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Abstract

Suppressing the nonradiative deactivation of charge transfer (CT) states is pivotal to

further improvements in the power conversion efficiency of polymer solar cells (PSCs).

According to the energy gap law, the nonradiative decay rate constant ki scales

exponentially with decreasing CT state energy Ecrt; thereby, as long as kxr is governed by

the energy gap law, a decrease in Ecr is expected to inevitably increase the nonradiative

deactivation of CT states, and hence decrease the power conversion efficiency. Here, we

report the nonradiative decay dynamics of CT states generated in various nonfullerene-

acceptor-based PSCs by using transient absorption spectroscopy. The lack of a strong

correlation between knr and Ect indicates that the energy gap law is not valid for these

PSCs and that parameters other than Ect contribute significantly to knr. We found that kur

decreased with an increase in the material crystallinities, indicating that increasing

crystallinity leads to CT state delocalization, which in turn mitigating the nonradiative

deactivation of CT states.
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Introduction

Charge transfer (CT) states formed at electron donor/acceptor (D/A) interfaces play a
pivotal role in the generation and recombination of free carriers (FCs) in polymer solar
cells (PSCs), which consist of an electron-donating conjugated polymer and an electron-
accepting material. When singlet excitons generated by photon absorption reach D/A
interfaces, they separate into holes on the donors and electrons on the acceptors, forming
CT states at the interfaces.!?! If the spatial separation between the electrons and holes
that constitute the CT states exceeds the Coulomb capture radius (typically 4-5 nm
considering the entropic contribution to the Gibbs free energy),l*! they become FCs.
Otherwise, CT states eventually undergo geminate recombination to the ground state. FCs
can survive up to microseconds, which is long enough for FCs to be collected to their
respective electrodes. Although the charge separation mechanism remains a subject of
continuing debate in this community, there is broad consensus that a longer CT state
lifetime is more advantageous for charge separation.>-*) The oscillator strength of CT
states is considerably small due to poor spatial overlap between the highest occupied
molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital
(LUMO) of the acceptor. Thus, the radiative decay rate constant of CT states 4: is

generally significantly smaller than the nonradiative decay rate constant &y, leading to



nonradiative decay being predominant.!”] Therefore, suppressing knr of CT states results
in a longer CT state lifetime, and hence, is expected to facilitate efficient FC generation
in PSCs.

For the open-circuit voltage Voc of PSCs, a remaining challenge is reducing the voltage
loss, defined as the difference between the optical bandgap energy E, and Voc. PSCs
exhibit considerably larger voltage losses than their inorganic counterparts owing to the
severe voltage loss caused by nonradiative charge recombination.®! When a FC
encounters an opposite charge at the D/A interface, recombination occurs to re-generate
a CT state. If the CT state cannot re-dissociate into FCs, it eventually deactivates into the
ground state. As CT states predominantly decay nonradiatively to the ground state, charge

(9121 Therefore,

recombination in PSCs leads to a large nonradiative voltage loss AVu.
suppressing knr of CT states is also crucial for further reducing AVy: of PSCs.

The nonradiative transition between excited and ground states is often discussed within
the framework of the energy gap law. In this framework, the nonradiative transition rate
from the excited state with the lowest vibrational energy to an iso-energetic high
vibrational ground state is proportional to the overlap between the vibrational wave
functions of those states, which decreases with increasing difference in the vibrational

13]

quantum number.! Consequently, the nonradiative transition rate decreases



exponentially with increasing energy difference between the two states. Using transient
absorption (TA) spectroscopy, Collado-Fregoso et al. found that this behavior is also valid
for the nonradiative decay of CT states in small-molecular-donor/fullerene-based solar
cells, wherein the CT state lifetimes decreased with decreasing CT state energy Ecr.[']
Benduhn et al. also found a negative correlation between AV, and Ecrt,!”! which is a clear
signal that the energy gap law is valid for the nonradiative transition of CT states to the
ground state. As ki increases exponentially with decreasing Ect, AVu, which is
proportional to the logarithmic of A, shows an intrinsic linear increase with decreasing
Ect. These previous studies suggest that the large AV, is unavoidable as it is intrinsic to
PSCs.

