
Citation: Zhang, B.; Wang, Z.; Wang,

J.; Chen, X. Recent Achievements for

Flexible Encapsulation Films Based on

Atomic/Molecular Layer Deposition.

Micromachines 2024, 15, 478. https://

doi.org/10.3390/mi15040478

Academic Editor: Sadia Ameen

Received: 27 February 2024

Revised: 22 March 2024

Accepted: 29 March 2024

Published: 30 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Review

Recent Achievements for Flexible Encapsulation Films Based on
Atomic/Molecular Layer Deposition
Buyue Zhang 1, Zhenyu Wang 2, Jintao Wang 3,* and Xinyu Chen 1,*

1 School of Physics, Changchun University of Science and Technology, Changchun 130012, China
2 State Key Laboratory on Integrated Optoelectronics, College of Electronic Science & Engineering, Jilin

University, Changchun 130012, China; zyw20@mails.jlu.edu.cn
3 School of Information Engineering, Yantai Institute of Technology, Yantai 264005, China
* Correspondence: wangjintao@yitsd.edu.cn (J.W.); chenxinyucust@163.com (X.C.)

Abstract: The purpose of this paper is to review the research progress in the realization of the organic–
inorganic hybrid thin-film packaging of flexible organic electroluminescent devices using the PEALD
(plasma-enhanced atomic layer deposition) and MLD (molecular layer deposition) techniques. Firstly,
the importance and application prospect of organic electroluminescent devices in the field of flexible
electronics are introduced. Subsequently, the principles, characteristics and applications of PEALD
and MLD technologies in device packaging are described in detail. Then, the methods and process
optimization strategies for the preparation of organic–inorganic hybrid thin-film encapsulation
layers using PEALD and MLD technologies are reviewed. Further, the research results on the
encapsulation effect, stability and reliability of organic–inorganic hybrid thin-film encapsulation
layers in flexible organic electroluminescent devices are discussed. Finally, the current research
progress is summarized, and the future research directions and development trends are prospected.

Keywords: atomic layer deposition; functional integration; steric hindrance; thin-film encapsulation;
flexible organic light-emitting diodes

1. Background of the Study
1.1. Introduction to Flexible Organic Electroluminescent Devices and Their Stability Issues

Organic light-emitting diodes (OLEDs) have now become mainstream products in
the display and lighting fields, and advanced electronics industry companies, including
Huawei, Samsung, LG, and Sony, have focused on OLED technology in recent years in the
product research and development of TVs, tablets, smartphones, and lighting panels [1].

As shown in Figure 1, typical OLEDs often consist of a substrate/anode/hole injection
layer/hole transport layer/light emitting layer/electron transport layer/electron injection
layer/cathode stacked structure [2]. Electroluminescence is the basic principle of the
operation of OLEDs, and Figure 2 depicts the energy band structure of the different
functional layers in OLEDs, as well as the carrier transport behavior during operation.
Electrons and holes are injected into the organic electron transport layer and the organic
hole transport layer through the cathode and anode of the device, respectively, and they
move toward each other in their respective transport layers under the action of an applied
electric field. They compound to form an exciton in the organic light-emitting layer, and
the exciton radiatively jumps back to the ground state and generates light emission, which
is emitted from the transparent side of the device [3–5].

Compared with liquid crystal display (LCD), OLEDs reduce the backlight module
and simplify the design structure [6,7], eliminate part of the light leakage caused by the
backlight emission, and realize true all-black displays [8,9]. They also show a thinner and
lighter product form [10,11]. In addition, the self-luminous nature of OLEDs results in lower
power consumption and excellent stability over a wider temperature range, highlighting
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the potential for applications in harsh environments [12,13]. Wider color coverage [14] and
wider viewing angles shape the product value of OLEDs [15].
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In addition to applications in the display industry, OLEDs are also capable of being
used in the production of efficient solid-state lighting devices. Compared to traditional
inorganic light sources, such as incandescent or fluorescent lamps, OLEDs have higher
energy efficiency and light quality while causing zero pollution to the environment [16].
The soft scattered light emitted by OLEDs possesses the characteristics closest to natural
light; therefore, OLED light sources are considered to be the ideal light source that is the
healthiest and safest [17]. In addition, the large-area feasibility of OLEDs brings great
commercial value to them [18].

In recent years, flexible display and lighting technologies have gradually become avail-
able, and the wearable and foldable technologies of optoelectronic devices have become
the current mainstream research hotspots [19]. In the preparation process, OLEDs can be
effectively prepared on substrate materials other than glass substrates, including flexible
substrate materials PET, PEN or PI, combined with the excellent mechanical properties of
the organic materials themselves, which enables the flexible form of OLEDs to be realized.
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The technological advantages of OLEDs in the field of display and lighting and the flexibil-
ity of the products have made flexible OLEDs become the final form of future display and
lighting devices [20,21].

However, even though OLEDs have many advantages in the industry due to their
technological features, their poor environmental stability has been troubling every research
team [22,23]. Organic materials and metal electrodes are highly susceptible to degradation
and failure upon contact with ambient water vapor. In addition, the ionization reaction
between the electrodes and water vapor during operation will cause rapid degradation
of the devices. All of these phenomena can lead to the degradation of the performance of
OLEDs, or even failure. Figure 3 demonstrates the generation mechanism of black dots in
OLEDs, where ambient water vapor fails the organic material while H2 and O2 generated
by the ionization reaction causes a break between the metal electrodes and the organic layer,
and carriers are unable to be transported and in the failed portion [24]. In 2018, the research
team of H. Fukagawa at the Science and Technology Research Laboratory (STRL) of NHK,
Japan, reported a stability study and molecular design scheme for red light OLEDs, and
they monitored the change in their luminescence state with time. The device showed a
circular failure region under the effect of ambient water vapor, and the area of the region
gradually became larger with the increase in the time [25].
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Therefore, in order to enhance the operational stability of OLEDs, effective protection
means are often used to isolate the device from environmental water vapor, avoid direct
contact, and minimize device damage [24]. Among them, encapsulation technology is
currently one of the most effective means of protection for organic optoelectronic devices,
with a high-performance barrier layer covering the outer surface of the device, thus forming
a permeable barrier to environmental water vapor [26,27]. The current academic and
industrial consensus is that the water vapor transmittance rate (WVTR) of the barrier layer
reaches 10−6 g/m2/day, which is the basic condition to ensure the 10-year service life of
organic optoelectronic devices. The standard applies to both rigid and flexible devices, and
the water vapor barrier performance of different optoelectronic devices and the mechanical
properties are shown in Figure 4 [28].
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1.2. Thin-Film Packaging Technology and Its Flexible Applications

Encapsulation technology is an effective means to avoid OLEDs being damaged by
environmental water vapor [29–31]. As shown in Figure 5a, the traditional OLED encapsu-
lation process is realized by the cavity structure cover plate encapsulation by the glass cover
plate. Between the substrate and the glass cover plate, the epoxy resin was used to seal the
surrounding area. The entire encapsulation process was completed in the inert gas (such
as argon, nitrogen, etc.) within the atmosphere, and the desiccant (such as calcium oxide,
etc.) was placed in the cavity to minimize the water vapor [32–34]. The glass cover shows
excellent protection performance in the early stage for organic optoelectronic devices and
is widely used in various optoelectronic devices. However, the introduction of glass covers
has significantly increased the overall weight of the devices, hindering the development of
lightweight optoelectronic devices [35–37]. In addition, the physical properties of the glass
cover make it difficult to realize the flexible form of OLEDs, and the three-dimensional
mesh structure formed after the curing of the epoxy resin, which is prone to generating
large internal stresses. Thus, the brittleness of the cover increases, and it can even crack or
other damages can form in a short period of time. The cracks would provide a penetration
path for the ambient moisture, resulting in the decline of the sealing performance. The
desiccant in the sealing structure will swell after absorbing water vapor, affecting the
encapsulation performance, and the protection efficiency of the cover encapsulation is
reduced [26]. The iteration of display technology, from flat panel display, curved display,
and then to the future of the curly, foldable display technology, means that the packaging
technology should also be gradually flexible. Therefore, the disadvantages of the cover
package technology are obvious, and it is a big obstacle to the process of lightweighting and
flexibilization of optoelectronic devices, which makes its replacement by flexible packaging
technology an inevitable trend for the future development of optoelectronic devices.

