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a b s t r a c t

In recent years, with the emergence of non-fullerene fused-ring acceptors, power conversion efficiencies

(PCEs) of organic solar cells (OSCs) have exceeded 19%. However, compared to inorganic or perovskite

photovoltaic cells, a higher voltage loss has become one of the key factors limiting further improvement

in the PCEs of OSCs. The ternary/quaternary strategy has been identified as a feasible and effective way

to obtain high-efficiency OSCs. In this review, a brief outline is given of the key roles that guest materials

played in reducing voltage losses in solar cell devices and a brief look at the future material design and

the design of ternary/quaternary systems.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Solution processable organic solar cells (OSCs) have attracted a

lot of attention because of their low-cost, light-weight, mechanical-

flexibility/stretchability, semi-transparency and roll-to-roll print-

ing. With the efforts on design and synthesis of the electron

donor/acceptor materials and device optimizations, the power

conversion efficiencies (PCEs) of OSCs have rapidly increased to

over 19% recently [1,2]. Typical polymer donor materials for use in

fabricating high-performance OSCs include PBDB-T (poly[(2,6-(4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b]-dithiophene)-

co-(1,3-di(5-thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo[1′,2′-c:4,5-c′]
dithiophene-4,8–dione))]) and its halogenated derivatives, D18

(poly(dithieno[3,2-e:2′,3′-g]-2,1,3-benzothiadiazole-5,8-diyl(4-(2-but-
yloctyl)-2,5-thiophenediyl)(4,8-bis(5-(2-ethylhexyl)-4-fluoro-2-thi-

enyl)benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)(3-(2-butyloctyl)-2,5-t-
hiophenediyl))) and its chlorinated derivatives, and PTQ

(poly(thiophene-quinoxaline) series [3–8]. Typical small-molecule

donor materials include benzodithiophene terthiophene rhoda-

nine (BTR) and its derivatives. For the past decade, non-fullerene

acceptor materials have emerged one after another, which have

pushed the rapid advances in the field of OSCs. In general, the

nonfullerene small-molecule acceptors include the three main

categories of fused-ring acceptor materials, such as the large ring
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class represented by PDI (perylene diimide) [9], the ITIC class (3,9-

bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-

tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-
b:5,6-b′]dithiophene) with IDT (indacenodithiophene) or IDTT

(indacenodithieno[3,2-b]thiophene) or their analogs as the fused-

ring cores [10] and the Y series with DA′D-type (D and A′
represent the electron-donating and accepting units, respectively)

fused-ring structures as the centers [11]. With the structural

modification of these three main types of acceptor materials, the

PCEs have reached 10%, 15%, and more than 19%, respectively,

the short-circuit current-density values (JSC) have reached the

levels of 18mA/cm2, 23mA/cm2, and 27mA/cm2, respectively, the

fill-factors (FFs) have reached 67%, 77%, and 80%, respectively, and

the open-circuit voltage (VOC) values have reached approximately

0.80V, 0.83V and 0.87V, respectively.

Organic semiconductor materials have narrow absorption

bands, large exciton binding energies, and high recombination

losses, relatively to inorganic semiconductors and perovskite mate-

rials. To further improve the device performance, by introducing a

narrow-bandgap third component into the binary system, the solar

spectral coverage of the active layer is extended and the absorp-

tion of the solar cell for near-infrared photons is increased, so that

JSC is increased. This strategy can improve FF by optimizing the

structures of the guest components, but in order to obtain a low

bandgap it is often necessary to reduce the LUMO energy levels of

the guests, thus often leading to a decrease in VOC. In contrast, the

voltage-increased ternary strategy by increasing the LUMO energy

level of the active layer acceptor phase to improve VOC through

https://doi.org/10.1016/j.cclet.2023.108802
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adding a guest acceptor component with a higher LUMO energy

level has received much attention since it was proposed in 2019

[12–14]. By optimizing the structures of the D units in the cen-

ters of the A-D-A type acceptors, the structures of the end group

A units and the side-chains, the strategies have developed a se-

ries of highly efficient ternary OSC material systems with ITIC-like

and Y-series acceptors as the high-LUMO-level guest components,

with efficiencies in the range of 15%−20%. Moreover, this strategy

can also achieve VOC enhancement by introducing a guest donor

with a low HOMO energy level to lower the HOMO energy level of

the donor phase [15,16]. In addition to the voltage-increased and

current-increased ternary strategies, the device performance can

be also improved by introducing a highly crystalline guest donor

to form an alloy phase, by which increased FFs can be achieved

[17–19].

To further improve the device performance of ternary OSCs,

our group proposed a quaternary strategy in 2018 using PBDB-T:

ITIC as the binary system and PCBM and ICBA as the third and

fourth components. This strategy can synergistically enhance the

light absorption, modulate the energy level alignment, and tune

morphological properties, hence improve solar photons capturing

and charge separation, transport and collection of the device by

introducing two guest components. At the same time, the quater-

nary strategy can further improve the device performance by pro-

viding more material selectivity and mechanism selectivity by in-

troducing one more guest component in comparison to the ternary

strategy [20]. However, compared to the ternary strategy, the qua-

ternary strategy increases the difficulty of design of the material

system and the complexity of device optimization due to the use

of four components [21]. Nevertheless, this strategy has been con-

tinuously explored as it can effectively improve the overall perfor-

mance of the devices, and more than a dozen representative qua-

ternary material systems have been developed, showing great com-

petitiveness.

In this review, the research progress of ternary and quaternary

OSCs based on the binary systems formed by high performance

Y-series fused-ring acceptors for reducing device voltage losses

is discussed. The intrinsic factors for reducing voltage losses and

promoting the solar cell performance with ITIC-like and Y-series

guest acceptors as well as with polymers and small molecules as

guest donors are systematically described from the perspectives of

both guest acceptors and guest donors by correlating the chemical

structural characteristics of the guest components, providing mate-

rial system design ideas for promoting the development of OSCs.

2. Voltage loss

With the emergence of the Y-series acceptors, the VOC, JSC and

FF of OSCs have reached 0.85V, 27mA/cm2 and 80% respectively,

and the efficiencies have even reached beyond 19%. The develop-

ment of OSCs is about to enter a new level of 20% efficiency. Al-

though there is still a large area of improvement in JSC and FF,

the VOC loss has become a key factor limiting further improvement

in efficiency to a certain extent, and exploring strategies that can

achieve JSC and FF improvement while reducing voltage loss is ben-

eficial to the further development of research. As shown in Fig. 1a,

for any kinds of single-junction solar cells, the energy loss (Eloss)

involves the following three parts (Eq. 1) [22].

Eloss = Eg − qVOC
=

(
Eg − qV SQ

OC

)
+

(
qVSQ

OC
− qV rad

OC

)
+

(
qV rad

OC − qVOC
)

=
(
Eg − qV SQ

OC

)
+ q�V rad

OC + q�V non−rad
OC

= �E1 + �E2 + �E3

(1)

where Eg is the optical bandgap of the blend film, q is the ele-

mentary charge, and V SQ
OC

is the maximum voltage obtained from

the Shockley-Queisser (SQ) theory limit. �E1, (Eg − qV SQ
OC

) is due to

radiative recombination originating from the absorption above the

gap, usually located at 0.25 eV or above, which is unavoidable for

any single-junction solar cells. �E2, (q�V rad
OC

) is due to the addi-

tional radiative recombination from the absorption below the op-

tical gap. For the best OSCs, whose values essentially lie around

0.05 eV, �E2 is comparable to Si and GaAs-based solar cells. �E2 is

associated with the existence of charge transfer (CT) states, whose

energy levels are located below the bandgap and whose absorption

is located in the more redshifted region. By reducing the energetic

disorder, it is beneficial to reduce or eliminate the CT state absorp-

tion and thus reduce the radiative energy loss below the bandgap.

