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(2)� ���������������������������� 5���cm������� 150W/m�K�������

���� 15���cm���50W/m�K�����������������������

(3)� ������������������������������������������������300��

1000 ����������-50��+300��300 ������������������������������

���������

(4)� ������������������������������������ in-situ������������
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Design of High Efficiency and High Power Density DC-DC 
Converter

Ing. M. Pavlovsky PhD. 

1. Introduction 
Many power electronic applications require power 

converters with high efficiencies and high power 
densities. The main goal of the APEP is to investigate 
the feasibility of improving the efficiency of an electric 
vehicle drive train as a system while the impact on the 
size and weight of the vehicle should be kept low in the 
same time. This report concerns the work regarding the 
design of the DC-DC converter which is placed 
between the batter and the motor drive as shown in 
Figure 1. 

Figure 1. Block diagram of a vehicle drive system 

Considerable efforts are being made by the scientific 
community to reach the efficiency and power density 
goals and there have been substantial improvements 
reported in recent years, for example in [1] and [2]. The 
design presented in [1] reaches power density in excess 
of 27 kW/l and its efficiency peaks at approximately 
98 %. On the other hand, the design presented in [2] 
reaches efficiencies higher than 99 % but the power 
density is rather low due to a low operating frequency. 
The presented results are remarkable; however, 
reaching ultra high efficiencies, in 99 % region, and 
very high power densities in the same time presents a 
major challenge. In APEP, we work on improving the 
efficiency as well as the power density of the DC-DC 
converter in the same time. The design is based on an 
improved SAZZ topology which showed a potential of 
reaching high efficiencies. In the same time, great care 
is given to a careful spatial converter design in order to 
reaching high power densities. This report considers 
preliminary results of the converter design as well as of 
the initial experiments. As shown, the presented 
approach is capable of reaching efficiencies in the 99 % 
region and in the same time the converter power density 
is over 40 kW/litre. 

2. Improved SAZZ Topology 
SAZZ (Snubber Assisted Zero Voltage and Zero 

Current Transition) topology was proposed in [3] in its 
one directional version with the goal of reducing 
switching losses in dc chopper circuits and hence 
allowing for a high frequency operation. The loss 
reduction is obtained by combining a conventional dc 
chopper topology with a snubber placed across the main 
switch and an auxiliary circuit discharging the snubber 

prior to the next switching cycle. Details on the Original 
SAZZ topology can be found in many previous 
publications for example in [3] and [5]. 

Bi-directional buck/boost SAZZ topology was 
proposed in [4] in order to enable the fully bi-
directional buck/boost operation with the soft switching 
properties of the SAZZ topology. It operates on the 
same operating principles as the basic SAZZ circuit 
where the mode of operation is preselected by a pair of 
semiconductor switches. 

As shown in published papers, SAZZ topology 
improved the DC-DC converter performance with 
respect to the hard switching counterparts. The 
converter prototypes reached efficiencies of 97 % in 8 
kW, 100 kHz uni-directional boost SAZZ converter 
based on IGBTs [3], 95.4 % in 8 kW, 200 kHz forward 
boost/reverse buck bi-directional SAZZ converter based 
on MOSFETs [5] and 96.5 % in 25 kW, 50 kHz fully 
bi-directional SAZZ converter based on IGBTs [4]. 
However, the investigation also revealed the main 
functional limitations of SAZZ topology being the 
reverse recovery of the rectifying diodes and the output 
capacitance of the auxiliary switch. For this reason the 
possibility of further improvements of SAZZ topology 
were investigated in the course of APEP. 

The new improved SAZZ topology was proposed 
in order to mitigate the above mentioned issues and 
hence improve the performance and the efficiency 
further. The improved topology addresses the main 
issues by following countermeasures: 
� Modified snubber configurations – extending soft 

switching area to wider voltage range 
� Saturable inductors in snubber circuit – 

suppression of MOSFET output capacitance 
effects 

� Synchronous rectification – reduction of reverse 
recovery and conduction losses in diodes 

The circuit diagram of the improved bi-directional 
buck/boost SAZZ topology is shown in Figure 2. 

3. Converter Design Concept 
Converter designs with ultra high efficiency and 

power density in the same time require considerable 
attention to design details in order not to waste a single 
watt of energy or cm3 of space. This is due to the fact 
that such designs approach the boundary of what is 
possible using the available technology and every 
wasted watt or cm3 contribute substantially to the final 
efficiency and power density figures. 

Inverter
Bi-
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DC-DC 

Converter 

Traction
Motor

DC

Bat.
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Figure 2: Circuit diagram of improved bi-directional buck/boost 
topology 

The design used in APEP is based on the design 
concept published in [5] which reached the efficiency 
of 95.4 % and power density over 25 kW/litre 
operating at 200 kHz [5]. In order to improve on these 
results, the presented design concept was critically 
evaluated and updated with respect to the new design 
specifications. One of the new design requirements is 
that the converter must allow full bi-directional 
buck/boost operation and therefore a bi-directional 
SAZZ topology as introduced above must be used. In 
the same time, the new design requires rather wide 
operating voltage ranges in order to effectively control 
the power flow at acceleration and deceleration of an 
electric vehicle where it would be applied. The 
operating voltage ranges are 300 V – 420 V at the input 
and 50 V – 420 V at the output. The required power 
output increases linearly with the output voltage due to 
a constant torque operation of the traction motors. 
Another important design aspect is the frequency 
reduction from 200 kHz to 50 kHz in order to reduce 
the switching losses. This together with a lower RDSon
of paralleled CoolMOS devices should yield a 
substantial improvement of the efficiency and hence 
the efficiency approaching 99 %. In order to 
compensate for the reduced frequency, the magnetic 
material of the main inductor core was changed from 
ferrite to an amorphous metal. The higher saturation 
flux density allows for higher fluxes in the core and 
hence the inductor size is not impacted much by the 
reduced frequency. Other aspects implemented in the 
design concept are redesign of various converter sub-
modules and of the converter layout. The main 
criterion for these redesigns was a good match between 
the various component parts and rejection of the air 
from the converter structure. 

