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Broader context

A 19% efficient and stable organic photovoltaic
device enabled by a guest nonfullerene acceptor
with fibril-like morphology

Hu Chen,?® Sang Young Jeong, Junfu Tian,” Yadong Zhang,® Dipti R. Naphade, (2 °
Maryam Alsufyani,® Weimin Zhang,” Sophie Griggs,® Hanlin Hu,

Stephen Barlow, ©2 ¢ Han Young Woo, (2 ¢ Seth R Marder,©

Thomas D. Anthopoulos, {2 ° lain McCulloch® and Yuanbao Lin (2 %9

A nonfullerene acceptor, isolDITC, capable of exhibiting fibril-like morphology, is utilized as a third
component in organic photovoltaic devices (OPVs). A power conversion efficiency (PCE) of 19% is
achieved in ternary PM6:BTP-eC9:isolDITC bulk-heterojunction (BHJ) devices. Analyses reveal the
formation of an alloy model (BTP-eC9:isolDTIC) and a well-defined fibril-like network and enhanced
crystallization of BHJ in the ternary blend. Slightly increased carrier mobilities, longer carrier lifetimes,
and suppressed trap-assisted/bimolecular recombination are observed in the ternary BHJ-based devices
compared to the binary PM6:BTP-eC9 BHJ cells. Moreover, because of the high surface energy (y) and
low glass-transition temperature (T,) of BTP-eC9, the acceptor and donor tend to migrate toward the
hole and electron collecting electrodes, respectively, during aging tests. Crucially, isolDTIC with low y
and high Ty has a low diffusion coefficient and can suppress demixing in vertical stratification of the
BHJ, resulting in an increase in Tgo lifetime from 101 hours to 254 hours. Our results highlight the
utilization of the nonfullerene acceptor with fibril-like morphology and high T4 as an important third
component toward high-performance and stable ternary OPVs.

Recently, several studies have been published in which fibril-like polymers are utilized as a third component to tune the morphology of a ternary blend, which
is a simple approach to boost the overall cell performance of organic photovoltaic devices (OPVs). However, identification of this fibril-like network structure is

hard to observe in nonfullerene and fullerene acceptors. To the best of our knowledge, there is no study focusing on the design or use of an acceptor that

exhibits a fibril-like morphology as a third component in BHJs to optimize the morphology of ternary OPVs. Herein, we designed and synthesized a
nonfullerene acceptor, isoIDTIC, that exhibits a fibril-like morphology as well as good compatibility and miscibility with the BTP-eC9 host acceptor in BH]J thin

films. The resulting acceptor alloy (BTP-eC9:isoIDTIC) exhibits a well-defined fibrillar structure and an enhanced n-r stacking order when blended with the
donor polymer PM6 to form the ternary PM6:BTP-eC9:isoIDTIC blend. The ensuing OPVs exhibit a PCE of 19%, which is attributed to slightly larger carrier
mobilities, well-balanced hole and electron mobilities, longer carrier lifetimes, and reduced recombination in the ternary BHJ devices as compared to cells

based on the binary PM6:BTP-eC9 blend. Importantly, apart from increasing the PCE, the lower surface energy and higher glass transition temperature of

isoIDTIC than BTP-eC9 can effectively suppress the unfavourable vertical stratification of the donor and acceptor within the BH] during aging tests. The
resulting ternary PM6:BTP-eC9:isoIDTIC OPVs exhibit a longer Tg, lifetime than PM6:BTP-eC9 cells (254 vs. 101 hours).
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Organic photovoltaic devices (OPVs) have attracted great

¢ Renewable and Sustainable Energy Institute, Department of Chemistry and research attention thanks to their potential advantages includ-
Department of Chemical and Biological Engineering, University of Colorado ing low cost, light weight, mechanical ﬂexibility, and large_sca]e

Boulder, Boulder, CO 80303, USA
7/ Hoffmann Institute of Advanced Materials, Shenzhen Polytechnic, Shenzhen,

Guangdong, 518000, China

manufacture. Recently, the reported power conversion effi-
ciencies (PCEs) of for this emerging renewable energy technol-

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ ~ O8Y have reached 19% for single-junction OPVs due to the rapid
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development of photo-active organic material and device’s
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engineering,®'® approaching the predicted limit of PCE
(~20%) for single-junction OPVs.""

