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(a)
additional

entry port
aluminum bubble
cathode l H,O H,0 H,0

burst bubble created
by H, evolution

organic film

(b)

aluminum cathode

aluminum oxide
surface layer

organic film

Figure 2.1. (a) Mechanism of dark spot formation during
operation of an OLED under water vapor atmosphere and (b)
dark spot growth mechanism for an unbiased device under a

pure oxygen atmosphere.!®
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(a)

Broken Bonds .“:f =

(b)
Figure 2.3. (a) Elliptical hole in a flat plate (b) Crack

propagation in ideally brittle type of material, with the fracture

energy equal to the surface energy.?’
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Figure 2.4. The three modes of loading that can be applied to a

crack.®
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Figure 2.5. A through—thickness crack in an infinitely wide

plate subjected to a remote tensile stress.?’
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Figure 2.6. (a) Leakage current of MOS diodes consisting of
Al/Ta.05/Si structure vs. applied electric field.” (b) Electrical
conductivities and fatigue lifetimes of the inkjet—printed Ag

films and the evaporated Ag films.?’
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Defect Density, n (mm?)

(b)
Figure 2.7. (a) Diffusion through a single defect. (b) Oxygen
permeation rate (OTR) vs. defect density for deposits with d>d.,

(W) SiN/PET, (x) SiO4/PET, (O) Al/PET.!
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Figure 2.8. A schematic diagram showing the proposed gas
transport pathways through the oxide layer. The relative

importance of each path depends on gas permeant size.””
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Figure 2.9. The components of the basic differential
interference contrast microscopy. (GNU Free Documentation

License).
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Table 3.1. Basic properties of Q650HA PEN film used for a

substrate.*”

Item Unit Q65HA
Thickness £m 125
) MD 220
Tensile strength MPa
TD 220
MD 130
Tensile elongation %
TD 110
Glass transition temperature T 155
Thermal shrinkage MD % 0.1
(150 C, 30 min) ™D v 0.0
Surface roughness nm 0.7
Total light transmittance % 87.0
Water vapor permeability g/m2—day 12
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Top electrode (Pt 20nm)

Encapsulationlayer (SIN, 100nm)
Bottom electrode (ITO 10nm/Pt 10nm/ITO 10nm)

Polymer Substrate (PEN)

Material Thickness (nm) Deposition process
Substrate PEN 1.2x 10° -
ITO 10 DC-Sputtering
Bottom electrode Pt 10 E-beam Evaporator
ITO 10 DC-Sputtering
Encapsulation layer SiN, 100 LT-PECVD (857T)
Top electrode Pt 20 E-beam Evaporator
Figure 3.1. Conceptual illustration of a MIM structure

specimen on a polymer substrate.
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2R
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Moving to X —axis
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Figure 3.2. The 2—point bending system for stressing a MIM
specimen : (a) at pristine and (b), (c) a bent specimen with a

bending radius of R.
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Table 4.1. Basic properties of the pristine SiN, barrier film.*

Item Unit LU= S0 v SisNy (Ideal)
SiNg
Film thickness nm 100 —
Refractive index = 1.829 2.02
Film density g/cm3 2.65 3.44
Si 59.8 43.0
Chemical
o N % 34.2 57.0
composition
0 6.0 0.0
Water vapor permeability g/m2—day | 7.6x107! =
Internal stress MPa —155 -
39
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Figure 4.1. Electrical characteristics of the 100 nm—thick SiNy
encapsulation layer at the pristine state : (a) with various

measuring position and (b) repeated measurement.
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Encapsulation layer (SiN, 100nm)

(a)
Polymer Substrate (PEN)
Encapsulation layer (SiN, 100nm)

(b) Bottom electrode (ITO 10nm/Pt 10nm/ITO 10nm)
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Top electrode (Pt 20nm)

tiel Encapsulation layer (SiN, 100nm)

c

Bottom electrode (ITO 10nm/Pt 10nm/ITO 10nm)

Polymer Substrate (PEN)
Figure 4.2. Conceptual illustration of MIM specimens with
various stacking structure : (a) SiN, only, (b) w/o top

electrode, and (c) w/ top electrode.
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Figure 4.3. (a) Crack onset cycle and crack spacing of MIM
specimens with various stacking structure at a bending radius
of 8 mm. (b) Optical evaluation of surface crack with various

stacking structure.
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Figure 4.4. Leakage current density as a function of bending
cycles (a) at a bending radius of 5 mm and (b) 8 mm, (c) and (d)

corresponding to (a) and (b) at 1.0 MV/cm, respectively.
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Figure 4.5. Optical evaluation of surface flaws and leakage

current density at 1.0 MV/em as a function of bending cycles

at a bending radius of 8 mm.
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Table 4.2. Crack density as a function of bending cycles at a

bending radius of 5 mm and 8 mn.

