulfur atoms are syn or on
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the same side. Each plot indicates two local minima
corresponding to the dihedral angles of anti and syn
conformations. Since the energy difference between the local
minima is close to 1 KT at room temperature for both plots as
indicated by the dashed line in Figure 3a, there is no energetic
preference between anti and syn conformations. Nevertheless,
the minimum-energy dihedral angles of thiophene-ester groups
of PM7 D1 and D2 are shifted toward the maximum dihedral
angle of 90° as compared to the thiophene-BDD dihedrals of
PM7 (indicated by arrows), suggesting that PM7 D1 and D2
exhibit larger dihedral angles than PM7 regardless of their
conformation. Furthermore, by optimizing the dimers (anti-
conformations) of these molecules as shown in Figure 3c, we
demonstrate that the large dihedral angles of PM7 D1 and D2
disrupt the backbone planarity of PM7. Specifically, from the
side-view images of Figure 3a, we can clearly see that PM7 D1
and D2 dimers exhibit backbone twist angles of 31.4 and 30.6°,
respectively, while PM7 has a much lower backbone twist of
18.4°.

Another major difference between the potential energy plots
is the energy barrier to planarize the dihedral angles, which
indicates the likelihood of forming planar backbone (indicated
by the blue arrows in Figure 3a). As shown in Figure 3a, the
energy barriers required to planarize the dihedral angle
between thiophene and ester-thiophene groups of PM7 D1
and D2 to 0 and 180° reach 9—10 and 13—16 kJ/mol,
respectively, while the energy barriers to planarize the
thiophene-BDD dihedral angle of PM7 are only around 2.5
and 3.5 kJ/mol (approximately 1 and 1.4 kT at room
temperature). We attribute these high-energy barriers to
planarize the ester-thiophene dihedral angle of PM7 D1 and
D2 to the steric hindrance originating from the alkyl sidechain
connected to the ester group. Indeed, when the methyl group
is replaced with an ethyl group, the energy barriers to planarize
this dihedral angle increase further as shown in Figure 3b,
suggesting that alkyl sidechains induce strong steric hindrance,
making it difficult to planarize the dihedral angle. On the other
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Figure 4. Temperature dependence of the neat polymer solutions. Temperature-dependent SAXS results for 20 mg/mL neat polymer solutions of
(a) PM7, (b) PM7 D1, and (c) PM7 D2 (25 and 65 °C curves were shifted up by a multiplication of 4 and 2, respectively); temperature-dependent
UV—vis for 20 mg/mL neat polymer solutions of (d) PM7, (e) PM7 D1, and (f) PM7 D2.

hand, for PM7, sidechains are substituted further from the
adjacent thiophene unit likely causing less steric hindrance as
compared to sidechains directly connected to the ester group
in the case of PM7 D1 and D2. Moreover, we observe that the
energy barrier between anti and syn conformations for the
dihedral angle of PM7 D1 and D2 is lower than that for PM7
(Figure 3a), suggesting that PM7 D1 and D2 are not only
more torsionally distorted from planarity and less likely to
planarize but also more flexible than PM7. We note that the
ester groups of PM7 D1 and D2 are rotationally flexible so the
configuration where carbonyl (C=0) oxygen of ester group
faces the thiophene group as shown in Figure SI1 is also
possible. However, regardless of this ester group configuration,
we observe the same trend in the potential energy scans where
PM7 D1 and D2 have larger minimum-energy dihedral angles,
higher energy barriers to planarize, and lower energy barrier to
switch from anti to syn conformation than PM7 (Figure S11).

Overall, our DFT results suggest that the planarity-
disrupting ester-functionalized acceptor moieties make PM7
D1 and D2 more torsional and flexible than PM7, which could
explain why they do not form fiber aggregates in solution but
instead form an amorphous polymer chain network. We also
note that PM7 D1 and D2 possess long unbranched alkyl
sidechains, which could contribute to making them more
solubilized by disrupting backbone interactions. On the other
hand, the more rigid and planar PM7 polymer forms fiber
aggregates via strong polymer chain interactions as evidenced
by the lamellar and 7—7 stacking interactions observed in the
solution state.