At present, thin-film encapsulation technology, as an advanced encapsulation process,
has been gradually applied to various types of optoelectronic devices [38]. Inorganic thin
films, such as SiNO, Al2O3, ZrO2, etc., prepared using chemical vapor deposition (CVD)
have undergone a series of encapsulation-related studies, and the obtained encapsulation
models can meet the current application requirements.

As shown in Figure 5b, in addition to rigid devices, thin-film encapsulation technology
can also be used to efficiently encapsulate and protect flexible OLEDs prepared based on
flexible substrate materials (e.g., PET, PEN, PES, PI, etc.), which ensures that the devices are
bendable and foldable, protecting the devices from damage brought about by the intrusion
of ambient water vapor [39]. The encapsulated thin-film material is grown directly on the
surface of the device, eliminating the edge penetration effect caused by the sealing process.
The development and widespread use of thin-film encapsulation technology is a key step
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in the lightweighting process of flexible displays. Thin-film encapsulation technology can
be divided into inorganic thin-film encapsulation technology, organic thin-film encapsula-
tion technology, organic/inorganic hybrid thin-film encapsulation technology, and so on,
according to the type of composition of the encapsulated thin-film material.
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In order to make thin-film encapsulation technology meet the water vapor barrier
needs of organic optoelectronic devices, many advanced optoelectronics industry compa-
nies and research institutes have invested a great deal of money in the development of more
advanced fabrication processes and encapsulation structures. In 2002, The company “Vitex
Systems” developed a new flexible OLED encapsulation technology named “Barix” [40],
shown in Figure 6. The technology employs a combination of UV-cured organics and
sputtered inorganics to grow organic and inorganic films alternately on the surface of the
protected optoelectronic device to form an organic/inorganic stacked-film structure. The
water vapor barrier performance of single-layer inorganic films is limited by the water
vapor permeation path generated by defects within the film, while in the Barix encapsu-
lation structure, the introduction of the organic film sandwich structure can effectively
couple the defects in the adjacent inorganic film to extend the water vapor permeation path,
which will have a greater improvement in the water vapor barrier performance of the film.
In 2011, South Korea’s Samsung purchased a patent for the technology and collaborated
with the Korea Institute of Technology KAIST to create the organic/inorganic stacked-film
structure. In 2011, Samsung purchased the patent and cooperated with KAIST to apply this
encapsulation system to the protection of OLEDs. By using multilayer thin-film wrapping
encapsulation on substrate and the surface of OLED devices, forming alternating dense
inorganic water vapor barrier layers with organic polymers in a vacuum environment,
with the total thickness of the stacked structure of about 3 µm. The thin-film encapsulation
process can directly grow thin films on the surface of OLEDs, avoiding the use of other
encapsulation materials or mechanical encapsulation components, reducing the size and
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weight of the device, and minimizing the damage of the device caused by the environmental
water vapor infiltration. Barix encapsulation structure embodies the excellent encapsu-
lation performance, which can be effectively applied to flexible displays. However, the
performance of OLEDs will be degraded by high-temperature and ultraviolet radiation [41];
in addition, the Barix encapsulation scheme is cumbersome in the growth process, the
process flow is slow and the cost is high, which cannot fully meet the demand of the future
device flexibilization process, and it has been gradually abandoned by the industry.
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CVD technology is a process of thin-film growth by chemical reaction on the substrate
surface in a vacuum environment, and the short process time as well as the high densities
of the prepared films have led to the increasing application of CVD technology in the
preparation of inorganic barrier layers in thin-film encapsulation processes [42]. However,
to obtain a sufficiently dense thin-film material by CVD technology that can be effectively
applied in the thin-film encapsulation of organic optoelectronic devices, the required
process temperature often exceeds 150 ◦C [43]. OLEDs are a kind of electronic device that
are sensitive to the process temperature, and higher process temperatures can degrade the
organic functional materials [44], affecting the performance of the device, thereby hindering
the development of CVD technology in the field of thin-film packaging. Plasma-enhanced
chemical vapor deposition (PECVD) utilizes plasma to compensate for the problem of
low reactivity caused by reactive precursors or process temperature [45,46], which makes
the thin-film vapor growth process no longer limited by the process temperature and
realizes the high quality of the thin-film growth process under low process temperature.
The introduction of plasma enabled PECVD technology to meet the process requirements
for the thin-film encapsulation of OLEDs, and its related encapsulation process link is
practical to this day. In 2008, Kateeva, founded by C. Madigan et al. of MIT, proposed
inkjet printing (IJP) technology [47]. The growth of thin-film materials is achieved by
directly spraying an ink containing the corresponding nano-composition on a flexible or
rigid substrate [48,49]. Since the ink-spraying path during the IJP process can be set by a
software program, it is possible to prepare patterned thin-film materials without the help
of a mask plate, which is a promising thin-film printing technology [48]. The IJP process
has perfected the encapsulation structure of inorganic thin films, which makes the thin-film
encapsulation technology truly applicable to the protection of optoelectronic devices, and
the organic–inorganic stacking of PECVD/IJP/PECVD has been used for the protection of
optoelectronics. PECVD organic–inorganic stacked encapsulation structure is also one of
the most effective means of encapsulation for current devices [49], but the method requires
a thicker organic layer coupled with the PECVD film, so that the position of the outer
inorganic film is far from the neutral plane and generates a large surface deformation
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during the bending process, and the encapsulated film surface stresses can easily reach
the modulus of rupture of its counterpart, at the expense of the mechanical properties of
encapsulated films.

In summary, looking through the development path of the thin-film encapsulation
process, with the iteration of display technology, the corresponding thin-film encapsula-
tion process is also gradually moving towards high efficiency and advanced. Facing the
future development plan of foldable and rollable display technology, the current thin-film
encapsulation technology will not be able to continue to meet the future demand for the
corresponding flexible applications. PECVD/IJP/PECVD encapsulation structure needs to
prepare thicker film material to couple the internal defects of the film in order to achieve
excellent encapsulation performance, at the expense of the mechanical properties of the
encapsulated film. At present, many advanced optoelectronics companies combined with
scientific research units have begun to look for new thin-film encapsulation processes,
which will determine the arrival of the next generation of optoelectronic devices.

1.3. Introduction to Atomic Layer Deposition

Similar to CVD, atomic layer deposition (ALD) is a thin-film preparation technique
based on chemical reactions on the substrate surface, and, in addition to similar film
growth conditions, some precursor materials are common between the two processes [50].
The difference is that the CVD technique maintains the coexistence of the two precursor
materials in a vacuum reaction chamber, which chemisorb on the substrate surface to form
thin films [51]. In contrast, the surface chemical reaction established by ALD technology
occurs independently and alternately for each precursor material, and each precursor
material has a self-limiting reaction property, and the corresponding self-limiting surface
half-reaction grows the material layer by layer on the substrate surface in the form of a
single atomic layer [52], and the successive self-limiting surface reactions satisfy the need for
single-atomic-layer control and co-conformal deposition in the process of thin-film growth.

