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Organic light-emitting diodes (OLEDs) have aroused great attention due to the advantages of high

luminescent efficiency, fast response time, wide viewing angle, and the compatibility with the flexible

electronics. Nevertheless, the organic luminescent materials are vulnerable to environment moisture/oxygen.

Thus, how to protect the OLEDs from the ambient moisture/oxygen erosion is of great importance to ensure

the stability and reliability. Thin film encapsulation (TFE) via atomic layer deposition (ALD) has emerged as

a potential method to meet the encapsulation requirements of OLEDs due to its unique assets. In this review,

the challenges of TFE, including pinholes, crystallization, cracks, and overheated, are introduced first. The

ALD-based monolayer, composite structures, and hybrid laminates were developed to improve the barrier

property, flexibility, and thermal conductivity. Besides, the ALD reactors and processes for TFE are also

reviewed. Finally, the challenges remained and future development in the stabilization of OLEDs via ALD are

also discussed.

Introduction

The development of the display industry has experienced

different stages from the cathode ray tube [1], liquid crystal

display [2], and plasma display panel [3] to the light-emitting

diodes (LEDs) [4]. Due to the excellent properties of organic

luminescent materials such as high efficiency, high contrast,

fast response time, and wide viewing angle, organic LED

(OLED) is becoming the dominant trend for the next-

generation display technology [5, 6]. Light would emit from

the polymer or small organic molecules (such as TPP [7], Alq3
[8], TBADN [9], anthracenes [10]) directly in OLED display

[11, 12]. Besides, the OLED device can be fabricated on plastic

substrates, which is compatible with the flexible electronics [13,

14]. However, the organic emitting layer, as well as the metal

electrodes, is easy to be eroded by the water and oxygen in the

ambient [15], leading to the degradation of the OLEDs. Glass

or metal lids were used to encapsulate the devices with the edge

area sealed by the ultraviolet curable glue, which presented

superior barrier properties. The lack of flexibility made it

difficult to be applied to the flexible displays. Hence, thin film

encapsulation (TFE) has emerged as an attractive method to

fabricate the flexible barriers [16, 17].

For OLED encapsulation, the adhesion and conformality of

the barrier films are of great importance to guarantee the

reliability and stability. Among various physical vapor de-

position (PVD) methods, the magnetron sputtering and ion

plating have been developed to address poor adhesion. Yet,

these high energy methods often lead to the damage of OLED

surfaces. Moreover, the conformality of PVD methods is also

hard to be promoted. The chemical vapor deposition (CVD)
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could provide films with stronger adhesion and better con-

formality than that of PVD. These high-temperature deposition

processes are not compatible with the thermal budget of the

organic light-emitting layer. Hereby, plasma-enhanced chem-

ical vapor deposition (PE-CVD) has been developed to lower

the process temperature and becomes the dominant TFE

method. But the unavoidable pinholes on the surfaces [18]

lead to moisture permeation into the electrodes and emitting

layers, as shown in Fig. 1(I) [19]. At the same time, the thicker

layer tends to crystallize [20, 21], and the grain boundaries

would serve as the pathway for the moisture permeation, as

shown in Fig. 1(II). The above issues will lead to the black spots

of the light-emitting areas. Thus, the thickness of inorganic

barriers needs to be controlled precisely at nanoscale to

suppress the pinholes and grain boundaries. Method to solve

these issues is to deposit different materials alternatively to

suppress the crystallization [22], and the pinholes would be

decoupled effectively. On the other hand, the internal stress

originated from the increasing thickness of the barrier films as

well as the external stress accumulated lead to the crack or

delamination of barriers from the OLED surfaces [23, 24, 25,

26], which is shown in Fig. 1(III). In the Barix method invented

by Vitex system [27], the polymer is utilized to help decouple

the pinholes and release the stress, and the barrier property of

the inorganic/organic dyads is equivalent to that of glass lids.

Nevertheless, the manufacturing of OLEDs needs to be

transferred between different vacuum chambers, making it

high cost to be adopted in the large area and high-throughput

manufacturing. Besides, the OLED faces serious performance

degradation due to heat accumulation that damages the

luminescent materials [28], leading to the decrease in the

efficiency and lifetime [29, 30, 31]. Thus, when designing the

encapsulation layer, the following issues need to be considered:

(i) the pinhole-decoupled and water-resistant barriers without

grain boundaries need to be fabricated to promote the barrier

property when applied in the severe conditions with high

temperature and high humility; (ii) the overall structure needs

to be optimized to release the internal or external stress applied

on the barriers, which can promote the mechanical property

when applied to flexible OLEDs; (iii) the thermal conductivity

should be taken into account to avoid the thermal degradation

of OLEDs during the continuous usage; (iv) the transparent

barriers need to be fabricated with low-temperature process to

promote the performance of OLEDs, and the cleanliness of the

chambers should be guaranteed to avoid the particle contam-

ination, which may damage the barriers; and (v) the higher

deposition rate is necessary for the commercial applications

with mass production.

Atomic layer deposition (ALD) is known to be a powerful

ultrathin film fabrication method based on the time-sequenced

self-limiting reactions, and the film thickness and uniformity

can be controlled precisely even when applied to the large-area

Figure 1: Different degeneration paths of the barrier structures: (a) black spots aroused by the pinholes, (b) grain boundaries as the permeation paths, (c) cracks

of the barrier structures, and (d) over-heated caused by poor thermal conductivity.
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substrates [32]. The densely packed and pinhole-free ALD-

based films can be deposited directly on the devices through

low-temperature processes, and the conformal films can be

utilized as high-quality barriers for organic devices [33, 34, 35].

In this review, different ALD-based approaches are introduced

to solve the specific problems shown in Fig. 1, including the

monolayer films, composite structures, and inorganic nano-

laminates, which can inhibit the pinholes and crystallization,

and the optical transmittance can be tuned to promote the

performance of OLEDs. To eliminate the cracking through the

stress, the polymers or oxides with reversal residual stress are

combined to improve the barrier flexibility. Meanwhile, the

location of the neutral axis (NA) can be optimized to reduce

the strain applied to the fragile layers. Furthermore, the

materials with high thermal conductivity are inserted to trans-

port the heat out of the devices, which can protect the emitting

layer from thermal aging. Besides, the ALD reactors and

processes for TFE are also reviewed. Finally, the future de-

velopment of the ALD methods for the TFE of OLEDs is also

discussed.

