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A B S T R A C T

Organic photovoltaics (OPVs) are at the forefront of renewable energy innovation due to their lightweight, 
flexible, and scalable properties. This review explores recent advancements in OPV researches, focusing on the 
intricate interplay of electronic and nuclear interactions that govern exciton behavior, charge separation, and 
transport mechanisms. By integrating theoretical insights with experimental findings, this review emphasizes the 
critical role of non-fullerene acceptors and advanced material design strategies in optimizing structure-property- 
function relationships. The application of machine learning is also highlighted as a transformative tool for 
correlating experimental data with device performance, enabling predictive frameworks for OPV development. 
Key breakthroughs in understanding charge carrier dynamics, interfacial interactions, and mobility relaxation 
provide a pathway for next-generation OPVs with enhanced power conversion efficiencies. These insights not 
only advance OPV technology but also hold promise for broader applications in organic optoelectronics.

1. Introduction

Organic photovoltaics (OPVs) have gained attention as promising 
next-generation energy sources owing to their advantages such as flex
ibility, light weight, large-area production, and compatibility with 
printing techniques [1,2]. The active layers of OPVs typically consist of 
donor (D) and acceptor (A), forming a bulk heterojunction (BHJ) 
structure. Although OPVs have achieved high power conversion effi
ciencies (PCEs) above 18 % [3,4], further innovations to increase PCEs 
are needed to make them suitable for social implementation. Typical 
OPVs convert sunlight into electric current through four main steps: (i) 
light absorption in the active layer, generating tightly bound excitons; 
(ii) exciton diffusion to D:A interfaces; (iii) exciton dissociation at the 
interface into charge-transfer (CT) states that further separate into free 
holes and electrons (i.e., charge-separated (CS) state); and (iv) charge 
transport through the donor and acceptor domains to the anode and 
cathode electrodes, respectively. Therefore, understanding and con
trolling these charge-carrier mechanisms are crucial for the develop
ment of OPVs. However, for the further enhancement of organic device 
performance, it is becoming increasingly important to understand ex
citons not only in terms of the conventional locally excited (LE) state but 

also with the contribution of CS and CT states. To distinguish these states 
from conventional excitons, the term "dynamic excitons" has recently 
been proposed [5].

In this review, we summarize recent trends toward highly efficient 
OPVs with a focus on key factors influencing excitons including CT 
(ranging from 0 % to 100 %), spin multiplicity, and D:A interactions (i. 
e., electronic coupling). This review consists of (1) introduction, (2) 
theoretical studies, (3) dye-sensitized solar cell (4) development of novel 
organic semiconductor materials for OPVs, (5) evaluation of OPV de
vices, (6) application of machine learning, and (7) conclusion.

2. Theoretical studies

In OPVs, the mechanism by which free electrons and holes are 
generated by overcoming the Coulomb attraction remains a subject of 
extensive debate. To investigate this process at the molecular level, 
Tamura and Burghardt conducted a combined electronic structure and 
quantum dynamics analysis, capturing the fundamental steps from 
exciton dissociation to free carrier generation at polymer-fullerene D:A 
heterojunctions [6]. Their calculations reveal that the experimentally 
observed efficient charge separation arises from two key effects. First, 
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charge delocalization significantly lowers the Coulomb barrier. Second, 
the vibronically hot nature of the charge-transfer state enhances charge 
dissociation beyond the barrier (Fig. 1). Together, these effects facilitate 
ultrafast charge separation, even at low-band-offset heterojunctions.

Exciton dissociation into free electron carriers is essential for effi
cient current generation in OPVs. Two mechanisms for this process are 
proposed: the "Cool process," where excitons relax to the CT state before 
thermally unbinding to the CS state, and the "Hot process," where exci
tons bypass the CT state and directly generate free charges at the D:A 
interface (Fig. 2) [7,8]. Muraoka et al. reported that the Frenkel exciton 
generated on the D side becomes a charge-transfer exciton at the 
interface, and the exciton size, that is, the electron-hole distance, cor
relates with the photoelectric conversion efficiency [9]. The 
charge-transfer exciton at the initial stage of formation is considered to 

be a weakly bound electron-hole polaron pair, and the process of its 
dissociation into a free electron polaron and a hole polaron without 
relaxation to the CT state is predicted to correspond to the Hot process. 
Therefore, the selection factor for the Cool process and Hot process is a 
non-adiabatic process owing to vibrational interactions in the initial 
charge-transfer excitonic state.

No consensus has been reached regarding the exact mechanism of 
CS. Yu et al. suggested that changes in the dipole moment during the 
intramolecular charge transfer of donor molecules (ΔμD) are important 
for efficient charge generation, and that the internal dipole moment 
along the polymer chain is important for the maintenance of pseudo- 
charge transfer [10]. However, the role of dipole moment variation in 
efficient charge generation is unclear. In this situation, identifying de
scriptors to quantify the effectiveness of CS is necessary for further 
development of OPVs. Muraoka et al. focused on the amount of charge 
transfer (ΔQ), charge transfer distance (dCT), and change in dipole 
moment between the ground and excited states of the D:A complex (ΔμD: 

A). These descriptors can be easily calculated using the widely used 
density functional theory (DFT) and time-dependent DFT (TD-DFT), and 
the correlation between ΔQ, dCT [11,12], ΔμD:A and the CS efficiency can 
be numerically determined. A heterojunction model using three π-con
jugated polymers (PTB7, PTB1, and PTBF2) as donors and [6,6]-phe
nyl-C71-butyric acid methyl ester (PC71BM) as an acceptor was analyzed 
for CT characteristics (Fig. 3) [9]. The polymers exhibited different 
short-circuit current densities (JSC), external quantum efficiency (EQE), 
with PTB7 having the highest JSC (Table 1). Calculations revealed that 
charge transfer between the donor and acceptor decreased as JSC 
decreased. Although ΔQ was similar across all polymers, dCT of PTB7: 
PC71BM was significantly longer than that of PTBF2:PC71BM and PTBF2: 
PC71BM, correlating with its higher JSC and more effective CS. These 
results indicate that the design of D:A interfaces with large values of ΔQ, 
dCT, and ΔμD:A is a prerequisite for developing high-efficiency polymer: 
PC71BM solar cells.

To elucidate the dynamic processes of excitons at the D:A interface in 
OPVs based on a nonfullerene acceptor (NFA) (Fig. 4), Muraoka et al. 
elucidated the role of oscillatory interactions in the CT excitonic state, 
JSC and electron-hole recombination in the selection of Cool and Hot 
processes in the D:A system (PTB7:BTAx (x = 1, 3)) using TD-DFT [13]. 
Fig. 5 shows the potential surfaces of the ground and excited states of D: 
A. The vertical transition from the ground-state AG to the excited-state 
AE produces D:A local or CT-type excitations in the D:A; AE is a 
Frenkel-type exciton produced in the donor, corresponding to a 
Wannier-type exciton at the D:A interface; and BE is a structurally 
relaxed CT state with a pair of electron and hole polarons. The charge 

Fig. 1. Concept of charge separation enhanced by the vibronically hot CT 
mechanism. The excess energy of exciton leads to vibrational excitations in the 
CT state, and charge separation can occur before relaxation of the vibrational 
energy. Adapted with permission of [6]. Copyrights 2013 American Chemi
cal Society.

