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Abstract

Organic light-emitting-diode displays (OLED) have gained momentum in the
past few years because it was an emissive.system creating its own light rather than
relying on modulating a backlight. In additien, OLED possessed fast response time
(<10ms, 100 times faster than TFIT-LCD), wide view angle (>170°), true colors,
excellent contrast ratio, brightnéss, low operating ‘'voltage and potentially less power
consumption. However, its broad adeption has been hindered by the sensitivity of
organic and electrode to the moisture and oxygen, which can quickly degrade the
device performance if not properly protected. This motivated us to explore a simple,
cheap, but reliable oxynitride-based thin film barrier for OLED in this study.

The composition, microstructure and morphology of SiON, barrier layers
deposited by a modified Ar ion beam evaporation system were first investigated. Then,
the effects of substrate temperatures (60-90 °C) and gas flow rates (300-480 sccm) on
the morphology and stress of SiOxN,/Al stack were examined. In addition, the roles of
defects such as hillocks and grain sizes of Al films was studied and correlated with the
moisture resistance of SiOxNy barrier films. Finally, the moisture barrier performance

in terms of hillock density and hillock height was further discussed if multiple-layered
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passivation was warranted.

In this study, SiONy layers were amorphous and the composition of Si: O: N
was in the ratio of 1: 2: 0.67. Al films exhibited columnar structure with grain size
distribution 50 to 100 nm after the deposition of SiONy. Al hillock was found to be
the culprit of high moisture permeation in the passivation layer. A model of hillock
formation in SiO.N,/Al was proposed in this thesis to illustrate the causes for their
difference in hillock density and height. The hillock density was related to the initial
Al grain size, while the hillock height was primarily derived by SiONy stress. The
tallest height of hillock affected greatly on the numbers of barrier layers for complete
sealing of defects. Therefore, high substrate temperature and high N, gas flow rate
deposition process yielded barrier films with less hillocks and improved moisture
resistance if single layer of passivation was employed, while lower deposition
temperature and low N, gas flow.rate were.preferred for least number of layers if
multiple-layer structure was adopted: In-summary, defect control of Al hillocks was

essential for controlling the moistutre barrier performance in the practical OLED stack.
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Chapter 1 Introduction

1.1 Background

Organic light emitting devices (OLED) have gained momentum in flat-panel
display in the past few years for its fast response time (<10ms), wide view angle
(>170°), low operating voltage (3-10 V), excellent contrast and brightness compared
to those of LCD-TFT or LED. [1] However, their device performance degraded
drastically by permeated moisture and O, through the oxidation of the cathode and/or
active OLED polymers. [2, 3] The conventional encapsulation package of the OLEDs
by metal or glass lid to prevent gas permeation has been widely used with excellent
result with built-in desecrator. [4] However, the weight issue and high cost associated
with difficult manufacturing processes, suchsas the permeation of oxygen and
moisture through the glue, the impossible" application to flexible display using
polymer substrate, and the difficulty |of-large area application restricted the use of
metal or glass lid in the flexible OLED displays. [4] Therefore, thin film package for
FOLED’s application was necessitated to prevent the permeation of water vapor and
oxygen practically for long service time. Although inorganic thin films like oxide- or
nitride- based have been studied as barrier layers for oxygen and water vapor, these
researches still showed too high water vapor transmission rate (WVTR) and oxygen
transmission rate (OTR) to apply to display industries. [5, 6] Moreover, the
permeation mechanism of water vapor has not been well known yet.

In general, WVTR should be lower than 10 g/m*-day and OTR should be
lower than 107 g/m*-day in OLED’s applications. Recently, Barrix™, comprised of
alternating layers of polymer and ceramic film deposited in vacuum to about 3 pm,
was announced by Vitex System (USA) that Barrix' ™ layers can achieve the

requirements of WVTR for OLED’s applications. [7, 8] However, the cost and



thermo-mechanical integrity of such ceramic/polymer multiple-layer structure
(Barrix "™ layer) remained a lingering problem.

For OLED passivation and packaging, the deposition temperature cannot
exceed 100 “C in order not to degrade OLED’s small molecules or polymers. However,
low substrate-temperature was expected to greatly affect the microstructure,
morphology (pinhole) and even the stress of barrier films because of its low atomic
surface mobility and diffusion. [9] Besides, plasma damage during the passivation
layer deposition shall be avoided if films deposited by sputtering or plasma-enhanced
chemical vapor deposition (PECVD). Hence, evaporation techniques were often
employed. But, conventional thermal evaporation often produced films with loose
microstructure due to the low atom mobility. As a result, a modified Ar ion beam
evaporation technique [46] was.‘employed m“this study for the deposition of
light-emitting organic, Alqs, aluminum film as cathode and moisture barrier layer for
its high deposition rate and reasonable’pasticle.energy (~25 eV) reaching the surface
of substrate. More importantly, the objective:of this study was to develop reliable
inorganic oxynitride- barrier films with low moisture permeability for the hermetic
sealing of OLED packaging using a silicon oxynitride/Al/Alqs/glass multiple-layered
structure. Specifically, the composition, microstructure and morphology of barrier
were investigated. Then, the effects of substrate temperature and gas flow rates on the
morphology and residual stress of SiOxNy onto Al electrode were first studied. Then,
the roles of defects such as hillocks and grain sizes of Al films associated with the
water permeation in inorganic barrier films were investigated and discussed. Finally,
the moisture barrier performance in terms of hillock density and hillock height was

further discussed if multiple-layered passivation is warranted.



1.2 Overview

This thesis was organized into five chapters. Following a concise introduction
in Chapter 1, Chapter 2 reviewed the OLED package, the mechanisms of OLED
device degradation, methodologies for measuring water vapor transmission rate
(WVTR), and microstructure of thin films deposited at various temperature and
pressures. Chapter 3 described the modified Ar ion beam evaporation system, sample
preparation, experimental procedures, instrumentation and methodologies for
characterizing the composition of SiOxNy passivation layer, Al hillock, its density,
and height, and the thermal stress of SiOxN,/Al. Chapter 4 described key results and
discussion. Specifically, the relationship between moisture permeation and defects
such as hillock was investigated. The mechanism for the formation of hillocks and the
root-causes for different hillock density orhillock height were examined and proposed.

Then key results and conclusion of'this thests were summarized in Chapter 5.



Chapter 2 Literature Review

2.1 Introduction of OLED

The next great emerging technology in the display industry was expected to
come from organic light-emitting-diode (OLED). [12] A typical OLED device
structure was shown in Fig. 2.1, in which organic material such as Alq; was presented
in the form of thin film with a thickness not exceeding the depth of the ink on the
paper. OLED have gained momentum in the past few years because it was an
emissive system creating its own light rather than relying on modulating a backlight.
In addition, OLED possessed fast response time (<10 ms), wide view angle (>170°),
true colors, excellent contrast ratio, brightness, low operating voltage (3-10 V) and
potentially less power consumption compared to those of LCD or LED. [1] As a result,
OLED had the opportunity to replace LED or LCD in display industry. [1] However,
its broad adoption has been hindered by several issues; namely (1) poor production
yields which makes the product not cost attractive and deter investments and (2) device
lifetime and reliability due to its sensitive to moisture and oxygen, which can quickly

degrade the device performance and produce the black spots if unprotected. [2, 3]

ITO (anode)

ETL (Alga)
EML

HTL (NPEB)
HIL (CuPc)
ITO[anode)

LiIF(xA)/AI(50A)/ITO

Figure 2.1 The film stack and structure of OLED device.
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2.1.1 Mechanisms of Degradation

Although organic light-emitting diodes (OLEDs) had many above-mentioned
advantages, the short lifetime was still a critical issue to be addressed. Many
mechanisms have been proposed and reported for the decay in luminance, ranging
from crystallization of the organic molecules,[13, 14] decomposition of Alqs
molecules, [15] delamination at the cathode/Alq; interface, [13, 16, 17] and
electrochemical reactions at the organic/electrode interfaces. [17, 18]

H. Aziz et al. [13] proposed the Algs; molecules became crystalline clusters by
exposing to humidity and delamination occurred between cathode/Alq; interface
because the crystalline Alqgs clusters was thicker than the surrounding amorphous
regions and lead the cathode/Alqs contact isolated. F. Papadimitrakopoulos et al. [15]
suggested a series of probable reaction for the failure of Alqgs-based OLEDs as shown
in Fig.2.2. Reaction (1) showed-water acts as-a catalyst to hydrolyze Alq; to become
freed 8-hydroxyquinoline (8-Hq) and.then.(2)-an oxidative condensation reacted with
yielding a nonemissive polymeric byproduct.

s ™

o[

]
N + H;0 (I)
—i
Al [ “‘N + -< >'
o 3o OH o J
' . wrd Ol S
Alq_; E . 07 =

9 (I1) "

oo
=
=

S H,0 + Drark, Non Emissive
Polymer

(1)
Figure 2.2 Scheme of (1) Trans-Complexation of 8-Hq with Water in the Algs
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Complex and (2) Oxidative Polymerization of 8-Hq. [15]

M. Schaer et al. [17] presented two different degradation mechanisms under
moisture and oxygen environments as shown in Figs.2.3 (a) and (b), respectively.
Fig.2.3 (a) showed water vapor entered from the defects, such as cracks, pinholes etc.
and diffused to the cathode/organic interface. When the device was working, water
was then reduced at the cathode and yielded hydrogen gas. The electrochemical
reduction was:
2H,0+2e" — H,+20H" (2.1)

Then, the bubbles were formed by the evolving hydrogen gas and the
organic/electrode interfaces were separated. In contrast, Fig. 2.3 (b) showed oxygen
enters from the defects and diffuses to the cathode/organic interface. As the metal
layer was oxidized at the cathode/organic interface, the molecular volume which
increased of the oxide led to interface.delamination.

