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rmoplastic urethane-PEDOT:PSS
bilayers with superior adhesion properties for high-
performance and intrinsically-stretchable organic
solar cells†
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Geon-U Kim,a Dahyun Jeong, a Taek-Soo Kim b and Bumjoon J. Kim *a

Despite the rapid increases in the performance of intrinsically-stretchable organic solar cells (IS-OSCs), both the

power conversion efficiency (PCE) and stretchability of the IS-OSCs should be further enhanced for their use in

wearable electronics. Here, we realize efficient (PCE= 13.1%) and highly stretchable (strain at PCE80% = 34%) IS-

OSCs by developing a stretchable substrate-bottom electrodemade of a molecular interdiffusion (MID)-assisted

thermoplastic urethane-poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (TPU-PEDOT:PSS) bilayer. The

interdiffused bilayer in theMID-based TPU-PEDOT:PSS affords a strongly adhesive interfacewith fracture energy

(Gc) = 45.0 J m−2, which is 3-times higher than the conventional stamp-transferred (ST) TPU-PEDOT:PSS (Gc =

15.1 J m−2). Importantly, the increased adhesion of MID-based TPU-PEDOT:PSS significantly enhances the

overall IS-OSC durability. For example, the stretchability of the MID-based IS-OSCs (strain at PCE80% = 34%)

was 2-times higher than the conventional ST-based IS-OSCs (strain at PCE80% = 17%) when the active layer

was PM6:Y6-BO:N2200. The finite element simulation observes that the high adhesion between the TPU and

PEDOT:PSS layers effectively dissipates mechanical stress and prevents cracking at their interface, enhancing

the stretchability of the entire IS-OSCs. Therefore, our work provides a useful strategy for developing

stretchable transparent electrodes and demonstrates the importance of their interfacial adhesion properties in

achieving efficient and highly stretchable IS-OSCs.
10th anniversary statement

Congratulations on the 10th anniversary of the publication of Journal of Materials Chemistry A. Journal of Materials Chemistry A has made signicant contri-
butions to advancing material technologies for energy and sustainability. Over the years, we have been honored to publish various research results in the Journal
of Materials Chemistry A, focusing on developing materials for efficient photovoltaic devices, stretchable electronic devices, as well as eco-friendly device
fabrication processes. Examples of our contributions to the journal can be found: starting from J. Mater. Chem. A, 2013, 1, 14538 (our rst contribution) to J.

Mater. Chem. A, 2022, 10, 20312 (most recent contribution). Additionally, it has been an honor and a pleasure for us to serve the journal in different roles as
authors, reviewers, and advisory board members. Building upon its successful leadership in the area of materials chemistry for the past ten years, we expect and
believe that Journal of Materials Chemistry A will continue to represent diverse and ground-breaking research topics related to materials chemistry. We believe
that Journal of Materials Chemistry A will continue its success and maintain its prominence and dominance in the next decades and beyond.
1. Introduction

Intrinsically stretchable organic solar cells (IS-OSCs), in which
all the consisting layers are stretchable, have recently emerged
as a promising wearable power source.1–3 While various high-
performance IS-OSCs have been developed in the past
years,4–17 their stretchability should be further improved to meet
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the large tensile strain required for the human bodymovements
in wearable applications (i.e., ∼50% strain at human joints or
elastic skins).18,19 To this end, researchers have focused on
developing photoactive materials to improve the mechanical
robustness of the high-performance IS-OSCs.13,20–27 For example,
Wang et al. incorporated 5 wt% of trimethylsiloxy-terminated
polydimethylsiloxane (PDMS) elastomers into PTB7-Th:IEICO-
† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d2ta09874a
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4F-based active layer, and demonstrated highly stretchable IS-
OSCs retaining 87% of the initial power conversion efficiency
(PCE) at 20% of strain.20 In addition, our group demonstrated
IS-OSCs with a high PCE (12.73%) and stretchability (strain at
PCE80% = 32%) by developing a series of conjugated polymers
containing hydrogen-bonding capable units.14 Nonetheless,
most recent studies primarily concentrate on developing effi-
cient and stretchable photoactive layers, while the stretchability
of all layers in IS-OSCs and the cohesion/adhesion energies at
different interfaces within these layers are essential for deter-
mining the IS-OSCs' overall mechanical properties.1,22,28–32

