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ABSTRACT: Among the diverse nonfullerene acceptors, perylene bisimides
(PBIs) have been attracting much attention due to their excellent electron
mobility and tunable molecular and electronic properties by simply engineering
the bay and head linkages. Herein, guided by two efficient small molecular
acceptors, we designed, synthesized, and characterized a new nonfullerene small
molecule PPDI with fine-tailored alkyl chains. Notably, a certificated PCE of
5.40% is realized in a simple structured fullerene-free polymer solar cell
comprising PPDI as the electron acceptor and a fine-tailored 2D-conjugated
polymer PBDT-TS1 as the electron donor. Moreover, the device behavior,
morphological feature, and origin of high efficiency in PBDT-TS1/PPDI-based
fullerene-free PSC were investigated. The synchronous selection and design of
donor and acceptor materials reported here offer a feasible strategy for realizing
highly efficient fullerene-free organic photovoltaics.
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1. INTRODUCTION

Fullerene-free polymer solar cells (PSCs) are emerging as
potential applications in energy harvesting devices, in which the
photoactive layers are typically comprised of conjugated
polymers as electron donors and cost-effective nonfullerene
materials,1−19 like polymeric or small molecular materials as
electron acceptors. Due to the higher optical and electronic
variability, nonfullerene acceptors could afford excellent
electron mobilities up to 10−3−10−2 cm2V−1s−1 and red-shifted
absorption spectra covering 500−800 nm, which are com-
parable or even superior to those of fullerene acceptors.1,19 The
past two years have witnessed impressive advances in the power
conversion efficiencies (PCEs) of fullerene-free PSCs. Never-
theless, these values are still lower than the values obtained
from the PSCs based on the fullerene derivatives like [6,6]-
phenyl-C71-butyric acid methyl ester (PC71BM). Therefore,
fundamental understanding and efforts of the involved materials
including both fullerene-free acceptors and polymer donors are
still requisite to promote the PCEs of fullerene-free PSCs.
Among the diverse nonfullerene small molecular acceptors,

perylene bisimides (PBIs) have been attracting much attention
due to their excellent electron mobility and tunable molecular
and electronic properties by simply modifying the attached
alkyl chains or linkers.20−29 The most remarkable aspect of
these materials is that they can afford good short-circuit current
denisty (Jsc) ranging from 8 to 12 mA/cm2.30−33 In 2012,
Narayan and co-workers designed a nonplanar dimeric PBI
derivative,28 named as PPDI-1 (Scheme 1a), in which the
twisted NN single bond significantly reduced the planarity

and thus the aggregation effect of acceptors was weakened.
They applied PPDI-1 in the fullerene-free PSCs, and an
encouraging PCE of ∼3% was obtained when it was blended
with a 2D-conjugated polymer PBDTTT-C-T (Scheme 1b).
The electrical, optical, and morphological studies further
implied that PPDI-1 and its analogues should be a promising
model system for efficient fullerene-free PSCs.30 These studies
have motivated the development of new strategies to produce
dimeric PBIs with twisted structures. For instance, we very
recently carried out detailed investigations of side chains of
single-bond linked PBI dimers and found that the molecule
with the alkyl chain C5H11, namely SDIPBI is the best one for
photovoltaic application,29 as summarized in Table 1, and
moreover, SDIPBI also generated a few cases of impressive
PCE surpassing 4.0% in normal and inverted geometry
fullerene-free PSCs.31,32 According to the reported works, it
is interesting to note that only a slight difference in the length
of alkyl chains results in a significant difference in their device
performance. Considering that the PCEs for PPDI-1-based
devices are still limited at 3.2% until now, we designed and
synthesized a fine-optimized fullerene-free acceptor named as
PPDI by replacing C7H15 with C5H11 in PPDI-1, as shown in
Scheme 1a. Theoretical calculations verified the appropriate
energy levels and nonplanar molecular conformation (Scheme
1c) of PPDI, in which the two PBI fragments are linked
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perpendicularly to each other due to the repulsion of electron
clouds on oxygen atoms. Additionally, for a conjugated
molecule, the conjugated moiety is the key component for π-
electron transport, while the nonconjugated alkyl chains ensure
the solubility in processing solvents. Actually, the appended
C5H11 chains in PPDI can guarantee the solubility, the same as
that of in SDIPBI. Therefore, reducing the ratio or length of the
alkyl chains will be beneficial for optimizing the photovoltaic
properties of PPDI.
Beyond structural modification of the nonfullerene acceptors,

