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ABSTRACT: A novel perylene bisimide (PBI) dimer-based
acceptor material, SdiPBI-S, was developed. Conventional
bulk-heterojunction (BHJ) solar cells based on SdiPBI-S and
the wide-band-gap polymer PDBT-T1 show a high power
conversion efficiency (PCE) of 7.16% with a high open-circuit
voltage of 0.90 V, a high short-circuit current density of 11.98
mA/cm?, and an impressive fill factor of 66.1%. Favorable
phase separation and balanced carrier mobilites in the BH]J
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films account for the high photovoltaic performance. The results demonstrate that fine-tuning of PBI-based materials is a
promising way to improve the PCEs of non-fullerene BHJ organic solar cells.

B INTRODUCTION

Bulk-heterojunction (BHJ) organic solar cells comprising
conjugated polymers and fullerene derivatives provide an
effective solution for resolving the present energy crisis because
of their low cost, light weight, and potential for roll-to-roll
production as well as fabrication on flexible substrates.'™® In
recent years, considerable effort has been devoted to exploring
non-fullerene acceptors for use to replace fullerene derivatives
in BHJ organic solar cells.”'* A number of high-performance
non-fullerene acceptors have been recently developed and
applied in BHJ organic solar cells with high power conversion
efficiencies (PCEs) exceeding 6%.1371° Among the various
classes of non-fullerene acceptors, perylene bisimide derivatives
(PBIs) were some of the earliest and most common non-
fullerene acceptors studied in BH]J organic solar cells because of
their high electron mobility, strong absorption ability, and high
environmental/thermal stability.'’~** In spite of these favorable
properties, PBl-based organic solar cells usually show low
performance due to the formation of large aggregates in the
active layer, where strong self-trapping of excitons occurs,
severely limiting the exciton diffusion/separation process.”” >’
Accordingly, to avoid large crystalline aggregate domains,
twisted PBI compounds have been designed,'*">*°~*’ mainly
by means of PBI dimers linked at the imide positions or bay
positions (the 1-, 6-, 7-, and 12-positions) either by direct
attachment or through functional groups. Such kinds of PBI
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dimers yield BHJ organic solar cells with high PCEs over
69%.1415

Fused and extended heteroarenes are recognized as very
promising semiconducting materials because of a variety of
intermolecular interactions induced by heteroatoms, such as
van der Waals and heteroatom—heteroatom interactions, which
are essential for achieving excellent device performance.*™*
Moreover, incorporating heteroatoms into the carbon skeleton
can alter the original structure as a result of the strain of five-
membered heterorings. Heteroannulation in bay regions to
construct bowl-shaped bis(perylene bismide)s has been
reported previously.” In our previous work, we reported a
bay-linked perylene bisimide acceptor, SdiPBI, which shows a
high PCE of 5.9%.*° In this study, SdiPBI was modified by
insertion of two thiophene units in the bay positions, affording
a new compound denoted as SdiPBI-S. The chemical structures
of these two compounds are shown in Figure 1. Because of the
electron-donating ability of the thiophene unit,, SdiPBI-S has a
more twisted configuration and a higher lying LUMO energy in
comparison with SdiPBI, which is favorable for improving the
open-circuit voltage (V,.) of solar cells.

In addition to extensive exploration of novel non-fullerene
acceptors, the selection of appropriate electron donors to be
paired with non-fullerene acceptors in BHJ systems plays a
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Scheme 1. Synthesis of SdiPBI-S
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Figure 1. (a, b) Chemical structures of (a) SdiPBI and (b) SdiPBI-S and the corresponding side views of the optimized geometries obtained using
DFT calculations at the B3LYP/6-31G(d) level. (c) Chemical structure of the donor PDBT-T1 used in this study. (d) Film absorption spectra of
SdiPBI, SdiPBI-S, and PDBT-T1. (e) Cyclic voltammograms of SdiPBI and SdiPBI-S.

significant role in determining the morphology, open-circuit
voltage, and photocurrent of organic solar cells. Here we report
high-performance non-fullerene organic solar cells enabled by
SdiPBI-S and a previously reported wide-band-gap polymer,
PDBT-T1.* The excellent hole mobility, the complementary
absorption spectra with SdiPBI-S, and the low HOMO energy
are encouraging characteristics for PDBT-T1 to be paired with