However, these previous studies were mainly focused on fullerene-based solar cells. The
development of novel nonfullerene acceptors (NFAs) has enabled the successful
fabrication of efficient polymer/NFA-based PSCs.[%!1518] Thus far, polymer/NFA-based

(19.20] Tnterestingly, Dong et al.

PSCs have reached >18% power conversion efficiency.
reported that the behavior of some NFA-based PSCs is not consistent with the energy gap
law, (2!l indicating that other parameters also play key roles in k.. Herein, we investigated

the nonradiative decay dynamics of CT states generated in various polymer/NFA-based

PSCs by using TA spectroscopy. We show that kn, in these PSCs varied dramatically from



material to material, even when Ect was almost constant. We found that the material
crystallinity, which affects the delocalization of CT state wave function, play a key role

in suppressing ku.

Methods

Donor and acceptor materials

Donor: P3HT was purchased from Sigma-Aldrich with a weight-averaged molecular
weight (My) of 5.2 x 10* and regioregularity of 91.0%, whereas the other two donors
(PDCBT and PTB7-Th) were purchased from 1-Materal Inc. with M, of 4.0 x 10* and
1.8 x 103, respectively.

Acceptor: ITIC and IDT-2BR were purchased from Solarmer Energy Inc., whereas the
other four acceptors (IDFBR, IDTBR, IEICO4F, and Y 6) were purchased from 1-Materal,
Inc.

All materials were used as received. Chemical structures are shown in Figure 1.

Film preparation. For all spectroscopic measurements, the films were prepared on

quartz substrates, which were sequentially cleaned by sonication in toluene, acetone, and



ethanol for 15 min each. The fabrication conditions are summarized in Table S1. For TA

measurements, the samples were encapsulated in a N»-filled glovebox.

Device fabrication. Photovoltaic devices were fabricated on ITO/glass substrates
(Geomatec Co., 1006, 10 Q square™!), which were sequentially cleaned by sonication in
toluene, acetone, and ethanol for 15 min each, followed by UV-O3 treatment (Nippon
Laser and Electronics Lab.) for 30 min. PEDOT:PSS (Clevios, PH500) was spin-coated
onto the substrates (~30 nm) and dried on a hot plate (140 °C, 10 min) under ambient
conditions. Thereafter, the aforementioned active layers were spin-coated in the glovebox
under the same conditions. Subsequently, PFN-Br was spin-coated from a methanol
solution (0.5 mg mL '), and ~100 nm of Al was thermally evaporated onto the PFN-Br
layer. The devices were placed in a N»-filled chamber for the external quantum efficiency

(EQE) measurements.

Steady-state absorption and emission spectra. UV—visible absorption spectra were
acquired using a UV-visible spectrometer (Hitachi, U-4100). Photoluminescence (PL)

spectra were measured using a fluorescence spectrophotometer (Horiba Jobin Yvon,



NanoLog) equipped with a photomultiplier tube (Hamamatsu, R928P) and a liquid-No»-

cooled InGaAs near-IR array detector (Horiba Jobin Yvon, Symphony II).

EQE measurements. EQE spectra were measured using a spectral response

measurement system (Bunko-Keiki, ECT-25D).

TA measurements. TA data were collected using a pump and probe femtosecond TA
spectroscopy system, which consisted of a TA spectrometer (Ultrafast Systems, Helios)
and a regenerative amplified Ti:sapphire laser (Spectra-Physics, Hurricane). A
fundamental pulse with a wavelength of 800 nm was converted with an optical parametric
amplifier (Spectra-Physics, TOPAS) and used as excitation sources. The TA data were

collected over a time range from —5 ps to 3 ns.

