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Failure Mechanisms of Stretchable Perovskite Light-Emitting
Devices under Monotonic and Cyclic Deformations

Sharafadeen Adeniji, Oluwaseun Oyewole, Richard Koech, Deborah Oyewole,
Jaya Cromwell, Ridwan Ahmed, Omolara Oyelade, Dahiru Sanni, Kingsley Orisekeh,
Abdulhakeem Bello, and Winston Soboyejo*

This paper presents the results of experimental and analytical studies of the
failure mechanisms of stretchable perovskite light-emitting devices (PeLEDs).
The multilayered PeLED structures consist of an anodic layer of
poly(3,4-ethylenedioxythiophene):polystyrene-sulfonate (PEDOT:PSS), an
emissive layer of methylammonium lead bromide (MAPbBr3), and a eutectic
gallium–indium (EGaIn) cathodic layer, which are deposited onto treated
polydimethylsiloxane substrates. The intrinsically nonstretchable MAPbBr3

and PEDOT:PSS are modified with poly(ethylene oxide). The failure
mechanisms of the layered stretchable PeLED structures are then investigated
under monotonic and cyclic deformations. The optical and scanning electron
microscopy images show the deflection and propagation of cracks and
wrinkles under applied strains. Cracking of perovskite crystal and debonding
of films are also observed with increased cyclic deformation. The effects of the
failure mechanisms on the optoelectronic properties of the devices are then
studied. The in situ measured transmittance of the PEDOT:PSS (≈75%)
reduces with increasing uniaxial strain, and then is increased close to its
initial value when the strain is released. The turn-on voltage of the device
increases with increasing number of cycles between 50 and 1000 cycles at
20% strain level. The fatigue lifetimes of the PeLED structures are used to
explain the design of stretchable perovskite devices.
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1. Introduction

Light-emitting diodes (LEDs) are semicon-
ductor devices which have been used over
the years for decorative, display, medical,
and general lighting applications.[1–6] Con-
ventional LEDs are fabricated on rigid sub-
strates which cannot flex or stretch.[7–9]

However, there is need for next generation
of light-emitting devices which can be used
for various applications that require stretch-
ing, twisting, and bending.[10,11] These in-
clude wearable sensors,[12,13] stretchable
light display,[14,15] and bioinspired soft
robotic systems,[16,17] where materials that
can withstand large strains and geometrical
distortions are required.

The flexibility and/or stretchability of
thin-film electronic devices depend on the
type of polymeric substrates that are used
for their fabrication. Gustafsson et al.[18]

have demonstrated fully flexible and me-
chanically robust LEDs that are based
on poly(ethylene terephthalate) (PET) sub-
strates. These devices have been shown
to undergo sharp bending without failure,
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showing an external quantum efficiency of about 1% as well
as a turn-on voltage of 2–3 V. The performance characteris-
tics of these electronic devices have been optimized by tuning
materials selection,[18–20] processing conditions,[21,22] and design
methodologies[23,24] in a way that improves their mechanical ro-
bustness and optoelectronic properties. In addition to PET, some
other plastic thin films have also been used as substrate for flex-
ible electronic devices. These include polyimide, poly(ethylene
2,6-naphthalenedicarboxylate), polycarbonate, polyethersulfone,
etc.[10,11,25,26]

The substrates used in the flexible electronic devices have
been reported to experience permanent deformation when the
applied strain is beyond 5%.[27] Hence, they are replaced with
very compliant elastomers like polydimethylsiloxane (PDMS)
and polyurethane when stretching is involved.[18,28] This moti-
vates several studies that are targeted at investigating the ap-
propriate materials selection, processing conditions, and design
techniques that can be deployed to optimize the performance of
robust stretchable electronic devices.[18,25,28–30]

