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Abstract
Driven by the growing demand for next-generation displays, the development of advanced
luminescent materials with exceptional photoelectric properties is rapidly accelerating, with
such materials including quantum dots and phosphors, etc. Nevertheless, the primary challenge
preventing the practical application of these luminescent materials lies in meeting the required
durability standards. Atomic layer deposition (ALD) has, therefore, been employed to stabilize
luminescent materials, and as a result, flexible display devices have been fabricated through
material modification, surface and interface engineering, encapsulation, cross-scale
manufacturing, and simulations. In addition, the appropriate equipment has been developed for
both spatial ALD and fluidized ALD to satisfy the low-cost, high-efficiency, and high-reliability
manufacturing requirements. This strategic approach establishes the groundwork for the
development of ultra-stable luminescent materials, highly efficient light-emitting diodes
(LEDs), and thin-film packaging. Ultimately, this significantly enhances their potential
applicability in LED illumination and backlighted displays, marking a notable advancement in
the display industry.
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1. Introduction

Rapid developments in the field of advanced displays have
led to accelerated progress in smartphones, projectors, tele-
visions, medical images, and augmented reality/virtual real-
ity devices [1, 2]. However, advanced display technologies
require high device flexibility, low power consumption, high
stability, and high resolution. Although advances in organic
light-emitting diodes (OLEDs) and quantum dot light-emitting
diodes (QLEDs) have enabled the development of flexible
mobile phones and curved televisions, their short lifespans and
relatively rapid aging remain unresolved. The further evol-
ution of these technologies, therefore, demands the devel-
opment of new luminescent materials that meet the strin-
gent standards of low toxicity and excellent stability, while
also being cost-effective [3–5]. Unfortunately, the intrinsic
instability issues associated with these newly developed
luminescent materials can lead to a degradation in the lumines-
cence efficiency over prolonged operations [6–8]. Therefore,
improving both the luminescent performances and the durabil-
ity of these materials requires comprehensive multi-scale fab-
rication strategies.

Currently, strategies used to improve the performances of
luminescent materials mainly involve crystal structure modi-
fication, composition regulation, and surface modification.
Doping is also a practical and effective means for tuning
the crystal lattices and improving the stabilities of lumines-
cent quantum dot (QD) materials [9, 10]. Surface coating is
another effective method for passivating surface defects and
functionalizing materials [11, 12]. More specifically, surface
coating with organic or inorganic materials improves the res-
istance of luminousmaterials to aggregation, infiltration, high-
temperature degradation, and corrosion. Commonly used coat-
ing technologies include wet methods (colloidal coating) and
dry methods (chemical vapor deposition (CVD) and physical
vapor deposition (PVD)). In addition, gas-phase thin-film fab-
rication methods include PVD, CVD, plasma-enhanced CVD
(PECVD), and the atomic layer deposition (ALD) of an inor-
ganic layer. Solution-based methods include spin-coating and
inkjet printing. Unfortunately, the polymer layers fabricated
using these methods are known to exhibit poor gas-diffusion
barrier properties owing to their high polymeric porosities
[13–15]. However, ALD is a relatively low temperature pro-
cess that provides a high film quality for the preparation of
luminescent materials and their corresponding devices [16–
18]. To date, ALD has been used to coat the surfaces of
nitride red phosphors andQDswith nano-thin films, while pre-
cisely controlling the coating thickness by changing the ALD
cycles and other process parameters. This has led to improved
luminescence performances, thermal stabilities, and durabilit-
ies, among other desirable properties [16, 19].

The ALD technique was first described by Sanders,
wherein it was employed for the deposition of ZnS [20].
In addition, although atomic layer epitaxy was first referred
to by Suntola and Antson in 1977, it was later discovered
that in most cases, the thin films produced under these
conditions were not grown epitaxially, but rather underwent a

self-limiting reaction, which gradually led to the evolution of
ALD. The early applications of ALD were primarily focused
on microelectronics and nanotechnology; however, in the past
few decades, ALD has been extensively used in the produc-
tion of semiconductors due to its ability to grow high-quality
dielectrics and semiconductors on different substrates (e.g.
porous, organic, and high-aspect-ratio substrates) for use in
solar cells, photodetectors, and other electronic devices [21,
22]. Characterized by its ability to control the atomic thickness
of the deposited film, ALD is also considered desirable due to
its relatively mild process conditions, excellent conformality,
and defect-free uniformity. Such properties render it particu-
larly advantageous for the surface regulation and coating of
QDs, phosphors, and organic luminescent materials, resulting
in enhanced stabilities, optimized carrier mobilities, and regu-
lated interface energy levels.

ALD also serves as a powerful method for generating
thin-film encapsulations (TFEs) in flexible electronics owing
to its pinhole-free advantages, excellent conformality, and
precise nanoscale thickness control over large areas [23–
25]. However, conventional temporal ALD processes suffer
from slow film deposition speeds, rendering them unsuitable
for use in mass production [17]. As depicted in figure 1,
ALD has been explored for use in flexible display applic-
ations ranging from material modification to encapsulation.
This has led to the development of multi-scale manufacturing
strategies for stabilizing flexible displays, with the aim of sat-
isfying the manufacturing requirements of flexible QD display
devices. In addition, ALD has been used to precisely passiv-
ate surface defects at the atomic level and effectively shield
luminescent materials from external environmental factors.
The ongoing development of ALD equipment is also neces-
sary to ensure that conformal deposition is achieved on nan-
oparticles, high-aspect-ratio nanostructures, and large-area
substrates.

2. Multi-scale ALD stabilization strategies

In recent decades, ALD has played a crucial role in enhan-
cing material properties and device performances. As shown
in figure 2, the development of ALDhas significantly impacted
various applications, including luminescent materials for use
in advanced displays, functional micro/nano-LED and QLED
layers, and thin-film transistor (TFT) displays, and for the
encapsulation of displays.

Within the context of luminescent materials, the use of
ALD to prepare surface coatings and achieve defect passiv-
ation leads to an improved device efficiency, in addition to
enhancing resistances to humidity and high temperatures. The
suitability of the ALD procedure has also been demonstrated
in optimizing the radiative recombination of emission lay-
ers (EMLs) and the conductivity of electron transport layers
(ETLs), while also blocking ion diffusion in indium tin oxide
(ITO), suppressing exciton quenching in the hole transport lay-
ers (HTLs), and promoting the dual fabrication of ETLs for
use in LED displays. In addition, the encapsulation of OLED
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Figure 1. Multi-scale manufacturing scheme for the production of displays and luminescence materials, and for display encapsulation.
Reprinted with permission from [26]. Copyright (2021) American Chemical Society. Reprinted with permission from [27]. Copyright
(2020) American Chemical Society. [28] John Wiley & Sons.© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted from
[29], with the permission of AIP Publishing. Reprinted with permission from [30]. Copyright (2021) American Chemical Society.