Most of the reported high-efficiency single junction OPVs
(i.e. those with PCEs over 18%) are based on the ternary bulk-
heterojunction (BHJ) strategy'> or tandem structure,® since
simple binary blends lead to insufficient light absorption and/
or unavoidable energy losses. However, fabricating tandem
OPVs involves complex multilayer deposition, which limits
their utilization. Hence, single-junction OPVs based on ternary
BH]Js, in which a guest donor or acceptor is incorporated into
the host binary system, represent a simple approach to boost
the overall cell performance."* For designing or selecting a
desired third component for ternary blends, we typically select
guest materials with complementary absorption to the absorp-
tion spectra of the components of the binary system, to
enhance the light-harvesting ability, as well as to ensure the
optimal highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels, located
between the host donor and acceptor, to form a cascade energy
level alignment.">"” Moreover, as summarised in Table S1 (ESIY),
most of the ternary OPVs with PCE > 18% rely on guest materials
that simultaneously exhibit relatively good performance (PCE >
10%) when employed in guest binary blends.>*"%'>'** Haying
this latter criterion as a requirement for the third component,
however, could result in overlooking some promising candidates
that could be useful as guest materials in high-performance OPVs.

Furthermore, recently, several studies have been published
in which fibril-like polymers are utilized as a third component
to tune the morphology of ternary blends.">**>" Impressively,
the D18 donor polymer with fibril-like morphology was
employed as a guest material into the PM6:L8-BO blend,
forming a refined double-fibril network morphology and
achieving a PCE of 19.6% in ternary OPVs.'> However, identifi-
cation of this fibril-like network structure is hard to observe in
nonfullerene and fullerene acceptors, as shown by atomic force
microscopy (AFM) images of Y6, IDTIC, and PC,;BM in Fig. S1
(ESIT). To the best of our knowledge, there is no study focusing
on the design or use of an acceptor that exhibits a fibril-like
morphology as a third component in the BH]J to optimize the
morphology of ternary OPVs.

Herein, we designed and synthesized a nonfullerene accep-
tor, isoIDTIC, that exhibits a curved shape comprising four
aliphatic chains arranged on the same side of the backbone, in
contrast to the established IDTIC, which has symmetrically
arranged chains on both sides. Although isoIDTIC has an
absorption that overlaps with the PM6 donor, it exhibits a
fibril-like morphology as well as good compatibility and mis-
cibility with the BTP-eC9 host acceptor in BHJ thin films. The
resulting acceptor alloy (BTP-eC9:isoIDTIC) exhibits a well-
defined fibrillar structure and an enhanced n-n stacking order
when blended with the donor polymer PM6 to form the ternary
PM6:BTP-eC9:isoIDTIC blend. The ensuing OPVs exhibit a PCE
of 19%, which is attributed to slightly larger carrier mobilities,
well-balanced hole and electron mobilities, longer carrier life-
times, and reduced recombination in the ternary BHJ devices as
compared to cells based on the binary PM6:BTP-eC9 blend.

This journal is © The Royal Society of Chemistry 2023
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Importantly, apart from increasing the PCE, the lower surface
energy and higher glass transition temperature (T) of isoIDTIC
than BTP-eC9, can effectively suppress the unfavourable vertical
stratification of the donor and acceptor within the BHJ during
aging tests. The resulting ternary PM6:BTP-eC9:isoIDTIC OPVs
exhibit a longer Ty, lifetime (the time required to reach 80% of
the initial performance) than PM6:BTP-eC9 cells (254 vs.
101 hours).

