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Abstract: The power conversion efficiencies (PCEs) of organic photovoltaics (OPVs) have reached
more than 19%, along with the prosperous development of materials and device engineering. It
is meaningful to make a comprehensive review of the research of OPVs for further performance
improvement. In this review, some typical materials of high-performance OPVs are summarized,
including representative polymer donor materials, non-fullerene acceptor materials, and interfacial
modification materials, as well as their design rules for molecular engineering. From the point of
view of device engineering, active layer treatment and deposition technology are introduced, which
can play a critical role in adjusting the degree of molecular aggregation and vertical distribution.
Meanwhile, a ternary strategy has been confirmed as an efficient method for improving the perfor-
mance of OPVs, and the multiple roles of the appropriate third component in the photo-electronic
conversion process are emphasized and analyzed. The challenges and perspectives concerning this
region are also put forward for further developing high-performance OPVs.

Keywords: organic photovoltaics; ternary strategy; bulk-heterojunction; power conversion efficiency

1. Introduction

Organic materials have the advantage of solution processing, low cost, light weight,
flexibility, easy fabrication, and abundant material resources [1]. Organic photovoltaics
(OPVs) promises to be one of the major solar energy conversion technologies in our daily
life. The bulk heterojunction (BHJ) type OPVs have stood out and made great progress in
increasing the power conversion efficiencies (PCEs) in recent years [2]. The BHJ structure
refers to a solution-processed active layer formed using the blend acceptor and donor
solutions. Acceptor and donor materials interlace with each other, forming a bicontinuous
interpenetrating network nanostructure [3]. Tang et al. invented a two-layer film configura-
tion, in which the PCE of OPVs was only 0.95% in 1986 [4]. In 1995, Yu et al. first brought
about the innovation of BHJ OPVs by using a fullerene acceptor and a conjugated polymer
donor as active materials, which formed interpenetrating phase-separated D-A network
morphology [5]. Fullerene-based OPVs produce relatively low PCEs because fullerene ma-
terials have some inevitable deficiencies, such as weak absorption in the visible-NIR region,
morphological instability, and relatively fixed energy levels compared to non-fullerene
materials [6]. Zhan et al. developed a novel acceptor, ITIC, by using a fused-ring core that
was end-capped with INCN units in 2015 [7]. ITIC possesses good miscibility with polymer
donors, good electron transport ability, broad and strong absorption, and appropriate
energy levels. In 2019, Zou et al. developed Y6, composed of a central unit of a multi-fused
ring and an electron-deficient benzothiadiazole core [8]. It achieved a certified PCE of 15.7%
by being blended with polymer donor PM6 in the early days of its manufacture. Then, Y6
brought OPVs to a new level, and its derivatives became a research hotspot [9–18]. Many
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high-performance donor materials have also been designed and synthesized, and the PCEs
of OPVs have exceeded 18%. Figure 1 summarizes several representative works in the
OPVs timeline.
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In this review, we summarize some representative functional layer materials with
OPVs that have a high PCE. D18, PM6, and their derivatives were used as donor materials
and have gradually become the leading donor materials. The acceptor materials have
experienced a lot of innovations, including the synthesis of novel acceptor materials and
the generation of new acceptors via chemical methods. Device engineering also plays a
critical role in promoting the performance improvement of OPVs in addition to material
innovations. The effects of additive engineering, the emerging layer-by-layer method, and
the ternary strategy on the process of photo-electronic conversion are introduced in detail.
Finally, the existing problems are emphasized, and the outlooks on the future investigation
perspectives are offered to develop high-performance OPVs.

2. Working Mechanism of OPVs

The active layer is composed of a donor material and an acceptor material and is
sandwiched between the hole and electron modification layer. The active layer of the BHJ
structure is composed of a mixture of donor and acceptor materials. In an ideal BHJ, the
two materials form a dual, continuous, and interpenetrating network with a large interface
area and appropriate nanoscale phase separation, allowing for effective exciton separation
and charge collection, respectively. OPVs have five basic physical processes (Figure 2) [19]:
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(i) Photon absorption and exciton generation. In order to improve the light capture
efficiency of OPVs, the BHJ active layer should have a wide absorption spectrum and
a high molar extinction coefficient. The introduction of electron-absorbing groups
or the addition of conjugated acceptor materials can effectively reduce the lowest
unoccupied molecular orbital (LUMO) level and band gap and broaden the absorption
spectrum, increasing the short circuit current (JSC) in total [20].

(ii) Exciton diffusion to the donor-acceptor (D-A) interface. Excitons diffuse in the donor
or acceptor phase, dissociate to free charge carriers at the D-A interface, or decay back
to the ground state by radiative or nonradiative pathways after excitons are produced.
The free charge needs to reach the D-A interface completely in order to improve
the efficiency of exciton diffusion. Proper domain purity and size are necessary for
improved exciton diffusion efficiency (ηED) and high JSC. The blending film should
have appropriate miscibility and crystallinity.

(iii) Exciton dissociation. Excitons form charge transfer (CT) states at the D-A interface,
which then completely dissociates into free electrons and holes. Excitons need to over-
come the constraints of Coulomb forces. The difference in LUMO levels between the
donor and acceptor effectively drives electron transfer. Regarding the mechanism of
the D-A interface, the transition from the highest occupied molecular orbital (HOMO)
level of the acceptor to the HOMO of the donor has been observed in non-fullerene
acceptor (NFA)-based OPVs. The photons absorbed by the acceptor can also be used
for photoelectric conversion, which helps increase the JSC of the OPVs. Even if the
difference in HOMO between the donor and acceptor is close to zero, the hole transfer
is still effective. This helps to reduce the open circuit voltage (VOC) loss.

(iv) Charge carrier transport. After the exciton dissociation, the free charge carriers will
move toward their respective electrodes. The efficiency of free charge movement
depends on the morphology of the film and the charge mobility characteristics of
the semiconductor materials. The introduction of the D-A structure can realize inter-
molecular charge transfer and increase the electron mobility of the acceptor material.
JSC and the fill factor (FF) were improved. The appropriate levels of distortion and
alkyl chains can effectively influence morphology to enhance the JSC and FF [20,21].

(v) Charge carrier collection at individual electrodes. The holes and electrons arrive at
the anode and cathode, respectively, forming an electric current. Charge collection
efficiency (Pcoll) depends not only on the difference between the electrode and the D-A
work function (WF), but also on the barrier at the organic compound/metal interface.

The efficiency of exciton diffusion depends on the size of the acceptor domain and
the length of exciton diffusion. The size of the D-A domain is mainly determined by the
morphology, while the diffusion length is controlled by the exciton lifetime (the coupling
between the excited state and the ground state) and the relative probability of nonradiative
decay. The charge transfer rate is determined by the coupling between the local excited
state and the CT state, the energy shift between the local excited state and the CT state, and
the recombination energy. The efficiency of CT exciton separation depends on the lifetime
of the CT state, the coupling between the CT state and the charge separation (CS) state, the
delocalization of electrons in the acceptor or holes in the donor, and the relative availability
of the states.

The charge transport process is determined by the coupling between adjacent molecules,
the degree of capture and desorption, and the lifetime of free charge carriers. Pcoll depends on
the degree of interface defects, the size of the extraction potential barriers, and surface velocity.
These operational processes can be described as the competition between charge transfer
(transport after the generation of free charges) and recombination after light absorption.

Singlet exciton migration and dissociation compete with the radiative and nonradiative
decay to the ground state. Comparing the photoluminescence efficiency or exciton lifetime
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of neat and blending materials is a common method to determine the exciton dissociation
efficiency (ηCT) [22].

ηd,ex =
τneat − τblend

τneat

The lowest excited singlet state for either the donor or acceptor requires excitons to
reach the D-A interface within their lifetime to ensure charge transfer before excitons leave
the interface or decay to the ground state. The efficiency of exciton diffusion to the interface
is closely related to the multiphase morphology (size and purity of individual domains) of
the BHJ blends. The energy difference between the lowest excited singlet state on either
donor or acceptor and CT states [23] is represented as follows:

∆ECT = ES1 − ECT1

∆ECT is the driving force of exciton dissociation (charge transfer). The recombination
and charge transfer rates can be determined by the molecular structures, orientation, and
interactions, as well as the interactions with the environment of the donors and acceptors,
which are still challenging.

This is involved in the four main parameters during the processes of carrier collection
efficiency (ηCC), ηCT, and ηED and the absorption efficiency (ηA). The external quantum
efficiency (EQE) is a function of wavelength (λ), which can also be expressed as [22]

EQE(λ) = ηCC(λ) × ηCT(λ) × ηED(λ) × ηA(λ).

JSC is the maximum current flowing through the device, originating from the internal
field. The process of photon collection plays an important role in photocurrent. The
donor and the acceptor are mixed to form the active layer to achieve photon absorption
complementarity. The absorption of photons can be enhanced by increasing the thickness
of the active layer, introducing a third component, and synthesizing new acceptor materials
with strong near-infrared absorption and high extinction coefficients. JSC is not solely
reliant on the light collection ability of the active layer but rather is also influenced by
exciton dissociation, charge transport, and the extraction processes that are microscopically
determined. JSC is influenced by all photovoltaic processes, in which (1) the production of
excitons is heavily reliant on the absorption coefficient and the band gap of the donor; (2) the
diffusion of excitons is influenced by the electronic structure, dielectric constant, and donor
morphology (phase size) of the conjugated block; (3) exciton dissociation is influenced by
the electronic structure, dielectric constant, and energy level shifts (∆EHOMO and ∆ELUMO)
between the donor and acceptor; (4) the transport and collection of carriers are determined
by the hole mobility of the donor and its balance with the electron mobility of the acceptor.
High permittivity can decrease the exciton binding energy and recombination events. If the
donor phase exceeds a certain size, the excitons that are generated in regions where the
distance from the D-A interface is greater than the length of exciton diffusion will undergo
recombination, leading to a reduction in JSC.

In order to generate an external photocurrent, free charges must be extracted onto the
electrode. This process is called diffusion or drift, which is represented by Pcoll. Extraction
does not compete with free-charge recombination in pairs but is also affected by traps
and extraction barriers. One manifestation of this competition is the FF. Regardless of the
exact mechanism of free-charge formation and recombination, the externally measured
photocurrent density (Jph) is the result of at least four processes, each competing with a
specific loss process. They can be expressed as the product of survival efficiency relative to
each loss mechanism:

Jph(F) = qηabsηd,exηd,CT(F)ηcollφinc

in which ηd,ex and ηd,CT(F) refer to charge generation efficiency. Here, q refers to the charge,
φinc refers to the incident photon flux density, and η refers to the probability of the incident
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photon being absorbed by the active layer. ηd,CT and ηcoll depend on the internal electric
field, F, and determine the shape of the density-voltage (J-V) property.

VOC originates from the splitting of the electron and hole quasi-Fermi levels:

VOC =
1
e
(
EFn − EFp

)
in which EFp and EFn refer to the hole and electron quasi-Fermi levels, respectively. The
VOC is determined by the difference between the ELUMO of the acceptor and the EHOMO
of the donor, as well as by the dielectric constant of both the donor and acceptor. A
lower EHOMO of the donor can lead to a higher VOC, while a larger dielectric constant
can decrease the exciton binding energy and reduce the ∆ELUMO required for exciton
dissociation, resulting in an increased VOC. The VOC is influenced by carrier density, light
intensity and recombination, state density distribution, CT state, the microstructure of the
blend, and the D-A interface area, which have limited impact on its determination.

The FF is determined by the competition between the recombination and extraction
of free charge. It is defined as the ratio of the product of the VOC and JSC of the maximum
power output (Pm) of OPVs:

FF =
Pm

VOC × JSC
=

Vmp × Jmp

VOC × JSC

where Vmp and Jmp refer to the voltage and current density at the maximum power point,
respectively. The value of the FF is affected by the charge transport process between the
photoactive layers. The FF is greatly influenced by the hole mobility (µh) of the donor
and the equilibrium with the electron mobility (µe) of the acceptor. The morphology of
D-A blends also exerts a certain impact on the FF. Carrier mobility is affected by various
factors, such as crystallinity and crystal orientation, side chains, building blocks, membrane
morphology, and the number of structural defects. Structural defects refer to regional
irregular units, terminal groups, a disordered arrangement of monomers in the copolymers,
branches, light crosslinked units, etc. Most structural defects are challenging to identify,
as they can have detrimental effects on crystallinity, morphology, and charge transport,
ultimately leading to poor battery performance. The important composite mechanism in
OPVs is the surface composition of the contact point, which is to extract the wrong type of
carrier. The surface compound reduces the FF and increases the nonradiation composite
loss of VOC. The composition of the surface is created by the unintentional spread of the
carrier to the wrong contact, and the harmful effect of this type of surface composition is
the most prominent in the near-open road condition. The composition of the surface also
affects the intensity dependence of VOC. In order to improve contact and reduce the surface
composition, the electrode’s middle layer is usually used.