Results and Discussion

Materials

Figure 1 summarizes donor and NFA materials employed in this study and their
previously reported HOMO/LUMO energy levels.?>271 We used two donor polymers,

P3HT and PTB7-Th (Figure 1a and 1c), which have served as benchmark donor polymers



for PSCs. We also used PDCBT as an adjunct to P3HT. PDCBT has the same backbone
structure as that of P3HT. However, when blended with some NFA materials, PDCBT-
based blends exhibit higher crystallinity and device performance than those of P3HT-
based blends.?*! Note that the replacement of P3HT with PDCBT does not always
guarantee the improvement of device performance.l?®] On the other hand, six typical
NFAs were employed in this study (Figure 1d-i), all of which have A-D-A type
architectures. We prepared 12 D/A blend films and performed optical measurements (the
absorption and PL spectra of the blend films can be found in the Supplementary
Information, Figures S1 and S2). To avoid repetition and to improve readability, the
following discussion mainly focuses on the blend films based on ITIC, which is an iconic
NFA. Experimental data for other blend films can be found in the Supplementary

Information.

<<< Figure 1>>>

Accurately evaluating Ect from the CT absorption and/or emission bands, which should
appear at lower energies than those of the bulk components, is a major challenge in this

community because the CT absorption/emission bands are buried by the large bulk



components when the energy difference between E; and Ecr is small. Therefore, we used
Epa, defined as the energy difference between the donor HOMO and acceptor LUMO, as
an alternative measure of the CT state energy. In principle, Ect is expressed as Ect = Epa
— 0, where 0 is the Coulomb attraction energy of CT states; thereby, a blend system with
a large Epa should also have a large Ect (and vice versa), allowing Epa to be used as a
reasonable measure for discussing the nonradiative decay rate (further discussion can be
found in the Supplementary Information, Figures S3 and S4). Epa of blend films are

summarized in Table 1.

<<< Table 1>>>

Nonradiative decay rate constants of CT states

Figures 2a-c show the TA spectra of the ITIC-based blend films. Upon photoexcitation of
each blend film at 650 nm, a photoinduced absorption (PIA) band attributable to ITIC
singlet excitons was observed at ~970 nm (TA spectral assignment is detailed in our
previous studies).[?>-*! Note that excitation at 650 nm also induced a PIA band attributable
to PTB7-Th singlet excitons at >1400 nm region owing to the large overlap in their

steady-state absorption spectra.!>?°1 Singlet excitons in the blend films decayed

10



considerably faster than those in pristine films, indicating that excitons were dissociated

into charged species in the blend films. Based on the PL quenching yields, the exciton

dissociation yields were determined to be >90% (Figure S2). Thus, we can safely consider

charged species to be responsible for the TA signals at later times.[12:30]

<<< Figure 2>>>

Because we aim to monitor the decay kinetics of CT states through geminate

recombination to the ground state, bimolecular recombination should be suppressed.

Geminate recombination cannot be distinguished from bimolecular recombination in

terms of the TA spectra because the spectral shape is unchanged during these

recombination processes. Instead, we can distinguish them in terms of the decay kinetics

of charged species. Geminate recombination is a first-order process of bound electron—

hole pairs; thereby, the decay kinetics are independent of the excitation fluence. In

contrast, bimolecular recombination is a second-order process of FCs; thereby, the decay

kinetics become faster with increasing excitation fluence. Figure S5 shows the excitation-

fluence dependence of charge decay kinetics for the ITIC-based blend films. Note that

the monitoring wavelengths were set to the peak wavelengths of the PIA attributable to

