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ABSTRACT: The efficient near-infrared response of light-active
materials is one of the prerequisites for the most advanced organic
solar cells (OSCs). Two benzodithiophene fused-ring cores (BT-
4T and DBT-4T), featured with stepwise enlarged conjugations
and improved electron-donor characteristics, are designed and
used as the central donor units for the construction of acceptor−
donor−acceptor-type molecules ZB8 and ZB10. The significantly
enhanced intramolecular charge transfer endows ZB8- and ZB10-
based OSCs with a photoelectronic response over 1000 nm. With
more favorable molecular energy levels and an asymmetric
configuration, ZB8-based best OSCs afford a 12.30% power
conversion efficiency, better than that of 11.08% for the ZB10-
based one. Our successful exploration for electron-rich fused-ring
cores provides a quite rare but promising platform for highly efficient OSCs with a photoelectronic response over 1000 nm.
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1. INTRODUCTION

Organic solar cells (OSCs) have drawn significant attention as
a clean renewable energy technology in the past decades
because of their lightweight, mechanical flexibility, and solution
processability.1−8 Thanks to the rapid development of active
layer molecules and device optimization, especially for the
extensive exploration for non-fullerene acceptors (NFAs),
OSCs have approached an excellent PCE of 19% with the
highly strong absorption limiting to ∼930 nm.9−17 The
remaining huge efficiency gap of PCEs between OSCs and
commercially available silicon solar cells, which possess a
photon response close to 1100 nm, could be partially
attributed to the insufficient absorptions within 900−1100
nm for state-of-the-art OSCs. This can be further modeled by
our semi-empirical analysis,18 that is, over 20% PCEs can be
achieved if the range of absorption onset is 900−1100 nm for a
single-junction OSC on the basis of the average external
quantum efficiency (EQE) of 80%, energy loss (Eloss) below
0.45 eV, and fill factor (FF) of 80%. Therefore, the exploration
for near-infrared (NIR) materials is becoming more and more
urgent and has drawn extensive scientific attention in light of
their desirable applications in tandem, ternary, semitransparent
OSCs and even some other devices like NIR photodetectors
and so on.19−26 However, thus far, very few systems with both
high efficiency and a broad photoelectronic response over 1000
nm have been developed, mainly due to the great challenges of

feasible construction of electron-donating cores and delicately
tuning energy levels of NFAs.
Typical NFAs, which play a dominant role in harvesting low-

energy photons for OSCs, are usually featured with an
architecture of acceptor−donor−acceptor (A−D−A).27−29
The inherited unique frontier molecular orbital distributions
from the A−D−A-type structure contribute to the distinctive
merits of conveniently tunable band gaps and energy levels,
more importantly, exceptional exciton separation and carrier
transport features.30−38 In the framework of A−D−A
structures, increasing the electron-donating capacity of central
backbones and/or the electron-withdrawing capacity of end
groups to enhance the intramolecular charge transfer (ICT)
has been regarded as the most effective strategy to develop
NIR NFAs.39−42 Among them, the conjugated extension of
linear backbones of central donors could increase the electron-
donating ability to result in NFAs significantly, in favor of a
highly strong ICT and thus a reduced optical band gap.43−47

Moreover, the unidirectional extension of backbones usually
results in NFAs with asymmetric configurations, leading to
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enlarged dipole moments and further increased intermolecular
binding energies.33,48 For the acceptor parts, IC-2Cl49 has
been proven to possess a very strong electron-withdrawing
ability, which is conducive to achieving NIR NFAs.
Chlorination at end groups can downshift the molecular
energy levels effectively, especially for the LUMOs.
Bearing the above discussions in mind, we synthesized two

benzodithiophene fused-ring cores, BT-4T and DBT-4T
(Figure 1), through uni- or bidirectional π-extension of the
central donor (4T) reported by our previous work.50 Then,
capping the strong electron-withdrawing end groups of IC-2Cl
to central donors affords two A−D−A-type NFAs, ZB8 and
ZB10 (Figure 1). The improved electron-donating property of
central donor units enhances the ICT significantly, endowing
ZB8 and ZB10 with strong NIR absorptions. Note that OSCs
based on ZB8 and ZB10 exhibited a photoelectronic response
over 1000 nm, making them among very few systems with such
a broad absorption and high efficiency. Moreover, due to the
more favorable molecular energy levels and asymmetric

