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Abstract—This paper presents a 2-MHz 6-kVA voltage-source plasma generator is generally equipped with a matching circuit
inverter for low-temperature plasma generators. A new MOSFET intended for automatically achieving its impedance matching.
module referred to as a “mega pack” is specially designed  Tne emergence of fast switching devices such as power

and fabricated for high-frequency high-power applications. It \ . . . .
has a low-profile package equipped with four terminal plates. MOSFET's and static induction (SI) devices has made it

The main circuit consists of a single-phase full-bridge inverter Possible to implement high-frequency inverters for induction
using the four new modules. The layout of the modules is heating and discharge treating applications [3]-[12]. However,
characterized by two modules, which are placed back-to-back a voltage-source inverter has difficulty in high-frequency op-
with each other, forming a half bridge. Both device and circuit grationg over 1 MHz. Stray inductance and output capacitance
designs achieve great reduction of stray inductance in the main . L )

circuit. A prototype inverter shows stable operation around of the MOSFET forms a series resonant C_'rcu't which may
frequencies as high as 2 MHz. cause parasitic resonance. The resonance is accompanied not
only by increases in the peak voltage and current, but also
by conduction losses and stress for the MOSFET’s. The stray
inductance interferes with turn on of a freewheeling diode
when the opposite MOSFET is turned off. Consequently, an

. INTRODUCTION excessive surge voltage may appear in the drain-to-source

N RECENT vyears, low-temperature plasma has been altage. It is important to reduce the internal stray inductance

p||ed to surface treatment processes for metallic par@,(isting within each MOSFET module and the line inductance
semiconductor material processes, and so on [1]. A highetween two modules which form a leg for a voltage-source
frequency strong magnetic field has the function of produtiverter operated at a frequency of more than 1 MHz.
ing low-temperature plasma from low-pressure gas and ofThis paper presents a 2-MHz 6-kVA voltage-source inverter
sustaining it. A high-frequency power supply of 2—10 kwgeveloped for low-temperature plasma generators. The main
is required to generate the magnetic field in a frequen€jfcuit consists of a single-phase H-bridge inverter using
range of 2-13.56 MHz, which is too high for conventionafour MOSFET modules which are newly designed for high-
semiconductor devices to perform their switching operatidfequency applications. This new MOSFET module, referred
[2]. A linear amplifier using BJT’s or vacuum tubes is currently0 as a “mega pack,” is fabricated in a low-profile package
used in high-frequency power supplies for plasma generat&fsan 8-mm height and possesses four plate-shaped terminals
at the expense of low efficiency and large size. which are led out of its side edges to reduce its internal

In addition, such a high-frequency power Supp|y Consisi[]dUCtanCE [13] Each Ieg of the H-bridge inverter consists
ing of linear amplifiers needs an impedance-matching circ@f two new MOSFET modules forming a back-to-back layout
which is connected between its high-frequency output termiﬂﬁhiCh enables a significant reduction of the line inductance
and a series- or parallel-resonant load. The discharging chgtween the modules. The inverter circuit has the advantages
ditions of the low-temperature plasma are strongly affectéd the low-profiled modules and their back-to-back layout.
by gas pressure and flow speed, temperature, and so ©%.a result, the developed inverter has the voltage and cur-
Moreover, the quality factor of the resonant circuit drasticallfent ratings required for a low-temperature plasma generator
decreases when the low-temperature plasma is establishigout any auto-tuning matching circuit. Experimental results
Before the low-temperature plasma flames up, a large curréhtained from a 2-MHz 6-kVA voltage-source series-resonant
flows into the series resonant circuit even at a low-output voifiverter integrated into a prototype low-temperature plasma
age. While the low-temperature plasma is hot, a high voltagenerator verify effectiveness in the new MOSFET modules
is required to keep a stable discharge. The low-temperat@d the proposed device layout.
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O TABLE |
RATINGS AND ELECTRICAL CHARACTERISTICS OFMOSFET
high- I MoDULE “M EGA Pack” (HF40S60MP: QIGIN ELECTRIC)
frequency v I
power Parameter Symbol Maximum | Unit
uppl
supply Drain-Source Voltage Vbs 600 \%
~ Gate-Source Voltage Vs +30 \%
@ Drain Current DC Ip 40 A
I Pulse IDP 160 A
high- { l[ On-State Resistance Rpson) 0.15 Q
frequency v
power Parameter Symbol Typical Unit
supply
Input Capacitance Ciss 5810 pF
(b) Output Capacitance Coss 1010 pF
Input Inductance Lgs 4 nH
high- I i I Output Inductance Lps 3 nH
frequenc; . .
p%wery TV ; é é seen from the high-frequency power supply. An automatically
supply adjusted impedance-matching circuit, which consists of high-
frequency reactors and variable capacitors, is indispensable for

