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A simple small molecule acceptor named DICTF, with fluorene as the
central block and 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene)pro-
panedinitrile as the end-capping groups, has been designed for
fullerene-free organic solar cells. The new molecule was synthesized
from widely available and inexpensive commercial materials in only
three steps with a high overall yield of ~60%. Fullerene-free organic
solar cells with DICTF as the acceptor material provide a high PCE of
7.93%.

Solution-processed organic solar cells are promising for future
renewable energy conversion due to their advantages such as
low cost, light weight and flexibility."” Owing to the continuous
donor material evolution and device optimization,*** power
conversion efficiencies (PCEs) over 10% have been achieved for
single junction organic solar cells with a bulk heterojunction
(BHJ) architecture using fullerene derivatives as the
acceptor.”*™” Several fundamental properties make fullerene
derivatives excellent acceptor materials for BHJ solar cells,
including the low lying lowest unoccupied molecular orbital
(LUMO) and thus high electron affinity and high electron
mobility."®' However, these fullerene derivatives have some
limitations such as high cost synthesis and purification
processes, weak absorption in the visible region, and difficulty
in tuning energy levels. In view of these factors, more and more
attention has been focused on non-fullerene small molecule
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acceptor materials in the past several years,”*** and PCEs over
7% have been achieved.”®>® For the design of non-fullerene
acceptor materials, several important parameters need to be
simultaneously considered such as suitable energy levels, good
electron transport properties, strong and broad absorption
spectra, and proper miscibility when being blended with donor
materials. Besides, in terms of achieving commercialization of
organic solar cells, easy accessibility and purification of the
active materials are as important as the efficiency of the organic
photovoltaic (OPV) devices. Thus, it is highly desirable to
develop high-performance non-fullerene acceptor materials
with an easy synthesis procedure and low cost.

As a widely used raw material for organic synthesis, fluo-
rene with weak electron-donating ability has been introduced
in acceptor materials to obtain a deep-lying highest occupied
molecular orbital (HOMO) energy level, and PCEs of 2-4%
have been achieved.**** These fluorene based small molecules
showed a wide bandgap with values of ~2.10 eV and relatively
narrow absorption. It is worth mentioning that the absorption
of acceptor molecules also plays an important role in
contributing to the overall device photocurrent. In several
previous reports, 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene)
propanedinitrile has been demonstrated to be a strong elec-
tron-withdrawing unit, which could lower the LUMO energy
level and thus the band gap of the molecules.**"*”

Bearing these in mind, we designed and synthesized a simple
small molecule acceptor, named DICTF (Fig. 1a), comprising 9,9-
dioctylfluorene as the central building block and 2-(2,3-dihydro-
3-ox0-1H-inden-1-ylidene)propanedinitrile as the terminal
acceptor groups. The new molecule was synthesized from widely
available and inexpensive commercial materials in only three
steps with a high overall yield of ~60%, indicating great potential
for the large-scale production of this new acceptor material. A
polymer  poly[(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b'|dithiophene-2,6-diyl)-alt-(2-ethylhexyl-3-fluorothieno[3,4-
blthiophene-2-carboxylate-4,6-diyl)], commonly known as PTB7-
Th (showed in Fig. 1a) was used as the donor material. The
organic solar cell based on PTB7-Th:DICTF exhibits a high PCE of
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Fig. 1 (a) Chemical structures of DICTF and PTB7-Th, and the
synthetic route of DICTF. (b) Absorption spectra of DICTF in chloro-
form solution and the as-cast film. (c) Cyclic voltammogram of DICTF
in a dichloromethane solution of 0.1 mol L~ BusNPFg with a scan rate
of 100 mv st

7.93%, which is comparable to that of the control device based on
PTB7-Th:PC;;BM. The results demonstrate that DICTF is a very
promising alternative to fullerene derivatives for organic solar
cells.

The synthetic route of DICTF is shown in Fig. 1a. All the
starting materials were purchased from commercial suppliers
and used without further purification. DTF was synthesized
using the Suzuki coupling reaction. The intermediate of dia-
ldehyde DCHOTF was obtained by the Vilsmeier-Haack reac-
tion. The target molecule (DICTF) was then prepared by the
Knoevenagel condensation of DCHOTF with 2-(2,3-dihydro-3-
oxo-1H-inden-1-ylidene)propanedinitrile. The details are
provided in the ESI.f Thermogravimetric analysis (TGA) indi-
cates that DICTF exhibits excellent thermal stability up to 320
°C under a N, atmosphere (Fig. S27).

