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Achieving 17.7% Efficiency of Ternary Organic Solar Cells
by Incorporating a High Lowest Unoccupied Molecular
Orbital Level and Miscible Third Component

Alfonsina Abat Amelenan Torimtubun, Maria Méndez, Enas Moustafa, Josep Pallares,

Emilio Palomares, and Lluis F. Marsal*

A ternary strategy has been demonstrated as being an effective method to improve
the power conversion efficiency (PCE); however, general rules for materials selection
are not fully comprehended. Herein, nonfullerene acceptor ITIC-M and fullerene
acceptor PC;oBM possessing higher lowest unoccupied molecular orbital (LUMO)
and good miscibility with nonfullerene acceptor Y7 are incorporated as third com-
ponents in the state-of-the-art of PM6:Y7 binary blend. As a result, the device PCE for
both ternary devices improves from 16.46% for binary host to 17.73% and 17.67% for
ITIC-M- and PC;oBM-based ternary devices, respectively. The higher LUMO of the
guest acceptor can play multiple roles to elevate the open-circuit voltage such as
reducing energy-loss and reverse saturation current, creating less-localized shallow
trap sites along with suppressing charge recombination, and decreasing Urbach
energy. Moreover, the good miscibility facilitates an alloy-like phase in acceptors
domain for efficient exciton dissociation and electron transport, which leads to
improved short-circuit current density and fill factor in ternary devices. The results
provide a promising approach to realize high-performance ternary organic solar cells
by synergizing the compatible third component with host acceptor.

in materials design and device engineering,
boosting the power conversion efficiency
(PCE) to over 18% in single-junction
0SCs."™ The recent emergence of high-
performance Y-series nonfullerene accept-
ors (NFAs) paired with polymer donor
PM6 has motivated a major revolution in
OSCs field. To further boost PCE of
OSCs, constructing ternary organic solar
cells (TOSCs) is a facile and effective
approach via introducing third component,
either a secondary donor or a secondary
acceptor, in binary host blend. The third
component in TOSCs can have various
functions for successfully constructing effi-
cient TOSCs such as widening the absorp-
tion spectra, modulating the energetics,
regulating morphology, and enhancing
stability,®*®) making a rational selection
of third component material is of urgent

1. Introduction

The bulk-heterojunction organic solar cells (OSCs) have
made significant progress thanks to the synergistic advances
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and fundamental importance.

To choose a compatible third compo-
nent, some key factors must be considered, mainly from the elec-
trical and morphological perspectives. Considering the energetic
perspective, a higher energy lowest unoccupied molecular orbital
(LUMO) material for a two acceptors system or a deeper highest
occupied molecular orbital (HOMO) material for a two donors
system was selected as third component to increase simulta-
neously the open-circuit voltage (Voc) and short-circuit current
density (Jsc) values of ternary device.!''™"*! In the case of two
acceptors system, either fullerene acceptor (FA) or NFA can
be selected as a good ternary composite in the state-of-the-art
PM6:Y-derivative binary blend system, depending on its compat-
ibility with Y-derivative host acceptor. For example, Zhang and
co-workers introduced an amorphous ICBA into PM6:Y7 binary
blend, which helps improve the Voc by elevating the LUMO
energy levels and concurrently increase Jsc by extending the
absorption in a short wavelength band, thus boosting the
PCEs of the corresponding TOSCs to 16.76%.!"*) In fact, employ-
ing a NFA as third component with a smaller bandgap and a
higher LUMO energy level than the acceptor host can achieve
simultaneously enhancement in both Voc and Jsc, as demon-
strated by An’s group by adding MF1 in PM6:Y6 binary system
achieving a high PCE of 17.22%.1"")

On the morphological perspective, from the thermodynamic
point of view, it has been demonstrated that a third component

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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with suitable miscibility with host acceptor is more likely to form
a mixed acceptor phase, resulting in quasilinear relationship
between open-circuit voltage (Voc) and weight ratio of third com-
ponent. Jia et al. found that by adding ITIC as third component
into PM6:Y6 binary blend, the variations of ITIC content in
acceptor domain can linearly tune Vo, which was modulated
Dby the interplay between CT states and nonradiative recombina-
tion rates."® Furthermore, structural similarities between two
nonfullerene acceptors allow them to form an alloy-like compos-
ite with homogeneous acceptor phases, leading to optimize
energy-level alignment and maintain the blend morphology, thus
maintaining the device fill factor (FF).'"”) Apart from the perfor-
mance enhancement, achieving stable TOSCs is critical for com-
mercialization, thus Dong and co-workers reported that similar
structure of two NFAs could facilitate better thermal and photo-
stability of TOSCs, which might be associated with suppressed
aggregation tendency by alloy formation.'® These studies
highlight the synergizing use of third component that has a
higher LUMO level and a relatively low miscibility with the host
acceptor for obtaining highly efficient NFA-based TOSCs.
However, reports of highly efficient TOSCs with acceptor
alloy-like formation are still rare, especially for Y7-based systems.

In this contribution, two distinct categories of acceptor
materials—the classic fullerene derivative PC,,BM and the classic
nonfullerene ITIC-M—are employed as the third components in
the state-of-the-art PM6:Y7 host binary system. Despite the fact that
the two acceptor guests PC;oBM and ITIC-M possess completely
different chemical structures, we notice a PCE enhancement in
the ternary devices due to their good miscibility and higher
LUMO energy level relative to the host acceptor Y7. Compared
to the champion PCE of the PM6:Y7 binary OSCs
(PCE = 16.46%), the champion PCEs of the ternary devices as high
as 17.73% and 17.67% for PM6:Y7:ITIC-M and PM6:Y7:PC,,BM

www.solar-rrl.com

blends, respectively, are demonstrated. Due to the good compatibil-
ity between ITIC-M or PC;oBM and Y7, an acceptor alloy-like state
was formed, showing a nondisrupted bicontinous film morphology
in ternary blends, which is favorable for charge dissociation, charge
collection, and transport properties with suppressed bimolecular
and trap-assisted charge recombination. The higher LUMO levels
of the third components help the ternary OSCs elevate the V¢ by
reducing energy-loss and reverse saturation current, creating less-
localized shallow trap sites along with suppressing charge recom-
bination and Urbach energy. Furthermore, photoluminescence and
single material device investigations demonstrate energy transfer
between the two well-mixed acceptors, contributing to the increased
current. The combination of these improvements leads in a simul-
taneously enhanced Voc, Jsc, and FF with respect to those of
binary host. The findings imply that one of the keys to obtain
high-efficiency ternary OSCs is by establishing good morphological
compatibility with host materials with suitable energy levels and
complementary absorption.