Figure 2. The development of atomic layer deposition (ALD) across diverse applications, spanning luminescent materials for advanced
displays. [31] John Wiley & Sons.© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with permission from [32].
Copyright (2018) American Chemical Society. [33] John Wiley & Sons. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Reprinted with permission from [26]. Copyright (2021) American Chemical Society. Reproduced from [34]. © IOP Publishing
Ltd All rights reserved. Reprinted with permission from [35]. Copyright (2013) American Chemical Society. Reproduced from [36].
CC BY 4.0.

displays using ALD led to a significantly higher barrier and an
improved device flexibility. It should be noted here that encap-
sulated structures can include monolayers, nanolaminates,

organic/inorganic multilayers, and hybrid films. Furthermore,
ALD film encapsulation methods also encompass the plasma
enhanced ALD (PEALD), atomic layer infiltration (ALI),

3
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Figure 3. Schematic diagram outlining the strategies employed to improve the stabilities of luminescent materials: (a) ionic replacement.
Reprinted with permission from [39]. Copyright (2021) American Chemical Society. (b) Surface passivation. [42] John Wiley & Sons.©
2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) ALD coating. Reprinted with permission from [32]. Copyright (2018)
American Chemical Society. And (d) composite structures. Reprinted with permission from [26]. Copyright (2021) American Chemical
Society.

and plasma enhanced molecular layer deposition (PEMLD)
techniques.

2.1. Surface modification on photoluminescence
nanocrystals

Under the influence of humidity, heat, light, and other factors,
luminescent materials are known to be prone to surface dam-
age, aggregation, and phase deformation, which can lead
to serious photoluminescence (PL) quenching [37, 38]. To
address such issues, these materials can be stabilized by ALD
through surface passivation, coating, and the formation of
composite structures.

The crystal structures of luminescent materials are closely
related to their properties, and so to tune such properties,
the ion doping method is commonly employed. As shown
in figure 3(a), B-site ion doping can enhance the phase
and thermal stabilities of perovskite nanocrystals, and first-
principles calculations suggest that B-site ions with small
radii effectively increase the formation energy of the per-
ovskite structure [39]. To passivate surface defects and reduce
non-radiative recombination, Lewis acids, trimethylaluminum
(TMA), and hydrobromic acid have been used to promote
phase transformation from Cs4PbBr6 to luminous CsPbBr3
perovskite nanocrystals, while also passivating the luminous
nanocrystals in situ [40]. As indicated in figure 3(b), an X-type
ligand containing Br− can undergo ligand exchange with the
long chain ligand on the surface. The introduction of Br can
therefore repair surface halogen defects to remove traps, which
are known to induce non-radiative recombination [26, 27]. As
a result, the PL quantum yield (PLQY) of the resulting lumin-
escent materials was improved to ∼100%. Such repair of the
surface halogen defects maintains the integrity of the Pb–Br
octahedra to provide highly stable perovskite QDs.

A key application of ALD is the surface coating of lumines-
cent materials. By depositing precise and conformal thin films
onto the surfaces of luminescent materials, ALD enhances the

light emission efficiency and stability of these materials [31].
Beyond surface passivation, a combination of oxide infiltra-
tion and ALD coating has been used to prevent crystal deform-
ation and ligand desorption in luminescent materials. A two-
step hybrid passivation strategy was also developed to improve
the performances of luminescent materials by surface halo-
gen replenishment, and to enhance their stabilities following
ALD coating. It should be noted here that PL quenching dur-
ing ALD can be minimized by controlling the ligand dens-
ity on the nanocrystal surface. Indeed, the ALD coating of the
material with alumina led to an improved long-term stability,
wherein 100% of the original PL value was retained after 48 h
of ultraviolet (UV) irradiation. Furthermore, a SiO2 PEALD
method was developed to effectively stabilize luminescent QD
materials [41]. This process was conducted at a relatively low
temperature (50 ◦C), preventing damage to the surface lig-
ands or etching of the QDs, and it also preserved the optical
performances of the luminescent QD materials. As a result,
the SiO2-coated CsPbBr3 QDs retained 80% of their original
PL intensity and demonstrated significantly improved stabil-
ities in the presence of water, light, and heat. As mentioned
above, the presence of surface defects can lead to non-radiative
recombination, thereby reducing the overall luminous effi-
ciency. However, when ALD is employed, these defects can
be effectively passivated, minimizing non-radiative processes
and improving the luminescence properties of the resulting
materials [32].

The ALD technology has also been extended to form com-
posite structures designed to protect luminescent phosphor
materials [42]. As shown in figure 3(c), amorphous Al2O3

combined with hydrophobic modification by octadecyltri-
methoxysilane (ODTMS) was used to construct the moisture-
resistant dual-shelled RLSO:Eu2+@Al2O3@ODTMS com-
posite. For this purpose, ALD was initially performed to
provide an ultrathin but dense alumina coating on the
RLSO:Eu2+ surface, and subsequent hydrophobic surface
modification was achieved by the introduction of ODTMS.
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Figure 4. Application of ALD in the fabrication of PQLEDs. (a) Various ALD strategy in the PQLEDs. (b) Film deposition with dual ETL
and HIL layers. Reproduced from [34]. © IOP Publishing Ltd. All rights reserved. Reprinted from [29], with the permission of AIP
Publishing. (c) Coating and filling of the EML. [47] John Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Reprinted with permission from [30]. Copyright (2021) American Chemical Society. (d) Interface engineering to block ion diffusion.
Reprinted with permission from [26]. Copyright (2021) American Chemical Society.

The resulting phosphors exhibited remarkably improvedmois-
ture resistance properties. In addition, the investigation of the
photoelectric properties of the fabricated white LED devices
indicated that the obtained phosphors are promising candid-
ates for applications in high-power LED backlights.Moreover,
as shown in figure 3(d), coatings generated through a combina-
tion of ALD and silica composite microspheres have also been
developed [32]. More specifically, silicon spheres were sub-
jected to surface passivation and QD coating using the ALD
technology to further enhance the stabilities of the lumines-
cent QD materials without damaging the surface ligands or
degrading the optical performances [28]. Importantly, upon
scaling micro-LEDs down to nanoscale dimensions, surface
defects become more pronounced and detrimental to their per-
formances. Thus, ALD clearly offers a precise and controlled
method to passivate the surfaces of micro-LEDs, leading
to higher luminous efficiencies and improved overall device
reliabilities [43]. The future development of ALD is there-
fore expected to focus on enhancing luminous efficiencies,
stabilities, and temperature resistances of luminescent mater-
ials based on new materials, such as rare-earth elements, per-
ovskites, and metal–organic frameworks.

