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1.  Introduction

Organic electronic materials used for printed electronics and 
flexible organic light emitting diode (OLED) displays are 
highly vulnerable to moisture and oxygen. Accordingly, thin 
film encapsulation that prevents moisture and oxygen per-
meation into flexible substrates represents one of the most 
important technologies for next generation flexible electronic 
device fabrication. Especially, dense and stoichiometric thin 

film deposition at a lower temperature serves as the main key, 
not only to prevent the deformation of the flexible substrate, 
but also to prevent the degradation of organic devices depos-
ited on the substrate [1–3].

For thin film encapsulation, silicon nitride (Si3N4) repre-
sents the most common material used for flexible polymer 
substrates, due to excellent properties, such as high transpar-
ency in the visible and infrared regions, thermal stability, abra-
sion resistance, and corrosion resistance [2, 4, 5]. However, 
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Abstract
To prevent moisture and oxygen permeation into flexible organic electronic devices formed 
on substrates, the deposition of an inorganic diffusion barrier material such as SiNx is 
important for thin film encapsulation. In this study, by a very high frequency (162 MHz) 
plasma-enhanced chemical vapor deposition (VHF-PECVD) using a multi-tile push–pull 
plasma source, SiNx layers were deposited with a gas mixture of NH3/SiH4 with/without N2 
and the characteristics of the plasma and the deposited SiNx film as the thin film barrier were 
investigated. Compared to a lower frequency (60 MHz) plasma, the VHF (162 MHz) multi-
tile push–pull plasma showed a lower electron temperature, a higher vibrational temperature, 
and higher N2 dissociation for an N2 plasma. When a SiNx layer was deposited with a mixture 
of NH3/SiH4 with N2 at a low temperature of 100 °C, a stoichiometric amorphous Si3N4 
layer with very low Si–H bonding could be deposited. The 300 nm thick SiNx film exhibited 
a low water vapor transmission rate of 1.18  ×  10−4 g (m2 · d)−1, in addition to an optical 
transmittance of higher than 90%.
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deposition of a film with high stoichiometry (chemical compo-
sition close to amorphous Si3N4), high density, good adhesion, 
and good uniformity on flexible substrates at a low temper
ature presents difficulties. In an attempt to overcome such 
challenges, many research investigations have employed var-
ious methods (e.g. physical vapor deposition (PVD), atomic 
layer deposition (ALD), plasma-enhanced CVD (PECVD), 
etc…). Recently, the ALD technique has attracted much atten-
tion by researchers, due to an almost defect-free deposition of 
material with superior step coverage [6–8]. A very low water 
vapor transmission rate (WVTR) (under 10−5 g (m2 · d)−1) 
has been reported by decoupling the defects using a consecu-
tive organic/inorganic hybrid layer structure [9–11]. However, 
ALD offers an extremely low (<1 nm min−1) deposition 
rate, while limiting the range of producible materials [9, 11]. 
Alternatively, PECVD represents the most widely investigated 
technique allowing high throughput, due to its relatively high 
deposition rate over a large area. However, PECVD presents 
damage issues by ion bombardment during the deposition (on 
the substrate and/or on the organic device surface), as well as 
issues with porosity/less conformal step coverage of the film 
compared to that deposited by ALD, requiring resolution for 
effective moisture protection [12–14].

Recently, very high frequency PECVD (VHF-PECVD) 
technologies (operated at frequencies higher than 30 MHz) 
have been investigated for high quality and high rate thin 
film deposition, due to higher generation rates of radicals, 
lower ion bombardment energy, higher electron density 
(ne), and lower electron temperature (Te) than conventional 
high frequency (HF; 3–30 MHz; generally 13.56 MHz) 
PECVD [15–22]. However, the use of VHF instead of HF 
tends to increase deposition uniformity problems, due 
to the plasma non-uniformities caused by standing wave 
effects [23, 24].

