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ABSTRACT: An all-polymer bulk heterojunction (BHJ) Rig ~R2
O

active layer that removes the use of commonly used small
molecule electron acceptors is a promising approach to
improve the thermomechanical behavior of organic solar
cells. However, there has been limited research on their
mechanical properties. Here, we report on the mechanical
behavior of high-performance blade-coated all-polymer BH]J
films cast using eco-friendly solvents. The mechanical
properties considered include the elastic modulus, crack
onset strain, and cohesive fracture energy. We show that the
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mechanical behavior of the blend is largely unaffected by significant changes in the segregation characteristics of the polymers,
which was varied systematically through solvent formulation. In comparison to a polymer:fullerene BHJ counterpart, the all-
polymer films were found to have lower stiffness and increased ductility. Yet, the fracture energy of the all-polymer films is not
significantly improved compared to that of the polymer:fullerene films. This study highlights that improved mechanical behavior
of all-polymer systems cannot be assumed, and that details of the molecular structure, molecular weight, and film morphology
play an important role in both the optoelectronic and mechanical properties. Furthermore, we show that simple composite
modeling provides a predictive tool for the mechanical properties of the polymer blend films, providing a framework to guide

future optimization of the mechanical behavior.
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B INTRODUCTION

Organic semiconductors are compliant materials that are
processed as thin films at moderate temperatures often onto
plastic substrates enabling highly flexible devices."” In organic
solar cells (OSCs), flexibility can be exploited for a broad range
of applications from conformal energy harvesters for wearable
electronics to remote power sources that can be easily stowed.
However, thermomechanical failure has been found to be a
common degradation path in flexible OSCs.”* In response,
establishing the role of the constituent materials and film
morphology on mechanical stability and approaches to improve
stability has been gaining interest.”~ To date, the majority of
OSC demonstrations employ an electron donor polymer with
electron acceptor fullerene to form a bulk heterojunction (BHJ)
film. However, the addition of fullerene acts as an antiplasticizer
and significantly degrades the mechanical stability of the
film.**” In addition, fullerenes have limited absorption and
inability to tune energy levels that hinder advancements in solar
cell efficiency.'®"" Alternatively, nonfullerene small molecule
acceptors have been developed that have led to recent solar cell
performance gains, but they can also embrittle the film.">"* A
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promising alternative approach to improve both the solar cell
performance and the mechanical behavior is through employing
polymer semiconductors for both the electron donor and
acceptor.14

All polymer solar cells (all-PSCs) have recently seen
significantly improved power conversion ef'ﬁciencies,ls’16
attributed to tuned electronic properties and processing
methods to attain efficient BHJ morphologies.'”'® All-PSCs
have also been reported with improved ductility and toughness
compared to their polymer:fullerene counterpart.'* This was
generally associated with improved molecular mobility of
polymers compared to small molecules and the ability to form
molecular entanglements. Although all-PSCs are promising
material systems for mechanically robust flexible OSCs, there
have been limited studies on the mechanical behavior of these
systems. The polymers employed and the film morphology in
particular may have a significant impact on the mechanical
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behavior of the film. This has been shown to be the case in
polymer:fullerene OSCs®'” and, more generally, in binary
blends of polymers.”’~>* Here, we consider the mechanical
behavior of a high-performance all-PSC material system and the
role of film morphology on its mechanical behavior. We also
compare the mechanical properties of the all-polymer active
layer with an analogous polymer:fullerene active layer. The
mechanical properties measured include the elastic modulus
(Ep), crack onset strain (COS), and cohesive fracture energy
(G.). Erand COS provide metrics of film stiffness and ductility,
whereas G, informs the ability of the film to resist crack
propagation under an applied load (e.g, flexure).® To the
authors’ knowledge, this is the first study of cohesive fracture
energy for all-PSC films.

As OSCs approach commercial relevance, it is important that
studies move toward processing strategies that translate to mass
production. This includes fabrication of OSCs that employ roll-
to-roll printing methods or scalable prototyping techniques
such as blade coating.””** In addition, transitioning away from
the commonly used halogenated solvents to ones that are more
eco-friendly will further improve commercialization pros-
pects.”>*® Thus, we focus on an all-PSC system processed
using blade coating, with the polymers dissolved in eco-friendly
solvents, as illustrated in Figure la.

