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Abstract 
The influence effect of different holes per inch on the plasma parameters and particle growth has 
been studied by compression between two different gap Aluminum meshes of 3 mm width, and 8 
holes per inch (8 h/in) and 0.3 mm width and 20 holes per inch (20 h/in) at very low pressure. The 
perforated aluminum mesh with small diameter holes 20 h/in shows a better glow discharge sta-
bilization than mesh with large diameter holes 8 h/in. For both 20 h/in and 8 h/in, sharp axial 
decrements for electron Temperature (Te), where Te decreased from 5.2 to 3.8 eV for 8 h/in, from 
2.75 to 1.8 eV for 20 h/in. In contrast sharp axial increments for electron density (Ne), whereas Ne 
increased from 0.9 × 109 to 20 × 109 cm−3 for 8 h/in and from 8 × 109 to 42 × 109 cm−3 for 20 h/in. 
Silicon wafer [100] was exposed directly behind the meshes to realize nano-particle growth in 
sputtering discharge, where there are two different particles shapes: spherical shape particles 
produced by 20 h/in, and filamentary-shaped fractal particles formed by 8 h/in. The particle ra-
dius growth for 20 h/in was in the range of 4.67 - 301 nm during exposure time 40 - 95 min, and 
for 8 h/in were in the range of 9.2 - 28.8 nm during exposure time 60 - 95 min. 
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1. Introduction 
In the recent years, a gas discharge plasma application has rapidly unlimited due to the great chemical freedom 
offered by the non-equilibrium aspects of the plasma. Gas discharge plasma presents considerable interest for a 
wide range of applications such as etching, coating, air pollution control and many other applications [1] [2]. 
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The perforated aluminum, copper, and stainless steel were studied in many articles, thorough production of glow 
discharge by using a combination of fine wire mesh and perforated of different materials as electrodes were in-
vestigated. In addition, the effect of frequency and pulse supply on the stability of glow discharge was also stu-
died [3] [4]. 

Particulate contamination of thin films is a concern in many industries, including semiconductor manufactur-
ing [5]. Many researchers observed particle growth in the gas phase for all the sputtering targets, and it indicated 
that particles formation required a low vacuum base pressure [6]. 

Coating process through the particle growth in plasma interaction plays vital roles in numerous observed 
phenomena in the space environment, whose scope in the industrial laboratory has grown rapidly in recent times 
to include such diverse areas as materials processing and microelectronics [7]. 

In the present study, the discharge gap represented by perforated aluminum mesh with different fine holes as a 
power electrode is introduced. The basic idea is that the perforated meshes (consists of a series-parallel ar-
rangement of small holes with sharp edges) have an important factor on the plasma parameters and the particle 
growth mechanisms. Moreover the growth of particles formed due to sputtering discharge has been carried out 
and investigated, using different meshes; mesh with small hole width represented by 20 fine holes per inch (20 
h/in) and mesh with large hole width represented by 8 fine holes per inch (8 h/in). 

2. Experimental Setup 
The glow discharge plasma chamber was made of stainless steel with a length of 40 cm and a diameter of 28 cm. 
This chamber consists of two Co-planar sputtering targets made up of one copper as an anode electrode and different 
Aluminum meshes as a cathode (power) electrode, and each of them have a diameter of 5 cm. It contained four 
windows with thickness of about 3 cm and diameter of about 12 cm in different levels, two of them Pyrex glass 
windows and the two others for the gas in, gas out, the two electrodes and the double probe as shown in Figure 1. 

The systems have been tested with the pressure of 6 × 10−5 mbar. An ultra low frequency (ULF) power supply 
of one KHz frequency, few hundred Volts and 50 - 100 mA currents to produce ultra low frequency of plasma 
(ULFP) discharge current, where the plasma parameters were measured using double Langmuir probe at very 
low gas pressures 0.6 mbar, and the distances between the two circular electrodes were separated by small dis-
tance 5 mm and were placed normal to the formed plasma, where the interested regions over the perforated alu-
minum (Al) mesh represent the power electrode with different fine holes, which introduced as a series-parallel 
arrangement of small holes with sharp edges. Two different kinds of Al meshes to give a variety sputtering dis-
charge, with small hole width and more space between mesh wires represented by 20 fine holes per inch (20 
h/in), and large hole width and less space between mesh wires represented by 8 fine holes per inch (8 h/in) as 
shown in Figure 2(a) and Figure 2(b). 
 