Previously, a multi-tile push–pull plasma source has 
been investigated for VHF plasmas, in order to solve the 
issue of standing wave effects and to remove problems 
related to matching during operation [25]. In this study, we 
used a VHF (162 MHz)-PECVD equipped with a similar 
multi-tile push–pull plasma source for the deposition of a 
SiNx layer, and we investigated the characteristics of the 
VHF plasma, as well as those of SiNx films deposited by the 
plasma source as a thin film encapsulation layer. A highly-
optically transparent SiNx film with a chemical composition 
similar to stoichiometric amorphous Si3N4 [26–28] could 
be deposited with a gas mixture of NH3/SiN4 diluted in N2 
at low temperature of 100 °C, being compatible with most 
polymer substrates [29, 30]. Especially, using this plasma 
source, a very low WVTR of 1.18  ×  10−4 g (m2 · d)−1 could 
be obtained by depositing a 300 nm thick SiNx film.

2.  Experimental procedure

The schematic diagram of the VHF (162 MHz) PECVD 
system with the multi-tile push–pull plasma source is shown 
in figure  1. The multi-tile push–pull plasma source used in 
this study was composed of 8 sets (one set: two adjacent 
electrodes forming one push electrode and one pull elec-
trode) of 300 mm  ×  58 mm electrode tiles, while these tiles 
were arranged on the top planar electrode surface similar to 
a checker board. Each set of tile electrodes was connected to 
the matcher/power splitter and was equally powered by induc-
tive coupling to the radio frequency (rf) power at the power 
splitter. The two push–pull electrodes were not connected to 
the ground, allowing the current to flow between the push–
pull electrodes without flowing to the substrate. On each tile 
electrode, 126 gas holes of 0.5 mm diameter were formed as 

Figure 1.  Schematic diagram of the VHF (162 MHz)-PECVD system with a multi-tile push–pull plasma source.
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a shower head to distribute a gas mixture uniformly on the 
substrate. The substrate was located 6 cm below the multi-tile 
electrode and was heated using a heater. Additional details of 
the VHF (162 MHz) PECVD system with the multi-tile push–
pull plasma source can be found elsewhere [25].

Soda-lime glass and polyethylene terephthalate (PET) 
were used as substrates, while depositing SiNx on the sub-
strates with gas mixtures composed of N2, NH3, and SiH4. 
We used two different gas mixtures of NH3 (150 sccm)/SiH4 
(50 sccm)  =  3:1 and NH3 (150 sccm)/SiH4 (50 sccm)/N2 
(200 sccm)  =  3:1:4 (i.e. with and without N2) for the depo-
sition of SiNx film at 50 mTorr, while keeping the substrate 
temperature at 100 °C.

The characteristics of the plasmas (e.g. electron temper
ature (Te), vibrational temperature (Tv), and N2 gas dissocia-
tion (N/N2)) were measured by optical emission spectroscopy 
(OES, Andor istar DH 734 with a spectrometer consisting of 
a grating monochromator and an intensified charge coupled 
device) using a view port (quartz window) located on the 
chamber wall, as shown in figure 1. To investigate the effect of 
higher rf frequency on the plasma characteristics, the plasma 
characteristics of 60 MHz capacitively coupled plasma (CCP) 
were also measured using the OES, comparing the data with 
those obtained with the 162 MHz multi-tile push–pull plasma 
source under similar process conditions.

For determining electron and vibrational temperatures, 
only N2 gas was used. As reported in the literature, for the 
N2 plasma, if the electron energy distribution function of the 
plasma is a Maxwell–Boltzmann distribution and if the con-
cerned radiative states are caused by direct excitation by elec-
tron collisions from the N2 ground state (i.e. relatively low 
pressure operation), equation (1) can be determined using the 
optical band head emission ratio of N2

+ (B,0-X,0) transition 
at 391.4 nm and N2 (C,2-B,5) transition at 394.3 nm [31, 32].