(a) (b)

glass blade

solution

thin film

PBDT-TS1

(o)
PPDIODT DPE

Figure 1. (a) Schematic of the blade-coating process. (b) Schematic of
the film on elastomer tests under applied tension to determine COS
(i) and under compression to determine elastic modulus (ii).
Tllustration of four-point bending (FPB) is also shown to determine
the cohesive fracture energy (iii). (c) Molecular structure of the
polymers PBDT-TS1 and PPDIODT and the solvent 0-MA and the
solvent additive DPE.

Here, we varied the amount of the solvent additive, diphenyl
ether (DPE), to systematically manipulate the morphology of
blade-coated PBDT-TS1:PPDIODT BHJ films processed in o-
methylanisole (0-MA). The morphology of the films was
previously characterized using atomic force microscopy (AFM),
grazing incidence wide-angle X-ray scattering (GIWAXS),
resonant soft X-ray scattering (R-SoXS),”” and variable angle
spectroscopic ellipsometry (VASE) measurements.”® The
GIWAXS results indicated that the polymers in the blend
film are weakly crystalline, with little out-of-plane stacking

preference independent of the amount of the DPE additive
employed. However, a hierarchical morphology with domains
at two distinct length scales was observed, as probed by R-
SoXS, where a variation in domain spacing was observed with
the amount of DPE. There were small domains that had a
characteristic spacing of ~14 nm for all amounts of DPE and
large domains with spacing that varied from ~140 to ~280 nm
as the amount of DPE increased from 0 to 5%, with results
summarized in Table 1.”* The increase in the large domain size

Table 1. Summary of Morphological Data Obtained from R-
SoXS Profiles”

large small
domain domain large domain
DPE spacing spacing volume fraction
solvent (vol %) lEnm] I[)nm] (@)
MA + 0% DPE 0 139.9 13.3 0.02
MA + 0.5% DPE 0.5 188.7 13.7 0.04
MA + 2% DPE 2.0 264.0 14.1 0.11
MA + 5% DPE 5.0 275.6 14.2 0.22

“Data adapted from ref 25.

was found to coincide with an increase in volume fraction of the
large domains relative to the small domains, from approx-
imately 2 to 22%, as given in Table 1. No change in purity of
the large and small domains was observed with a change in
domain spacing. The increase in the size of the large domains
had a detrimental effect on the performance of the solar cells as
summarized in Figure S1b.

In this study, we find that polymer blend films have greater
compliance (lower elastic modulus) and ductility (larger COS)
compared to polymer:fullerene films with an identical donor,
while the cohesive fracture energy of the two systems are
similar and relatively poor. We also find that the phase
segregation behavior of the polymer blends does not have a
large impact on the mechanical behavior. Finally, we discuss the
origins of this behavior and approaches to improve the
mechanical behavior.

B EXPERIMENTAL METHODS

Film Preparation. The all-PSC consists of the electron donor
poly{[4,8-bis[5-(octylthio)-thiophene-2-yl]benzo[ 1,2-b:4,5-b]-dithio-
phene-2,6-diyl]-alt-[2-ethylhexyl-3-fluorothieno[3,4-b]-thiophene-2-
carboxylate]} (PBDT-TS1) and the acceptor poly{[N,N’-bis(2-
octyldodecyl)-3,4,9,10-perylene diimide-1,7-diyl]-alt-(thiophene-2,5-
diyl)} (PPDIODT). Both the PBDT-TS1 (M, = 29 kDa; PDI =
2.2)” and PPDIODT (M, = 13.6 kDa; PDI = 1.38)*° were
synthesized using previously described methods. The films are
processed using the eco-friendly solvent o-MA and the solvent
additive DPE. The molecular structure of the polymers and solvents is
given in Figure 1c. We have previously shown that this material system
and the processing approach can achieve high efficiencies for blade-
coated all-PSCs of approximately 5.6%.”° We have also shown that the
use of the additive DPE can precisely manipulate features of the
complex BHJ morphology, which is discussed further below.”®
Polymer:fullerene BHJ films are also prepared by blending PBDT-
TS1 with [6,6]-phenyl-C,,-butyric acid methyl ester (PC,BM) in
different ratios.*® PC,,BM (purity > 99%) was purchased from Nano-
C. The solvent 0-MA and the solvent additive DPE were purchased
from Sigma-Aldrich.

