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M A T E R I A L S  S C I E N C E

Intrinsically stretchable organic light-emitting diodes
Jin-Hoon Kim and Jin-Woo Park*

Soft and conformable optoelectronic devices for wearable and implantable electronics require mechanical stretch-
ability. However, very few researches have been done for intrinsically stretchable light-emitting diodes. Here, we 
present an intrinsically stretchable organic light-emitting diode, whose constituent materials are all highly 
stretchable. The resulting intrinsically stretchable organic light-emitting diode can emit light when exposed to 
strains as large as 80%. The turn-on voltage is as low as 8 V, and the maximum luminance, which is a summation 
of the luminance values from both the anode and cathode sides, is 4400 cd m−2. It can also survive repeated 
stretching cycles up to 200 times, and small stretching to 50% is shown to substantially enhance its light-emitting 
efficiency.

INTRODUCTION
Soft electronics that flex and stretch have been rapidly developed 
and show potential for notably affecting our daily lives (1–3). A 
stretchable organic light-emitting diode (OLED) is one of the key 
components of stretchable displays, enabling expandable and fold-
able smartphones, rollable or collapsible wallpaper-like televisions, 
and neurological or epidermal medical devices (1, 3, 4). All of the 
materials and components of such OLEDs need to be stretchable 
and mechanically robust (5–7). The current technology for stretch-
able OLED display panels combines elastic interconnects with rigid 
LEDs (5, 8, 9). As an alternative, an intrinsically stretchable (is-) 
OLEDs in which all constituent materials are inherently stretchable 
will enable higher mechanical deformability and robustness, higher 
device density, and improved skin or tissue compatibility (10, 11). 
Various strategies have been suggested for designing stretchable 
conjugated polymeric materials for is-transistors (5, 6, 12). However, 
the production of is-OLEDs is still largely in its infancy (1, 13, 14).

The first is-organic light-emitting device, and perhaps the first 
is-organic electronic device of any kind, was an organic light-emitting 
electrochemical (LEC) device reported in 2011 (14). The electrodes 
were based on carbon nanotubes, and the blue emissive polymer used 
was PF-B, a polyfluorene copolymer (14). This structure has long alkyl 
side chains, consistent with the level of possible deformability, and was 
mixed with the ionic conductor poly(ethylene oxide) dimethacrylate 
ether and lithium trifluoromethane sulfonate (14). The authors later 
showed a yellow emissive device using the poly(phenylenevinylene) 
(PPV) derivative, “Super Yellow (SY),” which achieved an impressive 
extensibility of 120% (1, 13). However, the authors did not investi-
gate the mechanical properties and the stretchability mechanism of 
the constituent materials for is-OLEDs. Since then, little has followed 
the previous work.

RESULTS
To develop is-OLEDs with superior mechanical stretchability, the 
unique is-constituent materials were designed in this work. First, 
for the is-emissive material layer (is-EML), a small-molecule non-
ionic surfactant (Triton X) was mixed as a plasticizer with a com-
mercial emissive material (SY). The chemical structures of SY and 
Triton X are shown in Fig. 1A. The plasticizer can increase the free 

volume of the conjugated polymer by reducing the interchain inter-
actions (15), thus making SY become softer and more stretchable.

To verify our strategy, the mechanical properties [Young’s mod-
ulus, crack density, and crack onset strain (COS)] of pristine SY and 
is-EMLs (ST1 to ST4 in Fig. 1A) were investigated, with the results 
shown in Fig. 1B, figs. S1 and S2, and table S1. As expected, is-EML 
with a small amount of Triton X (ST1  in Fig. 1A) exhibits a 25% 
lower Young’s modulus than that of pristine SY. As the weight ratio 
of Triton X increases, the Young’s modulus further decreases to 
15 MPa, as shown in Fig. 1B. In addition, the crack density and COS 
in is-EML were substantially reduced and improved, respectively, 
with the increase of the Triton X weight content as compared with 
that of pristine SY (Fig. 1B and fig. S2C). The change in Young’s 
modulus, crack density, and COS verified that Triton X can effec-
tively modulate the mechanical properties of the light-emitting 
conjugated polymers.

The major challenge faced in developing is-EML lies in simulta-
neously maintaining good electrical and mechanical properties (6). 
As Triton X is an electrical insulator, its effect on the electrical prop-
erties of is-EMLs was also investigated. The carrier mobilities (hole 
mobility, h, and electron mobility, e) of is-EMLs were analyzed by 
fabricating hole- and electron-only devices (16). The detailed device 
structure and current density (J)–voltage (V) curves are shown in 
figs. S3 and S4, respectively. As shown in Fig. 1C, h and e values of 
pristine SY are approximately 9 × 10−7 and 3 × 10−7 cm−2 V−1 s−1, 
respectively (17, 18). Both h and e were notably decreased as the 
weight of Triton X added to SY increases to 1:1 (ST3) and 1:2 (ST4) 
due to the electrically insulating nature of Triton X. However, when 
the weight ratio of SY to Triton X is 5:1 (ST1) and 2:1 (ST2), both h 
and e become slightly higher than that of pristine SY, which confirms 
that, at the optimized weight ratio, Triton X improves the electrical 
properties of is-EML by changing the conformation of the SY 
chains. On the basis of the electrical and mechanical analysis in 
Fig. 1 (B and C), ST2 was chosen as is-EML for is-OLED.

