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ABSTRACT 

Three-electrode plasma jet system consisting of a perforated dielectric tube with two outer and one floating inner elec- 
trodes was developed and employed for nano-coating processes of Si [1 0 0] wafer. Lowered gas breakdown voltage, 
increasing plasma density and increased discharge current were achieved by using the floating inner electrode. The low 
temperature (Nonthermal) Atmospheric Pressure Plasma protective coating technique using precursor-containing gases 
(Ar, O2 and OMCTS mixture) which injected into Plasma Jet (APPJ), there are several techniques are introduced here to 
avoid substrate damage including increasing plasma density without increasing the kinetic energy of the ion bombard- 
ment. Furthermore some few precautions are given here to insure good media for silicon wafer prepared for coating. 
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1. Introduction 

Over the past fifty years, plasma, the fourth state of mat- 
ter, has become a very useful means of nano-coating small 
quantities of material from a variety of substrates quickly 
and efficiently. Plasma processes have been used in many 
highly sensitive integrated circuit packaging and opto- 
electronic applications to precisely substrate specific ma- 
terials to sample surfaces.  

Nonthermal atmospheric pressure plasma sources are 
in great demand for biomedical applications, sterilization, 
coagulation, and our recent work nano coating. Nonther- 
mal Atmospheric Pressure Plasma Jet (APPJ) have been 
used to deposit a wide range of coatings to Si wafer [1]. 
Coating morphology has been found to be related to the 
plasma deposition conditions [2], moreover plasma po- 
lymerization process can occur at the substrate surface.  

Flexible dye-sensitized solar cells (DSSCs) were a wide 
investigated because of their low cost and high conver- 
sion efficiency since the last ten years [3-6]. Flexible 
DSSCs based on polymeric substrates such as polycar- 
bonate have attracted a lot of attention because of their 
lightweight, flexibility, and low cost in recent years.  

The low temperature protective coating technique be- 
comes a key subject. For most protective coatings for 
present method, SiOx films are desired to be ultra-thin, 
uniform, adhesive, and with anti-scratch strength [7,8]. 
Atmospheric plasma process seems to be a very promis- 
ing technique for protective coating applications [9]. It 

overcomes many of these problems to provide an ultra- 
thin, extremely hard, noncracking coating using a simple 
process method by using APPJ. The protective coating 
could be carried out at lower temperatures in the range of 
room temperature, and the coating’s quality could be 
easily controlled by varying the operational parameters.  

Siloxane coatings containing high concentrations of 
SiOx have been used as a membrane for high tempera- 
ture gas operation, as gas barrier and as scratch resistant 
coatings [10-12]. These coatings can be deposited by 
chemical vapor deposition (CVD) of siloxane precursors, 
such as tetraethyl orthosilicate (TEOS) [13,14]. Films 
produced using the CVD technique, however, can have 
inclusion of partially treated residual materials. The use 
of plasma-based processes can significantly enhance the 
control of coating thickness, density, and chemistry. Ex- 
tensive research involving siloxane coatings deposited 
using atmospheric plasma has been carried out in recent 
years [15-18] with one of the advantages of this technol- 
ogy being the ability to deposit coatings in a continuous 
rather than a batch process. Many articles [23-26] used 
Octamethylcyclotetrasiloxane [OMCTS, Si4O4(CH3)8] as 
a precursor in the semiconductor industry for Plasma 
Enhanced Chemical Vapor Deposition (PECVD) of 
SiOC:H, to deposit low dielectrics in advanced semi- 
conductor devices.  

In the present study, we report that the low tempera- 
ture (Nonthermal) Atmospheric Pressure Plasma protec- 
tive coating technique. Using precursor-containing gas  
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(Ar, O2 and OMCTS mixture) which injected into Plasma 
Jet (APPJ), moreover few precautions are given here to 
insure good media for silicon wafer prepared for coating, 
such as the axial distance between the substrate and the 
nozzle of the jet, the ratio of the mixing Oxygen, the flow 
rate of gases, the suitable applied voltage for deposition, 
the suitable exposure time to avoid damage of the sample 
and etching process, variation of the plasma plume Length 
due to different applied voltage and different flow rate, 
moreover the ion velocity and ion density suitable for 
coating process.  

