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Exploring ternary organic photovoltaics for the reduced
nonradiative recombination and improved efficiency over 17.23%
with a simple large-bandgap small molecular third component
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ABSTRACT

Ternary strategy is one of the most effective methods to further boost the power conversion efficiency (PCE) of organic
photovoltaic cells (OPVs). In terms of high-efficiency PM6:Y6 binary systems, there is still room to further reduce energy loss
(E\oss) through regulating molecular packing and aggregation by introducing a third component in the construction of ternary
OPVs. Here we introduce a simple molecule BR1 based on an acceptor-donor-acceptor (A-D-A) structure with a wide bandgap
and high crystallinity into PM6:Y6-based OPVs. It is proved that BR1 can be selectively dispersed into the donor phase in the
PM®6:Y6 and reduce disorder in the ternary blends, thus resulting in lower Eyss non-rag @Nd Ejoss. Furthermore, the mechanism study
reveals well-develop phase separation morphology and complemented absorption spectra in the ternary blends, leading to higher
charge mobility, suppressed recombination, which concurrently contributes to the significantly improved PCE of 17.23% for the
ternary system compared with the binary ones (16.21%). This work provides an effective approach to improve the performance

of the PM6:Y6-based OPVs by adopting a ternary strategy with a simple molecule as the third component.
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1 Introduction

Organic photovoltaic cells (OPVs) provide a promising route
toward cost-effective, lightweight, and flexible photovoltaic cells
which convert the energy of sunlight into electricity [1-4]. Recent
years have witnessed remarkable progress in OPVs driven by the
ongoing development of materials and device engineering,
especially for the evolution of non-fullerene acceptors [5-10]. As
one of the important milestones of the recent progress of OPVs,
Y6-based devices become the focus of research [11-13]. The
power conversion efficiency (PCE) of OPVs have been pushed
over 18% with non-fullerene molecule Y6 and derivatives as
acceptors [14-17].

To achieve further improvement in PCE, the concept of
ternary OPVs —introduction of the third component in the
donor/acceptor host —has increased momentum over the
recent years. On the one hand, the third component could
broaden the absorption, adjust the energy levels, modulate
molecular stacking behavior, and donor/acceptor phase
separation, contributing to the more electron-hole pair, better
charge carrier separation, and transport, thus beneficial for
obtaining the improved PCE [14, 18-22]. On the other hand,
despite numerous studies, so far, the photovoltaic performance of
OPVs is still lagging behind their inorganic semiconductors and

perovskite counterparts, which can be partly attributed to the
relatively large energy loss (Ej) [23, 24]. It has been demonstrated
that Ej, results mainly from energy losses during charge
separation and non-radiative recombination (Ej . and
Eiossnonrad) [24]. In recent years, by reducing the energy offset
between donor and acceptor molecular states and elevating the
charge transfer state, Ej 4 can be minimalized and negligible
[25-27]. How to reduce Ejona has been another important
determining factor of the performance of OPVs. It is known that
Eiossnon-rad COITelates directly with the external radiative efficiency of
the electroluminescence (EQEg;) of the solar cells [28,29]. The
ternary strategy with addition of the third component provides a
new way to reduce the Ejon.rq ad Ej beyond the design of
novel and matched donor and acceptor materials. The third
component could be conjugated polymers, small molecules, and
quantum dots [30-33]. Among these, small molecules featuring
fused-heterocyclic rings core and similar structures with acceptors
in binary hosts are most commonly used third component due to
their easier controllability and better compatibility with binary
systems than those of polymers. For example, based on good
compatibility with acceptor Y6, a series of Y6 derivatives and
acceptor-donor-acceptor (A-D-A) structural acceptors were added
into the PM6:Y6 blends as the third component for
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complementary absorption, better phase separation morphology,
and more efficient exciton separation, thus boosting the PCE of
ternary devices to over 17% [17, 34]. Meanwhile, optimized phase
separation morphology and higher EQEg; of these ternary devices
reaching over 10™ enable Ej ,on.ra (< 0.3 €V) much lower than
that (> 0.4 eV) of fullerene-based OPV cells [14].

