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Establishing Co-Continuous Network of Conjugated
Polymers and Elastomers for High-Performance Polymer
Solar Cells with Extreme Stretchability

Jin-Woo Lee, Trieu Hoang-Quan Nguyen, Eun Sung Oh, Seungbok Lee, Jaeyoung Choi,
Hyun Soo Kwon, Cheng Wang, Seungjin Lee, Jung-Yong Lee, Taek-Soo Kim,
and Bumjoon J. Kim*

High power conversion efficiency (PCE) and mechanical robustness are
prerequisites for wearable applications of organic solar cells (OSCs). However,
stretchability of present active systems (i.e., crack-onset strain (COS) < 30%)
should be improved. While introducing elastomers into active systems is
considered a simple method for improving stretchability, the inclusion of
elastomers typically results in a decrease in PCE of the OSC with a limited
enhancement in the stretchability due to lack of interconnected electrical and
mechanical pathways. In this study, it is developed efficient and intrinsically
stretchable (IS)-OSCs with exceptional mechanical robustness, by
constructing co-continuous networks of conjugated polymers (D18) and
elastomers (SEBS) within active layers. It is demonstrated that the blend film
with a specific ratio (40:60 w/w) of D18:SEBS is crucial for forming
co-continuous structures, establishing well-connected mechanical and
electrical channels. Consequently, D180.4:SEBS0.6/L8-BO OSCs achieve
16-times higher stretchability (COS = 126%) than the OSCs based on
D18/L8-BO (COS = 8%), while achieving 4-times higher PCE (12.13%)
compared to the OSCs based on SEBS-rich active layers
(D180.2:SEBS0.8/L8-BO, PCE = 3.15%). Furthermore, D180.4:SEBS0.6-based
IS-OSCs preserve 86 and 90% of original PCEs at 50% strain and after 200
stretching/releasing cycles with 15% strain, respectively, demonstrating the
highest mechanical robustness among reported IS-OSCs.
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1. Introduction

Organic solar cells (OSCs) are promising
renewable energy sources owing to their
lightweight, mechanical flexibility, semi-
transparency, and ease of processing.[1]

In recent years, the power conversion ef-
ficiencies (PCEs) of OSCs have exceeded
19%, thanks to the development of var-
ious polymer donors (PDs) and small
molecule acceptors (SMAs).[2] However,
the intrinsic brittleness of rigid PDs and
SMAs hampers the wearable applica-
tions of the resulting OSCs necessitat-
ing resilience to repetitive body motions,
which require high stretchability of at
least 50% in any direction for stable
operation.[3] The key reason causing this
brittleness lies in the formation of un-
connected, excessively large crystalline
domains within the active layers, as a
consequence of the stiffness inherent in
the backbones of PDs and SMAs.[4] Al-
though different molecular design strate-
gies, including the synthesis of conju-
gated polymers with very high molecular
weights and less rigid backbones or the
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design of PD/SMA with improved miscibility, have been re-
cently suggested to improve the stretchability of the active layer,
the stretchability (i.e., crack-onset strain (COS)) of the high-
performance active layers typically remains below 30%.[5]

Incorporating elastomers such as poly(dimethylsiloxane)
(PDMS) or polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene (SEBS) as a third component in the photoactive lay-
ers is an effective strategy to enhance their stretchability.[5a,6]

Elastomers with soft backbone structures often show very high
stretchability (𝜖) of over 500% due to their low glass-transition
temperature (Tg) and low critical molecular weight (Mc) of below
10-20 kg mol−1, facilitating the formation of entangled chains
in the films.[7] Thus, researchers have demonstrated examples
of enhancing the stretchability of OSCs by the addition of the
elastomers.[5a,6a–c,e,f] For example, Ye group first reported the de-
sign strategy of adding the SEBS polymers as a ternary con-
stituent into the PM6:N3 system.[5a] They reported a 2-fold in-
crease in the COS values from 6.9 to 13.0% by 30 wt% SEBS ad-
dition, while the PCE value decreased from 15.42% to 11.55%.
In a subsequent study, they introduced a higher concentration of
SEBS (> 40 wt%) into the PM6:PYFT-o system.[6b] This addition
significantly increased the stretchability of the active layer, but
also resulted in the PCE decrease. While the pristine PM6:PYFT-
o-based OSC had a PCE of 14.9% and a COS of 4.7%, the ternary
OSCs with 33.3 wt% of SEBS showed a PCE of 11.3% and COS
of 26.2%. Furthermore, the ternary OSCs with 90.9 wt% of SEBS
exhibited a remarkable COS of 1031%, but a low PCE of 2.2%.
At an optimal SEBS composition of 41 wt%, the COS value of
the ternary active layer was increased to 51%, and the resulting
OSC maintained a relatively high PCE of ≈10%. Subsequently,
O’Connor group incorporated SEBS polymers as a third com-
ponent in the PM6:Y6 host binary blend.[6c] They observed that
adding 20 wt% SEBS polymers to the active layers increased the
fracture energy from 2 to 12 J m−2, albeit with a reduction in
PCE from 12.72% to 9.10%. Given the insights from these ex-
amples, it is anticipated that the strategy of incorporating elas-
tomers can be extended to a wide range of active systems.[5j,6c,8]

While significant progress in enhancing the mechanical robust-
ness of high-performance active layers has been made by various
approaches,[5a,6a–c,f,8b,9] it still remains a grand challenge to avoid
the compromise between the photovoltaic performance and me-
chanical robustness in OSCs. The significant decrease in the
PCE value by addition of elastomers is primarily due to two rea-
sons: 1) dilution of the photoactive materials by addition of non-
photoactive materials deteriorates the light harvesting capabil-
ity of the OSCs; 2) disconnection of charge transporting path-
ways by increased amount of the elastomer phase hinders the
hole/electron transport and increases the undesired charge re-
combination in the active layer.

