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In order to boost power conversion efficiency (PCE) and operation stability of organic solar cells (OSCs),
we propose a new idea of phase junction materials (PJMs) used as a photoactive layer component to
improve device performance and stability. For this purpose, a novel PJM of H-TRC8 based on rhodanine
unit was designed with a conjugated Ay-D-A framework. Here, Ay is a hydrogen-donating electron
acceptor unit, D-A is an electron donor-acceptor unit. It is found that H-TRC8 has a good carrier-
transporting ability, as well as definite hydrogen-bond and D-A interaction with donor/acceptor
materials. While H-TRC8 is added into the PBDB-T/PCgBM blend film with 1.0vol% DIO (1,8-
diiodooctane), the resulting blend film exhibited an enhanced absorption and improved morphology. The
intermolecular hydrogen bond between H-TRC8 and PBDB-T plays an important role for them, which is
confirmed via FT-IR spectra and 2D 'H NMR. As a result, the PBDB-T/PCgoBM-based devices with 1.25 wt%
H-TRC8 and 1.0 vol% DIO exhibit a significantly improved PCE of 8.06%, which is increased by 20.6% in
comparison to that in the binary devices with 1.0 vol% DIO only (PCE = 6.68%). Furthermore, the device
stability is significantly enhanced with only 43% PCE roll-off at 150 °C for 120 h. This work indicates that
Ay-D-A-type PJMs are promising photovoltaic materials used as photoactive-layer components to
achieve high-performance fullerene OSCs with high device stability.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Solution-processed bulk heterojunction (BH]) organic solar
cells (OSCs) possess more merits, such as low cost, light weight,
flexible, semitransparent in the visible [1-4]. In the last few years,
dramatic developments have been made in OSCs with power
conversion efficiencies (PCEs) up to 14%-18% [5-8]. OSCs have
become a cost-effective alternative for utilizing solar energy [9,10].
The photoactive layer materials, usually consisting of electron-
donating materials and electron-accepting materials, are the
important compositions in OSCs [11,12]. Single-junction organic
solar cells based on non-fullerene acceptor materials have
exhibited 18.22% efficiency [13]. However, the device stability is
a challenge for their commercialization. Further improvements in
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PCE and stability of OSCs are still needed for their practical
applications in the future.

In order to boost photovoltaic performance and operation
stability of OSCs, a vast effort has focused on solvent additives [14],
and interface engineering [15]. Recently, there are a few reports
about adding a third component containing hydrogen (H)-bond in
the photoactive layer to turn the self-assembly process for high
performance and stability [16,17]. Compared with -7 effect and
Van der Waals’ force, H-bond shows more advantages on
molecular regular distribution via supramolecular interactions
[18]. Among some polymer-fullerene OSCs, adding the third
component with H-bond not only enhances the crystallinity of
polymer, but also suppresses the excessive aggregation of
fullerene. For instance, Zhan and his co-workers reported 4,4’-
biphenol (BPO) used new component in polymer/small molecule
and polymer/fullerene OSCs. Via H-bond formed between BPO and
polymer, the device efficiency was enhanced by facilitating the
crystallinity of polymer and modulating the morphology of the
blended films [19]. In 2019, Tao and his co-workers reported a

1001-8417/© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



L. Shao et al./Chinese Chemical Letters 31 (2020) 2452-2458 2453

series of coumarin derivatives in ternary OSCs and found that
coumarin-7 and S-197 can improve film interface and optimize
crystallinity by H-bond interaction [20-22]. Zhang and co-workers
reported that 1,4-piperazine can also stabilize the mixed amor-
phous phases and decrease the thermal- and photo-degradation of
0SCs owing to H-bond interaction, which have made these
metastable OSCs to exhibit more improved stability [23].