Sample preparation was started by spin-casting poly(3,4-ethyl-
enedioxythiophene):polystyrene sulfonate (PEDOT:PSS) (AI 4083,
Heraeus) at S000 rpm for 60 s on a substrate (glass or silicon) that is
then annealed at 120 °C for 20 min in air, which resulted in a 35 nm
thick film. The PBDT-TS1:PPDIODT films were then blade-coated in
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a ratio of 1:1 by a weight solution in 0-MA at a total concentration of
14 mg/mL. The solution was prepared in the primary solvent o-MA
with different amounts of DPE (0, 0.5, 2, and 5% by volume). The
films were blade-coated using a blade gap of 100 um, a substrate
temperature of 80 °C, and a blade speed of 7S mm/ s.2° This resulted
in a film thickness of 110 nm. The polymer:fullerene BHJ films
consisted of PBDT-TS1:PC;BM cast in ratios of 1:1 and 1:1.5 by a
weight solution at a concentration of 8 mg/mL in the solvent o-MA.
These films were blade-coated by maintaining a blade gap of 200 ym, a
substrate temperature of 70 °C, and a blade speed of 120 mm/s to
achieve 90 nm film thickness. The thickness was measured using VASE
(J.A. Woollam M2000).

Mechanical Characterization. COS and elastic modulus were
measured by manipulating the film while on a host elastomer substrate
polydimethylsiloxane (PDMS). The PDMS was cured with a base to
cross linker ratio of 15:1. PDMS was laminated to the samples that
consisted of the BHJ film, a PEDOT:PSS film, and the Si substrate.
The stack was then immersed in water, resulting in dissolution of
PEDOT:PSS and detachment of the Si substrate. COS was determined
by uniaxially stretching the PDMS substrate until cracks in the film
were observed through an optical microscope, illustrated in Figure 1b.
The elastic modulus was calculated using a buckling-based measure-
ment technique described in detail elsewhere.*’ In this approach, the
film-elastomer stack is placed in compression resulting in film
buckling, as illustrated in Figure 1b. The plane strain elastic modulus
of the film (E;) is then calculated from

3
-

2t (1)
where A is the buckling wavelength, E, is the plane strain elastic
modulus, and ¢ is the thickness of the substrate. The plane strain elastic
modulus is given by E = E/(1 — 1?), where E is the elastic modulus
and v is the Poisson’s ratio. The Poisson’s ratio of all BHJ films was
taken as 0.35 and that of PDMS was taken as 0.5. The elastic modulus
of a PDMS substrate was measured using a standard tensile test
approach.

The cohesive fracture energy of the films was measured using a FPB
test method, as illustrated in Figure 1b. The specimen consisted of a
stack of films that included PEDOT:PSS followed by the BHJ film,
processed as described above. Ca (20 nm) and Al (100 nm) were then
thermally evaporated on the samples. The stack is then sandwiched
with a glass slide, which is of the same dimensions as the substrate, and
adhered through the addition of a brittle epoxy layer (EPO-TEK 353-
ND). The layer of epoxy was thermally cured at 80 °C for 1 h. The
metal layers help eliminate epoxy diffusion into the film of interest and
act as a neighboring elastic layer.'”** The glass sandwich structure was
then diced into FPB specimens and tested using methods previously
described in detail.** The load—displacement curve from the FPB tests
was used to calculate the critical fracture energy from the relation'®**

2P’

166°I°E )
where P, is the critical load, L is the distance between the inner pin
and the outer pins, b is the width, and & is the half thickness of the test
specimens. The elastic modulus of the glass was taken as 70 GPa and
Poisson’s ratio as 0.24. Cohesive failure was confirmed by visual

inspection and through AFM analysis. All mechanical tests were
conducted in air at room temperature.

c

B EXPERIMENTAL RESULTS

Film Stiffness and Ductility. The COS and elastic modulus of the
polymer blend films as a function of the amount of DPE are given in
Figure 2. It was found that the COS and E; of the polymer blend films
are largely independent of the amount of DPE in the solution. For all
of the polymer blend films, the COS was found to be approximately
8%, and the E¢ was approximately 0.1 GPa. For comparison, COS and
E; were also measured for neat PBDT-TS1 and PPDIODT films. The
COS of PBDT-TS1 films was found to be 23%, whereas for
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Figure 2. (a) COS and (b) elastic modulus (E;) of neat polymer films,
polymer:fullerene films, and all-polymer films cast from solution with
varying amounts of DPE. Average COS and E; for each data point are
calculated from a minimum of four samples. Uncertainties were
determined as 1 SD of the mean.