Monolayer and composite structures

To suppress the black spots aroused by the pinholes of the

barrier layers, different materials and deposition methods,

including thermal evaporation, CVD, and sputtering, have

been utilized to obtain the densely packed encapsulation

structures, and the preparation processes and structures have

been optimized by the experimental or simulation methods.

Similar to the glass lid, the constricted interstitial spaces of

the Si–O lattice can block the moisture diffusion effectively

[36], but the high-temperature process of SiOx via CVD limits

its application in OLEDs [37, 38, 39]. George and colleagues

reported that the SiNx layer could be fabricated at low

temperature via PE-CVD, but it has poor barrier property,

and it was speculated that the lower density columnar

boundaries in SiNx layer may present pathways for moisture

[40, 41, 42]. Similar result was found in SiOx films prepared via

thermal evaporation [43]. Thus, great attention has been paid

to the ALD method due to its unique assets. Among the various

dielectrics prepared via ALD method, Al2O3 is the most studied

material due to the superior barrier property. In the deposition

processes of trimethylaluminum (TMA) and H2O (deionized

water), the excessive precursors and by-products methane are

hard to be removed out of the ALD chamber due to the low

deposition temperature, resulting in incomplete chain reaction

and increasing voids [32, 44]. Duan and colleagues utilized the

computational fluid dynamics to calculate the amount of

species absorbed on the substrate surfaces [45, 46, 47], and

a longer purge time was adopted to remove the excessive

precursors and by-products (Table I, line 10). With the

optimized process parameters, the water vapor transmittance

rate (WVTR) of 70-nm-thick Al2O3 obtained at 80 °C im-

proved to 10�2 g/m2�day, and similar result was also reported

by Carcia and colleagues [48]. To increase the density to lower

down the WVTR of Al2O3 films further, Yang et al. replaced

the H2O with O3 as the oxidant with a shorten purge time due

to the lower viscosity of O3 than H2O [49], resulting in a higher

deposition efficiency (Table I, line 11). Besides, the O3 with

higher reactivity can consume the TMA more sufficiently [50,

51]. An improved hydrophobic property of the O3-based Al2O3

films was revealed via the water contact analysis, and the

barrier property was two orders of magnitude higher than that

of H2O-based Al2O3 film. Duan and colleagues revealed that

the transient steric hindrance in low-temperature deposition

process caused by the by-product gas molecules would block

part of the active sites on the substrates, which prevented the

reactions with the precursors [52]. Therefore, the H2O-based

Al2O3 films contained a large number of unreacted –CH3

groups and O3-based films left more carbon-based impurities

[53]. Hence, the multiple short pulse process was adopted to

reduce the transient steric hindrance. In this way, the oxidant

precursor will be injected into the chamber twice in one cycle,

which is separated with a purge process, and the active sites can

be consumed completely. Similarly, Peng and colleagues

TABLE I: Summary of the WVTR values of monolayer.

Line

No.

Material

(methods) Precursor

Thickness

(nm)

Test temp.

(°C)/RH (%)

WVTR

(g/m2�day) Ref.

1 SiO2

(PE-CVD)

HDMSO, O2,

Ar2

.100 23/50 2.0 � 10�1 [48]

2 SiNx

(PE-CVD)

SiH4, N2 50 60/85 2.0 � 10�2 [42]

3 SiH4, N2, NH4 300 25/50 4.0 � 10�6 [18]

4

Al2O3

(ALD)

TMA 1 H2O

26 23/50 1.1 � 10�3 [48]

5 73 25/80 2.1 � 10�4 [49]

6 60 20/60 4.9 � 10�4 [50]

7 100 60/60 8.0 � 10�5 [55]

8 50 25/50 4.0 � 10�6 [56]

9 50 38/100 1.0 � 10�1 [62]

10

TMA 1 O3

100 25/80 4.0 � 10�3 [45]

11 81 25/80 8.7 � 10�6 [49]

12 60 20/60 8.7 � 10�6 [50]

13 50 25/50 4.0 � 10�6 [56]

14 TMA 1 H2O

1 O3

47 40/100 5.43 �

10�5

[44]

15
Al2O3

(PE-ALD)

TMA 1 O2

plasma

100 60/60 5.0 � 10�5 [55]

16 50 25/50 6.0 � 10�5 [56]

17 50 60/90 3.8 � 10�4 [59]

18

ZrO2

TDMAZr 1

H2O

80 20/60 3.74 �

10�3

[51]

19 TDMAZr 1

O3

80 20/60 6.09 �

10�4

[51]

20 TEMAZr 1

O3

100 50/50 3.87 �

10�3

[58]

21 TiO2 TDMAT 1 O2

plasma

50 60/90 6.32 �

10�4

[59]

22 MgO Mg(CpEt)2 1

H2O

60 30/90 5.83 �

10�2

[61]
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reported that the Al2O3 films prepared by the H2O and O3 in

turn in one cycle as oxidants performed higher density and

purity, leading to the superior barrier property [44] (Table I,

line 14). Besides, Hoffmann et al. utilized the plasma-enhanced

atomic layer deposition (PE-ALD) to improve the film quality

[54, 55, 56], and the Al2O3 films showed an ultralow WVTR

value of 10�6 g/m2�day (Table I, line 13).

The investigations of the monolayers such as ZnO2 and

ZrO2 have also been carried out. Choi and colleagues pre-

pared pure ZnO and doped ZnO films, and the real-time

resistance changes of them at 85 °C/85% relative humidity

(RH) were monitored [57]. The measurement results in-

dicated that the doped ZnO film had more corrosion re-

sistance than the pure ZnO layer. It revealed that the

degradation of the electrical conductivity of pure ZnO layer

was due to the higher potential energy barrier when the –OH

groups chemisorbed along the grain boundary, which agreed

well with the transmission electron microscope (TEM) result.

