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ABSTRACT: Donor polymer number-average molar mass (Mn) has
long been known to influence organic photovoltaic (OPV) performance
via changes in both the polymer properties and the resulting bulk
heterojunction morphology. The exact nature of these Mn effects varies
from system to system, although there is generally some intermediateMn
that results in optimal performance. Interestingly, our earlier work with
the difluorobenzotriazole (FTAZ)-based donor polymer, paired with
either N2200 (polymer acceptor) or PC61BM (fullerene acceptor),
demonstrated <10% variation in power conversion efficiency and a
consistent morphology over a large span of Mn (30 kg/mol to over 100
kg/mol). Would such insensitivity to polymer Mn still hold true when
prevailing small molecular acceptors were used with FTAZ? To answer
this question, we explored the impact of FTAZ Mn on OPVs with ITIC,
a high-performance small-molecule fused-ring electron acceptor
(FREA). By probing the photovoltaic characteristics of the resulting OPVs, we show that a similar FTAZ Mn insensitivity is also
found in the FTAZ:ITIC system. This study highlights a single-donor polymer which, when paired with an archetypal fullerene,
polymer, and FREA, results in systems that are largely insensitive to donor Mn. Our results may have implications in polymer batch-
to-batch reproducibility, in particular, relaxing the need for tight Mn control during synthesis.

KEYWORDS: polymer solar cells, conjugated polymers, fullerenes, fluorination, molecular weight, non-fullerene acceptors,
power conversion efficiency

■ INTRODUCTION

The molecular weight of polymers is perhaps the most
important property of a given polymer, which separates
polymers from small molecules. Typically, a high molecular
weight is required to impart polymers with desirable physical
properties, such as thermal stability and mechanical strength.1,2

Conjugated polymers for bulk heterojunction (BHJ) solar cells
are no exception. It has long been recognized that the
molecular weight (e.g., number-average molar mass, Mn) of
conjugated polymers in BHJ blends has a strong influence on
the device performance of such solar cells.3−6 The Mn of donor
polymers affects both the donor properties (e.g., mobility,7

absorbance,8 and glass-transition temperature9) and BHJ
morphology10 (e.g., domain size and composition,7,11−13

structure,14 and surface texture15,16). Moreover, the nature
and severity of the effects of Mn of a given donor polymer on
the performance of BHJ devices can vary from one system to
the other when the nature of the paring acceptor (as required
by the BHJ) is changed from fullerene derivatives to non-
fullerene-based acceptors [including fused-ring electron accept-
ors (FREAs), other small molecular acceptors, and polymer
acceptors].17,18

These studies, regardless of the acceptor type, often found
that there is some intermediate Mn range for the donor
polymer which affords optimal photovoltaic properties, with
performance falling off as a consequence of the suboptimal
morphology.5,7,12,19−22 In addition, this optimal Mn range is
dependent not only on the chemical nature of the donor
polymer but also on the acceptor that is paired with the specific
donor in a BHJ blend. For example, consider BHJ organic
photovoltaics (OPVs) utilizing the prototypical donor
polymer, poly(3-hexylthiophene) (i.e., P3HT). When
PC61BM (a fullerene derivative) was used, the maximum
power conversion efficiency (PCE) of such BHJ devices was
found at anMn of ∼30 kg/mol for P3HT.5,19−21 In cases where
a FREA acceptor was used, the trend between the Mn of P3HT
and PCE can be similar, as with O-IDTBR, or very different, as
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with EH-IDTBR.17 Furthermore, despite P3HT’s ubiquity,
there is no reported study on the effects of the Mn of P3HT on
the BHJ system where P3HT was paired with a polymer
acceptor, although such a system had been reported as early as
2007.23 In fact, to our knowledge, no studies have been done
comparing the effects of Mn of the same donor polymer on
BHJ solar cells across the three different types of acceptors
from fullerene derivatives, to FREAs, to polymer acceptors.
Such studies would disclose the differences and similarities of
the impact of donor Mn across the three acceptor classes and
provide further insights on the fundamental reason why such
differences and similarities would occur.
We chose poly(benzodithiophene-alt-dithienyl difluoroben-