11



the hole polarons of donor polymers; this wavelength is 950 nm for P3HT and PDCBT
and 1150 nm for PTB7-Th blends.['?-2%32:33] At low excitation fluences, the decay kinetics
of the charged species were independent of the excitation fluence, indicating that the
contribution of bimolecular recombination can be ignored under these conditions. Unless
otherwise stated hereafter, the CT state decay kinetics were measured in the excitation-
fluence-independent regime. Figures 2d-f show the decay kinetics of CT states in the
ITIC-based blends. All the decay kinetics could be fitted with a sum of an exponential
function and a constant fraction (AOD = a exp(—#/7) + b), which yielded the CT state
lifetimes 7 of ~60, ~785, and ~1910 ps for the P3HT/ITIC, PDCBT/ITIC, and PTB7-
Th/ITIC blends, respectively (Table 1). Because 4: of CT states is considerably smaller
than knr, we can safely assume that iy is the inverse of 7, yielding ~167.9 x 108, ~12.7 x
108, and ~5.2 x 10% s7! for the P3HT/ITIC, PDCBT/ITIC, and PTB7-Th/ITIC blends,
respectively. On the other hand, the efficiency of charge dissociation into FCs 7cp was
determined as a fraction of the constant component in the decay fitting (#cp = b/(a+b)) to
be ~0.04, ~0.87, and ~0.79 for the P3HT/ITIC, PDCBT/ITIC, and PTB7-Th/ITIC blends,
respectively. These results indicate that ku and ncp vary significantly depending on the
blend system, even when using the same NFA. We performed the same procedures for

other blend films and determined 7, ko and #cp, as summarized in Table 1 (the

12



corresponding TA spectra and CT state decay kinetics can be found in the Supplementary

Information, Figures S6-S13).

Absence of energy gap law behaviour

Figure 3 shows ki of all the blend systems employed in this study plotted against Epa.
Interestingly, no strong correlation was observed between kn: and Epa (correlation
coefficient of —0.34 between In(knr) and Epa), suggesting that other parameters also

influence k.

<<< Figure 3>>>

According to Fermi’s golden rule, knr can be expressed as
knr = B*exp(—yEcr/hw) €
where f is the vibrational coupling matrix element of the initial and final states, and y is
a term that can be expressed in terms of molecular parameters, including the highest and
dominant vibrational mode.’"!314341 If B was relatively insensitive to the materials
employed, knr would scale exponentially with decreasing Ecr, as expected in the energy

gap law. The absence of a strong correlation between knr and Epa indicates that this is not

13



the case in this study. This led us to hypothesize that £ significantly depends on the

materials. f can be expressed as

B = WerlVIver) (2)

where wct and wa: are the wave functions of CT and ground states, respectively, and V' is

the vibronic coupling. This means that § depends on the overlap integral between yct and

war, which in turn depends on degree of the delocalization of CT states. Therefore, the

lack of a strong correlation between ki and Epa implies that the delocalization of CT

states plays a key role in determining k.

Effect of crystallinity on nonradiative decay

To gain further insight into the effects of CT state delocalization, we focus on the impact

of morphologies of the blend films on k.. We again focused on the ITIC-based blend

films because kn: of these systems varied significantly. Figure 4a shows the absorption

spectra of the ITIC-based blend films in the near-IR region. The peak wavelength

corresponding to ITIC absorption in the P3HT/ITIC blend (sky blue) was clearly

blueshifted relative to those of the other two blends, indicating that ITIC is more

disordered in the P3HT/ITIC blend. Note that the PTB7-Th absorption overlaps with that

of ITIC in the PTB7-Th/ITIC blend, making it difficult to determine the exact peak

14



position of ITIC absorption. Nevertheless, it is obvious that the ITIC peak in the
P3HT/ITIC blend is blueshifted relative to that in the PTB7-Th/ITIC blend.

We then turn our attention to the crystallinity of donor polymers. Figure 4b shows the
absorption spectra of donor polymers in the P3HT/ITIC and PDCBT/ITIC blends
extracted by subtracting the ITIC absorption (see Figures S14 and S15 for the details of
the subtraction procedure). PDCBT in the blend film exhibited a characteristic absorption
shoulder at 600 nm, which is attributable to the absorption band corresponding to
polythiophene crystalline domains,!*>-371 whereas no clear absorption shoulder was
observed for P3HT in the blend film.[?*! These results indicate that the crystallinity of the
donor polymer in the P3HT/ITIC blend film is disrupted in the blend film, whereas it is
maintained in the PDCBT/ITIC blend film. Therefore, we hypothesize that increasing
crystallinity of materials leads to increasing CT state delocalization, which in turn

decreasing kn:.

