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Abstract. In accordance with the application of magnetically enhanced plasma
discharge in high barrier film, the discharge parameters of roll-to-roll medium-
frequencymagnetic enhanced chemical vapor deposition (MF-PECVD)were stud-
ied. We discuss the discharge parameters, such as voltage, current, with the differ-
ent vacuum pressure, and barrier property change rule by the parameters change.
The results show that with the increase of discharge current, the voltage increases,
and the deposition rate increases. The optimize vacuum pressure is 3 Pa, the
water permeability decreases significantly with the increase of thickness, and the
300 nm films show high barrier properties, as low as 1 × 10−2 g/(m2·day). The
film thickness reached 500 nm, and the water permeability value was less than
5× 10−3 g/(m2·day), and the water permeability changed little with the increase
of the thickness. And the average transmittance is 88.6%@380 nm–760 nm, film
has good optical properties for display devices.

Keywords: Discharge Parameters · High Barrier Film ·MF-PECVD · Vacuum
Pressure

1 Introduction

Flexible electronic devices have the characteristics of miniaturization and deformabil-
ity, and are widely applied. Typical applications include organic light-emitting devices
(OLEDs), organic photovoltaic devices, thin-film transistors (TFT) array, and quantum
dot TVs. The barrier property of flexible polymer materials is relatively weaker than the
glass or metal encapsulating materials. The shelf-life and working lifetime of encapsu-
lated flexible organic electronic devices are closely related to the barrier property against
small molecules such as oxygen (O2) or water vapor. We need coating barrier film to
prevent the penetration of these molecules into the working device, which is called high
barrier film [1–5].

Magnetic-enhanced chemical vapor deposition (PECVD) technology has been
widely used due to its high vacuum environment, high quality, few impurities, and good
performance of the deposited films. Meanwhile, it is generated by the dielectric barrier
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discharges (DBD) structure with medium-frequency power [6–11]. In this paper, anMF-
PECVD system with a pair of rollers was used to deposit transparent siloxane films with
a high barrier property on the polymer substrate. In the MF-PECVD process, the chem-
ical reaction species generated in the plasma may help to obtain higher deposition rate
at relatively low process temperature, while in the conventional thermal CVD process,
thermally stable precursors are needed. The coating depositions have been intensively
investigated due to the high growth rate and the good uniformity. This method can be
continuously winding, and has the characteristics of the transparent visible spectrum
and high barrier. It has great application potential in the development of the barrier film
industry [12–14].

To obtain accurate information about the problems encountered in the glow discharge
coating process, one of the main purposes of this study is to measure the electrical
parameters of the PECVD process and further understand the influence of parameters
on the depositing process. Understanding the basic principles of these reactive plasmas
is important for optimizing the coating function, as well as process and quality control
[15–19].

2 Experimental Procedure

2.1 Structure of System

A schematic diagram of discharge PECVD apparatus is shown in Fig. 1. The system
uses the opposite electrode dual rollers to tighten the substrate film on the roller surface
for continuous winding and coating. One of the important features of this coating device
is the application of a medium-frequency power supply to the dual rollers, where a non-
rotating magnet system is assembled to produce an oval magnetic enhanced discharge
area on the surface of the pair rollers. The inside of the electrode roller is a completely
symmetrical magnetic system, the magnetic system of the two rollers is relative, the
plasma is confined between the rollers by the magnetic field, and the AC magnetically
controlled discharge helps to excite the plasma. The surface of the deposition roll is
covered with an insulating organic substrate film, but the medium-frequency discharge
is sufficient to penetrate the polymer substrate film and achieve glow discharge. At the
same time, the process gas used for deposition is distributed to the area between the
rollers, and the source gas is decomposed, dissociated, and excited by plasma, adsorbed
on the organic substrate film on the surface of the electrode roller to grow the high barrier
oxide film.

The source gas is O2/HMDSOmixture supplied by a gas distribution system located
at the top of the deposit to keep the pressure within 0.5–10 Pa range.