Bending radius bmm Bending radius 8mm
Bending cycles Crack density Bending cycles Crack density

(#) (/4m) (#) (/4m)

0 0 0 0
50 0 500 0
100 0.1099 700 0
150 0.1570 800 0.1089
200 0.5755 1000 0.1831
300 0.8835 1200 0.3479
400 0.9011 1400 0.4296
500 0.8915 1600 0.4845
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Table 4.3. The current density and the WVTR as a function of

crack density of the 100 nm—thick SiN, sample.

Crack density (/¢m) Current density (A/cm?) |  WVTR (g/m*—day)

4.24 E—08

0 OFf
4.37.E-08
9.86.E-08

0:11 0.88
1:.97.E—07

0.22 8.45.E-07 0.97

0.37 1.93.E-06 1.03

0.50 2.16.E-05H 1.22

0.78 3.76.E-04 U

0.96 4.91.E-02 1.22
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Figure 4.9. FT—IR absorption spectra of SiN, films with

various film thickness.

Table 4.4. Basic properties of the SiN, barrier film with

various film thickness at the pristine state.

Film thickness Refractive index Film density WVTR
nm g/cm® g/m?—day
100 1.829 2.654 7.6 E-01
200 1.846 2.661 8.8E—-02
300 1.849 2.692 < 5H0E-02
500 1.862 2.725 < 5H.0E-02
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Figure 4.10. Current density of SiN, films with wvarious
thickness at the pristine state (open dots) and at the crack

onset cycle (close dots) as a function of gate voltage.

Table 4.5. Leakage current density of SiN, films with various

thickness at the pristine state and at the crack onset cycle.

J@Vg 10V J@ 0.4 MV/cm
: : Crack onset cycle
Film thickness (COC)
pristine at COC pristine at COC
nm # Afcm?
100 860 3.73E—-07|2.73E—05| 3.81E—8 | 2.24E—6
200 530 2.80E—08|1.94E—07| 2.39E—-8 | 1.23E-7
300 510 1.97E—08|1.89E—-07| 2.11E-8 | 2.10E—7
500 260 1.18E-08|1.51E-07| 1.94E-8 | 5.18E—-7
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with various thickness as a function of bending cycles.
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Figure 4.14. Optical inspection of surface cracks of SiN, films

with various density and for various bending conditions.
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Figure 4.15. XPS spectra of SiN, films with various density :

(a) Si2p, (b) N 1s and (c) O 1s.

Table 4.6. Binding energy and atomic composition of XPS

spectra of SiNy films with different density.

. ) Binding energy (eV) Atomic concentration (%)
Film density
(g/en®)
o Si2p | N1s | O1s | Si N 0
2.50 102.7 | 397.8 | 5326 44.4 8.1 47.5
2.65 100.8 | 397.3 | 531.7 | 60.8 34.5 4.7
2.83 100.8 | 397.3 | b31.7 61.1 355 34
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Figure 4.18. Vacancy mechanism for atmospherically assisted
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Table 4.7. Process condition of SiO4N, film deposition.

Ratio of gas flow rate Power density
= .NHS/ . Loy . H/ (W/cm?)
(SiH4+NH3) | (SiH4+N20+NH3) | (SiHg+NH3+Hs)
SiNg 0.62 ~ 0.86 0.68
0.53 0.21 0.84 0.81
Si0xNy 0.563 0.44 0.84 0.81
0.53 0.57 0.84 0.81

Table 4.8. Basic properties of the SiO«Ny film with various N5O

gas flow ratio.

B Film thickness Refractive index Film density
(nm) (@ 632m) (g/cm3)
0 105.9 1.815 2.65
0.21 107.4 1723 2:55
0.44 99.2 1.461 2.43
0.97 104.1 1.459 2.43
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Figure 4.20. XPS spectra of SiO.N, films with various O/Si
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Table 4.9. Binding energy and atomic composition of SiO¢Ny

films with various O/Si ratio.