<<< Figure 4>>>

To confirm this hypothesis, we expand our discussion to other blend systems. Figure 4c

shows the absorption spectrum of the PTB7-Th/IEICOA4F blend, which has a low Epa of

15



1.03 eV while exhibits a low knr of ~5.5 x 108 s7! (i.e., a typical example that deviates
from the energy gap law behavior). Clearly, both the donor and acceptor materials
maintained their crystallinities in this blend film, which is consistent with our hypothesis
that kn decreases with increasing crystallinity of materials. To further reinforce our
hypothesis, we focused on the impact of thermal annealing on ku. Figure 4d shows the
absorption spectra of the P3HT/Y 6 blend measured before and after the thermal annealing.
Y6 is known to show neither clear phase separation nor photovoltaic conversion
efficiency when blended with P3HT.’¥ However, Y6 exhibits a strong tendency to form
crystalline domains in blend films after thermal annealing.’*-*!] Interestingly, the peak
wavelength corresponding to Y6 absorption in the near-IR region redshifted after thermal
annealing, indicating that crystallinity of Y6 was improved in the annealed P3HT/Y6
blend, as reported previously.?® Note that the growth of the characteristic absorption
shoulder of crystalline P3HT at 600 nm was also observed after thermal annealing, though
this peak was still not clear. The as-cast P3HT/Y 6 blend exhibited a relatively large kur of
~56.8 x 103 s71. Strikingly, kn of the P3HT/Y6 blend decreased by a factor of >2 after
thermal annealing (ko of ~25.3 x 108 s7!, Figure S8b). These results reinforce our

hypothesis that k. decreases with increasing crystallinity of materials.
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Correlation between k- and #cp

The crystallinity of materials is commonly evaluated using X-ray diffraction
measurements.[24-26:42-46 However, this is not an effective approach for discussion of the
CT state dynamics in bulk heterojunction PSCs because such measurement techniques
are often swamped by signal from bulk of the sample, leading to fail to provide insight
into the exact nature of buried interfaces in bulk heterojunction D/A blends. Because it is
very challenging to selectively observe the morphologies of buried interfaces in bulk
heterojunction D/A blend films, we instead discuss the correlation between kun and #cp.
Many previous studies have reported that the crystallization of materials promotes charge

247511 For instance, ncp was as low as ~0.3 for a regiorandom

dissociation in PSCs.!
P3HT/PCBM blend but increased to >0.9 for a regioregular PSHT/PCBM blend.[*?! This
can be rationalized by the charge dissociation mechanism of PSCs, wherein electrons
and/or holes at the D/A interfaces can access an extended region of a delocalized = band
state, within which ultrafast spatial separation can occur.?>>>4 If charges could not
access such delocalized states owing to low crystallinity, 7cp would decrease. Therefore,
nep can be used as a measure of CT state delocalization near the interface. As shown in

Figure 5, we observed a clear negative correlation between kn and 7ncp (correlation

coefficient of —0.90), indicating that k.. decreases with increasing delocalization of the
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CT state wave function. Note that the PTB7-Th/IDFBR, PTB7-Th/IDT-2BR, and PTB7-
Th/IEICOA4F blend films were excluded from this plot. Because of the small difference in
HOMO or LUMO energies between the donor and acceptor materials, ultrafast charge
dissociation would not occur in those blends; thereby, it is not appropriate to plot with
blend systems wherein the ultrafast charge separation occurs. It should be emphasized
that recent studies showed that, although the charge dissociation mechanism in those
small offset systems is different from the aforementioned one, material crystallinity is
still an important factor in determining 7cp of the small offset systems.3¥>° Therefore, a
relatively large negative correlation coefficient of <—0.70 was still obtained even if those

points were included in the calculation (see Figure S16 for more details).