In summary, organic layers and.metal-cathodes of OLEDs were sensitive to
moisture and oxygen, no matter what mechanism was involved. Therefore, preventing
moisture and oxygen permeation in OLED was an immediate solution to extend the

life time of devices.



(a)
additional

aluminum l bubble

bubble created
by H, evolution

cathode H,0 H,0 H,0

organic film

(b) -
aluminum oxide

aluminum cathode surface layer

organic film

Figure 2.3(a) Mechanism of dark spots formation during operation under water vapor
environment. (b) Mechanism of dark spots formation for an unbiased device under a

pure oxygen atmosphere. [17]

2.1.2 Requirements of WVTR and OTR

Fig. 2.4 showed the water vapor transmission rate (WVTR) and oxygen
transmission rate (OTR) required for various organic electronic devices. [19] Among
these devices ranging from LCD, solar cell to OLED, the requirements for OLED
application was most stringent. In general, water vapor transmission rate (WVTR)
should be lower than 10° g/m*-day and oxygen transmission rate (OTR) should be

lower than 10” g/m*-day for OLED’s applications. The WVTR requirements for TFTs



or LCD were not as critical as those for OLEDs. The sensitivity to moisture and
oxygen in OLED was much more than 10000 times in LCD. Apparently, oxygen and

moisture permeation was a serious issue for developing OLED applications.

Barrier Properties

Oxygen Water vapor
transmission rate £, transmission rate

b 3
Flexible [em”/m"/day) [g/m®/day]
OLEDs 10°
Organic
solar cells 10" 10°
Flexible vacuum
insulating panels and LCDs 101 ‘Iﬂ':'
Encapsulation for I
inorganic solar cells 10' b 107
Packaging films for food and for
technical products 102 B 10°

Figure 2.4 Requirements of WVTR and OTR for different applications. [19]

2.1.3 Methods for Measuring WVTR

There were many methods for measuring WVTR, which have been developed
in the past few years. These methods and their detection principles were listed in
Table 2.1, along with their merits and disadvantage. Among these methods, optical
calcium degradation test was the most commonly used for flexible OLED’s
applications, which was often named as the “Ca test” or “Ca button test”. This
method was based on the corrosion of calcium films and subjected at a fixed
temperature and humility. At the start, the calcium film was a reflecting metallic layer
as shown in Fig. 2.5(a). As water and oxygen permeated into metallic calcium,

calcium would convert to a transparent oxide or hydroxide salt as shown in Fig. 2.5(b).
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The related chemical reactions of calcium with H,O and O, were assumed to be the

following:

2Ca+0,—>2Ca0, (2.2)
Ca+H,0—CaO+H,, (2.3)
CaO+H,0—Ca(OH), . (2.4)

Then, the reacted sites can be observed as spots on the Ca film. Although it did not
distinguish between oxygen and water permeation and it was more qualitative
comparison, it was still a simple and direct method to compare the permeability of

different materials.

Table 2.1 Summary of WVTR measuring methods, their detection principles and

advantages and disadvantages.

Method Detection prineiple Advantage Disadvantage | Reference
Gravimetric | loss of water or.gaintof-{-Easy— direct Low

water on P,Os sensitivity
Spectroscopy | mass spectroscopy, | High sensitivity | expensive

fluorescence quenching

Calcium optical density Simple - easy ~ | Low [20]
degradation cheap sensitivity
change in resistance easy data-point | Ca storage [21]
acquisition
Radioactive | tritiated water (HTO) | direct expensive [22]
or CO high sensitivity

(~10"g/ m*day)




barrier

glass

(@)

barrier

Figure 2.5(a) Illustration of the structure for Ca test before testing, (b) the structure

changed after H,O permeating.

2.2 Passivation and Packaging Technologies in OLED

Devices

2.2.1 Glass Packaging

To protect the OLED’s organic thin film materials and cathode metal from the
oxidation or reaction, display manufacturers first employed glass as substrate and then
glue a metal can or glass lid on the back of OLED display to keep out moisture and

oxygen as illustrated by Fig. 2.6, first reported by Burrow et al, [4] which was the
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same packaging method as in LED. However, minute quantity of moisture still
permeated through the gluing epoxy and the sensitivity to moisture and oxygen in
OLED. As a result, a desiccative was implemented inside the display between the
glass substrate and glass lid to getter moisture. Still, glass packaging has several
critical disadvantages such as cracks and impact resistance, in addition to weight and
high cost concern. For example, as to cell-phone display, a glass lid, glue and a
desiccative that add up cost about 1.2 dollars. It marked about three dollars of cost not
including the cost of electronic device. If it still used glass packaging in OLED which
were the same as LED, it was hard to compete with LED. Hence, it was necessary to

develop the thin film packaging in OLED. [23]

Glass package Getter

LiF/Al cathode

Gluing epoxy

ITO anode

/ Glass

Organic light emitting layer

Figure 2.6 Schematic diagram of glass package in OLED technology.

2.2.2 Thin Film Packaging
In order to reduce the weight and cost while maintaining equal or better
moisture/oxygen resistance, recent thrusts in OLED packaging focused on the

development of a thin-film barrier such as polymers, ceramics or their composites as

11



illustrated in Fig. 2.7. The selection of polymers included parylenes, cyclotene, etc.
[24, 25] and the selection of ceramics included oxide- or nitride- base barrier films
such as SiOy, AlOy, SiNy, SiOxNy, etc. [25-34]

Thin film barriers have usually been formed on Al or other metal layers.
Traditionally, bulk oxides and Al were effectively impermeable to oxygen and
moisture, as perfect barrier films. [26, 35, 36] But traditional single thin film barrier
layers did not provide the moisture/oxygen resistance we wished, whether deposited
by plasma-enhanced chemical vapor deposition (PECVD), sputtering, or e-beam
evaporation and Table 2.2 showed some reported water vapor resistance properties of
passivation layers. [30-34] However, these reported barrier films still showed too high
WVTR and OTR for OLED’s applications. This limit was attributed to defects or
pinholes contained in the thin films during depeosition compared to the bulk of the

barrier film. [26]

Table 2.2 Some reported water vapor resistanee properties of passivation layers.

Material Deposition method Thickness WVTR Reference
(nm) (g/m’-day)

Si0x Reactive evaporation | 70 0.3 [30]

SiOx PECVD 12 0.15 [31]

SiNx PECVD 30 0.15 [32]

AlOxNy Sputter 55 0.1 [33]

AlOx Ebeam 30 0.17 [34]

12



Thin film package Barrier layer

1/ /LIF/A| cathode

/ Glass "ITO anode

Organic light emitting layer

Figure 2.7 Schematic diagram of thin-film barrier package in OLED technology.

To overcome the deficiency of thin film inorganic barrier, Vitex System Inc.
announced a novel barrier, [7, 8] Barrix ' comptised of alternating layers of polymer
and ceramic film deposited in“vacuum to:'achieve.very low moisture and oxygen
permeation through the filling of pinhole“and defects in inorganic layers by polymer
and the tortuous path in the stacking as shown.in Fig. 2.8. By stacking multi-layer of
organic and inorganic thin films to about 3 pm, Barrix'™ layers can meet the
requirements of WVTR for OLED applications. However, the deposition process as
shown in Fig.2.9 seemed very complicated and needed many procedures. Hence, the
cost and thermo-mechanical integrity of such ceramic/polymer multiple-layer

. T™™ . . . .
structure (Barrix " layer) remained a lingering issue.
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Barrier
“Stack”

Teonex®
PEN Subsirate

| SEM Photo courtesy of Vitex Systems |

Figure 2.8 Organic/inorganic multi-layer structure from Vitex Systems. (Reproduced

courtesy of Vitex Systems.)[7, 8]

Multilayer Barrier Deposition:

Monomer Ceramic
Liquid Cure Deposition
vAg vAg
< O > <] =
A v Q £ v Q

! )
A ——r Y ¥ ¥

Figure 2.9 The deposition process of Barrix "™ layers. [7, 8]

2.3 Microstructure of Thin Films

The quality of thin films in the OLED stack was closely related to its
effectiveness as moisture and oxygen barriers. [26, 37] Hence, the growth process of
thin film needed to be understood and reviewed below. Thin films were usually

formed by deposition which was a process through continuous stages as shown in Fig.

14



2.10. [38, 39] First, deposited particles arrived to the substrate surface. Then
nucleation was generated on the substrate surface and islands grow. Next, islands
were coalesced by surface diffusion and eventually a continuous layer was formed.
Either layer-by-layer (epitaxial) or island (nonepitaxial) growth of thin layers would
be chose by the interfacial energy of deposited atom-deposited atom and deposited
atom-substrate atom. If the interfacial energy between deposited atom and deposited
atom was higher, island growth would be favored. If the interfacial energy between
deposited atom and substrate surface was higher, epitaxial growth would be favored.

