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Abstract: In this study, pairs of the organosilicon/silicon oxynitride (SiOyNy ) barrier structures with an
ultralow water vapor transmittance rate (WVTR) were consecutively prepared by the plasma-enhanced
chemical vapor deposition at a low temperature of 70 °C using the tetramethylsilane (TMS) monomer
and the TMS-oxygen-ammonia gas mixture, respectively. The thickness of the SiOyN,, film in the
barrier structure was firstly designed by optimizing its effective permeability. The WVTR was further
decreased by inserting an adequate thickness of the organosilicon layer as the stress residing in the
barrier structure was released accordingly. By prolonging the diffusion pathway for water vapor
permeation, three-paired organosilicon/SiOxN, multilayered barrier structure with a WVTR of about
107° g/m?/day was achievable for meeting the requirement of the thin film encapsulation on the
organic light emitting diode.

Keywords: organosilicon/silicon oxynitride barrier structure; water vapor transmittance rate;
plasma-enhanced chemical vapor deposition; tetramethylsilane; thin film encapsulation

1. Introduction

Organic light emitting diodes (OLEDs) have become mainstream in the flat panel display
developments because of their great advantage in efficiency, response time, viewing angle, and
potential for flexible application. Unfortunately, the organic materials and the electrode metals in an
unencapsulated OLED are easily be damaged by the permeation of water vapor, oxygen, and other
contaminants present in ambient conditions, resulting in a serious reduction in device luminance [1-4].
To realize a long-living OLED device, a barrier coating to prevent water vapor and oxygen diffusion
into the device structure is an important issue. Different from other optoelectronic devices, a barrier
coating with an ultralow water vapor transmission rate (WVTR) below 10~* g/m?/day is required for
the organic solar cell and the OLED packaging [5,6]. To date, the conventional encapsulation method
has been achieved by sealing the OLED device with a getter in an inert atmosphere using a rigid
glass lid or metal, which causes the device to become more bulky and is incompatible with flexible
application. Accordingly, thin and flexible barrier coatings with the high transmittance around visible
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wavelengths, such as SiOy, SizNy4, and AlOy, prepared by physical or chemical vapor deposition are
potential candidates for thin film encapsulation (TFE) application [7-10]. However, the degree of
the WVTR for these single barrier films [~10°-1072 g/m?/day as it was coated onto the polyethylene
terephthalate (PET) substrate] was orders-of-magnitude higher than the requirement for the TFE on
the OLED (hereafter referred to as TFE-OLED) packaging. For realizing the TFE-OLED application, an
organic/inorganic multilayered barrier structure with improvement on the inorganic structure and
a longer pathway for the water vapor permeation is demonstrated to achieve an ultra-low WVTR
(<107° g/m?/day as it was coated onto the PET substrate) that approaches the requirement for the OLED
packaging application [11,12]. To realize the deposition of an organic/inorganic multilayered structure,
a process via switching the physical and/or the chemical vapor deposition, technologies including
sputtering, atomic layer deposition, or plasma-enhanced chemical vapor deposition (PECVD) are
commonly employed. Though the barrier performance of the organic/inorganic multilayered structure
is theoretically qualified for the TFE-OLED application, the preparation of the structural organic and
inorganic layers using at least two deposition systems/technologies is complicated, and the devices
are prone to being contaminated. Thus, the organic/inorganic multilayered structure synthesized
in a single-chamber deposition system employed by the chemical vapor deposition technology was
developed [13,14].