The surface reaction process of ALD technology is characterized by continuous, self-
limiting properties [53]. As shown in Figure 7, a typical ALD process tends to employ a
binary reaction sequence for film growth, where two precursors complete their respective
corresponding half-reactions in sequence on the substrate surface to achieve a monolayer
deposition process of a binary compound film. The active sites on the substrate surface
are the basis for ALD film growth [54]; therefore, before the film growth process starts,
the substrate is often introduced with active sites, or it increases the active site density by
means of some surface pretreatment [55]. For example, the number of hydroxyl groups
(-OH) on the substrate surface can be greatly enhanced by oxygen plasma (O2 plasma) or
UV radiation, as shown in Figure 7a. The binary reaction sequence involved in the ALD
process is divided into four steps, as shown in Figure 7b. First, precursor A is passed into
the reaction chamber to undergo a self-limiting surface reaction with the active sites on
the substrate surface, adsorbing a monoatomic layer and generating the corresponding
by-products, followed by purging the entire chamber and piping using inert gas Ar to
evacuate the residual precursor A and reaction by-products. Next, precursor B is passed
into the reaction chamber and undergoes a self-limiting surface reaction with the active
sites provided by precursor A, adsorbing another monatomic layer, and is accompanied
by the production of by-products. Finally, Ar is again used as a purge gas to evacuate the
residual precursor B with the corresponding by-products, and the re-exposed active sites
are able to react with precursor A again. At this point, a cycle ends and the growth of a
layer of product is completed. Repeat the above cycle N times and customize the ALD
process parameters according to the usage requirements.
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Since the number of active sites on the substrate surface is finite, the amount of surface
material is deposited via the half-reactions, corresponding to each surface half-reaction
having its own saturation state [56]. If both of the independent surface half-reactions
are self-limiting, the two reactions can be carried out in a sequential, alternating manner
to obtain a layer-by-layer deposition process of thin films and to satisfy atomic-level
controllability [57]. The ALD process is governed by a surface chemistry reaction, and
since its surface reactions are carried out in a sequential, alternating manner, the two
precursors do not come into contact in the gas phase, and the separation would suppress
the possible occurring CVD-like gas-phase reactions [58], avoiding the appearance of
particulate products on the film surface.

Although precursor materials have self-limiting reaction properties, the reactions at
the surface active sites are sequential due to different precursor gas fluxes. Precursors may
physically adsorb in the form of van der Waals forces to the surface where the reaction
has been completed and subsequently desorb from that region to continue to react with
other unreacted surface regions and produce conformal deposition [59]. Because the ALD
technique avoids the stochastic nature of the precursor flux, the self-limiting nature of the
surface reactions also produces non-statistical deposition, which results in each surface half-
reaction being driven to occur and reach near saturation. Therefore, ALD-grown films are
very smooth and conformal to the original substrate [60]. The films tend to be continuous
and pinhole-free because there are almost no surface active sites remaining during film
growth [61]. This property is important for the preparation of excellent dielectric and water
vapor barrier films.
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Currently, ALD technology has great application prospects in the preparation of
ultrathin and ultrafine films. Typical thin-film materials, such as Al2O3, SiO2 and ZnO, have
been used in various electronics industries [62–65]. In recent years, thin-film deposition and
component modulation have been widely used in micro/nanofabrication technologies, such
as mechanical structures, electrical isolation and connectivity [66–69]. The International
Technology Roadmap for Semiconductors (ITRS) applies ALD technology to the preparation
of high dielectric constant gate oxides in MOSFET structures and copper diffusion barrier
layers in back-end interconnects [70]. The miniaturized layout of semiconductor processes
and the resulting high depth-to-width ratio structure of the products make the precise
control and conformal coating of thin-film deposition techniques a key technological need,
and the ALD process provides an effective solution to this need.

In addition, due to the excellent densification of the film grown using ALD technology,
it can form a good gas molecule barrier within a hundred nanometer thickness [71], and
the ultrathin film morphology provides an important technical support for the application
of flexible products. Therefore, the current ALD technology is widely recognized as
one of the effective means of protecting optoelectronic devices in the future, and ALD-
based thin-film encapsulation technology demonstrates a thinner and lighter encapsulation
weight and superior flexibility compared to existing encapsulation means [72]. Prof. S.
F. Bent of Stanford University believes that ALD will become an effective solution to
the problem of thin-film packaging due to its precise and controllable atomic scale film
growth [73]. At present, inorganic materials such as Al2O3, ZrO2, SiO2, HfO2, etc., prepared
using ALD technology have been subjected to a lot of research and achieved excellent
encapsulation results [74–80]. However, thin-film encapsulation materials based on ALD
technology are usually dominated by oxides, with stable binary bonds between metal
and oxygen atoms in the molecular structure, leading to high Young’s modulus for oxide
films, which tend to be rigid as the density and thickness of the films increase [81]. In
addition, plasma-assisted ALD technology (plasma-enhanced atomic layer deposition,
PEALD) is often employed to compensate for the lack of low-temperature reactivity in order
to meet the demand for low-temperature deposition [82–84]; however, the introduction
of O2 plasma introduces a large amount of residual stresses inside the films [85]. The
inherent properties attributed to ALD-grown inorganic materials, such as low ductility, low
fracture toughness, and high brittleness, limit the durability and reliability of inorganic
encapsulation materials during mechanical motions [86–91], and the inorganic films are
unable to maintain the encapsulation stability under rigorous mechanical motions, despite
the excellent encapsulation properties.

Similar to the ALD technique, the molecular layer deposition (MLD) technique is
capable of depositing single molecular layers layer-by-layer onto the substrate surface, and
it is often used for the growth of organic or organic–inorganic hybrid materials [92,93]. It
is worth noting that MLD techniques often have some organic components introduced,
and the organic or organic–inorganic hybrid films prepared using them have excellent
mechanical properties [94,95]. However, MLD often uses organic precursors as the surface
growth unit of the monomolecular layer, which contains long-chain organic structures. This
will lead to a large molecular size of the precursor material, which tends to form spatial
site resistance on the substrate surface during the semi-reaction process and obscures some
of the active sites, and thus limits the degree of saturation [96,97], and the residual active
sites give rise to a higher number of defective states inside the film. The defective sites then
have the opportunity to provide penetration paths for ambient water vapor, which greatly
affects the water vapor barrier performance of the film [98,99]. In addition to this, during
the mechanical movement of the film, additional stresses are concentrated at the film defect
locations [100,101], and location-specific film stress release patterns are thus induced to
occur. Whether it is inorganic or organic materials, using either one of them alone cannot
meet the future packaging needs of flexible optoelectronic devices.

At present, domestic and foreign research teams and advanced optoelectronics en-
terprises hold the organic/inorganic stacked packaging structure as one of the key re-
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search directions, the excellent packaging characteristics of inorganic materials combined
with the mechanical properties being brought about by organic materials, so that the or-
ganic/inorganic stacked packaging structure has become the current mainstream packaging
program, supporting the most advanced thin-film packaging technology. In the future, in
the face of foldable, wearable and other ultra-flexible optoelectronics, the innovation of
thin-film packaging technology is bound to come soon.

CVD, ALD and MLD are effective film deposition technologies; they all own the
advantages of uniform and conformal deposition, which allows for the deposition of thin
films with excellent uniformity over complex and irregularly shaped surfaces, making
them suitable for applications even on three-dimensional structures. That said, the ALD
and MLD are limited by the slow deposition speed, which indicates the limited application
scenarios. The CVD has been applicated in commercial encapsulation, while the fabrication
may destroy the devices, and the particles would form during the deposition process.

2. Research History and Current Status of Development

ALD technology is an emerging film preparation technology. Due to its preparation of
dense and conformal film, the lower film thickness can be achieved with the same level of
water vapor barrier performance compared with other film preparation methods. Therefore,
ALD technology has greater prospects for development in the field of flexible thin-film
packaging, and it will be a favorable means of overall device thinning at the packaging
level. At present, ALD technology in the field of thin-film encapsulation is mainly used to
prepare highly dense inorganic encapsulation films, but the mechanical properties of ALD
inorganic films are often poor. In order to realize the flexible encapsulation, it is highly
desirable to introduce organic components to enhance the mechanical properties of the
encapsulation structure. In this thesis, the research progress and status of the ALD process
in the field of thin-film encapsulation will be introduced from the aspects of “inorganic
encapsulation materials”, “organic and inorganic composite encapsulation materials”, and
“flexible encapsulation structure design”.