A 3D exploded view of the single phase module is 
shown in Figure 3a. The structural layout takes into 
account the current flow thought the structure in order 
to simplify the module interconnects. Minimising 
empty spaces inside of the structure as well as good 
heat removal from components were other design 
priorities. The single phase module is mostly 
symmetrical with respect to input and output. 
Therefore, two modules can fit together with the 

inductor of one module filling the gap in the other 
module. The complete structure with four modules 
designed for 60 kW output power has a brick like 
shape with only power terminals and liquid cooling 
fittings protruding outside the external contour as 
shown in Figure 3b. The external dimensions are as 
small as 175 mm x 105 mm x 80 mm which yields the 
overall power density higher than 40 kW/litre. 
Practical realisation of the single module converter 
prototype is shown in Figure 4. In the shown figure, 
the main and auxiliary inductors are not included. 

 a) 

 b) 
Figure 3: 3D model of converter prototype; a) single phase exploded 

view, b) complete converter structure 

Figure 4: Single module converter prototype 
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4. Experimental Results 
4.1. Single Converter Module 

Two single module converter prototypes as shown in 
Figure 5 were constructed and tested in the laboratory. 
These modules were experimentally tested in various 
operating modes in order to verify the prototype 
functionality as well as performance. The primary 
concerns during the experiments were the required 
maximal power performance at selected input to output 
conversion ratios and the related efficiency curves. The 
operating range with respect to input/output voltage 
conversion ratio in forward as well reverse direction is 
depicted in Figure 6 and Figure 7 respectively. The 
figures also list efficiencies measured at the maximal 
power required for the specific tested operating point 
for the single converter module. An Example of 
operating waveforms of some of the components are 
depicted in Figure 8 and Figure 9 for the forward boost 
300 V – 420 V operating mode for the converter 
operating at 15 kW output power. As can be seen, all 
main waveforms are clean without excessive noise or 
oscillations. Some noise is visible on the gate signals 
but it is within the reasonable limits and the converter 
operating functions remain without disturbance. A part 
of the noise measured on of the gate signals can be due 
to poor voltage probe performance as observed during 
some experiments. 

Figure 5: Prototype of single converter module 
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Figure 6: Converter operating region in forward direction with 
measured efficiencies at maximal power output for single module 

operating with 70 �C coolant 

Reverse Direction = Energy Recovery
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Figure 7: Converter operating region in reverse direction with 
measured efficiencies at maximal power output for single module 

operating with 70 �C coolant 

Figure 8: Waveforms measured on single module converter 
prototype in forward boost mode 300 V – 420 V operating at 15 kW 

output power; Ch1 – Aux. switch Sa1H voltage 100 V/div, Ch2 – 
Main switch Sm1H voltage 100 V/div, Ch3 – Aux. switch Sa1H gate 

voltage 10 V/div, Ch4 – Aux. switch Sa1H current 20 A/div 

Figure 9: Waveforms measured on single module converter 
prototype in forward boost mode 300 V – 420 V operating at 15 kW 
output power; Ch1 – Main switch Sm1H gate voltage 10 V/div, Ch2 – 
Synchronous rectifier Sm2H  1/3 current 10 A/div, Ch3 – Synchronous 
rectifier Sm2H gate voltage 10 V/div, Ch4 – Main inductor L1 current 

10 A/div 

The complete efficiency curves are shown in Figure 
10 to Figure 15 for all directions of operation and 
various voltage conversion ratios. As can be seen the 
efficiencies are very high and 99 % efficiency can be 
reached in all directions of operation all the way up to 
the full output power. The efficiency is reduced with the 
conversion ratio increasing. However, it remains above 
97 % for conversion ration less than 1:2 and above 
96 % for the ratios less than 1:3. The efficiency drops 
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further below 96 % for very large conversion ratios into 
the 94 % region and 92 % region for the ratios 1:6 and 
1:8 respectively. This efficiency reduction is due to 
poor utilisation of semiconductor switches and high 
current levels at the low output power. 

Forward Boost - Empty Battery (1 module)

90
91
92
93
94
95
96
97
98
99

100

0 2 4 6 8 10 12 14 16
Po [kW]

Ef
f [

%
]

20C 300V-420V
20C 300V-350V
70C 300V-420V

Figure 10: Efficiency curves for single converter module operating in 
forward boost mode; empty battery; cold/hot coolant 
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Figure 11: Efficiency curves for single converter module operating in 
forward buck mode; full battery; cold/hot coolant 
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Figure 12: Efficiency curves for single converter module operating in 
forward buck mode; empty battery; cold/hot coolant 

Reverse Buck - Empty Battery (1 module)
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Figure 13: Efficiency curves for single converter module operating in 
reverse buck mode; empty battery; cold/hot coolant 

Reverse Boost - Full Battery (1 module)
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Figure 14: Efficiency curves for single converter module operating in 
reverse boost mode; full battery; cold/hot coolant 

Reverse Boost - Empty Battery (1 module)
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Figure 15: Efficiency curves for single converter module operating in 
reverse boost mode; empty battery; cold/hot coolant 

5. Two Parallel Converter Modules 
Single converter modules were designed so that they 

fit seamlessly into a cube like converter structure. This 
is illustrated in Figure 16 for two single modules. As 
shown, there is little empty space left inside the 
structure. The whole 30 kW converter in this case 
would be only 40 mm thick which results in the power 
density of 40 kW/litre. 