In our previous work, we demonstrated a six-paired organosilicon/SiOy multilayered structure
witha WVTR of about 10~ g/m?/day, which was consecutively prepared by using one plasma-enhanced
chemical vapor deposition system [15]. By optimizing the stress residing in the multilayered structure,
a WVTR lower than 10~* g/m?/day was obtained from the three-paired organosilicon/SiOy multilayered
structure [16]. Moreover, the impact of the nitrogen atoms introduced into the SiO, barrier film
employed a PECVD system using the reactant gases of tetramethylsilane [TMS; Si(CHs)s, TMS],
and oxygen with ammonia (NHj3) gas incorporation was also demonstrated [17]. The voids that
appeared in the SiOy film originating from the terminated bounds in the Si—-O-5i networks were filled
with the limited incorporation of nitrogen atoms as evidence of their surface morphologies, thus
leading to improvement on the barrier performance. Under an adequate TMS-O,-NHj gas mixture,
the 100 nm thick silicon oxynitride (SiOxN,) film deposited onto the PET substrate performed more
than one-order-of-magnitude reduction in the WVTR (0.06 g/m?/day) as compared to that of the SiOy
film (1.65 g/m?/day) synthesized from the TMS-O, gas mixture. However, though the barrier property
of the SiOy film to water vapor permeation was apparently improved as the nitrogen atoms were
introduced into the Si-O-Si networks, the process temperature (120 °C) of this SiO;Ny, film and the
above-mentioned organosilicon/SiO, multilayered structures were too high (120 °C) to employ as the
TFE application on the organic-related devices, such as organic thin-film transistors (OTFTs), organic
solar cells (OSCs), and organic light emitting diodes (OLEDs). Accordingly, low-temperature-deposited
barrier films were essential to avoid thermal damage on these devices, which were composed of
temperature-sensitive organic materials. In this work, with the aim to prepare the barrier film at a low
temperature, the quality of the SiOyN,, film as a function of the deposition temperature was firstly
investigated. The thickness of the low temperature prepared SiOxNj, film affected the resulting barrier
property and was subsequently optimized. The barrier property of the SiOxNy, film was deposited onto
an organosilicon layer for optimizing the structural stress as well as the paired structures stacked from
the organosilicon/SiOyN,, multilayered structure to greatly improve the resulting barrier performance,
which was investigated and then followed by designing the thickness of the SiO;Ny, film. Eventually,
the OLEDs encapsulated by these barrier structures were carried out to study the device’s reliability
and long-term stability.

2. Material Preparation and Experimental Procedure

SiOxNy barrier films were deposited onto cleaned silicon, PET, and polymethylmethacrylate
(PMMA) substrates using a home-made planar-type capacitively coupled radio frequency (13.56 MHz)
discharge PECVD system (hereafter referred to as TMS-PECVD). A vaporized source from liquid
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TMS was employed as the silicon precursor and was mixed with the reactant gases of oxygen and
ammonia. Detailed descriptions on the TMS reservoir and the design of the reactive chamber are
reported elsewhere [7]. The gas flow rate of the TMS monomer was maintained at 60 sccm, and the
gas flow ratios [R = NH3/(O; + NHj3)] were controlled at 0.5 with a total gas flow rate (O, + NHj3) of
120 scem. The TMS-O,-NHj gas mixture was dispersed through a shower head array. The deposition
pressure and the radio frequency (RF) power were controlled at 27 Pa and 70 W, while the substrate
temperature was controlled at ambient temperature (~30 °C) and heated at 60, 70, 80, 90, 100, and 120 °C,
respectively, by a thermal heater system. To realize a quality barrier coating for TFE-OLED application
at a low substrate temperature of 70 °C, the barrier performance associated with the thickness of the
SiOxNy films varied from 75 to 900 nm and was investigated. Following, paired organosilicon/SiOxN,
multilayered structures were consecutively deposited onto the above-mentioned substrates and the
conventional OLEDs by this TMS-PECVD system using the tetramethylsilane (TMS) monomer and the
TMS-O,-NHj3 gas mixture. The deposition pressure, the RF power, and the substrate temperature were
fixed at 27 Pa, 70 W, and 70 °C, respectively. The gas flow rate of the TMS monomer for synthesizing
the organosilicon and the SiOxNy films was fixed at 60 sccm, and the gas flow rate ratio [NH3/(O, +
NH3)] to react with the TMS for synthesizing the SiOxNj, film was controlled at 0.5. The thickness of the
SiOxNy film in the multilayered structure was fixed at 300 nm, while the thickness of the organosilicon
layer was designed to optimize the structural residual stress.

Film thickness was measured using a surface profile instrument (Dektak 6M, Veeco, NY, USA) after
averaging at least ten measurements and was confirmed by the cross-sectional investigations using the
field emission scanning electron microscopy (FE-SEM; JSM-7500F, JEOL, Tokyo, Japan) observations.
The dominated chemical bonds and the functional groups incorporation in the SiOxNy, films as well as
the atomic concentrations and the chemical bonding states on the films” surfaces while deposited at
various substrate temperatures were examined using a Fourier transform infrared (FTIR) spectrometry
(FT/IR-4100, JASCO, Easton, MD, USA) and an X-ray photoelectron (XPS) spectroscope (PHI Quantera
SXM™, ULVAC-PHI, Kanagawa, Japan). The pass energy for the XPS measurements was 20 eV with
the energy scale of the spectrometer calibrated using the core level of Au 4f7,, at 83.9 eV. Surface and
cross-sectional morphologies of the single SiOxNy, film and pairs of the multilayered structures were
observed by the FE-SEM instrument operated at 15 kV. The internal stress, o, resided in the barrier
structures while they were deposited onto the PMMA substrates and was derived from the Stoney

formula, expressed as [18]:
Esd? 1 1
of = ) (1)

