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SUMMARY

Single-component organic photovoltaics (SC-OPVs) offer an innovative approach to the traditional bulk-het

erojunction organic photovoltaics (BHJ-OPVs) by chemically bonding the donor and acceptor materials 

within a single molecule. This approach has the potential not only to reduce the manufacturing costs but 

also to stabilize the photoactive layer against common morphological degradation processes typically 

observed in BHJ-OPVs. However, SC-OPVs exhibit lower power conversion efficiencies (PCEs) compared 

with their BHJ counterparts, primarily due to suboptimal exciton splitting and charge-transport dynamics 

that have not been extensively discussed in the literature. This review aims to provide physical insights 

into these loss mechanisms, discuss the underlying scientific challenges, and finally propose suggestions 

that could potentially elevate the performance of SC-OPVs to meet or exceed that of BHJ-OPVs.

INTRODUCTION

Organic photovoltaics (OPVs) are promising contenders for the 

advancement of photovoltaic (PV) technologies. They offer po

tential for a range of applications, such as powering Internet of 

Things (IoT) devices with indoor light sources, integrating solar 

functionality into windows, and enhancing the sustainability of 

greenhouses.1,2 Furthermore, OPVs are flexible and lightweight, 

which could unlock unprecedented opportunities for their incor

poration into a myriad of portable and wearable devices and the 

development of electronic skin technologies.3–6

The operation of OPVs requires an external driving force to 

facilitate charge generation, a critical step toward solar energy- 

to-electricity conversion. This is primarily due to the small dielec

tric constant of organic semiconductors (typically 3–4); there

fore, photogenerated excitons (known as Frenkel excitons) 

have large binding energies (several hundreds of milli-electron 

volts [meVs]) and cannot be easily separated at room 
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temperature.7 To facilitate the separation of Frenkel excitons, the 

‘‘bulk-heterojunction’’ (BHJ) approach, characterized by the 

physical blending of electron donors and acceptors (pi-conju

gated molecules and/or polymer materials) within photoactive 

layers, was proposed, providing a driving force for exciton disso

ciation at donor-acceptor (D-A) interfaces with maximized inter

facial area.8,9 This methodology has become integral in the OPV 

field, setting a precedent for the design and fabrication of high- 

efficiency OPV devices.10–13 The introduction and refinement 

of fused-ring electron acceptors (FREAs) (non-fullerene acceptor 

[NFAs]) have been pivotal in this context, propelling the power 

conversion efficiency (PCE) of BHJ-based OPVs (BHJ-OPVs) 

to surpass the 20% mark,14–16 a feat that was once deemed 

unattainable.

Despite these advancements, BHJ-OPVs exhibit inherent 

vulnerability to degradation when subjected to thermal and light 

stressors, raising concerns regarding their long-term stability.17

Over time, a transition toward self-aggregated domains occurs, 

which is thermodynamically favorable, leading to large-scale do

mains that hinder charge separation and transport.18,19 In 

response to this challenge, the concept of ‘‘single-component 

organic photovoltaics’’ (SC-OPVs) has been brought back to 

the community’s attention. This approach involves the covalent 

integration of donor and acceptor units, a strategy that has shown 

potential in enhancing the photo- and thermal-stability of SC- 

OPVs compared with their BHJ counterparts, thereby potentially 

reducing the rate of PV performance degradation.20–23 While SC- 

OPVs present a promising candidate for maintaining stability, it is 

important to recognize that they are among several viable options 

being explored in this evolving field.24,25

Alongside SC-OPVs, several OPV architectures that target 

improved morphological stability have progressed rapidly in 

recent years. In layer-by-layer processed devices, the active 

layer is formed by sequential deposition of donor and acceptor 

films, and controlled interlayer diffusion can be used to tune in

termixing at the interface while maintaining a vertically graded 

composition that supports charge generation and collec

tion.15,26,27 Homojunction OPVs take a different route, aiming 

to generate and separate charges within a single semiconductor 

by leveraging internal electrostatic or energetic gradients that 

can arise from controlled molecular orientation and packing.28

SC-OPVs share similar stability motivation, but they are distin

guished by integrating donor and acceptor moieties within one 

material, which can suppress macroscopic demixing while still 

allowing nanoscale organization that enables continuous trans

port pathways.

The initial exploration of SC-OPVs involved the use of a single 

chromophore (pristine donor or acceptor materials), which 

lacked the intricate intramolecular heterojunction structures 

necessary for efficient exciton dissociation, resulting in PCEs 

falling below the 0.1% threshold.29 The adoption of the BHJ 

concept within single-component (SC) conjugated materials 

marked a significant step forward. By covalently linking elec

tron-accepting and electron-withdrawing groups, researchers 

have developed materials featuring intramolecular heterojunc

tion structures, such as small molecular (SM) materials, di-block 

copolymers (BCPs) (or called block copolymers), and double-ca

ble polymers (DCPs). These materials are engineered for high- 

performance SC-OPVs, representing a leap forward in the quest 

for efficient and stable OPV technologies. Recent research dem

onstrates that the PCE of SC-OPVs is approaching 15%, 

showing their great promise.30,31

Despite substantial advancements over the past two decades, 

the pace of development and performance optimization of SC- 

OPVs has not kept up with the progress observed in BHJ- 

OPVs. This lag can be attributed to the incomplete understand

ing and exploration of the mechanisms behind exciton and 

charge-carrier dynamics in SC-OPVs. This review aims to first 

present an overview of recent developments in terms of structure 

design and performance; secondly, discuss the advantages in 

terms of photostability, thermal stability, and industrial viability; 

thirdly and most importantly, provide physical insights into the 

exciton and charge-carrier dynamics and discuss the main chal

lenges currently facing SC-OPVs, including charge generation, 

recombination and energy loss, and charge transport; and 

finally, discuss possible methods to address those challenges, 

hoping to foster further advancements in SC-OPVs.

MATERIALS CATEGORY

In SC-OPVs, the structure of active materials is typically classi

fied into SM and polymeric domains depending on their conjuga

tion length. Within this classification, DCPs, along with molecular 

dyads and triads, align with the BHJ model. This model is char

acterized by inter-domain (through space) charge generation, as 

depicted in Figure 1A. Conversely, BCPs and homojunction (HJ) 

small molecules adhere to an HJ model, demonstrating intra

chain charge generation.20,23,72–74 BHJ and HJ types are among 

the most studied structures in SC-OPVs.

Here, ‘‘BHJ model’’ refers to a charge generation pathway 

within SC systems and should not be conflated with conven

tional BHJ devices fabricated from physically blended donor 

and acceptor materials. For context, morphology development 

in conventional BHJ blends is briefly summarized below before 

returning to the constraints imposed by covalent D-A tethering 

in SC-OPVs. In BHJ OPVs, donor and acceptor exist as separate 

components, so film formation is largely governed by miscibility, 

phase separation during drying, and post treatments that often 

yield kinetically trapped mixed morphologies. These structures 

can later evolve through domain growth, reducing D-A interfacial 

area and weakening percolation pathways for charge extrac

tion.75 By contrast, SC-OPVs impose covalent connectivity be

tween donor and acceptor segments, which constrains macro

scopic demixing but still permits nanoscale organization 

through self-assembly and segment-specific packing.46,49,76

Early research on SC-OPVs started with SC chromophores, 

such as anthracene and copper phthalocyanine, but their limited 

efficiency in exciton dissociation and charge generation cur

tailed their potentials.77–79 This preliminary observation sets 

the stage for a transition toward covalently linked D-A motifs, 

embracing the concept of intramolecular heterojunctions. This 

evolution signifies a paradigm shift from pristine donor or 

acceptor materials to more sophisticated D-A structures 

capable of efficient charge generation.

DCPs are distinguished by their unique architecture, 

featuring a polymeric donor backbone adorned with molecular 
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acceptor segments as lateral chains. This configuration facili

tates dual-channel charge transport, which is paramount in 

enhancing the efficiency of SC-OPVs by mitigating bimolecular 

recombination.80–82 Nonetheless, the intricacies of achieving 

optimal nanoscale separation and ambipolar charge transport 

in these polymers need to be considered, highlighting the crit

icality of the linker length between donor and acceptor compo

nents in modulating their excitonic, optical, and electronic 

properties.

In parallel, BCPs, which consist of donor and acceptor blocks 

along the same backbone, are notable for their ability to self- 

assemble into ordered, nanophase-separated structures that 

create continuous pathways for charge transport. Their synthe

sis and modification flexibility make them attractive for SC- 

OPV applications, as evidenced by a notable PCE of 14.89% 

in a BCP-based SC-OPV.31 However, the limited variety of avail

able polymer fragments for synthesis is a drawback, which high

lights the need to expand the range of donor blocks and 

acceptor units to improve PV efficiency. In addition, the synthetic 

Figure 1. Structural schematic diagram of 

SC-OPVs and SC- and BHJ-OPVs efficiency 

development 

(A) Diagrammatic representation of structural 

concepts based on SC-OPVs: double-cable (side- 

chain) polymers, di-block (in-chain) copolymers, 

and small molecules from the BHJ model and the 

HJ model. 

(B) Efficiency evolution as a function of time (in 

years) for different types of OPV technologies. 

Data are collected from Tables 1, 2, 3, 4, and 5, 

and the certified PCEs of single-junction BHJ- 

OPVs were obtained from National Renewable 

Energy Laboratory (NREL).71

complexity is high, and challenges 

remain when it comes to the exact char

acterization of BCP structures, which is 

a common but major criticism of BCPs.83

In the realm of D-A SM architectures, 

analogous to polymeric structures, a 

bifurcation exists, delineating these en

tities into in-chain and side-chain vari

ants. Within the in-chain classification, 

donor moieties are covalently bonded 

to acceptor units via extended conjuga

tion, exemplified by fullerenes (C60) and 

perylene bisimides (PBI).50,70 The direct 

conjugation method often leads to 

poor phase segregation and reduced 

charge-transport efficiency. By contrast, 

the side-chain approach connects donor 

and acceptor domains using flexible and 

electrically insulating alkyl chains.20,84

This configuration improves PV per

formance and enhances the structural 

stability of the devices.85 Research high

lights the importance of the physico

chemical properties and dimensions of 

these flexible linkages in controlling nanoscale phase separa

tion between donor and acceptor components, which is crucial 

for optimizing the functional performance of these mate

rials.20,84 However, significantly less attention has been drawn 

to small molecule-based SC materials, partially due to their 

poor efficiencies.73

Having defined the main SC-OPV material classes and their 

D-A connectivities, we note that BHJ-like SC-OPVs rely on 

donor-rich and acceptor-rich networks that simultaneously pro

vide internal interfaces for charge generation and continuous 

pathways for charge extraction, whereas HJ-type architectures 

can generate charges at internal junctions that arise from 

sequence, packing, or orientation variations within a single ma

terial. We therefore move on in ‘‘PV performance’’ to show how 

these structural constraints set the balance between charge 

generation, charge collection, and recombination and how this 

balance ultimately determines short-circuit current density 

(JSC), open-circuit voltage (VOC), fill factor (FF), and PCE in 

SC-OPVs.
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PV PERFORMANCE

Figure 1B shows the PCE development as a function of time over 

the last two decades for SC-OPVs in comparison to BHJ-OPVs 

in single-junction configurations. The detailed parameters are 

listed in Tables 1, 2, 3, 4, and 5, containing VOC, JSC, FF, 

maximum external quantum efficiency (EQEmax), optical band 

gap (Eg), electron and hole mobilities (μe and μh), and PCE, which 

is determined via PCE = VOCJSCFF
Pin

, where Pin is the incident power 

density. Among these parameters, JSC, the short current density, 

represents the capacity to convert absorbed photons into elec

tric charges.86 VOC is the open-circuit voltage, and the difference 

between the Eg and VOC represents the voltage losses.87 FF is 

the result of the competition between charge transport and 

recombination.88,89 Additionally, four types of chemical struc

tures matching to Tables 1, 2, 3, and 4 are provided in 

Schemes 1, 2, and 3. In less than 20 years, the PCE of SC- 

OPVs has increased by approximately two orders of magnitude 

(from 0.07% in 2006 to 14.89% in 2024; ≈2.1 × 104% increase), 

as summarized in Tables 1, 2, 3, and 4.90 This remarkable prog

ress is detailed in the development of SC-OPVs across four 

different systems. We note that we renamed all molecules for 

better presentations, and the full names can be found in 

Table S1.

