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Design of High Efficiency and High Power Density DC-DC
Converter

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.

DC

o |1
directional
DC-DC T

Converter

Bat
Inverter

]

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/I 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

Ing. M. Pavlovsky PhD.

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:

e Modified snubber configurations — extending soft
switching area to wider voltage range
e Saturable inductors in snubber circuit -
suppression of MOSFET output capacitance
effects
e 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 cm’ 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 cm® contribute substantially to the final
efficiency and power density figures.
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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 954 % 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 Rps,,
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.

Main inductor \

Gate drive PCB

Semiconductors

\

e

Interconnects

Saturable inductors

a)

Output

Gate drive /

power supply PCB

7

Input

b)
Figure 3: 3D model of converter prototype; a) single phase exploded
view, b) complete converter structure

Figure 4: Single module converter prototype



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
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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
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Figure 8: Waveforms measured on single module converter
prototype in forward boost mode 300 V — 420 V operating at 15 kW
output power; Chl — Aux. switch S, voltage 100 V/div, Ch2 —
Main switch S, voltage 100 V/div, Ch3 — Aux. switch S, gate
voltage 10 V/div, Ch4 — Aux. switch S, current 20 A/div

a

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



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.
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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
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Figure 13: Efficiency curves for single converter module operating in
reverse buck mode; empty battery; cold/hot coolant
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Figure 14: Efficiency curves for single converter module operating in
reverse boost mode; full battery; cold/hot coolant
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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



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.

100 Forward Boost - Empty Battery (2 modules)

99
98
97
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Eff [%]

93 —+—20C 300V-420V/
92 ——70C 300V-420V
—e—20C 300V-350V
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90
0 5 10 15 20 25 30
Po [kW]

Figure 17: Efficiency curves for two modules operating in parallel;
forward boost mode; empty battery; cold/hot coolant
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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; Chl — Synchronous rectifier S,
gate voltage 10 V/div, Ch2 — Synchronous rectifier S,,., 1/3 current
10 A/div, Ch3 — Main inductor L, current 10 A/div, Ch4 — Main
switch S, 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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Scheme 2 Chemical structure of compounds.

Table |_Physical properties of Pd+DGEBA (PdBA)"
5 Crosslink

No. Ar-OH : epoxy densilyz) A CTE®? Tdsm Residoe””
[C]  [kmolm’] [ppmK] [C] [%]
PPd — 195 24 43.7 323 53.0
PdBAl 1.0:1.0 183 42 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

1) Curing condition: 200°C /4h

2) By DVA (heating rate: 5°C/min, frequency: 1Hz) ~ 3) By rubber state formula T: (Tg+40)
4) By TMA (heating rate: 5°C/min, under No: 20ml/min) ~ 5) Range: 50°C~100"C

6) By TGA (heating rate: 10°C /min, under Na: 20ml/min) ~ 7) At 700°C

g s 3.2 BNT45—%TL2RLEaVRY Y MIHORE
e I TEYTLTT i Y oo AR R LT PABAO3 AL
Jw Dy = - Chy- Dy
!j n a lfiﬁj - ! FmEhfiz i L7 U > ko> BN % 40, 50, 60vol2%FEE L, 7
Fm—— oaem X 50 : om0
e LT UATT150°C/5hH200°C/4h TR L SR,
Scheme 1 Reaction of polybenzoxazine with epoxy resin. &% am‘h‘a

Fig.3 £, BN OFiEE
DU, BVARRI

Mean diameter: 12 pm
Density: 2.3 g/cm’
CTE: 2.8 ppm/K

TC: 60 W/m- K

Fig. 2 Properties of BN filler.
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Fig. 3 Relation between BN and CTE(left) or BN and TC(right) for PABA0.3.

Table 2 Thermal properties of Pd+epoxy+BN filler

. BN CTE” Density” Cp® Diffusivity” Therm.al.
Matrix Epoxy resin Conductivity
volYo  [ppm/K] [wem’] [Ve K] [mm’s] [W/m-K]at25C
PdBA0.3" DGEBA — 479 1.207 1.260 0.133 0.202
PdBA0.3” DGEBA 40 273 1.609 0.889 1.010 1.445
PdBA0.3” DGEBA 50 17.2 1.732 0.744 2.816 3.630
PdBA0.3” DGEBA 60 12.8 1.846 0.771 3.326 4.732

1) Curing condition: 200°C/4h  2) Curing condition: 150°C/6h+200°C /4h
3) By TMA (heating rate: 5°C/min, under: N> 20ml/min) ~ 4) Range: 50°C-100°C
5) Picnometer method ~ 6) By laserflash method at 25°C
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[FRRDZAF Tl SH 7= (Method B)
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Fig. 4 SEMs of surfaces for PABA modified in situ-generated PMS.
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20F
== neat BMI
== neat Pd Shifting
T | = BMI+Pd(1:0.3)
E 1of
8 Sharpj
o
or W
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Temperature (°C)
Fig. 1 DSC charts of resins

3. 2 ELMER & SEEAE
VESL U 7= L OERFEIL Table 1 12, £ Ty
& Tas EELAFEOREMRIT Fig. 2 IR LT,

Table 1 Thermal propaties of polybenzoxazine modified bismaleimide

Equivalence ratio Tg" CTE?® Tas") Tato”
(BMI: Pd)
(c) (ppm/ K (c) (°c)
neat BMI 1: 0 151 50.3 485 500
1:01 263 453 439 480
1:03 310 47.6 382 408
1:1 240 47.6 334 360
05:1 213 46.1 327 357
neatPd 0:1 204 416 314 358

1) By DMA (heating rate: 5°C/min, frequency:1Hz) ~ 2) By TMA (heating rate: 5°C/min, Under: N2 20ml/min)
3) Range 50°C to 100°C 4) By TGA (heating rate: 5°C/min, Under: N, 20m|/min)

500
N A
300 N 1:0.3
£, 20 400 e
= =
200
150 - 300

0 20 40 60 80 100
Pd content [mol% |

Fig. 2 Relationship between heat resistance and compounding ratio
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Fig. 2 2BIHBARTHMAR LY bEv Te 2R LTV D5
DB THY | FlZ BMEPA=1 : 0.3 D% Tl 200°C/4h
DOINEGE T B10CO BN Te DR ST, 2t BMI &
Pd OFEAEIC &> T BMI OB UGS SN 472 L 5
Z BTz, FFIZ Scheme 4 (TR L7e &9 ZeskiZs L BMI
\ZIEF DT VI NVEGITNZ, T4 EEERISED
FTREMED B U . BOSHED M RIZF G35 EHEHIES D,
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382,408°C & M MHEDVR S AL, 2 ORAWIBERY « LA
PEICEN T ENHB L, SHICHMEERDY
47pp/K & WA B, ZAUTILA =R 5 IR O
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Fig. 3 |21X DMA fIiEDOfER A7~ L7z, BMI BZR DT v

— M3 T # ORFEHMER O EH-CARE 2 tand O & — 7
EWVo e R LR BIE O F B R L2, Eh b bhig LT
BMI : Pd=1 : 0.3 O%(% Pd HAMR & FEkOE L & LTD
FEAERLTEY, 2205t BMI OIS RIE
SNz,

1.0x101° 1.0x10°
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© = neat BMI
a
b J 3
2 = neat Pd Uncured 3
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g F BMI + Pd - 5
5 (1:0.3)
2 .
2] e L 3
- .
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Temperature (°C)
Fig. 3 DMA charts of resins