In an effort to improve the mechanical robustness and
efficiency of stretchable optoelectronic devices, island–bridge
designs[29–32] have also been used to distribute active compo-
nents of devices in small, confined regions (which are referred
to as island) to allow stretching. These active materials are
joined by electrical and/or mechanical interconnectors (bridges),
which are narrow and deformable. Hence, when the devices
are stretched, the nonstretchable active components are iso-
lated from the strains, which prevents them from being directly
stretched in a way that can lead to fracture. This approach has
been used extensively to optimize the performance of inorganic
semiconductors.[29,31] However, the stretchability of each device
made from this design depends on the interconnectors between
the active materials, and the limited space between them gives
rise to reduction in their stretchability in the presence of high-
level strains. This is a major setback in the implementation of
this design for obtaining high spatial resolution for displays.[33]

Alternatively, prewrinkling/prebuckling technique has been
used for fabrication of stretchable organic solar cells[10,34,35] and
LEDs[33] on PDMS substrates. The technique involves prestretch-
ing of the PDMS substrates before depositing intrinsically non-
stretchable thin layers of the devices,[10,33–35] leading to wavy
wrinkled/buckled structures after the strains (through the pre-
stretching) have been removed. This structural design gives rise
to stretchable devices whose electrical and optical properties are
maintained before and after the formation of the wrinkled struc-
tures. This methodology improves the resolution of the display
without the use of interconnectors which occupy some areas in
the previous design.

However, prestretching of substrates for fabricating stretch-
able LEDs has been observed to produce complex and macro-
scopic wrinkled structures that are out-of-plane and easily de-
tectable by naked eyes. These out-of-plane wavy structures
produce pixels that cause distortion of images in display
technology.[33]

Furthermore, intrinsically stretchable organic light-emitting
devices (OLEDs) that operate without wavy wrinkling/buckling
structures have also been reported.[36–38] In these devices, the sub-
strates, the electrodes, and the emitting layers are all stretchable.
These produced OLEDs with blue and green colors whose turn-

on voltages are between 4.5 and 6.8 V. Though, this provides new
insight into the fabrication of stretchable LEDs, their operational
voltages are relatively too high, leading to avoidable high power
consumption.[14] On the other hand, perovskite light-emitting
diodes (PeLEDs) have been shown to emit very bright light at rela-
tively low turn-on voltage (i.e., 1.8 V) with very high luminance in-
tensity that are many times greater than their counterparts.[39–41]

Recently, fully stretchable PeLEDs have been
demonstrated[14,15] by modifying both the emissive
perovskite (MAPbBr3) layer and the anodic poly(3,4-
ethylenedioxythiophene):polystyrene-sulfonate (PEDOT:PSS)
with poly(ethylene oxide) (PEO) solution. The mixture of
MAPbBr3 and PEO forms a composite structure where the PEO
matrix serves as an elastic connector for the nonstretchable
MAPbBr3 crystals. Similar process enables PEDOT:PSS–PEO
composite to be stretchable under service condition. The stretch-
able PeLEDs have been shown to exhibit mechanical robustness
which enables them to undergo cyclic loading at 40% strain for
up to 100 cycles without deformation.[14] Similarly, Kim et al.[15]

have also used low concentration of PEO to modify MAPbBr3 for
mechanically robust stretchable PeLEDs that can withstand up to
1000 cycles at 70% tensile strain without significant deformation.

However, the understanding of failure mechanisms of stretch-
able PeLEDs under monotonic and cyclic loading is essential for
the design of reliable and robust structures. In this paper, we
report the detailed failure mechanisms and fatigue lifetimes of
fully stretchable PeLEDs using film morphology, fatigue stress-
life, and Digital Image Correlation (DIC) approach. This has the
potential of improving our current understanding of the robust-
ness and reliability of the stretchable PeLEDs. It also provides
insights into the processes that control the deformation through
crack propagations, delamination, and/or debonding as they oc-
cur within the layered structures of PeLEDs.

