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Fig. 1-1 Average temperature of the world. (1890-2020) [1].
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Fig. 1-4  Application of power semiconductor [5].
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Table 1-1 Characteristics of semiconductor materials [5].
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Fig. 1-5 Package structure of each lineup [6].
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Fig. 2-1 Mechanism of dielectric breakdown [1].
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Fig. 2-2 Example of paschen curve [1].
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Fig. 2-3 Case of treeing invading a solid [1].
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Fig. 2-4 Schematic diagram of experiment setup [1].
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Fig. 2-5 Example of electrode shape [1].
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Fig. 2-7 Basic structure of power module [2].
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Table 2-1  Circuit configuration example of IGBT module [3].
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Fig. 2-8 Dielectric breakdown points of power module.
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Fig. 2-9 Graph of temperature at conventional module [4].
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Fig. 2-10 Effect of thickness (ex. mica) [1].
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Fig. 2-11 Relationship between thermal conductance and dielectric breakdown voltage.
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Fig. 2-12  SisNg4 substrate [5].
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Fig. 2-13 Schematic diagram of insulating substrates.
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2.5 AWFZEICBRET Dk, BEBITEOIIIE - BRFEEHI

2.5.1 IO
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Fig. 2-14 Relationship between sintering time of SisNsa,
amount of oxygen content, and thermal conductivity [7].
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Fig. 2-15 Fabrication process for sintered reaction-bonded silicon nitride [7].
(2) ZAb7 A FHEMROBE FHADBENNT X DE MR ] (8]

M Ic = b A BE WV, 8T 2y 7 LETEOBES & A 2 VW EEEEAE
WL GE L  IEESR AN LTZA S M &2 AV DIEEEHEGIEIC LA L T BER
B« BARORFPELCER L7 (R 2-2), IEME@BEESEITESSESE L i L, Bt (fife
— Mo 7)) BRI 2AEEEND 2D, KRBT & SEFEENZR S 587 0.8 mm 235
BHTE2, M2-16I12, EHeBR#EAELMM Lz SNy kot — Mo 7 VAR O
ERERIZ R AL 3N A

Table 2-2  Comparison between SisNs DBC and SisNs AMB substrates [8].

Process Technology = Direct Bond Copper (DBC) Active Metal Brazing (AMB)
Reliability 2,300 cycles [-557150C] 6,400 cycles [-557150C]
Material combination Cu: 0.2-0.4mm Cu: 0.3-0.8 mm
(Cu/Si3N4/Cu) Ceramic: 0.25mm / 0.32mm Ceramic: 0.25 mm / 0.32 mm
Partial discharge free < 10pC @ 5kV <10pC @ 5kV
Isolation voltage > 20 kV/mm > 20 kV/mm
Thermal resistance 0.2 KW (0.3 mm/0.32 mm/0.3 mm) 0,2 K/'W (0,3 mm/0,32 mm/0,3 mm)
Design rules Standard DBC Design Rules: AMB Design Rules:

min. spacing: 0.5 mm @ 0.3 mm Cu min. spacing 1 mm @ 0.5 mm Cu
Ampacity + FETES

(due up to 0.3 mm Cu @ 0.32 mm ceramic) (due up to 0,8 mm Cu @0,32mm ceramic)
Cost +20%
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(a) Before heat cycle test. (b) After 6,400 cycle.

Fig. 2-16 Ultrasound images of SisNs AMB substrates [8].
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Fig. 2-17 Time dependence of charge distribution [9].
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Fig. 2-18 Measurement point of electric field [9].
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Fig. 2-19 Sample configuration [10].
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Fig. 2-20 Characteristics of surface flashover under polarity reversal of DC voltage [10].
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Fig. 2-21 Schlieren photograph of typical flow pattern [11].
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Fig. 3-1 Schematic diagram of test specimen.
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Fig. 3-2 Schematic diagram of experimental setup.
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Fig. 3-3 Results of dielectric breakdown voltage test.
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Fig. 3-4 Breakdown points after dielectric breakdown voltage test.
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(a) Before applied voltage.
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(b) After applied voltage.

Fig. 3-5 Image of creepage failure.
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Fig. 3-6  Analysis model for electric field analysis.
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Distance from edge of copper foil
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/
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Fig. 3-7 Analysis parameter.

Unjointed part

Silicone gel

DRI
AR
VZAVAVAVA

Enlarged view

Si;N, ceramic

Fig. 3-8 Mesh model for electric field analysis.

Table 3-1 Properties of electric field analysis.

