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iR a2 T T THET 28 = 2L F—(b (B 2fk) RO LN TEY,
WA R T — B R DBASE L IE N T O — 2> T\ 5, /T 8 KT, /3
T —T A A DI ANT —RERT S 2 LT, BEESCKER (720
HLRE -\ WA DFERH 5.

R HEEAIL, 2050 FF—R o ==2— M I VHEICHT T, Yevz7 b IRk
AT O HNA 7T O ONEE £ & OTWFIEEFE - 2 I8 H % 2021
F10 HICRELED. Zo7nye7 FTi, BRELZEREOB RS JEK
PESE OB BN &SRR O G APEN R TN 5. U8 ROE = b H Al
LT, AR AT =Yk U a2 B —31 K (SiC) , HITLFAFT7AR (GaN)
MET OIS, SICIE, 2020 TN BEHTNNT CTEE - FBEA 77, GaN I
2025 Y — SNOELEEHLLT, 2030 F2T — X2 X —[AlTEIR~OTEFEILK
N TSI TEY, ZRHOR IR AT — 8 Ko gtk - mEEICnA T, &
FARHENZ AT To a AMEIR S B BT /2 5. miEre iz i 7= Hffraf i & L ¢, SicC ¥
BIRTIE, 1RO STITHAT, FidbRBaE N 100 5L EmnwZ &3 EfR S
TEY, ZALDOKMEA, SIC HEROEBEMEOREL L THE SN TN,

ekl vV 3y (Si) RUEEERAHNLITWD D, it TIERERMIC
BORREZSDOONDTA RNV REy v 7 HREKRTH D SiC ORIERAT —
PEKEENE T > T D FAE SIC II3E < DOFEEREE (RY 2 A )
IFEET DN, ZDOHR T 4H-SIC 1330 — =8 KA IS i & S, T OEME
LI RE IR FELN TV S,

SiC /U — =8 KT &5 4H-SIC 1%, Si I~ THafami e B R, fa
FIFE R, BMREE 7 SICENTWD. ZD7=, 4H-SIC & L 7= -8k
TONA AVE, BEERRE, @A A v F o 7R A PR Do FEEL AN AT RE
Thd. £z, WHEERE T COEECEN, a2 \—%, £ R—ZEDEE
B E S O EE MR R e O imEl, EROKRE&ELDO=—XTHIHE TE
L. ZHUT XY, EHBEKOKRIBKR, faso/MYRIZER T & 5 R R OIRE
KT NARELTHRIN TN,

4H-SIiC 1%, MEMEEDOES S, ffmEom s, #iE7 ae A OHE, 7
NA AR OEITE R EORTEABEATEBY, Af vF o IRz AFOHE
B B 2 < OWFFERERI OB ZE TR RITAThOIL TV AL FRIC, K88, BEhE, #kiA,



BHREDNT =2 L7 bu=7 ASHGEFICENT, REREL/FELN
TUNAD-®),

B 1.1 oY —EEROK & EEERERORERE, ERICHSZRT. &
SitkEs, $kE, BENE, FE, A v TF U TERE TEZRIChIEY, 2R
XD PRNZ N ENDOFFRAZIE U TV T ST 500,

Si /U =K T, /MR = TEMER D B+ kHz YA BT, =R
— I TN A ARG ELREBERLR N T VX F (Metal oxide
semiconductor field effect transistor: MOSFET) , H'H /& & CTHE Hz 2> 535+ kHz
F ClIHatx s — b XA R—F ~F P A ¥ (Insulated gate bipolar transistor: IGBT) ,
K& TR BB COISHIZIEY A U A% (Thyristor) 2% — k&% —
A 7Y% A U A4 (Gate Turn—Off thyristor: GTO) N EIZEHLIL TV D.

IRHAR T —BURTIE, SiIC =R —F 7 /31 A7) Si-IGBT % & HIZKRE
&, mEEALT S ERICibiL D, GaN /XU —HE(KIE, Si /YU —MOSFET %
S HICHEEE LT DI EDI D, SiIC NAKR—TF T A AL Si AU AH
U EORBEACDHFES N TNDN, T35 ABFICHRERH 50,

(TE DA ARG « IR T S A ADA ARRE DI OB & BEDBRZ £ T
LOTHD. AVIRETH D L OEPUEZ A HEILE WV . TOEN/DS VI
E, BfER O o 2370,
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Fig. 1.1 Power semiconductors and application examples.*©

RFEFRT A RN Ry o 7ERLE SilZONWT, 26 O FERYHEZ
# 1.1 1T, T —F N ZHOMEE LCIE, SiC iz, A
FTEYRRL GaN 2 ED T A AV REy o TEERMHR S 5. 206 OME
VAR A B EE SR ALY Si LD 1 MFRREE R & <, SiC Tik 600V~#T V @&
BT 5.