2. Results and Discussion

To study the effects of the monotonic loading on the failure
mechanisms of the films, we deposited the films on stretchable
PDMS substrates and stretched to different strain levels. Figure 1
presents the in situ optical images of the films that were mono-
tonically strained between 0% and 80%. The image of the as-
prepared film (Figure 1a) shows densely arranged crystals of per-
ovskite within the PEO matrix without cracks or wrinkles. How-
ever, the film shows initiation of cracks within PEO matrix as
well as wrinkling (Figure 1b) under uniaxial strain up to 20%.
The wrinkles are formed parallel to the direction of the applied
strains, while cracks are in perpendicular directions to the ap-
plied strain. The wrinkles and cracks increase significantly as the
strain increases to 40% and 80% (Figure 1c,d). Upon release of
the strain, the wrinkles and cracks are no more visible, and the
surface appears almost like that of the as-prepared film (as shown
in Figure 1e). These imply that the structural integrity of the films
is maintained even with the presence of applied strain (between
0% and 80%). The strain effects are mainly on the stretchable
PEO matrix which is evident in the crack initiation. Similar crack-
ing phenomenon has been reported for stretchable perovskite
films.[14,15]

We observed more closely the failure mechanisms of the films
using scanning electron microscope (SEM). The SEM images of
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Figure 1. Optical images of PeLED films undergoing monotonic loading: a) as-prepared film, b) film under 20% strain, c) film under 40% strain, d) film
under 80% strain, e) after release from strain.

Figure 2. SEM images of PeLED films under monotonic loading: a) as-prepared film, b) film after release from 20% strain, c) film after release from 80%
strain. The white arrows indicate the points of crack initiation.

the as-prepared and strained films are presented in Figure 2a–c.
As observed in the optical image (Figure 1a), the SEM image (Fig-
ure 2a) of the as-prepared PeLED film shows dense arrangement
of perovskite crystals within the PEO matrix with no evidence
of cracks. However, the cracks are present in the SEM images
of the strained films. The prevalence and depth of the cracks in-
crease with higher strains (Figure 2b,c). The absence of cracks
within the perovskite crystals is an indication that the crystals are
isolated during stretching as the effects of the strain are mainly
observed on the surface of the PEO. The perovskite crystals are
however further apart and less densely arranged on the strained
films (Figure 2b,c).

Now that catastrophically cracking is evident within the PEO
matrix (Figure 2c) at 80% strain, further study on evolution of lo-

calized strains within the stretchable PeLED structures at lower
applied strains (0–40%) was done to provide insights into failure.
We took high-resolution videos of the films during monotonic
loading and analyzed the strains using a Digital Imaging Corre-
lation (DIC) technique. Figure 3 presents the strain–time curves
of the PeLED structures and their strain distributions during the
monotonic loading. The strain–time curves (Figure 3a,b) show
that the PeLEDs films experienced both tension and compression
within the estimated transverse (Figure 3a), shear (Figure 3b),
and axial (Figure 3c) strains. The range of strains along axial di-
rections (Figure 3c) is higher compared to transverse and shear
strains, indicating possible cracking as the monotonic loads are
being applied. The blue and red colors on the strain distribu-
tion images (Figure 3d–i) indicate regions with compression and
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Figure 3. Evolution of strain state during monotonic loading: a–c) strain–time curves for transverse, shear, and axial strains, d–f) strain distributions at
20% monotonic strain for transverse, shear, and axial strains, g–i) strain distributions at 40% monotonic strain for transverse, shear, and axial strains.

tension, respectively. The regions of tension are described as re-
gions with tendency of cracking within the PEO matrix (as shown
in Figure 2b,c) at higher strains while the compression regions
are dominated by wrinkling formation (as shown in Figure 1b–
d) within the stretchable PeLEDs films. We also see an increase
in the strain distribution in transverse (Figure 3d,g), shear (Fig-
ure 3e,h), and axial (Figure 3f,i) directions, as the applied mono-
tonic strain increases.

