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Bulk-heterojunction organic solar cells 
(OSCs) have been subjected to increasing 
interest due to their advantages of 
easy fabrication, low-cost, light-weight, 
mechanical flexibility, etc.[1] Extensive 
efforts have been made in materials and 
physical fundamental to develop high-
performance OSCs over the last two dec-
ades.[2] The active layer materials, namely 
donor (D) and acceptor (A), are crucial 
in the development of OSC, since their 
photovoltaic properties determine the limit  
on the maximum output of the devices.[3] 
Recently, nonfullerene acceptors have 
attracted much attention owing to their 
merits: i) strong absorption in visible or 
near infrared ray region to harvest sunlight 
efficiently and promise high short-circuit 
current density (JSC), ii) good energy level 
tunability to achieve high open-circuit 
voltage (VOC) and efficient exciton disso-
ciation simultaneously, and iii) diverse and 
facile chemical modification to control the 
structural properties, compared with tradi-
tional fullerene acceptors.[4] Among them, 

fused ring electron acceptors (FREAs) exhibit outstanding pho-
tovoltaic performance. FREA generally contains a fused ring 
donor unit with side chains attached to the bridging-carbon 
atom and hanged out of the molecular plane in the center, and 
two compact strong electron-withdrawing structures at both 
ends. The FREA possesses three traits as follows: 1) the fused 
ring donor unit affords a planar conjugated center to facilitate 
molecule packing and can effectively tune energy levels and 
absorption; 2) the side chains can not only ensure sufficient 
solubility for solution process, but also inhibit excessive aggre-
gation for fine morphology; 3) the electron-withdrawing struc-
ture at the end can bring about intense intramolecular charge 
transfer for small bandgap and induce strong intermolecular 
interaction for J-aggregation and high electron mobility.[5] As 
a result, numerous high-efficient FREAs have been developed 
and the power conversion efficiencies (PCEs) of the OSCs 
based on them have increased to over 14% recently.[6]

As discussed above, the fused ring donor unit in the center 
has an important influence on the electronic structure and 
intermolecular interaction of FREAs, thus impacting their 
photovoltaic performance. Most reported FREAs are based 
on rather simple fused aromatics, such as fluorene,[7] inda-
cenodithiophene,[8] naphthalene(cyclopentadithiophene),[9] 

Extending π-conjugation of donor units in fused ring electron acceptors 
(FREAs) promises to reinforce intramolecular charge transfer for smaller 
bandgaps, and enhances intermolecular interactions for higher charge mobility. 
Despite these advantages, power conversion efficiencies (PCEs) of FREAs with 
a large planar donor core are still below 12%. Herein, a fused decacyclic donor 
unit, IDC, is developed, and the FREA, IDCIC, whose optical bandgap is 
1.45 eV, is synthesized. The FTAZ:IDCIC-based organic solar cell (OSC) with a 
binary additive, chloronaphthalene and 1,8-diiodooctane (CN&DIO), affords a 
remarkable PCE of 13.58%, which is among the highest efficiencies of OSCs. 
The binary additive plays a crucial role in the morphology of FTAZ:IDCIC-
based OSCs. The addition of DIO promotes IDCIC to aggregate and enhances 
domain size and domain purity in FTAZ:IDCIC blend film for its poor 
solubility in DIO, while the addition of chloronaphthalene (CN) inhibits the 
aggregation, facilitates IDCIC to diffuse into the donor, and reduces domain 
size and domain purity for its excellent solubility in CN. The binary additive, 
CN&DIO, compromises the effect of the two; thus FTAZ:IDCIC-based OSCs 
with 0.25% CN&DIO obtain moderate domain size and high domain purity 
simultaneously, achieving the least charge recombination for the highest JSC 
(21.98 mA cm−2) and fill factor (FF) (71.03%).
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indacenodithieno[3,2-b]thiophene,[6a,10] and benzodi(cyclopen
tadithiophene).[11] However, these units suffer relatively weak 
electron-donating capability and intermolecular interaction, 
leading to relatively large bandgap (≧1.5  eV) and low elec-
tron mobility (10−5–10−4 cm2 V−1 s−1) for FREAs. It has been 
well established that extending the π-conjugation of fused ring 
donor unit in the FREA would improve its electron-donating 
capacity to reinforce the intramolecular charge transfer effect 
for smaller bandgap and enhance intermolecular interaction 
to facilitate molecular packing for higher charge mobility.[5,12] 
Therefore, it is necessary to develop FREAs with larger fused 
ring donor cores to further improve the PCE. Up to date, a few 
large fused ring donor units have been developed and used as 
building blocks to prepare FREAs, but most of OSCs based on 
them still suffer relatively low PCE (within 12%).[13] Motivated 
by these, we developed a fused decacyclic donor unit via fusing 
naphtho[1,2-b:5,6-b′]dithiophene with two thieno[3,2-b]thio-
phene and synthesized the FREA, IDCIC, (Scheme 1). The syn-
thesis, thermal stability, optical and electrochemical properties, 
and photovoltaic performance of IDCIC are discussed below. In 
addition, the effect of additive on the morphology and photo-
voltaic performance of FTAZ:IDCIC based OSCs is also inves-
tigated. The FTAZ:IDCIC based OSCs with a binary additive, 
CN&DIO, afford a remarkable PCE of 13.58% with high JSC 
(21.98 mA cm−2) and FF (71.03%), which is among the highest 
efficiencies of OSCs.[6c-f ]