To explain how Triton X affects the conformation and micro-
structure of SY chains, dynamic mechanical analysis (DMA) was 
performed to analyze the glass transition temperature (Tg) of pris-
tine SY and ST2 to ST4 (19). When a small-molecule plasticizer is 
blended in polymer matrices, it reduces the interchain interaction 
of the polymer chains (20). Hence, the chain mobility and free volume 
of the polymer chains are increased, thus decreasing Tg of the poly-
mer matrices (12). According to Fig. 1D and fig. S5, Tg of pristine 
SY is 82.1°C (21). However, Tg of ST2 is substantially reduced to 
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55.2°C, and increasing the weight ratio of Triton X, Tg further de-
creases to 51.6°C. Hence, Triton X addition reduced the interchain 
interaction between the SY chains, thereby making SY softer and 
more stretchable. However, such results contrast with the carrier 
mobility analysis shown in Fig. 1C. The charge carrier mobilities of 
the conjugated polymers tend to decrease due to reduced interchain 
charge carrier transport (22). Hence, there should be another mech-
anism underlying the carrier mobility increase in is-EMLs.

The chain conformation of pristine SY and is-EMLs was also an-
alyzed by ultraviolet-visible (UV-vis) absorption (23–25). According 
to the UV-vis absorption spectra in Fig. 1E, the peak wavelength of 
is-EMLs is slightly redshifted with increasing Triton X, which indicates 
that the conjugation length of the SY chains of is-EMLs is extended 
(24–26). On the basis of this, we can presume that the conformation 

of the SY chain is changed from a coiled to a linear structure. To 
further verify the chain conformation change, Raman spectroscopy 
was performed. According to the detailed Raman spectra shown 
in fig. S6B, the main peaks are observed at 1112, 1270, 1310, 1585, 
and 1625 cm−1, which are similar to those of poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene] (24, 27).

As shown in fig. S6C and table S2, the intensity ratio of 1580 to 
1625 cm−1 (I1580∙I1625

−1) tends to increase with Triton X, which also 
strongly confirms that the conjugation length of the SY chain in-
creases with the addition of Triton X (23, 27). This explains the high carrier 
mobility of ST2 in Fig. 1C. In polymer chains with a coiled confor-
mation, electron delocalization is hindered at the twisted point (25). 
Hence, the carrier mobility of the conjugated polymers tends to increase 
as the conjugation length increases via polymer chain extension (26, 28).

Fig. 1. Design of is-OLEDs and characterization of is-EML. (A) Schematics comparing the microstructures of pristine SY and is-EMLs designed in this study. (B) Mechan-
ical properties of pristine SY and is-EML thin films. (C) Carrier mobility of pristine SY and is-EMLs measured through the hole- and electron-only devices. (D) Tg of pristine 
SY and is-EMLs measured by DMA. (E) UV-vis absorption spectra of pristine SY and is-EMLs. On the basis of the various analysis results, by adding Triton X into SY, the 
SY chains become extended. Hence, a fibrillar microstructure with elongated domains is formed, which is favorable for stretchable electronics.
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On the basis of our DMA, UV-vis absorption, and Raman spec-
troscopy results, the microstructure of is-EMLs and pristine SY 
from the molecular scale to the macroscale can be presumed to be 
as schematically shown in Fig. 1A. The SY chains in is-EMLs are 
extended at the molecular level due to the decreased interchain in-
teraction arising from the plasticizing effect of Triton X. As a result, 
an extended domain is formed, as shown in Fig. 1A, which results in 
a fibrous structure with increased stretchability. The presumed micro-
structures described in Fig. 1A were further verified by atomic force 
microscopy (AFM). As shown in fig. S7, the microstructure of 
is-EMLs is changed from spherical domains to a fibrous structure, 
which strongly supports our assumption of a conformational change 
of the SY chains in is-EMLs. Although the surface roughness (Rq) of 
is-EMLs slightly increased as the amount of Triton X increased, 
Rq of is-EMLs was still lower than 1 nm, which is suitable for the 
is-OLED device fabrication. Such conformation change of the SY 
chains by the addition of Triton X also explained the electrical mobil-
ity increase in ST1 and ST2 because the increase of the intrachain 

conjugation also increases the carrier mobility of the conjugated poly-
mers through enhancement in the intrachain carrier transport (29).

To obtain an is-hole transport layer (is-HTL), Triton X was added to 
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS; 
Clevios AI 4083, Heraeus). There are two types of PEDOT:PSS: highly 
conductive PEDOT:PSS (commonly PH1000, Heraeus), which is used 
mostly for electrodes in transistors (30–32), and highly resistive 
PEDOT:PSS, which is used for HTL in optoelectronic devices 
(1, 33–35). The difference between the two types of PEDOT:PSS lies 
in the weight ratio between PEDOT and PSS. To date, several studies 
conducted to improve the stretchability of PEDOT:PSS were limited 
to the modification of highly conductive PEDOT:PSS (31, 32).

When added to AI 4083, Triton X can prevent strong electrostatic 
interactions between PEDOT and PSS, inducing phase separation 
in PEDOT:PSS films (30). Hence, a nanofibrous PEDOT-rich domain 
is formed as in the highly conductive PEDOT:PSS films during the 
film formation process, as shown in Fig. 2A, which is favorable for 
mechanical stretchability (30, 31). The weight percent of Triton X 

Fig. 2. Design of other is-functional layers and characterization. (A) Schematics of the microstructures of pristine HTL and is-HTL designed in this study. (B) Raman 
spectra of pristine AI 4083, is-HTL with various wt % of Triton X, and a glass substrate. (C) Mechanical properties of pristine HTL and is-HTL thin films. The conformation of 
the PEDOT chains is changed from coiled to linear with the addition of Triton X, which results in improved electrical and mechanical properties of is-HTL. (D) Luminance 
(L)–V plot of OLEDs with the solution-processed is-ETL and is-cathode with a discrete layer and a composite-like structure.
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was optimized on the basis of the hole transport property of is-HTL 
evaluated through the use of HTL-only devices [indium tin oxide 
(ITO)/is-HTL/Au] and OLEDs with conventional structures (fig. S8). 
As shown in fig. S8A, when is-HTL with 5 weight % (wt %) Triton X 
was used, ITO/is-HTL/Au devices showed the highest J value, and 
OLEDs showed performances comparable to those of OLEDs with 
pristine AI 4083, as shown in fig. S8B.