We give insights into the reliability of the structures of stretch-
able PeLEDs by carrying out load-controlled cyclic deformation
tests on the PeLED films to evaluate their fatigue lifetimes. For
each of the applied loads, the strain range was estimated from the
sinusoidal strain–lifetime plot (Figure 4a). Figure 4b presents the
plot of the total strain ranges as a function of the number of cy-
cles. The strain range of the bare PDMS substrate is found to be
≈50% at a maximum load of 5 N for over 1000 repeated stretch-
ing. The same 5 N load was applied on the coated PDMS substrate
and subjected to over 1000 repeated cycles. Then, the strain range
reduces to ≈38%. When the maximum load is reduced to 3.5 N
on the coated PDMS, the strain range reduces to about 34%. This

trend continues as the strain ranges for 2.5 and 1.5 N loads re-
duced to about 18% and 2%, respectively. The strain ranges are
observed to decrease as the magnitude of the load decreases from
5 to 1.5 N (Figure 4b). The strain ranges also increase after un-
dergoing certain number of cycles. In the case of the 5 and 3.5 N
loads on coated PDMS substrates accompanied with cyclic load-
ings, the deformation penetrates through the coated films and
get to the PDMS substrate. Hence, the strain ranges later behave
almost like that of the bare PDMS substrate. The loads in 2.5 and
1.5 N, on the other hands, are not enough to penetrate the film
like the higher loads. Hence, their strain ranges are completely
lower than that of the bare PDMS throughout the testing period.
This trend is consistent with the earlier work reported by Oye-
wole et al.[34]

To provide more insights into the fatigue behavior of the
stretchable PeLED films, we incorporated the number of cycles
to failure and the strain range into Coffin–Manson relation
(Equation (1)). The log–log plot of the total strain range (Δ𝜀∕2)
against the total number of load reversals to failure (2Nf) is
presented in Figure 4c for the stretchable PeLED films. The
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Figure 4. Fatigue tests on the device: a) Schematic of cyclic loading on the PeLED films. b) Plot of the total strain range–number of cycles. c) Log–log
plot of strain range–number of load reversal to failure.

number of load reversal to failure corresponds to the number of
cycles at the initial strain range before the strain range increases

(Δ𝜀∕2) = 𝜀
′
f

(
2Nf

)c
(1)

where (Δ𝜀∕2) is the strain amplitude, 𝜀′f is the fatigue ductility co-
efficient, Nf is the number of cycles to failure, and c is the fatigue
ductility exponent. The value of the estimated fatigue ductility
exponent of the PeLED is ≈−0.04. This value indicates that fa-
tigue ductility of fully stretchable PeLEDs is very high compared
to prewrinkled stretchable organic structures[34] and stretchable
metallic thin film (with exponent of ≈−0.4).[42] It is important to
note that materials with higher ductility exponent can accommo-
date higher repeated strains before failure. In the case of stretch-
able PeLEDs, the incorporation of PEO into perovskite materials
has engineered its robustness and stretchability.

To study the effects of cyclic loading on the failure mechanisms
of the PeLED films, the images of the cyclically deformed films
were observed under SEM at different maximum strains (20%,
40%, and 80%). Cracking failure is dominant in all the observed
images (Figure 5a–i), but the cracks increase with increasing ap-
plied strain as well as the number of cycles. The cracks at low
strain and low number of cycles are deflecting and/or propagat-
ing through the PEO matrix only. The perovskite crystals are iso-
lated from the stretching as cracks can be observed within the
PEO matrix. These cracks increased with increasing number cy-
cles (Figure 5c,f) and strain (Figure 5g–i). In addition to the cracks
within the PEO, some cracks are also observed within the bound-
aries of clustered perovskite crystals at higher number of cycles
(Figure 5c). Most importantly, delamination and/or debonding of
the film from the substrate was observed at higher strain of 80%
after 2000 cycles (Figure 5i). Detailed SEM images that show the
failure mechanisms of the PeLEDs films are presented in detail in
Figures S1–S3 (Supporting Information) for different maximum
strains, 20%, 40%, and 80%, respectively.