there also remain significant opportunities for improving the
overall PCE of these promising acceptors by screening well-
matched donor polymers.17,18,24−28 In other words, the
following criteria are required for donor polymers used in the
highly efficient fullerene-free PSCs: (i) strong extinction
coefficients and broad absorption spectra, (ii) formation of
nanoscale and bicontinuous phase separation with fullerene-free
acceptors, and (iii) high hole mobility and suitable energy level
matching with nonfullerene acceptors. Lately, a novel 2D-
conjugated BDT-based polymer with a deeper highest occupied
molecular orbital (HOMO) level (−5.3 eV), namely PBDT-
TS134 (see Scheme 1b) was designed, synthesized, and applied
in fullerene-based PSC, which yielded a remarkable PCE
exceeding 9% and undoubtedly outperformed PBDTTT-C-T35

as donor polymers in PSCs. Herein, the simple structured
fullerene-free PSCs employing the blend of PBDT-TS1/PPDI
as the photoactive layer delivered a certificated PCE of 5.40%,
which is nearly 2-fold of that obtained from the pristine
PBDTTT-C-T/PPDI-1 system (Table 1). Furthermore, the

device behaviors and morphological properties of the PBDT-
TS1/PPDI system were investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Preparation and Characterization of Materials. PPDI was

synthesized following the similar route as reported by Narayan et al.28

Compound PPDI: 1H NMR (CDCl3, 400 MHz, δ): 8.71 (d, 8H), 8.63
(d, 4H), 8.59 (d, 4H), 5.23−5.19 (m, 2H), 2.31−2.23 (m, 4H), 1.91−
1.86 (m, 4H), 1.40−1.24 (m, 24H), 0.84 (t, 12H).13C NMR (CDCl3,
100 MHz, δ): 160.2, 135.3, 133.6, 132.3, 129.6, 129.2, 126.2, 126.0,
123.7, 122.7, 122.4, 55.0, 32.5, 31.9, 26.9, 22.8, 14.2. MS (HR-MALDI-
TOF, see Supporting Information, SI, Figure S1): m/z (M−) =
1086.458093 (calcd for C70H62N4O8: 1086.457314). PBDTTT-C-T
(Mn = 20 K; PDI = 3.2), PBDT-TS1 (Mn = 29 K; PDI = 2.2), and
SDIPBI were consistent with our previous reports. PFN was
commercially available from Solarmer Material Inc. The processing
solvents used in device fabrication process were purchased from Alfa
Aesar. The PEDOT/PSS (Heraeus Clevios P VP AI 4083) and metal
materials are commercially available products and used as received.

2.2. Fabrication and Characterization of PSC Devices. The
D/A ratio is 1:1 for all of the polymer/acceptor blends following the
device optimizations in previous works.28−30 Other device fabrications
details are provided in the SI. The J−V characteristics were measured
by a Keithley 2400 Source Measure Unit under the light intensity of
AM1.5 G 100 mW/cm2. The light intensity was calibrated using a
silicon reference cell (with KG3 filter, purchased from Enli
Technology Co. Ltd. and calibrated by NIM) to bring spectral
mismatch factor to unity.36 The typical active area of the certificated
PSCs was about 5.65 mm2, as defined by an optical microscope. The
EQE curves were monitored by the use of the QE-R3011 Quantum
Efficiency Equipment (Enli Technology Co. Ltd., Taiwan).

