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Abstract
Compared to fullerene based electron acceptors, n-type organic semiconductors, so-called non-fullerene acceptors 
(NFAs), possess some distinct advantages, such as readily tuning of optical absorption and electronic energy levels, 
strong absorption in the visible region and good morphological stability for flexible electronic devices. The design and 
synthesis of new NFAs have enabled the power conversion efficiencies (PCEs) of organic photovoltaic (OPV) devices to 
increase to around 19%. This review summarises the important breakthroughs that have contributed to this progress, 
focusing on three classes of NFAs, i.e. perylene diimide (PDI), diketopyrrolopyrrole (DPP) and acceptor–donor–acceptor 
(A-D-A) based NFAs. Specifically, the PCEs of PDI, DPP, and A-D-A series based non-fullerene OPVs have been reported 
up to 11%, 13% and 19%, respectively. Structure–property relationships of representative NFAs and their impact on 
OPV performances are discussed. Finally, we consider the remaining challenges and promising directions for achieving 
high-performing NFAs.

Keywords Organic photovoltaics · Perylene diimide · Diketopyrrolopyrrole · Acceptor–donor–acceptor · Non-fullerene 
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1 Introduction

Organic photovoltaic cells (OPVs) use blends of carbon-
based materials to produce electricity from sunlight by 
the photovoltaic effect and are a prospectively scalable 
approach to harvest solar energy. Compared to traditional 
silicon based cells, OPVs have the potential advantages of 
lower cost, lighter weight, flexibility and large area fabri-
cation [1, 2]. Research into OPVs has raised intensive aca-
demic and industrial interest over the past two decades 
and has resulted in cell power conversion efficiency (PCEs) 
improving to over 19% [3].

The photoactive layer of an OPV cell generally con-
sists of a p-type organic semiconductor as the electron 
donor and an n-type counterpart as the electron acceptor. 

Fullerenes, especially  PC61BM and  PC71BM, due to their 
excellent electron affinity and charge transporting abil-
ity, have served as the dominate acceptor materials for a 
long period [4]. The PCEs of fullerene based OPVs have 
exceeded 10% based on blends of narrow bandgap poly-
mer donors and fullerene acceptors for single-junction 
OPV devices [5–10]. However, fullerenes have some inher-
ent shortcomings, such as high synthesis costs, narrow and 
weak absorption in the visible region, limited electronic 
variability in their energy levels and spectral absorption, 
and heating induced morphological instability. Therefore, 
there was a practical need to develop alternative, so-called 
non-fullerene acceptors (NFAs) [11].

To date, the PCEs of non-fullerene OPVs have improved 
rapidly and new efficiency records are continually reported 
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due to the structural innovations of NFAs [12, 13]. With-
out doubt, the photovoltaic performances of NFAs have 
outperformed fullerene acceptors in the OPV field. Per-
ylene diimide (PDI), diketopyrrolopyrrole (DPP), and 
acceptor–donor–acceptor (A-D-A) series have been the 
most successful and well-studied NFAs (Fig. 1). The PCEs 
of PDI, DPP, and A-D-A based non-fullerene OPVs have 
been reported over 11% [14, 15], 13% [16] and 19% [3], 
respectively. Here, we focus our discussion on representa-
tive molecules with high PCEs from these three classes and 
finish with a brief discussion of the remaining challenges 
and future prospects of NFAs.

2  Perylene diimide (PDI) based NFAs

PDI possesses relatively high electron affinity and mobility, 
tunable energy levels, and excellent chemical, thermal and 
photochemical stabilities, making it amongst the earliest 
and most widely investigated NFA in OPVs [17–19]. The first 
PDI based acceptor was reported by Tang and coworkers 
in 1986, based on a bilayer heterojunction OPVs [17]. Until 
now the best PCE of OPV devices based on a PDI monomer 
is only 3.7% [20–22], lower than that of fullerene based 
OPVs. This is because PDI tends to readily form unfavorable 
micrometer scale crystallinity, due to its intrinsic 

molecular planarity and strong intermolecular forces. 
The undesirable large crystalline domains reduce exciton 
splitting in the polymer blend, decrease the photocurrent, 
and finally result in poor device performance. Hence 
studies have focused on functionalizing the backbone 
modifiable positions (a1) to reduce molecule crystallinity, 
but the results are unsatisfying. Disrupting the molecular 
crystallinity without adversely compromising its electron 
transporting abilities is the main challenge for developing 
new PDI NFAs. Twisted and star-shaped PDIs have been 
successfully proposed, which have demonstrated their 
potential for high-performance NFAs [23].

2.1  Twisted PDI dimers

Narayan and coworkers designed a PDI dimer acceptor 
a2a by introducing a twisted central N–N single bond 
as a linker to connect two PDI monomers (Fig. 2, Table 1) 
[24]. As the four imide oxygen atoms carry partial nega-
tive charges, the perylene units tended to achieve a per-
pendicular orientation to each other to minimize their 
electronic repulsion, which significantly disrupted the 
planarity of the perylene backbones. When blended with 
a polymer donor PBDTTT-C-T, a promising PCE of 3.2% 
was obtained, attributed to the weakened aggregation 
and increased short circuit current (JSC) density. Larger 

Fig. 1  Chemical structures of fullerenes  (PC61BM and  PC71BM) and representative non-fullerene acceptors from the PDI, DPP and A-D-A 
series (ITIC and Y6)
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Table 1  Optical and electronic properties, electron mobility, and photovoltaic performance of NFAs discussed in this review

Acceptor λmax
a

[nm]
Eg

b

[eV]
HOMO/LUMOc

[eV]
µe

d

[cm2  V−1  s−1]
Donor JSC

[mA  cm−2]
VOC
[V]