�E3, (q�Vnon−rad
OC

) arises from the non-radiative recombination, it

can be calculated by the following equation (Eq. 2):

�E3 = qV non−rad
OC = nkT ln(EQEEL) (2)

where k is the Boltzmann constant and T is the temperature of

the device; EQEEL is the value of the external quantum efficiency

of electroluminescence measured under the dark state conditions.

The EQEEL of the active layer of an OSC device is closely related

to the molecular structures of the active layer materials and film-

morphologies. Especially, the EQEEL is closely related to the struc-

tures of the acceptors and their luminescent properties, so the

addition of a guest acceptor component can effectively tune the

electroluminescence efficiency of the active layer. To reduce the

non-radiative recombination loss of an OSC means to increase the

EQEEL, which is determined by the following equation (Eq. 3) [23]:

EQEEL = fe−h × β × ηPLQY × foutcoupling (3)

where fe-h is the probability of balanced charge injection, β is

the probability of forming a correlated electron-hole pair or exci-

ton from each pair of injected carriers, ηPLQY is the photolumines-

cence quantum yield (PLQY), and foutcoupling is the optical outcou-

pling coefficient. The ternary or quaternary strategy, i.e., the addi-

tion of one or two guest (donor/acceptor) components into the bi-

nary blended active layer, is used to optimize the molecular stack-

ing of the co-blended film, reduce the energetic disorder of the de-

vice and enhance the luminescence properties of the active layer,

which in turn can effectively reduce non-radiative recombination.

In this regard, Li et al. assumed from the theoretical calculation

that a high PLQY value of 2% combined with an active layer ab-

sorption edge at about 900nm would allow the optimized device

to achieve a 20% PCE (Fig. 1b) [24].

3. The key roles of guest acceptors in reducing voltage loss

Reducing the voltage loss is one way to improve the PCE. The

optimized fullerene derivative based devices, which generally ex-

hibited Eloss values of about 0.80 eV, showed PCEs below 11%. For

the ITIC-like fused-ring acceptors, the Eloss values of their opti-

mized devices were reduced to around 0.70 eV, the VOCs were typ-

ically around 0.83V and the PCEs were increased to 15%. With the

appearance of the Y-series acceptors, the efficiencies of the opti-

mized devices increased to 15%−19% and the Eloss values were re-

duced to below 0.60 eV with VOC in the range of 0.83–0.87V [25].

In this section, it is revealed that the guest acceptors play a key

role in reducing the voltage loss and increasing the VOC by fo-

cusing the miscibility of the guest acceptor structures with the

main binary blended D or A materials, the luminescence prop-

erties and the energetic disorder of the active layer, respectively.

Table 1 summarizes the device parameters of various binary and

ternary/quaternary OSCs with guest acceptors incorporated. Table 2

collects the voltage and voltage losses of ternary/quaternary OSCs

with guest acceptors incorporated.

Fig. 2 shows the scattering plots of Vloss, �E2 and �E3 vs. VOC

of the binary and ternary/quaternary devices with guest acceptors
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Fig. 1. (a) Schematic diagram of energy loss. Copied with permission [22]. Copyright 2020, Wiley Publishing Group. (b) Efficiency prediction for nonfullerene acceptors based

OSCs with small energy offsets. Copied with permission [24]. Copyright 2020, Elsevier Publication Group.

Fig. 2. The diagrams show the scattering plots of (a) Vloss, (b) �E2, and (c) �E3 vs. VOC for the ternary/quaternary OSCs with guest acceptors incorporated.

(Fig. 3) incorporated. Compared to the binary devices, the scatter-

ing points for the ternary/quaternary devices after incorporating

the guest acceptor material all show a rightward shift and a down-

ward trend, indicating that the ternary/quaternary strategy can ef-

fectively reduce the voltage loss and achieve an open-circuit volt-

age increase. Interestingly, the �E3 values show a trend decreased

with the increase of VOC and most of the ternary and quaternary

devices show �E3 values below 0.23 eV (Fig. 2c).

3.1. Miscibility

Miscibility is essentially defined as enthalpic variation with

mixing two components and is therefore related to its intrinsic

structural differences. For organic materials, the surface energies

(γ ) of two materials can be characterized by contact angle mea-

surements, where two materials with similar surface energies are

usually well miscible with each other [26]. In addition, the Flory-

Huggins interaction parameter (χ ) can be calculated based on the

formula γA−B ∝ K(
√

γA − √
γB)

2, where a larger value of χ indi-

cates poor miscibility between the two materials and a smaller

value of χ indicates good miscibility [27]. Furthermore, differen-

tial scanning calorimetry (DSC) is widely used to study physical

changes in substances, such as glass transition temperature (Tg),

melting temperature (Tm), crystallization temperature (Tc), crys-

talline transformations. In the polymer, the degree of miscibility

between the materials is judged by observing whether the blends

have a single Tg on the DSC curve. A single Tg on the DSC curve

indicates that the two polymers are well miscible; if the blend has

two Tg values, but both are between the Tg values of the two pure

polymers, it means that the two polymers are somewhat miscible;

if the two Tg values are the same as the Tg of the two pure poly-

mers, respectively, it means that they are completely non-miscible

and in a state of phase separation. Moreover, the change in mis-

cibility and crystallinity between materials can be determined by

the change in melting point, crystallinity point and enthalpy of

the material and the blended material [28]. Solution processed bi-

nary OSCs in which excessive miscibility between the donor and

acceptors results in poor phase separation, leading to severe car-

rier recombination; while poor miscibility in turn leads to larger

phase separation, which is not favorable for exciton dissociation

[29]. On the one hand, the molecular structures can be designed

to adjust the dissolution of the molecules; on the other hand, a

ternary or quaternary OSC can be constructed, with the addition

of guest material to maintain the good morphology of the origi-

nal binary blend and further fine-tune the phase size, phase pu-

rity, crystallinity and molecular stacking of the binary blend. Both

strategies are effective to tune miscibility and to achieve optimiza-

tion of the morphology and regulation of the phase separation.

The accurate location of the guest material in the blend film

can be predicted by calculation of the wetting coefficient (ω) from

the interfacial surface energy based on Young’s equation and Neu-

mann’s equation [30,31]. If ω < −1, it is located in the acceptor

phase. If −1 < ω < 1, it will be at the donor/acceptor interface. If ω
> 1, it is located in the donor phase. When the added guest com-

ponents are distributed into the host donor (acceptor) phase, an

alloy-like phase can usually be formed. The alloy-like phase forma-

tion facilitates the achievement of a more ordered molecular ori-

entation, a more moderate degree of crystallinity and a more opti-

mized morphology, which is beneficial for enhanced charge sepa-

ration and transport as well as reduced charge recombination, re-

duced voltage losses and increased open-circuit voltage.