Scheme 1. (a) Molecular Structure of Non-Fullerene Acceptors: SDIPBI-1, SDIPBI, PPDI-1, and PPDI; (b) Molecular
Structure of Donor Polymers: PBDTTT-C-T and PBDT-TS1; (c) Schematic Illustration of the Molecular Geometry
Optimization and Energy Levels of PPDI

Table 1. Photovoltaic Parameters of Several Efficient Fullerene-Free PSCs

polymer acceptor Voc [V] Jsc [mA/cm2] FF PCE [%] ref.

PBDTTT-C-T SDIPBI-1 0.72 8.86 0.40 2.54 29
PBDTTT-C-T SDIPBI 0.73 10.58 0.47 3.63 28
PBDTTT-C-T PPDI-1 0.77 9.00 0.46 3.20 30
PBDT-TS1 PPDI 0.82 12.51 0.53 5.40a this work

aThe certificated result from National Institute of Metrology (NIM), China.
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3. RESULTS AND DISCUSSION

PPDI is a linear dimer of PBI linked by a Nitrogen−Nitrogen
single bond and could be facilely prepared by reacting imide
anhydride and hydrazine adduct of PBIs with high yield
according to the method.28 The chemical structure of PPDI was
carefully determined by NMR spectroscopy and mass
spectrometry. PPDI shows a strong absorption in the range
of 450−550 nm and a maximum molar extinction coefficient of
2.2 × 105 M−1cm−1 in chloroform solution (see SI Figure S2).
To make clear comparisons of the basic properties like UV−vis
absorption spectrum and cyclic voltammetry (CV) of PPDI in
solid film, the corresponding data of SDIPBI were also
characterized in parallel. It can be observed that these two
acceptors exhibit similar spectral spectra from 300 to 600 nm
(see Figure 1a), and their corresponding optical band gaps
calculated from the absorption edge are approximately 2.04 eV.
Compared to SDIPBI film, the absorption spectrum of PPDI
film is slightly red-shifted (10 nm) and possesses a much higher
absorption coefficient of 1.3 × 10−5 cm−1. The high absorption
capability should be ascribed to the reduced linearity and ratio
of alkyl chains in the whole molecule as well as the relatively
higher oscillator strength by DFT calculations. As shown in
Figure 1b, the redox onset potentials of SDIPBI and PPDI are
approximately 0.91 and 0.94 V, respectively. Consequently, the

lowest unoccupied molecular orbital (LUMO) level of PPDI is
determined to be −3.86 eV, which is 0.03 eV higher in
comparison with that of SDIPBI. In addition, the electron
mobilities of PPDI and SDIPBI were examined by the space-
charge limit current (SCLC) method (SI Figure S3). The
pristine film showed an electron mobility up to 4.1 × 10−4

cm2V−1s−1 for PPDI, which is three times higher than that of
SDIPBI. Obviously, these results indicated that PPDI is a
potential replacement for SDIPBI in efficient fullerene-free
PSCs.
Then, the photovoltaic performance of PPDI was evaluated

by fabricating PSCs with a normal device architecture as
illustrated in Figure 1c. Fullerene-free PSCs based on
PBDTTT-C-T/SDIPBI were also fabricated as controls. The
corresponding photovoltaic parameters of PBDTTT-C-T/
PPDI and PBDTTT-C-T/SDIPBI were enumerated in Table
2. It can be observed that PBDTTT-C-T/PPDI based fullerene-
free PSC delivers an average PCE of 3.78%, which is 17%
higher than that of its SDIPBI-based device (3.25%) under the
same conditions (see Figure 1d). Blending with PBDTTT-C-T,
the newly designed PPDI possesses better photovoltaic
performance (increased FF) over previous SDIPBI or PPDI-
1. Encouraged by this preliminary result, it can be expected that

Figure 1. (a) UV−vis absorption spectra of PPDI and SDIPBI in thin films; (b) C−V plots of PPDI and SDIPBI; (c) schematic illustration of a
normal device architecture; and (d) J−V curves of fullerene-free PSCs based on PBDTTT-C-T/SDIPBI and PBDTTT-C-T/PPDI blends.