In addition to small molecular non-fullerene acceptors
featuring fused-heterocyclic rings core, much attention has also
been recently attracted to small molecules based on simple
structures with a wide bandgap and relative high crystallinity due
to their easier synthesis with low cost and ability to efficiently
optimize the morphology of active layers [35-38]. For instance,
Hou et al. designed a wide-bandgap small molecule, NRM-1, with
a series of binary blends for the study of reducing Ej,non raa-
NRM-1 optimized the phase separation morphology and then
resulted in enhanced EQEg; of the ternary blends [31]. This,
coupled by up-shift charge transfer state and complementary
absorption, contributed to improving performance of ternary
OPV devices with lower E.q and Ejguonme Yang et al
fabricated ternary devices by introducing a series of molecules
based on benzo[1,2-b:4,5-b’]dithiophene core with structurally
different m-conjugation systems [39]. This study demonstrated
different working mechanisms of ternary devices based on these
small molecules including alloy-like model, charge transfer, and
energy transfer, respectively. As a result, the ternary OPV devices
introducing SM-X with a horizontal-type push-pull structure as
the third component achieved much higher PCE than binary
devices. Inspired by this, Tang et al. introduced dithieno
[3,2-b:2’,3’-d]pyrrole-rhodanine molecule DR8 with high
compatibility of PM6 into PM6:ITIC-4Cl [37]. Fine-tuning blend
morphology with better phase separation and a well-formed
fibrillar structure of the ternary blends yielded a PCE of 14.94% in
comparison to host binary devices (13.52%). In addition,
introducing DR8 into PM6:Y6 binary systems exhibited
improved PCE of 16.73% with all simultaneously improved
photovoltaic parameters. These studies of adding the third
component based on a simple A-D-A structure with a wide
bandgap and high crystallinity offer a new insight toward phase
separation morphology modulation and E, reduction in
non-fullerene OPVs and provide more opportunities to develop
high-performance OPVs.

In this work, an A-D-A structure-based simple molecule BR1
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using benzo[1,2-b:4,5-b’]dithiophene as a central unit was chosen
as the third component to be incorporated into the PM6:Y6 host
blend. The introduction of BR1 into the PM6:Y6 blends
simultaneously ~optimized the photo harvesting in the
short-wavelength region and phase separation morphology. BR1
mixed preferentially with the PM6 matrix and possessed excellent
ability to regulate molecular packing and aggregation in the
ternary blends, leading to enhanced EQEy;, reduced Ej g non.rae> and
improved photovoltaic performance. The OPVs based on ternary
blends show a lower E of 0.534 eV with the reduced Ej,0n.raa Of
ca. 0224 eV. Thanks to these advantages, the optimized
PM6:Y6:BR1 based ternary OPVs demonstrated a high PCE of
17.23% with an open-circuit voltage (V) of 0.859 V, a short-
circuit current (J) of 2649 mA-cm? and a fill factor (FF) of
75.7%, which is superior to those of the control binary devices
(PCE of 16.21%, V. of 0.847 V, J. of 26.09 mA-cm?, and FF of
73.4%). The improvement in the Js- and FF were attributed to the
effective exciton dissociation and charge transport, lower
bimolecular recombination, and optimized morphology. The
result further confirms the great potential of ternary strategy by
introducing the wide-bandgap small molecule with high
crystallinity in achieving higher-performance OPVs.