Temperature Dependence of the Polymer Solution-
State Aggregate Structures. The effect of solution
temperature on the solution-state aggregation behavior was
further investigated by using temperature-dependent SAXS and
UV—vis spectroscopy. From the temperature-dependent SAXS
solution experiment for PM7 (Figure 4a), we observe that the
Guinier knee region, which corresponds to the cross section of
the large fiber-like aggregates, completely disappears when the
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solution temperature is increased. This led to revelation of the
previously hidden Porod region at the low Q with a slope close
to —2.6, attributed to the contribution from network-like
aggregates. This indicates that the fibers are dissolved with
increasing temperature, leading to a solution mainly composed
of network-like aggregates. By fitting the SAXS profile for PM7
solution at 65 °C, we find that the length of the rigid chain
segments is 26 = 3.8 nm (Table S3), which is shorter than the
contour length of the polymer chain (Table S1), indicating
that the network aggregates are composed of the rigid chain
segments. In addition to the dissolution of fibers, we observe
that the sharp lamellar peak disappears with increasing
temperature (inset plot in Figure 4a). We also found that
the intensity of the 7—7 stacking peak at 105 °C became too
low to overcome background scattering from WAXS measure-
ment. These observations indicate that the lamellar and 7—x
interactions occur within the fiber aggregates in solution and
disappear when the fibers are dissolved at high solution
temperatures. The temperature-dependent solution UV—vis of
PM7 (Figure 4d) also demonstrates that the vibronic fine
structure decreases with increasing temperature, suggesting an
increase in the backbone disorder.*”*° On the other hand, the
temperature-dependent SAXS profiles of PM7 D1 and D2
solutions (Figure 4b,c) only show a decrease in the intensity of
the structure factor peak while the power law scattering at low
Q remains, indicating that the amorphous network structure is
still maintained. It is, however, notable that the intensity of the
broad structure factor peak decreases more substantially in
PM7 D1 and D2 than in PM7 and that the temperature-
dependent UV—vis spectra indicate a more significant blue
shift in PM7 D1 and D2 solutions than in PM7 with increasing
temperature (Figure 4d,e). In addition to the blue shift, an
isosbestic point is observed in both PM7 D1 and D2 solution
UV—vis absorption. The blue-shifted UV—vis spectra indicate
that PM7 D1 and D2 become more flexible due to further
backbone twist,”' and the apparent isosbestic point suggests
that polymer chains transition between anti and syn
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Figure 5. Proposed solution-state aggregated structure and temperature dependence of the three polymers: The top row shows the detailed
structure of the fiber and network aggregates in PM7 solution and the temperature dependence of the solution-state aggregation with increasing
temperatures. The bottom row represents the detailed structure for PM7 D1 and D2 aggregates in solution and their solution temperature
dependence. The gray squares in the figure indicate sidechain associations within the network-like aggregates.

conformations, which is consistent with the low potential
energy barrier determined from the DFT calculations (Figure
3a). We thus attribute the decrease in the intensity of the
broad structure factor peak to the increased flexibility of PM7
D1 and D2 polymer chains, leading to fewer chain associations
as the solution temperature rises. In PM7 solution, on the
other hand, the polymer chains are expected to be highly rigid,
thus requiring more thermal energy to make them more
flexible and well-solubilized. Despite the rigid polymer chains
of PM7, however, the semi-crystalline fiber aggregates are
highly sensitive to temperature, leading to a substantial order-
to-disorder transition whereas the amorphous network-like
aggregates of PM7 D1 and D2 are maintained.

Based on the solution-state characterization results, we
propose schematics for the polymer aggregate structures and
their temperature dependence, as shown in Figure 5. The
schematics indicate that PM7 solution contains semicrystalline
fiber aggregates composed of lamellar and 7— stacking as well
as network-like aggregates of polymer chains formed via alkyl
sidechain associations. The fibrillar aggregates of PM7 dissolve
at high solution temperatures, resulting in a solution mainly
composed of the network-like aggregates. PM7 D1 and D2, on
the other hand, form sidechain-associated network-like
aggregates that can maintain their structures at high temper-
atures despite having fewer sidechain associations due to their
increased chain flexibility. We hypothesize that this temper-
ature resiliency of the network-like structures of PM7 D1 and
D2 will make them more resilient to processing temperature
during fabrication of OSCs.

Thus far, we have investigated the neat polymer solution-
state aggregate structures and their solution temperature
dependence. However, BH]J-based OSCs are typically
fabricated from a blend solution of donor and acceptor
materials. Therefore, it is critical to determine whether the
acceptor material influences the aggregate structures of donor
polymers and their temperature dependence. Using SAXS on
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blend solutions of the donor polymer and the small-molecule
acceptor, ITIC-4F, we discovered that the presence of ITIC-4F
has no effect on the solution-state aggregate structures of the
donor polymers. Shown in Figure S12 are the scattering
profiles of the blend solutions, which closely resemble the
scattering profiles of the neat donor polymer solutions (Figure
2a—c). Furthermore, we also obtained the temperature-
dependent UV—vis spectra of the blend solutions (Figure
S13a—c) to investigate whether the temperature-dependent
behavior of the donor polymer is altered by the presence of
ITIC-4F. When the neat solution spectra of ITIC-4F (Figure
S14) are subtracted from the blend solution UV—vis spectra,
we obtain the temperature-dependent UV—vis spectra of only
the donor polymers from the blend solutions (Figure S13d—f),
which closely matches temperature-dependent UV—vis spectra
of those from the neat polymer solution (Figure 4d—f). Based
on these results, we conclude that the solution-state
aggregation of donor polymers and their temperature-depend-
ent behavior are not altered by the presence of small
molecules.

Determining the Processing Conditions for Blade
Coating. It is well known that carrying out active film
formation by spin-coating under an inert atmosphere using 1,8-
diiodooctane (DIO) as an additive can provide high-perform-
ance solar cells, and the PM7:ITIC-4F pair has been reported
to have a PCE up to 14%.°” In this work, we employed
meniscus-guided coating in air without additives to demon-
strate compatibility with scalable large-area coating techniques
under more practical conditions. Unlike spin coating, in which
the spin speed of the substrate is the only processing
parameter, the blade coating process involves several
processing parameters such as coating speed, substrate
temperature, and blade angle, which all influence the film
thickness, uniformity, and device performance of OSCs. The
objective is to obtain uniform films with an optimal film
thickness of around 80—100 nm under various substrate
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respect to the coating substrate temperature.