The change in the charge transport property of is-HTL with the 
addition of Triton X was analyzed using Raman spectroscopy. As 
shown in Fig. 2B, the Raman peak centered at 1436 cm−1 of is-HTL 
is broader and more intense than that of pristine AI 4083. Further-
more, the intensity of 1436 cm−1 peak was the highest when 5 wt % 
of Triton X was added to AI 4083. In PEDOT:PSS, the peak cen-
tered at 1436 cm−1 is assigned to the C = C symmetric stretching 
vibration (33). The intensity increase at 1436 cm−1 indicates that 
the conformation of the PEDOT chains is changed from a benzoid 
(coiled) to a quinoid (linear) structure (33, 36). Hence, the Raman 
spectroscopy results correspond well to the hole transport property 
measured in fig. S8.

The mechanical properties of pristine AI 4083 and is-HTL were 
analyzed using the mechanical buckling method (12) and COS 
analysis. As shown in Fig. 2C, the Young’s modulus of is-HTL with 
5 wt % Triton X is substantially reduced from 100 to 2.5 MPa. In 
addition, on the basis of the COS measurements, pristine AI 4083 
shows severe cracks even at strains below 10% (fig. S9A). However, 
is-HTL does not show any cracks even when stretched up to 160%. 
This mechanical property change is due to the conformational change 
of the PEDOT:PSS films after the addition of Triton X (31, 32).

To further verify the change in the conformation of is-HTL, 
x-ray photoelectron spectroscopy (XPS) and AFM analyses were 
performed. According to the XPS surface analysis results in fig. 
S9C, the intensity ratio between the S2p bands from PEDOT and 
PSS increases with the addition of Triton X, which also supports the 
conformational change of the PEDOT chains in is-HTL (33). The 
conformational change of the PEDOT chains was also verified by 
microstructural analysis by AFM. As shown in fig. S9D, the PEDOT-
rich domain is changed from a spherical to a fibrous structure 
(31, 32). The linear conformation is more favorable for efficient 
charge transport.

For is-ETL, doped polyethyleneimine ethoxylated (d-PEIE) and 
ZnO nanoparticles were used together. In previous works by others, 
the strong dipole layer formed by the amine moiety in PEIE could 
substantially reduce the work function of the cathode material, im-
proving the electrical injection from the cathode (37). In addition, 
in our previous work, when a small amount of an n-type dopant 
(Cs2CO3 in this work) was added to PEIE, the work function of the 
cathode was further decreased (38). Moreover, PEIE was expected 
to be mechanically stretchable due to its low Tg of −25°C and strong 
hydrogen bonding arising from the amine functional moiety (39, 40). 
Among various nanoparticles, ZnO nanoparticles were selected be-
cause of their superior electron injection properties (41). According 
to the field emission scanning electron microscopy (FE-SEM) anal-
ysis in fig. S10A, is-ETL does not show any cracks during and after 
stretching to 100%.

For is-cathode and is-anode, one-dimensional silver nanowire 
(AgNW) networks were used. is-ETL was coated on AgNWs to form 
a composite structure. OLEDs with such a composite structure of 
is-ETL/AgNWs show very stable operation and good performance 
with an Lmax of 2500 cd m−2, as shown in Fig. 2D and fig. S10B. The 

significant improvement in the OLEDs’ performance was due to the 
efficient electron injection of the composite is-ETL/AgNWs/is-ETL 
structure. When AgNWs were coated on is-ETL, the interfacial con-
tact area between AgNW and is-ETL was very small, as shown in fig. 
S10B. Such poor interfacial contact resulted in the inefficient electron 
injection from the cathode, as schematically shown in fig. S10C. Hence, 
OLEDs based on this type of cathode did not operate at all, as shown 
in Fig. 2D. To overcome this limitation, another is-ETL was coated 
again on the AgNW cathode to form the composite structure. As 
shown in fig. S10B, AgNWs were fully embedded in is-ETL. In this 
composite structure, the interfacial contact area between AgNWs 
and is-ETL notably improved, which enhanced electron injection 
behavior, as schematically shown in fig. S10C.

Static and cyclic stretching test results for the composite-type 
cathode are shown in fig. S11 (B and C). These results indicate that 
the composite structured cathode could maintain good electrical 
conductivity even stretched up to 100% strain and repeatedly 
stretched for hundreds of cycles. Furthermore, the composite struc-
tured cathode did not show any cracks on the surface after static 
and cyclic stretching tests (fig. S11D). Such stretching tests and 
surface analysis verified the good stretchability of composite struc-
tured cathode.

For is-anode and substrate, AgNWs and a silica aerogel compos-
ite were co-embedded in elastomeric polydimethylsiloxane (PDMS) 
(42). We have shown in our previous work that silica aerogels sub-
stantially improve the stretchability of AgNWs by enhancing the 
adhesion between AgNWs and PDMS matrices (42).

Last, is-OLEDs composed of is-anode, is-HTL, is-EML, is-ETL, 
and is-cathode were fabricated. Schematic descriptions of the struc-
tures and fabrication process for is-OLEDs are shown in Fig. 3A and 
fig. S12, respectively. Before fabricating the devices, the effects of 
solvents (isopropyl alcohol, 2-methoxyethanol, and toluene) used 
in this study on the thin films were analyzed first. As shown in fig. 
S13, SY did not show any change in its surface morphology and 
UV-vis absorption spectrum after the spin coating of either pure 
isopropyl alcohol or 2-methoxyethanol used as the solvents in the 
coating of is-ETL and is-cathode. Hence, there was no damage or 
conformational changes that occurred in SY during the consecutive 
solution-based coating processes.