6(1 _Vs)df R_f - R_O

where Es, v;, and d; are the constants of Young’s modulus, Poisson ratio, and thickness of the substrate,
which were 0.25 GPa, 0.39, and 1.6 mm. df is the total thickness of the barrier structures. Ry and R¢
are the radii of the sample curvatures before and after depositing, which were conducted to form the
surface profile instrument (Dektak 6M) measurements. The water vapor permeation of these barrier
structures encapsulated onto the PET substrates was measured using a WVTR measurement system
(MOCON Inc., PERMATRAN-W3/61, Minneapolis, MN, USA) at a temperature of 40 °C with 95%
relative humidity (RH). For the structures that performed the barrier property below the MOCON
test limitation (i.e., WVTR < 1073 g/mz/day), a calcium (Ca) degradation test under the atmospheric
environment was conducted to evaluate their WVTRs by observing the percentage of the hydrolyzation
(corrosion) area in which the color was changed within dimensions of 15 mm X 15 mm using an optical
microscope. In addition, the current density—-voltage (J-V) and luminance—voltage (L-V) properties
of the OLEDs with and without the thin film encapsulation were measured using a semiconductor
parameter analyzer and an integrated sphere detector.

3. Results and Discussions

Figure 1 shows the deposition rates of the SiOxN, film as a function of the substrate temperature.
The deposition rate of the SiOxNy, films synthesized from the glow discharge of the TMS-O,-NHj3 gas
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mixture at ambient temperature (~15.6 nm/min) was significantly decreased to about 13.5 nm/min
at the substrate temperature of 60 °C, and then it was gradually saturated to about 12.5 nm/min as
the substrate temperature reached 120 °C. One of the reasons for the reduction in the deposition rate
with the deposition temperature increasing was ascribed to the enhancement in the lateral diffusion
of the products on the coating surface at an elevated temperature. Meanwhile, the evolutions of
the physic- to chemi-adsorptions on the surface that were activated by the substrate temperature
were likely to be the main reason for the sharp decrease in the deposition rate as the temperature
increased from 30 to 60 °C, which may have resulted in the film densification and a better adhesion
to the substrate. The chemical bond configurations of the 100 nm-thick SiO;Ny, films as a function
of the substrate temperature conducted from the FTIR spectra are illustrated in Figure 2a. All these
spectra show a dominated Si-O-Si stretching mode at around 1062 cm™~! with a tail extending to higher
wavenumbers. A weak peak located at 794 cm™! emerged from the Si-O-Si bending mode, and a
broad band around 2800-3700 cm~! was denoted as the hydroxyl (<OH) chemical bonds. Figure 2b
depicts a high-resolution image of the wavenumbers, which ranged from 900 to 1300 cm™! for the
samples deposited at 30, 70, and 120 °C, respectively. The spectra were composed of a significant
Si-O-Si stretching mode (denoted as TO3 in Figure 2b) and a shoulder that could be deconvolved into
three peaks at about 1101, 1143, and 1194 cm™~!, respectively. As referred to in the reports [15,17,19-21],
these peaks could be identified as the C-H/C—C bonds and the second asymmetric modes of the
longitudinal-optic (LO4) and the transverse-optic (TO4) vibration pairs in the Si-O-Si networks. The
formation of the C-H/C—C bond was ascribed to the plasma polymerization of only the TMS monomer,
whereas the intensity of the TO4 mode corresponded to the degree of the structural disorder in the
Si~O-Si networks. Compared to the SiO;N,, films deposited onto the heated substrate (70 and 120 °C),
a significant C-H/C—C bond synthesized from the TMS polymerization appeared in the film deposited
onto the substrate under ambient temperature (30 °C). In addition, the relative intensity of the Si-O-5i
stretching bonds (TO3) to the C-H/C-C bond and to the TO4 mode in the SiOxNy, film deposited at
120 °C was increased as compared to the film prepared at a substrate temperature of 70 °C. The low
relative intensity of the C-H/C~C bond obtained from the 120 °C-deposted SiOxNy film revealed
that the chemical reaction in glow discharge from the TMS-O,-NHj3 gas mixture to form the Si-O
chemical bond was more effective at an elevated temperature. Meanwhile, this deposition temperature
was also beneficial for suppressing the intensity of the signal of the TO4 mode, indicating better film
densification with the ordered Si—-O-5i networks.
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Figure 1. Deposition rates and effective permeability of the SiOxNy film as a function of the
substrate temperature.
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Figure 2. (a) Chemical bond configurations of the 100 nm-thick SiOxNy, films as a function of the
substrate temperature and (b) high-resolution of the wavenumbers ranged from 900 to 1300 cm™ for
the samples deposited at 30, 70, and 120 °C, respectively.

