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Abstract 

Oligothiophene derivatives, with superior charge transport, excellent intrinsic stability, 

and low synthetic cost, have been positioned as one of the most promising donor materials in 

cost-effectiveness and large-scale production. From the 1990s to date, oligothiophene donors 

have been popularized in the era of fullerene acceptors but suffered repeated failures in the 

new era of nonfullerene acceptors (NFAs). Recently, organic solar cells (OSCs) fabricated 

with oligothiophene donors achieved a power conversion efficiency of 15.4%, which enabled 

researchers to refocus on these old yet blooming materials. Herein, the development of 

oligothiophene-based photovoltaic materials and their applications in OSCs are 

chronologically presented. The evolution of molecular design in oligothiophene donors and 

certain milestone materials are highlighted and emphasized. Recently published inspiring 
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results on oligothiophene-based NFAs are included. To offer guidance for researchers and 

spur further development of oligothiophene-based photovoltaic materials, we propose a 

perspective on future trends in the molecular design and applications of oligothiophene 

donors/acceptors. 

 

Organic Solar Cells: From Polymers to Small Molecules 

Through the efficient direct conversion of solar irradiation to electricity, solar cells 

have become one of the most important solutions to the energy demand.[1,2] Distinct from its 

inorganic predecessors (silicon- , GaAs- and CuInGaSe-based solar cells), organic solar cells 

(OSCs) exhibit unique advantages, such as environmental friendliness, solution processability, 

and flexibility.[3-7] 

Considering the bulk heterojunction (BHJ) architecture as the cornerstone (BOX 1), 

OSC-related studies have received exponentially increased attention and achieved 

continuously enhanced PCE values in the following two decades along with the emergence of 

uncountable new organic photovoltaic materials, as well as interface and device engineering. 

[13-19] In particular, recently, the rise of small molecule (SM) nonfullerene acceptors (NFA) 

improved the PCEs of OSCs.[20-26] By employing state-of-the-art polymer donor/NFA 

binaries, PCEs over 18% have been achieved in single-junction OSCs.[27-29] However, 

considering that the mass production of photovoltaic materials is necessary for the 

commercialization of OSCs, the inconsistent device performance caused by the batch-to-batch 

variations in molecular weight (Mw) and polydispersity index (Mw/Mn) of polymers remains a 

major challenge.[30-33] Therefore, researchers have turned to SM donors, which exhibit 

excellent batch-to-batch invariability in photovoltaic behavior and well-defined easily tunable 

structure.[34,35] 



 

Oligothiophene Based Small Molecule Materials 

 

Figure 1. a) A brief timeline on the development of oligothiophene-based photovoltaic 

materials. b) The structural evolution of oligothiophene donors. 

Oligothiophenes, an old but thriving family of conjugated materials, are widely used 

as an active component in organic electronic devices, such as light-emitting diodes (OLEDs), 

field-effect transistors (OFETs), and OSCs.[36] -octithiophene (8T, Figure 1b) was first 

adopted as an electron donor in OSCs in 1995, and oligothiophenes have been intensively 

investigated as photoactive materials in OSCs since.[37,38] This is majorly because of their 

intriguing optoelectronic properties, charge-transporting properties, excellent intrinsic 

stability, and unique self-assembling properties on solid surfaces or in the bulk. Another key 

factor facilitating this development is that its well-established and enormously developed 

heterocyclic chemistry offers countless methods to modify the thiophene ring and generate 

kaleidoscopic -conjugated systems at a high yield and low cost.[39-42] Owing to the 

unremitting efforts of researchers, oligothiophene-based photovoltaic compounds have 

evolved from pure thiophene oligomers to delicately constructed solution-processable 



 

molecules (Figure 1b). Consequently, the PCE of oligothiophene-based OSCs was boosted 

from below 1% to over 15% (Figure 1a). 

To ensure that this cost-effective donor family qualifies for the real production of 

commercialized OSCs in the future, further enhancement of the performance of 

oligothiophene donors is necessary. When designing a high-performance donor, a delicate 

control of multiple factors including energy levels, bandgap, solubility, crystallinity, and 

compatibility with acceptors is mandatory.[43] Therefore, a comprehensive retrospect on 

oligothiophene-based photovoltaic materials (Box 2) is urgently needed to endow researchers 

with inspiration by reviewing those old molecules.  

Emergence and development: 1995–2010 

 

Figure 2. Representative oligothiophenes reported during 1995–2010 along with the device 

parameters and fullerene-based acceptors mentioned in this paper (circled with a green dashed 

line). 



 

VP, vacuum-processed; SP, solution-processed; 

aCharacterized under 70 mW cm−2 white light illumination. 

 

The debut of oligothiophenes occurred in 1995. A simple structured α-octithiophene 

8T (1) was employed as an electron donor to construct a vacuum-processed (VP) PHJ OSC 

with an electron-accepting perylene pigment PV.[37] Although only a modest PCE of ca. 0.6% 

was achieved, this study initiated the development of oligothiophene-based photovoltaic 

materials. However, owing to the considerably high PCEs of polymer donors (poly(3-

hexylthiophene-2,5-diyl); P3HT),[50] oligothiophenes did not attract sufficient attention until 

a new century. 