configuration, ZB8-based OSCs render a superior PCE of
12.30% with respect to that of 11.08% for the ZB10-based one,
accompanied by an excellent Voc of 0.702 V, a Jsc of 25.77 mA
cm−2, and an FF of 68.01%. These results demonstrate that the
constructed BT-4T and DBT-4T donor cores exhibit a
promising prospect for the development of NIR NFAs and
provide a quite rare but promising platform for efficient OSCs
with a photoelectronic response over 1000 nm.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. In Scheme 1, the
starting compound 1 was applied by the Stille coupling with 1
or 0.5 equiv 2,5-dichlorothieno[3,2-b]thiophene-3,6-dicarbox-
ylate to generate compounds 5 and 2 in moderate yields,
respectively. Then, compound 5 was further followed by
another Stille coupling with tributyl(thiophen-2-yl)stannane to
yield intermediate 6. Later, 2 and 6 were implemented in a
carbonyl addition reaction with (4-hexylphenyl)lithium to
afford tertiary alcohols, which were not isolated and

Figure 1. Construction of donor cores (BT-4T and DBT-4T) by uni- or bidirectional conjugated extension of 4T and chemical structures of ZB8
and ZB10.

Scheme 1. Synthetic Routes of ZB8 and ZB10a

aReagents and conditions: (i) 2,5-dichlorothieno[3,2-b]thiophene-3,6-dicarboxylate, Pd(PPh3)4, toluene, 110 °C, overnight; (ii) (4-
hexylphenyl)lithium, THF, −78 °C to rt, overnight; (iii) Amberlyst 15, toluene, 80 °C, overnight; (iv) DMF, POCl3, DCE, 80 °C, overnight;
(v) IC-2Cl, pyridine, chloroform, rt, overnight; (vi) 2,5-dichlorothieno[3,2-b]thiophene-3,6-dicarboxylate, Pd(PPh3)4, toluene, 110 °C, overnight;
(vii) tributyl(thiophen-2-yl)stannane, Pd(PPh3)4, toluene, 110 °C, overnight; (viii) (4-hexylphenyl)lithium, THF, −78 °C to rt, overnight; (ix)
Amberlyst 15, toluene, 80 °C, overnight; (x) DMF, POCl3, DCE, 80 °C, overnight; (xi) IC-2Cl, pyridine, chloroform, rt, overnight.
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subsequently underwent intramolecular Friedel−Crafts cycliza-
tion catalyzed by Amberlyst 15 to produce the central donors
of 3 and 7. Due to the highly strong electron-rich property,
both 3 and 7 were sensitive to air and easily decomposed on
the silica gel columns. Therefore, without purification,
compounds 3 and 7 were directly transformed into the
corresponding dialdehydes through the Vilsmeier−Haack
reaction. Finally, target NFAs ZB8 and ZB10 were afforded
with decent yields via a condensation reaction between the
above dialdehydes and IC-2Cl. The definite synthetic methods
and characterizations are depicted in the Supporting
Information.
2.2. Theoretical Calculations. We performed the density

functional theory (DFT) calculations51,52 to evaluate the
frontier molecular orbitals, molecular geometries, and dipole
moments of ZB8 and ZB10. As displayed in Figure 2, both

ZB8 and ZB10 possess a rather planar backbone, which is
conducive to enhancing the ICT and intermolecular π−π
stacking. As it is expected, the LUMOs are located mainly on
the end groups of IC-2Cl, while the HOMOs are primarily
distributed along the backbones of the central donors. This
feature is widely observed for the A−D−A-type molecules,
leading to an enhanced molar extinction coefficient and a
better exciton separation and carrier transport.38 The
calculated LUMOs and HOMOs of ZB8 and ZB10 are
−3.56/−5.36 eV and −3.47/−5.16 eV, respectively. The
obviously upshifted HOMO of ZB10 with respect to that of
ZB8 should be attributed to its more extensive conjugated
extension of the central donor. In addition, the dipole
moments of ZB8 and ZB10 were also calculated (Figure
S1), showing 2.21 D and 15.20 D for the ground and excited
states of ZB8 and both 0 D for those of ZB10. The much
larger dipole moments of ZB8 should be attributed to its
asymmetric molecular configuration caused by the unidirec-
tional π-extension.53,54 Therefore, the significant dipole−dipole
interaction of ZB8 is expected to induce more intensive
packing of adjacent molecules, in favor of an efficient charge

transport and thus an improved FF of OSCs.55−57 The detailed
parameters are presented in Table S1.