The XPS survey spectra for the SiOyN,, films deposited at the substrate temperatures of 70 and
120 °C are displayed in Figure 3a. These spectra showed main peaks of Si 2p and O 1s centered at the
binding energies of 104 and 533 eV, respectively. Two weak peaks denoted as C 1s and N 1s could be
seen at 285 and 399 eV. Figure 3b gives the changes in the atomic concentration of the synthesized
SiOxNy, films as a function of the substrate temperatures (the evolution of the N/C atomic ratio on the
SiOxNy, film surface was also calculated). The atomic concentrations of the elements Si and O for the
SiOxNy, film deposited at room temperature were about 33.2% and 63.8%, respectively, to result in
an atomic ratio of about 1.92. The atomic ratio (O/Si) was gradually increased with the deposition
temperature increasing and was saturated to about 1.98 as the substrate temperature reached 70 °C.
Moreover, though the atomic concentration of the elemental nitrogen introduced into the films was
limited in the range of 1.12 at.%-1.38 at.%, the atomic ratio of N/C for the samples deposited at a
temperature of 70 °C was markedly increased from 0.77 to 1.84 as the SiO;Nj, film synthesized at
120 °C. This showed evidence of the deposition temperature being beneficial for the introduction
of the nitrogen atoms and also for the decomposition of TMS precursor to cause a decrease in the
carbon atoms in the synthesized films. Figure 4a—d highlights the narrow scan of Si 2p, O 1s, N 15,
and C 1s core levels for the SiOxNy, films deposited at the substrate temperatures of 70 and 120 °C. In
Figure 4a, the peak of the Si 2p core level for the SiO;Ny, films deposited at 70 °C was located at 103.8 eV,
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while that of the film deposited at 120 °C shifted to 103.5 eV, which corresponded well to the Si-O-5i
chemical bond in the SiO, matrix [22,23]. The shift of the Si 2p peak toward a higher binding energy
for the SiOxNy, films deposited at 70 °C was attributed to the signal that emerged from the Si atoms,
which was surrounded by the undissociated oxygen molecule (i.e., oxygen-rich condition) [24,25].
Moreover, the additive area at the lower binding energy for the SiOxNy, films deposited at 120 °C could
be ascribed to the existence of the N-5i—O bond originating from the nitrogen atom in substitution
for the oxygen atom in the O-Si—O networks, since the peak of the SisN4 was known to be in the low
binding energy of 101.6-102.1 eV [26-28]. The O 1s core level, as shown in Figure 4b, of the SiO;N,,
films deposited at 120 °C had a peak at 532.8 eV, whereas that of the film deposited at 70 °C was at
533 eV. Considering the composition of the SiOyNy, film and that referred to in the reports [22,29-32],
this peak was composed of at least three main chemical bonds, which in turn were assigned to the
unbounded oxygen (O*), the oxygen bonded to silicon (Si-O), and the nitrogen/carbon ions bonded
to oxygen (N-O/C-O) with chemical states at about 533.8, 532.9, and 531.5 eV, respectively. The shift
of the peak toward a high binding energy for the film deposited at 70 °C could be ascribed to more
unbounded oxygen ions in the O-Si-O networks, while the prominent part at a low binding energy for
the film deposited at 120 °C could be ascribed to the nitrogen atoms incorporating the Si-O matrix to
form the N-O chemical bond state. The binding energy of the N 1s core level for both coatings, shown
in Figure 4c, appeared as a peak at about 398.7 eV, a value higher than the Si-N bond in the SizNy
film (~397.4 eV) [26,27,33]. This shift of the binding energy confirmed the existence of the Si-O-N
chemical bond (~398.2-399.6 eV), as referred to in the reports on the plasma polymerized SiO,CyNz,
the oxygen plasma modified Si3Nj films, and the annealed SiON ceramic [23,26,28,34]. Another weak
peak at approximately at 400.9 eV, measured only from the 70 °C-deposited SiOxNy, film, was assigned
to the N-H bond originating from the incomplete decomposition of the protonation of the amine
group [35]. By contrast, the difference in the C 1s spectra between the SiOxNj, films deposition at 70
and 120 °C, shown in Figure 4d, was insignificant. Both of these curves contained a main peak at
284.6 eV, which corresponded to the sp?>-hybridized carbon atom (C-H/C-C) states with a shoulder
related to the Si-O-C bond (285.6 eV) extending to high binding energy, and a weak signal ranged from
288.5-291.5 eV and was associated with the carbon oxygenated (C-O/C=0) groups [22,30,35,36]. The
above investigations of the XPS measurements on the synthesized SiOxNy films showed evidence that
the deposited temperature was beneficial for the introduction of the nitrogen atoms into the SiOy-based
film, while the carbon atoms were decreased concurrently. Those nitrogen atoms introduced into the
Si-O-5i matrix at an elevated substrate temperature were prone to form the nitrogen-related chemical
states as a substitution for the lattice silicon and the oxygen ions and thus were responsible for the
densification of the SiOyNy, film due to its smaller ionic radius compared to the oxygen ion.
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Figure 3. (a) X-ray photoelectron spectroscopy (XPS) survey spectra for the SiO;Ny, films deposited at
the substrate temperatures of 70 and 120 °C, respectively, and (b) changes in the atomic concentration
and the N/C atomic ratio as a function of the substrate temperatures.
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Figure 4. Narrow scan of (a) Si 2p, (b) O 1s, (c) N 1s, and (d) C 1s core levels for the SiOxNy films
deposited at the substrate temperatures of 70 and 120 °C.