The UV-Vis absorption spectra of DICTF in chloroform
solution and in thin film are shown in Fig. 1b. DICTF in chlo-
roform (10~® M) shows an absorption peak at 587 nm with
a maximum absorption coefficient of 9.3 x 10* M~ * em ™. In
the solid state, the DICTF film shows a red-shifted maximum
absorption peak at 624 nm and a broad absorption band in the
visible light region. The relatively broad absorption of DICTF
could contribute to the total absorption of the active layer. The
optical bandgap of DICTF is 1.82 eV, estimated from the onset
of the film absorption spectrum. The electrochemical properties
of DICTF were investigated by cyclic voltammetry with the
ferrocene/ferrocenium (Fc/Fc") redox couple (4.8 eV below the
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vacuum level) as the internal calibration. The HOMO and
LUMO energy levels of DICTF, which are —5.67 and —3.79 eV,
respectively, are estimated based on the onset oxidation
potential and the onset reduction potential of the redox curve as
shown in Fig. 1c. The deep HOMO energy level of DICTF is
much lower than those of typical high efficiency donor mate-
rials (—5.0 to —5.3 eV).>” In addition, the relatively high-lying
LUMO energy level of DICTF compared to that of PCBM
(~—3.90 eV) indicates that an increased V,. could be expected
by using DICTF as an electron acceptor material in OPV devices.

The photoluminescence (PL) spectra of the pure PTB7-Th
film and the PTB7-Th:DICTF blend films were measured and
the results are shown in Fig. S3.f The pure PTB7-Th film
exhibited a PL emission band in the range of 670-850 with
a peak at 750 nm. Compared with the pure PTB7-Th film, the
PTB7-Th:DICTF blend film exhibited a significantly decreased
PL emission, indicating good molecule miscibility and efficient
charge transfer between PTB7-Th and DICTF. The results
demonstrate that DICTF could be an efficient electron acceptor
material.

BH] organic solar cells were fabricated using PTB7-Th as
the electron donor material and DICTF as the electron
acceptor material with a device structure of glass/indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiopene):poly(styrene
sulphonate) (PEDOT:PSS)/PTB7-Th:DICTF/N,N’-bis(propylene-
dimethylamine)-3,4:9,10-perylenediimide (PDIN)/Al, using
a solution process. PDIN is a perylene diimide derivative,
developed as a cathode interlayer by Li et al.,*® and its structure
is shown in Fig. S4.7 The optimization process of the device
performance can be found in Table S1-S3.T The optimized D/A
weight ratio of PTB7-Th:DICTF is 1 : 1.4. The current density-
voltage (J-V) curves of the devices (with D/A weight ratio of
1: 1.4) without and with a thermal annealing (TA) treatment
measured under 100 mW cm ™ simulated sunlight illumina-
tion are shown in Fig. 2a, and the device parameters of V., /s,
FF and PCE are summarized in Table 1. The device based on
the PTB7-Th:DICTF blend film without post-treatment showed
a PCE of 6.82% with a V. of 0.87 V, a J,. of 15.55 mA cm ™2 and
an FF of 0.51. For the blend film after 100 °C thermal
annealing for 10 min, the PCE increased to 7.93%. The control
device based on PTB7-Th:PC,,BM with PDIN as the interface
layer exhibited a V,. of 0.79V, a Js. of 16.91 mA cm™ 2 and an FF
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Fig. 2 (a) Characteristic current density versus voltage (J-V) curves of
PTB7-Th:DICTF based devices without and with thermal annealing and
(b) the external quantum efficiency (EQE) curves of the optimized
PTB7-Th:DICTF based devices.
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Table 1 Device performance parameters of the BHJ solar cells based on the PTB7-Th:DICTF (1 : 1.4, w/w) blend films

Treatment Voe [V] Jse [MA cm™?] FF PCE™” [%)]
None 0.86 + 0.01 15.23 £ 0.32 0.50 &+ 0.01 6.54 + 0.28 (6.82)
TA 0.85 + 0.01 16.33 £ 0.28 0.55 £ 0.01 7.63 £ 0.30 (7.93)

“ Average values of 30 devices. ” The best PCEs are provided in parentheses.

of 0.62 and a slightly higher PCE of 8.28%. Compared with the
devices based on the PTB7-Th:PC-;BM blend, the device based
on the PTB7-Th:DICTF blend exhibited a higher V,,., which was
correlated with the high lying HOMO energy level of DICTF.
The external quantum efficiency (EQE) spectrum of the opti-
mized OPV device with the PTB7-Th:DICTF blend is shown in
Fig. 2b. The optimized device showed a broad photo-to-current
response from 300 to 850 nm with a maximum value of 67%
and over 60% across the range of 500-660 nm, indicating an
efficient photoelectron conversion process.