FF PCEe

[%]
Structure shown

a2a 540 – – 1.47 ×  10−4 (B) PBDTTT-C-T 9.0 0.77 0.46 3.20 Figure 2
a2b 540 2.04 − 5.90/− 3.86 4.1 ×  10−4 (N) PBDT-TS1 12.5 0.82 0.53 5.58 Figure 2
a3 545 – − 5.65/− 3.84 6.06 ×  10−3 (B) PBDTTT-C-T 12.83 0.84 0.56 6.08 Figure 2
a4a 510 2.22 − 6.09/− 3.87 6.4 ×  10−3 (N) PDBT-T1 12.49 0.96 0.70 8.42 Figure 2
a4b 504 2.20 –/− 3.85 2.8 ×  10−3 (B) PDBT-T1 11.98 0.90 0.66 7.16 Figure 2
a5a 465 2.20 − 6.01/− 3.80 3.17 ×  10−7 (B) PTB7-Th 8.71 0.92 0.40 3.29 Figure 2
a5b 474 2.22 − 5.98/− 3.77 1.63 ×  10−4 (B) PTB7-Th 12.48 0.94 0.58 6.72 Figure 2
a5c 475 2.22 − 5.96/− 3.76 1.21 ×  10−4 (B) PTB7-Th 11.19 0.92 0.55 5.77 Figure 2
a6 517 2.04 − 5.79/− 3.75 7.67 × 10 −5 (B) PPDT2FBT 11.88 1.03 0.63 7.64 Figure 2
a7 495 1.82 − 5.60/− 3.78 8.00 ×  10−4 (B) PTB7-Th 12.74 0.81 0.46 4.92 Figure 2
a8 550 – − 6.04/− 3.77 3.4 ×  10−4 (B) PBDTT-TT 13.3 0.80 0.57 6.05 Figure 2
a9 391 1.70 − 5.76/− 3.65 6.80 ×  10−2 (B) PSEHTT 13.82 0.93 0.63 8.10 Figure 2
b1 536 1.76 − 5.40/− 3.70 3.0 ×  10−5 (N) PBDTTT-C-T 11.92 0.88 0.33 3.32 Figure 2
b2 532 2.17 − 5.97/− 3.80 2.2 ×  10−3 (B) PDBT-T1 12.99 1.0 0.71 9.28 Figure 2
b3a 540 2.25 − 6.00/− 3.75 2.8 ×  10−4 (N) PffBT-T3(1,2)-2 8.7 1.04 0.51 4.7 Figure 2
b3b 537 2.05 − 5.77/− 3.72 1.0 ×  10−3 (N) PffBT-T3(1,2)-2 10.6 1.03 0.54 6.0 Figure 2
b3c 500 2.10 − 5.86/− 3.76 2.3 ×  10−3 (N) PffBT-T3(1,2)-2 12.5 0.99 0.56 7.1 Figure 2
b4 530 – − 5.71/− 3.89 6.10 ×  10−6 (B) PTB7-Th 18.3 0.79 0.59 8.47 Figure 2
b5 531 2.05 − 5.97/− 3.78 2.46 ×  10−4 (B) PV4T2FBT 12.02 0.90 0.54 5.98 Figure 2
b6 424 2.00 − 5.97/− 3.68 – PFBDB-T 10.9 1.00 0.59 6.60 Figure 2
c1 596 1.83 − 5.30/− 3.28 3.3 ×  10−3 (N) P3HT 4.91 0.97 0.43 2.05 Figure 3
c2 738 1.46 − 5.64/− 4.36 4.34 ×  10−3 (B) P 10.28 0.86 0.56 4.95 Figure 3
c3 599 1.82 − 5.56/− 3.74 – P3HT 3.16 1.17 0.62 2.30 Figure 3
c4 660 – − 5.21/− 3.39 2.8 ×  10−4 (N) P3HT 5.35 1.18 0.50 3.17 Figure 3
c5a 640 1.5 − 5.70/− 4.18 2.4 ×  10−4 (B) PTB7 7.77 0.83 0.47 3.03 Figure 3
c5b 640 1.5 − 5.85/− 4.33 8.2 ×  10−4 (B) PTB7 12.10 0.81 0.51 5.00 Figure 3
c6 622 1.69 − 5.36/− 3.33 0.022 (OFET) P3HT 1.5 0.74 0.42 0.47 Figure 3
d1 596 1.85 − 5.26/− 3.26 6.8 ×  10−6 (B) P3HT 2.68 1.18 0.38 1.20 Figure 3
d2 650 – − 5.26/− 3.51 1.29 ×  10−4 (B) P3HT 8.29 1.14 0.55 5.16 Figure 3
d3 630 1.95 − 5.22/− 3.27 1.1 ×  10−10 (N) P3HT 1.48 0.82 0.35 0.54 Figure 3
d4 621 1.72 − 5.53/− 3.81 – P3HT 5.17 1.18 0.64 3.86 Figure 3
d5 669 1.74 − 5.29/− 3.53 2.05 ×  10−5 (B) P3HT 5.88 0.90 0.51 2.69 Figure 3
d6 616 1.81 − 5.30/3.58 – P3HT 2.37 0.75 0.43 0.76 Figure 3
e1 664 1.59 − 5.51/− 3.84 3.07 ×  10−4 (N) J71 17.32 0.0.94 0.70 11.41 Figure 5
e2 716 1.62 − 5.69/− 3.91 9.2 ×  10−4 (B) PTFBDT-BZS 17.30 0.90 0.71 11.03 Figure 5
e3 650 1.63 − 5.51/− 3.88 4.7 ×  10−6 (B) PffBT4T-2DT 15.0 1.07 0.62 9.95 Figure 5
e4 736 1.54 − 5.50/− 3.63 2.4 ×  10−4 (B) PTB7-Th 16.48 0.87 0.70 10.07 Figure 5
e5 785 1.34 − 5.32/− 3.95 1.4 ×  10−4 (N) PBDTTT-E-T 17.7 0.82 0.58 8.4 Figure 5
e6 700 1.60 − 5.58/− 3.98 1.1 ×  10−4 (B) PBDB-T 17.40 0.94 0.73 12.05 Figure 5
e7 700 1.58 − 5.52/− 3.82 1.3 ×  10−4 (B) J61 18.31 0.91 0.70 11.77 Figure 5
e8 736 1.52 − 5.41/− 3.81 7.87 ×  10−5 (B) J51 15.16 0.91 0.58 8.02 Figure 5
e9 753 1.53 − 5.84/− 3.62 4.27 ×  10−6 (B) PFBDB-T 22.1 0.85 0.67 12.6 Figure 5
e10 778 1.44 − 5.62/− 3.98 4.2 ×  10−3 (N) PFBDB-T 25.8 0.78 0.57 11.5 Figure 5
e11 747 1.53 − 5.59/− 3.81 4.3 ×  10–5 (N) PBDB-TF 16.73 0.93 0.66 10.27 Figure 5
e12 671 1.47 − 5.63/− 4.00 3.78 ×  10−4 (B) PBDB-T 20.48 0.76 0.66 10.26 Figure 5
f1 931 1.33 − 5.65/− 4.1 2.35 ×  10−4 (N) PM6 25.3 0.83 0.75 15.7 Figure 6
f2 858 1.32 − 5.70/− 4.15 2.7 ×  10–4 (N) D18 27.98 0.84 0.75 17.7 Figure 6
f3 877 1.25 − 5.60/− 3.90 6.1 ×  10–4 (B) PM6 27.72 0.80 0.76 17.02 Figure 6
f4 818 1.36 − 5.56/− 3.83 2.98 ×  10–4 (N) PM6 24.67 0.88 0.73 15.81 Figure 6
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alkyl groups on the imide nitrogen atoms can increase 
the solubility of NFAs and orient molecular stacking spa-
tially, however they can adversely affect the intermolecu-
lar charge mobility and to some extent decrease device 
efficiencies. To investigate the side chain effects, a2b was 
synthesized with slightly shorter alkyl chain [25]. OPVs 
based on PBDTTT-C-T:a2b delivered a PCE of 3.78%, higher 
than that of PBDTTT-C-T:a2a based OPVs. When blending 
a polymer donor PBDT-TS1 with a2b, a high PCE of 5.58% 
was realized, benefiting from a more balanced hole and 
electron mobility.

Except from modifying alkyl substitutions and 
using hydrazine as a linker on imide nitrogen atoms to 
decrease molecule planarity and restrict the tendency 
of crystallization, one effective way of twisting PDI is 
through dimerization on its bay position. Using a simple 
thiophene as the bridge, a PDI dimer a3 was designed 
and synthesized [26]. When blended with PBDTTT-C-T, 
the efficiency of single-junction OPV devices improved to 
6.1% after solvent annealing, significantly enhanced with 
respect to a value of 1.44% without such treatment [27, 
28]. Wang and coworkers reported a bay-linked perylene 
bisimide dimer a4a, in which each perylene was bridged 
with a selenium atom [29]. The molecular structure of a4a 
was largely twisted owing to the selenium bridge, due 
to the reduced flexibility and increased steric repulsion 
between the two PDI units. A high PCE of 8.42% was 
achieved, higher than its sulfur counterpart based OPVs 
(7.16%) [30]. Compared to sulfur, selenium had a larger 
and more polarisable electron cloud and an extra empty 
orbital, which was proposed to improve orbital overlap 
increasing the charge carrier mobility and electron-
accepting ability.

