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ABSTRACT 

A sub-1V ion balance in the tightly ionized environment raises the 
requirement of the partial surfaces ion balance analysis. According to ANSI/ESD 
STM3.1-2014, the ion balance is defined by the resultant of voltage on standard 
charged plate with the floated 15 cm×15 cm square shape conductive exposure 
surface. The size of this plate does not suit with the present devices which are 
very much smaller than the standard charged plate. Therefore, this research aims 
to develop the partial surfaces ion balance analyzer using the multi-plate sensor. 
The finite element analysis of shape and size of the receiving plates which could 
affect the precision of ion balance measurement has been done. The results can 
be used for selecting the suitable plate for improving the measurement 
resolution. Then, the analysis revealed that the measurement resolution could be 
proportionally increased with the number of partial segments. Furthermore, the 
minimum partial segment number of the circular and square shape plates are 9-
segment and 16-segment, respectively. Eventually, the proposed analyzer was 
designed by using the 25-segment square plates with the ultra-high input 
impedance charge induced meter to measure the electrostatic potential on the 
multi-plate sensor. The embedded microcontroller processes the multi-channel 
analogue signals synchronously, then presents the results in a graphical display. 
The inverse distance weighting interpolation enables the higher resolution results 
beyond the physically data from the multi-plate sensor. This developed analyzer 
is suitable for ion balance measurement in the electrostatic controlled areas 
where the small footprint devices such as an integrated circuit, or the head 
gimbals assembly of a hard disk drive are placing. 
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CHAPTER 1 

 

INTRODUCTION 

 

This chapter introduces the background of electrostatic discharge 

problem and the use of ionizer to eliminate the electrostatic charges. Then, the 

literature review and problem statement are reviewed. These are important 

guides to describe the reasonable gap of research of this thesis. Finally, the left 

of this chapter briefly describes the thesis overview which contains the five 

works [A1-A5]. These works are the steps to meet the development objectives 

based on measurable boundaries to be described in the next chapter. 

 
1.1 Background 

 
 

The electrostatic is a physical phenomenon related to the 

interaction between stationary electric charges or charge distributions in a finite 

space with stationary boundaries [1].  Electrostatic field is an electric field which 

is produced by static electric charges [1-5]. These static charges are stating in the 

sense of amount charges which are constant in time and positions in space. The 

electrostatic field and the electrostatic force have been observed a long time ago. 

Since the ancient Greeks found a strange property of amber that attracts small 

and light pieces of matter in its vicinity certain conditions [1], this phenomenon 

has been studied and explained as an effect of the electrostatic field.  

An electrostatic charge could be built up on the object surface by 

the tribocharging, electrostatic field inducing, ion collecting, or direct charging.  

When the differently-charged objects are brought close or contacted together, the 

electric current will rapidly flow between these objects. This event is called 
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“electrostatic discharge (ESD).” The ESD event could be caused by contacting, 

electrically bridging, or dielectric breakdown.  It became a problem in the 

electronics industry since 1970s [6], and caused device failures, manufacturing 

yield losses and system interference.  After this phenomenon was understood, 

devices were designed to improve the robustness and processes were designed 

to improve the device handling capability.  

In general, the ground connecting is a method for ESD protection. 

However, it is less effective for eliminating the static charges from the insulative 

surfaces or isolated conductive materials. The air ionization is a widely used 

technique for eliminating the electrostatic charges from the insulator surfaces, 

the particles or the tiny conductive objects which are unable to apply the ground 

wiring.  Ionizers are the most necessary equipment to eliminate the unnecessary 

electrostatic charges in the production line of electrostatic discharge sensitive 

(ESDS) devices. The ionizer performance is determined in two parameters: ion 

balance and decay time. The ion balance is defined by the resultant of voltage on 

a floated 15 cm×15 cm conductive surface. The appearance of that voltage is 

caused by an accumulation of charges when the surface is exposed to the electric 

field. The decay time is the time duration which is necessary for the ionizer to 

neutralize the charges on the floating plate from an initial voltage to the desired 

stop voltage. Typically, +/-1000 V is for the initial voltage and +/-100V is for 

the ended voltage.  

Since the smaller plate reports an ion balance voltage result less 

than a larger plate [21], the ion balance measured by the 15 cm×15 cm surface 

is insufficient resolution for many electronics manufacturers, which are working 

on tiny devices such as the magneto resistive heads. They might concern to the 

precision of ion balance measurement because the actual devices are much 

smaller than the measurement plate.  
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This insufficient measurement also has been mentioned in [22].  

Maintaining of sub-1V ion balance in the tight ionized environment raises the 

requirement of a precise ion balance analysis and recommends the miniaturized 

sensor to measure the ion balance of an ionizer. Then the miniaturized ion 

balance analyzers were launched to serve the sub-1V measurement such as the 

ionizer controller of US patent US 7,522,402 B2 [23] and biased-plate monitor 

[24].  However, these analyzers do not characterize the ion balance on the whole 

area as the conventional plate measurement. Their results are given in a single 

point at a time. They are still insufficient, because the ion distribution in the 

transport region depends many factors according to the electrohydrodynamics 

theory investigated by the Ohsawa’s ionizer models [10-13]. These 

investigations explained that ions have particularly distribution characteristic 

which depends on the air velocity, ion mobility, diffusion, and ion-ion 

recombination factors.   

To correct this insufficiency, the measurement based on multiple 

ion receiving plates is required for characterizing the ion balance on the surface 

to be neutralized. These multiple plates should be synchronously measured, and 

provide the mapping result likes surface potential measurement (SPM), and the 

wafer surface charge monitor (CHARM). These are conventional tools used in 

the wafer fabrication processes to characterize the charges built up on the wafer 

surface [17-20].  

Therefore, this thesis aimed to develop a partial surface ion balance 

analyzer by using the multi-plate sensor which could measure the ion balance on 

the multiple segment plates synchronously, and illustrate the fine-grained results 

like the CHARM. Moreover, the data interpolation was used to estimate values 

at points within the range of the measured points. This interpolation enhanced 

the resolution of the ion balance distribution on the surface to be neutralized.  
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1.2 Literature Review 
 

To describe how the ionizer works and the reason of insufficiency, 

this section reviews the related theory, ionizer and ion balance, standard test 

method of ion balance measurement, and the related works which are 

conventional system for characterizing the charges on the wafer processes.     

       
1.2.1 Electrohydrodynamics Theory 

The ionization is explained by the electrohydrodynamics theory 

(EHD) which consists of electrostatic and fluid dynamic theories. EHD is the 

dynamics of electrical charged fluids. It is the study of the motions of ionized 

particles or molecules and their interactions with electrostatic field and the 

surrounding fluid [7]. The phenomena of corona discharge associated with the 

ion drift from emitter towards the collector electrodes. The corona discharge 

occurs while the voltage is increased above a critical inception voltage (CIV), 

and a visual corona will appear as the first evidence of stress in the air [8].  It will 

be sparking between the electrodes if the electric field with a voltage exceeds the 

air breakdown level. The ratio between the air gap and the radius of the wire is 

important because a critical value exists where a spark that bridges the electrodes 

can occur before the corona discharge phenomenon appears [9]. The Peek’s 

breakdown criterion [8] is used to calculate the CIV as   

)ln(
r
drECIV i= ,        (1.1) 

where  

)1(0 r
EEi

γδ += ,                                           (1.2) 

when  Ei Electric field strength to produce corona discharge (V/m) 

https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Electric_field


5 

 

E0 Electric field strength to break down air, 3.37×105 V/m for 

positive ion and 3.10×105 V/m negative ion 

γ Peek’s value from table [8], 0.0301 m  

r Radius of corona electrode (m) 

d Distance between positive and negative electrodes (m) 

δ Air density factor, where 

)(273
)(92.3

Cetemperatur
cmcpressurebarometiri

+
×

=δ . 

Then, the ion density at the source n described on [10] can be 

expressed as 

          





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0

c

cc

VV

VVVV
edn
πε

        (1.3) 

where  Vc is CIV calculated by (1.1),  n is ion density, e is an elementary charge 

and 0ε  is the permittivity of free space. 

The motions of positive ion np and negative ion nn depend on the 

air velocity which could be described by the continuity equations [10-13] as   

,)( 2 PositivennnDn
t

n
nppppp

p β−=∇−⋅∇+
∂

∂
u   (1.4) 

,)( 2 NegativennnDn
t

n
npnnnn

n β−=∇−⋅∇+
∂
∂ u   (1.5) 

where up and un are air velocities consisting of positive and negative ion 

mobilities, Dp and Dn are positive and negative ion diffusion coefficients, and β 

is the ion-ion recombination coefficient.   
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Then, ion balance can be described by the electrostatic potential V 

which depends on positive ion density np and negative ion density nn as 

     
0

2 )(
ε

np nne
V

−−
=∇ .                                             (1.6) 

The electric potential of (1.6) can be used to obtain the electric 

field E as 

V−∇=E .                                                        (1.7) 

The volume charge ρv depends on the elementary charge e and the 

balance of positive ion density np and negative ion density nn. Then, we can 

obtain the Poisson’s equation (1.6) as 

0

2

ε
ρvV −=∇ .                                                       (1.8) 

The ion charges are accelerated by the Coulomb force and move 

towards the object to be neutralized. This charge drift creates an electric current 

density [14] which can be defined as 

vvvE D ρρρµ ∇−+= uEJ ,     (1.9) 

where Eµ is ion mobility, D is a diffusion coefficient and u is air velocity field. 

The first term of right hand side is the electric current caused by 

the drift velocity, the second term is the current convection caused a system 

volume velocity, and the third term is diffusion current which depends on the 

differential of the amount of charge in each volume. This means the ion current 

comprises of three currents: drift, convection and diffusion currents.  
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1.2.2 Ionizer and Ion Balance Measurement 

The ionizers are the equipment used for removing the undesirable 

electrostatic charges. They provide either positive or negative air ions to 

neutralize the electrostatic charges on the insulative surface or a tiny object. The 

typical corona ionizers generate the ions by collisions between neutral molecules 

and electrons which are accelerated by an electric field which exceeds the 

inception level described by the electrohydrodynamics theory [10]. They could 

be the bipolar DC, AC, or pulse-DC ionizers, with or without an air-blower, 

depend on the applications.  

The ion balance is defined by the electrostatic potential V on the 

plate caused by an accumulation of positive and negative ions described in (1.6). 

This electrostatic potential can be expressed by the ratio of the amount of charge 

Q which has accumulated on that plate with capacitance C as 

C
QV = .                                                            (1.10) 

Assume charge on the ion receiving surface and electrostatic field 

are uniformly distributed, then the amount charge Q can be defined as   

AQ Sρ= ,                                                          (1.11) 

where the Sρ  is the density of charge on the ion receiving surface A.  

This charge density is the ion balance term of (1.6) which can be 
defined as 

 )( npS nne −=ρ .                                                   (1.12) 

By the substitution (1.11) and (1.12) to (1.10), the electrostatic 

potential on the ion receiving plate VP can be expressed as 
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C

Anne
V np

P

)( −
= .                                                (1.13) 

Thus, the electrostatic potential on the plate proportionally 
depends on the receiving surface area and the ion balance.   

 
1.2.3 Standard Test Method of Ion Balance Measurement 

In order to characterize the ionizer, ANSI/ESD STM3.1-2015 [15] 

and IEC 61340-4-7 [16] constitute a standard test method (STM) for evaluation 

and selection of ionizers. The STM defines ion balance and decay time 

measurements as follows. 

The STM defines the ion balance as electrostatic potential 

appeared on the 15 cm×15 cm square shape conductive plate with 20 pF 

capacitance as shown in Fig.1, called charged plate monitor (CPM). A non-

contact voltmeter is used for measuring the voltage on the floated conductive 

plate. If a CPM is placed in an ionized environment, the ion balance is 

determined by the recording of voltage on the plate that is induced by an electric 

field during one minute. 

        

 

Figure 1. ANSI/ESD STM3.1 charged plate monitor apparatus. 
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The DC voltage power supply is used to simulate the charge on the 

plate for characterizing the rate of neutralization called discharge time or decay 

time. The STM recommends the discharge timer to capture the decay time, which 

is initiated at 1000 V then ends the capturing when the plate voltage is decreased 

to 100 V. The decay time test needs to perform with the both positive and 

negative polarities. 

 
1.2.4 Ion Balance Measurement In Wafer Fabrication Process      

The ion balance in a closed chamber of the wafer fabricates 

processes also needs the air ionization to neutralize the charges that are built up 

on the wafer surfaces. The paper [17] reports the 2-D measurement of the 

charged particles diffusing from the DC corona ionizer operated in air and 

nitrogen atmosphere. The measurement has been done by using the small 

movable probe to monitor a surface voltage on the silicon wafer downstream of 

the DC corona ionizer. Thus, the wafer fabricates processes need a small array 

sensor to characterize the charges which are built up on the wafer surface.  

To characterize the electrostatic potential of the wafer surface, the 

surface potential measurement is developed for characterizing the electrostatic 

potential on the wafer surface. The SPM is a family of micro electrochemical 

imaging and spectroscopy techniques based on the scanning of a physical sensing 

probe over the surface of the sample under test likes an atomic force microscopy 

(AFM). The SPM result is the mapping of the electrostatic potential on the wafer 

surface under test. It has been widely used in mapping surface potential 

distribution at the micrometre scale. The surface potential image from SPM is 

finer than CHARM but coarser than AFM. 

A wafer surface charge monitor (CHARM) has been developed for 

measuring the charges that are built up on the wafer surface [17]. It comprises of 
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many EEPROM transistors which are collecting the charges on the exposed gate 

area of transistors. It is a fabricated wafer which provides electrical contacts to 

source and drain circuit for reading and erasing. The latest development of the 

CHARM system is the CHARM-2 system which is modular and capable of 1 

mm spatial resolution [19]. The result from CHARM-2 wafer can be mapped to 

the wafer as shown in Fig. 2. This is an example of the surface potential mapping 

results imaged the top view of the 15 cm CHRAM-2 wafer. The value of each 

segment is the peak potential read from each floating gate transistor.  