temperatures to investigate the effect of substrate temperature
on the solid-state morphology and device performance of
OSCs. Therefore, we first determined how each of the
processing parameters affect the film thickness and uniformity.
To demonstrate how the film thickness and uniformity are
affected by the processing parameters, we take PM7:ITIC-4F
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film deposition as an example to show thickness as a function
of coating speed relationship by (1) varying the substrate
temperatures while keeping the blade angle constant (Figure
6a) and (2) varying the blade angles while keeping the
substrate temperature constant (Figure 6b). As shown in
Figure 6a, when the substrate temperature is 25 °C with a
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blade angle of 7°, the film thickness decreases as the coating
speed increases from 0.01 to ~0.5 mm/s. This inverse
relationship between the coating speed and film thickness
corresponds to the evaporation regime>” where the solution
evaporation rate governs the relationship between the final film
thickness and the coating speed. In this regime, we observe
poor film uniformity (Figure 6¢) due to stick-and-slip meniscus
instability caused by a competition between pinning and
depinning forces at the contact line.”*>> On the other hand, in
the Landau—Levich (LL) regime where the film thickness
increases with coating speed, the deposited films are more
uniform, which is desirable to reduce device-to-device
performance variations (Figure 6¢). Although the films are
more uniform in the LL regime, the film thickness changes
substantially when the substrate temperature is increased from
25 to 10S °C at a blade angle of 7° (the red plot in Figure 6a).
In fact, we can see that the entire thickness versus coating
speed relationship (both evaporation and LL regime) shifts to
the right due to an increased evaporation rate and the change
in the physical properties of the solution at an elevated
temperature. Due to this shift, the film thickness is significantly
reduced in the LL regime from ~100 to ~50 nm when
increasing the substrate temperature from 25 to 105 °C while
maintaining the same coating speed of 5 mm/s, as indicated by
the dashed line in Figure 6a. To increase the film thickness
without changing the concentration of the solution or the
coating speed at a substrate temperature of 105 °C, we
increased the blade angle from 7 to 45° which shifted the
entire curve upward as shown in Figure 6b resulting in the final
thickness of £100 nm at S mm/s, as indicated by the dashed
line. We attribute this upward shift to the increase in the back
meniscus height, allowing us to vary the film thickness at any
substrate temperature without changing the solution concen-
tration or the coating speed.

Blend Film Morphology and Device Performance
Characterization. Using the abovementioned approach to
deposit thin uniforms films, we firstly investigated the solid-
state morphology of the blend films blade coated at low (25
°C) and high (105 °C) substrate temperatures using GIWAXS.
In Figure 7a, we show the 2D GIWAXS images of the blend
films printed at 25 °C where all blend films exhibit in- and out-
of-plane (010) peaks at around g ~ 1.8 A™", which correspond
to edge-on and face-on 7—x stacking, respectively, with respect
to the substrate. We attribute the 7—n stacking peaks to the
polymer backbone stacking because all neat polymer films
possess a (010) peak while the neat acceptor film has an
amorphous halo, which does not contribute to the observed
n—n stacking peak of the blend film (Figure S15).
Furthermore, all blend films exhibit lamellar stacking peaks
(100) around g ~ 0.3 A™', as shown in Figure S16, which
represents the color scale-adjusted GIWAXS patterns and the
linecut profiles. The peak locations and FWHM of (010) and
(100) peaks are summarized in Table S4. Based on the
location of the (100) and (010) peaks, lamellar and 7—n
stacking distances for PM7:ITIC-4F, PM7 DI:ITIC-4F, and
PM?7 D2:ITIC-4F blend films processed at room temperature
were obtained, as shown in Table 2. Although PM7:ITIC-4F
has the shortest lamellar stacking distance, its 7—n stacking
distance is larger (3.53 A) than those of PM7 D1 and D2 blend
films (3.42 and 3.45 A). Interestingly, when a high substrate
temperature (105 °C) is used for blade coating (2D GIWAXS
patterns and the linecut profiles of these films are shown in
Figure S17), the z—n stacking distance for PM7:ITIC-4F
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Table 2. Lamellar and 7—n Stacking Distances Obtained
from GIWAXS

lamellar stacking 71— stacking

samples distance (A) distance (A)
PM7:ITIC-4F (25 °C) 19.7 3.53
PM7:ITIC-4F (105 °C) 19.6 3.44

PM7 DLITIC-4F (25 °C) 24 342
PM7 D1:ITIC-4F (10S °C) 22.8 3.42
PM7 D2:ITIC-4F (25 °C) 216 3.45
PM7 D2:ITIC-4F (105 °C) 21.9 3.44

decreases from 3.53 to 3.44 A whereas those of PM7 D1:ITIC-
4F and PM7 D2:ITIC-4F remain almost unchanged (Table 2).
We note that this result is highly consistent with the
temperature-dependent fibrillar aggregates of PM7 and
temperature-resilient properties of PM7 D1 and D2 in the
solution state. In particular, since the fibrillar aggregates in the
solution state already exhibit a large 7—x stacking distance of
3.65 A, these aggregates may be directly translated to the blend
films, thereby resulting in the large sn—n stacking distance
observed in the room-temperature processed films.