2.1. Analysis of Inorganic Thin-Film Encapsulation Materials and Their Properties

The inorganic encapsulation layers involved in ALD technology include Al2O3, SiO2,
ZrO2, etc. Each of these inorganic materials possesses excellent densification, high con-
formality, and precise thickness control during the growth process. Among them, Al2O3,
as the most typical and mature ALD inorganic material, is often used in the packaging of
optoelectronic devices. In 2006, P.F. Carcia’s research team at DuPont Research Institute’s
Development Experiment Station utilized ALD technology to grow a 25 nm layer on a PEN
substrate by selecting H2O and Trimethylaluminum (TMA) as the oxidizing agent and
aluminum source, respectively. A 25 nm thick Al2O3 film was grown on a PEN substrate,
and the barrier properties of the film were quantitatively analyzed by calcium testing. The
calcium electrode was isolated by the encapsulation layers. With the penetration of oxygen
and moisture, the color of calcium electrode was changed. By measuring the variation
of transmission, the WVTR could be estimated. The optical transmittance curves of the
calcium-tested components are shown in Figure 8.

It was found that the ambient temperature affects the water vapor barrier perfor-
mance of encapsulated films. When the ambient humidity was maintained at 85% and
the ambient temperature was set at 38 and 60 ◦C, the WVTR of the PEN/Al2O3 films
exhibited 1.7 × 10−5 g·m−2·day−1 and 6.5 × 10−5 g·m−2·day−1, respectively. After the test
conditions were maintained unchanged, and the ALD-Al2O3 film was replaced with a glass
cover sheet and fixed by epoxy resin, the WVTR was increased. The research team was sur-
prised by this result but did not give an explanation for it. A more reasonable explanation
would be that the epoxy resin provides a penetration path for water vapor in this harsh
test environment. The glass itself has excellent vapor barrier properties, but the epoxy
resin joiner reduces the overall performance. On this basis, the research team estimated
the WVTR of 25 nm thick ALD-Al2O3 film at 23 ◦C to be up to 6.5 × 10−5 g·m−2·day−1
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based on the apparent activation energy theory, which is close to the water vapor barrier
performance of the glass cover [102].
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In 2016, H. Jeon’s research team at Hanyang University grew 50 nm thick Al2O3 on
the surface of PEN substrates using ALD technology, and the film exhibited a WVTR of
3 × 10−3 g·m−2·day−1 with suppressed the generation of black dots in flexible OLEDs [103].
In 2019, H. Kim’s research team at Yonsei University in South Korea centered on the PEALD–
SiO2 film growth behavior on the surface of PEN substrate and found that the pretreatment
of PEN substrate using O2 plasma can enhance the adhesion between inorganic film and
substrate, as well as reduce the difficulty of the film growth process of PEALD technology
on the surface of flexible substrate [78].

At present, many research teams have grown inorganic films on the surface of flexible
substrates using ALD technology and have made the evaluation and optimization of
film quality. At the same time, the flexible devices protected by inorganic films also
show improved stability. Although these works do not take into account the mechanical
properties of the film, it is still a good practice and validation of the application of ALD
technology in the field of flexible packaging.

CVD technology, as a traditional inorganic film growth process, is undoubtedly the
biggest competitor of ALD technology in the field of thin-film encapsulation. In order to
explore the differences in encapsulation performance between the two, in 2012, the research
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team of W.M.M. Kessels, Eindhoven University of Technology, carried out a comparative
study on the encapsulation performance of two SiNx:H and Al2O3 encapsulated thin
films, which were prepared using PECVD and PEALD, respectively [104]. As shown in
Figure 9a, both 20 nm and 40 nm thick PEALD-Al2O3 films have a WVTR of less than
2 × 10−6 g·m−2·day−1 at 20 ◦C and 50% relative humidity (RH), while the 300 nm thick
PECVD-SiNx:H only exhibits 4 × 10−6 g·m−2·day−1 WVTR in the same environment.
Although the thickness of PECVD-SiNx:H (300 nm) is about an order of magnitude higher
than that of PEALD- Al2O3 (40 nm or 20 nm), the latter is still far ahead in terms of
water vapor barrier performance. The team then encapsulated the OLEDs in four different
structures: 300 nm PECVD-SiNx:H, 20 nm PEALD-Al2O3, 40 nm PEALD-Al2O3, and
300 nm PECVD-SiNx:H/40nm PEALD-Al2O3 stack. The encapsulated devices were placed
in an environment of 20 ◦C and 50% RH for aging tests to observe the evolutionary behavior
of the black spots on the organic materials produced by ambient water vapor with aging
time. As shown in Figure 9b, after 114 days of aging treatment, the black dot density
on the surface of the PECVD-SiNx:H encapsulated OLEDs is higher, indicating that the
encapsulated film has more internal defects, and multiple water vapor penetration paths
are formed. This performance comparison work demonstrates the technical superiority of
PEALD technology in the encapsulation field.
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Inorganic nanostacked structures exhibit superior water vapor barrier properties
compared to single-layer inorganic films. In 2009, T. Riedl’s team at the University of
Technology Braunschweig suggested that alternating nanostacked structures can effectively
inhibit the formation of microscopic pores and nanocrystals, which leads to a significant
reduction in the probability of the occurrence of water vapor infiltration pathways [105].
In 2012, S.M. Cho’s team at Sungkyunkwan University used ALD technology to prepare
Al2O3/ZrO2 nanostacked structures with a 350% improvement in water vapor barrier
properties compared to the same thickness of inorganic films, and they pointed out that the
ZrAlxOy structure at the interface of the film was able to block the water vapor infiltration
paths and that the water vapor barrier performance of the film improved with the increase
in the number of stacked layers [106]. In 2014, the team of Pohang University of Science and
Technology’s C. E. park’s team pointed out that the amorphous Al2O3 film is prone to degra-
dation under the action of water vapor, and its WVTR exhibits 3.75 × 10−4 g·m−2·day−1;
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whereas the TiO2 film possesses excellent corrosion-resistant passivation properties, and the
Al2O3/TiO2 nano-stacked layer structure effectively inhibits the degradation and reduces
the WVTR to 1.81 × 10−4 g·m−2·day−1 [107]. And, subsequently, the team grew dense and
amorphous Al2O3/HfO2 thin films using ALD technology in 2017 and showed excellent
chemical stability, which exhibited a WVTR of 6.75 × 10−6 g·m−2·day−1, compared to
Al2O3 monolayers (WVTR = 3.26 × 10−4 g·m−2·day−1), the WVTR decreased by two
orders of magnitude, again demonstrating the enhanced water vapor barrier performance
afforded by nanostacked films [74].

Although the inorganic films prepared using ALD technology can exhibit excellent wa-
ter vapor barrier properties in monolayer or nanostacked structures, the ALD film growth
process is susceptible to the process temperature, and process temperature can affect the
film quality and degrade the water vapor barrier properties either too low or too high [108].
Each ALD film growth process has its corresponding temperature window, and when the
process temperature is within the temperature window, the film quality is excellent and
almost does not change with the process temperature, but once the process temperature
jumps out of the temperature window, the film quality is temperature modulated [109,110].
When the process temperature is too high, the saturation chemisorption ratio of precursor
molecules on the substrate surface decreases; when the process temperature is too low, the
condensation of precursor molecules on the substrate surface increases, triggering surface
CVD reactions. As a result, when the process temperature is not within the temperature
window, the number of film defects increases, inducing a large number of water vapor
penetration paths and a consequent decrease in water vapor barrier performance.