However, in the doped ZnO film, the Al and Mg dopants

could substitute the Zn and hinder the crystallization. Oh

et al. prepared the Al2O3 and ZrO2 monolayers with the same

thickness of 100 nm, which corresponded to the WVTRs of

7.05 � 10�4 and 3.87 � 10�3 g/m2�day [58], respectively

(Table I, line 20). The high-resolution transmission electron

microscope (HR-TEM) was utilized to obtain the structural

information about the ZrO2 film, the growth of which

followed the [111] direction, and the grain boundaries acted

as the permeation path. Similar results have been reported in

the monolayers of TiO2 [59], MgO [60, 61], etc. The processes

and barrier properties of the monolayer structure via ALD

are summarized in Table I.

The performance of the OLEDs encapsulated with mono-

layer and composite structures has been investigated. Kessels and

colleagues counted the growth behavior of the black spots on the

OLEDs encapsulated with different structures at 20 °C/50% RH.

As shown in Fig. 2(a), the Al2O3 layer has better barrier property

than the SiNx layer [16]. Besides, the black spot density of SiNx

was much higher than that of others after long time storage, as

shown in Fig. 2(b), and a higher average growth rate of black

spots was found in the Al2O3 layer due to uncovered large

defects. In addition, the barrier resistance of the composite

Al2O3/SiNx structure improved significantly compared with the

monolayers [62, 63]. The pinholes and low-density columnar

boundaries could be sealed up effectively via ALD method [42].

Maindron et al. investigated the occurrence and growth

mechanism of the black spots of nonfluorescent tris-(8-

hydroxyquinoline) aluminum (AlQ3) in the accelerated condi-

tions [43]. It was found that the barrier structures containing

Al2O3 layer presented a lag time s due to the pinhole-free

property of the ALD-based Al2O3 films, after which the defect

densities started to increase significantly. The observation results

of SiOx and Al2O3 are shown in Figs. 2(c) and 2(d). The black

spot occurrence rates were decomposed into different regimes

(numbered 1, 2, and 3), and the hatched area in Fig. 2(d)

represents the total fluorescence failure of the device, where

the inset means the enlarged data plots in 0–200 h time range.

Park and colleagues revealed that the harsh environment

(high temperature and humidity) made the encapsulation

layers deteriorating to the porous “flowerlike” structure [59].

After the lag time, the growth rate of the black spot number

increased rapidly due to the corrosion of Al2O3 [64], leading

to a higher growth rate of defect density for Al2O3 film than

that of SiOx film in regime 2. When coating the Al2O3 film

with SiOx, the longest lag time and slowest growth rate of the

defect density were obtained compared with those of other

structures.

Inorganic nanolaminates

As mentioned above, the oxide films such as ZnO [65, 66],

TiO2 [67], and ZrO2 [51, 68] tend to crystallize with the

increasing thickness, and the grain boundaries would serve as

the pathway for the moisture to permeate into the devices,

resulting in the degradation of the OLED displays. To further

decrease the thickness and suppress the crystallization of the

barrier structures, great attention has been paid to the

laminated structures.

Based on the activated rate theory, a simple empirical

model for the change in permeation mechanism of laminated

structures is deduced as below [36], where Pcom denotes the

permeation rate of the overall structure and P1, P2, etc., mean

the permeation rates of sublayer 1, 2. . . respectively.

Pcom ¼ 1=P1 þ 1=P2þ1=P3 þ � � �½ ��1 : ð1Þ

This ideal series assumes that each component is contin-

uous, and the interfaces between each component are not low-

energy conduits to transport. However, the theory is not

consistent with the entire experimental results due to the

imperfection of the sublayers, and the permeation mechanism

in the laminated structures needs to be clarified with in-depth

researches.

Prior to the activated rate theory [36], the barrier property

of the encapsulation structure improves with the increase in the

sublayer numbers. However, the thicker the inorganic barriers

are, the less flexible they are. Besides, the repeated transfer

process in different vacuum chambers leads to particle con-

tamination [69], resulting in the destruction of the barriers.

Attentions have been focused on the nanolaminates prepared

via ALD method, which can be obtained in one chamber

continuously [70, 71]. As shown in Fig. 3(a), we reported that

the optical property of ZnO/TiO2 nanolaminates (such as
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refractive index and transparency) could be tuned by adjust-

ing the number of sublayers with the thickness of overall

structure maintained constant [72]. Besides, the increasing

number and decreasing thickness of sublayers lead to the

amorphous structure of the barriers according to the XRD

patterns shown in Fig. 3(b). Similar results were reported by

George and colleagues, and the electrical and mechanical

properties could also be adjusted [73, 74]. Meyer et al.

reported the Al2O3/ZrO2 nanolaminates as ultrahigh gas-

diffusion barriers; the barrier performance of which improved

1–2 orders of magnitude compared with that of the Al2O3

layer in the accelerated condition of 70 °C/70% RH [75]

(Table II, line 2). The low-temperature deposition process led

to the incomplete precursor reaction, which agreed well with

the Fourier transform infrared spectroscopy (FTIR) results

[76]. The amorphous Al2O3 hindered the crystallization of

ZrO2 in the Al2O3/ZrO2 nanolaminates. Besides, the ZrO2

layer could prevent the accumulation of unreacted Al–OH

species and the formation of extended voids in the Al2O3

sublayers, increasing the packing density. Besides, Jeon and

colleagues demonstrated the formation of ZrAlxOy-aluminate

phase at the interfaces via the X-ray photoelectron micros-

copy characterization [77, 78] (Table II, lines 3 and 5), which

is shown in Figs. 3(c) and 3(d). The Al 2p core level was

shifted toward a lower binding energy, and the Zr 3d core

level was shifted toward a higher binding energy. Taking the

electronegativity of Al (1.61) and Zr (1.33) into consideration,

Zr tend to donate an electron and Al tend to gain an electron

to form a strong chemical bonding. Juhong et al. even

obtained the pure ZrAlxOy phase structure by conducting

Al cycle and Zr cycle alternatively, which performed the best

barrier property [58] (Table II, line 4).