Relative Permittivity [-] | Bulk Conductivity [S/m]
Copper foil — 58x10°
Si3Ny4 ceramic 8.1 0
Brazing material — 61x10°
Unjointed part 1.0 0
Silicone gel 2.75 0
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Fig. 3-9 Contour diagram of electric field strength.
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Fig. 3-10  Contour diagram at unjointed part.
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(c) Case of position 0.8 mm.

ig. 3-11 Electric field strength distribution on interface of ceramic.
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Fig. 3-12  Electric field strength for position of unjointed part.
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Fig. 3-13  Results of partial discharge test.
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Fig. 4-1 Schematic diagram of test specimen.
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Fig. 4-2 Schematic diagram of experimental setup.
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Fig. 4-3 Results of dielectric breakdown voltage test.
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Fig. 4-4 Photographs of SizN4 substrates.
N o Photographs of dielectric breakdown test
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Fig. 4-5 Photographs of AIN substrates.
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Fig. 4-6  Analysis model for electric field analysis.
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Epoxy resin

Copper foil

Brazing material

Insulating layer

Enlarged view.

Fig. 4-7 Mesh model for electric field analysis.

Table 4-1 Properties of electric field analysis.

Relative Bulk Conductivity
Permittivity [-] [S/m]
Cu — 58x10°
SizN4 2 9.0
Insulating layer 0
AIN : 8.8
Brazing material — 61x10°
Epoxy resin 3.6 0
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Fig. 4-8 Contour diagrams of electric field strength.
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Fig. 4-9 Relationship between electric field strength at triple junction and

relative permittivity of ceramic.
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Fig. 4-10 Equipotential diagram of electric field strength analysis.
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Fig. 4-11 SEM images of the insulating layer surface.
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F 5 MERAAR OMERAEE I A M F T R E S GR L OB A

XU —F Y o — Uil IR ORI R & R B2 5 2 5/ & LT, di7E, fixeE.
BB 725 ZHAOBRIBE RN SN TND S, FEER O Ml B 4 A M i il 5258
E OB OWTOHREFFNIIZE AL LR LN, o, F6 mITTIHRARDH D, EEED
U—F Y 2 —/LOMEGRBRICEB N TS BEEGEFALT L ZHAIIR D LIFRs R0, £
T T MR IR ORI 5 D RESE OB A 2 BRI ZE RO E & B R
DR E &2 - R 2 1T\, AERIE BT L ONERaEE T2 iAE L, =

PTG U 72 BRI IC X 0 BB SREE S0 Al & SR oD il B E 4 X ONERR IR & T & 7B
FEREE Sy A & DBIRICOWTH LM Lie, FHEM & LT, 8 3 8T T, S B OBl
RBENZ ERH BN Ao fo R F VIR A B L, MR E LTL, F4EITBW
CHERRIE B E RS EWRER & 72 o7 AIN AR ZEH LT,
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5.2 AT HIE
5.2.1 RV TR

5-110, AfFHTIS K OFEBRIC TN Lo, Mefsitz il L 7=y o 7 Uil & 7R
T (@IFFEE, b)IEEEE TH 5, EREICIZAIN &2 Hv, ZORBICHEZEET S
Hplc & L7z, SMBIORE ST 1.0 mm & L, FE~EIE, AIN Z 24x24 mm, #i{E % 13x13
mm & L, $AfEOMEE BBICEZ b L DI, @ OIS BEEATEE AW T iiaiE K
DEH 2. AHIMEOBEEM EMR LRk & Lz,

AIN ceramic
\ _
\ A
A E
=
el &
11 2
Copper foil Y
v
13 mm
24 mm

(a) Schematic plan view.

—
t1.0mm <:| |
—

(b) Cross-sectional view.

Fig. 5-1 Schematic diagram of test specimen.