The main photovoltaic parameter PCE can be expressed as

PCE =
JSC ×VOC × FF

Pin

Pin refers to the incident light power. The VOC mainly depends on the HOMO and
LUMO levels. JSC is related to (i), (ii), (iii), (iv), and (v) mentioned above. The FF describes
the “square” of the J-V curve, which represents the “difficulty” of extracting the photo-
generated carriers from OPVs. Each of the basic processes occurring in OPVs possibly
becomes a bottleneck, limiting the efficiency of OPVs. For OPVs with high efficiency, the
factors are summarized as follows: (i) photon harvesting capacity: the coincidence degree
of the wavelength of sunlight range and the absorption photon range of the active layer,
as well as the ability to generate excitons; (ii) the appropriate energy level arrangement
and active layer morphology can realize efficient exciton dissociation and charge transport;
(iii) the interfacial engineering of charge collection.
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3. Materials Innovation

New materials are constantly being synthesized to improve the performance of OPVs.
The synthesis of new active-layer materials needs to meet the following requirements: a
wide absorption spectrum and strong absorption coefficient to capture as many photons as
possible; appropriate energy levels to ensure a match with the donor or acceptor materials;
good stability and excellent solubility, and so on. The interfacial modification layer is
the intermediate layer connecting the active layer and the electrode. The selection and
preparation of the interfacial modification layer strongly influence the charge transport and
collection properties, which should also be considered when constructing efficient OPVs.

3.1. Efficient Donor Materials

Low-bandgap (LBG), NFAs, and wide-bandgap (WBG) copolymer donor materials
represent promising materials that have promoted PCEs to the 18% level in recent years.
Creating more high-performance donor materials is another task to help realize more
efficient OPVs. D18, PM6, and their derivatives have gradually become the leading donor
materials thanks to their outstanding performance. The chemical constructions of efficient
new donor materials are exhibited in Figure 3.

3.1.1. D18, PM6, and Their Derivatives

Ding et al. first synthesized a novel D-A copolymer, donor D18, using DTBT, a fused
ring acceptor unit, in 2019 [24]. The DTBT unit has the virtues of an extended molecular
plane and strong electron-withdrawing capability, gifting D18 a deep HOMO level, strong
π-π stacking, and high hole mobility (1.59 × 10−3 cm2 v−1 s−1). OPVs based on D18:Y6
reached a PCE of 18.22% (certified 17.6%). D18 and its derivatives have been the hot
new materials for achieving efficient OPVs with a relatively high VOC. D18 and other
donor materials generally contain fluorine atoms, resulting in high synthesis costs. A
cost-reduction strategy can be realized by replacing fluorine with chlorine. D18-Cl is a
chlorinated analog of D18 with a deep HOMO level. When combining D18-Cl with NFA
N3 as the active layers, the PCE of OPVs achieved a PCE of 18.13% (certified 17.6%) [25]. A
side-chain strategy has been used to improve the photoelectric properties of materials and
optimize the phase separation or molecular arrangement of active layers. In 2022, Yang
et al. developed the hybrid side chains of the D18 π-bridge and synthesized the polymers
D18-C6Chp (hexyl-cycloheptyl), D18-C6Cp (hexyl-cyclopentyl), and D18-C6Ch (hexyl-
cyclohexyl) [26]. A fresh type of hybrid side chain combines alkyl chains and rigid cyclics,
which is different from traditional side chain modulation. The end cyclic chain with steric
hindrance will interfere with the aggregation properties of polymers. It is hoped that the
alkyl side chains allow for the compact packing of molecules. The D18-C6Chp, D18-C6Ch,
and D18-C6Cp films have the ordered lamellar stacking distances of 20.2, 20.2, and 19.0 Å,
separately, which are longer than those of D18 (17.8 Å). The average π-π stacking distances
of polymer D18-C6Ch and D18 were 3.58 Å and 3.54 Å. The crystallinity of the three
polymers is similar to that of D18. Hybrid side chains can not only impact self-assembling
features but can also facilitate interpenetrating network morphology when compared to
simple branched or cyclic chains. Balanced charge transport, efficient exciton dissociation,
and low charge recombination were endowed, resulting in a PCE of 18.20%, a VOC of
0.91 V, and a FF of 78.7% [26]. PM6 and its derivatives have also been the new popular
materials for achieving efficient OPVs. In 2015, Hou et al. explored PM6, a copolymer
with BDD as the acceptor and BDT-F as the donor [27]. PM6 exhibits a HOMO level of
−5.45 eV and a bandgap of 1.80 eV. The low HOMO of PM6 is due to the introduction of
two fluorine atoms on the BDT side chains. In 2018, Hou et al. developed PM7 by using
a simple method of replacing critical fluorine with chlorine [28]. The morphological and
optoelectronic properties of the two polymers are similar. The chlorinated polymer has a
lower HOMO level than the fluorinated one, which is beneficial to increasing VOC. The
OPVs based on PM7:IT-4F achieved a PCE of 14.4%, which demonstrated the effectiveness
of the chlorination.
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3.1.2. Random Ternary Copolymerization Strategy

Random ternary copolymerization is a simple and powerful strategy to further develop
and fine-tune those polymer donors with the best performance. A terpolymer is synthesized
by introducing D2 or A2 units into the donor molecule or by replacing the units in the
donor molecule. The performance of random copolymers depends to a large extent on the
selection of the content of the added third unit and the compatibility with the skeleton.
Peng et al. introduced a TzBI with high dipole and electron-deficient capabilities via the
combination of A2 units and the PM6 main chain and synthesized an efficient donor PM6-
TzBI [29]. The D-A1-D-A2 structure with TzBI unit tunes total electron deficiency. The
dipole moment is introduced, which optimizes the morphology and has a low HOMO
level. The OPVs based on PM6-TzBI-10:L8-BO showed a PCE of 18.36% by introducing
10% TzBI. Three polymer donors, PL3, PL2, and PL1 (ternary random copolymerization),
were synthesized by Bo et al. by using repeat units of polymer donors D18 and PM6 [30].
The solubility and temperature-dependent aggregation behavior of PL1 in a halogen-free
solvent improved when compared to PM6 and D18. The PL1:BTP-eC9-4F blends formed
a uniform fibrous morphology with good phase separation, leading to an excellent PCE
of 18.14%. Wang et al. developed a new random ternary polymer PM6-Si30 to replace the
alkyl-substituted BDT units and 0.3 equivalent fluorine (F) in PM6 by introducing alkyl
silica-substituted benzodithiophene (BDT) units and chlorine (Cl) as the third monomer [31].
The terpolymer PM6-Si30 has a relatively low HOMO level and slight blue shift absorption
in comparison to PM6. It has good compatibility with PM6 and C9 and has good energetic
properties because the terpolymer PM6-Si30 is similar to PM6 in structure. It can be used as
the third component in the binary system. When PM6:C9 (D1:A) components were mixed
with 15 wt% PM6-Si30 (D2), the PCE reached 18.27%, VOC increased to 0.87 V, JSC increased
to 26.90 mA cm−2, and the FF increased to 78.04%. The enhanced performance of the
PM6:PM6-Si30:C9-based ternary OPVs is mainly attributed to favorable phase separation,
improved crystallinity, reduced recombination loss, and extended carrier lifetime in the
active layer. Li et al. synthesized a new D-A1-D-A2 type terpolymer PMT-CT-10, in which
a 10% TTz A2 unit is connected to the thiophene π-bridges, attaching the alkyl substituent
toward the TTz A2 units [32]. PMT-CT-10 has a good coplanar molecular structure and
high absorption coefficient, as well as a high HOMO energy level. The blending membrane
of PMT-CT-10 and acceptor Y6 have a good D-A interpenetrating network, which leads
to enhanced surface orientation, an improved exciton ionization rate, and reduced charge
recombination efficiency. The PCE of PMT-CT-10-based OPVs with Y6 as an acceptor
reached 18.21%. Li et al. synthesized three terpolymers, named PMZ-30, PMZ-20, and
PMZ-10, by adding PZ-T as an A2 unit to the polymeric backbone of PM6 [33]. The HOMO
levels of the three terpolymers gradually decreased, and the absorption coefficient was
higher than PM6, resulting in corresponding OPVs with a relatively high VOC and JSC in
comparison to the PM6-based OPVs. The PMZ-10:Y6-based OPVs reached a PCE of 18.23%.
Lu et al. synthesized a series of new ternary polymers: OPz14, OPz13, OPz12, and OPz11,
containing 50%, 20%, 10%, and 5% E-Tz, respectively, by using the skeleton of D18 and the
readily available third component E-Tz [34]. All terpolymers exhibit deep HOMOs and
are good when paired with Y6 to provide a high VOC due to the electronegative properties
of the E-Tz unit. The OPVs based on OPz11:Y6 achieved a PCE of 18.42% and a VOC of
0.865 V.

3.1.3. Other Efficient Donors

There are also low-cost donor materials and ester-based donor materials that show
great potential for application in addition to the donor materials of the D18 and PM6 series.
Li et al. designed and synthesized a low-cost polymer donor poly (PTQ10), based on the
D-A copolymerization concept, with difluorine-substituted quinoxaline as the acceptor
unit and a simple thiophene ring as the donor unit [35]. PTQ10 has the advantages of a
simple molecular structure, cheap raw material, two-step reaction, low synthesis costs,
and an 87.4% total yield. PTQ10 has a wide strong absorption band in the wavelength
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range of 450–620 nm, with a middle band gap of 1.92 eV and a low HOMO energy level of
−5.54 eV. With PTQ10 as the donor and a narrow-gap n-OS IDIC as the acceptor, the PCE
of OPVs can reach up to 12.70%, and their photovoltaic properties are insensitive when the
active layer thickness is between 100 nm and 300 nm, which is beneficial to the large-scale
manufacturing of OPVs. Hou et al. designed and synthesized two BDT and dicarboxylic
ester-substituted quaterthiophene-based polymers named PBDE4T-0F and PBDE4T-2F [36].
The molecular structure of PBDE4T-xF did not change much, but the fluorine substituents
in PBDE4T-2F enhanced the interchain aggregation. The ester-modified polymer has a
high tendency to aggregate in solution, which is conducive to reducing the aggregation
size and π-π packing distance of the blend film, achieving efficient exciton dissociation
and symmetrical charge transport, which is caused by fluorine nonbonding interaction.
Both polymers exhibit strong absorption in the 400–600 nm regions, which complements
the absorption spectra of most high-performance A-D-A type small molecule acceptors
(SMAs). PBDE4T-2F has a strong aggregation effect, which is conducive to significantly re-
ducing the size of the polymer and forming a dense and ordered accumulation in the blend
film. PBDE4T-2F:BTP-eC9-based blends have both highly efficient exciton dissociation and
carrier transport, with a PCE of up to 16.1%. The morphologic difference can also cause
the energy level shift of blends, which is the main factor in a change in voltage loss (Vloss).
Cao et al. developed a set of new PTs (P5TCN-Fx) by introducing the 3-cyanothiophene
unit into the reference polymer P4T2F-HD and varied the backbone fluorination degree [37].
The HOMO of the new PTs is relatively high compared to that of P4T2F-HD in the range of
5.41–5.50 eV. Main-chain fluorination results in strong interchain interactions, improved
polymer crystallinity, and appropriate miscibility (with Y6). Blends with P5TCN-F25 and
P5TCN-F35 as electron donors form good morphologies with suitable phase separation and
discontinuous interpenetration networks that contribute to efficient exciton dissociation,
balanced charge transport, and inhibited recombination in OPVs. PCEs surpassing 16%
have been achieved by both P5TCN-F25- and P5TCN-F35-based OPVs. In 2022, Hou et al.
developed D-A polymer, PBQx-TCl, in which chlorinated benzodithiophene was connected
to DTQx by using 2-butyloctyl-substituted thiophene units as bridges [38]. PQM-Cl was
further synthesized by introducing two methyl groups into PBQx-TCl. The strong molecu-
lar aggregation was reduced, and solution-processability was improved in a green solvent
because of the steric hindrance resulting from the introduction of the methyl groups. The
PQM-Cl-based OPVs enabled a PCE of 18.0% due to balanced high-charge-carrier transport,
favorable morphology, and low Urbach energy. Hou et al. developed two nonhalogenated
conjugated polymer donors, PB2 and PB1 [39]. PB2 and PB1 have distinct thiophene side-
chain orientations based on an aromatic skeleton, thiophene bridge, and BDT-TF. The PB2
and PB1 of thiophene-bearing alkyl chains have a TDz unit and a BDT unit separately.
PB2 and PB1 share many similar photophysical and photochemical properties. PB2 has
relatively strong aggregation in a solution in comparison to PB1 because it has a relatively
good planar-conjugated backbone. PB1-based OPVs only reached a PCE of 5.3%; OPVs
based on PB2 showed a good PCE of 17.7%. A PCE of 18.4% can be realized from ternary
OPVs based on PB2:PBDB-TF:BTP-eC9, which is a good demonstration of the potential
of PB2. Wu et al. synthesized donor PNTB-HD by decreasing the expansion of the alkyl
chain of NTI, which can reduce steric hindrance around electronegative atoms [40]. Single
crystal data showed that the intensity of short H-C and C=O interactions between adjacent
molecules is affected by a reduction in bulkiness. PNTB-HD has a relatively strong tendency
in chloroform solutions, relatively close packing in films, relatively high crystallinity, rela-
tively good phase separation, favorable morphology in the mixture, and good hole mobility
(8.07 × 10−4 cm2 V−1 S−1) in comparison to those of PNTB-2T (6.48 × 10−4 cm2 V−1 S−1)
without treatment. PNTB-HD:N3-based OPVs have good thermal stability. PNTB-HD:N3-
blended thin films show blurred fibrillar structures. The size of fibrillar structures for
PNTB-2T:N3 is enlarged through continual thermal annealing at 65 ◦C for 128 h. It indi-
cated that the blend of PNTB-HD:N3 has better morphology stability. The PNTB-HD-based
OPVs showed a PCE of 18.15% by adding N3.
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Efficient donor materials, such as D18, PM6, and their derivatives, as well as random
ternary copolymerization polymers, have developed rapidly. In addition to improving
the performance of OPVs based on donor material innovation, the demand for exploiting
donor materials that are easy to synthesize, thermally stable, environmentally friendly, and
have low costs is constantly increasing regarding future commercial production.