Details of the synthesis of isoIDTIC are provided in
Scheme 1, while the "H and "*C NMR spectra of isoIDTIC are
presented in Fig. S2 (ESIt). Negishi coupling of readily available
diethyl 4,6-dibromoisophthalate (compound 1) and thiophen-2-
ylzinc(u) bromide afforded diester 2 in 87% yield, and 2 was
then hydrolyzed to the diacid 3. Intramolecular Friedel-Crafts
acylation of compound 3 afforded the insoluble diketone 4; this
was followed by a Wolff-Kishner-Huang reduction to afford the
alkylation precursor 5. After alkylation of 5 under basic condi-
tions with hexadecyl chains, the two thiophene rings were
formylated to afford compound 7, which was reacted with
2-(3-0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile to afford
the final acceptor isoIDTIC. The short contact interaction
between the sulfur of the thiophene ring and the oxygen atom
of the carbonyl group, which is commonly seen in the IDIC and
Y6 series, together with the bulky repulsion of the four linear
chains, is anticipated to force the backbone to be curved into a
“U” shape. 2D rotating frame overhauser enhancement spectro-
scopy (ROESY) as shown in Fig. S3 (ESIt) reveals a strong
correlation between the thiophene proton (7.76 ppm) and the
alkene proton (8.99 ppm), indicating that the two protons are
close to each other spatially, and hence supporting the expected
curved geometry.

Fig. 1a presents the molecular structures of the active
materials used in this study, i.e. PM6 as the host donor, BTP-
eC9 (C9) as the host acceptor, and isoIDTIC as the guest
acceptor. The isoIDTIC acceptor shows good solubility in
commonly used organic solvents such as chloroform, chloro-
benzene, and o-dichlorobenzene. The UV-vis absorption spectra
of PM6, BTP-eC9, and isoIDTIC neat films are shown in Fig. 1b.
isoIDTIC exhibits an absorption from 300 to 660 nm, which is
similar to that of the PM6 donor polymer. This overlapped
absorption of donor and acceptor contributes to the limited
light-harvesting ability in binary (PM6:isoIDTIC) devices. The
optical bandgap estimated from the onsets of the absorption of
the solid films is 1.90 eV for isoIDTIC, which is wider than
those of PM6 (1.80 eV) and BTP-eC9 (1.57 eV). Moreover, the
HOMO energy level of isoIDTIC, obtained from photoelectron
spectroscopy in air (PESA) measurements (Fig. S4a and b, ESI¥),
is —5.88 eV, which is deeper than that of BTP-eC9 (—5.64 eV).
The experimental HOMO/LUMO values are consistent with the
density functional theory (DFT) calculations of the energies of
the frontier orbitals of isoIDTIC and BTP-eC9. As shown in
Fig. S4c and d and Table S2 (ESIY), the calculated HOMO/LUMO
energy levels of isoIDTIC and BTP-eC9 are —5.83 eV/—3.28 eV
and —5.65 eV/—3.63 eV, respectively. Hence, both theoretical
calculations and experimental data suggest that isoIDTIC, as a
guest acceptor, is unlikely to provide a cascade-like energy
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Fig. 1
(c) Energy diagrams of PM6, BTP-eC9, and isolDTIC.

alignment when employed as a third component in a host PM6
and host BTP-eC9 ternary blend, as shown in Fig. 1c, as its
HOMO energy level is too deep.

From a light harvesting and energy transfer perspective,
isoIDTIC cannot be considered an ideal guest acceptor for a
PM6:BTP-eC9 ternary blend.>® However, there are several stu-
dies on efficient ternary BH]J systems based on alloy models, i.e.
systems in which the third component (an acceptor or a donor)

1064 | Energy Environ. Sci., 2023, 16, 1062-1070
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(@) Chemical structures of isolDTIC, BTP-eC9, and PM6. (b) Normalized UV-vis absorption spectra of PM6, BTP-eC9, and isolDTIC solid films.

electronically couples with the host acceptor or donor due to
excellent compatibility between the two donors or acceptors,
and either an A1:A2 or a D1:D2 electronic alloy is formed.*®'%>*
To evaluate whether isoIDTIC forms an alloy with either the
acceptor or donor, the contact angles and surface energies (y) of
the PM6, BTP-eC9, and isoIDTIC neat films were obtained and
are given in Fig. S5 and Table S3 (ESIT). The values of y of PM6,