SdiPBI-S as the active layer. Accordingly, the champion PDBT-
T1:SdiPBI-S solar cell shows a high PCE of 7.16% with a high
fill factor (FF) of 66.1%, V,_ of 0.90 V, and short-circuit current
density (J,.) of 11.98 mA/cm® To the best of our knowledge,
this PCE is the highest value reported in the literature to date
for non-fullerene polymer solar cells. The results indicate that
SdiPBI-S is a promising non-fullerene acceptor material for
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Figure 2. (a) ]V curves of non-fullerene organic solar cells with different PDBT-T1:SdiPBI-S blend ratios. (b) J—V curves of PDBT-T1:SdiPBI-S
solar cells with different DIO concentrations and (c) the corresponding IPCE spectra. (d) Joh V8 Vg characteristics of PDBT-T1:SdiPBI-S solar cells

with and without 0.75% DIO.

application in organic solar cells. Meanwhile, the selection of
suitable donor polymers is of crucial importance for realizing
high-performance non-fullerene organic solar cells.

B RESULTS AND DISCUSSION

Starting from tetrachloro-PBI 1, 1,12-dichloroperylene bisimide
2 was prepared at 110 °C by the system of Cul and L-proline.
The subsequent key intermediate, 1,12-dichloro-6-bromoper-
ylene bisimide 3, was synthesized in 90.1% yield by
bromination of compound 2 under concentrated sulfuric acid.
Compound 3 underwent homocoupling to directly afford the
singly linked bis(dichloro-PBI) 4. Finally, SdiPBL-S (5) was
synthesized through a Stille-type coupling reaction between
compound 4 and Bu;SnSSnBu, using Pd(PPh,), as the catalyst
(Scheme 1). These compounds were fully characterized by 'H
and '*C NMR spectroscopy and high-resolution mass
spectrometry (HRMS). SdiPBI-S is highly soluble in common
organic solvents such as chloroform and o-dichlorobenzene (o-
DCB) at room temperature. Such optimal solubility is mainly
due to both the branched alkyl side chains and the nonplanar
molecular scaffold.

To understand the geometric difference between SdiPBI and
SdiPBI-S, theoretical calculations were performed using the
density functional theory (DFT) at the B3LYP/6-31G(d) level.
As shown in Figure lab, the dihedral angle between the two
PBI subunits is 67° in SdiPBI and increases to 80° for SdiPBI-S
because of its large steric repulsion, suggesting that the
introduction of the S bridges into SdiPBI results in a more
twisted molecular configuration.

The UV—vis absorption spectra of SdiPBI and SdiPBI-S in
dilute chloroform solution (107> M) are shown in Figure SI.
SdiPBI has broad absorptions in the wavelength range of 400—
600 nm with a maximum extinction coefficient of 7.7 X 10*
M~ em™ at 523 nm. In contrast, blue-shifted and narrowed
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multiple absorption peaks throughout the 400—550 nm range
were observed for SdiPBI-S, with a dominant peak at 504 nm
and €., = 1.4 X 10° M™' cm™". Compared to SdiPBI-S in
solution, a SdiPBI-S thin film shows similar optical absorption
spectra in which the main absorption peaks are maintained at
the same positions, indicative of weak aggregation in the solid
state. As illustrated in Figure 1d, the main absorption of PDBT-
T1 is in the range from 500 to 700 nm, which complements the
absorption spectrum of SdiPBI-S. The optimal band gaps (Eg*)
of SdiPBI and SdiPBI-S estimated from the film absorption
edges are 2.07 and 2.20 eV, respectively.

Electrochemical cyclic voltammetry (CV) was used to
investigate the energy levels (Figure le). The LUMO energies
of SdiPBI and SdiPBI-S estimated from their onset reduction
potentials are close at —3.92 and —3.85 €V, respectively. The S
bridges increase the electron density as well as the steric
hindrance of the PBI subunits and thus weaken the =x
conjugation between the PBI units, leading to a larger band
gap in SAiPBI-S than in SdiPBL. The HOMO energy of PDBT-
T1 is —5.36 eV. The energy offset between the HOMO of
PDBT-T1 (—5.36 eV) and the LUMO of SdiPBLS (—3.85 V)
is 1.51 eV, and thus, a high V. is anticipated.