2. Results and Discussion

Figure 1a depicts the chemical structures of host donor PM6,
host NFA-based Y7, and third components NFA-based ITIC-M
and FA-based PC,,BM, as well as the schematic illustration of
the device structure used in this work. Figure 1b shows the
HOMO and LUMO energy levels of PM6, Y7, ITIC-M, and
PC,0BM, which are consistent with previous studies.l'”1921
Both of secondary acceptors PC;,BM and ITIC-M exhibit higher
lying LUMO levels compared to those of host acceptor Y7, which
is expected to help increase Voc values in the ternary OSCs.
Figure 1lc presents the normalized UV-vis absorption spectra
of the used materials in their neat-film states. The maximum
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Figure 1. a) Chemical structures of photoactive materials and schematic diagram of device architecture used in this study, b) energy-level diagrams of
PM6, Y7, ITIC-M and PC;oBM, c) normalized UV-vis absorption spectra of neat PM6, Y7, ITIC-M, and PC;0BM films; and d) normalized absorption

spectra of the binary and ternary blend films.
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Figure 2. Contact angle images of the neat films of PM6, Y7, ITIC-M, and PC;oBM. The values of the images are the average contact angle from nine tests

through different parts in the same film.

absorption peaks of ITIC-M (703 nm) lie between those of PM6
(626 nm) and Y7 (841 nm) whereas PC;,BM has a strong light
absorption in the wavelength range from 300 to 700 nm, indicat-
ing the formation of a complementary and broaden absorption
spectrum by third components. In addition to the pristine mate-
rials, the normalized UV-vis absorption spectra of the blend
films are exhibited in Figure 1d. It is observed that the binary
films of PM6:Y7 host system, PM6:ITIC-M, and PM6:PC,,BM
have absorption peaks (Ama) at 817, 694, and 427 nm, respec-
tively, implying that adding PC;oBM and ITIC-M as third
components may compensate for the absorption of host system.
In comparison with binary host PM6:Y7 blend film, a slightly
redshifted and increased absorption peak intensity at
~821nm in ternary PM6:Y7:ITIC-M blend film is observed,
along with an increase shoulder near 730 nm, indicating the
contribution from ITIC-M. On the other hand, due to the
10 nm redshifted and increased Y7 absorption peak position
in ternary PM6:Y7:PC;oBM, along with a decrease shoulder near
684 nm, we suspected that PC,,BM would have a good compati-
bility with Y7 to provide more photon absorption which induce
a higher short-circuit current density (Jsc) values in ternary
0SCs.?

To confirm the good compatibility of the two acceptors, differ-
ential scanning calorimetry (DSC) analysis was performed, as
shown in Figure S1, Supporting Information. A melting peak
of a PC;,BM pure substance appears at 323 °C in the DSC curves
and when PC;,BM is mixed with Y7, the DSC curves do not show
a clear melting peak in Y7:PC,,BM blend, indicating that the two
acceptors have good miscibility. It is interesting to note that the
melting peak of ITIC-M pure substance is difficult to observe in
the DSC curve, which is the limitation of the melting point
depression method from DSC experiments, especially for

Table 1. Contact angles, surface tension, and interaction parameters.

those semicrystalline or even amorphous semiconductors, like
ITIC-M. Alternatively, miscibility between two acceptors can
be estimated by measuring the surface energy. The contact angle
measurements of neat films were performed to study the surface
tension (y) of materials and thus to estimate the strength inter-
action between them and their effect on the phase segregation
and blend morphology. Figure 2 presents the contact angle
images based on liquid drops of water and ethylene glycol
(EG), while Table 1 lists the surface tension values of the materi-
als calculated according to Wu's equation and the Flory—-Huggins
interaction parameter (y).***! As a result, the surface energies
for PM6, Y7, ITIC-M, and PC;oBM pristine films are 23.98,
27.23, 28.31, and 28.21mNm ', respectively. Accordingly,
the interaction parameter y values between PM6 and Y7
(xpmes,y7 = 0.103) is relatively small, suggesting a good miscibility
between them. In contrast, the values of ypme rric.m = 0.180 and
xpme,pcem = 0.171 are higher than those of ypye vy, indicating a
lower miscibility (i.e., weaker interactions) between PM6 host
donor and the third components. Interestingly, the interaction
parameter between Y7 and the third components are extremely
low (yy7,rr1c.m = 0.011 and yy7 pcpm = 0.009), indicating a good
compatibility between host and guest acceptors which could
form an alloy-like composite, supporting our hypothesis.
From a thermodynamic point of view, therefore, the addition
of a less miscible third component (larger value of y) relative
to the donor effectively increases the pure phase domain
sizes, which is favorable for charge dissociation and charge
collection.**!

To investigate the performance of ternary OSC with FA-based
PC,oBM and NFA-based ITIC-M third components addition, a
series of binary and ternary OSCs were fabricated with a
conventional device architecture of ITO/PEDOT:PSS/active

Materials Owater ['] Occ 7] 7P [MNm™] 7 [mNm™Y Surface tension [mN m ™" 77 with PM6 27 with Y7
PMé 92.50 71.68 12.46 11.53 23.98 N/A 0.103
Y7 93.70 64.54 7.77 19.46 27.23 0.103 N/A
ITIC-M 90.91 68.02 19.17 9.14 28.31 0.180 0.011
PC;0BM 90.60 65.54 17.34 10.86 28.21 0171 0.009