Figure 16: Integration of two converter modules into single converter 
structure 

The two single converter modules were tested 
individually as well as together in parallel operation. 
The performance in parallel operation is demonstrated 
by the efficiency curves depicted in Figure 17 for the 
forward boost operating mode. As can be seen the 
measured efficiencies are even slightly higher than for 
the single module which is due to the loss reduction in 
the input and output filters. The efficiency was also in 
this case in the 99 % region all the way up to the 
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maximal tested power of 25 kW. The test up to the full 
power of 30 kW was not possible due to some slight 
differences between the two converter modules which 
resulted in a power imbalance. This could be solved by 
modifying the control signals for the individual 
modules which was not possible at the time of the 
experiment. The measured waveforms on both 
converter modules are shown in Figure 18. The power 
imbalance is clearly visible on the difference between 
the main inductor currents of the two power modules. 

Forward Boost - Empty Battery (2 modules)
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Figure 17: Efficiency curves for two modules operating in parallel; 
forward boost mode; empty battery; cold/hot coolant 

a) 

b) 

Figure 18: Waveforms measured on two parallel converter modules; 
a) converter 1, b) converter 2; forward boost mode 300 V – 420 V 

operating at 25 kW output power; Ch1 – Synchronous rectifier Sm2H
gate voltage 10 V/div, Ch2 – Synchronous rectifier Sm2H  1/3 current 

10 A/div, Ch3 – Main inductor L1 current 10 A/div, Ch4 – Main 
switch Sm1H voltage 100 V/div 

6. Conclusions 
As discussed in this report, the main goal of APEP 

is to investigate the possibility of designing automotive 
DC-DC converters with high efficiency and high 
power density and this was pursued throughout the 
whole design process briefly presented here. 

As shown, efficiencies in the 99 % range are 
achievable in a broad load range for various operating 
modes and input to output voltage ratios. This is very 
beneficial for automotive applications where a dc-dc 
converter is used to improve the power flow from a 
battery to an inverter. In the same time, the power 
density of designed prototypes is as high as 40 kW/litre. 
The high power density translates into a very low space 
requirement for placing the dc-dc converter in the 
vehicle. 

The construction and testing of the converter 
prototypes revealed also several issues of the present 
converter structure. The issues are for example: small 
tolerances on some component dimensions, insufficient 
pressure from the MOSFET pressure plate, difficulty to 
seal the heatsinks and liquid distribution pieces and too 
much flexibility in Teflon plastic pressure plates. This 
and other issues should be resolved in the design of the 
next converter prototype. Simplifying the converter 
structure from the assembly complexity point of view 
should be also considered during the design revision. 
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Fig. 1� Thermal  expansion behavior of PPd and PdBA
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PPd � 195 2.4 43.7 323 53.0

PdBA1 1.0 : 1.0 183 4.2 54.8 335 37.7
PdBA0.5 1.0 : 0.5 202 4.5 51.5 335 40.3
PdBA0.3 1.0 : 0.3 206 3.9 47.3 339 41.4

4) By TMA (heating rate: 5�/min, under N2: 20ml/min)     5) Range: 50�~100�
6) By TGA (heating rate: 10�/min, under N2: 20ml/min)     7) At 700�

Table 1   Physical properties of Pd+DGEBA (PdBA)1)

Td5
6) Residue6) ,7)

1) Curing condition: 200�/4h
2) By DVA (heating rate: 5�/min, frequency: 1Hz)     3) By rubber state formula T: (Tg+40)

No. Ar-OH�epoxy Tg2) CTE4) ,5)

Scheme 2� Chemica l  str ucture  of compounds.

Mean diameter: 12 �m

Density: 2.3 g/cm3

CTE: 2.8  ppm/K 

TC: 60 W/m�K

Fig. 2� Proper ties of BN fi l le r.

Scheme 1� Reaction of polyb enzoxazine with epoxy re sin.
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Fig. 4� SEMs of surfaces for PdBA modified in  situ-generated PMS.
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4 (B)(C)�������������������������

�������(KIC)������������������PMS

����������������������������

�����������������������1 : 0.3���

������1 : 1��������������������

�������������KIC���������� 36~49�

�����

Fig. 4�PMS������������

����������PdBA0.3(213MPa) �

����������160~180MPa���

�������������������

��PMS�������������������������

����������������������������

����������������������������

����������������������������

����

4�����

1� ���, ����������,27, 4(2006) 

2� ����, �59����������������, 161(2009) 

3� ����, ������, In Press

4� ����, �60����������������, 49(2010) 

5� ����, ������������ �����, �����, 88(2009) 

Thermal
Conductivity

vol% [ppm/K] [g/cm3] [J/g�K] [mm2/s] [W/m�K] at 25�

PdBA0.31) DGEBA � 47.9 1.207 1.260 0.133 0.202

PdBA0.32) DGEBA 40 27.3 1.609 0.889 1.010 1.445

PdBA0.32) DGEBA 50 17.2 1.732 0.744 2.816 3.630

PdBA0.32) DGEBA 60 12.8 1.846 0.771 3.326 4.732

3) By TMA (heating rate: 5�/min, under: N2 20ml/min)     4) Range: 50�-100�
5) Picnometer method     6) By laserflash method at 25�

Table 2   Thermal properties of Pd+epoxy+BN filler

Matrix Epoxy resin
BN CTE3) ,4) Density5) Cp6) Diffusivity6)

1) Curing condition: 200�/4h     2) Curing condition: 150�/6h+200�/4h

Fig. 3� Relation between BN and CTE( left) or  BN and TC(r igh t) for PdBA0.3.
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�� 2 ���������

������������

������������

���������� 4,4’- Bismaleimide diphenyl 
methane (Scheme 1 BMI)���������������

��������

�������

�������

� � � � � � � � � � � � � � � � � � � �

3,3’-(methylendi-4,1- phenylen)bis(3,4-dihydro-2H-1,3 
-benzoxazine) (Scheme 2 Pd ���������)����

���

� BMI�Pd���2�����������������

��������� 2 �����������������

��������������������������

(�����)���������������������

�������� 1) (Scheme 3)�������������

�� 3 ������������������������

��������������������������

��������(Scheme 4)���������� BMI �
Pd �������������������������

����

�������

����������

����������BMI � Pd �����������

���������������(DSC)��������

���������������������������

���������

��������������

���� BMI : Pd �������������200�/4h
����������������������� BMI �

����� Pd ��������������������

���������� (DMA)������ (TMA)����

�� (TGA)����������

���������

�������������������������

���������������������� N-���

������(PMI Scheme 5)�������������

�����������PMI=10�1 ����������

������������� 100-110�/8h ���(N2�)�
���������������������-�����

�-�������������

��� 3 ���������������������

������������PMI �
N,N,-dimethylaniline(Scheme 5), tBu ���������

���(tBu-Pa Scheme 5)� 1phr �����������

�(100-110�/8h)������

������������

����������

DSC ������ Fig. 1 ����BMI � Pd ��

��������������������

BMI:Pd=1:0.3 �����������������

������������������������

BMI ���������������������

� Pd �����������������BMI-Pd
������������������

N

O

O

N
Me

Me tBu

O

N

Scheme 5 Model compounds

PMI N,N,dimethylaniline tBu-Pa

Scheme 3 �� Pd �����

BMI �������

R
N

OH

N

O

O

R
N

O

N

O

O+

Scheme 4 BMI �������������(BMI ������)

N OO

R''
O

N
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N
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Nu:

Scheme 1 BMI 

N CH2 N

O

O

O

O

Scheme 2 Type Pd benzoxazine
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� ������������� Table 1 ���� Tg

� Td5�������� Fig. 2 �����

Table 1 ���BMI ������ Tg���������

���������������������� 200�/4h
���������������������������

Fig. 2 ��������������� Tg�������

���������� BMI:Pd=1�0.3 ���� 200�/4h
������� 310���� Tg��������� BMI �
Pd���������BMI��������������

������� Scheme 4 ������������ BMI
���������������������������

�������������������������

Tg �������� 1�0.3 ������ Td5,10 �

382,408�����������������������

�����������������������

47ppm/K ���������������������

70ppm/K ���������������

� Fig. 3 �� DMA ����������BMI ������

���Tg���������������� tan�����

�������������������������

BMI�Pd=1�0.3 ��� Pd ��������������

�������������� BMI ����������

����

���������

Phenol �PMI �������������Fig. 4 ���

���������������������������

����������������������

� ���PMI � N,N, -dimethylaniline � tBu-Pa ����

������������� PMI �����3 �����

������ PMI ������������������

�����������������

������

1) T. Takeichi, Y. Saito, T. Agag, H. Muto, T. Kawaguchi,�
Polymer, 49, 1173 (2008). 

2) ��, ��, ��, ��, ��������������

�, 60, 122 (2������

���

�� � � � � � � � � � �

��� ���

Fig. 4 Product of model reaction between Phenol and PMI

Fig. 3 DMA charts of resins
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Fig. 2 Relationship between heat resistance and compounding ratio

��� �ppm/�� ��� ���

neat BMI  1: 0 151 50.3 485 500

1 : 0.1 263 45.3 439 480

1 : 0.3 310 47.6 382 408

1 : 1 240 47.6 334 360

0.5 : 1 213 46.1 327 357

neat Pd  0 : 1 204 41.6 314 358
1) By DMA (heating rate: 5�/min, frequency:1Hz)     2) By TMA (heating rate:  5�/min, Under: N2 20ml/min)

3) Range 50� to 100�     4) By TGA (heating rate: 5�/min, Under: N2 20ml/min)

Equivalence ratio
(BMI : Pd)

Tg1) CTE2)3) Td5
4) Td10

4)

Table 1 Thermal propaties of polybenzoxazine modified bismaleimide  

K

������ ���
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BMI + Pd (1:0.3)
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D
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Fig. 1 DSC charts of resins
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���������������������������

���������������������������

������������ 2)��������������

��������������������������

�������������� 4,4’-����������

���(DDS)���������������������

����������������������� 1)�

��������������������������

���������������������������

��������� PY2 ���������������

���������������������������

������������������

��������

� �������������������������

����-OH ����������������������

��������������������������

�������� PY2 ����������Fig. 1 ���

��������������������� PY2����

������������������� 4 �������

���������������������������

���������������������������

���������������������������

���������������������������

�����PY2 ��������������������

��������������������(DMA)����

��(TMA)����������������������

� 1 �������������������������

���������������������������

���������������������������

������������

�������� Table 1~4 �����Table 1,2 ���

������������������� A ������

��������������(CTE)����������

����(Tg)�����Scheme 2 �����������

��������������������������

��������������������������

Scheme 1  Epoxy resins, curing agents, and curing accelerators

CH2CHCH2O
O

CH3

CH3

CH CH2 O
O

CH2CHCH2O
O

H2C

CH CH2 O
O

H2C

CH CH2 O
O

H2C CH2CHCH2O
O

Bisphenol-A diglycidyl ether (DGEBA),
JER-828 (Japan Epoxy Resins)
(Bisphenol-A type epoxy resin)

1,6-Naphthalenediol diglycidyl ether,
EPICLON-HP4032D (DIC)
(Naphthalene type epoxy resin)

9,10-Anthracenediol-1,4'-dihydride diglycidyl ether,
JER-YX8800 (Japan Epoxy Resins)
(Anthracene dihydride type epoxy resin)

Pyrogallol dimer (PY2)
(Pbenol type curing agent)

Phenol novolac
(Phenol type curing agent)