2. Experimental Setup 

The siloxane films were deposited onto one-side polished 
silicon wafer substrate, single Crystalline, Si(100), n-type, 
resistively 1 - 10 Ω·cm, thickness 300 μm, and the di- 
ameter 5 cm cut into small pieces (10 × 10 mm). The 
substrate was first washed in distilled water for about two 
minutes and cleaning. These substrates by ultrasonically 
cleaned in methanol, followed by acetone and were then 
dried prior to coating.  

Protective coating on Si wafer as substrate was depos- 
ited at room temperature by atmospheric pressure plasma 
jet (APPJ), using superhydrophobic coatings (OMCTS) 
[octamethylcyclotetrasiloxane, Si4O4(CH3)8] as a precur- 
sor. OMCTS has been selected due to its favourable ele- 
ment ratio (Si/C = 1/2) in the molecule compared to other  

silicon-organic compounds (e.g., Si/C = 1/3) in hexame- 
thyldisiloxane). Furthermore OMCTS is colorless vola- 
tile liquid in normal conditions, moreover it’s melting 
point in the range of 17˚C - 18˚C. 

The plasma jet consists of a cylindrical ceramic tube 
(50 mm length and 5 mm diameter) surrounded by two 
copper metal electrodes; represent the two outer elec- 
trodes, one powered by a 15 kHz power, and the other 
grounded as shown in Figure 1. The third electrode rep- 
resented by the inner electrode capillary ended the nozzle 
with 1.5 mm diameter.  

There are two lines flows into the ceramic tube; one 
line for Gases (Ar/0%O2, and Ar/3%O2 regulated by a 
mass flow controller), flows into directly through the 
ceramic tube, and the other line for OMCTS precursor, 
which also directly into ceramic tube. The substrate to 
APPJ tip distance was fixed at axial distance separation. 
10 W effective power was sufficient to sustain a nonther- 
mal cold plasma jet. Moreover the average plasma gas 
temperature was measured by thermosensor_Fluke 54 
II.  

In this study, the flow rate of the OMCTS precursor 
was fixed at 10 mL/min, while the argon and oxygen 
flow rates were 10 and 0.3 L/min respectively, more- 
over the density value of OMCTS was 0.95 g/cm3 at 
25˚C is used in this experiment. Furthermore the sur- 
face morphology was examined using scanning electron 
microscopy (SEM).  
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Figure 1. Schematic of discharge system APPJ operated from 3 kV to 15 kV. Frequency 20 kHz; Gas flow rate from 4 L/min 
o 9 L/min. t  
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3. Results and Discussion 

In this study, applied plasma power (expressed as a per- 
centage) was varied from 30% to 100% as illustrated in 
Figure 2, there was a linear relationship between this 
power and the voltage probe measurements to maximum 
applied voltage 15 kV.  

At fixed applied voltage 8 kV, the Axial distribution of 
temperatures from the nozzle to the substrate shown in 
Figure 3, where maximal temperature of the gas about 
49˚C at the end of the nozzle and about 27˚C at the sub- 
strate, this mean that the temperature decrease dramati- 
cally far away from the jet, i.e. from nozzle to the sub- 
strate. Moreover the variation of the temperatures due to 
flow rate changes for Ar are shown in Figure 4, where as 
the flow rate was decreased from 4 L/min to 9 L/min, the 
temperature was decreased from 52˚C to 37˚C at the 
nozzle and from 29˚C to 25˚C at the substrate. Similar 
behavior for Ar/O2 mixing but with lower temperature 
than Argon, Ar plasma had higher gas temperature than 
the Ar/O2 plasma. This difference between the tempera-  

tures of Ar/O2 and Ar plasmas might be attributed due to: 
1) Temperature is a strong function of a mixing ratio, 

the decrement in the electron temperature with a mixing 
ratio is mainly due to the large inelastic cross section of 
the mixed gases, the increasing in the sheath length 
around tip of the jet and the dissociation of the molecular 
oxygen gas (O2) by argon atoms beside the ionization. 

2) Oxygen has higher thermal conductivity (0.0238 
W·m−1·K−1) than Ar (0.0162 W·m−1·K−1). Higher thermal 
conductivity of O2 can transfer and consume thermal 
energy effectively compared with Ar. 

3) Due to oxygen gas (O2), inelastic collisions occur 
with suitable precursor molecules to produce ions, atoms, 
and free radicals. A complex mixture of reactive species 
is produced. Neutral and ionic reactive species strike the 
Si surface that are in contact with them to form products 
that are represent coating. 