AThe Flory-Huggins interaction parameter based on the surface tension data formula between the donor (D) and the acceptor (A) calculated using = (/7D — /7A)%.
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layer/PDINO/Ag. The host donor to host acceptor weight ratio
was fixed at 1:1, following the optimized conditions for PM6:
Y7, and the content of the third components changes proportion-
ally to determine the optimal composition. The detailed device
fabrication, characterization, as well as the device optimization
of OSCs are described in the Supporting Information and listed
in Table S1, Supporting Information. The current density—
voltage (J-V) curves for the optimal binary and ternary devices
measured under AM1.5G illumination with 100 mW cm ™ light
intensity are plotted in Figure 3a. The comparable results were
obtained using different solar simulator and the detailed photo-
voltaic parameters are listed in Table 2. The average performance
parameters are obtained from at least 20 individual OSC devices
from different batches. The PM6:Y7 binary OSCs deliver
a PCE.., of 16.46% (average PCE of 16.37% £ 0.39%)
with a Voc of 0.845+0.008V, an impressive Jsc of
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28.02 £ 0.74 mA cm 2, and an FF of 66.56% = 1.28%. In con-
trast, the PM6:ITIC-M binary OSCs show a lower PCE,,,, of
9.22% (average PCE of 8.86 4 0.25%) with reduced values of
Jsc (15.86 £ 0.47 mA cm %) and FF of (54.86% & 1.24%), but a
significantly enhanced Voc of 1.019+0.006V. Moreover,
the PM6:PC;0BM binary OSCs exhibit PCE,,,, of 9.43%
(average PCE of 8.88% +0.32%) with a reduced Jsc of
13.514+0.38 mA cm ™ * but an increased Voc (0.960 + 0.007 V)
and FF (68.33% =+ 1.13%). It should be noted that the PM6:Y7
showed the highest efficiency for binary system, which is worth
investigated as the high-performing host binary in ternary sys-
tem. With a minute addition of ITIC-M (10 wt%), the ternary
PM6:Y7:ITIC-M OSCs achieved an impressive PCEp,
of 17.73% (average PCE of 17.15% +0.33%) with V¢
of 0.868 4+ 0.004V, Jsc of 29.27 +0.57mAcm™2, and FF of
67.58% + 0.89%, outperforming the binary host device.
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Figure 3. Current density—voltage (J-V) characteristic curves measured under a) AM1.5G illumination and b) in dark condition; c) EQE curves of the
corresponding OSCs and d) the AEQE values of 10% addition of either ITIC-M or PC7o0BM with respect to the 0% device.

Table 2. Device performance parameters of optimized binary and ternary OSCs measured under AM1.5G with 100 mW cm ™2 intensity.

Blend Voc [V] Jsc [mAcm 7 Jscavg' 2 [mAcm ™7 FF [%] PCE?) [%] Eioss [eV]
PM6:Y7 1:1:0 0.850 (0.845 + 0.008) 28.65 (28.02 + 0.74) 26.87 67.57 (66.56 + 1.28) 16.46 (16.37 £ 0.39) 0.539
PM6:Y7:ITIC-M 1:1:0.1 0.870 (0.868 - 0.004) 30.16 (29.27 +0.57) 27.36 67.57 (67.58 + 0.89) 17.73 (17.15 4+ 0.33) 0.490
PM6:Y7:PC5oBM 1:1:0.1 0.860 (0.856 == 0.006) 30.22 (29.38 +0.83) 28.05 67.98 (68.39 + 1.34) 17.67 (17.12 4 0.34) 0.484
PM6:ITIC-M 1:0:1 1.030 (1.019 = 0.006) 16.27 (15.86 + 0.47) 15.87 57.20 (54.86 +1.24) 9.22 (8.86 +0.25) 0.581
PM6:PC7oBM 1:0:1 0.970 (0.960 + 0.007) 13.91 (13.51+0.38) 12.46 69.93 (68.33 +1.13) 9.43 (8.88 +0.32) 0.801

#The maximum device parameters values are shown outside of parentheses. The statistical values are listed in parentheses, obtained from over 20 individual devices.
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The champion ternary device with the addition of ITIC-M bene-
fits from the significant increase of Voc and Jsc and slightly
improved average FF, mainly related to the upshifted LUMO
energy level and complementary absorption of ITIC-M with
respect to that of Y7. Besides, loading a small amount of
blueshifted absorption third component material, PC,;,BM
(10 wt%), into PM6:Y7 host blend had successfully enhanced
the device performance for ternary PM6:Y7:PC,oBM device
due to the concurrent increase in Voc (0.856 % 0.006V),
Jsc (29.384+0.83mAcm ™), and FF (68.39+1.34%), thus
leading to the high PCE,., of 17.67% (average PCE of
17.12% £ 0.34%). The significant increase of Jsc and FF in
PM6:Y7:PC5oBM device should be attributed to two factors: first,
the enhanced photon harvesting of ternary blend due to the
broader absorption window that covers the light spectrum from
UV to near-infrared (NIR) regions, and the second, the
well-developed morphology of ternary blend films with
PC;,BM addition. As both ternary ITIC-M and ternary
PC;oBM have similar average PCEs, the Voc and Jsc are the
main parameters that improve substantially with the addition
of third component, which should be benefited from the lower
LUMO levels and an alloy-like acceptor phase formation due to
good compatibility between the host and guest acceptors.
Considering the higher lying LUMO energies in both ITIC-M
and ternary PC;oBM with regard to Y7, we believe that the energy
loss (Ejoss) can be regulated in the ternary cells. The Fj,es of OSCs
can be determined according to Eioss = Egap—qVoc With Eg.j, is the
optical energy gap calculated from Tauc’s method from
the absorption spectra of the blends.”® As listed in Table 2,
the PM6:Y7 binary host OSCs show a Ej,¢s 0f 0.539 eV, consistent
to the values in recent study.*") The o, of the optimized ternary
ITIC-M- and PC;,BM-based OSCs is 0.490 and 0.484 eV, respec-
tively, which are lower compared to their binary counterparts.
The reduced Ejoss by incorporating appropriate third components
is critical in improving performance of ternary OSCs.