In conclusion, the evolution of the structure in thin films was very complicated and

presented different features in different stages of thin film growth.
{ -
1 v !I II ! TRV, \

TS T IIT T 7777777777777 77777777777
Figure 2.10 Schematic diagram illustrating fundamental growth processes. The
growth of thin films progresses through consecutive stages: stagel is nucleation, stage
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2 is island growth, stage 3 is coalescence of islands, stage 4 is formation of
polycrystalline islands and channels, and stage 5 is development of continuous

structure and thickness growth. [39]

The microstructure of the developing film would be characterized by the shape
of its grain structure. The grain structure was affected by the growing environment
such as substrate temperature, surface roughness, chamber pressure, the cleanliness
levels, etc. [9, 40-42] For example, low substrate temperature led the grain growth to
amorphous or polycrystalline. Thornton [9] presented a diagram which considered the
effect of chamber pressure and substrate temperature on the structures of PVD films
as shown in Fig. 2.11. There were four types of grain structure shapes as a function of
substrate temperature and chamber pressure. In Zone I, the layer was either
amorphous or fiber shape, the texture was randoms, and crystallite size was about 5-20
nm diameter. In Zone T, the grains-had.quite “different sizes with increasing
temperature. The structure was inhomogeneous-along the film thickness. Near the
substrate, the microstructure consists of randomly small grains and out of which was
V-shaped columns with the favored orientations. Voids existed both in Zone I and T.
In Zone II, the homogeneous grain structure was columnar shape and the diameter
increases with film thickness. Zone III represented the globular structure which was
developed by lateral grain growth and this structure was usually grew in the high
substrate temperature range. [9, 38, 39]

According to the above discussion, it was well known that the morphology of
thin film and its grain structure can be controlled by the deposition parameters. On the
moisture and oxygen resistance issue, the dense films with amorphous structure and

low defects were desired to serve as the passivation layer in the OLED packaging.
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Figure 2.11 Structural zones in PVD filmsas a function of substrate temperature and

chamber pressure. [9]

2.4 Thin Film Stress

The source of thin film stress included intrinsic stress and thermal stress which
depends on their cause mechanisms. [10, 11] Intrinsic stress was caused during thin
film deposition and lattice parameters mismatch of the film and substrate. Therefore,
the value of intrinsic stress can be controlled by changing the deposition parameters.
It may be affected by the defects in thin film, ion bombardment to the surface of films,
and different atomic arrangement, etc. However, the definition of intrinsic stress was
still under discussion.

Thermal stress was contributed by CTE mismatch and temperature difference.
When the temperature was changed of a thin film on a substrate, a strain was

introduced because of the different thermal expansion coefficients and the expression
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1s

€ fim = (0‘ fitm ~ Psubstrate )AT (2.5)
where oiim and Osubstrate are the thermal expansion coefficients of the film and substrate,
respectively. Then, stress in the thin film can be determined by the expression (2.6)
o=E¢ (2.6)
Finally, the calculation of the strain in (2.5) can be used in (2.6) to derive the thermal

stress in thin films.
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Chapter 3 Experimental

3.1 Deposition System

For the deposition of Al cathode or passivation film onto OLED, conventional
sputtering could cause serious radiation damage to the underlying organic layer in
OLEDs due to the energetic ions, electrons and x-rays produced during deposition,
while plasma-enhanced chemical vapor deposition (PECVD) method can readily
damage OLED device because of the toxic, reacting gases and high deposition
temperature involved in the deposition process. Therefore, evaporation technique has
been widely adopted in the deposition of the passivation layer for the OLEDs to avoid
thermal decomposition or plasma damage. [43-45] However, in order to reduce the
coast in production, the deposition,rate should be high and the required number of
barrier layers shall be the minimum. Therefore; an-“Ar ion beam evaporation system
designed for continuous process was chesen for almost all layers and organic layer
such as Alq; in the preparation of OLED. [46]

The schematic diagram of the Ar ion beam evaporation system for depositing
moisture barrier layers and Al films devices in this study was illustrated in Fig. 3.1.
The vacuum chamber was vacated until the pressure was lower than 1.0x10™ Pa
before deposition was initiated. Argon and nitrogen gases were injected into the
chamber, and the pressure was about 0.1 Pa. Argon gas was injected into arc plasma
generator and the argon gas became arc discharge plasma by applying appropriate
power. SiO; or Al ingots were evaporated by arc discharge plasma onto crucibles, and
the SiOxNy films and Al films were then deposited on glass substrates. The deposition
temperature was controlled by the distance between source and glass plate, and the
horizontally moving speed of glass plate. Furthermore, the particle energy arriving to

the surface of OLED structure was about 25 eV. This was lower than the energy from
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the sputter system which was more than 100 eV as shown in Fig. 3.2. Thereby, this

system would not damage the underlying Alq; layer and could be practically used for

OLED manufacturing.
Sublimation
Process
Glass substrate
Plasma | |
oun
N
Plasma
— gl —= A\ S10,N,
E fvf N2 gas
~ 4 injection
60~70V X —
150 A ]
Plasma Si0
.,l_ Beaiti source
—7 Controller ==

Figure 3.1 The schematic diagram of an argon ion-beam evaporation system.

(Courtesy of China Picture Tube, Inc.)
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Figure 3.2 Energy distributions of the particle arriving to the substrate surface for

conventional sputtering system and Ar ion beam evaporation system. (Courtesy of

China Picture Tube, Inc.)

3.2 Sample Preparation

Silicon oxynitride (SiONy) ‘passivation layers and electrode Al films were
deposited by using a modified Ar ion beam evaporation technique. In our deposition
system, thermally energetic silicate-containing molecules were evaporated from SiO,
or Al crucible, which was heated by Ar ion beam bombarding the exterior of crucible,
and deposited onto substrates. The deposition system was also equipped with gas
lines next to SiO, source. For example, silicon oxynitride was formed by blowing N,
during the evaporation of SiO,. The deposition temperature was controlled by the
distance between source and glass plate, and the moving speed of glass plate. In this
study, 600 A thick silicon oxynitrides films were deposited onto Al (2000 A)/Alqgs (10
A)/glass at different substrate temperatures (60, 80 and 90 °C) with different N, flow
rates from 300 sccm to 480 scem. Specifically, 480 sccm is designated as the high

flow rate condition, while 300 sccm is designated as the low flow rate condition in
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this study unless stated otherwise. The film thicknesses of SiOxN, barrier/Al/Alq;
/glass and the stack structure of samples used in this study were shown in Fig. 3.3. In
addition, their deposition conditions were listed in Table 3.1.

The effects of substrate temperature and flow rates on the microstructures
(crystallinity and grain size), morphology, defects in barrier layers and its correlation

with water permeation were investigated in this thesis.

SiOxNy $ 600A
A

Al 2000A

Alg3 10A

NS

600 1 m
glass
Figure 3.3 The film thickness and'stack structure of samples.
Table 3.1 Deposition parameters of SiOxNy barrier layer.
SiOxNy barrier Flow rate Substrate temperature
Best Case High N, 60 C~80 C ~90 C
(480sccm)
Worst Case Low N, 60 C~80 C ~90 C
(300sccm)
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3.3 Experimental Procedure

As illustrated by the flow chart shown in Fig. 3.4, the chemical structure and
composition of the oxynitride films were investigated using x-ray photoelectron
spectroscopy (XPS) (VG Scientific, Microlab 350F). The frequency of Si-O-Si bond
stretching vibration was obtained by specular reflectance FTIR spectroscopy (Perkir
Elmer Spectrum 100). The moisture barrier effectiveness was first measured by a
calcium button test (Courtesy of China Picture Tube, Inc.). Then, the relationship
between moisture resistance and the microstructure of barrier layers was investigated.
The morphology and microstructures of silicon oxynitride and aluminum films were
examined by a scanning electronic microscopy/EDX (SEM/EDX) (JEOL JSM-6700F)
and a transmission electron microscopy, (TEM) (Philips TECNAI 20), respectively. In
addition, grain sizes of aluminum‘films were obtained from an x-ray diffraction (XRD)
(Siemens D5000). Defects such-as*Al hillock and its densities were further quantified
using an Al wet etch decoration method in-cenjunction with optical microscope. The
surface roughness of passivation layers'and ‘the maximum height of hillocks were
characterized by an atomic force microscope (AFM) (Veeco D5000). Moreover, the
effect of as-deposited stress on the formation of hillock defects was examined. The
stress of the multi-layer was obtained from bending beam system to measure the
curvature radius of the SiOxN/Al/Alqs/glass sample.

In the following section, characterization methodologies for moisture barrier,
hillock defects, residual stress, and chemical structure, and analytic instrumentation
such as SEM, TEM, XRD, AFM, nanoindenter, specular reflectance FTIR, XPS and

bending beam would be briefly described in the following sections.
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Figure 3.4 Flow-chart of experimental procedures.
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3.4 Characterization Methodologies

3.4.1 Decoration of Al Hillock Defect by a Selective Etching Process
Although SEM and EDX were employed to identify the existence of Al hillock
breaking through passivation layer, these techniques were not suitable to quantify the
density of hillocks due to the field size, time and cost. Therefore, it was highly
desirable to develop a selective, wet etching process to remove the extruded Al over
the surface of passivation layer, for example, silicon oxynitride, such that hillock
defects were decorated as holes, which can be detected easily using an optical
microscope. The typical wet etching chemicals for SiO,, Si3sN4 and Al, the chemical
reactions involved, and application were summarized in Table 3.2, Table 3.3 and Table
3.4, respectively. Although phosphoric_acid solution could etch silicon nitride, it still
required relatively high operating temperature,”at 150 to 200 °C. Therefore,
aluminum wet etchant (composition: 80% phosphoric acid, 5% acetic acid, 5% nitric
acid, and 10% water) was used 1o etch: the=SiONy/Al/Alqs/glass samples at 42 to 45
°C to provide excellent selectivity (Al to SiOyNy). The typical etching time used in
this study was 30 seconds and the wet etching process was schematically shown in

Fig. 3.5.
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Barrier layer

AW Al film

AW Al film

substrate

substrate
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(Phosphoric acid, acetic acid, nitric acid and water)

Figure 3.5 Schematic diagrams of etching process for decoration of Al hillocks.