BTP-eC9, and isoIDTIC are 20.5, 25.6, and 29.4 mN m ',

This journal is © The Royal Society of Chemistry 2023
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respectively. Based on the surface energy results, the Flory-
Huggins interaction parameter y can be estimated using the

equation: y.p X (\/ﬂ — \/ﬁ)z, where y, and yg are the surface
energy values of components A and B.>® The y parameter was
calculated to be 0.84, 0.30, and 0.13 for PM6:BTP-eC9, PM6:i-
soIDTIC, and BTP-eC9:isoIDTIC blends, respectively. The y
value for BTP-eC9:isoIDTIC is the lowest of the three binary
blends, indicating that the nonfullerene acceptor isoIDTIC is
compatible with the host acceptor BTP-eC9. This compatibility
between BTP-eC9 and isoIDTIC can be further investigated
using the interfacial tension (p,p) calculated according to
Neumann's equation:”” yap = 7 + 7 — 2(747p)"Sel #0278,
where f = 1.15 x 10~* m* mJ 2. As summarized in Table S4
(ESIY), the interfacial tension between BTP-eC9 and isoIDTIC is
0.22 mN m™ ', which is lower than the interfacial tension of
PM6:BTP-eC9 (1.30 mN m ™~ ') and PM6:isoIDTIC (0.45 mN m ™).
Both Flory-Huggins interaction and interfacial tension results
support the idea that the isoIDTIC acceptor has good misci-
bility and compatibility with the BTP-eC9 acceptor and can
form a BTP-eC9:isoIDTIC acceptor alloy within the PM6:BTP-
€C9:isoIDTIC ternary blend.

AFM measurements were used to explore the surface topo-
graphy of blend films. All of them were spin-coated on glass
substrates and then annealed at 100 °C for 10 minutes. As
shown in Fig. 2a and b, there are some obvious sunken surfaces
(~2 um?) with a height of ~40 nm on the BTP-eC9 film, while
some nodular BTP-eC9 domains are observed from the high-
resolution AFM (Fig. 2c and d), suggesting that the BTP-eC9
molecules with a fairly low T, of 174 °C (Fig. S6, ESIY) easily
aggregate during annealing according to the previous
reports.”®*® In contrast, isoIDTIC forms a smooth surface

View Article Online
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(Fig. 2e and f) with a much lower root-mean-square (RMS)
surface roughness value as compared to the BTP-eC9 film
(4.9 vs. 11.7 nm). Interestingly, unlike other conventional
nonfullerene acceptors including Y6, IDTIC, and BTP-eC9 hav-
ing nodular surface morphologies (Fig. S1, ESI and Fig. 2d), a
clearly fibril-like network is observed in the isoIDTIC film from
high-resolution AFM (Fig. 2g and h), indicating that isoIDTIC
with fibril-like morphology will possibly improve the morphol-
ogy in the ternary blend. Moreover, it should be pointed out
that the annealing treatment is one of the key factors to form
the fibril-like network of the isoIDTIC film since the clearly
fibril-like network is absent in the unannealed isoIDTIC film
(Fig. S7, ESIT). In contrast, the annealing treatment has a
negligible impact on the BTP-eC9 film because BTP-eC9 (both
without and with annealing) exhibits a nodular surface. How-
ever, a dedicated study of the original reasons and design rules
for the fibril-like network in a small molecule would be
required and should be the subject of a future investigation.
Hence, we characterized the morphology of the BHJ
(PM6:BTP-eC9) in the absence and presence of isoIDTIC
(Fig. 3). Although BTP-eC9 aggregates easily and has a nodular
morphology, the PM6:BTP-eC9 blends still have a fibrillar net-
work arising from the PM6 polymer with a fibril-like morphol-
ogy (Fig. S8, ESIT). Interestingly, when incorporating isoIDTIC,
the ternary film (PM6:BTP-eC9:isoIDTIC) becomes smoother
with a slightly smaller RMS roughness, and the fibril texture
becomes more distinct and well-defined in both height images
and cross-section profiles than in the binary blend, which may
benefit charge transport in devices.*>*' Besides forming a
distinct and well-defined fibrillar network, the isoIDTIC third
component also enhances the crystallinity of the ternary BH]J
layer, as shown by the grazing-incidence wide-angle X-ray
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Fig. 2

(a) The height profile corresponding to the dashed line in (b). (b) AFM topography of the BTP-eC9 solid film. (c and d) High-resolution AFM height

and phase images corresponding to the dashed frame in (b). (e—h) The corresponding height profile and AFM images of the isolDTIC solid film.