To achieve both high electrical and mechanical properties, in-
terconnected networks of both elastomers and conjugated poly-
mers, which can act as mechanical scaffold and charge trans-
porting pathway, respectively, should be achieved within the ac-
tive layer. The percolation threshold in polymer blends is a crit-
ical composition ratio at which one polymer, present in a lesser
amount than the other, percolates to form connected networks
throughout the other primary polymer matrix.[10] At this thresh-
old, the minor polymer component starts to form a connected
structure, generating pathways for electrical or mechanical func-

tion and significantly enhancing the electrical conductivity or me-
chanical strength of the polymer blend.[10a,c] This phenomenon
has been observed in various conducting polymers within insu-
lating polymer composites.[10c–e,11] For example, increasing the
weight fraction of conjugated polymers into an insulating poly-
mer matrix beyond the percolation threshold can result in a rapid
increase in conductivity and charge mobility by over 3–4 orders of
magnitude.[10a,d,12] Conversely, when conjugated polymers consti-
tute a substantial part of the blends, mechanical stretchability is
significantly enhanced at the percolation threshold of elastomers
due to the formation of a network structure across the conjugated
polymer domains.[12b,c,13] This structure establishes a mechani-
cal scaffold for efficient stress dissipation. When the composi-
tion ratios in the conjugated polymer/elastomer blends are posi-
tioned over both the electrical and mechanical percolation thresh-
olds, the polymer blend can exhibit a co-continuous structure.
In this morphology, two polymers are continuously percolated
to one another, comprising crystalline fibrils of conjugated poly-
mers for charge transport and continuous elastomer networks for
mechanical stress dissipation. Therefore, we anticipate that find-
ing the thresholds for forming co-continuous structure of elas-
tomers within the photoactive layer is crucial for optimizing the
mechanical stretchability and PCEs of the OSCs.

In this study, we demonstrate efficient OSCs with extreme
stretchability (COS = 126%) and high PCE (>12%) by develop-
ing photoactive layers with co-continuous structure of conjugated
polymers (D18) and thermoplastic elastomers (SEBS). To achieve
superior photovoltaic and mechanical properties, we construct
photoactive layers featuring a planar-heterojunction (PHJ) archi-
tecture comprising vertically interdiffused D18:SEBS bottom lay-
ers and L8-BO top layers, and fine-tune the composition ratios
of D18 and SEBS within the bottom layers (D18x:SEBS1.0-x, x
ranging from 0 to 1.0). We demonstrate that at a specific com-
position ratio of D18:SEBS = 40:60 w/w, co-continuous blend
morphologies are produced, achieving both high photovoltaic
and mechanical properties of the OSCs. The active layers with
this optimal composition ratio (D180.4:SEBS0.6/L8-BO) achieve a
16-times higher stretchability (COS = 126%) compared to the
reference D18/L8-BO (COS = 8%), and a 4-times higher PCE
(12.13%) relative to active layers rich in SEBS (D180.2:SEBS0.8/L8-
BO, PCE = 3.15%). Based on comprehensive morphological in-
vestigations, we demonstrate that the co-achievements of high
PCE and stretchability of D180.4:SEBS0.6/L8-BO are attributed
to the establishment of well-connected electrical and mechan-
ical channels facilitated by the co-continuous networks of D18
and SEBS within the PHJ-type active layers. To demonstrate
potential applications in wearable devices, we fabricate IS-
OSCs using the D180.4:SEBS0.6/L8-BO-based active layers. The
D180.4:SEBS0.6/L8-BO-based IS-OSCs exhibit a remarkable de-
vice stretchability (86% retention of initial PCE at 50% strain)
and cyclic durability (90% retention of initial PCE after 200-times
stretching/releasing cycles with 15% strain).

2. Results and Discussion

2.1. Research System and Basic Material Properties

Conventional OSCs based on high-performance PD:SMA blends
are typically brittle (COS < 5%), limiting their application into
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Figure 1. a) Chemical structures of PD (D18), SMA (L8-BO), and thermoplastic elastomer (SEBS). b) Energy levels of the active components and device
structure of the rigid OSCs. c) UV–vis absorption spectra in film of the materials used in this study, d) DSC curves (2nd heating cycle), and e) stress–strain
curves of pristine films obtained from pseudo free-standing tensile tests.

wearable devices. The mechanical brittleness is mainly due to
large, disconnected crystalline domains of the PD and SMA ow-
ing to their rigid backbone structures, which are designed to
achieve high electrical and photovoltaic properties. Incorpora-
tion of highly stretchable elastomers (i.e., PDMS, SEBS, and
polyurethane) into PD:SMA blends is a simple method for im-
proving the stretchability of the active layers. However, this strat-
egy often sacrifices the PCE of the OSCs while not signifi-
cantly increasing their stretchability, which is due to lack of well-
connected electrical and mechanical channels. Therefore, we be-
lieve that the formation of co-continuous networks between con-
jugated polymers and elastomers, where the two polymer do-
mains interpenetrate to each other, will be critical for achiev-
ing both high PCE and mechanical robustness of the OSCs. In
addition, we employ a strategy of pseudo planar-heterojunction
(PHJ) structure consisting of PD:elastomer bottom layer and

SMA top layer, but the layers are interdiffused to facilitate ver-
tical hole/electron transport from the active layer to the electrode
while ensuring the high adhesion between the layers.[5f,14]

To systematically examine the phase behaviors between con-
jugated polymers and elastomers as well as correlate them with
photovoltaic and mechanical properties of the OSCs, we de-
sign a model system using well-known PD, SMA, and thermo-
plastic elastomer. Chemical structures of the materials used in
this study are presented in Figure 1a. We selected D18 and
L8-BO as high-performance PD and SMA materials, respec-
tively, as these active components were reported to demonstrate
OSCs with high PCEs of ≈18% in literatures.[2a,d] We also se-
lected SEBS as the elastomer component owing to its excellent
stretchability, low cost, and common use for various commer-
cial applications.[15] Furthermore, distinct from other elastomers
such as PDMS, SEBS has the unique ability to produce fibril
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structures, which can promote its percolation within the matrix
of conjugated polymers.[10c,16] Chemical structure of the SEBS
used in this study, composed of 5.8, 56.5, and 37.7 mol.% of
styrene, ethylene, and butylene components, respectively, was
confirmed by 1H nuclear magnetic resonance (NMR) spectra
(Figure S1, Supporting Information). Molecular weight infor-
mation of D18 and SEBS polymer was obtained from size-
exclusion chromatography (SEC) measurements (Figure S2, Sup-
porting Information). The D18 and SEBS had number-average
molecular weight (Mn)/dispersity (Ð) values of 85 kg mol−1/2.7
and 164 kg mol−1/1.1, respectively. Optical and electrochemi-
cal properties of the materials were characterized by measuring
cyclic voltammetry (CV) and ultraviolet-visible (UV–vis) light ab-
sorption spectra (Figure 1b,c; Figure S3, Supporting Informa-
tion). D18 and L8-BO exhibited well-matched highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels for efficient exciton dissociation
(Figure 1b). In addition, D18 and L8-BO showed complementary
light absorption profiles, enabling their efficient charge genera-
tion (Figure 1c). The SEBS did not exhibit bandgap or UV–vis
absorbances due to the absence of conjugation in the backbone
structures.