2.2. Fabrication of functional layers for QD devices

Although the PLQYs and stabilities of QDs have been
improved through surface passivation, the introduction of
coatings, and the use of composites, perovskite QLED
(PQLED) devices still face significant challenges in terms of
solvent erosion, ion migration, carrier transport, and Joule
heating during device fabrication and operation. In general,
the low optoelectronic efficiencies and short lifetimes of QD
optoelectronic devices limit their further applications [16, 44].
To address such issues, ALD has been shown to exhibit great
advantages in the preparation and modification of the func-
tional layers of QD-based devices. Li et al performed the
vapor infiltration of metal oxides into the EMLs of perovskite

nanocrystals (PNCs) to yield highly efficient and long-lifetime
PNCs LED due to the improved electron–hole capture ability
and the imparted functional layer protection [45]. In addition,
Kumah et al introduced epitaxial oxides onto semiconductors
via ALD to prepare new devices and lay the groundwork for
the realization of ALD-modified functional layers in optoelec-
tronic devices [22].

The ALD process employed to modify the PQLEDs is
shown in figure 4(a), wherein the EML can be modified, func-
tional layers can be fabricated, and the interfaces between
the different functional layers in the sandwich-structured
PQLEDs can be engineered. As current-derived devices, car-
rier injection and transport are essential in terms of the light-
emitting performances of such devices. Thus, figure 4(b) out-
lines the process employed to construct ETLs and HTLs via
ALD based on a well-controlled thickness. More specific-
ally, a layer of zinc oxide layer is deposited onto 1,3,5-tris(1-
phenyl-1H-benzimidazol-2-yl)benzene via ALD at low tem-
peratures to form inorganic/organic dual ETLs in the device
structure (top inset, figure 4(b)) [34]. As a result, the external
quantum efficiency (EQE) of the device was improved sig-
nificantly due to the enhanced charge transport balance with
favorable energy level matching [46]. Moreover, the T50 life-
time of the device was increased to 761 h at the initial lumin-
ance of 100 nit, which is one of the highest lifetimes repor-
ted to date for PQLEDs [34]. In another study, a NiOx film
was deposited on poly(ethylene dioxythiophene):polystyrene
sulfonate (PEDOT:PSS) to fabricate an inorganic/organic dual
hole injection layer (HIL, bottom inset, figure 4(b)) [29].
The electroluminescence of the resulting fluorescent material
indicated that non-radiative recombination was suppressed in
the ELT. Thus, due to an improved carrier transport balance
and an effective degree of radiative recombination, the EQE of
the PQLED increased significantly from 1.5% to 9.7%. These
results clearly indicate that ALD modification improves the
conductivity and carrier transport balance to produce highly
efficient PQLEDs with long lifetimes.
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In the context of lighting and displays, the EML is a key
component in the PQLED structure due to the fact that car-
rier recombination and emission occur in this layer. As pre-
viously reported, passivation and core–shell coating are com-
mon methods that have been employed to improve the light
emission properties of QDs. As shown in the top inset of
figure 4(c), the application of ALD to modify the electronic
properties of the EMLs [30, 47] led to a significantly improved
carrier mobility due to the decreased energy barrier between
the various QDs [33, 48]. In addition, the coating of nano-
crystals with a thin ALD film (nanometer scale) reduced the
film resistivity by seven orders of magnitude [49], while the
introduction of alumina suppressed excess electron transport
to achieve a favorable carrier transport balance and facilitate
effective carrier combination [50]. Furthermore, a facile col-
loidal layer-by-layer deposition of amorphous AlOx (bottom
inset, figure 4(c)) was proposed to improve the water resist-
ance properties of perovskite QDs and suppress ionic mixing
of the CsPbBr3 and CsPbI3 QDs under irradiation conditions
[30]. It was found that the integrated PQLEDs exhibited sig-
nificantly improved EQEs with high luminance capabilities
due to an optimized band alignment. Moreover, precise con-
trol of the ALD process at the atomic scale allows modifica-
tion of the interfaces between the different functional layers.
Such interface modification can remove defects and provide
effective protection to the underlying layer of the device struc-
ture. As shown in figure 4(c), an ultrathin Al2O3 insertion layer
can be introduced between the ITO layer and the PEDOT:PSS
layer via ALD to increase the maximum luminance [26]. This
effect was attributed to the passivation of the Br vacancies
on the QD surfaces, which achieves a near-unity PLQY. In
addition, the T50 lifetime of the device was prolonged by a
factor of 30, owing to the suppression of PL quenching upon
the introduction of an Al2O3 buffer layer. The transmission
electron microscopy (TEM) and elemental mapping images of
the device cross-sections (figure 4(d)) show that in the pres-
ence of Al2O3, the diffusion of indium ions from the ITO
layer into the PEDOT:PSS layer and the EML is blocked,
thereby enhancing the PQLED stability. It was also found
that the introduced ultrathin Al2O3 layer modified the energy
level of the device and achieved a favorable balance of car-
rier injection, further contributing to a high EQE. Upon the
use of ALD to introduce an ITO barrier layer in advanced
displays, ion diffusion from the ITO layer was effect-
ively blocked, mitigating device degradation and enhancing
its long-term stability [26, 51]. Additionally, ALD enables
efficient exciton confinement during dual-ETL fabrication
[34], ultimately enhancing the display performance and
efficiency.

Overall, the above studies demonstrate that ALD can
modify the PQLED in each functional layer to improve the
PLQY and device stability. However, the position of the ALD
modification should be carefully selected, wherein the intro-
duction of metal oxide layers is favorable to induce energy-
level matching between different functional layers. Thus, fol-
lowing suitable modification of the functional layers, an excel-
lent transport balance between the electrons and holes can be
achieved. Moreover, the introduced ALD layers can also act as

barriers to confine excitons and improve radiative recombina-
tion in the EML [34].

2.3. Manufacturing of the rigid and flexible encapsulation
layers

Although OLED and QLEDs have recently undergone signi-
ficant developments [52], OLED and QLED devices and dis-
plays remain prone to degradation due to optical aging, the
influence of the electric field, and the effects of moisture, oxy-
gen, and external stress [53]. Thus, to improve the long-term
stabilities of display devices and promote their industrializa-
tion, encapsulation is an indispensable and effective means to
protect the devices frommoisture presented in the atmosphere.
Indeed, the requirements of an encapsulation layer for bar-
rier protection are extremely strict. For example, to produce a
QLEDwith a lifetime>10 000 h, the water vapor transmission
rate (WVTR) and oxygen transmission rate should not exceed
10−6 g m−2 d−1 and 10−5 ml m−2 d−1, respectively [54–
57].With the development of high-definition, thin, and flexible
display technologies, rigid, flexible, bendable, and stretchable
devices can be produced (figure 5). It is therefore necessary to
develop serial encapsulation structures to improve the stabilit-
ies of display devices during operation.

Compared with traditional glass encapsulation, TFE has
emerged as a promising method due to its ability to pro-
duce high transparency, ultra-thin, and highly flexible films.
Among the various thin film fabrication methods described to
date, ALD is capable of depositing ultrathin and pinhole-free
inorganic films at the atomic level and at low temperatures
(<100 ◦C) [58, 59]. In addition, it allows precise thickness
control, high densification, and excellent conformality over
large areas owing to the self-limiting nature of the reactions
involved.