We further compare the polymer orientation distribution of
the three polymer blend films using the molecular orientation
analysis, as described in earlier works.>*™>* The pole figures
shown in Figure 7b are obtained by plotting the intensity of the
(010) peak as a function of the azimuthal angle, y, with 10°
interval starting from 0 to 90° that represents face-on and
edge-on crystallites, respectively. The (010) peak intensity at
each angle is obtained by peak deconvolution due to the
overlap of the amorphous and n—z stacking peaks, as
previously reported.”® The obtained peak intensities are then
normalized by their exposure time and irradiated volume and
multiplied with siny, which corrects the intensity under-
estimation at high y due to the scattering geometry. Based on
the analysis, we observe that the molecular orientation of the
PM7:ITIC-4F blend film leads to a measurable change with
respect to the coating temperature, as shown in Figure 7b in
which the polymer orientation switches from a more isotropic
population to a population with predominantly face-on
orientation, as illustrated in Figure 7d. On the other hand, in
the PM7 D1 and D2 blend films, we observe only a slight
enhancement of the face-on population (Figure 7b). The
extent of molecular orientation change can be more clearly
quantified by calculating the Herman’s orientation parameter
(8)°*%° from the (010) 7—x stacking peak. The S parameter
ranges from a value of —0.5, which corresponds to a complete
edge-on population, to a value of 1, which is a total face-on
population when the director is chosen as the surface normal.
The S value of 0 corresponds to a mixture of both face-on and
edge-on orientations. Based on Figure 7c, the PM7 blend film
printed at 25 °C shows a value of 0.098, which represents an
isotropic population whereas the PM7 D1 and D2 blend films
printed at 25 °C are more face-on with S values of 0.173 and
0.14S, respectively. At a high coating temperature of 105 °C,
there is an increase in the S value for PM7 reaching 0.205 while
only a slight improvement is observed for PM7 D1 and D2,
indicating that their molecular orientation in the solid state is
less dependent on the substrate temperature as compared to
PM?7. We attribute this isotropic orientation of the PM7 blend
film printed at 25 °C to the fibrillar aggregates observed in
solution, which may already possess their thermodynamically
favorable orientations in the solution state.
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Figure 8. Blend film morphology characterization using RS0oXS measurements. (a) Intensity versus q plots of all three polymer blend films printed

at 25 and 105 °C temperatures where the arrows represent scattering
blend films obtained from the DAB model with a flat background.

due to surface roughness of SiN. (b) Correlation length comparison of the

To investigate the phase-separated structures of the blend
films, we use resonant soft X-ray scattering (RS0XS)®!
whereby the X-ray energy can be tuned to the aromatic C 1s
— 7* to improve the contrast between the donor and acceptor
domains. Although RSoXS of OSC systems are often applied at
a single energy that delivers high scattering contrast, the origin
of that contrast cannot be determined from a single energy.
Possible origins of contrasts include compositional contrast
between two or more OSC components and compositional
contrast between those components and vacuum (roughness at
the top interface) or SiN (roughness at the bottom interface).
Orientational contrast is also possible wherein the contrast
comes from between differently oriented populations of a
single component or between non-isotropic populations of
multiple components. Orientational fluctuations in a composi-
tionally homogeneous film can give rise to considerable
scattering intensity and features describing the length scales
of orientational heterogeneity.”” The key to unraveling the
origins of contrast in an RSoXS measurement is the detailed
energy dependence of the total scattering intensity/invariant
(TSI), the expectation of which for binary pairs of materials
has been shown to be directly calculable from measured
spectroscopic dielectric functions by Ferron et al.** As our data
was collected only at 90° incidence, we will compare a quasi-
TSI to calculated binary contrast functions under the
assumption that the scattering intensity varies along the
unmeasured thickness axis the same way as along the lateral
axes.

We begin with RSoXS data obtained at 284.8 eV for which
the scattering intensity reaches maximum (Figure 8a), with
other energies shown in Figure S18. The PM7:ITIC-4F blend
film exhibits a shift in the shoulder peak location to higher Q at
the higher processing temperature as indicated by the arrow,
indicating a decrease in characteristic length scale, whereas the
shoulder peaks from PM7 D1 and PM7 D2 blend films do not
shift as significantly with increasing processing temperatures.
For PM7 D1 and D2 blend films, an additional shoulder peak
at low Q (~0.005 A™'), also seen in the Kratky plots (Figure
S19), was found to be attributable to our SiN substrate as it is
observed from RSoXS patterns of the blank substrate (Figure
$20). The detailed energy dependence of the scattering
intensity provides further confidence that this peak originates
from roughness at the SiN—polymer interface; an integrated
scattering intensity of this peak near ~0.005 A™' compares well
to binary contrast functions between SiN and the hydro-
carbons, as calculated by the method described in Ferron et al.
(Figure S21a, b), whereas an integrated scattering intensity of

the higher-Q peak does not appear to be influenced by SiN
roughness (Figure S21a,c). It is also possible to rule out a top
interface roughness contribution by examining vacuum
contrast functions of all neat materials and their material
contrast functions (donor and acceptor), as presented in
Figure S22a. Our experimentally obtained TSI versus energy
plots (Figure S22b) do not resemble these vacuum contrast
functions. This result is consistent with film topology; all blend
film samples exhibit rather smooth surfaces with root mean
square (RMS) value of less than S nm as shown in Figure S23,
where PM7 D1 and D2 exhibit even less than 1 nm.