Jen and coworkers developed three twisted PDI dimer 
derivatives through the oxidative cyclization of oxygen/
thiophene/selenium-bridged PDI dimers [31]. By den-
sity functional theory (DFT) calculations, these fused 

structures significantly enhanced the overall planarity, 
compared with the previously reported semi-flexible thio-
phene bridged PDI acceptors [26, 32]. With the increased 
chalcogen size, the twist angles between two PDI subunits 
enlarged gradually. Compared with furan (a5a) or sele-
nophene (a5c), thiophene incorporated fused PDI dimer 
a5b had a modestly twisted structure to modulate the 
paradox between enhanced π-π stacking for improving 
charge mobility and nonplanar structure for suppressing 
large aggregation formation. A highest PCE of 6.72% was 
obtained for PTB7-Th:a5b based OPVs, higher than those 
of a5a and a5c based devices.

Cyano substituents can increase the electron affinity 
and help to promote efficient electron transport and 
have therefore been utilized in NFAs. Cyano moieties 
can also induce molecular torsion and therefore realizing 
balanced aggregation with efficient charge transport 
in cyano substituted structures remains challenging. 
Molecule a6 was designed and synthesized through 
cracking the PDI backbone and incorporating cyano 
units [33]. OPVs based on P3HT:a6 showed an initial 
PCE of 2.55%. By blending a6 with a semi-crystalline 
low-bandgap donor PPDT2FBT, a remarkably high 
VOC of 1.03 V and a maximum efficiency of 7.6% were 
achieved, due to their complementary absorption and 
well-intermixed crystalline blend film morphology [34].

To compare the effectiveness of ortho-position 
and bay-position functionalization, Yu and coworkers 
synthesized a series of PDI dimers using benzo[1,2-
b:4,5-b’]dithiophene (BDT) as a bridge [35]. Compared 
with the molecule with a torsion linker on the bay-
position (β-isomers), ortho-position functionalized PDIs 
(α-isomers) showed blue-shifted absorption and better 
planarity. The α-isomer a7 based OPVs obtained the 
highest PCE of 4.92% due to the higher charge transport 
and more efficient charge separation when blended with 
polymer donor PTB7-Th.

Table 1  (continued)

Acceptor λmax
a

[nm]
Eg

b

[eV]
HOMO/LUMOc

[eV]
µe

d

[cm2  V−1  s−1]
Donor JSC

[mA  cm−2]
VOC
[V]

FF PCEe

[%]
Structure shown

f5 931 1.33 − 5.68/− 4.06 7.4 ×  10−4 (N) T1 25.2 0.85 0.75 16.1 Figure 6
f6 764 1.48 − 5.76/− 3.77 5.7 ×  10–4 (N) PM6 21.5 0.96 0.78 16.2 Figure 6
f7 830 1.33 − 5.75/− 4.03 7.78 ×  10−4 (N) PM6 26.45 0.85 0.78 17.52 Figure 6
f8 818 1.41 − 5.43/− 3.83 7.02 ×  10−4 (B) J52 26.02 0.81 0.70 14.82 Figure 6
f9 773 1.44 − 5.65/− 3.81 6.45 ×  10−4 (B) D18 22.46 0.82 0.70 13.01 Figure 6

a In thin film
b Optical bandgap
c Estimated from the cyclic voltammetry data or LUMO = HOMO + Eg

b

d Measured by SCLC method in neat (N) or blend (B) film.
e Maximum values in single-junction devices.
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Fig. 2  Chemical structures of twisted and star-shaped PDI based NFAs



Vol:.(1234567890)

Review Paper SN Applied Sciences           (2022) 4:247  | https://doi.org/10.1007/s42452-022-05128-3

A helical PDI NFA a8 was reported by Nuckolls and 
coworkers, by fusing two PDI subunits with a two-carbon 
bridge [36]. The best efficiencies based on PTB7:a8 
and PBDTT-TT:a8 were 5.21% and 6.05% respectively, 
due to the blend films of PBDTT-TT:a8 having broader 
absorption, better matched energy levels and higher 
electron mobility. Subsequently, two helical conjugated 
PDI oligomers with mesh-like network were synthesized 
and the efficiencies were further improved up to 8.3% 
[37].

Meanwhile, other research groups have prepared a 
variety of twisted PDI analogues. For example, Jenekhe 
and coworkers reported a imide dimer derivative a9 by 
rationally twisting the tetraazabenzodifluoranthene 
diimide [38] with a 3,4-ethylenedioxythiophene bridge 
[39]. Compared to their planar subunits, such a twisted 
bulky structure improved morphological compatibility 
with the polymer donor and hence enhanced charge 
separation. A high PCE of 8.1% and a VOC of 0.93 V were 
obtained in the optimized inverted PSEHTT:a9 devices, 
suggesting that fine tuning the twisted framework was a 
rational design for PDI NFAs to obtain high performance 
in OPVs.

2.2  Star‑shaped PDI oligomers

In order to further suppress the self-aggregation of planar 
PDI monomers, star-shaped molecules with pseudo-3D/3D 
structures have been introduced to design PDI based 
NFAs. This strategy can not only facilitate nanoscale phase 
domain formation with donor materials, but also enhance 
isotropic charge transport, due to the similar geometry 
with fullerenes [40]. In recent years, many studies about 
star-shaped PDI derivatives have been reported and 
exciting record efficiencies have been achieved.

In 2012, Zhan and coworkers reported the nonplanar 
star-shaped PDI trimer b1 with triphenylamine as the core 
and three PDI monomers as the propellers (Fig. 2, Table 1) 
[41]. This quasi-3D nonplanar structure facilitated weak 
intermolecular interactions and molecular aggregation, 
resulting in isotropic optical and charge-transporting 
properties. Solution-processed OPVs based on the 
PBDTTT-C-T:b1 blend exhibited maximum PCEs as high 
as 3.32%, which demonstrated a star-shaped molecular 
structure could be applied to develop PDI NFAs for OPVs.

Similar to a4a and a5c, a highly fused star-shaped NFA 
b2 was developed, based on three-bladed PDI propellers 
[42]. Molecule b2 displayed an extremely distorted 
configuration whilst the three PDI subunits showed 
strong π-π intermolecular interactions with other PDI 
subunits from neighboring molecules. The integration 
of selenophene endowed b2 with a more distorted 
spatial configuration and a more compact intermolecular 

network assembly due to the Se···O interactions. When 
using PDBT-T1 as the donor, a high efficiency of 9.28% 
was yielded, higher than that of the contrasting acceptor 
without selenophene (8.28%). In recent years, integration 
of nitrogen on the PDI bay region, so-called N-annulation, 
has become another effective strategy to develop new PDI 
based NFAs [43]. Similar to Se-annulated PDI acceptors, 
N-annulation can modulate the molecular optoelectronic 
properties and enable a higher LUMO level for a larger VOC. 
More importantly, N-annulated PDI based NFAs provide 
an additional grafting site for functionalization. Therefore, 
solvent solubility and thin-film morphology can be finely 
tuned to obtain high performance OPVs.

Yan and coworkers systematically studied the 
influence of twisting angles of star-shaped molecules 
on the photovoltaic performance by developing three 
star-shaped PDI NFAs using tetraphenylmethane (b3a), 
tetraphenylethylene (b3b) and tetraphenylpyrazine (b3c) 
as the core, flanked with four PDI monomers [44–46]. The 
calculated twisting angle between the phenyl rings and 
double bond in compound b3b was 55° and the twisting 
extent between the pyrazine unit and the phenyl groups 
in compound b3c was reduced to 40°, due to the larger 
size of pyrazine. Moreover, the dihedral angle between 
the pyrazine ring and PDI was only 25°, indicating the 
four PDI subunits laid nearly parallel. The lower twisting 
angles of b3c were concluded to contribute to its higher 
aggregation tendency and electron mobility. Importantly, 
the domain size of the active layer was more optimal when 
blended with a polymer donor PffBT-T3(1,2)-2, yielding 
an impressive PCE of 7.1%, higher than the non-fullerene 
acceptors based on b3a (4.7%) and b3b (6.0%).

