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In this study, we report a new small molecule acceptor (named TT-4F) which uses 3,6-dimethoxylthieno
[3,2-b]thiophene (TT) as the w-bridge. Addition of 0.05 weight ratio amount of TT-4F into the host binary
blend of PTB7-Th:IEICO-4F, resulting in a ternary blend in a weight ratio of 1:1:0.05, enables increased
open-circuit voltage (V,.), short-circuit current-density (Jsc), and fill-factor (FF) at the same time. Finally,

12.1% efficiency is obtained. Compared to the 3-(2-ethylhexyloxylthiophene) bridge on IEICO-4F, the
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additional methoxyl group on the TT-6 position is involved in the lowest unoccupied molecular orbital
(LUMO) and the larger m-system on TT increases the electron-donating nature, both of which help to raise
the LUMO level, one reason of the increased V,.. Upon addition of 0.05 TT-4F, the hole mobility is
increased, the monomolecular recombination is reduced, and the charge dissociation and collection is
enhanced. All of these contribute to the increased J. and FF.

© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Fullerene-free polymer solar cell (PSC) uses nonfullerene small
molecule as the electron acceptor material and polymer as the
electron donor material. As potential stocks for clean renewable
energy in the future, PSCs have been widely recognized by
the academic community because PSC has the advantages of low-
cost, semi-transparency, mechanical-flexibility and large-area
production. In the past several decades, various types of organic
solar cells have emerged in an endless stream, and have achieved
gratifying results. More than 15% of power conversion efficiencies
(PCEs) have been recently reported due to the emergence of new
non-fullerene materials [1-6], such as the fused-benzothiadiazole
based acceptor, named Y6 (2,2'-((2Z,2'Z)-(12,13-bis(2-ethylhexyl)-
3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno
[2,"3”:4',5'|thieno[2’,3":4,5]pyrrolo[3,2-g]|thieno[2’,3":4,5]thieno
[3,2-blindole-2,10-diyl)bis(methanylylidene))-bis(5,6-difluoro-3-
ox0-2,3-dihydro-1H-indene-2,1-diylidene)dimalononitrile) [7].
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However, due to the inherent drawbacks of organic photovol-
taic materials, such as narrow absorption, low charge mobilities,
and strong recombination, ternary approach has been received
increasing attention [8-15]. Along with the fast advances on the
nonfullerene small-molecule acceptors and the fullerene-free
PSCs, people began to turn their attention to the ternary blended
material systems that contain a polymer donor and two non-
fullerene acceptors. In this ternary blended system, the second
acceptor (the guest) has to comply with the aggregation of the host
acceptor so as to maintain the film-morphology of the host binary
blend [16]. Normally, an acceptor having a narrower bandgap than
the host was selected as the acceptor guest to cover a wider
wavelength range of the near infrared solar emission spectrum, by
which an increased short-circuit current-density (Jsc) can be
obtained [17-27]. However, the lowest unoccupied molecular
orbital (LUMO) energy level of the acceptor guest has to be reduced
to achieve the reduced optical bandgap. The lower-lying LUMO
level inevitably reduces the open-circuit voltage (Vo) [28-30],
which can result in reduced efficiency in most cases. To overcome
the issue of the reduced V. value, another strategy with the use of
a higher-LUMO-level acceptor guest (than the host) to obtain an
increased V,. value has been proposed by us recently [31]. Due
to the improvement of the film-morphology, increased Js. and
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fill-factor (FF) can be simultaneously achieved in some of the cases
reported recently [4,16,31-35]. Nevertheless, the cases showing
the features of the “V,.-increased” approach are yet much less than
the cases having characteristics of the “Jsc-increased” strategy.