CHARM and SPM are used in the different purposes. CHARM is 

used for characterizing the process, but SPM is used for characterizing the 

product (wafer). Then, the work [20] compared the surface potential mapping 

between the SPM image of the 1000Å thermal oxide wafer and the CHARM-2 

data taken from the same process. The results proved that SPM and CHARM-2 

data can be correlated for single plasma charging step process. However, SPM 

can explain only the last event of the wafer surface that may not correlate to 

device damage results. 

 

Figure 2. The surface potential mapping read from the CHARM-2 wafer. 
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On the other hand, CHARM-2 is able to record the charging 

current to identify the charging source and evaluate the potential damage in the 

multiple processes characterization. These systems are used in wafer processes 

such as ion implanters, resist ashers, polysilicon etchers, metal etchers, oxide 

etchers, sputter cleaners, oxide depositions and metal depositions. 

 
1.3 Problem Statement 
 

The size of CPM was selected because it was similar to a typical 

silicon wafer at the time of drafting the standard in the late 1980s [21]. In the 

current situation, the electronics manufacturers that produce a miniaturized 

devices such as an integrated circuit or magneto resistive head. These devices 

are sensitive to ESD damage at low voltage levels, so the ionizer balance must 

be less than ±1V or even better. The sub-1V ion balance environment requires 

the sufficient resolution and accuracy to measure ionizer balance [22]. The 

standard CPM has insufficient resolution in ion balance measurement, because 

the measurement plate is larger than the devices to be treated.  

The small size ion balance analyzers have been launched to serve 

that requirement such as the ionizer controller on US patent number US 

7,522,402 B2 [23] and biased-plate monitor [24]. However, their results are 

reported in the single point at a time, and they could not measure the ion balance 

of the 15 cm× 15 cm area to satisfy the STM’s requirement. 

The electrostatic potential measurement using the multiple plates 

was simulated on [A1] and revealed that the measurement resolution could be 

enhanced by this concept. Then the concept had been validated by the study on 

[A2, A3]. The 25-segment conductive plates were exposed under ionized air and 

measured the electrostatic potential by the high resistance electrostatic voltmeter. 

The fine-grained levels over the conductive plates had been indicated and proved 

that concept. However, the results were regulatory measured in the different 
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times. This could not be explaining the right pattern of the ion balance 

distribution along the 15 cm×15 cm surface. 

1.4 Gap of Research 
 

From the insufficient measurement of prior arts, this research aims 

to develop a partial surface ion balance analyzer using the multi-plate sensing 

technique which could measure the ion balance on the multiple segment plates 

synchronously. 

 
(a) 

 
(b) 

 
(c) 

Figure 3. The illustrations of electrostatic potential and electrostatic 

flux uniformity changes due to ion balance measurement plates. 

a) A normal uniformity of electric potential and flux. 

b) A uniformity deformed after measured by the CPM.  

c) The partial surfaces to correct the uniformity deformation.  
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To minimize the number of prototypes and experiments, the finite 

element analysis (FEA) of electrostatic modeling is used to validate the topology 

selection and optimization of the reasonable number of segments, shape, and size 

of the multi-plate sensor.  

Moreover, the interpolation is used to construct the approximated 

data points within the range of measured data points for enhancing the resolution 

beyond the physical measurement. The interpolated results could estimate the 

ion balance on the surface to be neutralized like the estimation of the spatial 

distribution within the focal area such as the climate change, rainfall mapping or 

the distribution of pollution levels. Furthermore, the measurement results from 

this analyzer can image the ion balance distribution such as contour and surface 

plots as shown in Fig. 3. 

 
1.5 Thesis Overview 

 
The thesis was developed in four key processes: conceptual design, 

feasibility study, detail design and prototype design as shown in Fig. 4. The 

problem statement and literature review provided the gap of research that the 

standard CPM with the 15 cm×15 cm plate size has limitation in the ion balance 

measurement resolution. This motivated the conceptual design partial surface ion 

balance analyzer using the multi-plate sensing technique as follows. 

The conceptual design was validated by feasibility studies [A1-

A3]. The computational simulation [A1] proved that the ion balance 

measurement resolution could be enhanced by partial surfaces analysis. The FEA 

results indicated the fine-grained levels while the segment number of partial 

surface were increasing. However, these FEA results needed the field 

measurement to validate these results as tangible. 
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Figure 4. The development methodologies and research papers mapping. 

 

Then, the partial measurement [A2] has been evaluated by using 

the 2.54 cm×2.54 cm plate to measure the ion balance from ionizer on the planar 

surface at the same area as the standard CPM placement. The experimental 

results indicated the spatial variation of ion balance levels on each location. 

These variation were moving around -0.5 V, ±0.3 V and ±0.5 V while the ionizer 

balance was adjusted at -1.0 V, 0.0 V and +1.0 V, respectively. At this point, the 

partial measurement results proved that ion balance measured by the standard 

CPM is losing the fine-grained levels on that planar surface because the given 

result is the summation of all ions which are collected from the whole surface.  

The relationship between the ion balances measured by the 

standard CPM and the partial surfaces plate has been investigated in the 

feasibility study [A3].  This study revealed that the average ion balance from all 

segments of the partial surfaces plate correlated to the standard CPM result.  

At this point, the feasibility studies results from [A1-A3] have been 

proved that the ion balance measurement resolution can be enhanced by the 

partial surfaces method as tangible, and correlated to standard CPM. However, 
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these results did not suggest the suitable shape, and the segment number of plates 

which are met the minimum acceptation described by the measurement error 

approximation.      

The shape and the segment number of partial surface plates have 

been investigated by the detail design [A4]. The FEA which was the same as 

method in [A1] was used to model various plates in the both square and circular 

shapes. The potential distributions from each model was further analyzed by the 

SLR to provide the qualitative results of the approximated measurement error. 

The results concluded that the finer segment plates provided the finer-grained 

results and the minimum acceptance was 9-segment for the circular plates and 

16-segment for the square plates. At this point, the selection of the suitable shape 

and the segment number have been made with the 25-segment square plates. This 

selection was based on the minimum acceptance and the fabrication technology 

which could be done at the laboratory level.  

Finally, the laboratory prototype of the partial surface ion balance 

analyzer has been built, demonstrated, and reported in [A5]. This prototype 

analyzer was developed based on the suitable plate selecting in [A4]. However, 

the proposed design provided the discrete results individually, based on the 

physical plate segments. These discrete results need the data interpolation to 

construct the new data points between these discrete results for the resolution 

enhancement beyond the physical measurement. Then, the IDW interpolation 

has been implemented and demonstrated in the data interpolation mode.   

 



 

CHAPTER 2 

 

OBJECTIVES 

 

From the research gap mentioned in the previous chapter, the key 

processes including conceptual design, feasibility study, detail design, and 

prototype design are needed to develop the partial surface ion balance analyzer 

for the higher measurement resolution. The objectives and the scopes of each 

key process are given as follows. 

 
2.1 Development Objectives 
 

 The thesis aims to develop the new ion balance analyzer which 

can improve the ion balance measurement resolution. The development 

objectives are settled corresponding to the key processes as the objectives 

mapping shown in Fig. 5. The objective descriptions are listed items below: 

2.1.1 To perform FEA of electrostatic potential characteristics of the partial 

planar surfaces in the ionized environment. 

2.1.2 To perform the feasibility study of the partial surfaces ion balance 

measurement based on the field evaluation. 

2.1.3 To perform the side effects study of the segment number, size and 

shape of the multi-plate sensor for the partial surfaces ion balance 

analyzer.    

2.1.4 To develop the prototype of a partial surfaces ion balance analyzer for 

improving the ion balance measurement resolution. 
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Figure 5. The key development processes and the objectives mapping. 

 
2.2 Development Scopes 

 
The suitable shape, and the segment number of the multi-plate 

sensor are the objectives based on the measurement error approximation. The 

development scopes are aligned with the development boundaries listed and 

summarized in Table 1. 

2.2.1 The FEA results should validate the possibility of measurement 

resolution increasing by the partial surfaces ion balance measurement 

method.  

2.2.2 The evaluation results should be based on the physical plate 

measurement, and validate the FEA result as tangible. The field 

evaluation should also prove the correlation with STM result. 

2.2.3 The segment number and shape of the new ion receiving plates should 

be analyzed and approximated measurement errors qualitatively.  

2.2.4 The laboratory prototype of a partial surfaces ion balance analyzer 

should demonstrate with the improvement of measurement resolution, 

and image the ion balance distribution on 15 cm×15 cm planar surface 

as in the CHARM-2 data mapping.  
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Table 1. The mapping of development objectives and development scopes. 

Development Objectives Development Scopes 

To select the topology 

 

• Validating the possibility of measurement 

resolution enhancement by a partial surfaces 

technique using FEA. 

To validate the concept 

 

• Validating the FEA result as tangible. 

• Proving the correlation with STM. 

To finalize the proposals 

 

• Selecting the suitable number of plates, size, 

and shape by considering the measurement 

error approximation. 

To build the prototype • Demonstrating the laboratory prototype 

analyzer. 

• Imaging the ion balance distribution on the 15 

cm×15 cm planar surface. 

 

 
Figure 6. The conceptual diagram of the partial surfaces ion balance analyzer. 
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2.3 Feasibility Study 
 

From the development objectives and scopes, the thesis aims to 

create the new ion balance analyzer by dividing the 15 cm×15 cm plate into the 

small array segments. These segments are independently buffered by the ultra-

high impedance amplifiers as the charged induced meter [8, 25-29] with the 

synchronously sampled-hold measurement as shown in Fig. 6. Then, the ion 

balance distribution is imaged as in the CHARM-2 system.  

The feasibility study contains two parts: computer simulation, and 

field measurement evaluation. The computer simulation aims to simulate the 

electrostatic potential uniformity change caused by the placement of the ion 

balance measurement plate. In addition, the results could be exported for the 

statistical analysis for estimating the errors and providing the qualitative results 

in the detail design process. The field measurement evaluation aims to validate 

the computer simulation results practically, and compare with the STM result to 

describe the correlation. This research had done one computer simulation and 

two field measurement evaluations in this feasibility study step. 

 
2.3.1 3-D Computational Simulations of Electrostatic Potential in Partial 

Surfaces towards the Precision of Ion Balance Analysis 

The work [A1] aims to simulate the electrostatic potential 

uniformity that has been changed by the placing of various measurement plates. 

The modeling is guided by the study of ionized fields in DC electrostatic 

precipitator in [30].  In addition, the partial surfaces that are divided from the 

conventional plate into 4, 9 and 16 segments are analyzed for validating the 

feasibility of measurement error reduction by the partial surfaces ion balance 

analysis. 
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2.3.2 Partial Measurement of Planar Surface Ion Balance Analysis 

To validate the computer simulation [A1], the work [A2] evaluated 

the partial surface ion balance measurement on the 15 cm×15 cm square planar 

surface by the miniaturized 2.54 cm×2.54 cm charged plate, which was ordinary 

arranged as the same area as the standard charged plate measurement. The partial 

results were imaged by the surface plots to express the ion balance distribution 

along the 15 cm×15 cm planar square shape surface which was neutralized by 

the ionized air from the DC corona ionizer. 

 
2.3.3 A Feasibility Study of Ion Balance Measurement by Partial Surfaces 

The work [A3] aims to study the feasibility of the resolution 

enhancement by the partial surfaces technique which is described in [A1-A2]. 

The 25-segment partial surfaces have been assembled over the 15 cm×15 cm on 

the insulative base. It is exposed below the DC corona ionizer which is used as 

the adjustable ion source. The apparent voltage on each plate is measured by the 

high impedance electrostatic voltmeter. The experimental results would be 

tangible validation of the partial surfaces measurement topology. 

 
2.4 Detail Design 
 

The detail design aims to understand the side effects of the segment 

number, size and shape of the multi-plate sensor.  The work [A4] analyzed the 

multiple plates using the FEA and the statistical method to define the change of 

the electrostatic potential in the quantitative results. The simple linear regression 

(SLR) is used to compare and approximate the gain and offset error with the 

goodness of fit to prove the confidence level of the linear regression results. 

Furthermore, circular and square plates are modeled and compared for 

investigating the curvature effect. 
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2.5 Prototype Design 
 

The work [A5] aims to report a new ion balance measurement 

method using the multi-plate sensor, which could measure the ion balance on the 

multiple segment plates synchronously, and to illustrate the fine-grained results. 

Moreover, IDW interpolation was used to estimate values at the unknown data 

points within the range of the measured points. This interpolation enhanced the 

resolution of the ion balance distribution on the surface to be measured. 



 

CHAPTER 3 

 

RESULTS AN DISCUSSIONS 

 

This chapter summarized and discussed the results of papers [A1-

A5] which had described the feasibility study, detail design and the prototype 

design in the previous chapter. These results are discussed at the end of the 

chapter and concluded in the next chapter.  

 
3.1 The Feasibility Study Results 
 

Three steps of feasibility study has been perform to support the 

conceptual design from simulation to real measurement. Firstly, the computer 

simulation [A1] of the partial surfaces measurement has been done to compare 

the fine-grained level of electrostatic potentials on the multiple conductive 

plates. Then, the field measurement [A2] has been performed by using the 

miniaturized 2.54 cm×2.54 cm standard charged plate analyzer to measure the 

ion balance from the DC corona ionizer which was installed over the non-

obstructive workstation. Finally, the 25-segment receiving plates have been 

developed by 25 pieces of aluminium sheets [A3] to measure the ion balance in 

the same condition as [A2]. The detailed results of each step are as follows.  

The computer simulation [A1] explains the electrostatic field in 

free space could change when the conductive plates were placed in the simulated 

electrostatic field. Fig. 7 images the electrostatic potential in free space caused 

by ground and source electrodes. The red tip is the highest electrostatic potential 

at the source electrode. The blue tip is the lowest electrostatic potential at the 

ground electrode. The colour legend is unit in volt (V).   
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Figure 7. The 2-D surface, contour and isosurface of electrostatic potential plots 
from the free space model without the measurement plate. 