There was a slight change in the UV-vis absorption spectrum of 
is-HTL when spin-coated with pure toluene, which was the solvent 
of is-EML (fig. S14A). Raman spectroscopy and COS analysis were 
performed on is-HTL to determine the origin of this change. As 
shown in fig. S14B, there was no change in Raman spectra of both 
pristine AI 4083 and is-HTL after they were spin-coated of pure 
toluene. Hence, the spin coating of toluene does not vary the con-
formation in the PEDOT chains. Furthermore, as shown in fig. 
S14C, is-HTL still showed good stretchability after the spin coating 
of toluene, thus verifying the absence of any conformational change 
in is-HTL. Consequently, the slight change in the UV-vis absorption 
spectrum of is-HTL in fig. S14A could be interpreted as the removal 
of excess Triton X from is-HTL. The optimized is-HTL had a very 
large amount of Triton X mixed with AI 4083 solution at 5 wt %. 
Although excess Triton X was removed during the spin coating of 
the toluene-dissolved is-EML, it did not seriously affect the perform
ances of is-OLEDs, as it did not cause any conformation and 
stretchability change of the PEDOT chain in is-HTL.

Figure 3B shows J-V-L curves of is-OLEDs for the front (cathode) 
side. The J-V-L curves of is-OLEDs with different EMLs (pristine 
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SY, ST1, ST3, and ST4) are shown in fig. S15. is-OLED using ST2 
showed the highest L value, which showed a similar trend with charge 
carrier mobility analysis shown in Fig. 1C. As the cathode and anode 
are transparent, is-OLEDs are semitransparent (as shown in fig. S16A), 
emitting light from both sides. As shown in Fig. 3B, is-OLEDs show 
an Lmax of 2500 cd m−2 at 11 V with a turn-on V (Von) of 8.3 V for 
the cathode (front) side, and the Lmax on the back (anode) side is 
1900 cd m−2 at 11 V, as shown in fig. S16B. Such Lmax is the highest 
among the values reported for is-LECs and is-OLEDs (1, 13). Moreover, 
in other works based on is-LECs and is-OLEDs, Lmax was obtained 
at a voltage as high as 21 V (1, 13).

The stretchability of is-OLEDs was investigated by static and cyclic 
stretching tests. As shown in Fig. 3C, is-OLEDs based on pristine SY 
show poor stretchability owing to the highly brittle nature of pristine 
SY. However, is-OLEDs based on is-EML show superior stretchability 

owing to the all-is-constituent materials designed in this work. As 
shown in Fig. 3C, the L·L0

−1 value of is-OLEDs is maintained at 1, 
even when OLEDs are stretched up to 40% strain, and even increases by 
30% at 20% strain. Such phenomena were also observed in is-LECs 
reported by Liang et al. (1), which could be explained by an improve-
ment in the interfacial charge injection and transport behavior due 
to the Poisson contraction during mechanical stretching. In addition, 
is-OLEDs maintain an L·L0

−1 of 0.5 even when stretched up to 80% 
strain. As shown in fig. S16C, is-OLEDs show an Lmax of 1167 cd m−2 
at 12 V and a Von of 9 V even when stretched up to 80% strain. The 
L·L0

−1 values obtained from the static stretching test are the highest 
compared to those of other is-LEDs, including is-LECs (1) and 
is-perovskite LEDs (is-PeLEDs) (43) reported by others.

Such superior mechanical stretchability of is-OLEDs leads to a 
marked improvement in the cyclic stretching tests. As shown in 

Fig. 3. Fabrication and characterization of is-OLEDs. (A) Schematic structure of is-OLEDs fabricated in this study. (B) J-V-L curve of is-OLEDs. (C) Relative L change (L·L0
−1) 

of is-OLEDs based on pristine SY and is-EML during the static stretching tests. (D) L·L0
−1 changes of is-OLEDs during cyclic stretching tests. (E) Optical images of is-OLEDs 

with an original emission area of 3.0 × 2.5 mm2, operated under various strains at applied V of 9.5 V for 0, 20, and 40% strain and 9.8 V for 60 and 80% strain. All data were 
measured under ambient atmospheric conditions. L was measured on the basis of the emission from the cathode (front side). Photo credits (E): Jin-Hoon Kim, Yonsei 
University.
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Fig. 3D, is-OLEDs show almost constant L·L0
−1 during cyclic stretch-

ing at 40% strain. Furthermore, more than 90% of the initial L of 
is-OLEDs is maintained even after 200 cycles at 40% strain. Moreover, 
is-OLEDs show an L·L0

−1 of 0.8 for 50 cycles at 50% strain. In con-
trast, as shown in Fig. 3D, is-LEDs reported by others show severe 
degradation even after a few stretching cycles (1, 13, 43). For is-LECs, 
is-PeLEDS, and is-OLEDs, L·L0

−1 substantially decreases to 0.2, 0.1, and 
0.45 after only 5, 80, and 100 cycles of stretching at 40% strain, 
respectively (1, 13, 43).

The current efficiency (c) of is-OLEDs based on is-EML and 
pristine SY is about 1.6 and 1.7 cd A−1, respectively. Such a similar 
c value is due to the increased J value in is-OLEDs with is-EML, as 
shown in fig. S15. As shown in fig. S16H, the c value of is-OLEDs 
slightly increases from 1.6 to 2.0 cd A−1 with stretching cycles. The 
increase in c of is-OLEDs after cyclic stretching originated from the 
formation of the buckling waves during the cyclic stretching. As shown 
in fig. S17A, several buckling wave patterns were observed on the 
surface of is-OLEDs after the cyclic stretching due to the mismatch 
in the Young’s moduli of the is-OLED functional layers. These buck-
ling wave patterns could enhance the light output by effectively extract-
ing the trapped light in the devices (44). Optical images of is-OLEDs 
stretched up to various strains are shown in Fig. 3E. Uniform light 
emission is observed even up to 80% strain.