We can thus narrow down the possible origins of RSoXS
contrast of the principal scattering features to material and/or
orientation contrasts. To develop anisotropic dielectric
functions, we obtained incident-angle-dependent near edge
X-ray absorption fine structure (NEXAFS) spectroscopy of the
neat materials (Figure S24). These NEXAFS spectra were
converted into real and imaginary indexes of refraction
contributions ¢ and f, respectively, using a Kramers—Kronig
transform.’* Contrast between ordinary and extraordinary
orientations of each component and the combinatorial
distributions between the two components were then
calculated (Figure S25). Pure compositional contrast between
OSC components would be represented only by the contrast
between isotropic, or NEXAFS “magic angle” components. We
observe that the TSI vs energy plots do not exactly match the
magic angle binary contrast function, suggesting that orienta-
tional effects cannot be neglected (Figure S25). This
conclusion is consistent with the significant pattern anisotropy
that is observed in our raw patterns (Figure S26). No single
binary contrast function exactly matches our measured TSI vs
energy, which suggests that a distribution of orientations of
one or both components is responsible for the contrast.

Although we find that the scattering features are the result of
a mixture of orientational and compositional heterogeneity, the
center-to-center distance or spacing of regions with homolo-
gous orientation and/or composition is still relevant to the
blend morphology and charge transport landscape of OSCs.
Therefore, using the Debye—Anderson—Brumberger (DAB)
model derived for a randomly distributed two-phase system
from autocorrelation function,®> we obtained the correlation
length corresponding to the average distance between two
phases, as shown in Figure 8b (values are summarized in Table
3). We note that scattering anisotropy does not influence the
DAB model fitting significantly in the parallel and perpendic-
ular directions with respect to the electric field (Figure $27 and
Table SS), suggesting that the shape of the domains has
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Table 3. Correlation Length Obtained from the DAB Model

samples correlation length (A)”
PM7:ITIC-4F (25 °C) 1109 + 0.1
PM7:ITIC-4F (105 °C) 69.3 £ 0.1

PM7 DLITIC-4F (25 °C) 653 + 0.1
PM7 DI:ITIC-4F (105 °C) 623 + 0.4
PM7 D2-ITIC-4F (25 °C) 714 + 0.3
PM7 D2:ITIC-4F (105 °C) 62.1 + 02

“The uncertainties here represent the model fitting error.

minimal influence on the scattering features although it is non-
negligible. Nevertheless, since the domain form factor and
structure factor cannot be uniquely separated, we obtained a
single length scale using the DAB model based on the
circularly averaged scattering profiles. Based on Figure 8b and
Table 3, the PM7:ITIC-4F blend film processed at room
temperature exhibits the largest correlation length, which
substantially decreases when the film is processed at high
temperatures. This result is consistent with the order—disorder
transition of fiber aggregates of PM7, leading to the processing
temperature-sensitive morphology. In contrast, PM7 D1 and
D2 yield a smaller correlation length, which is almost
unaffected by the processing temperature, suggesting that the
temperature-resilient amorphous polymer network aggregates
help to maintain the phase separated structures of the blend
film.

To correlate the solution aggregate structures and the blend
film morphology to the device performance of OSCs, we
carried out device fabrication using substrate temperatures of
25, 65, and 105 °C from a room-temperature solution (using

both hot solution (105 °C) and room-temperature solution
(25 °C) leads to similar performances as shown in Figure $28
and Table S6 due to the small amount of solution (&~ S uL)
used for blade coating). At each coating temperature, we
retained the coating speed at S mm/s and varied the blade
angle, as discussed previously to achieve uniform films with
optimal thickness of =80 nm. The ]J—V performance of
inverted geometry devices with an ITO/ZnO/active layer/
MoO;/Ag architecture in which ITO acts as an electron
collecting electrode (cathode) and Ag as the hole collecting
electrode (anode) is shown in Figure 9a—c. In Figure 9d, we
observe that the PM7:ITIC-4F device performance changes
substantially with increasing coating temperature, showing an
~50% increase in the PCE from 5.8 to 8.7% when PM7
converted from fiber aggregates to network aggregates in
solution upon heating. In comparison, the PCEs of the PM7
D1- and D2-based devices exhibited less statistical variation
with only about ~10 and X15% increases with increasing
temperature, respectively. The drastic device performance
change in the PM?7-based devices with increasing coating
temperature is mainly attributed to the short-circuit current
(Jsc) and fill factor (FF) improvement (Table 4, Figure e,f),
which are highly correlated with the morphology of the blend
films. On the other hand, we do not observe any trend in V¢
values Figure 9g, which could be due to factors unrelated to
morphology change such as defects during device fabrication
(e.g, thermal evaporation at high temperatures), which are
inconsistent from sample to sample. At low coating temper-
ature, the PM7 blend film morphology exhibits large domains
where polymers are oriented isotropic while PM7 D1 and D2
form small domains where polymers are oriented predom-
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Figure 9. Device characterization results: current—voltage (J—V) curves of (a) PM7:ITIC-4F, (b) PM7 D1:ITIC-4F, and (c) PM7 D2:ITIC-4F
devices fabricated at three different processing temperatures. Comparison of device performances: (d) PCE, (e) Jsc, (f) FF, and (g) V¢ in which
the average and error (sample standard deviation) are based on ~10—15 devices. The solution concentration is 20 mg/mL for the polymer and
acceptor, and the coating speed is maintained at S mm/s at all conditions. The blade angle is varied to optimize the thickness for all films ~80 nm.
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Table 4. Device Performance Results of the Blend Films
Printed at Varying Temperatures