Similar to the Al2O3/ZrO2 system, Lae et al. prepared the

Al2O3/TiO2 nanolaminates by conducting the Al cycle and Ti

cycle alternatively [59] (Table II, line 1). The Al2O3 monolayer

and Al2O3/TiO2 nanolaminates were immersed in water at

Figure 2: (a) Intrinsic WVTR values measured for a-SiNx:H (PE-CVD) and Al2O3 (PE-ALD) films; (b) average number and the average growth rates of black spots on

OLED samples encapsulated with different structures; and defect density evolution versus storage time for device encapsulated with (c) evaporated SiO2 layer and

(d) Al2O3 layer.
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90 °C for 30 min, and the topography of the samples was

characterized by atomic force microscopy (AFM) and field-

emitting scanning electron microscopy (FE-SEM). As shown in

Fig. 4, the surface roughness increased significantly and petal

structures were formed for the individual Al2O3 layer. In

contrast, the surface of the nanolaminates remained smooth,

which demonstrated the excellent water–corrosion-resistant

property of the TiAlxOy-aluminate phase. Similar results could

be found for Al2O3/SiO2 [79, 80], ZnO/HfO [22] nanolami-

nates, and the barrier properties of different nanolaminate

encapsulation structures are listed in Table II.

Hybrid structured TFEs under mechanical
stresses

The inorganic barrier structures carry intrinsic mechanical

residual stress, and the stress increases with the increasing

thickness of the overall structures [81]. Besides, when com-

bined with the external stress caused by bending or stored in

the harsh environment, the barrier layer tends to crack or

delaminate from the device surface, leading to the degradation

of the OLEDs. To make the barrier structures more flexible and

to maintain the excellent barrier property, the hybrid laminated

Figure 3: (a) Transmittance of ZnO/TiO2 laminates at different bilayers’ number on glass substrate; (b) grazing incidence X-ray diffraction of the as-

deposited ZnO/TiO2 laminates; X-ray photoelectron spectroscopy (XPS) spectra of Al2O3, ZrO2, and ZrAlxOy phase of (c) Al 2p and (d) Zr 3d core levels.

TABLE II: Summary of the barrier properties of nanolaminates.

Line

No.

Material

(method) Precursors

Thickness

(nm) (# of

dyads)

Test Temp.

(°C)/RH

(%)

WVTR

(g/m2�day) Ref.

1 Al2O3/

TiO2 (PE-

ALD)

TMA,

TDMAT, O2

plasma

50 (cyclic

ratio: 1:1)

60/90 1.81 �

10�4

[59]

2

Al2O3/

ZrO2

(ALD)

TMA,

TDMAZr,

H2O

2.6/3.6 (20) 70/70 4.7 �

10�5

[75,

76]

3 2.1/3.1 (20) 80/80 3.2 �

10�4

[78]

4 TMA,

TEMAZr, O3

100 (cyclic

ratio: 1:1)

50/50 3.26 �

10�4

[58]

5 Al2O3/

ZrO2 (PE-

ALD)

TMA,

TEMAZr, O2

plasma

100 (cyclic

ratio: 1:1)

50/50 9.9 �

10�4

[77]
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structures with mechanical design and polymers embedded

should be considered.

In particular, a wide range of ALD grown barrier layers

carry tensile stress in the range of 400–500 Mpa [81], and the

cracking or delamination possibility increases significantly with

the increasing thickness when stored in the extreme conditions

(such as 85 °C/85% RH). As shown in Fig. 5(a), Bulusu et al.

inserted an SiNx layer with compressive stress to help release

the stress of Al2O3/HfO2 nanolaminates, and the cracking

probability of which decreased a lot [82]. An in-depth study

was reported by Behrendt et al., in which a stress–thickness

product (r�h) was defined as the “membrane force” to evaluate

the possibility of the cracking and delamination occurrence of

barriers [83], and the threshold level was derived to be 1200

GPaÅ. The total membrane force (r�h)total of a multilayer can

be derived by adding the contributions of the individual

sublayers (r�h)i:

r � hð Þtotal ¼
X

i

ri � hi : ð2Þ

It means that the membrane force of the multilayer does

not depend on the sequence of the sublayers, which has been

demonstrated by the experimental data. By introducing layers

with compressive stress [such as SiNx or Ag films, as shown in

Fig. 5(b)] into the hybrid laminated structures [83], the

membrane force can decrease to be below the threshold level.

The internal stress of the inorganic barrier structures can

be released by combining the layers with reversal stress, but the

barriers still tend to crack due to the bending fatigue when

external stress is applied. The applied strain of the barriers

under flexural deformation is proportional to the distance from

the NA:

e ¼
Z � ZNA

R

� �

; ð3Þ

where the ZNA denotes the neutral position and R means the

bending radius. Besides, the thermal mismatch strain, humidity

strain, etc., can be ignored when compared with the strain

induced by bending. Thus, by shifting the neutral surface

toward the barrier structure can reduce the external stress

effectively. As for the simplified multilayer structure model, the

NA position can be deduced as below:

X

n

i¼0

Z

Ziþdi=2

Zi�di=2

Eie Z � ZNAð ÞwdZ ¼ 0 ; ð4Þ

where Zi, Ei, di, and w denote the location of the centroid, the

elastic modulus, the thickness and cross-sectional width of the

Figure 4: AFM images of the surfaces of the (a) single Al2O3 and (b) Al2O3/TiO2 nanolaminate films after immersion in water at 90 °C; FE-SEM photographs of the

surfaces of (c) single Al2O3 and (d) Al2O3/TiO2 after immersion in water at 90 °C.
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ith layer, respectively, and the 0th material means the bottom

device. As for the individual layers, the location of the centroid

(Zi) of them will be utilized to simplify the calculation.