( ) ( )
( )

⎡
⎣⎢

⎤
⎦⎥

=T
I

I
eV fn

391.4 nm

394.3 nm
.e� (1)

The graph reflecting the dependence between the peak ratios 
and the electron temperature can be found elsewhere [31]. For 
the vibrational temperature (Tv) of the N2 plasma, by assuming 
that the population density of the vibrational excited state was 
described by a Boltzmann distribution [31], it could also be 
determined by measuring the radiative transition intensities 
between the C and B electronic states of N2 (N2(C3Πu)  →  N2

(B3Πg)  +  I(v′  −  v″)) and from the inverse of the slope (1/kTv) 
of the flowing Boltzmann equation (2);
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Here, I(v′  −  v″) was the measured optical emission intensity 
between the C3Πu and B3Πg electronic states with vibrational 
quantum numbers v′ and v″, respectively, while A(v′  −  v″) 
was the spontaneous emission probability that could be found 
elsewhere [33]. Ev  −  E0 represented the vibrational energy 
difference of the excited molecule, while Tv was the effec-
tive vibrational temperature in the C3Πu state. When the emit-
ting electronic states and the ground level electronic states are 

in local thermodynamic equilibrium, the temperature deter-
mined from the excited state represents the temperature of the 
ground state molecules. Furthermore, in the case of second 
positive system of N2(C3Πu), the N2 emitting electronic 
state is primarily populated by the direct transition from the 
ground state and, therefore, provides good approximation of 
the ground state vibrational temperature. To obtain Tv, optical 
emission intensities from 365 to 382 nm for vibrational 
quantum number differences v′  −  v″  =  2 (0–2 at 380.4 nm, 
1–3 at 375.4 nm, 2–4 at 370.9 nm, and 3–5 at 367.0 nm) were 
chosen to determine the vibrational temperature. A detailed 
explanation on the Tv calculation can be found elsewhere [31].

The chemical binding states of the SiNx were measured 
by Fourier transform infrared spectroscopy (FTIR, Bruker 
IFS-66/S, TENSOR27) for the wave number range from 500 
to 4000 cm−1 with increment of 1.9 cm−1, while the atomic 
composition of the SiNx was measured using x-ray photoelec-
tron spectroscopy (XPS, MultiLab 2000, Thermo VG, Mg Kα 
source) after calibrating the peak energies using the C1s peak 
at 284.5 eV. The optical transmittance of the SiNx deposited on 
the glass substrate was measured by ultraviolet–visible–near 
infrared (UV–Vis NIR) spectroscopy (Shimadzu, 3600). For 
the WVTR of the SiNx encapsulation layer, the Ca test (meas-
uring the change of electrical conductance with time by the 
transmitted moisture) was carried out at the accelerating con-
dition of 85 °C and 85% relative humidity (RH). For the Ca 
test, a Ca layer was deposited on a glass substrate (300 nm Ca 
layer with an area of 1 (l)  ×  1.4 (b) cm2), and the Ca layer was 
connected to two aluminum electrodes (150 nm), and then, it 
was covered with the 300 nm thick SiNx layer for encapsula-
tion. The formula for the WVTR measurement by the Ca test 
is as follows;

=
×

× × ×

−

l b

t
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10 000 cm
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WVTR was calculated by equation (3), where l, b and t are the 
length of Ca, the width of Ca, and the complete Ca oxidation 
time, respectively. Total gram of H2O was 5.859  ×  10−5.

3.  Results and discussion

Figure 2 shows the optical band head intensity ratios of N2
+ 

(391.4 nm)/N2 (394.3 nm) measured using OES, and the elec-
tron temperature (Te) estimated using the intensity ratios of 
N2 plasmas as a function of different rf power densities (235– 
1410 mW cm−2) at different operating pressures (50– 
250 mTorr) for the 162 MHz multi-tile push–pull plasma source. 
As a comparison, we also measured the ratio of N2

+ (391.4 nm)/
N2 (394.3 nm) and Te of a conventional CCP operated at 60 MHz 
as a function of similar rf power densities with 50 mTorr N2.