3.2. Efficient Acceptor Materials

The invention of new acceptor materials with the advantages of simple synthesis,
energy level, band gap adjustment, and good morphology stability is quite imperative.
The acceptors in OPVs have experienced a lot of innovations, including the synthesis of
novel acceptors and chemical methods like side-chain modification, end modification,
halogenation, and the transformation of different accepting and donating units during the
past decade [41]. The chemical constructions of high-performance acceptors mentioned in
this review are summarized in Figure 4.

3.2.1. Small Molecule Acceptor
The Position and Length of Side Chains

Side-chain modification is a valid design strategy for optimizing photo-electronic
properties, intermolecular interaction, charge transport, and aggregation morphology in
thin films. Yan et al. invented new types of NFAs, BTP-4F-P3EH and BTP-4F-P2EH,
by replacing the outer positions of BTP-4F-PC6 in different locations via branched alkyl
chains [42]. BTP-4F-P2EH achieved reduced nonradiative recombination loss (∆Enr) and
good blend morphology with PBDB-T-2F, achieving a PCE of 18.22%. The BTP-4F-P3EH-
based OPVs reached a PCE of 17.57%, better than the BTP-4F-PC6-based OPVs (17.22%).
In 2021, Sun et al. reported a sequence of NFAs L8-R (R is the alkyl chain) by introducing
different aliphatic chains at various positions on the electronic construction of the Y6
backbone [43]. The structure of L8-BO with a 2-butyloctyl side chain is relatively ordered
compared to Y6. L8-BO contributes to forming a bicontinuous interpenetrating network
nanostructure with the donor. Balanced charge transport, low charge recombination, and
high carrier generation can be achieved in L8-BO-based active layers. OPVs based on
PM6:L8-BO showed a PCE of 18.32% (17.9% certified), with a FF of 81.5%, JSC of 25.72 mA
cm−2, and a VOC of 0.874 V. Yang et al. developed a novel asymmetric SMA BTP-PhC6-C11
via exchanging the alkyl chains at the thiophene β position on Y6 to BTP-PhC6 [44]. The
ηCT are 96.2% for PM1:BTP-PhC6-based OPVs, 97.1% for PM1:BTP-PhC6-C11-based OPVs,
and 95.1% for PM1:Y6-based OPVs. OPVs based on BTP-PhC6-C11 have good exciton
dissociation ability, which coincides with a high FF. The coherence length (CCL) of BTP-
PhC6-C11 for both (001) and (100) peaks in the IP direction is relatively large compared to
that of BTP-PhC6. The BTP-PhC6-C11 also displays a relatively large CCL and relatively
small d-spacing compared with the Y6 from the GIWAXS picture for the (001) peak. The
OPVs based on BTP-PhC6-C11 give strong molecular stacking and improved molecular
crystallinity, which should be beneficial to charge transport. A PCE of 18.33% was gained
for PM1:BTP-PhC6-C11-based OPVs. Except for Y6′s derivatives, Huang et al. designed EH-
HD-4F by using 2-hexyldecyl and 2-ethylhexyl side chains, substituting the alkyl chains on
pyrrole for highly efficient OPVs with a PCE of 18.38% [45]. It can be seen that adjusting the
NFA side-chain position is an efficacious tactic for adjusting the photovoltaic characteristics
and molecular interactions of materials.

The length of the side chain is also a research hotspot except for the position of the
side chain. In 2020, Hou et al. synthesized BTP-eC7 and BTP-eC9 by shortening the n-
undecyl (C11) from n-heptyl (C7) to n-nonyl (C9) on the brink of BTP-4Cl-BO [46]. BTP-eC9,
with relatively short alkyl chains, exhibits enhanced electron mobility, decreased Urbach
energy, and suitable solubility in comparison to BTP-eC11. A maximum PCE of 17.8% for
BTP-eC9-based OPVs can be achieved, along with JSC = 26.2 mA cm−2, FF = 81.1%, and
VOC = 0.839 V. Wang et al. synthesized four acceptors, named BTP-4F-C5-16, BTP-4F-C6-16,
BTP-4F-C7-16, and BTP-4F-C8-16, by extending the chain length from n-pentyl to n-octyl
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on the bithiophene units in 2021, as shown in Figure 5a [47]. The molecular dihedral angles
between the terminal units and central core can be varied from 7.9 to 16◦ with the change of
alkyl chain length. BTP-4F-C5-16 has a relatively small dihedral angle, achieving relatively
good molecular planarity for forming compact π-π stacking. OPVs based on PM6:BTP-
4F-C5-16 achieved a PCE of 18.20% with a FF of 77.68%, JSC of 27.78 mA cm−2, and VOC
of 0.844 V, as shown in the Figure 5b. BTP-4F-C5-16 possessed the shortest alkyl chain,
exhibiting good structural order, appropriate phase separation, and high electron mobility
in its blend with PM6. BTP-4F-C5-16 has good planarity according to MDS measurement
and DFT calculations, as exhibited in Figure 5c.

Halogenation

In 2022, Chen et al. constructed an efficient A-D-A-type acceptor named CH17, featur-
ing conjugated extension in the central and end directions, as well as fluorination [48]. The
F atoms on the terminal unit are not different from Y6, which enhances the intermolecular
interaction. The large conjugation extension and appropriate fluorination of CH17 afforded
a strong 3D molecular network, reduced energetic disorders, improved charge transport,
improved luminescence efficiency, upshifted CT state, much suppressed ∆Enr, and small
energy loss (Eloss) regarding the blend films. A PCE of 17.84% was reached in binary
OPVs based on PM6:CH17, and a PCE of 18.13% was reached in ternary OPVs based on
PM6:CH17:F-2F. Halogenations also focus on side chains or end units. Chen et al. designed
and synthesized two NFAs (CH6 and CH4) with an A-D-A feature, which have identical
backbones and characteristics of a π extension. The central molecular unit is converted from
the phenazine conversion of Y6 by benzothiadiazole [49]. CH6 has additional fluorinations
on the central unit, which has an impact on the molecular frontier. The LUMO and HOMO
levels of CH6 are reduced in comparison to that of CH4, which favors the improvement of
VOC because of the high electronegativity of fluorine atoms. The CH6-based OPVs exhibit
balanced mobility and high carrier transfer according to the space-charge limited current
(SCLC) model. GIWAXS measurements showed that the PM6:CH6 blend has a relatively
short π-π packing distance of 3.63 Å in comparison to that of 3.76 Å for the PM6:CH4 blend.
The enlarged CCL of 78.5 Å for the (100) diffraction peak in the IP direction and 24.5 Å
for the (010) diffraction peak in the OOP direction can be reached for the PM6:CH6 blend
when compared with that of 60.8 Å and 19.1 Å for the PM6:CH4 blend separately. The
enlarged CCL suggested that PM6:CH6-based OPVs possess relatively good crystallinity,
relatively ordered molecular packing, and an optimized morphology when compared with
PM6:CH4-based OPVs. A PCE of 18.33% was reached for CH6-based OPVs, which is better
than that of 16.42% for CH4 based-OPVs.

Terminal Modification

Terminal modification is also used in molecular engineering, which conveniently
operates and effectively improves OPV performance. Janjua designed a sequence of new
all-small-molecule acceptors (ZMY1 to ZMY5) through the terminal modification of the ZR-
Si4 molecule [50]. The PCEs and other parameters of fabricated OPVs were computed by
time-dependent density functional theory, density functional theory, and other simulation
calculations. The VOC at a null voltage expressed better values than ZR-Si4. The designed
molecules owned a better FF than ZR-Si4, with the ZMY1 molecule having the highest FF
value. PCEs are estimated with certain parameters like VOC, JSC, FF, and Pin, in which the
PCE in the ZMY1 molecule is the highest value (PCE = 18.25%). Chen et al. decorated
the BTP-eC9 molecule by adopting the CPTCN-Cl to replace IC-2Cl in the terminal unit
and synthesized an asymmetric end-modified acceptor named AC9 [51]. The IC-2Cl unit
could improve intermolecular interaction and intramolecular charge transfer, as well as
reduce energy loss. The CPTCN-Cl unit could increase VOC while ensuring a high JSC and
FF. The AC9 can utilize the advantages of the two terminal units. The appropriate bandgap
polymer PM6 was selected as the donor based on the calculated LUMO and HOMO levels.
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The PM6:AC9-based OPVs yielded a PCE of 18.43% (certified 18.1%), with an FF of 79%,
VOC of 0.871 V, and JSC of 26.75 mA cm−2.
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The Alternation of Electron-Accepting (A) and Electron-Donating (D) Segment

The change of electron-donating (D) and electron-accepting (A) units also represents
a way to produce high-performance donor materials. In 2022, Ding et al. designed two
acceptors similar to Y6, BDOTP-2, and BDOTP-1 [52]. An electron-rich dibenzodioxine
fragment takes the place of an electron-deficient fragment within the core unit of BDOTP-2
and BDOTP-1, which leads to a significant change in the molecular dipole moment that is
distinct from the former A-D-A′-D-A Y6-type acceptors. D18-B:BDOTP-2-based and D18-
B:BDOTP-1-based OPVs exhibited a relatively high VOC compared with D18-B:Y6-based
OPVs. D18-B:Y6:BDOTP-1-based OPVs exhibited a relatively high VOC in comparison to
D18-B:Y6-based OPVs. The total Eloss was computed via the equation Eloss = Egap − qVOC.
The Egap values are 1.402, 1.402, 1.492, and 1.465 eV for D18-B:Y6:BDOTP-1, D18-B:Y6, D18-
B:BDOTP-2, and D18-B:BDOTP-1, respectively. The high VOC values of D18-B:BDOTP-2-
and D18-B:BDOTP-1-based OPVs resulted from low ∆E3 and large Egap. The high VOC of
D18-B:Y6:BDOTP-1-based OPVs can be ascribed to the reduced ∆E3. The GIWAXS pattern
presented a strong (100) lamellar stacking peak in the IP direction and a strong (010) π-π
stacking peak in the OOP direction in the D18-B:BDOTP-2 and D18-B:BDOTP-1 films. The
D18-B:BDOTP-1 film had a large CCL010 and a short π-π stacking d-spacing, benefiting
the formation of a bicontinuous interpenetrating network and charge transport. PCEs
of 18.51% and 16.93% have been reached in BDOTP-1-based ternary and binary OPVs,
respectively. The high performance of Y6-type acceptors will predominantly depend on the
banana-shaped structure rather than the A-D-A′-D-A configuration [52]. Table 1 describes
the latest progress of OPVs with PCE values of more than 18%.