2 Results and discussion

The chemical structures of PM6, Y6, and BRI are present in
Fig. 1(a), and the detailed synthetic route of BR1 is presented (Fig.
S1 in the Electronic Supplementary Material (ESM)). BR1 has a
high decomposition temperature over 390 °C determined by
thermogravimetric analysis (Fig.S1 in the ESM), suggesting its
good thermal stability for application in OPVs. The normalized
ultraviolet-visible (UV-vis) absorption spectra of PM6, Y6, and
BRI in the film state are shown in Fig. 1(b). PM6 displays a strong
absorption in the range of 500-650 nm and a broad light
absorption ranging from 600-950 nm is shown by Y6. BRI has a
complementary absorption band in the short-wavelength region
from 400 to 550 nm, which can be beneficial for light absorption
in the short band and therefore higher photoproduced current in
the ternary devices. BRI possesses a planar structure with four
alkyl side chains stretching in lateral conformation revealed by the
density functional theory (DFT) calculation at B3LYP/6-31G(d,p)
level. Both the highest occupied molecular orbital (HOMO) and
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Figure1 (a) Chemical structures of PM6, BR1, and Y6. (b) Normalized absorption spectra of neat PM6, BR1, and Y6 films. (c) Energy levels of PM6, BR1, and Y6.

(d) Schematic structure diagram of OPVs.
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lowest unoccupied molecular orbital (LUMO) distribute along the
backbone chain as can be seen from Fig.S4 in the ESM. The
exposed conjugated skeleton enables the ability to regulate
molecular packing and aggregation for BR1. The electronic energy
levels of BR1, PM6, and Y6 are depicted in Fig. 1(c).

The photovoltaic properties of binary and ternary organic solar
cells based on PM6:Y6 and PM6:Y6:BR1 were investigated with
the device structure ITO/PEDOT:PSS/active layer/PDINO/
Ag. The current density-voltage (J-V) curves of the optimized
devices measured under AM1.5G irradiation at an intensity of
100 mW-cm™ are shown in Fig. 2(a) and the detailed photovoltaic
performance parameters of the corresponding devices are given in
Table 1 and Table S1 in the ESM. The optimal binary solar cells of
PM6:Y6 (1:1.2, w/w) exhibits V. of 0.847 V, J. of 26.09 mA-cm™
and FF of 73.4%, which is comparable to the values reported [11].
Upon the addition of 10 wt.% of BR1 (based on the weight of PM6
in binary blends) into the PM6:Y6 blends, the ternary devices
shows an obvious enhancement in all photovoltaic performance
parameters, with V. of 0.859 V, J_ of 2649 mA-cm™ and FF of
75.7%, resulting in a significantly improved PCE of 17.23%. As
shown in Table S1 in the ESM, the V. of ternary devices gradually
improve with the increasing BR1 content in the ternary blends
which benefited from the relatively higher-lying HUMO level of
BR1 [36]. The average PCE of the optimized binary and ternary
devices are 15.95% and 17.02% according to 30 individual OPV
devices (Fig. 2(b)), respectively, confirming the positive roles of
BR1 on performance improvement of the OPV devices. The
performance boost can be mainly attributed to the enhanced
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photon harvesting, exciton dissociation, and charge transport, as
well as the reduced E, in the ternary OPV compared to the
PM6-based binary devices, as discussed below. Figure 2(c) shows
the corresponding external quantum efficiency (EQE) spectra of
the best binary and ternary cells. The ternary devices exhibits
higher EQE in the short wavelength range of 400-550 nm than
that of binary cells which results in improved J. and can be
attributed to the enhanced optical absorption of BRI. The J
integrated from the EQE spectra curves are 2521 and
25.48 mA-cm™ for the binary and ternary cells, respectively, which
are similar to the measured ], values in the permitted range of
error suggesting the good reliability of the J- V measurements.

The effect of the introduction of BR1 on the energy loss of the
cells was investigated and the detailed parameters have been
summarized in Table 2. The E, of the OPV devices was estimated
according to the intersections between the absorption and
emission of the acceptors (Fig.S6 in the ESM) [40,41]. The
optimized ternary devices with BR1 incorporation shows a
decreased E,, of 0.534 eV compared with that of binary ones
(0.552 eV) based on the binary ones. Generally, an E,, can be split
up into three terms (AE, AE,, and AE;) and the third part of
energy loss AE; (i€, Eggnonra) induced by nonradiative
recombination can be estimated via EL emission characterization
[24,42]. As shown in Fig. 2(f), the EQEg values of ternary
improves from 0.014% to 0.017% after adding BRI, thus the
corresponding AE; can be calculated to be 0.229 and 0.224 eV for
binary and ternary OPVs, respectively. Couple with AE,
are calculated to be 0268 and 0262 eV according to
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Figure2 (a) Current density—voltage (J-V) curves for the devices based on PM6:Y6 and PM6:Y6:BR1 at optimized conditions under the illumination of AM 1.5G
(100 mW-cm™), (b) the histograms of the PCE counts for 30 devices, (c) EQE curves for the PM6:Y6 and PM6:Y6:BR1 based OPV devices, (d) J, Versus Vg (e) light
intensity (P) dependence of J,. for the optimized devices, and (f) external quantum efficiency of EL (EQEy; ) of the PM6:Y6 and PM6:Y6:BR1 devices.