As shown in figure  2, the Te of the 162 MHz multi-tile 
push–pull plasma source increased with the increase of rf 
power density and decreased with the increase of working 
pressure, similar to typical CCP sources (but with Te generally 
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lower than 3.9 eV). Previous studies have shown that the use of 
higher frequency for the CCP source (instead of conventional 
lower power frequency of 13.56 MHz) not only increased the 
plasma density (ne), but also decreased Te at the same rf power 
and operating pressure [18–20]. Similarly, in our experiment, 
the Te of the N2 plasma operated with a conventional CCP 
source at 60 MHz was generally higher than the Te of an N2 
plasma operated with the 162 MHz plasma source at similar rf 
power densities and at the same N2 pressure. For example, at 
705 mW cm−2 of rf power density and 50 mTorr N2 pressure, 
the 60 MHz CCP source showed about 6.34 eV of Te, while 
the 162 MHz multi-tile push–pull plasma source showed 
about 3.55 eV. (The effective electron temperature measured 
by OES technique represent group of electrons with energies 
above the excitation and ionization thresholds, therefore, a 
higher electron temperature than expected by an electrostatic 
probe could be obtained. Similar electron temperature, 6 eV, is 
measured previously in a 60 MHz CCP by OES [34].)

For the multi-tile push–pull type source, in addition to 
the lower Te due to the higher operating frequency com-
pared to the conventional CCP source, the voltages induced 
on the tile electrodes were floated and the current flowed 
horizontally without flowing through the substrate, due to 
the relative voltage difference between two parallel tile elec-
trodes. Therefore, a reduction in damage to the substrate was 
expected not only due to the lower Te, but also due to the lack 
of current flow to the substrate. In addition, for conventional 
CCP sources, the use of higher VHF for the plasma processing 
increased the plasma non-uniformity, due to the standing 
wave problem formed on the electrode surface caused by the 
shorter wavelength at the higher operating frequency; there-
fore, the use of higher VHF for large area plasma processing 
is generally prevented, despite obtaining higher plasma den-
sity and lower Te at higher operating rf. However, in the case 
of the multi-tile push–pull plasma source, the standing wave 

problems could be effectively eliminated for operation at 
higher VHF frequencies, due to the use of small parallel multi-
tile electrodes, proving more applicable to large area plasma 
processing [25].

Figure 3 shows the vibrational temperatures (Tv) of the N2 
plasmas measured as a function of different rf power densi-
ties (117.5–705 mW cm−2) at different operating pressures 
(50–500 mTorr) for the 162 MHz multi-tile push–pull plasma 
source. Also, for comparison, we measured the vibrational 
temperatures (Tv) of a CCP operated at 60 MHz as a function 
of similar rf power densities with 50 mTorr N2.

The increase of both rf power and operating pressure 
increased the Tv slightly, indicating the increase of chemical 
reactivity of N2 molecules. Previous research also showed 
that the Tv increased with the increase of rf power due to the 
increased electron density, as well as with the increase of oper-
ating pressure due to the decrease of Te at the higher operating 
pressure [35]. (The number of vibrational excited molecules, 
i.e. Tv, was proportional to the electron density and vibra-
tional excitation rate coefficient. Previous research showed 
that the vibrational excitation rate coefficient increased with 
the decrease of Te, until around 3 eV for N2 plasmas [35]. As 
shown in figure 2, the increase of operating pressure from 50 
to 250 mTorr at 705 mW cm−2 decreased the electron temper
ature from ~3.6 to ~3.2 eV; therefore, we believe that the 
increased operating pressure increased the Tv by increasing 
the vibrational excitation rate coefficient.) At the similar rf 
power densities and at 50 mTorr, the Tv was lower for the  
60 MHz CCP than for that of the 162 MHz multi-tile push–
pull plasma. For example, at 705 mW cm−2 and 50 mTorr, the 
162 MHz multi push–pull plasma source showed 7210 °K,  
while the 60 MHz CCP source exhibited 4160 °K, possibly 
due to the higher Te for the 60 MHz CCP. Other previous 
research reported a lower Tv of 3000  ±  500 °K for a conven-
tional 13.56 MHz CCP, supporting our belief of obtaining a 
higher Tv at a higher operating frequency [36, 37].