In this study, we employed PHJ-structured active layers
(D18x:SEBS1.0-x/L8-BO) where the SMA (L8-BO) top layer is de-
posited on the bottom layer of PD:elastomer (D18x:SEBS1.0-x), be-
cause the PHJ-structured active layer can be more efficient in
terms of mechanical stress dissipation and vertical charge trans-
port compared to the bulk-heterojunction (BHJ) structure.[5f,14]

In addition, by implementing the PHJ structure, we can gain
insight into how the D18:SEBS morphology impacts the pho-
tovoltaic and mechanical properties of OSCs. To ensure suf-
ficient adhesion/interfacial properties between the lower and
upper layers within the PHJ active layers, we employed dif-
ferent solvents for the processing of each layer and generated
sufficient intermixed zone between the layers. Specifically, the
D18x:SEBS1.0-x bottom layer was spin-coated using chloroform.
Subsequently, the L8-BO top layer was deposited using carbon
tetrachloride as the solvent, which partially but not fully dissolves
the D18x:SEBS1.0-x bottom layer. As a result, the D18x:SEBS1.0-x
and L8-BO layers were vertically interdiffused, forming the inter-
mixed zone near their interfaces in the PHJ films, as evidenced
by gradient concentrations within the vertical concentration pro-
files obtained by the time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS) (Figure S4, Supporting Information). Utilizing
the half-depth point identified in the ToF-SIMS profiles as a ref-
erence, the thickness values of the L8-BO-rich and D18-rich lay-
ers within the PHJ-type active layers were estimated to be ≈50
and 70 nm, respectively. The vertically interdiffused structure not
only broadens the interfaces between the bottom−top layers, but
also significantly improves their adhesion, thereby maximizing
capabilities of the PHJ films for mechanical stress dissipation
and charge generation/transport. To systematically investigate
the phase behaviors of D18 and SEBS in their blend films, the
weight composition of D18 in the bottom layer was varied from 0
to 100% (D18x:SEBS1.0-x, where x = 0 to 1.0), while the fabrication
conditions of L8-BO in the top layer remained constant. The mo-
lar fraction (N) of D18 in the blends at each corresponding weight
composition was estimated using their Mn values (Table S2, Sup-
porting Information).

Thermal properties of D18, L8-BO, and SEBS were moni-
tored by differential scanning calorimetry (DSC) measurements
(Figure 1d; Figure S5, Supporting Information). D18 polymer
and L8-BO SMA did not show Tg signal due to their strong crys-
talline properties. In contrast, the SEBS polymers exhibited a
clear Tg at −55 °C in a DSC 2nd heating profile. This sub-zero
Tg originates from the poly(ethylene-ran-butylene) soft segments
in the SEBS block-copolymers.[17] Mechanical properties of the
materials in thin film were investigated by pseudo free-standing
tensile tests on water surfaces (Figure 1e). Without the influence
of thick substrates, this experimental setup can acquire intrinsic
tensile characteristics of thin films.[18] Owing to their soft back-
bone structures and low Tg, the SEBS elastomers exhibited signif-
icantly higher stretchability and lower elastic modulus (E) com-
pared to conventional conjugated polymers including D18. For
example, SEBS film was not fractured until the strain limit of the
experiment set-up (≈600%) and exhibited a low E of 0.1 GPa. In
contrast, the D18 film was fractured at 23% strain and exhibited
a higher E of 1.3 GPa. The tensile properties of L8-BO could not
be measured by this tensile testing method due to their extreme
brittleness.

2.2. Photovoltaic Properties

To investigate the effect of D18:SEBS contents on the photo-
voltaic performances of OSCs, we fabricated OSC devices with a
normal-type device configuration (Figure 2a–c). The detail con-
ditions for OSC fabrications are described in the Supporting
Information. Current density–voltage (J–V) curves and corre-
sponding photovoltaic parameters are shown in Figure 2a and
Table 1, respectively. The reference D18/L8-BO-based PHJ OSCs
exhibited a high PCE of 17.48%, with open-circuit voltage (Voc),
short-circuit current density (Jsc), and fill factor (FF) values of
0.88 V, 25.57 mA cm−2, and 0.77, respectively. The PCE of the
OSCs was almost unchanged until 20 wt% of SEBS content was
added (i.e., D180.8:SEBS0.2/L8-BO PHJ OSC), with a slight en-
hancement noted with the addition of 10 wt% SEBS. Specifically,
the PCE for the D180.9:SEBS0.1/L8-BO and D180.8:SEBS0.2/L8-
BO-based OSCs was 17.68% and 17.40%, respectively. The im-
provement and retention of PCE with a minimal SEBS incor-
poration can be attributed to the nanoconfinement effects on
D18 domains, which lead to an increase in crystallinity and
hole mobility. This phenomenon is discussed in further detail
in the following section. Then, the PCE value showed a grad-
ual decline with further increase of SEBS content to 60 wt%
(i.e., D180.4:SEBS0.6/L8-BO PHJ OSC). For example, the PCEs
of the OSCs with 20 wt%, 40 wt%, and 60 wt% of the SEBS
contents were 17.40%, 15.22%, and 12.13%, respectively. The
main parameters contributing to the PCE trend were Jsc and FF.
Interestingly, we found that PHJ-type devices had considerably
greater PCE tolerances to SEBS inclusion than BHJ-type devices
(Figure S6 and Table S3, Supporting Information). For exam-
ple, PCE values of D180.4:SEBS0.6-based PHJ and BHJ devices
were 12.13 and 6.65%, respectively, while their initial PCEs with-
out SEBS were similar (17.48%–17.72%). However, the PCE de-
creases of the PHJ-type OSCs became significantly accelerated
when the SEBS content exceeded 60 wt% (Figure 2c). The PCEs
of OSCs based on D180.3:SEBS0.7/L8-BO, D180.2:SEBS0.8/L8-BO,
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Figure 2. a) J–V curves, and b) EQE spectra, c) PCE values, and d) SCLC hole mobilities (μh) of D18:SEBS/L8-BO OSCs at varying D18:SEBS composition
ratios.

