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Flexible white OLED (organic light emitting diode) is a subject of intense research
due to its application as versatile lightings for housing and flexible backlight unit
for TFT-LCD. In order to make flexible OLED, flexible transparent conductor sub-
strate is required which can replace ITO-glass used in current OLED devices.
Another important point is a good gas barrier property of the flexible ITO-film,
since the water vapor transmission rate (WVTR) of polymer film is much higher
than that of ITO-glass and the life time of OLED device is very sensitive to the
transmitted water vapor. In this work, a wet process of forming gas barrier layer
on polyethersulfone (PES) film was studied utilizing spin coating of polysilazane
solution and thermal conversion to thin SiO2 barrier layer. The flexible white
OLED fabricated with this ITO-SiO2 (polysilazane)-PES substrate exhibited about
equal power and current efficiencies to the OLED made with ITO-glass.
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INTRODUCTION

Organic light-emitting diode (OLED) has been developed rapidly for
application to the mobile displays such as car navigator, PMP, and
game displays. In the near future flexible displays based on OLED
are also expected to be introduced in the market [1–3]. OLED devices
fabricated on the plastic substrates, such as PES, have merit of thin
and lightweight displays in addition to new design capability [4–6].

Among the plastic substrates, PES has been widely tested in the
OLED devices owing to its low cost and good mechanical properties
[7]. However, OLED devices fabricated on PES substrate exhibited
limited life time due to high diffusion rate of water vapor and oxygen
through the plastic substrate compared to glass substrate. In order to
decrease the penetration of water vapor and oxygen, thin inorganic
barrier films were deposited on the plastic substrate by various meth-
ods including RF magnetron sputtering, electron beam evaporation
and plasma enhanced chemical vapor deposition (PECVD) [8–10].
The degree of gas transmission depends on plastic substrate thickness,
permeating gas, and barrier film quality. Roberts et al. proposed
a model for gas permeation into inorganic oxide coated gas barrier
films which was based on three different transport mechanisms; hin-
dered transport through the amorphous lattice (interstice �0.3 nm),
hindered transport through ‘nano-defects’ (interstice �1 nm) and un-
hindered transport through ‘macro-defects’ (interstice >1 nm). Gas
permeation is considered to be defect-dominated [11–13].

In this work, we studied the formation of gas barrier layer by using
polysilazane coating followed by thermal conversion to SiO2 layer and
its effect on the electro-optical properties of OLED devices.

EXPERIMENTAL

Materials

PES film used as flexible substrate was purchased from i-Component
Co. in Korea and polysilazane solution was from AZ Electric Material
Co. in Japan. The OLED materials 4,40-bis(2,2-diphenyl-ethen-1-yl)
dipheyl [DPVBi] used as blue host, red dopant 4-(Dicyanome thylene)-
2-tert-butyl-6-(1,1,7,7-tetramethyljuloidin-4-yl-vinyl)-4H-pyran [DCJTB],
green dopant 2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H-5H-11H-10-(2-
benzothiazoly)quinolizino-(9,9a,1gh)coumarin [C545T] and hole transport
agent [NPB] were purchased from Lumtec Co.

Electron transport agent [BCP] was obtained from Doosan Co. in
Korea and lithium floride [LiF] from Aldrich Chemical Co. and alumi-
num [Al] from High Purity Chemical Laboratory Co.

204 Y.-S. Lee et al.
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Formation of Gas Barrier Layer with Polysilazane

Polysilazane solution was spin coated on the PES film (50� 50 mm2,
thickness 200 mm). The substrate was dried in the convection oven at
120�C for 1 hr. The dried polysilazane film was then heat treated at
100�C for 3 hr under 85% relative humidity to convert polysilazane
to inorganic thin film of SiO2 (thickness 150 nm).

ITO Thin Film Deposition

Indium tin oxide (ITO) thin film was deposited on top of the SiO2 gas
barrier formed PES film utilizing low frequency (60 Hz) magnetron
sputter. A typical deposition condition was LF power 320 volt, Ar gas
flow rate of 30 sccm, distance from ITO target to substrate 100 mm,
deposition time 10–20 min under room temperature.