Table1 Optimal device parameters of PM6:Y6 and PM6:Y6:BR1 based devices under the illumination of AM 1.5G (100 mW-cm™)

BH]J layer Vo (V) Joc (mA-cm™?)* FF (%)* PCE (%) Yo (cm*>V7is™) oy (cm®V7hs™)  p/uy
PM6:Y6 0.847 (0.846 £ 0.05) ~ 26.09 (25.80 £ 0.30)  73.4 (72.7 £ 0.85) 16.21 (15.95 + 0.30) 4.83 2.30 2.10
PM6:Y6:BR1  0.859 (0.856 +0.04)  26.49 (26.30 £0.25)  75.7 (75.1£0.80)  17.23 (17.02 + 0.20) 5.97 3.26 1.83
* Average values with standard deviations obtained from 30 devices are provided in the parentheses.
Table2 Summary of the energy-loss parameters for the binary PM6:Y6 and ternary PM6:Y6:BR1 OPVs
BH]J layer E,/q(eV) Ejoss (€V) AE, (eV) EQEg; -exp AE; (eV) AE, (eV)*
PM6:Y6 1.399 0.552 0.268 0.014% 0.229 0.055
PM6:Y6:BR1 1.393 0.534 0.262 0.017% 0.224 0.048

* AE, roughly estimated from E,,,—AE,~AE;.
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Shockley-Queisser limit [43], these data suggest AE, of ternary
devices is also reduced from 0.055 to 0.048 eV. Thus the BRI
introduction can effectively reduce the E,, of devices based on
PM6:Y6 systems.

To further investigate the effect of BR1 incorporation on charge
generation and transport in active layers, the photocurrent (J;,,)
versus the effective applied voltage (V,q) for the binary and ternary
devices was measured as shown in Fig.2(d). It was generally
considered that the efficiency of photogenerated excitons
dissociation and charge carrier collection by electrodes was 100%
at high bias Vg (Vg 2 2 V) and J, should be primarily
determined by the total photogenerated exciton density [44]. The
ternary devices exhibit a higher saturated current density (/) than
binary ones (27.20 vs. 26.70 mA-cm™), which can be attributed to
slightly enhanced photon harvesting in the former. The exciton
dissociation and charge collection probability can be estimated
from the ratio of J;/J, under the short circuit conditions and at
the maximal output point. The PM6:Y6 based binary and ternary
cells exhibit J/J of 0972 and 0974 under short circuit
conditions, respectively. In addition, the J/J, ratio at the
maximal output point for binary and ternary cells is calculated to
be 0.862 and 0.885, respectively. This result indicates that the
introduction of BR1 as the third component improves the exciton
dissociation and charge collection efficiency. Transient
photocurrent (TPC) decay kinetics is studied to further probe the
effect of BR1 incorporation on charge extraction process. As
shown in Fig.3(a), the devices with 10% BRI addition shows
0.52 ps for charge extraction time, which is less than that of
control binary ones (0.74 ps). Thus BR1 addition promoted the
charge extraction, which is favorable to the enhancement of FF
and J..