PPDIODT films, COS was 3.4%. The COS of the blend films is
found to be between the neat films, with a value closer to the neat
PPDIODT film (Figure 2). The E; of the blend film is also found to be
between the elastic modulus of the neat polymer films and close to the
lower modulus PBDT-TS1. These results are consistent with a
composite model discussed in further detail below. In comparison,
polymer:fullerene (PBDT-TS1:PC,;BM) blends were found to be
stiffer and more brittle as shown in Figure 2, which is consistent with
other reports of polymer:fullerene films.*”'* This is attributed to the
stiff and brittle nature of fullerenes, where COS and E; of neat
fullerene thin films have previously been reported to be <1% and
approximately 3.1 GPa, respectively.® The change in the mechanical
behavior of the polymer blend film when adding fullerene is generallgr
associated with an increase in the glass transition temperature (Tg).
Optimum solar cell performance of PBDT-TS1:PC,;BM has been
shown to be at the blend ratio of 1:1.5.>° However, increasing the
fraction of PC; BM is expected to be detrimental to the mechanical
behavior, and thus, polymer:fullerene ratios of 1:1 and 1:1.5 were both
considered. Indeed, we found that the increase in PC,;BM resulted in
increased stiffness and lower ductility of the polymer:fullerene films.
The 1:1 and 1:1.5 polymer:fullerene blends exhibited a COS of 1.0 and
0.5% and an E; of 0.7 and 0.9 GPa, respectively. Both polymer:-
fullerene films had unstable cracks that propagated across the film once
formed, and there were no distinguishable differences in crack features.
Fracture Energy. The cohesive fracture energies of the all-polymer
films were also found to be fairly invariant with the amount of DPE
employed, with all films having a fracture energy between 1.6 and 2.0
J/ m? as given in Figure 3. This fracture energy is relatively poor, where
in comparison tough cross-linked polymer films can have fracture
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Figure 3. Cohesive fracture energy (G.) of neat polymer films,
polymer:fullerene films, and all-polymer films cast from solution with
varying amounts of DPE. The fracture energy is calculated from a
minimum of four samples. Uncertainties were determined as 1 SD of
the mean.
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Figure 4. AFM scans of fractured surfaces of all-polymer films cast (a) without a solvent additive and (b) 0.5%, (c) 2%, and (d) 5% DPE. AFM scans
of fractured surfaces corresponding to blend films of PBDT-TS1:PC,,BM with blend ratios of (e) 1:1 and (f) 1:1.5 by mass. rms roughness of each
surface is indicated under the image of each scan. The size of each scan is 10 gm X 10 pm. All scans were performed in the region where crack

propagated near mid-film thickness.

energies significantly greater than ~10 _]/m2 at similar film
thicknesses.”” Although the application and the device architecture
will dictate mechanical stability, the low fracture energy suggests that
these films will be prone to mechanical failure in flexible solar cell
applications. The fracture energy of the blend films was closer to that
measured for neat PPDIODT films, which is similar to COS (Figure
3). Visually, striation marks were observed at the fractured surfaces,
which are often associated with a stick-slip phenomenon during crack
propagation, which is consistent with the saw-tooth load versus
displacement profile observed in the FPB tests.””*> The striation
marks were from the crack jumping from the middle of the film to
much closer to the Ca interface during propagation. To gain a clearer
view of the fracture surface, they were probed by AFM. The scans
showed a rougher surface when the crack propagated near the center
of the film as compared to when crack propagation was close to the Ca
interface. The mid-plane crack propagation was found to be ~60 nm
from the PEDOT:PSS interface for all amounts of DPE (as shown in
Figure S3). In the mid-plane fracture region, it was found that the
roughness of the fracture interface increases with the increase in the
amount of DPE in the solution, as shown in Figure 4. Generally, an
increase in the roughness of a fractured surface is associated with an
increase in fracture energy.*”*° In these cases, the increased roughness
is associated with an increase in the plastic zone or crazing near the
crack tip. However, given the similar G, and COS between films
studied here, it is suspected that there is not a large change in plasticity
among the films. Thus, the change in surface roughness observed
between films is attributed to the differences in film morphology. The
crack will propagate along the weakest path (e.g., chain pullout along
segregated domains), and this path likely changes with the change in
segregation characteristics in the films. This is consistent with
molecular dynamic simmulations by Tummala et al. who showed
that mixing of the components in a blend film affects the fracture
energy and the region through which the crack propagates.”” The
trend in surface roughness is consistent with the change in the larger
domain size observed by R-SoXS, although the characteristic size scale
in the AFM images is significantly larger than the domain spacing. For
comparison, AFM scans of the fractured surface of neat PBDT-TS1
and PPDIODT are given in Figure S4. The PBDT-TS1 had a rougher
fracture surface and greater fracture energy (G, = 3.45 J/m?) as
compared to the PPDIODT (G, = 1.40 J/m?) films.