This journal is © The Royal Society of Chemistry 2023
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(a) AFM topography of the binary PM6:BTP-eC9 blend. (b) High-resolution AFM height image corresponding to the dashed frame in (a). (c) Height

profile of the image in (b). (d) GIWAXS patterns for the PM6:BTP-eC9 blend film. (e—h) The corresponding AFM images, height profile, and GIWAXS
patterns of the ternary PM6:BTP-eC9:isolDTIC blend film. (i) Scattering profiles of in-plane and out-of-plane for PM6:BTP-eC9 and PM6:BTP-

eC9:isolDTIC blend films.

scattering (GIWAXS) measurements (Fig. 3). Both the binary
(PM6:BTP-eC9) and ternary (PM6:BTP-eC9:isoIDTIC) films exhi-
bit strong face-on dominant mixed orientation with a m-n
stacking (010) peak at g, = 1.71 A™' along the out-of-plane
(OOP) direction, while the ternary film shows a similar lamellar
stacking (100) peak at g, ~ 0.30 A™" corresponding to the
repeat distance along the in-plane (IP) direction. Moreover,
based on the OOP (010) and IP (100) peaks (Table S5, ESIT),
the crystal coherence length (CCL) values of the BHJ increased
somewhat (13% from 21.10 A to 23.86 A, and 15% from 74.40 A
to 85.68 A) with the addition of the isoIDTIC third component,
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Fig. 4

thus leading to the enhancement in crystallization in both n-n
stacking and lamellar stacking, and further assisting charge
transport and improving the device performance.'®

According to the above observations, the isoIDTIC guest
acceptor could form an electronic alloy with BTP-eC9 as well
as optimize the morphology of the BH]J in the ternary blend. To
demonstrate that these features could enhance the photovoltaic
properties, the OPV cells with the standard architecture based
on ITO/Cl-2PACz/BHJ/PNDIT-F3N/Ag (Fig. 4a) were investi-
gated, where the Cl-2PACz self-assembled monolayer (SAM) is
a hole-selective contact on ITO.?*> The current density-voltage
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(@) Schematic architecture of an OPV. (b) J-V curves for the optimized devices based on PM6:BTP-eC9, PM6:isolDTIC, and PM6:BTP-

eC9:isolDTIC. (c) Summary of the ternary BHJ studies; the X-axis represents the PCEs of the guest binary systems. (d) The EQE curves correspond to
devices in (b). (e) photo-CELIV, (f) light intensity dependence of the V¢, (g) bimolecular recombination rate constant (k.c), and (h) TPV spectra for the
optimized binary (PM6:BTP-eC9) and ternary (PM6:BTP-eC9:isolDTIC) OPVs.
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(J-V) curves of the ternary BH]J cells with various isoIDTIC
contents are presented in Fig. S9a and the details are provided
in Table S6 (ESIT), while representative J-V curves are displayed
in Fig. 4b and the details are provided in Table 1. Moreover, as
summarised in Fig. S9b (ESIt), the open circuit voltage (Vo) of
OPV cells is shown to be linearly correlated with the ratios of
the third component. The improved Voc in ternary devices
compared with the binary blend is attributed to the formation
of alloy-like composites between BTP-eC9 and isoIDTIC, leading
to the changed electronic properties of BTP-eC9:isoIDTIC.>*** As
shown in Fig. S10 and Table S7 (ESIt), the BTP-eC9:isoIDTIC alloy
has LUMO and HOMO levels of 3.96 eV and 5.61 eV, which are
between those of BTP-eC9 and isoIDTIC and in agreement with
the previous ternary BHJ based on an alloy model.**3*