2.2 Experimental Parameters

The vacuum system is composed ofmechanical pump, roots pump group and amolecular
pump. The power type is TruPlasma Bipolar 4010, using full-waveform mode control.
The vacuum is measured by Inficon thin film vacuum gauge, and the gas flow is adjusted
by gas mass flowmeter. The gas flow and experimental parameters in this experiment
are shown in Table 1.
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Fig. 1. Diagram of magnetic field distribution of electrode ➀ guide roller, ➁ magnet, ➂ air
distribution plate, ➃ substrate film, ➄medium-frequency power supply

Table 1. Experimental parameters

content range

vacuum/Pa 0.5–10

HMDSO/sccm 80 (99.99%)

O2/sccm 600 (99.999%)

power/w 0–2000

voltage/V 0–800

background vacuum/Pa 5 × 10–3

winding speed 600 mm/min

The KEITHLEY DAQ6510 multimeter was used to test the electrical parameters
during the discharge,whichwere collected and recordedby the computer. FilmThickness
Mapping with an Astigmatic Optical Profilometer, the water permeability was tested by
MOCONAQUATRANMODEL2. The spectrumof thin filmwas tested by Perkin Elmer
LAMBDA 900 UV-Vis Spectrophotometer.

3 Results and Discussion

3.1 Medium Frequency Discharge

Plasma discharge is an important step in the study of MF-PECVD. According to the
characteristics of plasma power, voltage, and power density, the deposition rate, com-
pactness, and thickness uniformity of the coating can be analyzed. We get the change
rules of the plasma discharge parameters to deposition rate [20, 21].

In the synthetic insulation film process, in order to effectively neutralize the charge
accumulation on the edge target surface, a negative pulse bias of about 400–600 V is
usually applied to the target surface. In order to characterize the variation of voltage with
time during discharge, a rectangular wave medium frequency discharge is used with a
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duty cycle of 50%. The discharge characteristic was test by The KEITHLEY DAQ6510
multimeter (Fig. 2).

Fig. 2. Comparison of model voltage (left) and measured voltage (right)

The discharge of medium-frequency PECVD state is a periodic breakdown, dis-
charge and extinction process. Firstly, with the increase of the power supply voltage,
the voltage between the two rollers increases, and then the breakdown and discharge
cause the voltage at both ends of the roller to decrease and the first spike appears. As the
supply voltage continues to rise, the voltage between the roller’s rebounds and a second
downward spike appears. Then discharge tends to be stable appear relatively straight
line. As the power supply voltage of the cycle decreases, the voltage at the roller end
also decreases. However, where the discharge is extinguished cannot be determined from
the diagram. So, it can be seen as a periodic DC discharge.

After averaging the discharge voltage by filtering, the relationship between power
and voltage is discussed. As the discharge power increases, the voltage increases, but
it is not completely linear. It increases sharply first and then slowly. At the same time,
the sputtering effect of plasma has a certain influence on the base film. The higher the
discharge voltage is, the more easily the thin substrate will wrinkle.

Power supply drive and test voltage characteristics. To meet the stable glow, dis-
charge characteristics appear a voltage peak each cycle. Can see composite pulse power
waveform takes on the form of high and low pulse superposition, is a high peak voltage
pulse beginning but shorter pulse width of the pulse, with the rising of an ignition pulse
voltage, the corresponding time is proportional to the test current is also rising, ignition
pulse voltage of vacuum indoor gas discharge has an important influence.

3.2 Electrical Characteristics

Figure 3 shows the normal coating discharge state. The curve results are the same as
the DC magnetron sputtering V-I curve. The discharge current can be freely adjusted in
this section. This is also the curve segment interval we usually use for anti-IF pecvd.
The film prepared in this state is a transparent insulator. Although the values measured
under different pressures are slightly different, they can be basically regarded as a linear
relationship. The voltage increases with the increase of the current to the positive resis-
tance region, that is, the resistance R = dv/dI; is a positive value. Compared with the
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Fig. 3. Volt-ampere characteristics at different vacuum pressures

standard gas discharge voltammetry, this section conforms to the characteristics of the
abnormal glow discharge section. The average current density varies from 24 mA/cm2

to 250 mA/cm2 with the average voltage, which is similar to the relationship between
the current density of magnetron sputtering and the target voltage (Fig. 4).