Specically, the stretchable transparent electrode (STE) is one of
the key layers in determining the PCE and stretchability of the
IS-OSCs, but it has been rarely studied compared to other
composing layers such as active layers and top electrodes.33–36

To design efficient STE for IS-OSCs, the following require-
ments should be satised; (1) high transparency for allowing
high light harvesting in the OSC active layer, (2) high electrical
properties for the collection of charges from the active layer of
OSC, and (3) excellent mechanical properties.37–40 Considering
the above requirements, poly(3,4-ethylenedioxythiophene):
poly(stenesulfonate) (PEDOT:PSS) is a fascinating material as
STE for its (i) excellent transmittance in ultraviolet-visible wave-
length regimes41,42 and (ii) higher mechanical robustness and
ductility43,44 compared to the inorganic-based electrodes (i.e.
metal grids,45 metal nanowires,46,47 graphene,48 and compos-
ites49). However, the conductivity of PEDOT:PSS is inferior to
inorganic counterparts (i.e., indium tin oxide (ITO)), mainly
because of the electrically inactive PSS components required for
the solution processability.44,50 To address this issue, researchers
have employed strong acids (i.e., H2SO4, CF3SO3H, and HNO3) to
selectively remove the non-conductive PSS components, and have
successfully increased the electrical properties of the PEDOT:PSS
layer. For example, Mengistie et al. demonstrated ∼104 times
increase in the conductivity of PEDOT:PSS lm from 0.3 to
2050 S cm−1 by using formic acids.51 In addition, Meng et al.
achieved high PEDOT:PSS conductivity of 1460 S cm−1 via
phosphoric acid treatment, and demonstrated successful opera-
tion of exible OSCs with the acid-treated PEDOT:PSS STE.52

Incorporation of acid-treated PEDOT:PSS layer with other
layers has been a challenging task because the strong acids
easily damage stretchable substrates including thermoplastic
urethane (TPU) and poly(dimethylsiloxane) (PDMS)
substrates.43,53–55 Therefore, the direct acid treatment of the
PEDOT:PSS on the substrates should be avoided. Alternatively,
the PEDOT:PSS layer can be treated with the acids on the
sacricial substrate and then transferred onto the desired
substrate by using various transfer methods such as stamp
transfer (ST) and transfer lamination techniques. For example,
Fan et al. transferred the acid-treated PEDOT:PSS onto the
PDMS substrate by ST-method and demonstrated very high
conductivity of the transferred PEDOT:PSS STE.55 However, the
interfaces between the physically transferred PEDOT:PSS and
stretchable substrate are oen not conformal, which results in
weak adhesion and low mechanical integrity between the two
layers. This weak adhesion with bonding energy <1 kJ mol−1 at
the substrate-PEDOT:PSS interfaces oen cause stripping and
This journal is © The Royal Society of Chemistry 2023
delamination of the PEDOT:PSS layer during the stretching,
limiting the stretchability of the IS-OSC devices.56,57

Forming an interdiffused zone between the adjacent layers is
an effective approach to promoting adhesion strength between
the two layers. Because the interfaces between the two layers can
be enlarged by the interdiffusion of each constituting material,
the conformal contact between the layers can be achieved over
the large area, and thus the adhesion strength between the
layers can be signicantly strengthened compared to that ob-
tained by the conventional physical transfer methods.58,59 For
example, Daelemans et al. reported a signicant increase in the
adhesion energy (G) of poly(3-caprolactone):epoxy interfaces
from 400 to 650 J m−2 by promoting interdiffusion between the
layers.60 Therefore, the construction of the molecular inter-
diffused zone between the stretchable substrate and
PEDOT:PSS layer will strengthen the adhesion properties
between the two layers, and contribute to the mechanical
robustness and stretchability of the IS-OSCs.