<<< Figure 5>>>

Conclusion

We have studied the nonradiative decay of CT states in various donor-polymer/NFA blend
films. No strong correlation was observed between Epa and kur, which is in contrast to
fullerene-based OSCs where knr follows the energy gap law.[*!'4l. Instead, knr exhibited a

strong negative correlation with 7cp, indicating that the delocalization of the CT state

18



wave function suppressed the nonradiative decay. A recent trend for reducing energy loss
in PSCs involves increasing &: through hybridizing CT state with the local excited state
by decreasing the energy offset between these states.['>°%] However, this approach may
cause a concomitant increase in bimolecular charge recombination loss.>®! Therefore, the
nonradiative voltage loss should ideally be reduced by suppressing the nonradiative decay
of CT states. This study shows that delocalization of the CT state wave function is pivotal
for reducing knr, and hence improving FC generation efficiency and reducing nonradiative

voltage loss.
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Titles and Legends to Figures and Tables
Figure 1. a—i Chemical structures of donor polymers (a—c¢) and NFAs (d—i) employed in

this study. j Donor HOMO and acceptor LUMO energies (eV).

Figure 2. TA spectra of (a) P3HT/ITIC, (b) PDCBT/ITIC, and (¢) PTB7-Th/ITIC blend
films. The excitation wavelength was 650 nm with fluences of 5.0, 3.0, and 2.4 pJ cm™2,
respectively. Decay kinetics of CT states in (d) P3HT/ITIC, (e) PDCBT/ITIC, and (f)
PTB7-Th/ITIC blend films. Monitoring wavelengths were (d,e) 950 nm, and (f) 1150 nm,
respectively. The grey areas were not included in the fitting because contributions from

singlet decay/charge rise were observed.

Figure 3. Nonradiative decay rate constant k. plotted against Epa.

Figure 4. (a) Absorption spectra of the ITIC-based blends. (b) Extracted donor absorption
spectra of the P3HT/ITIC and PDCBT/ITIC blends. (¢) Absorption spectrum of the
PTB7-Th/IEICOA4F blend as well as pristine PTB7-Th and IEICOA4F films. (d) Absorption
spectra of the P3HT/Y 6 blend measured before and after the thermal annealing at 140 °C

for 10 min.
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Figure 5. Nonradiative decay rate constant ki plotted against charge dissociation
efficiency #ncp. The solid line represents the best fitting curve with a linear fit as a guide

for the eye.

Table 1. Summary of Epa, kur, and #cp.
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Table 1

D/A Epa (eV) 7 (ps) Feor (103 571) neo
P3HT/ITIC 1.27 60 167.9 0.04
P3HT/IDFBR 1.40 592 16.9 0.73
P3HT/IDTBR 1.22 252 39.6 0.48
P3HT/Y6 (as cast) 1.00 176 56.8 0.25
P3HT/Y6 (annealed) 1.00 395 253 0.34
PDCBT/ITIC 1.48 785 12.7 0.87
PTB7-Th/ITIC 1.39 1910 52 0.79
PTB7-Th/IDFBR 1.52 1240 8.1 0.65
PTB7-Th/IDTBR 1.34 765 13.1 0.66
PTB7-Th/IDT-2BR 1.53 1350 7.4 0.70
PTB7-Th/IEICO4F 1.03 1800 5.5 0.33
PTB7-Th/Y6 1.12 833 12.0 0.90
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We report the nonradiative decay dynamics of charge transfer (CT) states generated in
nonfullerene-acceptor-based polymer solar cells. The nonradiative decay rate constant knr
decreases with an increase in the dissociation efficiency of CT states into free carriers,
indicating that the nonradiative decay of CT states can be mitigated by increasing the

delocalization of the CT state wave function.
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Fabrication conditions

Table S1. Fabrication conditions for various D/A blend films.