Figure 3b presents the dark J-V characteristics of binary and
ternary OSCs, which provide an information regarding their bulk
and interfacial resistance (Rs), ideality factor along with the
leakage current and charge carrier recombination (Rgy) of the
devices. The Rg and Ry, (parasitic resistance) and J, values of
the optimized devices are listed in Table S2, Supporting
Information. At reverse voltage bias without illumination
(V< 0V), the drift of charge carriers is determined by Rg,, which
is correlated with the current loss such as leakage current. The
ideal Ry should be very high, resulting in zero current flows
through Rgy,, i.e., no current leakage in the device. The Rgy, values
are 2.75 x 10°, 6.20 x 10°, and 1.59 x 10’ Qcm® for PM6:Y7,
PM6:Y7:ITIC-M, and PMG6:ITIC-M devices, respectively, imply-
ing that the leakage current and higher degree of charge carrier
recombination in the ternary device can be restrained by incor-
porating appropriate ITIC-M. The similar tendency to suppress
leakage current and lowering the degree of charge carrier recom-
bination can be regulated by adding a proper amount of PC,,BM
in ternary device, demonstrating by the higher Rgy, value
of 1.13 x 10* Q cm? observed for ternary PM6:Y7:PC,,BM device
than those of binary host and binary PM6:PC;,BM device
(1.07 x 10* Q cm?). It is worth noting that the high leakage cur-
rent in ITIC-M-based OSCs leads to a significant reduction about
one-order magnitude lower in Rg), values with respect to those of
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PC,oBM-based OSCs, which indicates that PC;,BM could pro-
vide a good interfacial morphology by suppressing the leakage
current and morphological traps on the PM6-donor system, bet-
ter than those of ITIC-M, as discussed later. At high voltages
(V>1V), the charges start to accumulate and are limited by
Rs. Rg values are 1.29, 1.41, and 1.19Qcm” for PM6:Y7,
PM6:Y7:ITIC-M, and PM6:Y7:PCyBM devices, lower than those
Rs values of 4.07 and 1.77 Qcm? for PM6:ITIC-M and PM6:
PC,oBM binary devices, respectively, indicating fewer defects
at the Y7-based BH]J blend and/or at the interfaces within
the corresponding devices, which should be beneficial for an
efficient charge carrier collection and better charge carrier
mobility.">?”) Tt has been demonstrated that the parasitic resis-
tances effect might contribute to the change of FF in TOSCs,
thus we calculated the ideal FF (FFg) values of all devices along
with the FF affected by Rs (FFgs) and Rsy, (FFren), as summarized
in Table S3, Supporting Information. In ideal conditions, FFys
are expected to be improved by the addition of third components;
however, the observed experimental FFs are much lower than the
calculated ideal FF,, emphasizing the significant effect of Rs and
Rgp, on the studied devices.?

The other parameter that can be extracted by dark J-V
characteristics is the dark reverse saturation current density
(Jo) which represents the current density of minority carriers.
Suppressing J, is an important strategy to increase Voc as
Voc is strongly related to Jon/Jo as described by Equation (1)

LN 1) (1)

where nyq is the ideality factor that can be extracted from either
light dependency measurement and transient techniques as
mentioned later, k is the Boltzmann constant, T is the tempera-
ture, J,p, is the photogenerated current, and q is the elementary
charge. The extracted J, values are 37.00, 7.36, 9.98, 2.03, and
3.96 x 10~ A cm ™ for binary host, ITIC-M ternary, PC,oBM ter-
nary, ITIC-M binary, and PC;,BM binary devices, respectively.
The gradually decreased J, values in the studied devices is in
excellent agreement with the increased Voc values of ternary
OSCs, implying that the J, values can be restrained according
to the slightly enhanced LUMO levels of alloyed acceptors along
with the increased ITIC-M and PC,,BM content.

To investigate the underlying reason of the enhanced Jsc val-
ues, the corresponding external quantum efficiency (EQE) spec-
tra of the relevant OSCs were measured, as presented in
Figure 3c. It is observed that the host binary PM6:Y7 has a broad
photon response in the wavelength region of 300-950 nm,
whereas the binary PM6:ITIC-M and binary PM6:PC;,BM show
the EQE response in the wavelength of 300-780nm and
300-730 nm, respectively, which are in good agreement with
UV-vis profile. In comparison with binary host device, the opti-
mized ITIC-M-based ternary device exhibits an enhanced EQE
responses in the whole wavelength range of 300-830 nm and
finely increases in the range of 800-850nm (see Figure 3d),
whereas the optimized PC;oBM-based ternary device shows
an enhanced EQE responses in the whole wavelength of
300-900 nm with a higher response at NIR wavelength (>800 nm).
The increased EQE responses for both ternary devices are in
good agreement with UV-vis absorption spectra, showing the
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simultaneously redshifted A,,,, of PM6 and Y7 moieties in the ter-
nary blends compared to the corresponding neat films. This result
indicates a better molecular orientation of PM6 and Y7 moieties
after loading a small amount of compatible third components, thus
providing more efficient photocurrent generation. A good agree-
ment between UV-vis and EQE results corroborates the increment
in the Jsc values of ternary devices with respect to the binary coun-
terparts. In addition, the calculated Jsc values from the integrating
EQE spectra conform the average Jsc values measured from the
J-V curves with deviations of less than 10%.

To analyze the effect of the third components addition on the
surface morphology of the corresponding blends, we performed
the atomic force microscopy (AFM) and transmission electron
microscopy (TEM) measurements. The AFM topographic and
phase images of binary and ternary blends are presented in
Figure 4a,b. In the topographic images, the blend films of
Y7-, ITIC-M-, and PC;,BM-based binary blends displayed the
root-mean-square (RMS) surface roughness of 1.80, 2.64, and
1.21nm, respectively. The rougher surfaces of PM6:ITIC-M
are undesirable for charge collection by the electrodes, which
can be correlated to the highest R values among other studied
blends, thus PM6:ITIC-M device exhibited the lowest FF value in
the J-V characteristic. After loading a small amount of ITIC-M or
PCy;0BM, the ternary blend films of PM6:Y7:ITIC-M and PMé:
Y7:PC7oBM were modified with an optimized RMS roughness
of 1.50 and 1.25 nm. As a result, a better dispersity of interpene-
trating nanostructure with the favorable shape of the domains in
ternary blend films interposed between those of Y7- and ITIC-M/
PC;oBM-based binary blends is observed in the AFM phase
images. It is worth noting the smaller RMS and homogeneous
nanostructure of PCyoBM-based binary and ternary blends than
those of either Y7-based binary or ITIC-M-based binary and ter-
nary blends may facilitate good interfacial morphology, which in
accordance with the lower leakage current observed in dark J-V
characteristics. Moreover, the size of the nanofibril structures
becomes smaller with increasing ITIC-M contents. The TEM
images further corroborate the changes of dispersity in nanoscale

PM6:ITIC-M
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blend morphology between binary and ternary blends, as shown
in Figure 4c. The homogeneous small domain size and nanofi-
brous structures can be observed in binary blend films. The
fine variation of nanofibrous structures observed from TEM
images of the ternary blend suggests the good compatibility
among the studied materials. In good agreement with the surface
tension calculation, the good compatibility between Y7 and third
component ITIC-M/PC,,BM is favorable for the acceptor alloy
state formation, leading to more efficient electron transport
channel.””!