Fig. 2. Energetics of relevant states at D:A interfaces.
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transfer distance in the CT (BE) state is longer in PTB7:BTA1 because of 
the CT relaxation in BE, which is vertically excited from the AG through 
the AE and then relaxed. This phenomenon indicates that the exciton size 
is larger because of the weaker Coulomb force, indicating that BTA1 is 
more likely to become a free carrier when relaxed to the CT state. Thus, 
the structural relaxation to the CT state may promote the formation of 

free carriers by the thermal dissociation of excitons.
To analyze the dynamic process in the CT state, Franck-Condon 

simulations were used to obtain the Huang-Rhys (HR) factor [14] and 
assess the nonadiabatic process owing to the vibronic interaction. As 
shown in Fig. 6, in the BE→S0 process, PTB7:BTA1 exhibited a stronger 
HR factor at low frequencies, whereas PTB7:BTA3 exhibited a stronger 
HR factor at high frequencies. In the BE→S0 process, PTB7:BTA1 has 
in-plane and out-of-plane low-frequency side-chain vibrations of the 
acceptor, whereas PTB7:BTA3 shows strong in-plane vibrations of the 
donor. According to Fermi’s golden rule, lower frequencies increase the 
density of states and thus the higher the transition probability, that is, 
the more likely non-adiabatic processes. Thus, according to the HR 
analysis, the AE in PTB7:BTA1 is more prone to nonradiative recombi
nation, resulting in a lower JSC compared to PTB7:BTA3. This suggests 
that PTB7:BTA1 underwent nonradiative relaxation in the CT state, 
contributing to its higher open-circuit voltages (VOC) loss.

Computational simulations, particularly non-adiabatic molecular 
dynamics (NA-MD), are valuable for analyzing exciton dynamics in 
OPVs. NA-MD combines quantum mechanical treatment of excited 
states with classical mechanics for nuclear dynamics, but faces high 
computational costs, especially for large molecular systems of OPVs 
(~102 atoms). Uratani et al. developed a new NA-MD technique to treat 

Fig. 3. Chemical structures of (a) PTB7, (b) PTB1, (c) PTBF2 and (d) PC71BM. Reprinted with permission of [9]. Copyrights 2018 The Royal Chemical Society.

Table 1 
Comparison of JSC and EQE measured experimentally with key charge transfer 
parameters, including the amount of transferred charge (ΔQ), charge transfer 
distance (dCT), and the variation of the dipole moments between the ground and 
excited states of the D/A complexes (ΔμD/A). Data are presented for PTB7/ 
PC71BM, PTB1/PC71BM, and PTBF2/PC71BM systems. Reprinted with permis
sion of [9]. Copyrights 2018 The Royal Chemical Society.

PTB7/PC71BM PTB1/PC71BM PTBF2:PC71BM

JSC (mA/cm2) 14.5 14.1 11.1
EQE (%)a) 65–70 55–60 ~45
ΔQ 0.552 0.497 0.467
dCT (Å) 1.020 0.418 0.202
ΔμD:A (Debye) 2.707 0.999 0.453

a) EQEs at absorption wavelengths of the polymer donors from 600 to 675 nm.

Fig. 4. Chemical structures of BTA1 and BTA3.
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exciton dynamics in large systems with reasonable computational costs 
[15]. The method uses an approximate quantum chemical calculation 
technique (density functional tight binding (DFTB)) and exploits spatial 
locality in the DFTB formulation to treat spatially large systems without 
an explosive increase in the computational cost with the system size. In 
addition, efforts have been made to incorporate the effect of spin-orbit 

coupling [16]. Using this NA-MD method, the charge separation pro
cess at the interface between P3HT and [6,6]-phenyl-C61-butyric acid 
methyl ester (PC61BM) was successfully visualized and detailed analyses 
were performed, focusing on the effect of structural disorder at the 
interface (Fig. 7) [17]. First, the atomistic structure of the disordered 
P3HT(crystal):PC61BM(amorphous) interface (Fig. 7a) was constructed 
via MD calculations using the NPT ensemble (GROMACS/GAFF). Sub
sequently, a local structural model (Fig. 7b) was extracted from the 
obtained interface structure and used in the following NA-MD simula
tions. At the beginning of the NA-MD simulation, the system was elec
tronically excited by applying an oscillating electric field mimicking a 
light pulse (Fig. 7c), whose frequency was resonant with the excitation 
of P3HT (Fig. 7d). The time trace of the hole/electron densities is shown 
in Fig. 8, which provides an intuitive picture of exciton dynamics. At 100 
fs, the entire P3HT region was positively charged (yellow) and a part of 
the PC61BM region was negatively charged (blue), indicating charge 
separation. After hundreds of femtoseconds (e.g., 500 fs), the negative 
charge diffused over the entire PC61BM region. The quantitative time 
traces of P3HT and PC61BM partial charges were obtained from the 
simulations. The simulations with considering the effect of the nuclear 
motion, suggested the progress of the charge separation within ~102 fs 
(Fig. 9a). When the effect of the nuclear motion was neglected (Fig. 9b), 
no significant charge separation was observed. These results indicate 
that nuclear motion plays a key role in charge separation in this system. 
The analyses in ref. [17] indicated that nuclear motion modulates the 
LUMO energy levels of P3HT to coincide with those of the neighboring 
acceptor molecules, thus facilitating electron transfer from the excited 
P3HT to PC61BM. This method has broad potential applications in 

Fig. 5. Potential energy diagram of the ground and excited states of the D:A 
complex. AG → AE is the donor or acceptor of LE. BE is the relaxed electron-hole 
polar on paired CT state. Reprinted from [13]. Copyrights 2023 AIP Publishing.

Fig. 6. The HR factor and with BE → S0 process in (a) PTB7:BTA1 and (b) PTB7:BTA3, and normal mode vibration with BE → S0 process in (c) 31 cm− 1 in PTB7:BTA1 
and (d) 1353 cm− 1 in PTB7:BTA3. Adapted from [13]. Copyrights 2023 AIP Publishing.
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photochemical phenomena such as photoinduced phase transitions 
[18].

3. Dye-sensitized solar cell

Two types of device architectures have been developed for organic 
solar cells: dye-sensitized solar cells (DSSC) and OPVs. In this review, 
thin-film OPVs will be focused on; however, before delivering the details 
of OPVs, an example of a DSSC related to dynamic excitons will be 
discussed. Higashino and Imahori et al. synthesized triarylamine (TAA)- 
appended gold(III) corrole dye TAA-AuCor (Fig. 10) [19]. DSSC with 

TAA-AuCor using the I3–/I– redox shuttle exhibited a higher PCE than 
those with the reference dye AuCor without the TAA moiety. They 
clearly demonstrated that intramolecular electron transfer from the TAA 
moiety to the corrole radical cation can compete with charge recombi
nation to realize a long-lived charge-separated state TAA•+-Cor/TiO2

•–. 
Consequently, the introduction of the TAA moiety effectively suppressed 
the undesirable charge recombination from an electron in the conduc
tion band (CB) of TiO2 to the dye radical cation and enhanced the PCE 
(Fig. 11).

Fig. 7. (a) P3HT:PC61BM interface constructed using classical MD. (b) P3HT:PC61BM interface model used in the dynamics simulations, extracted from the MD- 
generated structure. The model consists of two P3HT molecules and 16 PC61BM molecules, totaling 1912 atoms. (c) Time-dependent evolution of electric field 
ϵ(t) for ℏω = 1.47 eV. (d) Spectral densities of applied laser pulses for ω = 1.47, 1.71, and 1.96 eV. Reprinted from Ref. [17]. Copyrights 2023 American Chemi
cal Society.