zotriazole) (PBnDT-FTAZ) (i.e., FTAZ going forward) as the
donor polymer for this study because we have done extensive
works with this particular polymer since its inception in
2011.24 With collaborators, we had investigated the influence
of Mn (FTAZ) on the performance of BHJ OPVs when
PC61BM was used as the acceptor, and more recently, with
N2200 as the polymer acceptor.8,11 Thus, to complement the
previous work, we set our goal to investigate the impact of Mn
(FTAZ) with the remaining acceptor-type FREAs. With this
study, we aim to complete our overarching goal of studying the
impact of the Mn of a single donor across all three acceptor
classes. Specifically, we chose the archetypal FREA, ITIC, in
this study. We have measured the photovoltaic and
morphological properties of FTAZ:ITIC-based BHJ OPVs
utilizing FTAZ of Mn values of 10, 30, 40, 60, 100, and 120 kg/
mol (hereafter referred to as 10k, 30k, 40k, 60k, 100k, and
120k FTAZ). We found that an increase in PCE between 10
and 30 kg/mol (Mn of FTAZ) was accompanied by a shift in
morphology of the FTAZ:ITIC blends. However, beyond 30
kg/mol, the PCE and morphology of the FTAZ−ITIC blends
were rather insensitive to further increases in the Mn of the
FTAZ donor polymer, similar to what has been observed with
the FTAZ:N2200 and FTAZ:PC61BM systems.

■ RESULTS AND DISCUSSION

Polymer Synthesis. The polymerization of FTAZ
(Scheme 1), along with other donor−acceptor copolymers, is
a common step-growth polymerization which can be described
by the Carothers equation. In order for the Carothers equation
to effectively describe the polymerization, and thus predict the
molar mass, both the monomers and palladium catalyst must

have very high purity and are recrystallized multiple times prior
to use, as described in detail in our earlier work.11 As there are
two monomers, the Carothers equation can control the molar
mass by changing the monomer ratio (r; 0 < r ≤ 1); the extent
of the reaction (p) is assumed to be near completion (p =
0.993) based on our previous experiences. Pleasingly, the
measured Mn from high-temperature gel permeation chroma-
tography (HT-GPC) is close to the theoretical molar mass
(Table 1). This observation does not verify only the validity

and success of using the Carothers equation in our case; more
importantly, the obtained series of FTAZ polymers with
different yet controlled Mn offer an excellent system for our
study. Further polymerization details can be found in the
Supporting Information. All FTAZ polymers in this molar mass
range are soluble in common processing solvents of chloro-
form, chlorobenzene, and toluene (with the assistance of heat).

Device Performance. In order to determine the effect of
donor Mn on the efficiency of our model polymer:FREA
system, FTAZ:ITIC (1:1 w/w) BHJ devices were fabricated
with the inverted architecture of indium tin oxide/ZnO/
FTAZ:ITIC/MoO3/Al and an active layer thickness of ∼90
nm. The resulting photovoltaic characteristics under 1 sun
conditions are visualized and tabulated in Figure 1 and Table
2, respectively. Overall, the PCE, short-circuit current density
(JSC), open-circuit voltage (VOC), and fill factor (FF) of devices
are insensitive to changes in theMn of FTAZ between ∼30 and
100 kg/mol (Scheme 1, Table 2). However, at a very low Mn,
the PCE, JSC, and (to some extent) FF increase between 10
and 30 kg/mol; in contrast, VOC decreases in this range. At a
very high Mn (e.g., 120 kg/mol), slight decreases in PCE, VOC,
and FF are observed. To understand the origin of the
performance difference, we further investigated the device
results of these blends.

Scheme 1. Polymerization Reaction (Stille Polycondensation) between the BnDT Moiety and FTAZ Moiety To Form the
Donor FTAZ Polymera

aThe molar mass is controlled via the Carothers equation, which depends on the ratios of the two monomers (r) and the extent of reaction (p),
with the latter assumed to be near unity (p = 0.993) in our case.

Table 1. Measured FTAZ Number-Average Molar Mass and
Dispersity

FTAZ Mn (kg/mol) D̵

10k 7.5 2.02
30k 28.5 1.82
40k 40.9 1.96
60k 60.1 1.89
100k 105.2 1.94
120k 116.9 1.91
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To begin with, JSC (Figure 1c) increases more than 30%
between 10k and 30k FTAZ and then plateaus, with
representative J−V characteristic curves (Figure 1a) largely
overlapping beyond this point. In fact, the rather dramatic
increase of JSC from 10k to 30k is the primary cause for the
noticeably increased PCE from 10k to 30k. It is worth noting
that this trend is also observed in the FTAZ:PC61BM