The length and intensity of the plasma jet were consid- 
erably influenced by gas flow rate and applied voltage as 
Figures 5 and 6. Figure 5 shows that the effect of applied 
voltage on the length of plasma plume in Ar and Ar/O2,  

 

 

Figure 2. Change in maximum output voltage at varying applied plasma powers. 
 

 

Figure 3. Axial distribution of temperature from the nozzle to the substrate. 
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Figure 4. The variation of the temperature due to flow rate changes. 
 

 

Figure 5. Variation of the plasma plume length due to flow rate changes. 
 

 

Figure 6. Variation of the plasma plume length due to applied voltage.  
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applications. The variation of plasma jet length corre- 
sponding to the gas flow rate and applied voltage change 
are shown in Figure 7. 

where the length of both kinds of plasma jets (Ar and 
Ar/O2) increases as the applied voltage increases. For Ar, 
the length of plasma jet was varied within a small range 
of about 7 mm when the applied voltage was changed 
from 6 kV to 15 kV. For Ar/O2, the length of plasma jet 
varied within 10 mm when the applied voltage was 
changed from 4 kV to 15 kV, for all cases the gas flow 
rate fixed at 4 L/min for argon. 

Photos of the substrates after the coating process using 
APPJ are represented by Figure 8 by the scanning mi- 
croscope, using (Ar, 3% O2 and OMCTS) concentrations 
at different flow rates, plasma jet plume is 8 mm in 
length and 9 kV in applied voltage. Deposition is carried 
out with the plasma jet pointing perpendicular to the sub- 
strate, where the surface remains at room temperature 
(20˚C - 30˚C), moreover gas over a constant exposure 
time at 90 sec. 

Figure 6 shows that the length of plasma jet is de- 
pendent on the gas flow rate, and an optimum flow rate 
for producing long plasma jet was to be about 4 L/min 
and the applied voltage was fixed at 8 kV, where the 
length of the plasma plume, for argon increase linearly 
and decrease for Ar/O2 mixtures, as the flow rate in- 
crease. 

Figure 9 shows that the Coating process increases as 
adding O2 increases, where the deposition rate increased 
initially and began to decrease when the flow rate tran- 
sient from the laminar mode to turbulent mode as the 
calculated Reynolds number increases, finally the coating 
process might be attributed due to: 

As shown, the length and intensity of plasma jets show 
dependence on the gas flow rate and the applied voltage. 
Depending on the gas flow rate, the plasma jets exhibit 
two modes of operations: laminar and turbulent modes. 
Laminar mode is formed at low gas flow rate, while tur- 
bulent mode is produced as a gas flow rate is increased. 
The transition from laminar to turbulent mode is closely 
associated with a noticeable decrease of plasma jet length. 
The transition from laminar to turbulent mode can be 
detected by Reynolds number, which can be defined as 
follows [19-21]: 

1) Ions are accelerated onto the substrate at high ki- 
netic energy. When the ions strike the surface atoms, 
momentum transfer takes places, and the atoms are 
knocked out of the surface and into the gas phase, where 
they are pumped away [22]. Taking into consideration 
that the sputtered atoms (from jet, (OMCTS) substrate of 
the Si wafer, and the polymer of any organic material 
from the substrate of the wafer) can be recondensed onto 
a nearby region (substrate) to form a coating, thus sput- 
tering can be used to both etch and deposit or an important  

4 πR Q D   E

ρ (kg/m3) is the gas density, D (m) is the hole diameter, μ 
(N·s/m2) is the gas dynamic viscosity which is related to 
temperature and pressure, Q (m3/s) is the gas volumetric 
flow rate, the value of viscosity was selected when the 
temperature from 20˚C - 25˚C and used basic parameters 
as shown in Table 1. Furthermore the Reynolds numbers 
of Ar, Ar/3% O2 and OMCTS were calculated and com- 
pared for various gas flow rates as follow in Table 2. 

 

When the Reynolds number is above 2300, laminar 
mode is gradually progressing to turbulent mode. If the 
Reynolds number is above 4000, turbulent mode is per- 
fectly developed [21]. The relation of the gas flow and 
plasma length is vital in the treatment of the Si wafer for 
coating processes placed on a small distance in industrial  

 

Figure 7. Variation of plasma jet length corresponding to 
the gas flow rate and applied voltage change. 

 
Table 1. List of parameters for Reynolds. 