In terms of rigid OLED device encapsulation, the applic-
ation of ALD has seen remarkable progress over recent
years, achieving increasingly high barrier performances. For
example, a monolayer with a relatively low WVTR of
10−2 g m−2 d−1 was fabricated by ALD [60]. In addition,
Kim and Kim reported rigid OLED device encapsulation by
combining the PECVD and spatial ALD (SALD) methods
to fabricate a binary Al2O3/SiNx structure [61]. By drawing
metal compound films with reverse stress, the overall residual
stress of the encapsulation layer was regulated. Thus, the intro-
duction of the ALD-based nanoscale Al2O3 layer was con-
ducive to decoupling the defects in the PECVD-based SiNx

layer, ultimately leading to a lower WVTR in the Al2O3/SiNx

barrier film. As shown in figure 5(a), the interface bonding
strength between the Al2O3/SiNx encapsulation structure and
the OLED is five orders of magnitude higher than that of
a single SiNx thin film under damp heat conditions, which
effectively prevents buckling of the encapsulation structure
[54].

However, with the rapid development of display devices
ranging in flexibility from rigid to extremely flexible, inor-
ganic composite encapsulation films have been unable to sim-
ultaneously satisfy the flexibility and barrier property require-
ments. For example, although nanolaminates fabricated by
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Figure 5. Schematic diagrams outlining encapsulation strategies for improving the stabilities of device materials: (a) rigid materials,
Reproduced from [76], with permission from Springer Nature. (b) Foldable materials, [57] John Wiley & Sons. © 2021 Wiley-VCH GmbH.
(c) Flexible materials, Reproduced from [66] with permission from the Royal Society of Chemistry. (d) Stretchable materials, [75] John
Wiley & Sons.© 2021 Wiley-VCH GmbH.

ALD exhibit excellent barrier properties, their flexibility is
limited, because they can only withstand a bending radius
of 10 mm [35]. As such, there is an urgent demand for the
development of flexible encapsulation films. Although a low
WVTR can be achieved by the introduction of an ALD-based
barrier film [59, 62], and the flexibility can be improved by
the implementation of thin barrier films, the barrier prop-
erties of such films have been found to deteriorate by sev-
eral orders of magnitude after a very short exposure time to
damp heat conditions. As an alternative, polymers were con-
sidered, which are widely used as substrates in flexible elec-
tronics because of their light weight and low cost nature, in
addition to their high transparency and good flexibility [63,
64]. In this context, Wilson et al and our present research
group have examined a number of polymer substrates, includ-
ing polyethylene naphthalate (PEN) [65], polyethylene tere-
phthalate (PET) [66], and polycarbonate [67], demonstrating
that these polymers exhibit almost no barrier ability. Using
the ALD approach, our group further integrated the spin-
coating process to introduce a nanoscale layer of polydi-
methylsiloxane (PDMS). As a result, a lower WVTR was
achieved (∼10−5 g m−2 d−1) using the PDMS/Al2O3 nano-
laminates to encapsulate the OLED [66]. The clear interface
of the PDMS/Al2O3 nano-laminated encapsulation structure
is shown in figure 5(b) [57]. Additionally, ALD-based mul-
tilayers were developed to give a WVTR of 10−5 g m−2 d−1

and a bending radius of 3 mm [68].
Furthermore, the ALI method is a breakthrough in the pre-

paration of inorganic–organic hybrid structures because of
the excellent mechanical stability and barrier properties that
it imparts on materials. Using the ALI process, the depos-
ition of Al2O3 on a polymer substrate [66] usually involves
swelling of the polymeric substrates, infiltration of an organo-
metallic precursor (TMA) into the subsurface, the formation
of Al2O3 clusters, and the coalescence of Al2O3 clusters to
form a continuous film. In this context, Kim et al and Seo
et al combined the ALI process with O2 plasma pre-treatment

to improve the barrier properties of flexible films, giving a
WVTR value of ∼1.28 × 10−5 g m−2 d−1 [69, 70]. In this
system, pre-treatment with O2 plasma can introduce additional
oxygen groups to the surface to improve the adhesion of the
Al2O3 film. Indeed, after 100 bending fatigue tests with a
radius of 5 mm (figure 5(c)), the WVTR was slightly higher
than it was without pre-treatment, demonstrating the excellent
mechanical stability of the prepared polymer substrate [66].
In addition, Kim et al prepared hybrid films with a remarkable
WVTR of 10−5 g m−2 −1 and an impressive bending radius of
1.75 mm [36]. Similarly, Wang et al fabricated Alucone films
via the PEMLD approach to give a WVTR of 10−5 g m−2 d−1

and a bending radius of 3 mm [71, 72].
In the context of flexible electronics, stretching devices

require the highest encapsulation standards, as stretching
deformation occurs in all layers rather than folding along a
specific axis. PDMS, as a stretchable material, exhibits high
transparency, flexibility, and stretchability, but presents poor
barrier properties [73, 74]. Previously, our research group
developed an inorganic–organic hybrid encapsulation struc-
ture by simply doping with silica nanoparticles and applying
the ALI technique. Aging tests demonstrated that this strategy
can achieve a high barrier performance, giving a low WVTR
of 1.81 × 10−3 g m−2 d−1. Even after thousands of cycles of
1% tensile strain, the film continued to maintain a low bar-
rier rate (2.01 × 10−3 g m−2 d−1). In addition, the encap-
sulated QD film exhibited excellent display properties when
bending and stretching underwater, leading to a storage time
of 2400 h and a PL intensity of >50% [75] (figure 5(d)).
It is expected that ongoing research and innovation in the
area of ALD will lead to the development of encapsulation
structures with outstanding barrier properties that are cap-
able of withstanding a small bending radius and a certain
tensile strain. This achievement opens new possibilities for
the application of OLED displays in more demanding envir-
onments. In addition, it will be necessary to assess the balance
between the film’s qualities and its flexibility in further detail.
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Figure 6. Schematic diagram of multi-scale simulations of the ALD, Reproduced with permission from [81]. Reprinted with permission
from Lan Y X, Wen Y W, Li Y C, Yang J Q, Cao K, Shan B, Chen R 2023 ‘Selectivity dependence of atomic layer deposited MnOx on
the precursor ligands on Pt facets’, J. Vac. Sci. Technol. A 41 012402. Copyright 2023, American Vacuum Society. Reprinted from [82].
© 2023 Elsevier B.V. All rights reserved.

Hybrid organic–inorganic solutions appear promising; how-
ever, issues related to a mismatch between the thermal coeffi-
cient and the mechanical modulus lead to the requirement for
specific fabrication conditions. The strain generated from such
a mismatch can easily compromise devices or encapsulations,
presenting another hurdle. Indeed, degradation of the hybrid
layer during prolonged operation poses a substantial barrier to
its commercialization.