 
The 15 cm×15 cm conductive plate model shows the rough-

grained result as the single yard between the electrodes as shown in Fig. 8. Then, 

the grain of images are finer after replacing the single 15 cm×15 cm conductive 

plate by 4-segment, 9-segment and 16-segment plates. Fig.9 images the 

electrostatic potential from the 16-segment plate model which expresses the 

finer-grained result, improved from the single plate model result in Fig. 8.  

 

Figure 8. The 2-D surface, contour and isosurface of electrostatic potential 
plots from the 15 cm×15 cm conductive plate measurement model. 
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Figure 9. The 2-D surface, contour and isosurface of electrostatic potential plots 
from the 16-segment conductive plate measurement model. 

 
To validate the simulation in [A1], the partial measurement [A2] 

has been evaluated by using the standard CPM to measure the ion balance from 

the DC corona ionizer which was installed over the non-obstructive workstation 

with a grounded surface. Then, the 36-segment partial surface measurement was 

performed by using the 2.54 cm×2.54 cm plate ordinary arranged over the 

standard CPM as shown in Fig. 10. 

 
Figure 10. The 36-segment partial measurement point arranging on the planar 

surface; (a) The standard charged plate, and (b) the 2.54 cm×2.54 cm plate. 

(b) 

(a) 
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The evaluation results were reported in the six rows and six 

columns with the x-y axis intersections with the unit in inch. The ion balance 

distributions have been analyzed and imaged by the wireframe plot with the 

50×50 mesh interpolation using distance method by MiniTab [31]. The 

evaluation revealed that the partial measurement could indicate the various 

results of the ion balance on each plate. The measurement results were closing 

to the ionizer adjusted point which was measured by the standard CPM as the 

reference. For example, the ion balance distribution image in Fig. 11 expressed 

the fine-grained levels which vary around ±0.3V from the settled point (0.0V).  

This fine-grained results proved that the ion balance measurement resolution 

could be improved by the partial surfaces measurement.  

Then, the relationship between the ionizer’s settled points 

measured by the standard CPM and the ion balance which were collected by the 

partial surfaces has been investigated by using of the isolated plates. The 

feasibility study [A3] evaluated the 25-segment partial surfaces ion collecting by 

the multiple plates as shown in Fig. 12. The plates were made of 25 pieces of 

aluminium sheets assembled on the acrylic base.  

 

Figure 11. The ion balance distribution image with 0.0V ionizer adjustment. 
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Figure 12. The geometrical illustration of 25-segment partial surfaces plate. 

The evaluation revealed that the average voltage of the 25-segment 

plates correlated with the results from the standard CPM as a scattering plot in 

Fig. 13.  The first order linear equation shows 0.904 of the slope, 0.275 V of the 

offset, with 0.996 of R2. This relationship is the guidance of the correlation 

method between the proposed analyzer and the conventional analyzer.     

Overall, the feasibility study results [A1-A3] proved that ion 

balance measurement resolution could be improved by the partial surfaces 

technique as tangible. Moreover, it also correlated with the standard CPM result.   

 

Figure 13. The scattering plot of the average ion balance of the 25-segment 
partial surfaces plate versus the standard CPM results. 
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3.2 Detail Design Results 
 

The computational simulation has been re-investigated in the work 

[A4] to define the suitable plates. The curvature, shape and size of the multiple 

plates were considered in the FEA and the statistical method to define the 

minimum acceptance plates. The one millimetre thick square aluminium plates 

which are the 15 cm×15 cm square plate and its divided by 4, 9, 16 25 and 36-

segment plates were simulated as the ion receiving plates.  Similarly, the circular 

plates, including the single 16.9 cm circular plate and its divided by 4, 9, 16, 25, 

36-segment plates were also simulated in the same manner. 

The simple linear regression (SLR) was used to compare and 

approximate gain and offset errors. The goodness of fit (R2) was used to prove 

the confidence level of the error approximated results. The analysis results which 

are summarized in Table 2 could explain the comparison in qualitative number 

clearly. The linear regression from the single plate models does not fit as shown 

in Fig. 14. The R2 and the gain are close to zero with the high offset error. It 

means that all measurement points on this plate are equal to 499.83 V. 

 

Figure 14. The scattering plot of electrostatic potential from the 15 cm×15 cm 
square plate model versus the free space model 
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Figure 15. The scattering plot of electrostatic potential from 36-segment 

square plate model versus the free space model. 

The results in Table 2 indicate that the offset errors are decreasing 

exponentially as the increasing of number of segments increasing. The scattering 

plots in Fig.15 and Fig. 16 show the best fitting results of the square and the 

circular shape plates, respectively. The R2 are close to 0.99, the gains are close 

to unity with lowest offset error. 

 

Figure 16. The scattering plot of electrostatic potential from 36-segment circular 

plate model versus the free space model. 
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 Table 2 Summarization of SLR analysis results. 

Measurement Plate 
Parameters 

R2 Gain Offset error (V) 

15 cm×15 cm (Square) <0.01 <0.01 499.83 

4-Segment (Square) 0.757 0.520 240.05 

9-Segment (Square) 0.870 0.752 123.68 

16-Segment (Square) 0.923 0.841 79.32 

25-Segment (Square) 0.948 0.885 57.12 

36-Segment (Square) 0.968 0.939 30.26 

16.9 cm (Circular) <0.01 <0.01 500.17 

4-Segment (Circular) 0.762 0.589 205.28 

9-Segment (Circular) 0.912 0.838 80.79 

16-Segment (Circular) 0.942 0.856 71.88 

25-Segment (Circular) 0.968 0.929 35.18 

36-Segment (Circular) 0.981 0.960 20.10 
 

Generally, the minimum acceptance of R2 is 0.9. Thus, the 

minimum segment numbers are 16- and the 9-segment for the square and the 

circular plates, respectively. 

In addition, the significant difference between the results from 

square and circular plates advocates that the electrostatic field uniformity could 

also be distorted by the curvature effects because the square shape is consisting 

of the convex corners which could create the electrostatic field strength variation. 

However, this development satisfied with the 25-segment square plate based on 

the available fabrication process at the laboratory level and met the minimum 

acceptance which is requiring 16 or higher segments for the square plate.    
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Figure 17.  The laboratory prototype multi-plate ion balance analyzer. 

 
3.3 Prototype Design Results 
 

This laboratory prototype unit of the partial surfaces ion balance 

analyzer has been built and demonstrated as the multi-plate ion balance analyzer 

described in [A5] based on the experimental results and conclusions in the 

feasibility study and detail design. The photograph of the proposed prototype 

analyzer is shown in Fig.17. For the ion balance measurement purpose, the multi-

plate sensor was installed on the top side for receiving ions from an ionizer. 

 

Figure 18. The display of the average voltage when the prototype analyzer was 
measuring the ion balance at zero volt ionizer adjustment. 
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The prototype analyzer was evaluated for analyzing the ionizer 

balance with the same configuration as the feasibility study [A3]. At the zero 

volt ionizer adjustment measured by the standard CPM, the proposed analyzer 

described the averaged ion balance from all 25 segments as 0.82V offset in the 

standard CPM mode as shown in Fig. 18. This different offset was suspected to 

repeatability issue. Then, the correlation in Fig. 19 was re-evaluated for 

validating the repeatability purpose. This scatter plot is not the same correlation 

plot as shown in Fig. 12 of [A5] due to the ten times repetition. The ionizer 

measurement apparatus were prepared in the same configuration as [A2]. The 

ionizer was adjusted to have the settled point of ion balance from -7.0 V to +7.0 

V measured by the standard CPM. The ion balance was analyzed by the proposed 

analyzer operating in the standard CPM mode with repetition of ten times. Fig. 

19 indicates the maximum variation about ±1 V at 5 V and 6 V. Thus, the 

observed results from the proposed analyzer could be different from the reading 

from the standard CPM ± 1 V freely. However, this correlation could be accepted 

due to the gain is close to unity, the offset error is close to zero and R2 is higher 

than 0.9.  

 

Figure 19. The correlation between the prototype analyzer (standard CPM 
mode) and the standard CPM. 
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In the partial surfaces analysis mode, the proposed analyzer could 

show the electrostatic potential on each segment as shown in Fig. 20. This result 

was measured by the zero volt ionizer adjustment condition. It shows the large 

non-uniformity of ion balance distribution along sensing area, but the averaging 

result shows 0.82V. The partial surfaces measurement could show the finer-

grained levels which could not be indicated by the single plate measurement. 

This non-uniformity suspected to the fluctuation of the air velocity, which was 

transporting the positive and the negative ions from emitter pins to the plate 

explained by the divergence terms in (1.4) and (1.5).  

This non-uniformity was unrepeatable because the air velocity at 

the measured surface always varied due to the turbulent flowing and its reflecting 

after reached the rigid surface. This makes the variation of ion balance in each 

measurement surface. This variation could be eliminated by reducing air velocity 

or using the laminar air instead of the axial fan. Fig. 21 is an overall correlation 

between the proposed analyzer and the conventional electrostatic voltmeter. This 

is the extended work from [A5] for validating the accuracy of the measurement 

voltage of the individual plate. 

 
Figure 20. The ion balance showed large non-uniformity when viewed at the 
resolution of the partial surfaces analysis mode. 
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Figure 21. The overall correlation between the prototype analyzer operated in 

partial surfaces analysis mode and electrostatic voltmeter. 

The evaluation was prepared in the same configuration as [A2] but 

the plate was measured by the electrostatic voltmeter which was used in [A3]. 

The linear equation shows good correlation with the gain which is close to unity, 

the offset error which is close to zero and R2 which is higher than 0.9.  Thus, this 

linear equation proved that each segment of the proposed analyzer could provide 

the accurate results compared to the conventional electrostatic voltmeter which 

is used to probe the electrostatic potential on the floating conductive sheet.   

From the partial surfaces ion balance analysis result, the IDW data 

interpolation provides the finer-grained images of ion balance distribution like 

the heat map as shown in Fig. 22. The interpolation was calculated for the 

unknown data points from the 25-segment measured points in Fig. 20 based on 

(5) in [A5] with the exponent n=1. However, the IDW interpolation will not 

remove the large voltage variations in the multi-plate measurement. It only 

estimates the unknown data points within the range of measured points and keeps 

the values which were measured by the 25-segment multi-plate sensor.  
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Figure 22. The ion balance distribution imaged as the heat map of Fig. 20 refined 
by proposed analyzer with IDW interpolation. 

 
At this moment, there is no conventional equipment which can 

provide fine-grained result for comparing with the results interpolated by the 

partial surfaces analyzer. However, the verification could be done by using the 

data in Fig. 20 to interpolate by an external program. Fig. 23-26 are extended 

works for validating data interpolation purpose. The 25-segment results data in 

Fig. 20 were further used to image the ion balance distribution as the heat map 

in Fig. 23 and the surface plots with contour lines in Fig. 24 by the Gnuplot [31] 

which is an open-source plotting program. 

The heat map of ion balance distribution image of the proposed 

analyzer in Fig. 22 shows the same trend as the Gnuplot in Fig. 23. This figure 

shows a bit different shade in the center areas between the measured points. This 

different shade suspected to the colour classified by the Gnuplot that could 

provide the finer-grained levels than the proposed analyzer.    
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Figure 23. The ion balance distribution imaged as the heat map of Fig. 20 refined 
by Gnuplot, using IDW interpolation with exponent n=1. 

 

 

Figure 24. The ion balance distribution imaged as the surface and contour plots 

of Fig. 20 refined by Gnuplot, using IDW interpolation with exponent n=1. 

Fig. 24 shows the ion balance distribution imaged as the surface 

plot with the contour lines. This image emphasizes the different levels at of the 

interpolated data points between the measured data points. In addition, the spline 

interpolation was evaluated using the same data points. The heat map in Fig. 25 

is closely the same as Fig. 22. Then, the surface plot and contour line plot in Fig. 

26 emphasizes with a more reasonable image of the ion balance distribution.  
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Figure 25. The ion balance distribution imaged as the heat map of Fig. 20 refined 
by Gnuplot, using spline interpolation. 

 

 

Figure 26. The ion balance distribution imaged as the surface and contour plots 
of Fig. 20 refined by Gnuplot, using spline interpolation. 

 
3.4 Results Summary 
 

The proposed analyzer offers the finer-grained assessments of the 

ion balance than the conventional one due to the partial surfaces analysis and 

resolution enhancement with IDW interpolation. The plate-averaged readings 

correlated well and linearly with a conventional analyzer. The overall segmented 
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plate size matched with the standard CPM which was used as reference. Finally, 

this proposed analyzer could express the ion distribution profile which is hidden 

by the large size ion receiving plate.  

However, this prototype analyzer has only been built for proof-of-

concept of the partial surface ion balance analysis, demonstrating in the 

laboratory level, and observing a spatial variation in the ion balance distribution. 

This encourage further studies of stability and reproducibility of such 

distributions. The user-friendly function, cover and casing are necessary to be 

designed and optimized for the actual production use.  



 

CHAPTER 4 

 

CONCLUSIONS AND REMARKS 

 

Since the prototype analyzer was demonstrated, then this chapter 

sum-up the results which were reported and discussed in the previous chapter. 

Finally, the remarks of this thesis are stated at the end of this chapter.       

4.1 Conclusions 

The prototype of the partial surfaces ion balance analyzer has been 

developed corresponding to the four key processes: conceptual design, feasibility 

study, detail design and prototype design. The prototype analyzer offers finer-

grained assessments of the ion balance than the conventional CPM, due to its 

multi-plate sensor.  The plate-averaged readings correlated well and nearly linear 

with a standard analyzer. The segmented plate size matched that of the standard 

measurement which was used as reference. However, strongly varying ion 

balance distributions over the segmented measurement plates were clear when 

assessed graphically. The observations highlighted the potential non-uniformity 

issues with ionized air. 