As widely known in OSCs community, three different
fundamental mechanisms are mainly occurred in ternary
BH]J: 1) charge-transfer mechanism, where a cascading energy
alignment is formed among three components for efficient
charge transport and dissociation; 2) energy-transfer mecha-
nism, where the third component with a different bandgap per-
forms as an energy donor, absorbing more photons and inducing
long-distance or short-distance energy transfer to the energy
acceptor; 3) parallel or alloy mechanism, where the third compo-
nent either creates additional pathways or mix with the host
component and behaves like one tunable material to facilitate
charge process.*® The photoluminescence (PL) measurement
can be used as a technique to disregard the charge or energy
transfer within the ternary systems. PL spectra of the neat
(PM6), binary host (PM6:Y7), and ternary (PM6:Y7:ITIC-M
and PM6:Y7:PC;,BM) films were measured under an excitation
wavelength of 600 nm. As plotted in Figure 5a, the neat PM6 film
exhibits the strongest PL emission. The emission peak at 665 nm
of PM6 can be completely quenched in all blend films and in the
meantime PL emission peaks of blend films are blueshifted,
indicating the presence of an electron transfer between PM6
and the acceptors. The two ternary blend films were more
efficiently quenched than the PM6:Y7 binary blend, suggesting
the addition of ITIC-M or PC,;,BM as third component indeed
promote electron transfer from PM6 to the mixed acceptor
phase. Considering that the overlap between the UV-vis spectral
absorption of Y7 and the PL emission of third components

Figure 4. AFM a) topographic and b) phase images and c¢) TEM images of binary and ternary blend films.

Sol. RRL 2023, 7, 2300228 2300228 (6 of 13)

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

85L80| 7 SUOLULLOD SR B|qeotdde au3 Aq peusenob ae sajone YO ‘SN JO S3|nJ o} Arid 178Ul UQ AB]1M UO (SUORIPUOD-PUR-SWBI WD A3 ] 1M A el 1[Bul|uo//SdNY) SUORIPUOD pue SWiB 1 8U3 89S *[£202/90/¢T] U0 ARIqITauuo A8 |IMm ‘11IBIIA 1B11A0Y PepSRAIIN AQ 822006202 110S/200T 0T/10p/w00" A3| im" ARe1q1fouluo//Sdny Woiy pepeojumod ‘TT ‘€202 XB6TLIET


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

é ‘RRL

www.advancedsciencenews.com

(a) (b)

Py c (c)
5x10° /\ /. x-\ h

www.solar-rrl.com

v -3.64 ,,_________(—\ 100
—— PMB:Y7 -3.90 N\
T axto’ PME:Y7:ITIC-M i -4.121 T~
3 s A 1 i Ag o
s ——PM6:Y7:PC, BM ! [ 3
2 3x10° ITO E H | o 104
‘@ H - R S ‘é
1 1
E 2x10° i > = —=—PM8:Y7
= i i S 1] —e—PMB:Y7:ITIC-M
1 1 - Y7
g i -5.45 | g ——PM6:Y7:PC,BM
\_/ i -5.68; ~v—PMG:ITIC-M
2w5.90 J —+—PMB:PC, BM
ol r . : ® AT, 014 . ,
650 700 750 800 850 D 0.01 0.1 1
Wavelength (nm) Vet (V)
d e f
( ) 10°]0 PMEY7. 1= 3.0x10* em’V''s” ( ) - ( )
o o PME:Y7:TIC-M, y = 3.9x10” cm’V''s” 1.0 /(/’/'
£ ‘] & PMB:Y7:PC;oBM, i = 3.7x10™ em?V''s” a /,// - &
< "1y PMeTICM, 1 - 6.6x10% cmV s — e P
: 10 PME6:PC,BM, ;1= 4.2x10° cm’V''s s )/)// G 10
F 2 <
% 1 0 09{ ¢ -
5 1 < E
MR 9 > o7
= a
5 i1 v a S .-'. A = -
o
"::, w02] & o 8 ogm 0.8
O 1
0.01 01 1 10 100 10 100
Voltage (V) Light intensity (mW cm™2) Light intensity (mW cm™2)

Figure 5. a) PL spectra of Y7-based devices excited at 600 nm; b) energy levels diagram illustrating the ternary working mechanism in our study; c) Jon—Vefr
curves, d) the electron mobilities, €) Voc, and f) Jsc versus light intensity characteristics based on optimized binary and ternary OSCs.

ITIC-M or PC;,BM (see Figure S2, Supporting Information), this
strongly indicates energy transfer between ITIC-M or PC,,BM as
energy donor to Y7 as energy acceptor, which could contribute to
the slightly increased Jsc values and enhanced EQE spectra of
ternary OSC devices. Additionally, we fabricated a series of devi-
ces with the active layer containing the acceptors-only blends to
give further insight on the intermolecular dynamics process
between Y7 and the secondary acceptors (ITIC-M or PC;,BM).
Accordingly, the dynamic process between the mixed acceptor
alloys should be energy transfer from either ITIC-M or
PC;BM to Y7, which may provide an additional route for
improving exciton utilization of ternary OSCs. Figure 5b illus-
trates the working mechanism observed in PM6:Y7:PC;,BM
ternary OSC, a similar working mechanism is also shown by
PM6:Y7:ITIC-M ternary OSC.

As demonstrated above that the extra addition of third
components can modify the photovoltaic parameters and blend
morphologies, further investigation of charge dynamics in the
ternary devices, including charge separation, transport, and
collection, is worth studied. First, the photocurrent density
(Jon) versus effective voltage (Vegr) measurement of the studied
devices were performed to gain insight into their exciton disso-
ciation and charge collection. As shown in Figure 5c, [y, for all
devices became saturated in the large effective voltage regime
(Vesr> 0.5 V), suggesting that under high applied field, nearly
all the excitons could separate and generate free carriers, and
then collected by the contacts. The corresponding data are sum-
marized in Table S4, Supporting Information, including the sat-
urated current density (Jsu), maximum amounts of absorbed
photons (Gmax), exciton dissociation (77giss), charge collection
efficiency (1.on), and dissociation and collection probabilities

Sol. RRL 2023, 7, 2300228 2300228 (7 of 13)

(Paiss and Peoy) values. Binary PM6:PC,0BM OSCs show the
lowest Gpax value of 8.95 x 1028 m™>s™!, consistent with its
lowest value of Jsc. Higher values of G, implied excellent light
harvesting in the devices, which correspond to more efficient
exciton generation. The ng4iss and 5.n values as well as Pgig
and Py for both PC;,BM and ITIC-M-based ternary devices
are higher than those of binary host PM6:Y7 OSCs, indicating
that the incorporated PC;oBM or ITIC-M has a positive effect
on the exciton dissociation and charge collection processes,
which could be finely associated with the increased of Jsc and
FF values in the optimized ternary OSCs.