TPPB-SCN (Hokko Chemical Industry)
(Curing accelerator)

P B CH3

44

-+

TPP-MK (Hokko Chemical Industry)
(Curing accelerator)

Pyrogallol dimer (PY2)
(Pbenol type curing agent)

P C4H9
3

SCN
n

CH2 CH2

OH OH OH

n

OH

OH

OH

CH2

OH

HO

OH

OH

OH

OH

Curing agent Horizontal view Vertical view

Pyrogallol
dimer (PY2)

Phenol 
novolac

Curing agent Horizontal view Vertical view

Pyrogallol
dimer (PY2)

Phenol 
novolac

Epoxy resins Horizontal view Vertical view

Bisphenol A

Naphthalene

Dihydro
anthracene

Epoxy resins Horizontal view Vertical view

Bisphenol A

Naphthalene

Dihydro
anthracene

Scheme 2  Stereostructures of epoxy resins

Scheme 3  Stereostructures of curing agents
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��������������������� PY2 ���

���������������������������

������ 180�/2h ����������������

���� Tg �����Scheme 3 �����������

����-OH ��������������������

���������������������������

���������������Table 3 ��������

���������������������������

������Tg �������������������

���������������������������

��������

��Table 4 ���PY2 ���������������

���:PY2�����1:0.8����1:1��������

�������

��� Fig. 5�Table 5 ���������������

PY2 �������������������������

����PY2 ���������������������

����������������

�����������

� �������������������������

����-OH ��������������������

���������������������������

���PY2 ����������������������

��������� PY2 ������ 180�������

Tg ��������� PY2 ��������������

��������������������������

���������������������������

�������������

���PY2 ����������������������

���������������������������

�������������

[����]
1) ����, ����, ����, ����������

����������, 59, 129 (2009)
2) ����� DIC Technical Review No.7 / 2001 

No. PY2
ratio Curing condition Tg2)

(�)
CTE3)

(ppm)
1 0.6 162 57.5
2 0.8 199 57.7
3 1 205 57.1
4 1.2 185 53.2

2) By DMA   Heating rate: 5�/min     under air
3) By TMA(heating rate: 5�/min
    load:5.0g
    under (N2 20ml/min), range: 50�100�

Table 4  Thermal properties of epoxy resins1)

120�/1h+180�/2h

1�Epoxy Resin: HP-4032D
    Curing agent: PY2
    Curing accelerator: TPP-MK (0.5 phr)

Epoxy resin1) Curing
agent

Tg2)

(�)
CTE3)

(ppm)
Remark

BisphenolA PY2 182 72.3 Transparent

Naphthalene PY2 198 61.0 Transparent

DihydroAnthracene PY2 203 58.7 Transparent

1) Curing accelerator: TPPB-SCN 0.5 phr  Curing condition: 120�/2h+180�/2h
2) By DMA   Heating rate: 5�/min     under air
3) By TMA(heating rate: 5�/min    load:5.0g    under (N2 20ml/min) �range: 50�100�

Table 2  Thermal properties of epoxy resins

Table 1  Thermal properties of epoxy resins cured phenol novolac
Epoxy resin1) Curing

agent
Tg2)

(�)
CTE3)

(ppm)
Remark

BisphenolA Phenol
Novolac 139 69.1 Transparent

Naphthalene Phenol
Novolac 150 60.5 Transparent

DihydroAnthracene Phenol
Novolac 166 58.4 Transparent

1) Curing accelerator: TPPB-SCN 0.5 phr  Curing condition: 120�/2h+180�/2h
2) By DMA   Heating rate: 5�/min     under air
3) By TMA(heating rate: 5�/min    load:5.0g    under (N2 20ml/min) �range: 50�100�

Epoxy resin1) Curing
agent Curing condition Tg2)

(�)
CTE3)

(ppm)

Naphthalene PY2 120�/1h+180�/2h 198 61.0

Naphthalene PY2 120�/1h+140�/2h+180�/2h 201 57.7

1) Curing accelerator: TPPB-SCN 0.5 phr
2) By DMA   Heating rate: 5�/min     under air
3) By TMA(heating rate: 5�/min    load:5.0g    under (N2 20ml/min) �range: 50�100�

Table 3  Thermal properties of epoxy resins
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�������� 2phr �������������� 85�
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�
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PMS4) VBPEO5) Strength Modulus Strain
(wt%) (mol%) (MN/m3/2) (MPa) (GPa) (%) (�)

BADCY+NCY(2.5:1)1) - - 0.60±0.03 158±11 3.4±0.03 8.8 316

+PMSE 2), 3) 8 3 1.03±0.04 160±6 3.5±0.2 8.3 312
+PMS2), 3) 8 0 0.72±0.02 156±5 3.5±0.1 8 319

2) Curing conditions; 85�/3h+100�/4h+150�/1h+177�/3h+210�/1h+250�/2h
1) Curing conditions; 150�/1h+177�/3h+210�/1h+250�/2h

6) Sample size; 2×10×41.5mm
3) Initiator; DCP(1mol%),  4) (PMI+St)/(Resin+PMS), 5) VBPEO/(PMI+St)

Tg

Table1  Physical properties of BADCY+NCY+PMSE cyanate ester resins

Resin
KIC

Flexural Properties6)Modifier

� DMA ��������������Fig. 1�������
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����

� ����������������SEM �������

������Fig 2��PMS ���������������

���������������������������

PMSE ������������������� SEM ��

������������������������ PEO
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��59�109 (2009) 
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Fig.  Dynamic viscoelastic analysis for  BADCY +NCY +modifier resins
hearting rate: 5 �/ min, under air
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Fig. 1  DMA chats of resins 

������ ���

 BADCY(2.5) +NCY +PMS(8wt%) BADCY(2.5) +NCY +PMSE(8wt%)