() a linear-mode amplifier employed as a high-frequency power
Fig. 1. Principle of plasma generator: (a) configuration of the generator, @SJPP'V because the efﬁCienCy significantly decreases under
an equivalent circuit before plasma flames up, and (c) an equivalent circiicorrect impedance matching. The matching circuit, however,
during discharge. has problems in its size, weight, and cost. The theoretical
efficiency of a class-B linear amplifier is about 78.5% in a
“ completely matched load [14], while practical efficiency is less
| than 50% even when a matching circuit is connected. Such a
} linear amplifier requires a bulky heat sink for dissipating the
|
|
|
|

I

large loss.

I1l. SYSTEM CONFIGURATION

| Fig. 3 shows the system configuration of a 2-MHz 6-kVA
! voltage-source inverter for a low-temperature plasma gener-

0 before unstabld during 'y ator. The main circuit is a single-phase H-bridge inverter

flame-up | region | discharge using the four MOSFET modules. The ratings and electrical

Fig. 2. Nonlinear relationship between voltage and current of a seriggharacteristics of the module are summarized in Table I. Since
resonant plasma generator. the body diode of the MOSFET is used as a freewheeling

L , , .. diode, no additional diode is connected to the MOSFET. This
resonant reac_tor_ is filled with argon gas. At first, a_h'gf}'esults not only in downsizing the power circuit of the inverter,
voltage electric field across the resonant reactqr excites m also in reducing the inductances existing in the diodes and
gas, and then weak plasma starts to flame up. A high-frequeRgynections. The inverter output terminals are connected to a
magnetic field produced by the resonant current produces @fiies_resonant circuit through a step-down transformer having
eddy current in the plasma, which establishes and sustainfms ratio of 8:1. The series-resonant circuit consists of a
plasma discharge in the quartz tube. water-cooled seven-turns cdil;, and a high-frequency mica

Fig. 1(b) shows the equivalent circuit before the lowgapacitorcy;.
temperature plasma flames up. No power consumption occur§he combination of a slide regulator and a diode rectifier
in the plasma, so that the quality factor of the resonant circyith a smoothing capacitor is used to adjust the dc-link voltage
is 100 or higher. During the plasma discharge, the lown the following experiments. It may be difficult to vary the
temperature plasma resembles a resistor connected to dlgut power by means of a frequency or duty control method
secondary side of the transformer, as shown in Fig. 1(c). Thecause it is too critical to make fine adjustments of the
quality factor of the resonant circuit is reduced to 20-40. djisplacement factor and the blanking time in an operating
The relationship between the supply voltage and currentfigquency as high as 2 MHz. A back converter will be
shown in Fig. 2. Before the plasma flames up, a low-voltaggnployed to adjust the dc-link voltage in a practical setup.
and large-current rating is required for the high-frequency
power supply, while a high-voltage and medium-current rating IV. Low-PrROFILE MOSFET MobuLE
is needed to sustain the generated plasma during the dischargFig. 4 depicts the outline of the new MOSFET module de-
This means that flaming up is accompanied by a drastieloped for high-frequency applications [13]. The first priority
change in the equivalent impedance of the plasma generdtothe design of the new module is to reduce the inductance
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existing within the module. The module is assembled in a low-
profile package of an 8-mm height which is about one fourth
the height of a conventional 31-mm module. The terminals,
shaped into thin plates, are led from both side edges of the. 5. Layout of switching devices around the main circuit.
module. This results in a great reduction of the inductance

caus_ed by mterconnectloni. Morfover, a “con_trol” SOUurce terminal i), and the drain terminal ifp, are directly
terminal separated from a “power” source terminal has the,ne ted and so form one ac output terminal of the H-bridge
ab|!|ty to avoid interference between a gating signal andiﬁverter. In the other half-bridge inverter, the source terminal
main currgnt. , . in @3 and the drain terminal i), are also connected, and so
The ratings and electrical characteristics are also SUMMA:1 the other ac output terminal. The drain terminalsJip

rized in Table I. Attention should be paid to its gate-to-source, 4 Os and the source terminals @, and Q, are connected
and drain-to-source inductances, which are one-

