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Abstract

Bulk heterojunction (BHJ) composites show improved power conversion

efficiencies when optimized in terms of morphology using various film

processing methods. A reduced carrier recombination loss in an optimized

BHJ was characterized previously. However, the driving force that leads to this

reduction was not clearly understood. In this study, we focus on the decreased

carrier recombination loss and its driving force in optimized nonfullerene

acceptor‐based PTB7‐Th:IEICO‐4F BHJ composites. We demonstrate that the

optimized BHJ shows deactivation in the sub‐nanosecond nongeminate carrier

recombination process. The driving force for this deactivation was determined

to be the improved interchain hole delocalization between the polymers. An

enhanced interchain hole delocalization was observed using steady‐state
photoinduced absorption (PIA) spectroscopy. In particular, increased splitting

between the polaron PIA bands was noted. Moreover, improved interchain

hole delocalization was observed for other state‐of‐the‐art BHJ materials,

including D18:Y6 with optimized morphologies.
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1 | INTRODUCTION

Recently, high‐performance organic solar cells (OSCs)
were fabricated using bulk heterojunction (BHJ) compo-
sites, comprising semiconducting polymer electron donors
and small‐molecule electron acceptors, to obtain high
exciton dissociation yields by ultrafast photoinduced

electron and hole transfer processes.1–4 In BHJs, high
efficiency of carrier generation and transport is realized by
the bicontinuous network structures of the donor and
acceptor aggregates. As bicontinuous networks are created
by the self‐assembly of organics, various processing
methods for BHJ films, such as addition of processing
additives (high‐boiling‐point solvents) to a donor–acceptor
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composite solution,5,6 solvent and additive soaking,7–9

thermal annealing (TA),10 and solvent vapor annealing
(SVA),11 have been successfully performed to optimize the
morphology of BHJs. Optimization in the BHJ morphology
is known to increase the carrier mobility5–11 and decrease
the carrier recombination loss.3,4 However, the driving
factor that deactivates the carrier recombination process
was not clearly understood.

Compared to fullerene acceptor‐based BHJs, nonful-
lerene acceptor‐based BHJs are synthesized for improved
photocurrent and voltage generation by utilizing ex-
tended photoabsorption to the near‐infrared regime and
small energy gaps between the lowest unoccupied and
highest occupied molecular orbitals of the donor and the
acceptor, respectively. Consequently, these materials
showed improved power conversion efficiencies (PCEs)
of up to 19% in recent OSCs.12–17 In nonfullerene
acceptor‐based BHJs, the excitons are efficiently dissoci-
ated by ultrafast (sub‐picoseconds) electron and fast (few
picoseconds) hole transfer processes.9,18–23 However, a
drawback of the back electron transfer (BET) process in
going from the electron acceptor to the donor, that is, the
carrier recombination process, is the limited carrier
generation and transport in nonfullerene acceptor‐based
OSCs.18,19,22–28 Therefore, deactivation of this energy loss
process is important to improving PCEs.

In this work, we focused on the carrier generation
and recombination processes in a high‐performance
nonfullerene acceptor‐based BHJ, comprising the poly-
mer electron donor PTB7‐Th and the small‐molecule
nonfullerene electron acceptor IEICO‐4F, and studied
through photoinduced absorption (PIA) spectroscopy
before and after morphology optimization using a
processing additive.

In a previous study,29 the PTB7‐Th:IEICO‐4F (1:1.5)
composite showed significant improvement in its PCE
from ~9% to >12% on optimizing the BHJ morphology
through the addition of a processing additive (4 vol.%
1‐chloronaphtalene [CN]) to a chlorobenzene (CB)
solution containing PTB7‐Th and IEICO‐4F. Through
space charge‐limited current (SCLC) and grazing inci-
dence wide‐angle X‐ray scattering (GIWAXS) analyses,
Song et al.29 demonstrated that the improvement in PCE
is mainly attributed to the increased mobility of the
electron (μe of 4.56 × 10−5 to 1.48 × 10−4 cm2/Vs) and
hole (μh of 9.35 × 10−5 to 1.42 × 10−4 cm2/Vs), and
increased π–π coherent length between the acceptors.