3. SETILRIG

Phenol & PMI % W=7 VEISOFER, Fig. 4 TRE
NIAEIRFEF & L TR, v LA I RO ZEMES
L7z ) = VHOKEREE & ORIGTEDHERR ST,

By,
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Fig. 4 Product of model reaction between Phenol and PMI
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4. BEXK

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

2) e, B, K, @G, 7 h T2~ —idl
£, 60, 122 (2010).
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LSI ORER: - BERILIC L 2 REGR, mEBEEFIECLD
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M ET2EBE20MTED 2, FEKICT 77X L0V E R
07y TR E VSRS EREEA LR
VB FHFEHES T I THD 44-VT ) VT =)V A
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EROBNSE DR SND Z EBHE S TNE Y,
AHIETIE, ZERY =/ — UG Thira—1%
FANT, ZORX MR & OIS ERRS LR, 2/
7=/ —bEW PY2 285, kAl LTHWS Z
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CH;
Bisphenol-A diglycidyl ether (DGEBA),
JER-828 (Japan Epoxy Resins)
(Bisphenol-A type epoxy resin)

CH3 oM
HZQ—SH—CHZ—OO—CHZ—(‘\H—/CHz on
o o (51
OH

Pyrogallol dimer (PY2)
(Pbenol type curing agent)

OH OH
HO, i CH, i OH
HO OH
Pyrogallol dimer (PY2)
(Pbenol type curing agent)

ofcufc\ug/cuz

HyC—CH—CH,— 0
\o/
1,6-Naphthalenediol diglycidyl ether,

EPICLON-HP4032D (DIC)
(Naphthalene type epoxy resin)

HaG=CH—CHz=0 O 0= CHy~GH-CH,
] o

OH OH OH
&) ij% cmf
9,10-Anthracenediol-1,4'-dihydride diglycidyl ether,

JER-YX8800 (Japan Epoxy Resins)
(Anthracene dihydride type epoxy resin)

(Of=-10-),

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

Phenol novolac
(Phenol type curing agent)

[ (@—P—"C.Hg scN
3

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

T

Scheme 1 Epoxy resins, curing agents, and curing accelerators

2. EBRLER

ZHET /) —METHAER TR —LDOETOT =
J = UPE-OH & R A & OSUSHEZ A L, IRV,
e a— LRV AT AT RINLEERE = ) —/L
EIRTH LA PY2 245 L7z, £ LT, Fig. 118”7
&9 ek A b o AR UG L kAl LT PY2, 7=/
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A HO TR b2 /B U, TERDGEE LCiE, =R
xRN A, B AR A AREEAAE TN L
¥—lzL, E0%T7T7ar v — MIX¥vy A ML, 6 0°CHE
HofE L & B 7R DRSO TRRA R 1%, IEA L TR
b7, PY2 IZ DWW T A 22 S & CR U < A5
% B U7, B LA BB (DMA) ik
SHT(TMANC X0 3l L 7o, S DIChi b omIc
5 1 BB IR 2N 2 CERERIIENT K v ik S, ff{b
TR L PEDORIRE TR L, & SIS (b O EER %17 -
720 FTERIOMIAL L L STk 2 ERL L, 56
R & OBMRA T LT,
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Epoxy resins Horizontal view Vertical view
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Scheme 2 Stereostructures of epoxy resins

Curing agent Horizontal view Vertical view
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dimer (PY2)

e
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Scheme 3 Stereostructures of curing agents

WpERBR DRk 8% Table 1~4 (2R L7, Table 1,2 L0 %
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‘@Z)‘irﬁlh LizcbDEBEZ BND, S 6IEEA] PY2 2 H
e, PRI LA CHD 7 = /) — ) RT v 7 iz
ﬁﬁiiﬂ_’,% CH~ 180°C/2h DEF{AMF TIEMRFEIIR & < [h) 1
L. @\ Tg #/~r L7z, Scheme 3 XV, [F—FHELic”
J—WE-OH AL < AT 5 & CRLAIN =R i
DAZ »F o TFAEEE I L2 2 S0 k0 | HEL
Tif)’ﬁj: L7icbDEEZ HiL5, Table 3 LY ﬂD?ﬂ 1% B
BERIZZE 2, 0N L &5 2 &I K0 i ki OE
TMMET L, Tg NEBIZM E L7, H{EREONIEGEF S
R BN ) OSTARREIE I B A 5. 2 | FeED A B2

Table 4 Thermal properties of epoxy resins"

2) 3)
No. :;Tif) Curing condition .{%) ((;:;i‘)
1 0.6 162 57.5
2 0.8 o o 199 57.7
3 1 120°C/1h+180°C/2h 205 571
4 1.2 185 53.2
1) Epoxy Resin: HP-4032D
Curing agent: PY2
Curing accelerator: TPP-MK (0.5 phr)
2) By DMA Heating rate: 5°C/min  under air

3) By TMA(heating rate: 5°C/min
load:5.0g
under (N, 20ml/min), range: 50~100°C

b L Bbib,

F7-Table 4 LV, PY2 DfLiAZLLZ (LSS & =R¥
URHEPY2 OF /LS 1:0.8 DL ET 111 D& & LIFIFFEE
AR LT,

Table 1 Thermal properties of epoxy resins cured phenol novolac
Curing Tg? cTE?

Epoxy resin® o Remark
poxy agent e) (ppm)
BisphenolA Phenol 139 69.1 Transparent
e ______Novolac ____ T T T T
Naphthalene Phenol 150 60.5 Transparent
o ______Novolac " T T
DihydroAnthracene Phenol 166 58.4 Transparent

Novolac
1) Curing accelerator: TPPB-SCN 0.5 phr Curing condition: 120°C/2h+180°C/2h
2) By DMA Heating rate: 5°C/min  under air
3) By TMA(heating rate: 5°C/min load:5.0g under (N, 20mI/min) range: 50~100°C

Table 2 Thermal properties of epoxy resins
Curing Tg? cTEY

Epoxy resin" o Remark

poxy agent () (ppm)

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°C/2h+180°C/2h
2) By DMA Heating rate: 5°C/min  under air
3) By TMA(heating rate: 5°C/min load:5.0g under (N, 20ml/min) range: 50~100°C

Table 3 Thermal properties of epoxy resins

. Curing . i, Tg? CTE?
1)

Epoxy resin agent Curing condition ) (ppm)
Naphthalene PY2 120°C/1h+180°C/2h 198 61.0
Naphthalene PY2 120°C/1h+140°C/2h+180°C/2h 201 57.7

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

S 5IZ Fig. 5, Table 5 ORE L) DOULIEFRER OFE RS |
PY2 O LN DI D TIERIBME 2 7R LTz, & OfE
B LY., PY2 OMEARIZ L0 | ARBGIE D OB E DR
BIRSHIEC& 5 2 LAVRIR S,

3. EBRUSHRDEE
SERT = /) —IETHLE R —LDOETDT =
J—UM-OH JEIZm RV E ST 5 2 ENET VRN

CEOHERTE T, bl e — LW T ZEERES
;&pIwz@m&7;/~w/ﬁ?y7@m%mﬁ¢é&\
XV P IS PY2 BLOIE 5 23 180°CE A D i\
Tg L7z, $£72MU PY2{LThH, FHEtEEEH T 0%
BEEER TR BIBIEE A7 = ) — /L AR R gt
HE & 0 BIRBZIRR 2R Uiz, & OICHRIREE biitEWE 25
BEHZDHZ ERboolz,