Fabrication of White OLED Device

White OLED devices were fabricated as follows. First, polysilazane
solution was spin coated on the PES film and then heat treated as
described in the formation of gas barrier layer session. Deposition of
ITO on top of this substrate gave about 150 nm thick ITO layer on
top of the SiO2 gas barrier coated PES film. Thermal deposition of hole
transport layer (NPB, 45 nm), light emission layer (DPVBiþDCJTB,
30 nm), electron transport hole blocking layer (BCP, 40 nm) followed
by electron injection layer (LiF, 0.5 nm) and aluminum cathode
(150 nm) gave white OLED as shown in Figure 1.

FIGURE 1 Structure of white OLED device on PES substrate.
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Measurements

Infrared spectra were obtained with a JASCO FT-IR 620 spectro-
meter. UV-visible absorption and photoluminescence spectra were
measured on a JASCO V-650 spectrometer and JASCO FP-6500 fluor-
escence spectrometer, respectively. The ionization potential of organic
materials were obtained with atmospheric photoelectron spectroscopy
(Riken Keiki AC-2). Electroluminance (EC) spectra, color coordinates
and other electro-optical properties were measured by using Spectro-
scan PR-650 (Photoresearch Inc.) equipped with Kiethley 2400. The
sheet resistance of ITO layer was measured by Loresta-EP four point
probe (Mitsubishi Chemical Co.). The WVTR was measured with
Permatran-W (Mocon Co.) at 37.8�C for 37 hr.

RESULTS AND DISCUSSION

Property of SiO2 Gas Barrier from Polysilazane Coating

Polysilazane is a unique material which can be converted from poly-
mer film to inorganic SiO2 thin film by the thermal treatment under
the presence of air and water vapor (100�C, 85% RH, 3 hr). The reac-
tion procedure is shown in Scheme 1. The condition of thermal treat-
ment was followed by FT-IR spectrometry. Figure 1 shows the FT-IR
spectra of polysilazane film according to the thermal treatment. It
was found that the polysilazane peaks (Si-H at 2156 cm�1, N-H at
3370 cm�1 and 1176 cm�1, Si-N at 844 cm�1) before thermal conversion
all disappeared and new peaks from inorganic SiO2 thin film (Si-O-Si
at 1072 cm�1 and 451 cm�1) were observed after thermal conversion.

SCHEME 1 Thermal conversion process of polysilazane film.

206 Y.-S. Lee et al.
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The thickness and surface roughness of the thermally converted
SiO2 thin film from polysilazane coating were analyzed according to
the initial spin coating condition of polysilazane solution as shown
in Table 1. The surface uniformity of the thermally converted SiO2

thin film was best at the spin coating speed of 1,500 rpm (two times)
which gave 150 nm thickness of SiO2 after initial drying (120�C,
1 hr) and thermal conversion(100�C, 85% RH, 3 hr). It was also noted
that the surface roughness of the converted SiO2 film (0.557 nm RMS)
was better than that of PES bare film (3.400 nm RMS) as shown in the
SEM photographs in Figure 2.

The gas barrier property of the SiO2 thin film converted from poly-
silazane is shown in Table 2. Polysilazane solution was spin coated to
give three different thickness of SiO2 film after thermal conversion.
The water vapor barrier property of SiO2 thin film was improved from
53.3 g=m2=day (bare PES film) to 0.81 g=m2=day (SiO2=PES film). The
O2 gas barrier property was improved to 8,000 times from the bare
PES film. When the SiO2 barrier layer converted from polysilazane
film was thicker than 150 nm, the H2O or O2 barrier property were
not improved but deteriorated. This might be caused by the imperfect
conversion of thick polysilazane layer which would lead to segregated
domain formation. When comparing SiO2 barrier layer film was depo-
sited onto the PES film by RF magnetron sputtering with multiple
SiO2 layer formed by sputtering and polysilazane coating, the multiple
coating of SiO2 by polysilazane and SiO2 sputtering gave about two
times better water vapor barrier property as shown in Table 3.