In 2006, Bäuerle et al. reported an oligothiophene derivative, DCV5T (2), structured 

with a pentathiophene backbone and two electron-withdrawing dicyanovinyl (DCV) terminal 

groups.[51] The DCV5T:C60-based VP PHJ OSCs exhibited a high VOC of 0.98 V with a JSC 

of 10.6 mA cm−2 and a PCE of 3.4%, which was comparable to those of polymer donor-based 

devices. Based on DCV5T, DCV6T (3) was developed afterward but because of its decreased 

VOC of 0.90 V, an inferior PCE of ca. 3.1% was observed.[52] Judging from the molecular 

structure, the introduction of DCV substituents with low-lying lowest unoccupied molecular 

orbital (LUMO) energy levels considerably reduced the corresponding optical gap, compared 

with that of the unsubstituted oligothiophene. Moreover, the terminal groups of the molecules 

were prone to be coupled with the neighboring thiophene cores in the solid state via 

intermolecular CN∙∙∙H bonds.[53] This molecular arrangement might favor an attractive 

interaction between the transition dipoles of the intramolecular D–A excitations, thereby 

resulting in a red-shift in the absorption of thin films, compared with that of the molecules in 

solution. The broadened absorption would indisputably benefit the light-harvesting and 

subsequently enhance the JSC of OSC devices. This A–π–D–π–A strategy greatly impacted 



 

subsequent research; the electron-withdrawing terminal groups gradually became an 

indispensable part of high-performance SM photovoltaic molecules. 

Attracted by the superiority of BHJ architecture and the convenience of the solution-

processing technique, researchers began to focus on highly soluble oligothiophene donors to 

extend the boundary of materials development and break the limitations of the costly vacuum 

deposition technique. To alleviate the π–π stacking interaction and enhance the solubility of 

oligothiophenes, Roncali et al. synthesized “X-shaped” oligothiophene 4 in 2006. The 

solution processed (SP) BHJ OSCs based on 4:PC61BM exhibited a PCE of ca. 0.2%; the fill 

factor (FF) of 0.27 and low JSC of 1.33 mA cm−2 caused by the narrow absorption range of 

donor 4 drastically limited the device performance.[54] Similarly, a series of tetrakis 

oligothienylsilanes were developed. Compound 5 exhibited a modest PCE of ca. 0.29% 

because of the poor FF of 0.24. In other studies, the PCE was pushed to over 1.0% by 

modified molecules 6 and 7 with an extended π-conjugation and absorption range.[55,56] 

Certain dendritic oligothiophenes were designed and tentatively employed as donor materials. 

In 2009, Bäuerle et al. reported a branched oligothiophene salt, MePy+-21T (9), bearing a 

methylpyridinium terminal group. Considering that the VOC of 9:PC61BM-based BHJ OSCs 

was merely 0.6 V because of the high-lying highest occupied molecular orbital (HOMO) 

energy level of 9, the PCE was below 1%.[57] 

Another approach to soluble oligothiophenes is alkylation. Dissimilar to the 

construction of a three-dimensional (3D) or twisted structure, the attachment of flexible alkyl 

chains can enhance the solubility of molecules without sacrificing the planarity of the 

conjugated backbone or the intermolecular charge transfer from the electron-donating center 

to electron-withdrawing terminals. In 2008, Lanzi et al. synthesized an alkylated 

octithiophene, OCT (8); BHJ OSCs based on OCT films mixed with single-walled carbon 

nanotubes (SWCNTs, as acceptors) were prepared, and a PCE of 0.35% was realized.[58] Yu 



 

et al. synthesized an oligomer, MF, containing 16 regioregular conjugated thiophene rings 

and an electron-withdrawing thieno[3,4-b]thiophene center (10).[59] Molecule 10 exhibited 

wide-range light-harvesting with an absorption onset of film approaching 800 nm and a fairly 

good PCE of 1.46%. This shed light on the pivotal role of regioregular π-linkers in 

oligothiophene donors. In 2009, Chen et al. reported a series of oligothiophene donors, 

DCN3T (11), DCN5T (12), and DCN7T (13). The suitable energy levels and conjugation 

length of DCN7T (13) resulted in a well-balanced VOC of 0.88 V and JSC of 12.4 mA cm−2. A 

PCE of 3.7% was achieved using 13:PC61BM blends[60,61], which was among the best PCEs 

obtained for SP SM BHJ devices. DCN7T is historically recognized as one of the most 

important SM donor molecules. Its regioregular and axisymmetric A–π–D–π–A structure 

provides an excellent template for researchers and guided them toward efficient 

oligothiophene donors. 

In this period, it was observed that solution processing was gradually replacing 

vacuum deposition in device fabrication. For materials development, owing to the limited 

papers and designs for reference, most studies on oligothiophene donors were not inherited. 

They were based on the exploration of new structures, investigating their impact on the 

performance of OSC devices and using the feedback to improvise. As a Chinese proverb says, 

“cross the river by feeling the stones.” Fortunately, the right path was getting clearer. 

Rise: 2011–2015 



 

 

Figure 3. Representative oligothiophenes reported during 2011–2015 along with the device 

parameters and SubPc/SubNc-based NFAs mentioned in this section (circled with a green 

dashed line). 

 

From the second decade of the 21st century, the structure modification of 

oligothiophene donors became more concentrated and purposeful. Bäuerle et al. 

systematically investigated DCV end-capped oligothiophenes. Derived from DCV6T (3), 

DCV6T-Bu (14) was synthesized and used in VP PHJ OSCs.[62] Owing to a further 

decreased VOC of 0.81 V and JSC of 4.0 mA cm−2, a low PCE of ca. 2.1% was obtained, 

indicating the importance of the location of alkyl substituents. Comparatively, by adding 

different alkyl groups to the DCV end-capped quaterthiophene, the PCE of the VP BHJ OSCs 

improved from 1.5 (15) to 2.2 (17) and 3.8% (1).[63,64] After attempting to use 

hexathiophenes (3 and 14) and tetrathiophene (15–17), DCV end-capped pentathiophenes (2) 

were concluded to be better. In 2012, by shortening the n-butyl to methyl groups and tuning 

the locations of alkylation, Bäuerle et al. synthesized three methyl-substituted analogs of 