In 2017, S.G. Im’s research team at the Korea Advanced Institute of Science and
Technology (KAIST) grew 21.5 nm thick Al2O3 thin films by using the thermal ALD
(Thermal ALD, T-ALD) technique, using H2O and TMA as the oxidant and aluminum
source, respectively. They investigated the effects of different process temperatures (60
to 120 ◦C) on the water vapor barrier properties of the films. As shown in Figure 10, the
water vapor barrier performance of the films gradually increased with the gradual increase
in the process temperature from 60 to 120 ◦C, corresponding to a gradual decrease in the
WVTR from the order of 10−1 g·m−2·day−1 to the order of 10−3 g·m−2·day−1. The research
team concluded that the growth of inorganic thin films is achieved through the chemical
reaction of reactive substances adsorbed on the substrate surface, and the decrease in
substrate temperature inhibited the chemical combination between surface TMA and H2O.
The unreacted residue was inside the Al2O3 films, leading to the increase in the film defect
density, and thereby the water vapor penetration path, and decreasing the water vapor
barrier performance [42].

In addition to this, the authors had carried out similar experiments using process
temperature as a research variable in their research in 2020, during which H2O and TMA
were selected as the oxidant and aluminum source, respectively, and 45 nm thick Al2O3
thin films were prepared using the T-ALD technique at process temperatures ranging from
50 to 110 ◦C. Subsequently, the electrical calcium test was utilized to measure the film’s
WVTR, and the results of the study are shown in Figure 11. The WVTR of the Al2O3 films
exhibited 2.2 × 10−3 g·m−2·day−1 when the process temperature was 50 ◦C, while the
WVTR of the Al2O3 films exhibited 1.1 × 10−4 g-m−2·day−1 when the process temperature
was 110 ◦C. The increase in the process temperature from 50 to 110 ◦C decreased the WVTR
of the films by one order of magnitude, and the water vapor barrier performance was
significantly improved [111], and this trend is consistent with the results obtained by S. G.
Im’s research team.

In addition to the limitation of process temperature on film quality, the poor mechanical
properties of inorganic films have been a key issue limiting their application in flexible
packaging, such as low ductility, low fracture toughness, and high brittleness of the films,
all of which limit the durability and reliability of the films when they are subjected to
mechanical stresses or deformation [86–91].
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The poor mechanical properties of inorganic thin films are attributed to the inherent
properties of the material, the growth conditions, and the interaction between the film
and the substrate. For example, some inorganic oxide or nitride materials lack the ability
to move dislocations due to the strong ionic bonding structure contained within them,
resulting in low fracture toughness and ductility. In addition, inorganic thin-film materials
are often grown using physical vapor deposition (PVD) or CVD technology; these growth
processes will introduce defects and residual stresses inside the film. In the process, the film
is subjected to mechanical movement, the defects will lead to the concentration of the film
stress, when the load stress and the accumulation of residual stresses in the film accumulate,
and the defect location will preferentially produce fracture or delamination to release the
stress, resulting in film damage, which leads to further degradation of the mechanical
properties of the film. In 2011, S.M. George’s research team analyzed the mechanical limits
of Al2O3 thin films grown using ALD technology by means of strain analysis and pointed
out that the critical tensile strain of the film decreases with the increase in the thickness,
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with the 40 nm alumina film having a lower tensile strain than the 40 nm alumina film,
which is the highest tensile strain in the world, where the critical tensile strain of 40 nm
Al2O3 films is 0.95 ± 0.17% and decreases to 0.52 ± 0.22% when the film thickness is
increased to 80 nm [112].

In 2015, Y.-C. Chang’s research team at Feng Chia University used the T-ALD technique
to grow Al2O3 thin films with a thickness of 50 nm at a process temperature of 80 ◦C by
selecting H2O and TMA as the oxidant and aluminum source, respectively. Meanwhile, they
applied them in the encapsulation of chalcogenide photovoltaic devices and investigated
the mechanical stability of the films [113]. As shown in Figure 12, the films have good water
vapor and oxygen barrier properties, with WVTR and Oxygen Transmission Rate (OTR) of
9.0 × 10−4 g·m−2·day−1 and 1.9 × 10−3 cm3·m−2·day−1, respectively. However, when the
films were bent cyclically at a bending radius of 13 mm for 1000 times, its WVTR and OTR
increased to 2.1 × 10−3 g·m−2·day−1 and 2.6 × 10−3 cm3·m−2·day−1, respectively. The
films underwent a significant decline in water–oxygen barrier properties after the bending
process, indicating that mechanical movement tends to damage the inorganic films and
generate additional water–oxygen permeation paths.
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In addition, in 2018, a similar phenomenon was found by the research team of K.C.
Choi at the Korea Institute of Technology. They found that a 60 nm thick Al2O3 film grown
using the ALD technique yielded a deformation of 0.75% at a bending radius of 1.67 cm,
which resulted in an increase in two orders of magnitude in the WVTR [114]. In 2021, the
research team of Chen Rong at the Huazhong University of Science and Technology (HUST)
investigated the PEN/40 nm Al2O3 film under cyclic bending for 100 times at bending radii
of 7 and 5 mm, respectively. The obvious cracks on the Al2O3 surface in the SEM images
could be found, the film completely failed and lost its water vapor barrier properties [115].

At present, in order to expand the scope of application of inorganic films in the field
of flexible encapsulation, organic and inorganic composite structures as well as special
flexible structure design are usually used to improve the mechanical properties of films.
Organic and inorganic composite materials can combine the unique properties of the two
materials: the encapsulation film has not only excellent water vapor barrier properties
provided by inorganic materials, but also good mechanical properties provided by organic
materials. In addition, the overall mechanical properties of the encapsulation structure
can also be improved through some special structural design. For example, improvement
could be made to the design of the stacked-film structure to achieve the superposition and
neutralization of stress, to the introduction of the defect modification layer to reduce the
number of defects within the film to reduce the probability of damage occurring in the
defects of the film under mechanical movement, to the adjustment of the neutral surface
position to the weak layer of the encapsulation structure to reduce the deformation of
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the layer in bending, maximizing the suppression of film damage, and to adjusting the
position of the neutral plane to the weak layer of the encapsulation structure to reduce the
deformation of the layer during bending to minimize film damage.

2.2. Organic–Inorganic Composite Package Structure

Organic–inorganic composite encapsulation structure is currently the most commonly
used means of flexible thin-film encapsulation, due to the organic material containing a
large number of carbon skeletons inside, so that the material itself has excellent mechanical
properties [116]. The advantages of inorganic thin film grown using ALD technology lie in
its excellent densification, but it also results in the existence of large residual stresses in the
film, and, at the same time, the ALD process introduces a defective state inside the inorganic
film. In the process of mechanical movement, the defective locations of the film will lead
to a concentration of stress in the film, and when the load stress and the residual stress
inside the film accumulate too much, the defective locations will preferentially produce a
fracture or delamination to release the stress [117], leading to film damage and enhanced
water vapor permeability. In contrast, the introduction of organic materials can release film
stresses through coupling defects within the ALD inorganic films [32,118]. In addition, due
to the excellent ductility of the organic film, it can bring the inorganic film closer to the
actual neutral plane position when placed underneath the inorganic film. As a result, the
organic–inorganic composite encapsulation structure is able to obtain better mechanical
properties while ensuring excellent water vapor barrier properties.