2.3. Optical and Electrochemical Properties. The UV−
vis absorption spectra of ZB8 and ZB10 in solutions and solid
films are shown in Figure 3a,b. ZB10 possesses the maximum
absorption peak at 802 nm in solution, shifted by nearly 10 nm
compared to that of 791 nm for ZB8, which should be ascribed
to the longer conjugated framework of ZB10. The maximum
molar extinction coefficient of ZB8 is 1.64 × 105 M−1 cm−1,
larger than that of 1.22 × 105 M−1 cm−1 for ZB10. Note that
∼55 nm red-shifted maximum absorption peaks can be
observed from solutions to solid films for both ZB8 and
ZB10, suggesting the strong intermolecular interactions.58,59

The film absorption onsets of ZB8 and ZB10 are 946 and 990
nm, with corresponding band gaps of 1.31 and 1.25 eV,
displaying strong absorption in the NIR region. The frontier
molecular orbital energy levels are shown in Figure 3c, gauged
by cyclic voltammetry (CV) measurements (Figure S2). The
LUMOs/HOMOs of ZB8 and ZB10 were determined to be
−4.08/−5.59 and −4.03/−5.43 eV, respectively, with the band
gaps of 1.51 and 1.40 eV. Note that the relative alignment of
energy levels matches well with the calculated data from DFT
calculations. Obviously, the conjugated extension of the central
donor contributes to the much higher HOMO energy level and
strong NIR absorption of ZB10 with respect to that of ZB8.
The detailed data of physicochemical properties of ZB8 and
ZB10 are listed in Table 1.

2.4. Photovoltaic Performance of OSCs. As shown in
Figure 3b,c, the polymeric donor of PCE1060 matches well
with ZB8 and ZB10 in terms of both absorption and energy
levels. Therefore, an inverted OSC with the structure of ITO/
ZnO/PFN-Br/PCE10:acceptor/MoO3/Ag (Figure 3d) was
fabricated. The detailed data of device optimization are listed
in Tables S2−S7, and the photovoltaic parameters of
champion OSCs are shown in Figure 3e,f and Table 2.
PCE10:ZB10-based OSCs show a relatively high Voc (0.734
V) and a moderate Jsc (24.05 mA cm−2) and FF (62.75%),
affording a PCE of 11.08%. On the contrary, the champion
OSC based on PCE10:ZB8 affords a trifle lower Voc of 0.702 V
but a much increased Jsc (25.77 mA cm−2) and FF (68.01%),
giving rise to a better PCE of 12.30% with respect to that of
PCE10:ZB10. The relatively lower Voc for ZB8-based OSCs
agrees with the down-shifted LUMO of ZB8 compared to that
of ZB10. As displayed in Table S8, the total energy losses
(Eloss) of ZB8- and ZB10-based OSCs have been calculated,
being 0.636 and 0.562 eV, respectively. Moreover, the non-
radiative recombination losses (ΔE3) of ZB8- and ZB10-based
OSCs are 0.326 and 0.262 eV, respectively. Although the
smaller Eloss is conducive to a higher Voc for ZB10-based OSCs,
the much lower Jsc and FF render an inferior PCE with respect
to that of ZB8-based devices. The detailed calculation method
of Eloss is represented in the Supporting Information and
shown in Figures S3 and S4. Note that the EQE spectrum of
OSCs employing PCE10:ZB10 as the active layer features a
markedly broader photoelectric response range even over 1000
nm (Figure 3f). However, unfortunately, the EQE values of
PCE10:ZB10 devices generally are much lower compared to
that of PCE10:ZB8-based OSCs, which should correspond to
the inferior Jsc of ZB10-based OSCs. The higher EQE for ZB8-
based OSCs in the extent of 500−900 nm should be attributed
to the combined factors of a much stronger light absorption
with respect to that of the ZB10-based one (Figure S5), the
superior efficiency of exciton dissociation driven by the