The synthetic route of IDCIC is shown in Scheme 1 and the syn-
thetic details are presented in the Supporting Information. Com-
pound 1, ethyl 2-bromothieno[3,2-b]thiophene-3-carboxylate,  

was prepared according to the literature.[14] It was reacted with 
compound 2, (5,10-dihexylnaphtho[1,2-b:5,6-b′]dithiophene-
2,7-diyl)bis(trimethylstannane), via Pd-catalyzed Stille coupling 
to afford the intermediate 3. The addition of four equivalents 
of Grignard reagent to the ester groups in intermediate 3 fol-
lowed by an acid-mediated intramolecular dehydration Friedel–
Crafts reaction produced the fused decacyclic donor core, IDC. 
IDC was then deprotonated by n-butyllithium at −78 °C and 
subsequently quenched by dry N,N-dimethylformamide to 
give IDC-CHO. A Knoevenagel condensation between IDC-
CHO and 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)
malononitrile afforded the final product IDCIC in 82% yield. 
The chemical structures of intermediates and IDCIC were con-
firmed by NMR and mass spectra, as shown in Figures S1–S3 
in the Supporting Information. The thermal stability of IDCIC 
was determined by using thermogravimetric analysis, as shown 
in Figure  S4 in the Supporting Information. The decomposi-
tion temperature (Td, 5% wt loss) of IDCIC is 389 °C, indicating 
that it possesses splendid thermal stability.

The solution and thin-film absorption spectra of IDCIC were 
recorded on a UV–vis spectrophotometer and presented in 
Figure  1. The optical data are summarized in Table S1 in the 
Supporting Information. In solution, IDCIC exhibits a strong 
absorption in the region of 600–780 nm with a high maximum 
extinction coefficient of 3.3 × 105m−1 cm−1 at 719 nm (Figure S5, 
Supporting Information). From solution to thin film, the max-
imum absorption peak of IDCIC shows remarkable redshift 
from 719 to 766 nm with a broader absorption in 600–830 nm, 
indicating the compact molecular stacking in the solid state of 
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Scheme 1.  Synthetic route of IDCIC and chemical structure of the donor FTAZ.
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IDCIC. According to the absorption onsets, the optical bandgap 
of IDCIC is as small as 1.45  eV. The high-performance wide 
bandgap polymer, FTAZ,[15] was chosen as donor and it shows a 
strong absorption in the region of 400–600 nm, which comple-
ments well with IDCIC (Figure  1). The energy levels of IDCIC 
were measured by cyclic voltammetry (Figure  S6, Supporting 
Information). The onset potentials of oxidation (Eox

on) and reduc-
tion (Ered

on) for IDCIC are 0.39 and −1.08 V versus Fc/Fc+, respec-
tively. The highest occupied molecular orbital and lowest unoc-
cupied molecular orbital energy levels of IDCIC were calculated 
to be −5.19 and −3.72 eV, respectively. Thus, the electrochemical 
bandgap of IDCIC is 1.47 eV and very close to its optical bandgap.