The WVTR and the effective permeability of the 100 nm-thick SiOxNj, films synthesized at various
temperatures when deposited onto the PET substrates are summarized in Table 1. The effective
permeability, P, to evaluate the coating quality with the effect of the PET substrate eliminated, as listed
in Table 1, was derived from the following equation using ideal laminate theory (ILT) [37]:

1 dy ds | dc
5 @

Iy  Pr P
where I1 is the transmission rate, P is permeability, and d is thickness; the subscripts s, ¢, and T denote
the substrate, the barrier coating, and the combination structure (s + c), respectively. The evolution
of the effective permeability on the SiOyN,, film as a function of the deposition temperature is
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plotted in Figure 1. The barrier property to the water vapor permeation for the PET substrate
showed little improvement after coating with the SiOxNy film prepared under ambient temperature.
The 60 °C-deposited SiOyNj, film coated onto the PET substrate resulted in a marked decrease in the
WVTR (~1.13 g/m?/day). Moreover, compared to the related concentration of the nitrogen atoms on
the SiOxNy film surface (Figure 3b), the evolution of the effective permeability, as shown in Figure 1,
implied the quality of the film as a barrier for water vapor permeation and was found to be well
correlated with the increase in the nitrogen atoms incorporated into the SiOyNj, film. Accordingly,
the PET substrate encapsulated by the 120 °C-deposited SiOyNy, film, which had a high related
concentration of nitrogen ions (atomic ratio of N/C ~1.84) to form the dense Si-O-N/Si—-N chemical
bonds, performed two-orders-of-magnitude in the WVTR (~6 X 1072 g/m?/day) lower than the bare PET
substrate. The current density—voltage and luminance-voltage curves for the TFE-OLED packaging
using the 120 °C- and the 70 °C-deposited SiOxNy films, respectively, are illustrated in Figure 5a,b,
respectively (the OLED encapsulated by the conventional glass lid is given for comparison). Compared
to the commercial OLED device packaged by the glass lid, the device performance was almost
unchanged as it was directly encapsulated by the 70 °C-deposited SiOxNy film, whereas an apparent
degradation in the forward current was measured from the 120 °C-deposited SiOyN,, film packaged
OLED device. A marked decrease in the luminance, as can be seen in Figure 5b, was also measured
from the 120 °C-SiO;Ny, film encapsulated OLED device. By contrast, the resulting luminance of the
OLED device encapsulated by the 70 °C-S5iOxNy, film was shown to be a little higher (~8%) than the
glass lid packaged OLED device at a bias voltage of 8 V, which could have been attributed to the
barrier film also being beneficial for the passivation of the surface non-radiation centers. Consequently,
though the 120 °C-deposited SiOxNy, film showed a barrier property superior to the film deposited at
70 °C, the deposition temperature to prepare this barrier film was too high to apply as a TFE for OLED
device packaging. In contrast, the SiOxNy film synthesized at a low temperature of 70 °C was harmless
to the device performance and was a promising candidate for the TFE-OLED device application.
Unfortunately, the barrier property of the 70 °C-deposited SiOxNy film was orders-of-magnitude
higher than the requirement for the application to OLED device packaging. Thus, methodology to
optimize the barrier property to the water vapor permeation of the 70 °C-deposited SiOxNy, film for
TFE-OLED application was essential.