Fig. 8. Snapshots of the simulated hole (yellow) and electron (blue) densities.

Y. Ie and H. Yamada                                                                                                                                                                                                                          
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4. Development of novel organic semiconductor materials for 
OPVs

A photon-to-electron conversion process in OPVs is relies on the 
synergetic interplay of multiple materials. Consequently, the design of 
OPV materials is multifaced, requiring careful balance of various factors 
influencing the overall photovoltaic process. In 2017, Suzuki, 
Nakayama, Yamada et al. reported a series of diketopyrrolopyrrole 
(DPP)-tetrabenzoporphyrin (BP) conjugates, designated as Cn-DPP− BP 
(n = 4, 6, 8, or 10, depending on the alkyl chain length on the DPP unit), 
as donor materials in BHJ OPVs, using PC61BM as the acceptor (Fig. 12) 
[20]. A comparative study revealed that the PCE of these systems was 
strongly influenced by the alkyl chain length of the DPP moiety. As the 
chain length increased, JSC decreased from 15.2 (n = 4) to 
0.88 mA cm− 2 (n = 10), while PCE dropped from 5.2 % to 0.19 % 
(Fig. 13). Two-dimensional grazing incidence wide-angle X-ray 

diffractometry (2D-GIWAXD) indicated that the C4-DPP-BP molecule 
predominantly adopts a face-on geometry on the substrate, as illustrated 
in Fig. 14 [20,21]. Notably, the bottom section of Fig. 14 provides a 
schematic representation of the local aggregate structures. Atomic force 
microscopy further confirmed that the aggregates had a grain size of 
approximately 100 nm or smaller, facilitating efficient exciton migra
tion and charge transport. In contrast, incorporating an n-decyl (C10) 
group into the DPP unit led to an edge-on molecular orientation and the 
formation of micrometer-sized aggregates. Remarkably, the molecular 
orientation in Cn-DPP–BP neat films exhibited a drastic change only by 
altering the alkyl-chain length. A possible explanation for this phe
nomenon is the molecular aspect ratio, as suggested by Chen et al.[22, 
23] and Bazan et al. [24,25]

The small molecular BHJ OPVs were suitable to study the dynamic 
exciton mechanism of OPVs in detail. Ohta et al. used time-resolved THz 
spectroscopy to investigate the charge-carrier dynamics of C4-DPP-BP: 

Fig. 9. Time-trace of the donor (P3HT) and acceptor (PC61BM) Mulliken charges. (a) With including nuclear motion. (b) With nuclei fixed. Reprinted from Ref. [17]. 
Copyrights 2023 American Chemical Society.

Fig. 10. Chemical structures.

Fig. 11. Schematic representation of electron transfer processes for flat planar dyes with multiple anchoring groups. Intramolecular electron transfer from the donor 
moiety to the oxidized dye can inhibit undesirable charge recombination to enhance PCE. Adapted from Ref. [19]. Copyrights 2024 Wiley-VCH.
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Fig. 12. Chemical structure of Cn-DPP–BPs and PC61BM.

Fig. 13. (a) J–V curves and (b) EQE spectra of the best-performing BHJ cells. Measurements were conducted under AM1.5 G illumination at 100 mW cm− 2. 
Reprinted from [20]. Copyrights 2017 The Royal Chemical Society.

Fig. 14. 2D-GIWAXD images (top) and schematic aggregation orientation illustration (bottom) of (a) C4-DPP-BP, (b) C10-DPP-BP, (c) C4-DPP-BP:PC61BM, and (d) 
C10-DPP-BP:PC61BM films. Reprinted from [21]. Copyrights 2022, American Chemical Society.
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PC61BM BHJ thin films [26–28]. For an excitation fluence of 540 
μJ/cm2, the decay time constants of the time-resolved THz signals are 
0.5 and 14 ps, which result from the relaxation of the bound polaron pair 
(Fig. 15). The amplitude of the sub-picosecond decay in the 
time-resolved THz signal is sensitive to the fluence of the optical exci
tation pulse and this decaying component at a higher fluence was 
considered to originate from polaron pair annihilation. They also　 

compared the charge-carrier dynamics of C10-DPP-BP:PC61BM and 
C4-DPP-BP:PC61BM based BHJ films [28]. In contrast to the difference in 
PCE mentioned above, the product of carrier mobility and the yield of 
the photogenerated charge carriers are similar to each other. This sim
ilarity can be attributed to the distinct properties of the local mobility at 
a 10 nm length-scale probed by time-resolved THz spectroscopy, which 
is different from the long-range transport of the charge carriers.

Ikoma et al. performed sub-microsecond time-resolved photocurrent 
measurements using a nanosecond pulse laser to investigate charge 
carrier recombination in the active layer of Cn-DPP- BP:PC61BM BHJ 
OPVs (n = 2, 4, 6, 8, 10), [21,29]. The photocurrent decay profile 
increasingly deviated from an exponential trend as the alkyl chain 
length (n) increased (Fig. 16a). Macroscopic charge mobility is governed 
by carrier hopping between multiple crystalline domains, as shown in 
Fig. 14. In this structure, the p:n interface likely exhibits a large surface 
area oriented normal to the internal electric field, promoting efficient 
non-geminate recombination. This recombination mechanism signifi
cantly influences the JSC, which is a key determinant of the overall PCE 
in these devices. Fig. 16b shows the relationship between PCE and the 
ratio (fQ) of the number of recombined carriers (Qre) to extracted carriers 
(Qex) under short-circuit conditions. This straightforward analysis sug
gests that minimizing non-geminate recombination—by spatially sepa
rating the carrier transport layers from the carrier generation 
layer—could enhance the PCE of Cn-DPP-BP:PC₆₁BM BHJ OPVs, 
potentially reaching up to 6 %.

Kobori et al. elucidated the microscopic origins of photocarrier 
generation, revealing that phonon-assisted one-dimensional (1D) elec
tron–hole dissociations at the D:A interface plays a crucial role. Their 
study focused on C4-DPP− H2BP and its zinc complex, C4-DPP− ZnBP, as 
small-molecule donors in combination with PC61BM [30]. Using 
time-resolved electron paramagnetic resonance (EPR), they character
ized controlled charge recombination by modulating disorder in the π− π 
donor stacking (Fig. 17). This stacking arrangement facilitates carrier 
transport by stabilizing molecular conformations, thereby suppressing 
nonradiative voltage loss and selectively capturing interfacial radical 
pairs separated by 1.8 nm in bulk-heterojunction OPVs. Fig. 17d shows a 
geometric model of the separated geminate radical pair (RP) at N = 5, 
which induces selective triplet recombination through a gate effect 

Fig. 15. Photoinduced changes in the THz electric fields in C4-DPP-BP:PC61BM BHJ films. Escitation wavelength: λEX = 800 nm. Thick solid lines represent 
experimental data, while black lines indicate double-exponential fits obtained via convolution with the instrument response function. Excitation fluences were (a) 
140 μJ/cm2, (b) 230 μJ/cm2, (c) 300 μJ/cm2, and (d) 540 μJ/cm2. Reprinted from [27]. Copyrights 2020 Elsevier.