Total concentration

D:A ratio (mg mL ) Solvent” Annealing

P3HT/ITIC 1:1 40 CB 130 °C, 10 min

P3HT/IDFBR 1:1 20 CB 130 °C, 10 min

P3HT/IDFBR 1:1 20 CB 130 °C, 10 min
P3HT/Y6 (as cast) 1:1.2 17.6 CF -

P3HT/Y6 (annealed) 1:1.2 17.6 CF 140 °C, 10 min

PDCBT/ITIC 1:1 16 CF 160 °C, 10 min
PTB7-THWITIC 1:1.2 23 CB -
PTB7-Th/IDFBR 1:1 20 CB -
PTB7-Th/IDTBR 1:1 20 CB -
PTB7-Th/IDT-2BR 1:1 16 oDCB -
PTB7-Th/IEICO4F 1:1.3 14 CB -
PTB7-Th/Y6 1:1.5 25 CB -

“ CB: chlorobenzene, CF: chloroform, and oDCB: o-dichlorobenzene

Absorption spectra
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Figure S1. Steady-state absorption spectra of (a) P3HT-based and (b) PTB7-Th-based blend films.

S2



PL quenching

The P3HT/IDTBR blend showed the poor PL quenching yield, likely because of a large domain size of IDTBR
(Figure S2¢). The PTB7-Th/IDFBR blend also showed the poor PL quenching yield, likely because of a
negligible LUMO energy difference between PTB7-Th and IDFBR (data is shown in our previous report).!s"

By contrast, all the other blends exhibited >90% PL quenching yield.

a b c d
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Figure S2. PL spectra of various polymer/NFA blend films and the corresponding pristine films. The PL
intensities were corrected for differences in the absorbance at the excitation wavelengths. The PL quenching
yields were determined as the PL intensity ratio between the blend and pristine films. When the lower bandgap
material could not be selectively excited owing to a large overlap in the absorption spectra, the PL spectra of
both the donor and acceptor materials are shown (b). The PL quenching yields for the P3HT/Y6, PTB7-

Th/IDFBR, PTB7-Th/IDT-2BR, and PTB7-Th/Y6 blends were obtained from our previous work.[S!:52]
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EQE spectra
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Figure S3. EQE spectra of (a) P3HT-based and (b) PTB7-Th-based devices. The EQE spectra of the Y6-based

devices were obtained from our previous work.!S?

Marecus fitting

As shown in Figure S4, the EQE spectra of the P3HT/ITIC and P3HT/IDFBR devices exhibited clear shoulders
at lower energies, clearly indicating the photocurrent response from the CT state absorption. The CT part of a
reduced EQE can be fitted by a Gaussian function (Equation S1), where 4, ks, and T are the reorganization
energy, Boltzmann constant, and absolute temperature, respectively.[5>5*] The parameter fis proportional to
the square of the electronic coupling matrix element. From the fitting, Ecr was determined to be 1.21 and 1.33
eV for the P3HT/ITIC and P3HT/IDFBR devices, respectively. The difference in Ecr between these devices

agrees well with the difference in Epa, indicating that it is reasonable to use Epa in place of Ecr.
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Figure S4. Reduced EQE spectra of the (a) P3BHT/ITIC and (b) P3HT/IDFBR devices (grey lines). The blue

lines represent the best fitting curves obtained using a Gaussian function (Equation S1).

S4



Excitation fluence dependence
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Figure S5. Excitation fluence dependence of charge decay kinetics for (a) P3HT/ITIC, (b) PDCBT/ITIC, and

(¢) PTB7-TH/ITIC blend films. Monitoring wavelengths were (a,b) 950 nm, and (¢) 1150 nm, respectively.
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TA spectra of other blends
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Figure S6. (a) TA spectra of the P3HT/IDFBR blend film. The excitation wavelength was 550 nm with a

fluence of 4.2 pJ cm™. (b) Excitation fluence dependence of the TA signals monitored at 950 nm. The

excitation fluence was varied from 1.9 to 4.2 uJ cm ™.
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Figure S7. (a) TA spectra of the P3HT/IDTBR blend film. The excitation wavelength was 700 nm with a

fluence of 2.8 uJ cm2. (b) Excitation fluence dependence of the TA signals monitored at 1050 nm. The

excitation fluence was varied from 0.6 to 2.8 uJ cm 2.
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Figure S8. (a) TA spectra of the as-cast P3HT/Y6 blend film. The excitation wavelength was 800 nm with a

fluence of 5.5 uJ cm 2. (b) Excitation fluence dependence of the TA signals monitored at 1000 nm. The

excitation fluence was 5.5 (pink) and 2.4 (blue) pJ cm 2. The green line represents the time evolution of the

