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Abstract - AC corona discharge air ionizers have been used to neutralize the static electricity in inspection process for
preventing faulty operations of electronic circuits and/or devices. The neutralization performance that is a neutralizing
current density (Jw) and an electric field noise (Ew) depends on the operating conditions of air ionizers.

The equivalent circuit simulation method was proposed by using Simulation Program with Integrated Circuit Emphasis
(SPICE) to find out the optimal operating condition without stopping production lines. In the simulation, the ion generation
characteristic was simulated by a circuit composed of diodes and resistors. The transportation and accumulation of the ions
were simulated by resistors and capacitors. The annihilation of ions based on recombination was simulated by capacitors

and resistors.

In this study, we deal with the simulation for dependence on operating frequency of the neutralization performance of
an AC corona discharge air ionizer. The simulated results were in good agreement with the experimental results in the

frequency range from 2 to 25 Hz.

Keywords - Air ionizer, corona discharge, SPICE, simulation, neutralization performance, semiconductor

manufacturing

I. INTRODUCTION

In manufacturing processes of electronic devices,
static electricity could cause electrostatic induction that
lead to electrostatic attraction ESA of unwanted
particulate contaminants and/or electrostatic discharge
ESDJ[1-3], which influence the yield reduction. Moreover,
electrostatic induction and electrostatic discharge could
cause eclectromagnetic interference EMI that leads to
faulty operations in the inspection processes, which also
reduces the manufacturing yield of those electronic
devices[4,5].

The use of air ionizers is one of the effective solutions
against these problems[6-10]. An air ionizer generates
positive/negative ions to neutralize the undesired charges.
An AC corona discharge air ionizer is most widely used
among these air ionizers for manufacturing process of
electronic devices[11-14].

However, the AC corona discharge air ionizer has
negative side effects: In the air ionizer, high voltage
(several kV) is applied to a needle shaped emitter to
generate ions. The high voltage and/or generated ions
themselves generates an electric field noise which could
influence on the characteristics of the electronic devices
such as the faulty operation and reduction of the
manufacturing yield in the inspection process[2-4,15-18].
Consequently, it is required for air ionizers used in
inspection processes that the electric field Ew is low
enough. Also, high neutralizing current density Jy at the
work area is desirable for rapid static neutralization[14].

The performance of the air ionizer depends on operating
conditions such as a voltage applied to the emitter, an
operating frequency, an air flow speed and a distance
between the emitter and the work area. Therefore, the
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users of those air ionizers have to recognize the
relationship between those operating conditions and the
static neutralization performance so that they can use those
air ionizers in optimal conditions.

However, it takes a long time to check the relationship
and is required to stop the manufacturing line to decrease
the productivity. Furthermore, the damage of the emitter
and particle adhesion on the emitter tip change the ion
generation characteristics of the air ionizer as time
proceeds[19-22]. So we have to check periodically the
conditions of air ionizers. During the checking the ion
generation characteristics, the production lines have to be
stopped, which reduces the productivity as well.

It may be very effective and convenient if the computer
simulation can be applicable to estimate the relationship
between the neutralization performance and the operating
conditions by measuring only basic characteristic of an air
ionizer with stopping a production line for a short time.
Generally, a behavior of ions generated by an air ionizer
is calculated with Finite Element Method (FEM)[23-24].
However, the usage of FEM simulation are not enough
easy for beginners. Therefore, we try to build up a
simulation system to estimate a neutralization
performance by using the Simulation Program with
Integrated Circuit Emphasis (SPICE)[25] which is
familiar to electronics engineers.

In this study, we compare the results of simulation with
experimental observations on the frequency dependence
of the neutralizing current density Jy and the frequency
dependence of the electric field Ew generated by the
emitters and the ions.
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II. EQUIVALENT CIRCUIT MODEL

The positive and negative ions are generated by an AC
corona discharge air ionizer when the voltage applied to
the emitter Vx exceeds the corona inception voltage Ves.
The ions are transported to the work area by the air flow,
while being annihilated by recombination as shown in Fig.
1(a). The amount of the generated ion per unit time is
equivalent to the emitter current.