Initially, research in double-cable polymer-based SC-OPVs 

(DCP-OPVs) employed fullerene and its derivatives as accep

tors, much like the development seen in BHJ-OPVs. Notable ex

amples include BHJ_DC_4, BHJ_DC_10ABC, and BHJ_DC_ 

Table 1. PV performance of double-cable polymer-based SC-OPVs

No: Year AL Voc (V) JSC 
(
mA ⋅ cm− 2

)
FF(%) Bandgap 

(eV)

μh 

(cm2s− 1V− 1)

μe 

(cm2s− 1V− 1)

Energy loss 

(eV)

EQEmax PCE (%) Ref

1 2017 BHJ_DC_1a 0.55 3.12 30 1.45 – – 0.9 0.12 0.51 Lai et al.32

2 2019 BHJ_DC_6a 0.74 2.28 39 1.39 1.09 × 10− 3 – 0.65 0.19 0.59 Liang et al.33

3 2018 BHJ_DC_5c 0.92 3.14 33 1.89 8.67 × 10− 9 6.94 × 10− 8 0.97 0.25 0.95 Yang et al.34

4 2017 BHJ_DC_2 0.74 4.26 33 1.47 3.40 × 10− 2 – 0.73 0.19 1.04 Li et al.35

5 2017 BHJ_DC_1b 0.57 7.03 41 1.41 – – 0.84 0.27 1.64 Lai et al.32

6 2019 BHJ_DC_6b 0.63 6.14 43 1.45 1.54 × 10− 3 – 0.82 0.14 1.69 Liang et al.33

7 2019 BHJ_DC_7 0.74 6.54 36 1.93 1.16 × 10− 5 1.17 × 10− 6 1.19 0.45 1.72 Liang et al.36

8 2018 BHJ_DC_5a 1.01 5.76 33 1.89 1.08 × 10− 7 1.10 × 10− 8 0.88 0.40 1.92 Yang et al.34

9 2018 BHJ_DC_5b 0.94 5.86 37 1.89 4.36 × 10− 9 4.48 × 10− 7 0.95 0.43 2.01 Yang et al.34

10 2019 BHJ_DC_6c 0.60 8.03 44 1.42 7.85 × 10− 3 – 0.82 0.07 2.12 Liang et al.33

11 2017 BHJ_DC_1c 0.69 8.71 43 1.41 5.30 × 10− 4 2.10 × 10− 6 0.72 0.35 2.66 Lai et al.32

12 2017 BHJ_DC_3a 0.69 7.54 53 2.10 – – 1.41 0.64 2.73 Feng et al.37

13 2019 BHJ_DC_10a 0.59 7.77 60 1.88 – – 1.29 0.48 2.75 Lanzi 

and Pierini38

14 2019 BHJ_DC_10c 0.60 8.86 62 1.89 – – 1.29 0.58 3.35 Lanzi 

and Pierini38

15 2019 BHJ_DC_8 0.80 9.32 46 1.81 1.40 × 10− 2 4.20 × 10− 5 1.01 0.51 3.43 Li et al.39

16 2017 BHJ_DC_3b 0.78 8.05 57 2.08 – – 1.30 0.67 3.60 Feng et al.37

17 2022 BHJ_DC_15a 0.85 11.94 39 1.44 5.10 × 10− 5 1.10 × 10− 4 0.59 0.52 3.98 Liang et al.40

18 2019 BHJ_DC_10b 0.62 9.91 65 1.87 – – 1.25 0.63 4.05 Lanzi 

and Pierini38

19 2017 BHJ_DC_3c 0.92 7.60 60 2.08 8.20 × 10− 5 2.40 × 10− 6 1.16 0.66 4.18 Feng et al.37

20 2019 BHJ_DC_11a 0.63 12.1 65 2.04 – – 1.41 0.59 4.20 Lanzi et al.41

21 2019 BHJ_DC_9 1.05 8.31 50 1.90 1.47 × 10− 4 7.11 × 10− 6 0.85 0.63 4.34 Yang et al.42

22 2020 BHJ_DC_14a 1.00 8.20 62 1.87 1.00 × 10− 3 2.30 × 10− 5 0.87 0.55 5.06 Jiang et al.43

23 2017 BHJ_DC_4 0.68 13.30 62 – 8.40 × 10− 4 – – 0.61 5.58 Pierini et al.44

24 2019 BHJ_DC_11b 0.68 13.50 71 1.83 – – 1.15 0.68 5.80 Lanzi et al.41

25 2020 BHJ_DC_13 0.84 12.68 58 1.77 2.70 × 10− 2 2.10 × 10− 5 0.93 0.63 6.25 Yu et al.45

26 2019 BHJ_DC_12 0.90 10.80 65 1.84 2.60 × 10− 1 2.10 × 10− 4 0.94 0.67 6.30 Feng et al.46

27 2020 BHJ_DC_14b 0.94 12.81 69 1.85 2.70 × 10− 4 2.70 × 10− 4 0.91 0.76 8.40 Jiang et al.43

28 2023 BHJ_DC_16A 0.775 20.04 60 – – – – 0.79 9.36 Zhang et al.47

29 2023 BHJ_DC_16B 0.812 19.08 63 – – – – 0.77 9.77 Zhang et al.47

30 2022 BHJ_DC_15b 0.77 21.23 62 1.44 1.80 × 10− 3 9.90 × 10− 4 0.67 0.79 10.09 Liang et al.40

31 2023 BHJ_DC_17 0.90 22.24 65 1.43 4.79 × 10− 3 3.01 × 10− 3 0.53 0.80 13.02 Liang et al.48

32 2024 BHJ_DC_18 0.911 23.04 66 1.53 – – – 0.80 13.85 Li et al.49
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11AB, which demonstrated commendable performance (PCE 

∼5%) compared with contemporaneous NFA-based DCP- 

OPVs.38,41,44 Fullerene acceptors offered several advantages. 

In particular, a triply degenerate lowest unoccupied molecular 

orbital (LUMO) can accommodate more electrons compared 

with a non-degenerate LUMO. This increases the electron-ac

cepting capacity of the fullerene. Meanwhile, high electronega

tivity and electron affinity, isotropic electron transport, and a rigid 

molecular backbone could facilitate exciton separation and 

charge transfer (CT).91 However, drawbacks such as high costs, 

complex purification processes, limited energy level tunability, 

low light absorption in a relatively insufficient wavelength range, 

and challenging chemical modifications led researchers to 

explore alternative materials.92

As researchers shifted focus toward NFAs, perylene diimide 

(PDI) emerged as a popular choice due to its excellent electron 

mobility, tunable LUMO level, and broad visible spectrum ab

sorption.93 Between 2017 and 2020, PDI-based DCP-OPVs 

achieved efficiencies around 6% (e.g., BHJ_DC_12 and 

BHJ_DC_13). However, PDI tends to form aggregated crystal

line domains, leading to excimer formation and exciton trap

ping.94 Researchers addressed these issues by modifying 

PDI’s active sites—bay, ortho, and N positions—to induce mo

lecular twists and reduce aggregation. Through these adjust

ments, the related devices exhibited enhanced performance to 

varying degrees.95–97 The discovery of FREAs, like 3,9-bis(2- 

methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tet

rakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b: 

5,6-b’]dithiophene (ITIC) and 2,2’-((2Z,2’Z)-((12,13-bis(2-eth

ylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e] 

thieno[2",3’’:4’,5’]thieno[2’,3’:4,5]pyrrolo[3,2-g]thieno[2’,3’:4,5]

thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro- 

3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6), 

significantly advanced BHJ-OPV efficiencies beyond 20%.14–16

However, for commercial SC-OPVs aiming for low cost and 

high stability, FREAs may not be ideal. Thus, attention shifted 

to non-fused electron acceptors (NFREAs). Post-2022, the ad

option of Thieno[3,4-c]pyrrole-4,6-dione (TPD)-based NFREAs 

replaced PDI, achieving PCEs exceeding 13% in examples 

such as BHJ_DC_15AB, BHJ_DC_16AB, and BHJ_DC_ 

17.40,47,48 TPD’s crescent-shaped molecular geometry pro

moted tight molecular packing into a 3D network, simplifying 

morphological control and leading to efficient charge 

transport.98

BCP-based SC-OPVs (BCP-OPVs) have also made significant 

strides. Early BCP-OPV efficiencies were notably low—less than 

0.1% (HJ_DB_1). Even by 2018, efficiencies remained below 5% 

(HJ_DB_6). In 2020, the design by Kwon et al. of HJ_DB_9 

marked a significant breakthrough, with a PCE of 6.22% under 

AM1.5G and 12.7% under indoor lighting conditions (500 lux), 

indicating substantial potential for indoor applications.56

HJ_DB_9’s novel structure, (A1-D1)—(A2-D2), where (A1-D1) 

forms the donor block and (A2-D2) forms the acceptor block, 

accelerated subsequent material developments. In 2021, Wu 

et al. synthesized HJ_DB_8, breaking the 11% PCE barrier and 

reigniting research enthusiasm for SC-OPVs by chemically 

Table 2. PV performance of di-block copolymer-based SC-OPVs

No: Year AL Voc 

(V)

JSC 
(
mA ⋅ cm− 2

)
FF 

(%)

Bandgap 

(eV)

μh 
(
cm2s− 1V− 1)

μe 
(
cm2s− 1V− 1

)
Energy loss 

(eV)

EQEmax PCE (%) Ref

1 2006 HJ_DB_1 0.865 0.19 – – – – – 0.31 0.07 Narayanaswamy 

et al.50

2 2017 HJ_DB_2a 0.79 1.30 35 1.70 – – 0.91 0.11 0.36 Lee et al.51

3 2017 HJ_DB_3a 0.46 5.25 51 – – – – 0.40 1.23 Chen et al.52

4 2017 HJ_DB_3b 0.51 5.02 59 – – – – 0.40 1.52 Chen et al.52

5 2017 HJ_DB_2b 0.79 4.04 48 1.69 – – 0.90 0.26 1.54 Lee et al.51

6 2013 HJ_DB_5 1.22 5.30 47 2.00 – – 0.78 0.31 3.10 Guo et al.53

7 2018 HJ_DB_6 0.93 8.26 50 1.80 – – 0.87 0.51 3.87 Lee et al.54

8 2021 HJ_DB_7a 0.86 9.76 49 1.55 2.30 × 10− 4 2.00 × 10− 4 0.69 0.40 4.20 Li et al.55

9 2020 HJ_DB_9 0.89 10.76 65 1.58 5.33 × 10− 6 4.87 × 10− 6 0.69 0.60 6.22 Kwon et al.56

10 2020 HJ_DB_10 0.85 12.21 62 1.48 2.86 × 10− 5 2.51 × 10− 5 0.63 0.55 6.43 Park et al.57

11 2021 HJ_DB_7b 0.89 15.42 63 1.43 3.50 × 10− 4 2.50 × 10− 4 0.54 0.60 8.64 Li et al.55

12 2023 HJ_DB_11a 0.95 18.79 52 1.39 1.93 × 10− 4 5.90 × 10− 4 0.44 0.69 9.34 Liu et al.58

13 2022 HJ_DB_12 0.94 18.68 60 1.48 1.00 × 10− 4 7.00 × 10− 5 0.54 0.70 10.55 Phan et al.59

14 2021 HJ_DB_8 0.914 19.25 63 1.49 2.69 × 10− 4 1.51 × 10− 4 0.58 0.70 11.32 Wu et al.60

15 2023 HJ_DB_11b 0.95 17.62 70 1.38 3.58 × 10− 4 2.29 × 10− 4 0.43 0.62 11.78 Liu et al.58

16 2022 HJ_DB_13 0.895 20.57 68 – 3.64 × 10− 4 3.28 × 10− 4 – 0.75 12.60 Guo et al.61

17 2022 HJ_DB_14 0.92 21.87 66 1.422 4.33 × 10− 4 4.24 × 10− 4 0.502 0.69 13.28 Yang et al.62

18 2023 HJ_DB_15 0.957 20.95 67 1.45 1.95 × 10− 4 1.53 × 10− 4 0.493 0.77 13.40 Cheng et al.22

19 2022 HJ_DB_16 0.926 22.61 71 1.45 4.60 × 10− 4 2.90 × 10− 4 0.524 0.75 14.88 Wu et al.30

20 2024 HJ_DB_17 0.944 23.27 68 1.453 2.67 × 10− 3 2.57 × 10− 3 0.509 0.80 14.89 Cheng et al.31

21 2024 HJ_DB_18 0.888 23.84 71 1.59 4.8 × 10− 4 2.8 × 10− 4 – 0.85 15.02 Li et al.63
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bonding the backbone of PBDB-T and the Y-molecule.60

Notably, they improved the performance of HJ_DB_8-based 

SC-OPVs using green solvents and adjusted the donor block’s 

conjugation length, pushing the PCE from 11.32% (HJ_DB_8) 

to 12.6% (HJ_DB_13) and 13.28% (HJ_DB_14), respec

tively.60–62 Following Wu’s work, the introduction of PM6 as a 

donor block led to the design of HJ_DB_16, achieving a PCE 

of 14.88%.30 Incorporating D18 as a donor block in HJ_DB_15 

provided new design insights. Chen et al. employed a ‘‘three- 

in-one strategy’’ with PM6 as donor block 1, D18 as donor block 

2, and PYIT as the acceptor block and achieved precise 

control over block proportions, leading to enhanced light ab

sorption, morphology control, and stability, and ultimately, one 

of the highest SC-OPV (HJ_DB_17) efficiencies of 14.89% was 

realized.31

On the other hand, small molecule-based SC-OPVs, regard

less of whether they use the BHJ or HJ structural models, still 

show poorer efficiencies than their polymer counterparts and 

also gain less attention than DCP and BCP polymers. In such a 

structural design, electron acceptors that are derived from fuller

enes have been frequently employed. For instance, in the SM 

dyad based on the HJ model (HJ_SM_3) developed by Singh 

et al., fullerene and diketopyrrolopyrrole (DPP) derivatives were 

covalently bonded; however, the fullerene’s absorption did not 

complement HJ_SM_3’s absorption spectrum well enough, 

leading to a low Jsc of 6.71 mA⋅cm− 2 and a PCE of 2.17%.50

In the design of SM BHJ model structures, Woo et al. designed 

BHJ_SM_3 by chemically bonding benzodiazepine-rhodanine 

(BDTRh) and [6,6]-phenyl-C61 butyric acid methyl ester 

(PCBM), leading to a PCE of 2.44% with a relatively low Jsc of 

7.02 mA⋅cm− 2.66 Inefficient charge generation seems to be the 

main obstacle for SM SC-OPVs, and more research efforts 

should be put into the design and development of SM materials, 

aligning with the pace of polymeric counterparts.