Ar = 1 L/min, O2 = 3% O2 of argon flow rate, OMCTS = 10 mL/min 

Parameters Unit Ar 3% O2 OMCTS 

Density 　 Kg/m3 1.66 1.331 960 

Diameter D M 1.5 × 10−3 1.5 × 10−3 1.5 × 10−3 

Dynamic Viscosity 　 N sec/m2 2.1 × 10−5 2.022 × 10−5 2.4 × 10−3 

Kinematic Viscosity m2/sec 1.265 × 10−5 1.52 × 10−5 2.5 × 10−6 

Flow Rate Q m3/sec 1.666667 × 10−5 5 × 10−7 6.666667 × 10−7 
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Figure 8. The scanning microscope images of the coating method using APPJ coated Si(100), using (Ar, 3% O2 and OMCTS) 
at different flow rates. 
 
case for dust plasma effect on the nano-coating process 
of Si. 

2) When the substrate is exposed on gas plasma, the 
plasma species (ions, electrons, radicals, UV-radiation, 
neutrons, etc.) interact with substrate chemically and 
physically. Initially, the gas molecules are dissociated 

into active species such as ions, electrons, and radicals. 
The active species would collide with the molecules on 
substrate surface. UV-radiation and the collisions lead to 
the radical formation by chain scission of molecules and 
abstraction taking-off atoms on molecular chain. Free 
radicals generated in the plas a treatment on polymeric  m 
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Figure 9. The relation between deposition rate and the calculated Reynolds number with the flow rate of oxygen. 
 

Table 2. Calculated Reynolds numbers. 

Flow Rate  
L/min 

Re 
For Argon 

Re 
For 3% O2 

Re 
For OMCTS 

1 1118.862 27.95156 226.4685 

2 2237.725 55.90311 226.4685 

3 3356.587 83.85467 226.4685 

4 4475.45 111.8062 226.4685 

5 5594.312 139.7578 226.4685 

6 6713.175 167.7093 226.4685 

7 7832.037 195.6609 226.4685 

 
materials play an important role in surface modification 
[23,24]. Radical species on plasma would interact with 
the radicals on substrate molecules, and then new func- 
tional groups are generated. Moreover, the chain cross- 
linking is induced by re-combination between radicals. 
After plasma treatment on the substrate, unstable free 
radicals would recombine rapidly with other active spe- 
cies while stable free radicals remain as living radicals. 
These phenomena would make graft polymerization on 
substrate surface [25]. 

4. Conclusions 

To avoid substrate damage including increasing plasma 
density without increasing the kinetic energy of the ion 
bombardment, there are some few precautions are given 
here to insure good media for silicon wafer prepared for 
coating such as: 

1) Atmospheric Pressure Plasma Jet (APPJ) for OMCTS 
(sensitive material for solar cells) coating was used. 

2) The good earthed for the Si wafer, which was insu- 
lated from the two electrodes. 

3) Material OMCTS is suitable for coating process at 
room temperature. 

4) The wafer was negative bias with respect to the 
plasma jet, then the positive ions sputter with wafer. 

5) The best conditions for coating wafer were defined, 
by measuring maximum applied voltage, the temperately 
variation of current, the nozzle and the substrate tem- 
perature’s, ion velocity, ion density, plasma plume length, 
and the perfect distance between the nozzle and the sub- 
strate.  

6) Deposition is carried out with the plasma jet point- 
ing perpendicular to the substrate, where the surface re- 
mains at room temperature (20˚C - 30˚C). 

7) Plasma jet plume is fixed at 8 mm equal in length of 
the plasma plume and 9 kV in applied voltage. 

8) In the Coating process, as increasing the adding O2, 
then deposition rate initially was increased and begin to 
decrease related to the transition from the laminar flow to 
turbulent flow. The transition from laminar to turbulent 
modes was observed at a flow rate between 4 and 8 
L/min in Ar plasma. 

9) A minute amount of Oxygen (3% O2 from argon 
flow rate) for coating was preferred, to avoid the loss of 
energy by dissociation and excitation when the ratio of 
the oxygen increase than 3%. 

10) The length and shape of plasma jet in Ar/O2 mix- 
ture were influenced by gas flow rate and applied voltage. 
Ar plasma jet was to be less sensitive to the gas flow rate 
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and the applied voltage.  
11) Under the same experimental conditions, Ar plasma 

had a high plasma jet current and much distorted current 
waveform compared to Ar/O2 plasma. Ar plasma had 
more ability to produce active species chemically. 
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