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ABSTRACT 
 

This paper presents a simulation analysis of discharges on the trench of the Printed circuit board (PCB) board in oil 
under ac voltage. The analysis is compared with a similar simulation of ceramic substrate used as a baseplate in 
Insulated Gate Bipolar Transistor (IGBT) modules. The electric field strength at the triple junction region of the high 
voltage electrode, solid insulation, and the insulating fluid may result in the field emission of initial electrons. In an 
insulation liquid without impurity, electron emission around the highly stressed region along the trench is responsible 
for discharge initiation. Discharge around the region is dependent on the properties of the solid insulation. The pres-
ence of contamination leads to distortion of the electric field distribution. The simulation of air and water bubbles 
along the trench shows a significant change in the electric field distribution. Water contamination would be a dominant 

contributor to discharge development. 

Keywords:  Electric field enhancement, partial discharge, dielectric liquid insulation, ceramic substrate, PCB, power 
electronics 

1. INTRODUCTION 
 

Ceramic substrates metalized with copper are mostly used 

as a baseplate in power electronics. The power electronics 

module consists of the ceramic substrate, semiconductors 

(such as Insulated Gate Bipolar Transistors (IGBTs)), and 

interconnections. Copper is usually bonded to the ceramic 

substrate by a method known as a direct copper bonding 

(DCB) method without any additional interlayers. In the 

DCB method, a copper plate and ceramic board with the 

oxidized surface are bonded to each other by heating at a 

temperature of not higher than the melting point of copper 

but higher than the eutectic temperature of Copper (Fig 1). 

 

 
Fig. 1: Direct Bonded Copper (DCB) Substrate (Hsing et 

al, 2019) 

The choice of the ceramic substrate is a function of the 

application. Alumina (Al2O3) substrate is widely used, but 

ZrO2 stabilized Al2O3 substrate that displayed outstanding 

reliability performance with respect to thermomechanical 

stress, flexural strength and elasticity are preferred to 

Al2O3. Al2O3 has limited use in high power electronics 
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due to its high coefficient of thermal expansion, low ther-

mal conductivity (Schulz-Harder, 2003). The other sub-

strate is the Aluminium Nitride (AlN) which displayed ex-

tremely good thermal conductivity. AlN of thickness 603 

µm has partial discharge inception voltage (PDIV) of 

about 6.5 kV and partial discharge (PD) of less than 10 pC 

at a voltage above PDIV (Auge, et al, 2013). Combining 

these properties with extremely good thermal conductivity 

makes it the most suitable substrate for high power elec-

tronics. Table 1 shows the dielectric and breakdown prop-

erties of alumina and aluminum nitride substrates. 

There is another method used in bonding AlN with Cu and 

is known as the active metal brazing (AMB) method. In 

this method, a copper plate and an aluminum nitride board 

are bonded to each other by having a brazing material con-

taining an active metal ingredient. As compared with the 

DBC method, the active metal brazing method has the ad-

vantages of (1) the residual stress caused by thermal ex-

pansion difference of AlN-Cu being small since the treat-

ing temperature to obtain the above-mentioned bonded 

product is low, (2) being highly resistant to heat shock and 

heat cycle since a copper plate is a ductile metal, and (3) 

It offers the possibility to realize other metallization on 

Aluminium Nitride Ceramics. Copper could act as an age-

ing catalyst when immersed in a fluid such as mineral oil 

at high temperatures. AMB method offers the opportunity 

to use more stable metallization layers for the ceramic 

substrates (Arabi, et al, 2017). 

 

The miniature nature of semiconductor modules made it 

impossible to avoid sharp edges. This made the trench be-

tween the copper linings at the top of the IGBT base plate 

a critical area in high voltage application. An applied elec-

tric field will create field stress at the trench between the 

high voltage (HV) copper plate and the grounded plate at 

the top of the ceramic substrate. For an IGBT in air, the 

highest stressed point is always at the triple region where 

the metal, substrate and the dielectric (air) meets. Pro-

cesses such as partial discharges (PDs) and creepage could 

be induced at high applied fields such as 6.5 kV. For press-

pack, incompressible insulating fluid is introduced as the 

encapsulation material of the power electronic module. 