Yu and coworkers have demonstrated that the 
α-substituted PDI dimer (a7) could show higher 
planarity and superior photovoltaic performance over its 
β-substituted counterpart. Subsequently, they developed 
a cross-like oligomer b4, based on coplanar π-conjugated 
BDT-Th as the core and four α-functionalized PDI subunits 
as the arms [47]. A high JSC of 18.3 mA  cm−2 and maximum 
PCE of 8.47% were obtained when blended with PTB7-Th, 
comparable with those of PTB7-Th:PC71BM based solar 
cells. This work demonstrated that, compared to PDI 
dimers, twisted star-shaped PDI NFA could improve the 
morphological compatibility with the donor polymers, 
leading to enhanced photovoltaic performance.

Compound b5 was designed and synthesized based 
on a spiro-bifluorene core connected with four PDI 
building blocks, which effectively suppressed molecular 
aggregation and facilitated excitation energy transfer 
among PDI subunits [48]. A 3D interlocking geometry was 
exhibited in b5 between the central spiro-bifluorene core 
and four PDI subunits and this dependence was suggested 
to afford conformational uniformity and structural rigidity 



Vol.:(0123456789)

SN Applied Sciences           (2022) 4:247  | https://doi.org/10.1007/s42452-022-05128-3 Review Paper

of compound b5. Choosing polymer PV4T2FBT as the 
donor, the PCEs of OPVs based on PV4T2FBT:b5 were 
up to 5.98%, as a result of the combination of matched 
electronic and optical properties and well-mixed 
interpenetrating morphology.

He and coworkers designed and synthesized two 
novel star-shaped PDI tetramers (b6) based on a 
tetrathienylethene core, with non-fused and fused PDI 
structures [49]. These two NFAs possessed similar energy 
levels but very different UV–Vis absorptions, with the fused 
b6 showing strong broad-band absorption with multiple 
sharp peaks in the 300–600 nm region, which contributed 
more to the charge generation and JSC and led to higher 
OPV efficiency (6.6%). The broad absorption spectrum 
in the fused b6 was explained by time-dependent DFT 
calculations, and arose from the combination of multiple 
bright transitions in the visible region with a strong 
vibronic progression. PDI based NFAs are wide bandgap 
materials, so donor materials with narrow optical bandgap 
and proper energetics are essential to match these 
acceptors.

3  Diketopyrrolopyrrole (DPP) based NFAs

DPPs are a classic and chemically modifiable dye with 
strong visible region absorption and photochemical sta-
bility. Due to high backbone planarity and strong inter-
molecular π-π stacking, DPPs have been used to build a 
variety of intermolecular charge transfer systems. DPP 
molecules possess strong electron affinity, good electron 
mobility and low-lying LUMO energy levels [50–52]. There-
fore, DPP derivatives have been designed and investigated 
as NFAs for efficient OPVs.

3.1  Twisted DPP dimers

Compound c1 was developed as an early example of a NFA 
based on a dibenzosilole core encapped with two DPPs 
(Fig. 3, Table 1) [53]. The LUMO energy level (− 3.28 eV) 
and optical absorption range (broad absorption of 
300–700 nm) of c1 matched well with the donor P3HT. 
A best PCE of 2.05% based on P3HT:c1 blended films was 
achieved, due to improved charge transport after solvent 
annealing, which was useful to enhance JSC in OPVs 
(4.91 mA  cm−2 > 3.05 mA  cm−2). This PCE value was among 
the highest reported values at that time, indicating DPP 
was a promising unit to construct NFAs.

Compound c2 was designed by connecting a DPP core 
with two electron-deficient dicyano substituted electron-
rich triphenylamine [54]. With this push–pull structure, 
c2 possessed high electron-accepting ability and proper 

energy levels as a NFA. This push–pull structure also 
extended the absorption spectra toward the near-infrared 
region. A maximum PCE of 4.95% was achieved along with 
an improved JSC of 10.28 mA  cm−2 after a solvent annealing 
treatment.

Bhosale and coworkers developed a DPP dimer 
acceptor c3 based on carbazole as the central core [55]. 
The calculated torsional angle between the thiophene 
planes of DPP units and the carbazole core was 25.8°, 
indicating c3 was spatially a nonplanar structure. When 
blending c3 with P3HT to form the active layers, a very 
high  VOC of 1.17 V and a maximum PCE of 2.30% were 
afforded. Chen and coworkers developed a bipolar twisted 
DPP dimer c4, in which a fluorene ring functioned as the 
core and two DPP units encapped with benzene ring as the 
arms [56]. It showed intense absorption in the visible light 
region of 550–700 nm, complementing well with that of 
P3HT (400–600 nm), which was favorable to achieve a high 
JSC. The offset between the LUMO (− 3.39 eV) of c4 and the 
HOMO (− 4.76 eV) of P3HT, as well as that between the 
HOMO (− 5.21 eV) of c4 and the LUMO (− 4.0 eV) of  PC71BM 
were both large, resulting in a high VOC. The blended films 
based on P3HT:c4 and c4:PC71BM gave champion PCEs of 
3.17% and 3.26% respectively.

Two benzothiadiazole flanked DPP dimers c5a and c5b, 
with or without fluorine substitutions, were reported as 
non-fullerene acceptors [57]. The coplanar backbone 
structure with extended conjugation length provided 
good electron transport. Both c5a and c5b showed a low 
bandgap of 1.50 eV and energy levels well matched with 
polymer donor PTB7. By incorporating fluorine on the 
central benzothiadiazole core, both the HOMO and LUMO 
energy levels were lowered, resulting in a lower VOC of 
PTB7:a5b than that of PTB7:a5b. OPVs based on PTB7:a5a 
and PTB7:a5b exhibited the highest PCEs of 3.03% and 
5.00% after optimization employing chloronaphthalene 
(CN) as an additive. The JSC of PTB7:a5b (12.10 mA  cm−2) 
was much higher than that of PTB7:a5a (7.77 mA  cm−2), 
due to the larger photoresponse of the a5b based devices.

Cabanetos and coworkers designed compound c6 by 
grafting acetylene-substituted phthalimides onto a central 
DPP core [58]. By DFT calculations, c6 exhibited a quasi-
planar structure with a torsion angle of just 0.04° between 
the phthalimide block and the central core. Besides, c6 
possessed broad absorption in the range of 500–750 nm 
and energy levels well matched with polymer donor P3HT. 
The maximum PCE of inverted BHJ OPVs based on P3HT:c6 
was achieved 3.28%.

3.2  Star‑shaped DPP oligomers

Zhan and coworkers reported a star-shaped acceptor d1 
based on TPA as the central core and DPP as the flanking 
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arms (Fig.  3, Table  1), with a strong absorption in the 
500–700 nm range [59]. Single-junction OPVs based on 
P3HT:d1 showed a high VOC up to 1.18 V, due to the large 
difference between the LUMO of d1 (− 3.26 eV) and the 
HOMO of P3HT (− 4.76 eV). Along with this high VOC, a PCE 
of 1.2% was reached, demonstrating that star-shaped DPP 
oligomers might be promising alternatives to fullerene.