Zhu et al. used A-D-A type wide-bandgap IDIC-C4Ph (Fig. 3)

with high LUMO energy level as the guest acceptor to build the

PM6:Y6:IDIC-C4Ph ternary system and compared the χ values,

where the χ value for Y6:IDIC-C4Ph was 0.25K, being smaller than

that of PM6:Y6 (0.44K) and that of PM6:IDIC-C4Ph (1.34K). This

indicates that IDIC-C4Ph had better miscibility with Y6 and facili-

tated the formation of the acceptor alloy phase in the ternary sys-

tem. The EQEEL of the device was increased from 5.3× 10−5 for

binary devices to 1.2× 10−4 for ternary devices, and the VOC of

5
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Fig. 3. Chemical structures of acceptors mentioned in this review.
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the device from 0.83V to 0.87V. The formation of the alloy-like

phase also improved the carrier transport and collection proper-

ties and reduced the recombination losses. The JSC and FF were si-

multaneously improved, and the ternary device obtained a PCE of

18.10% [32]. Zhan et al. used FINIC (Fig. 3) as a guest acceptor for

PM6:Y6. FINIC had a similar γ values to Y6 (36.3 mN/m vs. 33.7

mN/m), χY6:FINIC is 0.0483, which demonstrated good miscibility

between them. The addition of the guest acceptor reduced non-

radiative recombination losses (0.206 eV vs. 0.238 eV), achieved an

increase in VOC from 0.855V to 0.886V and JSC from 25.7mA/cm2

to 26.2mA/cm2, and gave a PCE of 16.9% for the ternary device. A

sequential processed heterojunction structure (SHJ) was also used

to investigate the vertical phase distribution of the co-hybrid film,

gave an efficiency of 17.8% for the ternary device [33].

Many studies have shown that two non-fullerene acceptors

with highly similar molecular structures facilitate good miscibil-

ity/compatibility between the materials, and by adjusting the mis-

cibility between the host and the guest, an alloy-like phase can

be formed or the phase purity of the main binary can be adjusted

[34]. Thus, a series of Y6 derivatives with the same structures as

Y6 have been developed and used for the guest components. For

example, Zhu et al. synthesized the AQx-3 (Fig. 3) acceptor and in-

troduced it into the PM6:Y6 system, where the high structural sim-

ilarity and good miscibility of AQx-3 with Y6 resulted in the forma-

tion of an alloy-like phase. A small energy shift between the donor

and acceptor alloys was formed, which achieved a reduction in en-

ergy loss, enhanced the hole transfer, suppressed charge recombi-

nation and optimized the morphology. The JSC (25.73mA/cm2 vs.

26.82mA/cm2) and FF (76.8% vs. 77.2%) were improved while en-

suring a VOC (0.856V vs. 0.870V) enhancement, yielding a PCE of

18.01% [35]. Zhang et al. used Y6–1O (Fig. 3) with an asymmet-

ric outer side chain as a guest acceptor for the D18-Cl:Y6 binary

system. The similar structures between Y6 and Y6–1O resulted in

good miscibility and the formation of a Y6:Y6–1O alloy-like phase.

The ternary strategy improved the EQEEL of the device and mini-

mized energy loss (0.597 eV vs. 0.582 eV). The VOC was increased

from 0.881V for the binary devices to 0.900V for the ternary de-

vice, obtaining an efficiency of 17.91% [36].

The phase purity of the mixed phase is also very important for

the device’s performance. An impure phase region will have exces-

sive charge recombination. Phase with too much purity is good for

charge transport but not for exciton dissociation due to the lack

of sufficient D/A interface and phase with high purity is not favor-

able for obtaining high efficiency [37]. Hereby, Ma et al., used BTP-

2F (Fig. 3) and BTP-4F as two similar non-fullerene acceptors in

a ternary blend to construct a pseudo-binary system to modulate

acceptor composition and donor-acceptor (D-A) miscibility. The ad-

dition of the guest acceptor was found to increase domain purity

(Figs. 4a and b), increase EQEEL and reduce non-radiative recom-

bination loss (0.24 eV vs. 0.21 eV). The ternary device gave an ef-

ficiency of 17.28% [38]. Chen et al. synthesized BTP-M (Fig. 3) by

replacing IC-2F of Y6 with a monomethyl-substituted IC and intro-

duced it into the PM6:Y6 binary system. Contact angle, DSC, and

cyclic voltammogram (CV) measurements showed that BTP-M and

Y6 were well miscible and an alloy-like acceptor phase was formed

between them. A balance between VOC and JSC was achieved. Also,

the introduction of BTP-M effectively suppressed the strong ag-

gregation behavior of Y6 with reduced energy loss (0.49 eV vs.

0.45 eV), achieved a PCE of 17.03% for the ternary device [39].

The above strategies are also suitable for the binary system of

Y6 derivatives. For example, Zhang et al. incorporated MOIT-M (Fig.

3) into the PM6:BTP-eC9 binary system. Photoluminescence stud-

ies showed the presence of energy transfer from MOIT-M to BTP-

eC9. χPM6:BTP-eC9, χPM6:MOIT−M and χBTP-eC9:MOITI−M were of 0.10K,

0.31K and 0.06K, respectively, while the calculated wetting coeffi-

cient (ω) of MOIT-M in PM6:BTP-eC9 was −2.59, indicating that

MOIT-M was located in the acceptor phase and MOIT-M formed a

well-mixed phase with BTP-eC9, and the addition of the guest ac-

ceptor reduced the non-radiative recombination loss (from 0.24 eV

to 0.21 eV), obtained a VOC of 0.87V, with a final 18.5% PCE ob-

tained for the ternary device [40]. Sun et al. synthesized BTP-F (Fig.

3) by mono-fluorinating the host acceptor end group and incorpo-

rated it as a guest acceptor into the PM6:BTP-eC9 binary blend.

Such a change in the molecular structure achieved fine-tuning of

the energy levels while ensuring miscibility. The addition of the

guest improved the ordering of the molecular stacking, optimized

the active layer morphology, reduced the non-radiative recombi-

nation (0.209 eV vs. 0.198 eV), increased the VOC from 0.845V to

0.858V, increased the FF from 77.5% to 79.7%, and gave an effi-

ciency of 18.45%. With this strategy, the Y6-F and L8-BO-F (Fig.

3) acceptors were synthesized and used as guest components of

PM6:Y6, D18-Cl:L8-BO binary blends, respectively, and the PCEs

of the devices were both enhanced [41]. The addition of L8-BO-

F to the PM6:BTP-eC9 co-blend enhanced the EQEEL value (3.5×
10−4 vs. 2.2× 10−4), reduced the non-radiative recombination loss

(0.211 eV vs. 0.199 eV), and achieved a simultaneous enhancement

in VOC (0.840V vs. 0.853V), JSC (26.62mA/cm2 vs. 27.35mA/cm2),

and FF (78.1% vs. 80.0%) with the ternary device achieving a PCE of

18.66% [42].

These studies show that through the molecular design strat-

egy of guest acceptors in combination with the ternary-quaternary

strategy, the adjustment of the miscibility between the materials

and the adjustment of the phase purity, crystallinity, molecular

stacking mode and phase separation can be effectively achieved to

reduce the energy loss and further improve the open-circuit volt-

age and obtain the efficiency improvement.

3.2. Luminescence performance tuning

According to Eq. 3, the improved luminescent performance of

an OSC device is beneficial to maximizing the VOC, while the lumi-

nescent characteristics of the device are mainly determined by the

narrow bandgap material, thus increasing the PLQY of the narrow

bandgap acceptor can suppress the non-radiative voltage loss in

the organic solar cell due to the hybridization between the singlet

state and the CT state [43,44]. Due to the easy modification of the

structures of the non-fullerene acceptors, the luminescent proper-

ties of the materials can be enhanced by introducing luminescent

groups such as pyrrole, halogen and asymmetric structures into the

molecules, which regulates the molecular stacking behavior and

alleviates fluorescence quenching [45,46]. Again, the luminescent

properties of the materials can be also enhanced by replacing ben-

zothiadiazole (BT) with benzotriazole (BTA). For example, Zou et

al. by replacing the Y6 central core BT with a BTA, synthesized

Y11 (Fig. 3). The weak electron-withdrawing characteristic of the

BTA unit reduced the bandgap and achieved a much higher PLQY

value of 1.3× 10−3 for the binary active layer co-blended with the

polymer donor PM6, achieving a nearly ∼5 times increase in PLQY

compared to the PLQY of Y6 (2.8× 10−4). Based on PM6:Y11, the

binary device obtained an �E3 as low as 0.20 eV [47,48].