In this study, we demonstrate highly efficient (PCE = 13.1%)
and mechanically robust (strain at PCE80% = 34%) IS-OSCs by
developing a molecular interdiffusion (MID)-assisted TPU-
PEDOT:PSS bilayer. We observe that the interdiffusion
between PEDOT:PSS and TPU molecules signicantly
strengthens adhesion at their interfaces, affording 3-times
higher adhesion energy of the MID-assisted TPU-PEDOT:PSS
(45.0 J m−2) compared to the conventional ST-based TPU-
PEDOT:PSS (15.1 J m−2). Using a nite element model (FEM)
simulation, we demonstrate that the MID-based bilayer more
effectively dissipates mechanical stress than the ST-based
bilayer due to its stronger adhesion, which signicantly
improves the stretchability of the bilayer by preventing inter-
facial crackings. As a result, the IS-OSCs featuring MID-based
TPU-PEDOT:PSS bilayer achieve excellent stretchability (strain
at PCE80% = 34%), which outperforms that of the conventional
ST-based devices (strain at PCE80% = 17%). In addition, we
demonstrate the general applicability of the MID-assisted STE/
substrate bilayer for achieving other high-performance IS-
OSCs with various active materials.

2. Results and discussion
2.1 Development of STEs and their properties

The important requirements for the PEDOT:PSS-based STEs are
high optical transmittance, electrical properties, and mechan-
ical robustness.42,43,61 To improve the conductivity of PEDOT:PSS
layer, we used perchloric acid (HClO4) to selectively remove the
electrically inactive PSS components in PEDOT:PSS. Detailed
procedures for the HClO4 treatment are provided in ESI.† The
HClO4-treated PEDOT:PSS exhibited a 1.5-fold higher conduc-
tivity of 961 S cm−1 than the neat PEDOT:PSS (conductivity =

605 S cm−1).62 In addition, the HClO4-treated PEDOT:PSS lm
showed higher transmittances in a wide wavelength range of
400–1000 nm compared to the pristine PEDOT:PSS lm owing
to the removal of PSS contents in lms (Fig. S1 and Table S1†).63

More distinct PEDOT brillar features of the HClO4-treated
PEDOT:PSS surfaces than the neat PEDOT:PSS lm in atomic
force microscopy (AFM) images indicate the removal of PSS
J. Mater. Chem. A, 2023, 11, 12846–12855 | 12847
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components in HClO4-treated PEDOT:PSS lm (Fig. S2†).64 As
a result, the acid-treated PEDOT:PSS used in this study
demonstrates an excellent gure of merit (FoM) regarding
transmittance and conductivity of 84, which is signicantly
higher than the typical industrial requirement of STEs (FoM
∼35).42,53,65

We employed thermoplastic urethane (TPU) as stretchable
substrates to construct IS-OSCs, since it has relatively high
optical transmittance and low surface roughness among the
elastomers.10–12,14,61 Conventionally, the acid-treated PEDOT:PSS
layers have been transferred by physical transfer methods (i.e.,
stamp transfer),41,54 but the adhesion properties at the inter-
faces of the physically transferred PEDOT:PSS and TPU are
typically poor due to the non-conformal contact (Fig. 1a). These
weak adhesion properties can limit the overall stretchability of
IS-OSCs. To reinforce the adhesion between the PEDOT:PSS
layer and TPU substrate, we developed a MID-assisted TPU-
PEDOT:PSS bilayer by spin-casting of the TPU solution onto
the HClO4-treated PEDOT:PSS lm. We aimed to diffuse TPU
molecules into the PEDOT network and form an interdiffused
zone with the large and conformal interfaces, which, in turn,
enhances the adhesion properties and mechanical robustness
of the TPU-PEDOT:PSS bilayer (Fig. 1b). To demonstrate the
effectiveness of the MID-assisted TPU-PEDOT:PSS bilayer, we
Fig. 1 (a) Device structure of the IS-OSC and (b) schematics describing
stretchable transparent electrodes (STEs).