We propose an equivalent circuit for the ion generation
and the transportation of the air ionizer as shown in Fig.
1(b). In this figure, the top is the ion generation area. In
this research, we surveyed an estimation of the
neutralization performance, when the distance between
the emitters and the work area Dgw was varied in the range
of 0.3~0.7m because generally Dy is around 0.5 m in
inspection processes. The transportation area is divided
into 7 layers which are numbered as N;=1 (1st layer) at the
bottom and N;=7 (7th layer) at the top. The thickness of
each layer is assumed to be 0.1m. Therefore, the distance
between the emitter and the work area Dgy can be selected
in the range of 0.1-0.7m.The right-hand side denotes of the
equivalent circuit for the transportation area of positive
ions while the left-hand side denotes the one of negative
ions: The circuit current can flow, when the voltage across
the diodes Dpg, Dy exceed the threshold voltage Vr. The
ion generation characteristics are simulated by the
dynamic characteristics of diodes Dpg, Dyg and resistors
Rpi-Rp7, Rpc, Rni-Rn7, Rng, where Rpc (RNG) are the
resistance of positive (negative) ion generation layer and
Rpi-Rp7 (Rni-Ry;7) are the resistance of each transportation
layer for positive (negative) ions. In this circuit, the
threshold voltage V7 of the diode corresponds to the
corona inception voltage Vs of the air ionizer. The ions
accumulated in transportation layers as space charges are
represented by the charges stored in capacitors Cp;-Cp;,
Cyi-Cyy. The annihilation of ions due to recombination is
represented by resistors Rg;-Rg; connecting adjacent
positive and negative capacitors, Cp;-Cps, Cy;-Chy.

I1I. BASIC CHARACTERISTICS OF AIR IONIZER

In order to determine the circuit parameters of the
equivalent circuit shown in Fig. 1(b), the basic
characteristics of the corona discharge air ionizer, such as
the ion generation characteristic and the electric field noise
characteristic are examined.

A. lon generation characteristic

We investigated the relationship between the emitter
current and the emitter voltage because the amount of the
ions generated by the air ionizer per unit time is equivalent
to the emitter current. The measurements were performed
in the mini-environment having a sidewall made by acrylic
as shown in Fig.2. The work area is area of 1m X 1m which
is enough area to maintain the uniform air flow speed to a
printed circuit board. It is confirmed that the ion density
distribution and the air flow speed distribution are uniform

at less than 0.3m in a domain from the center of the
working area.

In this setup, the temperature and the relative humidity
are 20°C and 40% respectively and an air flow with a
speed of 0.3m/s was kept downwards.

In this setup, an air flow with a speed of 0.3m/s was kept
downwards. A corona discharge air ionizer was put on the
upper side of the work area. A metal plate of 500 X
500mm? which was insulated from the work area and was
grounded through an ammeter was equipped for
measuring the current at the work area. The amount of the
positive ions and the negative ions was measured as the
emitter current /gp, gy with changing the emitter voltage
Ve from 0 to +9.0kV and 0 to -9.0kV, respectively. Fig.3
shows the absolute value of Igp, Igv and Ig4 as a function
of the emitter voltage. The current /x4 means the average
of the absolute value of /g and Igy. In this figure, the
corona inception voltage is found to be 3.0 kV. The
typical operating voltage Vi is defined as 2.5 times of the
corona inception voltage Vs, namely Vg is defined as
7.5kV in this research. The current at Vg is 2400nA,
which is defined as the typical operating current /. It is to
be noted that the Iz - V& curve shown in Fig. 3 can be
modeled by an equivalent circuit consisting of a series
connection of a diode and a resistor.
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Fig. 1. Schematic model of ion transportation and equivalent
circuit model of AC corona discharge air ionizer.
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Fig. 2. Experimental setup using mini-environment
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B Electric field noise characteristic

The electric field noise from emitters (Ewg) was
measured using CPM[14] in the mini-environment as a
function of the emitter voltage Ve In order to avoid
influence of the electric field caused by the generated ions,
the measurement was carried out at an emitter voltage
lower than the corona inception voltage. Then, square
wave with voltage ranging from 0 to 6.0kVpp was applied
to the emitter. Fig 4 shows Ewz as a function of V. From
this figure, Ewe is found to be proportional to V.