In order to evaluate the photovoltaic properties, organic solar
cells were fabricated with a conventional device architecture of
ITO/PEDOT:PSS/PDBT-T1:SdiPBI-S/Ca/Al, where ITO is
indium tin oxide, PEDOT is poly(3,4-ethylenedioxythiophene),
and PSS is poly(styrenesulfonate). Ca/Al was used as the
cathode. Initially, PDBT-T1:SdiPBI-S mass blend ratios from
1.5:1 to 1:1.5 were tested. The active layer was deposited by
spin-casting from chlorobenzene followed by thermal annealing
at 100 °C for S min. The current density—voltage (J—V) curves
of the devices are shown in Figure 2a, and the corresponding
incident photon conversion efficiency (IPCE) spectra are
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Table 1. Summary of Device Parameters of PDBT-T1:SdiPBI-S Solar Cells with Different DIO Concentrations under AM1.5G

Illumination at 100 mW/cm?>

DIO (%) Voe (V) Jie (mA/em?®)
0 0.92 + 0.003 1123 + 0.16
025 091 + 0.003 11.35 + 017
0.5 0.90 % 0.002 1147 + 0.17
0.75 0.90 + 0.003 11.65 + 021
10 0.90 + 0.005 1075 + 0.18

“The reported values are average PCEs from five devices.

FF (%) PCE (%) CE,. (%)
57.1 £ 0.63 5.85 + 0.16 6.0S
60.4 + 0.34 6.24 + 0.09 6.35
64.7 £ 0.16 6.71 £ 0.12 6.81
65.5 + 0.58 6.90 + 0.15 7.16
62.0 + 0.72 6.03 + 0.14 6.15

Figure 3. (a—f) AFM topographic images (2 gm X 2 ym) of PDBT-T1 neat films (a) without and (b) with 0.75% DIO, SdiPBI-S neat films (c)
without and (d) with 0.75% DIO, and PDBT-T1:SdiPBI-S blend films (e) without and (f) with 0.75% DIO. (g, h) TEM images (scale bar = 100
nm) of PDBT-T1:SdiPBI-S blend films (g) without and (h) with 0.75% DIO.

shown in Figure S3. The device parameters are summarized in
Table S1.

Solar cells with a 1:1 blend ratio showed the best
performance, with V,. = 092 V, J,. = 11.34 mA/cm? FF =
58.1%, and PCE = 6.05%. On the basis of 1:1 blend ratio, 1,8-
diiodooctane (DIO) was used to further improve the cell
performance. The photovoltaic performance of solar cells
fabricated with various DIO concentrations is summarized in
Table 1, and typical J=V curves of the devices are shown in
Figure 2b.

At a DIO concentration of 1%, the solar cells show slightly
decreased ], but increased FF, leading to an efliciency
comparable to that of the cell without DIO additive. In
contrast, we noted that low DIO concentrations less than 1%
could lead to significant improvements in the PCE. At a DIO
concentration of 0.25%, the solar cells yielded a high PCE of
6.35% due to the simultaneous improvements in ], and FF.
When the DIO concentration was increased to 0.5%, the PCE
went up to 6.81% with V,_ = 0.90 V, J._ = 11.64 mA/cm?, and
FF = 64.7%. Further increasing the DIO concentration to
0.75% resulted in a record efficiency of 7.16%. The high PCE is
mainly attributed to the increased J,. (11.98 mA/cm?*) and FF
(66.1%). To the best of our knowledge, this efficiency is the
highest value reported in the literature to date for all types of
solution-processed fullerene-free organic solar cells. It should
be noted that the FF of non-fullerene organic solar cells has
rarely exceeded 65% in previous studies, but our breakthrough
results indicate that non-fullerene organic solar cells have
enormous potential to approach similar performance as
fullerene-based solar cells via careful matching of donor
polymers and non-fullerene acceptors and device optimization.
Meanwhile, solar cells based on the PDBT-T1/SdiPBI blend

11159

were fabricated in parallel for comparison. The J—V curves of
these devices are shown in Figure S4. Without the use of DIO
additive, the solar cells show a PCE of 5.07% with V. = 0.89 V,
J = 9.89 mA/cm?® and FF = 57.1%. When 0.75% DIO was
added into the blend solutions, the efficiency increased to
5.40%, which is still much lower than that of the SdiPBI-S-
based solar cells.