The image resolution was enhanced by the IDW interpolation 

method. This interpolation did not assess any value out of range of the measured 

values, while the ion balance distribution was attractive imaged visually, and 

corresponding to reality. The multi-plate ion balance analyzer has been 

demonstrated in these initial proof-of-concept tests, and the observed spatial 

variations in the ion balance distribution encourage further studies of stability 

and reproducibility of such distributions. If, to the contrary, all sensor plate 

segments had given similar results, then this study would indicate that there is 

no need for the high spatial resolution of a multi-plate sensor. 
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4.2 Remarks 

This thesis demonstrated the key important method for identifying 

the ionizer performance in term of ion balance distribution characterizing. The 

partial surfaces measurement by the developed analyzer could indicate the image 

of the ion balance distribution clearly. This analyzer suitable for ion balance 

measurement of the critical electrostatic protected areas which are handling the 

small footprint of electrostatic discharge sensitive devices such as integrated 

circuit or head gimbals assembly. 
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Abstract. This paper reports a 3-D computational simulation of electrostatic potential uniformity which 
was affected by various measurement plates. The finite element analysis method was done by COMSOL 
Multiphysics to model the electrostatic potential behavior. The electrostatic potential from two electrodes 
in the free space plane was modeled and used as a reference result to compare with the electrostatic 
potential results of four various measurement plates including the standard 6″×6″ charged plate and its 
dividing by four, nine and sixteen segments. This investigation revealed the uniformity error of the 
electrostatic potential from the conventional plate. The precision of ion balance analysis can be improved 
by the using of a partial surface, i.e. by dividing the conventional plate into many smaller-size plates.   

Introduction 

Electrostatic discharge (ESD) became a problem in electronic industry since 1970s [1]. The ESD 
events were causing of device failures, manufacturing yield losses and system interference. Grounding 
is a general method for electrostatic discharge protection. It is used to drain the electrical charge to the 
ground and to make equipotential situation. However, it is less effective to remove the static charges 
from insulative surfaces or isolated conductive materials. The ionizers are widely used to remove these 
static charges by providing the opposite polarity ions to neutralize the object surfaces. Therefore, the ion 
balance analysis guarantees the good-function ionizers.   

In order to characterize the ionizer, ANSI/ESD STM3.1-2006 [2] and IEC 61340-4-7 [3] constitute a 
standard test method (STM) for evaluation and selection of the ionizers. The STM requires the ion 
balance measurement to identify the balance of positive and negative ions. However, the STM defines 
the ion balance by the measurement of voltage on a floated 6″×6″ conductive surface. In current situation, 
the electronics manufactories that produce a miniaturized device such as an integrated circuit or magneto 
resistive head are requiring the ion balance within +/-1V or even tighter for the safety electrostatic 
sensitive devices. The sub-1V ion balance environment requires the sufficient resolution and accuracy to 
measure ionizer balance [4]. The conventional ion receiving plate leads the insufficient resolution of ion 
balance measurement due to the exposure conductive is too much larger than the handled devices. Then, 
the miniaturized ion balance analyzer using a 1″×1″ plate was launched to serve the sub-1V ion balance 
measurement.    However, such a miniaturized analyzer does not characterize the full size of the planar 
surface that is measured by the conventional plate due to their analyzed results are single points at a time.          

This paper aims to simulate the electrostatic potential uniformity that has been changed by placing of 
various measurement plates in the synchronously time. The modeling is guided by the study of ionized 
fields in DC electrostatic precipitator in [5].  In addition, the partial surfaces that are divided from the 
conventional plate into 4, 9 and 16 segments are analyzed for validating the feasibility of measurement 
error reduction by the partial surfaces ion balance analysis. 
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Figure 1. A reference model of electrostatic environment.  

Mathematical Model 

The Gauss’s law says that the electric field in any closed surface of a free space is equal to the total 
charge that is enclosed by that surface [5].  It can be constituted by the divergence theorem as 

0ε
ρv=⋅∇ E .                                                                     (1) 

Equation (1) is relating to the electric potential as (2). 
V−∇=E ,                                                                (2) 

where E is an electric field, ρv is a volume charge density, ε0 is a permittivity of free space and V is an 
electric potential. By substituting (2) into (1), we can obtain the Poisson’s equation as 

0

2

ε
ρvV −=∇ .                                                                 (3) 

If there is no any quantity of charge density in the interested domain, the right hand side of (3) is 
equal to zero. It becomes a Laplace’s equation following (4). 

02 =∇ V                                                                           (4) 

From (1), the electric field E is depended on permittivity of free space 0ε . The vector field D is an 
electric displacement or electric flux density that is simplified from the electric field as  

ED ε= .                                                                        (5) 

Boundary Conditions 

A reference electrostatic environment is modeled in 3-D computation on the COMSOL Multiphysics 
using the electrostatic module as the geometrical illustration in Fig.1. It is a comprising of two cylindrical 
electrodes which one centimeter in radius and height. These electrodes are assigned to ground and a 
voltage source. There are placed in the center of 50 centimeters spherical vacuum environment with 20 
centimeters separation distance. The 1000V of electric potential is applied for all boundaries of the source 
domain. All boundaries of the ground domain are configured as ground. Then, the simulated one 
millimeter-thick aluminum conductive plates are illustrated in Fig. 2. These plates are placed between 
the source and the ground. All boundaries are configured as a floating potential with the initial charge of 
zero coulomb. 
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

Figure 2. The geometrical meshes of source, ground and conductive plates, (a) A 6″×6″plate, (b) 
A 4-segment plate, (c) A 9-segment plate and (d) A 16-segment plate. 

Results 

The electric flux is illustrated by the steam line over the half cut plane of electric potential in Fig. 3. 
These results are explaining that electric flux can be induced by the conductive plate and made uniformity 
changed. The electric flux uniformity has been changed after the conductive plates are placed between 
the electrodes. The highest change has been observed when the 6″×6″plate has been placed. Then, the 
changes are reduced after replacing by a 4-segment plate, 9-segment plate and the significant reduction 
has been observed when a 16-segment plate has been placed. From (5), the electric flux density D is 
proportional to the electric field E on (2) which is relating to electric potential V. Thus electric potential 
V can be induced when the conductive plate has been placed.  The planes from Fig.3 can be sheared as a 
flat sheet at the center in the xy plane and analyzed by a two dimensional surface plots with contours. In 
addition, the 2-D surface is included for more clearly as shown in Fig. 4. The multiple levels of 
electrostatic potential are observed over the isosurface plot when the measurement surface is divided. 
The isosurface plots in Fig.4 explain that the change of electric potential uniformity is highest when the 
conventional 6″×6″ plate is placed due to the single level of electric potential as shown in Fig. 4(b). It 
validates the feasibility of the measurement error when this result is compared to the reference result in 
Fig. 4(a). The multiple levels of electric potential are observed when the plate has been divided to 4-
segment, 9-segment and 16-segment plates. This indicates the reduction of the measurement error.  

Conclusions 

In this paper, we have investigated the electric potential uniformity that changed after the conductive 
plates have been placed for the potential measurement. The analytical model has been done by the using 
of COMSOL Multiphysics in 3-D computation. The modeling results revealed that the electric potential 
can be changed by the induction of conductive surfaces. These results are validating the feasibility of 
resolution enhancement of ion balance analysis by the partial surface method. This enhancement suits 
for the small footprint devices such as single chip, integrated circuit or head gimbals assembly of hard 
disk drives. 
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(a) Free space 

 
(b)  6″×6″plate 

 
(c) A 4-segment plate 

 
(d) A 9-segment plate 

 
(e) A 16-segment plate 

Figure 3. The cut planes of electric potential plots with electric flux illustrations in; (a) free space without 
measurement plate, (b-e) the changes after placing various measurement plates. 
 

 

 
(a) Free Space 

 
(b) A 6″×6″plate 

 
A 4-segment plate 

 
(d) A 9-segment plate 

 
(e) A 16-segment plate 

Figure 4. The 2-D surface, contour and isosurface of electric potential plots; (a) free space without measurement 
plate, (b-e) the electrical flux changes after placing various measurement plates. 
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ABSTRACT 

This paper reports the experimental results of the partial surfaces ion balance analysis on the ionized planar surface 
to identify the fine-grained level of ionizer balance measurement. The standard 6″×6″ charged plate was exposed 
under the ionized air which was supplied from the DC corona ionizer to measure the ion balance. Then the one 
square inch charged plate had been used to measure the ion balance in the 36-segment partial measurement points 
which were ordinary arranged on that planar surface. These 36-segment partial results were analyzed by the statistical 
software to image the ion balance distribution on that planar surface. The experiment revealed the fined-grained 
levels could be identified behind the coarsely results which had been measured by the standard charged plate. The 
surface plot could image the ion balance distribution on that planar surface which was ionized by the ionizer 
thoroughly. This ion balance imaging could be used to enhance the ionizer performance analysis in term of ion 
balance and distribution along the ionized surface.  

Peer-review under responsibility of organizing committee of the International Conference on Electrical & 
Electronic Technology 
 
Keywords: Ion balance, ionizer measurement, partial surface, ion balance distribution. 
            

Introduction 

The electrostatic discharge (ESD) had been a problem in electronics industry because the ESD events 
could be damaging devices, harming the systems or inducing the particulate contamination on the 
charged surfaces due to electrostatic forces (ESD Association, 2014). In general, the ground connecting 
is a simple method for making an equipotential surface to drain out the electrostatic charges to the system 
ground. However, this method is less effective to remove the electrostatic charges from the insulator 
surface or conductive particles (Glor, 1985; Robinson et al. 2009) due to availability of conduction and 
conductivity of these objects. To prevent these electrostatic problems, the air ionization is the widely 
used technique to remove the electrostatic charges from the insulator surfaces or the tiny conductive 
objects which are unable to connect the ground cable. The air ionizer provides the opposite polarity ions 
to neutralize the electrostatic charges on the object. It is necessary to measure the balance of these 
supplied ions because the ionizers could be acting as the electrostatic charges generators while the 
sourced ions are unbalanced.  

The ANSI/ESD STM3.1-2015 (ESD Association, 2015) is a standard test method (STM) for 
characterizing the ionizer performance. It defines the ion balance as the electrostatic potential value 
caused by the ion collecting on a floated 6″×6″ conductive plate with 20 pF capacitance. This 
configuration was agreed with a typical silicon wafer at the time of drafting the standard in the late of 
1980s (Rodrigo et al., 2004). However, many electronics manufacturers are working on the small scale, 
which is handling the tiny devices such as the magneto resistive heads. They are requiring the ion balance 
within +/-1V or tighter for the safety of electrostatic sensitive (ESDS) devices (Kraz, 2004). They might 
concern to the precision of ion balance measurement because the actual devices are much smaller than 
the standard charged plate. The smaller plate reports a less ion balance voltage than a larger plate 
(Rodrigo et al., 2004). Then the small charged plate analyzers were launched to serve the sub-1V ion 
balance measurement such as the ionizer controllers on US patents  6,985,346 B2 (Kraz et al., 2006), US 
7,522,402 B2 (Kraz et al., 2006) and the biased-plate monitor (Crowley et al., 2004). These analyzers 
provide alternative methods to identify the ion balance with the miniaturized plates to collect the ions 
from ionizer and correlate the result to the standard charged plate monitor result described on STM.   
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However, the ions distribution depends on the drift velocities and the airflow velocities as reported in 
the electrohydrodynamics theory investigation on the ionizer models (Ohsawa, 2013). The electrostatic 
potential on each foot-step might not uniform due to the fluid dynamic functions. The modeling (Plong-
ngooluam et al.,  2015) has mentioned that ion balance measurement precision could be enhanced by the 
surface dividing. Anyway, this simulated result still need the field measurement in the ionized 
environment to validate the feasibility of that simulated results.   

In this work, the ion balance on the 6″×6″ planar surface was partially analyzed by the miniaturized 
charged plate, which was ordinary arranged as the same area as the standard charged plate measurement. 
The partial results were imaged by the surface plot to express the ion balance distribution along the 6″×6″ 
planar surface which was neutralized by the ionized air from the DC corona ionizer. 

Ion Balance Measurement 

The ionizer is an equipment that provides either positive or negative air ions to neutralize the 
electrostatic charges on the surface or tiny object. The typical corona ionizer generates the ions by the 
collision between the neutral molecules and electrons when they are accelerated by an electric field which 
exceeds the inception level described by on (Ohsawa, 2005). These emitted air ions would attract an 
object surface and neutralize it. Then, ion balance could be described by the electrostatic potential (V) 
which depends on the positive ion (np) and negative ion densities (nn) as 

     
0
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np nne
V

−−
=∇ ,                                                            (1) 

where e is an elementary charge and 0ε  is the permittivity of free space. 

The motions of positive ion (np) and negative ion (nn) in (1) depend on the air velocity as   
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where up and un are air velocities including of positive and negative ion mobilities, Dp and Dn are 
positive and negative ion diffusion coefficients, and β is the ion-ion recombination coefficient.   

Since the ion balance is defined by the electrostatic potential value which is caused by an accumulation 
of positive and negative ions, it can be expressed by the ratio of the total amount of charge (Q) which is 
accumulated on that plate and ion receiving plate capacitance (C) as 

C
QV = .                                                                         (4) 

Assume that charge distribution on the ion receiving surface and electrostatic feild are uniform, the 
total amount charge (Q) can be  defined as   

AQ Sρ= ,                                                                      (5) 
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where the Sρ  is the density of charge on the ion receiving surface (A).  This charge density is the summed 
result of ion balancing term of (1) which can be defined as 

 )( npS nne −=ρ .                                                              (6) 

By the substitution (5) on (4), the electrostatic potential (V) proportionally depends on the ion 
receiving surface and the charge density as 

   
C

A
V Sρ= .                                                                       (7) 

Based on this assumption, it could be concluding that the ion balance which is measured by the smaller 
surface will be lower than the bigger surface when the ion distribution is uniform and the plate 
capacitance is fixed conditions. However, the surface charge density on (6) depends on the ion motion 
(2) and (3) which are concerning to the air velocity. The 6″×6″ planar surface with the fixed 20pF 
capacitance which is constituted by the STM might not represent the suitable grain result which depends 
on the ion motions. 