11 and
FTAZ:N22008 systems. Absorption trends of the blend films
can be found in Figure S1, where all systems show similar and
high attenuation coefficients. Previous measurements of neat
FTAZ films reveal slight increases in attenuation coefficient
with increasing Mn; however, these differences are not enough
to account for the drastic change in JSC beyond 30 kg/mol.8

Furthermore, external quantum efficiency (EQE) (Figure 1b)
measurements show similar response profiles for all Mn;
however, the maximum response for the 10k polymer-based
BHJ device is only ∼50% as opposed to ∼70% for higher Mn
polymers, which is consistent with the observed JSC trend with
the Mn.
Next, the FF (Figure 1e) also increases over the probed Mn

range. Again, an increase is seen between 10k and 30k. Minor
increases in FF are seen thereafter, with a slight decrease at
very high Mn. We note that this increase in FF between 10k
and 30k, also seen in previous studies on FTAZ,8,11 cannot be
strongly attributed to differences in mobility with Mn because
resistance-dependent photovoltage (RPV)25 (Figure S2) shows
that mobility is only modestly affected by Mn (1.9 × 10−4 cm2/
V·s for 10k vs 2.8 × 10−4 cm2/V·s for 100k). This is consistent
with previous studies.8,11 Furthermore, the entanglementMn as
determined through elastic modulus measurements lies slightly
below 30 kg/mol.8 Although entanglement can hinder polymer

crystallization,20 it also increases the incidence of tie chains
between crystalline domains.3 These connections ensure
charge transport between crystalline domains,26 in line with
our observed trends in mobility in this study and in previous
studies.11 However, the increase in mobility between low- and
high-Mn FTAZ alone is not enough to explain such a marked
increase in JSC and FF after 10k.
Unlike JSC and FF, VOC (Figure 1d) appears to decrease with

increasing Mn, with the most dramatic changes seen at low Mn.
At intermediate Mn, VOC plateaus, followed by a slight drop at
very high Mn. VOC is primarily dependent on the energy offset
between the donor’s highest-occupied molecular orbital
(HOMOD) and the acceptor’s lowest unoccupied molecular
orbital (LUMOA), but it is also affected by recombination
dynamics.27,28 The band gap of FTAZ is not affected by Mn, as
previously demonstrated by Li et al.11 and confirmed here with
cyclic voltammetry (CV) measurements (Figure S3a). More-
over, the band gap of the BHJ blend obtained by EQEPV
differentiation (dEQE/dE) does not apparently depend on the
Mn of FTAZ (Figure S3b). Ultimately, PCE noticeably
increases between 10 and 30 kg/mol, plateaus between 30
and 100 kg/mol, and then decreases slightly at 120 kg/mol,
with a champion performance of 11%. Although the trend of
PCE with Mn largely tracks the trend of JSC with Mn, further
investigation of the BHJ morphology and device physics is
necessary in order to understand the origin of the JSC, VOC, FF,
and PCE trends.

Morphology. As the OPV characteristics are heavily
dependent on morphology,29 we explored the bulk molecular
packing and texture of the active layer using synchrotron
radiation-based grazing-incidence wide-angle X-ray scattering

Figure 1. (a) J−V characteristics and (b) EQE of the blends of varying FTAZ Mn with ITIC. Box-and-whisker plots of OPV figures of merit, (c)
JSC, (d) VOC, and (e) FF.

Table 2. Photovoltaic Characteristics of FTAZ:ITIC Solar Cells

FTAZ JSC (mA/cm2) VOC (V) FF (%) PCE (%) PCEbest (%) JSC,calc (mA/cm2)

10k 11.88 ± 0.42 0.956 ± 0.003 58.3 ± 3.4 6.63 ± 0.52 7.4 11.23
30k 16.10 ± 0.28 0.929 ± 0.003 62.1 ± 2.5 9.29 ± 0.45 9.9 15.09
40k 16.53 ± 0.51 0.916 ± 0.002 62.7 ± 1.0 9.50 ± 0.37 10.3 15.49
60k 16.30 ± 0.58 0.916 ± 0.001 63.3 ± 1.8 9.46 ± 0.55 10.2 15.48
100k 16.57 ± 0.49 0.914 ± 0.002 65.4 ± 2.1 9.90 ± 0.48 11.0 15.79
120k 16.90 ± 0.57 0.903 ± 0.003 62.7 ± 1.9 9.56 ± 0.51 10.5 16.12
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(GIWAXS) and resonant soft X-ray scattering (RSoXS).
GIWAXS was used to extract molecular-scale morphological
information both in and out of the sample plane,30,31 and the
collected scattering provides information such as π−π stacking
distance, lamellar spacing, film texture, and crystallinity.31

