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Abstract
The (DC-GDPAU) is a DC glow discharge plasma experiment that was designed, established, and operated in the Physics Department at Ain Shams
University (Egypt). The aim of this experiment is to study and improve some
properties of a printed circuit board (PCB) by exposing it to the plasma. The
device consists of cylindrical discharge chamber with movable parallel circular copper electrodes (cathode and anode) fixed inside it. The distance between them is 12 cm. This plasma experiment works in a low-pressure range
(0.15 - 0.70 Torr) for Ar gas with a maximum DC power supply of 200 W.
The Paschen curves and electrical plasma parameters (current, volt, power,
resistance) characterized to the plasma have been measured and calculated at
each cm between the two electrodes. Besides, the electron temperature and
ion density are obtained at different radial distances using a double Langmuir
probe. The electron temperature (KTe) was kept stable in range 6.58 to 10.44
eV; whereas the ion density (ni) was in range from 0.91 × 1010 cm−3 to 1.79 ×
1010 cm−3. A digital optical microscope (800×) was employed to draw a comparison between the pre-and after effect of exposure to plasma on the shaping
of the circuit layout. The experimental results show that the electrical conductivity increased after plasma exposure, also an improvement in the adhesion force in the Cu foil surface. A significant increase in the conductivity can
be directly related to the position of the sample surfaces as well as to the time
of exposure. This shows the importance of the obtained results in developing
the PCBs manufacturing that uses in different microelectronics devices like
those onboard of space vehicles.
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1. Introduction
The non-thermal plasma, which is also named cold or non-equilibrium plasma,
is weakly ionized with electron temperatures of a little eV and colder ion temperatures [1] [2]. The glow discharge plasma has different luminous and dark
zones between cathode and anode as shown in Figure 1. It is produced when a
direct current from a DC power supply is applied between these two parallel
electrodes to a low-pressure gas [3] [4]. The energy is continuously transferred
from a high-voltage DC power source to the electrons originating from the cathode that accelerates absorbing energy from the field, ionizing, exciting and
undergoing elastic collisions with heavy particles and other electrons to produce
the different zones. The glow discharge owes its name to the fact that plasma is
luminous; the luminosity is produced because the electrons gain sufficient energy to generate visible light by excitation collisions which generate photons. Involved in the formation of glow discharges are the formation of restricted electric fields and plasma sheaths at each of the electrodes.
It is important after talking about the principals of producing the Dc glow
discharge to refer to the Paschen’s law. It is a function of gap length (d) between
the two electrodes and the gas pressure (p) [i.e. Vbd = f ( Pd ) ]. It describes the
electric discharge between two conductive materials and determines the breakdown voltage (Vbd) at which the discharge process starts. Beside that (Vbd) depends on the density and type of the gas, the material of the two electrodes, the
gap length between them, and the degree of preexisting ionization [5] [6] [7].
During this work, there are different plasma parameters that were measured
and calculated. It was very important to begin with determining these parameters to know the suitable conditions of plasma to exposure printed circuit board
(PCB) samples to it. An LCR meter (TEGAM) was used to measure the circuit
resistance; a significant increase in the conductivity can be directly related to the
position of the sample surfaces as well as to the time of exposure.
The double electric probe (DEP) is the most common probe type which has
two identical isolated collectors with equal areas and draws no current from
plasma, so it disturbs plasma only at its location [8] [9] [10]. From the slope of
the IV characteristic curve of DEP as shown in Figure 2, kTe can be obtained,
and then ni is evaluated by using the following equations [4] [11]:
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where (ii) represents the saturation current; ( A= 2πrh ) is the area of the double
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Figure 1. Regions of DC glow discharge plasma as in normal case. It is shown the arrangement of this regions and the area of each one.

Figure 2. The typical IV characteristic curve of the double probe. It illustrates how KTe is
calculated. This curve was drowning from different waveforms which produced from experimental data.