Cross-sectional transmission electron microscopy (TEM) analysis 
was used to analyze the structure of is-OLEDs and determine whether 
any delaminations occurred in is-OLEDs after mechanical stretching. 
Before stretching, is-OLEDs showed discrete interfaces between their 
functional layers, with each layer clearly distinguished through energy-
dispersive spectroscopy (EDS) mapping shown in fig. S17B. Conse-
quently, no observable delamination was seen in is-OLEDs even after 
being stretched up to 80% strain. Hence, all layers used in is-OLEDs 
could maintain good adhesion even during mechanical stretching.

Because the all-is-constituent materials used in this work were 
solution processable, the size of is-OLEDs is highly scalable. As shown 
in Fig. 4A, is-OLEDs with device areas up to 6 × 9 mm2 and 5 × 5 mm2 
were successfully fabricated, and uniform emission throughout the 
area (cathode side) is observed with an Lmax of 1800 cd m−2 at 10 V. In 
addition, is-OLEDs can be stretched up to 60% strain with an L·L0

−1 
of over 0.5. Also, the biaxial stretchability could be verified by poking 
is-OLEDs with a sharp tip. As shown in Fig. 4B and movie S1, is-OLEDs 

showed stable operation even when poked by the tip of a ballpoint 
pen with a tip radius of 0.7 mm. is-OLEDs based on red-, green-, 
and blue-emitting polymers were fabricated to verify the applicability 
of is-OLEDs in real displays (45). To design is-EMLs, Triton X was 
added to commercial polymers emitting three colors. The perform
ance of is-OLEDs with red-, green-, and blue-emitting polymers 
was slightly increased with the addition of Triton X. Such trend was 
analogous to is-OLEDs based on SY. As shown in Fig. 4C, red, green, 
and blue is-OLEDs could be fabricated and stretched up to 60% strain 
with an L·L0

−1 of over 0.5.

DISCUSSION
In this work, we presented a framework for designing is-constituent 
materials including is-emitting materials for is-OLEDs. Through 
various analyses, the small molecular nonionic surfactant was verified 
to be capable of modifying the mechanical properties of conjugated 
polymers via the plasticizing effect. The electrical properties of is-EMLs 
and is-HTL were also confirmed to change little with the highly im-
proved mechanical properties. is-OLEDs based on these is-constituent 
materials showed superior mechanical stretchability compared to 
previously reported is-LEDs. The performances of is-OLEDs did not 
change even after being stretched for 200 cycles at 40% strain. In 
addition, is-OLEDs could be fabricated in a large area and be three-
dimensionally stretchable. Last, we showed that our design strategy 
can be extended to materials emitting in various colors. The material 
design and fabrication process suggested in this work can provide 
a new paradigm for stretchable optoelectronics including three-
dimensional displays, wearable biomedical information displays, 
photovoltaics, photodetectors, and various other LEDs.

The stability of is-OLEDs should be improved for practical ap-
plications. As shown in fig. S18A, the time it takes L of is-OLED to 
drop from L0 of 100 cd m−2 down to 50% of L0 (LT50) was around 
27 s. Furthermore, when is-OLEDs were stretched up to 40 and 60% 
strain, LT50 was about 12 s. After 100 and 200 cycles of stretching at 
40% strain, LT50 was about 24 s. The LT50 measurement results in-
dicate that is-OLEDs were not stable during the operation. There are 
several reasons for the performance instability of is-OLEDs. Because 
there were no suitable stretchable encapsulation materials for is-OLEDs, 
is-OLEDs should undergo severe degradation due to exposure to 

Fig. 4. Various applications of is-OLEDs in deformable displays. (A) Optical photographs of is-OLEDs with a large device area at applied V of 9.5 V. (B) Optical photo-
graphs of is-OLEDs being poked by a ballpoint pen with a tip radius of 0.7 mm at applied V of 9.5 V. The dashed line defines the device area. (C) Optical photographs of 
is-OLEDs based on red (at applied V of 12 V), green (at applied V of 12 V), and blue light-emitting polymers (at applied V of 8 V). The possibility of applying is-OLEDs to 
deformable displays with various form factors is shown. Photo credits (A to C): Jin-Hoon Kim, Yonsei University.
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oxygen and moisture during device operation. Hence, encapsulation 
materials for stretchable electronics should be developed to be ap-
plied in real applications.

Another reason for the is-OLED performance instability was the 
very high operational V of is-OLEDs shown in Fig. 3A. Such high 
operating V resulted into very high operation temperature, as shown 
in fig. S18B, which should cause severe thermal degradation of or-
ganic layers in is-OLEDs. Hence, the operating V of is-OLEDs also 
needs to be lowered by further optimizing the thickness of the active 
layers and effective energy level alignment between is-constituent 
materials. Last, the nanoscale protrusions were observed on the sur-
face of is-anode, as shown in fig. S18C. Such protrusions evolved 
during the release of the embedded is-anodes from a sacrificial layer. 
These protrusions could lead to a catastrophic failure during the device 
operation because electrical currents could concentrate on these pro-
trusions, resulting in severe degradation of organic layers in is-OLEDs. 
Hence, these issues should be resolved to improve the stability of 
is-OLEDs.

MATERIALS AND METHODS
Preparation of is-EML and is-HTL solutions
For preparation of the is-EML solution, Triton X (Sigma-Aldrich) 
was first dissolved in toluene at a certain concentration (from 1 to 
10 mg ml−1). Then, SY (Sigma-Aldrich) was dissolved in the Triton 
X–dissolved toluene at a concentration of 5 mg ml−1. For pristine SY, 
SY was dissolved in pure toluene at a concentration of 5 mg ml−1. 
This solution was stirred using a magnetic stirrer at 300 rpm for 
6 hours at room temperature.