In comparison to the all-polymer films, the fracture energy of
PBDT-TS1:PC,;BM blend films with blend ratios 1:1 and 1:1.5 were
observed to be 1.6 and 1.7 J/m?, respectively. Neat fullerene films have
been previously reported to have a fracture energy of approximately
0.5 J/m*"” The fracture energy of the polymer:fullerene films shows
only a slight decrease compared to the all-polymer blend films. The
low fracture energy was found along with a relatively smooth fracture
surface, as shown in Figure 4. The fracture surface of the
polymer:fullerene films also had fine striation marks with the crack
propagation alternating between ~4S nm from the PEDOT:PSS
interface and jumping to the Ca interface for both the blend ratios. A
thickness dependence of the fracture energy for the polymer:fullerene
blends was also studied with results given in Figure SS. There was no
significant variation in fracture energy with thickness, which is
consistent with a little plastic deformation near the crack tip.*”
Similarly, the relatively low fracture energy of the all-polymer blend
film suggests that there is no significant amount of plastic deformation
near the crack tip that would dissipate the stress concentration. This
behavior is consistent with the relatively low COS measured in these
films.*

The fracture surfaces of the all-polymer films were further probed
by X-ray photoelectron spectroscopy (XPS) to determine the
molecular composition of each surface, with details provided in the
Supporting Information. It was found that both sides of the fracture
surface had a similar composition and was PBDT-TSI-rich. The
PBDT-TS1:PPDIODT monomer ratio was found to increase from
approximately 1.3:1 to 2.5:1 with increasing DPE in the solution. The
fracture surface having a greater fraction of PBDT-TSI is likely
associated with vertical segregation of the polymers in the films.
Previously, it was found that spin-cast PBDT-TS1:PPDIODT films
showed a vertical segregation behavior with preferential segregation of
PBDT-TS1 toward the Ca interface and PPDIODT toward the
PEDOT:PSS interface.”” As noted above, the fracture surface
alternated between the middle of the film to much closer to the Ca
interface. The X-ray spot size covered both the mid-film and near-
surface fracture surfaces. The XPS results suggest that there is also
vertical segregation in the blade-cast films considered here, and that we
are measuring the PBDT-TS1 enrichment near the Ca interface. While
enrichment of PBDT-TS1 was found, there was also a substantial
amount of PPDIODT, suggesting that fracture did not propagate
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primarily through a pure polymer phase associated with material
segregation.

B DISCUSSION

To gain insight into the mechanical behavior of the blend, it is
instructive to consider composite models that have been
successfully applied to binary polymer blends.”” A simple
model to consider the mechanical limits would be to consider
the blend as a composite composed of the two polymers purely
in parallel or series. An advancement of this simple picture is to
consider an equivalent box model (EBM) that consists of a
volume fraction of the composite that acts in parallel and a
volume fraction that acts in series.”” The EBM has been shown
to predict the elastic modulus and tensile strength of immiscible
polymer blends well, as long as the mixing process does not
significantly alter the mechanical behavior of the components
(e.g, change in crystallinity). Here, we predict the elastic
modulus and fracture energy of the blend films using the EBM.
The model is applied with a series component, that is,
approximately 70% by volume. This is determined by using
model inputs that have been shown to fit experimental results
of a variety of polymer blends well,”® with additional details
provided in the Supporting Information. Applying the
composite model to the elastic modulus of the blend film, we
find that a simple parallel composite model predicts an elastic
modulus of 0.07 GPa, and the EBM estimates an elastic
modulus of 0.12 GPa. Both are in the range of the measured
elastic modulus of 0.04 to 0.18 GPa.