Two-dimensional (2D) GIWAXS patterns of neat FTAZ films
(Figure S4) revealed relatively low crystallinity with a lamellar
stacking peak at q = 0.3 Å−1 in-plane (corresponding to a
spacing distance of 20.9 Å) and π−π stacking peaks at q ∼ 1.7
Å−1 out-of-plane (corresponding to a spacing distance of 3.7
Å). Although the morphology was largely similar between the
higher Mn FTAZ films, the neat 10k FTAZ film is markedly
less ordered, indicative of less preferential packing. Moreover,
the in-plane stacking peaks are stronger for higher Mn,
suggesting an enhanced preference for the face-on orientation.
This is similar to what has been previously observed in our past
studies with FTAZ.8,11 2D GIWAXS patterns of blend films
(Figure 2) demonstrated similar peaks and spacings to the neat
films, with a preferential face-on orientation for FTAZ having
an Mn over 10 kg/mol. Notably, the 10k FTAZ blend showed
little to no preference in the lamellar stacking orientation.
As GIWAXS primarily probes molecular-scale contrast

variations (particularly molecular packing), RSoXS was used

to probe mesoscale morphological information in the sample
plane regarding overall domain characteristics.32 Here, we
extract the long period, or the center-to-center domain spacing,
and the relative composition variations of the active layer
(formerly called domain purity). By RSoXS, each different Mn
of the FTAZ:ITIC blend demonstrated a single size
distribution (Figure 3a). In addition, long period and relative
composition variations (Figure 3b) decreased with increasing
Mn. The 10k polymer blend had the largest domain spacing at
∼60 nm, while larger-Mn polymers had domain spacings
around ∼20 nm. As the exciton diffusion length is ∼10 nm,33

the large spacing in the 10k FTAZ batch hinders charge
separation. Furthermore, the relative composition variations
show that the 10k blend has the purest domains. Because the
10k blend has both the largest and purest domains, this can
result in reduced exciton splitting and will result in a large JSC
loss. In addition, domain purity is typically reflected in FF,34

where excessively impure domains can lead to increased
bimolecular recombination35−38 and excessively pure domains
can lead to isolated charge traps.37 On the other hand, more
mixed domains provide an increased interfacial area and
percolation pathways beneficial for charge separation and
transport, affecting both JSC and FF. The JSC and FF of the 10k

Figure 2. (a−f) 2D GIWAXS patterns and (g) line cuts out-of-plane (solid) and in-plane (dashed) for FTAZ:ITIC blend films with donor Mn of
(a) 10, (b) 30, (c) 40, (d) 60, (e) 100, and (f) 120 kg/mol.

Figure 3. (a) Thickness-normalized RSoXS profiles extracted at 283.4 eV and (b) long period (domain spacing) and root mean square variation
(RMS) composition variation (domain purity) for FTAZ:ITIC blends with varying donor Mn.
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polymer are significantly lower than those of higher-Mn
polymers despite the high relative domain purity of 10k
FTAZ blends. This suggests that the 10k blend’s domains may
be excessively pure, potentially limiting exciton separation into
free carriers. The ultimate effect of the 10k blend’s overly large
and pure domains is a reduced exciton dissociation efficiency,
lowering JSC. On the other hand, the domain purity and
spacing were remarkably similar for the intermediate-Mn
polymers, although the domain purity decreased slightly for
the largest-Mn polymers. This may have contributed to the
slight decrease in FF seen at very high Mn. The relatively
strong phase segregation in very low-Mn FTAZ blends was also
observed in the FTAZ:C61BM system but not in the
FTAZ:2200 system. We speculate that low Mn, particularly
when the Mn is below the entanglement Mn, could facilitate
aggregation of the small molecular acceptors. In contrast, the
use of a polymer acceptor may hinder the aggregation of the
donor because of the chain entanglements of the acceptor.
Despite differences at very low donor Mn, the morphology for
all three systems was reasonably invariant for a large range of
moderate FTAZ Mn.
In summary, morphological studies reveal that the

excessively large and pure domains present in 10k FTAZ
blend devices contributed to the markedly low JSC at low Mn.
As Mn is increased to intermediate values between 30 and 100
kg/mol, 2D GIWAXS patterns, long period and relative
composition variations become relatively constant. While
morphological studies have provided insight into our observed
JSC and FF trends, the VOC remains unexplained. A hint from
the morphology measurements lies in the relative composition
variations as the domain purity affects recombination and thus

VOC. To clarify the VOC trend, we turn to device physics
measurements.

