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A simple small molecule named DICTiF was designed, synthesized and used as the acceptor for solution processed
bulk-heterojunction solar cells with polymer PBDB-T as the donor. A power conversion efficiency of 7.11% was obtained.
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1 Introduction

Solution-processed organic photovoltaics (OPVs) have
attracted great attention for their potential to be flexible,
lightweight and effective device for power generation
[1-3]. Over the past decade, due to the development of
electron-donor materials, power conversion efficiencies
(PCEs) of over 10% have been achieved for organic photo-
voltaics with bulk heterojunction (BHJ) architectures [4—13].
However, the progress for electron-acceptor materials is
relatively lagging behind. To date, most commonly em-
ployed electron-acceptor materials are fullerene derivatives,
such as PCsBM and PC;;BM. Even though fullerene based
acceptor materials have advantages including deep-lying
lowest unoccupied molecular orbital (LUMO, -3.8— —4.2
eV), ultra-fast three-dimensional charge transfer and high
electron mobility, these acceptor materials suffer from some
disadvantages including less tunable energy level, weak
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absorption in the visible region and high cost of produc-
tion [14,15]. Therefore, it is highly desirable to develop
non-fullerene acceptor materials. Indeed, recently, much at-
tention has been focused on non-fullerene acceptor materials
and exciting breakthroughs with PCEs over 10% have been
achieved [16,17]. Generally, several important parameters
should be considered to obtain high-efficiency non-fullerene
acceptor materials [18-25], such as suitable energy level,
good electron transport property, strong absorption ability in
the visible and near infrared (NIR) regions, easy accessibility
and purification of production [26-30].

In last few years, our group [31-33] have designed and re-
ported series of A-D-A type small donor molecules materials
and PCEs over 10% have been obtained with fullerene deriva-
tives as the acceptors. We have found that the LUMO of those
A-D-A type small molecules are mainly determined by the
terminal electron withdrawing groups. Thus, those A-D-A
type small molecules could be used as acceptor materials if
proper end groups were selected and the molecules back-
bones were modified to be compatible with donor materials
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for good morphology. Just recently, we have reported a rather
simple small molecule acceptor, named DICTF, with fluo-
rene as the central block and 2-(2,3-dihydro-3-oxo-1H-inden-
1-ylidene) propanedinitrile as the end-capping groups. The
molecule was synthesized from widely available and cheap
commercial materials with only three steps and a high over-
all yield of ~60%. Initial studies show that the fullerene-
free organic solar cells with DICTF as the acceptor mate-
rial and polymer PTB7-Th as the donor material gave a high
PCE of 7.93%. Continuing the studies of this series for new
and better acceptor materials, herein, we report a new small
molecule named DICTiF through modifying the molecules
DICTF by changing the alkyl chain on the fluorine from nor-
mal octyl to 2-ethylhexyl for both solubility and morphology
control/optimization. Organic solar cells based on PBDB-T
(Figure 1(a)) as the donor material and DICTiF as the ac-
ceptor material exhibited a PCE of 5.02% without any fur-
ther treatment. After optimization, a high PCE of 7.11% was
achieved, which is comparable with that of PBDB-T:PC7;BM
based OPV devices (7.51%) [34] and even higher than that of
PBDB-T:PCsBM based devices (6.67%) [35]. The high pho-
tovoltaic performance demonstrates that DICTIF is a promis-
ing acceptor material for fullerene-free organic solar cells.

2 Experimental

The molecule DICTiF was synthesized with the similar pro-
cedure to DICTF and the detailed synthesis methods were

Figure 1
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given in the Supporting Information online. Theoretical cal-
culations were performed by using the density functional the-
ory (DFT) to determine the geometric structure of DICTiF. As
shown in Figure 1(c), the geometry optimizations yielded a
twisted structure for DICTiF. The dihedral angle between the
plane of fluorene group and the thiophene ring is about 23°,
which is expected to prevent the large aggregation of DICTiF
when blends with donor material in order to form effective
phase separation.