2.4. Multi-scale simulations of the ALD manufacturing
process

As mentioned above, ALD has been applied to the modi-
fication of QD-based devices across different scales; thus,
multi-scale research and manufacturing methods are urgently
required [77]. Thus, as presented in figure 6, first-principles
calculations, nucleation dynamics [78], Knudsen flow dynam-
ics, and computational fluid dynamics can be combined to
achieve multi-scale simulations. The first-principles method
provides the electronic and thermodynamic properties during
the ALD reaction on the nanoscale. Using microkinetics, the
calculated ALD reaction rate can be integrated into the nucle-
ation model to provide important information regarding ALD
nucleation at the microscale. To extend the mesoscale simula-
tion, the mean field theory [79] provides a key link to couple
the ALD nucleation kinetics and the Knudsen flow dynamics.
Based on the continuum theory [80], the ALD diffusion and
reaction in the features are coupled with the computation of
fluid dynamics at the macroscale. With these considerations

in mind, a cross-scale simulation method was established to
clarify the ALD reaction mechanism, describe the ALD nuc-
leation behavior, and optimize the ALD process.

To clarify the interactions between the ALD precursor and
the QD surfaces, first-principles methods were used to invest-
igate the adsorption energies, and the minimum energy paths
of the precursors were calculated using the nudged elastic band
method. It was found that TMA prefers to link the amine lig-
ands and the QDs, rather than kick the ligands out. In another
study, a benign and asymmetric aluminum precursor, namely
methyl aluminum di-isopropoxide, was used to treat the QDs
to avoid successive dissociation during the reaction with sur-
face ligands, resulting in a nearly trap-state-free band structure
of passivated QDs [83]. To evaluate the reactivity of the pre-
cursor on the substrate, a micro-kinetic method was developed
to couple the adsorption energy and the reaction energy bar-
rier with the aim of calculating the ALD reaction rate. Based
on the microkinetics, the reactivity and selectivity of the
Mn precursors were found to exhibit obvious dependence on
the ligand structure [81]. This combination of first-principles
calculations with the microkinetics method builds a bridge
between the atomic site reaction rate and ALD nucleation,
in addition to film growth when considering a larger-scale
simulation.

At the microscale, targeted passivation of the pristine facets
of QDs and selective filling of the pinholes in the func-
tional layers are desired to prevent the recombination of non-
radiative carriers in the PQLEDs. Thus, an anisotropic growth
model was developed to describe the selective deposition and
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nucleation delays [84] on different substrates (such as pristine
and ligand-covered surfaces). Thismodel provides a numerical
representation of ALD growth and alignment, while fitting
well with the experimental data. The interplay between nuc-
lear expansion and diffusion in nongrowth regions is essen-
tial in this system. By incorporating parameters such as the
initial defect density, the nucleus lateral expansion rate, the
growth per cycle (GPC), and the nucleus diffusion prob-
ability, the robustness of the model was confirmed by its
strong correlation with the experimental data. Furthermore,
the model efficiently predicted the nucleation dynamics, such
as the coverage and nucleation delay, under varying ALD
conditions, including different purge times, temperatures, and
pressures.

The reactor-scale model focuses on the multi-physical field
coupling process of fluid dynamics, heat, and mass transfer,
which is important for reactor design and the corresponding
process optimization [85, 86]. Macroscopic parameters such
as the partial pressure of the precursor at the reactor bound-
ary were applied to the boundary conditions of the meso-
scale model. In addition, the consumption of the precursor at
the mesoscale was applied as a net flux through the substrate
boundary and was coupled with mass transfer in the reactor-
scale model. The high aspect ratio pores in size of micro meter
lead to molecular flow state and the Knudsen diffusion applied
in the mesoscale model [87]. The competitive effect of sur-
face deposition with cross-scale precursor mass transfer was
also analyzed to study the coating conformality in high-aspect-
ratio structures. Moreover, different aspect ratios and specific
surface areas correspond to different precursor consumptions,
which can be accurately predicted by the model [82], enabling
the design and optimization of ALD reactors. The influence of
the ALD process parameters on the deposition rate and pre-
cursor usage was thoroughly investigated, and the optimum
speed range was determined. It was found that coupled cross-
scale simulations from the nano- to the macro-scales com-
bined with the ALD reaction and themulti-physical field could
provide important guidance for chamber design and process
optimization. It is worth noting that many factors are still neg-
lected at different scales owing to the model complexity. For
example, the steric effect of the precursors and diffusion nuc-
lei on the substrate may play an important role in ALD growth,
which is yet to be considered in the context of mesoscale nuc-
leation dynamics. It is therefore necessary to establish a uni-
versal and complete cross-scale model for ALD growth.

Approximately 80 000 articles related to ALD growth can
be found currently in the Science Citation Index-Expanded,
with the majority being independent reports. To facilitate the
use of the reported ALD techniques in research, there is an
urgent need to establish a comprehensive and standard data-
base for ALD applications. An automatic framework was
constructed to find and obtain ALD-relevant articles by the
application programming interface request of publishers on
the Internet. More recently, the artificial intelligence program
ChatGPT has been used to extract key information regard-
ing the film materials, precursors, growth temperatures, sub-
strates, and the GPC. As a result, more than 2000 groups
of ALD parameters have been obtained and integrated into

an ALD technological database [88]. This database should
provide a convenient search and screening of ALD technique
parameters, aids the selection of ALD precursors and materi-
als, and provides the underlying mechanisms responsible for
the ALD film properties and performance.

3. Measurement methods for determining the
quality of fabricated films

3.1. Highly precise detection of low-permeation coefficients

Permeation is a major problem that can lead to the
degeneration [89] of luminescent materials that are sensitive to
the environment (e.g. hydrogen-sensitive metallic structural
materials, water vapor-sensitive OLED electroluminescent
layers) [54, 90–92]. For example, trace gas permeation in the
service environment leads to device failure and can even cause
device explosion and radiation release. Thus, to evaluate trace
gas permeation, suitable characterizationmethods and systems
must be developed to measure the trace amounts of permeated
gases. For example, mass spectrometry (MS), which exhibits
high sensitivity and allows broad-spectrum detection, has been
widely used for gas detection, such as in the analysis of mul-
ticomponent gases, the measurement of water, oxygen, and
hydrogen isotopes, and the detection of other small molecules
for highly sensitive permeation measurements.

Nörenberg et al [93] were the first to combineMS with per-
meation detection, proposing different measurement require-
ments for the analyses of inert gases (nitrogen, helium, and
neon), small molecular weight gases (hydrogen), adsorbed
gases (water), and organic gases. By detecting the permeation
gas pressure, it was found that the lower limit of measure-
ment for the permeation rates of inert gases by MS was
<1 × e−3 g m−2 d−1. Compared with traditional permeation
detection methods, MS greatly improves the detection sens-
itivity. In this context, Nakano et al [94] combined MS-
based gas partial pressure detection with numerical water
permeability measurements to propose a barrier assessment
tool for water vapor, and to introduce a cold trap enrichment
method for condensed gas to amplify the weak permeation sig-
nal. As a result, the lower detection limit was increased to
1 × e−5 g m−2 d−1, and the sensitivity index for water per-
meation measurement was superior to the 5 × e−5 g m−2 d−1

index reported for existing commercial devices, such as
those represented by the MOCON® permeation detection
instruments.