Table 1. Photovoltaic performances of D18:SEBS/L8-BO OSCs.

PD:elastomer Voc [V] Jsc [mA cm−2] Cal. Jsc [mA cm−2]a) FF PCEmax(avg)
b) [%] PCE/𝜈D18+L8-BO

c) [%]

D18 0.88 25.57 24.73 0.77 17.48 (17.12) 17.48

D180.9:SEBS0.1 0.90 25.87 25.18 0.78 17.68 (17.31) 18.04

D180.8:SEBS0.2 0.90 25.12 24.65 0.77 17.40 (17.08) 18.32

D180.7:SEBS0.3 0.90 24.63 24.13 0.75 16.54 (16.23) 18.18

D180.6:SEBS0.4 0.90 23.86 23.45 0.71 15.22 (14.90) 17.49

D180.5:SEBS0.5 0.90 22.41 21.84 0.65 13.11 (12.88) 15.80

D180.4:SEBS0.6 0.90 21.99 21.30 0.61 12.13 (11.94) 15.55

D180.3:SEBS0.7 0.90 15.13 14.73 0.50 7.56 (7.29) 10.36

D180.2:SEBS0.8 0.91 9.62 9.18 0.36 3.15 (2.88) 4.70

D180.1:SEBS0.9 0.91 4.82 4.64 0.29 1.27 (1.04) 2.15

SEBS 0.37 0.48 − 0.25 0.04 (0.03) 0.08
a)

Calculated from EQE spectra;
b)

Average values obtained from 15 independent devices;
c)

PCEmax values divided by the respective volume fraction of (D18+L8-BO) active
components in D18x:SEBS1.0-x/L8-BO PHJ active layers.
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and D180.1:SEBS0.9/L8-BO were 7.56%, 3.15%, and 1.27%, re-
spectively. And the main parameters causing the PCE drops were
Jsc and FF. External quantum efficiency (EQE) spectra of the
OSCs are shown in Figure 2b. The calculated Jsc values of the
OSCs from the EQE spectra agree well with the device Jscs within
a 4% error.

To emphasize the advantages of the D18x:SEBS1.0-x/L8-BO PHJ
devices, we calculated the PCE/𝜈D18+L8-BO metric, where the PCE
values of the devices were normalized by the volume fraction
(𝜈D18+L8-BO) of the (D18+L8-BO) active components within the ac-
tive layer (Table 1; Table S2, Supporting Information). Although
the calculated 𝜈D18+L8-BO may not exactly match the real volume
fraction, the estimated parameter PCE/𝜈D18+L8-BO provides an in-
sightful measure of the practical PCE when considering the cost
of active components and elastomers. It is noted that the elas-
tomers are at least 100 times cheaper than any of the active com-
ponents. The PCE/𝜈D18+L8-BO values of D18x:SEBS1.0-x/L8-BO with
10 wt%–30 wt% of SEBS contents were higher than 18%, exceed-
ing that of the D18/L8-BO system without SEBS (PCE/𝜈D18+L8-BO
= 17.48%). Furthermore, even up to 60 wt% SEBS content, the
PCE/𝜈D18+L8-BO remained above 15%, suggesting that the cost-
PCE balance of D180.4:SEBS0.6/L8-BO active layers is compara-
ble to that of typical active layers with more than 15% PCE. This
demonstrates the feasibility of the developed active layer system
for commercial applications.

Charge transport properties of the D18x:SEBS1.0-x blend films
with different D18:SEBS ratios were probed by measuring space-
charge limited current (SCLC) hole mobility (μh) (Figure 2d
and Table S4, Supporting Information).[19] Pristine D18 exhib-
ited a high μh value of 4.4 ×10−4 cm2 V−1 s−1. Interestingly,
we observed that the μh of the blend films slightly increased
with 20 wt% SEBS addition. For example, the μh value of
D180.8:SEBS0.2 film was 5.1 ×10−4 cm2 V−1 s−1. Then, the μh value
decreased with increasing the SEBS content to 60 wt%. When the
SEBS content exceeded 60 wt%, the μh rapidly dropped, which
agrees well with the PCE trend in OSC devices. Specifically, the
μh values of D180.6:SEBS0.4, D180.4:SEBS0.6, and D180.2:SEBS0.8
films were 2.1 ×10−4, 1.0 ×10−4, and 4.3 ×10−7 cm2 V−1 s−1,
respectively. The increase in μh of D18x:SEBS1.0-x blend films
with low (10 wt%–20 wt%) SEBS contents compared to the pure
D18 film is likely due to improved molecular orderings and crys-
tallinity of D18 domains due to nanoconfinement effects from
the SEBS addition.[20] For example, in UV-Vis absorption spec-
tra of D18x:SEBS1.0-x blend films, both the maximum absorp-
tion wavelength (𝜆max

film) and relative absorbance of (0-0) transi-
tion peak (≈590 nm) to that of (0-1) peak (≈550 nm) (I(0-0)/ I(0-1))
linearly increased with higher SEBS fractions; D18 (𝜆max

film =
579 nm and I(0-0)/ I(0-1) = 1.06)<D180.8:SEBS0.2 (𝜆max

film = 583 nm
and I(0-0)/ I(0-1) = 1.12) < D180.6:SEBS0.4 (𝜆max

film = 585 nm and
I(0-0)/ I(0-1) = 1.16) < D180.4:SEBS0.6 (𝜆max

film = 586 nm and I(0-0)/
I(0-1) = 1.20) (Figure S7, Supporting Information). This indicates
increased degree of molecular orderings of D18 in D18x:SEBS1.0-x
blend films with higher SEBS contents. The relatively slow de-
crease in μh with increasing the SEBS content in the range of
20 wt%−60 wt% is due to the gradual decrease in the area den-
sity of the D18 network by added electrically-inactive SEBS elas-
tomers in the blend films. In contrast, the sharp drop in μh be-
yond 60 wt% SEBS content, unlike the moderate decreases ob-
served between 20 wt% to 60 wt% SEBS content, suggests a dis-

Table 2. Tensile properties of D18x:SEBS1.0-x/L8-BO PHJ films.