Experimental Setup and Analytical Method 

This section describes the apparatus such as the ionizer configuration, the 6″×6″ charged plate, the 
arrangement of the 1″×1″ charged plate, and the partial measurement evaluation. Moreover, the analytical 
method is described at the end of this section. 

Apparatus    

The charged plate analyzer Trek model 157 with the standard 20pF 6″×6″ planar surface plate was 
used to measure the ion balance as the standard ionizer measurement. Then the partial measurement was 
performed using the 1″×1″ miniaturized plate. With this plate, the total capacitance still fixed at 20pF as 
same as the standard plate capacitance. The 36-segment partial measurement points were ordinary 
arranged over the standard 6″×6″ planar surface plate as shown in Fig.1. The DC corona ionizer MKS 
model 5802i was installed over the non-obstructive workstation with a grounded surface. The ionizer 
was located at the center of the workstation with 60 centimeter in height from the grounded surface. The 
charged plates were placed at 45 centimeter under the ionizer facing with the 15 centimeter from the 
grounded surface as describes on the STM. 

Partial Measurement Evaluation 

The evaluation was started by adjusting the ionizer balance to -1.0 Volt which was measured by the 
standard 6″×6″ plate. After adjusted the ionizer, the standard 6″×6″ plate was moved out then placed the 
1″×1″ charged plate and measured the ion balance at the arranged points as shown in Fig.1. The 
measurement was performed from the first segment through the 36th segment sequentially.  Then repeat 
the evaluation with the 0.0 Volt and +1.0 Volt ion balance adjustment.  
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Fig. 1: The partial measurement point on the planar surface arranging; 
(a) The standard 6″×6″ charged plate. 
(b) The 1″×1″ square plate. 

 
Analytical Method 

The Minitab, a statistical software, provides the wireframe plot to image the relationship between three 
variables in the x, y and z coordination. In this work, the 36-segment partial measurement results were 
assigned as response values z which were arranged in the x-y plane according to the plate arrangement 
in Fig.1. The Minitab also provides the distance method (Ryan et al., 2010) to interpolate the unknown 
data points between the measured data points. All data points which are interpolated by this method 
always within the range of measured data points. It works well in a wide range of circumstances. The 
number of x and y meshes could be determining the resolution of the regular grid. In this experiment, the 
distance method was using to interpolate the ion balance distribution over the 6″×6″ planar surface with 
the regular 50×50 mesh from the 6×6 measured data points as the arrangement in Fig. 1. This 
interpolation is proposed to enhance the fine-grained levels of ion balance results beyond the actual 
measured results which were measured from the 36-segment partial surface. 

Results and Discussions 

The partial measurement reported the results in the six rows and six columns. The rows are 
intersections in the y axis and intersections in the x axis. The ion balance distributions have been analyzed 
and imaged by the wireframe plot with the 50×50 meshes data interpolation using distance method. The 
partial measurement results of ion balance from the -1.0 Volt ionizer adjustment are summarized in Table 
1. The measurement values were varying from -1.0 to -0.4 Volt.  These results could be used to image 
the ion balance distribution as shown in Fig. 2. The image is expressing the fine-grained levels over the 
6″×6″ planar surface and vary around -0.5 Volt from the settled point which was adjusted and measured 
by the standard 6″×6″ charged plate. 

TABLE 1 The partial measurement results of ion balance from the ionizer with -1.0 Volt adjustment (unit in Volt). 

 C1 C2 C3 C4 C5 C6 
R1 -0.8 -0.7 -0.4 -0.8 -0.7 -0.7 
R2 -0.8 -0.7 -0.6 -0.8 -0.9 -0.8 
R3 -0.9 -0.8 -0.5 -0.8 -0.9 -0.6 
R4 -0.6 -0.8 -0.7 -0.8 -0.8 -0.8 
R5 -0.7 -0.7 -0.7 -0.8 -0.7 -1.0 
R6 -0.7 -0.7 -0.7 -0.7 -0.8 -0.9 
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The partial measurement results of ion balance from the 0.0 Volt ionizer adjustment are summarized 
in Table 2. The measurement values were varying from -0.3 to 0.3 Volt. This result proves that the 
performance of ionizer under test is capable with the sub 1V ion balance control workstation requirement 
because all data points are within the range of +/-1 Volt. The ion balance distribution image of the 0.0 
Volt ionizer adjustment is shown in Fig. 3. It expresses the fine-grained levels which vary around +/-0.3 
Volt from the settled point. However, the minimum and the maximum points are not locating in the same 
positions as the ion balance image in Fig. 2. The suspicion might be the variation of the turbulence of the 
air that was driven by the fan unit which was install in the ionizer. This turbulence could affect to the 
ions mobility mechanisms in the ions transport region, regarding to the electrohydrodynamics theory 
which is the interactive mechanism between the electric fields and the surrounding fluid.   

 

 
Fig. 2: The ion balance distribution image with -1.0 Volt ionizer adjustment.  

TABLE 2 The partial measurement results of ion balance from the ionizer with 0.0 Volt adjustment (unit in Volt). 

 C1 C2 C3 C4 C5 C6 
R1 0.0 0.1 0.3 0.0 -0.1 -0.2 
R2 0.0 0.0 0.1 0.3 -0.1 -0.1 
R3 0.0 0.0 0.0 0.0 0.2 -0.2 
R4 0.1 0.0 0.1 0.0 0.0 0.0 
R5 0.0 0.1 -0.3 0.0 -0.1 0.2 
R6 0.0 0.3 -0.3 0.0 0.0 0.2 

 

 
Fig. 3: The ion balance distribution image with 0.0 Volt ionizer adjustment.  

The partial measurement results of ion balance from the 1.0 Volt ionizer adjustment are summarized 
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in Table 3. The measurement values were varying from 0.5 to 1.7 Volt. The ion balance distribution 
image is illustrated by the wireframe plot as shown in Fig. 4. The fine-grained levels of ion balance are 
expressing over the 6″×6″ planar surface as same as the ion balance distribution images from the -1.0 
Volt and the 0.0 Volt adjustments. Based on these results, the ion balance were distributed over the 6″×6″ 
planar surface with +/-0.5 Volt variation. It validated the ionizer capability which needs for the 
workstation which requires to control the ion balance within +/-1Volt because these fine-grained levels 
results could be identified by the partial measurement technique. The ion balance results on the regular 
50×50 mesh of the wireframe plots were consisting of measurement data points and interpolated data 
points. These data points were plotted at the at the x-y intersections of the mesh. 

TABLE 3 The partial measurement results of ion balance from the ionizer with 1.0 Volt adjustment (unit in Volt). 

 C1 C2 C3 C4 C5 C6 
R1 0.8 1.6 0.7 0.7 0.7 1.0 
R2 0.8 1.6 0.7 0.9 0.5 1.1 
R3 0.8 0.7 0.7 0.5 0.5 0.8 
R4 0.8 0.8 0.1 0.8 0.7 0.7 
R5 0.5 1.0 0.7 0.7 0.6 0.7 
R6 0.7 0.8 0.7 0.6 1.1 0.7 

 

 
Fig. 4: The ion balance distribution image with 1.0 Volt ionizer adjustment.  

Conclusions 

The experimental results validated that the partial surface measurement could identify the fine-grained 
levels of ion balance measurement result which could not be identified by the standard charged plate 
measurement. The results show the variation of the voltage levels on different areas of the planar surface. 
In the other word, the different area has the different voltage. The ion balance results measured by the 
large planar surfaces are losing such fine-grained voltage levels on different areas of the planar surface 
because the given result is the summation of all ions which are collected from the whole surface. 

These partial measurement results also identify the ionized air uniformity over the 6″×6″ planar 
surface which is subjected to be neutralized. It could enhance the ion balance measurement precision in 
term of ions distribution characterization. Moreover, this partial measurement also provides the method 
of the suitable plate improvement for the ion balance measurement of electrostatic protective areas which 
are handling the tiny electrostatic discharge sensitive devices such as integrated circuits or the head 
gimbals assembly.   
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Abstract 

This paper reports a feasibility study of the ion balance measurement by the partial surfaces. The partial surfaces 
were exposed under the DC corona ionizer which could be varied ion balance. The appearance of electrostatic 
potential, which is caused by the imbalance of positive and negative ions, was measured by the high impedance 
electrostatic voltmeter. The result from these partial surfaces was compared with the standard test method which is 
using the 6″×6″ charged plate. The average voltages of all segments of the partial surfaces are correlated to the 
electrostatic potential values which were measured by the standard 6″×6″  charged plate. Moreover, the partial 
surfaces offer the fine-grained level of results. It validates that the precision of the ion balance measurement can be 
improved by the partial surfaces. 
 
© 2016 The Authors. Published by Elsevier B.V. 
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Introduction 

Since 1970s, the electrostatic discharge (ESD) had been a problem in electronic industry [1]. The ESD 
events were damaging devices, harming the systems. Moreover, an electrostatic charges can be inducing 
the product contamination on the charged surfaces due to electrostatic forces. The ground connecting is 
a general method for making an equipotential surface to prevent the ESD event. However, this method 
is less effective to remove the static charges on the insulator. The ionization is widely used to remove 
the static charges from insulator surfaces. This method provides the opposite polarity ions to neutralize 
the electrostatic charges on the object surfaces.  

The standard test method (STM) to measure the ionizer is based on ANSI/ESD STM3.1-2006 [2] and 
IEC 61340-4-7 [3]. The STM requires the ion balance and decay time measurement based on the standard 
charged plate monitor (CPM). This measurement is insufficient resolution because the charged plate is 
much larger than a miniaturized device such as an integrated circuit or a magneto resistive head [6]. 
Some of these devices are requiring the ion balance within +/-1V or even tighter to prevent the ESD 
damage. The sub-1V ion balance controlled area requires the sufficient resolution to identify the ionizer 
balance [4]. The miniaturized ion balance analyzer using the 1″×1″ plate was launched to serve that 
requirement. However, this analyzer does not characterize the full surface area that is measured by the 
standard CPM and analyzed results are reported as single points at a time. Then the partial surfaces have 
been studied [6]. The electrostatic finite element analysis (FEA) of the 4-segment, 9-segment 16-segment 
partial surfaces and the standard CPM were analyzed. The single level of electrostatic potential was 
observed on the standard CPM model. On the other hand, the multi-levels are observed on the partial 
surface models. It concluded that the ion balance measurement resolution could be enhanced by this 
technique. 
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This paper aims to study the feasibility of the resolution enhancement by the partial surface technique 
which is described on [6]. The 25-segment partial surfaces have been assembled over the square 6″×6″ 
area with the insulative base. It is put below the DC corona ionizer which is used as the adjustable ion 
source. The apparent voltage on each plate is measured by the high impedance electrostatic voltmeter. 
The experimental results can prove the feasibility of the partial surfaces ion balance analyzer. 

Ionizer Measurement 

The electrostatic charges on the surface of insulators or isolated conductors can be neutralized by the 
opposite air ions. Ionizer is designed to supply the positive and or negative air ions to the object to be 
neutralized. The typically is the DC corona ionizer. The ions are generated by the collision between the 
neutral molecules and electrons when they are accelerated by an electric field which exceeds the 
inception level. The inception voltage calculation is described on Ohsawa’s model [5].  

In order to characterize the ionizer, a CPM is used to measure the ionizer’s performance [2], [3]. The 
standard CPM need the 6″×6″ floated conductive plate to collect the ions in ionized air which is supplied 
from the ionizer. The ion balance is defined from the accumulation of positive and negative ions on that 
plate. It can be monitored by the electrostatic voltmeter. When the plate capacitance is fixed in the range 
of 20 pF, the appeared voltage can be defined by the ratio of the charge on that plate and its capacitance 
as (1). 

C
QV = ,                                                                             (1) 

where V is the voltage on the plate with respect to ground, Q is the charge on the plate in coulombs, and 
C is the plate capacitance with respect to ground.  

However, these accumulated charges could be rapidly discharged through the voltmeter then resulting 
in zero volt. To maintain the existed charges on that conductive plate, the measuring of the electric field 
from the plate using a non-contacting electrostatic voltmeter are preferred to prevent the charge drainage 
from that plate. 

 Nowadays, the electronics manufacturers are producing a miniaturized devices which is quite smaller 
than the standard CPM. It is concerning the insufficient resolution and accuracy to measure ionizer 
balance because the standard CPM is larger than the handled devices as the describing on [4]. Then the 
modeling [6] had validated that the resolution of ion balance measurement can be enhanced by partial 
surfaces method which divides the standard plate in to 4, 9 and 16 segments. The highest segments plate 
provides the best resolution. However, that feasibility has been analyzed by using the computer 
simulation. It requires actual measurement evaluation to validate the feasibility before build the prototype 
of partial surfaces ion balance analyzer. 

 

 
Fig. 1: The illustration of 25-segment partial surfaces. 
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Ion Balance Measurement by Partial Surfaces 

The 25-segment partial surfaces have been assembled as the geometrical illustration in Fig. 1. The 
plate is made of 25 pieces of aluminum sheets which are 2.52 cm in width, 2.52 cm in depth and 0.2 cm 
of thickness. These aluminum sheets are assembled on the acrylic base which is 25 cm in width, 25 cm 
in depth and 0.5 cm of thickness. The arrangement of these aluminum sheets are in the center of acrylic 
base with the 0.6 cm spacing. The coverage area is the square 6″×6″ which is the same as the coverage 
of standard CPM.  

The ion source was evaluated by using of the MKS model 5802i, DC corona ionizer. The Trek’s 
charged plate monitor model 157 with the standard CPM was used to measure the ion balance while the 
ionizer adjustment. The appeared voltage on the aluminum sheets were probed by the Trek’s model 
822HH electrostatic voltmeter. This voltmeter provides input resistance higher than 1.0E+14 ohms and 
input capacitance less than 1.0E-14 farad. The ionizer was installed at 45 cm from the grounded surface 
as shown in Fig.2. The partial surfaces plates were placed under the ionizer facing with the 15 cm from 
the grounded surface as describes on the STM. 