DCV5T (18–20).[65] Owing to the shortened alkyl groups, all three donors exhibited close π-

stacking and red-shifted ultraviolet–visible (UV–VIS) absorptions in thin films, compared 



 

with that of DCV5T (2). Among them, 20:C60 blends led to a high PCE of ca. 6.9% with a 

VOC of 0.95 V, JSC of 11.5 mA cm−2, and FF of 0.63, which were one of the highest values to 

date for SM donor-based OSCs. In addition, Bäuerle et al. studied the heteroatom effect on 

the performance of DCV series. Based on the DCV5T molecule (2), different numbers of 

thiophene were replaced by selenophene to form three new donors (21–23).[66] However, as 

the number of selenophenes increased, the corresponding VOC declined from 1.02 (2) to 0.95 

V (23), and the three donors exhibited an inferior PCE, compared with that of the DCV5T in 

the VP BHJ OSCs fabricated with a C60 acceptor. 

Using fullerene derivatives as acceptors, the light-harvesting of OSCs mainly 

depended on the absorption of donor molecules. Therefore, broadening the absorption range 

of oligothiophene donors and improving the JSC was effective for obtaining high PCEs. Fused 

thiophenes, capable of elevating the HOMO energy level, narrowing the bandgap of 

corresponding semiconductors, and facilitating charge transport (CT) with a coplanar rigid 

structure, were aroused in the molecule engineering of oligothiophene donors.[67] In 2014, 

Bäuerle et al. reported the synthesis and characterization of three DCV-substituted S,N-

heteropentacene donors (24–26).[68] Single-junction VP BHJ OSCs fabricated with propyl-

attached 24 and C60 exhibited a PCE of ca. 6.5%, owing to the enhanced JSC of 10.2 mA cm−2 

and an excellent FF of 0.69. They introduced 1-(1,1-dicyanomethylene)-cyclohex-2-ene 

(DCC), a new terminal group, to the S,N-heteropentacene core to extend the conjugation 

(28).[69] A branched alkyl group (2-ethylhexyl) was attached to the fused-ring core to 

enhance the solution processability of 28, and the absorption onset of 28 was successfully 

extended to nearly 800 nm. The SP 28:PC61BM-based BHJ OSCs exhibited a PCE of ca. 4.9% 

with a VOC of 0.88 V and JSC of 10.8 mA cm−2, which was considerably higher than its DCV 

end-capped counterpart, 27 (PCE of ca. 3.1%). 



 

Other simple fused thiophene derivatives were adopted in a donor design to balance 

the facile synthesis and narrow bandgap. Bäuerle et al. synthesized two dithienopyrrole 

(DTP)-based SM donors, 29 and 32; the only difference was the orientation of hexyl groups in 

bithiophene linkers.[70] This marginal structural tweak led to distinct photophysical and 

electrochemical properties and a huge PCE gap between the two molecules. The SP 

29:PC61BM-based BHJ OSCs exhibited a PCE of ca. 4.8% with a VOC of 0.83 V, JSC of 8.8 

mA cm−2, and FF of 0.66, the 35:PC61BM binary exhibited a low PCE of ca. 0.8% with 

overall reduced parameters (0.72 V, 3.4 mA cm−2, and 0.33). Afterward, a thorough 

investigation was conducted to elucidate the alkyl group–performance relationship of the 

DTP-based SM donors. By tuning the branched alkyl chains in the DTP core and the 

orientation of the hexyl groups in the bithiophene linkers, six DTP-based oligothiophene 

donors were synthesized (29–34).[71] All donors were implemented in SP BHJ OSCs 

demonstrating PCEs between ca. 4.4 and 6.1%. Noteworthily, the influence of solvent vapor 

annealing (SVA) on the morphology of the photoactive layers was systematically investigated, 

suggesting that exposure to chloroform (CF) vapor reorganized the D:A blend, which 

increased the absorption and crystallinity of the SM donor, optimizing the morphology and 

performance. For donor 34, the as-cast BHJ OSC of 34:PC61BM exhibited a PCE of ca. 1.1% 

with a VOC of 0.817 V, JSC of 4.1 mA cm−2, and FF of 0.32. After 90 s of SVA in CF vapor, a 

surge in the three parameters (0.843 V, 1.0 mA cm−2, and 0.72) largely enhanced the PCE to 

ca. 6.1%. 

Similar to DTP, dithienosilole (DTS) and cyclopentadithiophene (DTC) have been 

used as electron-rich cores. In 2011, Chen et al. reported a DTS-centered, octyl cyanoacetate 

end-capped donor, DCAO3TSi (35).[72] BHJ devices based on DCAO3TSi demonstrated a 

PCE of ca. 5.84% along with a noticeably high FF of 0.64. Four years after, DR3TDTS (37), 

the modified version of DCAO3TSi, pushed the PCE to over 8%, while a PCE below 1% was 

observed for the DTC-based analog, DR3TDTC (36).[73] The improved PCE of 37 was 



 

attributed to the use of 3-ethylrhodanine-based terminal groups and an updated posttreatment 

procedure (thermal annealing (TA) + SVA). 

It was noteworthy that, in 2014, when the development of materials and OSC devices 

moved to solution processing, Knops et al. reported an old insoluble molecule, α-6T (38), 

which achieved a new record in VP PHJ OSCs.[74] Using subphthalocyanine (SubPc) and 

subnaphthalocyanine (SubNc) as electron acceptors (Figure 3), a three-layer device of 

38:SubNc:SubPc was fabricated and tested. Attributable to the long-range Förster resonance 

energy transfer (FRET) and exciton transfer from the outer SubPc to the middle SubNc layer, 

an extremely high PCE of ca 8.4% was achieved for NFA-based OSCs. Although they 

adopted relatively outdated vacuum processes, these studies revealed the unparalleled 

advantages of NFAs. 