We also studied the effects of monotonic and cyclic deforma-
tion on optical properties of the stretchable PeLED films. The

in situ optical transmittance of the PEDOT:PSS–PEO film (an-
odic layer) was measured under monotonic loading. Figure 6a
presents the results of the transmittance of the stretchable PE-
DOT:PSS films. The as-prepared stretchable PEDOT:PSS sample
gives a transmittance of ≈75% at about 535 nm. This value re-
duces continuously as the monotonic strains increased between
20% and 80% are applied. The result shows that though the trans-
mittance reduces as the strain increases, the film is still capa-
ble of transmitting light as shown (Figure 6a). It is also impor-
tant to note that the applied strains tend to reduce film thick-
ness, which can also cause the decrease in the film transmit-
tance. The transmittance was also observed when the strain was
removed, and its peak was close to that of the as-prepared film.
This also shows that the PEDOT:PSS crystals are not directly af-
fected by the stretching of the films, but the PEO matrix has
been continuously stretched. The reduction in the transmittance
of the stretchable PEDOT:PSS film is associated with effective
effects of the observed cracking and wrinkling (Figure 1). The
absorbance and photoluminescence (PL) spectra of the emitting
layer of the stretchable PeLEDs (MAPbBr3) are also investigated
under cyclic loadings. Figure 6b shows the absorbance of the as-
prepared and cyclically deformed films. The films were strained
up to 40% and went through 400 and 1000 repetitive stretching.
The peaks reduce as the number of cycles increases. The same
trend is observed in the PL spectra (Figure 6c) that was carried
out on the stretchable PeLED layer. The peaks at about 535 nm
decrease as the number of cycles increases (Figure 6c). The re-
duction in the absorbance and PL peaks after stretching can be
attributed to the reduction in the number of perovskite crystals
on each region of the films, during and after stretching. This can
be observed in Figure 5d–f, as the densely arranged crystals in
the as-prepared films become further apart when strained and/or
cycled.

To demonstrate the effects of cyclic deformation on the
performance characteristics of stretchable PeLEDs, we ob-
tained current–voltage (I–V) curves of the fabricated stretchable
PeLED devices and estimated the turn-on voltages after different
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Figure 5. SEM images of PeLED films after cyclic loadings: a–c) PeLED films with 20% strain after 100, 1000, and 2000 cycles, respectively, d–f) PeLED
films with 40% strain after 100, 1000, and 2000 cycles, respectively, g–i) PeLED films with 80% strain after 100, 1000, and 2000 cycles, respectively.

Figure 6. a) Transmittance of the anodic layer under monotonic loadings. b) Absorbance of the emitting layer under cyclic loadings. c) PL spectrum of
the emitting layer under cyclic loading.

number of cycles at a maximum strain of 20%. Figure 7a
presents the I–V curves of as-prepared and deformed stretchable
PeLEDs. The turn-on voltages of the devices are presented in
Figure 7b for different number of cycles. Although the devices
keep working after 1000 cycles, their turn-on voltages increase
with increasing number of cycles. The increase in the turn-on
voltage is attributed to the observed cracking and debonding of
the films. The reduction in the number of perovskite crystals

at a given region, due to plastic deformation of PEO matrix at
higher cycles, can also make the devices to turn-on at higher
bias voltage. The reduced electrical performance of the stretch-
able PeLEDs is also attributed to increase in resistance of the
anodic PEDOT:PSS (Figure 8a) due to cracking (Figure 8b,c).
There is also an evidence of propagation of cracks from top to
bottom of the perovskite/PEDOT:PSS/PDMS layered structure
(Figure 8d,e) that can reduce the device performance.
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Figure 7. Effects of cyclic deformation on performance characteristic of stretchable PeLEDs: a) I–V curves and b) estimated turn-on voltage versus
number of cycles for 20% strain.

Figure 8. a) Resistance of cyclically deformed PEDOT:PSS film on PDMS at 20% and 40%, b,c) cross-sectional SEM images of PEDOT:PSS a) before
and b) after 1000 cyclic deformation at 40% strain, and d,e) cross-sectional SEM images of layered perovskite on PEDOT:PSS/PDMS a) before and b)
after 1000 cyclic deformation at 40% strain.

3. Conclusion

In conclusion, we present the failure mechanisms of stretchable
perovskite light-emitting devices whose emissive (MAPbBr3) and
anodic (PEDOT:PSS) materials are modified with PEO to en-
hance the stretchability of the entire devices. The results show
the effects of monotonic and cyclic loading on the failure of the
PeLEDs. The deformation is associated with the initiation and
propagation of cracks which increase as the uniaxial strain and
number of cycles increase. However, the cracks are mainly iso-
lated within the PEO matrix which serves as an elastic medium
for the intrinsically nonstretchable MAPbBr3 and PEDOT:PSS.

