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Applied voltage dependence of plasma characteristic for food 
sterilization using PBII method 
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We used the PBII (Plasma Based Ion Implantation) method with self-igniting plasma and negative 

high-voltage pulsed power supply only to calculate the ion density inside a formed ion sheath based on a 
modulation circuit, by measuring discharge current and high voltage waveform for self-igniting plasma 
used for sterilization to determine the plasma density and sheath length. We also calculated plasma 
density used in combination with an RF power supply. 
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Introduction 

Plasma is an ionized gas, which is represented as a 
fourth state after solid, liquid, and gas. Plasma is used 
in a wide range of processes, and is a key component 
of semiconductor manufacturing, used for thin film 
formation, surface modification and fine processing. 

 Plasma technology has become highly advanced 
in response to higher integration and higher 
performance of integrated circuits and the associated 
miniaturization of circuit patterns such as electrodes 
and wirings. Plasma techniques are commonly used in 
semiconductor device and micromachine production 
as well as surface modification processes. 

Plasma processes are now essential in 
microfabrication, including at the initial stages. 

In addition to semiconductors, considerable 
research is being conducted on plasma applications 
such as environmental solutions and medical systems. 

Plasma techniques are also used in the biomedicine 
and health care sectors. Plasma ion implantation is 
used for sterilization of medical equipment, for 
example. 

Hydrogen peroxide is commonly used for in 
plasma sterilization of medical implements. But 
concerns have been raised about the potential health 
impacts of hydrogen peroxide. 

This has prompted exploration of plasma ion 
implantation as an alternative sterilization technique. 
In order to utilize plasma effectively, it is very 
important to understand the state of the plasma in 
terms of key parameters such as temperature and 
density. 

There are various approaches to plasma 

measurement (measuring the plasma parameters) and 
plasma diagnosis (understanding the state of the 
plasma). Some use probes while others use light or 
electromagnetic waves [1 – 4]. 

Plasma based ion implantation (PBII) is an 
effective surface treatment method for a various 
different shapes that offers a high degree of control 
[5]. The key technologies of PBII can be classified 
into two groups: plasma generation and modulation. 
Modulation directly affects the formation of the ion 
sheath and the behavior of the ions in the sheath, and 
as such is considered the core technology of PBII. 

On the other hand, plasma techniques involve very 
high voltages, and there is much we still do not know 
in relation to basic physical phenomena such as the 
properties of pulse plasma and the behavior of the ion 
sheath during formation. A previous study proposes a 
method for calculating plasma density using the 
change in the time constant of the target applied 
voltage waveform in the PBII method [6]. 

In this experiment, the modulation circuit is used 
to determine the ion density inside the ion sheath 
formed via PBII using self-igniting plasma with only a 
negative high-voltage pulse power supply. Thus, we 
find the plasma density and sheath length by 
measuring discharge current and high voltage 
waveform for self-igniting plasma used for 
sterilization, as well as the plasma density when used 
in combination with an RF power supply. 

Experimental device and method 

The chamber measures 485 mm (H) × 590 mm 
(W) × 470 mm (D). 

The SUS target electrode has a diameter of 140 
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mm and a thickness of 20 mm. It is insulated from the 
grounded chamber and installed at the center of the 
chamber. The high-pressure modulator (manufactured 
by Kurita Manufacturing Co., Ltd.) used in this 
experiment can irradiate the target with pulse voltage 
up to 15 kV and pulse width in the range 2 – 30 μs, 
maximum repetitions of 1,000 pps and maximum 
capacitance of approximately 8 A. 

 
Fig. 1. Schematic diagram of experimental apparatus. 

For vacuum evacuation, we used a rotary pump 
with a mechanical booster pump and mass flow to 
evacuate the chamber to 10 Pa, then filled it with 
99.99995% pure oxygen gas at 1 kPa. 

Plasma density 

 
Fig. 2. Modulator Equivalent Circuit. 

For resistivity ρ, target length s and target area A, 
we have: 
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In PBII, ρ is the resistivity of the sheath, s is the 
sheath length, and A is the area of the target. 

Collisions do not occur inside the sheath. If m is 
the mass of the ion species, Vp is the applied voltage 
of the target, e is the electronic charge, and v is the ion 
velocity inside the sheath, from: 
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we can derive: 
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Current density j at the target surface is expressed 
in terms of conductivity σ and electric field E as 
follows: 
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gives: 
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from which we can obtain: 
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making: 
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necessary. 
Equation (8) shows that it is not dependent on 

sheath length. 
Also, when Vp is given in equation (8), plasma 

density ni (ion density in sheath) on the target surface 
can be determined from R1 derived from experimental 
observation. 

Results 

Since the applied voltage of both oxygen gas and 
nitrogen gas is 2 kV or more, calculation of ion 
density in the sheath was performed within the range 
where plasma was generated in self-igniting plasma. 

Fig. 5 shows the calculation results for oxygen gas 
and nitrogen gas. 

The calculation method is as shown in (2). 
This result showed that in-sheath ion density was 
calculated for oxygen gas and nitrogen gas. 

In addition, it was shown that the ion density in the 
sheath was increased by increasing the applied 
voltage. 

At an applied voltage of 10 kV, the ion density in 
the sheath was 48 × 108 cm-3 for oxygen gas and 59 × 
108 cm-3 for nitrogen gas. 
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Fig. 3. Applied voltage waveform (oxygen). 

 
Fig. 4. Target current waveform (nitrogen). 

 
Fig. 5. Target current waveform (oxygen). 

 
Fig. 6. Target current waveform (nitrogen). 

 
Fig. 7. Ice density in sheath calculation result (Oxygen). 

 
Fig. 8.  Ice density in sheath calculation result (nitrogen). 

Conclusions 

The PBII method can be used to calculate the ion 
density in the sheath can from the modulator 
equivalent circuit. 

PBII involves formation of self-igniting plasma for 
sterilization. Plasma density and sheath length are 
then calculated based on the observed discharge 
current and high-voltage waveform. 

Using this approach we were able to determine 
several key parameters such as plasma density and 
sheath length to inform future equipment design. 

We also demonstrated the increase in sheath ion 
density that accompanies an increase in applied 
voltage or pressure. 

We also identified a higher in-sheath ion density 
when used in combination with RF power compared 
to self-igniting plasma. 

It was concluded that the method employed by the 
authors is useful and relevant to the design of plasma 
sterilization equipment. 
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