The components which including the IGBT module are 

embedded in the liquid. The incompressible fluid is capa-

ble of fully relieving the mechanical stress from compo-

nents. The liquid also increases the dielectric strength of 

the trench. Partial discharge activities along the trench 

could result in a short or long-time ageing complication 

on the power system. Investigation of partial discharge ac-

tivity at high stress along the trench when the electronic 

module is embedded in an insulating liquid is considered 

necessary. In the case of high voltage modules up to 6.5 

kV, the electric field around copper termination on sub-

strates may be high enough to induce internal PDs (Auge 

et al, 2013). 

 

There is a number of limitations that made it difficult to 

use IGBT for basic analysis. The modules are expensive, 

complex and of limited supply. AlN that is often used as 

a substrate for IGBT is electroluminescent.  This makes 

it a bad choice in the study of partial discharges. The 

printed circuit board (PCB) on the other hand was reported 

to have shown no electroluminescent effects and a struc-

ture similar to the ceramic substrate can be constructed us-

ing PCB. This makes PCB a good choice in the study of 

PD by optical measurements. The geometry of the IGBT 

baseplate modeled on a printed circuit board (PCB) for the 

initial investigation of the impact of HV application along 

the trench and edge metallization of the diode on the HV 

plate (Auge, et al, 2013). 

 

Meanwhile, printed circuit boards (PCBs) are formed by 

depositing or printing a thin layer of conducting material 

on the surface of a laminate prepared from insulating ma-

terials. The laminate is a composite material made from 

reinforcement material immersed in a temperature-re-

sistant polymer. The insulation of PCB often consists of 

layers of paper or layers of woven or nonwoven glass 

cloth impregnated with a resin such as phenolic, epoxy, 

polyimide, etc. Each of the elements serves a specific pur-

pose. PCB’s are made with varying resin-to-glass ratios, 

depending on the performance needs of the end-product. 

While the reinforcement provides the desired mechanical 

properties such as strength and rigidity, the resin which 

acts as a binder influence the electrical and thermal prop-

erties of the laminate (Guiles, 2008). 

Some common materials for PCBs are shown in Table 2:- 

Table 1. ELECTRICAL PROPERTIES OF CERAMIC SUBSTRATES (AUGE, ET AL, 2013) 

Substrate Dielectric Con-

stant 

Tan δ Breakdown Strength (kV/mm) 

1 mm Substrate 0.633 mm Substrate 0.25 mm Substrate 

Al2O3 9.8 0.0003 15 20 28 

AlN 9.0 0.0003 15 20 28 

 

https://www.bayerojet.com/


  ISSN: 2449 – 0539 
 BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.15 NO.1, JANUARY, 2020  pp39-47 

 

Also Available online at https://www.bayerojet.com          41 
 

1. Phenolic resin-impregnated Paper 

2. Epoxy resin-impregnated Paper 

3. Epoxy resin-impregnated cloth surface cellulose 

paper core, cloth surface nonwoven fiberglass 

core or woven fiberglass cloth 

4. Acrylic polyester-impregnated random glass mat 

5. Polyimide film or resin-impregnated cloth sur-

face nonwoven Aramid, fiberglass cloth, or 

Quartz 

6. Cyanate ester resin-impregnated glass 

7. Polytetrafluoroethylene (PTFE) film or resin re-

inforced by such "fillers" as woven fiberglass, 

glass fiber, or ceramic materials [Guiles, 2008]. 

 

The electrical properties of some PCB materials are 

shown in Table 2. Printed circuit board with FR4 as lami-

nate is often referred to as "FR4 PCB". The common 

thickness of rigid PCB is 1.6 mm. An unused FR4 PCB is 

quoted to have a dielectric rating of 800 V/mil - 1200 

V/mil. This describes the breakdown strength of the ma-

terial. The value may fall after usage due to ageing effects. 