The inverted OSCs with a structure of ITO/ZnO/
FTAZ:IDCIC/MoO3/Ag were fabricated to evaluate the photo
voltaic performance of IDCIC. The photovoltaic data, J–V 
curves and histograms of PCEs of the OSCs are collected in 
Table 1 and Figure 2, respectively. The FTAZ:IDCIC device with 
no additive affords a PCE of 9.64% with a VOC of 0.902 V, a JSC 
of 17.45 mA cm−2, and an FF of 61.20%. It has been confirmed 
that solvent additive can efficiently control the nanoscale mor-
phology of the active layer during the film formation.[16] 1,8-Dii-
odooctane (DIO) and chloronaphthalene (CN) were chosen as 
additives in FTAZ:IDCIC system, which are widely used in 
OSCs. The FTAZ:IDCIC device affords a similar PCE of 9.76% 
after adding 0.25% DIO. However, the PCE of the FTAZ:IDCIC 
device with 0.25% CN is enhanced to 11.81% with remarkably 
increased JSC (20.95 mA cm−2). It demonstrates that the selec-
tion of additive is very important to improve the photovoltaic 
performance of FTAZ:IDCIC-based OSCs. Furthermore, the 

PCE of FTAZ:IDCIC based OSC is significantly enhanced to 
13.58% with the highest JSC (21.98 mA cm−2) and FF (71.03%) 
by using a binary additive 0.25% CN&DIO (VCN:VDIO = 1:1). The 
external quantum efficiency (EQE) curves of the FTAZ:IDCIC-
based OSCs without or with additive are presented in Figure 2b. 
The FTAZ:IDCIC-based OSC with 0.25% CN&DIO gave the 
highest EQE with the maximum of 81.2% at 530 nm. The cor-
responding integral current densities for FTAZ:IDCIC based 
OSCs with no additive, 0.25% DIO, 0.25% CN, and 0.25% 
CN&DIO are 17.16, 16.87, 20.17, and 21.24 mA cm−2, respec-
tively, which match well with the JSC obtained from the J–V 
measurements (the errors are all within 5%).

The exciton/charge dynamics of the FTAZ:IDCIC-based 
devices without or with additive was investigated to explore the 
reason for the difference in their photovoltaic performance. 
The photoluminescence (PL) spectra of the FTAZ:IDCIC blend 
films with and without additive were measured to explore the 
charge separation behavior in the blends, as shown in Figure S7 
in the Supporting Information. The selected excitation wave-
length for FTAZ is 533  nm while that for IDCIC is 766  nm 
according to their maximum absorptions. When excited the 
donor FTAZ at a wavelength of 533 nm, the PL spectrum of the 
FTAZ neat film appears in 575–775  nm. For the blend films, 
their emissions are almost all quenched (by over 98%), indi-
cating effective electron transfer from FTAZ to IDCIC. For the 
acceptor IDCIC, its emission spectrum is located in the range 
of 780–870 nm when excited at a wavelength of 766 nm. For the 
blend films, PL spectra are quenched by 83% for FTAZ:IDCIC 
with no additive, 77% for FTAZ:IDCIC with 0.25% DIO, 90% 
for FTAZ:IDCIC with 0.25% CN, and 92% for FTAZ:IDCIC 
with 0.25% CN&DIO. Overall, the FTAZ:IDCIC-based device 
with 0.25% CN&DIO exhibits the most efficient charge sepa-
ration in the active layer. We studied monomolecular recombi-
nation in the FTAZ:IDCIC-based OSCs via treating their VOC 
as a function of Plight. VOC data were plotted against lnPlight 
(Figure  3a).[17] The slopes of FTAZ:IDCIC based OSCs with 
no additive, 0.25% DIO, 0.25% CN, and 0.25% CN&DIO 
are 1.37  ±  0.05 kT/q, 1.56  ±  0.06 kT/q, 1.15  ±  0.03 kT/q and 
1.20  ±  0.03 kT/q, respectively. The smaller slope indicates the 
less monomolecular recombination in the device. Thus, the  
addition of 0.25% DIO aggravates the monomolecular recombi-
nation, while the addition of 0.25% CN reduces it efficiently in 
the FTAZ:IDCIC based-OSCs. Their JSC as a function of incident 
light intensity, Plight, was also studied to explore bimolecular 
recombination in the active layers. The data were fitted to the 
power law: JSC ∝ Plight