12848 | J. Mater. Chem. A, 2023, 11, 12846–12855
also construct the reference TPU-PEDOT:PSS bilayer systems
using standard stamp transfer (ST) method.40,59 The detailed
fabrication procedures and conditions for ST- and MID-based
TPU-PEDOT:PSS bilayers are provided in Experimental section
and Fig. S3.† Both ST- and MID-based TPU-PEDOT:PSS exhibi-
ted comparably high UV-vis transmittance (T = 95% at 550 nm)
and low sheet resistance (Rsh) values (80–90 U sq−1), rendering
them suitable for high-performance STEs (Fig. S4† and Table
1).42,44 We note that the transmittance of the TPU-PEDOT:PSS
was higher than ITO-based electrode (Table 1), which is bene-
cial for increasing light-harvesting in the photoactive layer and
achieving a high short-circuit current density (Jsc) value of IS-
OSCs. While both the optical transmittance and electrical
properties (conductivity and work function, Table S1 and
Fig. S5†) of the ST- and MID-based TPU-PEDOT:PSS are
comparable, we observed that the surface of MID-based TPU-
PEDOT:PSS bilayer was more homogeneous and uniform than
that of the ST-based TPU-PEDOT:PSS (Fig. S6†).

We then investigated the adhesion properties of the ST- and
MID-based TPU-PEDOT:PSS bilayers (Fig. 2a and b). We
measured cohesive energy (Gc) of TPU-PEDOT:PSS by perform-
ing a double cantilever beam (DCB) test (Fig. S7† and Table 1).66

The Gc of MID-based TPU-PEDOT:PSS (45.0 J m−2) was 3-times
higher than ST-based TPU-PEDOT:PSS (Gc = 15.1 J m−2)
different interfacial and adhesion properties of ST- and MID-assisted

This journal is © The Royal Society of Chemistry 2023
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Table 1 Optoelectrical properties, fracture energy and peel strength of ITO, ST- and MID-based TPU-PEDOT:PSS bilayers

Substrate T550nm
a (%) Rsh

b (U sq−1) FoMc Gc
d (J m−2) Peel strengthe (N m−1)

ITO 91.0 8 � 1 488 — —
TPU/PEDOT:PSS (ST) 95.2 90 � 5 84 15.1 7.7
TPU/PEDOT:PSS (MID) 95.1 88 � 2 84 45.0 50.6

a Transmittance at 550 nm. b Average values obtained from more than ve samples. c The ratio of direct current conductivity (sdc) to optical

conductivity (sop). FoM ¼ sdc

sop
¼ Z0

2Rsheet

0
@T�1

2 � 1

1
A
; T = transmittance (%, at l = 550 nm), Z0 = (impedance of free space, 377 U). d Measured

by DCB test. e Measured by 90° peel test.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
5 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
7/

08
/2

02
4 

1:
01

:4
7 

. 
View Article Online
(Fig. 2b). The 90° peel test further conrm the signicant
difference in the adhesion properties between the MID-based
and ST-based TPU-PEDOT:PSS (Fig. S8 and S9†).67 Notably, the
peel strength of the MID system (50.6 ± 5.9 N m−1) was 6.5-fold
higher than the ST system (peel strength = 7.7 ± 2.1 N m−1)
(Fig. S9† and Table 1). The higher peel strength and Gc of the
MID-based TPU-PEDOT:PSS demonstrate the stronger adhesion
between PEDOT:PSS and TPU layers compared to that in the ST-
based TPU-PEDOT:PSS.