The IPCE plots for solar cells with different DIO
concentrations are shown in Figure 2c. Solar cells based on
the combination of PDBT-T1 and SdiPBI-S yielded broad
IPCE spectra from 300 to 800 nm. Except for the cell with 1%
DIO, the IPCE values in the wavelength range of 430—650 nm
were observed to be higher than 60%; the maximum value was
70%, indicating efficient photon harvesting and charge
collection. The ], value calculated from the IPCE spectrum
was 11.55 mA/cm? which is in good agreement with the J.
value obtained from the J—V curves (11.98 mA/cm?) with a
3.7% mismatch.

The bulk charge transport properties of the PDBT-
T1:SdiPBI-S blend film was investigated using the space-
charge-limited current (SCLC) method.”” The hole mobility
was measured with the device structure ITO/MoO,/PDBT-
T1:SdiPBI-S/MoO,/Al, and the electron mobility was
measured with the device structure ITO/Al/PDBT-T1:SdiP-
BI-S/Al (Figure SS). The hole mobility was calculated to be i,
=12 % 107 em? V! 57!, and the electron mobility is . = 2.8
X 107> ecm® V™! 57!, corresponding to nearly balanced charge
transport (4./py, = 2.3). Carrier mobilities of PDBT-T1 and
SdiPBI-S neat films were also measured (Figure S6). The hole
mobility of PDBT-T1 is 8.5 X 107> cm® V™' s7', and the
electron mobility of SdiPBI-S is 3.2 X 107 cm® V™' s7'. The
high carrier mobilities and balanced carrier transport in the

DOI: 10.1021/jacs.5b06414
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Figure 4. (a) Out-of-plane and (b) in-plane 2D GIWAXS patterns of neat PDBT-T1 and SdiPBI-S films and PDBT-T1:SdiPBI-S blend films with

and without 0.75% DIO.

active layer may explain the high PCEs achieved in PDBT-
T1:SdiPBI-S solar cells.

The photocurrent density Uph) as a function of the effective
voltage (V.4) of the solar cells was measured to probe the
process of excition generation, exciton dissociation, and carrier
collection efficiency. ], is defined as J; — Jp,, where J;, and J;,
are the current densities under illumination and in the dark,
respectively. V g is defined as Vj, — V, where Vj is the voltage at
which ], is zero and V is the applied voltage.”® As shown in
Figure 2d, at a large reverse voltage (i.e, Vg >2V), Jon reaches
saturation (J,.), suggesting that all of the photogenerated
excitons are dissociated into free carriers and collected by the
electrodes. Thus, the exciton dissociation and charge collection
efficiency can be estimated using the J,;,/J, ratio. A high J1/Jee
value of 96.1% was achieved for SdiPBI-S-based solar cells with
0.75% DIO, which is slightly higher than that of solar cells
without DIO (95.3%), indicating a higher photogenerated
exciton dissociation and charge collection efficiency in DIO-
processed solar cells. Under the maximal power output
conditions, the J;,/J, values in PDBT-T1:SdiPBI-S solar cells
with and without 0.75% DIO are still as high as 78.5% and
70.5%, respectively, indicative of efficient exciton dissociation at
the interface of the PDBT-T1:SdiPBI-S active layer.

The morphologies of PDBT-T1:SdiPBI-S blend films
processed under different conditions were studied using atomic
force microscopy (AFM). As displayed in Figure 3e, without
the use of DIO additive, the surfaces of PDBT-T1:SdiPBI-S
blend film are fairly smooth and uniform and show fibrous
features with a root-mean-square (RMS) roughness of 1.46 nm.
The fibrous structure should be assigned to PDBT-T1, as this
feature was also present in its neat film and was not seen in the
neat SdiPBI-S film. Dramatic changes in morphology were
observed upon addition of DIO solvent additive, as shown in
Figure S7. When the DIO concentration was increased from
0.25% to 1%, the fibrous features in the blend films remain
unchanged, but with increased aggregate domains, which can
also be seen from the corresponding transmission electron
microscopy (TEM) images and AFM phase images (Figure
3gh and Figure S7). In order to determine whether the
aggregates mainly arise from the donor or the acceptor, the
surface morphologies of PDBT-T1 and SdiPBI-S neat films and
the films with 0.75% DIO were also measured. In terms of
PDBT-T1, DIO did not induce obvious aggregations, and the
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films still retained fibrous features. However, large bulky
aggregates were observed in SdiPBI-S films, suggesting that
SdiPBI-S contributed to the aggregates in the DIO-processed
blend films rather than PDBT-T1. The boiling point of DIO is
higher than that of the chlorobenzene host solvent, which
would allow sufficient time for SdiPBI-S to aggregate, leading to
favorable phase separation.