The UV-Vis absorption spectra of DICTiF in diluted CHCl;
solution and in solid film are shown in Figure 1(b). The ab-
sorption of DICTiF in diluted CHCl; shows a peak at 589 nm.
The absorption spectra of DICTiF film was broadened and
showed two absorption peaks at 576 and 603 nm, which in-
dicates effective n-mt stacking between molecule backbones.
The optical band gap of DICTiF estimated from the onset
of the film absorption is 1.75 eV. The electrochemical cyclic
voltammetry with ferrocene/ferrocenium of the (Fc¢/Fc') re-
dox couple (4.8 eV under the vacuum level) as the internal
calibration was used to investigate the energy levels. The
highest occupied molecular orbital (HOMO) energy level cal-
culated from the onset oxidation potential is —5.55 eV. The
LUMO energy level calculated from the onset reduction po-
tential is —3.62 eV. The electrochemical band gap of DIC-
TiF is estimated to be 1.93 eV. Both the HOMO and the
LUMO energy level of DICTiF are much lower than those
of most donor materials, which indicates that OPV devices
using DICTIF as their electron acceptor material will exhibit
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(a) Chemical structures of DICTiF and PBDB-T; (b) UV-Vis absorption spectra of DICTIF in solution and solid film; (c¢) optimized molecular

geometries (side view and top view) of DICTIF using DFT; (d) the electrochemical cyclic voltammetry curveof DICTIF (color online).
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effective charge separation properties. In addition, the rel-
atively higher HOMO energy level of DICTIF than that of
fullerene derivatives (—3.8——4.2 eV) indicate that using DIC-
TiF as electron acceptor material in OPV devices will lead to
an increased open voltage (Vo).

3 Results and discussion

Solution-processed BHJ organic solar cells were fabricated
using PBDB-T as the electron donor material and DICTiF
as the electron acceptor material with a conventional device
structure of ITO/PEDOT:PSS/PBDB-T:DICTiF/PDIN/AL
The J-V curves of the devices before and after optimiza-
tion were presented in Figure 2(a), and the corresponding
photovoltaic parameters are summarized in Table 1. The
optimized donor/acceptor weight ratio was 1:1.4, and other
optimization process of the device performance are shown
in the Supporting Information. The device without any treat-
ment shows a PCE of 5.02%, an V,. of 0.97 V, a short-circuit
(Jse) of 10.12 mA cm™, and a fill factor (FF) of 51%. After
optimization (using di-phenyl ether (DPE) as an additive and
thermal annealing at 80 °C for 10 min) the PCE increased
to 7.11%, with a V,. of 0.98 V, a J. of 11.20 mA cm?,
and a FF of 65%. The PCE (Table 1) is comparable to
that of PBDB-T:PC7;BM based devices (7.51% [34]), and
even higher than that of PBDB-T:PCsBM based devices
(6.67% [35]). Note, the device based on PBDB-T:DIC-
TiF exhibits higher V.. than that of devices based on both
PBDB-T:PC7BM (0.87 V) and PBDB-T:PC¢;BM (0.86 V),
and this should result from the high lying LUMO energy
level of DICTiF. External quantum efficiency (EQE) spec-
trum of OPV devices based on PBDB-T:DICTiF is shown in
Figure 2(b). The optimized device showed photo-to-current

(a)

o

.
(3

-
o

Current Density (mA cm'z)

02 04 06 08
Voltage (V)

1.0

Sci China Chem  March (2017) Vol.60 No.3

response from 300 to 700 nm with a maximum of 64.5%
and over 57% across the range of 420 to 625 nm, indicating
effective photoelectron conversion. The J. calculated from
EQE spectrum of optimized devices was 10.66 mA c¢m,
in agreement with the Ji value obtained from J-V curves
(11.20 mA cm™) with a 4.8% mismatch. Additionally, it is
worth to note that the devices based on PTB7-Th:DICTiF
also achieved a high PCE of 7.03% (see Table S1 and Figure
S6 in the Supporting Information online), which indicates
that DICTIF possesses the potential to be applied generally
with other high performance donor materials.