To visualize the contrast in the adhesion properties between
the ST-based and MID-based TPU-PEDOT:PSS bilayers, we
Fig. 2 (a) Schematic description of the DCB (double cantilever beam) t
samples (20 min of sonication in water) with ST- and MID-based TPU-PE
spectrometry) depth profiles of ST- and MID-based TPU-PEDOT:PSS bil

This journal is © The Royal Society of Chemistry 2023
sonicated the two different TPU-PEDOT:PSS bilayers in water for
20 min (Fig. 2c). We observed that the PEDOT:PSS layer in the
MID-based TPU-PEDOT:PSS was well maintained without any
delamination, whereas the PEDOT:PSS lm in ST-based TPU-
PEDOT:PSS was exfoliated aer the sonication (Fig. 2c). The
origin of the signicantly higher adhesion properties of MID-
based TPU-PEDOT:PSS was further investigated by the depth
proles of the two different TPU-PEDOT:PSS systems using
a time-of-ight secondary ion mass spectrometry (ToF-
SIMS).68,69 During the ion sputtering, the relative compositions
of the TPU and PEDOT:PSS layers were tracked by their main
est. (b) Gcs measured by DCB test, (c) optical images of adhesion test
DOT:PSS bilayers, and (d) ToF-SIMS (time-of-flight secondary ion mass
ayers.

J. Mater. Chem. A, 2023, 11, 12846–12855 | 12849
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components of OCN− and C8H7SO3
−, respectively (Fig. 2d). The

MID-based TPU-PEDOT:PSS exhibited a broader interfacial
width compared to that of the ST-based TPU-PEDOT:PSS
(Fig. 2d), which supports the interdiffusion of the TPU and
PEDOT:PSS domains near at the interface.69,70
2.2 IS-OSC performances

Next, we compared photovoltaic and mechanical properties of
IS-OSCs using the ST- and MID-based TPU:PEDOT:PSS bilayers.
Fig. 3 (a) Chemical structures of PM6, Y6-BO, and N2200; (b) device stru
J–V curves and (e) EQE spectra of PM6:Y6-BO:N2200 based IS-OSCs
a function of the number of stretching cycles at 20% strain.

12850 | J. Mater. Chem. A, 2023, 11, 12846–12855
Device structures and fabrication procedures of IS-OSCs fol-
lowed our previous literature,71 which are detailed in Experi-
mental section of the ESI.† We fabricated IS-OSCs with four
different active layer systems of (1) PM6:Y6,72,73 (2) PM6-
OEG5:BTP-eC9,12 (3) PBDB-T:PYBDT-Cl,30 and (4) PM6:Y6-
BO:N2200 (ref. 8) to demonstrate effectiveness of the MID-
based TPU-PEDOT:PSS. These systems represent the efficient
photoactive systems of (1–2) polymer donor:small molecule
acceptor, (3) all-polymer donor and acceptor, and (4) ternary
blends. The chemical structures of the active materials are
cture and (c) experimental setup for the stretching test of IS-OSCs; (d)
; (f) normalized PCE of IS-OSCs under strains; (g) normalized PCE as

This journal is © The Royal Society of Chemistry 2023
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Table 2 Photovoltaic characteristics of PM6:Y6-BO:N2200 OSCs based on different bottom electrodes

Substrate Voc (V) Jsc (mA cm−2) Cal. Jsc
a (mA cm−2) FF (%) PCEmax (PCEavg)

b (%)