F 72, PY2 OffAAbbE Z{L X/ 5 Z & T O FE
B E 525 Z LN TE | Rl L0 ARRIRIED D8
MEE ORI CE B,

(B3]

1)  K¥H—, KiuEsE, @iEEE v N —27 R <—
AR R A 2 A, 59, 129 (2009)

2) /ME—EB  DIC Technical Review No.7 /2001
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In situ BEWERNZ X5 &ENEV 7 F— NERE D sRENA L,

[ZL&HIZ

N=C-0-R-0O-C=N

E

) SN .
E*)N\ triazine ring
0N
SR %,

Polycyanurate

—_—

Curin bpe AND
g 5\5""0 N OR‘O\an,O'RO N om14

BADCY

Dicyanate monomer

Scheme 1

7= MERIFMEMC LY NY T U RS A TR L
W 9% (Scheme 1), ZD7=w, 7 — MEIEOE{L
1% 300°CITEET DWW 7 ABRBIRE A A L, ®mliEWETH
D E-BERINCHENT-WEE RS, 20, NT—F N
A ABEE SN DRI —= L7 ha =7 A OER
FEEMEE L CHERE MBI Ch D, LinL, 5F&
B DIEE LS 7 G et CHIb 5 72 I iavy, Zhud,
A LAERIEIC BT 2 K8 TH & 0 | IHEERMESNN 7 Z »
THRARRE L TCNDZ ERETH ST, A TITETE
AT x )=/ AT T — ]k (BADCY) (Scheme 2) (Z. i
BPECEND S RT v 7RI T — K (NCY) (Scheme 2)
ZIRA SERIROMEWEZ M ESE7, £ LTS oy
FEART 2 e DI AN ORI EAT, kD m a2 Ko7z,

OCN OCN OCN
A LS ) A
——CH, —CH
— v : N2
n

(n=0~2)

N=C-0-R-O-C=N

R=~HD-

BADCY

Novolac type cyanate

Scheme 2

WERE ) ~—E L TAFLY S), M7 xz=/b=wl A3
R (PMD), & L CHIR & OMBEMEE EIT 572Dy PEO
EEbL DO - p-E= AR DA F - R (mF L
UAFTR) (VBPEO 2000) %, 77 U a/VEEBAH
LTV rA LA R (DCP) &AVT, in situlBl
v oo HEILTEALIRR Y ~—PMSE (Scheme 3) %
AEHRC CA R S B il Ar Tz, T OFER, MEWE, Zofh
OYEAER: 5 Z L7 kA ST,
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TREFED > T ) — Mg & A A oA 80°C T S H
#%. WEAIE / =~ —(PMI+St+VBPEO 2000) & 4 S ¥, &%
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HEHN(F 7 T W+ p- ) =7 = ) —)1) (Scheme 4) %37
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CH,=CH CH,=CH
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(n=45)
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methyl-poly(ethylene oxide)
(VBPEO 2000)

Styrene (st) N-phenylmaleimide (PMI)

CHy CHs

|
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| |

CH3 CH3

Radical

polymerization
Dicumyl peroxide (DCP)
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Scheme 3
J— MEIEICRE L 2phr BN LR L2, Z20%, T 85C
TP L 727V S BICARI L, 85°C/3h+100°C/4h+150°C
/1h+177°C/3h+210°C/1h+250°C/2h DIIEAGAECRE{L S 87,
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(DMA) . BAERIE (TGA) (12 k- THMl L7z,
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Scheme 4

WP OB ER O 5 R 4 Table 1127797, LA
AIOFEF S BADCY & NCY NEHFEL25: 1 TiRb AT
ADRNT-HAERPHFOND Z BRI TS (1],
%9 PMS (C PEO i BASH 5 Z & TE LA 0B8R
N DDA LT, RIORTHEY PMS dEIZHA~T
PEO #5235 A L 7= PMSE S O 5 AP EO 7] EIZ =03
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Table1 Physical properties of BADCY+NCY+PMSE cyanate ester resins
Modifier Flexural Propertiess)
-ﬁn;lé;)-\-/éfaizb-*‘)- ¢ Strength Modulus Strain
(Wt%) (mol%) (MN/m®?) (MPa) (GPa) (%) (°C)
BADCY+NCY(2.5:1)" 0.60£0.03 158+11 3.4%0.03 8.8 316

+PMSE ¥ 8 3

+PMs? ¥ 8 0

Resin 9

0.7240.02 1565 3.5+0.1 8 319
1) Curing conditions; 150°C/1h+177°C/3h+210°C/1h+250°C/2h

2) Curing conditions; 85°C/3h+100°C/4h+150°C/1h+177°C/3h+210°C/1h+250°C/2I
3) Initiator; DCP(1mol%), 4) (PMI+St)/(Resin+PMS), 5) VBPEO/(PMI+St)

6) Sample size; 2x10x41.5mm

DMA I (77 AEBiRENE) (Fig. 1) CIIddEAlIR
U ~—8HROEM Y —2 (o) EEIFRROY—2 (a)
D ONBINTZ Z LD BIRSTHHE R R S 7z, Lor LR
U~ —8{HRO Y — 7 BRI T 55 L 5 72
Z l S ESIRRIORBAE RO B — 7 E TR O R AR
OfER L 7577, F72 PMSE &E O HHMEIEMNT o’ B —7
MRS DL PEO $0OH T AEBIEEIC L 5 b o & 2R
b,

1011: 10

10°F

o
v

— Control 102

10°F | R
3 — PMSE
[ — PMS
10" s N N N 103
-50 0 50 100 150 200 250 300 350
Temperature (C)

Fig. 1 DMA chats of resins

Storage modulus G' (Pa)
2,
4

T 2T Y M E 2 B9 B 72012 SEM IC X 0 1l a4
B L, (Fig2). PMS & Tl iﬁﬂ'ﬁ& DFBEMENA+53T
TN DI O L9 R EAEE D HER S NS, AR
PMSE S8 i3z s nizno7-, 2D Z &b SEM Tl
MR TE VNI L DIV EIVRIEZE -, Z#uT PEO
HOBAZ LY AR ~— LB ORm TOMEMER M EL
22T R —AEICHN B LTz E B 6D,

x 10000 Tum

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

x 10000 Tum

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

Fig. 2 SEMs of fracture surface for resins

F 7= PMSE B ORIIEA TEM IC L 0 Bl L7~ (Fig. 3), &
BHRIRY ~—03F ) A= — LU TN 2L T b
DOPHERTE Tz, ZOZ LI EEGEZ "B ST 5 DMA

OFERE—FHTHHLDOTH Tz,

ZHUH O PMSE SEZIRDGED BT 2 & D il 2 i
SRR L7z (Table 2) , 2 O R, BHRIZK L C PMS 8wt%,
PMS (25 L C 3mol%? VBPEO 2000 Z %I L 7= % CARIE &

B W =
L i
- -~ b Y
& %
i . it b e
% . T

lr L] " .
r-i:'“"-.i"‘.-’
-h:.u e

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

Fig. 3 SEMs of fracture surface for resins

Table 2 Physical properties of cyanate ester resins

______ Modifier Flexural Properties® _
pms" VBPEO? Strength Modulus Strain  °
(Wt%)  (mol%) (MN/m**) (MPa) (GPa) (%) (°C)

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 1606 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 3.330.1 8.1 306
13 3 0.93+0.02 1235 3.2#0.1 7.2 305

1) (PMI+St)/(Resin+PMS), 2) VBPEO/(PMI+St)
3) Sample size; 2x10%41.5mm, 4) By DMA