Currently, many research teams have carried out related research around organic–
inorganic composite encapsulation structures. In order to improve the mechanical prop-
erties of ALD-Al2O3 thin films, S. J. Kim’s research team at Sungkyunkwan University,
South Korea, 2020, introduced plasma polymer (PP) into Al2O3 thin films in the form of a
sandwich structure. The performance of this organic/inorganic laminated structure was
analyzed and studied, and the encapsulation structure was finally successfully applied
to the encapsulation protection of flexible OLEDs [119]. The inorganic Al2O3 films were
prepared using the ALD process, in which N2O plasma and TMA were used as the oxidant
and aluminum source, respectively. The organic layers were deposited by plasma poly-
merization in the same reaction chamber using CHF3, benzene or cyclohexane precursors,
and the stacked structure through the cyclohexane precursor exhibited better flexibility. A
schematic of the Al2O3/PP stacked layer structure with the WVTR test results of the films
before and after bending is shown in Figure 13.
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The difference between the two film structures is that the stacked structure is made
by dividing 100 nm Al2O3 into 11 monolayers and inserting 20 nm PP between every two
monolayers. The stacked structure exhibits excellent water vapor barrier properties with
a WVTR of 8.5 × 10−5 g·m−2·day−1, which is 58% lower than that of monolayer Al2O3,
attributed to the ability of the PP layer to act as a water vapor barrier and its coupling effect
on the defects within the Al2O3 layer. For the comparison of the mechanical properties of
the two structures, the WVTR of monolayer Al2O3 increased by 900% after 1000 cycles of
bending at a bending radius of 1 cm, whereas the WVTR increment of the organic/inorganic
stacked-structure film was only 32% under the same conditions, implying that the organic
component enhances the mechanical properties of the film.

In the same year, M. C. Gather’s research team at the University of St. Andrews,
UK, fabricated ultrathin flexible OLEDs, with a total thickness of only 12 µm, and was
able to maintain its stability after immersion in water. The upper and surfaces of the
devices were made of organic and inorganic stacked structural thin films as the high-
resistance substrate and encapsulation layer. The inorganic films were 50 nm Al2O3/ZrO2
inorganic nanostacked layers grown using ALD, and the organic films were 3 µm parylene
C monolayers grown using CVD. After the encapsulated device was bent 5000 times
with a bending radius of 1.5 mm, the device performance did not show any significant
degradation [120].

IJP technology is a commonly used organic thin film fabrication technique, which
is used in the field of thin-film encapsulation for the coupling of defects in inorganic
encapsulated films, and the wrapping coverage of surface-attached particles. In addition,
the IJP technology could provide an organic component for flexible encapsulation structures.
In 2021, the research team of B.-H.K at ETRI Research Institute in South Korea prepared
Al2O3 monolayers using the PEALD technique for the OLED encapsulation; meanwhile,
acrylate polymer films were prepared using IJP technology to form an organic–inorganic
stacked structure with the Al2O3 monolayer. Both the inorganic monolayer and the organic–
inorganic stacked structure have excellent water vapor barrier properties, and the WVTRs
of both of them are less than 5 × 10−5 g·m−2·day−1. However, the stacked structure
exhibits better mechanical properties. The WVTR of the Al2O3/polymer film containing
1.5 cycles of stacking increased to only 2.31 × 10−4 g·m−2·day−1 after 10 cycles of bending
at a bending radius of 3.2 mm, whereas the WVTR of the Al2O3 monolayer increased to
4.26 × 10−1 g·m−2·day−1 after the same mechanical motions, at which point the film had
completely failed [121].

Graphene material is considered a valuable flexible encapsulation material with high
permeability, excellent water vapor barrier properties and mechanical properties, and is
also often used in organic–inorganic stacked structures. In 2017, H. Kim’s research team
at Yonsei University prepared ALD-Al2O3/CVD-Graphene stacked structures and found
that the stacked structures significantly improved in terms of both water vapor barrier
properties and mechanical stability compared to the Al2O3 monolayers [122].

The MLD technology is a monomolecular layer growth process on the substrate
surface, and unlike ALD, the MLD process often employs long-chain organic precursors
for the growth of organic or organo-inorganic hybridized films. Due to the similarity
of the principles of the two processes and the self-limiting nature of the corresponding
substrate surface chemistry, respectively, the ALD and MLD technologies are able to be
used interchangeably in the same reaction chamber, while the film growth process of both
processes is built on top of the substrate surface chemistry; thus, the two films can be
combined at the interface in the form of chemisorption to achieve a large adhesion force.
This process convenience and the advantage of the adhesion of the stacked structure have
made the ALD/MLD technology an important research direction for organic–inorganic
stacked encapsulation structures. In 2012, a research team from the University of Colorado,
led by S.M. George, proposed that, compared to the ALD-Al2O3 or MLD-alucone monolayer
thin-film structures, the ALD-Al2O3/MLD-alucone nanostructures can be used for the
production of nanocrystalline nanostructures. The nanostacked structures are able to
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increase the critical tensile strain of the films by enhancing the degree of cross-linking
within the films as well as reducing the film brittleness [123]. In addition, the MLD organic
films can reduce the residual stresses in the ALD inorganic films by vectorial iteration of
stresses or deformation generation to improve their mechanical properties [124,125], and
the elastic modulus and hardness of the films in the nanostacked structure are smaller
than those of the inorganic film monolayer, which further decrease with the increase in the
thickness of the organic layer [126,127].

As the most widely used encapsulation structure, the organic–inorganic composite
structure can combine the water vapor barrier properties of inorganic film and the me-
chanical properties of organic film, so that the advantages and disadvantages of the two
films complement each other, showing the value of application in the field of flexible
encapsulation. However, although this composite structure well reflects the important role
of organic components in flexible encapsulation, the current effect is still difficult to meet
the needs of future flexible applications.

In addition to the enhancement of mechanical properties, the organic components can
also serve as desiccants for the encapsulation structure at the same time. In 2019, in order
to prolong the lifetime of flexible OLEDs, the research team of Y.J. Choi at Sungkyunkwan
University in South Korea chose N2O plasma and TMA as the oxidizing agent and the
aluminum source, respectively. They prepared 25 nm thick Al2O3 thin films as the en-
capsulation layer of the devices by the PEALD technique. Meanwhile, 100 nm TiMO and
100 nm Li(acac) organic films with hygroscopic effect were grown using vacuum thermal
evaporation and placed in the middle of Al2O3 film to form a stacked encapsulation struc-
ture [128]. In addition, cyclohexane organic films without hygroscopic effect were added to
the comparison experiments to verify the importance of the hygroscopic process, and the
results of the film performance tests are shown in Figure 14.
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films with inorganic monolayers and organic/inorganic stacked structures before and after bending
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The WVTR of the 25 nm Al2O3 film exhibits 4.5 × 10−4 g·m−2·day−1, which decreases
to 2.7 × 10−4 g·m−2·day−1 for the stacked encapsulated structure through the introduction
of the cyclohexane organic film, which is attributed to the coupling effect of the organic
film on the internal defects of the inorganic film to prolong the water vapor penetration
path. By replacing the organic layer with TiMO and Li(acac), respectively, the WVTR of the
films were further reduced to 1.7 × 10−4 g·m−2·day−1 and 1.5 × 10−4 g·m−2·day−1, due
to the film’s water vapor absorption effect. In addition, the organic/inorganic stacked-film
structures were both improved in terms of flexibility compared to the monolayer Al2O3.
After performing 1000 cyclic bends with a bending radius of 1.5 cm, the WVTR increments



Micromachines 2024, 15, 478 19 of 30

of the three stacked-structure films were 101%, 137%, and 131%, respectively, which were
much smaller than that of the pure inorganic film, which was 374%.

Although the introduction of organic films with hygroscopic effects can simultaneously
improve the water vapor barrier properties and mechanical properties of inorganic encap-
sulation films, this hygroscopic process cannot be adopted as an effective way to optimize
the film properties because organic polymer materials tend to expand or even break after
absorbing a certain amount of water vapor, resulting in damage to the encapsulation film.

In organic–inorganic composite structures, designing inorganic films as nano-stacked
structures can also enhance the mechanical properties by suppressing the defects’ relay. In
2017, K.C. Choi’s research team at the Korea Advanced Institute of Science and Technology
(KAIST) compared the performances of Al2O3 and Al2O3/ZnO stacks in organic–inorganic
composite encapsulant films, respectively, and investigated the defects’ suppression mech-
anism of the inorganic stacked structures [129].