������ ���

Fig. 2 SEMs of fracture surface for resins 

A) BADCY(2.5) +NCY +PMSE(8wt%) B) BADCY(2.5) +NCY +PMSE(13wt%)

Fig. 3 SEMs of fracture surface for resins 

Modifier VBPEO 2000 Residual
(PMI+St)3) Conc.4) weight��

(wt%) (mol%) 600�(%)
- - 435 439 56.3
6 3 420 425 50.8
8 3 415 424 49.1

10 3 412 419 47.1
12 3 411 420 45.6
13 3 401 415 44.8

Table 3 Thermal properties of  resins

1) By DMA, 2) By TGA (under N2 )
3) PMS/(Resin+PMS), 4) VBPEO/(PMI+St)

Td5
2)

(�)
Td10

2)

(�)

PMS1) VBPEO2) Strength Modulus Strain
(wt%) (mol%) (MN/m3/2) (MPa) (GPa) (%) (�)

- - 0.60±0.03 158±11 3.4±0.03 8.84 316
6 3 0.87±0.02 165±6 3.5±0.1 8.88 311
8 3 1.03±0.04 160±6 3.5±0.2 8.3 312

10 3 1.00±0.02 150±2 3.3±0.1 8.45 308
12 3 0.96±0.04 140±5 3.3±0.1 8.1 306
13 3 0.93±0.02 123±5 3.2±0.1 7.2 305

Table  2 Physical properties of cyanate ester resins

Tg
4)

1) (PMI+St)/(Resin+PMS), 2) VBPEO/(PMI+St)
3) Sample size; 2×10×41.5mm, 4) By DMA

KIC
Flexural Properties3)Modifier
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��������������������������

���(����)� ����� ����

�������

� �������� (PI)����������������

��������������������������

����� PI ��������������PI �����

��������� (PAA)����������� PI ��

���������������������������

�������������������������PAA
�� PI �����������������������

��������������� PI ����������

����� N-��������� (PMI)��������

���������������������������

��������������������������

��� (NRDP)��������������������

�� 1)�

��������������������������

� PAA ������������ PI (Scheme 1)�����

(���������(PC-5®))�PMI�p-���������

����� (HBSA)(Scheme 1)�������������

��������� (���������������

(TMAH)���)�������������������

������������������ NRDP �����

����� 2)���������������������

���������������������������

���������PI ����������������

�������������� 6FDA (Scheme 2)����

����������������� NRDP ������

PI ����������

������������������� (SPI)����

������� NRDP ����������������

���������������������������

����������NRDP������������PI
���������������������������

�������� NRDP ��������������

�������������

SPI ���

� Scheme 1 ���������������������

������� (PDAS (Scheme 2)��)��������

���������������������������

����������

���BTDA�BPDA (Scheme 2)� 6FDA (Scheme 2)�
������� SPI ������

�������

SPI�1-���-2-����� (NMP)���������

�������

(PC-5�)�PMI �
��������

��������

� 10 ������

�������

�������

�����75��

10 �������������������������

����� (���� 365nm�436nm)���������

���������������� (5wt% TMAH ���)
���������������������������

�������������������

��������������������������

�

����� 2)���� HBSA (Scheme 1)�������

��������������������������

��SPI �����������������������

� (Scheme 3)��������������������

�����������SPI (BTDA/DSDA-DAD/PDAS)�
20wt%NMP ������� (PC-5®)�PMI���� Scheme 
3 ����������������� 10wt%�20wt%�

5wt%���������������� 10 �������

�����������������75���������

������������������������

(300mJ/cm2)�����5wt%TMAH ����������

���������������������������

��������������������������

��������������

SPI ������������������������

��� (����)�������������������

������������ 13C-NMR �����������

���������������������������

���� SEM ��������
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SPI �� NRDP ���

������������������ SPI �����

��������� NRDP ��������PDAS 
(Scheme 2)�������� SPI �����������

��������PDAS ����������������

���������������������������

���������������������������

������������� (Table 1, Entries 1, 2, 3)��

��SPI (Table 1, Entry 2)���������������

��(Table 1, Entry 5)2)����������������

��������SPI �����������������

����������Table 1, Entry 3 � SPI ������

PMI �������������������PMI ���

�����������������

����������� NRDP ���

���������� BTDA�BPDA ��������

���������������������������

���� NRDP �������������6FDA ���

���������������������������

������������������� (Table 1, Entries 
6, 7)�

��������������������������

�

BTDA ���� SPI ����������������

����� (Scheme 3)����������������

���������������������������

���������SPI ����� PI ���������

��������������������������

���������������� (Scheme 3)�����

���������������������������

���������������������������

��������������������������

�����������������������

��������������

� ����� SPI �� 13C-NMR ���������230�
���������������������������

�����������������������SEM �

���������������������������

������������������ (Fig. 1)�

�

�

�

�

�

���������

SPI ������������ NRDP ��������

������������ 6FDA �����������

�������PMI ���������� (PMI �)���

�� (PMI �)����������������BTDA �

���������������������������

��������������������������

���������������������������

�����������������

[����]
1) T. Oyama, S. Sugawara, Y. Shimizu, X. Cheng, M. 

Tomoi, A. Takahashi, J. Photopolym. Sci. Technol., 22,
597 (2009). 

2) �����, ����, ����, ���, ����, �

��������, 58, 4138 (2009). 