Overall, based on the collected data in Tables 1, 2, 3, and 4, 

the consistently enhanced JSC and FF played a significant role 

in the recent achievements of SC-OPVs. Meanwhile, as shown 

in Figures 2A–2D, we perform a comparative analysis of the 

key performance parameters—JSC, VOC, FF, and PCE—for SC- 

OPV and BHJ-OPV devices against the Shockley-Queisser 

(SQ) limit.99 From the comparison, it is clear that the performance 

gap is significant between SC-OPVs and BHJ-OPVs, primarily 

due to suboptimal JSC and FF, which are related to charge gen

eration and collection efficiencies. By evaluating these parame

ters, the study aims to provide insights into the operation of SC- 

OPVs in comparison to BHJ-OPVs, as discussed later.

POTENTIAL ADVANTAGES

Stability

The kinetically mixed donor and acceptor components in a BHJ 

typically lack thermodynamic stability, and unfavorable micro

structural changes—phase separation or excessive mixing— 

may occur under external stresses like heat or light, resulting in 

microstructure-related performance degradation.100,101 The cre

ation of SC-OPVs—which, as previously shown, combine chem

ically bonded donor and acceptor moieties inside a single mole

cule or polymer—offers an effective solution to this instability 

Table 3. PV performance of SC-OPVs based on BHJ model of small molecules

No: Year AL Voc (V) JSC 
(
mA ⋅ cm− 2

)
FF (%) Bandgap 

(eV)

μh 

(cm2s− 1V− 1)

μe 

(cm2s− 1V − 1
)

Energy loss (eV) EQEmax PCE (%) Ref

1 2019 BHJ_SM_1 0.78 5.05 28 – 2.30 × 10− 5 – – 0.40 1.11 Labrunie 

et al.64

2 2013 BHJ_SM_2b 1.00 4.30 43 – 2.20 × 10− 6 1.50 × 10− 5 – 0.58 1.86 Qu et al.65

3 2013 BHJ_SM_2c 0.96 4.60 46 – 9.60 × 10− 6 4.60 × 10− 6 – 0.61 2.04 Qu et al.65

4 2013 BHJ_SM_2a 1.04 4.82 47 – 2.50 × 10− 5 9.10 × 10− 6 – 0.64 2.33 Qu et al.65

5 2017 BHJ_SM_3 0.97 7.02 36 1.84 1.03 × 10− 6 8.96 × 10− 6 0.87 0.46 2.44 Nguyen et al.66

6 2020 BHJ_SM_4a 0.80 8.64 41 1.55 – – 0.75 0.41 2.80 Lucas et al.67

7 2019 BHJ_SM_5 0.98 7.50 44 1.81 1.78 × 10− 3 1.35 × 10− 5 0.83 0.43 3.22 Wang et al.68

8 2020 BHJ_SM_4b 0.81 9.94 43 1.54 – – 0.73 0.40 3.37 Lucas et al.67

9 2020 BHJ_SM_4c 0.82 11.53 46 1.55 – – 0.73 0.48 4.26 Lucas et al.67

Table 4. PV performance of SC-OPVs based on HJ model of small molecules

No: Year AL Voc (V) JSC 
(
mA ⋅ cm− 2

)
FF (%) Bandgap 

(eV)

μh 

(cm2s− 1V− 1)

μe 

(cm2s− 1V− 1)

Energy loss 

(eV)

EQEmax PCE (%) Ref

1 2020 HJ_SM_1a 1.19 3.54 27 1.83 3.00 × 10− 5 3.10 × 10− 5 0.64 0.23 1.13 Mannanov et al.69

2 2020 HJ_SM_1b 1.08 3.71 27 1.80 – – 0.72 0.21 1.13 Mannanov et al.69

3 2019 HJ_SM_2a 0.68 5.62 45 1.49 – – 0.81 0.31 1.73 Xia et al.70

4 2019 HJ_SM_2b 0.83 6.08 40 1.47 – – 0.64 0.30 2.04 Xia et al.70

5 2016 HJ_SM_3 0.66 6.70 49 1.72 1.30 × 10− 4 1.10 × 10− 4 1.03 0.38 2.17 Narayanaswamy 

et al.50

6 2019 HJ_SM_2c 0.73 8.03 43 1.48 – – 0.75 0.39 2.52 Xia et al.70
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Table 5. PV performance of selected single-junction BHJ-OPVs

No: Year AL Bandgap (eV) Energy loss (eV) EQEmax μh=μe PCE (%) Ref

1 2020 PTB7-Th:IOTIC 1.44 0.56 0.38 – 6.00 Karki et al.188

2 2020 PTB7-Th:IOTIC-2F 1.36 0.568 0.52 – 7.20 Karki et al.188

3 2020 PE72:Y6 1.37 0.535 0.60 0.58 9.74 Zhang et al.189

4 2020 PM6:NOIC4 1.62 0.68 0.68 0.44 10.10 Li et al.190

5 2020 PTB7-Th:IOTIC-4F 1.34 0.62 0.65 – 10.20 Karki et al.188

6 2018 PffBT2T-TT:O-IDTBR 1.60 0.55 0.68 – 10.40 Chen et al.191

7 2019 J71:ITC6-IC 1.67 0.72 0.69 – 10.41 Sun et al.192

8 2020 PM6:NOIC 1.62 0.73 0.77 1.40 11.40 Li et al.190

9 2019 PBDB-T:IT4F:NMR-1 1.53 0.76 0.81 – 11.47 Qin et al.193

10 2020 PBDB-T:FOIC 1.391 0.751 0.79 1.70 11.91 Wang et al.194

11 2020 PE71:Y6 1.37 0.545 0.70 0.81 12.03 Zhang et al.189

12 2019 PM6:ITCPTC 1.65 0.7 0.80 – 12.30 Luo et al.195

13 2020 PM6:NOIC1 1.46 0.6 0.75 0.96 12.50 Li et al.190

14 2019 PM6:IT-4Cl 1.56 0.76 0.78 – 12.70 Luo et al.195

15 2018 PTB7-Th:IEICO-4F 1.24 0.62 0.89 0.96 12.80 Song et al.196

16 2019 PM6:IT-4F 1.60 0.73 0.80 – 12.90 Luo et al.195

17 2018 P2F-Ehp:IT-2F 1.63 0.74 0.79 2.39 12.96 Fan et al.197

18 2017 PBDB-T-SF:IT-4F 1.54 0.66 0.83 0.75 13.10 Zhao et al.198

19 2018 PFBDB-T:C8-ITIC 1.54 0.60 0.86 0.85 13.20 Fei et al.199

20 2019 PBDB-T:DOC2C6-2F 1.42 0.57 0.78 0.71 13.24 Huang et al.200

21 2019 PBDB-T:Y2 1.40 0.57 0.74 12.45 13.40 Yuan et al.201

22 2019 PBDB-T:Y1 1.44 0.57 0.74 5.10 13.42 Yuan et al.201

23 2019 PM6:ITC-2Cl 1.58 0.67 0.79 – 13.60 Luo et al.195

24 2019 BTR-Cl:Y6 1.78 0.92 0.79 1.06 13.61 Chen et al.202

25 2020 PBDB-T:H3 1.31 0.55 0.83 0.80 13.75 He et al.203

26 2019 L2:TTPT-T-4F 1.576 0.721 0.81 5.04 14.00 Li et al.204

27 2020 PBDB-T:H1 1.41 0.66 0.82 1.49 14.06 Qin et al.205

28 2020 PM6:NOIC2 1.57 0.64 0.81 1.00 14.10 Li et al.190

29 2021 PBDB-T:PYTT-2 1.52 0.61 0.83 1.82 14.32 Wang et al.206

30 2019 ZR1:Y6 1.38 0.54 0.82 0.33 14.34 Zhou et al.207

31 2022 PM6:BO5Cl 1.48 0.522 0.79 1.12 15.02 He et al.208

32 2020 PBDB-T:H2 1.42 0.63 0.82 1.24 15.12 He et al.203

33 2020 PM6:ABP4T-4F 1.362 0.44 0.79 1.10 15.20 Gao et al.209

34 2020 PM6:BTP-S1 1.49 0.56 0.81 1.25 15.21 Li et al.210

35 2021 PFBCPZ:IT-4F 1.57 0.65 0.84 2.08 15.30 Wu et al.211

36 2019 PM6:Y6 1.42 0.58 0.81 1.67 15.40 Sun et al.212

37 2019 PBDB-TF:BTP-4F 1.407 0.573 0.84 – 15.60 Cui et al.213

38 2019 PTQ10:Y6 1.42 0.55 0.80 – 16.21 Sun et al.214

39 2020 PM6:BTP-S2 1.48 0.53 0.83 1.46 16.37 Li et al.210

40 2019 PM6:BTP-4F-12 1.40 0.55 0.85 – 16.40 Hong et al.215

41 2019 S1:Y6 1.41 0.54 0.81 1.58 16.42 Sun et al.212

42 2019 PBDB-TF:BTP-4Cl 1.4 0.53 0.84 – 16.50 Cui et al.213

43 2020 PM6:BP5T-4F 1.338 0.45 0.81 – 16.70 Gao et al.209

44 2021 PNTB-2T:Y6 1.407 0.535 0.83 0.71 16.72 Zhang et al.216

45 2021 PM6:mBzS-4F 1.25 0.446 0.87 1.28 17.02 Qi et al.217

46 2021 PTQ10:BTP-Ph 1.36 0.472 0.81 0.55 17.10 Chang et al.218

47 2020 PM6:BP4T-4F 1.329 0.49 0.83 – 17.10 Gao et al.209

48 2021 PNTB-2T:Y6:PC71BM 1.407 0.533 0.81 1.52 17.35 Zhang et al.216

(Continued on next page)
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problem. Better morphological stability is provided by this chem

ically bonded structure, which stops the donor and acceptor 

from freely moving and developing into a large phase separation 

and unfavorable aggregation. Below, recent progress on photo

stability, thermal stability, and industrial viability is discussed.

Photostability

The DCP polymer BHJ_DC_12, reported by Li et al., exhibited 

remarkable photostability when used in SC-OPVs.46 Following 

300 h of continuous light exposure (under 1-sun illumination), 

as shown in Figure 3A, the JSC of SC-OPVs remained nearly un

changed, while there was a minor decrease of 3%–5% in both 

the FF and the VOC. As a result, there was an overall decline in 

the PCE of around 7%. This small drop in FF and VOC may be 

caused by undesirable interfacial layers, such as zinc oxide 

(ZnO) and/or MoO3, resulting in increased series resistance 

and decreased parallel resistance after exposure to light. There

fore, careful selection of interfacial layers is required for main

taining both efficiency and photostability. Building upon this 

work, Jiang et al. further developed BHJ_DC_14A and 

BHJ_DC_14B.43 The SC-OPVs fabricated from BHJ_DC_14A 

and BHJ_DC_14B showed decent photostability in an inert N2 

environment, as depicted in Figures 3B–3E, with BHJ_DC_ 

14A-based cells keeping nearly 100% of starting PCEs and 

BHJ_DC_12-based cells displaying around 94% of initial PCEs 

after 150 h, despite the fact that their PCEs did not match those 

of BHJ_DC_12. The phenomenon can be ascribed to the 

improved phase separation established between the backbones 

and the n-type semiconductor units (NDIs). Recently, Li et al. 

introduced two more novel DCP materials, BHJ_DC_15A and 

BHJ_DC_15B, utilizing distinct side chains (TPDIC), which 

demonstrated exceptional photostability, with BHJ_DC_15B- 

based SC-OPVs exhibiting mitigated FF loss (94% retention) 

without burn-in degradation after 1,000 h.40 Compared with 

BHJ-mixture cells with a PCE reduction of 34%, the final PCE 

of BHJ_DC_15B-based devices only reduces by 14% as a result 

of these modifications (Figures 3F and 3G).