50 4
5000 4 —a—Glass lid (b) (a)
~ — —@—TFE (70°C-SiON))
NE N§ 4000 —A—TFE (120°C-SION )
o 40 4 g 3000
2 :I% 2000
c
Ewf ¢
3 1000
>
= 0
wn 3 4 s y ' '
% 20 4 Voltage (V)
S .
'E ——Glass lid
G 109 —e—TFE (10°C-SION)
5 —A—TFE (120°C-SION )
O

1 2 3 4 5 6 7 8

Voltage (V)

Figure 5. (a) Current density-voltage and (b) luminance-voltage for the thin film encapsulation
(TFE)-organic light emitting diodes (OLED) packaging using the 120 °C- and the 70 °C-deposited
SiOxNy, film, respectively (the OLED encapsulated by the conventional glass lid is given for comparison).
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Table 1. Barrier performance of the 100 nm-thick SiOxNy, films synthesized at various temperatures
when deposited onto the polyethylene terephthalate (PET) substrates (measurements taken at 40 °C
with 95% relative humidity (RH)).

Substrate Temperature (°C) 30 60 70 80 90 100 120
WVTR (g/m?/day) 3.40 113 0.56 0.19 0.16 0.14 0.06
P (um-g/m?/day) 6.068 0.165 0.066 0.021 0.016 0.015 0.006

The water vapor transmittance rate (WVTR) of the bare PET is 3.61 g/m?/day.

In order to optimize the barrier property of the 70 °C-deposited SiOxNj, film, the thickness of the
SiOxNy film, which was beneficial to prolonging the diffusion length of the water vapor permeation,
was firstly designed. The barrier performance of the 70 °C-deposited SiOxNy, film, which was deposited
onto the PET substrate as a function of the film thickness, is listed in Table 2. The evolutions of the
WVTR and the effective permeability are highlighted in Figure 6. As the PET substrate was coated with
a 75 nm-thick SiOxNy film, the WVTR was markedly decreased from 3.61 to 0.83 g/mz/day. The WVTR
of the PET substrates coated with the SiOxN,, film was gradually decreased as the film thickness
increased, and the lowest value of 0.20 g/mz/day was obtained from the 300 nm-thick SiO;Nj, film
deposited onto the PET substrate. However, as the film thickness reached 400 nm, which should
have corresponded to a longer diffusion length for the water vapor transmission than the thickness of
300 nm, the resulting WVTR was increased to 0.28 g/m?/day. The reason for the degradation of the
barrier property was ascribed to less structural order and film densification due to the appearance
of pinholes, micro-pores, and micro-cracks in the SiOxNy, film [15,38,39]. The WVTR of the PET
substrate was then degraded to 0.98 g/m?/day as it was coated with a 900 nm-thick SiOxN,, film. The
evolution of the effective permeability shown in Figure 6 also showed sharp degradation of film quality
starting as the thickness of the SiOyNy, film reached 400 nm. To realize a long diffusion path for water
vapor permeation in the SiOxNy film without structural degradation, pairs of organosilicon/SiOxNy
multilayered barrier structures with optimized residual internal stress, as quoted from our previous
report [15,16], were engineered.
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0.2
0.2 4

T T T T
200 400 600 800

Thickness of SiOXNy (nm)

Figure 6. Evolutions of the WVTR and the effective permeability of the 70 °C-deposited SiOxNy, film,
which was deposited onto the PET substrate as a function of the film thickness.