The crystallinity and molecular orientation in both neat and
blend films were investigated by grazing-incidence wide-angle
X-ray scattering (GIWAXS) measurements.”’ The out-of-plane
and in-plane two-dimensional (2D) GIWAXS patterns of neat
PDBT-T1 and SdiPBI-S films and PDBT-T1:SdiPBI-S blend
films are shown in Figure 4. The neat PDBT-T1 film shows
Bragg reflections at g, ~ 2.89 and 17.13 nm™’, which result
from the formation of a lamellar structure (d =~ 21.7 A) and
n—r stacking (d ~ 3.67 A), indicating the coexistence of edge-
on and face-on orientations. The decreased lamellar diffraction
peak and the increased 7—7 stacking peak in the out-of-plane
direction for the PDBT-T1 film processed with DIO mean that
the DIO increased the face-on preference of PDBT-T1
molecules. Compared with the neat SdiPBI-S film, the
significantly increased lamellar diffraction peak centered at g,
~ 329 nm™ (d = 19.1 A) and the observation of the second-
order peaks at 6.72 nm™' suggest the presence of larger
crystalline domains in DIO-processed SdiPBI-S films, which
agrees well with the AFM height images (Figure 3c,d). The
absence of a 7—nu stacking peak for SAiPBI-S films with and
without DIO indicates a twisted molecular configuration that
prevents 7—x stacking of the PBI cores. The PDBT-T1:SdiPBI-
S blend film shows packing motifs similar to those for the neat
PDBT-T1 film: the lamellar diffraction peak at g, ~ 2.89 nm™"
and the 7—z stacking peak at g, &~ 17.13 nm™'. After
incorporation of DIO into the blend film, a stronger lamellar
diffraction peak at g, &~ 3.29 nm ™", which arises from SdiPBL-S,
and an increased m—rm stacking peak in the out-of-plane
direction were observed, indicating that a preferred out-of-plane
orientation of PDBT-T1 molecules and larger SdiPBI-S
aggregate domains formed in the blend films. The results also
prove that the large aggregations observed in the AFM height
images are attributed to the SdiPBI-S acceptor.
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J. Am. Chem. Soc. 2015, 137, 11156—11162


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06414/suppl_file/ja5b06414_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06414/suppl_file/ja5b06414_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b06414

Journal of the American Chemical Society

B CONCLUSION

A novel twisted PBI dimer acceptor, SdiPBI-S, was synthesized
and applied in BHJ organic solar cells. The introduction of S
bridges into the SdiPBI compound resulted in a more twisted
molecular configuration and a higher LUMO energy. The two
PBI subunits in SdiPBI-S are almost perpendicular to each
other, with a dihedral angle of 80°. SdiPBI-S shows a broad
absorption in the visible region, which complements well the
absorption of the PDBT-T1 donor. Conventional BHJ devices
based on a combination of PDBT-T1 and SdiPBI-S processed
with 0.75% DIO give the record PCE of 7.16% with an
impressive FF of 66.1% and high V. of 0.90 V. The DIO was
found to increase the aggregation of the SdiPBI-S acceptor,
leading to favorable phase separation and balanced carrier
mobilites in the BHJ films. The excellent photovoltaic
performance demonstrates that fine-tuning of PBI-based
materials is a promising way to improve the PCEs of non-
fullerene BHJ organic solar cells. Moreover, with careful
selection of donor materials, non-fullerene organic solar cells
can have enormous potential to approach performance similar
to that of fullerene-based organic solar cells.
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