]SC
samples PCE (%) FF (%) (mA/cm?) Ve (V)
PM7:ITIC4F (25 °C) 58+ 02 55+ 13 127 +02 0.84+001
PM7:ITIC4F (65 °C) 69 +04 63+ 10 128+ 0.9 0.86+0.01
PM7:ITIC4F (105 °C) 87 +0.1 68 +0.5 150+ 02 0.85+0.01
PM7 DLITIC4F (25 78 +02 62+ 18 145+ 0.6 0.86+0.01
Oc)
PM7 DI:TIC-4F (65 87+03 67+10 150+ 04 0.87+0.01
Oc)
PM7 DLITIC4F (105 86+02 68+ 1.1 146+ 03 0.86+0.01
OC)
PM7 D2:ITIC4F (25  7.5+03 65+ 0.7 132+ 0.6 0.87+0.01
OC)
PM7 D2:ITIC-4F (65 82404 71+19 135+03 0.85+0.01
oc)
PM7 D2ITIC4F (105 86+ 0.1 71 +07 144+ 02 0.84+0.01
oc)

inantly face-on. This morphology difference correlates well
with the inferior Jic and FF of the PM7 polymer-based devices
fabricated at low coating temperature as the charge generation
and transport are reduced due to the large domains and the
unfavorable molecular orientation. When the coating temper-
ature is increased, we observe a significant change in the device
performance of PM7, which also corresponds to the
morphology change observed in the solid state, more
specifically the domain size reduction, closer 7—x stacking,
and enhancement of the face-on molecular orientation. For
PM7 D1- and D2-based devices, the device performance
resiliency is also correlated with their robust solid-state
morphology, which is less sensitive to the processing
temperature.

Overall, our film morphology and device performance results
indicate that the initial solution-state aggregate structures of
donor polymers largely determine the final film morphology
and device performance of OSCs. We found that the large
fiber-like aggregates formed in the solution state led to large
n—n stacking distance and large domain spacing without
preferential molecular orientation while network-like aggre-
gates resulted in shorter 7—n stacking and smaller domain
spacing with predominantly face-on orientation. Since the
small-molecule acceptor, ITIC-4F, is amorphous based on our
GIWAXS results (Figure S1S), we predict that the donor
polymer aggregation in solution likely templates the film

morghology, which has been demonstrated in other stud-
. 16,6667
es.

B CONCLUSIONS

Previous studies have shown the importance of donor polymer
solution-state aggregation on the morphology and device
performance of OSCs. However, little is known about the exact
structure of polymer aggregates in the solution state and how it
determines the BHJ morphology and performance of OSCs. In
this article, we have investigated the donor polymer aggregate
structures of the PM7 polymer and its ester-functionalized
derivatives with reduced backbone planarity, PM7 D1 and D2,
to highlight the importance of polymer aggregate structures on
the morphology, device performance, and processing temper-
ature resiliency of blade-coated OSCs. By employing SAXS and
microscopy measurements, we revealed that PM7 forms semi-
crystalline fiber aggregates, whereas PM7 D1 and D2 lead to
amorphous network-like aggregates of single polymer chains at
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room temperature. Our DFT studies indicated that PM7 D1
and D2 polymers are more non-planar and flexible than PM7
due to their rotationally flexible ester-functionalized terthio-
phene acceptor moieties, which reduce the likelihood of
forming large fiber-like aggregates observed in PM7.
Furthermore, we demonstrated that these fiber aggregates
yield OSCs with inferior device performance by leading to
large 7—n stacking distance and large domain spacing without
preferential molecular orientation in the blend film. We also
observed that the fiber aggregates undergo a drastic order—
disorder transition with increasing solution temperature,
yielding devices that are strongly dependent on the processing
temperature. On the other hand, the amorphous network-like
aggregates of PM7 D1 and D2 polymers not only showed an
improved processing temperature resiliency but also yielded
higher PCEs due to their favorable BHJ morphology consisting
of short 7—7 stacking distance, small domain spacing, and face-
on dominant molecular orientation. Consistently, we found
that PM7 vyields improved performance when it formed
amorphous network-like aggregates at high solution temper-
atures. Overall, our findings suggest that the polymer aggregate
structure in the solution state determines the solid-state
morphology, device performance, and processing resiliency of
non-fullerene OSCs. In particular, we show that as compared
to semi-crystalline fiber-like aggregates, forming amorphous
network-like aggregates in the solution state improves the
device performance and processing resiliency in blade-coated
OSCs. Besides the two types of aggregate structures described
in this work, polymer solutions can form other types of
aggregates, which may impact the BHJ morphology and device
properties. Therefore, further investigation will be needed to
understand the impact of various types of polymer aggregates
on the optoelectronic properties of OSCs.

B EXPERIMENTAL SECTION

Material and Solution Preparation. The donor polymers
(PM7, PM7 D1, and PM7 D2) used in this study were synthesized
according to Jones et al”® with similar number average molecular
weights between 38 and 41 kg/mol with dispersity below 2.5, as
shown in Table S1. The molecular acceptor, ITIC-4F, with >99%
purity was purchased from Brilliant Matters, Inc.* The neat polymer
solutions were prepared by dissolving each polymer in chlorobenzene
(anhydrous, 99.8%, Sigma-Aldrich, Inc.) to obtain a solution of 20
mg/mL concentration and stirred at 40 °C for over 12 h and cooled
down to room temperature for 2—3 h before each experiment. The
blend solutions for device fabrication were prepared by mixing each
polymer with the small-molecule acceptor at a 1:1 weight ratio and
dissolving the mixture in chlorobenzene to obtain a solution with a
total concentration of 40 mg/mL. These blend solutions were also
stirred at 40 °C for over 12 h and cooled to room temperature for 2—
3 h before device fabrication.