The mobilities of the blend films were measured by the
space charge limited current (SCLC) method (Figure SS5).
The hole and electron mobilities were measured with the
device structures of ITO/PEDOT:PSS/PBDB-T:DICTiF/Au
and Al/PBDB-T:DICTiF/Al, respectively. The devices
before optimization showed hole mobility and electron
mobility of 3.60x107° and 2.63x107° ¢cm? V! s7!, respec-
tively, with u (hole mobility)/u. (electron mobility) of 1.37.
After optimization, the device exhibits a higher and much
more balanced hole and electron mobility of 8.45x107° and
7.46x107° ¢cm? V! s7!, respectively, with un/u. of 1.13, which
is favorable for a higher FF.

The morphology of the active layer was investigated by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). As shown in AFM images (Figure 3(a,
b)), the root-mean-square (RMS) roughness is 0.963 nm
for as-cast film. After optimization, the RMS roughness
increases slightly to 1.48 nm. Figure 3(c, d) shows the TEM
images of the blend films. Compared with the as-cast film,
better interpenetrating networks of donor and acceptor phases
could be observed after optimization, which is favorable for
exciton dissociation and charge transport. Therefore, impro-
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Figure 2 (a) J-V curves of devices based on PBDB-T:DICTiF; (b) EQE curves of optimal devices based on PBDB-T:DICTiF (color online).

Table 1 Device performance for BHJ solar cells based on PBDB-T:DICTiF

Treatment Ve (V) Jie (MA cm™?) FF PCE (%) ? n(em? V> e (em? Vs /e
as-cast 0.98 10.12 0.51 4.81+0.21 (5.02) 3.60x107° 2.63x107° 1.37
DPE+TA © 0.98 11.20 0.65 6.97+0.14 (7.11) 8.45x10°° 7.46x107° 1.13

a) The average PCE is obtained from 30 devices; b) the best PCEs are provided in parentheses; ¢) with thermal annealing at 80 °C for 10 min and using

0.5% DPE as additive.
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Figure 3 (a, b) AFM images and (c, d) TEM images of PBDB-T:DICTiF
blend films. (a, ¢) as-cast; (b, d) after optimization (color online).

ved J. and FF were achieved after optimization.

4 Conclusions

In summary, a rather simple small molecular named DICTiF
as the acceptor material in organic solar cells was designed
and synthesized. The OPV devices using this material as the
electron acceptor exhibits a high PCE of 7.11%, with a high
Voe 0f0.98 V, a J. of 11.20 mA cm?, and a FF of 65%. It is
important to note that this simple and easily accessible ma-
terial gives comparable or even better performance than the
corresponding conventional PCBM devices. This indicates
that not only this simple acceptor material DICTiF but also
other new acceptor materials might have great potential to
bring the entire OPV studies to a new stage.

Acknowledgments This work was supported by the Ministry of Science
and Technology (2014CB643502), the National Natural Science Founda-
tion of China (21404060, 51373078, 51422304, 91433101), Program for
Changjiang Scholars and Innovative Research Team (IRT1257) and Tian-
jin city (13RCGFGX01121, 14JCQNJC03800).

Conflict of interest
interest.

The authors declare that they have no conflict of

Supporting information The supporting information is available online
at http://chem.scichina.com and http://link.springer.com/journal/11426.
The supporting materials are published as submitted, without typesetting
or editing. The responsibility for scientific accuracy and content remains
entirely with the authors.