Figure 2. Optimized molecular geometries and calculated energy
levels of ZB8 and ZB10. The large aliphatic groups were substituted
with methyl to simplify the computation. The involved LUMO and
HOMO energy levels are given for a quantitative comparison.
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significantly enlarged HOMO energy offset between PCE10
and ZB8, and the more efficient charge collection discussed
below. In addition, the improved FF for ZB8-based OSCs with
respect to that of the ZB10-based one might be caused by
ZB8’s both increased hole and electron mobilities and more
balanced ratio discussed below. Note that the integrated Jsc of
the optimized OSCs is in good accordance with that derived
from J−V curves, with an error of less than 5%.
2.5. Device Characterization. As shown in Figure 4a, we

measured the correlation between photocurrent densities (Jph)
and effective voltages (Veff) for optimized OSCs.61,62 Both
OSCs reach their saturated current densities (Jsat) when Veff is
nearly 1.5 V, indicating that the OSCs have negligible charge
recombination under high voltages.63 The derived exciton
dissociation efficiency (Pdiss) and carrier collection efficiency
(Pcoll) are 93.5%/76.8% and 91.0%/72.1% for ZB8- and ZB10-
based OSCs, respectively, which should partially account for
the improved EQE and Jsc for ZB8. Note that the higher Pdiss
for the ZB8-based device is caused by its downshifted HOMO,
giving rise to the more efficient exciton dissociation with a
larger driving force. The charge recombination mechanism was

also analyzed by measuring the Jsc and Voc characteristics of
ZB8- and ZB10-based OSCs under different light densities
(P). Jsc and P follow Jsc ∝ Pα, where α can indicate whether the
OSCs have a severe bimolecular recombination.64 In Figure 4b,
the α of ZB8- and ZB10-based OSCs are 0.96 and 0.95,
implying that both OSCs have a negligible bimolecular
recombination. Besides, the relationship between Voc and P
is followed by Voc ∝ S ln P, where the slope, S, indicates the
extent of a trap-assisted recombination. When S is close to
2kT/q, it means that the trap-assisted recombination is severe.
The trap-free charge transport can be indicated by the S value
closer to kT/q.65 As shown in Figure 4c, the values of S for
ZB8- and ZB10-based OSCs are 1.26kT/q and 1.32kT/q,
suggesting both weak but slightly reduced trap-assisted
recombination for ZB8-based OSCs with respect to that of
the ZB10-based one.
To shed light on the improved Jsc and FF for ZB8-based

OSCs, the charge mobilities were measured and are shown in
Figure S6 and diagrammed in Figure 4d. The electron (μe) and
hole mobilities (μh) of ZB8- and ZB10-based OSCs can be
calculated to be 5.6 × 10−4/6.34 × 10−4 and 3.5 × 10−4/5.07 ×
10−4 cm2 V−1 s−1, respectively, providing a more balanced ratio
of μh/μe (1.13) for ZB8-based OSCs compared to that of the
ZB10-based ones (1.41). The high and balanced carrier
mobility is advantageous to carrier transport and suppressed
bimolecular recombination,66 accounting for the higher Jsc and
FF for ZB8-based OSCs. The enlarged charge mobilities of
PCE10:ZB8 blends may be caused by the significant dipole−

Figure 3. (a) Electron absorption spectra of ZB8 and ZB10 dissolved in diluted chloroform (10−6 M). (b) Normalized electron absorption spectra
of PCE10, ZB8, and ZB10 thin films. (c) Energy level diagrams of PCE10, ZB8, and ZB10 derived from the corresponding CVs. (d) Device
architecture. (e) J−V curves and (f) EQE curves of PCE10:ZB8- and PCE10:ZB10-based OSCs.

Table 1. Physicochemical Properties of ZB8 and ZB10

NFAs
λmax
CF

(nm)
λmax
film

(nm)
λedge
film

(nm)
HOMO
(eV)

LUMO
(eV)

Eg
CV

(eV)
Eg
opt

(eV)

ZB8 791 845 946 −5.59 −4.08 1.51 1.31
ZB10 802 863 990 −5.43 −4.03 1.40 1.25

Table 2. Optimized Photovoltaic Parameters of ZB8 and ZB10 (Measured under AM 1.5G, 100 mW cm−2)

devices Voc (V) Jsc (mA cm−2) Jsc
EQE (mA cm−2) FF (%) PCEa (%)

PCE10:ZB8 0.702 (0.697 ± 0.005) 25.77 (25.84 ± 0.25) 24.53 68.01 (67.11 ± 0.90) 12.30 (12.09 ± 0.21)
PCE10:ZB10 0.734 (0.733 ± 0.007) 24.05 (23.80 ± 0.46) 22.93 62.75 (62.42 ± 1.43) 11.08 (10.90 ± 0.18)

aThe average parameters included in the brackets were calculated from more than 20 devices.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c00092
ACS Appl. Energy Mater. 2022, 5, 4664−4672