Binding energy (eV) Atomic concentration (%)
0Q/Siratio
Si2p | N1s 01s Si N 0
0.08 100.8 | 397.3 | 531.7 | 60.8 345 4.7
0.10 100.8 | 3974 | 531.9 | 59.8 34.2 6.0
0.47 101.5 | 397.7 | 5320 52: 23.5 244
1.13 102.7 | 397.8 | 5326 | 444 8.1 47.5
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Figure 4.21. FT—IR absorption spectra of the SiON, films

with various O/Si ratio.
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Figure 4.22. Variations of leakage current density of the

SiO«Ny films with various O/Si ratio.
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(a)

(b)

(c)

(d)

Figure 4.23. Top—view and cross—sectional SEM analysis at

crack tip with various O/Si ratio of SiONy films : (a) 0.08, (b)

0.10, (¢) 0.47, and (d) 1.13.
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Figure 4.24. Conceptual illustration of (a) force lines and (b)

stress concentration factor at a crack tip.”!
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Abstract

Recently, the importance of organic light emitting diode
(OLED) displays are rapidly growing for many flexible display
applications. Since organic materials currently employed in
OLED displays are very sensitive to water vapor and oxygen,
successful development of the thin film encapsulation layer
(TFEL) becomes essential in flexible display industry.
Permeation properties of a TFEL have been mainly evaluated
by the water vapor transmission rate (WVTR) method, which
has disadvantages of time—consuming process and low
detection limit. Furthermore, the pathway of gas and moisture
transport is mainly attributed to the generation and propagation
of cracks after a cyclic bending process. In this study, we
propose a new permeation measuring method, which electrically
detects the on—set and density of cracks.

We prepared metal/insulator/metal (MIM) specimen for
electrical evaluation of an encapsulation layer on polymer
substrate. The SiNy and the SiO(N, TFEL using low—
temperature plasma enhanced chemical vapor deposition (LT—
PECVD) were prepared. Bending test for stressing an
encapsulation layer specimen was performed by using Z2—point
bending machine with various bending radius.

Both the crack density and the leakage current density of the
100 mm thick SiNy TFEL were gradually increased with

increasing the bending cycles. Variations of WVTR of the 100
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nm thick SiNy TFEL increased with increasing the crack density.
As the number of cracks increased, both the leakage current
density and WVTR were increased, indicating that the film
water vapor permeability and electrical characteristic are in the
direct proportional relationship.

With increasing the thickness of SiNy TFEL, the water vapor
barrier performance improved due to the formation of densely
packed SiNy layer. However, after repeated bending cycles, the
critical strain decreased and the crack density abruptly
increased with increasing film thickness. This result were
attributed to an increase of the residual stress for thicker SiNy
film.

Likewise, with increasing the density of SiNy TFEL, the
barrier performance at the pristine state was improved, but the
on—set of cracks occurred earlier. Especially, variations of the
film density and bending reliability were closely related with
the amount of oxygen content in SiO4N, TFEL. With decreasing
the oxygen content in SiON, TFEL, film density was increased
but the bending reliability was abruptly decreased due to the
generation of sharp crack tips. However, with increasing the
oxygen content in SiO.Ny, bending reliability was improved due
to the occurrence of blunt crack tips. These results might be
due to the substitution of nitrogen by oxygen in SiON, TFEL,
resulting in the formation of more Si—O bondings and pores,

with increasing the oxygen content.
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After a cyclic bending test under higher relative humidity,
current density of the SiN, TFEL was rapidly increased due to
the moisture—assisted crack growth. This was attributed to the
rapid propagation of cracks through the surface oxidation.

In summary, the variations of the leakage current density in
the SiNy TFEL were strongly correlated with the density of
cracks after a cyclic bending test. The WVTR in the SiNy TFEL
was shown to be correlated to the density of cracks, indicating
that the variations of the WV'TR can be quantitatively evaluated
by measuring electrical leakage current through the layer.

The barrier characteristic and the bending reliability of the
pristine barrier layer were closely dependent on the thickness
and density of films, whick were in the trade—off relationship.
Therefore, the optimal thickness and density of the barrier
layer showed be determined prior to the employment.
Degradation of bending reliability at higher relative humidity
might be attributed by the rapid crack propagation through the
surface oxidation. It can be concluded that the bending
reliability is determined by the stoichiometry of film, because it
affects the density of film and the shape of crack tips. That is,
the bending reliability of the densely packed film is reduced due
to the occurrence of a shape crack tips, whereas that of the
porous film is improved because of the generation of a blunt

crack tips.
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