There is a balance between charge transport and light emission

in the luminescent layer, and highly luminescent materials may

disrupt the ordering of the molecular stack to the disadvantage of

charge transport, resulted in unbalanced VOC, JSC and FF, making it

difficult to maximize efficiency [49,50]. Therefore, the ternary and

quaternary OSCs are effective approaches to tune the luminescence

of the active layers, by adding or replacing part of the main ac-

ceptors with a small amount of high luminescence guests in the

active layers of a high-performance binary OSCs, to balance the re-

lationship between charge transport and light emission, to achieve

a reduction in non-radiative recombination loss and to achieve a

synergistic improvement of VOC, JSC and FF.

7
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Fig. 4. (a) Contact angles of the BTP-XF mixtures. (b) R-SoXS profiles at 284.8 eV of BTP-XF the blends. Copied with permission [38]. Copyright 2022, Wiley Publishing Group.

(c) FTIR spectra of Y6, TPIIC, and Y6:TPIIC films. (d) Electroluminescence quantum efficiency profiles of PM6:Y6 and PM6:Y6:TPIIC based binary and ternary OSCs at different

applied voltages. (e) Eloss and its exhaustive three parts of �E1,�E2 and �E3 values of PM6:Y6 and PM6:Y6:TPIIC based binary and ternary OSCs. Copied with permission

[51]. Copyright 2022, Royal Society of Chemistry. (f) Statistical data of VOC for OPVs with various BTP-S9 ratios. (g) Reorganization energy variations among binary and ternary

systems. (h) Statistical data of Voltage loss for OPVs with various BTP-S9 ratios. Copied with permission [66]. Copyright 2022, Elsevier Publication Group.

Min et al. used the TPIIC (Fig. 3) with a high LUMO energy level

as a guest acceptor for the PM6:Y6 system, formed a cascade en-

ergy level design. A PLQY of 4.2% was obtained based on Y6:TPIIC

when replaced the Y6 with the TPIIC component at a weight ratio

of 0.15, which was higher than the PLQY values of Y6 (3.5%) and

TPIIC (2.8%) pure films (Fig. 4c). The improved luminescent perfor-

mance resulted in an increase in EQEEL values from 9.5× 10−5 for

the PM6:Y6 binary devices to 2.1× 10−4 for the ternary device (Fig.

4d). Thus, the calculated �E3 values were 0.216 eV and 0.239 eV for

the ternary and binary devices, respectively, which meant that the

addition of TPIIC reduced the non-radiative energy loss (Fig. 4e).

Meanwhile, the 1.05:0.15 co-blended Y6:TPIIC film exhibited a rel-

atively larger crystal coherence length (CCL) (20.8 Å vs. 21.29 Å) and

a longer carrier lifetime. While gaining an improved VOC (0.840V

vs. 0.861V), the simultaneous improvement in JSC (26.2mA/cm2 vs.

27.5mA/cm2) and FF (72.0% vs. 74.4%) was obtained, yielding an ef-

ficiency of 17.7% [51].

Zhu et al. introduced an N atom into the Y6 conjugated back-

bone to synthesize an asymmetric non-fullerene acceptor, SN (Fig.

3). SN (1.95%) exhibited a higher PLQY than Y6 (1.77%). To intro-

duce it into the PM6:Y6 binary system effectively reduced the non-

radiative voltage loss (0.24 eV vs. 0.22 eV) and the ternary devices

of PM6:Y6:SN obtained a PCE of 17.5% [52].

Hou et al. used HDO-4Cl (Fig. 3) as a guest acceptor for

PM6:BTP-eC9. When the 0.2 wt ratio of BTP-eC9 was replaced with

the HDO-4Cl component, the PLQY of the BTP-eC9:HDO-4Cl was

higher (4.2%) than the PLQY value of the BTP-eC9 (2.3%) pure film.

The addition of the guest acceptor increased the exciton diffusion

length (12.2 nm vs. 16.3 nm), reduced the trap density of defect

states, improved EQEEL values (5.30× 10−4 vs. 2.80× 10−4), and

reduced non-radiative energy loss, while the co-blended film ex-

hibited a relatively tighter π-π stacking (3.81 Å vs. 3.71 Å). While

the VOC achieved a 0.02V improvement, the JSC and FF also raised

at the same time, with the ternary device obtaining an efficiency

of 18.86% [53].

End-group engineering is a common means of molecular mod-

ification in photovoltaic materials and usually involves the intro-

duction of halogen atoms or other aromatic structures to achieve

a modulation of the molecular stacking pattern and photovoltaic

properties.

Bo et al. designed and synthesized two acceptors SM16 (Fig. 3)

and SM16-R, which bore an A–DA’D–A type backbone and two nor-
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bornenyl modified 1,1-dicyanomethylene-3-indanone (IC) terminal

groups. Compared to the SM16-R, the SM16 had a higher PLQY

(8.61% vs. 6.27%). The PBDB-T:SM16-based binary device achieved a

low non-radiative recombination loss of 0.145 eV and a high open-

circuit voltage of 0.977V. By adding it as a guest component to

the PBDB-T:Y14 binary system, the non-radiative recombination

loss was reduced (0.263 eV vs. 0.226 eV) and the ternary device

achieved a simultaneous improvement in VOC (0.830V vs. 0.844V),

FF (70.22% vs. 73.60%), and PCE (15.91% vs. 17.09%) [54].

Chen et al. synthesized BTA1–3 (Fig. 3) with IDT as the D

unit, benzotriazole as the A1 unit and with different electron-

withdrawing capabilities (rhodanine R, thiazolidine-2,4–dione TD

and 2-(1,1-dicyanomethylene) as the end groups, respectively. That

10 wt% weight ratio of BTA1–3 was added to PM6:BTP-BO-4F bi-

nary system showed higher EQEEL values of 2.0× 10−4, 1.7× 10−4

and 1.5× 10−4, achieving �E3 values of 0.220, 0.225 and 0.227 eV,

respectively. Also, the devices after incorporating BTA1–3 exhibited

more efficient exciton dissociation, improved charge transport and

reduced charge recombination, which improved JSC and FF, yielding

PCEs of 17.12%, 18.27% and 17.78%, respectively [55].

Hou et al. synthesized a polymer donor with highly luminescent

properties, PBQx-TCl, which was co-blended with BTP-eC9 to give a

PCE of 16.0%. Added BTA3 as a guest acceptor to the PBQx-TCl:BTP-

eC9 binary system enhanced the EQEEL, increased the VOC from

0.82V to 0.84V and the FF significantly from 75.2% to 79.6%. The fi-

nal ternary device obtained 18.0% PCE [56]. Then, PBQx-TF, eC9–2Cl

and F-BTA3 (Fig. 3) were synthesized to optimize the solar spectral

coverage and energy level alignment. By incorporating F-BTA3 as

a guest acceptor into the PBQx-TF:eC9–2Cl binary system, the in-

termolecular stacking was enhanced, the EQEEL was improved and

the non-radiative recombination loss was reduced. Hence, the VOC

was enhanced from 0.868V to 0.879V, the JSC from 25.9mA/cm2 to

26.7mA/cm2, and FF from 78.6% to 80.9%. The ternary device based

on PBQx-TF:eC9–2Cl:F-BTA3 co-blend achieved a PCE of 19.0% [57].