1 Heeger AJ. Chem Soc Rev, 2010, 39: 2354-2371

2 Dennler G, Scharber MC, Brabec CJ. Adv Mater, 2009, 21:
1323-1338

3 Zhang ZG, Li Y. Sci China Chem, 2015, 58: 192-209
Wei S, Sun W, Chen Z, Xiao L. Sci China Chem, 2016, 59: 1748—1753

5 Coughlin JE, Henson ZB, Welch GC, Bazan GC. Acc Chem Res, 2014,
47: 257-270

6 LulL,Zheng T, Wu Q, Schneider AM, Zhao D, Yu L. Chem Rev, 2015,

12

13

14
15

16

17

18

19

20

21

22

23

24

25

26

27
28

29
30

31

32

33

34

35

Sci China Chem  March (2017) Vol.60 No.3 369

115: 12666-12731

Roncali J, Leriche P, Blanchard P. Adv Mater, 2014, 26: 3821-3838
Zhou H, Yang L, You W. Macromolecules, 2012, 45: 607-632

Duan C, Furlan A, van Franeker JJ, Willems REM, Wienk MM,
Janssen RAJ. Adv Mater, 2015, 27: 4461-4468

Chen JD, Cui C, Li YQ, Zhou L, Ou QD, Li C, Li Y, Tang JX. Adv
Mater, 2015, 27: 1035-1041

He Z, Xiao B, Liu F, Wu H, Yang Y, Xiao S, Wang C, Russell TP, Cao
Y. Nat Photon, 2015, 9: 174-179

Kan B, Li M, Zhang Q, Liu F, Wan X, Wang Y, Ni W, Long G, Yang
X, Feng H, Zuo Y, Zhang M, Huang F, Cao Y, Russell TP, Chen Y. J
Am Chem Soc, 2015, 137: 3886-3893

Zhang S, Ye L, Zhao W, Yang B, Wang Q, Hou J. Sci China Chem,
2015, 58: 248-256

HeY, Li Y. Phys Chem Chem Phys, 2011, 13: 1970-1983

Guldi DM, Illescas BM, Atienza CM, Wielopolski M, Martin N. Chem
Soc Rev, 2009, 38: 1587-1597

Zhao W, Qian D, Zhang S, Li S, Inganis O, Gao F, Hou J. Adv Mater,
2016, 28: 47344739

Lin Y, Zhan X. Mater Horiz, 2014, 1: 470488

Li M, Liu Y, Ni W, Liu F, Feng H, Zhang Y, Liu T, Zhang H, Wan
X, Kan B, Zhang Q, Russell TP, Chen Y. J Mater Chem A, 2016, 4:
10409-10413

Lin Y, Zhang ZG, Bai H, Wang J, Yao Y, Li Y, Zhu D, Zhan X. Energ
Environ Sci, 2015, 8: 610-616

Sun D, Meng D, Cai Y, Fan B, Li Y, Jiang W, Huo L, Sun Y, Wang Z.
J Am Chem Soc, 2015, 137: 11156-11162

Nielsen CB, Holliday S, Chen HY, Cryer SJ, McCulloch I. Acc Chem
Res, 2015, 48: 2803-2812

Holliday S, Ashraf RS, Nielsen CB, Kirkus M, Réhr JA, Tan CH,
Collado-Fregoso E, Knall AC, Durrant JR, Nelson J, McCulloch 1. J
Am Chem Soc, 2015, 137: 898-904

LinY, Zhao F, He Q, Huo L, Wu Y, Parker TC, Ma W, Sun Y, Wang C,
Zhu D, Heeger AJ, Marder SR, Zhan X. J Am Chem Soc, 2016, 138:
4955-4961

Lin Y, Wang J, Zhang ZG, Bai H, Li Y, Zhu D, Zhan X. Adv Mater,
2015, 27: 1170-1174

Winzenberg KN, Kemppinen P, Scholes FH, Collis GE, Shu Y,
Birendra Singh T, Bilic A, Forsyth CM, Watkins SE. Chem Commun,
2013, 49: 6307-6309