In this work, we propose a new idea of phase junction material
(PJM), a novel photovoltaic material, used as photoactive layer
component to improve device performance and stability. This PJM
is expected to have three typical characteristics and advantages.
Firstly, unlike the previously reported BPO, coumarin derivatives
and 1,4-piperazine, it has a conjugated Ay-D-A framework with a
good hole/electron transporting ability and can interact with donor
and/or acceptor materials through H-bond and D-A effect. Here, Ay
is a hydrogen-donating electron acceptor unit, D-A is an electron
donor-acceptor unit. Secondly, unlike the third component in
ternary organic solar cells, PJM can construct a morphology lock
with donor/acceptor materials by H-bond and D-A effect in
photoactive layer, which is expected to optimized the donor/
acceptor arrangement and domain in molecular level [24,25]. As a
result, the nanoscale phase structure should be further optimized,
and charge dissociation/transport can be improved for the photo-
active layer by adding a small amount of PJM. Finally, unlike
traditional additives, PJM is a conjugated organic molecule, its
energy levels and absorption spectra are matched with those
values of the donor/acceptor materials. Therefore, it is expected to
not only play the role of additives to optimize morphology, but also
make up for the deficiency of traditional additives to increase
charge transport and photo absorption [26-28]. Due to these
synergistic effects of H-bond and D-A interaction, PJM should also
inhibit the formation of metastability and slow down the
degradation of the photoactive layer. It implies that PJM should
become a new class of photoactive layer materials to improve the
stability and performance of OSCs.

Here, we designed and synthesized a novel A-D-A-type PJM of
H-TRCS. Its structure is shown in Fig. 1. This H-TRC8 consists of an
electron-donating (D) center of thiophene, an electron-accepting
(A) terminal of octyl-substituted rhodanine, and another hydro-
gen-donating/electron-accepting terminal (Ay) of rhodanine.
Considering that H-TRC8 has good compatibility with poly[[4,8-
bis[5-(2- ethylhexyl)- 2-thienyl] benzo[1,2-b:4,5-b'] dithiophene-
2,6 -diyl] -2, 5- thiophenediyl [5, 7- bis (2- ethylhexyl)- 4, 8- dioxo-
4H,8H-benzo[1,2-c:4,5c'|dithiophene-1,3-diyl]] (PBDB-T) and
PCsoBM, in this work, we carried out a series of investigation
about the effect of H-TRC8 on photovoltaic property and device
stability on the basis of the reported PBDB-T/PCgoBM-based OSCs
[29,30]. It is found that, while H-TRC8 is added into the PBDB-T/
PCeoBM blend film, the resulting blend film exhibits an enhanced
absorption and improved morphology. Furthermore, the resulting
PBDB-T/PCgoBM/H-TRC8 based devices further exhibit a signifi-
cantly improved PCE of 8.06% at H-TRC8 ratio of 1.25 wt%. This PCE

PBDB-T

PCq,BM

H-TRC8

Fig. 1. Chemical structures of PBDB-T, PCcoBM and H-TRCS.

value is increased by 20.6% in comparison with that (6.68%) of the
PBDB-T/PCsoBM-based device. It is interesting that the device
stability is also significantly enhanced at the same time. Our study
provides a new strategy to improve PCE and device stability by
introducing PJM in photoactive layer.

The synthetic route of H-TRC8 is shown in Scheme S1
(Supporting information). H-TRC8 was synthesized through
condensation reactions. Its structure is characterized with 'H
NMR, *C NMR and LC-MS. Its thermal decomposition temperature
of 340°C is observed at 5% weight loss, as measured by
thermogravimetric analysis (TGA) under nitrogen atmosphere at
a heating rate of 10 °C/min (Fig. S1a in Supporting information).
The melting and crystalline temperatures of H-TRC8 of 154 °C and
148 °C are respectively observed in the recorded differential
scanning calorimetry (DSC) curve during heating and cooling scans
(Fig. S1b in Supporting information). It means that H-TRC8 has high
thermal stability and a definite crystallinity.

Figs. 2a and b show the FT-IR spectra of the H-TRC8/PBDB-T neat
films and the H-TRC8/PBDB-T blend film. The N—H stretching
vibration peak of amide group (CONH) is located at 3376.2 cm ™' in
the H-TRC8 neat film and 3359.4 cm ! in the PBDB-T/H-TRCS8 blend
film. Here, the variational N—H vibration peaks suggest that
hydrogen bond interaction is really existed between the amide
group in H-TRC8 and the carbonyl group in PBDB-T.