BCP polymers have also shown exceptional photostability 

due to the desired morphology created by the strong self-as

sembly of BCPs. HJ_DC_10, which was developed by Park 

et al. in 2020, gained recognition due to its utilization of eco- 

friendly solvents and remarkable morphological stability.57

Tests conducted on the unencapsulated devices based on 

HJ_DC_10, compared with BHJ-mixture devices, showed 

that after a maximum storage time of 1,020 h, the 

HJ_DC_10-based solar cell maintained 90.1% of its initial 

PCE, while the blend-film-based devices only maintained 

59.5% of their initial PCE (shown in Figures 4A and 4B). The 

HJ_DB_11B with a (D1-A1-A2-A3) structure was developed in 

2021 by Guo et al.58 By contrasting HJ_DB_11B-based SC- 

OPVs with BHJ structure cells of similar composition, they 

demonstrated that, primarily as a result of burn-in degradation 

of electrodes and interfaces,55 the HJ_DB_11B-based devices 

showed a minor PCE decrease and retained approximately 

90% of original PCEs after 1,000 h of storage in N2 at three 

different test conditions, namely, room temperature and dark 

condition, continuous illumination condition, and 85◦C heated 

condition (as shown in Figures 4C–4E, respectively). Later 

on, in 2024, Chen et al. employed a ‘‘triple-to-one strategy’’ 

and synthesized HJ_DB_17 and achieved one of the highest 

device performances with a PCE of 14.89%.31 In terms of 

maintaining photostability, although all three types of devices 

(comprising one, two, and three components of organic semi

conducting material) exhibited a decrease compared with their 

initial PCE, SC-OPVs demonstrated superior photostability. 

Under continuous 1-sun-equivalent white light-emitting diode 

(LED) illumination for 520 min, SC-OPVs maintained 90.37% 

of their initial PCE, outperforming the other devices, which re

tained 87.25% and 87.12% of their initial PCE, respectively. 

Consequently, the final PCE of HJ_DB_17 experiences a small 

reduction and keeps around 90% of the initial PCE 

(Figures 4F–4H).

Thermal stability

Thermal stability is another important factor to consider, as solar 

cells are heated when exposed to sunlight. This heat may induce 

stronger phase separation, leading to phase-segregated donor 

and acceptor domains, thereby damaging PV performances. 

Table 5. Continued

No: Year AL Bandgap (eV) Energy loss (eV) EQEmax μh=μe PCE (%) Ref

49 2022 PM6:Y6-HU 1.37 0.50 0.85 1.17 17.40 Abbas et al.219

50 2020 PM6:BTP-4F-12:MeIC 1.389 0.526 0.8 1.29 17.40 Ma et al.220

51 2021 PTQ10:m-BTP-C6Ph 1.35 0.467 0.82 0.67 17.70 Chai et al.221

52 2021 PM6:L8-BO 1.42 0.55 0.85 1.62 18.32 Li et al.222

53 2022 PM6:BO-4Cl:BO-5Cl 1.37 0.496 0.86 0.51 18.36 He et al.208

54 2022 D18:L8-BO 1.46 0.542 0.85 1.06 19.05 Zhu et al.223

55 2022 PBQx-TF:eC9-2Cl 1.411 0.532 0.89 1.06 19.20 Wang et al.224

56 2022 PM6:D18:L8-BO 1.29 0.394 0.85 0.95 19.60 Zhu et al.223

57 2024 PM6:eC9 – – 0.92 0.92 19.70 Yu et al.225

58 2024 PBDB-TF:L8-BO:BTP-eC9 – – 0.93 – 20.17 Guan et al.226

59 2024 D18:L8-BO(B6Cl) 1.42 0.52 0.90 1.10 20.20 Sun et al.227

60 2025 PM6:L8-BO-C4:L8-BO-C4-Br 1.419 0.541 0.90 1.12 20.42 Li et al.16

61 2024 D18-Cl:BTP-4F-P2EH – – 0.90 1.13 20.80 Zhu et al.15

62 2025 D18-Cl:N3:AT-β2O – – 0.90 1.09 20.82 Chen et al.14
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Scheme 1. Chemical structures of double-cable polymer-based SC-OPVs

Please cite this article in press as: Ma et al., Physical insights into single-component organic photovoltaics, Joule (2026), https://doi.org/10.1016/ 

j.joule.2026.102397

Joule 10, May 20, 2026 9 

Review
ll



Meanwhile, heated samples can lead to stronger electron- 

phonon coupling, since molecular vibration is strongly tempera

ture dependent.102 Promisingly, SC-OPVs generally demon

strate higher thermal stability in comparison to BHJ-OPVs 

manufactured from the same donor and acceptor materials. An 

exemplary example is the BHJ_DC_17 polymer system, devel

oped by Li and his team in 2023, which exhibited exceptional 

thermal stability throughout testing.48 The SC-OPVs, which 

were based on BHJ_DC_17, retained 89% of their initial PCEs 

after being constantly heated at 85◦C for 700 h in N2. By contrast, 

BHJ-OPVs utilizing identical material thin films exhibited a mere 

70% of their initial PCEs. In addition, the BCP polymer system 

HJ_DB_16, reported by Wu et al., exhibited exceptional thermal 

stability.30 Remarkably, their investigation revealed that the ther

mal durability of SC-OPVs based on HJ_DB_16 was enhanced 

even more when a Y6 additive was included. This resulted in a 

decrease in PCE deterioration from around 11% to roughly 

7%. The performance of materials treated with certain additives 

is noteworthy, and the thermal stability of the device is greatly 

influenced by compositional ratios and the length of the linkers 

connecting the acceptor and donor.38,62

As discussed in ‘‘stability,’’ in SC-OPVs, improved stability is 

often attributed to chemically bonding donor and acceptor mo

tifs, which restricts D-A demixing and can therefore enhance 

morphological stability under external stress.103 However, stabil

ity is also configuration dependent because linker length and 

flexibility, attachment geometry, the donor-to-acceptor block 

composition, and the size (length) of the side chains collectively 

determine solid-state packing, local free volume, and the extent 

of segmental motion that drives nanoscale reorganization during 

thermal or light exposure.83 These packing changes directly 

translate into device responses, most notably mobility balance 

and recombination kinetics, which in turn govern voltage and 

FF losses during aging. In support of this link between configura

tion, packing, and operational stability, thermal annealing- 

induced ordering in double-cable polymers has been shown to 

reduce recombination and deliver strong retention of perfor

mance under continuous illumination.46

Scheme 2. Chemical structures of di-block copolymer-based SC-OPVs
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Industrial viability

Industrial viability concerns not only efficiency and stability but 

also synthetic complexity, as cost is a major factor when it 

comes to real-life demonstrations. To evaluate the industrial po

tential of SC-OPVs in comparison to BHJ-OPVs, He et al. devel

oped an industrial figure of merit (i-FoM) as follows103:

i − FoM =
PCE × Photostability

Synthetic Complexity
:

In the above equation, the PCE maintained under AM 1.5G light 

after 200 h of illumination is referred to as photostability, and the 

synthetic complexity was obtained from the following equation:

Synthetic Complexity = 35
NSS

NSSmax

+ 25
log (RY)

log(RYmax)

+ 15
NUO

NUOmax

+ 15
NCC

NCCmax

+ 15
NHC

NHCmax

;

where NSS stands for the number of synthetic steps, RY repre

sents the yields of the monomers, NUO refers to the number of 

unit operations, NCC denotes the number of column chromatog

raphy required for the purification of monomers, and NHCdenotes 

the number of hazardous chemicals.

He et al. carried out a comprehensive evaluation of the i-FoM 

between SC-OPVs and BHJ-OPVs.103 They examined the PCE, 

photostability, and the level of difficulty in synthesis for SC- 

OPVs and their corresponding BHJ-OPVs. The results indi

cated that SC-OPVs based on DCPs and small molecules 

had better i-FoM compared with the BHJ-OPV with relevant 

composition, as shown in Figure 5. Because of their improved 

performance and simpler synthesis, this study suggests that 

SC-OPVs using DCPs have great potential for future improve

ment, making them potentially the best candidates for wide

spread commercial and industrial applications. It is also worth 

noting that BCP materials based on Y-series acceptors and 

PBDB-T-based polymer donor blocks will be unlikely to exhibit 

good industrial viability due to their high synthetic complexity, 

although the most efficient SC-OPVs so far are mainly based 

on Y and PBDB-T blocks. Importantly, this also highlights a 

clear opportunity for BCP development, as future efforts could 

focus on synthetically streamlined molecular designs and 

more scalable routes while maintaining the optoelectronic 

Scheme 3. Chemical structures of small molecules from BHJ and HJ model-based SC-OPVs
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functionality and device performance required for high-effi

ciency SC-OPVs.

PHOTOPHYSICAL PROCESS IN SC-OPVs

We now provide a systematic review of the underlying photo

physical processes in SC-OPVs to assess the factors limiting 

their performance. As outlined in Figure 6A, OPV operation pro

ceeds through five key stages: (1) exciton creation via photoex

citation, (2) CT state formation, (3) CT exciton dissociation into 

free charge carriers, (4) charge-carrier transport, and (5) 

charge-carrier collection at the electrodes. Recombination, 

which reduces the current and voltage, occurs at all operational 

steps radiatively or non-radiatively (including via triplet states 

that are not shown in Figure 6A). Though the operational steps 

of SC-OPVs are the same as those of BHJ-OPVs, the CT process 

is slightly different, as shown in Figure 6B. In BHJ-OPVs, CT oc

curs intermolecularly between separated donor and acceptor 

domains, while it occurs intramolecularly through bonds or 

across flexible linkers in SC-OPVs. In this section, we compare 

these processes to those in conventional BHJ-OPVs, high

lighting how the SC strategy alters the fundamental exciton 

and free charge dynamics, with attendant benefits and 

limitations.

Exciton generation and migration

Upon photoexcitation, a photon creates a tightly bound Frenkel 

exciton (Coulomb-bound electron-hole pair) rather than free car

riers in organic semiconductors.28 Exciton generation in SC- 

OPVs occurs in the conjugated segments (donor or acceptor 

units) of the single material, analogous to exciton creation in 

the donor or acceptor phase of a BHJ. These excitons must 

migrate (diffuse) to a D-A interface to initiate charge separation. 

In conventional BHJs, exciton diffusion is a critical bottleneck, as 

typical exciton diffusion lengths are only on the order of 5–20 nm. 

However, recent NFAs exhibit surprisingly long exciton diffusion 

Figure 2. Comparison of PV parameters for SC-OPV and BHJ-OPV devices relative to the SQ limit 

The respective parameters of (A) JSC, (B) FF, (C) PCE, and (D) VOC for both SC-OPV and BHJ-OPV devices are analyzed and compared against the Shockley- 

Queisser (SQ) limit, which is indicated in pink lines.
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of 20–47 nm.104 Firdaus et al. demonstrated that several high- 

mobility NFAs have balanced ambipolar transport and highly de

localized excitons, enabling long-range exciton migration 

beyond typical limits.104 Giannini et al. further showed a clear 

correlation between exciton diffusion constant and quantum 

delocalization: in materials like Y6, the exciton can transiently 

Figure 3. Stability evaluation of double-ca

ble polymer-based SC-OPVs under varied 

aging conditions and device architectures 

(A) The stability data of an optimized BHJ_DC_12 

solar cell were measured for over 300 h under 

comparable one sun light. 

(B–E) A stability test was conducted for SC-OPVs 

based on BHJ_DC_14A and 14B. The cells were 

kept in a glove box. BHJ_DC_14A-based cells 

showed nearly the same PCEs after 150 h, but 

BHJ_DC_14B-based cells showed 94% of the 

initial PCEs. The results also showed that the cells 

made from toluene, whether with or without 1,8- 

Diiodooctane (DIO), had comparable stability. 