3.2.2. Polymerized Small Molecule Acceptors

Inspired by the method of polymerizing small molecule acceptors, more and more
novel polymer acceptors are emerging. The performance of polymerized small molecule
acceptors (PSMAs) can be improved by controlling the reaction sites during polymerization,
the direct regulation of skeleton-region regularization, end-group modification strategies,
and the selection of appropriate additional linking units. PSMAs not only have the ad-
vantages of a non-fullerene small-molecule acceptor strong photon absorption ability in a
specific region, as well as low energy loss and an adjustable energy level, but also have the
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advantages of polymer material film-forming performance and optical and thermal stability.
Duan et al. designed and synthesized two regio-regular nonfused PSMAs, PFBTz-T-γ and
PFBTz-T-δ, by regulating the polymerization sites [53]. PFBTz-T-γ has relatively dense and
ordered packaging in the solid state, resulting in relatively great redshift optical absorption
and relatively high electron mobility in comparison to PFBTz-T-δ. The PBDB-T:PFBTz-T-γ
blends exhibit efficient exciton dissociation, high and balanced charge transport, and less
charge recombination. The absorption peaks (λ) and the 0–0 and 0–1 absorption peaks of
both polymers are located at nearly the same wavelength in solution. From solution to
solid state, the 0–0 absorption peak of PFBTz-T-γ is relatively strong and relatively weak
compared with the 0–1 absorption peak of PFBTz-T-δ. This change shows that PFBTz-
T-γ is relatively ordered and has a relatively high absorption coefficient in comparison
to PFBTz-T-δ in the solid state. The OPVs based on PBDB-T:PFBTz-T-γ achieved a PCE
of 9.72%, with a JSC of 17.52 mA cm−2 and an FF of 66%. Luo et al. developed three
polymer acceptors: PY-IT, PY-OT, and PY-IOT [54]. The absorption edge of the three poly-
mer acceptors gradually redshifted, the LUMO energy level gradually deepened, and the
electron mobility monotonically increased. When the three polymers were blended with
PM6, the PCEs of PY-IT-, PY-IOT-, and PY-OT-based OPVs reached 15.05%, 12.12%, and
10.04%, respectively. Wang et al. designed three narrow band gap acceptors, named PYTT-3,
PYTT-2, and PYTT-1, using different isomers of thiophene-fused end-groups [55]. The
effects of thiophene-isomerized terminal groups on the molecular structure, morphology,
and physicochemical properties were studied. OPVs based on Pytt-2 exhibit relatively
high PCEs when compared to the other two OPVs blended with PbDBT-T, which is mainly
attributed to balanced charge transport, less charge recombination, and low nonradiation
loss in the PyTT-2-based active layer. Yu et al. designed three types of PSMAs, named
PY-2T-γ, PY-T-γ, and PY-V-γ, using dithiophene, thiophene, and ethylene as link agents,
respectively [56]. The effects of different connection units on the physicochemical and
photoelectric properties of PSMAs were studied. PY-V-γ molecules have good conjugation
and tight interchain stacking properties, with high mobility and low energy disorder. The
PCE, JSC, and FF of PY-V-γ-based OPVs were 17.1%, 24.8 mA cm−2, and 75.8%, respectively,
after PM6 blending. The PCE of PY-T-γ and Py-2t-γ-based OPVs were 16.1% and 15.3%,
respectively. The PY-V-γ-based binary membrane has a high crystal ratio and a small
amorphous phase length, which is efficient at transporting charge and inhibiting charge
recombination in the active layer when compared to the other two blends. The research on
polymer acceptors mainly focuses on PSMAs. Various molecular optimization strategies
were used to optimize the building units and connect the units and end groups of PSMAs
for realizing more idealistic morphological characteristics, photoelectric characteristics, and
regional regularity.

The improved stability of OPVs plays a crucial role in the future development of
commercialization in addition to improving the PCE of OPVs. Improving the intrinsic
stability of molecules is the first step towards high stability OPVs. Examples include NFA
chemical structure (e.g., heteroatomic substitution), energetics, structural rigidity, molecular
conformation, and symmetry. PCE decay usually exists in OPVs using the BHJ structure
due to the metastable morphology of the active layer. In the process of long-term aging,
the active layer of a nano-channel with good phase separation will form too many scale
aggregates, which is not conducive to the efficiency and life of the OPVs. OPVs performance
using a BHJ structure is optimal when the active layer form is in a thermodynamic non-
equilibrium state, which needs to be maintained throughout the thermal aging process.
NFA structures customized to improve their thermal stability should not compromise
PCE. Jen et al. developed a series of A-DA′D-A-type NFAs with varied side groups on
the outward positions of the π-core, named BTP-H, BTP-Br, BTP-BO, BTP-TH, and BTP-
TBr [57]. Acceptors with conjugated side groups exhibit good side group torsion and
well-twisted backbones. They can provide up to 18.3% efficiency in xylene-processed cells.
These acceptors with conjugated side groups have good thermal/optical stability. The
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importance of NFA side-base steric hindrance to the stable balance of OPV performance
should be emphasized.

The molecular design of NFAs plays a key role in driving the rapid efficiency gains of
OPVs. The optical band gap, molecular structure, LUMO and HOMO energy levels, and
structural characteristics (crystallization tendency) of NFAs can be effectively adjusted by
molecular engineering. How to minimize the Eloss of OPVs based on molecular engineering
should be one of the hot spots for future research directions.

3.3. Interfacial Modification Layer

Interface engineering is usually achieved by introducing an intermediate layer between
the active layer and the electrode of OPVs, where the active layer is sandwiched between the
anode and cathode. The development of the interlayer has been considered an important
research area to achieve high OPVs performance and stability in addition to the design and
synthesis of donor and acceptor materials. The modification layer is considered to be the
key component for the preparation of OPVs. Liu et al. developed a new nonconjugated
self-doped polymer zwitterion (s-PZ), which is the combination of polymer zwitterions
and n-type doping effects [58]. Three s-PZs (NDI-M-DAN, PDI-N-DAN, and PDI-M-DAN)
were synthesized using an uncomplicated scheme, which may discover better contact
at the active layer interface based on the electrode/FREA, improving charge extraction
and collection efficiency and reducing charge recombination loss. The PCE values of
D18:Y6-based OPVs achieved a range from 17.60% to 18.17% by using the three s-PZs as
the cathode interlayer (CIL). Zhang et al. synthesized three novel self-doped CIMs, named
t-PyDINBr, t-PyDINO, and t-PyDIN, through the introduction of quaternary ammonium
bromide, amino N-oxide, and amino as the functional groups [59]. The WF values changed
from 4.50 eV (bare Ag) to 4.10 eV after applying an ultra-thin layer of spin-coated Ag
electrodes. The t-PyDIN effectively reduced the Ag electrode WF, which is beneficial to
forming ohmic contact at the organic semiconductor/metal interface and enhancing the
internal electric field, improving the generation and collection of free charges. There are two
independent molecular conformations in the crystal construction of t-PyDIN (Figure 6a)
(named conformation A and conformation B). The π-π stacking distance between the two
molecules for conformation A and B is 3.445 Å and 3.491 Å, respectively. A larger π-π
stacking distance between conformation A and B of 3.491 Å occurs because of the steric
hindrance of the tertiary amine side chains. The ordered intermolecular packing was
surveyed (Figure 6b), as it is beneficial to charge transport. The t-PyDIN-based OPVs
reached a PCE of 18.25%. The design and synthesis of high-performance small-molecule
CIL have become the focus, which has good batch-to-batch reproducibility, a simple and
clear molecular structure, and outstanding versatility. Sun et al. synthesized a conjugated
small-molecule CIL called SME1 by applying a molecular tailoring tactic [60]. SME1 exhibits
relatively low HOMO and LUMO levels when compared to the polymer counterpart. This
advantage can improve blocking holes and extracting electrons. The ability to change the
WF of the metal electrode and the inherent low surface energy of SME1 are beneficial to
reducing the accumulation of space charge and optimizing the metal/molecule interfaces.
The matched energy level arrangements enable SME1 to effectively collect electrons from
both the NFA and polymer donor, resulting in improvements in charge collection and
exciton dissociation. PM6:BTP-eC9-based OPVs achieved a PCE of 18.4% (17.9% through
the third-party certification) by applying SME1 as CIL.

The development of hole transport layers (HTLs) is relatively backward compared
to electron transport layers (ETLs). Most of the reported high-performance OPVs HTL
basically choose the traditional OPV structure of polyethylenedioxythiophene:polystyrene
sulfonate (PEDOT:PSS). PEDOT:PSS also has disadvantages, such as hygroscopicity and
acidity, which can result in the severe chemical and physical degradation of OPVs from
the point view of OPV stability. Since the organic molecules in the photoactive layer
of OPVs inevitably come into contact with the intermediate layer, the contribution of
interface stability to determining the lifetime of OPVs may become increasingly important.
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Interlayers with ionic characteristics, such as PEDOT:PSS, can react chemically with NFAs,
resulting in a decrease in the electronic performance of OPVs. The chemical reactivity is
passivated by substituting less reactive ionic groups while maintaining charge selection.
Peng et al. reported a Co-based HTL, which used the cost-effective Cobalt (II) acetate
tetrahydrate (Co(OAc)2·4H2O) as the precursor with simple processing [61]. TA and UVO
treatments are performed to optimize the electronic properties of the Co-based HTL. The
oxidized crystal water of the Co(OAc)2·4H2O precursor was reduced because of the TA
process, improving the WF. The Co-based HTL suggested a low WF in comparison to the
exposed ITO electrode (4.83 eV) after TA treatment. The resistance and morphology defects
were reduced, and the conductivity and the WF improved with additional UVO treatment.
A PCE of 18.77% was obtained by using OPVs based on PM6:L8-BO in Co-based HTL, with
a high FF of 79.94%, a JSC of 26.37 mA cm−2, and a VOC of 0.89 V, which is relatively high
in comparison to PEDOT:PSS-based OPVs (18.02%).
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Although the primary role of the mesosphere is to confer charge selectivity to OPVs, the
chemical (or electrochemical) properties associated with the degradation caused by external
sources (e.g., oxygen and water) and chemical interactions with NFAs are also important
prerequisites for stabilizing OPVs. The modification layer also plays an important role in
the stability of OPVs. More efforts should be devoted to improving the stability of OPVs
by optimizing the interfacial modification layer. Meanwhile, the thickness of the current
modification layer is usually very thin, which may not be suitable for future large-scale
production technology. The synthesis of a novel interfacial modification layer with high
stability and thickness-insensitive properties may be an important research direction for
the commercialization of OPVs in the future.

Table 1. The recent progress of binary OPVs with an efficiency of over 18%.

Active Layer JSC
(mA cm−2)

VOC
(V)

FF
(%)

PCE
(%) Year Ref.

PQM-Cl:PY-IT 24.30 0.920 80.70 18.00 2022 [62]
PM6:Y6-BO 27.90 0.840 76.60 18.00 2021 [63]
D18-Cl:N3 27.85 0.859 75.70 18.13 2021 [25]

PL1:BTP-eC9-4F 27.11 0.876 76.41 18.14 2022 [30]
PNTB-HD:N3 26.88 0.854 79.00 18.15 2022 [40]

PM6:BTP-4F-C5-16 27.78 0.844 77.68 18.20 2021 [47]
D18-C6Ch:L8-Bo 25.46 0.910 78.70 18.20 2022 [26]

PBDB-T-2F:BTP-4F-P2EH 25.85 0.880 80.08 18.22 2021 [42]
D18:Y6 27.70 0.859 76.60 18.22 2020 [64]

PMZ-10:Y6 27.96 0.834 78.20 18.23 2022 [33]
PM6:L8-BO 25.71 0.870 81.50 18.23 2022 [65]

PM6:BTP-eC9 27.58 0.859 77.34 18.32 2022 [66]
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Table 1. Cont.