Table 3.2 Description of wet etching SiO, layéf. [47]

Etching material

Si0;

Hydroﬂuori“c‘A'cid (HF)‘ Solution

Etchant .
* Normally diluted in buffer solution or DI water to reduce etch
rate.
Reaction Si0, + 6HF = H,SiF¢ + 2H,O
Applications » Widely used for CVD film quality control

BOE: Buffered oxide etch
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Table 3.3 Description of wet etching SizNy layer. [47]

Etching material  [Si3Ny

Etchant * Hot (150 to 200 °C) phosphoric acid H;PO4 Solution
Reaction Si3Ny4 + 4 HsPOy -> Sl3(PO4)4 + 4NH;
Applications * High selectivity to silicon oxide

* Used for LOCOS and STI nitride strip

Table 3.4 Description of wet etching Al layer. [47]

Etching material  |Al

Etchant * Heated (42t045 °C) solution
* One example: 80% phosphoric acid, 5% acetic acid, 5% nitric

acid, and 0 % water

Reaction * Nitric acid oxidizes aluminum and phosphoric acid removes
aluminum oxide atithe'same time.

* Acetic acid slows down the oxidation of the nitric acid.

Applications * High selectivity to silicon oxide

» Used for ULSI process

3.4.2 Ca Button Test for Moisture Permeation

The moisture resistance of barrier layers was qualitatively examined by a Ca
button test through the observation of the corrosion of calcium. Typically, the barrier
layers such as SiO4N, films were deposited onto a 300A thick calcium on a glass plate.
This test was carried out in an oven at 60 °C and 90% relative humidity for 15 minutes
or at room temperature and humility for 66 hours. Then, the reacted sites could be

observed as spots on the Ca film and the permeability of different materials could be
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compared. The detail of this method is mentioned in Chapter 2.1.3.

3.5 Instrumentation and Data Analysis

3.5.1 FE-SEM
Field-emission scanning electron spectroscopy (FE-SEM) (JEOL 6700F) was
employed to investigate the morphologies of barrier layers. FESEM is a powerful

analysis tool to characterize microstructure down to several ten nanometers.

3.5.2 HR-TEM

High resolution transmission electron microcopy (HRTEM) (Philips Tecnai 20)
was used to obtain high magnification and high resolution image of cross-sectional
image of SiOxNy/Al bi-layer. Information obtained from TEM is not only the high
resolution image but also the crystal: structure, orientations and chemical

compositions.

3.5.3 X-ray Diffraction (XRD)

XRD (Siemens D5000) was employed to characterize the crystallite sizes of
aluminum films. The operation voltage of the XRD used in this measurement was 40
kV and the operation current was 30 mA. The X-ray was used the characteristic peak
Ka of Cu (A=1.5406A) which was filtered by Ni-filter. The detector scanned the
samples between 26= 10-90 degrees.

The crystallite sizes of aluminum films can be calculated by the full width at
half maximum of the dominant Al (111) peak in XRD patterns schematically
illustrated by Fig. 3.6, according to Scherrer’s equation (3.1) [48]

t=0.94/Bcos @ (3.1

where t is the crystallite size, X is the wavelength for Cu K , B is the full width at half
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maximum and 0 is the diffraction angle.
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Figure 3.6 XRD patterns of crystalline film with finite crystallite size. [48]

3.5.4 Atomic Force Microscope (AFM)

AFM (Veeco D5000) was employed to, quantify the surface roughness of
passivation layers and the maximum/ height ‘of' hillocks in a tapping mode. In
operation, the cantilever was biased with-AC and DC voltage and sensed the distance
between the tip and the sample Surface by Van.der Waal’s force. As the interaction
force changed between the cantilever tip and the surface, the deflections of the
cantilever were varied. Then, the deflections were measured and derived a

topographic image of the surface.

3.5.5 Nanoindentation

Young’s modulus of glass substrate was measured by nanoindentation. A MTS
Nano Indenter XP system in Nano-Device Lab with a three-side pyramid (Berkovich)
tip was employed in a continuous stiffness mode (CSM) and at a constant strain rate
0.05 s~ '. The load—displacement relation was used to evaluate the mechanical
properties of samples as shown by Fig. 3.7. For a single film structure, Oliver and

Pharr analysis method was employed for nanoindentation measurement to derive Er.
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[49]The reduced Young’s modulus, E; can be obtained by Equation 3.2:

e Nz S Nz 1 dp
" 284 284 dh (2)

where

E.: reduced modulus
f3: constant depending on the geometry of the indenter

A: projected area of elastic contact

S :Z”_Z): the slope of the load—displacement curve at the beginning of the unloading

stage as illustrated in Fig. 3.8.

Then, E; can be further expressed in terms of:film and indenter by Equation (3.3):

L (1_Vf2)+ EES A

E, E, E. (3.3)

where
E;, vi: Modulus and Poisson's ratio of the indenter

Ef, vi2 Modulus and Poisson's ratio of the specimen

Finally, the modulus of thin film (Ef) was rearranged as a function of
penetration depth in our measurement and derived by combining Equation (3.3) and
(3.4).

2
o 2
I d-v)) (3.4)
E E.

r l
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Figure 3.7 Load-Displacement of Nanoindentation. [49]

3.5.6 Specular Reflectance Fourier-Transform Infrared Spectroscopy
(Specular Reflectance FT-IR)

Since Al film is a good reflective mirror in SiO.N,/Al/glass sample stack,
specular reflectance FTIR spectroscopy (Perkir Elmer Spectrum 100) was employed
to examine the chemical make and structural information of SiONy. In particular,
Si-O-Si bond stretching frequency in SiO4Ny thin film samples was measured by a
specular reflectance apparatus VeeMAX [50] at 40° incident angle as schematically
shown in Fig. 3.8. The specular reflectance infrared spectra were collected in

500-4000 cm™' range with a resolution of 4 cm™.

31



Glass

Al
/X x
.
S10xNy
Incident IR light

Figure 3.8 Schematic diagram of a specular reflectance infrared spectroscopy.

3.5.7 X-ray Photoelectron-Spectroscopy (XPS)

The composition and C¢hemical “bonding -of the oxynitride films were
investigated using XPS (VG Scientific, Microlab 350F). The photoelectron emission
spectra were obtained using an Mg Ko X-ray source (E=1253.6 eV) striking the
surface of the sample. The analyzer resolution was fixed at 0.01 eV. Ar’ ion was used
to remove adsorbed surface contaminants for 5 seconds before analysis. The
insulating properties of these deposits caused surface charging effects, resulting in
electron lines being shifted to lower kinetic energies. [51] The peak positions were
calibrated with respect to the position of C 1s carbon contamination peak usually

located at about 285 eV.
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3.5.8 Bending beam system
3.5.8.1 Evolution of Stoney’s Equation

If the film deposited on the substrate is under stress, it will result in a bending to
maintain mechanical equilibrium. And if the film is very thinner than the substrate
and the stress in the film is linear related to the curvature of the substrate that the
relationship was deduced by G. G. Stoney in as early as1909. [52] Stoney’s equation
1s

E t?

S°S

1
“Te-v), R (3-)

Since the substrate is not absolutely flat in many cases, it may have its initial

curvature. Thus, Equation (3.5) should be deduced by subtracting the initial curvature

(1/R,) from the measured curvature (1/ R). Stoney's equation becomes:

6(-v), (R R, (3-6)

where Egand v, are the Young’s modulus and Poisson’s ratio of the substrate, and t¢
and ts are the thicknesses of the film and substrate. Ry is the radius of curvature of the
uncovered substrate and R is the radius of curvature with the film on the substrate.
Therefore, the stress can be determined by measuring the curvature of the
sample in conjunction with the only parameter, thickness of thin film and Young’s
modulus and Poisson’s ratio of the substrate, which can be obtained from literatures.
Consequently, Stoney's equation has been extensively used for thin film stress studies

through curvature measurement.
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3.5.8.2 Bending Beam System

The schematic diagram of the bending beam system was illustrated in Fig.3.9.
The sample (thin film/substrate) in free standing form was put inside the copper heater
block, which can be heated up to 450 °C, in the vacuum chamber. Two parallel laser
beams were directed onto the sample at two different positions and then were
reflected to two position-sensitive detectors as shown in Fig.3.10, in which

D is the spacing of two incident laser beam.

L is the distance between the sample and position-sensitive detector.

S is the spacing of two reflected laser spots on detector.

Sy 1s the spacing of the bare substrate from two reflected laser spots on detector.