When considering cohesive fracture energy, we apply the
same composite model used to estimate the elastic modulus.
Importantly, polymer blends can have elongations at break
(and by extension, COS and G_) that range from below the
lower limit of the neat polymer films to values approaching that
of the high ductility polymer constituent.””*"*® This is
associated with the ability to transfer stress between segregated
domains that is driven by interfacial adhesion. The EBM is able
to capture the role of interfacial adhesion with the upper and
lower limits of perfect adhesion and zero adhesion between
components, respectively.”’ Applying the EBM to the all-
polymer system, we predict a fracture energy of 2.13 J/m?
which compares well to the measured fracture energy that
ranged from 1.65 to 1.94 J/m® When considering interfacial
adhesion, the fracture energies were bound between 0.76 and
3.1 J/m”. These results along with the COS of the polymer
blend, being closer to the lower ductility PPDIODT, suggest
that there is limited stress transfer between polymer
components. Applying the EBM to polymer:fullerene films,
we also estimate the elastic modulus and fracture energy well,
with details given in the Supporting Information. It should be
noted that further research exploring different polymer ratios is
necessary to validate the composite model fully. In addition, the
miscibility of the components will affect intermolecular
interactions and, subsequently, the mechanical properties.””
However, the model does not include interaction terms that
would assist in capturing miscibility, chan§es in film density,
and other important morphological factors.”” Nevertheless, the
model is found to fit the experimental data well. Remarkably,
this occurs for the all-polymer blend that has limited
segregation of pure domains and with the majority of the
film being composed of small characteristics domains spaced by
roughly 14 nm.

The ability to successfully apply this composite model
highlights the need to maximize the mechanical behavior of the

constituent polymers. In considering the mechanical behavior
of polymers, key parameters include the molecular weight, glass
transition temperature, intermolecular bond strength, and
crystallinity.****°~** For the polymers considered here, the
molecular weight of both polymers is relatively low, likely
limiting intermolecular entanglements that would improve the
toughness of the film. PPDIODT has a particularly low
molecular weight that is likely to be a significant contributing
factor to the low COS and fracture energy of the neat
PPDIODT films. The lack of entanglements would limit stress
transfer near the crack tip and result in low fracture energy.
This is consistent with the poor stress transfer predicted by the
composite modeling.

For comparison, Kim et al. recently reported the stress—
strain behavior of all-PSC BH]J films that consisted of similarly
structured polymers PBDTTTPD and P(NDI2HD-T).'* In
their report, the tensile tests were performed on quasifree
standing films by floating them on water during testing.'* They
reported an elastic modulus of 0.43 GPa and an elongation at
break of 7%. They also observed that the polymer:fullerene
counterpart was stiffer (0.8—1.76 GPa) with an elongation at
break of 0.1—0.3%. Their reported elastic moduli compare well
to our film-buckling measurements, where we find an elastic
modulus of 0.04—0.18 GPa for the polymer blend and 0.8—0.9
GPa for the polymer:fullerene film. The elongation at break of
their polymer blend also compared well with our COS
measurements. However, the COS is not equivalent to the
elongation at break, as the elastomer substrate can influence the
point of fracture.”” In a recent study comparing the film on
elastomer COS to the film on water elongation at break, the
COS was consistently greater than the elongation at break.*
This suggests that the all-polymer film reported by Kim et al.
had greater ductility than the films reported here. Comparing
the two polymer blends, in the report by Kim et al, the
acceptor polymer [P(NDI2HD-T)] had a much higher
molecular weight (M, = 48 kDa) compared to PPDIODT
(13.6 kDa). While further research is required to distinguish
other contributing factors such as the molecular structure and
film morphology, the molecular weight appears to be an
important contributing factor. This is supported by other
studies of polymer:fullerene blend films, where the polymer
molecular weight was shown to impact the fracture energy
significantly because of a significant increase in entanglements
of polymer chains.*”*’

Bl CONCLUSIONS

The mechanical properties of high-performance all-PSC BH]J
films were characterized by measuring COS, elastic modulus,
and cohesive fracture energy. These films were cast using the
scalable method of blade-coating using eco-friendly solvents.
The morphology of the films was finely tuned through the use
of a benign solvent additive. The mechanical properties were
then compared to films composed of the individual polymer
components as well as comparable polymer:fullerene BHJ films.
The results showed that the all-PSC has greater compliance and
ductility than its polymer:fullerene counterpart. However, the
fracture energy of the all-PSC films was found to be relatively
poor and not substantially better than the polymer:fullerene
films. Importantly, FPB tests lead to a mixed load failure mode
that compliments the loading conditions that would likely be
encountered for a heterogeneous device stack under flexure.'”
The low fracture energy suggests that the all-PSCs reported
here may be prone to fracture during device operation.
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It was shown that a simple composite model predicts the
mechanical behavior of the polymer blend film well. The
composite model highlights the importance of optimizing the
mechanical performance of the individual polymers to be
applied in the all-PSCs. In the polymers considered here, the
stiff polymer backbone and low molecular weight are believed
to limit chain entanglements, leading to the low COS and
fracture energy. It is expected that selecting polymers taking
into account both mechanical and optoelectronic properties
will lead to significant advances in achieving high-performance

physically robust flexible OSCs.
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