From the time‐resolved and steady‐state PIA spectros-
copy data, we found that the enhanced PCE in the optimized
PTB7‐Th:IEICO‐4F is ascribed to the decreased carrier
recombination loss in sub‐nanoseconds after photoexcitation,
and its driving force is the carrier delocalization along the
materials. The yield of the initial exciton dissociation after

photoexcitation shows negligible changes with the incorpo-
ration of an additive. However, BET, that is, delayed carrier
recombination in sub‐nanoseconds, was deactivated because
of the improved interchain hole delocalization, as character-
ized by the shifts of the delocalized polaron PIA bands (DP1
and DP2) in the near‐ and mid‐infrared regime of the steady‐
state PIA spectra.

The systematic energy shifts in the delocalized
polaron PIA bands after the optimization of the BHJ
morphology using different film processing methods
(additive adding [AA], solvent and additive soaking,
TA, and SVA) have been observed for other state‐of‐the‐
art nonfullerene acceptor‐based BHJs (PBDB‐T:ITIC‐m,
PM6:Y6, and D18:Y6). The results demonstrate the
important role of the observed interchain hole
delocalization in various nonfullerene acceptor‐based
BHJs. Thus, our findings provide new insights for
optimizing the BHJ morphology by observing the
interchain hole delocalization using steady‐state PIA
spectroscopy.

2 | RESULTS AND DISCUSSION

The chemical structures of PTB7‐Th and IEICO‐4F,
current−voltage (J−V) characteristics, and incident‐
photon‐to‐electron conversion efficiency (IPCE) spectra
of the devices fabricated using pristine and CN‐treated
PTB7‐Th:IEICO‐4F (1:1.5) BHJ films are shown in
Figure 1A,B. To evaluate these materials, we fabricated
inverted OSCs, comprising indium–tin–oxide (ITO)/
ZnO/BHJ/MoOx/Ag, and following details can be seen
in previous publication (Supporting Information).29 The
CN‐treated cell showed improved device parameters
(PCE, fill factor [FF], short circuit current [Jsc], and
open‐circuit voltage [Voc] of 12.7%, 70%, 25.8 mA/cm2,
and 0.706 V, respectively), compared with those of the
pristine cell (PCE, FF, Jsc, and Voc of 8.4%, 54%, 20.8 mA/
cm2, and 0.740 V, respectively), resulting in the enhanced
photocurrent over the entire photoabsorption spectral
range of 300–1000 nm. In addition, the device parameters
of the CN‐treated cell are consistent with previous results
(PCE, FF, Jsc, and Voc of 12.8%, 66%, 26.8 mA/cm2, and
0.712 V, respectively).29 The larger grain size distribution
of the CN‐treated BHJ than that of the pristine BHJ was
also observed (Figure S1).

The steady‐state absorption and photoluminescence
(PL) spectra of the PTB7‐Th, IEICO‐4F, pristine, and
CN‐treated BHJ films are shown in Figure 1C. To
characterize the exciton dissociation yields, we plotted the
PL spectra after dividing their intensities by the absorption
intensity at the excitation wavelength of 532 nm. In the
BHJ, the PLs of PTB7‐Th and IEICO‐4F are quenched by
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~99% and ~96%, respectively, regardless of the CN
treatment. This indicates the efficient and consistent
exciton dissociation yields in the pristine and CN‐treated
BHJ films after photoexcitation.

To characterize the carrier generation and recom
bination processes, we measured the time‐resolved PIA
spectra and decay profiles of the PTB7‐Th, IEICO‐4F,
pristine, and CN‐treated BHJ films after photoexcitation at
630 nm, for example, pumping of the polymer and the

acceptor (Figures 2 and 3). The data were obtained at a low
pump light intensity of <2 μJ/cm2, which does not cause
bimolecular carrier annealing. The rise times, decay times,
and relative amplitudes obtained from exponentially fitting
the decay are listed in Table 1. At 1050 nm, PTB7‐Th
showed two time‐decay components of 120 and 850 ps. The
120‐ps component is attributed to the singlet exciton state
of PTB7‐Th based on the comparable decay times observed
from the PL decay measurement (Figure S2). The 850‐ps

(A)

(B)

(C)