1/R 1is the curvature of the substrate with film, and

1/Ry is the curvature of the bare substrate.
Then, the change of the curvature could be derived by the following expression

(Stoney's equation):

6(1-v,), (R R, (3.6)

From the geometry relationship in Fig.3.10,

tan@zD/zzﬂze,since -0 (3.7
R 2R
tan26?z2=i (3.8)
R L
Hence,
1 a
—=— 3.9
R DL (3-9)
With the same principle,
R, DL

Equation (3.3) in substitution for (3.6) and (3.7) becomes:
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oo Eds [a_bJ 3.11
6(1—v,)t,\ DL -11)

In addition,
AS=S,-S=2(a-b) (3.12)

Equation (3.11) in substitution for (3.12) becomes:

oo Bt (ASJ (3.13
6(1-v,)t, \2DL 13)

Finally, thin film stress using bending beam system and Stoney’s equation was
derived. In order to increase the sensitivity and accuracy of the measurement, film
thickness/substrate thickness needed to be less than 1/1000 and the sample size was
close to 5 cm long and 1 cm wide. In our experiment, the sample was cut to 5 cm long
and 1 cm wide. The total film thickness/substrate‘thickness is about 0.25 pm/600 pm
which is less than 1/1000. In order.to reduce.the noise caused by sample vibration at
temperature higher than 300 °C, thé.chamber-was first evacuated to 6 mTorr, then
introduced with N; to 50 Torr. Typically, the heating rate was 2°C/min in the heating
cycle, then nature cooling as employed in the cooling cycle. Since the Sy cannot be
obtained by etching the film off the transparent glass substrate, the selected Sy can be

estimated by (positive S+ backside S)/2 in this study.
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Figure 3.9 Schematic setup of a bending beam system for stress measurement.
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substrate

substrate

Figure 3.10 Schematic diagram of the laser routes in the bending beam system.

D is the spacing of two incident laser beam. L is the distance between the sample and
position-sensitive detector. S is the spacing of two reflected laser spots on detector. Sy
is the spacing of the bare substrate from two reflected laser spots on detector. 1/R is

curvature of the substrate with film. 1/Ry is curvature of the bare substrate.
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3.6 Grain Size Analysis of Al by IMAGE J

The distribution of grain size in SEM viewgraph was analyzed and compiled
using Image J software, which is a public domain Java image processing program
available from US National Institutes of Health (NIH). [57]The procedure of grain
size analysis by Image J can be detailed as follow. First, we demarcated the grain area
of SEM top-view graph as shown in Fig. 3.11. Then, the contrast of image was
adjusted to black and white using Image J as shown in Fig. 3.12. After enhancing the

contrast, the distribution of grain size was analyzed by using Analyze=» Analyze

particles command as shown in Fig. 3.13 with result shown in Fig.3.14.

Figure 3.11 SEM image which has been demarcated the grain area.
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Figure 3.12 Illustration of altering interactively the brightness and contrast of the

image to be relative block and white.
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Chapter 4 Results and Discussion
4.1 Chemical Structure and Composition Analysis of SiO,N,

Layers

4.1.1 Analysis by Specular Reflectance FTIR Spectroscopy

The Si-O structural information of SiO«Ny films was first obtained from the
Si-O-Si stretching vibration using specular reflectance FTIR spectroscopy. Fig. 4.1
showed Si-O-Si infrared absorption peaks of three types of passivation layer deposited
at fixed substrate temperature (80 C): (1) pure SiO, (2) SiOxNy under low nitrogen
flow rate, and (3) SiOxNy under high nitrogen flow rate, whose FTIR absorption peak
positions were summarized in Table 4.1. The Si-O-Si absorption peak was 1208 cm™
for pure SiO, layer, 1176 cm™ for passivation films deposited under high flow rate
condition, and 1171 cm™ for passivation films-deposited under low flow rate condition.
The Si-O stretching band of “SiOgNy—films-shifted to lower wavenumber with
decreasing N, flow rate. This indicated that a.change of chemical environment by the
increased incorporation of Si-N bonding, whose stretching frequency was typically at
980 cm™, contributed the down-shifting of Si-O stretching bands. Moreover, it
implied that the lower nitrogen flow rate generated higher nitrogen content of the

oxynitride based on the Si-O infrared peak position. [56]

Table 4.1 Si-O absorption peak position of three types of passivation layer.

Passivation layer Absorption Peak Position (cm™)
SiO, 1208
SiOxNy under high flow rate 1176
SiOxNy under low flow rate 1171
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Figure 4.1 Specular reflectance-ETIR spectrum of three types of passivation layer: (1)
pure SiO,, (2) SiOxNy under high nitrogen flow rate, and (3) SiO«N, under low

nitrogen flow rate.

4.1.2 Composition Analysis by XPS

The XPS Si 2p, N 1s, and O 1s spectra of oxynitride films deposited under 80
C and different flow rate conditions were shown in Figs. 4.2 (a) and (b). The
integrated areas of these peaks, summarized in Table 4.2 and 4.3, were used to
quantify the surface composition. It showed the surface composition of oxynitride
films deposited under 80 ‘C and low flow rate condition was SiOg7N;. In contrast,
the surface composition of oxynitride films deposited under 80 °C and high flow rate
condition was SiOg¢7N2. Nitrogen content in films deposited under high flow rate
was found to be slightly less than under low flow rate condition, which was consistent

with the finding from infrared spectroscopy. It can be inferred that less N atoms could
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be dissociated because the plasma energy was dispersive under high N, flow rate
condition. Also, high flow rate yielded high chamber pressure and shorter mean free
path. Hence, less N atoms could be incorporated into the passivation film. Overall, the

difference in composition under various flow rate conditions was not significant.
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(a) (b)
Figure 4.2 The XPS Si 2p, N 1s, and Ols spectra of oxynitride films deposited under
80 C (a) low flow rate and (b) high flow rate conditions. The references of Si 2p

signals: Si-Si(99.4 eV), Si-N (101.9 eV), and Si-O (103.4 eV). [58]
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Table 4.2 Binding energies and composition quantification of oxynitride film

deposited under 80 C and low flow rate condition.

Name | Peak BE Area Atomic fraction (%) |Si:N: O
Si2p 102.31 166.07 27.6 1

N 1s 397.86 114.3 19.1 0.7
Ols 532.65 319.88 533 1.9

Table 4.3 Binding energies and composition quantification of oxynitride film

deposited under 80 °C and high flow rate condition.

Name | Peak BE Area Atomic fraction (%) |Si:N: O
Si2p 102.27 140.84 27.1 1

N 1s 397.80 94.98 18.2 0.67
O1ls 532.65 284.96 54.7 2.0

4.2 Morphology and Microstructure of Barrier Layers/Al

Samples

The morphology and microstructures of silicon oxynitride/aluminum/Alqs/glass
samples were examined first by SEM. Figs.4.3 (a) and (b) showed the morphology of
SiOxNy passivation films deposited at substrate temperature of 90°C, under high and
low flow rates, respectively. Both showed not only no significant difference in the
grain sizes between high and low N, flow rate conditions, but also no pinhole
formation. However, unknown bump was observed widespread over the surface of

samples by top-view SEM as shown in Fig. 4.4 (a). These widespread defects
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represented by SEM in Fig. 4.5(a) were identified to be Al hillocks by electron
diffraction spectrometry (EDS), whose composition was listed in Table 4.4. This
indicated that large topographic changes occurred in the underlying Al film, and some
of the Al hillocks broke through SiO4Ny passivation film. These Al extrusions would
cause damage in passivation layer and lead to moisture permeation. In addition, Fig.
4.4 (b) showed crack defect, which was very minor and negligible as the root-cause of
moisture permeation. Thus, based on the quantity, hillock defects were the most
probable root-cause for moisture permeation. In order to statistically quantify the
hillock density of various SiOxNy films and find any correlation with moisture
permeation, an Al wet etch method was employed to decorate hillock defects using
aluminum wet etchant (composition: 80% phosphoric acid, 5% acetic acid, 5% nitric
acid, and 10% water). Extruded Alsw;sliemoVQd readlly by Al wet etchant leaving

holes as validated by SEM 111u§traté 4 5 ba Therefore, optical microscope

could readily used to quantify AI 'hIHOG ,'
{.

Chapter 4.3.

0000 100nm ¥ Il & 15.0kV X100,000 100nm WD 9.7mm
a

Figure 4.3 SEM top-view graphs of the SiO.N; films deposited at substrate
temperatures 90°C : (a) under high flow rate, (b) under low flow rate.
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Figure 4.4 SEM top-viewgraphs tilted 52° of the SiOxNy films: (a) unknown bump, (b)

crack.
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Figure 4.5 SEM photographs: (a) defects of Al hillock and (b) topography after wet
etch of Al hillocks.

Table 4.4 EDS analysis of the defect shown in Fig. 4.5 (a).

Element Atomic %
OK 56.03
AlK 26.09
SiK 14.34
CIK 3.55
Total 100.00
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4.3 Hillock Formation

4.3.1 Hillock Density

Hillock densities of the SiOxN,/Al films deposited under different flow rates

and various substrate temperatures were further quantified using an Al wet etch

method for defect decoration and optical microscope for inspection as shown in

Figs.4.6 (a)-(f) and summarized in Table 4.5. SiO.N,/Al samples possessed lower Al

hillock density as substrate temperature increased or flow rate increased. The

correlation between hillock density and moisture permeation through SiON,/Al

samples was further discussed in Chapter 4.4.

Table 4.5 Al hillock density of the SiONy/Al films deposited under different flow rate

condition at various substrate temiperatures!

Hillock density (10”°/pm?)
ubstrate Temperature (°C) 60 80 90
N, flow rate
High 41.4 34.6 7.9
Low 74.8 40.8 14.7
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Figure 4.6 OM photographs magnified 1000x: under low flow rate at various substrate

temperatures: (a) 60 ‘C, (b) 80°C, and (c) 90°C and under high flow rate at various

substrate temperatures: (d) 60 ‘C, (e) 80°C, and (f) 90°C.
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4.3.2 Hillock Height

The maximum height of hillocks of silicon oxynitrides deposited under various
deposition conditions (flow rates and deposition temperatures) were characterized by
AFM as shown in Figs. 4.7 (a)-(f) and summarized in Table 4.6. As substrate
temperature increased, the hillock height increased. In contrast, the maximum hillock

heights in the films deposited under high flow rate conditions were slightly higher

than those deposited under low flow rate conditions.