PHJ films COS [%]a) E [GPa] a) Toughness [MJ m−3] a)

D18/L8-BO 8 1.8 2.2

D180.8:SEBS0.2/L8-BO 12 1.4 2.9

D180.6:SEBS0.4/L8-BO 17 1.1 3.3

D180.4:SEBS0.6/L8-BO 126 0.7 17.5

D180.2:SEBS0.8/L8-BO > 600 0.2 > 25

SEBS/L8-BO > 600 0.1 > 25
a
Averaged values from 3 independent samples.

ruption in the charge transport network of the D18 domains in
the blend films. The L8-BO film exhibited an electron mobility
(μe) of 4.0 ×10−4 cm2 V−1 s−1. As a result, the μe/μh values of
the blend films drastically increased when the SEBS content ex-
ceeds 60 wt%. In detail, the μe/μh values of D18, D180.8:SEBS0.2,
D180.6:SEBS0.4, D180.4:SEBS0.6, and D180.2:SEBS0.8 were 0.9, 0.8,
1.9, 4.4, and 1023, respectively. The abysmal μh values and unbal-
anced μe/μh of the D18x:SEBS1.0-x blend films exceeding 60 wt%
SEBS contents correspond to their poor Jsc, FF, and PCE values
in the OSC devices.[6c,21]

2.3. Mechanical Properties

Next, we investigated the mechanical properties of
D18x:SEBS1.0-x/L8-BO PHJ films with various D18:SEBS compo-
sition ratios using pseudo free-standing tensile tests (Figure 3a–c
and Table 2). The measured COS values, PCE versus COS plots,
and stress–strain (S–S) curves of the PHJ thin-films as a function
of D18:SEBS content are displayed in Figure 3a–c, respectively.
The detailed tensile parameters including COS, elastic modulus
(E), and toughness are summarized in Table 2.

The D18x:SEBS1.0-x:L8-BO PHJ films exhibited gradual in-
crease of COS and decrease of E as the SEBS concentration in-
creased from 0 to 40 wt%. For example, the COS values of the
blend films increased from 8 to 17%, whereas E reduced from
1.8 to 1.1 GPa from 0 wt% to 40 wt% of the SEBS contents. As a
result, the D18x:SEBS1.0-x:L8-BO PHJ films with 0 wt%–40 wt%
of SEBS exhibited similar toughness values (2.2–3.3 MJ m−3).
Furthermore, the increase in stretchability of D18x:SEBS1.0-x/L8-
BO films with the SEBS contents of 10 wt%−40 wt% relative to
the D18/L8-BO film was less than 10% in the COS value, which
is not significant considering exceptionally high stretchability
of SEBS elastomers with COS of > 600%. However, it was ob-
served that the stretchability and toughness of D18x:SEBS1.0-x:L8-
BO PHJ films dramatically increased when the SEBS content be-
came 60 wt%. For example, the D180.4:SEBS0.6/L8-BO PHJ film
had a COS value of 126% and toughness value of 17.5 MJ m−3.
Furthermore, the PHJ films containing SEBS content higher
than 70 wt% (i.e., D180.8:SEBS0.2/L8-BO and SEBS/L8-BO films)
were not fractured at the measurement limit of 600% strain. And
they exhibited toughness values exceeding 25 MJ m−3. There-
fore, in terms of both the photovoltaic and mechanical proper-
ties, we highlight that the D180.4:SEBS0.6 blend film achieved
both a high PCE (12.13%) and excellent stretchability (COS =
126%) (Figure 3b). The stretchability of D180.4:SEBS0.6/L8-BO
was 16 times higher compared to that of D18/L8-BO films (COS

Adv. Energy Mater. 2024, 2401191 2401191 (6 of 14) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 3. a) COS values of D18x:SEBS1.0-x blend films (blue lines) and D18x:SEBS1.0-x/L8-BO PHJ films (red lines). b) PCE versus COS plots and c)
stress–strain (S–S) curves of D18x:SEBS1.0-x/L8-BO PHJ films. d) PCE and COS in this work and other works (measured using a pseudo free-standing
tensile test). e–f) S–S curves from cyclic tensile tests with a fixed strain of 10% of e) D18 and f) D180.4:SEBS0.6 blend films. g) Plastic strains during the
repeated cycles.

= 126 vs 8%), while its PCE was 4 times greater than that of
D180.2:SEBS0.8/L8-BO (PCE = 12.13 vs 3.15%). In addition, it is
worth noting that the D180.4:SEBS0.6/L8-BO-based active layers
demonstrated much greater stretchability than the previously re-
ported high-performance OSCs with PCEs > 10%, as shown in
Figure 3d.

To elucidate the important role of the D18x:SEBS1.0-x com-
position on the mechanical properties, we also performed the
tensile tests on the D18x:SEBS1.0-x blend films without the L8-
BO upper layer (Figure S8 and Table S5, Supporting Informa-
tion). The stretchability and toughness trends of D18x:SEBS1.0-x
blend films in terms of the D18:SEBS ratio were matched
well with those of the D18x:SEBS1.0-x:L8-BO PHJ films, show-
ing significant jumps in both values around the SEBS com-
position of 60 wt%; D18 (COS = 23% and toughness =
6.5 MJ m−3) < D180.8:SEBS0.2 (COS = 32% and toughness =
6.6 MJ m−3) < D180.6:SEBS0.4 (COS = 41% and toughness =

7.0 MJ m−3) < D180.4:SEBS0.6 (COS = 247% and toughness =
15.0 MJ m−3) < D180.2:SEBS0.8 (COS > 600% and toughness
> 25 MJ m−3). This indicates that the mechanical properties of
D18x:SEBS1.0-x were well retained in D18x:SEBS1.0-x/L8-BO PHJ
structures.