Table 2. Barrier performance of the 70 °C-prepared SiOxNy, films as a function of the films” thicknesses
when deposited onto the PET substrates (measurements taken at 40 °C with 95% RH).

Film Thickness (nm) 75 100 150 200 300 400 600 900
WVTR (g/m?/day) 0.83 0.63 0.41 0.31 0.20 0.28 0.53 0.98
P (um-g/m?/day) 0.068 0.066 0.077 0.070 0.063 0.121 0.372 1.211

Figure 7 plots the evolution of the WVTR and the residual internal stress as a function of the
thickness of the organosilicon buffer layer inserted between the 300 nm-thick SiOyN, film and the
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substrate. The barrier property of the SiOxNy film was improved as it was deposited onto the
organosilicon buffer layer, while the structural internal compressive stress was decreased. A reduction
of 40% in the WVTR was achieved from the SiO;N,, film deposited onto a 30 nm-thick organosilicon
(from 0.20 to 0.12 g/m?/day). Meanwhile, this one-paired organosilicon/SiO,N, multilayered structure
coated onto the PMMA substrate also corresponded to the lowest internal compressive stress of about
61 MPa. It showed evidence of the internal compressive stress as the SiOxNy, film directly deposited
onto the PMMA substrate (~78 MPa), which might have induced the structural cracks that could be
adequately buffered as the organosilicon layer was introduced, thereby further enhancing the film’s
barrier property to water vapor permeation. However, as the thickness of the organosilicon layer was
higher than 30 nm, an increase in the residual compressive stress of the one-paired organosilicon/SiOxN,
multilayered structure was measured, and thus the resulting barrier property was degraded. Based
on this methodology, a two-paired organosilicon/SiO;N, multilayered structure with the optimal
internal residual stress set as the thickness of the second organosilicon layer of 60 nm was designed.
The resulting WVTR of this two-paired organosilicon/SiOyN, multilayered structure consecutively
deposited onto the PET substrate was markedly decreased to 0.06 g/m?/day. Moreover, the stress
controlled three-paired organosilicon/SiOxNy structure with the third organosilicon layer of 60 nm
deposited onto the PET substrate resulted in a WVTR below the detection limit (<0.01 g/m?/day)
of the MOCON Permatran-W3/61. The surface morphologies of the 300 nm-thick SiOyNy film,
the one-paired, and the three-paired organosilicon/SiOxN, multilayered structures are shown in
Figure 8a—c, respectively (the corresponding cross-sectional morphologies are given in Figure 8al—cl).
In Figure 8a, significant white protrusions in circular shapes (as indicated by arrows) associated with
the coverage of the voids were distributed over the surface of the SiOxNy film [17,40,41]. Cracks
from the substrate to the film surface could be seen in Figure 8al. By contrast, no protrusions
were observed from the surface of the SiOyN, film deposited onto an organosilicon buffer layer
(Figure 8b). Meanwhile, cracks were almost absent from Figure 8b1l. This showed evidence that
the organosilicon coating onto the substrate prior to the SiOxNy deposition facilitated not only the
improvement in the resulting surface roughness and densification but also the suppression of the crack
growth, thereby increasing the barrier property of the SiO;N,, film to water vapor permeation. The
surface uniformity and densification were further improved, as observed from the particles distributed
over the surface of the three-paired organosilicon/SiOxN, multilayered structure (Figure 8c), and
became more ambiguous and smaller when compared to those that appeared in Figure 8b. Each of
the organosilicon interlayers and the SiOyNy, films without cracks growth could be clearly identified
from the inset cross-sectional image (Figure 8cl). Such a thick and dense SiOxN,, film without cracks
constructed from the three-paired organosilicon/SiO,N, multilayered structure confirmed a longer
pathway for the water vapor permeation and thereby resulted in a structure with an ultra-low WVTR.
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Figure 7. Evolution of the WVTR and the residual internal stress as a function of the thickness of the
organosilicon buffer layer inserted between the 300 nm-thick SiOyNy, film and the substrate.
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Figure 8. Surface morphologies of the (a) 300 nm-thick SiOxNy film, (b) 1-paired, and (c)
3-paired organosilicon/SiOxNy multilayered structures, respectively (the corresponded cross-sectional
morphologies also are given in the inset figures: (al) 300 nm-thick SiOxNy, film, (b1) 1-paired, and (c1)
3-paired organosilicon/SiOxNy, structures).