Fig. 16. (a) Time-resolved transient photocurrent profiles of Cn-DPP-BP: 
PC61BM BHJ devices under short-circuit conditions, measured using nano
second pulse excitation (λEX = 532 nm) with a fluence of 63 μJ/ cm2. (b) 
Correlation between PCE and the ratio of recombined carriers to extracted 
carriers under short-circuit conditions. Reprinted from [21]. Copyrights 2022 
American Chemical Society.
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Fig. 17. (a) Charge recombination rate constants of kT(r) (solid lines and circles) and kS(r) (dashed lines and squares). β: the attenuation factor in the r dependence of 
the electronic coupling. (b) |S> -|0 > electronic energy gap (2 J). (c) Quantum yields of the triplet exciton products via |S> -|0 > conversion as a function of the 
separation distance. C4-DPP-H2BP+•:PC61BM− • (red) and of C4-DPP-ZnBP+•:PC61BM− • (blue) at t = 0.5 μs. (d) Corresponding geometry model of the separated 
geminate RP at N = 5. Reprinted from [30]. Copyright © 2022 The Authors. Published by American Chemical Society. This publication is licensed under 
CC-BY-NC-ND 4.0.

Fig. 18. Chemical structures of TT-T-DCI and TT-FT-DCI and structure-OPV mechanism relationship in this study. Adapted from [39]. Copyrights 2022 The Royal 
Society of Chemistry.

Fig. 19. Chemical structure of TT-FT-ID and photosynthetic rate measurements using TT-FT-ID. PPFD indicates photosynthetic photon flux density. Adapted from 
[40]. Copyrights 2024 The Royal Society of Chemistry.
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during hole migration. their findings indicate that a high degree of 
crystalline order enhances backscattering phonon interactions, leading 
to increased geminate charge recombination and, consequently, a 
reduction in Voc.

Non-fused electron-accepting π-conjugated compounds have also 
been explored for use in NFAs in OPVs [31–36], but the effect of flexible 
non-fused structures on electron-hole dynamics is not well understood. 
Ie et al. showed that the incorporation of cyclopentene annelation into 
the thiophene moiety is an effective approach to improve the planarity 
and rigidity of π-conjugation in repeated oligothiophenes (Fig. 18) [37, 
38]. Thus, Ie et al. developed a non-fused NFA (TT-FT-DCI) using a rigid 
bulky FT unit (Fig. 18) [39]. OPVs with TT-FT-DCI and the donor 
polymer PBDB-T achieved a PCE of 6.19 %, owing to the increased Jsc 
and fill factor compared to those of TT-T-DCI. Time-resolved IR ab
sorption spectroscopy showed that TT-FT-DCI undergoes less confor
mational relaxation than TT-T-DCI under photoexcitation owing to its 
rigid π-conjugated framework. TT-FT-DCI also exhibited longer lifetimes 
for the excited and CS states in blend films. Flash-photolysis time-
resolved microwave conductivity (FP-TRMC) measurements indicated a 
longer free carrier lifetime in PBDB-T, and time-resolved electron 
paramagnetic resonance (TREPR) measurements revealed a face-on 
conformation near the ZnO electrode, which was attributed to the sup
pression of aggregation by the bulky spiro-fluorene moiety. This study 
highlights the advantages of rigid, bulky, non-fused NFAs in improving 
photon-to-current conversion in OPVs.

The rigidity of the π-conjugated skeleton and suppression of H-ag
gregation through the introduction of FT units were found to effectively 
reduce the full width at half maximum (FWHM) of the absorption 
spectrum of the films. Consequently, Ie et al. designed a new acceptor, 
TT-FT-ID, with absorption in the green light wavelength region by 
modifying the electron-withdrawing terminal units from dicyanome
thylidene indanone (DCI) to 1,3-indanone (ID) (Fig. 19) [40]. By 
combining TT-FT-ID with the donor polymer P3HT, which also absorbs 
green light, the resulting OPVs were found to be suitable for agrivoltaics, 
selectively utilizing green light wavelengths to generate electricity.

A systematic investigation into the relationship between the molec
ular structure and photovoltaic performance of accept
or–donor–acceptor (A–D–A)-type NFAs is crucial for establishing design 
guidelines for high-performance OPVs. To explore the impact of 
π-conjugation size in the central D core of A− D− A-type NFAs, Imahori 
et al. developed NTTIC, where the central benzene of the benchmark 
NFA, ITIC, was replaced with naphthalene (Fig. 20) [41]. The NTTIC 

film showed a slightly smaller optical gap, higher LUMO energy level, 
and enhanced π–π stacking compared to ITIC. Notably, the singlet 
exciton lifetime of the NTTIC film (180 ps) was longer than that of the 
ITIC film (140 ps) due to the stronger intermolecular interaction in the 
NTTIC film. In combination with a typical donor polymer PBDB-T, the 
NTTIC-based OPV device achieved a higher PCE (9.95 %) than the 
ITIC-based device (9.71 %). Despite the larger domain size of NTTIC in 
the PBDB-T:NTTIC blend film compared with that of ITIC in PBDBT: 
ITIC, the exciton diffusion efficiency (ED) to the donor:NFA interface in 
PBDB-T:NTTIC was substantially high (>95 %) owing to the sufficiently 
long singlet exciton lifetime of NTTIC.

Additionally, naphthalene-cored NFA with chlorinated IC groups, 
NTTIC-Cl, were synthesized (Fig. 20) [42]. The NTTIC-Cl film showed 
broadened absorption, a downshifted LUMO energy level, and an elon
gated singlet exciton lifetime (250 ps) compared to those of the NTTIC 
film. When blended with the conjugated donor polymer J71, the 
NTTIC-Cl-based OPV device showed a higher JSC (19.6 mA cm− 2) than 
the NTTIC-based device (15.6 mA cm− 2). As a result, the J71: 
NTTIC-Cl-based device was superior (10.5 %) to the J71:NTTIC-based 
device (PCE = 9.25 %).

Imahori et al. also developed an anthracene-cored NFA with chlori
nated IC groups (ATTIC-Cl, Fig. 20) [43]. In contrast to ITIC and NTTIC, 
which feature highly planar backbones, ATTIC-Cl adopts a non-planar 
structure because of the lack of coplanarity between the anthracene 
and thieno[3,2-b]thiophene units. Despite the longer singlet exciton 
lifetime of the ATTIC-Cl film (570 ps), the J71:ATTIC-Cl-based device 
exhibited a PCE 7.1 % lower than that of the J71:NTTIC-Cl-based device, 
which is attributed to the inferior electron-transporting properties of 
ATTIC-Cl. These studies collectively demonstrate that subtle modifica
tions in the central core structure, such as replacing benzene with 
naphthalene or anthracene, can significantly influence the exciton dy
namics and photovoltaic properties of A–D–A type NFAs.