Chen et al. synthesized BTP-H2 (Fig. 3) by brominating the end-

groups of L8-BO, which was added as a guest acceptor to the

PM6:L8-BO binary system. The addition of the guest acceptor en-

hanced the luminescence, increased the EQEEL from 3.08× 10−4

to 5.48× 10−4 and reduced the non-radiative recombination loss

from 0.213 eV to 0.196 eV. This is consistent with the improvement

in VOC, with the optimized device achieving a PCE of 19.2% [58].

Some research has shown that asymmetric fused-ring electron

acceptors have larger dipole moments and stronger binding ener-

gies, led to increased intermolecular interactions. By adopting an

asymmetric strategy, the photoelectric properties of acceptors and

the molecular stacking can be subtly modified to modulate the ag-

gregation behavior of the active layer.

Chen et al. by introducing six halogen atoms into the end

groups of Y5 and removing the cyano-group at the end IC group

bearing four chlorine atoms, synthesized BTP-S2 (Fig. 3), which

had a blue-shifted absorption compared to Y6 with a bandgap of

1.41 eV and a LUMO energy level of −4.01 eV. The device based on

the asymmetric BTP-S2 gave an EQEEL of 2.3× 10−4, up to an or-

der of magnitude higher than that of the device based on symmet-

ric Y6 (4.4× 10−5), thus significantly reducing the non-radiative

loss and energy loss of the device. The ternary device based on

PM6:BTP-S2:Y6 (1:0.96:0.24) achieved an efficiency of 17.43% [59].

Then, by asymmetric design of the end groups, BO-5Cl (Fig. 3)

was synthesized. Single crystal structure showed that BO-5Cl with

a large dipole moment had a reduced π-π stacking distance be-

tween adjacent molecules compared to BO-4Cl (3.4 Å vs. 3.3 Å), re-

sulting in a tighter stacking, while symmetric BO-4Cl showed a less

stacking pattern. Such molecular arrangement pattern allowed BO-

5Cl to obtain longer exciton lifetimes, stronger hybridization be-

tween CT and local exciton (LE) states and the presence of a double

interfacial electronic manifold, resulting in BO-5Cl with high lumi-

nescence properties. Blending BO-5Cl with PM6 donor obtained a

high EQEEL of 0.1%. The addition of BO-5Cl as a guest acceptor to

the PM6:BO-4Cl binary system enhanced the luminescence proper-

ties. An improved EQEEL (1.4× 10−4 vs. 4.6× 10−4) and a reduced

non-radiative recombination loss (0.221 eV vs. 0.192 eV) were ob-

tained. The ternary device gave a PCE of 18.56% [60].

Min et al. synthesized narrow bandgap BTP-2F2Cl (Fig. 3) by fol-

lowing the strategy of asymmetric chlorination on the end-groups

and added it as a guest acceptor to the PM1:L8-BO binary blend

system. The ternary device exhibited faster exciton dissociation at

the D/A interface and exciton diffusion to the interface before dis-

sociation and longer carrier lifetime than the binary devices. Com-

pared to the L8-BO pure film, the L8-BO:BTP-2F2Cl co-blended film

showed higher PLQYs (3.2% vs. 3.8%) and larger exciton diffusion

lengths (4.98nm vs. 6.33nm). The ternary OSC showed reduced

non-radiative recombination losses (0.202 eV vs. 0.197 eV) and gave

an efficiency of 19.17% [61].

The above cases demonstrated that the introduction of high lu-

minescent groups within the molecule or the asymmetric design

on the end-groups can effectively regulate the luminescent prop-

erties of the material. Use of that material as a guest acceptor to

build ternary or quaternary devices can achieve the tuning of the

luminescent properties of the device, reduce the non-radiative re-

combination loss, and achieve the VOC improvement.

3.3. Energetic disorder tuning

Organic semiconductor materials are generally amorphous and

therefore they have a greater energetic disorder than inorganic

semiconductors. The distribution of the density of states (DOS)

may extend into the band gap region, leading to tail state absorp-

tion, which further brings about energetic disorder [48]. The pres-

ence of energetic disorder in this could increase the loss of ra-

diative recombination below the band gap as well as lead to se-

vere non-radiative recombination, both of which damage the VOC.

Blakesley and Neher proposed that energetic disorder (σ ) in the

transport energy level within the bulk-heterojunction (BHJ) played

an important role in VOC and that the voltage loss was directly re-

lated to σ2/kBT, where kB is the Boltzmann constant and T is the

temperature [62]. Therefore, reducing the σ value would achieve

an increase in VOC. It has been shown that molecular design strate-

gies can be effective in reducing energy disorder [63,64]. For in-

stance, Chen et al. synthesized CH17 (Fig. 5) by extending the

conjugated system in both directions for the Y6 central and end-

group units. The large conjugated extension fine-tuned the absorp-

tion and energy levels, provided a more optimized and stronger

3D molecular network and strong intermolecular stacking pattern.

Again, it resulted in better charge transport, less radiative recom-

bination, higher luminescent efficiency and reduced non-radiative

recombination loss. Compared with Y6, the energetic disorder of

the co-blended film was reduced considerably (23.1 meV vs. 20.8

meV) and gained an efficiency of 17.84% when blending with PM6

(Figs. 5a-f) [65].

Asymmetric design on guest acceptor molecule can also be used

to achieve a reduced energetic disorder in the device, thereby im-

proving device performance.

Chen et al. added asymmetric BTP-S9 (Fig. 3) to the PM6:BTP-

eC9 binary blend. Urbach energy (EU) values were of 22.89 meV,

23.39 meV and 21.79 meV for PM6:BTP-eC9, PM6:BTP-S9, and

PM6:BTP-S9:BTP-eC9, respectively. The ternary device showed re-

duced recombination energy, reduced energetic disorder and im-

proved luminescence efficiency, resulting in reduced �E2 from

0.071 eV to 0.048 eV and �E3 from 0.217 eV to 0.203 eV and in-

creased VOC for the ternary device (Figs. 4f-h). The ternary blend

exhibited enhanced charge transport properties due to stronger π-

π stacking and enhanced CCL than the binary film, resulting in

9
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Fig. 5. (a) Molecular structures of Y6 and CH17. (b) Normalized absorption spectra of PM6, Y6 and CH17 films. (c) Energy levels diagram of PM6, Y6 and CH17 [65], and

(d) isosurface of charge density difference (�Q) for CH17, where �Q = Ψ 2
LUMO − Ψ 2

HOMO. (e, f) Single crystal structures of Y6 and CH17. Copied with permission. Copyright

2022, Springer Nature.

enhanced FF, with the ternary device gave a PCE of 18.8% [66].

They incorporated the asymmetric molecule containing six chlo-

rine atoms at the end groups, i.e., BTP-S10 (Fig. 3), as a guest

acceptor into the PM6:L8-BO binary system. The ternary device

exhibited a reduced EU (25.71 meV vs. 25.40 meV) compared to

the binary device and a reduced energy shift between CT state

energy level (ECT) and the local excited state energy level (ELE)

(�ELE-CT), which was consistent with the reduced �E2 (0.092 eV

vs. 0.086 eV) and �E3 (0.207 eV vs. 0.199 eV). Improvement in de-

vice VOC (0.880V vs. 0.898V) was achieved with simultaneously

improved JSC (26.16mA/cm2 vs. 26.80mA/cm2) and FF (79.34% vs.