In order to farther verify the presence of intermolecular
hydrogen bonds, their '"H NMR spectra are recorded in Fig. 2c.
Pure H-TRC8 in dimethyl sulfoxide-ds and 2BDD-BDT (a fragment
of PBDB-T, Fig. S2 in Supporting information) in deuterated
chloroform exhibit a sharp peak, respectively. In comparison with
the 2D 'H NMR spectrum of the 2BDD-BDT/H-TRC8 blend in
dimethyl sulfoxide-dg/deuterated chloroform (v/v, 1:4), shown in
Fig. 2d, the corresponding resonances of H signals are observed at
13.52 and 2.86 ppm between H-TRC8 and 2BDD-BDT according to
the H/H cross peak. It indicates that the H-bond is surely formed
between them. On the other hand, H-TRC8 is slightly soluble,
however, the H-TRC8/2BDD-BDT blend film is soluble (Fig. S3 in
Supporting information) in chloroform. This result further sup-
ports the intermolecular hydrogen bond between H-TRC8 and
2BDD-BDT. In addition, we also measured 1D and 2D 'H NMR
spectra of the H-TRC8 and PCgoBM blend in dimethyl sulfoxide-dg/
deuterated chloroform (v/v, 1:4), recorded in Fig. S4 (Supporting
information). The corresponding resonances of H signals are not
observed at all chemical shift (ppm) between H-TRC8 and PCgoBM
according to the H/H cross peaks. It verifies that there is not any
hydrogen bond between H-TRC8 and PCgoBM.

The UV-vis absorption spectrum of H-TRC8 is shown in Fig. 3a.
In the chloro-benzene solution (10~> mol/L), H-TRC8 displays two
strong absorption bands at about 350 nm and 475 nm. The molar
extinction coefficient (gmay) is 5.37 x 10* L mol™' cm™! at the low-
lying absorption peak. In its as-cast neat film, H-TRC8 exhibits a
considerably broad and red-shifted absorption profile owing to its
effective intermolecular stacking. The optical bandgap is estimated
to be 2.08 eV according to its thin-film absorption onset.

The absorption spectra of the PBDB-T/PCsoBM blend films are
shown in Fig. 3b at different DIO and H-TRC8 doping contents. It is
found that the blend film without DIO and H-TRC8 displays the
weakest absorption. The blend film with both 1.0 vol% DIO and
1.25wt% H-TRC8 displays the most intense absorption in
comparison to those blend films with only 1.0vol% DIO or
1.25 wt% H-TRCS. It indicates that an appropriate introduction of
H-TRC8 as PJM into the PBDB-T/PCgoBM blend film can enhance
light harvest under DIO assistance.

The oxidation and reduction curves of H-TRC8 in chloroform
solution measured by cyclic voltammetry (CV) method are shown
in Fig. Slc (Supporting information). The highest occupied
molecular orbit (HOMO) and the lowest unoccupied molecular
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Fig. 2. (a) FT-IR spectra for H-TRCS, PBDB-T and H-TRC8/PBDB-Tat wavelength of 3000~3500 cm™"'; (b) the interaction of PBDB-T and H-TRC8; 'H NMR (c) and 2D 'H NMR

spectra (d) of H-TRC8 and 2BDD-BDT.

orbit (LUMO) energy levels (Eyomo/ELumo) are estimated to be
-5.88 eV/-3.64 eV based on empirical equation. Fig. 3c describes
the HOMO and LUMO energy levels of PBDB-T, PCsoBM, and H-
TRCS. It is found that H-TRC8 has complementary absorption and
appropriate energy levels with the PBDB-T and PCgoBM. Therefore,
introducing H-TRC8 into the PBDB-T/PCgoBM blend film is available
to increase photo absorption and carrier transportation/separation
for the resulting active layer.

Fig. 3d shows a conventional device configuration of ITO/
PEDOT:PSS/active layer/PFN-Br/Al. These devices were carefully
made and optimized by varying weight ratios of H-TRC8 and DIO.
The current density (J) and voltage (V) characteristics of these
devices are shown in Figs. 4a-c. We find that the PBDB-T/PCs0BM
based device without DIO and H-TRC8 displays the lowest power
conversion efficiency (PCE) of 6.27%. And the PBDB-T/PCgzBM
based device with only 1.0 vol% DIO displays an increasing PCE of
6.68%, which is similar to the previous result reported by Hou et al.
[25]. It is interesting that the photovoltaic performances are
further remarkably enhanced for the PBDB-T/PCqoBM based
devices by simultaneously adding 1.0 vol% DIO and appropriate
H-TRC8 into the active layer. The device with 1.0 vol% DIO and
1.25 wt% H-TRC8 exhibits the best photovoltaic properties with a
PCE of 8.06%, V,. of 0.87V, Js. of 12.78 mA/cm? and FF of 72.23%
(Table 1). The PCE value is enhanced by 20.06% in comparison with
that in the device at 1.0 vol% DIO. It means that developing PJM is
an effective strategy to improve photovoltaic performance for the
binary fullerene OSCs.

