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Plasma base ion implantation (PBII) with self-ignited plasma generated by only pulsed voltages
to the test specimen has been applied to the sterilization process. We found that the PBII process
reduced the numbers of active Bacillus pumilus cells using N2 gas. As the ion energy is the most
important processing parameter, a discussion about the implanted surface is presented through
measurements data using the Secondary Ion Mass Spectroscopy (SIMS). In this study, we simulated
the incident ion energy to a target by the simulation software (PEGASUS). We compared the
measurement data of SIMS and the simulation results. We were able to confirm correlation between
these two pieces of data.
Предварителна оценка на проникващата йонна енергия с помощта на
симулационната програма ПЕГАСУС (Х. Козаи, Н. Фужимура, М. Ногучи, Х. Тойота, Й.
Шираи, Т. Танака, К. Вутова). Базирана на плазма йонна имплантация със самозапалваща се
плазма бе приложена за процес на стерилизация. Открихме, че процеса редуцира
количеството на активните Бацили пумилас, използвайки азот като плазмо-образуващ газ.
Тъй като йонната енергия е най-важния параметър на процеса, обсъждането на
имплантираната повърхност е представено чрез измерените данни с използване на йонна
масс-спектроскопия (СИМС). В това изследване ние симулираме началната йонна енергия при
мишената със симулационна програма ПЕГАСУС. Ние сравняваме измерените данни от
СИМС и симулираните ресурси. Ние бяхме способни да потвърдим корелацията между тези
данни.

Introduction
Plasma-based ion implantation (PBII) method is
used to perform surface modification by the sample in
the plasma and applying a high voltage negative pulse
voltage. It has been applied to surface modification
industrial machinery parts, metal material, and
medical technology.
Sterilization process using a self- ignition plasma
by PBII method has been attempted. It was found that
by using N2 gas PBII process it is possible to reduce
the number of Bacillus pumilus activity. It has been
observed that the number of bacteria is reduced with
the increase of pulse voltage. The number of viable
bacteria was reduced by 5 orders of magnitude at 15
kV compared to the number of untreated bacteria.
Due to the importance of the application of this
method in the sterilization process, PBII method is
investigated in [1].
In order the examine the mechanism through
which the number of viable cells decreases in this
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work are presented and discussed results for ion
implantation depth profiles and the energy of the
implanted ions in sterilization is evaluated.
Experiments

Fig. 1. Schematic diagram of experimental apparatus
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Figure 1 shows a schematic diagram of the SIP
PBII apparatus. No external rf excitation source was
employed in the proposed procedure. The treatment
chamber in the current experiments was 450 mm in
height, 590 mm in width and 470 mm in depth.
Treatment is performed by applying a pulsed
negative dc voltage of up to –15 kV to the target. The
voltage waveform has a pulse width of about 5µs and
repetition rate of 300 pulses/s, and is supplied by a
high-voltage pulse modulator with a maximum current
capacity of approximately 10 A. A pulsed dc voltage
is employed in order to simplify the sterilization
apparatus. A diffusion pump was used to evacuate the
chamber to a base pressure of 4.0x10-4 Pa, and the
nitrogen gas pressure during plasma generation was
maintained at 2.4 Pa. The depth profile of nitrogen in
Si implanted by PBII was measured by secondary-ion
mass spectroscopy (SIMS) and High Resolution
Rutherford Back Scattering (HR-RBS).
Bacillus pumilus (IFO No.14367) was employed as
the microorganism for sterilization. A suspension of B.
pumilus was diluted with 0.85% NaCl saline solution
or distilled water to a concentration of 107 spores per
1 mL of suspension. A 100 mL dose of the suspension
was pipetted onto a membrane filter (thickness,
145µm; permittivity, 2.25) and then washed with
distilled water to remove the saline solution. The filter
was used in this study instead of the glass plate used
previously in [2] in order to spread the bacteria
uniformly on the filter surface. All processes were
performed in a clean room with sterile equipment.
After exposure to plasma and ion bombardment for
at least 2 h, the samples were placed in 50 mL
containers with 0.85% NaCl saline. The containers
were then set in an ultrasonic vibration bath for 5 min
to detach the spores into suspension. The suspension
was repeatedly diluted in saline to achieve a
concentration reduction of 10-5. A sample of 1 mL of
the diluted suspension was pipetted onto 20–30 mL of
sterile culture (standard agar) in a sterile Petri dish.
Dishes were then incubated at 37 °C for 48 h. Colonyforming units were finally counted to determine the
numbers of survivors of B. pumilus.
The simulation is made using a simulation
software (PEGASUS) for nitrogen ion energy and the
data is compared to the results of SIMS.
Results and discussion[1]
In combination with rf excitation, SIPs have been
found to be generated around a substrate biased at
negative voltages higher than −1.2 kV in a carboncontaining gas such as ethane or methane [3].
However, a much higher voltage was required in the
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present experiments due to the omission of the rf
excitation source. Figure 2 shows the wave forms of
the pulsed dc voltage and the current used for both ion
implantation and deposition. This voltage wave form
was shown previously to be sufficient for generating a
SIP around the target in N2 gas [2].

Fig. 2. SIP discharge characteristic

The number of B. pumilus survivors is shown in
Fig. 3 as a function of the pulsed dc voltage. The
efficiency of sterilization, given by the ratio of the
number of B. pumilus surviving after treatment to that
prior to treatment, increased almost exponentially with
voltage. Sterilization was achieved at voltages higher
than about −4 kV, which represents a threshold
voltage for the PBII sterilization process. These
results suggest that the energy of incident ions is more
important for sterilization than the ion dose.