α (Figure 3b).[18] α for the FTAZ:IDCIC-
based OSCs with no additive, 0.25% DIO, 0.25% CN, and 
0.25% CN&DIO are 0.952 ± 0.008, 0.999 ± 0.006, 0.918 ± 0.012, 
and 0.999 ± 0.009, respectively. As α is closer to 1, it implies the 
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Figure 1.  Absorption spectra of IDCIC in solution, and IDCIC and FTAZ 
as films.

Table 1.  Photovoltaic parameters of FTAZ:IDCIC solar cells without or with additive under AM 1.5G illumination at 100 mW cm−2. The average values 
and standard deviations of 20 devices are shown in parentheses.

VOC [V] JSC [mA cm−2] FF [%] PCE [%] JEQE [mA cm−2]

No additive 0.902 (0.917 ± 0.010) 17.45 (17.27 ± 0.44) 61.20 (57.41 ± 1.79)     9.64 (9.09 ± 0.34) 17.16

0.25% DIO 0.930 (0.925 ± 0.005) 17.17 (17.49 ± 0.33) 61.13 (59.14 ± 1.43)     9.76 (9.56 ± 0.14) 16.87

0.25% CN 0.864 (0.860 ± 0.005) 20.95 (21.25 ± 0.33) 65.24 (63.12 ± 1.12) 11.81 (11.55 ± 0.19) 20.17

0.25% CN&DIO 0.870 (0.865 ± 0.003) 21.98 (21.77 ± 0.18) 71.03 (69.58 ± 0.80) 13.58 (13.10 ± 0.26) 21.24
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less bimolecular recombination in the device. Thus, the addi-
tion of 0.25% DIO inhibits bimolecular recombination, while 
the addition of 0.25% CN deteriorates it in the FTAZ:IDCIC-
based OSCs. Furthermore, space charge limited current 
method was used to determine charge carrier mobilities of the 
blend films (Figure S8, Supporting Information). The electron 
mobilities of the FTAZ:IDCIC blend films with no additive, 

0.25% DIO, 0.25% CN and 0.25% CN&DIO are 6.5 × 10−5,  
7.7 × 10−5, 1.3 × 10−4, and 1.5 × 10−4 cm2 V−1 s−1, respectively, 
while the hole mobilities of the blend films with no additive, 
0.25% DIO, 0.25% CN, and 0.25% CN&DIO are 2.1 × 10−4,  
2.4 × 10−4, 2.8 × 10−4, and 3.0 × 10−4 cm2 V−1 s−1, respectively. 
Thus, the μh/μe of the FTAZ:IDCIC blend films with no addi-
tive, 0.25% DIO, 0.25% CN, and 0.25% CN&DIO are 3.2, 3.1, 
2.2, and 2.0, respectively. The highest and most balanced charge 
carrier mobilities for the blend film with 0.25% CN&DIO ben-
efit charge transport and high FF in the OSC. Based on the 
results above, it can be found that the binary additive CN&DIO 
combines the advantage of DIO and CN together. As a result, 
the FTAZ:IDCIC-based device with 0.25% CN&DIO exhibits 
the most efficient charge separation, least charge recombina-
tion and highest charge carrier mobilities, thus contributing to 
its highest JSC and FF in the OSC.