(F and G) Stability tests were conducted for cells 

under light based on different structures: (F) 

BHJ_DC_15B-based SC-OPV and (G) BHJ-OPV 

structure using the same materials. Adapted 

from Liang et al.,40 Jiang et al.,43, and Feng et al.46

delocalize, significantly extending its 

diffusion range.105 This means excitons 

in well-ordered SC-OPV materials can 

sample a larger volume before decay, 

increasing the likelihood of reaching a 

D-A interface (even a ‘‘hidden’’ one within 

the SC). Notably, modeling work has sug

gested that excitons might dissociate 

even tens of angstroms away from an 

interface, yielding partially separated 

electron-hole pairs that can more easily 

overcome Coulomb attraction.106 Such 

long-range exciton dissociation was pre

dicted to be quite common in polymer:

fullerene BHJs, implying that an exciton 

need not be exactly at a D-A contact to 

begin charge separation.

In SC-OPVs, the D and A moieties are 

inherently in proximity (either as cova

lently linked blocks or pendant side 

groups). This architecture can facilitate 

exciton harvesting by ensuring that an 

acceptor is never far from an excited 

donor (and vice versa). For DCP architec

tures with fullerene or NFA side-chain ac

ceptors, the donor backbone provides 

the exciton source while pendant accep

tors furnish proximate electron-accept

ing sites. This intramolecular capture 

proceeds on ultrafast (sub-ps) time

scales, obviating long-range exciton 

diffusion and reducing encounter-limited 

loss.37,43,107 By analogy, in a BCP, the covalent D-A junctions 

along a single chain provide similarly short capture distances: 

in the fully conjugated (F8-TBT)-b-P3HT system, intrachain CT 

excitons form within 40 fs of excitation, with pronounced 

quenching of P3HT photoluminescence even at the single-chain 

level.82 This sub-50 fs timescale is much faster than typical 
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Figure 4. Comprehensive stability evaluation of SC-OPVs and BHJ-OPVs based on di-block polymers under diverse environmental and 

operational stressors 

(A and B) An assessment was conducted to determine the stability of SC-OPV performance under ambient circumstances for a storage period of up to 1,020 h. 

The evaluation was carried out for two different structures with the same materials: (A) HJ_DB_10 and (B) HJ_DB_10 blend BHJ-OPVs. The atomic force mi

croscopy (AFM) height photos depict the (A1 and A2) HJ_DB_10 film and (B1 and B2) blend film. 

(C–E) The PV characteristics of the optimized blend system HJ_DB_11B-based BHJ-OPVs and HJ_DB_11B-based SC-OPVs were studied for a storage period 

of up to 1,008 h in a nitrogen gas environment. The evolution of these parameters was investigated under the following three different conditions: (C) under room 

temperature and dark conditions, (D) continuous illumination conditions, and (E) 85◦C heated conditions. 

(F–H) Evolution of PV parameters of the PM6-D18-b-PYIT-10 (HJ_DB_17), PM6-D18:PYIT, and PM6:D18:PYIT-based OPV in a nitrogen atmosphere: (F) under 

dark conditions and at room temperature, (G) under continuous illumination conditions, and (H) under 85◦C heated conditions. Adapted from Cheng et al.,31 Park 

et al.,57 and Liu et al.58
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exciton diffusion times, indicating that excitons are being 

captured almost immediately by nearby intrachain D-A inter

faces. A similar study noted that these intrachain exciton disso

ciations were efficient at creating CT states (with a notable 

quenching of P3HT photoluminescence), even in isolated single 

chains.76 Also, in BCPs with well-defined microphase-separated 

domains, exciton migration will occur within the donor-rich 

domain until the exciton reaches a donor/acceptor domain inter

face. If domain sizes are comparable to or smaller than the 

exciton diffusion length (∼10 nm), most excitons can reach an 

interface before decaying. P3HT-b-PPerAcr exemplifies the in

fluence of morphology: finely intermixed, disordered D-A nano

scale domains (e.g., achieved by certain processing conditions 

or lower molecular weight) led to substantial steady-state photo

luminescence (PL) quenching and ultrafast (∼1 ps) photoin

duced CT, reflecting exciton dissociation at numerous small 

D-A sites.108 By contrast, the same BCP processed to have 

larger, more phase-separated domains showed slower exciton 

dissociation kinetics. Thus, controlling exciton migration in SC- 

OPVs involves tuning the internal morphology: a higher density 

of D-A contacts (either via molecularly intermixed phases or via 

intramolecular contacts) increases the likelihood that an exciton 

will encounter an interface before decay.

It is worth noting that some emerging organic semiconduc

tors blur the line between needing a heterojunction and 

behaving more like inorganic absorbers in terms of exciton 

dissociation. For instance, Y6 has a relatively low exciton bind

ing energy due to its high polarizability (high dielectric constant) 

and extended conjugation. Remarkably, SC Y6 films can 

generate a large fraction of free charge carriers directly upon 

photoexcitation, without any second phase: at solar illumination 

intensities, an estimated 60%–90% of Y6 excitons dissociate 

into free charges intrinsically.109 This behavior is highly unusual 

for organic absorbers and is attributed to strong coupling be

tween the local exciton and CT states in Y6 aggregates, as 

well as an intermolecular polarization pattern that aids exciton 

ionization. While Y6 by itself still suffers from significant recom

bination losses (discussed later), its ability to generate free 

charge carriers from excitons in an SC film highlights the poten

tial for efficient exciton harvesting in carefully designed organic 

semiconductors.

SC-OPVs are generally designed to maximize exciton migra

tion to an internal D-A interface, either by bringing the interface 

to the exciton (via intrachain acceptors) or by controlling domain 

sizes, thereby mitigating the diffusion bottleneck present in tradi

tional BHJs. Also, the interfacial distance or domain size of SC- 

OPVs in principle should be better controlled than that in BHJ- 

OPVs, since donors and acceptors are covalently bonded. 

Therefore, via proper chemical design, SC-OPV is likely to pre

sent excellent exciton migration and CT efficiencies, which are, 

however, still one of the challenges, as discussed later.

CT state formation and evolution

When an exciton reaches a D-A interface (whether an intermo

lecular interface or an intramolecular junction), electrons can 

transfer from the donor to the acceptor, or holes can transfer 

from the acceptor to the donor, forming a CT state. This CT state 

is essentially a Coulombically bound e-h pair (electron on the 

acceptor, hole on the donor) that can be thought of as an inter

facial exciton with partial charge separation. The properties 

and fate of the CT state are pivotal for free-charge generation. 

In BHJ systems, though electrons and holes are spatially sepa

rated, CT states are still tightly bound in energy—for example, 

at a planar organic donor/acceptor interface, CT excitons can 

be bound by 0.1–0.4 eV depending on their quantum state.110

The lowest-energy (relaxed) CT exciton often has a large binding 

energy (∼0.4 eV in one measured case), which would ordinarily 

prevent it from dissociating into free charges.110 While the exact 

mechanism for CT excitons to dissociate into free charges is still 

unknown in BHJ-OPVs, considerable attention has been drawn 

to the discussions of ‘‘exciton delocalization,’’ ‘‘hot CT states,’’ 

and ‘‘entropy-driven dissociation.’’ Strong delocalization leads 

to spatially separated electron and hole pairs that can easily 

dissociate into free charge carriers,111 while hot CT states— 

higher-energy CT excitons with extra vibrational or electronic en

ergy—can form and be more readily split into free carriers 

before relaxing into the tightly bound state.110 On the other 

hand, entropy may also play an important role by reducing bar

rier height at the D-A interfaces, which will facilitate exciton 

dissociation.111

In SC-OPVs, CT-state formation can follow different pathways 

depending on the molecular architecture. This CT state often oc

curs intra-molecularly (e.g., along a double-cable polymer chain) 

or at the interface of D/A microdomains in a BCP (Figure 6B). The 

initial separation distance in such a geminate intrachain CT pair 

may be small (on the order of a single covalent bond or a few 

nanometers along the chain), which can lead to a strongly bound 

CT state. Early studies on fully conjugated D-A BCPs indeed 

found that CT states would form readily but often remained 

Coulomb-bound (and eventually recombined) rather than 

Figure 5. Comparison of i-FoM for SC-OPVs and BHJ-OPVs 

The orange columns represent SC-OPVs, and the green ones indicate BHJ-OPVs. Adapted from He et al.103
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Figure 6. Jablonski diagram of OPV operating 

mechanisms and comparative CT processes in 

BHJ- and SC-OPVs 

(A) Jablonski diagram of the operation mechanism of a 

typical OPV device. kLE→CT refers to the rate constant from 

LE to CT transition, kCT→LE is the back transfer rate constant 

from CT to LE, kCT→CS is the rate constant of CT to CS 

transition, and BCS→CT is the bimolecular recombination 

coefficient, in which process one electron and a hole form 

a CT exciton. kLE;rad(nr) and kCT ;rad(nr) are the radiative 

(non-radiative) recombination rate constants for LE and CT, 

respectively. ktrap represents the recombination rate con

stant due to trap-assisted recombination. Note here that the 

diagram is the simplest form, where triplet states are not 

considered. 

(B) Illustration of the difference in the CT process between 

BHJ-OPVs and SC-OPVs.
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producing free charges.76,82,112 For example, in the (F8-TBT)-b- 

P3HT BCP mentioned above, ultrafast spectroscopy (US) re

vealed that interfacial CT excitons formed rapidly (<40 fs) upon 

excitation, but these CT states possessed unusually large oscil

lator strength and mostly failed to dissociate further into free 

carriers.82 Rather, the CT exciton recombined radiatively or 

non-radiatively, contributing little to photocurrent—a behavior 

attributed to the strong binding and perhaps insufficient driving 

force for separation in that particular intrachain D-A pair. Inter

estingly, when the same donor and acceptor components 

(P3HT and F8TBT) were simply blended as separate polymers, 

much improved charge generation was observed, whereas the 

covalently linked version showed a suppressed yield of free 

charge carriers.82 This highlighted an early challenge in SC- 

OPVs: although bringing donor and acceptor units into the 

same molecule guarantees CT formation, it does not guarantee 

CT dissociation.

Specifically, in SC-OPVs, donor and acceptor motifs are cova

lently integrated within a single material, which keeps them in 

close proximity and can facilitate the formation of CT states 

upon photoexcitation, but photocurrent generation requires 

that the resulting CT pair escape Coulomb binding and evolve 

into spatially separated, extractable charges before geminate 

loss occurs.20,103,113 Accordingly, the decisive step is therefore 

CT dissociation rather than CT formation114: delocalization 

over ordered aggregates and enhanced dielectric screening 

can reduce the effective binding and facilitate separation,115,116

whereas strong electronic coupling and energetic disorder can 

stabilize bound polaron-pair-like intermediates that relax back 

through radiative or non-radiative pathways.117,118 This framing 

also clarifies why design strategies in SC-OPVs emphasize (1) 

promoting nanoscale packing motifs that support charge delo

calization and connectivity and (2) molecular design choices 

that tune wave function overlap and screening, for example, 

via spacer and side-chain engineering and the use of more polar

izable motifs.103,119

The evolution of the CT state, i.e., whether it proceeds to split 

into free charges or relaxes and recombines, is thus a critical 

step. Several molecular and morphological strategies have 

been developed to promote favorable CT evolution in SC- 

OPVs. One strategy is to delocalize the charges in the CT state. 