FIGURE 1 Device, absorption, and PL characteristics of the film. (A) Molecular structures of PTB7‐Th and IEICO‐4F, (B)
current–voltage (J–V) and IPCE plots for the OSCs fabricated using pristine and CN‐treated PTB7‐Th:IEICO‐4F films, and (C) absorption
and PL spectra of the PTB7‐Th, IEICO‐4F, pristine, and CN‐treated PTB7‐Th:IEICO‐4F films. The PL spectra are plotted after dividing their
intensities by the absorption intensity at the excitation wavelength of 532 nm. CN, 1‐chloronaphtalene; IPCE, incident‐photon‐to‐electron
conversion efficiency; OSC, organic solar cell; PL, photoluminescence.
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component can be ascribed to the nonemissive polaron
state of PTB7‐Th. At 1050 nm, IEICO‐4F showed a time‐
decay component of 180 ps, which is comparable with that
observed from the PL decay measurement and attributed to
the singlet exciton state of IEICO‐4F (Figure S2).

The PIA spectra of the BHJ film showed two distinct
PIA bands at ~950 and ~1150 nm (third panel in
Figure 2). The initial 1‐ps PIA band at ~1150 nm is
consistent in shape with that observed in IEICO‐4F,
indicating its singlet exciton state. In contrast, the PIA
band at ~950 nm is characteristic to PTB7‐Th:IEICO‐4F.
By fitting the decay at 1120 nm, we observed the hole
transfer times of 10 (46%) and 50 (10%) ps for the
pristine BHJ film, and 10 (55%) and 36 (15%) ps for the

CN‐treated BHJ film. During fitting, we used the time‐
decay components of 50 and 36 ps, which were observed
from the PL decay measurement of the BHJ films
(Figure S2). By obtaining the weight average of the
time‐decay components of 10, 36, and 50 ps, we
calculated average hole transfer times of 17 and 16 ps
for the pristine and CN‐treated BHJ films, respectively.
The observed similarity in the hole transfer time
corresponds well with the consistent exciton dissocia-
tion yield of 96%, which was characterized by PL
spectroscopy (Figure 1C). By fitting the decay at
1120 nm, the BHJ films showed PIA with a constant
magnitude of more than 1 ns, which is a characteristic
of long‐lived mobile polarons.

FIGURE 2 Time‐resolved PIA spectra of the
PTB7‐Th, IEICO‐4F, pristine, and CN‐treated
PTB7‐Th:IEICO‐4F films. The pump wavelength
was 630 nm, and the intensity was <2 µJ/cm2.
The PTB7‐Th data were adopted from Oh et al.19

CN, 1‐chloronaphtalene; PIA, photoinduced
absorption.
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FIGURE 3 PIA decay profiles of the PTB7‐Th, IEICO‐4F, pristine, and CN‐treated PTB7‐Th:IEICO‐4F films. The probe wavelengths are
indicated in each panel. The pump wavelength was 630 nm, and the intensity was <2 µJ/cm2. The inset of each panel shows the signal
decays at a short time scale. CN, 1‐chloronaphtalene; PIA, photoinduced absorption.
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The ultrafast electron transfer in the BHJ films was
characterized by transient absorption anisotropy
(TAA) (Figure S3). That the TAA of the BHJ films
pumped at 630 nm and probed at 1050 nm showed
ultrafast time decay t1 of ~265 fs. In contrast, the TAA
of PTB7‐Th and IEICO‐4F showed a time decay t1 of
~460 and ~160 fs, respectively. The observed decrease
in the decay time from 460 to 265 fs indicates the
ultrafast electron transfer from PTB7‐Th to IEICO‐4F
after photoexcitation.

By fitting the 930‐nm PIA decay of the pristine BHJ
film, we determined the signal rise and decay with a
time component of ~10 and ~250 ps, respectively. The
time‐decay component of 250 ps was systematically
reduced to 72 ps by increasing the pump light intensity
in the range of 2–20 μJ/cm2 (Figure S4). The char-
acteristics of the slow PIA rise, sub‐nanosecond PIA
decay, and strong PIA decay time dependence on the
pump light intensity are consistent with those of other
nonfullerene‐acceptor‐based BHJs (PBDB‐T:ITIC‐m
and PTB7‐Th:COi8DFIC), where these characteristics
were attributed to the nongeminate charge‐transferred
(CT) states.18,19 In addition, Lee et al.30 recently
demonstrated that the 950‐nm PIA band in PTB7‐
Th:IEICO‐4F is ascribed to the bound polaron pairs

generated at the interface of the polymer and acceptor
networks. This interpretation is based on the disap-
pearance of this band in ternary PTB7‐Th:IEICO‐
4F:PCBM composites, where PCBM is believed to
decrease the interface area between PTB7‐Th and
IEICO‐4F. In this work, we attributed the 950‐nm
PIA band to the nongeminate CT states composed of
bound polaron pairs generated at the interface of the
polymer and acceptor networks after photoexcitation
and charge migration. Considering the short decay
time of 250 ps, the 950‐nm PIA band represents prompt
carrier recombination after photoexcitation and charge
migration.