4667

https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00092/suppl_file/ae2c00092_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00092?fig=fig3&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dipole intermolecular actions induced by the asymmetric
molecular configuration of ZB8.57 To further quantify the
carrier recombination and transport processes, transient
photovoltage (TPV) and transient photocurrent (TPC)
measurements were implemented. As shown in Figure 4e,
the charge-carrier lifetime τ can be extracted as 35 and 23 μs
for ZB8- and ZB10-based devices, respectively. The prolonged
lifetime of ZB8-based OSCs aligns well with their slightly
suppressed charge recombination in comparison with that of
ZB10.20 Moreover, a little faster charge-extraction process can

be observed for ZB8 with a lifetime of 0.58 μs with respect to
that of 0.61 μs for ZB10-based devices (Figure 4f), suggesting
a more efficient charge transport in PCE10:ZB8-based OSCs
and being in accordance with their higher charge mobilities
and thus a better FF.

2.6. Morphology Analysis. We used atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) to investigate the morphologies of ZB8- and ZB10-
based OSCs at the nanoscale. In Figure 5a,b, both blend films
of PCE10:ZB8 and PCE10:ZB10 are smooth with root-mean-

Figure 4. (a) Plots of Jph vs Veff for ZB8- and ZB10-based OSCs. (b) Jsc characteristics of ZB8- and ZB10-based OSCs under different light
densities, where a negligible bimolecular recombination can be achieved if α gets close to 1. (c) Voc characteristics of ZB8- and ZB10-based OSCs
under different light densities, where the trap-free charge transport can be indicated by the S value getting close to kT/q. (d) Charge mobilities’
histogram. (e) TPV and (f) TPC of ZB8- and ZB10-based OSCs.

Figure 5. AFM pictures for (a) PCE10:ZB8 and (b) PCE10:ZB10 blends. TEM pictures for (c) PCE10:ZB8 and (d) PCE10:ZB10 blends. 2D-
GIWAXS of (e) PCE10:ZB8 and (f) PCE10:ZB10 blends and (g) the corresponding line-cut profiles.
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square (RMS) roughness values of 0.86 and 1.17 nm,
respectively, benefiting effective contact between the light
absorption layer and the counter electrode. For the TEM
images in Figure 5c,d, the relatively homogeneous morphology
and proper domain size can be observed for both blends of
PCE10:ZB8 and PCE10:ZB10, in agreement with their both
relatively high PCEs. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) has been used to unveil the microscopic
topography in both neat and blended films based on ZB8 and
ZB10. The detailed GIWAXS data are shown in Figure S7 and
Table S9. Both ZB8 and ZB10 neat films have small π−π
stacking distances (3.53 Å), and they show an obvious face-on
orientation. However, the lamellar packing distance of ZB8
(19.32 Å) is smaller than that of ZB10 (21.09 Å), which might
be induced by the dipole interactions.56 As for PCE10:ZB8
and PCE10:ZB10 blend films (Figure 5e−g), both the intense
stackings can be achieved along with the π−π distances of 3.61
and 3.55 Å, respectively. The crystal coherence length
corresponding to the (010) diffraction peaks for ZB8- and
ZB10-based blend films are also very similar, namely, 12.39 Å
and 12.96 Å, respectively. It is noted that the lamellar packing
distance of the ZB8-based blend (19.86 Å) is much smaller
than that of the ZB10-based one (22.65 Å), which agrees with
that of neat films. The suitable intermolecular π−π stacking
strength and significantly enhanced lamellar packing of ZB8
may provide an optimized morphology for the ZB8-based
blend, further resulting in a better performance of OSCs.55

3. CONCLUSIONS

Two A−D−A-type NFAs, ZB8 and ZB10, with an extensive π-
extension of the central donor units were synthesized with a
high photoelectronic response in the NIR range, making them
among very few systems with such a broad EQE spectrum and
high efficiency. The unidirectional π-extension of the central
donor in ZB8 leads to more favorable molecular energy levels
and an asymmetric configuration compared to that of ZB10.
As a consequence, the best OSC based on ZB8 affords a
superior PCE of 12.30% compared to that of 11.08% for the
ZB10-based one, accompanied by an excellent Jsc of 25.77 mA
cm−2, an FF of 68.01%, and a Voc of 0.702 V. Our work
provides a quite rare but promising platform for highly efficient
OSCs with a photoelectronic response over 1000 nm and will
stimulate further exploration for NIR materials, which are quite
essential for breaking through the PCE bottleneck of OSCs
currently.
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