For the is-HTL solution, various weight ratios of Triton X (from 
3 to 8 wt %) were dissolved in a PEDOT:PSS solution (AI 4083, 
from Heraeus). Then, isopropyl alcohol was added to the is-HTL 
solution at a weight ratio of 1:1. This solution was stirred using a 
magnetic stirrer at 450 rpm for 1 hour at room temperature.

Mechanical characterization of is-EMLs and is-HTL
For COS analysis, PDMS film was prepared by mixing the base and 
a curing agent (Sylgard 184 elastomer kit from Dow Corning) at a 
weight ratio of 10:1. This liquid mixture was spin-coated at 500 rpm 
for 30 s on a polyethylene terephthalate (PET) substrate and cured 
at 120°C for 12 hours. Then, the cured PDMS film was peeled off 
from the PET substrate.

For COS analysis of is-HTL, is-HTL solution with 5 wt % Triton X 
was spin-coated on the PDMS film at 1000 rpm for 60 s. Then, 
is-HTL was annealed at 90°C for 10 min. For is-EML analysis, the 
is-EML solution was spin-coated on the is-HTL–coated PDMS sub-
strate at 1500 rpm for 30 s and annealed at 90°C for 5 min.

Prepared specimens were cut into rectangular shapes of 25 × 5 mm2. 
These specimens were loaded on a homemade stretching jig. Strain from 
0 to 120% for is-EML and from 0 to 160% for is-HTL was applied, and 
crack formation was observed at every 10% strain using optical micro
scopy (OM). For the crack density analysis of is-EML, the number 
of cracks was counted while the strain was maintained at 100%.

For Young’s modulus analysis, the mechanical buckling method 
was used. First, a self-assembled monolayer (SAM) was formed on 
a glass substrate using a silane solution (Sigma-Aldrich). For the 
SAM treatment, a glass substrate was placed in a vacuum chamber, 
and the silane solution was dropped near the glass substrate. Then, 
vacuum pumping was performed for 30 min, followed by thermal 

annealing at 130°C for 30 min. Pristine SY and is-EML were coated 
on this SAM-treated glass at 1500 rpm for 30 s and thermally an-
nealed at 90°C for 5 min. Then, prestretched PDMS was conformal-
ly attached on the films. Last, PDMS was detached from the glass 
substrate, and the prestrain was released. During this process, pris-
tine SY and is-EML were transferred to PDMS, and mechanical 
buckling was formed because of the mechanical property mismatch 
between the active layer and PDMS. By measuring the wavelength 
of the buckling formed on the thin films, the Young’s modulus of 
the thin films could be calculated by the following equation (6)

	​​ ​E​ f​​  =  3 ​E​ s​​​(​​ ​ 
1 − ​​f​ 

2​
 ─ 

1 − ​​s​ 
2​
 ​​)​​ ​​(​​ ​   ─ 2 ​d​ f​​

 ​​)​​​​ 
3
​​​	

where Ef, Es, f, s, , and df are the Young’s moduli of the thin film 
and substrate, Poisson’s ratios of the thin film and substrate, wave-
length of the buckling, and thickness of the thin film, respective-
ly (46–48).

Tg of is-EMLs was analyzed by DMA. DMA was conducted fol-
lowing the ASTM D4065 standard. The size of the specimens was 
40 mm long, 6 mm wide, and 50 m thick. The temperature range 
was −50° to 100°C with a temperature increase rate of 2°C min−1. 
The oscillation strain was 0.1% with a frequency of 1 Hz. Tg of 
pristine SY and is-EMLs was located at the peak position of the 
loss tangent.

Electrical characterization of is-EMLs and is-HTL
To characterize is-EMLs, hole- and electron-only devices were fab-
ricated as schematically described and shown in figs. S3 and S4, re-
spectively. For the hole-only device, ITO with a thickness of 100 nm 
was deposited on a glass substrate using a DC magnetron sputtering 
system. Then, pristine HTL was spin-coated on the ITO-deposited 
glass at 4000 rpm for 60 s and annealed at 120°C for 10 min. After 
that, the samples were transferred to a N2-filled glove box. On top 
of HTL, pristine SY or an is-EML was spin-coated at 1500 rpm for 
30 s. Then, the samples were thermally annealed at 90°C for 5 min. 
After annealing, the samples were transferred to a thermal evapora-
tion chamber to deposit 100-nm-thick Au.

For the electron-only device, Ag with a thickness of 80 nm was 
deposited on the glass substrate using the thermal evaporator. 
d-PEIE was then used to modify the Ag cathode (38). For the d-PEIE 
solution, 0.25 wt % of PEIE (Sigma-Aldrich) and Cs2CO3 (Sigma-
Aldrich) were co-dissolved in 2-ethoxyethanol (the weight ratio of 
PEIE to Cs2CO3 was 10:1). d-PEIE was spin-coated at 5000 rpm for 
30 s and annealed at 100°C for 5 min. Then, the samples were trans-
ferred to the N2 gas–filled glove box. On top of d-PEIE/Ag, pristine 
SY or is-EML was spin-coated at 1500 rpm for 30 s and thermally 
annealed at 90°C for 5 min. After that, d-PEIE was spin-coated on 
EML at 5000 rpm for 30 s, followed by thermal annealing at 90°C 
for 5 min. Last, the samples were transferred to the thermal evapo-
ration chamber to deposit 100-nm-thick Al cathodes.