Photon-to-current conversion in OPVs involves a multistep process in 
which a photon generates an exciton in the donor or acceptor, followed 
by the separation of an exciton into a free electron and a hole. The en
ergy required to separate the exciton beyond the Coulomb force of 
attraction is called the exciton binding energy (Eb) and is classically 
expressed by Eq. (1): 

Eb ≈
e2

4πε0εr R
(1) 

where e is the elementary charge, ε0 is the vacuum dielectric constant, εr 

Fig. 20. Chemical strictures of ITIC, NTTIC, NTTIC-Cl, ATTIC-Cl, and J71.
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is the dielectric constant of the molecule, and R is the average electro
n–hole distance in the molecule. Organic semiconductor materials 
typically have Eb values in the range of 0.3–0.6 eV, which are signifi
cantly larger than the thermal energy at room temperature. This large Eb 
is considered to be a major factor contributing to energy loss and charge 
recombination in OPVs. Therefore, the establishment of a molecular 
design that can achieve lower Eb in the solid state has become a crucial 
objective in the pursuit of high-performance OPVs. Recent experimental 
studies suggest that strategies such as the extension of π-conjugated 
skeletons and the introduction of polar functional groups are part of an 
effective molecular design to reduce Eb by modulating the dielectric 
properties at the single-molecule level [44–48].

Theoretical studies indicate that the assembled structures in the solid 
state have a significant impact on the Eb of organic semiconductors, with 
aggregation and dimensional packing playing a crucial role in enhancing 

the electronic polarization [45,49,50]. However, experimental studies 
exploring the direct relationship between molecular aggregation and Eb 
remain limited. Ie et al. investigated the effects of molecular aggregation 
on Eb and carrier generation efficiency by comparing two semi
conducting materials, DBC-RD and TPE-RD, based on the central unit of 
dibenzo[g,p]chrysene (DBC) and tetraphenylethylene (TPE), which 
exhibit different aggregation behaviors: π-π stacking for DBC and 
T-shaped stacking for TPE (Fig. 21) [51]. While these molecules 
exhibited similar single-molecule properties, DBC-RD showed a smaller 
Eb (0.24 eV) and larger dielectric constants in the pristine films, attrib
uted to intermolecular interactions. In contrast, the matrix-diluted films 
of both compounds showed similar Eb values, further supporting the role 
of molecular packing in modulating Eb. In single-component OPVs, 
DBC-RD exhibited a photovoltaic response with an EQE of 6.4 %, 
whereas TPE-RD showed no such characteristics. Additionally, DBC-RD 

Fig. 21. (a) Chemical structures and (b) energy diagram of DBC-RD, TPE-RD, and (c) EQE spectrum of DBC-RD-based single-component OPVs. Adapted from [51]. 
Copyrights 2024 Wiley-VCH.

Fig. 22. Chemical strictures of ITIC, SpiroT-DCI, and SpiroF-DCI, and J-V curves based on these acceptors. Adapted from [52]. Copyrights 2024 Wiley-VCH.
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demonstrated superior photocatalytic activity in a heterogeneous OPC 
reaction compared with TPE-RD. These findings highlight the critical 
influence of molecular aggregation on the Eb and device performance.

According to Eq. (1), increasing the electron–hole separation (R) in 
the photoexcited state is expected to lower the Eb of organic semi
conductors. Ie et al. demonstrated that introducing spiro-substituted 
biphenyl units can enhance the performance of non-fused NFA TT-FT- 
DCI by modulating the frontier molecular orbital (FMO) energy levels 
[39]. The π-extended biphenyl unit modulates the FMO energy levels by 
altering its chemical structure. The HOMO energy level of the fluorene 
unit was slightly higher than that of the commonly used acceptor ITIC. 
By replacing the biphenyl unit with an electron-donating bithiophene 
unit, the shallow HOMO energy level could be adjusted, resulting in a 
shift in the electronic distribution of the HOMO from the conjugated 
backbone of ITIC to the bithiophene unit. This modification provides a 
strategic approach to tuning the FMO distribution in organic semi
conductors. Therefore, Ie et al. designed two ITIC-based NFAs, 
SpiroT-DCI and SpiroF-DCI, with spiro-substituted bithiophene and 
biphenyl units, respectively, to fine-tune the FMO distributions (Fig. 22) 
[52]. The HOMO of SpiroT-DCI was localized on the bithiophene unit, 
leading to a smaller Eb (0.32 eV) than that of SpiroF-DCI (0.40 eV) and 
ITIC (0.41 eV). This reduction in Eb was attributed to the separated FMO 
distribution in SpiroT-DCI, resulting in a significantly improved per
formance in single-component OPVs based on this material. Moreover, 

Fig. 23. Relationship between the exciton binding energies and the bandgaps 
(transport gaps) for 42 organic solar cell materials (15 NFAs (red), 4 fullerene 
acceptors (blue), 13 low-bandgap polymers (green), 7 organic light-emitting 
diode materials (black), and 3 crystalline materials (gray)). Reprinted from 
[53]. Copyright © 2023 The Authors. Published by American Chemical Society. 
This publication is licensed under CC-BY-NC-ND 4.0.

Fig. 24. (a) The disk model for the growing island without a changing lattice constant. (b) The calculated point charge-induced dipole interaction (D) and the point 
charge-permanent quadrupole interaction (S). The calculations for ZnPc and F16 × ZnPc are indicated by blue circles and red squares. Reprinted from [54]. 
Copyrights 2022 American Physical Society.
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BHJ OPVs using PBDB-T and SpiroT-DCI achieved a maximum PCE of 
9.08 %, which was higher than that of OPVs based on SpiroF-DCI 
(8.04 %) and ITIC (8.62 %). Time-resolved infrared absorption spec
troscopy and photoluminescence decay studies revealed more efficient 
charge separation and longer free carrier lifetimes for SpiroT-DCI than 
for SpiroF-DCI and ITIC. These findings suggest that tuning the FMOs to 
increase electron–hole separation is a promising strategy for reducing Eb 
and enhancing OPV performance.

5. Evaluation of OPV devices

Yoshida et al. developed a novel technique called low-energy inverse 
photoelectron spectroscopy (LEIPS) to study the unoccupied states of 
organic semiconductors, polymers, and perovskite materials. LEIPS al
lows the precise determination of electron affinities, giving us access to 
previously unattainable energy parameters such as Eb, polarization en
ergy, and electrostatic energy. The Eb values of organic semiconductors 
and polymers are large and much larger than the thermal energy. 
Therefore, excitons in these materials cannot dissociate spontaneously, 
which is crucial for the operation of organic optoelectronic devices. 
However, accurate experimental data on the exciton binding energies of 
organic semiconductors are lacking. Yoshida et al. determined Eb as the 
difference between the optical and transport bandgaps, with a precision 
of 0.1 eV. In particular, the electron affinities determined by LEIPS with 
a precision better than 0.05 eV allow us to determine the transport gap 
and exciton binding energies with such high precision. Through a sys
tematic comparison of a wide range of organic semiconductors, 
including 42 organic solar cell materials (15 NFAs, 4 fullerene acceptors, 
13 low bandgap polymers, 7 organic light emitting diode materials, and 
3 crystalline materials), it was found that the exciton binding energy is a 
quarter of the transport gap, regardless of the material (Fig. 23). This 
unexpected relationship was interpreted from a hydrogen atom-like 
model, i. e. the quantized energy levels in a Coulomb potential be
tween the positive and negative charges. This relationship between the 
exciton binding energy and the bandgap suggests that the optimal 
bandgap for the best power conversion efficiency of organic solar cells 
may be smaller than previously predicted [53].