Another significant benefit of incorporating elastomers into
active layers is that it may boost elasticity of the active lay-
ers. To assess the elasticity of the active layers during repeti-
tive stretching cycles, we conducted cyclic tensile tests on the
pristine D18 and D180.4:SEBS0.6 blend film with a fixed strain
of 10% (Figure 3e–g). Based on the measured S–S curves from
the cyclic tensile tests, we estimated plastic strain values of
the films at each loading/unloading cycle, which are indica-
tives of the degree of plastic deformation. We observed that
the D18 film was entirely fractured after 3-cycles of stretch-
ing/releasing, and the plastic strain values during the first and
second cycles were 7.3% and 7.0%, respectively. This indicates
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Figure 4. a) Schematic illustration and actual image of an IS-OSC device during the stretching test, b) J–V curves of IS-OSCs, c,d) normalized PCEs as
a function of the strain c) in single stretching test, and d) in cyclic stretching test.

that the D18 films have very small elasticity (less than 3% strain).
In contrast, D180.4:SEBS0.6 blend film was not fractured even af-
ter 10-cycles of stretching/releasing. Although the D180.4:SEBS0.6
films showed considerable plastic strains in the first and sec-
ond cycles (7.4% and 4.0%, respectively), it rapidly decreased
to the negative value from the third to tenth cycles, show-
ing excellent elasticity of the films (Figure 3g). The plastic
strains in the first and second cycles are presumably due
to plastic deformation of D18 polymers in the blend films,
and it appears that after some degree of plastic deformation
of D18 polymers, the SEBS elastomers prevent further de-
formation of the D18 polymers in the D180.4:SEBS0.6 blend
film. As a consequence, the D180.4:SEBS0.6-based active layer
showed excellent elasticity in addition to the high photo-
voltaic performance, highlighting its great potentials in wear-
able applications necessitating resilience to repetitive body mo-
tions.

2.4. Intrinsically-Stretchable Organic Solar Cells (IS-OSCs)

To demonstrate the feasibility of the developed blend systems
in wearable applications, IS-OSC devices consisting of a ther-
moplastic urethane (TPU) elastomer substrate with organic elec-
trodes (poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate),
PEDOT:PSS) and liquid-metal electrodes (eutectic gallium in-
dium, EGaIn) were fabricated (Figure 4).[3h,22] The schematic and
photograph of the IS-OSC device and the measurement setups
for the stretching test of the IS-OSCs are shown in Figure 4a. The
photovoltaic and mechanical properties of the IS-OSCs fabricated

from the reference D18/L8-BO film and the D180.4:SEBS0.6/L8-
BO film were investigated.

The J–V profiles of the IS-OSCs are shown in Figure 4b, and
the photovoltaic parameters are summarized in Table 3. The ini-
tial PCEs of the IS-OSC devices showed the similar trend as that
observed for the rigid OSC devices. The PCE of the IS-OSC based
on the reference D18/L8-BO PHJ film was 11.62%, which was
higher than that of the D180.4:SEBS0.6/L8-BO (PCE = 8.51%).
However, the discrepancy in the stretchability between two IS-
OSCs was remarkable. We performed two different stretching ex-
periments of 1) single-stretching and 2) cyclic stretching tests. In
the single-stretching test, we monitored the PCE changes of two
IS-OSCs as a function of the applied strain (Figure 4c). Whereas
the PCE of the D18-based IS-OSCs declined rapidly when the
strain increased above 10%, the D180.4:SEBS0.6/L8-BO-based IS-
OSCs maintained the PCE stable even at 50% strain. After 50%
strain, the normalized PCEs of the former and latter devices were
0.28 and 0.86, respectively, compared to the unstrained device.
Thus, at 50% strain, the PCE value of the D180.4:SEBS0.6/L8-
BO-based IS-OSCs was 7.31%, which was significantly higher
than that of the D18/L8-BO-based IS-OSCs (PCE = 3.25%). The
enhanced mechanical robustness of the D180.4:SEBS0.6/L8-BO-
based IS-OSCs was also proven in another important stretch-
ing test under cyclic stretching/releasing conditions (Figure 4d;
Figure S9, Supporting Information). The cyclic stretching test
was carried out with a fixed strain of 15%. The D18/L8-BO-based
IS-OSCs have poor cyclic endurance, retaining only 8% of their
original PCE after 200 cycles of stretching/releasing. In contrast,
the D180.4:SEBS0.6/L8-BO-based IS-OSCs showed stable opera-
tion, retaining 90% of their original PCEs after 200 cycles.
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Table 3. Photovoltaic parameters and mechanical properties of IS-OSCs.

PD:elastomer Voc [V] Jsc [mA cm−2] FF PCEmax(avg)
b) [%] Normalized PCE at 50% strainb) Normalized PCE after 200 cyclesb),c)

D18 0.85 20.29 0.68 11.62 (11.37) 0.28 0.08

D180.4:SEBS0.6 0.86 18.93 0.55 8.51 (8.30) 0.86 0.90
a)

Calculated from EQE spectra;
b)

Average values obtained from 5 independent devices;
c)

Cyclic stretching at a fixed strain of 15%.

2.5. Morphological Properties

To gain a deeper insight into the underlying factors con-
tributing to the photovoltaic and mechanical properties, mor-
phological properties of the D18x:SEBS1.0-x blend films and
D18x:SEBS1.0-x/L8-BO PHJ films were examined using trans-
mission electron microscopy (TEM), atomic force microscopy
(AFM), grazing incidence X-ray scattering (GIXS), resonant soft

X-ray scattering (RSoXS), and DSC (Figure 5 and Figure 6). In-
ternal morphologies of the D18x:SEBS1.0-x blend films at dif-
ferent SEBS contents was examined by obtaining TEM images
(Figure 5a). To increase the contrast between two materials, we
stained D18 polymers in the blend films with iodine, which se-
lectively stains the nitrogen atoms in the D18 polymers. As a
consequence, the dark and light parts in the TEM images rep-
resent D18 and SEBS domains, respectively. First, the pristine

Figure 5. a) TEM images (scale bar = 100 nm), b) AFM height images (scale bar = 1 μm), c,d) GIXS c) 2D-images and d) line-cut profiles in the OOP
direction of D18:SEBS blend films; e) r-DoC of (010) scattering peaks estimated from the GIXS profiles of D18:SEBS blend films.
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Figure 6. a,b) RSoXS a) 2D-images and b) circular averaged line-cut profiles, c) DSC 1st heating profiles of D18x:SEBS1.0-x blend films. d) PCE versus
COS plots of D18x:SEBS1.0-x/L8-BO PHJ films. e) Schematics for blend morphologies of D18x:SEBS1.0-x blend films at different SEBS contents.