ITO 0.88 (0.87 � 0.00) 23.8 (23.7 � 0.2) 23.1 67.5 (67.8 � 0.4) 14.1 (14.0 � 0.1)
TPU/PEDOT:PSS (ST) 0.85 (0.85 � 0.00) 23.0 (23.2 � 0.3) 22.8 67.8 (64.6 � 2.2) 13.3 (12.8 � 0.4)
TPU/PEDOT:PSS (MID) 0.85 (0.85 � 0.00) 23.2 (22.8 � 0.6) 22.9 65.9 (66.3 � 1.2) 13.1 (12.9 � 0.2)

a Calculated from integration of the EQE spectra. b The parameters represent average values measured from more than ve devices.
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shown in Fig. S10.† Among these active layer systems, wemainly
employed the PM6:Y6-BO:N2200 active layer system in the IS-
OSCs for comparing the ST-based and MID-based TPU-
PEDOT:PSS bilayers (Fig. 3a), because the previous study re-
ported that the PM6:Y6-BO:N2200-based IS-OSC devices showed
high PCE and mechanical stretchability (Tables S3 and S4†).11

Device images and measuring setups for the IS-OSCs are
displayed in Fig. 3b and c, respectively. Current density–voltage
(J–V) and external quantum efficiency (EQE) curves of the
PM6:Y6-BO:N2200-based devices are shown in Fig. 3d and e,
respectively. The photovoltaic parameters are provided in Table
2. We observed that the IS-OSCs exhibited greater variations in
photovoltaic parameters compared to ITO-devices, due to the
use of PEDOT and liquid metal-based electrodes. The PM6:Y6-
BO:N2200-based IS-OSCs using ST- and MID-based TPU-
PEDOT:PSS exhibited similarly high PCEs of 13.1–13.3%
(Table 2). The IS-OSC PCEs correspond to 93–94% of ITO-OSC
PCEs (14.1%), which are signicantly higher than those of the
reported IS-OSCs.8,12–14,20 The high photovoltaic performances of
the IS-OSCs comparable to the ITO-OSCs in this work are mainly
attributed to the excellent transmittance and conductivity of the
HClO4-treated PEDOT:PSS layer. Calculated Jscs from external
quantum efficiency (EQE) spectra of IS-OSCs were well matched
with device Jscs (Fig. 3e).

Next, we investigated the mechanical stability of two
different IS-OSCs with ST- and MID-based TPU-PEDOT:PSS
layers by tracking their PCEs during the stretching. The test
was performed for more than 3 times for each device system and
the average PCE values with standard deviations were used in
Fig. 3f. The representative data are shown in Tables S3–S10 and
Fig. S11.† The normalized PCE plots of these IS-OSCs as
a function of strain show that the stretchability of the MID-
based TPU-PEDOT:PSS was signicantly higher than that of
ST-based TPU-PEDOT:PSS. For example, the MID-based IS-OSCs
retained 80% of the initial PCE even at a 34% strain (strain at
PCE80% = 34%), whereas the PCE of the ST-based device
decreased to 56% of its initial PCE value at the same strain of
34%. The strain at PCE80% for the ST-based IS-OSCs was only
17%. We note that the PM6:Y6-BO:N2200-based IS-OSCs
featuring MID-based TPU-PEDOT:PSS achieved the highest
PCE and stretchability among the reported IS-OSCs (Fig. S12
and Table S11†). To demonstrate the general applicability of the
MID-based TPU-PEDOT:PSS lm, we compared the ST-based
and MID-based IS-OSCs using different active layer systems
including PM6:Y6, PM6-OEG5:BTP-eC9, and PBDB-T:PYBDT-Cl
materials (Fig. S11 and Tables S5–S10†). Regardless of the
active layer system, the MID-based IS-OSCs exhibited
This journal is © The Royal Society of Chemistry 2023
signicantly superior stretchability performances compared to
those of the ST-based IS-OSCs. We also monitored the PCEs
under repetitive stretching/releasing with a xed strain of 20%
to assess the durability of the IS-OSCs (Fig. 3g). In the cyclic tests
under repetitive stretching/releasing, the MID-based IS-OSC
maintained over 80% of the initial PCE aer 100-times
stretching with a xed strain of 20%. However, the ST-based
devices showed only 42% of the initial PCE aer the same
stretching cycles.