Table 2. Photovoltaic Parameters of the Fullerene-Free PSC Devices

polymer acceptor Voc [V] Jsc[mA/cm2] FF [%] PCEa [%]

PBDTTT-C-T SDIPBI 0.72 ± 0.01 10.29 ± 0.18 0.45 ± 0.03 3.25 ± 0.17 (3.45)
PBDTTT-C-T PPDI 0.76 ± 0.01 10.46 ± 0.26 0.49 ± 0.02 3.78 ± 0.15 (3.94)
PBDT-TS1 PPDI 0.80 ± 0.01 12.85 ± 0.23 0.53 ± 0.02 5.45 ± 0.12 (5.58)
PBDT-TS1b PPDI 0.78 ± 0.02 13.14 ± 0.31 0.51 ± 0.02 5.09 ± 0.21 (5.31)

aAverage values were calculated from about ten devices for each condition; the highest PCE values are shown in parentheses. bValues were obtained
from inverted devices.
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higher efficiency will be realized by applying other well-
matched donor polymers in the PPDI-based PSCs.
From the viewpoint of molecular design, PBDT-TS1 is a

fine-optimized 2D-conjugated polymer, which has similar
structure but better absorption spectrum compared to
PBDTTT-C-T, and especially, it shows strong interchain π−π
stacking property than PBDTTT-C-T. As shown in Figure 2a,
PBDT-TS1 exhibits an absorption range covering 300−820 nm,
which is ca. 30 nm red-shifted compared to that of PBDTTT-
C-T. However, the X-ray diffraction (XRD) patterns of the
PBDT-TS1 film exhibits a clear π−π stacking feature, while the
film of PBDTTT-C-T shows much weaker π−π stacking and
no signal can be observed (Figure 2b). Additionally, the hole
mobility of PBDT-TS1 (1 × 10−2 cm2V−1s−1)34 was found to

be nearly 1 order of magnitude higher than that of PBDTTT-
C-T (1.8 × 10−3 cm2V−1s−1).37 Consequently, the combination
of high carrier mobility and broad spectral coverage as well as
ordered packing render PBDT-TS1 attractive as donor material
for high performance fullerene-free PSC applications.
According to the above results and considerations, there is

still a lot of room to promote the efficiency of the fullerene-free
PSCs based on PPDI by replacing PBDTTT-C-T with PBDT-
TS1. Hence, the fullerene-free PSCs with conventional device
architecture employing PBDT-TS1/PPDI as active layer were
fabricated and characterized to afford an average PCE of 5.45%
along with Voc of 0.80 ± 0.01 V, Jsc of 12.85 ± 0.23 mA/cm2,
and FF of 0.53 ± 0.02 under AM 1.5 G illumination at the
intensity of 100 mW/cm2, as depicted in Figure 2c. One of the

Figure 2. (a) UV−vis absorption and (b) XRD patterns of pure PBDTTT-C-T and PBDT-TS1 films; (c) J−V and (d) EQE curves of fullerene-free
PSCs based on PBDTTT-C-T/PPDI and PBDT-TS1/PPDI blends.