LinY, Zhao F, Wu Y, Chen K, Xia Y, Li G, Shyamal K, Prasad K, Zhu
J, Huo L, Bin H, ZhangZh, Guo X, Zhang M, Sun Y, Gao F, Wei Z,
Ma W, Wang C, Hodgkiss J, Bo Z, Olle I, Li Y, Zhan X. Adv Mater,
2016

Lin Y, Zhan X. Adv Energ Mater, 2015, 5: 1501063

Lin Y, Li T, Zhao F, Han L, Wang Z, Wu Y, He Q, Wang J, Huo L,
Sun Y, Wang C, Ma W, Zhan X. Adv Energ Mater, 2016, 6: 1600854
Lin Y, Zhan X. Acc Chem Res, 2016, 49: 175-183

Lin Y, He Q, Zhao F, Huo L, Mai J, Lu X, Su CJ, Li T, Wang J, Zhu
J, Sun Y, Wang C, Zhan X. J Am Chem Soc, 2016, 138: 2973-2976
Ni W, Li M, Wan X, Zuo Y, Kan B, Feng H, Zhang Q, Chen Y. Sci
China Chem, 2015, 58: 339-346

Li M, Ni W, Feng H, Kan B, Wan X, Zhang Y, Yang X, Chen Y. Chin
J Chem, 2015, 33: 852-858

Ni W, Li M, Kan B, Liu F, Wan X, Zhang Q, Zhang H, Russell TP,
Chen Y. Chem Commun, 2016, 52: 465-468

Zhao W, Ye L, Zhang S, Sun M, Hou J. J Mater Chem A, 2015, 3:
12723-12729

Qian D, Ye L, Zhang M, Liang Y, Li L, Huang Y, Guo X, Zhang S,
Tan Z, Hou J. Macromolecules, 2012, 45: 9611-9617


http://chem.scichina.com
http://link.springer.com/journal/11426
https://doi.org/10.1039/b914956m
https://doi.org/10.1002/adma.200801283
https://doi.org/10.1007/s11426-014-5260-2
https://doi.org/10.1021/ar400136b
https://doi.org/10.1021/acs.chemrev.5b00098
https://doi.org/10.1002/adma.201305999
https://doi.org/10.1021/ma201648t
https://doi.org/10.1002/adma.201501626
https://doi.org/10.1002/adma.201404535
https://doi.org/10.1002/adma.201404535
https://doi.org/10.1038/nphoton.2015.6
https://doi.org/10.1021/jacs.5b00305
https://doi.org/10.1021/jacs.5b00305
https://doi.org/10.1007/s11426-014-5273-x
https://doi.org/10.1039/C0CP01178A
https://doi.org/10.1039/b900402p
https://doi.org/10.1039/b900402p
https://doi.org/10.1002/adma.201600281
https://doi.org/10.1039/C4MH00042K
https://doi.org/10.1039/C6TA04358E
https://doi.org/10.1039/C4EE03424D
https://doi.org/10.1039/C4EE03424D
https://doi.org/10.1021/jacs.5b06414
https://doi.org/10.1021/acs.accounts.5b00199
https://doi.org/10.1021/acs.accounts.5b00199
https://doi.org/10.1021/ja5110602
https://doi.org/10.1021/ja5110602
https://doi.org/10.1021/jacs.6b02004
https://doi.org/10.1002/adma.201404317
https://doi.org/10.1039/c3cc42293c
https://doi.org/10.1002/aenm.201501063
https://doi.org/10.1002/aenm.201600854
https://doi.org/10.1021/acs.accounts.5b00363
https://doi.org/10.1021/jacs.6b00853
https://doi.org/10.1007/s11426-014-5220-x
https://doi.org/10.1007/s11426-014-5220-x
https://doi.org/10.1002/cjoc.201500170
https://doi.org/10.1002/cjoc.201500170
https://doi.org/10.1039/C5CC07973J
https://doi.org/10.1039/C4TA07029A
https://doi.org/10.1021/ma301900h