Active Layer JSC
(mA cm−2)

VOC
(V)

FF
(%)

PCE
(%) Year Ref.

PM1:BTP-PhC6-C11 26.62 0.871 79.00 18.33 2022 [44]
PM6:CH6 26.62 0.875 78.40 18.33 2022 [49]

PM6-TzBI:L8-BO 25.63 0.897 79.84 18.36 2022 [29]
OPz11:Y6 27.02 0.865 78.71 18.42 2022 [34]
PM6:AC9 26.75 0.871 79.00 18.43 2022 [51]

PBDB-TF:BTP-eC9 26.60 0.866 80.30 18.50 2021 [67]
D18-B:Y6:BDOTP-1 27.74 0.859 77.60 18.51 2022 [52]

PM6:L8-BO-T2 26.73 0.889 79.32 18.85 2022 [68]

4. Device Engineering

In addition to synthesizing new organic materials, device engineering should also
play a vital role in improving the performance of OPVs, such as the additive addition
strategy, layer-by-layer deposition strategy, and ternary strategy. Table 2 summarizes the
latest developments in OPVs based on active-layer treatment and deposition techniques.

4.1. Solvent and Solid Additive

Adjusting the morphology of the BHJ blend films is an important focus involving
molecular orientation, crystallinity, and so on, which can affect exciton diffusion and
dissociation, charge transport, and recombination [68]. Solvent additives are also commonly
used in OPVs to regulate the molecular aggregation behavior during the evaporation
process. Li et al. added 1-chloronaphthalene (CN) into a PBDBT:PYF-T chlorobenzene (CB)
solution as a solvent additive [69]. The PCE reached 16.13%, and VOC and FF increased to
0.86 V and 76.02%, respectively. The addition of the proper amount of CN can improve
π-π stacking in the PBDB-T:PYF-T system, which is conducive to charge transfer in the
active layer to support the FF improvement of OPVs. The addition of appropriate CN can
also reduce nonradiative recombination, which can help to improve the VOC of OPVs. In
addition to solvent additives, solid additives can also be used as a strategy to improve
the performance of OPVs, which not only combine the advantages of solvent additives
for adjusting molecular aggregation but also possess good volatilization properties for
constructing more stable morphologies. Sun et al. introduced a solid additive named
1,4-diiodobenzene (DIB) to prepare highly efficient OPVs [70]. Adding DIB can optimize
morphology and form a bicontinuous network to strengthen intermolecular packing in the
donor and acceptor phases. The DIB contents affect the molecular packing of PM6. The
fibril network morphology becomes obvious for the neat PM6 film treated with DIB as the
DIB content increases to 300 wt%. The DIB makes the polymer donors self-assemble into
clear fibril structures and induces Y6′s aggregation. The fibril network morphology with
proper phase separation was realized in a PM6:Y6 blend with 200 wt% DIB, which is in
favor of charge transport and excitation dissociation. The crystallization and aggregation
of PM6 (or Y6) improved because there is weak noncovalent interaction. Morphology
is also controlled by DIB treatment by changing the concentration. The PM6:BTP-eC9-
based OPVs produced a PCE of 18.13% (certified as 17.7%) with a FF of 79.8%. High Vloss
also places restrictions on further improvements in OPVs, and it is important to develop
effective approaches to reduce Vloss. Sun et al. reported OPVs based on NFA N3 and the
polymer donor D18-Cl system by combining the sequential deposition (SD) method and
DIB [71]. The D18-Cl/N3 (DIB) film shows increased crystallinity and adjustable phase
separation by introducing DIB into N3. Angle-dependent GIWAXS measurements with the
angle of incidence ranging from 0.08◦ to 0.16◦ were performed. The π-π stacking CCL010
of acceptor and donor crystallites in the OOP direction was quantitatively evaluated by
fitting the corresponding 1D profile (Figure 7a,b). The D18-Cl/N3 (DIB) blend film showed
that the CCL010 value of the D18-Cl component along the vertical phase was significantly
enhanced after DIB treatment. The self-assembly of N3 improved because of the DIB
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additive. The charge transfer and extraction in D18-Cl/N3 (DIB) OPVs were enhanced
due to the synergistic regulation of the acceptor/donor crystallinity in the whole vertical
phase. The synergistic effects led to a PCE of 18.42% with an improved FF of 78.8% and
a JSC of 27.18 mA cm−2 in OPVs based on D18-Cl/N3 (DIB). Sun et al. introduced an
additive diiodomethane (DIM) into the PM6:L8-BO system [72]. Using DIM in place of
1,8-diiodooctane (DIO) reduced the energy difference between the charge transfer state in
the PM6:L8-BO blend and the single excited state of L8-BO, resulting in a decrease in Vloss in
OPVs. The OPVs with DIM treatment produced a PCE of 18.60% (certified as 18.20%) with
an improved VOC of 0.893 V. Zhang et al. designed two volatilizable SADs named SAD2
and SAD1 [68]. The planar SAD2 has the S· · ·O noncovalent intramolecular interactions
(NIIs). SAD1 is a distorted conformation. SAD2 has a relatively small space occupation
when compared to SAD1, which can be more readily inserted between Y6 molecules, and
this is conducive to the formation of a more compact Y6 intermolecular packing mode
after thermal treatment. The OPVs with SAD2 treatment showed a high holes-transfer
ratio, favorable morphology, balanced charge mobility, and less recombination loss. It is
assumed that Y6-2, Y6-1, and Y6-0 refer to the Y6 film added by SAD2, the Y6 film added
by SAD1, and the as-cast Y6 film, respectively. Y6-T2, Y6-T1, and Y6-T0 refer to the above
Y6 films after corresponding follow-up TA treatment (140 ◦C, 100 ◦C, and 100 ◦C for 10 min,
respectively). The absorption spectrum of the Y6-0 film consists of two main bands. One is
the high absorption band at 300–420 nm, and the other is the low energy band at 420–920 nm
with the maximum value of a λ (λmax) value at 834 nm. Those values of λmax obviously
are blue-shifted by 21 nm and 12 nm for Y6-2 and Y6-1, respectively, in comparison to
the λmax value of the Y6-0 film. Adding SADs disturbed the original intermolecular
accumulation of Y6. The larger, blue-shifted value of Y6-2 showed that SAD2 may more
seriously disrupt the π-π stacking of Y6. The planar SAD2 is conducive to creating a
relatively ordered intermolecular packing mode compared with SAD1 in the PM6:Y6 blend
films. The effect of SAD conformation on the morphology of blend films was studied
by 2D-GIWAXS. The CCL010 values of PM6:Y6-T2, PM6:Y6-T1, and PM6:Y6-T0 are 29.21,
28.29, and 25.31 Å, respectively. The SAD2-processed OPVs showed good morphology,
balanced charge mobility, and less recombination loss, leading to a PCE of 18.85% (certified
18.7%) for the binary OPVs. Song et al. added the solid additive 2-methoxynaphthalene
(2-MN) into the PM6:PY-DT system to regulate the molecular aggregation behavior during
the film deposition and hot annealing process, which reached a PCE of 17.32% [73]. The
working mechanism is that 2-MN induces the crystallization of PM6. The 2-MN gradually
volatilizes and leaves room for the accumulation of PY-DT. The addition of 2-MN can obtain
good active-layer morphology and ordered molecular stacking, realizing efficient charge
collection and transport. Traditional active layer materials can also act as nonvolatile solid
additives due to their special physicochemical properties. Li et al. added PC71BM as a
solid additive to the PTzBI-oF:PFA1 blend [73]. Adding 1 wt% PC71BM can increase the
PCE of OPVs from 14.6% to 15.6% while increasing JSC and FF. Adding PC71BM that has
a strong interaction with PTzBI-oF can reduce phase separation, weakening the charge
recombination in the active layer. Additives engineering should be an effective method
to adjust the molecular aggregation behavior of used materials for more efficient charge
separation and transport in active layers.

4.2. Layer by Layer

High-performance OPVs are mainly constructed using a BHJ structure, which enables
the formation of interpenetrating networks with a large donor/acceptor interface area for
effective exciton dissection. The photovoltaic performances of the blend casting (BC) OPVs
are decided by a blending ratio of D:A, processing additives, and the conditions of the host
solvents, etc. Sequential casting (SC), which is also called layer-by-layer treatment (LbL),
can achieve analogous or even better OPV properties and morphologies when compared to
BC processing. LbL OPVs and BC OPVs based on identical functional materials showed
considerable performance, which suggests that the LbL method is an up-and-coming alter-
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native for high PCEs in OPVs [9,74–79]. Chen et al. used the LbL program to manufacture
OPVs [80]. The swelling intercalation phase separation (SIPS) model was proposed to
explain BC and LbL processes (Figure 8a,b). The carrier dynamics were studied in OPVs in
order to characterize the bias-dependent charge separation and collection behavior. ηCT
in BC-type OPVs is 98.36% for PM6:L8-BO and 98.90% for LbL-type OPVs. Pcoll is 89.09%
for PM6:L8-BO systems and 90.56% for LbL-type OPVs. LbL-type OPVs showed obvious
advantages in both ηCT and Pcoll in comparison to BC-type OPVs, improving the FF of
OPVs. The LbL-type OPVs exhibited slightly higher mobility than that of the BC-type
OPVs, and the µe/µh value is 1.03. The LbL-type film has high exciton density and mobility
balance in the middle, which is beneficial to increase OPV performance. The LbL method
enabled PM6:L8-BO-based OPVs reach a PCE of 18.86% (18.44% certified). Zhang et al.
constructed a series of OPVs with LbL and BHJ configurations using NFA Y6 and the
polymer donor D18-Cl and introduced a dissociation-strengthening layer (DSL) to enhance
the dissociation of D18-Cl excitons near ITO in LbL active layers [74]. The surface energy
(γ) values are 39.21, 38.31, and 44.33 mN m−1 for DSL-modified D18-Cl-, D18-Cl-, Y6 films,
respectively, which suggested existing interdiffusion between the DSL and the D18-Cl layer.
The interface energy between Y6/D18-Cl and Y6 (γY6/D18-Cl:Y6) value (0.43 mN m−1) is
relatively low compared with the γD18-Cl:Y6 value (1.30 mN m−1). The reduced interface
energy facilitated the diffusion of Y6 into the D18-Cl networks through the introduction of
DSL, which enlarged the D/A interface to efficiently separate excitons in the LbL active
layer. The LbL method enabled a PCE of 18.15% through the introduction of DSL, which
benefited from an enhanced FF (75.79%) and JSC (27.52 mA cm−2). Adding DSL provides a
simple and efficient method for increasing the availability of exciton in LbL active layers.

Energies 2023, 16, x FOR PEER REVIEW 20 of 35 
 

 

tion behavior of used materials for more efficient charge separation and transport in ac-
tive layers. 

 
Figure 7. (a) D18-Cl and (b) N3 in three blend films at different incident angles. Reproduced from 
[71]. Copyright, 2022, Wiley. 