Probe; r, h are the double probe’s radius and length; and (mi) is the ion mass of
Ar [12].
Cold or low-pressure DC glow discharge plasma technology is applied widely
in many fields, such as etching, surface treatment and activation, cleaning, electron beam source, sputtering spraying, adhesion improvement, etc. [13] [14]
[15]. The adhesive forces bonding is a key joining technology in many manufacturing areas which include the automotive and aerospace industries, adding
to biomedical and microelectronics applications [16]. The reactive species (electrons, atomic or molecular ions, atoms or molecules energetically excited) in the
cold plasma can modify the superficial functional characteristics of the target
material and promote the surface functionalization reactions by generating organic or inorganic thin layers because of the recombination of radicals or molecular fragments species on the surfaces of this material [17] [18] [19].
The printed circuit board (PCB) is a substrate that provides the necessary
DOI: 10.4236/jmp.2020.117066
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electrical connections for an electronic circuit [20]. And the double layer PCB
consists of an insulator layer between two conductive layers that are made of Cu
foil which have excellent electrical and thermal conductivity properties. So, the
surface treatment technique by plasma on Cu foil has become a useful tool to
achieve a good adhesion for fine lines with a smooth surface. This is due to the
rapid developments in high-frequency and high-speed transmission in electrical
wire technology [21] [22] [23].

2. Experimental Setup
The DC glow discharge plasma experiment consists of three main parts, a discharge chamber, a vacuum system and an electric circuit. The cylindrical discharge chamber is made of stainless steel with an interior diameter 24.5 cm, a
length 12.5 cm and a thickness 0.9 cm. It consists of two movable circular copper
electrodes (cathode and anode) with a diameter 6.5 cm and a thickness 1 cm for
each one. Where, the anode is left at a fixed location while the cathode moves
along an axial length 12 cm.
The vacuum system consists of a rotary vacuum pump to evacuate the system,
a needle valve to control the flow of gas, and an analog vacuum gauge controller
unit to measure the vacuum and pressure of the gas inside the discharge chamber.
The electric circuit consists of a DC power supply 0 - 5 kV with a DC current
40 mA, a ballast resistor of 10 kΩ to limit the plasma current and a digital ammeter/voltmeter to measure the plasma current Ip and potential Vp. Adding to a
potential divider consists of 50 kΩ and 22.3 MΩ resistors connected in series
with each other. There is a high voltage probe, to convert the value of power
supply voltage by ratio 1/1000, connects with a digital voltammeter to measure
the Vps.
The digital storage oscilloscope (DSO) is connected to a laptop using a USB
interface to record the waveform of the breakdown voltage (Vbd) and the waveform of the probe current (IProbe). The schematic diagram and setup of the plasma experiment are shown in Figure 3.
The DEP is made of two tungsten wires, each has 0.2 mm diameter with an
equal length of 8 mm for its two tips and a 4 mm distance between them. The
DEP circuit consists of a variable DC source which gives a probe voltage VProbe =
±40 volts shown in Figure 4(a). The DEP was placed vertically to the plasma
and parallel to the electrodes inside the discharge chamber where it moves in a
radial axis at distances (r = 2, 4, 6 and 8 cm) from the upper surface of the
chamber as shown in Figure 4(b). Figure 4(c) shows some examples of DEP
waveforms at P = 0.3 Torr, d = 3 cm, r = 6 cm and Ip = 20 mA.

3. Results and Discussion
The characterization of the DC glow discharge plasma was determined by three
parts, Paschen curves, and electrical plasma parameters, in addition to electron
temperature and ion density of the plasma.
DOI: 10.4236/jmp.2020.117066
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Figure 3. The schematic diagram and the photographic view of the plasma experiment.

The aim of this work is to establish a cold plasma experiment with specifications and characteristics that are in the normal range of previous DC glow discharge plasma experiments in other labs around the world. After validating our
experiment, it can use to study the effect of exposing surfaces of different materials to this plasma. Here, the effect of the produced cold plasma on the electrical
conductivity and the adhesive forces of a Cu foil were studied to improve the
electronic circuits performance.
DOI: 10.4236/jmp.2020.117066
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Figure 4. (a) DEP circuit, (b) DEP inside the plasma chamber, and (c) Examples of the
waveform of the double electric probe.

3.1. Paschen Curves
The Paschen curves were drawn at different gas pressures P = 0.15 to 0.70 Torr
for each gap length d = 3 to 7 cm. Figure 5(a) shows the waveform of Vbd at P =
0.70 Torr and d = 6 cm, where, once the step of the voltage had occurred, the
plasma was generated. Paschen curves at each gap length are shown in Figure
5(b), which cleared that the minimum breakdown voltage occurred at P = 0.3
Torr.