Combing the Eqs. (3) and (4), the location of the NA position

was deduced as below:

ZNA ¼

P

n

i¼0

ZiEidi

P

n

i¼0

Eidi

: ð5Þ

In the preparation of the flexible OLED devices, d0 � di(i

6¼ 0), which revealed that the substrate thickness affects the

applied strain on the barriers a lot. The theory was firstly

applied in the design of the flexible OLEDs [as shown in

Figs. 5(c) and 5(d)] [84]; Hwang et al. revealed that the stress of

the ITO could be released significantly by adding a 250-lm-

thick polyimide (PI) buffer layer, whose thickness is nearly

equivalent to that of the PES substrate (200 lm), and the strain

decreased significantly when compared with that of OLED

without buffer layer. Kim et al. added an epoxy top coating to

shift the NA toward the encapsulation layer, and the barrier

performance of the SiO2/Al2O3 laminates maintained un-

changed under the 6.4 mm radius of curvature [85]

(Table III, line 10). Similarly, Xu et al. added an organic

protective layer [CYOTP, polydimethylsiloxane (PDMS), and

SU-8] to the Al2O3/MgO laminates prepared by ALD, in which

Figure 5: (a) Stress management via the insertion of SiNx layer with compressive stress; (b) the relative delaminated area of OLEDs comprising various Al2O3/TiO2

NL GDBs with or without stress management layers (SiNx and Ag); (c) NA positions of a flexible OLED, including ITO with a buffer layer; (d) stress distributions (E:

elastic modulus, t: thickness); (e) schematic of the nacre cross-section and bent ZAM film with energy dissipation system for crack deflection and crack arresting;

and (f) degradation of the barrier properties of Al2O3-TFE and ZAM-TFE with tensile strain applied.
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the hydrophobic organic layer can protect the inorganic barrier

from being corroded in the harsh environment and improve the

flexibility [86] (Table III, lines 11–13). In addition, inspired by

the microcrack toughening effect of the nacre structure, Jeong

et al. reported the ZnO/Al2O3/MgO (ZAM) laminated barrier

structure for the flexible displays [60]. The ZAM film was

formed with intentional voids and defects through the formation

of a quasi-perfect sublayer, which is shown in Fig. 5(e). It was

reported that the defect densities of ALD deposited films

decreased linearly with thickness until reaching the critical

thickness [87]. Based on that, the cycles were controlled for

forming the first ultrathin films, maximizing the defect densities

in sublayers before the formation of a perfect film with full

coverage. The deposition process was optimized as cyclic ratio of

20/12/10 for the ZAM laminated structure, promoting the

amorphous and layer-by-layer structure (Table III, line 15).

The barrier property and mechanical stability of the ZAM/

organic hybrid structure under different strains improved

significantly in comparison with an Al2O3/organic multi-

barrier in the severe environment of 85 °C/90% RH [88].

The particle generated during the fabrication of OLEDs or

barrier structures also leads to the cracking, and it has been

revealed that ALD is not effective for conformal coating on

large particles and defects by Keuning et al. [18]. The polymers

with flexibility and the very low elastic modulus and hardness

are possible to address through the presence of particle

contamination [18, 89]. Therefore, the inorganic/organic lam-

inated structures are considered [24], in which the barrier

performance is dominated by the inorganic layers, and in-

organic layers can be decoupled from the inorganic layer

underneath by inserting the organic layers [90]. Meanwhile,

the organic layers can release the internal stress of the

encapsulation structures. Choi and colleagues investigated the

MgO/S–H composite laminates [61] and revealed that the

silicon particles embedded in the organic layers can extend the

diffusion path effectively, resulting in the superior barrier

performance equivalent to the glass lids (Table III, line 9).

However, when immersed in water, the S–H composite could

not protect the inorganic layers from being corroded effec-

tively [90]. Besides, Park and colleagues reported that the

UV-cured procedure for S–H composite in the OLEDs [91,

92, 93] degraded the emitting layer. Thus, the introduction of

thermally curable organic layers at low temperature is pre-

ferred in the fabrication of inorganic/organic alternating

stacks, and the use of an ALD chamber with a vacuum below

10 Pa can lower the boiling point, enabling the organic layers

to be cured at a relatively lower temperature. The silamer [94]

and parylene C [95] were also utilized in the inorganic/

organic laminates, which showed a significant surface plana-

rization effect. The water–corrosion-resistant polymers with

randomly formed three-dimensional inner structures can

protect the inorganic layers effectively due to the long

tortuous diffusion path. Meanwhile, no significant increase

in WVTR values was found after the bending tests due to the

excellent mechanical stability of the inorganic/organic

laminates.

TABLE III: Summary of the barrier properties of hybrid laminated structures.

Line

No.

Design of the encapsulation structures

Inorganic layer Organic layer

# of organic/

inorganic dyads

Total

thickness

(nm)

Test Temp. (°C)/

RH (%)

WVTR

(g/m2�day) Ref.Material (method)

Thickness of

sublayer (nm) Material (method)

Thickness

(nm)

1

Al2O3 (ALD)

60 Silamer (spin-

coated)

2000 3 6180 30/90 3.11 � 10�6 [94]

2 30 Parylene C (CVD) 500 3 1590 30/90 ,10�5 [95]

3 7 cycles
Alucone (MLD)

1 cycle . . . 75 20/60 8.68 � 10�5 [113]

4 9 1 4.5 50 20/60 9.94 � 10�5 [114]

5 10.4 SAOLs (MLD) 20.1 5 152.5 85/85 1.58 � 10�3 [115]

6 Al2O3 (ALI) 22 PI (spin-coated) 20,000 1 20,022 85/85 ,10�7 [120]

7 ZrO2 (PEALD) 4 Zircone (MLD) 1 12 60 20/60 3.08 � 10�5 [116]

8 TiO2 (ALD) 9.6 SAM (MLD) 80 5 448 60/85 7.0 � 10�4 [89]

9 MgO (ALD) 40 S–H composite

(spin-coated)

200 4.5 1000 30/90 4.33 � 10�6 [61]

10 Al2O3 (ALD)/SiO2

(PECVD)

50/100 Parylene (CVD) 1000 1 1150 20/50 2.4 � 10�5 [85]

11

Al2O3/MgO
100 cyclic ratio:

50/10

CYOTP (spin-coated) 2000 1 2100 60/90 1.05 � 10�6 [86]

12 PDMS (spin-coated) 24,000 1 24,100 60/90 1.23 � 10�6 [86]

13 SU-8 (spin-coated) 2000 1 2100 60/90 7.94 � 10�4 [86]

14 Al2O3/ZnO 30 (3 nm/3 nm) S–H composite

(spin-coated)

100 3.5 420 30/90 7.87 � 10�6 [92]

15 ZnO/Al2O3/MgO 50 cyclic ratio: 20/

12/10

S–H composite

(spin-coated)