4.2. Layer by Layer 
High-performance OPVs are mainly constructed using a BHJ structure, which ena-

bles the formation of interpenetrating networks with a large donor/acceptor interface 
area for effective exciton dissection. The photovoltaic performances of the blend casting 
(BC) OPVs are decided by a blending ratio of D:A, processing additives, and the condi-
tions of the host solvents, etc. Sequential casting (SC), which is also called layer-by-layer 
treatment (LbL), can achieve analogous or even better OPV properties and morphologies 
when compared to BC processing. LbL OPVs and BC OPVs based on identical functional 
materials showed considerable performance, which suggests that the LbL method is an 
up-and-coming alternative for high PCEs in OPVs [9,74–79]. Chen et al. used the LbL 
program to manufacture OPVs [80]. The swelling intercalation phase separation (SIPS) 
model was proposed to explain BC and LbL processes (Figure 8a,b). The carrier dynam-
ics were studied in OPVs in order to characterize the bias-dependent charge separation 
and collection behavior. ηCT in BC-type OPVs is 98.36% for PM6:L8-BO and 98.90% for 
LbL-type OPVs. Pcoll is 89.09% for PM6:L8-BO systems and 90.56% for LbL-type OPVs. 
LbL-type OPVs showed obvious advantages in both ηCT and Pcoll in comparison to 
BC-type OPVs, improving the FF of OPVs. The LbL-type OPVs exhibited slightly higher 
mobility than that of the BC-type OPVs, and the µe/µh value is 1.03. The LbL-type film 
has high exciton density and mobility balance in the middle, which is beneficial to in-
crease OPV performance. The LbL method enabled PM6:L8-BO-based OPVs reach a PCE 
of 18.86% (18.44% certified). Zhang et al. constructed a series of OPVs with LbL and BHJ 
configurations using NFA Y6 and the polymer donor D18-Cl and introduced a dissocia-
tion-strengthening layer (DSL) to enhance the dissociation of D18-Cl excitons near ITO in 
LbL active layers [74]. The surface energy (γ) values are 39.21, 38.31, and 44.33 mN m−1 
for DSL-modified D18-Cl-, D18-Cl-, Y6 films, respectively, which suggested existing in-
terdiffusion between the DSL and the D18-Cl layer. The interface energy between 
Y6/D18-Cl and Y6 (γY6/D18-Cl:Y6) value (0.43 mN m−1) is relatively low compared with the 
γD18-Cl:Y6 value (1.30 mN m−1). The reduced interface energy facilitated the diffusion of Y6 
into the D18-Cl networks through the introduction of DSL, which enlarged the D/A in-
terface to efficiently separate excitons in the LbL active layer. The LbL method enabled a 
PCE of 18.15% through the introduction of DSL, which benefited from an enhanced FF 
(75.79%) and JSC (27.52 mA cm−2). Adding DSL provides a simple and efficient method 
for increasing the availability of exciton in LbL active layers. 

Figure 7. (a) D18-Cl and (b) N3 in three blend films at different incident angles. Reproduced from [71].
Copyright, 2022, Wiley.

Controlling the film morphology is difficult, particularly in the vertical D-A distribu-
tion. The SD sequence method involves the two-step deposition of the donor and acceptor
materials. Huang et al. constructed binary SD OPVs based on L8-BO and D18 by SD, which
is named SD2 [81]. The SD2 OPVs achieved a PCE of 19.05% (18.9% certified), which is
relatively high compared with the BC OPVs (18.14%). The film-depth-dependent light
absorption spectroscopy (FLAS) of the SD2 film exhibited a red shift compared with the
BC film, indicating that the crystallinity of the material in the SD2 film is enhanced, which
is conducive to charge transport. The composition distributions extracted from the FLAS
supported good vertical phase separation in the SD2 film (Figure 9a), in which acceptors
and donors were rich on the surface and bottom of the active layer. The Jph and the effective
applied voltage (Veff) curves of the different OPVs were used to study the exciton dissocia-
tion and charge collection characteristics (Figure 9b). The values of Jph/Jsat were 99.2% and
90.2%, respectively, and 98.2% and 89.1% for the SD2 and BC OPVs, respectively, which
suggested that the SD2 showed more efficient charge collection and higher charge dissocia-
tion efficiency. Charge transport characteristics were studied through the SCLC region of
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the pure electron OPVs and hole OPVs. Enhanced and balanced mobility (µe/µh = 1.06) in
SD2 OPVs resulted in high FF values. The manipulation of vertical component distribution
resulted in low energy loss, balanced charge transport, efficient exciton split, and high
crystallinity in the films, which resulted in the all-around enhancement of JSC, VOC, and FF.
It is a simple and effective method to enhance photovoltaic performance by controlling the
vertical component distribution of the active layer.
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Table 2. Recent progress of OPVs based on active layer treatment and deposition technology with
efficiency exceeding 18%.

Active Layer JSC
(mA cm−2)

VOC
(V)

FF
(%)

PCE
(%) Year Ref.

PM6:Y6--CS2 27.46 0.839 78.19 18.01 2022 [82]
PM6:BTP-eC9:PC71BM\2PACz 26.94 0.845 79.20 18.03 2020 [83]

PM6:BTP-eC9\HBC-S 26.51 0.860 79.22 18.05 2021 [84]
PM6:BTP-eC9 (DIB) 26.44 0.856 79.50 18.13 2022 [70]

D18:Y6\PDI-N-DAN 27.03 0.870 77.21 18.17 2022 [58]
PM6:BTP-eC9 (PVDF) 26.68 0.842 79.46 18.17 2022 [85]

D18:N3\NMA 27.23 0.864 77.30 18.20 2022 [86]
PM6:BTP-eC9:PC71BM\Cu003 26.70 0.856 79.70 18.20 2022 [87]

PM6:BTP-eC9\t-PyDIN 28.24 0.840 76.67 18.25 2022 [59]
PM6:BTP-eC9:PC71BM (DQ) 26.93 0.856 79.40 18.30 2020 [87]

PM6:Y6 (DMBI-BDZC) 26.79 0.853 80.20 18.33 2022 [88]
PM6:BTP-eC9\SME1 27.60 0.852 78.30 18.40 2022 [60]

PM6:BTP-eC9:PC71BM\Br-2PACz 27.10 0.864 78.60 18.40 2021 [89]
D18-Cl/N3 (DIB) 27.18 0.860 78.80 18.42 2022 [71]

PM6:PM7-Si:BTP-eC9
(BV)\Cl-2PACz 26.96 0.863 79.40 18.50 2022 [90]

PM6:PBB1-F:BTP-eC9 (PAE) 27.44 0.859 78.51 18.51 2022 [91]
PM6:BTP-eC9:PC71BM\MPFM 28.00 0.847 78.14 18.53 2022 [92]

PM6:L8-BO (DIM) 26.03 0.893 26.03 18.60 2021 [72]
PM6:L8-BO\Co-based 26.37 0.890 79.94 18.77 2021 [61]

PM6:L8-BO--SC 26.61 0.883 80.39 18.86 2022 [80]
D18:L8-BO--SD2 26.86 0.918 77.25 19.05 2022 [81]

PTQ10:BTP-FTh:IDIC (DTT) 27.17 0.870 80.60 19.05 2022 [93]
( ) stands for additive; \ stands for modification layer; -- stands for preparation method.

4.3. Ternary Strategy

The photon harvesting of the traditional binary active layer is usually limited due to
the relatively narrow absorption spectra of organic semiconductor materials. Introducing
the third component as a donor or acceptor can enhance the ability of the active layer to
capture photons, increase the value of JSC, and enable OPVs to achieve high PCE. The
OPV parameters for some high-performance ternary OPVs are summarized in Table 3.
According to the function of the third component, ternary OPVs can be divided into two
donors/one acceptor and one donor/two acceptors. The ternary strategy has attracted
widespread attention. It not only maintains the simple process of single-layer OPVs but also
expands the photon capture capability of the active layer. In addition to enhancing photon
capture ability, the performance of OPVs can also be improved by adjusting the energy
level, reducing energy loss, and optimizing morphology. The dynamic process in ternary
OPVs mainly depends on the function of the third component. The third component could
(i) locate at the donor/acceptor interface, (ii) form its own channels, (iii) be fully embedded
in one particular host domain, or (iv) form an alloy with the acceptor or donor materials.
The location of the third component in the active layer is closely related to basic principles
in ternary OPVs. Ternary OPVs have four working mechanisms: alloy model, parallel
linkage, energy transfer, and charge transfer [94–97]. The four working mechanisms explain
the interaction between the third component and the main system. The complementary
absorption of the host binary system and the third component are usually considered to
improve the photon harvesting ability of the active layers. In addition to absorption spectra,
the energy levels also need to be taken into account to prevent the formation of deep charge
traps in the ternary active layers. The addition of relatively low/high HOMO/LUMO
levels of donor or acceptor can promote the improvement of the VOC of ternary OPVs when
compared with the principal binary system. At the same time, compatibility between the
materials is the key factor that determines the degree of separation and dynamic process
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of the active layer. The absorption spectra, energy level, and compatibility properties are
usually considered when selecting the third component.

Table 3. Recent progress of ternary OPVs with efficiency over 18%.

Active Layer JSC
(mA cm−2)

VOC
(V)

FF
(%)

PCE
(%) Year Ref.

PM6:Y6:AQx-3 26.82 0.870 77.20 18.01 2021 [98]
PM6:BO-4Cl:BTP-S2 27.11 0.856 77.98 18.03 2022 [99]
PM6:m-BTP-PhC6:Y6 26.28 0.870 78.21 18.05 2022 [100]
PM6:TTBT-R:Y6 27.01 0.862 76.13 18.07 2022 [101]
L4:N3:PC61BM 27.07 0.850 78.70 18.10 2022 [102]
PM6:Y7-BO:Y6-1O 26.35 0.867 79.27 18.11 2022 [103]
PM6:m-BTP-PhC6:Y6 26.53 0.870 78.51 18.12 2022 [100]
Z2:PM6:BTP-eC9 27.22 0.855 77.84 18.12 2022 [104]
PM6:ITIC-M:Y6 26.36 0.859 80.10 18.13 2022 [105]
PM6:CH17:F-2F 26.62 0.889 76.60 18.13 2022 [48]
PM6:PBB1-F:BTP-eC9 26.94 0.861 78.28 18.16 2022 [27]
PM6:BO-4Cl:BTP-S2 27.14 0.861 78.04 18.16 2022 [99]
PM6:Y6:PC71BM 27.92 0.846 77.13 18.21 2022 [92]
PM6:BTP-eC9:PC71BM 27.64 0.852 77.53 18.25 2022 [92]
PM6:PM6-Si30:C9 26.90 0.870 78.04 18.27 2022 [31]
PM6:BTP-BO-4F:BTA2 26.76 0.869 78.55 18.27 2022 [106]
PM6:BTP-eC11:BTP-S2 26.62 0.872 79.00 18.31 2022 [107]
PTQ10:BTP-FTh:IDIC 26.97 0.867 78.60 18.39 2022 [93]
PB2:PBDB-TF:BTP-eC9 26.90 0.858 79.70 18.40 2022 [39]
PM6:BTP-eC9:BTP-F 26.99 0.858 79.70 18.45 2021 [108]
PM6:BTID-2F:L8-BO 26.86 0.889 77.52 18.52 2022 [109]
PM6:Y6-1O:BO-4Cl 27.46 0.855 79.00 18.52 2022 [110]
PBDB-TF:PB2F:BTP-eC9 26.80 0.863 80.40 18.60 2021 [111]
D18:reg-PThE-1F:L8-BO 26.39 0.921 76.71 18.64 2022 [112]
PM6:L8-BO:eC9-2Cl 26.63 0.89 78.74 18.66 2022 [13]
PM6:BTP-eC9:L8-BO-F 27.35 0.853 80.00 18.66 2021 [113]
PBDB-TF:BTP-eC9:BTP-S2 26.78 0.878 79.44 18.66 2022 [114]
D18-Cl:N3:PC61BM 28.22 0.849 78.00 18.69 2021 [115]
PM6:BTP-eC9:ZY-4Cl 27.40 0.863 79.00 18.69 2022 [116]
PM6:BTP-eC9:AITC 27.20 0.870 79.70 18.80 2022 [117]
PBDB-TF:HDO-4Cl:eC9 27.05 0.866 80.51 18.86 2021 [118]
PM6:BTP-H2:L8-BO 26.68 0.892 80.70 19.02 2022 [119]
PM1:L8-BO:BTP-2F2Cl 27.15 0.881 80.14 19.17 2022 [120]
PM6:L8-BO:BTP-S10 26.80 0.898 80.22 19.26 2022 [121]
PM6:D18:L8-BO 26.70 0.896 81.90 19.60 2022 [122]