WZEEARTL R 2% BN A L. & DI IR,
HIT RO 8D iR o T, £ 7 AEBIRE
BR300 CEBZ DENHD E IR T,

AT TGA JEIC K DR 2 3l L 7=, (Table 3)
PMSE AN DOBICHA LT 5, L0%EERBDIEE (T
T T3 22 /L Sz a8, BRI A 400°C A8 2 5 O
FEEROER L ool

Table 3 Thermal properties of resins

Modifier VBPEO 2000 T.2 T2 Residual
3) d5 d10 . 2)
(PMI+St) Conc. C) c) weight
(Wt%) (mol%) 600°C(%)
435 439 563
6 3 420 425 50.8
8 3 415 424 49.1
10 3 412 419 471
12 3 411 420 45.6
13 3 401 415 44.8

1) By DMA, 2) By TGA (under N, )

3) PMS/(Resin+PMS), 4) VBPEO/(PMI+St)

(1) deRrevy, Rilifg=s, SiEEgE, ry hUV—27 R~
—, 59, 109 (2009)
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1 PDAS (3.0)? 47'36 10.3-7.7 75 25
2 PDAS (8.8)7 23'34 9.9-6.2 63 15
3 6FDA  PDAS (11.7)? 19'21 14235 25 15
Ta -(HBSA 5.0) 32'42 10.6—3.5 77
5 - (HBSA 10.0) 27'42 11.7-8.9 76 200
""6  BTDA  pDAS (1007 1606 10338 37 15
7 BPDA  PDAS (10.3)? 18'41 8.8—3.2 36 100

1) PC-5° (10wt% for SPI), PMI (20wt% for SPI), Exposure dose : 300mJ/cm?
Development condition : 5wt% TMAHagq, r.t. / immersion
2) Content of sulfonic acid [wt%] = (Molecular weight of sulfonated amine units / Molecular weight of all units)
*x100
3) At exposure area 4) By SEM
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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 SPL
Development : 5wt% TMAHagq, r.t. / immersion / 16 min 06 sec. Film
thickness : (Before) 8.0um, (After) 7.0um
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wire bonding |heat spreader chip joint layer pattern insulator
Conductivity [W/mm-K] 0.237 0.148 0.055 0.401 0.15
Electrical Conductivity [/Q-mm] 37700 0.5 9090.9 59600 1x10™"
Density [10kg/mm’] 2.69 2.33 7.4 8.96 3.4
Specific Heat [J/kg-K] 900 700 234 380 710
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Fig. 1 Structure of power device.[17]

Table 1 CTE (coefficient of thermal expansion)

and thermal conductivity [13,18].

Material Coefficient of Thermal
thermal expansion 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
AlL,O3 3.2 ppm/°C 23 W/m K
Si3Ny 3.4 ppm/°C 90 W/m K
AISiC 7.0 ppm/°C 200 W/m °K
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Table 2 Mesh resolution data. 0 41.7 0.0214
Model 1 Model 2 Model 3 Model 1’ 20 23.0 0.0
Total number of 24647 9460 3815 20211 20 29.0 0.00352
nodes 20 38.3 0.0214
TOfallﬂumber of 130766 49249 18146 109196 25 225 0.0
elements : :
Number of elements 25 28.4 0.00352
inthe solderlayer 67105 32496 8180 67110 25 375 0.0214
(Number of nodes 40 21.0 0.0
with respect to solder (22371) (10832) (2729) (22365) ' X
layer with 40 26.5 0.00352
cracks(Fig. 2)) 40 35.0 0.0214
Number of elements 16033 5007 1633 23642 50 19.9 0.0
in the chip : .
Number of elements 909 452 465 612 50 25.2 0.00352
in the lead frame 50 333 0.0214
N}lmﬁer szle“?ems 12387 5706 2281 11812 60 18.9 0.0
e e 60 23.9 0.00352
Number of elements 3233 832 832 1260 60 31.6 0.0214
in the insulation 75 17.4 0.0
plate
75 22.0 0.00352
Number of elements 3288 828 834 834
in the base plate 75 29.1 0.0214
Numbﬁr of elements 3348 849 844 849 80 17.0 0.0
1n the junction
80 21.5 0.00352
Number of elements 24463 3079 3077 3077 ’ .
in the heat sink 30 28.3 0.0214
85 16.5 0.0
85 20.9 0.00352
Table 3 Material constants. 85 27.6 0.0214
Material Silicon Aluminum Copper Solder Aluminu 100 15.2 0.0
(Unit) (Sn-Ag-Cu) m nitride 100 19.2 0.00352
Heat 014827  0237(27C) 0401 27C)  0.060 (50°C) 017 100 25.3 0.0214
f\(;»?/‘:umlg)y 7o 0.240 0.396 0.0587 7o 120 13.4 0.0
0.119, (770) a70) (100°C) 0.10 120 16.9 0.00352
(77°C) [25] 0393 [26] [(213]3[02%5)] 120 22.4 0.0214
s 125 12.9 0.0
0.0989 (127°C)
(1[2274°C) [25] 125 16.4 0.00352

Electsica ! 125 21.6 0.0214
conductivity 0.5 37.7%10° 59.6x10° 9.1x10° 1.0x10°"%

(S/mm)

(kDge,‘:s:]y;) 23340° 270410° 8.96x10° 740410% 340410 Table 5 Solder parameters of creep strain in Eq. (2) [12,31].
S](Jje/(;i(ﬁc Igc)at 700.0 900.0 380.0 234.0 710.0 Temperature A [MPa/sec] n

You%lg’s 131.0 70.0 120.0 40.0 320.0 -40.0 LI x 10_22 13.2

modulus -30.0 7.0 x 10 12.9

GPa _

P(Eissor)l’s 0.28 030 0.30 0.30 0.24 -20.0 34x107 12.5
e -10.0 1.7 %10 12.2
i 0.0 8.3 x 10 11.9
Coefficient 2.63x10° 21.0x10° 16.5x10° 2.2x10° 43x10° 10.0 41107 1.6

oefficien 63x% 0% 5% 2% 3% =21

el 70 e e A 20.0 2.0x 102! 11.3
E:x?la/[lls;on 2.99x10 25.0x10 18.5%10 2.3x10 4.6%10 300 9.9 10 109

99x10°° 0x10° 5%10° 3x10° 6x10° -20
(77°C) (94°C) (227°C) (100°C) (400°C) 40.0 4.9 x 10_19 10.6
- [25] [25] [30] [27] 50.0 24 %10 s 10.3
i 60.0 1.2 x 10 10.0
0 70.0 5.9 % 10718 9.6
80.0 2.9 x 10" 9.3
_ -l _
(Note) 1.00 S =1.00 Q" =1.00 4/V 90.0 1.4 x 10716 9.0
100.0 7.1 %1071 8.7
. . 110.0 3.5x 10" 8.4
Table 4 Solder parameters of plastic strain [12,3.1]. . 120.0 17 i 104 8.0
Tempearature Yield stress Plastic strain 130.0 8.4 x 10 77
[C] [MPa]
-55 30.5 0.0 :
.55 38.6 0.00352 4. HEiR
-55 50.9 0.0214 4.1 VTH
38 gzg . 006252 TS DEEC L DHUINERACIE O T IR A BT HE%
20 184 00214 BT, BHEEBITI, EHOARERY R &L EA
25 27.5 0.0 EEOEGRTEICS L OREICEET 5, L, KE
-25 348 0.00352 FEIZBNT, ISNOAMEIRDERWTE, BRI, b &0
= 2 o224 RIBICH D = & 87200, AT, AT OBIEOT %
0 31:6 0.00.352 LT, 2o hEET UL LT, BIEOT DT —X %
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Table 6 Maximum temperature of solder layer in Fig. 9