140 1.5 240 30/90 2.06 � 10�6 [60]
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In the inorganic/organic laminated structures discussed

above, pinholes are frequently found in the organic layers

fabricated by the sol–gel methods [96]. Besides, the confor-

mality and compositional uniformity at very small thickness

are hard to guarantee [97]. The dry processes for depositing

polymeric thin films have been proposed to overcome the

problems aforementioned, such as CVD [98]. However, the free

radicals utilized in CVD method may cause the loss of the

precursors’ functionalities [99], and the film properties like

molecular orientation are hard to control. The method called

molecular layer deposition (MLD) was proposed to fabricate

the ultrathin organic films with precise thickness control,

excellent uniformity, and conformity. The principle of MLD

is similar to that of ALD, in which different precursors are

injected into the chamber subsequently, which are separated

with the purge processes, and it has been successfully applied to

the fabrication of polyamide [100], polyimide [101], polyuria

[102], etc. [103]. Besides, when replacing the inorganic oxidant

reactants (like H2O and O3) with the organic ones (such as

diols and carboxylic acids) in the ALD processes, the hybrid

films with organic backbones and metal elements can be

obtained. It has been reported to prepare alumina alkoxides

(alucone) [104], zinc alkoxides (zincone) [105, 106], titanium

alkoxides (titanicone) [107], etc., which possess lower hardness

and elastic modulus than the corresponding oxides (Al2O3,

ZrO2, TiO2, etc.) [108]. However, the polymer-like hybrid films

would uptake water in the ambient, leading to the erosion of

the inner structure [104]. When covered with the inorganic

layer, the degradation can be inhibited effectively [106]. As

discussed elsewhere, due to the thermal expansion difference of

the inorganic films and the plastic substrates, the films tend to

crack with increasing thickness. Following Griffith’s criterion,

when the strain energy release rate (G) from the surrounding

strained material exceeds the interfacial toughness (Ci), the

crack will continue to propagate [109]. Here, the amount of

stored elastic energy per unit area in a stressed thin film is:

G5Z
r2

rh

E
; ð6Þ

where Z is a geometric constant, which ranges from 0.5 to 2.0 and

rr and h denote the residual stress and thickness of the deposited

films, respectively. E is the film’s biaxial elastic modulus. With the

increase in film thickness h, the residual stress increases gradually,

especially when the high coefficient of thermal expansion (CTE)

mismatch exists between the film and substrate. Both the

increasing thickness and residual stress contribute to the increase

in the stress release rate, and the crack can be observed due to the

release of large amounts of energy. As shown in Figs. 6(a) and

6(b), George and colleagues reported that the insertion of the

MLD interlayer could release the stress in the inorganic layers,

and it was assumed that the “spring-like” organic interlayer with

minimal cross-linking between the polymer chains could lower

the compressive stress applied to the inorganic films [26], leading

to the decrease in the crack probability [110, 111, 112]. Duan and

colleagues demonstrated the improved barrier property of the

alucone/Al2O3 nanolaminates compared with that of Al2O3 single

layer with the same thickness, which was due to the extended

permeation path [113] (Table III, line 3), and the flexibility was

also enhanced [114, 115, 116].

Although the polymer substrates (such as PET and PEN)

perform poor barrier property, their excellent flexibility attracts

great interests from the researchers. Besides, the polymer films

are easy to achieve high-throughput and low-cost fabrication

with sol–gel methods. Nowadays, ALD method has been

utilized to tune the mechanical and barrier properties of the

polymer substrates widely [117, 118]. To be exact, the growth

behavior on the polymer substrates is strongly dependent on

the chemical bonds (such as –OH, –C5O–, and –NH2) and

process parameters (temperature, purge time, etc.) [119], which

have been demonstrated by the quartz crystal microbalance

and in situ FTIR investigations. The TMA molecules would

diffuse into the sublayer and react with the groups on the

surfaces, and the diffusion depth can be controlled to a certain

extent by adjusting the process parameters. As shown in

Fig. 6(c), Lee et al. reported a gas-proof polymer hybrid thin

layer prepared via the atomic layer infiltration [120]. Com-

pared with the ALD method, the precursors would not be

purged out of the reaction chamber as soon as possible after the

pulse, and the chamber was completely closed for a certain

period for the precursors to diffuse into the polymers. After

several tens of cycles, the voids in the substrates could be filled

completely, which was confirmed by the energy-dispersive X-

ray spectroscopy, and the barrier property reached below 10�7

g/m2�day while maintaining excellent flexibility (Table III, line

6), which is shown in Fig. 6(d). The barrier properties of the

different hybrid laminated structures are listed in Table III.

Thermal management layers

Except for the degradation caused by the moisture erosion in

the ambient, the flexible OLEDs based on the plastic substrates

with low thermal conductivity face serious performance deg-

radation if no additional heat sink system conducting the heat

out of the device is contained [121]. Park et al. reported that the

efficiency and lifetime were improved by inserting a metal sheet

[122], but the rough surfaces and additional physical pressure

would damage the OLED devices. Therefore, an ultrathin heat

conducting film with excellent flexibility, ductility, and trans-

parency is needed for the encapsulation for flexible OLEDs.

Among the various materials, graphene and silver possess

the best heat conductivity, but the former one needs to be
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prepared with the CVD method, in which high temperature

and catalysts are needed. Due to the simplicity of preparation

process, Ag layer is more commonly adopted. Kwon et al.

reported a dielectric–organic metal encapsulation structure to

guarantee the reliability of flexible OLEDs [123], which is

shown in Fig. 7(a). The thickness optimization of Ag layer is

crucial for the device performance, in which a discontinuous

Ag layer leads to the nonuniform heat transfer, whereas a thick

layer leads to the low transparency. The kick point where the

Ag film turned from discontinuous to continuous was shown

photographically by the AFM or SEM, and it could also be

deduced by the sharp decrease in the sheet resistance [57].

The overall structure was optimized via optical simulation via

Matlab software, and it was found that the transmittance of

Al2O3/Ag/Al2O3 structure was 33% higher than that of the

Al2O3/Ag structure due to the anti-reflection effect [123].