4.3.1. Enhanced Photon Harvesting

The narrow absorption range of organic semiconductors leads to insufficient photon
capture, resulting in low values for JSC. When compared to binary blends, the introduction
of a third component achieves a relatively wide absorption range, increases the value of JSC,
and achieves relatively high PCE for ternary OPVs. JSC is usually proportional to photon
capture in the active layer. The use of two tunable bandgap NFAs as two acceptors for
ternary OPVs can broaden the photon absorption range of the active layer, increasing the
value of JSC and improving OPV performance. Zhang et al. reported ternary OPVs through
the introduction of an L8-BO-F acceptor to the PM6:BTP-eC9 blend [113]. L8-BO-F shows a
very similar chemical constitution to BTP-eC9, with a different side-chain length and the
same molecular backbone. The UV-vis absorption profiles of the blend and neat films are
shown in Figure 10a,b. The absorption of L8-BO-F is completely complementary to that of
BTP-eC9 and PM6. Adding L8-BO-F to the PM6:BTP-eC9 blend improves the absorbance
coefficient of the ternary blend, which is conducive to improving the photocurrent and
increasing the amount of light harvesting. The JSC increased to 27.35 mA cm−2, the VOC
increased to 0.853 V, and the FF increased to 80.0%. The high JSC is mainly attributed to the



Energies 2023, 16, 4494 23 of 34

complementary absorption of L8-BO-F, BTP-eC9, and PM6. The extracted α values are 0.99,
0.95, and 0.97 for the ternary, PM6:L8-BO-F, and PM6:BTP-eC9 OPVs, respectively, which
showed that the biomolecular recombination is very weak in the ternary OPVs (Figure 10c).
The slopes of the PM6:BTP-eC9:L8-BO-F, PM6:L8-BO-F, and PM6:BTP-eC9 OPVs are 1.05,
1.26, and 1.10 kT/q, respectively. The PCE of the ternary OPVs reached 18.66% after adding
15 wt% L8-BO-F. Zhao et al. developed an asymmetric small molecular donor TTBT-R [101].
The ternary OPVs based on PM6:TTBT-R:Y6 obtained a PCE of 18.07% with 10 wt% TTBT-R.
PM6 and Y6 showed strong absorption in 600–900 and 500–650 nm bands, respectively.
TTBT-R was introduced into the PM6:Y6 host system as a guest donor to strengthen light
harvesting in the active layer at 445–560 nm, which is beneficial to improving the JSC values.
This largely resulted in an increase in JSC from 26.45 to 27.01 mA cm−2, with the broad
light harvesting of TTBT-R. The melting points of TTBT-R in the TTBT-R:Y6 and TTBT-
R:PM6 blends reduced to 172.4 ◦C and 167.8 ◦C, respectively. The crystallization points
of TTBT-R in the TTBT-R:Y6 and TTBT-R:PM6 blends reduced to 119.3 ◦C (∆H = 1.6 J g−1)
and 114.9 ◦C (∆H = 1.2 J g−1), respectively. It is noticed that TTBT-R has relatively good
compatibility with PM6 in comparison to Y6. TTBT-R is easily dispersed when in the
donor phase in ternary blends, resulting in less charge recombination and efficient exciton
dissociation. The ternary OPVs showed that VOC increased to 0.885 V with increasing
TTBT-R weight.
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4.3.2. Adjusting Energy Levels

The energy shift between the donor HOMO and acceptor LUMO levels is crucial for
successful charge dissociation and exciton splitting in OPVs. The VOC of OPVs is propor-
tional to the difference in energy levels between the donor HOMO and acceptor LUMO.
The charge and energy transfer characteristics of the donor and acceptor interface can be
altered by adjusting the HOMO-LUMO gap between the donor and acceptor. The ternary
method is a simple preparation process that introduces an additional third component into
the main binary system, which can achieve the fine-tuning of the energy level position
of an alloyed state. Lin et al. developed a random terpolymer named PM6-Si30 that was
introduced into PM6:C9-based OPVs as a guest donor [31]. PM6-Si30 shows a slightly
blue-shifted absorption and relatively low HOMO level in comparison with PM6. The
structure of PM6-Si30 is similar to PM6 and has good miscibility with both the PM6 and
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C9. The LUMO/HOMO levels are −3.20/−5.45 eV and −3.19/−5.56 eV for PM6 and
PM6-Si30, respectively (Figure 11a). The optimal blend based on PM6:PM6-Si30 exhibited
the analogous LUMO and HOMO energies, which can form alloys. The expected slope
of the bimolecular recombination-dominated OPVs in the natural logarithm diagram of
VOC and light intensity is 1 kT/q, where k refers to the Boltzmann constant, q refers to
the elementary charge, and T refers to temperature. The PM6:C9-based OPVs exhibited a
slope of 1.12 kT/q, which showed that there is recombination because of the traps. The
trap-assisted recombination decreased (slope 1.04 kT/q) when 15 wt% PM6-Si30 was added
(Figure 11b). The ternary OPVs based on PM6:PM6-Si30:C9 resulted in a PCE of 18.27%
with the optimal ratio. Chen et al. developed a new NFA named BTP-H2, which has
relatively strong crystallinity and up-shifted energy levels in comparison to the L8-BO
molecule [119]. The matching of BTP-H2 and the polymer donor PM6 is conducive to
effective charge separation. The BTP-H2 film has a relatively steep absorption edge in
comparison to the L8-BO film, which suggested that the molecular stacking in a solid state
is more orderly. Both the HOMO and LUMO of BTP-H2 are mildly high in comparison
to that of L8-BO. The HOMO shift (HOMOPM6-HOMONFA) between BTP-H2 and PM6 is
reduced to 40 m eV. An effective way to reduce ∆Enr is to narrow the HOMO shift between
the donor and acceptor (even close to zero). The α values of Plight (PM6:L8-BO:BTP-H2 and
PM6:BTP-H2 are both 1.00; PM6:L8-BO is 0.97) show that BTP-H2 is favorable for charge
extraction. The BTP-H2 can improve the charge extraction and inhibit trap-mediated single-
molecule charge recombination, which is helpful for VOC and JSC in ternary OPVs. EQEET
and Fourier transform photocurrent spectroscopy external quantum efficiency (FTPS-EQE)
experiments were used to analyze energy loss. The PM6:BTP-H2-based OPVs deliver
the minimum whole Eloss (0.534 eV) among the three OPVs. The ternary OPVs appear
to have relatively low Eloss (0.563 eV vs. 0.558 eV) compared to the control OPVs based
on PM6:L8-BO. Introducing BTP-H2 helps to inhibit the nonradiative decay of controlled
OPVs. The OPVs obtained a PCE of 19.2% (certified 18.8%), which achieved efficient charge
generation and reduced VOC loss. Liu et al. developed wide bandgap polymers based on
D-A alternating, named reg-PThE-1F, by introducing fluoro and carboxylate substituents
in co-ordination [112]. The polymer shows a wide absorption scope of 300 to 600 nm.
There are two characteristic vibronic absorption peaks that are situated at about 570 and
520 nm, respectively, which suggests the highly aggregated feature of the polymer back-
bones. Introducing fluorine atoms enables a reduction in the energy levels of the polymer
donors, which creates a higher OPV VOC. The PCEs of ternary OPVs can reach 18.64%
when introducing reg-PThE-1F into the D18:L8-BO binary system.
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4.3.3. Reduce Losses

The Eloss of efficient OPVs is much greater than that of silicon and perovskite batteries
and has been considered one of the main limiting factors for the development of OPVs. The
ternary strategy can also be used to modulate phase separation morphology and reduce
loss. The VOC of ternary OPVs is usually limited to ~0.9 V, which is significantly lower than
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that of perovskite and silicon batteries. The low VOC in OPVs is mainly due to high Eloss.
Reducing Eloss is the key to further improving the performance of OPVs. The Eloss in OPVs
comes from the three parts shown in Equation (1), where ∆ECT is the gap between the
charge transfer energy level (ECT) and optical band gap (Eg

opt), as shown in Equation (2);
∆Enr and ∆Er refer to the energy losses caused by nonradiative and radiative recombination,
respectively. [111,123] The ∆Er is inevitable in OPVs, leaving no room for adjustment.

Eloss = ∆ECT + ∆Enr + ∆Er, (1)

∆ECT = Eg
opt + ECT, (2)

∆Enr = −kBTlnEQEET, (3)

The study has suggested that the ∆ECT can be low to negligible when the HOMO levels
of NFAs and polymer donors are almost the same. High-performance OPVs with a high
VOC and low band gap can be manufactured by introducing conjugated small molecules
with adverse energy level alignments. In 2021, An et al. designed a conjugated polymer
based on thiadiazole named PB2F [111]. The polymer possesses a wide bandgap of 2.12 eV,
a high EQEET of 3.9 × 10−3, and a deep HOMO level of −5.64 eV in a neat film. PB2F takes
advantage of the third component to decrease the Eloss (0.559 eV) of the OPVs based on
PBDB-TF:BTP-eC9, and ∆ECT (0.056 eV) and ∆Enr (0.231 eV) can also be simultaneously
reduced. The VOC of ternary OPVs improved gradually along with ascending PB2F content.
The EQEET of optimal ternary OPVs increases from 1.3× 10−4 to 2.2× 10−4, corresponding
to ∆Enr reduced by 0.013 eV; the ∆ECT decreased by 0.011 eV. The VOC of ternary OPVs
is 0.021 V higher than that of the binary OPVs. The OPVs demonstrated a PCE of 18.6%
under the optimal ratio of PBDB-TF:PB2F:BTP-eC9. A new NFAs acceptor named BTP-F
was synthesized by Cai et al. [108]. BTP-F was introduced into the PM6:BTP-eC9 blend
film. The strength of EQE is enhanced in the absorption scope of 450–800 nm by adding the
BTP-F, which achieved a high JSC in ternary OPVs. BTP-F and BTP-eC9 formed well-mixed
acceptor phases in ternary blends. The ∆Enr in ternary OPVs was suppressed by adding
BTP-F. The Vloss values are 0.517, 0.540, and 0.549 V for the PM6:BTP-F, PM6:BTP-eC9:BTP-
F, and PM6:BTP-eC9, respectively. The EQEET values of PM6:BTP-F, PM6:BTP-eC9:BTP-F,
and PM6:BTP-eC9 are 6.00 × 10−4, 3.66 × 10−4, and 2.35 × 10−4, respectively. The corre-
sponding voltage losses of the nonradiative recombination (∆Vnr) values are 0.185, 0.198,
and 0.209 V for the PM6:BTP-F-, PM6:BTP-eC9:BTP-F-, and PM6:BTP-eC9-based OPVs,
respectively. The PM6:BTP-eC9:BTP-F-based OPVs reached a PCE of 18.45% after adding
15 wt% BTP-F. Sun et al. developed NFA ZY-4Cl, which formed cascade LUMO energy lev-
els and possessed a complementary absorption profile with the PM6:BTP-eC9 blend [116].
The ternary blends have a reduced trap state density, inhibited nonradiative recombination,
and improved molecular order when compared to the binary blends, resulting in relatively
low Vloss when compared to either of the binary blends. The density of trap state (nt) can
be determined by VTFL = entL2/(2εε0), where VTFL is the limit voltage of trap filling, L is
active layer thickness, e is the basic charge, ε is the relative dielectric constant, and ε0 is
the vacuum dielectric constant. The nt of ternary OPVs is 1.136 × 1016 cm−3, which is
reduced to 1.089 × 1016 cm−3. The Vloss of the ternary OPVs is relatively low (0.520 V)
compared to that of the PM6:ZY-4Cl (0.679 V)- and PM6:BTP-eC9 (0.532 V)-based binary
OPVs. The low Vloss of the ternary OPVs could be due to a low ∆Vnr. The EQEET of
the ternary OPVs is relatively high (3.7 × 10−4) in comparison to that of PM6:BTP-eC9
(1.9 × 10−4)-based binary OPVs. The ∆Vnr of ternary OPVs (0.198 V) is relatively low
compared to that of the binary OPVs (0.214 V). This ∆Vnr difference between ternary and
PM6:BTP-eC9-based binary OPVs reached 0.016 V, which is very consistent with the Vloss
difference (0.012 V) of these OPVs. The ternary OPVs achieved a PCE of 18.69% (certified
as 18.2%) by adding 12 wt% ZY-4Cl. Min et al. synthesized an asymmetric acceptor named
BTP-2F2Cl that was introduced to the PM1:L8-BO blend [120]. The calculated increased
exciton diffusion length (LD) values are 7.03 nm, 6.33 nm, and 4.98 nm for BTP-2F2Cl,
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L8-BO:BTP-2F2Cl, and L8-BO. The photo-induced exciton in the acceptor phase of an alloy
can be diffused over further distances during an efficient exciton lifetime in comparison
with the L8-BO film. These results allow ternary systems to have relatively low nonradia-
tive recombination and relatively high luminescence quantum efficiencies, resulting in a
relatively low Eloss when compared to that of the binary OPVs. A PCE achieved 19.17%
(certified value 18.7%) for the ternary OPVs, with a FF of 80.14%, JSC of 27.15 mA cm−2,
and VOC of 0.881 V. Improving exciton behavior is a significant method for reducing ∆Enr
and achieving high-performance OPVs. Chen et al. constructed the ternary OPVs being
made up of asymmetric BTP-S9 and symmetric BTP-eC9 acceptors with similar absorption
spectra [124]. BTP-S9 has low energy disorder and high luminous efficiency due to two
asymmetric terminals. The compatibility among the two acceptors can make use of the
Flory-Huggins interaction parameter χA1-A2. The χA1-A2 of BTP-S9 and BTP-eC9 is only
0.008, indicating that the two NFAs have good miscibility. Ternary OPVs have a relatively
low Eloss (0.501 eV) compared to the two binary OPVs, which contributes to a relatively
high VOC in comparison to both binary OPVs. The reduction in the Eloss of ternary OPVs is
due to a reduction in ∆Enr (0.203 eV) and ∆Er (0.048 eV) in comparison to the OPVs based
on PM6:BTP-eC9. The OPVs based on PM6:BTP-S9 deliver a high EQEET (4.71 × 10−2%),
which is relatively high compared to the OPVs (1.78 × 10−2%) based on PM6:BTP-eC9. The
EQEET of ternary OPVs is 2.95 × 10−2%, measured between binary OPVs. The increased
luminescence efficiency of the BTP-eC9:BTP-S9 composite results in a decreasing ∆Enr
for ternary OPVs when compared with the PM6:BTP-eC9 composite. The ternary OPVs
showed the lowest Eloss of the three types of OPVs, with a relatively high VOC in compar-
ison to both of the binary OPVs. The decrease in energy disturbance and the inhibition
of nonradiative decay result in an increase in VOC. The optimal ternary OPVs showed a
PCE of 18.82%, with a VOC of 0.861 V. The symmetric and asymmetric compound strategy
can alleviate Eloss by adjusting luminescence efficiency and energetic disorder. Tan et al.
reported an NFA named DTTC-4ClC9, selecting a dithienocyclopentacarbazole core as
the third component [125]. The PCEs of OPVs based on PM6:BTP-BO-4Cl:DTTC-4ClC9
increased from 17.11% to 18.21%, and the VOC, JSC, and FF increased simultaneously when
adding 15 wt% DTTC-4ClC9. The ∆Enr of OPVs decreased to 0.207 eV, which led to reduced
energy loss. Deeply understanding the exciton and carrier dynamic process for minimizing
Eloss by using a ternary strategy should be an important research topic.