Model 1  Model 2 Model 3 Model 1’
Max
temperature  107.2°C  105.3°C  105.7°C 106.2°C
of solder
layer
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Table 7 Strain range (maximum point) (phase 0).
Model 1 Model 2 Model 3
Creep 1.66x107 1.32x107 1.46x107
strain (=2.37x107 (=1.79x10 (=2.00x1073
range -7.1x107 - 4.74x10™ -5.39x10™)
(de,) in
Fig. 15
Plastic 2.64x10° 3.42x107 3.76x107
strain (=1.31x102 (=1.10x107? (=1.21x107
range - 1.04x10?) -7.58x102) - 8.34x10?)
(dey) in
Fig. 11
Ag in Eq. 2.15x10° 2.37x107 2.61x107
(%)
Table 8 Strain range (maximum point) (phase 9).
Model 1 Model 2 Model 3
Creep 4.11x107 3.31x10° 3.47x107
strain (=5.38x107 (=4.33%x107 (=4.48x107
range -1.27x10%) -1.02x107%) -1.01x10%)
(de,) in
Fig.22
Plastic 1.41x107 1.36x107 1.29x107
strain (=3.17x10 (=2.80%1072 (=2.73%x1072
range -1.75%107% -1.44x107%) -1.44x107%)
(dep) in
Fig.21
Ae in Eq. 9.12x107 8.43x107 8.20x10°
(%)

Table 9 Number of power cycles with respect to crack length

Crack Model 1 Model 2 Model 3
length
50 pm 6727 6000 5308
(0.2 %) (9.5%) (23.8%)
700 pm 14319 14267 14884
(33.4%) (33.6%) (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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Fig.6 SEM image of surface of Ni plate after bending
fatigue test

Fig. 7 Cross sectional SEM image of Ni plate after
bending fatigue test
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T =T RREATHZ L THMEL AR LT,

3. ERERLER
3. 1 K344

IELDIZ, ATV —Z HW T RIZHOWTRT, AZY—%
AV —FIRNER O TBAT LI G &7 ki1
DALY V- N ChL 55 FE O R D5 I B A E 4.
M2 LL 72 D2 v ooz, [Fl— BN T ORERE /5 Af
1, BIBIR T ITIESL D ENKREL EHIEIE 74 1o m, A
YERZE7S 44 pm, RIEHLSIE 5.7 u mThoTz, K4S

160
140}
120} il
100 mil
80| i
60| i
40} i
20/, i

25—

Thickness[pm]

0
1357 9111315171921 232527
Sample No.

K3 RSY—FBHEDIAVFIINADEES

M4 R5U—ZMEROREIRE GBREMIKEEBEBIEREG)

FETGIRIAIE SR C L OB =R R4, RE R Tohd
Folz, R OMMBIEF I REE —RIEDB B TE T
RN EN DD, ATV —% WG AT RS
7R BAR R O AT 99.9% LA EEE VS, L
OHEWEE BT HZENREETHDLZ LN o7, £
7o, V=T RO REZRSIR T, =7 ML 200°CIZ
BTN TIEIOGE T A TIEO TN REN-T2, Z
DOFERIL, F R OB T R 7SR OB
FOBAECF W LAIREL TRY, T R T E2 A2 bz k
DRMECHDHENZ D, Fo, X TNV LIEOYAITIE 25°CE
D 200°CIZRIT DT =T FREAKRIRIZHIINL 72, 2O A
X & R A WS DV EIR T E O AN EZ F£F2
ZEERELTOD8, FRIEIR 7Y 50N EREW D F M
DEWVESLITE WV, T, oV TIEICB I D
TR DBLESRE RAK6I1TR7 T, MHIALNRESNC, T
TOBEBTE~DOVIALNREL, 7 I7m R Ea K
EPNFEETNDIENDND, =T BRI IT DI HER
FEORESIT, FvT DDVIAIRIZL LY =T RBRA~D B

N
K5 RJU—ERWEEICETL 7 REDREREL

®6 RJUY—FMALIUY L THEOESHEE BRERK
AIEBEMIRE)

— 109 —



KO—2 eSS, PLEDZENDL ATV —% Wit
EINIATY — B RO SEL IR A~DOBATIERED 7] LA
BCHLIEN DT,

BN TR—AN VA IOV TORE R AT T, K7
W P NF B LRI OWTORT, A — AN L
4.8 um T AEERAENT 1.1 g mEAT)— T~ TR DS
ARECTHY, ) — 2B E R T 52 e TE T, Kl
HIEIX 0.6 1 mTHY, BMIAE A SO ZY 7 TR LI
RO (0.06 1 m) LVIFEKRZ NG DO LRI -1 70 g 2
FECETNDENZ D, KIBITHBIRE LRI E BS54 7~
T, ATV =R TREAOM AR HESN TOAHI ST
HONTHD, ~—AREERD, SEIEIE 5 u miHH TD
T T RERBROM RER2TRT, BEMIZI VT
B ARTHE TNV TEICB T AT = TR R EL, | T
IE LTS = 7RI T 200°C CRIE L= S = TR EE D
FHWKED ST, o, AR E ST A—Z— LU TR
W23 = T RE D EAL DB E I RSN DM B A R
X1 CHATEENX D, BEAREDOE T 60 MPa 72547
?® 30 MPa (T FSETHBAEZME TR ALNRNZEND

Thickness [um]

o . N W A o N
|
]
I
I
I
I
I
I
L

13 5 7 9 11 13 15 17 19
Sample No.

K7 R—ACEHEDIAUFIINNDEESR
(R—ZK1EEY)

K8 ~R—REMEORERE BRERKAEBEMRG)

®2 R=APERAVHEOITT7RE (1 BZEY)

SR E°C]
T ®E 25 200
! B [5] EAEME [MPa)

60 60 30
1 55.4 56.2

N 3 51.1 48.6
5 34.4 66.8 56.7
1 64.4

AT 3 44.4 89.5
5 31.3 76.2 65.8

9 U INIREIZBITRE T /RFER-IEE B O E SEM
& (ENANIE 71 60N/mm?, 4R E 230°C. A KM 10 573)

®10 B9 (SRULEMEOXRAETRAHLIER
BEAIRF T 30 MPa TH43& 22, LisLZRABEIINE
7% 10 MPa FTIR FSELLEAEMICKRE ¥ vy 7%
AU, BAHEROIR FA2R SR I 72> =7 T D3 s
VAR N9 22D BHIINE )T 30 MPa 28 FRRfEEE 2 Bl
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£3 R—REAVESEEDYITRE (4EI%Y)

SR E°C]
T e 200

! BFfE[5] | #EEEME [MPa)