IV. DEFINITION OF CIRCUIT PARAMETERS

In order to simulate the neutralization performance of
the AC air ionizer by using the equivalent circuit, we need
to determine the values of the following circuit
parameters:

1) Resistors: Rpi-Rp7, Rpg, Ryi-Rn7, Ryg
2) Capacitors: C p;-Cpz, Cni-Cuy,
3) Resistors: Rr/-Rg7.

We consider only the right-hand side of the equivalent

circuit as shown in Fig 5, because it is bisymmetry.

A. Resistors for ion transportation

The current-voltage characteristics of diodes are
associated with the relationship between the emitter
current /g4 and the emitter voltage V. The resistances of

4000

Rpi-Rp;, Rpg are determined from the ion generation
characteristics of the emitter. The static characteristic (Iss
- Vs) of the diode which was simulated on SPICE[25] is
shown in Fig.6. We define the threshold voltage V7, as the
voltage where the tangent line at the typical operating
current /;=2400nA crosses the voltage axis: It is evaluated
to be 1.42V in Fig.6. We further define the typical
operating voltage Vs=2.5Vr as the relation of Vgy=2.5Vcs
in the actual air ionizer shown in Fig. 3. From the static
characteristic in Fig. 6, Vg is evaluated to be 3.55V and
the diode voltage Vp for /) becomes 1.6V.

We consider that the I-V characteristics of the actual air
ionizer and the SPICE diode should be similar if the same
operating current of /p=2400nA flows at typical operating
voltages, Vg and Vs though the voltage values are
different. In the SPICE diode, it will be realized by
connecting a resistor Rpy in series to the diode. The resistor
Rpo has been divided into Rp;-Rp;, Rpg in the simulation
model shown in Fig. 5. Thus, Rpy is derived as follows:
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The resistance Rpp becomes 813k Q from equation (1).
Therefore, each resistance of the 8 resistors Rp;-Rp7, Rpc
is 102kQ if all of them have the same values.

The dynamic characteristic (Isp - Vs) of the diode with
resistance Rpy is shown in Fig.6. The simulated and
measured dynamic characteristics are shown in Fig.7. In
this figure, the voltage used for the simulation (V) is
converted to the equivalent emitter voltage (Vs) using

Ves
Ves = V_VS' = (2)
T

In this figure, Isp and /g4 are in good agreement around
the typical operating voltage (Vg = 7.5kV).

B. Capacitors for space charge

When the ions are transported downwards by the air
flow at a speed of Uy, the charge in each layer Q; is
expressed by the emitter current /p and the layer thickness
T as

Q=7T,. - (3)

Then the charge Q; becomes 800nC, when [, U, and T,
are 2400nA, 0.3m/s and 0.1m, respectively.

From the charge O, and the voltage across the capacitor,
we can determine the capacitance. The voltage across the
1st layer Vp, is related to Rp; as

Vb1 = IoRpy.-+ (4)

From Rp;=102kQ and 1y=2400nA discussed above, Vp,
is evaluated to be 0.245V. Then, the capacitance of the 1st
layer Cp; is determined as 3.27 pF according to the
following formula:

o == (5)

The capacitance of Cp; in Fig. 5 is inversely
proportional to N; because the charge Oy, in each capacitor

4000
3500 F

3000F

A [nA]

1,=2400nA

52500

3]
(=3
(=3
S

1500 F
1000
500F

Current Igp, I

0 2 4 6 8 10
Emitter Voltage Vg Vi [kV]

Fig. 7. Simulated (Zsp,Vzs) and experimental(/z4, V) results on
relationships between current and applied voltage.