The inorganic thin films were grown using the T-ALD technique, with TMA, diethylz-
inc (DEZ) and H2O as the aluminum source, zinc source and oxidant, respectively, at
a process temperature of 70 ◦C. In the inorganic stacked structure, ZnO plays a role of
defect coupling, effectively inhibiting the occurrence of cracks at the defect location of the
Al2O3 film, and therefore the inorganic stacked structure exhibits excellent mechanical
properties. When flexible OLEDs were encapsulated with the two structures and subjected
to 1000 cycles of bending with a bending radius of 1 cm, the inorganic stacked-layer encap-
sulation structure effectively suppressed the generation of cracks, and the devices showed
no streak-like corrosion. This work exemplifies the influence of defect states in inorganic
thin films on mechanical properties and enhances the mechanical properties of the films
by means of defect suppression. Although the inorganic stacked-layer structure was able
to reduce the film failure caused by fracture at the defect location, the WVTR of the film
increased from 7.87 × 10−6 g·m−2·day−1 to 7.78 × 10−5 g·m−2·day−2 in 1 cm bending
experiments, and this order-of-magnitude degree of decay implies that the mechanical
properties are still deficient.

Organic–inorganic composite packages can be introduced inside the inorganic film
with organic components in addition to the stacked structure. In 2018, a research team of
S.H. Yong from Sungkyunkwan University, South Korea, prepared a carbon-rich Al2O3
thin-film material by using the PEALD technique, selecting TMA and N2O plasma as the
aluminum source and oxidant, respectively, and combining it with an inorganic Al2O3
monolayer as stacked encapsulation. The mechanical properties of the 6.7 nm Al2O3/2.5 nm
15% C-Al2O3 film with 2.5 stacking cycles were investigated [130]. In this case, the carbon-
rich structure of the Al2O3 film was able to play a similar role to that of the organic film in
the stacked structure.

Carbon-rich growth of Al2O3 films is achieved by supplying an excess of TMA precur-
sor during the growth of PEALD-Al2O3 films, during which the following surface reaction
takes place: Al(CH3)3 + N2O → αAl2O3 + βC2H6 + ΥN2. The WVTR of composite films
with 2.5 laminating cycles exhibits a WVTR of 3.3 × 10−4 g·m−2·day−1, which is 36%
lower compared to the 25 nm Al2O3 monolayer encapsulated film. In addition, the WVTR
increment of the composite film after 1000 cycles of bending at a bending radius of 1.5 cm
was only 86%, whereas the WVTR increment of the Al2O3 monolayer film was as high as
367% after subjecting it to the same mechanical motion.

Although this carbon-rich growth of Al2O3 can implant organic components into
inorganic films and enhance the mechanical properties of the films, this oversaturated
supply of precursors introduces a large site resistance during the film growth process,
leading to a higher defect density in the film, which creates more water vapor permeation
paths and reduces the upper limit of the film’s water vapor barrier properties.

2.3. Flexible Package Structure Design

In addition to organic–inorganic composite packaging structures, there are many thin-
film structure design options for flexible applications. For example, stress neutralization
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is achieved by symmetrically distributing the film on both sides of the neutral plane, me-
chanical degradation caused by defects in the inorganic film is suppressed by introducing a
defect modification layer, and the deformation of the mechanically weak layer is reduced
by the modulation of the position of the neutral plane. These structural design solutions
are also of great significance in the field of flexible thin-film packaging.

2.3.1. Stress-Neutralizing Structural Design

Two films with the same stress are grown on both sides of the polymer substrate, and
since the two sides have a symmetric stress distribution structure, the substrate does not
need to provide additional elastic deformation to match the stress distribution. Thus, the
equivalent total stress is zero, and this structural design is considered to be an effective
means to be able to enhance the mechanical properties of thin films. In 2018, a research team
led by J.S. Park from Sungkyunkwan University, South Korea, grew, in order to alleviate
the films’ residual stresses in them, SiNx, prepared using PECVD, on one or both sides of
the PEN substrate, respectively, and the total thickness of the SiNx films was kept constant
in the comparison experiments [131]. The important conclusions from the study are shown
in Figure 15.
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It was found that by growing SiNx films on both sides of the PEN substrate bilaterally,
the stresses on both sides can cancel each other out, so that the overall structure maintains a
lower stress state, and this feature means that the total residual stress of the bilaterally thin-
film structure does not increase with the enhancement of the film thickness. In addition,
when the total thickness of the SiNx film is 600 nm, the WVTR increment of the bilaterally
thin-film structure is 33%, while that of the unilaterally thin-film structure is 51% after cyclic
bending for 1000 times at a bending radius of 1.5 cm. Contrastingly, the effect of bending on
the bilaterally thin-film structure is smaller than that of the unilaterally thin-film structure
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in other thicknesses, which proves that the bilaterally thin-film structure can effectively
improve the mechanical properties of the film. However, in practical applications, the
encapsulated film cannot be distributed symmetrically on both sides of the device. In
addition, the biggest role of this structure is to keep the flexible substrate in the high stress
film coverage, but it can still maintain the initial flat state to avoid curling. Although the
symmetrical distribution of stress can play a total stress neutralization effect, the residual
stress inside the single-layer film did not, in fact, weaken; too much residual stress will still
limit the mechanical properties of the film.

2.3.2. Repair of Defects in Inorganic Films

Inorganic thin-film materials are often grown using PVD or CVD technology; these
growth processes will introduce defective states and residual stresses within the film. In
the mechanical movement process of the film, the defective location will lead to film stress
concentration. When the load stress and the residual stresses within the film are too large,
the defective location will be preferred to produce fracture or delamination to release the
stresses, resulting in film damage. This phenomenon leads to further degradation of the
mechanical properties of the film. Therefore, the elimination of defects within the film is
particularly important.

In 2018, H.G. Kim’s research team at Kyung Hee University in South Korea conducted
research on the repair of defects in ALD-Al2O3 thin films using a self-assembled material,
DDT [132], and confirmed that the film defects are also a key factor affecting the mechanical
properties of the films, and the results of the thin-film structure and bending tests are
shown in Figure 16.
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This work deposited an 8 nm thick Ag layer onto the surface of a PEN substrate by ther-
mal evaporation, followed by the deposition of a 40 nm thick Al2O3 monolayer by LFALD
using TMA and O2 as the aluminum source and oxidizer, respectively. Self-assembled
monolayers were formed using a DDT precursor, which consists of an organosulfur head-
group that interacts with the metal substrate, a methyl endgroup exposed to air, and a
9-carbon alkyl chain between the headgroup and the endgroup. The self-assembled mono-
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layer based on the DDT precursor effectively covered the pinhole defects of the Al2O3
monolayer. The final multilayer encapsulated structure obtained had a WVTR of less
than 5.0 × 10−5 g·m−2·day−1 at 38 ◦C and 100% RH, and it remained unchanged after
25,000 cycles of bending at a 5 mm bending radius. The repair of defects did enhance
the mechanical properties of the films, but this defect-filling process via self-assembled
materials requires the introduction of additional characterizing materials, such as a metal
layer, to allow the self-assembled molecules to undergo directional adsorption, which
largely increases the process difficulty. In addition, the size of the self-assembled molecules
is sometimes larger than the size of the film defects created by the ALD process, making
the defect-repair process using self-assembled molecules even more difficult to carry out.

2.3.3. Neutral Surface Studies

The neutral plane is the plane where the invisible change occurs during the bending
process of the film, and the film in the neutral plane position should be well protected. In
2013, the research team of S.-W. Seo at Sungkyunkwan University in South Korea studied
the effect of the neutral plane position on the mechanical properties of the film. They
prepared an organic/inorganic stacked composite structure, where the organic/inorganic
stacked portion in the middle of the two layers of PENs is the traditional flexible encap-
sulation layer, and the bottom PEN serves as the substrate, and the top PEN serves as the
neutral plane regulating layer. The film structure and properties were analyzed as shown
in Figure 17 [133].
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In this work, an Al2O3 monolayer was grown using the ALD technique by selecting
TMA and H2O as the aluminum source and oxidizer, respectively. A PP layer was grown
using the PECVD technique by selecting a C6H14 precursor, and the encapsulated film
was placed in the neutral plane position through the modulation of the PEN layer. This
encapsulation structure displayed a WVTR increment of only 10% after cyclic bending for
10,000 times at a bending radius of 3 mm.