To investigate the influence of incorporating ITIC-M or
PC,0BM on the electron transport properties of the devices,
the electron-only devices with a structure of ITO/ZnO/active
layer/PDINO/Ag were fabricated. The electron (ue) mobilities
were carefully evaluated by a space-charge-limited-current
(SCLC) method following the Mott—-Gurney model.***? Both
ternary blend films of PM6:Y7Z:ITIC-M and PM6:Y7:
PC,0BM show higher p. values of 3.91x10™* and
3.67 x 10 *cm? V™ 's™, respectively, than those of binary host
device (3.04 x 107*cm?V~'s™!), as depicted in Figure 5d.
Moreover, as the ITIC-M or PC,,BM increases, the p. values
decrease, giving the PMGITICM and PM6:PC,0BM
binary blends the u. values of 6.62x107° and
421 x 107*cm?V~'s™!, respectively. The enhanced electron
mobility of the ternary blend should facilitate charge transport
and suppress charge recombination, which contributes to the
higher FF among all the devices in this work. Furthermore,
we investigated the electron trap density (Ni.p) of the corre-
sponding binary and ternary blend films using the following
Equation (2)

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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o thrapL2

Vipr = ——— 2
e @

where Vg is the trap-filled limit voltage evaluated from SCLC
measurements as illustrated in Figure S3, Supporting
Information, in which q is the elementary charge, L is the thick-
ness of active blend layer, ¢, is the dielectric constant of the blend
film, and ¢, is the vacuum permittivity. It is worth mentioning
that the values of the Vyg; were diminished for the ternary devi-
ces, as listed in the legend of Figure S3, Supporting Information.
Moreover, it was interesting to obtain that the ternary devices
showed remarkable lower Ni., values of 2.13 x 10" and
1.94x10%cm™® for the PM6:YZITIC-M and PM6:Y7:
PC,oBM devices. On the other hand, PM6:Y7, PM6:ITIC-M,
and PM6:PC;oBM binary devices demonstrated higher Ny, val-
ues of 6.20 x 10, 1.74 x 10'®, and 3.10 x 10" cm 3, respec-
tively. Accordingly, the increased electron mobility and the
decreased electron traps in both ternary devices indicate that
the addition of compatible third component in ternary blend pas-
sivated the trap states, providing enhanced path for effectively
charge carrier transfer and collection with suppressing the
recombination mechanisms, explaining their superior Pgi,
Gmax Jsc along with their champion PCEs more than the binary
ones.

To investigate the charge recombination mechanism in the
binary and ternary OSCs, the dependence of Voc and Jsc on
the various light intensities (Pjg,) Was measured according to
the corresponding J-V characteristics (see Figure 5e,f and
Table S5, Supporting Information). The degree of trap-assisted
recombination in the binary and ternary OSCs can be estimated
by the variation of V¢ as a function of Py, described by the
relationship Voc « (S2kT/q) In(Pyghe) o« (nkT/q) In(Jsc), where
niqg stands for the recombination ideality factor of the diode
(nia = S2/51), k is the Boltzmann constant, T is the cell tempera-
ture in Kelvin, and q is the elementary charge. Generally, the nyy
values close to 2 reflects the presence of the traps across the active
layer and/or at the BH]J/electrode interface, which leads
trap-assisted recombination as the major recombination in
0SCs.”® As shown in Figure Se and Table S5, Supporting
Information, the calculated n;q values are 1.338, 1.268, and
1.411 for PM6:Y7, PM6:Y7:ITIC-M, and PMG:ITIC-M devices,
respectively, which indicates that the trap-assisted recombination
can be restrained in the ternary devices by the addition of ITIC-
M. Showing similar tendency, n;4 values of PM6:Y7:PC;,BM and
PM6:PCyoBM are 1.284 and 1.372, respectively, implying that
adding PC,(,BM can make trap-assisted recombination less dom-
inant. In addition, the relationship between Jsc and Pygy, can be
expressed by the power law, Jsc « PhghtSl, in which S1 is the
exponential factor referring to bimolecular recombination.
Bimolecular recombination can be negligible when S1 value
is close to unity. As shown in Figure 5f and Table S5,
Supporting Information, the fitting S1 values are 0.778, 0.822,
0.830, 0.933, and 0.998 for PM6:Y7, PM6:Y7:ITIC-M, PM6:Y7:
PC;0BM, PM6:ITIC-M, and PM6:PC;,BM, respectively. A stron-
ger deviation of S1 from 1 for Y7-based devices indicates that the
photocurrent generation for these devices is limited by bimolec-
ular recombination process. It is worth noting that S1 values
were closer to unity by the addition of ITIC-M or PC,oBM as third
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components, indicating that the guest acceptor components
can effectively suppress bimolecular recombination, which is
consistent with the improvement of FF of the ternary devices.
To further evaluate the charge recombination dynamics and
extraction across the binary and ternary blends in devices, charge
extraction (CE), transient photovoltage (TPV), transient photocur-
rent (TPC), and differential capacitance (DC, combination of
TPV/TPC) measurements were performed. DC method is
considered as an alternative to charge extraction (CE)
technique.’>=*% In brief, the TPC technique measured in the
short-circuit condition evaluates the charge present at the solar
cell and the TPV in the open-circuit condition examines the
charge recombination decay under different light biases.**
Detail of the experimental description can be found in the
Supporting Information. Figure 6a shows the charges present
under illumination at different open circuit voltages for the
PM6:Y7 host binary and PM6:Y7Z:ITIC-M and PM6:Y7:
PC;oBM ternary systems. The charges measured in the solar cell
were obtained by measuring the capacitance at different light
biases: C(Voc) = % and finally, the integration of this capaci-
tance gives us an estimation of the charges stored in the cell:
Q(Voc) = [y C(Voc)dVoc. The obtained curve is mainly
formed by two different regimes, first a constant part, attributed
to the geometrical capacitance (Cgeo) and the chemical capaci-
tance (the exponential part) attributed to the charges accumulated
at the bulk. Therefore, in order to avoid an incorrect interpreta-
tion of the results, the linear part can be fitted and removed from
the data, resulting in the solid lines at the bottom. The resulting
solid lines show that the charges in the bulk are higher for the
ternary systems and so, following the same trend with the cor-
responding device photocurrent. We can also observe that the
slightly shift of voltage at 1 sun conditions agree well with the
Voc values obtained for these devices (see Table 3). Next, in
Figure 6b,c we analyze the ideality factors for the binary and
ternary system by using TPC and TPV measurements. As in pre-
vious works reported in more detail 2737381 the ideality factor
(ma) can be also obtained by using the following expressions