Recent studies suggest that delocalization and molecular 

ordering are crucial: Zhang et al. found that the high-efficiency 

acceptor Y6 packs into π-π stacks that create delocalized, emis

sive excitons and electron wave functions, which (1) minimize the 

electron-hole binding in the interfacial CT state and (2) yield small 

non-radiative voltage losses.98 In other words, a CT state formed 

at a Y6-based D/A junction is less tightly bound, because the 

charge density spreads over multiple molecules, reducing 

Coulomb attraction. Similarly, intramolecular CT along a single 

conjugated chain can be extremely fast and efficient. Li et al. em

ployed transient absorption (TA) spectroscopy on a D-A BCP 

and observed ultrafast CT-state formation—on the order of hun

dreds of femtoseconds—accompanied by prompt exciton 

dissociation.63 The directly synthesized BCP (with well- 

controlled interfaces) showed higher intrachain CT efficiency 

than a randomly synthesized analog, highlighting that precise 

covalent connectivity and sequence regularity can suppress ki

netic barriers to CT formation. Theoretical advances also rein

force these observations: Kassal and coworkers modeled 

charge generation with a delocalized kinetic Monte Carlo 

(KMC) approach and found that exciton-CT hybrid states can 

form even in the bulk of a single-phase material, enabling exci

tons to dissociate without a traditional heterojunction driving 

force.120 Their simulations show that when exciton and charge 

wave functions hybridize into ‘‘mixed’’ states, charges can hop 

out to longer distances, dramatically boosting separation ki

netics. Designing polymers that promote such delocalized CT 

states (for instance, by aligning energy levels of D and A units 

and using flexible spacers) is therefore a key strategy. Indeed, 

a recent perspective emphasizes that optimizing the donor/ 

acceptor interface at the molecular level, aligning D, A, and linker 

units, is crucial to suppress unfavorable couplings and create CT 

states that readily convert to free charges.103

Applying these insights to SC-OPVs, researchers have de

signed SC systems to favor CT states that are weakly bound 

and short-lived (quickly splitting). For example, PBDB-T-b- 

PTY6, a D-A BCP combining a PBDB-T donor block (a high-per

formance polymer donor) with a Y6-derivative acceptor block 

(PTY6), has demonstrated highly efficient intrachain CT.63

Charge separation mechanisms

The conversion of a bound CT exciton into free charge carriers is 

a pivotal step in OPVs. In BHJ cells, charge separation is facili

tated by the existence of two separate phases: after a CT state 

forms at a donor/acceptor interface, the electron can delocalize 

into the acceptor domain and the hole into the donor domain, 

reducing their Coulomb attraction. Thermal energy, entropy, 

and the built-in electric field all assist in overcoming the Coulomb 

binding in these multi-component systems, as mentioned above. 

In SC systems, achieving the same outcome requires clever mo

lecular and morphological design, since initially the electron and 

hole may reside on the same macromolecule. Here. we discuss 

several different charge separation pathways and mechanisms 

for SC-OPVs.

Intra-to-intermolecular separation

Following intramolecular CT, one of the charges hops to a neigh

boring molecule, creating an intermolecular CT exciton that has 

a larger electron-hole distance, hence lowering the binding en

ergy. For instance, in a DCP polymer where an electron is on a 

fullerene side chain, and the hole is on the polymer backbone, 

the electron can hop from that side-chain acceptor to another 

acceptor unit on an adjacent side chain, thereby placing the 

electron and hole on different molecules.43,46 This process effec

tively converts an intramolecular CT into an intermolecular CT 

spanning two chains, greatly reducing Coulomb binding.32 The 

efficiency of this step depends on the packing and phase segre

gation of the acceptor moieties. If the acceptor side groups (e.g., 

C60, perylene diimide, etc.) aggregate into clusters or perco

lating pathways, an electron can migrate through those clustered 

acceptors, leaving behind the hole on the original chain. Thermal 

annealing is often employed to induce a partial phase separation 

of this kind. A good example is the case of a DCP polymer that, 

as-cast, exhibited limited performance (PCE ∼2%–3%), but af

ter a thermal treatment to drive nanophase segregation of donor 

and acceptor sub-domains, its efficiency jumped to ∼6%.46
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Similarly, Jiang et al. achieved >8% efficiency by using a misci

bility-tailored DCP polymer: after high-temperature annealing, 

the polymer self-assembled into purer donor and acceptor 

phases, which reduced the interfacial Coulomb attraction and 

doubled the CT state’s lifetime (the CT-to-ground recombination 

rate in the optimized polymer was half that of a more mixed 

analog).43 The result was a much higher probability of CT states 

splitting into long-lived charge carriers. Thus, by allowing the 

covalently bound D and A to sort into interpenetrating networks 

(while still chemically tethered), one can mimic the charge sepa

ration mechanisms of a BHJ where the charges are effectively in 

different phases after separation, even though no distinct sec

ond material was added.

Delocalization and entropy-driven separation

Even without pronounced phase separation, charge separation 

can be aided by delocalization of charge carriers and entropic 

considerations. In DCP polymers, a photogenerated hole or 

electron may delocalize along the polymer backbone or over 

several repeat units of an acceptor side chain. This delocaliza

tion reduces the Coulomb attraction by spreading the charge 

and increasing the distance between the electron and hole. For 

instance, Li et al. developed a DCP polymer with randomly 

distributed acceptor side chains (as opposed to perfectly alter

nating ‘‘regular’’ placement), enabling efficient charge separa

tion with a PCE of 13%.48 This random architecture tends to pro

duce optimized nanophase separation and interpenetrating 

networks that improve ambipolar transport, which also suggests 

easier charge separation. In a BCP polymer, for example, the 

hole could delocalize along the donor block while the electron re

sides on an acceptor block, providing a larger separation than 

the initial CT interface. Additionally, if each separated charge 

has multiple energy sites to occupy (e.g., an electron could 

reside on any of many acceptor units on other chains), the en

tropy of dissociation is enhanced and could potentially facilitate 

charge separation—a concept often invoked in BHJ systems 

and still relevant in SC systems. Recent reviews note that 

through optimized molecular design (e.g., incorporating NFA 

units with extended conjugation), SC-OPVs now achieve charge 

separation yields approaching those of BHJs, with overall inter

nal quantum efficiencies steadily improving into the 80%–90% 

range in the latest systems.83,107

Field-assisted separation

In BHJ-OPVs, interfacial energetics together with the built-in/ 

external field set the early-time fate of photogenerated excitons. 

Fields preferentially lower the escape barrier of interfacial CT ex

citons rather than tightly bound singlet excitons, as evidenced by 

field/temperature-dependent PL quenching in PTB7:PCBM.121

In addition, time-delayed collection field (TDCF) and field/tem

perature-dependent photocurrent and PL studies show a mono

tonic rise of free charge-carrier yield with enhanced electrical 

field in polymer:fullerene blends, consistent with Onsager-type 

polaron-pair dissociation and microscopic field-assisted 

tunneling.122,123 On the other hand, US studies show that, 

once created at the D/A interface, charge carriers can separate 

over several nanometers on sub-ps time scales, outpacing gemi

nate recombination. The electric field then primarily serves a 

sweep-out role that competes with bimolecular losses.124,125

Quantitatively, in the prototypical PCDTBT:PCBM blend, 

∼89% of photo-excitations produce free carriers on ultrafast 

timescales, with only ∼11% forming CT states that recombine 

geminately on the ns scale.126 We note that field-independent 

free-charge generation has also been demonstrated in several 

high-performing BHJs, where excess energy/delocalization 

or interfacial order enables barrierless (or low-activation) 

separation.115,127

In SC-OPVs, intrinsic D-A heterojunctions (covalent D-A link

ages or HJ electrostatics) could create hybrid exciton/CT mani

folds capable of efficient, often endothermic separation with 

small driving forces. In these chemically uniform films, the inter

nal field—set by contact boundary conditions and space 

charge—mainly governs drift/extraction rather than being a 

prerequisite for charge creation.128,129 Consistently, for BCP- 

based SC-OPVs (e.g., PBDB-T-b-PTY6/-PYIT), TA resolves 

sub-ps exciton-to-CT conversion, and rapid charge carriers 

can escape at intrachain D-A junctions, supporting efficient 

pre-diffusive exciton separation. However, systematic field 

dependence at the device level remains under-studied in SC 

BCPs, and further experiments are needed to quantify the bal

ance between field-assisted sweep-out and bimolecular 

loss.130 Finally, both architectures reach high efficiency when 

sub-ps exciton separation outpaces geminate loss and the in

ternal electrical field extracts carriers before encounter-limited 

recombination. Whether the initial driver is interfacial excess 

energy/delocalization (BHJ) or intramolecular coupling/entropy 

(SC-OPV), further experimental or computational evidence is 

needed.124,129

Charge transport and extraction

From a device-equation standpoint, the internal field (x) in thin- 

film OPVs is set by contact boundary conditions and space 

charge via Poisson-continuity, and the operating photocurrent 

is the kinetic outcome of drift-assisted extraction competing 

with bimolecular recombination, and this is formalized by a 

recent unified diode equation for low-mobility thin-film PVs and 

is material-agnostic (thus applicable to SC-OPVs as well as 

BHJs).128,131 In BHJ devices, efficient transport requires a bi- 

continuous D/A network with near-balanced mobilities. Quanti

tative drift-diffusion/experiment studies show that mobility 

imbalance steepens space-charge buildup and depresses the 

FF, while encounter-limited recombination is mitigated by appro

priate phase separation (i.e., reduced Langevin factor).131–134

Vertical composition profiles further modulate extraction barriers 

and series resistance—favorable gradients improve carrier 

selectivity and current delivery, whereas unfavorable or uniform 

profiles can throttle extraction.135

In SC structures, percolation still matters but is encoded by 

chemistry. Carrier mobility is therefore dictated by how effectively 

the covalently integrated donor and acceptor motifs can organize 

into continuous, compositionally enriched transport pathways in 

the solid film. D-A BCPs microphase-separate into donor- and 

acceptor-rich lanes that are covalently tethered, supplying dual, 

interpenetrating highways for holes and electrons. Wu et al. 

show that such BCPs can sustain thick layers with balanced μe 

and μh and >11% PCE.60 Historical counter-examples (e.g., 

P3HT-b-PPerAcr) illustrate the importance of domain orientation: 

in-plane lamellae lengthen the hop sequence to contacts and 
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undermine extraction despite long-lived charges—underscoring 

that geometry, not only purity, governs transport.108 For double- 

cable polymers, a π-conjugated donor backbone typically pro

vides the primary channel for hole transport, whereas electron 

transport hinges on whether the pendant acceptor units assemble 

into sufficiently connected aggregates. Linker geometry and side- 

chain sterics can thus directly set electron percolation and, in turn, 

the degree of mobility balance.37 Processing that promotes nano

scale ordering, for example, thermal annealing or additive-assis

ted organization, often improves extraction while also reducing 

recombination losses, underscoring that packing control affects 

transport through both morphology and kinetics.46 Side-chain en

gineering is a particularly practical handle in this context, since 

transport can be mediated by a dense network of close interchain 

contacts rather than by a single dominant packing motif.32 Early 

C₆₀-pendant designs suffered ‘‘islanded’’ transport, but Y-series 

side chains and random-architecture strategies now yield ambi

polar networks and record 13% SC-OPV efficiencies with 

improved ordering and clear mobility gains.48

‘‘Photophysical process in SC-OPVs’’ provides a systematic 

analysis of the photophysical processes in SC-OPVs and clar

ifies that, in many cases, they proceed through the same opera

tional stages as BHJ-OPVs, including exciton generation, 

CT-state formation at internal donor-rich and acceptor-rich con

tacts, separation into free charges, and carrier extraction. The 

key distinction is that, in SC-OPVs, covalent D/A integration con

strains the extent of phase separation and therefore limits the 

accessible interfacial area and the characteristic length scales 

over which charges separate and percolate, so that macro

scopic demixing is suppressed while nanoscale donor-rich and 

acceptor-rich organization can still emerge as functional separa

tion sites and continuous transport pathways. Importantly, intra

molecular CT often serves as an early, local capture step that 

Figure 7. Correlation between EQEmax and 

PCE for various SC-OPV and single-junc

tion BHJ-OPV material systems 

Maximum external quantum efficiency (EQEmax ) 

as a function of power conversion efficiency (PCE) 

for various material structures in SC-OPVs, in 

comparison to single-junction BHJ-OPVs. Data 

are collected from Tables 1, 2, 3, 4, and 5.

populates short-range CT configurations, 

particularly in covalently linked dyads 

and triads based on SC-OPVs, whereas 

high free-charge generation efficiency 

typically requires subsequent inter

molecular charge delocalization and hop

ping within extended donor-rich and 

acceptor-rich aggregates. This increases 

the separation between the electron and 

the hole and lowers the effective 

Coulomb binding, so the CT to free-car

rier conversion is strongly governed by 

solid-state packing and local connectiv

ity. Accordingly, in SC-OPVs the trans

port landscape is more directly encoded 

by molecular architecture and self-assembly: dyads and triads 

rely on solid-state packing to sustain electronically coupled, am

bipolar networks, and double-cable systems support hole trans

port primarily along the conjugated backbone, while electron 

transport depends on the formation and continuity of percolating 

aggregates of the acceptor side units, and BCPs can micro

phase-separate into donor-rich and acceptor-rich domains 

whose orientation and connectivity set the effective mobility bal

ance and extraction distance, which together control the FF.

CHALLENGES AND SUGGESTIONS

In this section, we discuss the remaining challenges in terms of 

performance and provide suggestions to tackle those issues, 

with Tables 1, 2, 3, 4, and 5 summarizing representative de

vice-relevant parameters for SC- and BHJ-OPVs. In parallel, 

we note that several commonly used experimental characteriza

tion and analysis protocols are subject to debate. As a result, ex

tracted parameter values may deviate substantially from their 

true magnitudes. We therefore provide a critical appraisal of 

these methods and offer practical suggestions to improve the 

measurement fidelity and interpretability. Together, these ana

lyses establish a device-physics-level and practical guideline 

for materials design, characterization, and data interpretation.