 

 

Figure 4. Development and device parameters of donors based on regioregular octylated 

oligothiophenes. 

 

According to previous studies, the highest PCE achieved by single-junction OSCs was 

reported to be close to 11% during 2011–2015.[75,76] It would be inappropriate to conclude 

that oligothiophenes had risen only by the PCEs of less than 9% that are previously described. 

The PCE breakthroughs of oligothiophenes were induced using donors containing 

regioregular octylated segments (Figure 4). 



 

In 2011, Roncali et al. reported a thiobarbituric (TB) end-capped septithiophene 

(39).[77] Although it exhibited a narrower bandgap and red-shifted absorption spectrum, 

compared with those of DCN7T (13), the PHJ OSCs of 39:C60 exhibited an inferior PCE of ca. 

0.36% with a simultaneously decreased VOC of 0.51 V and JSC of 2.16 mA cm−2 (vs. PCE of 

ca. 1.64% for DCN7T:C60). Subsequently, Chen et al. reported a series of cyanoacetate end-

capped septithiophenes (40–42).[78] These three donors demonstrated high PCEs above 4.5% 

for SP BHJ OSCs. For the octyl cyanoacetate end-capped DCAO7T (41), a PCE of ca. 5.08% 

with a satisfactory VOC of 0.86 V, JSC of 10.74 mA cm−2, and FF of 0.55, was achieved based 

on 52:PC61BM blends without posttreatment. By incorporating fluorinated alkyl cyanoacetate 

as terminal groups, Chen et al. synthesized two end-fluorinated oligothiophenes, DCAE7T-F1 

(43) and DCAO7T-F7 (44).[79] For DCAE7T-F1, the optimized BHJ OSC devices fabricated 

with PC61BM exhibited a PCE of ca. 2.26% with a VOC of 0.83 V, JSC of 5.50 mA cm−2, and 

FF of 0.50. Compared with DCAE7T (40, ca. 4.46%), the inferior performance of DCAE7T-

F1 could probably be attributed to the excessive D:A phase separation in the blends, which 

might be due to the aggregation of fluorinated end groups.[80] For DCAO7T-F7, its high 

lipophobicity prevented its use in BHJ devices. 

From DCN7T (13) to DCAO7T (41), the enhanced PCE was mainly attributed to the 

drastically improved FF of DCAO7T (0.55, vs. 0.34 for DCN7T), and a JSC of 10.74 mA cm−2, 

vs. 12.4 mA cm−2 for DCN7T. To enhance the PCE of oligothiophenes based on DCAO7T, it 

was important to increase the JSC without sacrificing VOC or FF. In 2012, Chen et al. 

introduced a new terminal unit, 3-ethylrhodanine, into an octylated septithiophene and formed 

a new donor molecule, DERHD7T (45).[81] Compared with DCAO7T, DERHD7T exhibited 

a red-shifted absorption and higher molar absorption coefficient, owing to the introduction of 

rhodanine units; its better light-harvesting capability was successfully expressed in its higher 

JSC and PCE values. The as-cast BHJ OSCs based on 45:PC61BM exhibited a PCE of ca. 6.1% 

with a simultaneously enhanced VOC of 0.92 V and JSC of 13.98 mA cm−2. This demonstrated 



 

the huge potential of regioregular octylated oligothiophene-based donors and terminal-group 

tuning. These studies greatly impacted molecule design strategy; rhodanine derivatives are 

popular in high-performance SM photovoltaic materials.[82-84] 

To screen better terminal groups, various units such as dimerized rhodanine (46), 

barbituric (47), and derivatives of 1,3-indandione (48–50) have been attached to the octylated 

septithiophene to build donor molecules.[85,86] None surpassed the PCE of DERHD7T. The 

1,3-indandione end-capped donor, DIN7T (49), exhibited a relatively better performance. The 

as-cast BHJ OSCs based on 49:PC61BM exhibited an excellent FF of 0.72. However, owing 

to the decreased JSC (8.21 mA cm−2) and VOC (0.80 V), the PCE was only ca. 4.71%. After 

using 0.3 mg mL−1 polydimethylsiloxane (PDMS) as an additive, the JSC slightly increased to 

8.56 mA cm−2, but the PCE remained below 5%. In addition to septithiophene, Chen et al. 

investigated the impact of terminal groups on octylated pentathiophenes. According to 

previous results on septithiophenes, three promising units (octyl cyanoacetate, 3-

ethylrhodanine, and 1,3-indandione) were employed to build the corresponding 

pentathiophene donor (52–54).[87] As observed with septithiophenes, rhodanine-flanked 

DERHD5T (54) exhibited the best performance for BHJ OSCs based on 54:PC61BM with a 

PCE of ca. 4.63% (VOC of 1.02 V and JSC of 9.26 mA cm−2). 

The existing terminal units appeared incapable of breaking oligothiophene through the 

PCE bottleneck; therefore, creating new terminal groups became inevitable. In 2014, Chen et 

al. reported a dicyanomethylene substituted rhodanine (RCN) and corresponding RCN 

flanked donor, DRCN7T (51).[88] Regarding the use of classic DCV groups, the RCN was 

expected to reduce the bandgap of DRCN7T based on DERHD7T (45) and enhance electronic 

coupling between neighboring molecules, which would promote crystallization and facilitate 

CT.[54] This small change in structure turned good (DERHD7T) to excellent (DRCN7T). 