OH
OH

OH

HO
OH

OH

OH

Phenol

PY Tris-PA

Before heating After heating

Fig. 1 SEM images of patterns of SPI (BTDA/DSDA-DAD/PDAS) based 
on NRDP 
Conditions : 10wt% PC-5®, 20wt% PMI and 5wt% Phenol for SPI. 
Development : 5wt% TMAHaq, r.t. / immersion / 16 min 06 sec. Film 
thickness : (Before) 8.0�m, (After) 7.0�m

25�m 25�m

Entry
Tetra

carboxylic
anhyderide

Sulfonated
diamine

(Content of
sulfonic acid

[wt%])

Development
time

[min'sec]

Film
thickness3)

[�m]

Residual3)

[%]
Resolution4)

[�m]

1 PDAS   (3.0)2) 47'36 10.3�7.7 75 025

2 PDAS   (8.8)2) 23'34 09.9�6.2 63 015

3 PDAS (11.7)2) 19'21 14.2�3.5 25 015

4 - (HBSA 05.0) 32'42 10.6�3.5 77 -

5 - (HBSA 10.0) 27'42 11.7�8.9 76 200

6 BTDA PDAS (10.0)2) 16'06 10.3�3.8 37 015

7 BPDA PDAS (10.3)2) 18'41 08.8�3.2 36 100

Table 1  Effect of sulfonic acid content on pattern formation1)

1) PC-5® (10wt% for SPI), PMI (20wt% for SPI), Exposure dose : 300mJ/cm2

   Development condition : 5wt% TMAHaq, r.t. / immersion
2) Content of sulfonic acid [wt%] = (Molecular weight of sulfonated amine units / Molecular weight of all units)
×100
3) At exposure area   4) By SEM

6FDA

Scheme 3 
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��� ���������������

���������������������������������������-�������������

������������������������������������������������������

������������� FEM���������-����������-������������������

�������FEM������ 4�������������������������������������

������������������������������������������������������

������������������������������������������������������

�����������-���������������������������1 ��������������

�����������������(2����)��������� 1���������������������

�����������������������������������������

�

��� ���������������

Si SnAgCu Cu AlN
wire bonding heat spreader chip joint layer pattern insulator

Young's Modulus [MPa] 130800 40000 120000 320000
Poisson’s ratio 0.28 0.3 0.3 0.24
CTE [10-6/�C] 4.2 23 17 4.621.5

70000
0.3

Al

�������������������������“��������������� 500��”��������

����������������������������������������� 500 ����������

���������

� ����Manson-Coffin������� in�� ��������������������������������

������������������������������������������������������

�������� 1.5������������������������������� 1������������

��������� in��2 �������� in�� �������������������������������

��������������

�

� ����-�����������(a)~(d)�
�����(a)��������������

����������������� Cu��

������Sn-Ag-Cu����������

��������������������

������(b)�������������

��������������������

���������������������

����������������(c)�(d)�
�����(c)��������������

���������������������

��������������������

���������������������

����������������������

���������������������

��� �����������

Si SnAgCu Cu AlN
wire bonding heat spreader chip joint layer pattern insulator

Conductivity [W/mm�K] 0.148 0.055 0.401 0.15
Electrical Conductivity [/��mm] 0.5 9090.9 59600 1×10-15

Density [10-6kg/mm3] 2.33 7.4 8.96 3.4
Specific Heat [J/kg�K] 700 234 380 710900

Al

0.237
37700
2.69
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SiC �������������������������������(Ag)�������������������

����������� Ag ���� Ag �������������300���������������� Ag ���
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���������������� CTE ����������������������������������
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(i) Collector side

(ii) Emitter side

Current flow
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Heat sink
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Lead frame
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Top view

Side view

�

Fig. 1 Structure of power device.[17] 

Table 1 CTE (coefficient of thermal expansion)  

and thermal conductivity [13,18]. 

Material Coefficient of 
thermal expansion 

Thermal 
conductivity 

Silicon 2.6 ppm/°C 100 W/m�K
Aluminum 23 ppm/°C 237 W/m�K

AIN 4.3 ppm/°C 170 W/m�K
Copper 17 ppm/°C 390 W/m�K
Al2O3 3.2 ppm/°C 23 W/m�K
Si3N4 3.4 ppm/°C 90 W/m�K
AlSiC 7.0 ppm/°C 200 W/m�K

�

��� �����
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Fig.2 Model of power device 
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Fig. 3 Model of power device (Model 1). 
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Fig. 4 Power cycle. 
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Table 2 Mesh resolution data.�
 Model 1 Model 2 Model 3 Model 1’ 

Total number of 
nodes 

24647 9460 3815 20211 
Total number of 

elements 
130766 49249 18146 109196

Number of elements 
in the solder layer 
(Number of nodes 

with respect to solder 
layer with 

cracks(Fig. 2)) 

67105
(22371)

32496
(10832)

8180
(2729)

67110 
(22365)

Number of elements 
in the chip 

16033 5007 1633 23642 
Number of elements 

in the lead frame 
909 452 465 612 

Number of elements 
in the conducting 

plate 

12387 5706 2281 11812 

Number of elements 
in the insulation 

plate 

3233 832 832 1260 

Number of elements 
in the base plate 

3288 828 834 834 
Number of elements 

in the junction 
3348 849 844 849 

Number of elements 
in the heat sink 

24463 3079 3077 3077 

�

Table 3 Material constants. 
Material
(Unit)

Silicon Aluminum Copper Solder 
(Sn-Ag-Cu)

Aluminu
m nitride 

Heat 
Conductivity 
(W/(mmK))

0.148,27
(27�)

 0.119, 
(77�)

 0.0989 
(127�)

[24] 

0.237 (27�)

 0.240 
(77�)
[25] 

0.401 (27�)

 0.396 
(77�)

 0.393 
(127�)

[25] 

0.060 (50�)

0.0587
(100�)

[26] 

0.17
(27�)

0.10
(123�)
[27][28] 

Electrical 
conductivity 

(S/mm) 
0.5 37.7×103 59.6×103 9.1×103 1.0×10-15

Density 
(kg/mm3)