Device Physics. Although analysis of GIWAXS and RSoXS
data elucidated trends in JSC and FF, the origin of the observed
decrease of VOC from low to very high Mn remains unclear. In
order to further investigate this VOC loss, we probed
recombination mechanisms of the devices because the
recombination losses typically account for the main loss of
VOC.

39

Recombination can be probed by measuring the dependence
of J−V characteristics on light intensity. The JSC may have a
power law scaling with light intensity (I), JSC ∝ Iα. For
relatively low light intensities,40,41 such as the 1 sun condition,
α is typically between 0.9 and 1.42 Ideally, α = 1, signifying that
carriers are swept out before recombination at short circuit,43

although this does not allow to exclude first-order recombi-
nation losses.44 Nevertheless, α ∼ 1 implies that recombination
losses scaling with the second order of the light intensity are
absent.40,41

On the other hand, Voc can be described by the following
equation

= +V
nkT
q

J

J
ln 1OC

SC

0

i

k
jjjjjj

y

{
zzzzzz (1)

where kT is the thermal energy, q is the electric charge, and J0
is the dark saturation current density. Here, the ideality factor n
accounts for the deviation from the ideal bimolecular
recombination. Experimentally,43 the slope of VOC versus
ln(I) can be used to determine n, where I is the light intensity.
A slope of unity (i.e., n = 1) typically indicates that the

Figure 4. Light intensity measurements for investigating recombination in FTAZ:ITIC blend films. (a) Log−log fitting of JSC vs light intensity (W/
m2) to probe for deviations from weak bimolecular recombination. (b) Semilog fitting of VOC vs light intensity (W/m2) to determine the
recombination order.

Figure 5. EL spectra of the 10k and 100k FTAZ polymer blends (a) against photon energy and (b) against injection current. The EQEEL for energy
loss calculations is taken at an injected current equivalent to the JSC relevant to open-circuit conditions. The graph shows that the EQEEL is
approximately ∼3.8 smaller in the 100k FTAZ organic solar cell blend.
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bimolecular recombination is dominant. Deviations from n = 1
indicate the presence of competing recombination processes of
different orders. For example, n ≤ 1 suggests the presence of
surface recombination and that the VOC saturates to the built-
in voltage, 1 ≤ n ≤ 2 implies a combination of bimolecular and
trap-assisted recombinations, and n = 2 indicates that trap-
assisted recombination is dominant.45,46

In our system, from the log−log plot of JSC versus I (Figure
4a) and the semilog plot of VOC versus I (Figure 4b), α and n
were found to be ∼1 for all values of Mn, except for a slight
increase in n for 120k FTAZ. This increase in n may have
contributed to the slight decrease in FF observed for very high
Mn and is also in line with the observed decrease in domain
purity. Overall, the light intensity dependence of JSC and VOC
indicates that bimolecular recombination is the dominant
mechanism for all Mn blends, but it is relatively weak under
short-circuit conditions.
To further classify these VOC losses (ΔVOC) from

recombination, we can divide ΔVOC into unavoidable radiative
(ΔVOC,rad) and avoidable nonradiative (ΔVOC,nr) losses. For
this study, the ΔVOC values of 10k and 100k FTAZ (i.e., the
Mn values resulting in the lowest and highest PCEs,
respectively) were explored. ΔVOC,nr can be determined
experimentally through EQEEL (Figure 5) using

Δ = −V
kT
q
ln(EQE )OC,nr EL

(2)

EQEEL is taken at an injected current such that Jinj(VOC) =
JSC as ΔVOC,nr should be evaluated under conditions similar to
open-circuit conditions under illumination.47 Furthermore, the
VOC can be calculated by first determining its value in the limit
of only radiative recombination (VOC,rad)

= +V
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and then subtracting the calculated ΔVOC,nr
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where the first two terms in the rightmost expression comprise
VOC,rad.