To evaluate the barrier performances of flexible organic
packages, Kiese et al [96] developed an ultralow permeation
measurement device based on a constant-flow carrier-gas sys-
tem. This device was combined with MS to measure the tran-
sient and steady-state permeation activities of water vapor
through a high-barrier membrane. The accumulation of per-
meated water vapor prior to transport to the detector allows for
extremely low order of magnitude WVTR measurements, and
the WVTR values measured using this device were found to
be consistent with those determined using the commercially
available MOCON® carrier gas device. However, it should
be noted here that owing to differences in the structure and
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Figure 7. Schematic diagram of measurement. (a) The principle and equipment diagram of the permeation measurement system (top row),
as well as the system calibration curve and PCTFE film test and prediction curve (bottom row). Reproduced from [95]. © 2021 THE
AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
(b) A home-made PARS equipment with its schematic diagram (top row), the two work modes and a transparent film measurement sample
(bottom row). Reproduced from [95]. © 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering
and Higher Education Press Limited Company.

mass of the barrier film, the WVTR requires a certain amount
of time to reach a steady-state value. As a result, the use of
a non-steady-state measurement scheme in combination with
the finite element method resulted in a more accurate estim-
ation of the steady-state WVTR with a reduced measurement
time.

In another study, permeation measurements with time-
integrated enriched amplified signals have been carried out,
and the lower limit of the barrier membrane permeability
was determined to be the order of 1 × e−5 g m−2 d−1

[95]. Figure 7(a) shows the principle of this system along
with a photographic image of the setup. The calibration
curve of the test system is also shown, along with an
actual measurement and a fitted prediction curve for the
poly(trifluorochloroethylene) (PCTFE) film. The schematic
diagram of the test system shows the three main components,
namely the inlet, the sample clamping, and the detector device.
The basic steps and principles associated with film permeation
are also shown. This system focused on measuring the entire
film permeation process and obtaining the steady-state value
of the permeation measurement. To minimize errors associ-
ated with the system itself and the nonlinearity of the equip-
ment, a standard PEN film was used to calibrate the sys-
tem, as shown in the figure. In addition, the actual measure-
ment data for the PCTFE film and the permeation prediction
curve for a period of 2.5 d (right-hand inset, figure 7(a)) are
shown. It should be noted here that the permeation predic-
tion can indicate the testing lifetime of high-barrier films [97],
and machine learning methods can be used to predict the per-
meation behaviors of such films. However, current research
is still struggling to break the lower limit of actual measure-
ment (1 × e−6 g m−2 d−1) to meet measurement demands.
This is due to difficulties in reducing the signal-to-noise
ratios of such measurements, along with improving the signal

accumulationmethod, facilitatingmaintenance and processing
of the vacuum system, and eliminating signal interference.
Breakthroughs must therefore be made in the contexts of
vacuum back-bottom signal enhancement, vacuum design, and
maintenance.

3.2. Online and real-time monitoring of high-precision film
growth

With the ongoing development of flexible electronics and dis-
plays, the application of organic films (e.g. PET and polyimide
(PI) films) is rapidly increasing owing to their distinct physical
properties, including bendability and roll-to-roll processing
ability [98]. However, the anisotropic and transparent natures
of such films pose a challenge in the context of online monit-
oring for conventional methods [99]. For example, the aniso-
tropy leads to complications in terms of the parameters to be
solved (e.g. the thickness and anisotropic refractive indices),
and the transparent substrates tend to suffer from backside
reflections. The former causes cross-polarization between the
p- and s-orientations, while the latter causes depolarization
owing to the incoherently reflected light from the backside of
the substrate. In addition, although transmission-type methods
[100–104], such as transmission ellipsometry and polariscopy,
are sensitive to the anisotropy of the material, the signal from
the coated thin film is comparatively less sensitive. Therefore,
these methods are typically used for bulk anisotropic materi-
als. In comparison, reflection methods are sensitive to inter-
faces and thin films, while being less sensitive to the sub-
strate anisotropy. Therefore, reflection-type methods are more
suitable for characterizing thin films presented on transparent
anisotropic substrates.

The commonly used ellipsometry technique [102] can
reduce backside reflection by polishing the rear surface of the
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substrate or coating the backside with black paint; however, it
cannot meet the cross-polarization requirements. In contrast,
the more recently developed Mueller matrix ellipsometry can
meet the anisotropy and depolarization issues [99]. In terms
of the optical modeling problem, Postava et al [103] built an
optical model of the mixing of coherent and incoherent light
in anisotropic multilayer structures, and named this the coher-
ent matrix model. Later, Nichols et al [104, 105] used their
Mueller matrix polarimeter to test this incoherent light super-
position model using several anisotropic slabs and metallic
coatings on anisotropic crystals. However, they found that azi-
muthal angle scanning and assisted transmission ellipsometry
were required to recover all parameters. Thus, to reduce the
requirement for auxiliarymeasurements, conoscopywas intro-
duced into the Mueller matrix-based method. More specific-
ally, Arteaga and Kahr [106] observed several thin freestand-
ing crystal slabs using a homemadeMueller matrix conoscope.
Moreover, back focal plane (BFP)-related methods [107–109],
such as angle-resolved ellipsometry and reflectometry, have
been verified for their ability to carry out nanometer thin-film
single-shot measurements. Such techniques have the poten-
tial to carry out rapid measurements on thin films that have
been coated on anisotropic substrates. Indeed, this has been
achieved upon combination with angle-resolved reflectometry
and conoscopy using an incoherent light superposition optical
model.

Figure 7(b) illustrates the polarized angle-resolved reflec-
tometry (PARS) setup [109], which includes the illumina-
tion source, the measurement probe, and the detection unit.
In this system, the collimated white light becomes linearly
polarized after passing through a linear polarizer set at 0◦,
and is refocused on the BFP of the objective lens. The polar-
ized light varies with the azimuthal incidence angle on the
measured sample at various angles of incidence through the
objective lens. The light is then reflected at the same angles,
recollected by the objective lens, and focused on the BFP.
After modulation by the analyzer (another linear polarizer set
at 45◦), the full azimuth and incident angle resolved spectra
(FARS) are captured separately from the abstract wavelength
and angle resolved scattering spectra using a complement-
ary metal oxide semiconductor and an imaging spectrometer.
Using a reference sample (e.g. a standard SiO2 sample), the
angle-resolved reflectance is then measured. The transparent
film model shows that the reflective beam contains two inco-
herent parts, namely the reflectance from the upper coatings
and the backside reflectance from the rear surface of the sub-
strate. When the tested substrate is anisotropic, interference
between the ordinary and extraordinary light from the back-
side reflection occurs.