2.3 Mechanical properties of STEs

To further elucidate the origin of excellent device stretchability
of MID-based IS-OSCs, we investigated the mechanical proper-
ties of MID- and ST-based TPU-PEDOT:PSS bilayers (Fig. 4). The
resistances of each TPU-PEDOT:PSS were monitored as a func-
tion of engineering strain and stretching cycles at 20% strain.
The ST-based TPU-PEDOT:PSS experienced rapid increases of
relative resistance (resistance (R)/initial resistance (R0)) up to 4.0
at 50% strain, indicating a considerable decrease of electrical
properties under the strain (Fig. 4a). In contrast, the MID-based
TPU-PEDOT:PSS retained superior electrical properties with R/
R0 ∼ 2.5 at the same 50% strain. A similar trend was observed in
the cyclic tests. For instance, the R/R0 of ST-based TPU-
PEDOT:PSS rapidly increased to 3.0 aer 500-times of stretch-
ing cycles with 20% strain, whereas the MID-based TPU-
PEDOT:PSS maintained a smaller R/R0 of 1.7 aer the same
cycling conditions (Fig. 4b). The origin of the superior
mechanical robustness and stretchability of the ST-based TPU-
PEDOT:PSS can be supported by the lm morphology of the
TPU-PEDOT:PSS under various strains (Fig. 4c). The ST-based
TPU-PEDOT:PSS showed cracks aer 10% strained, and the
cracks became larger and sharper with increasing strain. In
contrast, the MID-based TPU-PEDOT:PSS showed no crack until
30% strain. The higher stretchability of MID-based TPU-
PEDOT:PSS compared with ST-based TPU-PEDOT:PSS is
consistent with the superior device durability of corresponding
IS-OSCs.

2.4 Finite element simulation

To better understand the relationship between the adhesion
properties of TPU-PEDOT:PSS STE and the overall stretchability
of the IS-OSC device, we performed a nite element method
(FEM) simulation (Fig. 5).74,75 This simulation model can
describe the interfacial crack propagation between the bilayers
using a virtual crack closure technique (VCCT) and the resultant
planar crack driving forces within the PEDOT:PSS STE layer
using J-integral analysis. Based on the reported material
J. Mater. Chem. A, 2023, 11, 12846–12855 | 12851
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Fig. 4 (a) Resistance variation as a function of tensile strain up to 50% strain of MID- and ST-based TPU-PEDOT:PSS; (b) relative resistance versus
number of cycles (20% strain cycle condition) of MID- and ST-based TPU-PEDOT:PSS; (c) optical microscopy images of MID- and ST-based
TPU-PEDOT:PSS at 10%, 30% and 50% stretched positions, scale bar = 100 mm.
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properties of PEDOT:PSS and TPU, we assumed the cuboid-
shaped TPU-PEDOT:PSS bilayers for simulation.43,76,77 The
detailed simulation procedures and boundary conditions are
described in Experimental section of the ESI.†We characterized
the mechanical properties with the planar crack driving force
(Jplanar) as a function of strain at different critical interfacial
energy release rates (Gc,int).78 The Jplanar indicates the driving
forces for in-plane cracking of the top PEDOT:PSS layer, and the
in-plane cracking occurs when the Jplanar values reach to the
critical crack driving forces (Jcs) of the top layer. As the value of
Gc,int represents the adhesion force between TPU and
PEDOT:PSS layers, we varied Gc,int from 1 to 5 J m−2 to simulate
the bilayers with different adhesion strengths. We used smaller
Gc,int values (1−5 J m−2) than the measured Gcs from the DCB
test (15.1–45.0 J m−2) to simplify the simulation. Then, we
estimated Jplanar, which represents driving force for the in-plane
cracking within a PEDOT:PSS layer under strain depending on
the Gc,int.78