TA signals of the annealed P3HT/Y6 blend film monitored at 1000 nm with a fluence of 5.5 pJ cm ™2,
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Figure S9. (a) TA spectra of the PTB7-Th/IDFBR blend film. The excitation wavelength was 650 nm with a

fluence of 1.9 uJ cm2. (b) Excitation fluence dependence of the TA signals monitored at 1150 nm. The

excitation fluence was varied from 0.8 to 4.8 uJ cm 2.
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Figure S10. (a) TA spectra of the PTB7-Th/IDTBR blend film. The excitation wavelength was 700 nm with a
fluence of 2.8 wJ cm 2. (b) Excitation fluence dependence of the TA signals monitored at 1150 nm. The

excitation fluence was varied from 0.9 to 2.8 uJ cm ™.
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Figure S11. (a) TA spectra of the PTB7-Th/IDT-2BR blend film. The excitation wavelength was 650 nm with
fluences of 2.4 uJ cm 2. (b) Excitation fluence dependence of the TA signals monitored at 1150 nm. The

excitation fluence was varied from 0.5 to 4.7 uJ cm 2.
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Figure S12. (a) TA spectra of the PTB7-Th/IEICOA4F blend film. The excitation wavelength was 800 nm with

fluences of 1.2 uJ cm 2. (b) Excitation fluence dependence of the TA signals monitored at 1150 nm. The

excitation fluence was varied from 0.4 to 1.2 uJ cm ™.
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Figure S13. (a) TA spectra of the PTB7-Th/Y6 blend film. The excitation wavelength was 800 nm with a

fluence of 6.4 uJ cm 2. (b) Excitation fluence dependence of the TA signals monitored at 1150 nm. The

excitation fluence was varied from 0.8 to 14 pJ cm 2.
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Donor absorption in the P3HT/ITIC and PDCBT/ITIC blends

Figure S14 shows the absorption spectra of the P3HT/ITIC and PDCBT/ITIC blends as well as those of pristine
films. It is clear even without spectral decomposition that the crystallinity of P3HT in the blend film is lower
than that of PDCBT. The absorption spectrum of each donor component was obtained by subtracting the
absorption spectrum of pristine ITIC from the blend absorption spectrum after slightly blueshifting the ITIC
absorption spectrum so that the ITIC absorption peaks coincided. The extracted donor absorption spectra are
shown in Figure S15 (identical to Figure 4b). The crystallinity of PDCBT was maintained in the blend film,
whereas the characteristic absorption shoulder of P3HT at 600 nm was lost (the residual at this wavelength is

probably an artifact caused by spectral decomposition).
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Figure S14. Absorption spectra of the P3HT/ITIC and PDCBT/ITIC blends (upper panel) as well as those of

pristine films (lower panel).
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Figure S15. Extracted donor absorption spectra of the P3HT/ITIC and PDCBT/ITIC blends.
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Correlation between k- and xcp

Figure S16 shows k. of all the blend systems plotted against 7cp. We still observed a clear negative correlation
between Ay and #cp (correlation coefficient of —0.70). The PTB7-Th/IEICOA4F blend deviated from the trend.
This is probably due to an incorrect determination of #cp. #cp of this blend was determined to be ~0.33, which
is considerably lower than EQE of this device (~0.7, Figure S3), meaning that the actual xcp may be
considerably higher than 0.33. Because the TA spectra of this blend is relatively complicated, it may have been
inappropriate to simply evaluate s#cp from the decay kinetics of a single wavelength. Another possible
explanation for the considerably lower 7cp than EQE may be the presence of electric field dependence of #7cp
in the PTB7-Th/IEICOA4F blend (the blend film was held at open-circuit when measuring the TA data, whereas

EQE was measured at short-circuit condition).
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Figure S16. Nonradiative decay rate constant & plotted against charge dissociation efficiency #cp.
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