The evaluation was started by adjusting the ionizer offset to -10 Volt which was read by the Trek 
model 157 with the standard CPM. After adjusted, then took that plate out and replaced by the 25-
segment partial surfaces. The Trek model 822HH was used to probe the voltage on each partial surfaces 
and recorded the results. Then repeated these processes and steps with the 2 Volt of ionizer offset 
increment until +10 Volt. The average voltage of 25-segment partial surfaces was used to compare with 
the results from the standard CPM. The appeared voltage from the partial surfaces at zero volt ion balance 
adjustment were illustrated in the 3D surface plot. The statistical software, Minitab was used to 
approximate the new data points from known data points. The distance method with the 2nd distance 
power has been used to interpolate with 25×25 meshes in the x-y plane. 

  

Results and Discussions 

The correlation results is expressed by the scattering plot shown in Fig. 3(a). The linear equation is 
comprising of 0.90 coefficient, 0.27 Volt intercept and 0.99 of R2. It means that the average voltage from 
the partial surfaces plate is correlating to standard CPM result. Because the coefficient is closing to the 
unity, the intercept is closing to zero and the perfect R2. The 3D surface plot of the voltage from 25-
segment partial surfaces measured with the zero-volt ionizer adjustment is shown in Fig. 3(b). The 
approximated range is ±2 Volt along the square 6″×6″ area. It is expressing the fine-grained level of the 
measurement results which are averaged then resulted as zero-volt.    

 

      
Fig. 2: The 25-segment partial surfaces measurement setup. 
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Conclusions 

The feasibility study results prove that ion balance measurement result from partial surfaces is 
correlating to the result from conventional charged plate monitor. Moreover, the partial surfaces also 
offer the fine-grained levels of ion balance measurement along the coverage area. It means that the ion 
balance measurement resolution can be enhanced by the partial surfaces method as tangible. It suits for 
ion balance measurement on the electrostatic protective areas which are handling the small footprint of 
electrostatic discharge sensitive devices such as integrated circuit or head gimbals assembly. 
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Fig. 3: The ion balance analysis results from the 25-segnent partial surfaces, (a) average voltage 
versus the standard CPM results, (b) 3D surface plot of appeared voltage with zero-volt adjustment. 



59 

 

A4-A Finite Element Analysis of Multiple Ion Receiving Plates 
for Ionizer Balance Monitoring 

S. Plong-ngooluama,2, N. Jindapetchb, P. Wounchoumb, D. Sompongsea 

aWestern Digital (Thailand) Company Limited, 140 Moo 2, BangPa-in Industrial Estate, Klongjig, Bangpa-in, Ayutthaya, 
13160, Thailand 

bDepartment of Electrical Engineering, Faculty of Engineering, Prince of Songkla University, Hat Yai, Songkhla, 90112, 
Thailand  

 

Abstract 

This paper reports a finite element analysis of multiple ion receiving plates to investigate the 

optimum number of plates for achieving fine-grained resolution in ionizer balance measurement. 

Both square and circular plates, also subdivided into 4, 9, 16, 25, and 36 segment plates, were 

modeled in an electrostatic field. The potential distribution of each model was further analyzed by 

simple linear regression to assess the measurement resolution. The results indicate that the 

segmented plates provide improved measurement resolution. 

Keywords: electrostatic potential, finite element analysis, ion balance analyzer, ion receiving plate 

 

1. Introduction 

Ionizers are necessary to eliminate undesirable charges in the production lines of electrostatic 

discharge (ESD) sensitive devices [1]. The charge separation and accumulation models [2] were 

extended by Robinson et al. to identify electric charges present in manufacturing processes, and to 

provide methods to eliminate the undesirable charges [3]. Grounding is a general method to 

dissipate electrostatic charges to the ground and to achieve equipotential conditions. However, it 

is not effective against static charges on insulating surfaces or in isolated conductive particles [3-

5].  Instead, air ionization is used to remove these static charges by providing the opposite polarity 

ions to attract the static charges on the object surfaces until the static charges are neutralized. 

For measuring such ionizing performance, ANSI/ESD STM3.1 [6] provides the standard test 

method (STM) for ionizer evaluation and selection. This STM requires a charged plate monitor 

(CPM) for ion balance measurement to identify the equilibrium of positive and negative ions. This 
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characteristic is defined by the voltage induced on a standard charged plate, which is a floated 15 

cm×15 cm square shaped conductive surface. The size of this plate agreed with a typical silicon 

wafer at the time of drafting the standard, in the late 1980s [7]. However, the current electronics 

manufacturers are comparatively tiny devices, such as integrated circuits or magnetoresistive 

heads. These devices are sensitive to ESD damage at low voltage levels, so the ionizer balance must 

be less than ±1V or even better [8]. The sub-1V ion balance environment requires sufficient 

resolution and accuracy in determining the ion balance of an ionizer [9]. The standard charged 

plate has insufficient resolution in ion balance measurement, because the measurement plate is 

larger than the devices to be treated. Therefore miniaturized ion balance analyzers were launched 

to serve the sub-1V measurements, such as the ionizer controller in US patents US 6,985,346 B2 

[10], US 7,522,402 B2 [11], and the biased-plate monitor [12]. However, these analyzers do not 

characterize the ion balance over a 15 cm×15 cm area as the conventional plate does. Their results 

only represent a single point at a time. Such point measurements are insufficient because the ion 

distribution in the transport region depends on drift and airflow velocities, as in the Ohsawa’s 

ionizer models [13– 15] that are based on electrohydrodynamics. The ions are distributed 

according to their spatial motility, which depends on air velocity, ion mobility, diffusion, and ion-

ion recombination factors. The wafer surface charge monitor (CHARM) [16] offered the ability to 

measure the charging characteristics on the wafer surface by using multiple charge collection 

plates. Then, simulations in [17] were used to investigate smooth changes in the electrostatic 

potential distribution as measured by multiple plates. The results indicated that measurement 

errors could be reduced by using multiple plates. However, those simulations did not resolve fully 

the subdivision to multiple plates. Shape and number of segments should be investigated to 

determine a reasonable number of segments based on measurement performance and practicality. 

The experimental results in [18] validated the hypothesis that ion balance measurement resolution 

could be improved by using multiple plates. The multiple plate measurement results could resolve 

the ion balance distribution at a fine-grained level not possible with the standard CPM. Moreover, 

the experiment also revealed good correlation between the average over multiple plates and the 

standard CPM results. Furthermore, a feasibility study [19] evaluated measurements of ionized air 

with multiple ion-receiving plates. The eventual voltage on each plate was measured by a 

commercial electrostatic voltmeter. The results proved that multiple ion receiving plates offered 

fine-grained spatial resolution and the average voltage correlated well with the results from 

standard CPM. 

In this work, the electrostatic behavior of multiple plates was analyzed by the finite element 

method and statistical analysis, to determine the changes of the electrostatic potential in the 

quantitative results. Simple linear regression (SLR) was used to estimate the gain and offset errors, 

while the goodness of fit indicates the confidence level of the linear regression models. 

Furthermore, circular and square shaped plates were modeled and compared, to investigate shape 
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effects. The results help to select suitable plates for improving the resolution of ionizer balance 

measurements. 

 

2. Ion Receiving Plate and Its Curvature Effect 

This section describes the relationship of electrostatic field and electrostatic potential, the 

characteristics of conductive surfaces when they are used as ion receiving plates in ion balance 

measurements, and curvature effects on the accuracy of the ion balance measurement. 

2.1 Electrostatic Field, Flux, Potential and their Relationship 

The Gauss’s law [18] explains that the electrostatic field through any closed surface of a free 

space is equal to the total charge which is enclosed by that surface. By the divergence theorem, this 

requires locally that  

 
0ε
ρv=⋅∇ E ,  (1) 

where E is electrostatic field, ρv is volume charge density, ε0 is the permittivity of a free space. 

The electrostatic field E is related to the electrostatic potential V by 

 E = −∇V.  (2) 

Since, the electrostatic field E in (2) depends on the permittivity of free space, the vector field 

D is electrostatic displacement or electrostatic flux density defined by 

 D = ε0E.  (3) 

This electrostatic flux D is properly scaled for the flow of electrostatic field through a given 

area. It is proportional to the number of electrostatic field lines through a surface element, as 

shown in Fig 1. 

2.2 Ion Receiving Plate 

The conductive surface S which is orthogonally exposed to an electrostatic field E is able to 

collect the charge Q. This collected charge is directly proportional to the electrostatic field 

tangential to such surface Es as 

 Q = ε0εrESS,  (4) 

where εr  is the relative permittivity of the environment around the receiving surface S. 
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The electrostatic potential V on this surface is directly proportional to the quantity of that Q but 

inversely proportional to capacitance C as 

 
C
QV = .  (5) 

The measurement of this electrostatic potential has been used as the charge induced meter for 

observing the electrostatic field [8, 27–30]. In the ion balance measurement, the charge Q is 

accumulated from positive and negative ions, when this surface is exposed to ionized air. It is then 

called an ion receiving plate. In this situation, the charge Q on the ion receiving plate is the integral 

of the neutralizing current in(t) and proportional to the voltage V across the plate as 

 ∫ +=
t

t
n Vdtti

C
V

0

0)(1
,  (6) 

where V0 is the initial voltage of the ion receiving plate. 

The neutralizing current in(t) is the flow rate of the charge Q as is contributed by the positive 

and the negative ions. Their motions in the transport region [15] are given by 

 dvnDnDnnneti Lnnppppnn
v

ppn evvv ⋅∇+∇−−−−= ∫ )()( ,  (7) 

where e is the elementary charge, v is the system volume, np and nn are the positive and negative 

ion densities, respectively. Here, vp and vn are positive and negative ion velocities composed of the 

air and the drift velocities. Dp and Dn are the positive and the negative ion diffusion coefficients, 

respectively. eL is the Laplace field when unit voltage is applied to the plate. 

2.3 Curvature Effect 

The charge Q on the conductor surface, which is not necessary to be closed, is obtained by 

integrating the surface density ρs over all differential surface elements dS as Z 

 ∫=
S

S dSQ ρ  .    (8) 

where ρS is the surface charge density. 

The surface charge density in (8) is non-uniform because the surface charges are distributed to 

create an equipotential surface or equivalently to eliminate the electric field tangential to the 

surface Es by their distribution. Thus the surface charge density ρs is described by 
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                                                                               ss E0ερ = .  (9) 

The surface charges near a convex edge of the conductor are denser than elsewhere on the 

surface. Then, the electrostatic field density and the electric flux are maximal, as in region A of 

Fig.1. On the other hand, the electrostatic field and the electric flux are minimal at concave edges 

as in region B of Fig.1. This phenomenon has been applied to corner detection as described in [22]. 

Thus the conductor shape by its edge curvature affects variations of the electric field along the 

interface region [23] between the conductor surface and the free space. It needs further 

consideration in the case of multiple sensing surfaces, as in the multiple plate analyzer or in the 

wafer surface charge monitor. 

3. Analysis Method 

This section describes the analytical methods to investigate the plates, in order to improve the 

ion balance measurement resolution. The used tools are simulations of the ion receiving plates and 

linear regression analysis. 

3.1 Simulations of Ion Receiving Plates 
 

This electrostatic field has been modeled by using the Electrostatic module in the COMSOL 

Multiphysics similarly as in [17], which followed the guidance in Benamar’s DC electrostatic 

precipitator modeling [21].  The free space environment was modeled as spherical volume with 50 

cm diameter. The outer surface of this sphere was a zero charge boundary (n·D=0). The 

electrostatic field was formed by two cylindrical electrodes, named source and ground, which were 

one centimeter in radius and height. All boundaries of the source electrode were configured to 

1000 V electrostatic potential and all boundaries of the ground electrode were configured to 

ground (0 V).  These electrodes were placed at the center of the spherical volume of free space with 

20 cm separation as shown in Fig.2.  In centimeter units, the source and the ground were located 

at (-10, 0, -0.5) and (10, 0, -0.5), respectively. The electrostatic field E in (2) depends on the 

electrostatic potential difference between these two electrodes.  The free space model was studied 

at this point to simulate the original electrostatic field without any measurement plate. The 

electrostatic potential of this model was used as reference data to compare with the cases with 

measurement plate.  The ion receiving plates were modeled using one millimeter thick conductive 

sheets placed between these electrodes. The center of these plates was located at the (0, 0, -0.5) 

position.  All boundaries of these plates had floating potential with zero initial charge (Q0 = 0). 

For the single plate models, the square plate and the circular plate had equal areas. The square 

plate was 15 cm×15 cm, which is the same size as the standard CPM. The circular plate had 16.9 

cm diameter. 
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For the multiple plate models, the 4, 9, 16, 25 and 36-segment square plates were simulated. 

These sub-plates were regularly arranged to 15 cm×15 cm array with 6 millimeter gaps between 

the plates, as shown in Fig.2.  The sizes of the 4, 9, 16, 25, and 36-segment square shaped sub-plates 

were 7.25 cm×7.25 cm, 4.60 cm×4.60 cm, 3.30 cm×3.30 cm, 2.52 cm×2.52 cm and 2.00 cm×2.00 

cm, respectively. Similarly, the 4, 9, 16, 25, and 36-segment circular plates were simulated. The 

diameter of each circular sub-plate was the same as the width of its counterpart square plate. For 

example, the diameter of each sub-plate in the 4-segment circular plate was 7.25 cm, equaling the 

width of the 4-segment square sub-plates. 

The whole domain was cut at the center (z=0), and this cut surface was analyzed in two 

dimensions. The electrostatic potential data points on these surfaces were exported to a 

spreadsheet across a specified range with constant increments in the x-and y-coordinates. The data 

points represented the square area from corner (-7.5, -7.5) to (7.5, 7.5) in cm, with 0.5 cm per step 

(see the X marks in Fig.3). Any points out of the conductor domains or out of this coverage area 

were neglected. 