_ qVoc
n=ny X exp (nnkT) (3)
qVoc
ran =, x exp (1) o

and where the parameters y and S obtained from Figure 6b,c
are defined as y = T‘iT and g = T%T’ respectively. Finally, the nig
can be calculated by using the equation n ;' = n;' 4+ n;!. Table 3
shows all the parameters obtained through TPC/TPV and the
comparison with the ideality factors obtained with the -V char-
acteristics. Although two different techniques were employed,
the nyq values from J-V characteristics and from TPC/TPV tech-
niques are found to be identical for our solar cells. The identical
ideality factor values has been reported in our previous work and
other authors with respect to the steady-state values.””*?*% As a
result, the good agreement of steady state and transient techni-
ques demonstrates the validity of the Shockley model to studying
the recombination and diode behavior for ternary organic solar
cells. In addition, the recombination kinetics were evaluated by

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 6. a) Charge density as a function of V¢ for the binary and ternary systems; b) charge (n) versus voltage with the n, fitting (). c) Small pertur-
bation lifetime versus voltage with the n. fitting (8). d) Small perturbation lifetime plot as a function of charge density without the geometrical capacitance.

Table 3. Summary of the ideality factors obtained by TPC/TPV techniques
and J-V characteristics.

Blend system n, n, ny (TPC/TPV) ng (J-V)
PM6:Y7 9.76 1.54 1.34 1.34
PM6:Y7:ITIC-M 8.12 1.78 1.26 1.27
PM6:Y7:PC70BM 13.39 1.43 1.29 1.28

plotting the small perturbation lifetime—obtained by TPV—as a
function of charge density—obtained by DC—as shown in
Figure 6d. Clearly, for the same number of charges, the binary
system presents faster recombination in comparison to the
ternary systems. These results imply that the third component
can contribute to more effective extraction of charges and
a retardation in charge recombination losses, which also
implies higher Ji, Voc, FF and thus improving the overall cell
performance.*=**)

To gain deeper insight into the process involved by incorpo-
rating PC;oBM or ITIC-M as third component in ternary blends,
impedance spectroscopy (IS) was employed to measure the
capacitance—frequency (C—f) and capacitance-voltage (C-V)
characteristics of solar cells. In order to extract charge carrier
accumulation and/or interfacial charge transfer information,
the IS measurement should be carried out under open-circuit
condition and equivalent circuits are often modeled to fit the
experimental data.****! Figure 7a,b shows the Cole-Cole plots
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for binary host, ITIC-M- and PC;oBM-ternary solar cells mea-
sured at open-circuit bias voltage under constant illumination
of 1 sun with frequency ranging from 5 kHz to 10 MHz. A typical
arc behavior with one semicircle is observed for all samples, indi-
cating the presence of different RC components in the spectra.
Arredondo et al. proposed that the low-frequency arc is ascribed
to the charge accumulation that cannot be extracted by the device
contacts.!*) The smaller arc radius and lower impedance at low
frequency observed for both ITIC-M- and PC,,BM-based ternary
devices suggest that ternary strategy could suppress the charge
accumulation impact that could be originated from surface mor-
phology disorder of the blend.*”) These results are coherent with
the lower RMS and low leakage current and as a sequence, better
device performance of both ternary devices compares to those of
binary ones. Similar behavior was obtained for the binary host
and ternary devices at maximum power point voltage (Vmpp)
and short-circuit current voltage (V=0V) bias, as shown in
Figure S4, Supporting Information.

To understand in which layer the accumulation is taking place,
an equivalent circuit model comprising one series resistance (Rs)
connected in series with three resistor/capacitor components
(3RC) with Debye model was employed to fit the experimental
Z’-Z” data (see inset of Figure 7a). The solid lines are the fitting
curves and the fitted parameters of the 3RC + Debye equivalent
circuit are listed in Table S6, Supporting Information. Rs repre-
sents the series resistance from the metallic wires and the ohmic
components such as ITO layer or Ag electrodes!*® and L is the
added inductor to eliminate the impact of the connecting line

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 7. a) Cole—Cole plot of binary host and ternary OSCs and b) Cole—Cole plot of binary OSCs; c) Mott-Schottky curve of at T MHz under dark
condition; and d) density of states (DOS) plot as a function of | kgT Inw | at Voc under AM1.5G illumination for binary and ternary OSCs.

during high-frequency scanning.****! A distributed resistor (R)
in 3RC elements represents the resistance of electron transport
in each layer where Ry, R,, and R; refer to PEDOT:PSS, blend
active layer, and the PDINO layer, respectively. It is important to
note that the capacitance (C) corresponds to the geometrical
capacitance calculated from each layer, which can be expressed
by Cg = “™. Notably, an extra impeded R, and C, in series that
attached in parallel with R; and C; is following the Debye model
to explain the effect of the effect of third component introduction
in ternary Dblends. As shown in Table S6, Supporting
Information, the values of C;, C,, and C; are constant for all devi-
ces, coherent with the theoretical values shown in Table S7,
Supporting Information. This might imply that at Voc, the
impedance response was controlled by the geometrical capacitan-
ces provided by the metal-insulator-metal (MIM) model portray-
ing the presence of fully depleted layers.*® Compared to R; and
R, values, the R; values of binary host and ternary devices are
onefold higher and contribute more to the total resistance
(Riotal) Of the corresponding devices, as depicted in Figure S5,
Supporting Information. It suggests that the electrical properties
of Y7-based binary and ternary devices were mainly controlled by
the charge accumulation at the cathode interface (active layer/
PDINO). Moreover, the total contribution of Ry, originated
from the contribution of R, values in binary ITIC-M and binary
PC;0BM is more pronounced by higher amount third component
introduced to the system, which means that the charges cannot
be easily extracted due to the higher guest components content in
the active layers. This trend of the resistance obtained for the
devices was confirmed by the Bode plot curves in Figure S6,

Sol. RRL 2023, 7, 2300228 2300228 (10 of 13)

Supporting Information. It is interesting to find that the Ry,
R,, R; and thus Ry, values for ITIC-M- or PC,oBM-ternary devi-
ces are smaller than the binary devices, which can well explain
the simultaneously increased Jsc and FF in the optimized ternary
devices that agree well with J-V characteristic, EQE, PL, surface
analysis and TPV measurements.