Compared to the pristine BHJ film, the CN‐treated
BHJ film shows a drastic decrease in the relative
amplitude of the 950‐nm PIA band, resulting in a
stimulated emission at ~950 nm (dotted circles in
Figure 2). The PIA decays at 930 and 995 nm in the
pristine and CN‐treated BHJ films also showed a
decreased relative amplitude of the 250‐ps time‐decay
component. The decrease in the relative amplitude of the
950‐nm PIA band in the CN‐treated BHJ film corre-
sponds with the significant decrease in the carrier
recombination loss after photoexcitation and charge
migration, which led to an improvement in Jsc and FF
(Figure 1B).

To determine the driving factor for the decreasing
carrier recombination loss in the CN‐treated BHJ film,
we measured the steady‐state PIA spectra in the near‐
and mid‐infrared regimes obtained at room temperature
and −190°C (83 K), respectively. As shown in Figure 4,
the BHJ films had two distinct PIA bands at the low‐
(0.1–0.4 eV) and high‐ (0.8–1.2 eV) energy regimes.
During the transition from pristine to CN‐treated BHJ
films, red and blue shifts of the low‐ and high‐energy PIA
band were observed, respectively. Based on the previous
PIA band assignments in the rrP3HT by Österbacka
et al.,31 we could analyze the mechanism for these band
shifts. The heterogeneity in the morphology of rrP3HT
results in its multiple PIA transition bands. Among these,
the PIA transition bands in the near‐ and mid‐infrared
regime, denoted P2 and P1, respectively, are attributed to
the interband and intraband transitions between the
polaron energy states, as shown in Scheme 1. In the
transition from the disordered to ordered morphology in
rrP3HT, the high‐ and low‐energy PIA band is blue‐ and
red‐shifted, respectively, because of the interchain
coupling between the polaron energy states and dipole‐
allowed optical transitions, thereby achieving delocalized
polaron PIA bands DP2 and DP1, respectively.

31 There-
fore, the red and blue shifts in the low‐ and high‐energy
PIA bands in Figure 4, which are comparable to those of
Österbacka et al.,31 denote the improved interchain

TABLE 1 PIA decay parameters of the PTB7‐Th, IEICO‐4F,
pristine, and CN‐treated PTB7‐Th:IEICO‐4F BHJ filmsa

Probe wavelength
(nm)

Fitted decay times (ps)

τ1 τ2 τ3

PTB7‐Th

1050 120 (25%) 850 (75%)

IEICO‐4F

1050 180 (100%)

Pristine PTB7‐Th:IEICO‐4F

930 10 rise 250 (75%) >1000 (25%)

1120 10 (46%) 50 (10%) >1000 (44%)

CN‐treated PTB7‐Th:IEICO‐4F

995 10 rise 250 (53%) >1000 (47%)

1120 10 (55%) 36 (15%) >1000 (30%)

Abbreviations: CN, 1‐chloronaphtalene; PIA, photoinduced absorption.
aA pump wavelength of 630 nm and an intensity of <2 µJ/cm2 were used.
The time decay constants were obtained by deconvoluting the measured
signal decay from the pump beam time profile (characterized by a full‐width
at half‐maximum of ~150 fs) and fitting to a sum of the exponential terms,
that is, ΔOD(t) =A1 exp(−t/τ1) +A2 exp(−t/τ2) +A3 exp(−t/τ3), where ΔOD
(t) is the time‐dependent transient absorption intensity, A is the amplitude
(normalized percentage [Ai/(|A1| + |A2| + |A3|) × 100]), and τ is the fitted
decay time.
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coupling between the polaron energy states and interchain
polaron delocalization. Considering the efficient hole
transfer process from the acceptor to the polymer after
photoexcitation, the polarons observed in Figure 4 are
assumed to be holes. Thus, the improved interchain hole
delocalization decreased the carrier recombination loss
through two competing processes, namely, the interchain
hole delocalization along the polymer networks and hole
transfer to the bound polaron pair state at the interface of
the polymer and acceptor networks, as shown in
Scheme 1. We note that, despite previous reports on