In order to understand why the PBDB-T/PC¢oBM device
exhibits the highest Js. at 1.0 vol% DIO and 1.25 wt% H-TRCS8, the

external quantum efficiencies (EQEs) of the PBDB-T/PCgoBM blend
films were tested and are recorded in Fig. 4b, Figs. S5a and b
(Supporting information) at different DIO and H-TRC8 weight
ratios. It is found that adding appropriate H-TRC8 into PBDB-T/
PCsoBM blend films can increase spectral response for the
resulting blend films with H-TRC8 weight ratios from 0.8 wt% to
1.7 wt%. Under further mixing with 1.0vol% DIO, the PBDB-T/
PCsoBM blend film at 1.25wt% exhibits the strongest spectral
response from 300 nm to 700 nm with an EQE of 77.2% at 620 nm.
The stronger spectral response is beneficial for increase in the J.
value.

The electron mobility (/4.) and hole mobility (1) of the PBDB-
T/PCeoBM blend films with various H-TRC8 and DIO doping ratios
were measured by the space-charge-limited current (SCLC)
method in their electron-only and hole-only devices, respectively.
The device structures are ITO/ZnO/active layer/PFN-Br/Al for the
electron -only devices and ITO/PEDOT:PSS/active layer/MoOs/Al
for the hole-only devices. Figs. 4g and h show the J'/2-V plots of the
electron-only devices and hole-only device, respectively. For the
PBDB-T/PCsoBM blend film with 1.0 wt% DIO the calculated e and
n values are 2.79 x 107* and 4.63 x 1074 cm? V! 571, respectively,
with a pef/un ratio of 0.60. In contrast, for the PBDB-T/PCgoBM
blend film with 1.0 vol% DIO and 1.25 wt% H-TRCS, the calculated
e and pup values are 6.51 x10™% and 5.69 x 10~%cm? V! s
respectively, with a pt./u ratio of 1.14. It is obvious this blend ﬁlm
with DIO and H-TRC8 exhibits higher carrier mobility and better
charge balance than that blend film with only DIO. This means that
adding H-TRC8 and DIO is available to make well-organized and
compact arrangement for the active layer.
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Fig. 3. (a) Normalized UV-vis absorption spectra of H-TRC8. (b) Normalized UV-vis absorption spectra of the PBDB-T/PCgoBM blend films at different DIO and H-TRC8 doping
contents. (c) Energy level diagrams of PBDB-T, PCsoBM and H-TRC8. (d) The device architecture.
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Fig. 5 shows the surface phase separation images of the PBDB-T/
PCeoBM blend films at different DIO and H-TRC8 ratios, recorded by
atomic force microscope (AFM). The root mean square (RMS)
roughnesses of 1.73, 2.25, 1.28 and 2.10 nm are obtained in the

blend film without DIO and H-TRC8 (blend A), the blend film with
1.0 vol% DIO (blend B), the blend film with 1.25 wt% H-TRC8 (blend
C) and the blend film with 1.0 vol% DIO and 1.25% H-TRC8 (blend D),
respectively. No large aggregates are observed from all height
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Table 1
Photovoltaic parameters of OSCs based on PBDB-T/PCgoBM with various H-TRC8 and
DIO doping ratios.