 
Figure 1. The diagram of the experimental set-up.                                                        
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(a)                                    (b) 

Figure 2. (a) and (b): Aluminum Meshs with different number of holes per inch, (a) 
Al mesh of 3 mm width of hole and 8 holes per inch; (b) Al other mesh of 0.3 mm 
width of hole and 20 holes per inch.                                         

3. Results and Discussion 
3.1. The Temporal Variation of ULFP Discharge Current and Breakdown Voltage 
The electrical characteristics of the glow discharge are studied the temporal variation of (ULFP) discharge cur-
rent [8] at different applied voltages and at low applied pressure (0.6 mbar) for pure argon, where glow dis-
charge is found to be stable only in low-pressure discharge [9] this is because when the pressure is rising, the 
discharge shifts to sparks and arc and thus, making it impossible to uniformly process an object [10]. The inter-
ested regions under investigation are the regions (over the Al mesh) which are the most intense glow zone for 
studying particle growth process in sputtering discharge. As shown in Figure 3, Figure 4 that the lowest voltage 
for starting the plasma for perforated aluminum mesh with 20 h/in (small hole width (D) and more space be-
tween mesh wires (l)) in the range of 164 volts, but the starting potential for 8 h/in in the range of 251 volts. For 
both cases the temporal variation of the ULFP discharge current increases with increasing the applied voltage, 
and increasing for 20 h/in more than for 8 h/in. 

Moreover one mode (peak) signal at low applied voltage and two modes signal at high applied voltage ap-
peared. As expected more holes sufficient to cause ionization of the gas due to the penning effect in the sur-
rounding area of the sharp edges, and leads to a production of higher local electric field strength for Al mesh 
with more holes [11]. 

In the present work, one mode (one peak i.e. signal with one maxima) can be obtained when small voltages 
were applied 164 volts for 20 h/in and 251 volts for 8 h/in. As the applied discharge voltage is increased, the 
current temporal (with time) increased, and two modes (two maxima) were observed 172 volts for 20 h/in and 
276 volts for 8 h/in. It is concluded that as the applied voltage increased, the ion saturation current increased in 
the two modes rather than in the one mode; henceforward the electron density increased. Moreover the value of 

aV∆  decreased in the two modes than in the one mode, thus the electron temperature decreased. Therefore in 
sputtering discharge, the two modes are rather suitable for particle growth process, which require high density 
and low temperature [12]. 

3.2. The Effect on Plasma Parameters 
3.2.1. I-V Curves of the Double Probe 
The advantage of using a double probe is that it has a negligible influence on the plasma and it produces reliable 
temperature and density measurements. Due to the theory of the double probe was discussed before [13]. Figure 5 
show the current-voltage (I-V) characteristic curves of typical examples of the double probe for Ar discharge, at 
axial position 4 mm from the center of cathode (i.e. its parallel to the direction of the electric field lines) for two 
different perforated aluminum meshes 20 h/in and 8 h/in, at low pressure 0.6 mbar. The figure shows that the ion 
saturation current of the probe for different perforated aluminum meshes is increased by increasing the number of 
holes per inch. 

Where the measurements show that the ion saturation current of the probe is increased for 20 h/in more than 8 
h/in. Since at low pressure, the probability of electron ionizing collisions with atoms will decrease (i.e. the mean 
free path will increase), large value of the discharge voltage will be required to maintain the discharge and a 
small discharge current Ia is expected. As numbers of holes per inch increases, the electron-atom ionizing colli-
sions increase. Thus, more electrons and positive ions are produced and consequently, the discharge current is 
increased at the same applied voltage. 
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Figure 3. The temporal variation of the ULFP discharge current for 20 h/in.          

 

 
Figure 4. The temporal variation of the ULFP discharge current for 8 h/in.      

 

 
Figure 5. The I-V curves of the double probe for meshes with 20 h/in and 8 
h/in at 4 mm axial distance for Ar discharge (at P = 0.6 mbar).                  

3.2.2. The Temperature and Density Distribution 
The electron temperature using the double probe method [14] [15], can be calculated using relation (1): 

1
4e a

ST V F
X

 = ⋅∆ ⋅  
 

                                     (1) 

where aV∆  is the voltage difference. The correction factor F(S/X) was introduced since the ideal double probe 
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characteristic is extremely difficult to obtain (experimentally) because of the sheath formation around the probe 
surface. The correction factor is given by (2): 

( )
( )

1 0.85
1 0.5

S XSF
X S X

−  =  + 
                                 (2) 

where S, X are slopes]. 
The plasma density Ne was measured using the double probe I-V characteristic curve for each region in the 

glow discharge. Ne was calculated using formula (3), 

( )1 22
i

e
e i p

I
N

e kT m A
=

⋅
                                 (3) 

where Ii is the ion current, Ap is the area of the probe and Te is the electron temperature which was determined 
previously by Equation (1). 