 

3.2 Simple Linear Regression Analysis 

Linear regression is a statistical method to model relationships between variables from a 

discrete collection of data points [24]. The explanatory variables are used to describe the response 

variables. In simple linear regression (SLR), only one explanatory variable x is used to describe the 

response variable y as 

 y = mx + c + ei,  (10) 

where c is the y−intercept, m is the slope or the regression coefficient of x, and ei the noise term 

accounting for mismatch of model and given data. 

The goodness of fit describes how well the model can reproduce the given data [25]. The 

goodness of fit of an SLR model is indicated by the R2 value defined by 

 
tot

res

SS
SSR −=12 ,  (11) 

where SSres is the residual sum of squares and SStot is the total sum of squares [26]. 

The R2 value is nonnegative and less than or equal to 1. R2=0 means that the model is not at all 

useful. On the other hand, R2=1 would indicate perfect fit to the data. The relationship of the 

response and the explanatory variable can be visualized in an xy scatter plot, along with the least 

squares fitted regression line representing predicted responses at each explanatory value. 
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In this work, the SLR was used to analyze the variance between the reference model and the 

measurement models with the zero noise (ei=0) to qualitatively assess correlations. The reference 

model was the simulated electrostatic field in free space without measurement plates. The 

measurement models were the electrostatic fields simulated with measurement plates. The 

physical meaning of SLR analysis is to assess the measurement quality in terms of gain and offset 

errors. The regression coefficient represents the gain error and the y-intercept represented the 

offset error. An ideal result would have unity gain with zero offset. In other words, the 

measurement itself disturbs the measured ion balance, and the amount of that disturbance is 

assessed by simulating cases without and with that disturbance. 

4. Results and Discussions 

The finite element analysis results were assessed in the xy plane at z=0 cm. The electrostatic 

potential of the free space model without conductive plate is shown in Fig.4 by a contour and 

surface plot. The electrostatic contour lines were linearly distributed with 500 V at the center, as 

expected by symmetry. Then the single plates were simulated, placed at the center between the 

electrodes. The 500 V equipotential level covers the conductive plate and takes its shape. The 

electrostatic potential with the 15 cm×15 cm square plate is shown in Fig.5, and the potential with 

the 16.9 cm circular plate is shown in Fig.6. 

In the multiple plate models, each conductive plate could have its own equipotential level. 

These fine-grained levels of electrostatic potential are observed in Fig.7 for the 36-segment square 

plate model and in Fig.8 for the 36-segment circular plate model. While these plots indicate that 

the multiple plate measurement can provide the finer-grain results, with better spatial resolution 

than a single plate, they do not indicate significant differences caused by the shape of the sub-

plates. 

For the SLR analysis, the electrostatic potential of the free space model in Fig.4 was discretely 

sampled on a grid and used as the explanatory variable (x), and the electrostatic potentials from 

the measurement models were similarly used as the response variables (y). A scatter plot relating 

the free space and the single 15 cm×15 cm square plate models is shown in Fig.9. Both R2 and the 

gain were close to zero with 499.83 V offset. Since the y-value is practically constant 500 V over 

the conductive plate, the constant offset leaves nothing to be explained by x. The single circular 

plate expectedly gave similar results, seen in Fig.10. These results agree with the experiments in 

[7], which concluded that the shape of a single plate does not affect the ion balance measurement 

results. The SLR analysis of the multiple plate models gave significant differences. The number of 

electrostatic potential levels increased with the number of segments or sub-plates. The 4-segment 

square plate gave R2 0.757 with gain 0.520 and 240.05 V offset. The 9-segment square plate gave 

0.870 for R2, 0.752 for gain, and 123.68 V offset. The 16-segment square plate gave 0.923 for R2, 

0.841 for gain, and 79.32 V offset. The 25-segment square plate gave 0.948 for R2, 0.885 for gain, 
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and 57.12 V offset. The electrostatic potentials of the free space model and the 36-segment square 

plate model are compared in Fig.11. The linear regression fit gave 0.968 for R2, 0.939 for gain, and 

30.26 V offset. With the same segment numbers, the circular plates gave better results. The 36-

segment circular plate gave 0.981 for R2, 0.960 for gain, and 20.10 V offset. The electrostatic 

potentials of the free space model and the 36-segment circular plates are compared in Fig.12. 

Table 1 summarizes the SLR results indicating that the offset error decreased exponentially as 

the number of mutually similar segments increased. These results prove that the multiple plate 

measurement can enhance the spatial resolution, with accurate results, when compared with a 

single plate measurement. In general, the minimum acceptance of R2 is 0.9. Thus, the 16-segment 

square plate and the 9-segment circular plate were minimums accepted. 

In addition, the significant difference between use of square or circular plates indicates that the 

electrostatic field uniformity could be distorted by edge curvature effects as the square shape has 

a high curvature at its corners. These corners could provide high electrostatic flux densities and 

create electrostatic field strength variations in the overall measurement area. However, the gaps 

between the segments could also affect results by increasing stray capacitance in the overall plate. 

These aspects may be further investigated in the future. 

Table 1: Summarization of SLR analysis results. 

Measurement Plate 
Parameters 

R2 Gain Offset error (V) 

15 cm×15 cm (Square) <0.01 <0.01 499.83 

4-Segment (Square) 0.757 0.520 240.05 

9-Segment (Square) 0.870 0.752 123.68 

16-Segment (Square) 0.923 0.841 79.32 

25-Segment (Square) 0.948 0.885 57.12 

36-Segment (Square) 0.968 0.939 30.26 

16.9 cm (Circular) <0.01 <0.01 500.17 

4-Segment (Circular) 0.762 0.589 205.28 

9-Segment (Circular) 0.912 0.838 80.79 

16-Segment (Circular) 0.942 0.856 71.88 

25-Segment (Circular) 0.968 0.929 35.18 

36-Segment (Circular) 0.981 0.960 20.10 
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5. Conclusions and Future Works 

Multiple plates can be applied in the measurement of ion balance, in which case their 

electrostatic potentials could be due to charges induced by the electrostatic field or due to the ions 

received from an ionizer. 

Finite element analysis revealed that the electrostatic potential uniformity could be induced by 

the conductive plates. Linear regression analysis of potentials on multiple plates revealed that the 

sub-plates can faithfully follow the electric field that would prevail if undisturbed by the 

measurement, especially in case of finely segmented plate. Circular sub-plates allowed good linear 

fits of simulated measurements and undisturbed field. 

As finer subdivision of the measurement plate further improves the spatial resolution, the 

number of plates in a multiple plate measurement should be maximized within practical limits. 
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Figure 1: The electrostatic field in Volt/meter units. The electrostatic field was maximal at the 

convex corner (A) of a conductive plate, and minimal at the concave corner (B). 

 

 

Figure 2: Example of geometrical meshing of the source, the ground, and the conductive plates. 
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Figure 3: The points sampled from the conductor domain to obtain discrete data for simple linear 

regression analysis. 

 

 

Figure 4: Surface plot of the electrostatic potential with level contours for the free space model. 
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Figure 5: Surface plot of the electrostatic potential with level contours for the 15 cm15 cm square 

plate model. 

 

Figure 6: Surface plot of the electrostatic potential with level contours for the 16.9 cm circular 

plate model. 
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Figure 7: Surface plot of the electrostatic potential with level contours for the 36-segment square 

plate model. 

 

 

Figure 8: Surface plot of the electrostatic potential with level contours for the 36-segment 

circular plate model. 
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Figure 9: Scatter plot of electrostatic potential on the 15 cm15 cm square plate model versus the 

potential in free space undisturbed by measurement. 

 

 

Figure 10: Scatter plot of electrostatic potential on the 16.9 cm circular plate model versus the 

potential in free space undisturbed by measurement. 
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Figure 11: The scattering plot of electrostatic potential from 36-segment square shape plate model 

versus the free space model. 

 

 

Figure 12: Scatter plot of electrostatic potential on the 36-segment circular plate model versus 

the potential in free space undisturbed by measurement. 
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Abstract 

This paper demonstrates a multi-plate ion balance analyzer with inverse distance 

weighted interpolation for characterizing ionizer performance. The proposed 

analyzer design uses ultra-high input impedance charge induced meter to 

measure the electrostatic potential of multiple ion receiving plates. An embedded 

microcontroller processes the multi-channel analog signals synchronously and 

presents the results on a graphical display. Data interpolation enables high 

resolution results from the multi-plate measurements. This developed analyzer is 

suitable for ion balance characterization in small footprint devices sensitive to 

electrostatic discharges, such as a single-chip integrated circuit, or the head 

gimbals assembly of a hard disk drive. 
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1. Introduction 

The ESD events damage devices and harm the systems, and an electrostatic 

charge can also induce particulate contamination of the charged surfaces due to 

electrostatic forces [2]. Also the micro-electromechanical system (MEMS) can be 

disturbed by electrostatic charges [6, 7]. Therefore, understanding the behavior of 

charges on MEMS devices is necessary to design and control such devices and their 

fabrication process. 

Grounding is the simple method that eliminates the electrostatic charges and 

prevents ESD, but it can leave electrostatic charges on insulator surfaces. 

Therefore, ionizers are used to cancel electrostatic charges by emitted ions of 

opposite polarity, and to neutralize exposed surfaces. However, if the ionizer 

emits imbalanced ions, it could generate electrostatic charges instead of 

neutralizing them. Therefore, it is necessary to measure the ion balance of an 

ionizer. ANSI/ESD STM3.1-2015 [3] is the standard test method (STM) for ion 

balance measurement of an ionizer. The STM requires the 6″×6″ charged plate 

monitor (CPM) to measure the ion balance. This measurement lacks desired 

resolution because the charged plate is much larger than some targeted devices 

such as an integrated circuit or a magneto resistive head. Such devices require an 

ion balance within ±1 V, or even tighter, to prevent the ESD damage. 

The ion balance control to sub-1V deviations requires the ionizer to be 

balanced with sufficient resolution [4]. Small sized ion balance analyzers have 

been launched to serve these requirements, such as the ionizer controller in US 

patent number US 7,522,402 B2 [9], and biased-plate monitor [10]. However, 

these alternatives report on a single point at a time, but cannot determine the ion 

balance of an area of interest, which is the purpose of the STM. 

The measurement of electrostatic potential using multiple plates was 

simulated in [13]. The results revealed that the measurement resolution could be 

enhanced by this concept. The multiple plates measurement concept has 

thereafter been validated experimentally [14].  A 25-segment conductive plate 
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was exposed to ionized air, and its electrostatic potential was measured with a 

high-resistance electrostatic voltmeter. The fine-grained charge levels of the 

conductive plates corroborated the general concept. However, each result was 

collected from measurements done at different times.  So, further validation of 

the concept is needed to demonstrate observing the ion balance distribution over 

a 6″×6″ surface. 

 Aside from the physical plates, numerical interpolation can estimate results 

within the range of actually measured data points. A widely used and simple 

interpolation method is inverse distance weighting (IDW)[15]. Generally, the 

IDW is used to estimate a spatial distribution within a focal area, and has been 

used in studies of climate change, in rainfall mapping, and in distribution 

estimates of pollution levels. 

Therefore, this paper aimed to report a new ion balance measurement 

method, using the multi-plate sensor, which could measure the ion balance on the 

multiple segment plate as synchronously, and to illustrate the fine-grained 

results. Moreover, IDW interpolation was used to estimate values at points within 

the range of the measured points. This interpolation enhanced the resolution of 

ion balance distribution on the measured surface. 

 

2. Related Prior Works 

This section reviews prior work related to ion balance measurement and 

inverse distance weighting interpolation. The development of the multi-plate ion 

balance analyzer, partly based on this review, is described subsequently. 

2.1. Ionizer and Ion Balance 

The electrostatic charges on the insulator surfaces or the tiny isolated 
conductors can be neutralized by the ionizer [3]. The typical ionizer generates the 
ions by the corona discharge technique [5]. The ions are generated by the 
collisions between neutral molecules and electrons accelerated to ionization 
levels by an electric field, and these ions produced at the corona discharge could 
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be carried by the air flow to the object to be neutralized, where their 
transportation depends on the air flow velocity, ion drift velocity and ion-ion 
recombination [8]. Thus, the electrostatic potential V depends on the balanced 
result between the positive and the negative ions as 

 
0

2 )(
ε

np nne
V

−−
=∇ ,   (1) 

where np and nn are positive and negative ion densities, respectively, e is the 

elementary charge, and ε0 is the permittivity of free space. 

2.2. Charged Plate Monitor 

In order to characterize the ionizer, a CPM is used to measure the ionizer’s 

performance [3]. The CPM uses the 6″×6″ floated conductive plate to collect the 

ions in the ionized air supplied by the ionizer. The ion balance is assessed from 

the electrostatic potential caused by accumulation of the ions on that conductive 

plate within 1 minute of operation. Since the plate is geometrically fixed, the 

electrostatic potential V is in fixed ratio to the charge Q determined by the 

capacitance C as 

 
C
VQ = .  (2) 

 
The electrostatic charges stored in the small capacitance plate could be 

discharged through a generic voltmeter, which would rapidly deplete the charge. 

To maintain the accumulated charge, an electrostatic field measurement with a 

non-contact electrostatic voltmeter is preferred. This prevent the drainage of the 

charge. For example, the micro mechanical electrostatic field sensor was 

developed to measure the surface potential in MEMS device fabrication process 

[6, 7]. A cantilever-like bending beam could detect the electrostatic force without 

contacting to the object surface. In the free space, the force F relates to the 

electrostatic field E as 

 F = ε0E2A, (3) 
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where A is the sensing surface. Then the electrostatic potential V is related to the 

electrostatic field E by 

 V−∇=E . (4) 

Nowadays, the modern ultra-high impedance amplifiers can contact the 

charged surface with only low current drainage [12, 19{22] such as LMC6001, 

OPA128 and LMC6081. These amplifiers provide a very low input capacitance 

and an ultra-high resistance. They could meet the STM requirement of plate 

isolation exceeding 1.0×1014 ohms and 2.0 × 10−11 farad input capacitance. These 

amplifiers are used here, instead of the non-contact voltmeter, to measure the 

electrostatic potential for ion balance analysis. 