2.33×10-6 2.70×10-6 8.96×10-6 7.40×10-6 3.40×10-6

Specific heat 
(J/(kg·K)) 

700.0 900.0 380.0 234.0 710.0 

Young’s 
modulus

(GPa) 

131.0 70.0 120.0 40.0 320.0 

Poisson’s 
ratio 

(Nondimensi
onal)

0.28 0.30 0.30 0.30 0.24 

Coefficient 
of thermal 
expansion 

(1/K)

2.63×10-6 

(27�)

2.99×10-6 

(77�)

3.27×10-6 

(127�)
[29] 

21.0×10-6 

(38�)

25.0×10-6 

(94�)
[25] 

16.5×10-6 

(20�)

18.5×10-6 

(227�)
[25] 

2.2×10-5 

(22�)

2.3×10-5 

(100�)
[30] 

4.3×10-6 

(25�)

4.6×10-6 

(400�)
[27] 

(Note) 1.00 S =1.00 �-1 = 1.00 A/V 

�

Table 4 Solder parameters of plastic strain [12,31].�
Temperature 

[�C] 
Yield stress 

[MPa] 
Plastic strain 

-55 30.5 0.0 
-55 38.6 0.00352 
-55 50.9 0.0214 
-40 29.0 0.0 
-40 36.7 0.00352 
-40 48.4 0.0214 
-25 27.5 0.0 
-25 34.8 0.00352 
-25 45.9 0.0214 
0 25.0 0.0 
0 31.6 0.00352 

0 41.7 0.0214 
20 23.0 0.0 
20 29.0 0.00352 
20 38.3 0.0214 
25 22.5 0.0 
25 28.4 0.00352 
25 37.5 0.0214 
40 21.0 0.0 
40 26.5 0.00352 
40 35.0 0.0214 
50 19.9 0.0 
50 25.2 0.00352 
50 33.3 0.0214 
60 18.9 0.0 
60 23.9 0.00352 
60 31.6 0.0214 
75 17.4 0.0 
75 22.0 0.00352 
75 29.1 0.0214 
80 17.0 0.0 
80 21.5 0.00352 
80 28.3 0.0214 
85 16.5 0.0 
85 20.9 0.00352 
85 27.6 0.0214 

100 15.2 0.0 
100 19.2 0.00352 
100 25.3 0.0214 
120 13.4 0.0 
120 16.9 0.00352 
120 22.4 0.0214 
125 12.9 0.0 
125 16.4 0.00352 
125 21.6 0.0214 

�

Table 5 Solder parameters of creep strain in Eq. (2) [12,31].�
Temperature A [MPa/sec] n 

-40.0 1.1 × 10-25 13.2 
-30.0 7.0 × 10-25 12.9 
-20.0 3.4 × 10-24 12.5 
-10.0 1.7 × 10-23 12.2 
0.0 8.3 × 10-23 11.9 

10.0 4.1 × 10-22 11.6 
20.0 2.0 × 10-21 11.3 
30.0 9.9 × 10-21 10.9 
40.0 4.9 × 10-20 10.6 
50.0 2.4 × 10-19 10.3 
60.0 1.2 × 10-18 10.0 
70.0 5.9 × 10-18 9.6 
80.0 2.9 × 10-17 9.3 
90.0 1.4 × 10-16 9.0 
100.0 7.1 × 10-16 8.7 
110.0 3.5 × 10-15 8.4 
120.0 1.7 × 10-14 8.0 
130.0 8.4 × 10-14 7.7 

�
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Table 7 Strain range� (maximum point) (phase 0). 

Model 1 Model 2 Model 3 
Creep
strain
range

(��c) in 
Fig. 15 

1.66×10-3

(=2.37×10-3

-7.1×10-4)

1.32×10-3

(=1.79×10-3

- 4.74×10-4)

1.46×10-3

(=2.00×10-3

- 5.39×10-4)

Plastic
strain
range

(��p) in 
Fig. 11 

2.64×10-3

(=1.31×10-2

- 1.04×10-2)

3.42×10-3

(=1.10×10-2

- 7.58×10-2)

3.76×10-3

(=1.21×10-2

- 8.34×10-2)

�� in Eq. 
(5)

2.15×10-3 2.37×10-3 2.61×10-3

Table 8 Strain range (maximum point) (phase 9). 

Model 1 Model 2 Model 3 
Creep
strain
range

(��c) in 
Fig.22

4.11×10-3

(=5.38×10-3

-1.27×10-3)

3.31×10-3

(=4.33×10-3

-1.02×10-3)

3.47×10-3

(=4.48×10-3

-1.01×10-3)

Plastic
strain
range

(��p) in 
Fig.21

1.41×10-2

(=3.17×10-3

-1.75×10-4)

1.36×10-2

(=2.80×10-2

-1.44×10-2)

1.29×10-2

(=2.73×10-2

-1.44×10-2)

�� in Eq. 
(5)

9.12×10-3 8.43×10-3 8.20×10-3

Table 9 Number of power cycles with respect to crack length 

Crack
length

Model 1 Model 2 Model 3 

50 �m 6727 
(0.2 %) 

6000
(9.5%)

5308
(23.8%)

700 �m 14319  
(33.4%)

14267
(33.6%)

14884
(30.8%)
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Fig. 16 Crack propagation on solder layer (temperature counter maps). 
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Fig. 19 Crack propagation on solder layer (Von Mises stress counter maps). 
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Fig. 20 Crack propagation on solder layer (plastic strain counter maps).
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1. � Iwasaki, et al. “Thermal Problem of Next 
Generation Semiconductor Power Devices”, 
Transactions of the Japan Society of Mechanical 
Engineers, vol. 2003, No. 6, pp. 251-252, 2003. 

2.� ���� :� “������������������

�������”,�  MES2009 ����� pp.233-236��

2009.
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