Table 4.6 The maximum height of hillock of the SiON,/Al films deposited under

different flow rate condition at various substrate temperatures.

Max. height (nm)

ubstrate Temperature (°C)- 60

8 | 90
N, flow rate
High 348 | 542 | 706
Low 248 | 381 | 686

(a)
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Figure 4.7 AFM 2D images (2umx*2um): (a) substrate temperature is 90°C under high
flow rate, (b) substrate temperature is 90°C under low flow rate, (c) substrate
temperature is 80°C under high flow rate, (d) substrate temperature is 80°C under low
flow rate, (e) substrate temperature is 60°C under high flow rate, and (f) substrate

temperature is 60°C under low flow rate.
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4.4 Correlation between Moisture Resistance and Hillock

Formation

The moisture barrier effectiveness of these oxynitrides was qualitatively
measured by calcium button testas shown by Figs. 4.8 (a) and (b) for films deposited
under high and low flow rates, respectively. The qualities of the moisture barrier
layers were determined by the amount of calcium oxidized or hydrolyzed, which
turned into bright spots. It showed oxynitride films deposited under high N, flow rates
exhibited better moisture barrier effectiveness. By combining the results of Fig. 4.8
and Table 4.5, excellent correlation between hillock density and moisture permeation

through SiON,/Al samples was found. This indicated Al hillock was the culprit of

moisture permeation in the passivation layer of'SiON,/Al stack.

High flow rate Low flow rate

Figure 4.8 Calcium button test of SiN,Oy barrier films deposited under (a) high flow

rate and (b) low flow rate.

In summary, SiONy films prepared under high substrate temperature and high
N, flow rate showed the lowest hillock density, but possessed the tallest Al hillock
defects height. Excellent correlation between hillock density and moisture permeation

through SiOxN,/Al samples was established, indicating Al hillock was the culprit of
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moisture permeation in the passivation layer. As a result, the improved moisture
resistance of SiOxNy deposited under high flow rate and high temperature conditions
could be attributed to its lower hillock density if a single passivation layer was used.
Since multiple layers were often employed to deliver the required moisture resistance,
the height of hillocks should be taken into consideration for the selection of deposition
conditions. For example, more number of barrier layers at fixed thickness was needed
to conformally seal the hillocks in SiO.N,/Al deposited under high flow rate and high
temperature conditions because their hillock heights were taller even though their
hillock densities were lower. Therefore, the hillock height and density shall be taken
into consideration in the selection of deposition conditions of SiONy onto Al layer
pending on the film thickness, stress and number of layers.

In the following sections, thé mechanism of. Al hillock formation in SiON,/Al
stack at temperature as low as-60.°C, would be.further investigated and proposed.
Grain size of Al film as cathode and. the-thermal stress of SiO4N, passivation layer
would be first examined. The mechanism of hillock formation and their effects on the

hillock density and height would be then discussed.

4.5 Al Grain Size

XRD was employed to characterize the crystallite sizes of aluminum films in
the SiOxN,/Al/glass stack post SiOxN, deposition using the full width at half
maximum of the dominant Al (111) peak and Scherrer’s equation (3.1). Figs. 4.9 and
4.10 showed Al (111) peaks in SiOxN,/Al/glass stack for SiOxN, films prepared at
high flow rate and low flow rate conditions, respectively. Moreover, the crystallite
sizes of the Al films at various SiOxN, deposition conditions were summarized in

Table 4.7. It showed that films prepared under high substrate temperature possessed
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larger crystallite sizes (~60 nm) than the ones under low temperature conditions (~40
nm). It implied that the energy derived from SiO4Ny deposition induced grain growth
in the underlying Al film.

In this study, Al film was first deposited onto glass plate at 60 °C using the same
modified ion beam deposition system. The microstructure of Al film was expected to
be about the same as that in SiON,/Al deposited also at 60 °C as illustrated in Fig.
4.12.

In the modified ion beam deposition system, Al/glass substrate was kept at
room temperature (~20 °C) prior to the deposition of SiONy layer. The deposition
temperature calibrated at the top of glass plate was controlled by the lateral moving
speed of glass plate. In order to avoid any damage onto the OLED devices, whose
Algs layer cannot survive temperature > 100 °C, the deposition temperatures in this
study were controlled at 60, 80 and 90 °C. However, the surface temperature of Al
film during SiOxNy deposition was expected-to-be higher due to energy transfer by the
evaporated atoms and molecules. The surface temperature could be estimated by the
energy conservation described by Eq. 4.1.

AHat AHparrier= 0 4.1)

AH=mSAT (4.2)
where m is the mass, S is the heat of capacity, while AT is the difference between the
final and initial temperatures for a process. In addition, Sx=0.217 cal/g’C and
Sbarrier=0.2 cal/gC.

Hence, the Al surface temperature was estimated to be 247 ‘C and 361 ‘C for
glass substrate temperature controlled at 60 ‘C and 80 °C, respectively. Assuming the
particle energy arriving to the surface of OLED structure was 25 eV as illustrated by
Fig. 3.2 in the modified ion beam evaporation system, the temperature at Al surface
was 387°C, which was in line with the estimation by Eq. 4.1. It was perceived that
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these surface temperatures (T/Ty, for Al ~0.32-0.55) were relative high to be able to
drive additional Al grain growth during SiO,Ny deposition.

This trend of grain size measured by XRD was closely related with the
domains observed by top-view SEM as shown in Figs.4.11 (a) through (f). The
cross-sectional microstructure of SiOxN,/Al/glass stack was further examined by a
TEM as illustrated in Fig. 4.12. Al films exhibited columnar structure with width
between 50 and 100 nm, while SiOxNy, passivation showed amorphous phase and
conformal coverage onto the underlying Al film. It demonstrated the morphology of
SiOxNy passivation observed by top-view SEM was in response to the planar grain
size of aluminum and, in some cases, hillocks. Then, the distribution of Al grain size
in SEM image was analyzed by using IMAGE J software. The results of grain size
distributions were listed in Figs.;4.13 (a) through (d). Fig. 4.13 (a) showed films
deposited under 60 ‘C exhibited the smallest grain size and concentrated in 40-60 nm
region. There was not much difference in-different-gas flow rates under 60°C. Fig.
4.13 (b) showed that the films deposited under-80°C and high flow rate condition
possessed grain size concentrated in 40-60 and 60-80 (nm) regions. However, the
films deposited under 80°C and low flow rate condition exhibited wide grain
distribution in the range of 40-180 nm. Fig. 4.13 (c) showed that the films deposited
under 90°C and two different flow rate conditions exhibited the grain sizes
concentrated in 80-120 nm. Fig. 4.13 (d) summarized the grain size distributions of Al
films under the deposition of SiOxNy layer at different substrate temperatures but the
ssme high gas flow rate. It showed there was not much difference in grain size
distribution under 80 and 90°C, but it was apparently different at 60°C compared to
those at 80 and 90°C. Since the crystallite sizes of aluminum which derived from
XRD is the average value, the distribution of Al grain size in SEM image, which

analyzed by using IMAGE J software, can help us to analyze the Al grain boundary
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size more quantitatively.
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Figure 4.9 X-ray diffraction pattern of SiO.N,/Al/Alqs/glass sample, where SiON,

was deposited under high flow rate at various substrate temperatures.
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Figure 4.10 X-ray diffraction pattern:.of SiOsNy/Al/Algs/glass, where SiOxN, was

deposited under low flow rate at various substrate temperatures.
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Table 4.7 The crystallite sizes of Al in SiOxN,/Al/Alqs/glass sample stack, where

SiONy was deposited under different flow rate condition at various substrate

temperatures.
A=1.54A 0 FWHM Grain size
(B) (nm)
60 °C |Low flow rate [19.33 | 0.2037/180 41
High flow rate(19.27 | 0.228 n/180 37
80 °C |Low flow rate [19.28 | 0.1467/180 58
High flow rate|19.25 | 0.1487/180 57
90 °C |Low flow rate [19.23 | 0.1467/180 58
High flow rate(19.29 | 0,1487/180 57
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Figure 4.11 SEM top-view graphs of the SiONy films deposited under high flow rate
at various substrate temperatures: (a) 90 ‘C, (b) 80°C, and (c¢) 60°C and under low

flow rate at various substrate temperatures: (d) 90 “C, (e) 80°C, and (f) 60°C.
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Figure 4.12 Cross-sectional TEM photograph of SiOxN,/Al/Alqs/glass stack for

SiOxNy films prepared at high flow rate and substrate temperature 60°C condition.
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Figure 4.13 Al grain size distributions obtained fromSEM image: (a) SiOxNy films
deposited under 60°C and two different gas flow rate conditions. (b) films deposited
under 80°C and two gas flow rate conditions. (¢). films deposited under 90°C and two

gas flow rate conditions. (d) films deposited under different substrate temperature and

high flow rate conditions.

4.6 Stress Analysis
4.6.1 Young’s Modulus of Substrates

Since Young’s modulus of the glass substrate is a critical parameter in the
Stoney’s equation (3.3) for deriving the stress by bending beam system,
nanoindentation was employed to measure the modulus. The modulus as function of
displacement was illustrated in Fig. 4.14. The mean modulus of the glass substrate (Es)

was 79.9 GPa.
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Figure 4.14 Modulus vs. displacement of the glass substrate.