5.2.2 fEMTETIVE X O 7L

5-212, T ET L EZRY, MFTIT. 5533, 4TI 2 IRTlir & Lz, A
T 3 WITIAR O ERRRE R & s+ 5720 3 RoTfighr & Uiz, ftres vid, k4 5%
B & [AE. AIN OFREITHREZRE L= > 7L 0% | ki Th 5 7 v BRRE
PEGIR GM B, 7r ) — ) TEoET NV E Lz, K5-20, (N SHIX., (b)23N i
M CThD, ERELESEMIT, BRT 23RS T, HFBEEEIE 20 kV JiE TH 72720,
FETEIZ 20 kV FIIN, EHITEIZ 0 kV FUMOSEMFEE Lc, K5-3 &K 5-412, AviaE
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TNERT, K5-31FA Yy alifi, K5-41F8EDOA Y aET VL THD, Avia
FefFiE. AIN S A (0.2 mm) (Z3EI L, SR & Mtk ik 4 irf < (1.0mm 2L E)
HEILT, R5-11C, A LEMEZ RS, RBRE IR TITo 72720, HiROwHEE %z
AT, fRETIE, 28R & R OMXHIE d (X, Y i) Z/57 A—4 & L, EHEON
&% AIN S5 X 5. Y e HIC 3 mm ONLE CHEE L, £ & S O
& d=0~3mm (X FaL Y HFAZEFUE) &b XICERBEOMELTHLTNE (X
5-5 M) KL TOENIRE N A KD, T 7 M ANSYS #HO BRI Y 7
I Maxwell 3D (ver. 2021 R2)% FHu 7=,

Copper foil AIN ceramic

Insulating liquid

(a) Bird’s eye view.

(b) Cross-sectional view.

Fig. 5-2  Analysis model for electric field analysis.

Front copper foil Insulating liquid

Back copper foil AIN ceramic

Fig. 5-3 Cross-sectional view of mesh model.

- 58 -



AIN substrate

Enlarged view

Fig. 5-4 Mesh model of overall view.
z Y
(f’ > i—’
X e - - — -
S ’
S

™

3 mm

d
—>

Front copper foil

/ AIN ceramic

Back copper foil

Fig. 5-5 Analysis conditions.

Table 5-1 Properties of electric field analysis.

Relative Permittivity [-] | Bulk Conductivity [S/m]

Copper foil - 58x108
AIN ceramic 8.8 0
Insulating liquid 1.9 0
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5.3 fRHTHESR

4 5-612, KM & B OMXALEDS d=1mm DRI . BREEDa A
—K (W RR) Z2oRd, FoRiE, BAREE 60kV/mm & 100% & LFERL TWD,
SREZIE, FEIEAERIE SV REITE & EHITE IR EN T AIN WESTE < R 508, KR, Si7E
& AN, HEkatERIR D2 D AIN FERFEO “EHAIZ TRKAK L 725, K5-61280T, =
AT 2 EETFET 508, BEABERO ZHEAICB W TRAE D, ZOHBIZONT, K5
-7 OEBNMRKZHOVHIT 5, M5-71%, X5-6 &[REk, ZKE7E & SEHTE OFEXLE )
d=1 mm OFMHICB T HEENBRXTH D, AIN ZHeA THREDTEHHEERFE I UiJ5E

TN TS, EETED S OFEMBIE, —& AIN RITEIV AT, ZORER, FKHE
DD OEBMADHFOHF AN LT O DRIEE 700 | OO OEENBENEELEL, £
JiE R & g o TV D REATEM = FAOBRBENF < 78 b, BEOHEFEHI[1][2]Tix
Z DEFTED K O 7B BIR O B A T 5% AR L FEA TV D, WREMOTFIEIC LY | Skt

BIDOBMRO —FH R THENELRLT <D Z EITRHMBITWZD, KFEFTHER LY
OEHBIT, HHREMPEHDLZETHROBERRENLVEINT 2720 THLZ ENHL

mEpoTm,
/@

Target cross-section
E

l 100%

Triple junction

Front copper
P \‘

50%

Back copper

Fig. 5-6 Contour diagram of electric field strength.
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Front copper

Back copper

OFRPNWAUIOONOOO

Fig. 5-7 Equipotential diagram of electric field strength analysis.

SHAIE, 3 RTAIC RS E . STEATICOAAET D, M5-812, X5-6 LFHER, #
H9E & HETE OMXMLE dl=1 mm OFEIFIZBIT D, KfTELE AIN OBEE TRIZGED
BRME D2 4 —X T, FoRIFX5-6 &Rk BRIE 60kV/imm Z 100% & LFR
LTW5, REATEDOETOILED —HA TH D78, EHRBEITINIEIIR > Tam< 720 |
FRlZ, EHREN TR EMmE 72 D RMTED 23 (Edge_x & Edge y) ITBWTHEL 2D, £D
FER. 2WOBEA R TH D RMFEAE (Corner) O ZHMITEBWT, BRIMEITFICH 7
%o ATIZEZRZToT,