The energy levels of an organic semiconductor are mainly deter
mined by the molecular orbital energies of the constituent molecules. 
However, owing to the long-range nature of the Coulomb interaction, 
the electrostatic potential generated by the permanent molecular 
quadrupole moment can also affect the energy levels. Recent studies 
have shown that the energy levels can be changed by as much as 1 eV by 
the molecular orientation in the film or the molecular mixing ratio in the 
binary film due to intermolecular electrostatic interactions. Since theory 
predicts that the electrostatic energy should depend on the sample 
shape, we investigated the coverage-dependent energy levels of zinc 
phthalocyanine and perfluorinated zinc phthalocyanine in the sub
monolayer region using ultraviolet photoelectron spectroscopy (UPS) 
and LEIPS. From the coverage-dependent ionization energy and electron 
affinity, the electronic polarization energy and electrostatic energy were 
evaluated separately as a function of coverage. Unlike electronic po
larization, which contributes only up to 10 meV, electrostatic energy 
contributes up to 120 meV to the coverage-dependent energy shift 
(Fig. 24) [54]. The coverage-dependent energy level shift is due to the 
sample shape-dependent energy level resulting from the long-range 
nature of the charge-permanent quadrupole interaction. The results 
suggest that the energy levels at the bulk heterojunction should vary 
depending on the interfacial structure and the molecular orientation at 
the D:A interface.

The charge carrier mobility is a crucial parameter in OPVs because it 
influences charge separation, recombination, and collection. High 
mobility, along with well-balanced hole and electron mobility, typically 
enhances charge transport by minimizing recombination losses, thereby 
improving the OPV performance [55,56]. Mobility is conventionally 
measured using direct current (DC) methods, which apply an electric 

field to an electrode-attached device and measure the current-voltage 
characteristics or transit time after photocarrier generation. Therefore, 
the resultant mobility is a time- and spatially averaged value across the 
transport distance. However, the mobility is likely time-dependent, 
relaxing from the high-energy state after photogeneration (Fig. 25a). 
This phenomenon falls under the concept of dynamic excitons, which 
focuses on the dynamic behavior of excitons and charge carriers [5]. The 
relaxation process occurs over distances ranging from nanometers to 
micrometers and timescales ranging from picoseconds to microseconds, 
aligning with typical OPV dimensions and transit times. Time-resolved 
measurements using alternating current (AC) electric fields including 
light, microwaves, and terahertz radiation are ideal for probing this 
relaxation process [57]. A physical aspect of this relaxation was illus
trated by Melianas et al. (Fig. 25b), where a “hot” charge carriers relax 
into the density of state or are captured by traps, resulting in a decrease 
in mobility [58].

Saeki et al. reported a combined method of time-of-flight (TOF) and 
TRMC that enables simultaneous measurements of TOF mobility (DC 
mobility) and TRMC photoconductivity (AC mobility) [59]. By 
comparing the results of three fullerene-based OPVs (P3HT:PCBM, 
PCPDTBT:PCBM, and PffBT4T:PCBM), the highly crystalline PffBT4T: 
PCBM films showed the slowest relaxation of hole mobility, followed by 
the crystalline P3HT:PCBM and less crystalline PCPDTBT:PCBM films. 
This order is consistent with the optimal thickness of the OPVs and re
flects the relationship between the charge-carrier relaxation and device 
performance parameters. Furthermore, the measurements were applied 
to NFA-based OPVs (PBDB-T:ITIC or Y6, Fig. 26a), revealing that the 
relaxation of the hole and electron mobilities are correlated with the fill 

Fig. 25. (a) Schematic of relaxation of charge carrier mobility as a function of 
time. An illustration of electrode-less measurements (e.g. TRMC) is super
imposed. (b) Charge carrier relaxation into DOS, reprinted from [58]. Copy
rights 2019 Wiley-VCH.
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factors (Figs. 26b and 26c)[60]. In particular, the highly crystalline Y6, 
which forms a 3-diemensional assembly [61], exhibits slow electron 
relaxation compared to ITIC. The measurements and analyses were 
extended to evaluate the optimal thickness of the OPVs using experi
mental kinetic parameters, such as relaxation lifetime, mobility, and 
recombination rate constant. These evaluations were in strong agree
ment with the experimental results [62].

NFAs have significantly enhanced the performance of OPVs, making 
investigation of their CS processes increasingly critical. Time-resolved 
spectroscopy is a powerful method for examining the carrier recombi
nation rates and provides key insights into these processes. To date, most 
studies have focused on the visible region, which primarily detects 
bound states of charges, such as cations, anions, and singlet (Sn) or 
triplet (Tn) states confined within molecules. However, these observa
tions are not directly related to the behavior of free charges that 
contribute to the photocurrent. In contrast, measurements in the 
infrared region enable the direct observation of weakly bound carriers 
and free carriers, offering a more accurate assessment of the carrier 
dynamics that govern solar cell performance. This review summarizes 
recent findings on the charge separation processes of a representative 
NFA, ITIC, using transient absorption spectroscopy in the infrared region 
[63].

In inorganic semiconductors, bound electrons have been reported to 
cause absorption in the near-infrared region, whereas free carriers result 
in a broad, structureless absorption in the mid-infrared region [64,65]. 
Similarly, Yamakata et al. observed comparable characteristic absorp
tions corresponding to the bound states of electrons in the near-infrared 

and mid-infrared regions in organic semiconductors, such as ITIC. 
Fig. 27 shows the time-resolved infrared absorption spectrum of an ITIC 
single film measured after pump light irradiation. Upon irradiation, a 
broad peak around 3000 cm⁻¹ appears, attributed to the bound state of 
electrons and holes. Over time, the intensity of this peak decreased, 
resulting in a broad and flat absorption over the entire mid-infrared 
region, indicating the presence of free carriers released from their 
bound states. The intensity of the free carriers increased further when a 
donor/acceptor interface was formed, where charge separation was 
enhanced. By analyzing the decay kinetics of the bound electrons and 
the increase in free carriers, the charge dissociation time constants were 
determined to be 56 and 23 ps for the neat ITIC and PBDB-T:ITIC blend 
films, respectively. Thus, transient absorption measurements in the 
mid-infrared region allow the direct observation of the dissociation 
process of bound excitons into free carriers.

Time-resolved mid-IR absorption spectroscopy provides detailed 
insights into the charge separation processes, particularly for NFAs 
equipped with CN groups as electron-withdrawing sites. The vibrational 
frequency of the CN group is highly sensitive to changes in the charge 
density, allowing for precise investigation of both intramolecular and 
intermolecular charge transfer processes. In the ground state, CN vi
brations are observed at 2218 cm⁻¹ ; however, it was shifted to 
2205 cm⁻¹ and 2175 cm⁻¹ by the photoexcitation (Fig. 28). According to 
DFT calculations, these shifts correspond to the S1 state generated by 
intramolecular electron transfer from the donor to acceptor domain 
within ITIC and the anionic ITIC formed by intermolecular electron 
transfer. While it is widely believed that intermolecular charge transfer 

Fig. 26. (a) Chemical structure of PBDB-T, PCBM, ITIC, and Y6 used for the TOF-TRMC measurements. (b) Hole and (c) electron mobility relaxation as a function of 
distance (the vertical direction of an OPV device). Adapted from [60]. Copyrights 2021 Wiley-VCH.
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takes place at the donor/acceptor interface facilitated by the energy 
offset, this result demonstrates that intermolecular charge transfer takes 
place even in neat ITIC films.