80.22%). A PCE of 19.26% was achieved [67]. Thereafter, by con-

structing a quaternary device with PM6, BTP-eC9, L8-BO and BTP-

S10, their electroluminescence spectroscopy and high-resolution

Fourier transform photocurrent spectroscopy EQE spectra (FTPS-

EQE) results showed that, compared to the �E2 (0.109 eV) of the

PM6:BTP-eC9:L8-BO ternary device, which produced a large Eloss
(0.558 eV), the addition of BTP-S10 resulted in a reduction in ener-

getic disorder (with an EU of 25.99 eV), a reduction in Stokes shift

to 117.3 nm, a reduction in �E2, an increase in the EQEEL and a

simultaneous reduction in �E3. The quaternary device exhibited a

lower Eloss (0.543 eV), a higher VOC (0.883V), and an efficiency of

19.32% [68].

Based on the above results, it is shown that molecular design

can effectively achieve the regulation of molecular luminescence

and energetic disorder. This in combination with the ternary-

quaternary strategy that has higher VOC than the binary devices

effectively reduces the radiative and non-radiative recombination

loss, opening a way for breaking the open-circuit voltage limita-

tion and giving the basis of research for the further improvement

of the efficiencies of OSCs.

4. The key roles of guest donors for reducing voltage loss

Compared to the acceptor, the donor usually has a wider

bandgap. By designing or selecting a donor with a wide band gap

and a low HOMO energy level as the guest component, the absorp-

tion of the main binary system in the short wavelength region can

be effectively compensated, thus improving the JSC and VOC. Donors

also generally include two main groups: one is small-molecule

donors, which have a well-defined molecular structure and high

crystallinity, and which are easy to synthesize, having good repro-
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Fig. 6. The diagrams show the scattering plots of (a) Vloss, (b) �E2, and (c) �E3 vs. VOC for the ternary/quaternary OSCs with guest donors incorporated.

ducibility and high purity. The other is polymer donors, which all

show a strong tendency to aggregate and good dispersibility in sol-

vents. The most advanced acceptor small-molecules are currently

amorphous and when polymer donors are mixed, the aggregation

of these donor polymers can limit the nucleation and growth of

the acceptor, forming a phase with high purity and optimized mor-

phology, while the high molecular weight of the polymer gives

a major boost to the stability of the device. Table 3 shows the

device parameters of various binary and ternary/quaternary OSCs

with guest donors incorporated. Table 4 collects the voltage and

voltage losses of ternary/quaternary organic solar cells with guest

donor materials incorporated.

Fig. 6 shows the scattering plots of Vloss, �E2 and �E3 vs. VOC

for the binary and ternary/quaternary devices with guest donors

(Fig. 7) incorporated. The ternary and quaternary devices after

adding guest donors all exhibit increased open-circuit voltage, re-

duced voltage losses and non-radiated recombination losses com-

pared to the base binary devices (The red points are all positioning

at the bottom right.). Both Vloss and �E3 show a trend decreasing

with increasing VOC (Fig. 6c).

4.1. Miscibility

Similar to the guest acceptor addition, the introduction of a

polymer/small-molecule donor with a similar structure to the host

donor into the host binary blend to obtain a well-miscible donor

phase and the synergistic interaction between the guest donor and

the host D:A combination by means of ratio adjustment leads to

component-dependent changes in VOC and JSC and the formation

of a good BHJ morphology to achieve performance parameter im-

provements. With the addition of a guest material, it is also possi-

ble to regulate the phase separation of the active layer. Benzo[1,2-

b:4,5-b’]dithiophene (BDT) is widely used in the design of donor

bodies as an electron-rich unit and with a rigid planar conjugated

structure that promotes π-π stacking and delocalized electron in

the solid state, thereby facilitating charge transport [69].

Chen et al. introduced PTO2 (Fig. 7) as a guest donor in the bi-

nary systems based on PM6:Y6 and PM6:BTP-eC9 and constructed

the corresponding ternary devices, respectively. χPM6-PTO2, χPM6-Y6,

χPM6-BTP-eC9, χPTO2-Y6 and χPTO2-BTP-eC9 of 0.01K, 0.54K, 0.11K,

0.65K and 0.16K indicated that PM6-PTO2 had good miscibility

and formed an alloy-like phase. The value of χPTO2-Y6 is larger than

that of χPM6-Y6, indicating a higher degree of phase separation in

the PTO2-Y6 mixture, which resulted in effective charge transfer

and suppression of trap-assisted recombination. Also, the smaller

energy shift between the donor mixture and Y6 resulted in lower

�E2 values (0.078 eV vs. 0.058 eV) and �E3 values (0.229 eV vs.

0.216 eV) for the ternary devices, with 17.05% and 18.01% PCEs ob-

tained for the Y6- and BTP-eC9-based ternary devices, respectively

[70].

Liu et al. used PM7 (Fig. 7) and PC71BM as guests. PM7 had

a similar chemical structure to PM6 and a deeper HOMO energy

level (−5.24 eV vs. −5.13 eV) and PC71BM had a higher LUMO en-

ergy level than Y6 (−4.10 eV vs. −4.29 eV). They constructed a qua-

ternary device with a dual cascade energy level design, which ef-

fectively improved electron transfer and separation with improved

JSC. The addition of the guest PM7 and PC71BM reduced the energy

offset and suppressed the non-radiative recombination loss. The

quaternary device of PM6:PM7:Y6:PC71BM (0.8:0.2:1.2:0.25) exhib-

ited a minimum �E2 value of 0.048 eV, yielding a reduction in en-

ergy loss from 0.564 eV in binary device to 0.548 eV in quaternary

device and an improvement in VOC by 0.017V. The whole crystal-

lization of the quaternary blend was improved compared to the

binary and ternary blend films, resulting in increased electron and

hole mobilities and improved FF. The quaternary device obtained

18.07% PCE (Figs. 8a-c) [21].

An et al. based on BDT units and synthesized a wide band gap

polymer S3 (Fig. 7) with a lower HOMO energy level than PM6

(−5.50 eV vs. −5.48 eV), which was added as a guest donor to the

PM6:Y6 binary system. S3 and PM6 showed good compatibility,

formed an alloy-like phase with the ternary devices, and exhib-

ited good film-morphology, which facilitated charge generation and

extraction. Replacement of 0.2 wt ratio of PM6 by S3 yielded a

reduced non-radiative recombination loss (0.238 eV vs. 0.226 eV)

and the simultaneous enhancement in VOC (0.844V vs. 0.856V),

JSC (25.13mA/cm2 vs. 25.86mA/cm2) and FF (75.85% vs. 79.17%) re-

sulted in a 17.53% PCE [71].

Wang et al. synthesized PM6-Si30 (Fig. 7) by introducing chlo-

rine and alkylsilyl groups onto the BDT units in PM6 and added

it to the PM6:BTP-eC9 binary system. The terpolymer of PM6-Si30

formed an alloy phase with PM6. With replacement of 0.15 wt ra-

tio of PM6 with PM6-Si30, the ternary blended film showed a de-

crease in the π-π stacking distance based on the OOP (010) peak

and an increase in the CCL value (25.13 Å vs. 28.56 Å). At the same

time, the addition of the guest donor reduced �E2 (0.05 eV vs.

0.04 eV) and �E3 (0.22 eV vs. 0.20 eV), achieved an increase in VOC

from 0.852V to 0.870V. The ternary device based on PM6:PM6-

Si30:BTP-eC9 gave a PCE of 18.27% [72].