Figure 3. AFM and TEM images of fullerene-free PSCs based on PBDT-TS1/PPDI (a, b, e) and PBDTTT-C-T/PPDI (c, d, f) blend films.
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best-performing fullerene-free PSCs was sent to the National
Institute of Metrology (NIM) for certification, confirming a
PCE of 5.40% with Voc = 0.82 V, Jsc = 12.5 mA/cm2, FF = 0.53
under the standard AM 1.5 G 100 mW/cm2 condition (see SI
Figure S4). Notably, the newly designed PBDT-TS1/PPDI
system is one of very few fullerene-free combinations so far
with efficiency up to 5.58% in PSCs. As shown in Figure 2d, the
fullerene-free PSC device employing PBDT-TS1 exhibited a
much broad photoresponse range from 300 to 820 nm. The
wavelength integration of the product of the EQE curves and
the standard AM 1.5G solar spectrum yields consistent Jsc
values within 3% error compared to the results from J−V test. It
is worth to note that the PBDT-TS1/PPDI based PSCs
provides a maximum EQE of ∼65%, which is among the
highest values reported so far and merely 15% lower than the
peak EQE value in the corresponding PBDT-TS1/PC71BM-
based PSCs. The fullerene-free PSCs based on PBDTTT-C-
T:PPDI were also fabricated and tested in parallel, and the best-
performing device showed a Voc of 0.76 V, a Jsc of 10.37 mA/
cm2, a FF of 0.50 and an overall PCE of 3.94%. Obviously,
when the donor polymer was changed from PBDTTT-C-T to
PBDT-TS1, the Voc, Jsc, and FF of fullerene-free PSCs can be
improved simultaneously.
To reveal the high current and PCE in PBDT-TS1/PPDI

fullerene-free systems, atomic force microscopy (AFM) in a
tapping mode was employed to probe the topography (Figure
3a) and phase morphologies of the blend films (Figure 3b). It
can be observed that PBDT-TS1/PPDI blend film exhibited a
higher root-mean-square roughness (RMS) of 3.12 nm and
much clearer phase separation with an appropriate domain size
of 20−30 nm, compared to that of PBDTTT-C-T/PPDI blend
(Figure 3c,d). The RMS value of the PBDT-TS1/PPDI film is
similar to the values obtained in previous cases of high-
performance fullerene-free systems, for instance, PBDTBDD/
SDIPBI32 and PTB7-Th/SDIPBI31 blends. In the PBDTTT-C-
T/PPDI film, the very smooth surface and blurry phase
separation might lead to severe bimolecular recombination,

while in the PBDT-TS1/PPDI case, the obvious phase feature
should be ascribed to the strong π−π stacking effect of PBDT-
TS1. Thus, the morphology of the PBDT-TS1/PPDI blend is
more favorable than that of the PBDTTT-C-T/PPDI blend
film from the AFM characterizations, and this should be an
important factor contributed to the better EQE of the PBDT-
TS1/PPDI device. The evolution of phase features from
PBDTTT-C-T/PPDI (Figure 3e) to PBDT-TS1/PPDI (Figure
3f) blend film can be also confirmed in the transmission
electron microscopy (TEM) images. Space charge limited
current (SCLC) measurements and photocurrent analysis were
conducted to probe the underlying physical processes like
charge separation and transport characteristics. The PBDT-
TS1/PPDI device shown a relatively balanced hole/electron
mobility (μe = 1.2 × 10−3 and μh = 8.9 × 10−3 cm2V−1s−1,
respectively) according to the characterizations of hole-only
and electron-only diodes of the blend films (SI Figure S5).
Photocurrent behavior analysis (Figure 4a) revealed that the
exciton dissociation efficiency is as high as 85.6% in the PBDT-
TS1/PPDI blend, indicating efficient charge carrier output in
the D/A interface.10,32 Overall, it becomes apparent that the
balance of electron/hole mobilities, efficient charge separation,
and favorable phase separation must be related to the
simultaneous increase in Jsc and FF of the PBDT-TS1/PPDI
combination. The high dissociation efficiency in PBDT-TS1/
PPDI-based PSC is comparable to that of some efficient
fullerene-based photovoltaic devices, indicating that efficient
exciton dissociation also exists in some polymer/fullerene-free
acceptor systems.
To explore the potential of the PBDT-TS1/PPDI system for

practical applications, the correlation between thickness and
efficiency is carried out, as depicted in Figure 4b and SI Table
S1. Interestingly, the PCE of PBDT-TS1/PPDI-based PSC is
kept at ca. 5.2%, independent of the film thickness in the range
of 60−100 nm. The fullerene-free PSC still attains a
considerable PCE of 4.06% even with a thickness of 150 nm.
Clearly, these features make the PBDT-TS1/PPDI-based