KETEAER (Corner) D =HRIZE W TEMNBEN G 2L5HHBIE, -)AnbRs, 2
WORMBIERBOBROEREDE (BRI RV L7510 ThHD,

E (corner)=E (edge x)+E(edge y) ... (5-1)
Z Z . E(corner) : RHWEAILOER T hv

E (edge x) : Edge x fIREAFE M DOER~27 ~v

E (edge y) : Edge y fIZREAFE ML OER~27 Fv

E (edge x)& E (edge y)DERT MO TAE 01X, S2)XOBREEZLND,
0°< 0 <90° (5-2)
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A A=V ERAVERAT S, K5-91%, K5-7F#HOATHERRLIZEENHRXTHD, #*
D Bdge y Dl T 5, KR, BRAZ ML Om &L, SEAMRE AR ERDT20,
FETE O EFIE D MEF ML 72D, H L, REWEATBTIBW T, FEEMHRD D
WL T D7), RN P bR L5, RIU L DI, REWEAHZRHER L TV 5D,
O — DU THLHERMED Edge x bRKRTH D728, KAFVEAFOBERT Mvid, K
5-100 X957tk L 7%, ZZ T, E (edge x)& E (edge y)DERT MO/ T A 0
I, b L, B2 OERAT FLRERETED O EATE IO EEHF R THLHEITIE 008
720, b L, FxOERNT MADBKEFMTHLGEITIL0°E 0D, (€T, EBRAY
MO TAE 1L, 52)RDRERICRD EEXHILD,

G-HDRXE Y| BRI MrOBEREDEHROKRE X, 53)RERD,
0 0
E(corner) = E(edge x)cos > + E(edge y)cos S e (5-3)

(5-3)RE A, =005 & 6=90°DHEDERDHENRGOERDORE S2RD D,
0=0°DHE 1L, cos0°=1 ThH DM,

E (comer)=E (edge x)+E(edgey) ... (5-4)

0=90° DL AT, cos45°=0.71 THDHM D,

E (corner) = E (edge x) x 0.71+ E (edge_y) x 0.71

= {E(edge x)+E (edge y)} x0.71 ... (5-5)

Z 2 CARHIZE Tl FRHITE & FEERIE ORI E 2 X M & Y J7a TR LRI L Th o720,
(5-6) DR L 72 D,
E (edge x)=E (edge y)=E(edgey @ ... (5-6)

- T, (54T
E (corner) = E (edge x) + E (edge_y)
=E (edge) + E (edge)
=2E(edgey L (5-7)

(5-5)=x
E (corner) = {E (edge x)+ E (edge y)} x0.71
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= {E (edge) + E (edge)} x 0.71
= 2 E (edge) x 0.71
= 142E(dgey L (5-8)

(5-NAREGYYRL Y | 2 WDEHEE R TH L RMTEAT (Corner) D =HFITISIT D EIIREL
X, 2 W OEIEIREOERTRE D 1.42~2.00 (522D EEZ2 BN D,

B5-1 110, R & EHREOMMALEZ NT A =2 L LIEGEO, REATERT O =HE
JRE L REEATRO ZHROBRRE OB 273, ZHROBRIRE L, FKATHE & EHRE
OFXHLEL d=0mm (FLE) OBEITR BIRVEE 20 | REEOMELTHT I LI
XM 2EmE ot K5-7 CHIILIEX DI, EHED D OBAAROE Y IAFIZ
R OWBETH D, RMEAHO ZFEAOBRME L, REEIHBOZHROERRE LY K
<, TOET 1.46~189 5 ThH Y LILOBERFER (141~2.00 %) #h—% L7z,

Target cross-section

50%

II 0%

Fig. 5-8 Contour diagram of electric field strength analysis.
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Electric field strength (k\V/mm)

Electric field vector

140
120
100
80
60
40
20

Front copper foil

I
—v

// ( Back copper foil

Electric field vector
on edge_y

Fig. 5-9 Image of electric field vector on edge_y.

AIN cera

on edge_y

Electric field vector

on edge_x

Fig. 5-10 Image of electric field vector on corner.

@® Cormner
A Edge
=
X
g o
S
=
z| = g
© | N 92
K g
0 0.5 1 15 2 2.5 3 3.5

Relative position between front copper foil and back copper foil (mm)

Fig. 5-11 Electric field strength at triple junctions of AIN ceramic.
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5.4 SERITIE

B 5-1 212, FEBRHEROBIKM 2 7~9, Mk Emk 2 g U 72 3BR o 71 o AIN L7
M ORI 2 E T 5 72l REBRY v LB RIERIE TH D 7 v FRARTEIER
kK GME, 7rUJ—b) [SRES T, EGBEEEERBRERC T, KTHE & BT IR0
WL (60Hz) ZHIINT 285 & LTz, BBV 7 2 EiRisIciRIE S E 5 2 & T, AIN
SR T OIRHREE Z IH L T\ D, E8ifE L AIN ORIZARA RRALZRNE ST, &
dh A AERR IR IR TR & L7zt R A ROV IRIBZ 8% . ML 2T o 7o, REATE & B
DOAELE d 237 A—2 & L (K5-5Z8), RBITHIR 20°C TV, F7E#REZ 033
kV/sec & L. fafxfidE+ 2 F CEEZ LI Cnhotz, o7 n8ud, K53 E Lz, #

IR DOHEETH D > M A 7 ERILSmA & L7,
Insulating liquid

i i Front copper foil

1 ! /

: X .