The dielectric properties of the board are usually not con-

sidered in the grading of PCB materials. It is of interest to 

note that the grade of PCB material is determined by its 

flammability, high-temperature stability, and moisture ab-

sorption of the board. The breakdown strength of the con-

ventional FR4 PCB card is quoted to be as high as 

1.1 kV/mil. This is equivalent to 44 kV/mm (1 mil = 0.025 

mm). The procedure used in obtaining this value was not 

stated (Tarzwell, et al, 2004). 

 

PCB though has a structural difference compared with ce-

ramic substrate is used as a model to study the expected 

behaviour of the ceramic substrate-based module (Auge, 

et al, 2013, Auge, et al, 2013) because of its non-electro-

luminescent nature. The purpose of this work is to com-

pare the geometry of the etched copper trench on PCB and 

ceramic substrate, then simulate the electric field distribu-

tion along the termination of the high potential copper 

pane on top of PCB laminate model and ceramic substrate 

model immersed in an insulating fluid. This is to compare 

the numerical analysis of electric field distribution and en-

hancement at the critical regions of the two systems. 

2. MATERIALS 

 

IGBT baseplate model was constructed using the PCB 

shown in figure 2 for a partial discharge test. The PCB 

cards were produced from a composite material that com-

posed of woven fiberglass cloth with an epoxy 

resin binder that is flame resistant. The composite mate-

rial was cured in vacuum to eliminate voids that can lead 

the initiation of partial discharges The Laminate is FR4 

IT180A of 1 mm thick and a copper layer of 0.42 mm. The 

trench between the HV layer and the low voltage layer is 

2.5 mm wide. It has a back copper layer that is also 

0.42mm thick. Surface treatment is Immersion Ni/Ag 

(ENIG) (Abdelmalik, et al., 2014). 

  
Figure 2: PCB Card (a) top surface (b) back of the board  

3. FEM SIMULATION 

Figure 2 shows the drawing of the cross-section of the 

PCB card for the study of partial discharge and figure 3 

shows the illustration of the lateral view of the PCB card. 

To know the geometry of the base plate model, the PCB 

card was immersed in epoxy in a mould and left to dry. 

The PCB card with the solid was cut into two cross-sec-

tional as shown in figure 4. The zoomed image shows that 

the etched trench on the copper shows that the termination 

of the metals along the trench did not have a very sharply 

defined edge. The geometry of the cross-section of the 

a b 
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trench on the PCB card was determined from the micro-

scopic study of the object. The surface facing the trench 

was found to have a radius of curvature of about 200 µm 

and point radius of about 1 µm at the triple junction. The 

thickness of the insulation board was measured to 1 mm 

with a copper layer of thickness 0.3 mm. 

Figure 3: Drawing of the cross-section of the PCB card 

    

  

Figure 4: Cross-section of the PCB card in epoxy 

COMSOL Multiphysics which is a powerful interactive 

environment for modeling and solving different types of 

scientific and engineering problems (COMSOL, 2012), 

was used as the numerical modeling tool for the evalua-

tion of the electric field distribution of the model. The 

measured geometries were used to create a model in the 

COMSOL environment as shown in figure 5a. The insu-

lation board was made to be 1mm with a copper layer of 

0.3 mm. The radius of the curvature of the terminated cop-

per layer at the trench was set to be 200 µm, while the 

point radius of the terminal at the interface of the board 

was set to be 1 µm in the COMSOL simulation to acquire 

the maximum electric field at the triple junction region. 

COMSOL utilized the Finite Element Method (FEM) for 

its calculation. “Extremely fine” mesh size was chosen to 

effectively split the sharp regions of the domains into 

smaller sub-domains. Figure 5b shows the meshed point 

with a radius of 1 µm while figure 5c shows a zoomed 

image of the meshed triple region. 