Charge-carrier generation

Figure 7 indicates that most high-PCE BHJ-OPVs reach 

EQEmax values above 80%, whereas many SC-OPVs remain 

around 60%–70%, pointing to persistent losses during charge 

generation and a low proportion of free charges (as mentioned 

in ‘‘exciton generation and migration,’’ ‘‘CT state formation 

and evolution,’’ and ‘‘charge separation mechanisms’’). Here, 

we concentrate on the experimental observables and 
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complementary measurements needed to unambiguously 

assign the dominant EQE loss channel within a given SC-OPV 

architecture.

The US offers a valuable tool for probing the early-time evolution 

of local and CT excitons in SC-OPV. This technique can identify 

key limitations during exciton dissociation, facilitating a deeper un

derstanding of the relationship between D-A network structures 

and exciton dissociation processes. TA spectroscopy (TAS) is 

an effective method for capturing the dynamic changes in exciton 

and free charge populations over time.136 These capabilities make 

TAS one of the most powerful and widely used techniques 

for elucidating charge generation and recombination dynamics 

in OPVs. For example, Woo et al. used TAS to study the exciton 

and charge generation and recombination dynamics in 

BHJ_SM_3.66 By comparing the results with those from a blend 

system (BHJ-OPV) of the same composition, they found that in 

BHJ_SM_3, the electron transfer time is only 300 fs, and the 

polaron lifetime (3.5 ns) is an order of magnitude longer than in 

the blend structure. Similarly, Guo et al. employed TAS to investi

gate the differences in hole transfer kinetics between SC-OPV and 

BHJ-OPV in HJ_DB_11B.58

Nevertheless, the application and analysis of TAS and related 

techniques in SC-OPVs remain relatively limited compared with 

their use in BHJ-OPVs. Charge generation mechanisms in SC- 

OPVs are still not well understood. Therefore, future research 

and applications of TAS in SC-OPVs hold great promise. 

Advanced TAS methodologies could provide more detailed tem

poral and spatial resolution, offering a comprehensive under

standing of exciton and charge-carrier dynamics. Integrating 

TAS with other spectroscopic techniques, such as time-resolved 

photoluminescence (TRPL) and terahertz spectroscopy, could 

offer complementary insights into the electronic and structural 

properties of SC-OPVs. Such combined approaches would 

enable a more holistic view of charge generation processes, lead

ing to the development of optimal SC materials. Leveraging these 

advanced techniques, researchers can systematically explore 

the fundamental mechanisms governing SC-OPVs, paving the 

way for innovative strategies in material design. This will enhance 

the efficiency and stability of SC-OPVs and accelerate the 

transition toward more sustainable and commercially viable 

OPV technologies, providing chemists with essential insights 

and guidance for the precise design of highly efficient and stable 

SC materials.

Charge recombination and energy losses

One of the primary challenges affecting the efficiency of SC-OPVs 

is recombination, which leads to significant energy losses. Under

standing and identifying the different forms and mechanisms of 

recombination in OPVs have been subjects of considerable 

debate due to their complex and diverse nature. The complexity 

of these processes makes it difficult to reach a consensus on their 

interpretation. Consequently, varying interpretations of recombi

nation can directly or indirectly influence researchers’ conclu

sions regarding the nature of recombination in both BHJ-OPVs 

and SC-OPVs. This ongoing debate highlights the need for further 

detailed studies to elucidate the underlying recombination mech

anisms and their impact on the performance of OPVs. Prior to 

elucidating these concepts, it is necessary to clarify various forms 

of recombination, which are often categorized as geminate 

recombination and non-geminate recombination. Geminate 

recombination refers to recombination that happens prior to 

exciton separation, i.e., direct decay of local excitons or CT exci

tons, while non-geminate recombination usually means bimolec

ular or trap-assisted recombination.137,138

Intramolecular charge recombination describes the early-time 

geminate loss, i.e., the decay of the initially generated exciton of 

the local excitonic state and/or the ensuing intramolecular CT 

(bound polaron-pair) state before the electron-hole pair escapes 

into spatially separated, extractable charges.49 In SC-OPVs, 

donor and acceptor segments are covalently connected, and 

the primary CT pair is formed at short range due to strong elec

tronic coupling (HAB),139,140 which can also facilitate back elec

tron transfer to the local excitonic (LE) state followed by decay 

to the ground state or directly decay to the ground state unless 

the solid-state (thin-film microstructure) packing rapidly pro

motes charge delocalization and separation into distinct, perco

lating electron and hole transport networks. In practice, incom

plete nanoscale segregation and locally mixed regions can 

further increase the probability of geminate loss, which has 

been discussed as a key limitation for SC-OPVs. Once free 

charges are generated, recombination proceeds predominantly 

through bimolecular and trap-assisted recombination, i.e., 

non-geminate pathways, which remain sensitive to energetic 

disorder and to imbalanced μe and μh.141

Bimolecular recombination is commonly considered a crucial 

component that restricts the performance of OPVs and requires 

thorough investigation.142–144 Measurements of photocurrent 

density (Jph) as a function of light intensity (I) are frequently em

ployed to characterize bimolecular recombination in OPV de

vices, in which the connection between Jph and I may be ex

pressed as Jph∝Iα. It is often interpreted that in the presence of 

dominating monomolecular recombination or trap-assisted 

recombination, α approaches unity and thereafter declines 

monotonically when bimolecular recombination increases.145,146

However, this hypothesis is debatable, as many studies have 

clearly demonstrated that it is difficult to determine recombina

tion types using such a method. As an example, Deibel and Wa

genpfahl stated that intensity-dependent photocurrent is not 

substantially associated with loss mechanisms since recombi

nation is generally negligible at short-circuit conditions.147 Wür

fel et al. showed that Jph vs: I (power-law) could not be used to 

distinguish bimolecular and trap-assisted recombination.144

Recently, Kirchartz et al. suggested that trap-assisted recombi

nation could lead to a Jph vs: I relationship that is sublinear in thin 

devices (100 nm thickness of active layer) without space charge 

effects.148 This relationship, however, is often mistakenly char

acterized as bimolecular recombination in the literature. In addi

tion, they challenged the common interpretation that a sublinear 

trend seen in thin devices at low light intensities eliminates the 

possibility of recombination through deep traps as the primary 

recombination process. Nonetheless, direct and deep-trap 

recombination still have the potential to result in a highly linear 

correlation, although significant losses through tail states that 

are independent of absorber thickness may not. Overall, it is 

desirable for researchers to embrace more precise models or 

employ numerical models to thoroughly ascertain recombination 
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mechanisms, instead of just depending on a single model using 

the Jph vs: I relationship.

Recombination can also be divided into radiative and non- 

radiative pathways. Radiative recombination, stemming from 

the reciprocity between absorption and spontaneous emission, 

is an unavoidable process as described by Shockley and 

Queisser.149 Non-radiative recombination, often triggered by 

trap states in inorganic semiconductors, is further exacerbated 

by strong molecular vibrations in organic materials characterized 

by carbon and carbon double bonds, which facilitate quantum 

tunneling between vibronic modes from excited states to ground 

states, predominantly through CT states.87,118,150 This loss 

pathway leads to intrinsically larger non-radiative energy losses 

in OPVs compared with inorganic counterparts (e.g., silicon and 

GaAs) and perovskite PVs.151,152 Therefore, energy loss, defined 

as Eloss = Eg − qVoc, where q is the elementary charge and Eg 

is the Eg of photoactive materials, represents a major issue 

in OPVs and can also further be detailed as Eloss = 

q
(
ΔVoc;sq + ΔVoc;rad + ΔVoc;nr

)
, where ΔVoc;sq is the SQ limit of 

radiative voltage loss, ΔVoc;rad arises from absorption of sub- 

band gap or tail states, and ΔVoc;nr is attributed to non-radiative 

recombination, as illustrated in Figure 8A.153,154 The physical de

tails behind voltage loss analysis can be found elsewhere.87,118

Although there is a lack of sufficient data for a rigorous analysis 

of radiative and non-radiative voltage losses in SC-OPVs, 

collected data on the total energy loss could provide an idea of 

the gaps between SC-OPVs and BHJ-OPVs, as shown in 

Figure 8B.

Historically, energy losses from 0.7 eV to 1.0 eV are typical for 

fullerene-acceptor-based BHJ-OPVs,155 which means almost 

half of the photon energy is lost during power conversion, which 

restricts the PCE to roughly 12%. Nevertheless, BHJ-OPVs that 

utilize FREAs often exhibit reduced energy losses, often below 

0.5 eV, as demonstrated in Figure 8B. This is believed to arise 

from a combined effect of state hybridization156,157 and thermal 

repopulation158 due to reduced offset between LE and CT states. 

For SC-OPVs, although BCP-based systems have shown prom

ising efficiency improvements in recent years, substantial energy 

loss (> 0.7 eV) for other types of SC-OPVs remains a limiting fac

tor, as shown in Figure 8B.

It’s worth mentioning that, in traditional BHJ-OPVs, which mix 

donor and acceptor materials, disorder is inevitable and contrib

utes significantly to non-radiative recombination and associated 

energy losses.118,150 By contrast, SC systems, where donor and 

acceptor units are covalently bonded, have the potential to 

exhibit more controlled phase separation and reduced energetic 

disorder. However, as depicted in Figure 8B, these systems still 

experience significant energy losses that have not yet reached 

satisfactory levels. Various models to quantify energy losses in 

BHJ-OPVs have been proposed but are yet to be extended to 

SC-OPVs.118,150,152,156–158 An in-depth investigation of energy 

losses in SC-OPVs is crucial for the development of novel mate

rials with reduced energy losses and could greatly contribute to 

the progress of SC-OPV technology as a whole.

Charge transport

Charge transport also remains a big problem in SC-OPVs, in 

which balanced and dual-channel transport for electrons and 

holes is generally missing. Compared with SC-OPVs, the majority 

of high-efficiency BHJ-OPV devices exhibit relatively balanced 

hole and electron mobilities, with μh=μe approaching unity. This 

balance is likely attributed to the ‘‘dual-channel’’ structure of 

BHJs, which facilitates carrier transport by providing distinct 

pathways for both types of charge carriers, i.e., holes and elec

trons travel through the donor and acceptor domains, respec

tively. While earlier SC-OPV devices generally exhibited 

Figure 8. Energy loss analysis and its relationship with PCE for various OPV structures 

(A) Decomposition of energy/voltage losses. 

(B) Power conversion efficiency (PCE) as a function of total energy losses (Eloss) for various OPV technologies.
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imbalanced carrier mobilities, recent advancements, particularly 

with BCP-based OPVs, have led to more balanced carrier mobil

ities, as highlighted in Figure 9. However, the limited data on car

rier mobilities in SC-OPV devices poses a significant challenge, 

hindering a comprehensive analysis of the carrier transport prop

erties in these systems. This gap in understanding remains a crit

ical issue for ongoing research efforts. To resolve such an issue, 

quantifying charge-transport mobility is crucial, yet still a major 

difficulty in OPV research at large, primarily because of the 

intrinsic energetic disorder in organic materials and the 

complexity of data analysis.

Space-charge-limited current (SCLC),159 organic field-effect 

transistor (OFET),160 and time-of-flight (ToF)161 measurements 

are commonly used techniques to measure carrier mobility in 

organic semiconductors. ToF experiments typically necessitate 

film thickness exceeding 1 micron, which is difficult to achieve 

in practice and therefore not suitable for standard OPV mobility 

testing. OFET operates under a ‘‘high injection condition’’ that 

is fundamentally distinct from the operating state of OPVs. Under 

high injection conditions, the defect states are easily filled up, 

thereby hindering the acquisition of critical parameters like trap 

state distribution. Consequently, OFET is not the optimal exper

imental method for OPV mobility testing. By contrast, the SCLC 

method does not require thick films, and the measurements op

erate under a relatively ‘‘low injection condition’’ that closely em

ulates the charge injection conditions of OPVs. Therefore, the 

SCLC approach is widely utilized as the primary mobility testing 

technique in the field of OPVs.

Nevertheless, studies on SCLC experiments in existing litera

ture in both BHJ-OPVs and SC-OPVs frequently utilize the ideal

ized Mott-Gurney (MG) model. This model assumes the following 

conditions: (1) the material is defect-free and lacks energetic dis

order, (2) the concentration of the intrinsic carrier is insignificant 

during current flow, (3) the current density is solely determined 

by drift, and (4) both injection and extraction contacts are Ohmic. 