Through installing a spirobifluorene core with four 
benzene endcapped DPP arms, d2 was designed and 
synthesized as a potential electron acceptor [60]. Due to its 
cruciform molecular configuration, strong intermolecular 
aggregation was suppressed and active layers based on 
P3HT:d2 exhibited a well intermixed microstructure. A 

maximum PCE of 5.16% along with a high VOC of 1.14 V 
was achieved owing to the well-matched energy levels 
of the donor and acceptors and fine phase separation of 
the blended films. These values were higher than those 
of the P3HT:  PC61BM blended films (3.18%, 0.62  eV) 
and the P3HT:d2 devices showed much better thermal 
stability. Using a central phenyl moiety flanked with three 
DPP moieties (d3) has also been investigated [61]. The 
dihedral angle between the core and the DPP subunits 
was calculated to be about 25° and the triangular non-
planar structure reduced the crystallinity compared to 
linear DPP derivatives. However the PCE of the P3HT:d3 
OPVs fabricated on the ITO-coated glass substrates with 

Fig. 3  Chemical structures of DPP based NFAs
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spin-coating process was only 0.31% while a higher PCE 
of 0.54% was obtained when fabricating roll coated, large 
area, ITO- and vacuum-free flexible OPVs. Replacing the 
phenyl core with TPE and four DPP units afforded d4 
whose star-shaped molecular arrangement was crucial 
to prevent strong intermolecular aggregation whilst 
sustaining an elongated conjugation length [62]. It 
showed a small domain size of 2.5 nm when blended with 
P3HT, which was favorable for exciton dissociation. Owing 
to the matched energy levels and the well interlaced blend 
film morphology, a maximum PCE of 3.86% with a high VOC 
of 1.18 V was obtained.

Zhang and coworkers designed a conjugated oligomer 
d5 based on a [2,2]paracyclophane core with four DPP 
moieties as flanks [63]. This molecular scaffold possessed 
suitable lower energy levels and good electron accepting 
abilities. A PCE of 2.69% was obtained from P3HT:d5 
blended films after thermal annealing treatment, which 
afforded deceased domain size and increased thin film 
smoothness compared to films without any treatments.

A star-shaped DPP oligomer d6, containing a 
benzodithiophene core and four diketopyrrolopyrrole 
arms was designed and synthesized by He and coworkers 
[64]. This molecule showed good thermal stability, a high-
lying LUMO level and strong aggregation behaviour from 
thin film absorption measurements complemented by 
computational studies. The utility of the molecule was 
demonstrated in both solar cell and field-effect transistor 
devices. In the former, d6 displayed low efficiency when 
used as an acceptor in blends with P3HT but exhibited 
promising performance as a donor, in blends with 
either a fullerene or a non-fullerene acceptor. In field-
effect transistors d6 exhibited typical p-type transistor 
behavior, which was in accordance with its better donor 
performance in solar cell devices. Therefore, core selection 
is important to regulate the energy levels and charger 
transport properties of the DPP oligomers. For DPP based 
NFAs, donor materials with high-lying LOMO levels (e.g. 
P3HT) are needed to get ideal device performance.

4  A‑D‑A‑type NFAs

One approach to NFA’s that has proven very successful 
is that of A-D-A type acceptors. A-D-A-type NFAs consist 
of an electron-rich core (D) flanked with two electron-
deficient terminals (A). The D and A parts can be modi-
fied separately to fine-tune the energy levels, bandgap, 
molecular packing, and other properties. ITIC (e1) [65], as 
reported by the Zhan group, was one of the first exam-
ples, and more recently high performing Y6 (f1) [66] are 
typical A-D-A type NFAs, which consist of a fused ladder-
type arene as the backbone and electron-withdrawing 

units as the flanking arm. These molecules exhibit high 
charge mobility due to their planar skeletal structures 
and ordered π-π stacking and enhanced and extended 
optical absorption to NIR region induced by push–pull 
effect. As shown in Fig. 4, the strategies for developing 
new A-D-A type NFAs include the design of electron-
donating cores, electron-withdrawing end groups, solu-
ble sidechains and π-conjugated spacers.

Similar to PDIs and DPPs, each part of A-D-A type NFAs 
can be easily and independently modified, which affords 
numerous structural possibilities. As shown in Fig. 4, these 
can be characterized according to their principal changes:

1. Backbone modification. Extension of the electron-rich 
backbones can red-shift and broaden the absorption 
of A-D-A type NFAs for better light-absorbing 
capability [67]. Replacing the  sp3-hybridized carbon 
bridge in the fused heterocyclic or introducing 
different chalcogen atoms, commonly selenium, 
can influence the fundamental electronic properties 
and molecular packing on the resultant NFAs [68]. 
Symmetric and asymmetric extension can also 
influence the electronic properties as asymmetric 
functionalisation modulates the molecular properties 
in a stepwise manner and increases the dipole 
moment [69]. Introducing hydrogen bonding can 
restrain the backbone into a relatively rigid and planar 
structure and, at the same time, reduce the synthetic 
complexity [70]. Introducing banana shaped cores can 
help to facilitate multi-dimensional charge transport 
which is beneficial for higher JSC and FF [71, 72].

2. End group modification. End groups will affect the 
optical and electrochemical properties of NFAs 
dependent on their electron-withdrawing ability. 
The selection of different end groups is important for 
designing new NFAs with different optical bandgap for 
specific applications. End groups with weak electron-
withdrawing capability include 3-ethylrhodanin 
(BR) and N,N’-diethyl-2-thiobarbituric acid (TA), and 
those with strong electron-withdrawing capability 
are 3-(1,1-dicyanomethylene)-1-indanone (IC) and its 
derivatives.

3. Side chain modification. Although side chains 
are usually considered to provide solubility and 
have minor influence on the electronic properties, 
they are crucial to regulate molecule packing and 
intermolecular interactions. Modification of the side 
chains from bulky phenylalkyl to simple linear alkyl 
chains could potentially improve the packing ability 
and the charge transport mobility [73].

4. Spacer modification. Inserting π-conjugated spacers 
between electron-rich backbone and end groups 
can further alter the electronic properties of A-D-A 
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type NFAs. These spacers, with either electron-rich or 
electron-deficient capabilities, can enlarge effective 
conjugation length, leading to more red-shifted 
absorption and smaller bandgap.

In this review, we discuss several representative A-D-A-
type NFAs (Figs. 5 and 6, Table 1). ITIC (e1) [65] was a semi-
nal material, one of the first to outperform the established 
fullerene acceptors and it aroused wide interest from the 
scientific community. Similarly the high efficiency reported 
for the first Y6 (f1) derivatives [66] prompted much inter-
est. Y6 is a similar A-D-A type material in which the donor 
core contains an additional electron-deficient benzothia-
diazole unit resulting in a banana shaped material. The 
high reported PCE of 15.7% was unprecedented at that 
time, and induced another wave in the OPV research and 
can be classified as A-DA’D-A type NFAs for clarification.

Since the molecule e1, also well known as ITIC [65], was 
reported by Zhan and coworkers, indacenodithiophene 
(IDT) derivatives have attracted great attention in non-
fullerene OPVs. Tremendous endeavors have been 
dedicated to manipulating the aromatic core, the 
bridge, the end-capped electron deficient groups, and 
the sidechains in order to fine tune the optical and 
electrochemical properties. e1 exhibited a strong and 

broad absorption in the visible and near- infrared regions 
and appropriate energy levels matched with low bandgap 
donor polymers. Since the original publication, the PCE 
of e1 based OPVs has been improved to 11.4% utilizing 
polymer donor J71 [74–78]. Changing the sidechains of e1 
from bulky alkylphenyl to linear octyl sidechains resulted 
in further efficiency improvements, to a best of 13.2% PCE 
when used with a fluorinated PBDB-T type polymer. This 
improvement was related to a combination of reduction in 
the optical bandgap, higher absorptivity, and an increased 
propensity to crystallize for the alkylated ITIC versus the 
phenylalkylated e1 [79].