The bulk charge mobility properties of the PTB7-Th:DICTF
blend films were measured by the space-charge limited current
(SCLC) method. The hole and electron mobilities were
measured with device structures of ITO/PEDOT:PSS/PTB7-
Th:DICTF/Au and Al/PTB7-Th:DICTF/Al, respectively (Fig. S51).
The blend films without annealing showed a hole mobility of
2.28 x 10~ * ¢cm® V™' s~ " and an electron mobility of 5.85 x 10>
em” V-' s7' After thermal annealing, the hole and electron
mobilities increased to 3.82 x 10™* and 1.93 x 10 em* vV "
s~', respectively. Importantly, the blend film with thermal
annealing exhibited higher and more balanced hole and elec-
tron mobility, which was consistent with the higher FF.

The microstructural features of the pure DICTF films, the
pure PTB7-Th films and their blend films with different treat-
ments were investigated by two dimensional grazing-incidence
wide-angle X-ray scattering (GIWAXS) (Fig. 3a). The line-cut
profiles in the out-of-plane (OOP) direction and the in-plane (IP)
direction are summarized in Fig. 3b and c, respectively. As
shown in Fig. 3a, the as-cast pure DICTF film showed a weak
(100) diffraction peak along the in-plane (IP) direction, and
a relatively strong (010) diffraction peak along the OOP direc-
tion, indicating a greater preference for a face-on molecular
orientation. The (100) and (010) peaks are located at 0.40 and
1.80 A™*, corresponding to an interchain distance of 15.7 A and
a m-m stacking distance of 3.49 A, respectively. From the
GIWAXS pattern of the pure PTB7-Th film, it can be seen that
the PTB7-Th polymer crystallites also took a face-on orientation
with (100) diffraction in the IP direction and (010) diffraction in
the OOP direction. The (100) peak in the pure film is located at
0.27 A™*, giving an alkyl-to-alkyl spacing of 23.3 A. The (010)
peak is located at 1.60 A~*, giving a - stacking distance of
3.93 A. In the PTB7-Th:DICTF blend films, DICTF and PTB7-Th
still adopted a face-on orientation, which is favorable for
effective charge transport in the photovoltaic devices. In addi-
tion, the blend film with thermal annealing showed stronger
diffraction peaks, indicating improved molecule packing which
facilitated exciton diffusion and charge transport.

The morphology of the PTB7-Th:DICTF blend films was
investigated by atomic force microscopy (AFM) and

This journal is © The Royal Society of Chemistry 2016

transmission electron microscopy (TEM). As shown in Fig. 4,
the blend films without and with thermal annealing are smooth
and uniform with a low root-mean-square (rms) surface
roughness of 0.96 and 1.01 nm, respectively. Both of the PTB7-
Th:DICTF blend films without and with thermal annealing are
uniform and there is no large phase separation, indicating good
miscibility between PTB7-Th and DICTF. Compared to the as-
cast film, the film with thermal annealing exhibited slightly
increased interpenetrating networks of donor and acceptor
phases. The excellent morphology of the PTB7-Th:DICTF blend
films benefits exciton dissociation and charge transport, thus
leading to high J.

In order to investigate the morphological stability of the
PTB7-Th:DICTF blend films, the blend films were heated at 100
°C for several hours. As shown in Fig. S6,1 after annealing for
480 min, the PTB7-Th:DICTF blend films still showed a similar
morphology compared to those with only annealing for 10 min.
The devices based on the blend films with thermal annealing
for different times were also fabricated. The corresponding OPV
device performances are shown in Table S4.f It can be seen that
thermal annealing for 480 min has little impact on the
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Fig. 3 (a) GIWAXS images of DICTF (a), and PTB7-Th (b) pure films and
PTB7-Th:DICTF (c and d) blend films. (e) In-plane line-cuts of GIWAXS
patterns of the PTB7-Th:DICTF blend films. (f) Out-of-plane line-cuts
of GIWAXS patterns of the PTB7-Th:DICTF blend films.
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Fig. 4 Tapping-mode AFM height images of the active layers of the
PTB7-Th:DICTF blend films, (a) without annealing and (b) with thermal
annealing. TEM images of the PTB7-Th:DICTF blend films from CHCls,
(c) without annealing and (d) with thermal annealing.

photovoltaic performance. The results demonstrate that the
PTB7-Th:DICTF blend films show good morphological stability.

In summary, a new small molecule DICTF was designed and
synthesized through a simple synthetic route with high yield.
The new molecule exhibited suitable energy levels and strong
absorption in the visible light region. The device based on PTB7-
Th as the donor material and DICTF as the acceptor material
exhibited a high PCE of 7.93%, which is comparable to that of
the device based on PTB7-Th:PC,;BM. The rather simple
acceptor molecule DICTF provides a good example of
a successful trade-off between conversion efficiency, and cost
and scalability in terms of possible large-scale production. The
results demonstrate that DICTF is a very promising acceptor
material for organic solar cells.
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