Hou et al. reported a wide band gap (2.12 eV) polymer donor

based on thiadiazole, e.g., PB2F (Fig. 7), with a deep HOMO en-

ergy level of −5.64 eV and a high EQEEL of 3.9× 10−3. By incor-

porating it as a guest donor into PM6:BTP-eC9 binary blend and

substituting PM6 with 0.2 PB2F, the EQEEL of the ternary device

increased to 2.2× 10−4, compared to the value of 1.3× 10−4 in

the PM6:BTP-eC9 binary device, meaning a reduction in the energy

loss. The addition of the guest slightly improved the aggregation of

the blended film while enhanced crystallinity, achieved more ef-
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Fig. 7. Chemical structures of donors mentioned in this review.

ficient charge carrier transport and longer charge carrier lifetime,

and improved phase separation sizes. The ternary devices achieved

a PCE of 18.6%, a VOC of 0.863V, a JSC of 26.8mA/cm2 and an FF of

80.4% [73].

Liu et al. used PM6:L8-BO as the binary system and D18 (Fig.

7) as the guest donor to construct an efficient ternary system.

Both PM6 and D18 tended to form protofibril networks and a

dual protofibril network morphology was formed in the PM6:L8-

BO:D18 ternary blend, which effectively increased the exciton dif-

fusion length and reduced the exciton recombination rate, facilitat-

ing exciton division and carrier generation. Studies with the den-

sity of states and the recombination mechanism using transient

photocurrent, transient photovoltage and Mott-Schottky methods

demonstrated that the ternary device had the lowest recombina-

tion coefficient and the highest density of states, achieved a PCE of

19.6% [74].

Huang et al. used D18-Cl (Fig. 7) as the guest donor of the

PM6:L8-BO binary system. D18-Cl has a lower HOMO energy level

compared to PM6 and the contact angle tests and DSC measure-

ments demonstrated that the D18-Cl:PM6 formed an alloy-like

donor phase. The incorporation of the guest donor reduced the

HOMO-HOMO shift between donor and acceptor, reduced device

non-radiative recombination losses (0.227 eV vs. 0.208 eV) and im-

proved VOC (0.885V vs. 0.910V). Graze-incidence wide-angle X-ray

scattering (GIWAXS) showed that the ternary blended film had a

larger π-π stacking peak compared to the binary blended film.

The modulated phase separation facilitated charge transport and

contributed to improved JSC and FF. The ternary device gave an ef-

ficiency of 19.22% [75].

The deep-HOMO-level guest donor constructed on the basis of

the BDT unit has a similar structure with the current star molecule

PM6, thus ensuring good miscibility, the formation of an alloy-like

14
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Fig. 8. (a) Energy level alignment and double cascading transport pathways for quaternary system. (b) The arrangement sketch of molecules in quaternary blended films. (c)

Energy loss histogram, including �E1, �E2, and �E3 of blended devices. Copied with permission [21]. Copyright 2021, Nature Publishing Group. (d) Visual illustration of the

phase distribution in binary and ternary blend films, the blue, green and red puzzle blocks and rods represent PM6, BTTzR and Y6, respectively. Copied with permission [79].

Copyright 2021, Elsevier Publication Group. (e) Schematic energy diagrams of PM6, BTID-2F, and Y6. (f) Energy levels of blend films dependence on BTID-2F weight ratios.

(g) Schematic illustration of the impact of binary and optimized ternary devices on the electron transport and energetic disorder. Copied with permission [81]. Copyright

2022, Wiley Publishing Group.

phase and optimized morphology. Also, the formation of the alloy

phase can pull down its overall HOMO energy level as well as re-

duce the HOMO-HOMO energy offset between D-A, which is ben-

eficial to the reduction in the non-radiative recombination loss of

the device and the improvement in the open-circuit voltage.

4.2. Crystallinity

The shape of the active layer has a significant impact on the

performance of OSCs. The formation of a suitable scale of phase

separation and a bi-continuous structure is essential for the im-

provement of efficiency and stability, and crystallization is an im-

portant way to regulate the shape of the active layer. Small-

molecule donor is usually highly crystalline and it can be used in

the construction of high-performance ternary system to effectively

improve the crystallinity of the blended film, which helps to regu-

late the crystallinity of the donor and to optimize the active layer

morphology, thus to improve the performance and stability of the

device [76].

Wu et al. introduced A-D-A type small-molecule donor, BR1

(Fig. 7), with BDT as the central unit and rhodanine as the end

group, into the PM6:Y6 blends. The calculated ω value of 1.49 for

the ternary blended film was greater than 1, indicating that BR1

was selectively dispersed into the donor phase. The addition of 10

wt% of BR1 modulated molecular stacking and aggregation in the

blended film, increased the CCL (11.3 Å vs. 18.8 Å), formed tighter

π-π stacking (3.61 Å vs. 3.57 Å), reduced bimolecular recombina-

tion, hence enhanced JSC and FF. �E2 was reduced from 0.055 eV to

0.048 eV and �E3 from 0.229 eV to 0.224 eV for the ternary devices

compared to the binary devices, gaining 17.23% efficiency [77].

Bao et al. reported a highly crystalline small-molecule donor

(DRTB-T-C4) (Fig. 7) by coupling three BDT-cores, e.g., electron-rich

units with two rhodanine-terminated groups, which was incorpo-

rated into the PM6:Y6 binary system to form a highly ordered

structure with morphology optimized, hence resulting in improved

hole and electron mobility and a more balanced μh/μe. A series

of transient characterization techniques demonstrated faster exci-

ton dissociation, more efficient charge carrier generation and sup-

pressed charge recombination, resulted in 80.88% FF. The introduc-

tion of the guest donor improved the EQEEL (1.07× 10−4 vs. 5.43×
10−5) and reduced energetic disorder (EU: 23.6 meV vs. 26.1 meV)

achieved a VOC enhancement, achieved a PCE of 17.05%. [78].
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Li et al. used the small-molecule donor BTTzR (Fig. 7), which

has strong crystalline properties, as a guest donor adding into the

PM6:Y6 binary system. When 20 wt% of BTTzR was added, the

CCL of PM6 increased from 9.78 Å to 9.82 Å and the CCL of Y6

increased from 26.06 Å to 27.45 Å The introduction of the guest

donor enhanced the crystallinity and phase purity of the binary

blended film, reduced the aggregation of Y6, suppressed charge

carrier recombination, promoted carrier transport and improved

FF. The 0.8:0.2:1.2 blended PM6:BTTzR:Y6 obtained better phase

separation, reduced non-radiative recombination losses (0.23 eV vs.

0.19 eV), achieved a significant increase in VOC from 0.83V to 0.87V

and obtained a PCE of 17.7% (Fig. 8d) [79].

Wang et al. synthesized BT-CN and BT-ER (Fig. 7) by

replacing BDT with 4,8-bis(4–chloro-5-(tripropylsilyl)thiophen-2-

yl)benzo[1,2-b:4,5-b’]dithiophene (BDTT-SiCl) as the core and com-

bined it with end-group engineering. When blending 20 wt% of BT-

CN and BT-ER with PM6:Y6, respectively, the ternary blended films

showed higher crystallinity (CCL: 23.97 Å vs. 25.74 Å and 27.91 Å)

and more ordered orientation, which facilitated charge dissociation

and transport and increased JSC and FF. Meanwhile, the ternary

devices showed enhanced EQEEL (0.75× 10−4 vs. 1.6× 10−4 and

1.7× 10−4) with reduced Eloss of 0.546 eV and 0.545 eV for PM6:BT-

CN:Y6 and PM6:BT-ER:Y6, respectively, which was in line with the

VOC variations of the corresponding devices. The ternary devices

achieved 16.80% PCE (VOC of 0.838V, JSC of 27.38mA/cm2 and FF of

73.23%) and 17.22% PCE (VOC of 0.841V, JSC of 27.64mA/cm2 and FF

of 74.11%), respectively. Used BT-CN and BT-ER as guest donor for

PM6:L8-BO, 18.05% and 18.11% efficiencies were achieved, respec-

tively [80].