Theoretical calculations are valuable tools for analyzing the molec
ular mechanisms of charge transfer. Molecular dynamics simulations 
and TDDFT calculations were performed to investigate the conforma
tions and excited states of ITIC in the neat film [63]. It was found that the 
predominant dimer conformation is J-type, similar to ITIC crystals, 
although V-type dimers are present at defects such as stacking faults. 
TD-DFT calculations of representative dimers revealed that 
low-symmetry V-type dimers shows high absorption energy and signif
icant dipole moment changes upon photoexcitation, whereas low ab
sorption energy with no dipole moment change in the highly symmetric 
J-type dimers (Fig. 29). This suggests that photoexcitation of the 
low-symmetry V-type dimer induces intermolecular charge transfer in 
the neat ITIC films. Additionally, it was found that the dipole moment 
changes increased with higher excitations beyond the S1 state, indi
cating that the absorption of higher-energy photons leads to more effi
cient intermolecular charge transfer. These findings suggest that direct 
photoexcitation at the stacking faults, where higher-energy excitations 
occur, may enhance intermolecular charge transfer more effectively.

Yamakata et al. also reported time-resolved mid-IR absorption 
spectroscopy of two ITIC-based NFAs, SpiroT-DCI and SpiroF-DCI [52]. 
As shown in Fig. 30, both NFAs exhibit similar red shifts. Notably, while 
the relative peak intensities at 2205 and 2175 cm–¹ varied significantly, 
the intensity at 2175 cm–¹ was substantially higher than that at 
2205 cm–¹ for SpiroT-DCI. This suggests a more efficient intermolecular 
charge separation in SpiroT-DCI than in ITIC. Comparable results were 
observed for SpiroF-DCI, indicating that intermolecular charge 

separation also occurred. However, in SpiroF-DCI, the relative peak in
tensity at 2175 cm–¹ was much lower than that at 2205 cm–¹ , indicating 
a lower frequency of intermolecular charge separation compared to both 
SpiroT-DCI and ITIC. Based on the intensity ratio of the 2175 to 
2205 cm⁻¹ peaks, the efficiency of intermolecular charge transfer ap
pears to follow the order: SpiroT-DCI > ITIC > SpiroF-DCI. TR-IR mea
surements were also performed on blend films incorporating PBDB-T, 
where only the acceptor molecules (SpiroT-DCI or SpiroF-DCI) were 
selectively excited using 685 nm laser pulses. As shown in Fig. 29, two 
positive peaks appeared at 2205 and 2175 cm⁻¹ , consistent with the 
observations of the pristine ITIC films. However, in the PBDB-T: 
SpiroT-DCI blend films, the decay of the 2205 cm⁻¹ peak was notably 
accelerated, while the lifetime of the 2175 cm⁻¹ peak was extended. 
These results suggest that intermolecular charge separation is more 

Fig. 27. (a) Transient IR absorption spectra of neat ITIC film after 710-nm laser 
pulse irradiation. (b) Decay kinetics of the transient absorption of PBDB-T:ITIC 
blend film. Reprinted from [63]. Copyrights 2024 The Authors. The Royal 
Chemical Soceity. This publication is licensed under CC-BY-3.0.

Fig. 28. Vibrational spectra of the CN groups in ITIC. Steady-state FT-IR 
spectrum of neat ITIC film (a). Transient IR absorption spectra of neat ITIC film 
(b) and PBDB-T:ITIC blend film (c) irradiated by 710-nm pump pulse. Broad 
absorption by photocarriers was subtracted to extract the change in CN vibra
tions. Reprinted from [63]. Copyrights 2024 The Authors. The Royal Chemical 
Society. This publication is licensed under CC-BY-3.0.
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efficiently promoted in PBDB-T:SpiroT-DCI films at the donor/acceptor 
interface.

Currently, state-of-the-art OPVs exhibit EQEs approaching 90 %, 
leading to a JSC of > 27 mA cm− 2 [66]. This value is comparable to those 
of the inorganic and perovskite counterparts. However, OPVs suffer 
from significantly higher voltage loss owing to nonradiative charge 
recombination (ΔVnr), which is attributed to the significantly smaller 
oscillator strength of the CT states. Therefore, reducing ΔVnr is the top 
priority for improving the PCE of the OPVs.

A recent study emphasized the importance of hybridizing the CT 
state with the LE state to reduce ΔVnr [67]. A hybrid LE–CT state forms 
when the CT state is energetically very close to the LE state, enhancing 
emission owing to the so-called the “intensity borrowing” mechanism. 
Tamai et al. demonstrated a significant reduction in ΔVnr by decreasing 
the energy offset between the LE and CT states using PTB7-Th as the 
donor polymer paired with wider-bandgap fullerene and NFAs [68]. It is 
important to note that the optical bandgaps of all devices were almost 
the same because they used a common narrow-bandgap donor polymer. 
They found a steep decrease in ΔVnr with decreasing energy offset 
(Fig. 31), which was steeper than the general trend predicted by the 
energy gap law (solid line in the Figure).

Based on transient absorption (TA) measurements, Tamai et al. found 
that the nonradiative decay rate of the CT state in PTB7-Th:acceptor 
blends was not sufficiently sensitive to explain the large difference in 
ΔVnr. Instead, this rapid decrease in ΔVnr was attributed to the large 
enhancement in the radiative decay rate through LE–CT hybridization, 
resulting in the enhancement of the photoluminescence quantum yield 
(PLQY) of the CT states owing to the significantly larger oscillator 
strength of the LE state. Therefore, minimizing the energy difference 
between the LE and CT states is crucial for reducing both voltage loss 
during charge separation and ΔVnr.

Tamai et al. also examined ΔVnr for narrow-bandgap NFA-based 
OPVs (referred to as h-type OPVs for hole transfer) and compared them 
to devices where the donor has a narrower bandgap (e-type OPVs, for 
electron transfer) [70]. Because the charge recombination process does 
not depend on which (electron transfer or hole transfer) process, charge 
carriers were generated through, and no significant difference in ΔVnr 
was observed between the two devices. Both h-type and-type devices can 
achieve low ΔVnr when the LE and CT states are close in energy. 

Fig. 29. Calculated absorption spectra of J-type and V-type dimers of ITIC. The 
dipole moment change on excitation Δμ is also shown.

Fig. 30. Differential vibrational spectra of CN groups in NFAs after pump pulse irradiation. Neat ITIC (a), SpiroT-DCI (b), and SpiroF-DCI (c) are photoexcited by a 
685 nm pump pulse. The NFA domain in the blend film with PBDB-T is photoexcited by the same 685 nm pump pulse (panels d–f). Adapted from [52]. Copyrights 
2024 Wiley-VCH.
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However, it is critical to achieve a low ΔVnr while maintaining a high 
EQE. Tamai et al. found that h-type devices tended to exhibit a higher 
EQE than type devices when the energy offset was small. Therefore, the 
main advantage of h-type OPVs is their ability to efficiently generate 
charge carriers with a small energy offset, although the mechanism of 
charge separation under these conditions remains under investigation. A 
key priority for future research is to fully elucidate the charge separation 
mechanism with a small energy offset.

For a long time, it was presumed that a large energy offset (>0.3 eV 
between the LE and CT states is necessary for efficient charge separation 
at the D:A interface in OPVs [71]. However, this leads to large voltage 
loss, resulting in a trade-off between JSC and VOC [72,73].