30 60

1 31.1 30.3

N 3 33.9
5 30.9 39.9

1 247 19.9

ST 3 22
5 42.7 42.3

5o K912 7V TIEIZEB T HHUNE S 60 MPa, B4R
J 230°C, 4 10 2B HEIO W SEM B4R
T, TG EIIT RN R HD, RIS TIX, T/
Wi FJB AT T DN ZE R R BEA M ICB W THAET D
FAEAFNOT D ATRBMEICHIREL T D, 20728 | ZDOZERN
RY\AFET DD E MRS DI TR & {To72L25
BI10 (ZRd &3, RERZEREE DD ITITTHAE
TELTUWRWZERHBD TR oTo, I — R IRIRINIT <
FFETHOIE, RERTH - —ANDO AR,
ARFRE DB OB B N TRY, 230°ClTis 1T HEAL
FTHABETICH EATOTEEB 2 DD, RIZA—AR
[0, DFED 20 u mA Y DRERIZONWTH T, 4BHRVD
JEIE L4423 p m THY | Y RIS ENZIEHRIZ AR
Zarha— L P HZERFRETHLIEE REL TWD, Zil
X7 BB AT EE LA L THAHN, IANDHEE Z AT
iz kL 2R T 25 A 123 R AMED =012
RNV E LD, Fio, R2ERIE IR T DHER A
ICBWTIEBRY O =7 MENAFRYDOZ IS RE
Wz F R B DIE A 20 p mEL ETOEMITE 2T
W, 3T, X7 NV TIEOHG BATMOY = 7 3R
AOEAEMED I RIBEI, HEA RN E VT E S = 7 5 23
REWFEREA 20T, Fiz, FUNES & =7 O BEHRIE
P TIEh o7,

PLEOFERMNORTA TIETE, ATV — TS Ol
JE J QSR DZ L M — /L SN — AN TR Y
I CEBZENR 0T, =AM WZGAIZIE, T/
LA J@ 2 FA J OF w7 Ol L2356 (57 v THE)
DS PR R A A RE AL LN TE, BRLVD
200CICHBIT D7 = T IRENRENWI LN ER TOME I
IR CD, LU D, R A LA T, #ARFIZ IR
IR EZLNMENME CTHLID | ARINETHA TEL 71t
AVEAE R THY | EORFHEFRIZ DOV TIE 3.3 1Tl
D,

11 BEEEAREZAVEREREOEMBEE
(E:150°CTORBESEMH ., T:230°CTORBEEL)

3. 2 BEKES

HERICEORE DR ELBIR LIS, 150C Tk
RGN DN DT 3R 2, BEEY 2 D5 ThoTz, 2
DA T THLAREE 400~900 u m T LS E, ZDE
IRAPAMBT T E TR 5L 700 u mOFEAFLIRIES B
morz (K11 E) . LLands, Sl 23 S Tng
FINTFRZ T BN -T2, WRIZ, 230°C TRRICHKERZ
{Tolebzh, /33 2, HEEY 3 DA ThoTz, 20D
ST THLIAZEE 300~900 p m TEALESHTZEZ5
700 p mDEERFBIRRER B o7 (K11TF), F7o, #L
iAFEE 900 p mTIEEEMR DN L 72, 230°C D Heai S %
FAWTHEREZEG L, =7 A HRE LT R IE 12.7MPa
Th-olz, ZOfEIL, 3.1 EiCaanL 72N 7 A6 086 Oz
BIREICKHLTL/3 LN F Chol, 2OV =7 DK I,
11D HEr D85 L CODIFED /NSN3 R R &
THRIND, iz, ARIOHEE AT, XU — FERH, #L
IAB L, NEIRE DRTA—=L—TEEE N H LI DR K TH
BHZEND, BENRBEEEROHA TR EodET
HEL WL T,

3.3 HIyrEA
3.3. 1 R—Z+DEH

RIAEA T R A~DS— RO B A - Wil e T 74
G & O LTI EEITH AN LiE ThD 0 A I
WCRERIMEPNLE Th Tz, EFREOR G CHREINGT
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R4 ITYMESICRIALER—R D%

gl M BEL B it
MA-F 80.6 AR RS i P
MA-M 89.8 77 R VA
F92 91.5 144 LR S
F92-M 95 256 PR O E=1:

14 BiRKE (300°C, 300h) &Iz 7RBRE T o> T
OREME (LA, FFy )
THAZXDEARTE 5mm A LT D&, AR TIE 750N(30MPa)
DLFELRY | BpELEE X 2L TIFBLFEN R TIEEITIE R
RN, BT, R—AN AR T DRI Ty T e R
TV T Fy T RE — %R TMBALBO#E T 5F
BIZEF LI, LOLRBBRIAETHA LI —2ANMZZ
TIE F80 LELHIT2)Tid, B RFIC R — AR A S
ST T BISMBE Sz, 2T X AN OA R E
ROVEBEDORE 2R CZOBIGAMZ | Bl /g~ —ARD
BREAT ST, RAUTRBRIZPEL To_X— A DR R T,
F72. 150°CIC TS LTzt O il X #2121,
MA-M, F92-M TIIHIRDORAR N RZIT B, ZDORAR
LIL1T% LA EThoTz, Zhud, HREEREEAFI L T
oD EHENIEND, BUZEDOBLENORAREIL 5%LL NI
MATN2O  MA-F, F92 ZZ D ORERIZHL 72, MA-F
BONFI2 IZHONW T =T RERBREIT o728 2A, 2T h
DY =THEEE 10.1MPa, 45.4MPa Th-o72, ZOZEND,
F92 Ry MES TR C&ED ATREME AR LT, F72, FI2
DY = TIREIL, RIAHEGOENELRI%E ThHoTz, LLED
FERINDEHOTBRIIL FI2 2 VWA EELT,

230°C, JNE 0.25MPa, BEE ] 3 3 CHEA LIz 70
E13 HIvMESEAL-IEAHONE SEM & DOWrE SEM 54X 131277 7, & X f CROLNL LK

ERRRARDFT & THEFBTETz, Ll NSRABARIEAS

B12 KER—RMEANESEROEBR X RIE
(MA-F(Z L), MA-M(ETF), F92(F £). F92-M(ET))
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Wiginolz, £z, TR ORAE BT OILTWAA, #
LT R OHES BEA TV RDoT,

TN CEIRIC IS T DEEAIBOMHAMEIZ DV TR L 72,
TR T 7 OIFERERIE Au/Ti/Si THD, 300°CIzIs0
T 300 WM AE % DL =T TREEIE 15.2MPa Th o7z, 20D
L, B ERTOK 1/3 THY, KigZees K T3k
CTW5, 58 BEERER L DR IR 2 1 4R 3, e —R
VR A g S T | FER B0 Au A BRI HIBED £
CTWDDNDND, ZORERNG, Ti Ay 77 —[8IZB1 5
PR EZBND, ZZT, WiHAZ EPMA ToHMrLIzED
AR15DIHCAREREIC Au, Ti, C BEFEELTNAHIE
B BEIR ST, Ti AZHOWTIE, BAICILHBL TETWD
DA 3T L AuD T OERRZ TANDLDN A28 h>
o7z, C DIFEE ATV —OFEEICEK T 2b 0B 2 Hh
B, 172, F2 ORI 350°CAHTIC#b s 2 HF DT M D,
A RO SRR TR ITHIEL TRV iR L TL
FolcbHEHIESND, miRMRRRER OWrifm SEM %416
(CRT, T RL T ORE AL

K15 &E:RRE (300°C, 300h) DY T ILES T 7iEERER
L1=FEHRmE (E4R) O EPMA BIEENDHER

E16 &EME (300°C. 300h) # OIS ERETE SEM 18

HEATWDD, TS T > 7 EoRE LT 2k TRk
X vy TR L TODZENHADN LR ~T-, FT-, HIE
DB TITERNELAHF TERVER B AEL TV D, Z0BL
SN, SRR O A TR T oo Tndh
DELHWTED, ZOFRKELT, @ik T COLBILESE
ZHD, 300°C LV Eil N TS ANEA M LI 57
DI AR BIE R 2 I 2 D728 D /XY T AL L O E 8
TMFIER RENZ D, Fz, FI2 Z2_R—R(2, SHIZAFEIR
JEDAR WA I ICE 952 LT AuRoFUSE™
TR-191R (Au & A & 90 mass%Lh )& 5ekSd 7z, 3.3.2 18
AR TOEBRCTIZ AuROFUSE™ TR-191RZ#BCTHW\ T
BY, BT N—ARFIR 5281275,