In 2016, Y.C. Han’s research team at the Korea Advanced Institute of Science and
Technology (KAIST) prepared S-H nanocomposites/Al2O3 structures with 3.5 stacking
cycles and tuned the neutral plane position by controlling the thickness of the Hybrimer
layer [134]. In this work, 3.5 stacking cycles of encapsulated films, including organic–
inorganic hybrid nanocomposite monolayers (S-H nanocomposites) and Al2O3 monolayers,
were grown on PET substrates with a thickness of 125 µm. The nanocomposites and the
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Al2O3 films were prepared using the solution method and ALD technique, respectively.
The neutral plane position of the samples during bending can be changed by regulating
the thickness of the uppermost Hybrimer layer, and the intervention of the Hybrimer layer
drastically reduces the damage of the encapsulated films during bending, and the WVTR
increment generated by 1 cm bending is reduced from 500 times to 2 times. In the final
structure, the stacked encapsulant film is placed in the neutral plane position of the sample,
and the performance of the encapsulated flexible OLEDs is basically maintained in the
initial state after cyclic bending experiments with a bending radius of 1 cm and exposure to
30 ◦C and 90% RH for 30 days.

Neutral plane regulation is a means to improve the mechanical stability of thin films
through structural optimization; however, the design of the neutral plane position needs to
take into account all the functional layers of the device, which makes it difficult to design
the neutral plane in the face of complex device structures. In addition, while protecting
a structure from damage caused by bending by means of neutral plane regulation, the
probability of damage to other structures far from the neutral plane position will increase.

In summary, the inorganic encapsulation film could render the superior WVTR, while
the existence of strain limits the flexible applications. In contrast, the organic film is suitable
for flexible and stretchable application, while the low WVTR could not render efficient pro-
tection for devices. Thus, the organic–inorganic hybrid thin-film encapsulation technology
could render high WVTR and be suitable for flexible devices, while the multi-layer stacked
films significantly enhance the complexity of the fabrication process. Contrastingly, the
organic–inorganic hybrid thin-film encapsulation film is still the mainstream encapsulation
technology for flexible application.

3. The Development of Flexible Encapsulation Films

The encapsulation technology needs further investigation for application in flexible
optoelectronic devices. In 2023, Wang et al. demonstrated that by tailoring the fabrication
process of ALD, a homogeneous organic/inorganic hybrid encapsulation could be achieved.
By changing the EG/O plasma surface reaction ratio, the component unit of the film could
achieve arbitrary ratios. Moreover, the organic/inorganic films were applied in flexible
OLED encapsulation, the performance of OLED demonstrated little-to-no chance after
bending 10,000 cycles under a 3 mm bending radius [135]. At the same year, the group
claimed that by inserting the O plasma into the MLD process, the highly cross-linked,
densified flexible encapsulation material AlOC could be fabricated with the WVTR of
1.44 × 10−5 g m−2 day−1. The encapsulated perovskite solar cells could maintain 95% of
its initial efficiency after 2400 h under 30°C and 80% RH [136]. In 2023, Chen et al. demon-
strated flexible encapsulation technology based on PECVD. They found that by tuning
the ration of N2/H2 during the fabrication process, the denser, more etch-resistant, higher
compressive stress and lower hydrogen content film could be achieved. Moreover, they
exhibited an inorganic/organic/inorganic sandwich structure for flexible OLED encapsula-
tion. The encapsulated OLED demonstrated no dark spots under a 2 mm bending radius
for 10,000 times [137]. Burger and co-workers thoroughly investigated the encapsulation
performance between Si oxide/nitride fabricated by PECVD and metal oxides fabricated by
PEALD. Moreover, they combined the inorganic encapsulation film with parylene to form
the organic/inorganic hybrid encapsulation film, and they found that the parylene-AlOx
demonstrated the most effective solutions. WVTR could reach up to 3.1× 10−4 g m−2 day−1

under 38°C and 90% RH [138]. Choi et al. achieved the foldable and washable textile-based
OLEDs based on the pV3D3 and Al2O3/TiO2 bilayer encapsulation structure. The Al2O3
and TiO2 were deposited by ALD at near-room-temperature, which was beneficial for the
OLED devices. Combined with the CVD-based pV3D3 polymer, the flexibility and water-
proof property was significantly enhanced, the wearable OLED could emit red light even
folded under water during hand-washing [139], and foldable and washable textile-based
OLEDs possessed a multi-functional near-room-temperature encapsulation layer for smart
e-textiles. Chen et al. also demonstrated the advantages of the organic/inorganic hybrid
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encapsulation layer. They utilized the PDMS as the organic sublayers and utilized O2
plasma to provide the nucleation sites for the deposition of the Al2O3 layer. Furthermore,
the epoxy layer was used to improve the strain condition under the bending test. Finally,
the hybrid encapsulation demonstrated superior isolation and mechanical reliability, and
the lifetime of blue OLED could reach up to 370 h under 25 ◦C and 60% RH [115], Flexible
PDMS/Al2O3 Nanolaminates for the Encapsulation of Blue OLEDs.

4. Summary and Outlook

Flexible OLEDs have many advantages, such as thinness, lightness, shock resistance,
etc., which can provide more possibilities for the diversity of product forms, and they
have potential application value in display, lighting, and medical industries. In recent
years, domestic and foreign conferences on the theme of “wearable optoelectronics” have
been favored. OLEDs, ranging from the rigid form to the curved form, are now foldable,
in order to meet the increasing demand for flexibility and the minimum bending radius
of the product to withstand the millimeter level, which is a great test for the thin-film
encapsulation technology. This is a great test for thin-film packaging technology.

Existing thin-film encapsulation technologies are mainly based on traditional thin-film
fabrication means, such as CVD, IJP, sputtering, spin-coating and thermal evaporation.
Although inorganic thin-film materials have good water vapor barrier properties, their
poor mechanical properties have also been a key issue limiting their application in flexible
packaging, such as low film ductility, low fracture toughness, high brittleness, etc. Me-
chanical stress or deformation of the film will limit the durability and reliability of the
film in the process. Organic materials are flexible, but due to the process characteristics of
the preparation method, organic films contain more defects that provide environmental
water vapor penetration paths, making their barrier properties unable to meet the demands
of optoelectronic devices. The method of organic/inorganic stacking can combine the
advantages of inorganic and organic materials, using the excellent barrier properties of
inorganic materials to form a good barrier to water vapor permeation, and the organic
layer can effectively relieve the film stress, separating the neutral surface, which brings
good mechanical properties. However, the method requires a thicker organic film coupled
with an inorganic film, which keeps the inorganic film position away from the neutral
surface position. The deformation of the outer surface of the encapsulated film would
increase during device bending, introducing higher additional stresses. The probability
of film damage is thus elevated, lowering the upper limit of the mechanical properties.
Moreover, the adhesion strength at the organic/inorganic interface is low and prone to
delamination, which will be reflected in the strict mechanical motion process. Therefore, the
organic/inorganic stacked layer structure can no longer meet the future needs of flexible
device protection. Although placing the encapsulation layer in the neutral position can
effectively protect it from mechanical movement damage, this method is only a compromise
program. In the face of complex device structure, the neutral surface design difficulty is
also higher.

Therefore, the authors believe that for the future development of flexible optoelectronic
devices, including flexible OLEDs, the existing high level of thin-film fabrication and
encapsulation technology can no longer satisfy, and research can no longer be limited by
traditional process methods and empirical structures. The development of new processes,
materials and structures is the only way to realize the future standard of flexible packaging.
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