Moreover, the binary PM6:BTP-eC9-based OPVs yield a PCE
of 17.9%, with a V¢ of 0.857 V, a short-circuit current (Jsc) of
26.95 mA cm 2, and a fill factor (FF) of 77.5%. In contrast, the
OPVs with the binary PM6:isoIDTIC blend exhibit enhanced
Voc (0.893 V) due to the higher LUMO of isoIDTIC but with
significantly reduced Jsc (5.75 mA cm ) and FF (32.3%),
eventually along with a very low PCE of 1.7%. With 10 wt%
isoIDTIC, the ternary OPVs exhibit superior performance with
an enhanced PCE (19.0%) owing to the simultaneously
increased Voc (0.866 V), Jsc (27.30 mA cm ™ 2), and FF (80.4%),
and a low series resistance (Rs) of 1.45 Q cm®. As summarised in
Table S1 (ESIT) and Fig. 4c, most ternary blends reported in the
literature utilized high-performance guest materials (PCEs >
10% in binaries). In contrast, here we realized ternary OPVs
with a maximum PCE of 19% by incorporating a third compo-
nent that performs poorly in binary cells (PCE < 2%).

To elucidate the origin of the variation in Jsc seen in the
different cells, we measured the external quantum efficiency
(EQE) spectra of all devices (Fig. 4d). The integrated photo-
current density (J.a) deduced from the EQE matches the Jsc
from J-V curves within +2.5% (Table 1). The EQE response of
PM6:isoIDTIC-based devices is from 330 to 680 nm with an
average value of around 28%, resulting in a low photocurrent
(Jear: 5.66 mA cm™?). Moreover, OPVs based on the PM6:BTP-
eC9:isoIDTIC ternary blends exhibit a slightly increased photo-
response at wavelengths of around 450-620 nm and 700-
830 nm, which is in agreement with the absorption coefficient
results (Fig. S11, ESIt), contributing to a higher Js¢ in the
ternary device.

Table 1 Photovoltaic parameters of binary and ternary OPVs, measured
under AM 1.5 G illumination at 100 mW cm™2

JSC ]cala Rs
Voc [mMA [mA FF PCE’ [Q
BH]J V] em™] em™] [%] [%] cm?]
PM6:C9 0.857 26.95  26.29  77.517.9 (17.7 £ 0.3) 2.15
PM6:isoIDTIC ~ 0.893 5.75  5.66 32.3 1.7 (1.5 +0.2) 46.3
PM6:C9:isoIDTIC 0.866 27.30  26.64  80.4 19.0 (18.7 + 0.3) 1.45

“ Calculated Js from EQE measurements. ? The values in parentheses
are average PCE values obtained from 20 different cells.
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Next, we performed electrochemical impedance spectro-
scopy (EIS) measurements to assess the electrical properties
of OPVs, especially the BHJ resistance (Ryn;).*>*” Fig. S12 (ESIt)
shows the Nyquist plots measured from OPV cells, and the
fitted results are summarised in Table S8 (ESIT). The Ryy; in the
ternary BHJ (PM6:BTP-eC9:isoIDTIC) device is lower than that
of the binary PM6:BTP-eC9 based device (85.1 Q vs. 105.2 Q),
which is attributed to the well-defined fibril structure and the
improved crystallization of the PM6:BTP-eC9:isoIDTIC blend
(Fig. 3), which results in improved charge transport. The charge
transport across these blends was studied via the space-charge
limited current (SCLC) analysis using hole-only and electron-
only devices to probe this effect.*® Fig. S13 and Table S9 (ESIY)
show the calculated hole (u,) and electron (u.) mobilities.
Evidently, the u;, values remain similar (5.66 x 10™* vs.
6.10 x 10°* ecm® V' s7') before and after isoIDTIC
addition, while the y. increased by 40% from 3.35 x 10" to
4.74 x 10"* em® V' 57", The enhanced charge transport is also
observed via photo-induced charge-carrier extraction from
linearly increasing voltage (photo-CELIV)*® measurements
(Fig. 4e). The mobility (u) of the charge carriers in OPVs with
PM6:BTP-eC9:isoIDTIC is 3.7 x 10™* em® V™' s, which
is slightly higher than that in PM6:BTP-eC9 cells (3.0 x
10~ * em?® V' s7%). We attribute this increase to the formation
of the well-defined fibrillar structure in ternary blends.*' Apart
from the faster charge transport, isoIDTIC also contributes to a
well-balanced pup/u. ratio (1.69 to 1.29) by further enhancing the
Ue, resulting in both enhanced FF and Jsc of OPVs by balancing
hole and electron transport and facilitating better charge
collection.”® Fig. 4f shows the dependence of Voc on the
incident light intensity, in which the slope is taken as nkT/q,
where 7 is the constant, k is the Boltzmann constant, T is the
temperature, and g is the elementary charge.*" OPVs made with
the ternary PM6:BTP-eC9:isoIDTIC yield a slope of 1.04 kT/q,
which is slightly lower than that of the binary system
(1.10 kT/q), suggesting the slightly reduced trap-assisted recom-
bination in ternary cells.