*Certain commercial equipment, instruments, or materials are
identified in this paper to foster understanding. Such identification
does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available for
the purpose.

Density Functional Theory Calculations. DFT calculations
were used for molecular geometry optimization and obtaining
potential energy scans of the dihedral angles. All calculations were
performed with the Gaussian 16 package by using the wB97xD
method at the 6-31G (d, p) basis set. In all calculations, the long alkyl
sidechains on both donor and acceptor moieties were replaced with
methyl groups for simplification. To obtain the potential energy scans
of a dihedral angle, molecular fragments relevant to the dihedral angle
of interest were firstly optimized at the wB97xD/6-31G (d, p) level of
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theory. These molecular fragments are provided in each potential
energy scan plots. Afterward, a rigid scan where the single point
energy of the optimized molecule was computed when the dihedral
angle was varied from 0 to 180° at the 10° interval while fixing other
dihedral angles. The resulting single-point energies were then plotted
against the respective dihedral angle to obtain potential energy plots.

Solution-State Characterization. UV-Vis Spectroscopy. UV—
vis (Cary 60 UV—Vis, Agilent) spectroscopy was used to measure the
absorbance of 20 mg/mL polymer solutions in a short path length of
10 pm quartz cell (Starna Cells). Before each solution measurement, a
blank solvent measurement was taken for background subtraction. For
temperature-dependent UV—vis measurements, a resistive heater and
a thermocouple were incorporated into a metal sample holder to heat
the solution to the desired temperature at a rate of 2—3 °C/min. Due
to the low amount of solution in a narrow quartz cell, the highest
temperature for UV—vis measurement in chlorobenzene solution was
75—85 °C before solution evaporation.

SAXS Experiments. SAXS experiments were performed at the 12-
ID-B beamline of the Advanced Photon Resource at Argonne
National Laboratory using a beamline energy of 13.3 keV at detector
distances of 2 and 4 m to probe different scattering vector, Q, ranges.
Before performing the polymer solution scattering measurements, the
pure solvent background measurement was taken at each
experimental temperature to ensure proper background subtraction.
Both background and solution measurements were performed using
flow cells, which were prepared by using a 1 mm-diameter quartz
capillary connected to PTFE tubing by PTFE heat shrink tubing. Each
polymer solution in the flow cell was cycled back and forth to avoid
beam damage. Each solution measurement was taken at 0.1 s exposure
time with an interval of 2—3 s for a total exposure time of 1 s. The
obtained raw 2D scattering pattern was reduced to a 1D profile of
intensity as a function of the scattering vector from which the solvent
background was subtracted to obtain the scattering profile from the
polymer only. The resulting scattering profiles were then fit to the
model from ref 30 using the SasView program. For modeling fitting in
SasView, we selected dI data for weighting, Levenberg—Marquardt
with 200 steps for the algorithm where the uncertainties are
determined from the covariance matrix, and y* values and the
residuals plot were used as the goodness of fit metrics.

Freeze-Drying Method for Imaging the Solution-State Aggre-
gates. Freeze-drying experiments were conducted to image the
structure of aggregates in solution by using microscopic techniques
including AFM, scanning electron microscopy (SEM), and TEM. The
freeze-drying process involves rapid freezing of polymer solutions in
liquid ethane and propane mixture (63% propane and 37% ethane)
followed by liquid nitrogen storage. The purpose of using the liquid
ethane mixture is to ensure rapid freezing of the solution due to its
large heat capacity and prevent polymer aggregation during the
cooling process. The resulting frozen polymer solution is then quickly
transferred to a Linkam stage at —120 °C under vacuum. The Linkam
stage temperature is then slowly increased at a rate of 0.5 °C/min to
—80 °C (far below the melting point of chlorobenzene solvent mp =
—45 °C) followed by 6—8 h of constant monitoring with cross-
polarized microscopy to ensure sublimation of all solvent. The sample
is then imaged using AFM (Asylum Research Cypher) with tapping
mode, and TEM (Hitachi H-9500). TEM-based electron diffraction
measurements were also conducted to determine 7—7 stacking in the
freeze-dried samples. Electron diffraction was taken by a Gatan
US1000 CCD camera equipped on a 300 kV Hitachi H9500
environmental TEM with a guarded ring LaB4 cathode. Filament
current was set automatically at 3.5 A to reduce beam damage during
operation. Patterns were taken at 3 s exposure time each, and six
images were summed to produce the final image. Beam block and
astigmatism were removed and monitored upon azimuthal integration
for the intensity line profile. The length scale was calibrated with an
Au nanoparticle sample, and 4.08 A was used as its lattice constant.