4.3. Energetic disorder tuning

Apart from selecting guest donor with lower HOMO energy lev-

els, some studies have shown that guest donor with redshift band

gap can also achieve both VOC and JSC improvement. Wei et al. have

introduced BTID-2F (Fig. 7), a small-molecule donor with a nar-

rower band gap than PM6, into the PM6:Y6 binary system. BTID-

2F (−5.37 eV) had a higher HOMO energy level compared to PM6

(−5.55 eV), and the red-shift of the external quantum efficiency in-

dicated that the ternary co-blend have a narrower band gap and

better aggregation. It was interesting to note that as the ratio of

guest donor increased, the energy offset between the HOMO en-

ergy level of the co-blended donor and the LUMO energy level of

the co-blended acceptor increased with the ternary device exhibit-

ing reduced energy disorder and reduced energy loss, achieving a

VOC improvement. Addition of BTID-2F resulted in the formation

of tighter π-π stacking in the blended film and enhanced crys-

tallinity, which promoted charge transport and suppressed molec-

ular recombination with simultaneous improvement of JSC and FF.

The ternary device achieved a PCE of 17.98% (Figs. 8e-g). As well,

the substitution of the Y6 acceptor with the L8-BO molecule fur-

ther increased the PCE to 18.52%, demonstrating its generality [81].

Li et al. synthesized two A-D-A-D-A and D-A-D-A-D type oligomers,

5BDTBDD and 5DDBDT (Fig. 7), by alternating coupling of BDT and

BDD units. 5BDTBDD and 5DDBDT had up-shifted HOMO/LUMO

energy levels (−3.53/−5.40 eV, −3.58/−5.27 eV vs. −3.59/−5.48 eV)

and a red-shifted band gap (1.86/1.83 eV vs. 1.81 eV), which were,

respectively, added as guest donors to the PM6:BTP-BO-4Cl binary

system. Contact angle measurements indicated good miscibility of

the oligomer 5BDTBDD with BTP-BO-4Cl, significantly reduced the

aggregation-induced emission quenching effect. Therefore, based

on PM6:5BDTBDD:BTP-BO-4Cl (0.9:0.1:1.2) the ternary device (23.9

meV) showed a smaller EU than the PM6:BTP-BO-4Cl binary device

(26.4 meV), indicating a reduced energetic disorder in the ternary

blends. The ternary device exhibited a higher EQEEL value, an effec-

tively reduced �E3 value (0.233 eV vs. 0.224 eV) and an improved

VOC. The larger electrostatic potential (ESP) between 5BDTBDD or

5BDDBDT and BTP-BO-4Cl promoted the dissociation of excitons.

Upon treatment with o-xylene as a green solvent, the BDTBDD-

based ternary devices exhibited a PCE of 17.54% [82].

Besides the BDT unit, other excellent units such as BT, IDT

are also available for designing donor molecules. Zhu et al. in-

troduced a small molecule donor, e.g., TiC12 (Fig. 7) with a sym-

metric thieno[3,2-c]isochromene units into the PM6:Y6 system.

TiC12 (−5.45 eV) exhibited a higher HOMO energy level than PM6

(−5.56 eV) and showed good miscibility with Y6. Compared to

PM6:Y6, the ternary device containing 10 wt% of TiC12 showed

a smaller energetic disorder value (65 meV vs. 63 meV). The in-

corporation of the guest enhanced the crystallinity of the blended

film (CCL: 21.6 Å vs. 23.0 Å), ensured effective charge transfer in

the vertical direction, and reduced the non-radiative energy loss

(0.25 eV vs. 0.23 eV). The device performance achieved simultane-

ous improvement in VOC (0.836V vs. 0.853V), JSC (25.63mA/cm2 vs.

26.80mA/cm2), and FF (73.9% vs. 75.4%). The ternary device based

on M6:TiC12:Y6 (0.9:0.1:1.2) achieved an efficiency of 17.25% [83].

These works demonstrate that VOC is not exclusively deter-

mined by lower HOMO. By introducing conjugated small molecules

or oligomers with unfavorable energy arrangements, upshifted

HOMO levels can also contribute significantly to VOC enhancement

if a balanced DOS is obtained. It is also a novel strategy for the

preparation of high performance OSCs, a strategy that offers the

possibility of a wider choice of third components and a new idea

for constructing ternary OSCs with improved PCEs.

5. Conclusions and outlook

In summary, the ternary-quaternary strategy is an effective way

to reduce voltage losses, which can be achieved in several ways:

(1) By incorporating guest materials to achieve modulation of the

miscibility of the blended film, to optimize the morphology, to

modulate the phase separation scale, to enhance or inhibit the

aggregation of the host acceptors, to reduce their self-quenching,

and thus to reduce non-radiative recombination; (2) Combining

molecular design strategies (asymmetric design, halogenation on

end-group, etc.) to design and synthesize materials with high pho-

toluminescence quantum efficiency as guest components to en-

hance electroluminescence and reduce radiative and non-radiative

recombination losses; (3) Through the addition of guest materials,

the crystallinity of the blended film can be adjusted to optimize

the morphology, to suppress energetic disorder in the blended film,

to reduce charge carrier, to reduce voltage loss and to increase

open-circuit voltage. Meanwhile, the introduction of guests can ef-

fectively improve the charge transport properties of the blended

film, promote charge extraction and increase the short-circuit cur-

rent density and fill-factor. The ultimate performance improvement

is achieved.

Currently, OSCs are on the point of stepping up to 20% effi-

ciency and the ternary/quaternary strategy has been proven by

many efforts effective means of further improving device perfor-

mance. The next steps for ternary-quaternary OSCs should be to

develop them in the following ways:

(1) Reducing voltage loss through modulation on acceptor ESP:

In OSC devices, the degree of CT at the donor/acceptor in-

terface is related to the intermolecular interactions [84]. It

has been shown that enhanced intermolecular interactions

will increase the CT state ratio when they hybridize with

the LE state, which can promote charge generation, and also

can lead to large non-radiative recombination loss. Till now,

there yet no well-defined molecular design strategies for de-

signing photovoltaic materials with suppressed non-radiative

recombination loss in OSCs. From a chemical structure point
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of view, intermolecular interactions are related to the ESP

distribution on the molecular surface [85]. By tuning the ESP

distribution of the given acceptor material to achieve a bal-

ance between the CT and LE states in the device, the tuning

of the device voltage loss can be achieved and the device

PCE can be further enhanced [86].

(2) Developing high luminescent guest components: The incor-

poration of high luminescent guest materials can help to

achieve a reduced voltage loss and a range of materials

with high luminescence should be further developed from

a molecular design perspective.

(3) Understanding the underlying mechanisms: The incorpora-

tion of guest materials has achieved impressive structures in

terms of device efficiency and stability, but it is not just a

simple addition in terms of components, the complexity of

the intrinsic working mechanism is much higher than that

of the binary devices, and the working mechanism of how

the guest materials function in the main material is still not

very clear in the present study and needs to be further ex-

plored systematically in terms of phase structure and energy

changes.

(4) Seeking thick-film material system: The development of

highly efficient ternary/quaternary systems for thick film or

large-area devices, setting the stage for future commercial-

ization of OSCs.

(5) Seeking processing methods: Simple variations in the fabri-

cation process often lead to further improvements in perfor-

mance, such as layer-by-layer spin coating. The development

of simple and effective fabrication processes combined with

a ternary/quaternary strategy is also essential for efficiency

improvements.
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