The increased Jplanar within the PEDOT:PSS layer with
increasing strain indicates the accelerated in-plane crackings
upon increasing the strain of PEDOT:PSS and TPU layers
12852 | J. Mater. Chem. A, 2023, 11, 12846–12855
(Fig. 5a). Notably, we observed that the Jplanar values were
effectively decreased with increasing Gc,int of TPU-PEDOT:PSS.
For example, the Jplanar at 12% strain of TPU-PEDOT:PSS
decreased from 98.8 to 68.1 J m−2 as the Gc,int increased from
1 to 5 J m−2 (Fig. 5b). In interfacial bonding state and stress
distribution images, the TPU-PEDOT:PSS with low adhesion
energy (1 J m−2, representing ST-based TPU-PEDOT:PSS)
showed larger interfacial delamination and less stressed TPU
layer when 10% strained (Fig. 5c). In contrast, the TPU-
PEDOT:PSS with 3-times higher adhesion energy (3 J m−2, rep-
resenting MID-based TPU-PEDOT:PSS) exhibited smaller inter-
facial delamination and more stressed TPU layer under the
same strain (Fig. 5d). These results demonstrate that the higher
adhesion energy between TPU and PEDOT:PSS effectively
decreases delamination at their interfaces and dissipates
mechanical stress to TPU layer, which consequently reduces the
driving forces for in-plane cracking at the PEDOT:PSS layer.
Therefore, the simulation results well explain the superior
stretchability and durability of MID-based IS-OSCs to those of
ST-based IS-OSCs.
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Planar crack driving force (Jplanar) as a function of strain (gray dotted lines represent Jplanar at boundary conditions; upper line = no
adhesion, lower line = perfect adhesion) and (b) Jplanar at 12% strain depending on the initial Gcs of the bilayers. (c and d) Interfacial boding state
and stress distribution images before and after 10% strained of the bilayers having Gc values of (c) 1 and (d) 3 J m−2, respectively; the former and
latter models represent ST- and MID-based bilayers, respectively.
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3. Conclusions

We achieved efficient (PCE = 13.1%) and highly stretchable
(strain at PCE80% = 34%) IS-OSCs by developing a MID-based
TPU-PEDOT:PSS interdiffused bilayer with a strong adhesion
force at the interface. The MID-assisted TPU-PEDOT:PSS
exhibited excellent transparency and conductivity, which led
to the high performance of the resulting IS-OSCs with a PCE of
13.1%. Importantly, the MID-based TPU-PEDOT:PSS exhibited
signicantly higher adhesion energy (Gc = 45.0 J m−2) between
TPU and PEDOT:PSS layers compared to the ST-based TPU-
PEDOT:PSS (Gc = 15.1 J m−2). Also, the MID-based IS-OSCs
showed signicantly higher stretchability (strain at PCE80% =

34%) compared to the ST-based IS-OSCs (strain at PCE80% =
This journal is © The Royal Society of Chemistry 2023
17%). While we successfully demonstrated that the MID-based
TPU-PEDOT:PSS bilayer can signicantly enhance the stretch-
ability of different IS-OSCs with various photoactive materials,
the PM6:Y6-BO:N2200-based IS-OSCs featuring MID-based TPU-
PEDOT:PSS achieved the highest PCE and stretchability among
the reported IS-OSCs. Combined experimental and simulation
analyses on themechanical properties of the ST- andMID-based
TPU-PEDOT:PSS bilayers reveal that improved Gc value of the
MID-based TPU-PEDOT:PSS contributed to the increase of the
tensile properties of the bilayer as well as the device stretch-
ability of corresponding IS-OSCs. Therefore, this study
demonstrates the importance of adhesion interactions between
the constituent layers in the OSCs for constructing IS-OSCs with
high mechanical stretchability and reliability.
J. Mater. Chem. A, 2023, 11, 12846–12855 | 12853
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