: E ] " _ AIN ceramic
Withstanding : ) |
voltage tester — N |

. RN

: : N\

| i Back copper foil

Fig. 5-12 Schematic diagram of experimental setup.

5.5 FEBRERBIOELE

5.5.1 FEBRRER

B 5-1 312, REMZRY U TN OMEGIEREPTBIEE R 2 T, ()23 RKMTE & EHTE D
A7 E d=0 mm ([FIfZE) OBEOFER. O)PELIE d=2 mm OBEEDOFRERTH 5,
@@FA~@&H% SATIE RS A CH 0 | FERTEM D & RGN EEHEE LT\ 5,
YDA, MBBEEFT I REERT TH . @R U<, REFEMH O EHIHEM I Em
EE L T D, AIN OFRITENEIZITHEEN R S, BENFEA Lk, BEEIcE -7
CHEESND, K5-1 4 £X5-1 51T, ZDOMDY 7V ORfEGREE & Pl 230 R &R,
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Front copper foil

& Back copper foil Back copper foil

Front copper foil
. Damage area

Damage area

AIN AIN

(a) Relative position 0 mm. (b) Relative position 2 mm.

Fig. 5-13 Photograph of dielectric breakdown voltage test.

Relative position Photographs of dielectric breakdown test

Fig. 5-14 Photographs of dielectric breakdown voltage test.
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Relative position

Photographs of dielectric breakdown test

O.5mm

2mm

Fig. 5-15 Photographs of dielectric breakdown voltage test.
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X 5-1612, &2CTOV T LOHRGEE TR R 2R, BEiE, £07E & Ham
D, FTEAER L OHERS O —EATRAELTBY , £ CTEEBMETH 5, MixikEEL
1T, FERE & R OMXHLE d=0mm (FINE) OHBAICRbEL< 2D, HIEEZ T 5
LTWIEEEF LTSI E Aeotz, ZOFEIE, K5-1 1IZR L, A EZE S
T A =L L LIca o, RETENGE & K878 AT O ZH R OBRGRE O/ & i Th v | 41
KAEZTHTZ LD ACHMELETH-> TH —HADERMRENE LD,
GEEBENMET L7 SR T& 5, HL 5. 3HiOMATREE TIX. SR M5 & SEmE o
ZHRT 146~1.89 (5 DFEN & o 7o DI L, SRS F Tl Sl7E A0 & S i o =
T, MERRIIEE L ICRFICZEZN R N0 o T2, ZORERIZOWTIL, BEHBH SN/ - T
BOPTABROWIERELEEZTWDER, B TOERE L FIC T T,

S| 30

~

© @® Corner
S A% .

[ S~ o - A

g ol T A

V4 =~ ~ ~ o

67—~
o]

o 15 :

= Min:15.6 kV
(&)

)

2L 10

o

0 0.5 1 15 2 2.5 3 3.5

Relative position between front copper foil and back copper foil (mm)

Fig. 5-16 Results of dielectric breakdown voltage test.

5.5.2 SEMAE L @B CENP R ONRN-T2Z LITHONTDEL

(1) BE1 : WP E L O BE D%

4 5-8 DESMME = 2 =K TR LI L 91T, FEATI R CEIRE D SO
U S R 130 R - CRASREE DS @ WM FET 5, 2 b OFIR TR0 iE
AT LRET D & BALERETH 21285613, S8 A E 007 ASEfEmE & 0 RfE R
REVDP, DL THEATGEIE, RBERERODD TN h—Z NV OEENKRE 72D
EEZLND, B2E TR L DI, —RICHEBRBEITT D EEZRT-0L, B 7 Iy
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IMMREZZILLEBIEICED EEZEZ DN TWD, AL, BlBME L-EHHTo, £ 0JE:
DIBD OV TIEI S 2072 > TV, it T, Mkl )y = O & A o B R
DREEDHRIZE S TIREDLDOTIIARL . TORDEDIHRE RN LB L T 5 ke
HERHY ., H5-1 6 DFERIZZDOZ L ERLTWDAREMENRH 5.