4.6.2 As-deposited stress in thin film-Al, SiO,N,/Al and SiO,N,

Bending beam technique has been employed to measure the stress of SiO«Ny
films as a function of temperature from room temperature to 200 °C based on the
change of radius of the substrate and substitute to Stoney’s equation (3.6).
As-deposited stresses of SiOxNy/Al in four representative samples, which were the
initial stress obtained at room temperature prior to thermal cycling, were summarized
in Table 4.8. All as-deposited SiOxN,/Al stacked films exhibited compressive stress
ranging from -40 to -180 MPa. In particular, SiO\Ny films deposited under high
flow rate conditions yielded higher compressive stress in the SiO.N,/Al stack than
those under low flow rate conditions. In addition, films deposited at 80 °C yielded
higher compressive stress in the SiOxNy/Al stack than those deposited at 60 °C. Our

next step is to delineate the specific stress in the SiOxNy barrier layers. Since each
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layer imposes a separate bending moment and these moments are additive, the stress
of the overlaying SiO«Ny layer can be calculated by the following equation provided

the stress of aluminum film and thicknesses of SiOxNy and Al are known:

— Gave (tbarrier + tAl) B JAltA] (4 3)

barrier

O-barrier

where G,y 1s the average stress of the bi-layer film, tyamicr and ta; are the thicknesses of
the SiOxNy layer and Al film, respectively.
The as-deposited stress of aluminum film, 64 was -101MPa illustrated by Fig.
4.15. The compressive stress in Al film was presumably caused by external stress
during deposition and by small grain deposited at low temperatures. [10][11] As a
result, the as-deposited stresses of SiOxNy films could be delineated using Equation
(4.1) and summarized in Table 4.9. For deposition temperature at 80 °C, the discrete
stress of SiOxNy layer under high flow rate was relatively high compressive stress,
about -443 MPa, while low flow rate conditton resulted in slightly compressive stress,
about -157MPa. In contrast, the"discrete stresses of SiONy layers deposited at 60 °C
were tensile. Specifically, SiO«Ny layer exhibited about +4 MPa tensile stress when
deposited under high flow rate, and was about +204 MPa when deposited under low
flow rate. It indicated that SiO.Ny film stress changed from tensile to compressive
when deposition temperature was increased from 60 °C to 80 °C. The compressive
stress in SiOxNy film was presumably caused by dense structure which deposited at
high temperature. The tensile stress in SiOxNy film was presumably caused by loose
structure which deposited at low temperature. In general, higher substrate temperature
tended to form a film with denser structure and lower substrate temperature tended to
form a film with low density. [26]
Type of thin film stress and its value could be controlled by changing

deposition conditions, substrate temperature and gas flow rate. In comparison, silicon
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oxide films deposited by sputtering exhibited high compressive stress in the range
from -0.4 to -1.5 GPa due to the extensive ion bombardment [54], while the stress of
SiOxNy deposited by PECVD technique can control the stress to near 0 MPa by
adjusting deposition conditions. [55] In this study, the as-deposited stresses of SiOxNy
film prepared by modified ion beam evaporation technique were lower than those by
sputtering, but still higher than those prepared by PECVD. Moreover, the as-deposited
stresses of SiO«Ny films could be controlled in the range of -443 to +204 MPa by

adjusting the N, flow rates and deposition temperatures.

200
150
100

T

T

T

)]
S
L

1

()]

S
—

Stress (MPa)
o

-100

-150 |
2200 . It heating

A A A
A
AAAAAAAAAAA_AA

| 1 | 1 | 1 | 1 | | | | 1 | |

0 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Figure 4.15 Stress vs. annealing temperature of 200 nm Al films.
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Table 4.8 As-deposited stress of 50 nm SiON,/200 nm Al for SiONy films deposited

under different flow rate conditions at various substrate temperatures.

As-deposited stress (MPa)
Substrate Temperature (C) 60 80
N, flow rate
High -80 -180
Low -40 -114

Table 4.9 The as-deposited stress of SiOxNy films deposited under different flow rate

conditions and various substrate temperatures.

As-deposited stress (MPa)
Substrate Temperature ('C) 60 80
N, flow rate
High +4 -443
Low +204 -157

4.6.3 Stress during Thermal Cycle

Thermal stresses of SiOxNy/Al stack as a function of temperature (20 — 200 °C)
using bending beam technique were shown in Figs. 4.16 (a) and (b) for SiOxNy films
deposited at 60 °C and 80 °C, respectively. For deposition temperature at 60 °C, the
as-deposited stress at room temperature was compressive -40 and -80 MPa for high
flow and low flow rate conditions, respectively. During the first heating cycle, the
stress became more compressive stress because of the high thermal expansion
coefficient of Al films. Furthermore, the slopes in 120— 160 °C were almost the same

as the 2™ cycle and gradual, due to the unstable Al structural reconstruction at high
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temperature to attain dense state. The second cycle revealed elastic behavior along the
decreasing temperature of the first cycle. Film stress was relaxed from -80 MPa to -43
MPa after thermal cycling between 20 and 200 °C due to relaxation of Al and SiOxN,
films.

In contrast, films deposited at high deposition temperature, 80 °C experienced
larger stress relaxation compared to the films deposited at low temperature, 60 °C.
Also the extents of grain growth or hillock growth of Al in SiOxN,/Al stack after
thermal cycling were quite different as shown in Fig.4.17 (a) for SiON, films
deposited at 60 C and Fig.4.17 (b) for the films deposited at 80°C, respectively. It
was found that films deposited at high temperature underwent more grain growth or
hillock growth toward the surface compared to the films deposited under low
temperature conditions. Grain and hillock growth are both the behavior of stress
relaxation. [11] Since Al films underwent more grain-growth or hillock growth during
the deposition of SiONy layer under:high-temperature, they experienced larger stress
relaxation compared to the SiOxN, films deposited under low temperature. It indicated

that the actual stress existing in thin Al film was higher than the measured value.
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Figure 4.16 Stress vs. annealing temperature of 50nm SiO.N,/200 nm Al films with
different SiO«Ny deposition conditions: (a) A\ stood for the SiOxNy film which was
deposited under low gas flow rate and 60°C. <> stood for the SiOxNy film which was
deposited under high gas flow rate and 60°C. (b) A\ stood for the SiOxNy film which

was deposited under low gas flow rate and 80°C. <> stood for the SiONy film which

was deposited under high gas flow rate and 80°C.

150/ x50000 100nm wo7smm M Ne1d0,000X s 6
- 1896 JF -
Figure 4.17 SEM top-view graphs a _ﬁ’le SiOxNy films after 200°C thermal cycle: (a)

films deposited under 60°C (b) films deposited under 80°C.

4.7 Discussion

4.7.1 Microstructure and Moisture of Barrier Layer

The microstructure of the developing film would be characterized by the shape
of its grain structure. The grain structure would be affected by the growing
environment such as substrate temperature, surface roughness, chamber pressure, the
cleanliness levels, etc. [9, 40-42] In general, lower substrate temperature tended to
form a film with lower density and more defects such as grain boundaries or pinhole
due to the poor surface diffusion, which in turn would greatly affect the water vapor

permeation. [26] In this case, barrier layers were all exhibited amorphous phase by
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TEM. Hence, there were not grain boundaries in barrier layers and also no obvious
pinhole observed by SEM. Pinhole defects were widely considered to be the main
moisture permeation way. [26, 59] But more recent studies have shown that there are
still permeation problems after eliminating pinhole defects. [60] Therefore, there may

have other moisture permeation paths to be further studied.

4.7.2 Hillock Formation

In this thesis study, hillocks can be found even at low temperature (60 °C),
which was not expected initially. Previously, hillock was formed only at high
temperature, such as 300-400 °C. [61-64] There were three possible reasons that
hillock could be formed under such low temperature; namely: (1) relatively small
grain size in the as-deposited Al films, (2) high grain boundary migration in pure Al
film, and (3) Al surface temperature of 247-361 °C imparted by the evaporated
molecules and atoms.

Since hillock defects were observed forall the samples in this study, and their
densities were further quantified using an Al wet etch method to decorate hillock
defects. Excellent correlation between hillock density and moisture permeation
through SiOxN,/Al samples was established, indicating Al hillock was the culprit of

moisture permeation in the passivation layer.

4.7.2.1 Mechanisms of Hillock Formation

Hillocks were first observed in aluminum metallization in the semiconductor
devices during deposition processing and widely discussed in the past forty years.
[61-64] Hillock growth could cause metal shorting and the device breakdown.
Therefore, it has been critical to understand its formation mechanism and solutions.

Hillocks could be explained as extrusions or protrusions on the surface of a metallic
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film. The cause of hillock formation was the existence of compressive stress in the
metallic thin films as shown in Fig. 4.18. There were two kinds of hillocks, one was
named growth hillock which was generated by intrinsic stress during deposition [65,
66] and the other was named annealing hillock which was due to the different thermal
expansion coefficients between films and substrates when experiencing high
temperature annealing process. [67-69] Hillocks were formed to relax the compressive
stress.

There have been many studies and publications discussing the mechanisms
about hillock formation, such as interfacial diffusion, [70] surface diffusion [71] and
grain-boundary diffusion. [72-74] It was clear that diffusion played an important role
in hillocking regardless the specific mechanism preciously described. In addition, the
formation of hillock density and its size were also.discussed. [69, 72, 74] There were
two opposing view to be described.below.

Iwamura et al. [69] propesed a todel-as,shown in Figs. 4.19 (a)-(c). Hillocks
formed on the surface as shown in Fig. 4.19(a), which was driven and formed as

result of lateral diffusion along grain boundaries for a film consisting of small grains.