For the WVTR of the three-paired organosilicon/SiOxN,, multilayered structure deposited onto the
PET substrate below the detection limit of the MOCON Permatran-W3/61, it was evaluated through the
percentage of the corrosion area observed from the images of the Ca test. Figure 9 shows the corrosion
area as a function of aging time under the atmospheric environment (the Ca test images as the sample
aged at 5, 10, 20, and 30 days are also shown in the inset figures). The corrosion area of the Ca test
was linearly proportional to the aging time. The percentage of the corrosion area for the sample aged
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at 5 days was about 0.052%, and there was only a slight increase (~0.816%) in the corrosion area as
the aging time reached 30 days. The corresponding WVTR was evaluated from each change of the
corrosion area using the following equation [42]:

Mmu,0 dsif 1
WVTR = 2d| —2— [pc, [—]( ) 3
( MCa(OH)z]pC ©om,| 35 || 5 ®)

where d and Sc, are the thickness and the area of the calcium film; My, and Mc,on), are the molecular
weight (g/mole) of water and calcium hydroxide; pc,(on), is the density of calcium hydroxide (g/m3),

and % is the rate of change in the percentage of the corrosion area (m?/day).
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Figure 9. Corrosion area as a function of aging time under the atmospheric environment (the Ca test
images as the sample aged at 5, 10, 20, and 30 days are also shown in the inset figures).

The WVTR calculated from Figure 9 ranged from 1.02 x 107 to 4.30 x 10=® g/m?/day,
a value that met the requirement for the TFE-OLED application. The subsequent evolutions of
the electroluminescence (EL) to the initial EL intensity (Ly = 300 cd/m?), /Ly, from the green OLEDs
directly encapsulated by a single 300 nm-thick SiOyNy, film and the three-paired organosilicon/SiOxN,
multilayered structure are depicted in Figure 10 [the evolution of the OLED without TFE encapsulation
(i.e., bare OLED) is given as a comparison]. The EL intensity of the bare OLED decreased sharply
as the operation time increased. The time, T5y defined as the EL intensity decreased to half of
the initial intensity (I/Ly = 0.50) and was lower than 50 h (~44 h). By contrast, the reduction in
the EL intensity became less abrupt as a 300 nm-thick SiOxNy film encapsulated onto the OLED
device, and the Ty, was apparently increased to 295 h. When the device was encapsulated by the
three-paired organosilicon/SiOyNy, multilayered structure, which showed an excellent barrier property
to water vapor permeation, the EL intensity was almost unchanged, even as the device was operated
for a time longer than 300 h (L/Ly ~ 0.98). Such a stable OLED confirmed the feasibility of this
low temperature deposited three-paired organosilicon/SiOyN, multilayered structure, which was
consecutively synthesized using the TMS-PECVD system for the TFE application.
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Figure 10. Evolution of the electroluminescence (L) to the initial EL intensity for the OLEDs directly
encapsulated by the 300 nm-thick SiOxNy, film and the three-paired organosilicon/SiOxN, multilayered
structure [evolution of the OLED without TFE encapsulation (i.e., bare OLED) is given as a comparison].

4. Conclusions

In summary, a paired organosilicon/SiO;N, multilayered structure with an ultra-high barrier
quality for the TFE-OLED application was realized by consecutively using the TMS-PECVD system at
a low temperature. The deposited temperature and thickness of the SiOxN, film in the multilayered
structure were firstly designed at 70 °C and 300 nm, respectively, to perform an optimized effective
permeability of about 0.063 (um-g/m?/day) without damaging the OLED performance. The quality
and the densification of the low temperature prepared SiOyNy film were then improved as an adequate
organosilicon buffer layer was inset before the SiOyNy film deposition originating from the release
of the structural residual stress. The resulting WVTR of the 300 nm-thick SiOxNy film was further
decreased from 0.20 to 0.12 g/m?/day as it was deposited onto a 30 nm-thick organosilicon buffer
layer, which also corresponded to a low residual compressive stress of 61 MPa. By this methodology,
an ultra-low WVTR (~107° g/m?/day) evaluated by the Ca test was achieved from the three-paired
organosilicon/SiOxN, multilayered structure consecutively deposited onto the PET substrate. The
reliability and the stability of the OLED device was greatly improved as it was directly encapsulated
by this three-paired organosilicon/SiOxN, multilayered structure, which was prepared at a low
temperature of 70 °C using one TMS-PECVD system.
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