Cpi-Cpy is constant and the voltages Vp;-Vp; applied to
each capacitor Cp;-Cp; is proportional to V.

C. Resistors for ion recombination

The positive and negative ions generated by the air
ionizers are annihilated due to the recombination in the
transportation process.

Assuming that the generated ions are transported to the
work area in #7 seconds, the ratio of the ion density at the
work area (ny) to that at the generation area (ng) is
approximated as[26]

2 exp(-2L )+ (6)

where 7 is relaxation time of the ions. The ratio np/ng is
obtained by measuring the ratio of the current at work area
I to that at generation area /.

The annihilation characteristics mentioned above are
simulated. Each layer is composed of the resistors related
to transportation area Rp;, Ry;, the resistor related to the
recombination Rg; and capacitors Cp, Cu; as shown in
Fig.8 (a). One side of each capacitor in each layer is
grounded and the other side is connected to the power line.
The equivalent circuit shown in Fig.8 (a) is simplified as
shown in Fig.8 (b). Positive and negative charges
accumulated in the capacitors Cp;, Cy; are annihilated
through the resistor Rp;. The current based on the
recombination /x; is expressed as

tr
Ip; = Ipo; exp(—?) = (7)

where Iry; is the current due to the recombination at the
initial state. The relaxation time 7 in equation (6), (7) is
expressed by

CpiRpi
= .- (8
T= @)
therefore, the resistance of Rg; is
2T
Rpy=—.---(9
Ri CPi ( )
Ry;
0o ral
ONi RE; hi
lell R% -
Ci Gy

(2) (b)

Fig. 8. Equivalent circuit of each layer.
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It has been reported that a ratio I/ is 0.12 when the
air ionizer is operated under the condition that the
frequency £, the applied voltage Vg, the air flow speed U,
the distance between emitters and the work area Dy are
10Hz, 15kVpp, 0.3m/s, 0.3m, respectively[27]. The ratio
I/l is expressed as

Ly 1.0
—= exp(—T) =0.12---(10)

because the flight time of the ions is 1.0s under the
operating condition mentioned above. Then, the relaxation
time t is obtained as 0.47s. The resistance of Rg;, that is
resistance in the 1st layer (NV;=1), is obtained as 0.29MQ
by substituting 0.47s and 3.27uF for r and Cp; in equation
).

The resistance of Rp; is proportional to N;, because the
relaxation time 7 of the recombination in each layer is
constant and is the product of Rz; and Cp; which is
inversely proportional to N;.

D. Equivalent circuit on SPICE

From above considerations, we finish building up the
equivalent circuit for 10Hz on SPICE with putting the
obtained parameters as shown in Fig.9.

The equivalent circuits corresponding to the other
frequencies were designed to simulate the frequency
dependence of the performance of the air ionizer. The
resistors (RP1-RP7, RPG, RN1-RN7, RNG) and the
capacitors (C P1-CP7, CN1-CN7) are independent of an
operating frequency. The resistors (RRI-RR7) are
determined by following the process shown in the chapter
“C. Resistors for ion recombination”.

V. SIMULATION FOR NEUTRALIZATION
PERFORMANCE

The equivalent circuit shown in Fig.9 was set on SPICE.
The frequency dependence of the neutralizing current
density Js and the electric field Esy at the work area were
simulated under the following operating conditions:

1) Operating current /) = =2400nA (square pulse),

2) Air flow speed U,=0.3m/s,

3) Distance between the emitters and the work area Dgy
=0.5m,

4) Frequency range /= 2-25Hz.

The neutralizing current density Js» was obtained from
the current flowing through the resistor Rp3;, because 3rd
layer is the typical layer which is corresponding to 0.5m
of a distance between the emitter and the work area Dgy
in the mini-environment. The frequency dependence of the
neutralizing current densities Jsy is shown in Fig. 10.

Electric field at the work area Egsw is composed of Eyy
that is an electric field from the ions in the transportation
area and Eyg that is an electric field from the emitter. The
electric field from the emitter Eyr was extrapolated from
the relationship shown in Fig.4, and was 3.0kVpp/m.