 

A 50 Hz, 6.5 kV AC voltage was applied at the HV copper 

plate, while the low voltage copper plate and that under 

the board was grounded. The insulation liquid was chosen 

with a relative permittivity of 3.2 to represent MIDEL in-

sulating fluid. The insulating board was swapped between 

the FR4 model and the ceramic substrate model with rel-

ative permittivity of 4.1 and 9.0 respectively.  Figure 5d 

shows the electric potential at a peak voltage of 6.5 kV. 

Surface maximum and surface integration were selected 

from a derived value node to evaluate the maximum elec 

tric field and domain for high field stress respectively. 

Table 2. ELECTRICAL PROPERTIES OF SOME PCB LAMINATES (RITCHLEY, 2007) 

Materials Dielectric Constant Tan δ Breakdown Strength (kV/mil) 

FR4 4.1 0.020 1.10 

Polyimide Glass 4.1 0.015 1.20 

Cyanate Ester Glass 3.8 0.005 0.80 

BT/Epoxy Glass 4.1 0.013 1.35 

    

 

 

Table 3. TABLE SHOWING MAXIMUM ELECTRIC FIELD AND STRESS REGION IN PCB AND CERAMIC SUBSTRATE UNDER 6.5 KV 

Parameters FR4 PCB Ceramic substrate 

Maximum Electric Field (kV/mm) 130.0 427.6 

High Field Stress Domain (µm2) 5.9 × 10-1 8.8 × 10-3 
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4. RESULTS AND DISCUSSION 

The results as shown in Figures 6a and 5b indicate that 

electric field strength is maxima at the triple junction re-

gion of the high voltage copper plate, liquid and the board 

interface. The triple junction for the PCB model has the 

maximum electric field of 130 kV/mm as presented in Ta-

ble 3, while that of the ceramic substrate model made of 

the ceramic substrate has a maximum field of 427 kV/mm 

because of the difference in relative permittivity of the 

materials. The highest field domain area was considered 

to be within the region with an electric field ≥95% of Emax. 

In the PCB model, this domain area was evaluated to be 

5.9 × 10-1 µm2 while that of the ceramic substrate model 

was evaluated to be 8.8 × 10-3 µm2.The plot of electric 

field distribution around the high-stress region (Figures 7-

10) shows that the highest field for the PCB model is 

around the surface of the HV plate. The plot of field dis-

tribution along the surface of the ceramic substrate and 

across the high-stress region shows the same result. This 

is because the high-stress region covers a very small re-

gion at the copper, substrate and liquid junction. Electrons 

are more likely to be emitted from the high field region 

that could lead to electric field dependent ionic dissocia-

tion and molecular ionization can be initiated (Abdelmalik, 

et al., 2014). 

 

Properties of the solid insulation material influence field 

distribution around the triple junction region of the system 

as seen in Fig 4. The high field distribution spread out 

around the metal termination edge tip towards the board 

surface when the relative permittivity of the solid insula-

  

(a) Simulation Geometry (mm) (b) Meshed 

 

 

(c) Meshed sharp point (d) Electric Potential 

Figure 5: COMSOL Simulation 
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tion was set to 4.1 (see Fig 6a). However, when the rela-

tive permittivity was set to 9, the high field region was 

confined to a small region at the surface of the substrate 

under the metal edge tip (see Fig 6b). This implies that the 

relativity permittivity of the solid insulation plays a vital 

role in the domain of the high-stress region at the triple 

junction. Some of the emitted electrons creep along the 

surface of the insulation solid (Chen, et al., 2012). Some 

of the electrons may strike the surface of the insulator un-

der the applied electric stress and this process may result 

in the production of more electrons, enhancing the colli-

sion process. This may trigger surface discharge on the 

surface of the solid insulation. A surface discharge may 

have a significant impact on the discharge processes at the 

surface of the solid insulations. A surface discharge may 

occur early in ceramic substrate compared with the PCB 

card. 

4.1. Influence of contaminants on electric field distri-

bution 

Charge injection under high voltage application could re-

sult in localized Joule heating, and leading to partial va-

porization. The continuous heating process could cause a  

 

 

rise in the liquid temperature. This could exceed the boil-

ing temperature under a long duration and molecular  

evaporation may occur. This could lead to internally gen-

erated gases and resulting in a gaseous bubble in the liquid. 