The light intensity dependence of J,. was also exploited to
investigate influence of introducing BRI on the charge
recombination mechanisms as shown in Fig. 2(e). The value of
photocurrent J. followed a power law dependence with respect to
light intensity Py, which can be expressed as J. < Pygy’, and the
bimolecular recombination appears to be lower when S value
is close to 1. The exponential factor S of 0.977 for the ternary cells
with BR1 addition is higher than that of 0.968 for binary cells,
suggesting weak bimolecular recombination in ternary cells with
BRI introduction, which is also consistent with its improved FF.
As shown in Fig. S7 in the ESM, photoluminescence (PL) spectra
of PM6 and BRI, and their blend films were measured with
excitation at 470 nm. Obviously, the neat BR1 film exhibits a
strong emission peak at 690 nm and PM6 exhibits a weak peak at
665 nm. The PL quenching of PM6:BR1 was clearly observed,
indicating charge transfer occured at PM6/BR1 interfaces which
was supported by little overlapped between the excitation
spectrum of PM6 and emission spectrum of BRI1. In addition,
charge recombination dynamics of the devices were investigated
using transient photovoltage (TPV) measurements as shown in
Fig. 3(b). Ternary devices exhibit longer charge carrier lifetime
(102.14 ps) compared with that (82.58 us) of control binary

Nano Res.

devices, which further indicate the positive effects of BR1 in
reducing the bimolecular recombination loss. The hole mobility
(4y,) and electron mobility (4,) in optimal binary and ternary
blends films were measured by space charge limited current
(SCLC) method (Fig.S5 in the ESM). The control binary
blend exhibits a g, of 230 x 10 cm*>V™'s' and a y, of
483 x 10* cm>V™s' with a uJ/u, of 2.1. After adding
BR1 into the binary systems, both parameters show a tendency to
increase with the values of 326 x 10" cm*V™s* and 597 x
10 cm>V™s, respectively, along with a more balanced p./p;, of
1.83. The enhancement on charge carrier with BR1 incorporating
can be attributed to the improved film morphology with more
efficient electron and hole transport channels in the subsequent
discussion.

To understand the working mechanism of BRI as the third
component in tuning the morphology of PM6:Y6 blends, the
miscibility between BR1 and PM6 and Y6 was investigated by
evaluating the surface energy (y) via contact angles measurement
of water and glycerol on each neat film as shown in Fig. 4 with the
parameters of surface energy displayed in Table S2 in the ESM
[45-47]. According to the model of W, the y was calculated to be
21.8, 204, and 27.7 mN-m™ for PM6, BR1, and Y6, respectively.
Then the miscibility of blends can be estimated by the
Flory-Huggins interaction parameter y, which is calculated by the
equation y, °<(/¥,—+/7,) [48]. The y parameter of the
PM6:BR1 blend film is 0.024, which is much lower than 0.57 of
Y6:BR1 blend and 0.36 of the PM6:Y6 blends, suggesting that BR1
has higher miscibility with PM6 compared to Y6. The accurate
location of BRI in the blend film was further predicted by
calculation of the wetting coefficient (w) from the interfacial
surface energy based on Young’s equation and Neumann’s
equation [47, 49, 50]. The w value of BR1 in the blend of PM6 and
Y6 was calculated to be 1.49, which indicates that the BR1 trends
to be embedded together with PM6 to optimize phase separation
morphology in the ternary blends. The absorption spectra of the
blend film of PM6:BR1 and Y6:BR1 with different weight ratios
were measured. As shown in Fig. 4(b), for the pristine PM6 film,
the main absorption peak is at 609 nm with a shoulder peak at ~
560 nm. By increasing the feed ratio of BR1 in the PM6:BR1 blend
films from 1:0 to 1:1, the absorption signal of BR1 appeared in the
short-wavelength region and the shoulder peak of PM6 increased
gradually along with signal peak redshift from 609 to 628 nm.
However, the absorption peak of Y6 was not affected by the
varying feed ratio of BR1. This result implies that BR1 can mix
with PM6 at the molecular level while relative larger phase
separation may occur in the Y6:BR1 blends. Meanwhile, it can be
speculated that reorganization at the bulk heterojunction
interfaces in the ternary blends has occurred: The BR1 pushes the
Y6 away from the mixed amorphous phase, and thus results pure
acceptor domains as well as reduced disorder in the ternary blends
[51]. In addition, the y between PM6 and Y6:BR1 mixtures was
calculated to be 0.530, which is higher than that of PM6:Y6.
Likewise, a higher y of 0.403 between PM6:BR1 mixtures and Y6
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Figure 3 (a) Transient photocurrent and (b) transient photovoltage measurements of PM6:Y6 and PM6:Y6:BR1 based devices.
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Figure4 (a) The images of water and glycerol drops on PM6, BR1, and Y6 films. (b) Normalized absorption spectra of the PM6:BR1 and Y6:BR1 blend films.