The current density (J) and voltage (V) of the hole-only devices 
were measured using a Keithley 2400 source meter. h and e of the 
materials for EML were calculated on the basis of the space charge–
limited current (SCLC) model. In the SCLC model,  can be calcu-
lated by the Mott-Gurney equation (16)

	​ J  = ​  9 ​​ r​​ ​​ 0​​  ​V​​ 2​ ─ 
8 ​d​​ 3​

  ​​	
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where r is the relative dielectric constant of the EML material, 0 is 
the permittivity of free space, d is the thickness of EML, and V is the 
effective applied voltage in the device (V = Vapplied – Vbi – Vr, where 
Vapplied is the applied voltage, Vbi is the built-in voltage, which is the 
relative work function difference between the anode and cathode, 
and Vr is the voltage applied by the series and contact resistance 
potential drop).

OLEDs and HTL-only devices were fabricated to analyze the 
hole transport properties of is-HTL. The schematic structures of the 
HTL-only device and conventional OLED are shown in fig. S8, A 
and B, respectively. For the HTL-only device, 100-nm-thick ITO 
was deposited on a glass substrate using the DC magnetron sputter. 
Pristine HTL or is-HTL was then spin-coated on ITO at 1000 rpm 
for 60 s and annealed at 120°C for 10 min. Last, 100-nm-thick Au 
was deposited using the thermal evaporation system. For the con-
ventional OLEDs, ITO with a thickness of 100 nm was deposited on 
a glass substrate using the DC magnetron sputter. Then, pristine 
HTL or is-HTL was spin-coated on ITO at 4000 rpm for 60 s. Then, 
the samples were thermally annealed at 120°C for 10 min. After 
that, the samples were transferred to the N2-filled glove box. For 
EML, pristine SY was spin-coated at 1500 rpm for 30 s and annealed 
at 90°C for 5 min. For ETL, d-PEIE was spin-coated at 5000 rpm for 
30 s and annealed at 100°C for 5 min. After that, the samples were trans-
ferred to the thermal evaporation chamber to deposit a 100-nm-
thick Al cathode. J, V, and L (luminance) of OLEDs were measured 
using a source meter and a Konica Minolta Cs-200 chromameter.

Other characterization methods of is-EMLs and is-HTL
For UV-vis absorption analysis, pristine SY and is-EMLs were spin-
coated on glass substrates at 1500 rpm for 30 s in the N2-filled glove box. 
For Raman spectroscopy analysis of EML, pristine SY and is-EMLs 
were spin-coated on Si wafer substrates at 1500 rpm for 30 s in the 
N2-filled glove box. In addition, Triton X dissolved in toluene at a 
concentration of 5 mg ml−1 was also spin-coated on a Si wafer as a 
reference. The wavelength of the laser was 785 nm with an exposure 
time of 100 s.

For Raman spectroscopy analysis of HTL, pristine HTL and is-
HTL were spin-coated on glass substrates at 1000 rpm for 60 s. The 
wavelength of the laser was 532 nm with an exposure time of 60 s. 
For XPS analysis, pristine HTL and is-HTL were spin-coated on a Si 
wafer. XPS analysis was performed using a monochromated Al K 
x-ray source. For microstructural analysis, tapping mode AFM 
(Park Systems) was used.

For the solvent orthogonality tests, solvents used in the fabrica-
tion of is-OLEDs were spin-coated on the surface of EML or HTL. For 
EML, pure isopropyl alcohol or 2-methoxyethanol was spin-coated 
on the EML-coated glass and annealed at 90°C for 5 min. For HTL, 
pure toluene was spin-coated on the HTL-coated glass and annealed 
at 90°C for 5 min. UV-vis absorption, OM, and Raman spectroscopy 
analysis were then used to determine the variations in the func-
tional layers.

Preparation and characterization methods of is-ETL 
and is-cathode
For is-ETL, a ZnO nanoparticle dispersion and a d-PEIE solution 
were prepared. ZnO nanoparticles with a diameter of 110 nm (Sigma-
Aldrich) were diluted to 3 wt % using isopropyl alcohol. The ZnO 
nanoparticle solution was sonicated using an ultrasonication bath 
before use. For the d-PEIE solution, 3 wt % PEIE (Sigma-Aldrich) 

and Cs2CO3 (Sigma-Aldrich) were co-dissolved in 2-methoxyethanol 
(the weight ratio of PEIE to Cs2CO3 was 10:1). The d-PEIE solution 
was stirred at 80°C for 6 hours.

For microstructural characterization, ZnO dispersion and d-PEIE 
solution were spin-coated on AgNW network–embedded PDMS. The 
detailed preparation process for the AgNW-embedded PDMS is de-
scribed below (38). Before spin coating, the AgNW-embedded 
PDMS was O2 plasma–treated at 140 W for 90 s. ZnO dispersion 
was spin-coated at 1000 rpm for 30 s and annealed at 90°C for 5 min. 
On the ZnO nanoparticles, d-PEIE was spin-coated at 5000 rpm for 
30 s and annealed at 90°C for 5 min. These processes were per-
formed under ambient air conditions. The microstructure of is-ETL 
was analyzed using FE-SEM.

For electrical characterization, OLEDs with a discrete layer of 
is-ETL and OLEDs with a composite structure were fabricated. A 
schematic structure of each OLED is shown in fig. S10B. For OLEDs, 
ITO, is-HTL, and pristine SY were formed on a glass substrate as 
previously mentioned. On top of pristine SY, ZnO dispersion was 
spin-coated at 1000 rpm for 30 s in the N2-filled glove box and an-
nealed at 90°C for 5 min. The d-PEIE solution was spin-coated at 
5000 rpm for 30 s in the N2-filled glove box and annealed at 90°C for 
5 min. After annealing d-PEIE, the samples were transferred to am-
bient atmosphere. Masking tape (Kapton tape) was used to define 
the cathode area. The AgNW solution (with a diameter of 30 nm 
and a length of 30 m; Novarials) at a concentration of 2.5 mg ml−1 
was spin-coated two times at 500 rpm for 30 s to form the cathode. 
AgNWs were annealed at 90°C for 5 min. For the composite struc-
ture, is-ETL was coated on AgNWs following the same process 
mentioned above.