Further insights into charge recombination across the
device with and without isoIDTIC were obtained by studying
the bimolecular recombination rate constants (k) as a func-
tion of light intensity (Fig. S14, ESIt). Here, k.. = 1/(4 + 1)nr,
where / is the recombination order, 7 is the carrier density, and
7 is the carrier lifetime.*>** As shown in Fig. 4g, k.. for the
ternary device is lower than that calculated for the binary
PM6:BPT-eC9 cell. Moreover, from transient photovoltage
(TPV) measurements in Fig. 4h, the devices with isoIDTIC
exhibit a longer carrier lifetime than those without it
(20.9 ps vs. 13.7 ps). The suppressed bimolecular recombina-
tion and longer carrier lifetime in the ternary BH] OPV are
attributed to the well-defined fibrillar structure as well as
enhanced n-n stacking observed in the ternary blends.****

Besides the improved PCE, the stability of OPVs under
illumination is simultaneously important for any commerciali-
zation of OPVs.*® As shown in Fig. 5a, the Ty, lifetime of the
ternary OPV is 254 hours, which is longer than the Tjg,
(101 hours) for PM6:BTP-eC9 devices. To further understand
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(a) Evolution of normalized PCEs of OPVs based on PM6:BTP-eC9 and PM6:BTP-eC9:isolDTIC. (b and c) The normalized ToF-SIMS intensity of

Cl™ against the sputtering time. (d) The schematic diagram of the vertical distribution of donors and acceptors in fresh and aged BHJ films.

the enhanced stability of the devices with isoIDTIC, time-of-
flight secondary ion mass spectrometry (ToF-SIMS) is employed
to detect the vertical stratification of the BTP-eC9 component in
the BHJ by tracking the Cl~ signal (Cl is found in BTP-eC9 but
not in the PM6 or isoIDTIC). It should be pointed out that the
Cl-2PACz SAM also contains Cl atoms and this may affect the
apparent distribution signal of BTP-eC9. So, Br-2PACz SAM,
which has a similar surface energy and energy levels to Cl-
2PACz (Fig. S15, ESIt),** was used as the hole-extracting inter-
layer on ITO for the sole purpose of ToF-SIMS measurements.
In the fresh PM6:BTP-eC9 devices, the Cl™ intensity is uniform
under various sputter times (Fig. 5b), suggesting that the BTP-
eC9 molecules are homogeneously distributed vertically within
the BH]. In contrast, the Cl™ intensity in the vicinity of the hole-
collecting side (ITO/SAM) is higher than that in the top and
middle of the BH]J for the aged device, indicating that BTP-eC9
has preferentially migrated towards the bottom of the BHJ and
aggerated at the SAM surface during the stability test. More-
over, the F~ signal, representing PM6 in the aged PM6:BTP-eC9
binary blend cells (Fig. S14a, ESIt), weakens gradually with the
increasing sputtering time relative to that of the fresh sample,
meaning that more of the PM6 is accumulated at the top
surface of the BHJ.