TABLE 1 Physical Property of SiO2 Gas Barrier Layer Obtained by Polysi-
lazane Coating and Thermal Conversion

Spin coater condition Physical property

1-Step 2-Step
Surface

roughness
(RMS:nm)

Sample
No.

Rate
(rpm)

Time
(sec)

Rate
(rpm)

Time
(sec)

Curing
condition Thickness

1 800 10 1500 10

1hr at
120�C !
3hr at
100�C=

85% RH

9.76mm 7.48
2 1000 10 1500 10 3.24mm 5.26
3 1000 10 2000 10 2.56mm 3.56
4 1500 10 1500 10 150 nm 0.557
5 2000 10 2000 10 100 nm 0.869
6 2000 10 2500 10 80 nm 1.32
7 2500 10 3000 10 75 nm 1.57
8 3000 10 3000 10 65 nm 2.74
Bare PES – – 3.40

Gas Barrier of Plastic Substrate and White OLED 207

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
4:

25
 0

8 
A

ug
us

t 2
01

2 



FIGURE 2 Thickness and surface photographs of SiO2 thin film on PES
obtained from polysilazane coating and thermal conversion: (a) thickness,
(b) surface roughness.

TABLE 2 Water Vapor and Oxygen Transmission Rate vs. Thickness of SiO2

Gas Barrier Layer Converted from Polysilazane

No. SiO2 film thickness WVTR (g=m2=day) OTR (cc=m2=day)

1 9.76mm 0.87 0.041
2 3.24mm 0.72 0.035
4 150 nm 0.81 0.024
Bare PES – 53.3 253

208 Y.-S. Lee et al.
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TABLE 3 Gas Barrier Property of PES Film and Gas Barrier
Formed PES Films

PES films with gas barrier
Water vapor transmission

rate (g=m2 �day)

Bare PES 53.3
SiO2 (10 nm)=PES 1.1
SiO2 (20 nm)=PES 0.88
Polysilazane ! SiO2 (150 nm)=PES 0.72
Polysilazane ! SiO2 (150 nm)=SiO2 (20 nm)=PES 0.45

TABLE 4 Sputtering Condition of ITO and Physical Properties

Sputtering condition Physical and electric property

No.

Deposition
time
(min)

LF power
(V) Temp.

Ar gas
(SCCM)

Thickness
(nm)

Surface resistance
(X=&)

1 10 320 RT 30 120 90
2 15 320 RT 30 150 80
3 17 320 RT 30 180 80
4 20 320 RT 30 215 60

FIGURE 3 SEM photographs of ITO layer deposited on PES film.
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ITO Deposition on SiO2-PES Film

ITO coated polymer film is used as the transparent conductor sub-
strate for the fabrication of flexible display based on OLED device sys-
tem. The performance of ITO coated PES film on which SiO2 gas barrier

FIGURE 4 Transmittance of various PES films.

FIGURE 5 EL spectra of white OLEDs fabricated on glass and flexible
substrate.

210 Y.-S. Lee et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
4:

25
 0

8 
A

ug
us

t 2
01

2 



T
A

B
L

E
5

C
h

a
ra

ct
er

is
ti

cs
of

F
le

x
ib

le
W

h
it

e
O

L
E

D
F

a
b
ri

ca
te

d
on

IT
O

G
la

ss
a
n

d
IT

O
F

il
m

w
it

h
G

a
s

B
a
rr

ie
r

L
a
y
er

C
on

ce
n

tr
a
ti

on
(w

t.
%

)
M

a
x

lu
m

in
a
n

ce
=
v
ol

ta
g
e

M
a
x

p
ow

er
=
cu

rr
en

t
ef

fi
ci

en
cy

C
ol

or
co

or
d

in
a
te

tu
rn

on
v
ol

ta
g
e=

m
a
x

v
ol

ta
g
e

O
L

E
D

D
ev

ic
e

D
C

J
T

B
C

5
4
5
T

cd
=
m

2
V

lm
=
W

cd
=
A

T
u

rn
on

v
ol

ta
g
e

X
Y

X
Y

G
la

ss
0
.0

6
0

0
.0

0
8

1
1
,5

0
0

1
2

1
.1

3
.1

5
0
.3

2
9
0

0
.3

4
5
3

0
.3

2
4
9

0
.3

4
0
6

P
la

st
ic

0
.0

6
0

0
.0

0
8

1
,1

0
0

1
3

1
.0

3
.3

7
0
.4

3
9
1

0
.4

5
0
6

0
.3

5
5
1

0
.3

5
5
1

211

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
4:

25
 0

8 
A

ug
us

t 2
01

2 



was formed from the polysilazane varied widely according to the low
frequency (60 Hz) magnetron sputtering condition of ITO as shown
in Table 4. The sheet resistance of ITO-SiO2-PES film on which ITO
layer was about 150 nm as shown in Figure 3 was 80 X=& compared
to 20� 50 X=& of ITO glass used in OLED device fabrication.

The reason for this high sheet resistance was that the surface uni-
formity of PES substrate was not as good as that of polished glass and
the deposition temperature of ITO was lower than that of ITO glass.

The transmittance of ITO-SiO2-PES film is shown in Figure 4 with
the bare PES and SiO2 (polysilazane)-PES film in the visible region.

The transmittance of ITO-SiO2-PES was 83% compared to 90% of
the SiO2 (polysilazane)-PES film. The reason for decreased transmit-
tance seemed to be the different refractive index of the ITO (2.00),
SiO2 (1.40) layer and PES (1.65) film.

Performance of White OLED Fabricated
on ITO-SiO2-PES Substrate

White OLED devices based on 3-wave method were fabricated both on
the ITO-SiO2 (polysilazane)-PES flexible substrate and ITO-glass. The
ratio of the emitting materials were DPVBi=DCJTB=C545T¼ 99.932=
0.06=0.008 wt.% which was prepared in powder form in advanced by
making emitting materials solution in this ratio and then complete
evaporation of the solvent. This emitting materials were deposited
on top of the hole transport layer (NPB) followed by electron transport
(LiF) layer and Al cathode as described in the experimental session.

The EL spectra of white OLED made on ITO glass and ITO-SiO2

(polysilazane)-PES substrate are shown in Figure 5. The performances
of both rigid and flexible white OLEDs are summerized in Table 5. The
maximum luminance of rigid and flexible white OLED was 11,500
cd=m2 and 1,100 cd=m2, respectively. However the power and current
efficiency of the two devices were 1.1 lm=W, 3.1 cd=A and 1.0 lm=W,
3.3 cd=A, respectively. These results indicated that the main reason
for the low luminance of flexible OLED device is low current density,
that is high sheet resistance of ITO-SiO2 (polysilazane)-PES substrate
as described earlier in the ITO deposition part.

CONCLUSIONS

Thin inorganic gas barrier layer (SiO2) was formed on PES film by
spin coating of polysilazane solution, drying and thermal conversion
for 3 hr under the condition of 120�C, 85% RH. The WVTR of SiO2

(150 nm)-PES film was reduced to 0.81 g=m2=day from 53.3 g=m2=day

212 Y.-S. Lee et al.
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of PES bare film. The surface roughness of bare PES film (3.40 nm
RMS) was improved to 0.557 nm (RMS) with the SiO2 (polysilazane)-
PES film.

ITO thin film was deposited on the SiO2 (polysilazane)-PES film by
low frequency 60 Hz) magnetron sputtering method utilizing SiO2

target. The ITO-SiO2 (polysilazane)-PES substrate thus obtained
exhibited 80 X=& sheet resistance compared to 20� 50 X=& ITO-glass
and visible light transmittance of ITO-SiO2 (polysilazane)-PES film
was 83%. The white OLED device fabricated with the ITO-SiO2-PES
substrate exhibited 1,100 cd=m2 luminance compared to 11,500 cd=m2

of OLED made with ITO-glass. The power and current efficiencies
of the flexible and rigid white OLED were about same level
(1.0� 1.1 lm=W and 3.1� 3.3 cd=A, respectively) suggesting that the
main reason of the low luminance of the flexible white OLED was high
sheet resistance of ITO-SiO2 (polysilazane)-PES substrate.
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