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Abstract—A novel high-voltage pulse power system based on
a programmable logic controller (PLC) is developed for plasma
immersion ion implantation (PIII). The PLC unit with strong
anti-interference ability is utilized to optimize both electrical
parameters and ion-implantation processes with manual or/and
procedure modes. Specially designed periphery circuits are developed to realize the arbitrary adjustment of pulsing frequency
and width which is impossible for conventional PLC systems. The
electrical protection can also work rapidly in the case of a sudden
short circuit. In the main power circuit, a tetrode hard tube is
employed to switch the dc high voltage. In order to reduce the
rise time of the pulse as much as possible, the potentials on the
tetrode grids are optimized. A closed-loop system is also designed
to ensure implantation voltage not to depend on the plasma load
during the PIII processes. With the help of numerical calculation
or simulation, the expected ion energy-number spectrum can be
easily obtained.
Index Terms—Ion implantation, plasma sheath, programmable
logic controller (PLC), pulse modulator.

I. I NTRODUCTION

P

LASMA immersion ion implantation (PIII) [1] is a wellestablished technique for surface modification. The samples are immersed in a plasma generated by an independent
plasma source and biased to a high negative potential. Consequently, ions in the plasma are accelerated and implanted
into the samples, resulting in surface mixing, modification, and
even thin-film formation under certain conditions [2]–[4]. This
technique presents several significant advantages such as high
ion flux, high throughput, capability of treating irregular targets,
and simpler instrumentation compared to conventional beamline ion implantation [5]–[7]. However, successful implantation
requires a pulsed power unit, which is a vital part of a PIII
system. The application of a pulsed high voltage instead of a dc
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voltage is essential to the proper control of the thermal load to
the samples and sometimes to reduction of the risk of electrical
arcing which can otherwise damage the samples. This is usually
achieved by varying either the repetition frequency or the pulse
duration of the applied high-voltage pulses. The output pulse
shape should be quasi-rectangular and relatively independent
of the load impedance, and the power modulator itself should
be resistant to short circuits [8]. Moreover, it is desirable
that the frequency and pulsewidth can be adjusted arbitrarily.
Consequently, in complex PIII processes, an intelligent control
system is usually preferred.
In this paper, a novel programmable logic controller (PLC)based high-voltage pulse modulator with a maximum pulse
voltage of 40 kV is described. In the power system, a tetrode
serves as a hard tube to switch the dc high voltage directly,
and the control system is based on a PLC unit (Panasonic
FPX-C30T) which provides anti-interference capability and
flexibility. Specially designed periphery circuits are developed
so that the frequency and pulsewidth can be adjusted arbitrarily
through the PLC system. The voltage of the control grid is
optimized to obtain pulse rise time as short as possible. The
modulator can protect itself when a sudden arc or short circuit
occurs. Automatic constant voltage is accomplished to avoid
the fluctuation of the output voltage induced by plasma load
variation. The parameters can be set on a touch screen (WEINVIEW MT510TV5). To be mentioned, certain ion projection
depth profiles can be easily obtained by running a preset timedependent voltage program.
II. H ARDWARE
A. Main Power Circuit
The schematic of the PLC-based high-voltage pulse modulator is shown in Fig. 1. To obtain a high-voltage pulse, a
tetrode hard tube T (TM-702F) is employed to switch the dc
high voltage [9], [10]. The dc high-voltage unit charges the
high-voltage capacitor C (0.5 μF/40 kV) through resistor R1
and high-voltage silicon heap D. The transient charging current
is limited by resistor R1 (20–40 kΩ). When the tetrode is
triggered, the capacitor discharges through the tetrode in series
with the plasma load. Resistor R2 (of several tens of ohms)
is utilized to protect the power system against a sudden short
circuit. A hollow inductance T is utilized to limit the peak
current caused by the steeper rising rate of the voltage (du/dt)
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Fig. 2.

PLC-based driving circuit.