Zhan et  al. also reported the planar five-fused-ring 
IDT electron acceptor using linear alkyl sidechians (e2, 
known as IDIC) [80]. The as-cast OPVs based on PDBT-T1:e2 
without any treatments exhibited a maximum PCEs as 
high as 8.71%. The performance of e2 based non-fullerene 
OPVs have been further improved to over 11% through 
blending with different polymer donors [81].

The NFA e3 was synthesized in the McCulloch group 
and its energy levels and optical bandgap (1.63  eV) 
matched well with P3HT [82]. Consequently, e3 based 
OPVs achieved a high JSC of 14.1 mA   cm−2 and a high 
PCE of 6.4%, one of the highest with the readily scalable 
P3HT donor polymer. More importantly, the P3HT:e3 

Fig. 4  Structural modification strategies for A-D-A-type NFAs
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blend system was more air stable compared with the 
benchmark P3HT:PC61BM devices. Subsequently the 
PCE of e3 based OPVs was further improved to 9.95% by 
blending with the another donor PffBT4T-2DT, due to the 
reduced non-radiative recombination loss [83]. Zhu and 
coworkers synthesized the related e4 by combining a 
thieno[3,4-b]thiophene-rhodanine functional end group 
with the IDT core [84]. e4 possessed a planar conjugated 
framework, intensive absorption in the visible region and 
suitable energy levels well matched with PTB7-Th. The 
PTB7-Th:e4 blended films exhibited increased crystal 
sizes and preferential face-on orientation after adding 
1,8-diiodooctane (DIO) as a processing additive. A best 
PCE of 10.07% was obtained based on the as-cast DIO-
processed PTB7-Th:e4 OPVs.

Hou and coworkers reported a small molecule acceptor 
e5 based on the IDT core, by introducing alkoxy groups 
into an earlier reported NFA IEIC [85, 86]. Compared to IEIC, 
the resulting e5 (also known as IEICO) exhibited a similar 
LUMO level but a narrower optical bandgap of 1.34 eV 
with a high-lying HOMO of − 5.32 eV. A maximum PCE of 

8.4% with a high JSC of 17.7 mA  cm−2 were obtained for 
the PBDTTT-E-T:e5 based single-junction OPV devices. 
More impressively, tandem devices using PBDTTT-E-T:e5 
as the rear subcell and PBDD4T-2F:PC71BM as the front 
subcell, afforded a maximum PCE of 10.7%, along with a 
VOC of 1.70 V, a JSC of 10.3 mA  cm−2, and an FF of 0.61, 
indicating e5 is a promising candidate for high efficient 
single-junction and tandem OPVs.

To further elevate the LUMO level of molecule e1, e6 
was designed by rationally incorporating methyl units 
onto the end groups [87]. Due to the weak electron-
donating property of methyl, the LUMO level of e6 was 
slightly elevated by 0.04 eV and the whole absorption 
spectra was blue-shifted by 6 nm with a slightly larger 
bandgap. The morphology of the PBDB-T:e6 blend 
films was highly ordered with high purity domains. The 
optimal PCE of 12.05% was obtained for the PBDB-T:e6 
OPVs. Through sidechain isomerization, Li and coworkers 
developed a low bandgap electron acceptor e7 to further 
improve the device performance of e1 based OPVs 
[88]. e7 showed a higher film absorption coefficient 

Fig. 5  Chemical structures of A-D-A-type NFAs
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of 1.06 ×  105   cm−1, a larger crystalline coherence, and 
higher electron mobility of 2.45 ×  10−4  cm2  V−1  s−1 than 
e1 (1.00 ×  105  cm−1 and 1.60 ×  10−4  cm2  V−1  s−1) and these 
inherent advantages resulted in a higher efficiency of 
11.77% based on the J61:e7 blended films. Notably, the 
J61:e7 based devices showed less thickness-dependent 
photovoltaic behavior, with a minimum PCE over 8.50% 
retained as the film thickness increased from 60 to 360 nm.

Liao et  al. [89] developed a non-fullerene acceptor 
e8, employing a ten-fused-heterocyclic-ring as its 
donor core. e8 possessed a highly planar structure 
with extremely small torsion angles of 0.14°, facilitating 
π-electron delocalization and enhancing charge mobility. 
The introduction of Se atoms into the multi fused-ring 
compound resulted in a narrower bandgap compared to 
the S analogues [90]. In practice, this compound exhibited 
a low bandgap of 1.52  eV. Due to complementary 
absorption of the large bandgap polymer J51 and e8, 
broad absorption coverage from 300 to 800  nm was 
obtained in the blended films, which contributed to a high 
JSC of 15.16 mA  cm−2 and finally a high PCE of 8.02%.

Two fused carbazole -based small  molecules 
e9, based on an electron-donating fully alkylated 
dithienoc yclopentacarbazole core f lanked by 
electron withdrawing nonfluorinated or fluorinated 

1,1-dicyanomethylene-3-indanone (IC or IC-4F), were 
prepared and utilized in OPVs [91]. The two molecules 
revealed planar structures and strong aggregation 
behavior, and fluorination was shown to red-shift 
the optical bandgap and downshift energy levels. 
OPVs based on fluorinated e9 exhibited a power 
conversion efficiency of 12.6%, much higher than that 
of nonfluorinated-based devices (6.2%). Microstructural 
studies revealed that while both acceptors were highly 
crystalline, bulk heterojunction blends based on the 
nonfluorinated e9 resulted in overly coarse domains, 
while blends based on the fluorinated e9 exhibited a 
more optimal nanoscale morphology. These results 
highlighted the importance of end group fluorination 
in controlling molecular aggregation and miscibility.

Acceptor e10 was designed based on a curved, elec-
tron-rich cyclopentadithienothiophene core, which was 
synthesized via a facile aromatic extension strategy [71]. 
As-cast, single-junction OPVs based on PFBDB-T:e10 
blends exhibited very high short-circuit currents up to 
26.2 mA   cm−2 in combination with power conversion 
efficiencies over 11% without any additional process-
ing treatments. The high photocurrent resulted from the 
near-infrared absorption of the e10 acceptor and the 
well-intermixed blend morphology of polymer donor 

Fig. 6  Chemical structures of A-DA’D-A-type NFAs
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PFBDB-T and e10. This work demonstrated a useful fused 
ring extension strategy and promising solar cell results, 
indicating the great potential of the e10 derivatives as 
electron-rich building blocks for constructing high-per-
formance small molecule acceptors in organic solar cells.

With the assistance of non-covalent interactions, non-
fused A-D-A acceptor e11 was designed to reduce the 
synthetic complexity associated with fused-ring cores 
[70]. Such synthetic complexity may be an impediment 
to the scale-up and ultimate commercialization of NFA 
based OPVs. The compound e11 has the structural feature 
of a freely rotatable conformation in solution, which helps 
with solubility, while being restrained into a relatively 
rigid and planar conformation upon stacking in the film 
via the assistance of intramolecular non-covalent interac-
tions. Non-fused e11 showed an efficient performance 
of 10.27% PCE in single-junction OPVs and 13.97% PCE 
in tandem OPVs. In addition, e11-based OPVs exhibited 
good stability under continuous illumination.

Bo and coworkers developed a fully non-fused 
ring acceptor e12, which exhibited a planar central 
backbone, possibly induced by the encapsulation effect 
of four ortho substituted side chains [92]. This promoted 
thin-film crystallinity and red-shifted absorption upon 
thermal annealing. This planar structure and ordered 
intermolecular stacking was favorable for higher charge 
carrier mobility in its devices. A PCE of 7.34% was achieved 
for OPV devices based on as-cast PBDB-T:e12 blends and 
then further improved to 10.26% after thermal annealing, 
which is among the highest reported PCEs employing fully 
non-fused A-D-A type acceptors.