(2) BE2 MRS E TN L EROBE DO

B2 BECHR A7 K 9T, MR RIS E EN D BRI BT L BE) L BRI RER
BIZLEZE T SELBRDH D [3]~([5] AEIZI T D ERITHEHRIERA T THME L Tk
D, ZOXIRBENELCTWAHAEELH D, 5-1 7TIWZHEA N =AL%ETT, &
FURMTIRF OEIESRAE LR U < REWWEIZ 20 kV BN, EHIEIZ 0kV EUIN L7256 2186
T 5 & REAEREEO ZH A CENREN @ L 725, RIAEIZIEOBM TH 5720, Hufxk
YRR OB ER D ZERICH EFE LI, AEMOIENKT 5 EMEMOZNRIZL Y E
FERRNAELC D EBEIND, BAVREWIEEBEIT2EM L L R D728, BRMEN
BV AEO ZERIZ, K0 ZLOEMBGEHFE O, EREMORE S DK E
72D eEZEZ2 N5, ZOREF., SfEAH O =R L SEmH O = H R OBRIRE DN
fia/ N L7z mTRetE b B 2 D,

Triple junction 20kV

Neganve i
charges
o e\\ Front copper foil

’ AIN ceramic

Back copper foil

Fig. 5-17 Assumed mechanism.

-69 -



FSETIL, NU—FY 2 — /Ui ORI RS B e 5 A 5N+D 1> T
bD, HTE, ke, B b s ZEAOBRMEICE B L, eIk 5 RKEHE
DALEZZE A BN =B R ONE 228 2 T Mg B iR & | 2 UShs U7 B
PraATu, EERIC K D HERAEEE 3 L UM R I 2 A Lo, € ORR. fERaEE
FIas. $i7E. AN, E1LA0 6700 ZFHA & —8 L, MR E LN —H A OESNRE & A
a2 b oI EBRWOENERoTo, AR THE LN R Z LU TICRET D,

1) AIN IR 2 ERRESAIL, REOHFEICHENR TS AIN NETEVVES R
T, REICHITE & AIN, B IEM OO D AIN FEREED =HSIZB W THRE & 72 5,

S HE R ORI, KE <G00 THITE A & SATENEC oy, ISR & SEEE I
TG, EBIGREEIL, AIN Z8eA TRl OB NS % EMm & 70 5 &Mk 5, il
FEICTRR &2 | STEAE & I OBEMNFRE DAL, 146 ~ 1.89fFL 2D,

2) —HROBRIRE L, MfxE k3 2 REE & EZHTEOMEXALE Z FRNEIC L2 Sa
Bb/NEL R0  HRMLEZ TS SIS L0 B A & A B, SE O BIR A R
BrHZ LT, BRBELZHIE T EBHLNE RS T,

3) Mt 1T, FRHTE & EETE OABKRIALE & R EIC L2 Sa iRk b < 720 | Mkt
MEZTH L TWUEEE T LTWS A & 720 ZEROERRE (LFL2) Lo
&5, “HAOBRMENRKEIVIEE, AIN TG LS < 720 | M E e
INEL D2 LR LTEHEY, MEBIFHEBEREREZ O EBNH LN E R o7, F Ik
BEREPIT. SR T L OEHITE A 1L O HTE A L OHIERE O —EAICE T L, WHE b
FRAZ b O Z LWL ML oTz, H L, FHMITE 6 E TR 25708, fEfxhiEEpr & =&
AR —BT DHERIT. AIN ONEIS T E A EBWEBSGOSEICRON S,
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556 iR ORI E A MT T T X v 7 RIS OB A

ATHE S TOMTERE RIS T, AU —F ¥ a2 — /Ui AR O AERIEE T I, AT I T
EHRMEO @, HiE, MkxiE, FHIEMNG25 ZEHATEL TWER, EEOARTY —F
Vo —/VIZR W T, MEBEEETTALT LS ZEAICR D LIERL 2, 22T, HeE
TiE, AR URBIBIC L D F SNy r— U RE B E L oM ST R L, TR & X
T A =B L LT MR R AR A ATV, IR K SRR T O & NG ) 0 Btk
FOMHEIZE DL ETO AN =X AZDNTH NI Lz, 2Bk iEmIL, 5 4 EOFEBRIC
BT, MR B ORER & 2o 72 AIN Btz VW 2, E72, R 30°CicBi 5 E
B RIIFEAEDO O ZRM L. ERMATRER O HE 4 ZOMRICT —F 2B LELE LT
S TW5,
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6.2 FEBHE
6.2.1 REY 7R
X 6112, AFEBRP L OB CTHA L, #REROY > 7tk e <7, Zhid
BABEDOY TR LR TH DD, RETIE AIN FBROAEZXRE LTWD, i
JEE 1.0 mm @ AIN ZHV, TOREIIEZ 0.02mm DA H %L, LS 0.3 mm D
SRTE A BLE T DHER & LTz, REOSFEILF UALE & LT\ D, Pl ~HE, #a)E % 24x24
mm, REOHEZ 21x21 mm & L, REOHTE & M@ OMOERE OMEHRES)