3. 3.2 SRMAMLZAEYTHES

3.3.1 HTHWZAZ T A RRERL T iR MAED R
CHIET L7272 | B CHUD R i VIR RS-y TR
ZATHTRE R Au/Pt/Ti LV ERE RIS ST, B 17128

Bd
Berding preassers; SN7a

i)
E . I
£, |
g '
» !
2 |
D om
10
a
150 | 250 k111 350 400
Bonding temperatura [°C]
ai
Bonsfing temperature: 158°C
T
- =
[+ 8
® s
=
5ol
{ ¥ -
oo an '
E |
o = ]
W g ,
(1]
T 3 4 1 E 1w 13
Bonding pressure [MPa]

17 Sx7REICSHYDEAREE (L) RUMEKREFE(T)
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AN FAWTZBR DY = 7 B8 63 285 R EE OINJE 1
5MPa (Z[EE) | #EAREINE GREEIT 350°CHE &) AFIES
DVWTRTY, =7 — = HAERHFHAI S Ao e R O
Be/MEZTRL TS, & 3—AROFHifE B35, 200C 5
350 COHPANTHE LIZHE OV =7 R FEED 2T
10MPa AN THY | HEHLAYIKIR (200°C) TH 3723 =7 54
FEAGOLNDIEN DTz, EBIT, IVEIRTHEE T 513
ELT—N—%ED TR = T REDBMUT-, ik
HEE—NIX, 250°CLL N CILEEA Tl N I3 = Ch o7
25 300°CLA b CIEAEMAIEE 23 T BN L7200 et AN e 12
DIEEORE RGP GONT, — i R RIEIZ O
TiX, IMPa OIEMESAETH 30MPa DL By =7 iR %
BHTEMTE, Fo, FIMEITHEAFNEICH L TRE

10
2
iy
oL
=
= |
E &
2 |
=
E 40
Fiail
0
0 50 100 150 200 250 300 350
Temperature ['C]

H18 L r7REDHBEEKEFYE
1on 5

[ o St srengmn 104 rh'l'l

ELRTE, ;
0 i it =
g i 14 E
]
= @
‘E; il | 3 =
: | §
— | =
g ,/{ﬁ 128
& : =
20 i E

0 1

o 200 400 BMF END 100

Holding time at 300°C [h]

E1o BERENML ITRELLRUEARESOEL

BL. BEBEMEIR—IAPEMBEDARIILIRIDEHA (10, 20,
U mM)EEIETLD

PRIEENTIE S S TN B MBI B L T S RN E D B 5
THICON TS =T IRE NN+ 5 mIcH -7, IE
IMPa TORIEE—RNIT, #2682 2 CThh- 7o
5MPa L COMIEE— L, R T L7200 S e B2
GEPMTATOWAIENRIBEIN, 7 AO#ENLT 5L
KR RIE COBANRELOD, BITR TR mBILED
ffRHD 350°C, bBMPa TOHER A4 OIS S
LTz,

L= AN AWTHEGLIZBIC, R RT AT —DH
TIAT— V% @R (150~300° O IRFFL . EDOAT—VIZ
BV T NEEEL, TR BRE 7o, M18ITRT &
N, v TIRIENL, IR T—E EFT26500,
150CH 5 300°CIENNT TR 2 IR T4 52 &3 iR S A7z,
T — N, RBRREN L3512 o0 TR E
T TR DG JE PR~ S 2B b LTz, IR
AT 150 CTY =7 FRENHMUIZERD—>&L T, Eif
BT AME TSR350 C) EDIR N RE N
VP IATERES T2 1D St FM e & DT WERLIS
LI EE 2 BN, FT2, 150°CH5 300°CITANTT
OV TREDETIX, &Y 7370 kT OfE A R iR
THAL T 2ZLITRERL TWDEB ZBbND, TDTD  RE
L BTN R A T D IE I A 7o T B — RIS
FINTZHDEZZHND, LU G, Mk Thy =7 5
JEIE 40MPa F2JETHY | 472 2L TWDHIENS
e,

L= N VTS SN T L% 300°CORIRIC
BWTE B E LBy = T 3REARE L2, TR
RAEMLNIRT, =7 R O F KB A E R 23 R <72
DITOFTHEANL , FEMES WK AT e~ T i i
L7e DS EINU Tz, ZAuE, #BIR 38512, kiMoo A5
PHET ZETHER BRIV DITHE b LTcTzh EF 2
bid, £, AN~ AT DRI 10~30 p miZ B LS T
L, H25 T i o0 S A28 A 2 v IR IR il 22/ N T A — 42
—ELTHBiL7ZEZA, T RTOY T MIZBWTRS
A ~DZEAITTENTHYER TELHLEZ 2 HND, Fe,
AN A DRI RS THERTFIEAT 2~3 pm THY,
ZOIHEFITECEESE TH BRI L UEEEO @B S
PITATNDIEND | AT E DS B THES RET
B, ERCICEBEL COaARN TN RAD D,
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20 AuROFUSE™ TR-191R ZRA =AYV TILDESERIE
SEM & (b)) RUERRE %O SEM & (F: M0E 1MPa, F:H0/E 5
MPa)

WAZ, A= AN - R OB S O SEM 4725
TNZ, 300°CITI8Y VT 1000 REE PR FF 2 O Wi SEM 541312
OlZ/Rd, ML, LRC SEM BIIHE & ThD, A%
W, T R T NI H DR T LRAE L TV DERT
DR SAL, R T BICIER NS RZERBAFIEL TV DD
RERBRARIZIRAEL TR, Fiz, ML A o R
MIToENL TNDZEN DD, —J7, 300°CIZT 1000 FFRA
PREFLIZH 7 U R O/ NS ZEBUIZTEPRL . L e m
FREE DR AR DI T HEINTEIEE B2 60 O FL 1 X I
L. @OfEGRIC kT 2835 b 7z, ZORERIT, Skl
TN EIRIRFF RIS =T RN LR T 22853 R 775
HDThD, Fio, HERNENL

X 21 EAEZEAERZOKMTEOENRA SEM & (LX) EEPMA (C
£BTEIVEVY (TH)
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MPa OYIHIIREEIFNINE 5MPa LdhEN A BN, 300°C
(27T 1000 FRERIPRFEL 7294 1 CIT I L B2 A JE 0 w2 V7'
IRV DINSTRRAR NS I A DI, ZOMKREIE,
[ COBMREATIL, BAOEPIZLDT /A A EIC ST
WD AREMERH DT DR HRETZEE 2 TND,

3. 3.3 BEYAUIILHER

RS A 7V ERBR T, IR vy I KD AR AR )
DL THBICTF TP A X% 1 X8mm EFMHRL .
AuROFUSE™ TR-191R # W THR &7 72, 100 YA~
DRI TS =7 BE DRI~ T EA LT,
ZhUE, @Y T ITaU R ORUR R O E Ty 7 BURER O
K77 FALDHE TG i L O iR E 22k S IR IH LT
WAHEHERIE VD, Eiz, BB — RIS T8 Nk 3 =
Thote, Fiz, 500 S AN OFRBREAT T DO = T iiE
EE TR F45500, 40MPa BLEZ#ERFL Tz, ikl
E—RNEF v THERETHY, A ITHRE THHI LN
Dotz UL EORE RS ZOWREFH CIXIEE AR 2
I TETWDEHT&ED,