polaron delocalization in fullerene‐based BHJs through
electrochemically induced absorption spectroscopy,32 elec-
tron nuclear double resonance spectroscopy,33 and tran-
sient absorption‐decay profiles using three pulses,34 the
increased interchain hole delocalization observed by PIA
spectroscopy in nonfullerene acceptor‐based BHJs in this
work is novel.

Previous SCLC measurement of CN‐treated PTB7‐
Th:IEICO‐4F showed enhanced electron and hole
mobility. However, the GIWAXS result did not show an
increased π–π coherent length between the polymers.29

The broad band characteristics in the GIWAXS spectra
may cause difficulty in observing subtle changes in
polymer stacking. Nonetheless, the PIA spectra in
Figure 4 clearly indicate the enhanced interchain hole
delocalization by CN treatment, which is in good
agreement with the SCLC results.

To calculate the transition energy between the
polaron energy states, we performed Gaussian band
fitting for the mid‐infrared PIA spectra (Figure S5). Using
four Gaussian functions, including two infrared active
vibration dips35 at 0.15 and 0.19 eV and a PIA band at
~0.4 eV, we determined DP1 transition energies of 0.18
and 0.11 eV for the pristine and CN‐treated BHJ films,
respectively. The PIA band at ~0.4 eV may be attributed
to an intrachain P1 transition, as reported by Kahmann
et al.36 Using a band gap of 1.5 eV, and DP1 transition
energies of 0.18 and 0.11 eV, we calculated DP2 transition
energies of 1.28 and 1.14 eV in the pristine and
CN‐treated BHJ films, respectively, as indicated in
Scheme 1.31 These calculated DP2 transition energies
are larger than the DP2 peak positions in Figure 4. This
discrepancy can be attributed to the huge difference in
the signal intensity of the PIA and photobleaching (PB)
bands. The significantly larger PB bands at 1.3–1.4 eV
may decrease the DP2 PIA band intensity at >1.2 eV,

FIGURE 4 Steady‐state PIA spectra of PTB7‐Th:IEICO‐4F. The
near‐to‐mid‐infrared regime of the PIA spectra was measured before
and after the CN treatment on the PTB7‐Th:IEICO‐4F BHJ film.
The pump wavelength was 532 nm, and the intensity was ~100mW.
The PIA spectra in the near‐ (0.7–1.2 eV) and mid‐infrared
(0.1–0.7 eV) regimes were obtained at room temperature and
−190°C (83 K), respectively. CN, 1‐chloronaphtalene; PIA,
photoinduced absorption.

SCHEME 1 Energy diagram and
schematic of the processes: (a) interchain
hole delocalization and (b) nongeminate
carrier recombination in PTB7‐Th:IEICO‐4F.
The intraband and interband transition
energies of the hole polarons, denoted DP1
and DP2, respectively, were obtained from
the measurement of the steady‐state PIA
spectra. CN, 1‐chloronaphtalene; PIA,
photoinduced absorption.
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FIGURE 5 Steady‐state PIA spectra of the state of‐the art BHJ materials. The near‐infrared regime PIA spectra of the PBDB‐T:ITIC‐m,
PM6:Y6, and D18:Y6 films after the optimization of their BHJ morphologies using various film processing methods were obtained. The
pump wavelength was 532 nm, and the intensity was ~100mW. AA, additive adding; BHJ, bulk heterojunction; CF, chloroform; CN,
1‐chloronaphtalene; PAS, postadditive soaking; PIA, photoinduced absorption; SVA, solvent vapor annealing; TA, thermal annealing.
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thereby shifting the PIA peaks to a lower energy, as
shown in Figure S6.