The morphology of the active layers based on FTAZ:IDCIC 
without or with additive was studied by atomic force micros-
copy (AFM), grazing-incidence wide-angle X-ray scattering 
(GIWAXS) and resonant soft X-ray scattering (R-SoXS). In 
the AFM height images (Figure  S9, Supporting Information), 
the root-mean-square (RMS) roughness of FTAZ:IDCIC blend 
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Figure 2.  a) J–V curves, b) EQE spectra, and c) histograms of PCEs of 
FTAZ:IDCIC-based OSCs without or with additive.

Figure 3.  a) Dependence of VOC and b) dependence of JSC on light inten-
sity for FTAZ:IDCIC-based OSCs without or with additive.
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films with no additive, 0.25% DIO, 0.25% CN, and 0.25% 
CN&DIO are 1.15, 1.84, 1.06, and 1.08  nm, respectively. As 
shown in the phase images (Figure  S9, Supporting Informa-
tion), there is no obvious phase separation in the FTAZ:IDCIC 
blend film with no additive while the FTAZ:IDCIC blend film 
shows large aggregations after adding 0.25% DIO. However, 
the FTAZ:IDCIC blend film with 0.25% CN exhibits clear phase 
separation with nanostructure, which increases the D/A inter-
face and benefits exciton dissociation for the improved JSC. 
Furthermore, after adding 0.25% CN&DIO, the FTAZ:IDCIC 
blend film has more subtle morphology with clearer phase 
separation, which contributes to the least charge recombina-
tion and highest JSC and FF in the OSC. GIWAXS was con-
ducted to investigate the molecular orientation and packing in 
the blend films.[19] All blend films prefer to face-on orientation 
relative to the substrates (Figure 4a). The π–π stacking peaks in 
the out-of-plane direction of FTAZ:IDCIC blend films without 
or with additive are all located at ≈1.70 Å−1, corresponding to 
the π–π stacking d-spacing of ≈3.69 Å (Figure  4b). The peaks 
located at ≈0.32 Å−1 in the in-plane direction are assigned to the 
(100) lamellar stacking scattering of FTAZ, corresponding to 
the lamellar stacking d-spacing of ≈19.36 Å, which is consistent 
with the neat FTAZ film in Figure S10 in the Supporting Infor-
mation. The peaks located at ≈0.39 Å−1 in the out-of-plane direc-
tion are attributable to the (100) lamellar stacking scattering 
of IDCIC, corresponding to the lamellar stacking d-spacing 
of ≈15.94 Å, as the neat IDCIC film (Figure  S10, Supporting 
Information). The lamellar stacking scattering peaks of IDCIC 
and FTAZ heighten for the blend film after adding 0.25% DIO, 
while both π–π and lamellar stacking scattering peaks descend 
for the blend film with 0.25% CN. For the FTAZ:IDCIC blend 
film with 0.25% CN&DIO, the intensities of π–π and lamellar 
stacking scattering peaks both increase. The coherence length 
(CL) of π–π stacking in the FTAZ:IDCIC blend films also shows 
the same trend. By adding 0.25% CN, the CL of FTAZ:IDCIC 

blend film remains at 1.61 nm, while a clear increment of CL 
(1.74 nm) can be observed in the blend film with 0.25% DIO. 
And the binary additive (0.25% CN&DIO) further improves 
the CL (1.78 nm), which indicates that the molecular stacking 
gets more ordered, thus benefiting charge transport in the 
OSC. R-SoXS was employed to obtain the phase separation 
information of the small molecule acceptors based blend 
films (Figure  5). In order to achieve an optimal material con-
trast, a series of photon energies were employed to measure 
the R-SoXS from 270 to 286.8 eV. For soft X-ray with different 
photon energy, each material shows different absorption ability 
according to the near edge X-ray absorption fine structure. At 
the absorption edge, an extreme spectra leap occurs and cre-
ates the maximal contrast for two materials. Herein, the photon 
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Figure 4.  a) 2D GIWAXS patterns for FTAZ:IDCIC blend films without or with additive. b) Corresponding GIWAXS intensity profiles along the in-plane 
and out-of-plane directions.