3.2. Electrical Plasma Parameters
The electrical plasma parameters, namely, plasma voltage Vp, plasma current Ip,
plasma resistance Rp and plasma power Wp were measured and calculated at
each gap length with the operating conditions P = 0.3 Torr, and Vps varies from
400 to 1800 volt.
The variation curves between the operating voltages Vps with the electrical
plasma parameters are shown in Figure 6. From these curves it obvious that:
1) Increasing Vps, the number of ionized gas increased which resulted in
DOI: 10.4236/jmp.2020.117066
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Figure 5. (a) Waveform of the breakdown voltage at Pd = 4.2 Torr.cm, and (b) Paschen
curves at each gap length.
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Figure 6. Shows at different gap lengths, the variation curves between the operating voltage Vps and the electrical plasma parameters (a) the plasma current, (b) the plasma voltage, (c) the plasma resistance and (d) the plasma power.
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1051

Journal of Modern Physics

A. A. Talab et al.

increasing Vp, Ip and Wp. So, Rp is decreased with Vps, because the resistance is
inversely proportional to the current, until Vps = 1000 volt, after that it was almost constant. This is because of the rate of variation Vp and Ip nearly constant.
2) For all below curves, there is almost no affecting change (d) in the region of
variation Vps from 400 to 1000 volt because the operating voltage in this region
ionized the same number of Ar gas nearly. From 1000 volt the effect of this variation is clear because increasing the ionized numbers of Ar atoms leads to increasing the gap length.
3) From these results, the place where the samples exposed to the plasma radiation was defined (d = 5 cm), which is considered the center of the chamber.

3.3. Electron Temperature and Ion Density of Theplasma
The electron temperature (kTe) and ion density (ni) of plasma were appointed at
various radial distances (r = 2 to 8 cm), for each gap lengths (d = 3 to 7 cm) with
operating conditions (P = 0.3 Torr and Ip = 20 mA). The IV characteristic curves
of the double electric probe are drawn in Figure 7 and the calculated values of
the (kTe) and (ni) are tabulated in Table 1. The results show that the highest (ni)
and the lowest (kTe) occurred at d = 5 cm where the samples were put to study
the effect of plasma on them. Table 2 is a comparison between kTe and ni which
were measured in our work versus that published before. This shows that the
obtained results are validated with the previous work.

3.4. Effect of Plasma on Electronic Circuits Performance
A double layer PCB sample with thickness (1.55 mm) and area (15 cm2) had two
layers of Cu foil with thickness 3.5 × 10−2 mm of each one. It was placed inside
the chamber at d = 5 cm (2 cm from the cathode) and exposed to the plasma,
Table 1. The different values of kTe and ni.
d (cm)

r (cm)

kTe (eV)

ni × 1010 (cm−3)

2

7.96

1.32

4

8.29

1.14

6

10.44

0.91

8

9.34

1.01

2

6.58

1.58

4

7.19

1.59

6

7.65

1.62

8

6.69

1.79

2

7.48

1.20

4

7.67

1.32

6

7.99

1.26

8

7.33

1.24

3

5

7
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Table 2. kTe and ni measured versus published.
kTe (eV)

ni (cm−3)

Our calculated/measured

6.58 - 10.44

9.10 × 109 - 1.79 × 1010

Kotp E F and Al-Ojeery A A (2012) [24]

1.90 - 3.50

6.40 × 109 - 7.40 × 109

Ghimire B et al. (2014) [25]

4.87 - 9.96

0.84 × 109 - 1.14 × 1011

Nojiri K 2015 [26]

~1

109 - 1012

Hashmi S et al. (2014) [27]

1.00 - 10.00

108 - 1013

Oks E and Brown I (2002) [28]

7.50 - 8.50

1010

Figure 7. The IV characteristic curves at different gap lengths where (a) d = 3 cm, (b) d =
5 cm and (c) d = 7 cm.

with the operating conditions (Vps = 1820 volt, Vp = 805 volt, Ip = 100 mA), for
10 min. Figure 8 is a photographic view shows the difference in the effect of
plasma on the two sample surfaces after exposure.
The electrical resistance (R) of Cu foil in a PCB sample was measured before
and after exposure to the plasma by using the LCR meter type (TEGAM). The
resistance of Cu foil before was 1.8 × 10−2 Ω while after exposure it was 0.7 × 10−2
DOI: 10.4236/jmp.2020.117066
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Figure 8. The photographic view of the two sides of PCB after exposed to the plasma. (a)
Facing to the cathode; (b) Facing to the anode.