In this study, we design and synthesized a new nonfullerene
small molecule acceptor, named TT-4F (Fig. 1a), as the acceptor
guest of the known binary host of PTB7-Th:IEICO-4F [36] (Fig. 1a).
The resulted ternary system shows the simultaneous increase in
Voo Jsc and FF. To raise the energy levels of the highest occupied
molecular orbital (HOMO) and LUMO, we replaced the thiophene
on [EICO-4F with the larger 7-system, thieno|[3,2-b|thiophene (TT),
and functionalized the TT-3,6 positions with two methoxyl groups.
With these modifications, the Frontier molecular orbitals energy
levels of TT-4F meet the requirements as the acceptor guest: the
LUMO level of TT-4F is higher than the LUMO of IEICO-4F and its
HOMO positions between the HOMOs of PTB7-Th and IEICO-4F.
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The tests on the solar cells indicate that TT-4F can be used as the
third component of PTB7-Th:IEICO-4F to fabricate the ternary
blended solar cell. The addition of 0.05 wt ratio amount of TT-4F,
resulting in a weight ratio of 1:1:0.05, supplies the optimal device
with V. =0.709V, Js. = 25.05 mA/cm?, FF = 68.08%, and PCE = 12.12%
in comparison to the PCE of 11.46% of the host binary device.
Fig. 1b shows the optimized conformations and the LUMO and
HOMO distributions of TT-4F and IEICO-4F calculated using the
density functional theory (DFT). The backbones of both acceptor
molecules are coplanar. The dihedral angle (Table S1 in Supporting
information) between the IDT core and the bridge is 3.6° and 7.73°
for TT-4F and IEICO-4F, respectively. The dihedral angle between
the bridge and end IC-2 F is 5.25° and 0.47° for TT-4 F and IEICO-4F,
respectively. Compared to IEICO-4F, the involvement of the TT in
the HOMO and LUMO expands the electron delocalization of the
m-electrons, helping to raise the HOMO and LUMO levels. For TT-
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Fig. 1. (a) Chemical structures of PTB7-Th, IEICO-4F and TT-4F. (b) The optimized conformations and the distributions of the HOMO and LUMO of TT-4F and IEICO-4F. (c)

Synthetic routes to TT-4F.
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4F, the 6-methoxyl is included in the LUMO, which is again
benefited for the raising of the LUMO level. However, the
6-methoxyl is a node of the HOMO of TT-4F, contributing less to
the acceptor HOMO. In contrast, the 3-methoxyl is involved in the
acceptor HOMO, while is a node of the LUMO, and hence,
contributes to the acceptor HOMO, while not to the LUMO. For the
acceptor that has a higher LUMO level, the upshifting of the HOMO
is important because it helps to reduce the bandgap.

The synthetic route of TT-4F is shown in Fig. 1c. We first
introduced an aldehyde group on 3,6-dimethoxythieno|3,2-b]-
thiophene that was then brominated to yield compound 3.
Compound 3 was then coupled with 4,4,9,9-tetrakis(4-hexyl-
phenyl)-4,9-dihydro-sindaceno(1,2-b:5,6-b’]dithiophene-2,7-diyl)
bis(trimethylstannane) by following the Still coupling reaction to
give compound 5. Finally, the terminal group IC-2F was connected,
and the target molecule TT-4F was obtained. As shown in the Fig. S1
(Supporting information), the decomposition temperature
(5% weight loss) was about 371 °C. This good thermal property is
sufficient to make organic solar cells.

The UV-vis absorption spectrum of the TT-4F solution is given
in Fig. S2 (Supporting information) and the spectra of the neat films
of the donor and acceptor materials are shown in Fig. 2a. In the
solution, the absorption peak appears at 737 nm and the maximum
molar extinction coefficient (&mayx) is 1.86 x 107> L mol'cm™
(Table S2 in Supporting information). In thin film, the absorption
peak is seen at 792nm and the maximum absorptivity is
3.15 x 10° cm™L. The absorption onset of the neat film is located
at 900 nm, corresponding to an optical bandgap (E;°"") of 1.38 eV.