Fig. 1. Schematic of the PLC-based high-voltage pulse modulator.

at the beginning of the pulse. The cathode and grids of the
tetrode tube are controlled by independent circuits. According
to the cutoff curve of the tetrode provided by the manufacturer,
the potential on grid G2 ranges from +1500 to +2500 V. In
order to ensure that the tetrode completely closes, the potential
on the tetrode control grid G1 must be below −750 V. In our
power system, the potential on control grid G2 is +1700 V. The
potential on grid G1 is controlled by a TTL driving unit based
on PLC. When the triggering signal takes effect, the potential
on control grid G1 increases from −840 (closing potential)
to +200 V (opening potential). The tetrode remains switched
on as long as the TTL pulse is present. The output voltage
and current are detected by the capacitance divider and current
monitor, respectively.
A pulse rise time that is as short as possible is preferred to
achieve uniform PIII [11]. The potential on control grid G1
has to be optimized. It is +200 V in our system, and the rise
time of the pulse is about 1 μs. A larger G1 potential may
lead to deleterious electrical oscillation. The potential on grid
G2 has a slight influence on the rise time of the pulse, and no
obvious difference is observed with the G2 potential changing
from +1500 to +1900 V. Due to the capacitance of the plasma
load and cable, a long fall time is induced after the tetrode shuts
down. This will lead to the energy nonuniformity of incident
ions, and surface sputtering of treated samples may happen.
This fall time may last several hundreds of microseconds due to
the high resistance of the plasma sheath. The hard tube or series
solid-state switch (e.g., IGBTs) can be utilized to discharge the
equivalent capacitor rapidly. A fall time of less than 1 μs has
been reported [12]. However, this method may make the circuit
of the modulator more complex and bring extra hardware cost.
Therefore, a pull-down resistor is frequently utilized in practical
circuits, although power consumption is needed. In our system,
the fall time of the pulse is controlled by pull-down resistor R3
of 20–30 kΩ.

B. PLC Control Unit
A PLC system (Panasonic FPX-C30T) is utilized to control
the power supply and PIII processes. PLC possesses powerful
functions such as logic, sequencing, timing, counting, etc. Here,
the PLC unit is expected to control the PIII processes and

deliver the pulse to control grids G1 and G2 . However, the I/O
ports of the Panasonic FPX-C30T can generate a pulse with a
variable frequency but only a fixed duty cycle or a pulse with a
variable duty cycle but a fixed frequency. It is difficult for the
PLC to generate a pulse with arbitrarily changing pulsewidths
and frequencies. In order to solve this problem, a peripheral
circuit based on PLC is designed to obtain the driving pulse
required by PIII. Fig. 2 shows the schematic of the circuit.
One of the PLC I/O ports delivers a pulse with a duty circle
of 20% and an arbitrarily adjustable frequency between 10 and
1000 Hz. This pulse is delayed to generate a new synchronous
pulse with a width of 320 μs and subsequently changed into
a sawtooth wave by an integrated circuit. The sawtooth wave
is leveled by the dc signal from the D/A module of the PLC
to produce a square wave as the original driving pulse source.
After optical isolation and amplification, the pulse can be used
as the driving signal to switch the IGBT. The length and
frequency of the pulse can be accurately controlled by the
PLC. This system based on PLC can deliver pulses with widths
ranging from 10 to 300 μs and frequencies from 10 to 1000 Hz
with a maximum duty circle of 1%.
During PIII, the plasma load is generally dependent of the
plasma density, specimen materials, gas pressure, etc. Therefore, the output pulse voltage may change due to different
plasma resistances, leading to variations in the implantation
energy. In our power modulator, a closed-loop control-systembased PLC unit is developed and employed. As shown in Fig. 1,
when the voltage detected by the PLC changes, the control
signal will be delivered to adjust the dc high-voltage unit to
ensure a constant output voltage. Fig. 3 shows the voltage and
average current on the condition of different load resistances
with and without control of constant voltage. Evidently, the
output voltage decreases with a smaller plasma load, which is
not expected in practical applications.
Touch screen WEINVIEW MT510TV5 is used as the user
interface. Communication between the touch screen and PLC
unit is maintained via an RS-232 port. All the parameters
are set on the interface, and both “manual” and “procedure”
modes are provided, as shown in Fig. 4. The manual mode is
recommended for simple PIII processes so that the parameters
can be manually changed in time.
In the procedure mode, the parameters may be automatically
adjusted according to procedures designed for different PIII
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Fig. 3. Characteristic curves of output voltage and average current: (a) Without and (b) with constant-voltage control.