D18 did not reveal any morphology due to the absence of SEBS.
In contrast, the D180.8:SEBS0.2, D180.6:SEBS0.4, D180.4:SEBS0.6,
and D180.2:SEBS0.8 blend films had unique morphologies with
contrasts between D18 and SEBS. While the D180.8:SEBS0.2,
D180.6:SEBS0.4, and D180.4:SEBS0.6 blend films had intercon-
nected D18 fibril networks, the areal density of D18 fibrils be-

came significantly reduced with increasing the SEBS content.
Finally, the D180.2:SEBS0.8 blend film had only scattered D18
domains in the SEBS matrix with no obvious coherence. This
finding indicates that when the SEBS content exceeded 60 wt%,
the D18 domains in the D18x:SEBS1.0-x blend films became
disconnected and lost their percolation. AFM height images
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further corroborated these findings, showing a progressive dilu-
tion of D18 fibrils with an increase in SEBS concentration, in
the order of D18, D180.8:SEBS0.2, and D180.6:SEBS0.4 (Figure 5b).
However, with greater SEBS concentrations (i.e., D180.4:SEBS0.6
and D180.2:SEBS0.8), the clear fibrillar structures reappeared in
the AFM height images. This is attributed to percolation and
network formation of SEBS in the blend films at and beyond
60 wt% SEBS content. AFM phase images of D18x:SEBS1.0-x
blend films exhibited the same trend with the AFM height im-
ages (Figure S10, Supporting Information).

GIXS was utilized to investigate the crystalline structures
of the D18x:SEBS1.0-x and D18x:SEBS1.0-x/L8-BO thin films
(Figure 5c–e). The (100) and (010) scattering peaks in the in-plane
(IP) and out-of-plane (OOP) directions, respectively, indicated
that pristine D18 and L8-BO exhibited a face-on preferential pack-
ing orientation (Figure 5c,d; Figures S11 and S12, Supporting
Information).[23] This characteristic is advantageous for produc-
ing effective vertical charge transport. On the other hand, pristine
SEBS film showed a ring-shaped, broad and isotropic scattering
peak at q = ≈1.4 Å−1, indicating the SEBS film had amorphous
packing structures (Figure S13, Supporting Information).

To examine relative crystallinity of D18 in different
D18x:SEBS1.0-x blend films, we estimated relative degree of
crystallinity of D18 (010) scattering peaks (r-DoC D18(010), q
range from 1.5 to 1.8 Å−1) (Figure 5d,e; Figure S14, Support-
ing Information).[24] The r-DoC D18(010) increased from 0.86
for the D18 film to 1.00 for the D180.8:SEBS0.2 film. Then, it
decreased to 0.67 for the D180.4:SEBS0.6 film. Interestingly, we
note that when the r-DoC D18(010) normalized by a D18 molar
fraction (r-DoC D18(010)/ND18) in each D18x:SEBS1.0-x sample was
compared, the r-DoC D18(010)/ND18 values in the D180.8:SEBS0.2,
D180.6:SEBS0.4 and D180.4:SEBS0.6 were in a range of 1.08−1.19,
respectively, which were higher than that of the pristine D18
(0.86) (Table S6, Supporting Information). This indicates that
the crystalline properties of D18 in the D18x:SEBS1.0-x films
were well-maintained even with the addition of 60 wt% SEBS
content, which were attributed to the combined contributions
from 1) strongly-preserved D18 crystalline networks and 2) the
confinement effects by the SEBS domains in the D18x:SEBS1.0-x
films. In contrast, when the SEBS content exceeds 60 wt%, the
relative crystallinity of D18 in D18x:SEBS1.0-x blend films rapidly
dropped, showing r-DoC D18(010) = 0.17 and r-DoC D18(010)/ND18 =
0.52, respectively, for the D180.2:SEBS0.8 film. This observation
agrees well with the trend in TEM images. The crystalline
structures in the D18x:SEBS1.0-x/L8-BO PHJ films as a function
of D18:SEBS ratio followed the same trend to that observed in
the D18x:SEBS1.0-x blend films without L8-BO. For example, the
𝜋-𝜋 scattering peaks of D18 in the D18x:SEBS1.0-x/L8-BO were
distinct until 60 wt% of the SEBS content. However, the peaks
became significantly diminished for the D180.2:SEBS0.8/L8-BO
film (Figures S15 and S16, Supporting Information).

To better understand the phase behavior of SEBS polymers in
the D18x:SEBS1.0-x blend films depending on the D18:SEBS ra-
tio, we monitored the variation in the SEBS amorphous peaks.
While the intensity of the amorphous peaks gradually increased
with increasing the SEBS content, the peaks became promi-
nent in the blend film once the SEBS content at and beyond
60 wt%. For example, the ratio (ASEBS/AD18(010)) of the area of

the SEBS amorphous scattering peak at q ≈1.4 Å−1 to that of
the D18 (010) scattering peak at q ≈1.7 Å−1 increased by 2.5-fold
from ASEBS/AD18(010) = 0.4 for the D180.6:SEBS0.4 to 1.0 for the
D180.4:SEBS0.6 film (Figure S17 and Table S6, Supporting Infor-
mation). This indicates the significant development of the SEBS
fibrils in the D180.6:SEBS0.4 film, which aligns with the observa-
tion in AFM images showing the appearance of distinct SEBS fib-
rillar structures at and beyond 60 wt% SEBS content (Figure 5b;
Figure S10, Supporting Information).