Finally, the nanocomposite organic layer was inserted to

improve the flexibility further, and the Al2O3/Ag/Al2O3/S–H

nanocomposite/Al2O3 multilayer structure was obtained. As

shown in Fig. 7(c), the infrared camera was used to observe

Figure 6: (a) Schematic depicting the “spring-like” nature of the alucone interlayer between the Al2O3 ALD film and the Teflon FEP substrate; (b) compressive

stress on 21 nm ALD-based Al2O3 versus alucone interlayer thickness on Teflon fluorinated ethylene propylene (FEP) substrates with thickness of 50 and 125 lm;

(c) schematic illustration of fabrication of polymer hybrid thin layer via ALI method; (d) Ca dot corrosion tests for PI films after they were subjected to

10,000 bending cycles.
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the real-time temperature profiles of the OLEDs operated at

the certain input power, and it was demonstrated that the

insertion of the Ag layer in the multilayer structure helped

conduct the heat out of the devices effectively, which

prolonged the lifetime of the OLEDs. Besides, the excellent

flexibility and barrier property of the dielectric–organic metal

encapsulation structures were demonstrated before and after

the bending tests.

The graphene possesses better heat conductivity and barrier

property than those of Ag layer. Theoretically, the lattice

constant of graphene is 2.47 Å, which is smaller than the size

of H2O molecular (around 4.0 Å). It means that the perfect

graphene layer can block the permeation of moisture effec-

tively. To apply the artificial graphene films fabricated via CVD

method to flexible electronics, Ruoff and colleagues transferred

them to target substrate by an optimized process with the

assistance of PMMA [124, 125]. As a good conductor, the

insulator is needed to be inserted between the OLEDs and

graphene, such as PDMS and PMMA. However, Karnik and

colleagues revealed that the CVD-grown single-layer graphene

had various defects, such as pinholes and cracks [126]. Seo et al.

prepared the multi-stacked graphene films to form a defect-

sealed membrane, and it was found that the permeation rate

decreased with the increase in the graphene layers [127], but

which was still far from the requirements of OLEDs. As shown

in Figs. 7(d) and 7(e), Nam et al. used the ALD-based Al2O3 to

passivate the defects of the graphene films [128] and the barrier

property improved significantly.

ALD reactors and processes for TFE

Notably, the ALD precursors are most aggressively reactive,

which may lead to the degradation of the chemically active

OLED materials. Thus, the chemical compatibility of these as-

mentioned ALD techniques with current OLED materials need

to be discussed. Singh et al. investigated how the different

oxidant precursors (H2O and O3) affected the luminous

performance and lifetime of OLEDs. In the experimental

procedures, the pulse and purge duration for TMA was fixed

at 0.3 s pulse and 0.75 s purge, and the pulse duration for the

oxidant precursor ranged from 1 to 45 s, and the purge

duration maintained half of the pulse time [129]. Besides, the

deposition temperature was set as 50 °C. The results indicated

that the O3-based process seemed to be more compatible with

the OLEDs than the H2O-based process [130]. As reported

elsewhere, the activation energy for Alq3 hydrolysis (the

emitting layer in OLEDs) is 35% lower than that of the pure

Alq3, and the hydrolyzed Alq3 would lead to the nonemissive

area [131]. Thus, the ozone-based Al2O3 was deposited on the

OLED surfaces directly, which can block the H2O diffusion in

the later processes of H2O-based Al2O3 films, and the blocking

effect improves with the increasing O3-based Al2O3 film

thickness. To avoid the direct contact with the precursors,

Park et al. inserted a 3-lm-thick organic buffer layer between

OLED and Al2O3 barrier layer, and the pulse time of the

precursors was optimized at the same time [62]. It can be found

that several dark spots formed in the emitting image when the

Figure 7: (a) Schematic of Al2O3/Ag/Al2O3/S–H nanocomposite/Al2O3 barrier structure; (b) sheet resistance of MAZO/Ag and MAM structures in relation to Ag

thickness; (c) real-time temperature profiles of FOLEDs at an input power of 80 mW over time; (d) Al2O3/graphene composite barrier layer; and (e) electrical Ca tests

of different barrier structures.
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H2O pulse time was set as 1.43 s, but no black spot was found

when the pulse time was reduced to 0.5 s even without the

buffer layer. In particular, to improve the performance of the

OLED devices, the stacks consisting of materials with high and

low refractive indexes would be deposited on the top of the

devices, which serve as the optical functional layer to improve

the light output. Thus, the chemically active OLED materials

will not be exposed to the precursors directly, leading to the

enhanced stability and reliability.

Various commercial ALD reactors have been reported for the

continuous industrial production. Picosun (Espoo, Finland) has

integrated the roll-to-roll module in the reaction chamber, which

can be used for the flexible substrates with the width of 70 mm.

Similarly, Beneq (Espoo, Finland) has also published its roll-to-roll

ALD system, and the web speed of which can reach 10 m/min.

The Firebird ALD equipment invented by Veeco Company

(Waltham, Massachusetts) can be utilized to fabricate the barrier

layers and optoelectronics [132], and the substrates width can

reach above 300 mm. It is noted that the Infinity TM500 invented

by Encapsulix (Aix-en-Provence, France) can be applied to the

encapsulation of displays with width reaching G5.5 (1300 �

1500 mm2), and the WVTR of 25 nm Al2O3 film reached ;5

� 10�4 g/m2�day [133]. To further improve the deposition rate,

more and more deposition chambers or units are integrated to

improve the efficiency, and the related equipment has been

reported by ASM International (Almere, Netherlands) [134],

Eugene Technology (Yongin-si, Korea), and Leadmirco (Wuxi,

China), which mainly serve for the semiconductor and solar cells.

However, with the continuous expansion of the panel size,

the vacuum chamber of ALD reactors can no longer meet the

requirements of large area and high throughput. Moreover,

a long purge time is needed to clean the excessive precursor

and by-product in the low-temperature process. Kwon et al.

reported that the Al2O3 monolayer with the thickness of

;60 nm performed the best barrier property, which could

strike a balance between pinhole density and internal stress

[94]. However, it is calculated that more than 4 h would be

spent, which is far from the efficiency of the PE-CVD method.