was obtained and higher than that of Y6:BR1 (Fig. S8 in the ESM).
This result implies that the addition of BRI reduce the miscibility
between PM6 and Y6, which results in large phase separation in
the PM6:Y6:BR1 blend film as discussed in following morphology
measurement due to the high crystallinity of BR1 [52, 53].

The surface and bulk morphology of the binary and ternary
blend films are characterized by using atomic force microscopy
(AFM) and transmission electron microscopy (TEM), respectively.
As shown in Fig. 5(a), the control binary and ternary blends both
display a smooth surface with similar root mean square roughness

(a) PM6:Y6 (b)

‘g =
0.0 Height 5.0 ym

PM6:Y6:BR1

PM6:Y6

PM6:Y6:BR1

of 1.05 and 1.11 nm, respectively. Similar root-mean-square
(RMS) roughness value confirms the homogeneous morphology
of ternary blend film based on PM6:Y6:BR1. It suggests that BR1
is finely mixed with the host blend which is consistent with the
former miscibility measurement. TEM measurement results reveal
that ternary blends with BR1 as morphology regulator displays
favorable fiber-like structures with appropriate aggregates and
better developed phase separation compared with control binary
blends. The well-developed microstructure morphology of ternary
blends can provide more donor/acceptor interfaces and construct

(c)

—In plane
—Out of plan

Intensity (a.u.)

PM6:Y6:BR1

L
q
Q vector (A™")

Figure5 (a) AFM height images, (b) TEM images, (c) out-of-plane and in-plane GIWAXS profiles for PM6:Y6 and PM6:Y6:BR1 blend films, and (d) the schematic

of morphology evolution from PM6:Y6 to PM6:Y6:BR1.
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more efficient charge transport channels, which is desirable for
exciton separation and charge transport thus facilitating the
improvement of J and FF.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) is
performed to further investigate the influence of BR1 addition on
molecular packing in active films. As shown in Fig.5(c), the
diffraction peaks of PM6 largely overlap with those of Y6 in both
binary and ternary films, and therefore only analysis of peak
summation can be performed. As shown in Fig. S9 in the ESM,
the neat BRI film exhibits a series of strong anisotropic multiple
diffractions, indicating its polycrystalline structure. The PM6:Y6
blend film shows a lamellae ordering (100) peak at 0.28 A in the
in-plane (IP) direction and n-m stacking ordering (010) peak at
1.74 A" in out-of-plane (OOP) direction, indicating a preferential
face-on orientation was adopt for the PM6:Y6 blend film. This
favorable face-on orientation is beneficial for charge transport in
active layers thus maintaining device performance in the ternary
system. After incorporating BR1, the ternary blend film exhibits a
slightly stronger diffraction peak of lamellar stacking at 0.28 A"
with a higher crystal coherence length (CCL) of 18.8 A than that
of control film (11.3 A). The n-m stacking peak moves to 1.76 A,
corresponding with a decreased m-m stacking distance of 3.57 A
compared to 3.61 A of control blends. The CCL of (010) peak of
PM6:Y6 and PM6:Y6:BRI1 systems are calculated to be 17.7 and
19.5 A, respectively. The enhanced CCL in the ternary system
corresponds to an increased crystallinity and suggests a better
phase separation, which is responsible for the increased charge
mobility. These results indicate that the introduction of BRI can
enable more compacted n—7 stacking and higher crystallinity of
the active layers, which is advantageous for improving exciton
separation and charge transport, eventually improving the
photovoltaic performance. The GIWAXS, AFM, and TEM results
together demonstrate the favorable effects of BR1 addition on host
binary blend film. The schematic of morphology evolution can be
explained as in Scheme 2, the BR1 endows the ternary system with
stronger crystallinity and more obvious and uniformed phase
separation and leads to the improvement of charge separation and
transport in the corresponding OPV device.