4.3.4. Morphology Control

In addition to enhancing the capture ability of photons, adjusting energy levels, and re-
ducing losses, morphology optimization also plays an important role in the performance of
ternary OPVs. Morphology optimization mainly includes crystallinity, molecular stacking,
molecular orientation, and domain sizes. Morphology optimization plays an important
role in improving free carrier generation and charge transport performance, resulting in
an improved FF value. Yan et al. showed a double-fibril network based on a ternary
blend film, which is constructed by combining an NFA filament assembly and ancillary
conjugated polymer crystallizers [122]. The obtained nanostructure can well satisfy efficient
free charge transport and exciton dissociation. Exciton diffusion length reached 40 nm,
free charge drift length reached 2700 nm, and free charge diffusion length reached 105 nm.
Exciton diffusion length of the donor phase increased by 11% after the addition of D18
to PM6:L8-BO, which is caused by the increased crystallinity and diameter of the fibril
by the optimized morphology. Transient absorption spectroscopy measurements were
performed, and the kinetics were extracted for the three blends at 600 nm. PM6:L8-BO
has the formation of a better mixing zone, and D18:L8-BO possesses a large NFA fibril
diameter. The merit of the two binary blends was concentrated in the ternary blends,
which achieved a PCE of 19.3% (certified 19.2%), resulting in high performance for JSC and
FF. A double-fibril network was demonstrated that makes the photoelectric parameters
match well with the length of morphological features and makes good use of excitons and
free charges. It also brings about decreasing recombination ratios and increasing exciton
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diffusion lengths. The photon-to-electron losses were the smallest in the ternary OPVs in
comparison to that of their binary OPVs. The highly crystalline polymer D18 enhances
the crystallinity of blend films and retains the main PM6:L8-BO morphology framework.
Conjugated polymer donors with deep HOMO levels are significant for improving the
PCEs of OPVs via reducing photovoltage loss and ensuring good BHJ morphology in
OPVs. Zhang et al. prepared ternary OPVs by selecting two chlorinated and fluorinated
acceptors (eC9-2Cl and L8-BO) with similar chemical constitutions [13]. The JSC, VOC, and
FF of OPVs showed a slight increase, along with an increase in the eC9-2Cl content. The
EQE values mildly improved, along with the increase in eC9-2Cl content in the acceptors
to 30 wt%. The spectral difference (∆EQE) (∆EQE value is greater than zero) appeared
between the binary OPVs and the optimum ternary OPVs based on L8-BO, which indicated
that the exciton utilization efficiency improved in the optimized ternary OPVs. The ηCT
and the Pcoll of OPVs based on L8-BO:eC9-2Cl, eC9-2Cl, and L8-BO were 98.21%/89.38%,
96.48%/87.69%, and 97.73%/88.42%, respectively. The JSC and FF increased in the optimum
ternary OPVs because of an improvement in ηCT and Pcoll. The optimal ternary OPVs
achieve a PCE of 18.66% with a JSC of 26.63 mA cm−2, VOC of 0.89 V, and an FF of 78.74%.
The realization of efficient ternary OPVs can also combine the advantages of chlorinated
and fluorinated NFAs [13]. Xu et al. developed two Y-series NFAs by introducing 2D side
chains named BTP-FTh and BTP-Th [93]. BTP-FTh has relatively good electron mobility and
crystallinity in comparison to BTP-Th. DTT as an additive and IDIC as the second acceptor
can enhance charge extraction, optimize the crystallinity of the blend morphology, and
gradually inhibit charge recombination. Femtosecond transient absorption spectroscopy
(fs-TAS) was used to detect photo-induced electron and hole transfer dynamics in the best
ternary blend containing 10 wt% DTT and PTQ10:BTP-FTh film. The optimization of the
PTQ10:BTP-FTh:IDIC (DTT) blend exhibited a long exciton diffusion time (44.5 ± 8.4 ps)
and mildly improved hole transfer constant (0.84 ± 0.09 ps), which indicated the formation
of large pure accepter domain and reduced mixed-phase, resulting in high charge extraction
and free charge carrier lifetimes. The JSC vs. incident light intensity (Plight) diagrams can
be used to evaluate the bimolecular charge recombination for OPVs, which follows the
function of JSC ∝ Plight

α. The α value increased from 0.991 to 0.995 for the ternary blend
OPVs based on PTQ10:BTP-FTh:IDIC (DTT). The optimal PTQ10:BTP-FTh:IDIC (DTT)
OPVs achieved high charge carrier mobility. The µe/µh ratio is the most balanced (1.04),
which was beneficial to the inhibition of the charge recombination. The FF of PTQ10:BTP-
FTh binary OPVs were improved stepwise from 76.7% to 78.6% by the addition of IDIC
and increased to 80.6% by the addition of DTT. With the addition of IDIC and DTT into
the host blend, based on PTQ10:BTP-FTh, the JSC (27.17 mA cm−2) and VOC (0.870 V)
were enhanced because of the increase in the LUMO level and the improvement in charge
extraction, with the PCEs reaching 19.05%. Zhang et al. reported asymmetric NFAs named
AITC, which showed a wide absorption scope of 500–700 nm and a large dipole moment
to strengthen the molecular packing of the BTP-eC9 and PM6 [117]. The miscibility of
BTP-eC9 and AITC was studied in the light of the Flory-Huggins interaction parameter
(χ) (χ ∝

(√
γIDT6−T −

√
γBTP−eC9

)2) by the surface free energy (γBTP-eC9 and γAITC). The
χ of AITC:BTP-eC9 is 0.05 mN m−1 using the parameters of AITC and BTP-eC9, which
suggested the easy formation of hybrid acceptor phases in AITC:BTP-eC9 blends. The
face-on orientations of the AITC:BTP-eC9, AITC, and BTP-eC9 films suggested π-π stacking
peaks at 1.757 Å−1 (d-spacing is 3.574 Å), 1.763 Å−1 (3.562 Å), and 1.745 Å−1 (3.599 Å),
respectively. The enhanced molecular packing decreased the active energy of the charge
recombination, exciton dissociation, and ∆Enr; the PCE of the ternary OPVs reached 18.8%.
The PCEs of tandem OPVs based on a BHJ at the bottom of PM6:AITC and a BHJ at the
top of PM6:AITC:BTP-eC9 reached 19.4%. The appropriate third variable is particularly
important in changing the morphology. The formation of suitable molecular fillers and
three-dimensional charge paths through the ternary strategy is the key to improving the
PCE of the three-component system.
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The change in molecular properties over time is the main factor controlling OPV
operation. The relationship between the properties of OPV and molecular properties is
as follows: molecular properties (photochemical stability) → morphological properties
(morphological stability)→OPVs properties (electrical stability) in the corresponding order
of influence. Morphological stability has a significant effect on the carrier dynamics of
OPVs, including exciton dissociation, charge transport, and recombination. The strategies
to improve the morphological stability of the active layer include improving molecular
compatibility and forming a ternary structure for the crosslinked active layer. Higher
mixing entropy can be obtained by adding the third component. The morphological
stability can also be improved by a third polymer component. Chu et al. prepared efficient
thick-film OPVs with excellent flexibility using a ternary strategy and a functional bonding
additive. Chu et al. added a novel wide band gap polymer donor, PBB1-F, with good
planeness as a third component to a well-performing host system (PM6:Y6-BO-4Cl and
PM6:BTP-eC9) to optimize the molecular superposition and morphology of the active
layer [91]. As an additive, polyarene ether not only improves exciton ionization efficiency
but also effectively enhances domain interaction as a locking substrate, improving the
mechanical stability of the active layer. The interaction between the third component and
the additive and the molecule is enhanced, which is effective at improving the morphology
stability.

5. Summary and Perspectives

The remarkable development of OPVs has been achieved, along with the exploration
of various functional layer materials and device engineering. PCEs of over 19% have
been obtained in the state-of-the-art single junction OPVs. The next stage will make the
technology more suitable for commercialization and scale as the performance of OPVs
continues to improve. There is still a long way to go to achieve widespread application.
Several key issues and research areas need to be further studied.

(i) The balance between JSC and VOC has always been a hot research topic. A higher
VOC can be obtained at deeper HOMO levels. Meanwhile, with an increase in band
gap, light absorption decreases, resulting in a decrease in JSC, which ultimately affects
PCE. Molecular engineering and material matching should be the potential way to solve
the problem.

(ii) Minimizing energy loss should be one of the key factors for pushing the further
performance improvement of OPVs. NFAs possess relatively low energetic disorder and,
therefore, sharper absorption onsets. Further innovation on NFAs should be considered,
which may provide a means to realize the minimized voltage loss of OPVs. From the per-
spective of device engineering, the ternary strategy has been demonstrated as an important
technology for reducing energy loss. Further explorations of ternary OPVs should focus on
an in-depth working mechanism for realizing the comprehensive optimization of dynamic
exciton and carrier processes.

(iii) With the continuous development of OPVs, people should pay more attention to
improving the stability of OPVs, in addition to improving the efficiency of OPVs. The single-
component-molecule-based OPVs usually possess superior photo-stability and thermal
stability than the widely explored D:A mixture system, which should also be a focus in
future research directions.

(iv) Low-cost production is also more in line with future commercialization goals
and can be achieved by building the key building blocks of polymer donors or NFAs
with simple structures while developing synthetic routes that avoid toxic reagents and
secondary products.

(v) The fabrication process matched with future commercial production should also
be considered. The use of LbL processing methods should facilitate the formation of quasi-
planar or interdigitated heterojunctions to achieve vertical phase separation. At the same
time, the LbL processing method is more suitable for mass production in the future. From
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the point of view of device engineering, the further study of LbL OPVs is a promising way
to drive performance improvement.
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