Z 1.5mm & L7,
AIN ceramic
\\ A
3 Brazing material Copper foil
L el g (t0.02mm)—_, «—(t 0-3mm).
: g = <—_AIN ceramic
Copper foil RN 7 . (t1.0mm)
vl Brazing material \ Copper foil
(t 0.02mm) (t 0.3mm)
o 2lmm :
24mm
Fig. 6-1 Schematic diagram of test specimen.
6.2.2 EEAERK

6 - 212, s L OFRITHER OBIRS X 27797, 2 b 56 4 O EPHERL L A TH 5,
BIEMIC L0 EIE SN EBEO Ry F— U EZE L, MR 2 =R X U HEIC
EPIRAZ B 1 Ui M AR IR S 8, MR B AR a2 €L RO & Z O SRTE

(AL (50 Hz) ZEVING 2Rk L Ui, ffatbiiimiis ) a—sa A0 (Elis ) =
— 8l KF96-100CS) Zflifl L, IREEIX 30°C L 300°CH 2 5:ff-& L, FJEHEEE 0.33 kV/sec
TR E T 5 £ TEELZ BIF T oo, REECHEMB TH LU v A 7 EWRIL S

mA & L7z, Insulating liquid

-

X

Cylindrical epoxy resin

/ ‘ ® 69mm
Withstanding %
voltage tester ;

 AIN substrate

....................... )

IZ Omm

Fig. 6-2 Schematic diagram of experimental setup.
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6.3 EERKER

X 6-3 12, MukxikEE e R A m T, o 7R 30°COSMFIC 1T D EiRikiEE
JEIX, FERME T 25.6~34.2kV, FHMT309kV (7 sk 5{) THDH, ZORERIT
HFAREDMEZ M L T D, 2000CO ST I 1T L Mk gdE 1%, EMIE T 28.3~30.4kV,
EHIET 29.6kV (7 HL 3 H) Th D, 30°COEBRAERDIEH DX 23 A8.6kV, 200°C
DEFFERLOIZLDEN A21KV & BEIZL > TELSXIZEEH L OO, FHMEITIF
ENEEDLIRWEERE T,

35
30
25
20
15
10

5

0

dielectric breakdown voltage (kV)

30°C 200°C

Fig. 6-3 Results of dielectric breakdown voltage test.

X 6-4 LK 6-51T, HEMIEET OB R A RT, FRROTRF G2 A1
HI D o AIN Bbl & FATIC RS =R & SR L SiTE 2 M1 D | AIN OB < e o TR 23 R
25 FETHIo T ol KIZHEWT, HWERD DY AIN, KEDERSAE L TWDHZARF
BHECTH D, 6-4703, B T INOIRE 30°COLMICBIT 2RB%EONEEETHD (5
P TNH 2 BSORE), oML, FAFEORKREEZAL TWDH, MEEMEIX, o
VAT AIN SR 5 1.5 mm WY C, SifEmdS e 8T 2B Tholz, £z, M6-5

LTIV DWEE 2000COSRMZ BT LB ONRKEETH L (3F T 2H50
FEIL) o BREEALE XY v T Lo TR D | AIN 552D 6~9mm OfLE CTh o7z, v
TIAREE DIBUNT KV | AGRIEE TR DR & o7, 55 EE TOMETIL, #kx
IR TE, BRREDOE W =H R TH DEENES & AT B L TWed, S 7V OiRE
200°CORMETITR R DR L e o T,
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N o

Photographs of dielectric breakdown test

alie & Blackened
damage area

Epoxy resin

Fig. 6-4 Photographs of dielectric breakdown test at 30°C.