Tomeasure transparent films, twomethods exist for dealing
with backside reflections in the PARS system. One accounts
for this in the analysis model, while the other is based on
the use of spatial separation. More specifically, when a spa-
tial separation is observed in the FARS image, the reflect-
ance can filter out the backside reflection due to the large
angle of light that is reflected from the backside out of the
aperture. Therefore, a semi-infinite substrate model can be

used to calculate the coating parameters. Upon extraction of
the ellipsometry parameters (Ψ(θ), ∆(θ)) from the wanted
reflectance, the fitting results for the thickness and the refract-
ive index were found to be consistent with the commercial
ellipsometer. The anisotropic film shown in the bottom left-
hand panel of figure 7(b) shows an example accounting for
such backside reflection. The FARS image provides the Euler
rotation angle between the refractive index ellipsoidal coordin-
ates and the x–y–z coordinate system, the anisotropic interfer-
ence phase ∆oe, and the reflectance R. With prior knowledge
of the Euler angle, the thickness and refractive index can be
determined by simultaneously fitting the ∆oe phase and the
reflectance to the theoretical coherency matrix model.

It has also been reported that the incoherent optics model
and the PARS system can solve the demands for high-precision
characterization of the optical anisotropy and thicknesses of
transparent flexible films. However, with the advancement
of large-scale and atomic-level manufacturing technologies,
such as roll-to-roll ALD, new inspection requirements encom-
passing higher precisions, enhanced robustness parameters,
increased efficiencies, and expanded measurement paramet-
ers are continuously being reported. These evolving demands
pose significant challenges for the development of monitoring
technologies.

The features associated with rapid and large-scale man-
ufacturing not only impose elevated demands on the effi-
ciencies of monitoring systems, but also significantly impact
the reliability of the monitoring results owing to varying
factors, including mechanical vibrations and temperature fluc-
tuations. Although antivibration snapshot measurements have
been developed, there is still a lack of robustness over-
all. Thus, the development of inline monitoring technolo-
gies with enhanced resistances to environmental perturba-
tions is imperative. Additionally, flexible films are highly sus-
ceptible to mechanical stresses during processing, such as
the tensile force experienced during the roll-to-roll process.
These stresses can lead to the formation of folds, micro-
cracks, and other morphological changes on the film surfaces.
Consequently, it is necessary to accurately characterize the
complete surface morphology of the film to provide feed-
back for manufacturing. However, current monitoring tech-
niques, such as ellipsometry, are based on single-point meas-
urements, and so are insufficient to meet the demands of such
complex measurements. Moreover, achieving a nanometer-
to-atomic-level accuracy poses additional challenges, partic-
ularly for thin films with complex surface morphologies or
multiple layers. A synergistic combination of the advantage-
ous features of multiple measurement techniques, such as the
sub-nanometer precision of ellipsometry and the morphology
measurement capabilities of spectral interferometry, could
therefore be considered a promising method for achieving the
high-precision inline monitoring of thin films with complex
surface morphologies. Contemporary thin-film optical meas-
urement technologies are not confined to the assessment of
film thicknesses and optical refractive indices; rather, they are
progressively expanding to encompass more physical and geo-
metric parameters.
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Figure 8. Equipment design and setup for ALD on (a) nanoparticles, Reprinted from [114], with the permission of AIP Publishing. (b)
High-aspect-ratio structures, Reprinted from [116], with the permission of AIP Publishing. And (c) high-speed and large-area substrates,
Reprinted from [86]. © 2020 Elsevier Ltd. All rights reserved. Reprinted from [120], with the permission of AIP Publishing.

4. ALD equipment for multi-scale manufacturing

4.1. Rotary ALD reactor for particle fluidization

In the context of phosphors, QDs, and other luminescence
materials, it is necessary to achieve control of the atomic thick-
ness, uniform surface modification, and the functionalization
of nanoparticles with high specific surface areas. However, the
nanoparticle agglomeration caused by strong cohesive forces
is unfavorable for film conformality [110, 111] (figure 8(a)).
Thus, a number of multi-scale ALD manufacturing meth-
ods have been developed to optimize the powder coverage,
produce high-aspect-ratio structure coatings, and allow high-
speed and large-area deposition.

For example, a fluidized bed coupled rotary ALD reactor
was developed for the thin-film coating of nanoparticles via
ALD. This reactor consists of a main reaction chamber,
a pumping section, a dosing and fluidizing system, rotary
manipulator components, and a double-layer cartridge for
particle storage. In contrast to a traditional fluidized bed, the
effective gravity of the particles is an independently control-
lable parameter in a centrifugal fluidized bed [112]. Upon
increasing the rotation speed, the effective particle gravity
increases to overcome the viscous shear force, which can cause
particles to fall off from the aggregates. A centrifugal flu-
idized bed is therefore conducive to overcoming the prob-
lems of slugging, channeling, and particle clustering that are
observed in traditional fluidized beds [113]. As a result, the
transition from agglomerated fluidization to dispersed fluid-
ization is promoted to improve the fluidization quality of the
particles. Figure 8(a) shows another example of a rotary ALD
reactor combined with fluidization to achieve the atomic layer

coating of nanoparticles [114]. In this case, the cylindrical
particle cartridge provides a fluidization function to disperse
the particles, and high-speed rotation is employed to enhance
the gas–solid interactions and ensure the uniform and continu-
ous fluidization of the particle bed. The enlarged particle bed
interstitials and enhanced gas–solid interactions facilitate pre-
cursor transport throughout the particle bed and reduce the
processing time. In addition, the cartridge ensured that the
flow of the precursors was confined only through the gran-
ulate bed to achieve high precursor utilization without static
exposure, as confirmed by in situ MS measurements of both
half-reactions. By optimizing the gas velocities and rotation
speeds, the minimum pulse and purge times for a complete
and uniform coating were shortened, and in situ MS showed
that the precursor usage reached 90%.During the particle coat-
ing experiment, inductively coupled plasma–optical emission
spectroscopy measurements suggested a saturated growth of
nanoscale Al2O3 films on spherical SiO2 nanoparticles. The
uniformity and composition of the shells were examined using
high-angle annular dark-field TEM and energy-dispersive x-
ray spectroscopy. The morphology results of the Al2O3 coat-
ings on the CeO2 and SiO2 nanoparticles confirmed the con-
trollability and uniformity of coatings and their wide applic-
ability on various nanostructures [114]. This rotary reactor
affords a practical approach for particle ALD to achieve faster
and more economical processes.

4.2. Conformal deposition for the production of
high-aspect-ratio nanostructures

High-aspect-ratio nanostructures exist in spun and stacked
luminescent materials, making ALD coating difficult. Upon
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increasing the high-aspect-ratio integration density, a larger
specific surface area is formed, which renders it more diffi-
cult to achieve a uniform and conformal deposition of thin
films [115]. To investigate the controllable preparation of
such a conformal thin film, an ALD instrument equipped
with an in situ characterization ability was developed by
integration with a quartz crystal microbalance, an ellipso-
meter, a quadrupole mass spectrometer, and an in situ infrared
spectrometer (figure 8(b)) [114, 116]. This system permit-
ted the precursor pulse process to be monitored, along with
the stable precursor output and real-time monitoring of the
species’ partial pressure. Further explorations were also pos-
sible to investigate the effects of different process conditions,
such as the temperature, gas flow rate, and pressure, on the
thin film growth rate. It was found that the simulation res-
ults obtained using the multi-scale model agreed well with
the experimental data recorded for nanopores with various
aspect ratios. These observations confirm that such setups can
provide guidance for process optimization to ultimately gen-
erate the uniform and conformal deposition of films. As a
result, an ultrathin Co3O4 film was uniformly coated onto
high-aspect-ratio (>100:1) TiO2 nanotubes to improve the
visible-light photoelectrochemical performance by an order of
magnitude [117].