OSC Device Fabrication. OSCs were fabricated using the
inverted architecture (glass/ITO/ZnO/polymer: ITIC:4F/MoO,/
Ag). Before film deposition, 20 X 15 cm ITO-patterned glass
substrates (Ossila, Inc.) were cleaned by sonicating sequentially with
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water, acetone, and finally isopropanol for 10 min each. The cleaned
substrates were then dried with nitrogen and plasma treated (Harrick
Plasma PDC-001-HP) for 6 min at 300 mT of dry air and high power
(30 W). To deposit the electron transporting layer, ZnO solution was
prepared by dissolving 1 g of zinc acetate dihydrate (Sigma-Aldrich)
and 028 g of ethanolamine (Sigma-Aldrich) in 10 mL of 2-
methoxyethanol (Sigma-Aldrich) under vigorous stirring for over 12 h
in air. This solution was then filtered with a 0.45 ym PTFE syringe
filter before deposition. The filtered solution was deposited on the
cleaned ITO substrates by spin-coating for 30 s at 4000 rpm in an
ambient atmosphere, which resulted in an active layer thickness of
~20—30 nm measured by a Bruker Dektak XT profilometer. After
spin-coating, the ZnO layer was annealed in air at 200 °C for 30 min
followed by slow cooling to room temperature for active layer
deposition. We find that it was important to anneal the substrates
immediately after ZnO deposition to prevent device failures. The
photoactive layer solution for all devices was prepared by dissolving
the polymer and ITIC-4F (Sigma-Aldrich) at 1:1 (wt/wt) ratio in
chlorobenzene without any additives. The resulting blend solution
was stirred at 40 °C overnight and brought to room temperature 1-2
h before deposition. The photoactive layer was then blade coated on
the ZnO-coated ITO-glass substrate at coating temperatures of 25, 65,
and 10S °C at 5 mm/s coating speed. For blade coating, the substrates
were firstly stabilized at the coating temperatures for about 5 min and
the blade was kept at room temperature. To ensure the same film
thickness when coating at different temperatures, the blade angle was
varied from 10 to 55° with a solution volume of ~5 uL (the wet width
of the blade is around 6 mm). By varying the blade angle, the optimal
film thickness for all devices was kept at ~ 80 nm. All thin films were
then annealed in a nitrogen-filled glovebox at 100 °C for 10 min.
Finally, 8 nm hole transporting layer and 120 nm of Ag electrode was
deposited by using a Thermal Evaporator (Kurt J. Lesker Nano36) by
slowly ramping the rate of deposition to 0.1 and 1 A/s, respectively.

Device and Film Morphology Characterization. Device
Characterization. The current density (J—V) curves were charac-
terized by using an automated Solar Cell I-V Test System (Ossila)
under AM 1.5G illumination (100 mW/cm) with a class AAA solar
simulator (SciSun-150 by Sciencetech). Before each test, the solar
simulator was calibrated by reference single-crystal Si cells
(Sciencetech). Each sample includes eight pixels and a total of
three samples, or 24 devices were tested under each condition for
reliable experimental results. For calculating the device performance,
the mismatch factor was not applied.

GIWAXS. GIWAXS measurements were performed at the 8-IDE
beamline of the Advanced Photon Source at Argonne National
Laboratory using an incident beam energy of 10.86 keV on a two-
dimensional detector (PILATUS) with an incident angle of 0.14°. For
sample preparation, ZnO was firstly deposited on a Si wafer followed
by the photoactive layer deposition and thermal annealing the same
way that all OSC devices were fabricated. From GIWAXS
measurement, 2D scattering images were obtained and converted to
1D scattering profiles by using the beamline GIXSGUI package
written for MATLAB. For molecular orientation analysis, the 1D
GIWAXS pattern of intensity versus scattering vector was azimuthally
integrated from —10° < y < —80° with a S° interval to yield an
intensity versus the y angle.

RSoXS. RSoXS data were collected at the Advanced Light Source
beamline 11.0.1.2 in transmission geometry. For sample preparation,
the photoactive layer was blade coated and thermally annealed using
the same device fabrication conditions on a polystyrene sulfonate
(PSS) film, which was spin coated from a 10% PSS solution in water.
The PSS solution was stirred overnight at room temperature before
depositing on a Si wafer substrate. After photoactive layer deposition,
the sample on a Si substrate was immersed in water, which dissolved
the PSS layer and separated the sample from the substrate. The
sample was then picked up with a 1 X 1 mm, 100 nm-thick Si;N,
membrane supported on a 5 X 5 mm, 200 um-thick Si frame
(Norcada) and transferred into the vacuum chamber for RSoXS
measurement. RSoXS measurements were performed at the beam
energy from 270 to 290 eV with S s of exposure time per scan. The
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collected 2D scattering images were then converted into 1D profiles
using the Nika package supported in the Igor Pro environment. The
obtained 1D profiles were normalized by the incoming beam
intensity, I, provided by a gold mesh and photodiode, and total
illuminated volume, which is determined by the multiplication of the
illumination area and sample thickness. Since the total illuminated
area is the same for all films, thickness measurements were used to
normalize the intensity.

Angular NEXAFS TEY Measurements. To determine vacuum and
binary contrast functions, we have obtained NEXAFS TEY measure-
ments on the neat films. The samples for NEXAFS TEY were
prepared by coating the neat films on a 1 X 1 cm Si wafer using the
same conditions used for device fabrication. The samples were then
measured at the beam energy from 270 to 320 eV using different
polarization angles while fixing the incident angle. NEXAFS data were
double normalized by the Au mesh current and photodiode
calibration followed by pre-edge normalization using the QANT
software package supported in Igor Pro environment.

Film Thickness Measurements. Film thickness was measured by
using the Bruker Dektak XT profilometry with the stylus force of 3 mg
with a scan range of 1000—2000 ym. For thickness measurements, a
part of the film was removed with a cotton swab with toluene solvent.
The thickness measurements were repeated on three to five different
positions to obtain the average and standard deviation.
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