Figure 2.  Optical band head intensity ratios of N2
+ (391.4 nm)/

N2 (394.3 nm) measured using OES, and the electron temperature 
(Te) estimated using the intensity ratios of N2 plasmas as a function 
of different rf power densities (235–1410 mW cm−2) for different 
operating pressures (50–250 mTorr) for the 162 MHz multi-tile 
push–pull plasma source. As a comparison, those of a conventional 
CCP operated at 60 MHz as a function of similar rf power densities 
with 50 mTorr N2 were also measured.

Figure 3.  Vibrational temperatures of the N2 plasmas measured as 
a function of different rf power densities (117.5–705 mW cm−2) 
at different operating pressures (50–500 mTorr) for the 162 MHz 
multi-tile push–pull plasma source. The vibrational temperatures 
(Tv) of a conventional CCP operated at 60 MHz as a function of 
similar rf power densities with 50 mTorr N2 were also measured.

J. Phys. D: Appl. Phys. 49 (2016) 395201
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In plasma processing, the vibrational temperature (Tv) has 
been related to the trapped energy/energy reservoir in the mol-
ecules, thereby enhancing the chemical reactivity of the mol-
ecules, while the rotational temperature has been related to 
the plasma thermometer [35]. Higher Tv can be beneficial in 
depositing high quality material at a lower substrate temper
ature; therefore, we expect that a high quality thin film can be 
deposited by the 162 MHz multi-tile push–pull plasma source, 
due to the high plasma density (ne), low electron temperature 
(Te), and higher vibrational temperature (Tv).

Using a 162 MHz multi-tile push–pull plasma source 
increased the nitrogen dissociation compared to the 60 MHz 
CCP source for the N2 plasma. Figure  4 shows the OES 
spectra of N2 plasmas operated at 705 mW cm−2 and 50 mTorr 
for (a) the 162 MHz multi push–pull source and (b) 60 MHz 
CCP source for the wavelength range from 730 to 776 nm. 
The optical emission peaks of multiple broad bands (M1–M4) 
are related to the first positive molecular transitions of N2 and 

the three peaks (A1–A3) at 742.36 (3s 4P1/2–3p 4S transition), 
744.23 (3s 4P3/2–3p 4S transition), and 746.83 nm (3s 4P5/2–3p 4S 
transition) are related to the atomic transition of N [38–40].

As shown in figures 4(a) and (b), the optical emission peak 
intensities of the multiple broad bands (M1–M4) were lower 
and those of the three atomic peaks (A1–A3) were higher for 
the 162 MHz multi-tile push–pull plasma source compared to 
the 60 MHz CCP source, indicating more significant dissocia-
tion of N2 for the 162 MHz multi-tile push–pull plasma source 
than the 60 MHz CCP source. We believe that the higher N2 
dissociation characteristic of the 162 MHz multi-tile push–
pull source helps in forming high quality SiNx deposition 

Figure 4.  OES spectra of N2 plasmas operated at 705 mW cm−2 and 50 mTorr for (a) the 162 MHz multi-tile push–pull source and  
(b) 60 MHz CCP source for the wavelength range from 730 to 776 nm.

Figure 5.  FTIR spectra measured for 300 nm thick SiNx thin film 
deposited for different rf powers of 705–942 mW cm−2 and for 
the gas mixtures of NH3/SiH4  =  3:1 (without N2) and NH3/SiH4/
N2  =  3:1:4 (with N2).

Figure 6.  XPS narrow scan data (Si 2p at 101 eV and N 1s at 
397 eV) and the atomic percentages (Si and N) in the 300 nm thick 
SiNx thin film (ignoring hydrogen content in the film) with and 
without N2, deposited using the 162 MHz multi-tile push–pull 
plasma source at 705 mW cm−2, 50 mTorr (NH3/SiH4  =  3:1), and 
100 °C.