G: Gate, D: Drain, S: Source

( ) means lower terminals or modules

: L ) " high-frequency switching.
frequency operatlops over 2 ,MHZ' minimizing thg mductance Fig. 6 is a photograph of the half-bridge inverter used in
IS most _effectlve in improving the inverter eff|C|ency_ an_(ihe following experiments. The modules placed in the back-
in reducing the voltage and current stress for the switching pacc jayout are sandwiched in water-cooled heat sinks.
devices. The high-frequency film capacitor and two drive circuits are
connected to the MOSFET modules as closely as possible.
V. BACK-TO-BACK LAYOUT FOR Applying the back-to-back layout to conventional modules
Low-PROFILE MOSFET MoDULE may be difficult because it has three terminals on its top.
Fig. 5 shows the layout of the MOSFET modules around the case of the new MOSFET modules, the back-to-back
the main circuit of the voltage-source inverter. The MOSFEIRyout is realized by a low-profile package and four plate-
modules @; and @, forming one half-bridge inverter areshaped terminals. This layout greatly contributes to reducing
placed back-to-back, with their heat sinks located outside. Thigay inductance around the main circuit.
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TABLE 1l
DEeviCE LAYouT AND CIRCUIT INDUCTANCE
device layout inductance
(a) stand-alone 6.1 nH
(b) side-by-side 45 nH
(c) face-to-face 20 nH
(d) back-to-back 8.2 nH
15V
T MOSFET
(25K1348)

S

. HEL e
Fig. 6. Half-bridge unit. | k——}

I

- 11 R ( MOSFET )
7 : |(HF40S60MP
= 7Z ok 72 1
L back 1 face -5V
EV/////AE} * E/// D Fig. 8. Drive circuit.
side
tand al *
(a) stand alone 5] /AE meter (HP4263A: Hewlett Packard) was used to measure
(b) side-by-side the inductances between the terminals marked with The
inductance of the device stand-alone model in Table li(a) is
E’/ 5T Ts % E] N\ 6.1 nH, which is ;hghtly larger than.that in Table | because the
/ / S S measured value includes the lead inductance of the MOSFET.
* The face-to-face layout in Table Il(c) shows a smaller stray
E /@ @ //,EI §§\ D[* inductance than the side-by-side layout in Table Ii(b) because
of the shorter connection between the power terminals. The
(c) face-to-face (d) back-to-back

back-to-back device layout in Table II(d) shows the smallest
Fig. 7. Device layout comparison. inductance, which is less than twice the inductance of the
stand-alone module. The inductances of the two modules

To evaluate the effect of the back-to-back layout, indu@re coupled together in the back-to-back layout because the
tances in two other device layouts were measured and COW]Qdules are closely stacked. Therefore, the total inductance
pared with each other. Fig. 7 shows device layouts used fgr the back-to-back layout is smaller than twice that of the
comparison. In a side-by-side layout shown in Fig. 7(b), t tand-alone module. These results show that the back-to-back

MOSFET modules are placed on a plane side by side. gvice layout is one of the most effective solution to stray
. . |ﬂductance problems.

gate terminals of the two modules are located in the le

side, so that it is easy to connect the gate drive circuit

with the modules. However, the upper drain terminal is far VI. GATE DRIVE CIRCUIT

from the lower source terminal, which is connected to the dc Fig. 8 shows the drive circuit for each MOSFET. The drive
capacitor. The face-to-face layout shown in Fig. 7(c) can alggcyit consists of a half-bridge inverter using two low-voltage
be constructed on a plane. Although the connections of thgwer MOSFET's. A small transformer is used to isolate the
power terminals are close, the gate terminals are located gye circuit from the control circuit. The isolated gate signal
opposite sides. The back-to-back layout shown in Fig. 7(d) h@samplified by a TTL device, and then it is provided to the
short connections between the power terminals, and the gj&-voltage MOSFET. Two dc voltages-15 V and—5 V,
terminals are located on the same side. However, two sepaie fed to the half-bridge inverte#:15 V for turning on the
heat sinks are required, and the construction is not so easyrgin MOSFET and-5 V for turning it off.
the side-by-side and face-to-face layouts. In general, a damping resistor is inserted between the drive
The results of the inductance measurements are shogiftuit and the gate terminal of each MOSFET to damp reso-
in Table Il. A device model made of a copper plate wasance caused by the line inductance and the input capacitance.
used for the measurement in order to simulate the outlite the developed system, the drive circuit output terminals
and internal structure of the MOSFET module. An LCRre directly connected to the gate and source terminals of
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the main MOSFET without connecting any damping resistor.
The drive circuit is located close to the main MOSFET tfi9- 12. Experimental waveforms with the stainless-steel rod load.