3 Conclusions

In summary, we successfully applied a simple A-D-A structure
molecule BR1 with a wide bandgap and high crystallinity as third
component into PM6:Y6 based binary OSC devices to regulate
molecular packing and aggregation in the blend for lower E,,,, and
higher performance. BR1 possesses strong absorption in the near
ultraviolet region and good compatibility of PM6 and trends to
increase the phase separation, produce enhanced photon
harvesting in short-wavelength region and modified morphology
with a well-formed fibrillar structure. Through systematic
investigation of the molecular packing and aggregation, charge
transport and recombination properties of the ternary devices, it is
believed that the addition of BRI reduces the m-m stacking
distance, promotes exciton dissociation, improves charge
transport, inhibits charge recombination as well as enhance
electroluminescence emission, thereby the optimized ternary
OPVs exhibit a high PCE of 17.23% with E,. of 0.534 eV,
significantly higher than those values of binary ones. The results
indicate that BR1 is a promising third component in further
improving the performance of the PM6:Y6 based OPVs. With the
simple fabrication process of ternary OPVs, simple synthesis and
multiple beneficial functions of the BRI, this strategy can be easily
applied for the large-scale production of OPVs.

4 Experimental section

Nano Res.

4.1 Materials and synthesis

All reactions and manipulations were carried out under argon
atmosphere with the use of standard Schlenk techniques. The
solvents were purified and dried according to standard
procedures. Donor polymer PM6 and Y6 were purchased
from Solarmer Materials Inc. The starting material—4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene-
2,6-dicarbaldehyde was prepared according to Ref. [54]. The other
materials were common commercial levels and used as received.

BR1 BDTT-CHO (200 mg), 3-Ethylrhodanine, and piperidine
(0.3 mL) were dissolved in chloroform (45 mL). The reaction was
stirred at 65 °C for several hour with process monitored by TLC.
After reaction, the mixture was concentrated. The residue was
purified by silica gel column chromatography (petroleum
ether/dichloromethane = 1:1 v/v) to obtain a red solid (52%). 'H
nuclear magnetic resonance (NMR) (400 MHz, CDCl,):6 7.95 (s,
2H), 7.91 (s, 2H), 7.33 (d, 2H), 6.97 (d, 2H), 4.18-4.19 (m, 4H),
294-292 (d, 4H), 142 (m, 2H), 1.33-1.25 (m, 18H), and
1.00-0.93 (m, 16H). "C NMR (100 MHz, CDCl;) § 192.12, 167.12,
147.31, 141.82, 139.65, 137.41, 135.40, 131.30, 128.48, 125.98,
125.65, 125.44, 124.79, 41.50, 40.03, 34.32, 32.53, 28.93, 25.77, 23.07,
14.22, 12.29, and 10.97. MALDI-TOEF: caled for C,Hs,N,0,Sg
[M+], 921.4140; found: 921.1840.

4.2 Measurements and instruments

The 'H and "C NMR spectra were taken on a Bruker AV400
spectrometer. Matrix assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry was performed
on a Bruker Autoflex III instrument. Electrospray ionization mass
spectrometry (ESI-MS) were performed on the Thermo Finnigan
LCQ™ Advantage instrument. The thermogravimetric analysis
(TGA) was carried out on a NETZSCH STA 409PC instrument
under purified nitrogen gas flow. The heating rate for TGA testing
is 10 °C:min™. Ultraviolet-visible (UV—-vis) spectra was obtained
with a JASCO V-570 spectrophotometer. Cyclic voltammetry
(CV) experiments were performed with a CHI660E
microcomputer-based electrochemical analyzer in
dichloromethane solutions. All measurements were carried out at
room temperature with a conventional three-electrode
configuration employing a glassy carbon electrode as the working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and a Pt wire as the counter electrode.
Tetrabutylammonium phosphorus hexafluoride (n-Bu,NPE,,
0.1 M) in dichloromethane was used as the supporting electrolyte,
and the scan rate was 100 mV-s". The HOMO and LUMO energy
levels were calculated from the onset oxidation potential and the
onset reduction potential, using the equation Eyoyo = —(4.80 +
Eo™), Erumo = —(4.80 + E,™).