The spatial atomic layer deposition (SALD) is thought to be

a potential method to solve this issue [135, 136]. Compared

with the thermal ALD, the precursors will be injected into the

reaction chamber continuously, and different precursors and

the ambient will be separated by the inserted physical gas

barriers. The substrate moves underneath the injectors cycli-

cally, and the thickness can be controlled precisely by adjusting

the cycle numbers. Choi et al. developed the high-throughput

SALD system for the TFE of OLEDs, and it was applied to the

2G glass substrate (370 � 470 mm2) with the deposition rate of

7 nm/min. The barrier property of the PEN substrates coated

with 100-nm-thick nanolaminates improved from 1.8 � 10�3

to 6.9 � 10�5 g/m2�day [137]. Franke et al. developed their

SALD system integrated with a microwave plasma source, and

the WVTR value of 50 nm Al2O3 could reach ;10�6 g/m2�day

[56]. Due to the simplicity of the linear track one, we also

developed the modular injector integrated SALD apparatus,

and the deposition rate reached 100 nm/min with the non-

uniformity around 2% [138]. Besides, George and colleagues

developed a modular rotating cylinder SALD reactor, in which

the inner cylinder rotated with the flexible substrate and passed

underneath the various spatially separated slits in the outer

cylinder [139]. Poodt et al. developed the rotary SALD equipment

and applied it to the passivation of silicon solar cells, and the

drastic increase in the solar cell efficiency was found [140]. Similar

commercial equipment such as the InPassion ALD invented by

SoLayTec has also been reported [141], in which more than 4

deposition units are integrated, resulting in the production

efficiency of 4500 wafers per hour. Meanwhile, ASTRal and

TNO had developed the roll-to-roll SALD equipment, which can

be applied in the encapsulation of flexible electronics with the

width more than 300 mm [142, 143, 144, 145].

Except for the limitation of substrate size and low de-

position rate, the demand of low-temperature process for

polymer substrates requires that only the precursors with high

reactivity (such as TMA, DEZ, and TiCl4) can be adopted.

However, the oxides will be deposited on the chamber walls

and masks at the same time, which are hard to be removed,

leading to the particle contamination of the barrier structures

after a long period. One of the solutions to solve this problem is

to synthesize the new precursors for the oxides such as SiO2,

which ought to possess high reactivity and adequate saturated

vapor pressure, and the by-product is easy to be eliminated.

Besides, the SiO2 film deposited on the chamber walls and

masks are easy to be removed by introducing the corrosive gas,

which can promote the cleanliness of the chamber. Another

way is to develop the plasma-enhanced atomic layer deposition

(PEALD) method, in which the oxidant (such as O2, N2) can be

activated by the electric fields, and the process temperature can

be lowered to the room temperature. It has been successfully

applied in the preparation of AlN [146, 147] and SiO2 [148],

and the SALD method can also be integrated to increase the

deposition rate [49]. Compared with the thermal ALD, denser

films can be obtained via PEALD, and the excellent barrier

property of the monolayer or laminated encapsulation struc-

tures [59, 77, 116] has been demonstrated.

Summary and outlook

OLEDs are attractive for flexible displays; yet, the reliability is

of great challenge to overcome pinholes and crystallization,

cracks, and overheated through barrier layers. The ALD-based

TFE has emerged as a powerful method to solve the existing

issues. The monolayer and composite structures fabricated via
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ALD can decouple the pinhole defects, and the nanolaminates

possess superior water–corrosion-resistant property and inhibit

the crystallization. Moreover, hybrid laminated structures can

reduce internal stress and improve the flexibility, and an

additional heat sink system is embedded to transfer the heat

out to avoid the thermal aging. Besides, the SALD and PEALD

methods have been proposed to improve the deposition rate

and to extend the range of the precursors that can be utilized.

Nevertheless, there are some remaining challenges to be

addressed toward further flexibility and potential stretchable

displays. With the thickness continuing to go down, the encap-

sulation structures have to be further optimized with consider-

ation of optical emittance, barrier resistance, and mechanical

robustness. A database containing different inorganic or organic

materials needs to be built based on the different experimental

processes, which covers the parameters of mechanical, optical,

thermal, and barrier properties corresponding to different pro-

cesses. The interfaces between multilayer hybrid films need more

accurate theoretical simulations with interface consideration.

Moreover, the barrier structures are expected to replace the

original capping layer of the OLEDs, leading to the simplified

device structures, and the moistures can be blocked effectively.

Another obstacle currently is how to fabricate large-scale

organic layer with accurate thickness control and good

throughput, as organic layers play an important role in the

design of the ultra-flexible barriers. Inspired by the SALD

methods, the oxidant precursor can be replaced by the organic

materials, and the spatial molecular layer deposition (SMLD)

will be achieved. However, the isolation between different

precursors in the SMLD will be more complex due to high

viscosity of organic precursors. A more reliable method to

fabricate the organic layers is ink-jet printing, in which lots of

nozzles can be integrated to satisfy the requirement of large-

area substrates. Besides, the future stretchable electronics will

require TFE as well, and the organic–inorganic hybrid layers

with excellent tensile properties need to be developed.

Another issue ALD currently faces urgently is the self-

clean. Current ALD components have strongly relied on Al2O3

and other hard-to-etch materials. It is important to have SiOx

investigated and be able to grow with low temperature on large

scale. The ALD precursor development also needs to be

addressed. On the other hand, in the preparation process of

the barrier structures, the masks are necessary to protect the

electrodes from being covered by the dielectric films. Mean-

while, they also play an important role in the fabrication of the

patterned structures for the OLEDs, especially for the

MicroLED. Therefore, the frequent cleaning of masks or

adopting the thin film deposition processes, which can realize

the in situ self-cleaning, is necessary to avoid the particle

contamination. Besides, how to promote the high accuracy of

linewidth resolution on the edge area is of great importance.

The area-selective ALD is expected to streamline the process

flow and solve the broken inorganic layers with small folding

radius, and TFEs only deposit where they are needed.

The design of the encapsulation structures of the flexible

OLEDs is a systematic and complex project, and the ALD

method will play a more important role in the future due to its

unique assets.
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