Interestingly, in the aged ternary PM6:BTP-eC9:isoIDTIC
devices (Fig. 5¢), although the Cl™ intensities also increase with
the increasing sputter time, a smaller gradient and higher C1™
concentration close to the top surface are observed relative to
what is seen in the aged binary PM6:BTP-eC9 case. Similarly,
the F~ intensities in the aged ternary BH]J (Fig. S16b, ESIt) are
also slightly reduced close to the BHJ bottom, but they are still
higher than those in the aged binary BH]J. The above results
indicated that the migration of BTP-eC9 and PM6 to
give an unfavorable vertical stratification of the donor and
acceptor during aging is somewhat suppressed in the BHJ with
isoIDTIC, which contributes to the improved stability of the

1068 | Energy Environ. Sci., 2023, 16, 1062-1070

PM6:BPT-eC9:isoIDTIC based OPVs (Fig. 5a). This unfavorable
vertical stratification in the aged binary system results in large
phase separation and aggregation as compared to a fresh
binary BHJ film according to AFM measurements (Fig. S17,
ESIt), while this spinodal decomposition is suppressed in the
aged ternary BH]J with the isoIDTIC third component as shown
in Fig. 5d.

The different vertical stratification of BHJ before and after
adding isoIDTIC can be explained by the higher surface ener-
gies (y) of BTP-eC9 as compared to PM6 (29.4 mN m " vs.
20.3 mN m™"). Hence, the BTP-eC9 molecules preferentially
migrate towards the higher y interface of the ITO/SAM hole-
collecting electrode (40 mN m™ ') during aging.*”*® However,
the lower y of isoIDTIC as compared to BTP-eC9 (25.6 mN m ™'
vs. 29.4 mN m '), and its good miscibility with BTP-eC9
(Tables S3 and S4, ESIY), results in the BTP-eC9:isoIDTIC alloy
that exhibits a reduced y value from 29.4 to 26.5 mN m™ .
Hence, though both the aged binary and ternary systems
exhibit unfavourable vertical stratification, the ternary BH]
showed a smaller gradient. Moreover, the high Flory-Huggins
interaction parameter ypye.prp-eco indicates the instability of the
association of the two immiscible components between PM6
and BTP-eC9, resulting in spinodal decomposition and unfavor-
able vertical stratification observed in the aged PM6:BTP-eC9
binary BHJ, which is in agreement with the previous
reports.’®' However, the addition of compatible isoIDTIC in
PM6:BTP-eC9 contributes to a decreased Flory-Huggins inter-
action parameter, resulting in the suppressed unfavorable ver-
tical stratification. Apart from the effect of surface energy and
compatibility on the energetic driving force for vertical stratifi-
cation, the T, values of the individual acceptors might also
affect the kinetics of stratification. As presented in Fig. S6
(ESIT), the T, values of BTP-eC9 and isoIDTIC are obtained
from differential scanning calorimetry (DSC), showing that
isoIDTIC has a higher T, as compared to the BTP-eCP (206 °C

This journal is © The Royal Society of Chemistry 2023
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v5.174 °C). Since nonfullerene acceptors with a higher T, are
known to exhibit a lower diffusion coefficient and, as such,
suppressed stratification within the BHJ,>®?°* the addition of
isoIDTIC could contribute to the improved operational stability
observed. This important observation could lead to new design
rules for the development of high-performance OPVs.

In summary, a new nonfullerene acceptor, isoIDTIC, was
designed, synthesized and applied as the third component in
high-efficiency ternary organic solar cells. Owing to its good
miscibility with BTP-eC9, the addition of isoIDTIC resulted in
an acceptor alloy phase characterized by a fibrillar microstruc-
ture when incorporated into the ternary PM6:BTP-eC9:isoIDTIC
blend. OPV cells based on the PM6:BTP-eC9:isoIDTIC blend
exhibited an enhanced PCE of 19.0%. To the best of our
knowledge, this is the first study focusing on designing an
acceptor with fibril-like morphology for ternary BH] OPVs.
Moreover, we find that the lower surface energy and higher
glass transition temperature of isoIDTIC efficiently suppress
the migration of BTP-eC9 molecules towards the ITO/SAM
electrode during the aging test, resulting in OPV cells with a
longer operational lifetime. The present work provides valuable
guidelines for the design of acceptor molecules with fibril-like
morphology specifically for boosting both the PCE and opera-
tional stability of multi-component OPVs.
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