The consequence of this deformation is examined on the op-
tical transmittance of PEDOT:PSS–PEO (anodic layer), the ab-
sorbance of the MAPbBr3–PEO (emissive layer), and the current–
voltage characteristics of the stretchable PeLEDs.

The optical properties of the PeLEDs are found to reduce as the
devices undergo monotonic and cyclic loading. The optical trans-
mittance of the anodic layer and the absorbance of the emissive
layer reduce with increasing strain and number of cycles, respec-
tively. The stretchable PeLEDs are shown to be mechanically ro-
bust as they can withstand cyclic deformation with up to 80%
strain without significant deformation on the perovskite crystals.
The samples exhibit their optical properties even at 80% strain
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with 1000 repetitive stretching. Beyond this threshold, specifi-
cally with 2000 cycles at 80% strain, the films delaminate and/or
debond from the PDMS substrates.

The current–voltage characteristics of the PeLEDs are also in-
fluenced by the monotonic and cyclic loadings. At 20% strain,
the turn-on voltages of the PeLEDs are found to increase as the
number of cycles increase. The influence of the deformation on
the optoelectronic properties of the PeLEDs are associated with
the perovskite crystals which become farther apart within a given
region as the samples undergo monotonic and/or cyclic loading.

The fatigue lifetimes of the PeLEDs are also predicted for the
multilayer structures by using a Coffin–Manson relation. Essen-
tially, this work provides more insights into the opportunities that
are associated with perovskite materials as promising materials
for stretchable optoelectronic devices that can withstand geomet-
ric distortion at higher strain and cycles.

4. Experimental Section
Materials: Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), N,N-

dimethylformamide (DMF, anhydrous, 99.8%), lead (II) bromide (PbBr2,
≥99.999%), methyl ammonium bromide (MABr, ≥99%), PEDOT:PSS (PE-
DOT:PSS, H. C. Starck, Newton, MA, USA), poly(ethylene) (PEO) (Mw = 5
000 000), and gallium–Indium eutectic (≥99.99% trace metals) were pur-
chased from Sigma-Aldrich (USA). Triton X-100 was purchased from EMD
Millipore Corporation (USA) and Sylgard 184 silicone elastomer base and
its curing agent were purchased from Dow Corning Corp.

Fabrication of Stretchable PeLEDs: The PDMS substrates were fabri-
cated by mixing the Sylgard 184 silicone elastomer (Sylgard 184, Dow
Corning Corp.) base and its curing agent in weight ratio of 10:1 wt%. The
mixture was mixed thoroughly before pouring into a cuboid-shaped mold
made from shinning silicon wafer which has a depth of about 0.5 mm. The
mixture was then degassed in a vacuum oven with a pressure of 25 kPa to
remove trapped bubbles. This was then followed by curing of the PDMS
at 70 °C for 2 h. The PDMS was cut into smaller pieces (with dimensions
50 mm × 5 mm × 0.5 mm) before placing them on cleaned glass slides. It
is important to note here that the surface of the PDMS substrate that was
cured against the shinning silicon wafer faced up. The PDMS substrates
were treated with oxygen plasma (HARRICK PLASMA, PDC -100 -HP, NY,
USA) for 2 min to remove organic contamination, increase surface wetta-
bility, and render them hydrophilic. A composite from the mixture of aque-
ous PEDOT:PSS and PEO solution was used as stretchable anode. This
was prepared by mixing PEDOT:PSS, DMSO, and Triton X-100 in volume
ratio of 93:5:2, respectively. The DMSO solution was added to improve the
conductivity of PEDOT:PSS while TritonX-100 improves its wettability on
PDMS.[34] Also, the PEO solution was prepared by dissolving PEO in DMF
to give a concentration of 10 mg mL–1. Then, the PEDOT:PSS–PEO com-
posite was obtained by using 33 wt% PEO as optimized by Bade et al.[14]

The mixture was stirred for 2 h at 1500 rpm to ensure homogenous mix-
ture. This produced stretchable PEDOT:PSS solution that was spin-coated
on the treated PDMS substrates at 2000 rpm for 30 s. The resulting films
were annealed at 110 °C for 10 min on a hot plate.