 

2.3. Inverse Distance Weighting Interpolation 

IDW interpolation is a specific type of weighted average for interpolating 

values sampled at spatial point locations to a neighbourhood of this point cloud 

[16-18]. It uses the distances from a target location to sampled locations, at which 

data values have been measured, to provide an estimated value at the target 

location. At the location j, the estimated data point Zj is obtained from the distance 

dji to location i of known data point Zi as 
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where the exponent n can be selected; often used exponents are 1, 2 or 3. 

The IDW is an easy-to-understand and practical interpolation method for 
implementation as illustrated in Fig.1. However, it never gives estimates above the 
maximum or below the minimum of the samples values, because the estimates are 
weighted averages of the sampled points. The IDW is sensitive to the sampling, 
and can give circular or transient curve patterns around solitary sampling points. 
Furthermore, the IDW is specifically designed for interpolation and will perform 
poorly as extrapolation method. 
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3. A Multiple Plates Ion Balance Analyzer Design 

This section describes the conceptual design of the multi-plate ion balance 

analyzer. Its multi-plate sensor will be described, the analyzer is represented 

here by a block diagram, and the implementation of IDW interpolation is briefly 

discussed. 

 

3.1. The Multi-Plate Sensor 

The ion receiving plate is a bare conductor, made of stainless steel sheet, and 

equipped with a driven shield layer. The ion receiving plate and driven shield are 

separated by an insulator as recommended in [3]. The voltage follower amplifier 

is configured as a charge induced meter, which was introduced in [12], as the 

conceptual circuit in Fig.2. The ultra-high input impedance amplifier is used for 

transimpedance the ion receiving plate. This amplifier made of the ultra-low 

input current operational amplifier which provides input resistance higher than 

1.0×1014 ohms with the input capacitance less than 3.0×10-12 farad. Then, the 

output of this amplifier can be probed by a generic voltage measurement tool, 

such as a voltmeter or an oscilloscope. The driven shield is electrically connected 

to the output of an amplifier. It makes ion the receiving plate independent of 

ground due to the dominant driven shield. Regarding to the contact plate 

configuration described in STM, the plate capacitance is effectively replaced by 

the 2.0×10-11 farad capacitor Ci, which is electrically wired between the non-

inverting pin and ground.  The one mega-ohm input resistor Ri is provided for 

protecting the against high currents to the non-inverting input of the amplifier.  

Since the analyzer is designed for sub-1V ion balance measurements, a simple 

amplifier circuit with the range of ±7.5 V can meet these requirements. Moreover, 

it increases the measurement resolution while the range is reduced. 

The charge induced meter, ion receiving plate, driven shield and insulators are 

all embedded as a single ion balance sensor module. Figure 3 illustrates the multi-
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layer stacking of that ion balance sensor. The construction uses a double-sided 

printed circuit board (PCB) with the 1.6 millimeter thickness FR-4 substrate. The 

electronic components and electrical conductors are on the bottom side of the 

PCB, while the driven shield is located on the top side. The ion receiving plate is 

installed over the driven shield, separated by a 0.1 millimeter thickness mica 

sheet. 

The number of plates in the multi-plate system was decided based partly on 

the manual labor required in fabrication, done in-house. We wanted 

approximately 1″×1″ sized sensors for sufficient spatial resolution to identify 

components or electric wiring issues. Six millimeter spacing between the plates 

was required by the mounting screws, and was used as the plate-to-plate spacing. 

The eventual multi-plate sensor had 25 segments as illustrated in Fig.4. The 

driven shields were 25.2 millimeter side squares and were arranged to cover a 

square 6″×6″ area, same total area as in the standard CPM. A zeroing switch is 

provided to drain the charges from the plates and capacitors before the next 

measurement [3]. 

3.2. Block Diagram of the Multi-Plate Ion Balance Analyzer 

The block diagram of the ion balance analyzer is shown in Fig.5. The multi-

plate ion balance assembly unit (1) provides 25 segments of conductive plate, 

with 25 channels from ultra-high impedance buffer amplifiers. The signals output 

by the charge induced meters need to be conditioned by signal conditioners (2), 

from ±7.5 V to the 0-5 V range, which is the input voltage range of the digital 

converter (ADC). Then signals are sampled and held by the sample-hold units (3) 

to ensure that they are synchronously converted, although the microcontroller 

(4) reads sequentially. The signals are multiplexed from 25 to 5 lines due to the 

limited ADC input channels of the microcontroller. The microcontroller (4) is the 

central processing unit performing user interfacing, data sampling, multiplexing, 
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interpolating, recording and reporting the measurement results. The graphical 

LCD output (5) reports the analysis results. 

 

3.3 Standard Charged Plate Monitor Measurement 

The 25-segment multi-plate sensor has similar total square 6″×6″ surface as 

the standard CPM. The “whole surface voltage” can be defined as the average 

voltage of all segment outputs from the multi-plate ion balance sensor. This 

approach has been validated experimentally in [14]. 

The standard charge plate monitor measurement is started by closing the 

active zeroing switch, opening it, and then starting the one minute timer. After 

the timed period, the signals are sampled and held synchronously. Then the 

microcontroller reads the signals via a multiplexer, executes the averaging and 

reports the numerical result. Moreover, the microcontroller also displays the 

electrostatic potential surface as an image, a color map of the ion balance levels 

on segments of the 6″×6″ composite square, and example of which is shown in 

Fig.6. 

 

3.4. Multi-Plate Ion Balance Measurement Operating Procedure 

The multi-plate measurement is executed by temporarily closing the zeroing 

switch, opening it, starting the one minute timer, holding synchronously sampled 

signals, and reading the signals, similarly as in the standard charged plate 

operation. However, now the signals are reported for individual plate segments. 

The surface image is also displayed, possibly partly, depending on the 

electrostatic potentials on the segmented plate. Each data point from the multi-

plate ion balance measurement consists of 5×5 cell values, which are arranged as 

illustrated in Fig.7. These measured values can further be interpolated to 

estimate the potentials at a higher resolution along the plate. 
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3.5. Implementation of Inverse Distance Weighted Interpolation 

To enhance the image resolution, the discrete data points from the multi-plate 

sensor can be used with interpolation to refine the ion balance distribution image. 

However, the interpolated data should be within the range of these measured data. 

The IDW scheme of interpolation is used here, because it is simple and always 

gives estimates within the range of measured data. The resolution was refined to 

25×25 by interpolation, on the square 6″×6″ surface, as illustrated in Fig.8. Now 

7×7 pixels on the LCD represented 6×6 millimeter squares on the measured 

surface. The measured data are assigned to edges of the refined grid, as well as 

inside it, to avoid extrapolation and enforce only interpolation. The grid of given 

values now has spacing of six cells in the rows and the columns. The blank cells in 

Fig.8 are to be interpolated by equation (5), and we chose to use n =1 for the 

comfortable of microcontroller coding. With the same reason, a linear 

interpolation of the nearest two points is used for the proof-of-concept study. 

The measured data points Zi are the 25 values from the multi-plate sensor, 

filled in the cells which are at the column 0, 6, 12, 18 and 24, which are in the row 

A, G, M, S and Y as shown in Fig.8. The interpolation was started in the rows with 

measured data points using the nearest measured data points to calculate the 

estimates for each blank cell. For example, the cell A1 was interpolated from cell 

A0 with one cell distance, and from A6 with five cell distance. In the same manner, 

the cell A2 had distance two from A0 and distance 4 from A6. This processing is 

shown in equations (6) and (7). 
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After all cells in the rows A, G, M, S and Y are filled, the remaining blanks in the 

other rows can be interpolated in the same manner, now each within its own 

column. This is as in equations (8) and (9). 
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Since the interpolated cells are weighted averages from the sampled points, the ion 

balance distribution image will be smoother and finer-grained. However, their values 

may be inaccurate, because the range of interpolated data points are always within the 

range of measured data. 

 
4. Results and Discussions 

This section assesses the experimental results from operating the multi-plate 

ion balance analyzer as described in the previous section. The constructed 

laboratory prototype of the proposed analyzer is shown in the photo of Fig.9. It 

was tested in standard CPM analysis and in multi-plate ion balance analysis, and 

the data interpolation was demonstrated. 

4.1. The Laboratory Prototype of Proposed Analyzer 

A photo of the proposed multi-plate laboratory prototype is shown in Fig.9. 

The multi-plate ion balance sensor was installed on top side so it can receive ions 

from an ionizer, for the ion balance measurement. However, this prototype 

analyzer has only been used for proof-of-concept evaluation so far. A cover or 

casing is necessary for actual production use. 



86 

 

4.2 Charged Plate Monitor Simulation and Correlation 

The analyzer prototype was tested using of the MKS bench top ionizer model 

5802i. A Treks charged plate monitor model 157 with the standard CPM was used 

to measure the ion balance, as the standard reference. The ionizer was installed 

at 60 cm from the grounded surface, and the measurement plates were placed 

under the ionizer facing each other with 15 cm gap, as shown in Fig.10. 

In test runs the ion balance was adjusted, and each time it was first measured 

by the CPM and then re-measured by the prototype analyzer. 

Initially, the ion balance results without any adjustment were 0.6 V from the 

standard CPM and 0.82 V from the prototype multi-plate analyzer, as shown in 

Fig.11. When the ionizer balance was adjusted in range from -7 to +7 V, the 

prototype and reference measurements correlated well with good linearity, as 

shown in Fig.12. The slope is closed to unit with 0.2 V offset, and 0.9975 

coefficient of determination R2. 

4.3. Multiple Plates Ion Balance Analysis 

The multi-plate ion balance analysis revealed finer-grained information 

regarding the ion balance. In the initial test, for which the standard CPM reported 

0.6 V, the multi-plate measurement gave variations across the plate segments, as 

shown in Fig.13. Despite the wide range of values from highly negative to highly 

positive, the average value was closely similar to the standard CPM result used as 

reference measurement. 

4.4. Inverse Distance Weighting Interpolation 

From the 25-segment data records provided by the multi-plate ion balance 

analysis, the interpolation done with equations (6-9) provides images like that 

shown in Fig.14. The continuous interpolation enhanced the resolution to a finer 

grained image. However, whatever interpolation method is used, it will not 

remove the large voltage variations in the multi-plate measurement: by default, 
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interpolation adds numerical estimates while keeping the original measured 

values. 

It remains to be seen if the type of distribution seen in Fig.14 is reproducible 

or created by some sort of randomly seeded instability. If it is reproducible, then 

the gross scale ion balance can be quite misleading, and the uniformity of ion 

balance will require attention. 

4.5. Ionizer Measurement Results Analysis 

The results in subsection 4.3 and 4.4 indicated that the ionizer under 

evaluation could distribute the non-uniformity of ion balance through the surface 

to be neutralized. This non-uniformity could not be identified in subsection 4.2 

which correlated to the standard CPM result. These results explain that ionizer 

under test did not capable for the sub-1 V ion balance control for the ESDS devices 

which is one inch or smaller footprint. This ionizer may need the further 

investigation to understand the cause of non-uniformity ion balance distribution. 

5. Conclusions and Future Works 

The proposed analyzer offers finer-grained assessments of the ion balance 

than conventional, due to its multi-plate sensor. Its plate-averaged readings 

correlated well and nearly linearly with a conventional analyzer. The overall 

segmented plate size matches that of standard measurements, used here as 

reference. However, strongly varying ion balance distributions over the 

segmented measurement plate were clear when assessed graphically. The 

observations highlight potential non-uniformity issues with ionized air. 

The image resolution was enhanced with a simple interpolation method. 

However, it has not been assessed to what extent the enhancement, while visually 

attractive, corresponds to reality. 
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In any case, the multi-plate ion balance analyzer has been demonstrated in 

these initial proof-of-concept tests, and the observed spatial variations in ion 

balance distribution encourage further studies of stability and reproducibility of 

such distributions. If, to the contrary, all sensor plate segments had given similar 

results, then this study would indicate that there is no need for the higher spatial 

resolution of a multi-plate sensor. 

In the future work, this analyzer may needs to evaluate the electrostatic field 

induction measurement for comparing with the distribution made by the data 

interpolation after the chassis and cover are properly shielded. The gaps between 

the sensing plates could be resulting in the mutual capacitances which can affect 

the values of the measured potentials. This suspicion also needs to be 

investigated in the future. 
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Figure 1: An example of interpolation by inverse distance weighting with exponent choice n=1. 

 
Figure 2: The electrostatic potential measurement using the charge induced meter concept. 

 

 
Figure 3: The multi-layer stacking of ion balance sensor module. 
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Figure 4: Schematic top view of the multi-plate ion balance sensor, composed by tiling sensors 
shown in Figure 3. 

 

 

Figure 5: Block diagram of signal processing in the multi-plate ion balance analyzer. 
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Figure 6: The ion balance on the 6″ ×6″ charged plate is graphically visualized as a heat map, here 

showing uniform charge level. 

 

 
Figure 7: Details of how the graphics representing the 5×5 plate segments were rendered on-

screen to the user of the prototype. 
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Figure 8: The measured values were placed on a grid like shown by the grey cells, and the 
estimates for the blank cells were interpolated as detailed in the text. 

 

 
Figure 9: Photo of the laboratory prototype used in this proof-of-concept study of a multi-plate 
ion balance analyzer. 
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Figure 10: Display of average charge when prototype is used to simulate the conventional single 

plate measurement. 

 

 
Figure 11: Display of average charge when prototype is used to simulate the conventional single 

plate measurement. 
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Figure 12: The correlation between the prototype analyzer (average over plate segments) and the 

standard charged plate monitor (CPM ) used as a reference measurement. 

 

 
Figure 13: The ion balance showed large non-uniformity when viewed at the resolution of the 

segmented sensor plate. 
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Figure 14: The previous coarse heat map of Figure 13 after refining by interpolation. 
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