Using PC71BM as an electron acceptor, DRCN7T-based devices exhibited a PCE as high as 



 

ca. 9.30% with an essentially improved FF of 0.69 and JSC of 14.87 mA cm−2. After 

discovering RCN, Chen et al. verified the optimal conjugation length and configuration of 

regioregular octylated oligothiophenes. A series of SM donors with the same terminal groups 

(RCN), similar backbones, different conjugation lengths, and spatial symmetry were designed 

and synthesized.[89] The donor molecule containing an odd number of thiophenes (DRCN5T 

(55), DRCN7T (51), and DRCN9T (58)) exhibited considerably higher PCE values than those 

containing an even number of thiophenes (DRCN6T (56) and DRCN8T (57)). Unexpectedly, 

the RCN group worked best with the pentathiophene backbone. The BHJ OSCs based on 

55:PC71BM exhibited a PCE of ca. 10.10%. This is one of the highest PCEs reported for SM 

donors, thereby rendering the oligothiophene donor parallel to top polymer donors. 

During 2011–2015, oligothiophene donors flourished, and the PCEs escalated from 

below 4% to over 10%. This development was attributed to the effort of molecule designers 

and constant innovations in device optimization (posttreatment methods, functional additives, 

electrode interfacial modifications, etc.). The emergence of DRCN5T/DRCN7T and their 

outstanding performance rendered oligothiophenes the protagonist of all SM donors. However, 

this did not last. Owing to the rise of other SM donors, recurring PCE bottleneck, and birth of 

the new era inaugurated by NFAs, oligothiophenes gradually faded away. 

Plateau: 2016–2020 

In January 2015, Zhan et al. published a paper reporting an NFA molecule, ITIC 

featured with an indacenodithieno[3,2-b]thiophene (IDTT)-based fused-ring core and 2-(3-

oxo-2,3-dihydroinden-1-ylidene)malononitrile (INCN) terminal groups (Figure 5).[18] 

Although many NFAs have been previously published, ITIC essentially changed the entire 

field of OSC research.[90,91] Compared with traditional fullerene-based acceptors, ITIC 

represented NFAs with unique advantages, including highly variable molecular structures 

with easily tunable photophysical and electrochemical properties, broadened and enhanced 



 

absorption in the visible and near-infrared (NIR) regions, and low driving force for charge 

separation.[92] OSC research officially entered a new era. Unfortunately, dissimilar to 

competitive SM donors that quickly adapted to NFAs and exhibited significantly improved 

PCEs, oligothiophene donors and NFAs experienced a long and painful run-in period. In 

fullerene systems, the PCE bottleneck reappeared for oligothiophene donors. 

 

Figure 5. Representative oligothiophenes reported during 2016–2020 with the device 

parameters and other NFAs mentioned in this paper (circled with a green dashed line). 

 

After achieving a PCE exceeding 10%, researchers sought promising structures of 

oligothiophenes in fullerene systems. Based on previously reported DTP-centered donor, 33, 

Mishra et al. synthesized a 1,3-indandione end-capped analog, 59.[93] By adopting the two-

step annealing (TA followed by SVA), the SP BHJ OSCs of the 59:PC71BM binary exhibited 

a PCE of ca. 8.22% with a well-balanced VOC of 0.86 V and JSC of 14.06 mA cm−2. In 

polymer donor designing, halogenation, particularly fluorination, has been widely used 

because it was confirmed that fluorination is an effective pathway to tune the intramolecular 



 

and/or intermolecular interactions of the conjugated backbone of polymer donors, thereby 

affecting their photovoltaic performance.[94-96] Adopting the fluorination strategy, Chen et 

al. synthesized two backbone fluorinated molecules, DRCN6T-F (60) and DRCN6T-F (61) in 

2016.[97] Compared with their nonfluorinated counterparts, DRCN6T (56) and DRCN8T 

(57), 60 and 61 exhibited enhanced intermolecular interactions and deepened HOMO energy 

levels, which were attributed to the improved VOC. However, owing to the drastically 

declining JSC, the device performance based on 60:PC71BM and 61:PC71BM were merely ca. 

2.26 and 5.07% (vs. 6.33% for DRCN6T and 6.37% for DRCN8T), respectively. Peng et al. 

reported a fluorinated donor, TTF-D3TRh (63) in 2016.[98] The fluorination endowed TTF-

D3TRh with a lower HOMO level, better molecular stacking, and higher mobility, compared 

with those of nonfluorinated TTH-D3TRh (62). The as-cast BHJ OSCs based on 63:PC71BM 

exhibited a satisfactory PCE of ca. 5.80%. After employing the inverted device architecture, 

the corresponding OSCs exhibited largely elevated PCEs of ca. 7.14% for donor 77. 

By examining the parameters of oligothiophene:fullerene-based OSCs (Figures 2–5), 

to break the PCE ceiling of oligothiophene donors, the relatively low JSC (< 16 mA cm−2) was 

the “shortest board” that needed urgent attention. To broaden the absorption and light-

harvesting range of the D:A blend and enhance the corresponding JSC, researchers naturally 

turned to NFAs, which exhibit strong NIR absorption. In 2017, Wang et al. combined 

DRCN5T (55) with a perylene diimide (PDI)-based NFA, TPH, to fabricate the all-SM (ASM) 

OSCs.[99] With simple TA, the devices exhibited a PCE of ca. 6.16% with a high VOC of 1.04 