Static and cyclic stretching tests were performed on is-cathode 
with composite structure. PDMS films were prepared by mixing the 
base and curing agent (Sylgard 184 elastomer kit from Dow Corning) 
at a weight ratio of 10:1. This liquid mixture was spin-coated at 
500 rpm for 30 s on a PET substrate and cured at 120°C for 12 hours. 
The cured PDMS films were then peeled off from the PET substrate. 
On the PDMS films, ZnO nanoparticles were spin-coated at 1000 rpm 
for 30 s and annealed at 90°C for 5 min. Before spin coating ZnO 
nanoparticles, the surface of PDMS was O2 plasma–treated at 140 W 
for 90 s. On ZnO, d-PEIE was spin-coated at 5000 rpm for 30 s and 
annealed at 90°C for 5 min. A AgNW dispersion with a concentration 
of 2.5 mg ml−1 was then spin-coated three times at 500 rpm for 30 s 
and annealed at 90°C for 5 min. On the AgNW cathode, ZnO 
nanoparticles were spin-coated at 500 rpm for 30 s and annealed at 
90°C for 5 min. Last, the d-PEIE solution was coated at 1000 rpm 
for 30 s, followed by annealing at 90°C for 10 min.

For static stretching tests, the strain was applied from 0 to 100% 
with a stretching rate of 10% s−1, and electrical resistance (R) was 
measured using a digital multimeter (DMM). The cyclic stretching 
test was performed at 20 and 40% strain at a stretching rate of 20 
and 40% s−1, respectively. The change in R was measured using 
DMM. After stretching tests, the surface of the composite structured 
cathode was analyzed using FE-SEM.

Fabrication of is-OLEDs and characterization methods
Schematic descriptions for the fabrication processes of is-OLEDs 
were shown in fig. S12. For is-anode, AgNWs and aerogel nanoparticles 
(JIOS Aerogel) were co-embedded in a PDMS matrix. A AgNW 
concentration of 5 mg ml−1 was spin-coated two times on a PET 
substrate at 500 rpm for 30 s and annealed at 100°C for 5 min. The 
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anode area was defined using a cotton swab. On AgNWs, an aerogel 
dispersion with 4 wt % ethanol was spin-coated at 1000 rpm for 
30 s, followed by annealing at 100°C for 10 min. Then, a liquid 
mixture of PDMS was spin-coated at 300 rpm for 30 s, and PDMS 
was cured at 120°C for 12 hours. After curing PDMS, the AgNW-
embedded PDMS was released from the PET substrate.

On is-anode, the is-HTL solution was spin-coated. Before coating 
is-HTL, is-anode was O2 plasma–treated at 140 W for 90 s. is-HTL 
was spin-coated at 1000 rpm for 60 s and annealed at 90°C for 
10 min. Then, the samples were transferred to the N2-filled glove 
box. is-EML was spin-coated at 1500 rpm for 30 s, followed by anneal-
ing at 90°C for 5 min. For is-OLEDs with various colors, a red-
orange light-emitting PPV-based copolymer (Sigma-Aldrich) dissolved 
in toluene at a concentration of 5 mg ml−1 for the red is-OLED, a 
green light-emitting spiro-based copolymer (Sigma-Aldrich) dis-
solved in toluene at a concentration of 8 mg ml−1 for the green 
is-OLED, and poly(9,9-di-n-octylfluorenyl-2,7,diyl) (Sigma-Aldrich) 
dissolved in toluene at a concentration of 5 mg ml−1 for the blue 
is-OLED were used. ZnO nanoparticles were spin-coated at 1000 rpm 
for 30 s and annealed at 90°C for 5 min. On ZnO, d-PEIE was 
spin-coated at 5000 rpm for 30 s and annealed at 90°C for 5 min. 
After annealing d-PEIE, the samples were moved to ambient atmo-
sphere, and the cathode area was defined using masking tape. Then, 
a AgNW dispersion with a concentration of 2.5 mg ml−1 was spin-
coated two times at 500 rpm for 30 s and annealed at 90°C for 5 min. 
On the AgNW cathode, ZnO nanoparticles were spin-coated at 
500 rpm for 30 s and annealed at 90°C for 5 min. Last, the d-PEIE 
solution was coated at 1000 rpm for 30 s, followed by annealing at 
90°C for 10 min. Then, the masking tape was removed, and the anode 
was exposed by removing the is-ETL layer.

J, V, and L of is-OLEDs were measured using a source meter and 
a chromameter. For electrical contact, liquid metal (InGa eutectic, 
Sigma-Aldrich) was applied on both the anode and cathode of 
is-OLEDs. For mechanical characterization, static and cyclic stretch-
ing tests were performed. For the static stretching test, V was applied 
during stretching up to 20, 40, 60, and 80% strain. The stretching 
rate was 80% s−1. The cyclic stretching test was performed at 20, 40, 
and 50% strain with a stretching rate of 80% s−1 for various stretch-
ing cycles.

is-OLEDs were analyzed using cross-sectional TEM analysis. For 
cross-sectional analysis, the surface of is-OLEDs was milled using 
focused ion beam to extract the cross section of is-OLEDs. The 
cross section of is-OLEDs was observed, and the atomic compo-
nents were analyzed through EDS mapping. For lifetime analysis, 
is-OLEDs were operated at a voltage of 9.3 V, and J-V-L character-
istics were regularly measured every 3 s.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabd9715/DC1
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