processes. PIII is a relatively complex process. The energy of
ions is related to many factors such as the rise and fall times of
the high-voltage pulse, voltage amplitude, pulse duration, etc.
In order to get an optimal modification effect, the implantation
voltage (energy) may need time-dependent change in a single
PIII process to achieve the expected ion depth profile. In our
work, the energy-number distribution of implanted ions has
been calculated using 1-D PIC simulation. The analytical model
has been described in details elsewhere [13]. The plasma density is 1 × 109 /cm3 , and the total pulsewidth of the high voltage
is 10 μs with a rise time of 1.2 μs and a fall time of 4 μs. The
flat voltage of the pulse varies from 10 to 40 kV with a voltage
interval of 5 kV. The simulation results have demonstrated
that the plasma sheath configuration is much dependent on the
applied voltage, as shown in Fig. 5. The thickness of the plasma
sheath is more sensitive to the bias when a lower voltage is
applied. Fig. 6 shows the energy-number distribution of ions
for a single pulse with different voltage amplitudes. During
each pulse, the ions with low energy occupy less than 1% of
ions with high energy. Therefore, the ions with low energy may
be neglected in the calculation, and a quasi-continuous energynumber spectrum of ions for any shape can be obtained by
changing the time of each step preset through the touch screen
in the procedure mode. Fig. 7 shows the calculation results of
the energy-number spectrums of implanted ions for processes
A and B, respectively. In this case, the frequency of the high-

Fig. 4. Interface as shown on the touch screen: (a) Manual mode and
(b) procedure mode.

Fig. 5. Voltage-dependent plasma sheath configuration at the end of a 10-μs
pulse.

voltage pulse is 100 Hz, and the voltage waveform shape is
described previously. The voltage amplitude and the time of
each step are shown in the small chart in Fig. 7. The number of
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Fig. 6. Energy-number spectrum of ions for a 10-μs pulse.

Fig. 8.

Waveforms of voltage and current when a short circuit happens.

Fig. 9.

Waveforms with different pulse amplitudes and pulsewidths.

Fig. 7. Energy-number spectrum of incident ions for processes A and B,
respectively.

ions with a certain energy is equal to the ion number per pulse
times the total number of pulses within the whole processing
time. In fact, the time-dependent voltage cannot only change
step by step but also change continuously as a certain function
of time for optimal surface properties.
III. E XPERIMENTAL R ESULTS
During PIII, sudden electrical arcing can happen. In this
case, the G1 driving pulse is switched off immediately for
several hundreds of microseconds to protect the power system
and reduce material damage from arcing. If the overcurrent
signal lasts for a long time (e.g., 5 s), the PLC will deliver
a signal to shut down the main power. Fig. 8 shows the
waveform when a short circuit happens. The response time is
relatively short to protect consequently the power system and
components.
Fig. 9 shows the waveforms with different pulse amplitudes
and pulsewidths with a resistor load of 100 kΩ. The highvoltage pulse has a small rise time, and the amplitude of the
pulse voltage is very stable. The maximum voltage can be
turned up to as high as 40 kV. The fall time is about 40 μs
controlled by a 24-kΩ resistor. The pulsewidth and frequency
can be set arbitrarily by the PLC.

IV. C ONCLUSION
A novel high-voltage power modulator based on PLC has
been developed for PIII. The pulselength can be varied from
10 to 300 μs and the frequency from 10 to 1000 Hz. The PLC
system can control the PIII processes and pulse parameters in
a flexible manner. In particular, a circuit has been developed
to realize the exact control of the frequency and pulsewidth of
the pulser. More importantly, the energy-number spectrum of
incident ions can be arbitrarily set using the procedure mode
combined with numerical calculation or simulation. The power
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system has robust protection against overcurrent and short
circuits.
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