Fig. 4. Deposition rate and current characteristics under different vacuum pressures
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The film deposition rate increases with the increase of plasma discharge current at
1 Pa vacuum pressure, the deposition rate increases faster than that at 3 Pa vacuum
pressure. For 7 Pa vacuum pressure, in the initial stage, the deposition rate increases
rapidly with the increase of current, but it quickly becomes gentle, and the deposition
rate does not increase but decreases. Combined with Fig. 3, it can be seen that the
discharge voltage also increases sharply with the increase of current. After 600 V, the
sputtering effect of voltage increase exceeds the influence of current increase on the
deposition rate. A higher deposition rate is achieved at 3 Pa vacuum pressure.

3.3 WVTR and Spectrum with Plasma Discharge Characteristics

The winding speed is constant 600 mm/min. The relationship between water perme-
ability and discharge current under different vacuum pressure is discussed. For 1 Pa
vacuum pressure, with the increase of plasma discharge current, the permeability has
been reduced. When the vacuum pressure is 3 Pa, compared with 1 Pa condition, the
permeability decreases faster with the increase of current, and better water vapor barrier
is obtained. When the vacuum pressure is 7 Pa, in the initial stage, the permeability
decreases faster with the increase of current, but it soon becomes gentle, and the per-
meability no longer decreases. The water permeability of oxide barrier film is closely
related to the film thickness. Generally speaking, the thicker the film prepared under the
same vacuum pressure, the better the barrier property (Fig. 5).

Fig. 5. Permeability and current characteristics under different vacuum pressures

Figure 6 shows thewater permeability (WVTR) of different thickness. As can be seen
from the figure, the water permeability decreases significantly with the increase of thick-
ness, and the 300 nm films show high barrier properties, as low as 1× 10−2 g/(m2·day).
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The film thickness reached 500 nm, and the water permeability value was less than
5 × 10−3 g/(m2·day), and the water permeability changed little with the increase of the
thickness.
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Fig. 6. The water permeability varies with the thickness of the film

We believe that there are two reasons for this result: one is that the film plated
contains organic components, has good flexibility, and fewer cracks appear with the
increase of film thickness, as shown in the figure; Second, there are a small number of
large-size particles on the surface of the base film. With the increase of film thickness,
these particles are gradually completely covered and the water permeability decreases.
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Fig. 7. Light transmittance spectrum of siloxane film

The optical transmission of 500 nm thin film is shown in Fig. 7. The average transmit-
tance of 300–600 nm band is more than 86%, and above 600 nm band is more than 90%,
and the change is gentle. It is proved that the siloxane film prepared by MF-PECVD has
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good optical properties for display devices. When the transmittance @380 nm–760 nm
is 88.6%, it can have good barrier performance at the same time. The ripples in the spec-
trum are due to interference by thin film and base film, but does not affect the overall
transmittance.

4 Conclusions

A roll-to-roll PECVD system was developed for the deposition of transparent and high
barrier films on organic substrates. Transparent oxide barrier film was prepared by using
O2/ HMDSOmixture as process gas. we discuss the discharge and deposition parameters
with different vacuum pressure The main parameters, such as magnetic field distribu-
tion, discharge characteristics, were obtained by testing different discharge parameters
and characteristics. The results show that the deposition rate increase with the increase
of discharge current. The optimize vacuum pressure is 3 Pa, the water permeability
decreases significantly with the increase of thickness, and the 300 nm films show high
barrier properties, as low as 1 × 10−2 g/(m2·day). The film thickness reached 500 nm,
and the water permeability value was less than 5× 10−3 g/(m2·day), and the water per-
meability changed little with the increase of the thickness. And the average transmittance
is 88.6%@380 nm–760 nm, film has good optical properties for display devices.
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