J. Phys. D: Appl. Phys. 49 (2016) 395201
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when adding N2 to the NH3/SiH4 plasma for the 162 MHz 
multi-tile push–pull plasma source.

Using the 162 MHz multi-tile push–pull plasma source, SiNx 
thin films were deposited at 705–942 mW cm−2, 50 mTorr, 
and 100 °C of substrate temperature (Ts). We used the gas 
mixtures of NH3 (150 sccm)/SiH4 (50 sccm)  =  3:1 and NH3 
(150 sccm)/SiH4 (50 sccm)/N2 (200 sccm)  =  3:1:4 to deposit 
SiNx thin films on substrates; therefore, two different gas 
mixture conditions (with and without N2) were used while 
the ratio of NH3/SiH4 was fixed (the ratio of NH3/SiH4 has 
been previously optimized before the N2 addition). For these 
gas mixtures, the deposition rates of SiNx were in the range 
of 75–80 nm min−1 for 705 mW cm−2 and 95–100 nm min−1 
for 942 mW cm−2 and the qualities of these SiNx thin films 
were investigated using FTIR. Figure  5 shows the FTIR 
spectra measured for 300 nm thick SiNx thin films deposited 
for different rf power densities of 705–942 mW cm−2 and 
for gas mixtures of NH3/SiH4  =  3:1 (without N2) and NH3/
SiH4/N2  =  3:1:4 (with N2). For the wave number range of 
500–4000 cm−1, we observed absorption peaks related to 
N–H stretching (3338 cm−1 and 1186 cm−1), Si–H stretching 
(2160 cm−1), and Si–N stretching (891 cm−1).

As shown in figure 5, the SiNx thin films deposited without 
N2 for both 705 and 942 mW cm−2 exhibited the absorption 
peak at 2160 cm−1 related to the Si–H bond, while the film 
deposited with N2 for both powers exhibited imperceptibly 
low Si–H absorption peak intensity. The 162 MHz multi-
tile push–pull plasma appears to change Si–H bonds to Si–N 
bonds on the deposited hydrogenated SiNx film surface, due 
to the high atomic N concentration in the plasma (as shown 
in figure 4). The Si–H bonding in the hydrogenated SiNx film 
increases the porosity in the film, increases the oxidation rate, 
and decreases the optical transmittance [2, 21]. Therefore, 
we believe a higher quality SiNx can be deposited with the 
addition of N2 for the 162 MHz multi-tile push–pull plasma. 
In addition, the absorption peak intensities related to N–H 
bonds at 3338 cm−1 and 1186 cm−1 were lower about 40.9 and 
23.1%, respectively, while the wave number related to Si–N 
bond shifted lower from 891 cm−1 to 846 cm−1 for the SiNx 

deposited without N2 compared to that deposited with N2. For 
more silicon-rich SiNx film, previous investigations revealed 
that H-related peaks changed from N–H to Si–H, while 
the main Si–N peak shifted to a lower wave number [41]. 
Therefore, we believe that a more stoichiometric SiNx film 
with less hydrogen content (close to Si3N4) can be obtained 
with the 162 MHz multi-tile push–pull plasma source using 
NH3/SiH4/N2.

The SiNx thin films deposited using the 162 MHz multi-tile 
push–pull plasma source (with and without N2) were further 
investigated by XPS. Figure  6 shows the XPS narrow scan 
data (Si 2p at 101 eV and N 1s at 397 eV) and the atomic 
percentages (Si and N) in the 300 nm thick SiNx thin film 
(ignoring hydrogen content in the film) with and without 
N2, using the 162 MHz multi-tile push–pull plasma source at  
705 mW cm−2, 50 mTorr (NH3/SiH4  =  3:1), and 100 °C. As 
shown in figure 6, by using the NH3/SiH4/N2 (w/i N2) gas mix-
ture instead of NH3/SiH4 (w/o N2), the atomic percentages of N/
Si changed from 49.51%/50.49% (=0.98) to 56.88%/43.12% 
(=1.32). Therefore, the deposited SiNx film changed from 
the silicon rich SiNx to near stoichiometric Si3N4 (=1.33) by 
using N2 added to the NH3/SiH4 gas mixture.