The cyclic voltammetry (CV) was used to measure the energy
levels of the donor and the acceptors (Fig. S3 in Supporting
information). Fig. 2b shows the energy level diagram of the donor
and the acceptors. The LUMO levels of PBT7-Th, TT-4F, and IEICO-4F
are -3.64 eV, -3.90eV and -4.04 eV, respectively. The HOMO levels
are -5.24eV, -5.36eV, -5.44eV, respectively. First, the LUMO
energy level of TT-4F is higher than the LUMO of IEICO-4F by
0.14 eV, while lower than the LUMO of PTB7-Th by 0.26 eV. Second,
the HOMO level of TT-4F is higher than the HOMO of IEICO-4F by
0.08 eV and lower than the HOMO of PTB7-Th by 0.04 eV, meaning
that TT-4F can be used as the acceptor guest of the PTB7-Th:IEICO-
4F to fabricate the ternary solar cell.

All solar cells were prepared using the conventional structure
ITO/PEDOT:PSS/active layer/PDINO/Al. Here, PDINO is amino
N-oxide perylene diimide. Since the solubility of TT-4F in
chlorobenzene is poor, the binary solar cell with PTB7-Th:TT-4F
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Fig. 2. Absorption spectra (a) and energy level diagram (b) of neat films of the
polymer and nonfullerene acceptors. The energy levels were measured using thin
film deposited on the work electrode surface under the same conditions. The J-V
curves (c) and EQE spectra (d) of the optimized binary and ternary solar cells.

Table 1
Photovoltaic data of the binary and ternary solar cells. All data were obtained under
illumination of AM 1.5G (100 mW/cm?) light source.

PBT7-Th:IEICO-4F: TT-4F Jse Voe FF PCE
(mA/cm?) (V) (%) (%)
1:1:0 24.50 0.703 66.88 11.46
1:1:0.05 25.05 0.709 68.08 1212
1:1:01 23.00 0.702 64.55 10.46

as the active layer cannot be fabricated. Interestingly, when a small
amount of TT-4F (0.05 and 0.1) was blended with PTB7-Th:IEICO-4F
(1:1), the ternary solar cell worked. The optimizations using
1-cholonaphthanlene (CN) are shown in Table S3 (Supporting
information). The current density-voltage (J-V) characteristic
curves are shown in Fig. 2c and the corresponding device
parameters are summarized in Table 1. The ternary device based
on PTB7-Th : TT-4F : IEICO-4F showed a PCE of 12.12%, a V. of
0.709V, aJs. of 25.05 mA/cm? and an FF of 68.08%. In comparison to
the PTB7-Th:IEICO-4F based binary device, a higher V., a larger Js,
and a higher FF are simultaneously obtained with the use of
0.05 weight ratio amount of TT-4F as the acceptor guest, which
suggests that TT-4F be a good regulator of electric property and
film-morphology of the PTB7-Th:IEICO-4F binary blend. The
external quantum efficiency (EQE) spectra of the optimized binary
and ternary devices are shown in Fig. 2d. Both the EQE spectra
cover the wavelength range of 300-1000 nm. The J,. integrated
from the EQE spectrum of the ternary device is 24.09 mA/cm?,
which is well consistent with the J;. value obtained from the J-V
curve (error <5%).

To see the effects of the addition of 0.05 wt ratio amount of TT-
4F on the charge mobilities, we measured the electron (u.) and
hole (uy,) mobilities with the space charge limited current (SCLC)
method [37-41]. The device structure for measuring the electron
mobility is ITO/titanium(diisopropanol)bis(2,4-pentanedione)
(TIPD)/active layer/PDINO/AI, and for measuring the hole mobility,
the device structure is ITO/PEDOT:PSS/active layer/Au. The dark J-V
data are given in Fig. 3a. For the host binary blend, jt.=1.40 x 102
cm? Vs tand up=1.25 x 102 cm? V~! s~1, For the ternary blend,
He=169%x102cm? Vs Tand 4y,=153 x102cm? V- ' s L It can
be clearly seen that the w, is increased with the addition of 0.05 TT-
4F as the acceptor guest, which accounts for the increased Js..