The geometry structures of BR1 were optimized by using DFT
calculations (B3LYP/6-31G(d, p)), and the frequency analysis was
followed to assure that the optimized structures were stable states.
All calculations were carried out using Gaussian 09. AFM
investigation was performed using Bruker MultiMode 8 in
tapping mode. The TEM investigation was performed on
JEM-2100F at 200 kV. The specimen for TEM measurement was
prepared by spin casting the blend solution on ITO/PEDOT:PSS
substrate, then floating the film on a water surface and transferring
to TEM grids. GIWAXS measurement was performed at
MetalJet-D2, excillum on the wavelength of 0.134144 nm with
xeuss 2.0. All samples were deposited on the silicon and irradiated
at a fixed X-ray incident angle of 0.2° with an exposure time of
1,800 s. Contact angles were measured on the neat donor and
acceptor films with the contact angle meter (Theta Flex, Biolin) by
using two different solvents (water and glycerol).
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The hole and electron mobility were measured using the SCLC
method, employing a diode configuration of ITO/PEDOT:
PSS/active layer/Au for hole and glass/Al/active layer/Al for
electron by taking the dark current density in the range of 0-8 V
and fitting the results to a space charge limited form, where SCLC
was described by:

9808,(40‘/2
=270 1
== (1)

where ] is the current density, L is the film thickness of the active
layer, u is the hole or electron mobility, ¢, is the relative dielectric
constant of the transport medium, &, is the permittivity of free
space (8.85 x 102 F-m™), V (= V,,,; — V};) is the internal voltage in
the device, where V,, is the applied voltage to the device and V},
is the built-in voltage due to the relative work function difference
of the two electrodes.

The current density-voltage (J-V) characteristics of
photovoltaic devices were obtained using a Keithley 2400
source-measure unit. The photocurrent was measured under
illumination simulated 100 mW-cm™ AM1.5G irradiation using a
xenon-lamp-based solar simulator [Oriel 96000 (AM1.5G)] in an
argon filled glove box. Simulator irradiance was characterized
using a calibrated spectrometer and illumination intensity was set
using a certified silicon diode. EQE values of the devices were
measured using Stanford Research Systems SR810 lock-in
amplifier.

4.3 Fabrication of OPV devices

The photovoltaic devices were fabricated with a structure of
glass/ITO/PEDOT:PSS/Donor:Acceptor/PDINO/Ag.  The ITO
coated glass substrates were cleaned by detergent, deionized water,
acetone, and isopropyl alcohol under ultrasonication for 15 min
each and dried by a nitrogen blow. The PEDOT:PSS layer was
spin-coated (ca. 30 nm thick) onto the cleaned ITO surface. The
substrates were then placed into an argon-filled glove box after
being baked at 150 °C for 20 min. PM6, Y6, and BR1 were
dissolved in chloroform with different weight ratios. The total
weight ratio of PM6:Y6 was kept at 1:1.2. 0.5 vol.% CN was used
as the solvent additive for all solutions. The active layers were
generated by spincoating the active layer solutions on the top of
PEDOT:PSS layer with a thickness of 150 nm. The active layer
thickness was measured using a Dektakl150 profilometer.
Subsequently, the active layers were heated at 100 °C for 10 min.
And then, PDINO, with the concentration of 2.0 mg/mL using
CH;OH solvent, was spin-coated at 3,000 rpm for 40 s on the
active layer. Finally, a 60 nm Ag layer was deposited on the
PDINO layer under high vacuum (< 1.5 x 10™* Pa). The effective
area of each cell was 4 mm’ as defined by shadow masks for the
solar cell devices discussed in this work.
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