reduce the line inductance, and the inductance across the gate

and source terminals is small enough. Thus, such resonapgiggrated into a prototype low-temperature plasma generator.
can be damped by the on-state resistance of the low-voltaggs inverter output curreni, is measured by using an ac
MOSFET alone, and it is not required to insert any additiong|;rrent transformer (Pearson’s) which has a detecting delay
reS|stqr. This results in a fast charge or discharge of the ingi#he as short as 10 ns. During the experiments, a stainless-
capacitance of the MOSFET. steel rod is inserted into the resonant coil instead of the quartz
tube filled with argon gas because the low-temperature plasma
VII.  EXPERIMENTAL RESULTS is affected by gas pressure, temperature, and so on.

Fig. 10 shows experimental waveforms of gate-to-sourceFig. 11 shows waveforms produced when the stainless-steel
and drain-to-source voltages, obtained from a chopper t€gd is removed from the working coil. The quality factQr
circuit shown in Fig. 9. A single half-bridge circuit is usedof the resonant circuit is higher than 100 because of no load.
and the gate and source terminals of the upper module dfeerefore, this condition is similar to that of low-temperature
shorted out. Thus, the internal antiparalleled diddge acts plasma before it flames up. The wave shapegf has almost
as a freewheeling diode. Here, the dc-link voltage is 100 Vip surge voltage nor parasitic resonance. The inverter achieves
the frequency of the gate signal is set to 1 MHz, and #&20-10-ns rise and fall times and a power factor as high as 90%.
resistor is connected as a load. No surge voltage appeaggin  Fig. 12 shows waveforms under a load condition with the
during turn off because stray inductance around the modulesiainless-steel rod inserted into the working coil. The voltage
reduced. The fall time ofps is about 10 ns and the rise timeand current waveforms are similar to those produced during
is 20 ns. The rise time equals a time constant determined lby-temperature plasma flame up because the quality factor
the load resistance and output capacitance of the MOSFET? decreases to 40. Since the dc-link voltage and current are

T = RC,.. = 20% x 1010°F = 20", 300 V and 8.5 A, the dc input power of the inverter equals 2.5
kW. The waveform ofupg includes a surge voltage as low as
Accordingly, the MOSFET module provides turn-off switchind30 V due to the output capacitance of the MOSFET. The rise
as fast as 20 ns or less. and fall times are about 20 ns.

Figs. 11 and 12 are experimental waveforms of the inverterFig. 13 shows experimental waveforms in the case of a full-
output currents and the drain-to-source voltaggs obtained load condition. In order to demonstrate a stable operation of the
from the 2-MHz 6-kVA voltage-source series-resonant invertdeveloped inverter, a resistor as a load is connected in series
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Fig. 13.

Experimental waveforms in case of full-load condition.

Fig. 14. Low-temperature plasma before flaming up.

Fig. 15.

Low-temperature plasma during discharge.
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Figs. 14 and 15 are photographs of low-temperature plasma
generated by the prototype system. Fig. 14 was taken before
the plasma flames up. The argon gas was excited by the
high-frequency electromagnetic field. Fig. 15 was taken during
discharge.

VIILI.

This paper has dealt with a 2-MHz 6-kVA voltage-source
inverter developed for low-temperature plasma generators. It
is clarified that the back-to-back device layout using two
new low-profile MOSFET modules greatly reduces stray in-
ductance around the main circuit. This leads to damping of
parasitic resonance and to suppressing surge in the drain-to-
source voltage. Experimental results obtained from a prototype
low-temperature plasma generator verify effectiveness in the
new MOSFET modules and the proposed device layout.
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