Figure 6 shows the temperature distribution for meshes with 20 h/in, and 8 h/in at axial position 4 mm from 
the center of cathode mesh at low pressure 0.6 mbar Ar pressure. A sharp axial decrements for electron Temper-
ature (Te), where Te decreased from 5.2 to 3.8 eV for 8 h/in, from 2.75 to 1.8 eV for 20 h/in. Generally the 
decrements in the electron temperature with faraway axial of the cathode due to the increasing in the sheath 
length around the mesh wire, moreover temperatures for mesh with 20 h/in is less than those of 8 h/in, may be 
due to the sheath length (λ) around the mesh wires and the space between mesh wires (l) are also critical factors 
determining the electron temperature in region over the mesh. Roughly, the temperature decreases when the ra-
tio of λ to l increases and the temperature becomes minimal when 2λ is comparable to l [16]. 

Figure 7 shows that the axial distribution of electron density have a maximum values near the mesh and begin 
to decrease due to the ion saturation current of the double probe have a maximum value near the mesh and de-
crease sharply moving faraway the mesh, where the ion density Ni is directly proportional to the ion saturation 
current. Also the figure show a sharp axial increments for electron density (Ne), whereas Ne increased from 0.9 × 
109 to 20 × 109 cm−3 for 8 h/in and 8 × 109 to 42 × 109 cm−3 for 20 h/in. generally the density distribution for 
mesh with 20 h/in is more than those of 8 h/in may be due to more oxidation and ionization beside the mesh 
wire for 20 h/in due to the more edges of the holes than 8 h/in. 

3.3. Particle Growth in Different Mesh Control Sputtering Discharge 
Due to use a variety of aluminum target mesh control as electrode (20 h/in and 8 h/in) In our sputtering dis-
charge, an observation of two different kinds of Particles growth on Si-sample substrate formed in the gas phase 
as shown in Figure 8 and Figure 9. By using scanning electron microscopy with scan size of 10 × 10 μm2 for 
different exposure time and for different mesh control, we notes that the growth rate varies widely according to 
the two different gap mesh wire of cathode configuration, where for 20 h/in configuration a compact shape that 
is nearly Spherical shape particle were produced as shown in Figures 8(a)-(c), while for 8 h/in configuration a 
 

 
Figure 6. The temperature distribution at axial position 4 mm from the center 
of cathode for meshes with 20 h/in and 8 h/in for Ar discharge (at P = 0.6 
mbar).                                                             
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Figure 7. The density distribution at different axial distance for meshes with 
20 h/in and 8 h/in for Ar discharge (at P = 0.6 mbar).                         

 

 
(a)                                (b)                                  (c) 

Figure 8. (a), (b) and (c): JSMI for Si wafer by Al mesh with 8 h/in after coating process at room temperature with scan size 
of 10 × 10 μm2. (a) t = 60 min; (b) t = 80 min; (c) t = 90 min.                                                                                           
 

 
(a)                                (b)                                  (c) 

Figure 9. (a), (b) and (c): JSMI for Si wafer by Al mesh with 20 h/in after coating process at room temperature with scan 
size of 10 × 10 μm2. (a) t = 40 min; (b) t = 60 min; (c) t = 90 min.                                                        
 
filamentary-shaped fractal particles formed as shown in Figures 9(a)-(c). 

The particle growth process is the cornerstone for the coating process that can be discussed as follows: the Ar+ 
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ions are accelerated onto the substrate at high kinetic 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. Taking into consideration that the sputtered atoms (from Al mesh, and surface of the Si wafer 
[17], or the polymer of the organic material of the dielectric or material between the electrodes, or by flaking off 
deposited films from wall surfaces [18] [19]) can be recondensed onto a nearby region (substrate) to form the 
particle growth and then the coating process, thus sputtering can be used to deposit and coating. 

About the change of the particulate shape may be related to the coating rate and the coating profile, where the 
thickness of the polymer layer and the distance between the particulates can change the coating reaction from 
the compact shape (spherical change as for 20 h/in) to filamentary shape as for 8 h/in, if the particulate size 
reach to a critical diameter (90 - 120 nm) [20]-[22]. 