The effect of the presence of gaseous bubbles on the elec-

tric field distribution around the triple junction region was 

simulated. Air bubbles were simulated by placing a bub-

ble with a radius ranging from 10 nm to 50 nm and setting 

the value of relative permittivity to 1.  As shown in fig-

ures 11a and 11b, the existence of gaseous bubbles en-

hanced the maximum electric field strength around the tri-

ple region. The magnitude of the maximum electric field 

that exists in the bubble is up to 223.7 kV/mm for FR4 

PCB and 597.2 kV/mm for the ceramic substrate. It was 

observed that the smaller the radius of the bubbles, the 

higher the electric field strength. 

Moisture is a contaminant that could significantly influ-

ence the electric field distribution. Moisture can be taking 

up through absorption or diffusion. The water bubble was 

simulated by placing a bubble with a radius ranging from 

10 nm to 50 nm with a relative permittivity of 80.4. The 

presence of the water bubble significantly influenced the 

maximum electric field at the triple junction region as 

shown in Figures 12a and 12b. The magnitude of the max-

imum electric field that concentrated at the region be-

tween the bubble and HV electrode is up to 445.8 kV/mm 

for FR4 PCB and 1.28 kV/mm for the ceramic substrate. 

Moisture around the triple junction significantly enhanced 

the maximum electric field around the region and higher 

in the ceramic substrate. This may be a major contributor 

to the discharge process

. 

 

 

 

(a) FR4 PCB           (b) Ceramic substrate 

Figure 6: Electric field distribution 
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Table 4 shows the comparison of the influence of contam-

inants on electric field enhancement at the triple region. 

While the field enhancement at the triple region is higher 

for ceramic substrate when compared with PCB, the water 

bubble contaminant has more influence on field enhance-

ment compared with the air bubble

. 

  

Figure 7: Electric field distribution at the triple junction of the of the 

PCB (field along the PCB Surface) 

Figure 8: Electric field distribution at the triple junction of the PCB 

(Field across High-Stress Domain) 

 

 

Figure 9: Electric field distribution at the triple junction of the sub-

strate (Field along the Surface) 

Figure 10: Electric field distribution at the triple junction 

of the substrate (Field across High-Stress Domain) 

 

Table 4. INFLUENCE OF CONTAMINANT ON ELECTRIC FIELD DISTRIBUTION 

Liquid Condition Max Electric Field (kV/mm) 

FR4 PCB Board Ceramic substrate 

No Contaminant 130.3   428.0 

Presence of Moisture 445.8 1280.0 

Presence of gas bubble 223.7   597.2 
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5. CONCLUSIONS 

 

The microscopic study revealed that the etching of copper 

to produce trench on the surface of the PCB and ceramic 

substrate produced similar geometry. Electric field en-

hancement at the triple region and discharge is dependent 

on the nature of the solid insulation. While the field en-

hancement covered a wider area at the triple region of 

PCB, the filed enhancement at the triple region of ceramic 

substrate is higher the triple point and covered a smaller 

area. The simulation of air and water bubbles along the 

trench shows a significant change in the electric field dis-

tribution. Water contamination would be a dominant con-

tributor to discharge development. Contaminants were ob-

served to have a significant impact on the electric field 

distribution around the triple region. The simulated gas 

bubble increased the maximum electric field strength by a 

factor of 1.4 and 1.7 in the ceramic substrate and PCB card 

respectively. While a similar amount of simulated mois-

ture bubble increased the maximum electric field strength 

by a factor of 3 and 3.4 in the ceramic substrate and PCB 

respectively. The presence of moisture in the dielectric 

liquid will have a greater influence on discharge processed 

in the system. 

  

Figure 11: Electric field distribution with air bubbles as contaminant (a) FR4 PCB (b) Ceramic substrate 

  

Figure 12: Electric field distribution with water bubbles as contaminant (a) FR4 PCB (b) Ceramic substrate 
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