Although, many new acceptors based on the A-D-A 
type design have been developed and applied in various 
device structures, the PCE improvement in the OPV 
field slowed and approached a plateau. A significant 
breakthrough came with molecule f1, also known as 
Y6, which is a A-DA’D-A-type NFA employing a ladder-
type central fused core containing an electron deficient 
benzothiadiazole group [72]. Ladder-type multi-fused 
rings with an electron-deficient core had previously 
demonstrated a narrow bandgap [93] and the electron 
affinity could be fine-tuned by the introduction of an 
electron-withdrawing moiety in the middle of the central 
core to create a charge-deficient region [94]. OPVs made 
from f1 in conventional and inverted architectures both 
exhibited a very high efficiency of 15.7%. In addition, f1-
based devices maintained an efficiency of 13.6% even with 
an active layer thickness of 300 nm. With the emergence of 
f1, many modifications have been made to develop related 
NFAs, and the efficiency has sharply risen to over 19% [3], 
which indicates that A-D-A-type NFAs incorporating an 
electron-deficient core are an effective strategy to prepare 
high-performance NFAs.

Similar to the chemical modifications of ITIC, new 
A-DA’D-A type NFAs can be developed by changing the 
backbones, end groups, and soluble sidechains. Typical 
OPV acceptors exhibited higher Urbach energies (ca. 
25–50 meV) than their inorganic counterparts, resulting 
in higher non-radiative recombination and reduced 
device efficiency. Lin and coworkers[95] developed a new 
A-DA’D-A NFA f2, a selenium-containing analog to f1, 
which showed lower Urbach energy (20.4 meV), broader 
and enhanced absorption, and higher electron mobility. 
As-cast single junction D18:f2 based OPVs showed a 
highest efficiency of 17.7%, better than that of the D18:f1-
based control device.

The compound f3 [96] was designed by combining 
benzotriazole and selenophene together, compared to 
the model molecule f1. Benzotriazole possesses a weaker 
electron-withdrawing ability than benzothiadiazole and 
selenophene has a stronger electron-donating strength 
than thiophene. As a result, this novel A-DA’D-A type 
NFA showed an absorption edge approaching 1000 nm 
due to the efficient stronger intra- and intermolecular 
interactions. The PM6:f3 based binary OPV devices 
showed an optimal PCE of 17.02% with an remarkable JSC 
of 27.72 mA  cm−2 and a low energy loss of 0.446 eV.

Molecule f4 was designed and synthesized to explore 
the asymmetric isomer effects [97]. By changing from 
symmetric f1 to asymmetric f4, the dielectric constant 
in f4 was significantly enhanced and the exciton binding 
energy was also reduced, facilitating a more efficient 
charge dissociation process. The weaker crystallization 
behavior of molecule f4 also enables an optimized 
micromorphology due to its good miscibility with the 
donor materials. Excessive molecular aggregation and 
unfavorable edge-on orientation were inhibited and 
PM6:f4 based OPV devices achieved a PCE of 15.8%.

Eco-compatible processability with less toxic solvents 
is important for scalable large-area production of OPV 
devices. By modifying the flexible alkyl chains on the 
nitrogen atoms of compound f1, NFA f5 was synthesized 
[98]. With longer alkyl chains, f5 can be processed in 
various non-halogenated solvents, such as o-xylene, 
1,2,4-TMB, and THF. The THF-processed T1:f5 based OPV 
cells exhibited a best PCE of 16.1%, comparable to the 
devices fabricated with halogenated solvents. when 
using the blade coating method to fabricate the OPV cells 
with a 1.07  cm2 active area, a high PCE of 14.4% was still 
maintained, demonstrating fine-tuning of the side chains 
can facilitate large-scale printing with greener solvents.

The side chains on the β-position of the outermost 
thieno[3,2-b]thiophene units, can also be substituted to 
adjust the molecular properties. By modifying the linear 
alkyl chains of f1, f6 with branched alkoxy side chains was 
synthesized [99]. The PM6:f6 based blend films exhibited 
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a more ordered molecular packing and enhanced crystal-
linity, compared to the f1 based blend film. The f6 based 
OPV devices exhibited a higher VOC (0.963 eV) but a smaller 
JSC (21.5 mA  cm–2) than f1 based devices (0.839 eV and 
25.6 mA  cm–2). Through varying the ratio of these two 
acceptors in the ternary devices, the VOC could be linearly 
tuned, and a maximum PCE of 17.5% was achieved after 
the acceptor ratio optimization.

Modifying the end groups of the A-DA’D-A type NFAs has 
been regarded as a relatively simple but effective strategy 
to improve the OPV device performance. Wang and cowork-
ers facilely synthesized a series of NFAs with different het-
ero-dihalogenated IC terminals (FCl-IC, FBr-IC and ClBr-IC), 
which contain a fluorine/ chlorine, fluorine/ bromine or bro-
mine/chlorine pair on the same IC skeleton [100]. Among 
them, molecule f7 with FCl-IC as the end groups exhibited 
the most planar molecular geometry and ordered intermo-
lecular packing, indicated by the crystallographic and theo-
retical analysis. A optimal PCE of 17.52% was obtained for 
PM6:f7 based OPV devices, higher than the other two NFAs.

Non-fused A-DA’D-A type NFA molecules have also been 
explored to reduce the synthetic complexity and maintain 
the high device efficiency. f8 was a representative mole-
cule that showed a record PCE of 14.82% [101]. Combining 
the effects of noncovalent intramolecular interaction and 
steric terminal side chains, f8 possesses a rigid molecular 
structure with lower reorganization free energy. With this 
conformational lock strategy, f8 based device exhibited a 
high PCE of 14.82%, which provided an approachto effec-
tively design non-fused NFAs and demonstrate their high 
potential application in the OPV research.

Molecule f9 was design with the all-fused-ring NFA 
concept proposed by Zhu and coworkers [102]. State-of-
the-art high performance NFAs can be unstable due to 
the vulnerable exocyclic double bond, which limits the 
device lifetime of their OPV devices. With the elimination 
of C = C double bond linkage between the D and A parts, 
the innovative f9 showed better chemical, photochemi-
cal, and thermal stability. Moe importantly, this molecule 
could also be synthesized on a large scale with a high 
yield in a short time, unlike many other reported accep-
tors. Benefitted by its near-infrared responsiveness and 3D 
honeycomb-type stacking, a high PCE of 13% was yielded 
for D18:f9 based OPV devices.

5  Summary and outlook

Developing effective technology for the utilization of solar 
energy is a research hotspot in the field of new energy and 
new materials. To improve the performance of OPV devices, 
one of the most direct and effective approaches has been 
the design and development of novel donor and acceptor 

materials [103]. Over the past few years, there has been a 
tremendous effort to develop NFAs for high PCEs of OPVs. 
In this review, we discussedthe basic structure–property 
relationship and clarified the rational design of PDI, DPP 
and A-D-A derivatives, which is crucial for further improv-
ing the performance of non-fullerene OPVs. PDI based elec-
tron acceptors have been investigated for over 30 years, 
due to their high electron mobility, good thermal ability, 
and broad absorption in the visible range. Excessive self-
aggregation of PDI molecules is detrimental to effective 
blend morphology and the efficiencies of OPV devices. To 
reduce the intermolecular packing, structural modifications 
have been made on the nitrogen, bay and ortho position 
of PDI monomer. Constructing twisted or star-shaped PDI 
based NFAs with two or more PDI monomers is another 
effective approach to overcome the over-aggregation of 
its monomeric derivatives in blend films. However, there is 
a trade-off relationship between nanometer-sized phase-
separated domains and electron transport in PDI based 
NFAs, which is important when designing new twisted 
and star-shaped PDI derivatives. To maintain the favora-
ble properties of subunits in a star-shaped molecule fine 
structural tuning like ring fusion (e.g. b6) has been pro-
posed. Constructing twisted PDI dimers is one of the 
most synthetically accessible approaches to suppress the 
over-aggregation, and constructing multidimensional PDI 
based NFAs has enabled multidimensional charge trans-
port, similar to fullerenes. As the optical, electronic and 
morphological properties of PDI based NFAs are sensitive 
to their intrinsic molecular geometry, conjugation length 
and electron distribution, judicious consideration should 
be taken when designing new PDI based NFAs and more 
effort is required to understand the relationship between 
the molecular structure, optoelectronic properties, and 
photoelectric performances [104].