On the other hand, Ey; was simulated by following
procedure. First, voltages Vp;, Va; applied to capacitors in
each layer Cp;, Cy; were obtained. Then the positive and
negative charges in each layer Op;, On; were calculated by
the relationships between the voltages Vp, Vv and
capacitances of Cp;, Cy;, then the total charges in each
layer Q;; were obtained by the sum of the positive and
negative charges for each layer. Finally, the downward
electric field Epw; generated by Qy; was obtained, and also
Ewrwas obtained from following equation:

Eunr = ZEDWL -(11)

The waveform and the peak to peak value of the electric
fields Esw are shown in Fig. 11 and Fig. 12, respectively.

In order to find out the optimum operating frequency,
we use the ratio of the neutralizing current density Jsw to
the electric field Esw[14], because a high current density
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and a low electric field are required for practical use in
inspection process of electronic products. The ratio
Jsw/Esw is shown in Fig. 13. The ratio increases with
increasing in the low frequency region and shows
maximum value around 10Hz.

VI. VALIDITY EVALUATION OF SIMULATION

The validity of the simulation is verified by comparing
the simulated results with the experimental results. The
frequency dependence of the performance has measured
under the following conditions[28]:

1) Emitter voltage Ve =15kVpp
2) Air flow speed U4 = 0.3m/s,
3) Distance between the emitters and the work area Dy
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Fig.11. Waveform of electric field at work area, Egy: simulated
result, Ey: measured result.
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4) Operating frequency range /= 2-25Hz.

The neutralizing current densities Jsw, Jiw, the electric
fields Esw, Ew and the ratios Jsy/Esw, Jw/Ew are shown in
Fig. 10, 11, 12, 13. In these figures, the simulated results
Jsw, Esw, Jsp/Esw and the measured results Jy, Ew, Jw/Ew
are normalized by each maximum value.

The frequency dependence of the neutralizing current
densities (Jsw, Jw) is shown in Fig. 10. Both Jgy and Jy are
decreased with increasing the frequency. The waveforms
of the electric field are shown in Fig.11. In this figure, the
air ionizer is operated with frequencies of 2, 10 and 25Hz.
The simulated waveforms closely resemble the measured
waveforms. The peak to peak value of the waveform was
plotted in Fig. 12. The differences of the electric field
between the simulated results and the measured results are
less than 20%. The frequency dependences of the ratio
Jsw/Esw, Jw/Ew are shown in Fig. 13. The ratios show the
peak value around 10Hz.

In these results, the simulated results Jsw, Esw, Jsw/Esw
are in good agreement with the measured results Jy, Ew,
Jw/Ew.
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VII. CONCLUSION

An equivalent circuit simulation method was proposed
for estimating a neutralization performance of AC corona
discharge air ionizer. The validity of the simulation was
verified by comparing the simulated results with the
experimental results in the frequency range is of 2-25Hz
which is the typical frequency range for conventional
pulsed AC ionizers. The results are summarized as
follows:

(1) Abrupt increase of the ion current around the corona
inception voltage can be simulated by characteristics of
diodes in the equivalent circuit.

(2) The ion current from the air ionizer to the work area
can be simulated by current flowing through the resistors
in the transportation area of the equivalent circuit.

(3) The recombination of the positive/negative ions in
the transportation area can be simulated using the transient
phenomena in CR net-work circuit.

(4) The simulated waveforms of the electric field
closely resemble the observed waveforms.

(5) The simulated result of the frequency dependences
of the ratio of the current to electric field is in good
agreement with the experimental result.

From above results, the simulation using SPICE can be
applicable to estimate the relationship between the
neutralization performance and the operating conditions
by measuring only basic characteristic of an air ionizer
without stopping a production line.

In this paper, we investigated the frequency dependence
of the neutralization performance as one of the operating
conditions. We will investigate the wvalidity of the
simulation for the other operating conditions.
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