I, BEPZERBR DA% BLIC DWW TERLT, -50~300°C D
PROIUR LS A 27 V% 300 YA 7 VAR LT 1% o = 7 i %
HIE LTz, ZORER, v =T HREIT 15MPa F2E THY | HIH
WREIZKIL TR LU T & o7, K2 IRk 0> SEM 54
R LT EPMA [ZR D0 Tt a7~ 77, SEM &5, fil
Writi /e EI2iX, &V 7 I/ m R b A8 A Tl 3 RS
AUTEY, A FHEIZ AIN BRI HREE SR RS,
EPMA O A5 Au, Pt Ti 3T RA MERICHED (F1E
LTWDDIZKL, O, Al 23 FENSTETAAEL Tz, 20D
FERIE SEM fl—E L TR, FHEICHEL 72T LTI
Fy 7 MO Ti/Si S CTOMREINRE CThoT= e HElE NIz,
ZOTIEHBNIRSZRWA, RICH 7O —H# Tl il
W Z AR R AT L 72 ARA M Niy Al BELTEIEL TODHER
SIHBEESIT T, T, BAVE R OB I AT 55
ARV AZ OB CH D Al THINT 5720, Al 2D
L OREIE THEP AT DA RN H DT ThD, Ll
BB, A EIORERAE R ND FEEEOMAN 2L 5%
bZ R THDHEND J0ETe LAERRO M EE D 8% H T
WHRER LIRS TLE T, 16T, @IMEVEMP O AR D
R BREN L 7 /S A AD FEEE TR L CRFMGICFH 5T HH
KDO—2>ThiHLV 2%,

3. 3. 4 BMnBERUERIEN

R TR T 256120, 7 A ADWIEA D 2N
DITH T SAADD I~ BT DU DR 8D,
ZORE H AR R R OBYRE LR EE /T A—H—L
725, WE B B R 38 0 BRI R A > R T A
(TCS-100, =A~Ry 7 BHZFI LTz, MEDHR, BIk%
L5X10°W/m+K ThoTz, ZOMEIE, SR EDIED ¥
IRRETHDN ITA T EL LB L TR B S 2 R
DIENR DI oI, Flo, BRIEHUS OV TIL, 200°CHERK
BITBNT 5 Qcm THY, 7SV ZIZHAT 2.5 (ERRED
BHUEAE RO N, BREPILEL THBELRD L5722~V T
TR EHFIL TV D,

4. FLEHESEDEE

IR THES TEL @R CbIMAMEERF DX AR R B
LTV 7 Irn b 2GR Lo —ADOBRIEES AR
CURMBHE L CORFRRBRAAT 572, ZORER ~—APEER
Aith, Ty 7 ZAERL L2 INE REOLE TS ETT)
ZEIZED 300°CEV) IR T 1000 BRI O AMEE R~ —
AR AUROFUSE™ TR-191R ZBHA& L7z, FIIMRRECIE, ¥
TR NBEWVIREGZ L TOD, mi S iiE
HZETRERILL TOER T MBI SRz, £, FHEER
O EIRMTAVEZ A 3 28 BB 3 TI3E M O b33
VT ALV OGN BEE THLZ N RIS, AIFFET
1 AT AZLELT P ZFIHL T35 % ERbD7Z
DITIHE T AMEAZ AT 72U T AZ L OREE, H6 TE R
DOFHE, SRY 7 I v R 72 e AR REGR O Wt
REDBMIETHDHEEZ ZTND,

(2% 3R]

1) G. S. Matijasevic, C. Y. Wang, C. C. Lee, IEEE
Transactions on Components, Hybrids, and Manufacturing
Technology, 13, 1128 (1990).
2) L. Fenggun, Y Hayashi, et al., Electronics Packaging
Technology Conference, 597 (2006) .
3) S. K. Jong, P. J. Wang, C. C. Lee, IEEE Transactions on
Compoments and Packaging Technologies, 31, 875 (2008).
4) R. Kisiel, Z. Szczepanski, Microelectronics Reliability, 49,
627 (2009).
5) T. Morita, E. Ide, Y. Yasuda, A. Hirose, K. Kobayashi,

— 116 —



Jon, J. Appl. Phys., 47, 6615 (2008). K - 3H1 MES 2005, Osaka, Vol. 15, 237 (2005).

6) TFFE R, IWAREI, MARTTHE, R ¥, FRALFE, & 9) /HAER B, BEAR BB, EONIESE | R KN, &8 AR
FTLH | Mate2010, Yokohama, Vol. 16, 99 (2010). Fil, =L rhr=y 2 FEEAEE 10, 560 (2007).

) BAREY, R AREAE, AR PEFE S,

Mate2010, Yokohama, Vol. 16, 111 (2010).

8) I HFH A FHHIBE— BRI /AL T RR ., IIBRIERR,

— 117 —



— 118 —



BRLRBIRZ Fc R B BRI B9 D HF5E

PR R PE BT o & —

1 [FL®IC

BT HRBROM - BBESEATWD, FRC, BR
HENVERE (ST 272012, SiC 2 L7/ "T —F
A AEDOHFENEA TV | mIREE T TOMHm S
U — B EA~ORIS FREER LR LT D, ZAUSEEND,
P THEAAE (2 kb3 2 BB AR 8 BTV B,

T —F S ZAOTEMICIE, Bk 72508 - O b D
BHY | BIZE FE =y JROEE T
LIEEREEEENAVLER TV, L, Zhbid
U AT S ZAOBERE ZEE LI KRBT T
IOV TIZRTE A, 300 CREEE D &R EREL T
DFEFMEFIZ SN T, ToICRET S TORWIRELT
H D,

FRlZ, BIREOMBEGAIZT X v, =y 7V L OER
D&JR LB % T BHRIC OV TR, RS R 4
JBREE SRR OMBFICEAT AEERH Y | HEED
Hb) - FBARFFEIC B 2 RIS ATREME R H 5 2 &
D, I D O A RS DR e il o &R 2 @
RHHATWD Y,

FEFFETIEZ, TH =v T, B ASROEEE
A LB Z @IS\ T, miRE RO &8 bk &
& B ORI HFHMEE AT O Z LiC LY | Eilit
BEM L L CHE RSB ZBIEORIE IOV CTiEd
%,

2 ERBRAE

2. 1 He4ER

EE3A U TFOV) aryEREICTFH S =y,
. AR OO WT IO A NEIZ I L 72 4 f D
P70 (SUTINiI/Ag, Si/Ti/Au, Si/Ti/Pt/Au &}
SUTiI/Pt/Ag) # & L7,

ZhH D9 5 SiTi/Au & O SiTi/Pt/Au 122 T,

A3, rged, SEHRE, \IH—. =FHZ. BREY

BRI 72 A% ZRIC 20 AR U 7z B P e T3 ()
DY FNEER LI,

Z DD 2 T AT DN T, M) R EE R v
H—IZBWTC, ZJLRF~ 73 ha v A%y 2 3E &l
LT, A28y ZIEIC L0 BLZ8 TG iR 24T -
oo 2O L EORESMFEHR 1ITRT,

Base Pressure 2.0x10*Pa
Substrate Temperature R.T.
Sputtering Gas Ar
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