For an application using the SiNx thin film deposition as 
the thin film encapsulation layer, the SiNx thin film needed 
to exhibit not only a high WVTR, but also high optical trans-
mission. Figure 7 shows: (a) the optical transmission percent
ages measured using UV–Vis–NIR spectroscopy, and (b) the 
WVTR by the Ca test for 300 nm thick SiNx thin films depos-
ited on glass substrates (with and without N2). The deposi-
tion conditions were the same as those in figure 6. For the Ca 
test, a Ca layer and Al electrodes were deposited on the glass 
substrates before the SiNx thin film deposition, as shown in 
the inset of figure 7(b), for the estimation of WVTR by the 
increase of Ca resistance with time via the oxidation of Ca.

As shown in figure 7(a), SiNx thin film deposited without 
N2 exhibited an optical transmission percentage of a little 
higher than 80% for the visible wavelength range of 400–
700 nm, possibly due to the Si–H bonding and high silicon 
percentage in the film. The SiNx thin film deposited with 

Figure 7.  (a) Optical transmission percentages measured using UV–Vis–NIR spectroscopy, and (b) WVTR by the Ca test for 300 nm thick 
SiNx thin films deposited on glass substrates with and without N2. The deposition conditions were the same as those in figure 6. The Ca test 
was carried out at accelerating conditions of 85 °C and 85% RH.
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N2 exhibited a transmittance percentage higher than 90%, 
sufficiently high for the thin film encapsulation layer due to 
the lack of Si–H bonding in the film and near stoichiometric 
Si3N4 composition. When the WVTR was estimated by the 
Ca test, shown in figure 7(b), the WVTR values of the SiNx 
thin films deposited with and without N2 were measured 
as 1.18  ×  10−4 g (m2 · d)−1 (very good WVTR for a single 
layer film) and 1.58  ×  10−3 g (m2 · d)−1 (good), respectively. 
Therefore, by using the 162 MHz multi-tile push–pull plasma 
source with N2 added to NH3/SiH4 (NH3/SiH4/N2  =  3:1:4), 
we could obtained a high quality SiNx encapsulation layer 
having a high optical transmission percentage.

4.  Conclusions

In this study, for the deposition of a SiNx encapsulation 
layer, a VHF (162 MHz) multi-tile push–pull-type plasma 
source was used and the characteristics of the N2 plasma 
and the SiNx thin film deposited with and without N2 
added to NH3/SiH4 were investigated. We also compared 
the N2 plasma characteristics of the 162 MHz multi-tile 
push–pull plasma source with those of a lower frequency  
(60 MHz) CCP source. The 162 MHz push–pull-type plasma 
showed a lower electron temperature, a higher vibrational 
temperature, and a higher N2 dissociation compared to a 
lower frequency (60 MHz) CCP. When SiNx thin films were 
deposited with a mixture of NH3/SiH4 (with and without 
N2), a stoichiometric amorphous Si3N4 layer with very low 
Si–H bonding could be deposited for the gas mixture with 
N2, while a silicon-rich SiNx layer with high Si–H bonding 
could be deposited for the gas mixture without N2. When 
the optical transmittance and the WVTR were measured 
with the 300 nm thick SiNx deposited using the 162 MHz 
multi-tile push–pull plasma source with N2 added NH3/
SiH4, high optical transmittance (>90%) and a low WVTR 
(1.18  ×  10−4 g (m2 · d)−1) could be obtained at a substrate 
temperature of 100 °C. In addition, the VHF multi-tile 
push–pull plasma source showed significantly less standing 
wave problem (non-uniformity for large area processing 
being far more significant for general CCP sources oper-
ated at VHF). Therefore, we believe that the VHF multi-tile 
push–pull plasma source can be applicable to deposit high 
quality thin films, including a thin film encapsulation layer 
on large area substrates.
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