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ABSTRACT

Organic-based flexible and stretchable electronic devices have attracted attention as next-generation wearable technologies due
to their high conformability to complex contours of the human body. To ensure their reliable operational lifetime remains a
significant challenge, as these devices are inherently vulnerable to degradation by water vapor and oxygen in environment. To
address this issue, the development of highly impermeable and stretchable encapsulation materials is essential. However, there
is a trade-off relationship between stretchability and impermeability. In this review, recent advances in encapsulation technologies
ranging from fundamental materials including polymers, metals, and oxides to the advanced structural approaches to achieve

both high stretchability and water vapor barrier performance are discussed.
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Fig. 1. (a) Schematic illustration of a stretchable device structure with double-sided encapsulation. (b) Device function-
ality and water concentration in the active layer as a function of the lifetime of device with and without
encapsulation. (c) Comparative schematics depicting the degradation behavior of organic displays without and
with encapsulation under ambient conditions. (d) Water barrier performance of representative encapsulation mate-
rials in relation to the WVTR requirements of various applications. (e) Relationship between water permeability
and elastic modulus of common encapsulation materials. Adapted with permission from ref. [20]. Copyright
2018, American Chemical Society.
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Fig. 2. Schematics and photographs of flexible and stretchable electronics using organic encapsulation materials or
substrates. (a) Wavy Si-CMOS circuit on PDMS under twisting and bending. Reproduced with permission
from ref. [24]. Copyright 2008, AAAS. (b) Stretchable ultrasonic transducer array using silicone elastomer
wrapped on a spherical surface(left) and in a mixed mechanical mode of folding, stretching, and twisting.
Adapted with under the terms of the CC-BY-4.0 license from ref. [25]. Copyright 2018, AAAS. (c)
Schematic illustration of stretchable hydrogel under stretching deformation. (d) Ultrathin electronics using
parylene attached to human skin(left) and demonstrated water resistance(right). Adapted with permission

from ref. [30]. Copyright 2022, AAAS.
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Fig. 3. (a) Schematic illustration of water vapor transmission pathways through microstructures in encapsulation materi-
als: atomic lattice spacing(left), nano-defects(middle), and macro-defects(right). (b) XRD profiles of binary CuZr
and ternary CuZrTi MG under 8585 condition(85°C temperature and 85% relative humidity) after 1,000 hours
and optical microscopy(OM) images of nanocrystalline Cu, binary CuZr, and ternary CuZrTi MG before and af-
ter exposure under 8585 condition. Reproduced with under the terms of the CC-BY-4.0 license from ref.[38].
(c) Normalized conductance for WVTR measurement of sol-gel synthesized silica films before and after 50,000
bending cycles at bending radius of 6 mm under 6085 condition and TEM diffraction pattern(inset). Adapted
with permission from ref. [40]. Copyright 2022, Springer Nature Copyright. (d) WVTR measurement results(left)
and stereoscopic microscopy images after optical Ca tests(right) after cyclic bending tests. Adapted with under
the terms of the CC-BY-4.0 license from ref[ 41].
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the initial amplitude-to-wavelength ratio(A/A) for SiO, films with aligned and random wrinkles. (c) Normal-
ized conductance—time curves of flat SiO, films, pre-strained SiO, films, and SiO, films after 1,000 cycles
of equibiaxial stretching at 5% strain, measured at 6085 condition. Adapted with permission from ref. [50].
Copyright 2022, Elsevier. (d) OM images of 1D-wavy structured thermally grown SiO, films. (e) Stress-
strain curves of wavy-structured thermally grown SiO, films. (f) Measured WVTR data of wavy-structured
thermally grown SiO, films. The blue-colored value indicates the calculated WVTR obtained via the
Arrhenius approach. Adapted with under the terms of the CC-BY-4.0 license from ref. [51].
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OLED: Organic light-emitting diode
PCE: Power conversion efficiency

GF: Gauge factor

EL: Emissive layer

WVTR: Water vapor transmission rate
PDMS: Polydimethylsiloxane

ITO: Indium tin oxide

PVD: Physical vapor deposition

ALD: Atomic layer deposition

PEALD: Plasma enhanced atomic layer deposition
MG: Metallic glass

XRD: X-ray diffraction

XPS: X-ray photoelectron spectroscopy
TEM: Transmission electron microscope
t-SiO,: Thermally grown SiO,

FEA: Finite element analysis

CTE: Coefficient of thermal expansion
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