We again studied the recombination mechanisms by measuring
the light intensity (Pignh¢) dependent J-V characteristics. The
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Fig. 3. Dark J-V curves for calculations of hole and electron mobilities (a). Plots of
Ve (b) and Jsc (c) versus incident light intensity and Jpj, vs. Ve characteristics (d) of
the optimal binary and ternary devices.
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recombination mechanisms can be reflected by plotting the J;. and
Voc as a function of Pjign¢ according to the Egs.: logJsc o< alogPjighs and
Ve o (nKT/q)InPyign, where k, T, and q are the Boltzmann constant,
temperature in Kelvin, and the elementary charge, respectively. For
both the binary and ternary devices, the fitting « value is close to 1
(Fig. 3b), which indicates that the bimolecular recombination can
be negligible [42-46]. The fitting n value (Fig. 3¢) is 1.18 kT/q and
1.10KkT/q for the binary and ternary device, respectively. The
smaller n value in the ternary device than the host binary solar cell
indicates that weak monomolecular recombination is involved,
which accounts for the increased FF in comparison to the host
binary device.

We also measured the photocurrent density (Jpn) as a function
of effective voltage (Vef) to gain an understanding of exciton
dissociation and charge extraction. Fig. 3d shows the plots of J,j
versus Veg of the binary and ternary devices. Here, Jy, is the
difference between the dark current-density and illuminated

current-density measured from the same one solar cell device,
respectively, and V¢ is the difference of build-in potential and the
applied voltage with the build-in potential obtained when J,,=0.
We can see that at the high applied voltage (Vegr > 2.2V), Jpn is
approaching to saturation, indicating that almost all photo-
generated excitons are dissociated and free charge carriers are
efficiently collected by the electrodes [47-50]. With the use of
0.05wt ratio amount of TT-4F, the charge dissociation and
collection becomes more efficient. The charge collection efficiency
at short-circuit is 96.7% and 94.9% estimated from the ternary and
binary devices, respectively. The ternary device shows higher
charge collection efficiency.

Taken together, the studies demonstrate that with the use of TT-4F
as the acceptor guest, the hole mobility is increased, the monomolec-
ular at open-circuit is reduced, the charge dissociation and collection
efficiency can be enhanced. All of these reflect that the TT-4F is a good
regulator of the electric property of the host binary blend.

Fig. 4. AFM height (a,b) and phase (c,d) and TEM (e,f) images of the binary (a,c.e) and ternary (b,d,f) blended solar cell films.
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Now we go to see the change of film-morphology after addition of
TT-4F. The atomic force microscopy (AFM) and transmission electron
microscopy (TEM) are given in Fig. 4. The AFM images indicate that the
nanoscaled interpenetrating film-morphology and fine phase-
separation of the host binary blend are well maintained after the
addition of 0.05 weight amount of TT-4F. The well maintenance of the
morphology can be explained by the structural similarity of the TT-4F
with the host IEICO-4F. In the AFM images, the fibril dark domains
(acceptor-rich phases) in the height image are corresponding to the
fibril phase domains painted in a deeper brown colour. We can see that
longer fibril dark domains are more frequently seen in the ternary
blend. The root mean square (RMS) roughness values are 1.51 nm and
1.79 nm for the binary and ternary blends, respectively. Nanoscaled
phase-separated fine film-morphology is also characterized in TEM.
Compared to the TEM image of the host binary, first, the morphology is
well kept. Second, larger and longer dark phases (acceptor-rich phases)
are more frequently seen in the ternary blend.

In summary, we have synthesized a new small-molecule
acceptor, named TT-4F, with 3,6-dimethoxylthieno[3,2-b]thio-
phene as the bridge. The use of TT-4F as the acceptor guest of
PTB7-Th:IEICO-4F achieves an increased V., Jsc, and FF at the same
time. Finally, 12.1% efficiency is obtained from the ternary solar cell.
The increase of V, is due to the higher-lying LUMO level as a result
of the incorporation of the larger m-system bridge on TT-4F than
IEICO-4F and the substitution of methoxyl group on the TT-6
position that is involved in the LUMO of TT-4F. The increase in Jsc
and FF can be due to the increased hole mobility, reduced
monomolecular recombination, and enhanced charge dissociation
and collection.
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