No Photographs of dielectric breakdown test
: Blackened
AIN ceramic damage area
i:
Epoxy resin
2

Fig. 6-5 Photographs of dielectric breakdown test at 200°C.
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6.4 EATTIE

MR B T & B SRIE AT DO BMR A FEMIC I D120, BRI 21T -7, 3%,
47 LE L, BT Y 7 M ANSYS #EOBREAEYT ) 7 & Maxwell 2D (ver. 2021 R2)% [
Wiz,

B AT, SisNg AR E AIN FEHRD 2 S DiigE M 2 W T BT 24T > T\ iz,
FATED AIN FEROFERZ TS, 35727 — 2 28 LR 21T o 72, X 6-6 I[ZfITET
N K6-TIZA Yy 2FTT NVERT, EREFER, AIN FEHRZ =R % SRR THEIR
WZEIEL7ZET D 2 RICET /L E L, AN EEfIE, JEE 1.0mm O AIN OREZ, JEX 03
mm OHIFEZ A S8 0.02 mm [ THEEG LIEET LV E Uiz, BESMFIE, RE 30°ClcBiT b
MR FEIE O ME 30,9 kV &2 vy, RO & BRI OFTEDOMITRE LTz, £6-1
Al L 2 R, AIN X, B EROBEERFEDN D2V £ s | FiROWE
il IV, FRATIX FIRAC C M L 7=,

Copper foil
Epoxy resin _~~ (t0.3mm)

\ Brazing material

AIN ceramic (t 0.02mm)
(t1.0mm)

>~ Copper foil
(t0.3mm)

Fig. 6-6  Analysis model for electric field analysis.
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Epoxy resin

Brazing material

Insulating layer

Enlarged view.

Fig. 6-7 Mesh model for electric field analysis.

Table 6-1 Properties of electric field analysis.

Relative Bulk Conductivity
Permittivity [-] [S/m]
Cu — 58x10°
AIN 8.8 0
Brazing material — 61x10°
Epoxy resin 3.6 0
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6.5 EHRENTRERBS LB

X 6-812, BRBED 2 X —KErRT, (a) DEEK, (b) BERETBOILRE T
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NTEVMEZ R LTV D,

E .
. QUGLE Triple junction

. 50%

I 0% Triple junction

(a) General view (b) Enlarged view

Fig. 6-8 Contour diagram of electric field strength.
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Fig. 6-9 Electric field strength distribution along thickness direction (vertical direction)
between upper and lower triple junctions.
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Fig. 6-10 Electric field strength distribution at centerline (horizontal direction) of AIN ceramic.
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Fig. 6-11 Equipotential diagram of result of electric field strength analysis.
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6.6 FSIEITITIE

BIEEF LY TV OWNEIG 1% RO D728 BUGTIFENT (BREEVERRIT) 24T o7, fifbTY
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TR ST, BIIEE (LR O IR RIS ) OS2 BT 5 7=, HIHIEE 2 SR E LRE D 100°C
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AIN WEIC D DI &R T, £ 6-2 1Tl LI REN M (FiR) 279, T
BRIBPERRAT & LT,

AIN substrate
Epoxy resin

Fig. 6-12 Analysis model for thermal stress analysis.
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General view.

AIN substrate.

Enlarged view.

a

Enlarged view.

Fig. 6-13 Mesh model for thermal stress analysis.

Enlarged view.

General view.

Fig. 6-14 Cross-section view of mesh model for thermal stress analysis.

Table 6-2 Properties of thermal stress analysis.

Young’s modulus [GPa] Poisson’s Ratio [-] CTE [1/K]

Cu 97.0 0.33 16.7x10°

AIN 304.0 0.24 4.6x10°¢
Brazing material 66.6 0.36 18.1x10°¢
Epoxy resin 5.1 0.37 17.3x10°¢
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6.7 BUSIHTRIRE L OVER

BI6-1 512, 7L 30°COFRMEITHIT D, BUS IR ROZRK 2 7R~T, (MDA RIE
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FEt e I T 2 7 mIChaME E . AT ISR S TR b/ 5,

[pm] [wm]

(a) General view. (b) Cross-section view.

Fig. 6-15 Deformation diagram of thermal stress analysis at 30°C.
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Fig. 6-16 Stress distribution of thermal stress analysis at 30°C.
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Tensile

Compressive

Tensile
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(a) Maximum principal stress.

(b) Minimum principal stress.

Fig. 6-17 Contour diagram of thermal stress analysis at 30°C.
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75
67
59
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33
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(a) General view. (b) Cross-section view.

Fig. 6-18 Deformation diagram of thermal stress analysis at 200°C.
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Fig. 6-19 Stress distribution of thermal stress analysis at 200°C.
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Fig. 6-20 Contour diagram of thermal stress analysis at 200°C.
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