In addition, impedance spectroscopy can be applied to inves-
tigate the effect of third component addition on the energetic
disorder of transport site in ternary blends by C-V analysis.
Figure 7c shows the Mott—Schottky plots for binary host,
ITIC-M-based, and PC,,BM-based ternary OSCs from which
the built-in potential (V,;) can be extracted by the intercept of
the curve with x-axis. The calculated V}; from the C-V analysis
was recorded in the dark at frequency of 1 MHz. The obtained V};
values were 0.865, 0.915, and 0.885V for binary host, ITIC-M
ternary, and PC;oBM ternary OSCs, respectively. It is observed
that Vi,; values increase after the addition of the third component.
The increasing V},; values are also observed in binary ITIC-M and
binary PC;0BM OSCs, as shown in Figure S7, Supporting
Information. With the larger V};, a wider depletion region would
be formed, resulting in improved separation of charge carries
and reduced bulk recombination.”” As a consequence, the
influence of the electric field in device with larger Vj,; yields
to the higher Vo of both ternary devices.

The defects density can be evaluated from the capacitance—
frequency (C-f) measurement to calculate the trap density of
state (DOS) at a given energy level, E,, by the variation of the
capacitance of the device with the frequency, as described by
Equation (5)

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Vo 0C
tqTky 0w

DOS(E,) = ©)

where C is the measured capacitance, Vj; is the built-in potential,
w is the angular frequency, ¢ is the layer thickness, kg is the
Boltzmann constant, g is the electron charge, and T is room
temperature in Kelvin. The assumption in Equation (5) is that
the variations in the capacitance of the devices with frequency
are correlated to the trapping and the charge release by shallow
traps in the bandgap near to the Fermi energy level.?**3 To
observe the relation of the trap-DOS as an energy dependent,
the following equation has been applied

25N

(Ew)traps = kBTIHT = Eo - kBTll’lw (6)

where f is the cross section and N is the effective density of
state.*] Assuming that 28N = X is independent of the frequency
value, the change in its value is related to the shift in the DOS
values on energy scale (Eq = kg TIn(28N)). Figure 7d displays
the calculated trap-DOS plotted as a function of energy for the
fabricated devices. A single exponential trap distribution for
all samples is observed with almost the same slope values, which
defines the same trap activation energy and carrier response.”>*
Interestingly, after the introduction of either ITIC-M or PC;,BM
into the binary host blend, a shift in Eg values was observed,
showing a slight increase density of defects. As explained by
Equation (6), the higher shift of Eg or higher DOS values could
be originated from the decrease in the SN value, indicating
a higher obtained energy due to the less-localized shallow
trap sites created by adding a small amount of the appropriate
third components. In addition, Figure S8, Supporting
Information, is shown to further quantify the energy shifting
values of the corresponding ternary OSCs with respect to the
binary host according to equation 4. It is noticed that the
PM6:Y7 binary OSC exhibits higher trapping sites than those
of ternary OSCs, confirming the higher performance of ternary
OSCs due to the addition of ITIC-M or PC,,BM that minimized
the present of defects inside the ternary devices. It is interesting
that the less-localized shallow trap sites in ternary blends is in
highly accordance with the calculated Urbach energy, as shown
in Figure S9, Supporting Information, and described by
Equation (7)

a(E) = agelFF)/Fv (7)

where a(E) is the optical absorption coefficient, a, is the optical
absorption coefficient at the band edge, E is the photon energy,
and Ey is the Urbach’s energy. The Ey represents the DOS dis-
tribution, which explains the energetic disorder in the molecular
orbital. The calculated Ey were 27.99, 27.28, and 25.81 meV,
respectively, for PM6:Y7-, PM6:Y7:ITIC-M-, and PM6:Y7:
PCP;,BM-based OSCs, indicating the lower energetic disorder
can be achieved by the introduction of higher lying LUMO
energy and morphology compatible of third components in
the ternary devices.
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3. Conclusions

In summary, a series of OSCs were prepared with PM6 as host
donor, Y7 as host acceptor, and ITIC-M or PC;oBM as guest
acceptors. Despite the fact that the two acceptor guests
PC,oBM and ITIC-M have completely different chemical struc-
tures, they possess common properties such as excellent misci-
bility and higher LUMO energy level in comparison to the host
acceptor, resulting in an improved PCE from 16.46% (PM6:Y7
binary OSCs) to high PCEs of 17.73% (ITIC-M-based ternary
OSCs) and 17.67% (PC,oBM-based ternary OSCs). By intensively
investigating charge transport, charge extraction and charge
recombination properties in ternary OSCs, we found that the
ITIC-M and PCoBM guest acceptors exhibit excellent compati-
bility with the host acceptor Y7, such that well-mixed acceptor
phases are formed in the ternary blends. The higher LUMO lev-
els of the third components help the ternary OSCs elevate the
Voc by reducing energy-loss and reverse saturation current, cre-
ating less-localized shallow trap sites along with suppressing
charge recombination and Urbach energy. Furthermore, photo-
luminescence and single material device investigations demon-
strate energy transfer between the two well-mixed acceptors,
contributing to more efficient exciton dissociation and electron
transport, thus increasing Jsc. The combination of these
improvements leads in a simultaneously enhanced Voc, Jsc,
and FF with respect to those of binary host. Our findings dem-
onstrate that a good compatibility between the guest and host
acceptors with suitable energy levels to achieve complementary
absorption are the keys to realize synergistically modified nano-
morphology and photophysical processes toward high-efficiency
ternary organic solar cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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