V but medium JSC of 11.59 mA cm−2. Although this PCE was among the highest for NFA-

based ASM OSCs to date, it was considerably worse than that of the DRCN5T:PC71BM 

binary. Next, Chen et al. employed a series of ITIC-derived NFAs to fabricate ASM OSCs 

with DRCN5T. In 2018, three NFAs, IDIC8-M, IDIC8-H, and IDIC8-F with an alkylated 

indaceno[1,2-b:5,6-b']dithiophene (IDT) unit as the central core and INCN or its derivatives 

as terminal groups were synthesized as NFAs to construct ASM OSCs with DRCN5T.[100] 



 

The fluorinated IDIC8-F exhibited a red-shifted absorption spectrum, compared with the 

other counterparts, and was more complementary with the absorption range of DRCN5T. The 

devices based on DRCN5T:IDIC8-F demonstrated the best PCE of ca. 8.42% with a high JSC 

of 15.21 mA cm−2. Subsequently, Chen et al. reported another series of NFAs (F-0Cl, F-1Cl, 

and F-2Cl) with an alkylated fluorine core and INCN or its chlorinated derivatives as terminal 

groups, and the devices were obtained from the DRCN5T:F-2Cl binary.[101] Compared with 

the DRCN5T:IDIC8-F combination, DRCN5T:F-2Cl exhibited overall enhanced parameters 

in ASM OSC devices (Table 4). Consequently, a high PCE of ca. 9.89% was obtained for 

oligothiophene-based NFA OSCs, which was inferior to the performance of the 

DRCN5T:PC71BM binary. 

 

Figure 6. Synthetic routes of benzodithiophene (BDT) donor, BTR (top), and oligothiophene 

donor, DRCN7T (bottom). 

Oligothiophene donors were being developed to improve their PCE; however, 

competitors had already risen with the help of NFAs. Derived from fused thiophenes and 

emerging in the late 2000s, benzodithiophene (BDT) is one of the most successful building 

blocks in the design of high-performance organic photovoltaic materials.[102,103] As a 

latecomer, BDT-based SM donors did not demonstrate conspicuous advantages in 

performance in the era of fullerene acceptors. In 2015, Jones et al. reported a representative 



 

BDT-based SM donor, BTR.[104] The SP BHJ OSCs based on BTR:PC71BM demonstrated a 

high PCE of ca. 9.3% with an excellent JSC of 13.40 mA cm−2 and FF of 0.77, which was 

identical with the PCE of the DRCN7T:PC71BM binary. As observed from the structures and 

synthetic routes of BTR and DRCN7T (Figure 6), although they shared extremely similar -

linkers, terminal groups, and photovoltaic performance in fullerene systems, the facile 

synthesis of the central unit significantly decreased the time cost and raw material cost when 

synthesizing DRCN7T. 

Regrettably, the situation has changed since NFAs arose. When DRCN5T was 

reported to work with TPH and exhibited a medium PCE of ca. 6.16%, the BDT-based SM 

donor had achieved a PCE of over 10% in IDIC-based BHJ OSCs[105]. Before the PCE of ca. 

9.89% was achieved using the DRCN5T:F-2Cl binary, the PCE of the BDT SM donor and 

NFA binary already surpassed 11% with a high JSC of over 18 mA cm−2.[106] After the star 

NFA, Y6, was invented, the PCE gap between BDT donors and oligothiophenes widened.[21, 

82, 107-109] Oligothiophenes suffered repeated failures in NFA systems while BDT donors 

improved the PCE of ASM OSCs. As a result, oligothiophene was stuck in limbo, and BDT-

based structures were preferred when developing new SM donors. This situation led to serious 

homogeneity in developing high-performance SM and severely constrained the innovation 

and development of photovoltaic materials. 

In 2019, our group reported a centrally fluorinated analog of DRCN5T, D5T2F-P 

(64).[110] Compared with DRCN5T, the fluorinated donor exhibited deepened HOMO 

energy levels, broadened bandgap, and ordered molecular packing. The devices fabricated 

with 64:PC71BM led to a PCE of ca. 8.30% with an unexpectedly high VOC of 1.08 V. 

Although the PCE of 64 was limited by the decreased JSC (11.9 mA cm−2) attributed to the 

narrowed absorption, compared with DRCN5T, the outstanding VOC and blue-shifted 

absorption spectrum rendered it promising for cooperation with ITIC-like NIR NFAs. 



 

Afterward, based on D5T2F-P (64), our group reported two other difluorinated isomers, 

(D5T2F-S (65) and D5T2F-T (66)), to investigate the positional isomeric effect of fluorine 

substitution on performance variations of NFA-based OSCs.[111] The introduction of fluorine 

was demonstrated to affect the photophysical, electrochemical, and aggregation properties of 

the donor molecules, compared with the nonfluorinated DRCN5T. Importantly, the locations 

of fluorine substitution significantly influenced the conformer disorder, donor–acceptor 

complex binding energy, and exciton binding energy, causing distinct variations in the device 

performances of the three isomer-based NFA OSCs. Combined with IDIC-4F, the highest 

PCE of ca. 9.36% with a JSC of 16.85 mA cm−2 and VOC of 0.86 V was achieved using 

64:IDIC-4F-based devices, which exhibited simultaneously enhanced properties, compared 

with those of DRCN5T:IDIC-4F-based devices (PCE of ca. 8.02%, JSC of 15.74 mA cm−2, 

and VOC of 0.76 V). 

This previous study appeared to be the “silver lining” in the development of 

oligothiophene donors. Although there was a wide PCE gap between the BDT donor (PCE, 

approximately 15%) and oligothiophene (PCE, approximately 10%), at least central 

fluorination appeared to be a feasible pathway to design better donors than DRCN5T in NFA 

systems. Our group reported another SM donor, DC5T (67) along with its fluorinated 

counterpart, 2FDC5T (68).[112] Compared with DRCN5T/D5T2F-P, the only structural 

difference of DC5T/2FDC5T was the use of the dialkylated thienyl unit. Similarly, the 

fluorinated donor, 68, exhibited better performances in NFA-based BHJ OSCs, compared 

with that of 67. A PCE of ca. 9.02% was achieved using the 67:IDIC-4F binary with a 

satisfactory VOC of 0.92 V and JSC of 17.53 mA cm−2. 