The stretchability of the emitting material (MAPbBr3) was also en-
hanced by the addition of PEO. The precursor solution for emitting layer
was prepared by dissolving PbBr2 and CH3NH3Br (in molar ratio of 1:1.5,
respectively) in anhydrous DMSO to obtain MAPbBr3 solution with con-
centration of 500 mg mL–1. The solution was stirred for 30 min at 70 °C and
it was filtered using a 0.45 μm mesh. The PEO solution was then mixed
with the filtered MAPbBr3 solution in the ratio of 1:39 wt%,[15] respec-
tively, to form MAPbBr3–PEO composite emitter that could be stretched.
The mixture was also stirred at 70 °C for 30 min and was spin-coated on
the PEDOT:PSS–PEO/PDMS substrates at 1500 rpm for 60 s. This was
followed by thermal annealing at 80 °C for 5 min.

Finally, a drop of eutectic gallium–indium eutectic (EuGaI) was dis-
pensed on the perovskite film through a syringe. The schematics of the

device fabrication process are presented in Figure S4 in the Supporting
Information.

Monotonic and Cyclic Loading Experiments: The samples of the stretch-
able multilayered films (MAPbBr3–PEO/PEDOT:PSS–PEO/PDMS films)
of dimension 5 mm x 50 mm x 0.5 mm were subjected to uniaxial tensile
tests using Instron machine (Instron 8872, Instron, Norwood, MA, USA).
The Instron machine was instrumented with a very sensitive calibrated 10
N load cell (10 N Load cell, Instron Norwood, MA, USA). The cross head of
the machine was operated at a speed of 1 mm min−1 to strain the samples
to different strain levels of 20%, 40%, and 80%. The local displacements
in the samples were captured and recorded using high-resolution digital
microscope, which were further analyzed using a DIC technique.

The fatigue tests were carried out on the bare PDMS substrates and the
coated PDMS films using Servohydrolic Instron machine (Instron 8872, In-
stron, Norwood, MA, USA) which was instrumented with a 10 N load cell.
The cyclic loading was performed under load control between 1.5 and 5.0
N. The detailed procedures for the cyclic loading were similar to previous
steps reported by Oyewole et al.[34] and Kraft et al.[42]

Characterization: The transmittance of anodic stretchable
(PEDOT:PSS–PEO) was measured in situ under monotonic loading
using a UV-vis–NIR spectrometer (Avantes, BV, USA). The absorbance
spectra of the stretchable emitting layer were also measured after cyclic
loading at a maximum strain of 40%. These were obtained for the
as-prepared samples and those deformed at 40% strain over 400 and
1000 cycles.

The PL spectrum measurements were obtained for both the as-
prepared and cyclically loaded samples, using Horiba MicOS microscope
optical spectrometer. The system used a Horiba iHR550 spectrometer, a
luminescence microscope with a 50x Edmund Optics Plan Apo NIR Mitu-
toyo objective, and a Horiba Synapse EM CCD camera. A single photon
counter module (SPD-OEM-VIS, Aurera technology) and an acquisition
software interface were used to obtain the PL spectrum measurements
for the samples.

In situ optical images of the stretchable films were obtained under
monotonic loading at 20%, 40%, and 80% strains using, an OMAX opti-
cal microscope (OMAX, 40–3000×18MP, Gyeonggi-do, South Korea). The
images of the as-prepared and the released films were also taken. More-
over, the images of samples that were cyclically loaded were obtained using
an SEM (JEOL JSM-700F, Hollingsworth & Vose, MA, USA). The current
density–voltage (I–V) curves were also measured using a Keithley 2400
source meter unit (SMU) system (Keithley, Tektronix, Newark, NJ, USA).
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