Ω for the layer in the front of the anode, however, the layer facing the cathode
didn’t have any change in its resistance. This means that the resistance of Cu foil
after got exposed to the plasma is decreased, it allows greater current flow and
the length/width (L/W) decreases [29] [30]. So, in turn, the electrical conductivity (σ) of the Cu foil is increased (by using the conductivity equation [31]) from
1.6 × 106 S/m to 4.1 × 106 S/m. So, the electronic components can be increased
with the smaller size of Cu foil on a PCB. The reduction in the Cu foil size decreases the cost of PCB manufacturing which used in microelectronics applications (Integrated circuits, Cell phone, Laptop, etc.) [23].
There are many defects that may occur during printing the layout circuits on
PCB. These defects are namely; breakouts, Pinhole, open-circuit, under etch,
mouse bite, missing conductor, spurious copper, short-circuit, wrong side hole,
conductors too close, missing hole and over etch [32]. Therefore, treating the
PCB by exposure it to the plasma of specific characteristics is a necessary step to
fix many of these problems.
Figure 9 shows the shape of the printing layout circuit on the Cu foil surfaces
by using a digital optical microscope (20×). It can be observed that the printing
layout circuit on the Cu foil surface facing to the cathode after the exposure was
better than that printed on the surface facing to the anode and better than that
printed on the surface before exposure. This confirms that the surface adhesion
forces were increased after the exposure process.

4. Conclusions
A cold plasma experiment was designed, established and operated at Ain Shams
University (Egypt) by specifications and characteristics within the normal range
of previous DC glow discharge plasma experiments in different labs around the
world. The plasma is generated under a low-pressure range (0.15 - 0.70 Torr)
with a maximum dc power supply of 200 W. The experiment consists of three
main parts—the discharge chamber, the vacuum system and the powering circuit.
The cylindrical discharge chamber is made of stainless steel and has two movable
DOI: 10.4236/jmp.2020.117066
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Figure 9. The circuit layout printed on the PCB. (a) Before exposure; (b) Facing to the
cathode; (c) Facing to the anode.

cylindrical copper electrodes (cathode and anode), a vacuum system to evacuate
the chamber before inserting the Ar gas at the operating pressure, an electric
circuit that includes a power supply, potential divider, and high voltage probe.
To determine the operating conditions, the chamber was evacuated and filled
it with Argon gas pressure 0.3 Torr. After that operating voltage Vps was applied
in the range from 400 volts to 1800 volts. The experimental work included measuring the electrical plasma parameters which described the electrical properties
of the produced plasma adding to the electron temperature and ion density
which were appointed by a double electric probe. From it, kTe was in the range
from 6.58 eV to 10.44 eV while ni was in the range from 9.10 × 109 cm−3 to 1.79 ×
1010 cm−3.
After validating our experimental results, we used it as a cold plasma source
and studied the effect of the generated plasma on the electrical and morphological characteristics of a Cu foil, such as the electrical conductivity and the surface
adhesive forces using a printed circuit board (PCB). The aim of this work was to
improve the electronic circuits’ performance that can be controlled by improvement of the electrical characteristics of a PCB. The measurements show an
improvement in the electrical conductivity of a Cu foil and the adhesion forces
of the Cu foil surface after plasma exposure.
The resistance of the Cu foil (R) after being exposed to our lab generated cold
plasma is found to be decreased by 61.1%, i.e. the electrical conductivity of the
Cu foil is increased by 156.25% to allow greater current to flow. Thus, the diDOI: 10.4236/jmp.2020.117066
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mensions (length/width) of the Cu trace that carries the electrical currents in the
Cu foil in the electronic circuit of the PCB can be reduced. And in turn, the electrical conductivity (σ) of the Cu foil is increased. So, the electronic components
can be increased with the smaller size of Cu foil on a PCB. The reduction in the
Cu foil size decreases the cost of PCB manufacturing which is used in microelectronics applications.
On the other hand, the adhesion forces of the Cu foil surface after exposure
were increased. This helps in decreasing the loss of the PCBs because of the defective printing the layout circuits on them. And this can contribute to the reduction of the price of electronic devices, which contain PCBs, to reduce the
burden on simple societies.
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