Subsequently, our group synthesized 2F7T (69), the centrally difluorinated analog of 

DRCN7T, and used it to fabricate NFA-based OSCs.[113] With Y6, a PCE of ca. 9.41% was 

exhibited with a satisfactory JSC of 21.45 mA cm−2, medium VOC of 0.80 V, and FF of 0.548. 



 

Inspired by studies on chlorinated donors and NFAs, our group synthesized a centrally 

chlorinated donor, 2Cl7T (70). When 2Cl7T was combined with Y6, a high PCE of ca. 11.45% 

was exhibited with a well-balanced VOC of 0.85 V, JSC of 19.27 mA cm−2, and FF of 0.701. 

Apart from a deeper HOMO energy level, 2Cl7T exhibited optimal balance between 

crystallinity and miscibility with Y6 in blend films, compared with the other two counterparts 

(DRCN7T with a PCE of ca. 2.5% and 69). 

From 2016 to 2020, the rise of NFAs and the decline of oligothiophenes occurred. 

Fortunately, at the beginning of the second decade of the 21st century, the bottoming out of 

oligothiophenes commenced. In state-of-the-art NFA systems (Y6, eC9-4F, etc.), it could be 

speculated that instead of the traditional A–π–D–π–A structure (DRCN7T), the A–π–A’–π–A-

featured septithiophene (2Cl7T) was probably a more suitable design for high-performance 

donors. Although they lagged far behind top BDT-based SM donors in terms of the PCE, the 

revival of oligothiophenes was anticipated. 

Revival: new design and new role 



 

 

Figure 7. New design strategies for high-performance oligothiophene donors/acceptors with 

the device parameters and polymer donors mentioned in this paper. 

a Characterized under 80 mW cm−2 white light illumination. 

 

The development of 2F7T (69) and 2Cl7T (70) provided guidelines for the 

development of oligothiophene-based donors with superior device performance. Based on the 

structure of 2Cl7T, another A–π–A’–π–A-structured oligothiophene, Tz6T (71), was 

synthesized. Owing to the introduction of unsymmetric chlorinated thiazole, a more electron-

negative moiety than dichlorothiophene, 71 demonstrated blue-shifted absorption spectra, 

deepened HOMO levels, and improved crystallinity, compared with those of its predecessor, 

70.[114] After use as donor material in the OSCs with an NFA, eC9-4F[115], a PCE of 15.4% 

was achieved using the 71:eC9-4F binary with a VOC of 0.863 V, JSC of 25.1 mA cm−2, and 

FF of 0.709. Under the same conditions, the 70:eC9-4F binary exhibited a considerably low 



 

PCE of ca. 12.55%. This result narrowed the PCE gap between oligothiophenes and BDT 

donors and confirmed that oligothiophenes were promising candidates for scale-up 

productions and applications of OSCs (Figure 8). 

 

Figure 8. Comparison of the PCEs achieved using oligothiophene donor and BDT donor-

based binary OSCs in the last six years with the aforementioned molecules.[89, 106, 107, 113, 114, 116, 

117] 

Apart from traditional electron donors, oligothiophene-based acceptors were 

revitalized in the second decade of the 21st century. Although to play a relatively obscure role 

in OSCs, the oligothiophene-based acceptors had already been reported in the mid-2000s. 

Camaioni et al. reported a series of oligothiophene-S,S-dioxides (72–74) and investigated 

their photovoltaic properties as electron acceptors in SP BHJ OSCs.[118-120] However, these 

materials exhibited only negligible PCEs (< 0.1%) with a nearly undetectable JSC (< 10−3 mA 

cm−2). In 2006, Bäuerle et al. reported a DCV end-capped terthiophene, DCV3T (75).[121] 

With an electron donor, N,N,N',N'-tetraphenyl[1,1':4',1'':4'',1'''-quaterphenyl]-4,4'''-diamine 

(4P-TPD), 75-based devices exhibited a satisfactory PCE of ca. 1.63%; 75 cooperated with 

more electron-negative C60 and functioned as an electron donor. The corresponding PHJ 

OSCs exhibited a comparable PCE of ca. 1.69%. This demonstrated that it was unprofitable to 

categorize an organic semiconductive molecule as an electron donor or acceptor isolatedly; it 

depended on the HOMO/LUMO energy levels of the counterpart. 



 

In the next 10 years, owing to the unmatched performance of fullerene acceptors, the 

oligothiophene-based acceptors received minimal attention. In 2017, Chen et al. demonstrated 

that SM donors, DRCN3TT (76) and DRCN5TT (77), could function as electron acceptors. 

With classic polymer donors, P3HT and PDCBT, 90 exhibited PCEs of ca. 3.55 and 4.08%, 

respectively.[122] Our group synthesized two highly fluorinated oligothiophenes, D5T6F-M 

(78) and D7T8F-M (79).[123] Owing to the introduction of multiple fluorine atoms, these two 

molecules exhibited highly deepened HOMO/LUMO energy levels, which made them 

capable as wide bandgap acceptors. The BHJ OSCs based on 78 and a low bandgap polymer 

donor, PTB7-Th, exhibited a PCE of ca. 4.5% with a high VOC of 1.05 V, and the devices of 

79:PTB7-Th exhibited an inferior PCE of ca. 1.8% because of their more rigid structure and 

consequent poor solubility. In 2019, Lim et al. synthesized a rhodanine-flanked bithiophene, 

T2-ORH (80).[124] With this low cost wide bandgap NFA, a high PCE of ca. 9.33% with a 

VOC of 1.07 V and JSC of 14.72 mA cm−2 was achieved using PTB7-Th-based OSCs under 

simple additive-free fabrication conditions. This study demonstrated the best result of 

oligothiophene-based acceptors to date and attracted attention to these long-forgotten NFAs. 