RSoXS measurements were also utilized to better understand
the phase behaviors of D18 and SEBS in the D18x:SEBS1.0-x
blend films in terms of the domain size and purity. The RSoXS
profiles were obtained at a beam energy of 285.0 eV, which
maximizes material contrast between D18 and SEBS.[6c,25] The
RSoXS 2D-images and circular-averaged line-cut profiles of the
D18x:SEBS1.0-x films are shown in Figure 6a,b, respectively. Pris-
tine D18 film exhibited no discernible scattering peaks in the
RSoXS profiles. On the other hand, the pristine SEBS film
showed a distinct scattering peak at q = ≈0.02 Å−1, which cor-
responds to a characteristic domain size of ≈15 nm.[6c,26] This
scattering peak is attributed to the material contrast that ex-
ists between the poly(styrene) and poly(ethylene-ran-butylene)
blocks in the SEBS block copolymers. While D180.8:SEBS0.2 and
D180.6:SEBS0.4 films did not show discernible peaks, the scatter-
ing peak at q = ≈0.02 Å−1 became distinct for the D180.4:SEBS0.6
and D180.2:SEBS0.8 blend films with higher SEBS content. In sup-
port of the observations from the AFM and GIXS measurements,
this RSoXS result suggests that a distinct SEBS network structure
appear once the SEBS content exceeds 60 wt% as shown in both
Figure 6a,b. The RSoXS profiles of D18x:SEBS1.0-x/L8-BO PHJ
films as a function of D18:SEBS ratio followed the same trend to
that in the D18x:SEBS1.0-x blend films (Figure S18, Supporting In-
formation). This result suggests that the domain properties and
phase structures of D18x:SEBS1.0-x at different composition ratios
are well maintained after the deposition of L8-BO top layers.

Crystalline behaviors of SEBS in the D18x:SEBS1.0-x blend films
were examined using DSC measurements (Figure 6c). As stated
in the preceding section, the SEBS exhibited a Tg of ≈−55 °C
that originated from poly(ethylene-ran-butylene) blocks. How-
ever, D18 did not show any distinct peak during the DSC 2nd
heating cycle. In order to correlate the crystalline properties of
the D18x:SEBS1.0-x blend films with the OSC performance, all
the samples were produced under the same condition as the
OSC fabrication and then, the samples were collected in each
DSC pan for the measurements. The first heating cycles of the
blend films were investigated to obtain the crystalline behaviors
of the as-cast films with residual thermal history. In the DSC
profiles, the D180.8:SEBS0.2 and D180.6:SEBS0.4 blends did not
show the peak associated with the Tg of SEBS. In contrast, the
D180.4:SEBS0.6 and D180.2:SEBS0.8 blends exhibited distinct Tg
peaks of SEBS. This suggests that distinct SEBS structures were
formed in the D18x:SEBS1.0-x films when the SEBS content was
60 wt% or higher.

Next, the contact angles of water and glycerol droplets on
the surfaces of D18, L8-BO, and SEBS films were measured
(Figure S19, Supporting Information). By utilizing these contact-
angle values, the interfacial tension (𝛾) between the active com-
ponents (D18 and L8-BO) and SEBS was calculated to assess their
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molecular compatibility (Table S7, Supporting Information). The
𝛾 value between D18 and SEBS (1.95 mN m−1) is lower than that
between L8-BO and SEBS (3.25 mN m−1), indicating that D18
exhibits greater molecular compatibility with SEBS than that be-
tween the L8-BO and SEBS. This supports the use of a PHJ-type
active layer structure in this study, which excludes L8-BO in the
D18x:SEBS1.0-x bottom layer, facilitates the efficient percolation
between D18 and SEBS at their optimal composition ratio (i.e.,
40:60, w/w).

Figure 6d presents a summary of the trends observed in photo-
voltaic and mechanical performance for the D18x:SEBS1.0-x blend
films as a function of SEBS content. From these trends, the
D18:SEBS films are classified into three distinct regions, each
correlating with morphological changes in the D18:SEBS struc-
tures. as illustrated in Figure 6e. In region 1 (SEBS contents rang-
ing from 0 to 40 wt%), the D18x:SEBS1.0-x/L8-BO-based OSCs ex-
hibit high PCEs of > 15%, but show limited stretchability (COS
< 20%) (Figure 6d). The limited stretchability, despite the pres-
ence of SEBS, is due to lack of interconnected SEBS networks
necessary for efficient mechanical stress dissipation (Figure 6e).
On the contrary, in region 3 (SEBS contents > 80 wt%), the
D18x:SEBS1.0-x/L8-BO-based OSCs demonstrate remarkable me-
chanical stretchability (COS> 600%), but significantly lower PCE
values (< 3%). The poor PCE in this region is due to the sparse
and disconnected D18 domains within the SEBS matrix, lead-
ing to inadequate charge transport channels. Meanwhile, the
OSCs in region 2 achieve a balance, affording a significant PCE
(12.13%) and stretchability (COS = 126%) at the same time. The
optimal composition ratio of D18 and SEBS in blend films facili-
tates the formation of co-continuous domains, allowing for effec-
tive construction of both electrical (through crystalline fibril net-
works of D18) and mechanical scaffold (through well-connected
SEBS networks). This leads to the formation of active layers that
provide efficient charge transport and mechanical stress dissi-
pation suitable for the high-performance IS-OSCs with extreme
stretchability.

3. Conclusions

In conclusion, we successfully developed high-performance IS-
OSCs characterized by exceptional mechanical stretchability and
cyclic durability. These results were achieved by constructing
co-continuous networks of D18 and SEBS within the PHJ-
type D18x:SEBS1.0-x/L8-BO active layers. Through comprehensive
morphological characterizations, we have demonstrated that the
co-continuous morphology can be achieved at a specific com-
position ratio between the two polymers (D18:SEBS = 40:60
w/w), resulting in well-connected mechanical and electrical chan-
nels. Consequently, the D180.4:SEBS0.6/L8-BO-based OSCs ex-
hibited 16-time greater stretchability (COS = 126%) compared to
the D18/L8-BO-based OSCs (COS = 8%), and a 4-time higher
PCE (12.13%) than the OSCs based on the SEBS-rich active
layers (D180.2:SEBS0.8/L8-BO, PCE = 3.15%). Furthermore, the
D180.4:SEBS0.6/L8-BO-based IS-OSCs exhibited outstanding de-
vice stretchability in wearable applications, showing 86% reten-
tion of the initial PCE at 50% strain and 90% retention of the
initial PCE after 200-times stretching/releasing cycles with 15%
strain, which positioned them among one of the best IS-OSCs in
terms of the stretchability.
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