H-TRCS ratios DIO Voe (V) Joe (mAfcm?)  FF (%)  PCE (%)

None None 0.90 10.71 65.02 627 (6.05)
None 10vol%  0.86 11.01 7091  6.68 (6.45)
0.8 wt¥% None 0.88 11.84 7022 727 (6.91)
0.8 wt¥% 10vol%  0.87 11.98 7396  7.75 (7.62)
1.25 wt% None 0.88 11.84 7046 735 (7.09)
1.25 wt% 10 vol%  0.87 12.78 7223 8.06 (7.80)
1.7 wt¥ None 0.89 11.54 70.02 7.1 (7.00)
1.7 wt% 1.0vol% 0.88 11.60 73.83 751 (7.25)

2 The average PCEs are shown in the parentheses.

images, but better homogeneous surfaces are presented in the
blend films B and D with an appropriate RMS roughness about
2 nm. In comparison with the phase images of these blend films, it
is found that shapes of the domains in the blends A, B, C and D are
very different. In the blend A, a few of particles with irregular shape
are found in the phase image. However, the fibril-like domains are
observed and their topographies are improved after adding DIO or/
and H-TRC8 in the blends B, C and D. It is worth mentioning that the
blend D exhibits the most suitable phase-separation morphology
due to the synergy effect between DIO and H-TRC8, which can
improve Jsc and FF, eventually resulting in improvement in their
photovoltaic performance.

Fig. 6 further shows the morphology of these PBDB-T/PCgoBM
blend films at different weight ratios of DIO and H-TRCS, recorded
by transmission electron microscopy (TEM). It is found that the
blend C with H-TRC8 exhibits short fibril domains in comparison
with the blend A, which permeate evenly in the whole phase image
and is correspond with that in AFM. After adding DIO, the blend D
exhibits the most suitable phase-separation structures, which is
available to improve Js. and FF.

In the previous studies, solvent additives, such as 1,8-
diiodooctane (DIO) is often used in OSCs to improve PCE, but
it seriously reduce the device stability [28]. Once the residual

L. Shao et al./Chinese Chemical Letters 31 (2020) 2452-2458

DIO is evaporated from the active layer during the operation
process, domain size in OSCs should become smaller. This
makes the well-connected domains lose their connection and
accelerates morphological degradation process. In order to
investigate the effect of H-TRC8 on device stability, the PCEs
and J-V characteristics were measured and are shown in Figs. 7 a
and b, for the PBDB-T/PCgoBM based OCSs at various DIO and H-
TRC8 doping ratios after heating at 150°C for 120 h. The PCE
values of the device A without any additives, the device B with
1.0 vol% DIO, the device C with 1.25 wt% H-TRC8 and the device D
with 1.0 vol% DIO and 1.25 wt% H-TRC8 decay 65%, 77%, 43% and
62% in comparison with their original values, respectively. As
shown in Figs. 7c and d, the variation tendency of EQE is similar
to that of PCE. It indicates that introduction of H-TRC8 into the
PBDB-T/PCgoBM active layer is available to efficiently suppress
PCE roll-off and increase device stability. We consider that
shrinkage of the PBDB-T domains should become difficult owing
to the effect of H-bonds between H-TRC8 and PBDB-T in the
devices. As a result, the PBDB-T/PCgoBM OSCs with H-TRC8 have
better device stability.

In summary, we developed a novel PJM of H-TRC8 with
rhodanine unit. While 1.25 wt% H-TRC8 and 1.0 vol% DIO are added
into the PBDB-T/PCgoBM blend films, themorphology of active layer
is improved. And its BH]J OSCs display an increased PCE value of
8.06%, which is increased by 20% in comparison with that of PBDB-
T/PCeoBM-based devices (6.68%). Furthermore, this device exhibits
an increasing device stability at 150°C for 120 h. Our results
indicate that PCE value and device stability can be improved by
appropriate introduction of H-TRC8 into the active layer of PBDB-T/
PCsoBM. H-TRC8 as a PJM should become a promising photovoltaic
material to realize high-performance OSCs with high PCE and
device stability.
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Fig. 5. AFM height images (a-d) and phase images (e-h) of the PBDB-T/PCgoBM blend films at different DIO and H-TRC8: (a, e) no DIO and H-TRC8; (b, f) 1.0 vol% DIO; (c, g)

1.25 wt% H-TRC8; (d, h) 1.0 wt% DIO and 1.25 wt% H-TRCS.
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Fig. 6. TEM images of the PBDB-T/PCgo,BM blend films at different DIO and H-TRC8: (a) no DIO and H-TRC8; (b) 1.0 vol% DIO; (c¢) 1.25 wt% H-TRCS; (d) 1.0 vol% DIO and 1.25 wt%

H-TRCS.
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