Figure 4. (a) The photocurrent vs effective voltage and (b) efficiency vs thickness plots of PBDT-TS1/PPDI-based conventional fullerene-free
PSCs; (c) device geometry and (d) J−V curve of PBDT-TS1/PPDI-based inverted fullerene-free PSC. The insert image is the corresponding EQE
curve.
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fullerene-free PSC reproducible and compatible with the roll-
to-roll printing technologies due to the requirement of over 100
nm-thick active layers. Apart from the conventional devices,
inverted fullerene-free PSCs were also explored due to the
excellent stability and performance.37−40 The typical J−V curve
of the inverted fullerene-free PSC with a device geometry40−42

of ITO/PFN/polymer/acceptor/MoO3/Al (Figure 4c) was
recorded in Figure 4d. The best-performing inverted devices
based on PBDT-TS1/PPDI also exhibited a promising PCE of
5.31% with a Voc of 0.79 V, a Jsc of 13.19 mA/cm2 and a FF of
0.51. From these studies, we speculate that the successful
application of PBDT-TS1 in PPDI-based PSCs with various
architectures will greatly enhance the versatility of PBDT-TS1,
not only for PBI-based small molecules, but also for other small
molecule or polymer acceptors. The current device parameters
in inverted fullerene-free PSCs might be meliorated by further
engineering the n-type buffer layers, for instance, incorporating
high quality C60-SAM or ZnO,31 which is out of the focus of
this study.
In order to reveal the difference between fullerene-free PSC

and fullerene-based PSC, the key parameters of PBDT-TS1/
PPDI and PBDT-TS1/PC71BM-based devices were listed in SI
Table S2. Although the optimum D/A ratio and processing
additives of the PBDT-TS1/PPDI blend are not identical to
that of PBDT-TS1/PC71BM system, we noted that the PBDT-
TS1/PPDI blend film exhibits a similar morphology feature
with that of the PBDT-TS1/PC71BM blend film.34 Due to the
synergetic effect of binary solvent additives, the nanoscale
morphology is greatly optimized compared with single
additive.32 For device optimizations of fullerene-free PSCs,
the focus should be manipulating the aggregation and nanoscale
phase separation to the length scale of exciton diffusion length.

4. CONCLUSIONS
To summarize, guided by two efficient small molecular
acceptors, we designed, synthesized, and characterized a new
nonfullerene small molecule PPDI with fine-tailored alkyl
chains. When PBDTTT-C-T and PPDI were employed as
polymer and acceptor, respectively, the PCE of the device is
higher than that of the PBDTTT-C-T/PPDI-1 and PBDTTT-
C-T/SDIPBI device, indicating that PPDI is a promising
acceptor material for fullerene-free PSCs; then in order to
further improve the PCE, PBDTTT-C-T was replaced by
PBDT-TS1. Benefiting from the enhanced interchain π−π
stacking effect of the polymer, the blend of PBDT-TS1/PPDI
show a relatively higher and symmetric hole and electron
mobility. As a result, a high PCE of 5.58% (certificated as
5.40%) was obtained in the fullerene-free PSC based on PBDT-
TS1/PPDI. Moreover, the device behaviors, morphological
features, and origins of high efficiency in PBDT-TS1/PPDI-
based fullerene-free PSCs were investigated. We believe that
the synchronous selection and design of PBDT-TS1/PPDI
system in this work can be seen as an useful example for
molecular design of donor and acceptor materials toward highly
efficient fullerene-free PSCs.
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