48 J0,rad is the radiative current density in the dark due to
the blackbody radiation and can be determined by extending
the EQEPV using the electroluminescence (EL) spectra (Figure
S5).49,50 Differences in the nonradiative losses account for the
majority of the VOC difference between the 10k and 100k
FTAZ blends. Table 3 shows that the 10k FTAZ blend has a
lower J0,rad and a higher EQEEL than the 100k FTAZ blend,
implying that relatively high VOC of the 10k FTAZ blend can
thus be attributed to the reduced nonradiative losses using eq
4. Morphologically, the difference in VOC losses may
potentially stem from the large and relatively pure domains
of the 10k FTAZ blends, where the decreased D:A interfacial
area results in decreased radiative51 and nonradiative52

recombination. Voltage losses can also be related to the
charge-transfer state energy (ECT) through eq 4.53 However,
ECT is difficult to determine because of overlap of the EQEPV
with what we ascribe as the singlet emission from the FREA,
ITIC at ∼1.6 eV54 (Figure S5). The appearance of a
contribution from the singlet excitons in the EL spectra of
both blends points to a significant hybridization between
charge-transfer states and the first excited singlet, which has

Table 3. Parameters Used for the Calculation of Energy Losses Based on Measured EQEEL

VOC (V)

FTAZ JSC (A/m2) J0,rad (A/m
2) EQEEL VOC,rad (V) ΔVOC,nr (V) measured calculated

10k 140 3.3 × 10−20 1.1 × 10−6 1.29 0.36 0.92 0.93
100k 170 1.5 × 10−19 2.9 × 10−7 1.26 0.39 0.90 0.87

Figure 6. Trends in photovoltaic figures of merit with increasing Mn for the FTAZ:PC61BM, FTAZ:N2200, and FTAZ:ITIC systems: (a) JSC, (b)
VOC, (c) FF, and (d) PCE. The chemical structure for each electron acceptor is shown in (e). The exact same polymer batches of FTAZ were used
for all three systems from 30k to 120k. The solid lines are guides to the eyes.
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been shown for a number of organic blends.55 Hybridization
results in increased luminescence of the CT state and thereby a
decrease in the nonradiative recombination losses.55 In the
case of the 10k and 100k FTAZ blends, the evidence of a
stronger singlet “shoulder” in the EL spectrum (Figure 5)
suggests a larger coupling to singlet excitons in the 10k FTAZ
device, which according to the work of Eisner et al.55 explains
the higher EQEEL values obtained. As for the J0,rad, Figure S5
still suggests that ECT could be at slightly higher energies in the
10k FTAZ blend, which could explain the lower J0,rad value and
hence the slightly smaller radiative recombination losses.

■ CONCLUSIONS

We have discovered that the photovoltaic characteristics of
FTAZ:ITIC blends are insensitive to Mn within the probed
range beyond 30 kg/mol with variations <10%. This trend is
not only unusual over such a large Mn range but also consistent
with trends seen in the FTAZ:PC61BM and FTAZ:N2200
systems. Thus, this study utilizing the FREA ITIC as the
acceptor completes our overarching study on the impact of
donor FTAZ Mn with three representative acceptors (Figure
6). Our results from the FTAZ:ITIC system show that
increases in FF and JSC from 10k to 30k are primarily
attributed to the improved morphology. This morphology is
consistent for blend films utilizing 30k or greater FTAZ. A
modest increase in mobility is observed despite reduced phase
purity, while a smaller long period and a more oriented
morphology allows for more efficient exciton dissociation and
charge transport. Low-Mn blends demonstrate a higher VOC,
which plateaus at intermediate Mn and then continues to
decrease. Given the identical band gaps of the neat FTAZ
polymers, the increasing energy loss from 10k to 100k is
ascribed to lower radiative and nonradiative energy losses in
the case of the lower Mn. In summary, together with our earlier
works,8,11 this study demonstrates a single-donor polymer
which, when blended with prototypical fullerene (PC61BM),
polymer (N2200), or FREA (ITIC) acceptors, demonstrates
reduced sensitivity of photovoltaic and morphological
characteristics over a remarkably wide range of Mn. Although
the effects of donor FTAZ Mn observed in this study may not
be universal across all possible acceptors, these results suggest
that it is possible to achieve efficient and reproducible OPVs
with varying acceptor types without the need for stringent Mn

control during synthesis, as long as the donor polymer has a
sufficiently high Mn. However, the origin of this broad Mn

insensitivity is not yet known. The results of the overarching
study can serve as a stepping stone for future work to correlate
the chemical structure to the observed behavior.
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