In 2020, inspired by previous studies on ITIC-derived and oligothiophene-based NFAs, 

Bo et al. reported the De Novo design of two tetrathiophene-based NFAs with completely 

nonfused structures.[125] Attached to isomeric phenyl side chains, o-4TBC-2F (81) and m-

4TBC-2F (82) exhibited distinct properties; the former had a planar backbone and exhibited a 

more ordered molecular orientation and stacking in the films after TA, while the latter had a 

twisted structure and did not respond to TA. Owing to the better CT endowed by the structure 

of 82, a PCE of ca. 10.26% was achieved using the PBDB-T:82 binary with a high JSC of 

20.48 mA cm−2, while the PBDB-T:81 binary exhibited a low PCE of ca. 2.63%. Afterward, 

Hou et al. reported the optimized versions of NFA 82, A4T-16 (83), A4T-21 (84), and A4T-

23 (85) in 2021.[126] By tuning the phenyl groups in the central bithiophene unit and the 

branched alkyl group in the adjacent thiophenes, three oligothiophene NFAs exhibited 



 

different optoelectronic properties. The corresponding optical bandgap varied from 1.43 eV 

(for 85) to 1.66 eV (84). Using a 2,4,6-trimethylphenyl substituent and a 2-ethylhexyl alkyl 

group, the resulting NFA, 83, exhibited the best balanced intramolecular CT and 

intermolecular packing. Thus, the PM6:83-based OSCs exhibited a PCE of ca. 15.2%, which 

was the highest value achieved for devices based on oligothiophene-based NFAs. It paved the 

way for the design of low cost high-performance nonfused NFAs. 

Overall, after over five years of investigating and exploring, oligothiophene-based 

photovoltaic materials have begun to attract attention because of unrelenting innovations in 

molecular designs and the consequent revival of oligothiophene donors and acceptors. 

Relevant studies are ongoing. 

Summary and outlook 

Herein, the phylogeny of oligothiophene-based organic photovoltaic materials, 

particularly the development process of electron donors, has been revisited. PCEs exceeding 

15% have placed oligothiophene donors/acceptors at the forefront of SM donors/acceptors, 

but the high PCEs that approach or exceed 20% are strongly desirable for research and 

industrial communities. After reviewing these reported molecules, new inspirations were 

obtained from the perspective of molecular engineering as follows: 

(1) For oligothiophene donors, it was observed that compared with the classic A–π–D–

π–A design, adopting the A–π–A’–π–A configuration was more effective for synthesizing 

high-performance oligothiophene donors. Moreover, combining DFT calculations and the 

experimental characterization results of Tz6T, the following semiempirical rules can be 

summarized for the further improvement of oligothiophene donor-based OSCs: 

First, introducing a certain electron-withdrawing moiety as the central unit of the 

oligothiophene is important. It can reduce the HOMO energy level of the donor, enhance the 



 

VOC of devices, and generate a repulsion force to the electron-negative terminal groups of 

commonly used NFAs, which leads to reduced charge recombination. Judging from the 

HOMO energy levels of Tz6T (−5.35 eV) and NFA eC9-4F (−5.77 eV), a considerable gap 

exists between this D/A combination, which could be used to scavenge additional VOC. 

Secondly, apart from inserting an electron-withdrawing functional group, the unsymmetric 

central unit could reinforce the intramolecular CT feature of the donor, which would facilitate 

charge separation. Finally, a carefully selected NFA is as pivotal as a delicately designed 

donor for the PCE enhancement. When optimizing Tz6T-based devices, our group started 

with the most adopted NFA, Y6. However, the Tz6T:Y6 blends only exhibited a PCE of ca. 

13.55%. During the following study, we attempted to use other Y6-derived NFAs, such as Y7, 

BTP-eC9, and L8-BO (Figure 5). Fortunately, the most compatible NFA, eC9-4F, and more 

inspiring and enlightening results were obtained. 

(2) For oligothiophene acceptors, although relevant studies have just commenced, 

which are unable to challenge the dominant position of Y-series NFAs presently, enormous 

potential exists in these newcomers. For A4T-16 (97), the bandgap is approximately 1.45 eV, 

and the absorption onset of thin films is ca. 855 nm, which is far from ideal, compared with 

Y-series NIR NFAs (for Y6, the bandgap is approximately 1.33 eV, and the absorption onset 

of the thin film is ca. 931 nm). If the light-harvesting range of A4T-16 and the corresponding 

JSC in devices can be increased while maintaining a satisfactory VOC and FF, the resulting 

PCEs would be extremely promising. Similarly, we believe that the screening of donor 

materials and a delicate morphology control of D:A blends (e.g., side chain adjustment of 

donor/acceptor and additive-induced miscibility tuning) are essential for improving the PCE. 

(3) In addition, owing to the emergence of high-performance oligothiophene acceptors, 

the combination of oligothiophene donor/acceptors, i.e., all-oligothiophene (AOT) OSCs has 

become a new research topic full of possibilities. With the potential of reducing the synthetic 



 

complexity and cost of ASM OSCs, AOT OSCs will be highly competitive if the 

corresponding PCEs are elevated to the state-of-the-art level (ca. 16% of ASM OSCs based 

on BDT donors and Y-series NFAs). 
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