However, those conditions are rarely met in OPVs. Therefore, 

adopting the MG law without careful consideration might lead 

to significant mistakes in the values of mobilities.162 As a solu

tion, using a numerical drift-diffusion model based on the multi

ple trapping and release framework, Nelson and their team 

analyzed experimental SCLC data across various thicknesses 

and temperatures, providing insights into non-ideal factors 

such as defect state distribution.89,163 They also observed that 

the injection barrier and trap combination can both produce a 

current density to voltage slope of 2 on a double logarithmic 

scale, in which case mobility values could be wrong if analyzed 

using the MG law.162 Their approach allowed for a more nuanced 

understanding of these factors, rather than presenting absolute 

conclusions. Similar models are also frequently used in the liter

ature, such as the Gaussian disorder model by Kemerink et al.164

Although SCLC is experimentally accessible, it typically yields an 

effective mobility that can be distorted by non-ohmic or asym

metric contacts, injection barriers, unintentional doping, trap 

filling, series resistance, and thickness-dependent field profiles, 

so single-slope fits can misrepresent both absolute values and 

trends.165 We therefore recommend that mobility measurements 

report the full fitting assumptions (contact and trap models, 

treatment of field dependence) together with key device condi

tions such as contact selectivity, injection barriers, thickness 

regime, and series resistance. Whenever possible, SCLC results 

should be benchmarked against at least one complementary 

approach that probes transport under varying charge-carrier 

densities, such as impedance-based transport resistance, tran

sient measurements, or drift-diffusion model verification.166

Theoretical investigations into the mechanisms of charge trans

port in SC-OPVs are extremely lacking, partially due to the compli

cated nature of donor and acceptor networks as well as the limited 

research attention on SC-OPVs. Currently, theoretical methods 

employed in organic semiconductors include transient localiza

tion theory (TLT) hopping based on Marcus theory using KMC, 

the Kubo formula solved by finite temperature time-dependent 

density matrix renormalization group (TD-DMRG), and quantum 

Monte Carlo techniques (QMCs).167 Recently, a foundational un

derstanding of the impact of transfer integrals, reorganization en

ergy, and dynamic disorder on carrier mobility in organic semicon

ductors has been established.168 A high transfer integral facilitates 

band-like transport and enhances carrier mobility. The influence 

of reorganization energy and dynamic disorder on carrier mobility 

presents a more complex scenario. Specifically, if the reorganiza

tion of energy is high, dynamic disorder can enhance mobility due 

to phonon-assisted current. Conversely, when the reorganization 

energy is low or moderate, dynamic disorder emerges as a con

straining factor for charge transport, with the carrier diffusion 

occurring via transient localization. Overall, it is preferred to 

reduce both reorganization energy and dynamic disorder. Addi

tional determining factors of carrier mobility include the topology 

of the carrier transport network, the relative phase of the transfer 

integral for different molecule pairs, and the magnitude of static 

disorder.167 Recent studies have also shown that charge transport 

in crystalline and ordered organic semiconductors is likely 

enhanced by the ‘‘transient delocalization’’ of charge carriers 

but could also be significantly slowed down due to large disorder 

Figure 9. Evolution of mobility balance in SC- and BHJ-OPVs over 

publication years 

Logarithm of the ratio of hole and electron mobility as a function of publication 

year for various SC-OPVs and BHJ-OPVs.
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in electrostatics in organic thin films.163,169 Those studies provide 

a solid foundation for the understanding of charge-transport 

mechanisms in organic semiconductors yet remain to be explored 

in SC materials, in which donor and acceptor networks are 

extremely complicated. A tightly integrated experimental and 

theoretical investigation into the mechanisms of charge transport 

in SC materials is desirable for the further development of 

SC-OPVs.

OUTLOOK

We have demonstrated that SC-OPVs offer a fundamental 

advantage in operational stability, owing to the covalent bonding 

between donor and acceptor units, as compared with their BHJ 

counterparts. However, the broader adoption of this promising 

technology has been limited by its comparatively lower perfor

mance. In the following discussion, we outline several strategic 

pathways to achieve this goal, including molecular design, 

morphology control, and advanced characterization, all aimed 

at unlocking the full potential of SC-OPV devices.

Molecular design

To make the rapidly expanding SC-OPV materials space trans

late into predictive design rules, we begin by identifying the 

dominant charge generation pathway and classifying systems 

accordingly. This framing naturally separates two archetypes. 

In BHJ-like SC-OPV (dyads, triads, and many double-cable poly

mers), the covalent connection suppresses macroscopic demix

ing, but efficient devices still require donor-enriched and 

acceptor-enriched regions that provide sufficient D/A interfacial 

area and continuous pathways for both carriers.46 Moreover, 

future design progress is more reliable when linker rigidity re

duces conformational disorder, yet steric design prevents 

over-coplanar stacking, and when optimization is benchmarked 

against device-relevant metrics such as CT-state disorder, 

recombination and extraction kinetics, and non-radiative voltage 

losses rather than PCE alone.39,43,88,118 In turn, for the HJ-type 

picture, which is particularly relevant to conjugated BCPs and 

HJ small molecules, the decisive step is charge separation 

across internal junctions within an SC film (e.g., between do

mains with distinct packing or orientation), where packing- and 

orientation-dependent electrostatic potential offsets can lower 

the effective barrier for CT dissociation.28

Within either archetype, backbone and side chains play 

different yet complementary roles. The backbone largely de

fines the electronic structure and energetics that govern ab

sorption and charge generation, namely the Eg, the energy, 

and the delocalization of the CT state. It also sets the strength 

of electronic coupling along and between chains that ultimately 

limits charge transport. For this reason, backbone engineering 

is often essential when the aim is to suppress voltage losses 

and increase charge generation.170,171 Side chains, by contrast, 

frequently provide the most practical leverage in SC-OPV 

because they simultaneously regulate solubility and solution- 

state aggregation, steer the crystallization and molecular orien

tation, and tune the balance between D/A segregation and 

interfacial mixing that governs between free-charge generation 

and recombination.84,172

The efficiencies now reached by SC-OPVs (reported in this re

view) justify a more predictive molecular design direction, where 

further improvements are expected from polar and suitable 

branched side chains that regulate D/A segregation and 

strengthen dielectric screening of the Coulomb interaction, 

from backbone planarization and conformational restraint that 

raise carrier mobilities without promoting excessive crystallinity 

in a single segment, and from steric plus local dipolar engineer

ing at the covalently linked D/A junction that increases free- 

charge generation efficiency while suppressing aggregation- 

driven non-radiative recombination.

Morphology control

In SC-OPVs, morphology control is less about suppressing 

macroscopic demixing and more about steering self-assembly 

toward a nanoscale donor/acceptor network that is continuous 

for both carriers and remains stable under thermal, photo, and 

bias stress. The morphological target is the simultaneous satis

faction of sufficient internal D-A interfacial area for charge gener

ation, transport pathways for charge extraction, and kinetic sta

bility of that network.

For BHJ-like SC-OPVs such as double-cable polymers, ther

mal annealing and solvent vapor treatments remain effective 

because they tune backbone ordering while allowing pendant ac

ceptors to reorganize, thereby adjusting nanophase separation, 

transport, and non-geminate recombination in a chemically teth

ered morphology.21,33,46 A more predictive processing strategy is 

to connect processing variables to measurable descriptors, such 

as backbone crystalline coherence, acceptor aggregate size/dis

tribution, and vertical composition gradients that influence con

tact selectivity rather than relying on empirical optimization 

alone.173,174 At the same time, controlling solution-state aggrega

tion and solvent selectivity is a direct route to forming desirable 

nanostructures prior to solidification, which can then be partially 

retained because covalent linkage reduces the driving force for 

large-scale reorganization after film formation.46,175

For conjugated BCP SC-OPVs, microphase separation pro

vides a built-in route to covalently linked donor-rich and 

acceptor-rich transport pathways, making morphology tuning 

more systematic. Here, block ratio, molecular weight, and dis

persity directly set domain spacing and connectivity, and a 

domain dimension comparable to exciton diffusion lengths is 

repeatedly identified as a key constraint for efficient charge gen

eration.53,176 Accordingly, ‘‘chemical precision’’ (here referring to 

well-defined block lengths and dispersity, high end-group fidel

ity, and minimized structural/compositional defects) is best 

treated as a morphology tool because it stabilizes the intended 

microphase-separated solid-state structure and reduces con

nectivity bottlenecks that, otherwise, elevate recombination un

der operating conditions.83,177

Advanced characterization

Accurate characterization of exciton and charge dynamics is at 

the heart of advancing the performance of SC-OPVs. As we dis

cussed above, the early-time dynamics of photogenerated exci

tons are essential for efficient charge generation, followed by 

efficient charge transport along continuous transporting path

ways. Future research should be focused on properly 
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characterizing the dynamics of exciton and charge dynamics, 

assisted by theoretical and computational modeling.

At early times, the US should be used to separate two ques

tions that are often conflated: how rapidly photoexcited excitons 

evolve into interfacial CT excitons, and on what timescale those 

CT excitons separate into free charges that contribute to photo

current.117 Conventional pump-probe TA and TRPL remain 

essential to track exciton decay and the emergence of CT-like 

signatures, but TA amplitudes alone should not be taken as a 

quantitative free-charge generation efficiency because CT state 

and free charge spectral responses can overlap, especially in 

optimized devices where charge separation is efficient.178 A 

more discriminating approach is therefore to pair TA/TRPL with 

pump-push photocurrent or pump-push photoluminescence 

and related multi-pulse schemes that directly perturb bound 

populations and read out their contribution to device response 

so that the role of bound CT states can be isolated rather than 

inferred indirectly.179,180 Temperature- and field-dependent var

iants of these measurements can then be used to test whether 

charge generation is limited by CT dissociation (or by the thermal 

accessibility of delocalized configurations) rather than by the 

initial formation of CT character, which is particularly relevant 

for low-offset, low-voltage-loss designs.117 In parallel, ultrafast 

results should be co-reported with a quantitative descriptor of 

CT-state energetic disorder, because increasing static disorder 

of the CT manifold has been shown to increase non-radiative 

voltage losses and reduce the radiative VOC, making CT disorder 

a concrete target for simultaneously improving Voc and 

efficiency.118

On the transport side, the characterization priority in SC-OPVs 

is not ‘‘the mobility’’ as a single number, but identifying which 

element of the tethered transport network limits transport at 

the operating point: the hole-conducting pathway, the elec

tron-conducting pathway, a bottleneck at internal boundaries, 

or imperfect contact that promotes interfacial recombina

tion.88,181 SCLC methods can be informative when implemented 

carefully, but mobility extraction is only reliable when injection 

barriers, contact asymmetry, and field-dependent transport are 

explicitly considered and when the conclusions are cross- 

checked against drift-diffusion modeling rather than a single an

alytic fit.166,182,183 A forward-looking addition is to quantify bias- 

and light-dependent ‘‘transport resistance’’ or collection losses 

and to connect them with trap formation and microstructural bot

tlenecks because these effects can dominate FF losses and 

accelerate degradation even when voltage losses are already 

suppressed.184

Finally, recombination dynamics should be parameterized un

der operating conditions and interpreted together with carrier- 

density-dependent characteristics, rather than inferred from a 

single open-circuit transient that may not map onto the recombi

nation pathways near the maximum power piont.88 In practice, 

modifications to transient photovoltage decay are also recom

mended to directly probe the free charge lifetime.185 As the tran

sient photovoltage (TPV) decay constant is a small-perturbation 

effective lifetime, which can be influenced by charge redistribu

tion, capacitive effects, and transport bottlenecks when collec

tion is not ideal, therefore, interpretation may benefit from drift- 

diffusion modeling that treats extraction and recombination 

within one consistent framework.186,187 Establishing a standard 

characterization package that includes morphology descriptors, 

bound-state selective ultrafast kinetics, transport under bias, 

and recombination parameters extracted at matched carrier 

density would make structure-to-function iteration more predic

tive and accelerate progress across SC-OPV material families.

CONCLUSION

In this review, we have outlined the recent progress and key chal

lenges in terms of performance in SC-OPVs. We discussed 

different molecular structures and their unique potential in 

enhancing device stability. We highlighted the efficiency gap be

tween SC-OPVs and traditional BHJ-OPVs and provided detailed 

physical insights into the operation of SC-OPVs and suggestions 

on how to tackle those challenges. Future work should be focused 

on precise molecular control of the complicated and large molec

ular structures of SC materials. Together with advanced experi

mental probes and computational frameworks, one should aim 

to establish a proper structure-property relationship that can 

help future efficiency development. While this review is primarily 

focused on the physical insights into the device’s performance, 

additional work is also needed to enhance its operational stability 

and to reduce its synthetic complexity.
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