DPP based NFAs possess NIR light-absorbing characteris-
tics and high electron mobility, and are therefore attractive 
for non-fullerene OPVs. DPP based small molecule can be 
further classified into DPP-cored acceptors and DPP-ter-
minated acceptors, according to their different molecular 
design strategies. However, the reported NFAs cannot pro-
vide satisfactory OPV performance so far due to their high-
lying energy levels and strong aggregation behavior. Only 
a few donor materials can be used to match these accep-
tors and the P3HT donor is among the most representa-
tive ones. Therefore, it is essential to propose an efficient 
way to lower the energy levels of DPP based NFAs, in order 
to match well with existing high-performance donors. To 
reduce the severe phase separation issues in DPP based 
blend films, the twisted or star-shaped design is an effective 
solution. By improving the miscibility of these DPP NFAs, 
smaller domain sizes can be obtained, which is beneficial 
for exciton dissociation and diffusion to the D/A interface. 
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DPP based polymers display high hole and electron mobili-
ties in organic transistors [105] and their light absorption 
in the NIR region is comparable to naphthalene diimide 
based polymers, such as N2200. Therefore, DPP-polymers 
also have the potential to be applied in non-fullerene OPVs 
[52]. Most of the DPP based polymer acceptors have similar 
issues as their small molecule acceptors. The situation is also 
more complex when using polymer donors to fabricate OPV 
devices as the microphase separation between the poly-
mer donors and polymer acceptors is difficult to optimize. 
Thus, developing new donor materials, especially small mol-
ecule donors, to match the optoelectronic properties of DPP 
based acceptors and form favorable morphology in their 
blends is critical to realize high efficiency OPVs.

The achievement of the highest efficiencies has thus 
far mainly resulted from A-D-A-type acceptors. Synergistic 
adjustment of the conjugated donor core, end group, side 
chain and spacer will enable further improvements in effi-
ciency and stability in the OPV field. Firstly, by extending 
the fused backbone, the light-harvesting ability and charge 
transport properties can be improved in the resultant NFAs. 
By incorporating electron-rich heteroatoms such as nitro-
gen and selenium into the backbone, the donor strength is 
increased and intermolecular interactions can be enhanced, 
which leds to red-shifted and enhanced absorption. By 
changing the symmetric backbone into an asymmetric 
design, a higher dipole moment can be induced, together 
with enhanced π–π stacking in face-on orientation. To reduce 
the synthetic complexity and cost, introducing noncovalent 
interactions such as hydrogen bonds to promote molecular 
planarity has been an effective design idea. The reported f1 
(well known as Y6) was another innovative backbone modi-
fication example for efficient OPV devices. With an electron-
deficient benzothiadiazole unit introduced, this A-DA’D-A 
type structure contributes to a large number of high-perfor-
mance NFAs so far. By employing different side chains, end 
groups and π-spacers, the solubility, crystallinity, and miscibil-
ity of the A-D-A type NFAs can be further modulated.

There remain some challenges existing in the current 
development of A-D-A type NFAs. Simple synthetic routes 
should be developed to promote scalable and low-cost 
materials. As most of the A-D-A acceptors are designed 
with narrow bandgap and NIR absorption, it is also impor-
tant to develop wide bandgap donors that have well 
matched energy levels, complementary absorption and 
form ideal blend morphology. As all polymer OPVs offer 
improved morphological stability and mechanical dura-
bility than polymer donor/small molecule NFA system, 
developing novel high-performing polymer acceptors is a 
prerequisite to meet this need. With regards to the device 
optimization, photovoltaic materials with relatively less 
ratio sensitivity need be developed to improve the repro-
ducibility of ternary OPVs. For tandem solar cells, novel 

wide bandgap acceptors are in demand for the front-cell 
and weak electron-deficient end groups are scarce. Pho-
tovoltaic materials with less thickness sensitivity are also 
coveted as thick-film devices can harvest more incident 
photons and are more suitable for roll-to-roll process [103].

The device stability is another major barrier for NFAs 
based OPVs towards commercialization and should be 
given more focus in the development of non-fullerene 
acceptors [106, 107]. NFAs exhibit diverse chemical, 
thermal, photo-oxidative stabilities because of various 
reactive sites in their distinct chemical structures and 
differing aggregation behavior in blend films. Chemical 
reactions between limiting factors (such as oxygen 
and moisture) and photoactive materials can gradually 
deteriorate the photoactive materials and result in the 
irreversible degradation of OPV devices. For example, 
IC and its derivatives are the most popular end groups 
employed in A-D-A type NFAs. The NFAs with these 
electron-deficient terminals are prepared by kinetically 
reversible Knoevenagel condensation, which has been 
recognized as a major factor for chemical instability upon 
reaction photo-oxidation. The exocyclic double bonds 
between the backbone and end groups are highly reactive 
and easily broken upon ZnO-catalyzed photodegradation 
and base-induced decomposition, which can limit the 
lifetime of OPV devices. Therefore, new terminal groups 
need be explored to tackle this molecular stability issue, 
such as the benzothiadiazole-rhodanine terminal group 
in molecule e3 (o-IDTBR). e3 and its derivatives exhibited 
high photo-oxidative resistance in neat films and these 
type of NFAs based OPVs possessed good photo-
stability. Secondly, new molecular structures need to be 
proposed to improve the molecule and device stability. It 
is promising to see that several strategies like non-fused 
NFAs with intramolecular noncovalent bonds, all-fused 
NFAs with elimination of exocyclic double bond, and 
asymmetric structures with larger dipole moments, have 
demonstrated their high photo-oxidation stability in OPV 
devices, presumably due to the improved crystallinity and 
restrained morphology variation. Compared to the photo-
oxidative stability of NFAs, the metastable morphology 
of blend films is another factor that can accelerate the 
degradation of OPVs.

In addition to chemical structure, molecular packing 
has a great influence in the miscibility and aggregation 
of blend films. Favorable miscibility between polymer 
donors and NFAs with high crystalline behavior is 
vital to accomplish reasonable exciton separation and 
transport. Recently ternary OPVs have shown promising 
performance in their thermal-stability devices, which is 
due to the stabilized morphological phase in blend films 
by introducing a third component. However, it is worthy 
to note that procedures for formation of blend films and 
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assembly of OPV devices should be simplified to low the 
whole production cost. Finally, interlayer materials (such 
as PEDOT:PSS in conventional devices and ZnO in inverted 
devices) have nonnegligible effects on the instability of 
NFA based OPVs. Conjugated structures of NFAs can be 
damaged by interacting with these interlayers and charge 
traps will be formed in the blend films. Modification 
of current interlayers and development of new stable 
interlayers are possible methods to avoid potential 
chemical reactions at the interface and thus improve the 
stability of OPV devices.
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