Figure 5.  R-SoXS profiles in log scale for FTAZ:IDCIC blend films without 
or with additive.
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energy of 284.8 eV was selected to detect the phase separation 
and present the best result.[20] The FTAZ:IDCIC blend films 
with no additive, 0.25% DIO, and 0.25% CN&DIO show hier-
archical morphology feature with phase separation domain 
sizes of 34.49/11.49 nm, 62.97/26.06 nm, and 33.58/11.49 nm, 
respectively, while the blend film with 0.25% CN exhibits mono 
length scale at 0.39 nm−1, corresponding to the domain size of 
16.10 nm. It is possible that the phase separation at the larger 
length scales is caused by the preaggregation of IDCIC in the 
solution. And the relative domain purities in the FTAZ:IDCIC 
blend films with no additive, 0.25% DIO, 0.25% CN, and 0.25% 
CN&DIO were calculated to be 0.90, 1.16, 0.73, and 1, respec-
tively. The big difference in morphology and photovoltaic per-
formance should be ascribed to the effect of the additives. The 
determined solubilities of IDCIC in chloroform, DIO, and CN 
at room temperature are 12.5, <0.1, and 23.3 mg mL−1, respec-
tively. The poor solubility in DIO for IDCIC promotes it to 
aggregate and enhances the domain size and domain purity, 
thus reducing bimolecular recombination but leading to the 
more severe monomolecular recombination. On the contrary, 
the excellent solubility in CN for IDCIC inhibits the aggrega-
tion, interferes molecular packing, and reduces the domain 
size and domain purity, thus affording more D/A interfaces 
and benefiting exciton dissociation but aggravating bimolecular 
recombination. The binary additive, CN&DIO, compromises 
the effect of the two above. As a result, the FTAZ:IDCIC blend 
film with 0.25% CN&DIO obtains the best morphology with 
proper domain size and high domain purity simultaneously, 
thus achieving the highest JSC and FF in the OSC.

In summary, a new fused decacyclic unit via fusing 
naphtho[1,2-b:5,6-b′]dithiophene with two thieno[3,2-b]thio-
phenes was developed and used as the donor core to pre-
pare the FREA, IDCIC. IDCIC exhibits broad and strong 
absorption in the region of 600–830 nm with a small optical 
bandgap of 1.45  eV. The FTAZ:IDCIC-based OSCs afford an 
impressive PCE of 13.58% with high JSC (21.98 mA cm−2) and 
FF (71.03%) by using the binary additive, CN&DIO. To the 
best of our knowledge, the PCE of this work is the highest 
efficiency for FREA with such large fused ring donor core. It 
demonstrates that extending the π-conjugation of the donor 
core is an efficient method to achieve high PCE for FREAs. 
In addition, the solubility of IDCIC in additive plays an 
important role in controlling the morphology of active layer 
based on FTAZ:IDCIC, thus the photovoltaic performance. 
The poor solubility in DIO for IDCIC promotes it to aggre-
gate and enhances the domain size and domain purity in 
the FTAZ:IDCIC blend film, while the excellent solubility in 
CN for IDCIC inhibits the aggregation, interferes molecular 
packing, facilitates it to diffuse into the donor FTAZ, and 
reduces the domain size and domain purity. The binary addi-
tive, CN&DIO, compromises the effect of the two, thus the 
FTAZ:IDCIC-based OSC with 0.25% CN&DIO gets the best 
morphology with moderate domain size and high domain 
purity simultaneously, achieving the most efficient charge 
separation, least charge recombination, and highest charge 
carrier mobilities for the highest JSC and FF. Therefore, com-
bining good and poor solvent as the binary additive is an 
alternatively effective strategy to optimize the morphology of 
active layer for high PCE. Further study on FREAs with large 

fused ring donor core and the effect of additive on the mor-
phology is ongoing.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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