Fig. 3. B. pumilus survival after 5 min PBII

The efficiency of sterilization increased with
voltage approximately exponentially, with a
measurable
sterilization
effect
starting
at
approximately –4 kV. Thus, the PBII sterilization
process has a threshold voltage. These results suggest
that the energy of incident ions is more important for
sterilization than the ion flux.
The actual energy of nitrogen ions in the selfignited plasma in PBII was estimated by treating an Si
target and measuring the depth-wise ion distribution
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by SIMS, because the difference of capacitance of the
silicon substrate ( thickness is 0.6mm, dielectric
constant is 11.9) and filter element ( thickness is
0.145mm, dielectric constant is 2.25) was not large.
Figure 4 shows the depth profile of nitrogen
concentration in the treated Si sample. The peak in the
concentration profile occurs at approximately the
same depth at voltages of –8, –12 and –15 kV,
although concentrations at greater depth increase with
voltage. The peak position corresponds to the
penetration range of ions at the several hundred volts
in conventional ion implantation. At the penetration
depth of conventional ion implantation, the N2
concentration in the present sample is at least 1020
cm-3. Thus, the actual nitrogen ion energy is
estimated to be much smaller than that calculated
based on the voltage applied in treatment. The result
that the ion energy is lower than that associated with
the voltage applied during processing is to be
expected for a number of reasons: First, the pressure is
high (2.4Pa) and the plasma density is likely to be
quite low since you are using the applied voltage to
ignite plasma .Comparison of the mean free path in
the background gas with the plasma sheath width
would probably show that you have a collisional
sheath so that ions lose energy as they move through
the sheath. Second, you are using a short pulse length
(5 microseconds) with a rise time of almost a
microsecond. It is known that a substantial fraction of
the ions is drawn in through the sheath during the
pulse rise time (matrix sheath) when the applied
voltage is much lower than that in the main part of the
pulse [4]. Finally, the effect is probably stronger on
your insulating substrates than on the silicon wafer
you used to measure the implanted depths because
there is significant reduction of voltage across the
sheath when using insulating substrates [5].

The increased efficiency of sterilization by PBII is
considered to be attributable to the good penetration
of ions, as indicated by the long tail in the
concentration profile in Fig. 3.
Estimation by simulation
A. For PIC-MCCM [6]
In the PIC method, individual particles are not
followed in order to reduce the computation time.
Instead, movements of super particles are followed. A
super particle is a bunch of charged particles of the
same kind. So, the charge and the mass of a super
particle may be 108 to 1010 times those of the real
particle depending on the statistical condition. The
collision rates are calculated based on the energydependent cross section. The particle energy is
calculated from the electromagnetic field, which is
obtained from Poisson's equation using the densities
of charged species.
B. Theory of Monte Carlo Collision method [7]
1) Null collision technique
Between the successive collisions, which is
determined in the Monte Carlo method, the plasmacharged particles move according to the local Lorenz
force. In order to reduce the computing time, the null
collision technique was used.
The collision probability between time t and t+∆t
is expressed as
v
? ?
,
2
where, σt, vk, εk and Ngas are the total collision
cross section, the velocity and the kinetic energy of
the atom k, and the neutral gas density, respectively.
The time step ∆t is to be set as so it satisfies the
relation
At first, instead of v, vnull is used to determine
whether the collision occurs or not.
The null collision occurs when the following
condition is satisfied.
Only when the null collision occurs, next
procedures are carried out. Here, ξ is a random
number ( 0<ξ< 1 ).
?
?
1
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Fig. 4. SIMS Depth profiles of nitrogen in a silicon
substrate for three applied voltages (-8, -12, and -15 kV)
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gas, an elastic collision of hard spheres was assumed.
Then, the scattered particle energy εscat is determined
by:
2) Electron collisions with an atom and a
molecule
During the flight of the charged particle, some
essential elementary processes can occur. Electrons
are expected to produce elastic encounters, excitation
or ionization during their collisions with the neutral
gas atoms.

where εin and χ are the incident energy and the
scattering angle in the laboratory system. The
scattering angle in the laboratory system is obtained
from the scattering angle in the center-of-mass system,
ϑ, by the relation

where ξ5 is a random number.
Here, ε is energy of the incident electron and χ is
the scattering angle.

C. Simulation result

So,

Azimuth angle φ is obtained by the relation,
I? 2I? ?% .
10
The velocity v' after the collision is obtained by the
relations.

Fig. 5. Simulation model

For non-elastic collisions, analytical cross-sections
are used. For the case of excitation of struck atom, the
electron energy after collision is given as
Where εin,e, εscat,e,and εexc are the electron energy
before and after the collision and the excitation energy.
For the case of ionization,

where εej,e, and εion are the ejected electron and the
ionization energy. εej,e is given as:

In sterilization using PBII method, the energy is
estimated using depth profile of the implanted ions by
SIMS ion implantation simulation.
Fig.5 shows the applied voltage waveform and
schematic diagram of the simulation.
The simulation results of energy are presented in
Fig. 6. The simulation result of energy by N + are
shown in Fig. 6. Figure 6b presents the simulation
result of energy by N2+. Figure 6c reveals the
combined simulation results of the N2 + and N +.

Conclusion
B is a parameter which depends on the gas atom or
the molecule.
3)Atomic collisions in the plasma
For the collisions between particles in the plasma
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PBII method is efficient for sterilization and
sterilization efficiency increases when the voltage
increases and thus the ion energy is an important
factor. The number of the viable bacteria is decreased
when an increased voltage is applied, which results
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from the penetration depth of the implanted ions
measured by SIMS. The energy of the implanted ions
in PBII method was evaluated using SIMS.
It was found that simulation result of depth profile
using PEGASUS software for SIP-PBII method has a
similar tendency of experimental data by SIMS
method.

(a) Only the N+

(b) Only the N2+
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(c) N+ and N2+
Fig. 6. Simulation results
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