3.4. Coating Rate Measurements 
By weighting the sample after each run (each plasma coating process) taking into account that coating rate equal 
to: 

d mass increamentCoating rate
d
M m It
t Q

= = = ∆                    (4) 

where the charge (Q) by colum equal to Q = I × t, and the typical data were used as the frequency (f) = 1 KHz = 
1000 Hz, the repetition rate = 1 ms = 1/f, t = duration time × repetition rate = 50 µs × 1000, thus t = (50 µs × 
1000 × 60 × actual time) sec, I = 50 mA at low pressure 0.6 mbar and voltage (V = 1000 volt and mass of the 
sample (ms) was 1.4 gram). 

On the other hand, the production rate can be computed as follows: The total mass of a particulate cloud is 

34 π
3 dM R n Vρ=  

where R and ρ are the particle radius and mass density, respectively, nd is the particles number, and V is the vo-
lume occupied by the cloud, and the number of particles nd, in air as well as under vacuum is calculated by the 
formula [23]: 

34 π
3d e Dn n λ=                                       (5) 

The coating production rate is found by dividing M by the growth cycle period (
d
d
M
t

) using Equation (4),  

furthermore particles radius (R) for 20 h/in and 8 h/in can be calculated from Table 1. As illustrated in Figure 
10 it is clear that particles radius for both type of mesh controllers (20 h/in and 8 h/in) in the range of nanometer 
and increases with time nodded for coating process, moreover the radius of the particle for 20 h/in about 10 
times larger than for 8 h/in, In spite of the starting of the coating process of 8 h/in is faster than that of 20 h/in by 
10 minutes. Then the coating process prefers 20 h/in to 8 h/in this may be due to the electron-neutral particles 
 
Table 1. Computing the particles radius (R) for 20 h/in and 8 h/in.                                                    

Coating Time (min.) Mass Increment (μ·gm) Coating Rate 
(μ·gm/Coul.) 

Particle Radius (nm)  
for 20 h/in 

Particle Radius (nm) 
for 8 h/in 

0 - - - - 

40 22 3.66 4.67 - 

50 35 4.66 104 - 

60 47 5.22 140 9.2 

70 60 5.71 179 13 

90 84 6.22 251 23 

95 95 6.85 301 28.8 
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Figure 10. Comparison between the particle radii for meshes with 20 h/in and 
8 h/in for different coating time.                                      

 
collision frequency νe-n is small and the mean free path λe-n is large for 20 h/in than 8 h/in, respectively. Hence, 
the loss of electron energy is low for 20 h/in than 8 h/in, where the rate of plasma loss by diffusion coefficient Di 
is given by e pD KT mν=  and this point will be discussed briefly in the future articles. 

4. Conclusions 

Ultra low frequency of plasma (ULFP) discharge has been experimentally investigated at very low pressure 0.6 
mbar and a small distance between electrodes to distinguish between the two different glow discharges produced 
by two different cathode electrode configurations of a perforated aluminum (Al) wire meshes through measuring 
plasma parameters for both cases such as current temporal variations, breakdown voltages, and applied electric 
field values. 

Results indicated that small diameter holes of perforated aluminum (0.3 mm), which indicated mesh with 20 
h/in, the glow discharge produced is more stable glow discharge than bigger holes (3 mm), which indicated 
mesh with 20 h/in, i.e. hole number and diameter both have an influence on the glow discharge stability and the 
preliminary experimental results. 

Sharp axial decrements for electron Temperature (Te) by 20 h/in are less than those created by 8 h/in. In con-
trast sharp axial increments for electron density (Ne), by 20 h/in are more than by those created by 8 h/in. In our 
sputtering discharge, nano particles growth with different shape can be obtained: spherical shape particle by 20 
h/in, and filamentary-shaped fractal particles by 8 h/in furthermore coating process begins after about 40 mi-
nutes for 20 h/in and after about 60 minutes for 8 h/in, this delay in the process due to the start process to be 
etching and then turn to coating. 

The coating process prefers 20 h/in to 8 h/in due to particle radius growth in different mesh control sputtering 
discharge increases as the number of holes per inch increases from 8 holes to 20 holes, where particles radius 
growth for 20 h/in was in the range of 4.67 - 301 nm during exposure time 40 - 95 min, and for 8 h/in was in the 
range of 9.2 - 28.8 nm during exposure time 60 - 95 min. 
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