Furthermore, an integrated in situ thicknessmonitoring sys-
tem was developed to monitor the deposition rate at the mouth
of a high-aspect-ratio structure in real time. It is important to
avoid unwanted CVD-type growth at the mouth of the hole
to ensure conformal coating. It was found that changing the
position of the gas flow and the substrate from parallel to ver-
tical effectively improved both the uniformity and the con-
formality. This is crucial for enhancing the precursor flux into
high-aspect-ratio structures and compensating for the adverse
effects of diffusion restrictions. Moreover, a high-vacuum sys-
tem was also introduced, which allowed precise control of the
reactor pressure over the high-vacuum range and through high
pumping speeds, thereby accelerating the purging of excess
precursors and by-products that remain in the high-aspect-
ratio structure. As a result, the purging time is reduced, and
the film quality is improved.

4.3. Spatial ALD for rapid and large-area manufacturing

Among the various ALD techniques reported to date, the spa-
tial ALD method effectively meets the high throughput and
low cost requirements of many applications [118]. In compar-
ison with conventional time-sequencing ALD processes, the
two half-reactions in spatial ALD are separated in different
reaction areas using inert gases as physical barriers. This elim-
inates the need for time-consuming purge steps. As a result, the
deposition rate can be increased by 1–2 orders ofmagnitude by
increasing the relative gas flow velocity between the injector
and the substrate [119].

An SALD reactor integrated with modular injectors was
later designed to increase deposition efficiency and main-
tain a high film smoothness and uniformity. As shown in
figure 8(c), a modular injector possessing multilayer struc-
tured channels was designed to improve the homogeneity of

gas distribution in the reaction zone [120]. For atmospheric
SALD systems, a modular injector was designed to improve
the efficiency and expandability of the deposition system.
The modular injector consisted of a single precursor chan-
nel, an oxidant co-reactant channel, three separation chan-
nels, and four outlets for the byproducts and excess gases.
The isolator channel was surrounded on both sides to ensure
good isolation from any water and oxygen presented in the
atmosphere. The reaction area width was set to 250 mm.
Considering the thermal deformation and cross-contamination
of the precursors, the thicknesses of the nozzle and the exhaust
channel were designed to be 14 mm and 1 mm, respect-
ively. The injectors were modular in nature, and allowed both
vertical and parallel substrate movement, thereby enabling
larger deposition areas and an increased wafer throughput.
To withstand the elevated temperatures and the corrosive
nature of the precursors, the injector was constructed from
a lightweight aluminum alloy that possesses excellent cor-
rosion resistance and high thermal conductivity. The non-
uniformity of the film deposition rate distribution was main-
tained within 3% under different substrate moving speeds,
and upon comparison with the ordinary rectangular channels,
the deposition uniformity was significantly improved. These
observations clearly demonstrate the advantages of the mul-
tilayer gas separation structure in the uniform growth of thin
films.

It was also reported that the number of modular injectors
could be expanded to form nozzle groups for larger depos-
ition areas and faster deposition rates, thereby extending the
manufacturing scale. To improve the dynamic performance of
the SALD system, an S-motion curve algorithm based on an
asymmetric polynomial was adopted to overcome the prob-
lems associated with sudden changes in velocity and the high
levels of acceleration in the traditional T-shaped motion curve
algorithm [120]. This algorithm effectively reduced the iner-
tial shock and residual vibrations of the system caused by the
base motion, and reduced the displacement error of the base
by >80%. Based on an efficient modular spatial ALD system
assisted by multi-scale modeling optimization, the maximum
deposition rate reached 100 nm min−1, leading to an efficient,
fast, and uniform preparation of nanoscale thin films. It should
be noted here that the deposition rate in SALD is primar-
ily influenced by the precursor concentration, the exposure
time, and the deposition temperature. It was found that the
precursor exhibited the highest adsorption rate within the
optimal temperature window for SALD deposition. Although
it was possible to reduce the exposure time by increasing the
precursor concentration to give an improved deposition rate,
this poses challenges owing to the drag effect of the fluid
during substrate motion [86]. This, in turn, can result in a
reduced precursor concentration within the deposition area
and potential cross-contamination between the different pre-
cursors, thereby exacerbating chamber pollution [121, 122].
The future development of flexible display production tech-
niques will also require the incorporation of a roll-to-roll oper-
ation, which causes vibration, deviation, and tension control
issues, ultimately necessitating the implementation of addi-
tional hardware.
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Overall, the above studies indicate that rotary ALD is bene-
ficial for the deposition of particles such as QDs and nano-
particles. For high-aspect-ratio or complex structures, planar
ALD with a long exposure ensures conformal deposition,
while SALD offers the possibility of large-area high-speed
deposition. A combination of ALD tools is, therefore, often
necessary to achieve the desired deposition characteristics on
different scales. For display development, the growth rate, film
quality, uniformity, and efficiency are the key elements that
require optimization in the future.

5. Conclusion and perspective

To address the stability and efficiency challenges encountered
in the manufacturing of luminescent materials for dis-
plays, ALD has been incorporated across different scales of
manufacturing. At the atomic scale, ALD is employed for
the precise passivation and surface coating of nanocrystals
and phosphors, thereby enhancing the stability of lumines-
cent materials. At the device scale, ALD is used to fabric-
ate dual-HILs and ETLs and to fill in the emissive layers,
while also modifying the interfaces between these functional
layers. This results in a material with well-balanced carrier
transport properties, high moisture resistance, and an excel-
lent luminescence lifetime. On the display scale, composite
barrier functional layers have been designed and fabricated by
optimizing the deposition process parameters and the encap-
sulation layer, enhancing both the flexibility and stability of
the resulting material. In addition, three types of ALD react-
ors were developed to achieve the conformal deposition of
nanoparticles, high-aspect-ratio nanostructures, and large-area
substrates. Furthermore, advanced measurement and online
real-time monitoring systems have been used to assess proper-
ties such as barrier resistance, film thickness, and roughness.
Moreover, cross-scale simulations were conducted to delin-
eate the microscopic surface reaction mechanism, the meso-
scopic nucleation dynamics, and the macroscopic deposition
processes across the temporal and spatial scales. The obtained
results serve to optimize the ALD process throughout the
cross-scale manufacturing of flexible display devices. Overall,
ALD shows immense potential for achieving precise control of
surface passivation, device fabrication, and flexible encapsu-
lation processes. It also meets the requirements of cross-scale
fabrication and can be integrated into the current streamline of
large-scale production owing to its compatibility with manu-
facturing processes.
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