To investigate the impact of the interchain hole
delocalization on the nonfullerene acceptor‐based BHJs,
we measured the steady‐state PIA spectra for other state‐
of‐the‐art nonfullerene acceptor‐based BHJs, namely,
PBDB‐T:ITIC‐m, PM6:Y6, and D18:Y6. When optimizing
the BHJ morphologies using different film processing
methods, such as additive soaking for PBDB‐T:ITIC‐m,9

AA and TA for PM6:Y6,37 and SVA for D18:Y6,38 the high‐
energy DP2 PIA bands at the near‐infrared regime showed
a blue shift (Figure 5). This indicates the important role of
interchain hole delocalization in the optimal performance
of nonfullerene acceptor‐based BHJs, which can
deactivate the carrier recombination loss processes after
photoexcitation and charge migration.

Inspired by the effects of interchain hole
delocalization in improving the PCE, we attempted to
determine a larger blue shift of the DP2 PIA band for the
best‐efficiency D18:Y6 by scanning solvent additives in
the postadditive soaking (PAS) treatment.9 The PAS‐
treated D18:Y6 with 0.1 vol.% CN showed a larger blue
shift of the DP2 PIA band than that with conventional
SVA (bottom panel in Figure 5). Subsequently, we
fabricated an OSC with higher efficiency, as shown in
Figure 6. The pristine and SVA‐treated D18:Y6 showed
lower PCEs than those in the literature owing to the
device optimization and batch‐to‐batch dependence of
the material syntheses.38 However, the 0.1 vol.% CN
PAS‐treated D18:Y6 showed improved device parame-
ters (PCE, FF, Jsc, and Voc of 17.88%, 76.45%, 27.23 mA/
cm2, and 0.86 V, respectively) than the control devices
(PCE, FF, Jsc, and Voc of 15.87%, 73.70%, 25.12 mA/cm2,
and 0.86 V for the pristine BHJ; and 16.59%, 73.01%,
26.66 mA/cm2, and 0.85 V for the SVA‐treated BHJ,
respectively). This indicates that observing the infrared
regime of the PIA spectra of nonfullerene acceptor‐
based BHJs is useful for improving their efficiency. We
note that the film surface morphologies of the pristine
and CN PAS‐treated D18:Y6 do not show significant
changes, as shown in Figure S7. Future studies will be
focused on detailed characterization of PAS‐treated
D18:Y6 OSCs.

3 | CONCLUSION

In summary, from comparison of the ultrafast PIA
spectroscopy data of pristine and CN‐treated PTB7‐
Th:IEICO‐4F BHJ films, we determined the nongeminate
carrier recombination loss at the interface of the polymer
and acceptor networks after photoexcitation and charge
migration. Further, this loss was characterized by the
decay time of ~250 ps, which was significantly deactivated
by optimizing the BHJ morphology. From the steady‐state
PIA spectra in the near‐ to mid‐infrared regime, the
interchain hole delocalization between the polymers was
drastically activated by optimizing the BHJ morphology,
as confirmed by the blue and red shifts in the high‐ and
low‐energy polaron PIA bands DP2 and DP1, respectively.
Subsequently, we demonstrated that the decrease in the
carrier recombination loss is promoted by the enhanced
interchain hole delocalization. In principle, the hole
polarons generated after photoexcitation and charge
migration alternatively moved into the bulk polymer
networks or onto the interfacial bound polaron pair state.
Therefore, the improved interchain hole delocalization
reduced the carrier recombination loss at the interface.
This was also observed for other state‐of‐the‐art BHJ

(A)

(B)

FIGURE 6 Device performance of the OSCs fabricated using
D18:Y6. (A) Current–voltage (J− V) and (B) IPCE plots for the
OSCs fabricated using pristine, SVA CF‐treated, and PAS (0.1 vol.%
CN)‐treated D18:Y6 films. CF, chloroform; IPCE, incident‐
photon‐to‐electron conversion efficiency; OSC, organic solar cell;
PAS, postadditive soaking; SVA, solvent vapor annealing.
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materials (PBDB‐T:ITIC‐m, PM6:Y6, and D18:Y6) after
optimizing their morphologies using different film proces-
sing methods. Thus, the critical role of interchain hole
delocalization in nonfullerene acceptor‐based BHJs was
demonstrated. Finally, the PCE of D18:Y6‐based OSCs
was further increased by blue‐shifting the DP2 PIA band
using 0.1 vol.% CN with PAS treatment, indicating that
observing the PIA spectra is useful for finding better BHJ
morphology.
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