Subsequently, new hillocks might grow at the edges of old hillocks as shown in
Fig. 4.19 (b). For Al film with large grain sizes such as columnar structures shown in
Fig. 4.19 (c), hillocks tended to be formed at the grain boundary triple points near the
surface through vertical diffusion because it was more difficult for lateral diffusion in
a columnar structure. Overall, smaller grains resulted in larger hillocks with low
density, while larger grains yielded smaller hillocks with higher density. Furthermore,
one can predict that hillock density is higher for a columnar structure with small grain
size.

However, Kim ef al. [72] and Zaborowski ef al. [73] proposed a different view
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on the hillock size and density. Both found the decrease of the hillock density and

increase of hillock size as grain size [72, 73] or film thickness [73] increased.

Film
Substrate

Compressive stress generation
by annealing

\ 4

Siress relaxation
by hillock formation

(a) Siress relaxation
by grain growth
and precipitation

(b]‘ Stress relaxation
by hillock formation with lateral diffusion

Figure 4.18 Schematic diagrams of two models correlating to the hillock formation

behavior on Al thin films. [69]
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Figure 4.19 Schematic diagrams of hillock formation comparing a film with small
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4.7.2.2 Defects Caused by Stress

Fig. 4.20 illustrated two inhomogeneous deformations, either by dislocation
slip or by grain-boundary sliding, to cause the passivation fracture and this sample
stack was commonly present in one part of integrated circuit structure which involved
a passivation or dielectric layer, such as SiO, and Si3N4, deposited on the metal layer,
such as copper and aluminum. These unwanted plastic deformations occurred if the
stress in the passivation thin film was too high. If the tensile stress was too high, it
would result in passivation thin film cracking. If the compressive stress was too high,
it would result in hillock formation extruding out of the passivation thin film. Both
scenarios led to structural failure. As one of these fractures occurred in integrated
circuit, it could cause electrical shortsqifitwoimetallization layers were forced to come
into contact. If these failures occurtediinl OLED’s"package, it would create a wide
pathway for moisture permeation and result in poor moisture resistance. Water vapor
transmission rate through this pathway would be higher than the other permeation
ways, such as grain boundaries, pinholes, pores, etc. The effect of stress will be

discussed in the subsequent sections.
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4.7.2.3 Suppression of Hillocking

The relevant research in recent years pointed out that adding some alloying
elements in the metal thin film could improve the intensity of thin film and be able to
stand more compressive stress produced during the annealing process, and then
suppress the hillock growth in the thin film. [68, 69] On the one hand adding some
alloying elements in the metal film can prevent dislocations from moving, and on the
other the alloying elements would segregate in the grain boundaries to suppress grain

growth. Both the phenomena could suppress the hillock formation.
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4.7.3 Hillock Density vs. Grain Boundary

There have been many publications on this issue with quite different points of
view as described in Chapter 4.7.2.1.  In this study, hillock density of the sample and
the corresponding Al grain size was summarized in Table 4.10. It showed SiO4N,/Al
samples prepared at low temperatures possessed small grain size, and more grain
boundaries. It meant the difference in hillock density was related to its grain boundary
density, which was proportioned to grain boundary triple points, the most probable
sites for hillock nucleation. And this view point was consistent with those proposed

by Kim et al. [72] and Zaborowski et al.’s. [73]

Table 4.10 Hillock density of the sample and the corresponding Al grain size.

Hillock density Al grain size
(10 /pm’?) (nm)
High flow rate_80°C 34.6 58
Low flow rate_80°C 40.8 57
High flow rate_60°C 41.4 41
Low flow rate_60°C 74.8 37

4.7.4 Hillock Height vs. Stress

According to the experimental data listed in Table 4.11, the as-deposited SiOxN
stress was related to hillock height. The larger compressive stress yielded the higher
hillock height. Therefore, SiOxN,/Al samples prepared at high substrate temperature
and high N, gas flow rate deposition process resulted in higher stress in the
passivation layer, in turn higher hillock height. SiOxNy films deposited under higher

substrate temperature conditions yielded larger compressive stress than under lower
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substrate temperature conditions due to the different thermal stress. Films deposited
under high flow rate conditions yielded larger compressive stress than under low flow

rate conditions due to the different N atomic content.

Table 4.11 As-deposited stress of the multilayer and the corresponding hillock height.

As-deposited stress Hillock height
(MPa) (nm)
High flow rate 80°C -180 54
Low flow rate 80°C -114 38
High flow rate_60°C -80 35
Low flow rate 60°C -40 25

4.7.5 Model of Hillock Formationrin SiO.N,/Al/glass for OLED
Applications

Al films were first deposited onto glass at 60 °C, which corresponded to Al
surface temperature of 250 °C. At this stage, Al film on glass exhibited a columnar
structure with grain size 40-60 nm. Since pinhole defects and grain boundaries were
likely introduced in the Al electrode during low-temperature deposition, a SiOxNy
layer was deposited onto Al electrode to passivate it. In this study, amorphous SiOxN
films were formed on Al/glass substrates under various deposition conditions such as
N, gas flow rates and substrate temperatures. Moreover, the hillock defects were
believed to extrude through the passivation layer and degrade the moisture permeation
drastically. Subsequently, moisture could permeate through Al films through the

pinhole defects or grain boundaries into the underlying OLDE device resulting black
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spots in the display. Hence, Al hillock was found to be the culprit of moisture
permeation in the SION,/Al stack.

The energy derived from SiOxNy deposition at 60-90 °C, which corresponded to
247-361 °C at Al surface, induced further grain growth in the underlying Al film.
SiOxNy films prepared under high substrate temperature and high flow rate onto
Al/glass substrate showed the lowest Al hillock density, but possessed the tallest Al
hillock defects height. The difference in hillock density was related to its grain
boundary density. Hence, small Al grain sizes with high grain boundary density
yielded high hillock density. In contrast, large Al grain sizes with low grain boundary
density resulted in low hillock density. In addition, hillock height was related to
passivation thin film stress. Hillock height was proportional to the stress of
passivation thin film. Hillock formation led to telieving the existing stress in thin
films. SiOxNy films prepared-under high substtate-temperature and high flow rate
initially produced the largest thin film stress.and yielded the highest hillock height.
Moreover, the shortest hillock was formed when the lowest stress relief was achieved.

A hillock formation model in SiO.N,/Al stack based on the above experimental
results was proposed and illustrated in Figs. 4.21 (a), (b) and (c). Al films were first
deposited onto glass substrate at 60 °C shown in Fig. 4.21 (a). As-deposited Al films
possessed a columnar structure with grain size 40-60 nm. Then, SiOxNy barrier films
deposited onto Al/glass substrate at low temperature could be illustrated by Fig. 4.21
(b). The surface temperature of Al film during SiO.Ny deposition was estimated to
be ~247 °C, which induced further Al grain growth to sizes in the ranges of 40-80 nm.
The as-deposited stress was compressive, -40 to -80 MPa, which was relatively low as
compared to that deposited at high temperature. As a result, SiO4Ny films deposited at
low temperature yielded high hillock density because of smaller grain sizes with more

grain boundaries, and short hillock height due to lower level of compressive stress.
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SiOxNy barrier films deposited onto Al/glass substrate at high temperature could be
described by Fig. 4.21 (c). The surface temperature of Al film during SiO.Ny
deposition was estimated to be ~361°C, which induced further Al grain growth to
sizes in the ranges of 60-140 nm. The as-deposited stress was compressive, -141 to
-180 MPa, which was relatively high as compared to that deposited at low
temperature. As a result, SION, films deposited at high temperature yielded low

hillock density due to relative large Al grain sizes driven by higher Al surface

temperature, and tall hillock height because of high level of compressive stress.
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Chapter S Conclusions

The composition, microstructure and morphology of SiON, barrier and Al
layers deposited by a modified Ar ion beam evaporation system were investigated as a
function of substrate temperatures and gas flow rates. Furthermore, the impact of
defects and stress on the moisture permeation in the inorganic SiOxN,/Al stack were
studied for their correlation. Al films deposited at 60 °C exhibited a columnar
structure with grain size 50-100 nm. Since pinhole defects and grain boundaries were
likely introduced in the Al electrode during low-temperature deposition, an
amorphous SiONy passivation layer was deposited onto Al electrode. It was found
that Al hillock was formed even at low temperature, such as 60 ‘C because of its high
purity of Al films and small grains. During the deposition of SiO4N, passivation layer,
the energy imparted by evaporated atoms-and ‘molecules raised the Al surface
temperature to 250-361 °C resulting in further Al grain growth. Moreover, SiONy
films prepared under high substrate temperature and-high flow rate showed the lowest
Al hillock density, but possessed the tallest' Al hillock height. Excellent correlation
between hillock density and moisture permeation through SiOxN,/Al samples was
established, indicating Al hillock was the culprit of moisture permeation in the
passivation layer.

A model of hillock formation in SiO«N,/Al was proposed in this thesis to
illustrate the causes for their difference in hillock density and height. The hillock
density related to the initial Al grain size, while the hillock height was primarily
derived by SiOxNy stress. The tallest height of hillock affected greatly on the numbers
of barrier layers for complete sealing of defects. Therefore, high substrate temperature
and high N, gas flow rate deposition process yielded barrier films with less hillocks

and improved moisture resistance if single layer of passivation was employed, while
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lower deposition temperature and low N, gas flow rate were preferred for least
number of layers if multiple-layer structure was adopted. In summary, defect control
of Al hillocks was essential for controlling the moisture barrier performance in the

practical OLED stack.
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