However, recent studies have shown that efficient charge separation 
can occur with a significantly smaller energy offset. For instance, PM6: 
Y6-based OPVs have exhibited a high PCE of over 15 % with a small 
voltage loss of ~0.55 V and an energy offset of only ~0.1 eV [74]. 
Tamai et al. investigated the mechanism behind this efficient charge 
separation in PM6:Y6 blends despite the small energy offset [75]. 
Fig. 32a shows the TA spectra of the PM6:Y6 blend films. Upon photo
excitation at 800 nm, a large photo-induced absorption (PIA) of Y6 
singlet excitons was observed at approximately 930 nm, which then 
decayed rapidly on picosecond timescales; instead, the PIA of charged 
species and associated ground state bleaching (GSB) were observed. 
Strikingly, a positive PIA signal was observed at ~680 nm, owing to the 
transient electroabsorption (TEA) signal of PM6. When an exciton dis
sociates into a CT state (i.e., an electron–hole pair), it generates a 
dipole-like local electric field in the environment. This leads to the 
addition of a TEA spectrum, which is similar to the first derivative of 
steady-state absorption, to the TA data [76–78]. The amplitude of the 
TEA signal increased with increasing separation distance of the elec
tron–hole pair, allowing us to monitor the separation kinetics by 
tracking the time evolution of the TEA signals.

Fig. 32b shows the time evolution of TA signals monitored at 630 nm 
(PM6 GSB) and 680 nm (TEA). The TEA signals reached their maximum 
value slightly after the GSB signals reached their maximum value, 
indicating that long-range spatial dissociation of CT states occurred on a 
picosecond timescale. Based on a close inspection of the TA spectra, 
Tamai et al. revealed that the time evolution of the TEA signals coin
cided well with the peak shift of the Y6 GSB signals, indicating that the 

Fig. 31. Nonradiative voltage loss (ΔVnr) as a function of the radiative open- 
circuit voltage (VOC

rad). Previously published data are also shown as open cir
cles. SM, P, F, and NF represent small molecule donor, polymer donor, fullerene 
acceptor, and NFA respectively. The solid line represents the model trend based 
on the energy gap law proposed in ref. [69]. Adapted from [68]. Copyrights 
2020 The Authors. Wiley-VCH. This publication is licensed under 
CC-BY-NC-ND 4.0.

Fig. 32. (a) TA spectra of the PM6:Y6 blend film. The excitation wavelength was 800 nm with a fluence of 1.4 μJ cm− 2. (b) Normalized time evolution of the TA 
signals monitored at 630 nm (PM6 GSB) and 680 nm (PM6 TEA) excited at 800 nm. (c) Chemical structure of Y6 and PM6. Adapted from [75]. Copyrights 2022 The 
Royal Society of Chemistry.
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slow yet efficient charge dissociation in the PM6:Y6 blend was driven by 
the downhill energy relaxation of the charges through the cascaded 
energy landscape formed near the PM6:Y6 interface. The activation 
energy for the rate constant of charge dissociation was as low as 
~4.0–9.4 meV; thus, the charge dissociation efficiency was clearly in
dependent of temperature. As a result, the charges can move away from 
the PM6:Y6 interface without encountering the activation barrier.

The trade-off between JSC and VOC has been a significant challenge 
for improving the PCEs of OPVs. While minimizing the energy offset 
between the LE and CT states is crucial for achieving a high VOC, a very 
small energy offset often leads to a reduction in JSC, even with high- 
performance NFAs [70]. Therefore, understanding the extent to which 
the energy offset can be minimized and the underlying physics of this 
trade-off is important for optimizing the material design and further 
enhancing the PCEs.

Tamai et al. found that Y-series OPVs have a clear threshold ΔVnr of 
0.2 V, below which the EQEdecreases sharply (Fig. 33a) [79]. This ex
plains why the ΔVnrs of state-of-the-art OPVs remains around 0.2 V, with 
few reports showing that ΔVnr can exceed this threshold while main
taining a high EQE [52]. According to Marcus theory, the hole transfer 
rate from the NFA to the donor decreases as the energy offset decreases 
(Fig. 33b). In contrast, a surprising finding of their results is that the 
quantum efficiency of long-range spatial dissociation of the CT states 

also decreases with reduced energy offset (Fig. 33c). They proposed that 
an activation barrier for charge dissociation still exists even when using 
an NFA with a large quadrupole moment, and that the quantum effi
ciency of long-range spatial dissociation depends on the initial separa
tion distance of the CT states. If the initial electron and hole separation 
after isoenergetic charge transfer is sufficient, barrierless charge disso
ciation occurs; otherwise, the activation barrier must be overcome, 
resulting in a lower charge dissociation efficiency. Another notable 
finding of this study is a clear trade-off between FF and VOC, caused by 
the reduced charge dissociation efficiency when the energy offset is too 
small. This trade-off may explain why the ΔVnrs of the state-of-the-art 
OPVs remained at about 0.2 V.

Although Tamai et al. focused on PBDB-T:Y series blends to minimize 
the difference in the chemical structure and associated changes in 
physical properties, the observed trends can be considered general for 
other NFA systems. Since the threshold energy that can ensure high 
charge photogeneration quantum efficiencies may depend on the 
chemical structure, more efforts should be devoted to uncovering the 
complete details of the charge separation mechanism. Extending a 
similar study to other D:A systems may reveal what determines the 
threshold energy and how it can be reduced. Thus, clear material design 
guidelines can be obtained to enhance the PCE.

Fig. 33. (a) Maximum EQEPV, (b) photoluminescence (PL) quenching yield Φq, and (c) EQEPV / Φq plotted against ΔVnr. Adapted from [79]. Copyrights 2023 The 
Authors. The Royal Chemical Society. This publication is licensed under CC-BY-3.0.
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6. Application of machine learning

When the measurements were subjected to another class of NFAs 
(brominated ITIC, Fig. 34a), the direct correlation between OPV output 
and kinetic parameters became unclear [80]. To elucidate the inter
twining factors that affect OPV performance, machine learning (ML) was 
performed using 15 experimental parameters, such as mobility, relaxa
tion, recombination rate constant, photoluminescence (PL) quenching, 
π-π stacking distance, crystallite size, and surface roughness, as the 
explanatory variables. As shown in Fig. 34b, the regression by ML (an 
elastic net algorism) shows high accuracy between the experimental and 
predicted PCE values. By comparing the coefficients, the most important 
factor for PCE was identified as PL quenching for donor (D) excitation, 
followed by the recombination rate and crystallite size of π-π stacking 
(Fig. 34c). As OPV researchers know, device performance-limiting fac
tors vary on a case-by-case basis. This issue can be quantitatively 
analyzed by collecting the photophysical, optoelectronic, and electrical 
properties and applying nonlinear analysis methods such as ML.

7. Conclusion

In this review, we summarize novel research on OPVs, with a focus 
on dynamic excitons. Considering the concept of dynamic excitons, 

recent advances have been made in prediction and analysis using 
theoretical calculations, the development of organic semiconductor 
materials, and the investigation of active layers using various spectro
scopic techniques. By integrating these findings and establishing 
structure-property-function relationships, we can deepen the under
standing of carrier generation in OPVs, leading to further improvements 
in PCEs. In addition, the fundamental principles and insights into dy
namic excitons in OPVs are expected to benefit the development of other 
organic electronic devices that rely on photoexcitation processes, 
contributing to enhanced device performance.
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