Table 1.1 Physical property of wide band gap semiconductor materials.®*")

diamond  GaN 4H-SiC  6H-SiC  3C-SiC Si
Band gap (eV) 5.47 3.42 3.26 3.02 2.23 1.12
Electron mobility 12001 100!
se (cm? V! 1) 2000 1500 100072 450 %2 1000 1350
Hole mobility
i (cm? V- 51 1600 150 120 100 50 600
Breakdown field
strength 8x10°  3.0x10% 2.8x10° 3.0x10% 1.5x10° 3.0x10°
E; (V/em)
Thermal
conductivity 20 1.3 4.9 4.9 4.9 1.5
A (Wem! K
Saturated drift
velocity 2.5x107  2.7x107  2.2x107  1.9x107  2.7x107  1.0x10’
Vsat (cm/s)
Dielectric x x
102" 102"
conztant 5.5 9.0 9.7 *2 9.7 *2 9.72 11.8
Baliga’s figure
of merit (BFOM) 13094 847 624 274 76 1
eueEy’ (against Si)
Baliga’s high
frequency figure
of merits 1053 111 77 33 19 1
(BHFFOM)
ueEs” (against Si)

*1 : Horizontal to c-axis

*2 : Vertical to c-axis



1.2 12 Si & SiC ¥ =3 > ]\ X — U7 XA A4 — K (Schottky barrier diode:
SBD) |Z#i&EE V ZFEINL 7% ﬁﬁ%ﬁﬁ E LZ2Z @ W ORER~T.
SBD |2 aﬁﬂ?}—%EWmﬁ“é &, I 1.2 DX n"NCEZ MBS, il
R E, & MR I LT & %@é?é)zfpm W CHENT ZAFEOH
FEDMHE VB=EWn/2 1272 5. RU 7 Mg (n) ORNKMIREIXERRE & 2227 &
IEOB X IZHBIT 5. RREEZE< T5L, FU 7 MNgOETUE Ron 1T
L, IEHMEETR gES DD, MEITEDT 5. SiC ORG-S, AR
FEDNSi D 1055 2O T, IMEZRFFT 572D N U 7 Ng O Rl %
T HIENTE, SIHITHRTVIOREETRY 7 NEgx#< TE 5. =it
JERT —F A AP DIFEAEIZ RV 7 Mg THY, KU 7 b
JEDE ST L CIRPUEILE < 7254, SiC Tk, R 7 MNEzid cxs2 L
2B, HALEFEY 72 OF ARPIAIEF I/ S VAT NT — T S 2D RAE
MAMRETH H®. ZoMich, ®IREME, ®mOWEREE, KEffiEr ) 7
R EE 72 & O T AR 2 AR 5.

Si SiC

Drift layer(n) with low Drift layer(n) with high

impurity concentration impurity concentration
metal u metal n-

n
+ -
. I Depletion '_. hlﬁ Low reverse voltage
layer | K )

Depletion layer

;—I Depletion layer F - .—I v I—. Reverse breakdown voltage

Reverse voltage: V = %

EgWm

Electric field
; strength

. i £EZ
Carrier concentration: Np = 2 £

7 (Reverse breakdown voltage: Vg =

E(Si) - evg ,
/ On state resistance: Rq, = Ym _ _ LBB)
A’/ . ) elaNp EUoE I
w.(Sh) W.(50) £ .]%1;31(3;&10 cor;:fant
Depletion layer width Depletion layer width U Electron mobility
e:Elementary charge
(a) (b)

Fig. 1.2 Electric field strength and depletion layer width in an SBD diode of (a) Si and
(b) SiC at the reverse voltage. The reverse voltage V' of an SBD diode is represented by
the area of right triangle whose side length are the electric field £ and the depletion
layer width W.



Z 1.1 I NT =TS RS T 255 OREW 2 MERIERD 1| > ThD
N B —DOMERERE#L (Baliga's figure of merit: BFOM) i L C\»%. BFOM (&
2=R—FF DO KU 7 MEERFLOWHIZ /> TEBY, NRU—F /34 ADHEHA
HREZ T DR TH Y, XA VE RBKENCE <, GaN, 4H-SiC, 6H-
SiC, 3C-SiC &\ T\ 5. SilZxd 5 4H-SiC @ BFOM Dt (624) 1%, ==
R—=FFFDORY 7 NEOA U HEPIE Si D 1/624 FT/HEL TEDHZ L EFEE
L, &EREMEICKIT AN H—0OMaEfE4 (Baliga's high frequency figure of
merit: BHFFOM) % Si & Fbfig LT,

— )i, AR =T HFF T, [EELMNEICLL2@EF Y U TITLY U7
NEDOA L AP /NSLKTHIENTED. REELHREX, AT RAENTT
EXICERBHO RY 7 MNElox v U 7 BWIVIAKR, @EEICR—Er 73z
K ORIREEIC/ D Z & TIRA VP72 D . PIN XA A4 — R TOIRE LN R
OIS X 2 X 1.3 1277

P Drmftlayer(n) n™

_L__ -

Fig. 1.3 Schematic image of PiN diode with forward voltage.

1.1 ICEE# LTV A #ER 72 MOSFET & IGBT OEX %2 X 1.4 12~
1.4(a)®> MOSFET T, 7'— h & VY —ZARIZEBELHIINT & FL ALY —X
M EEIRREIC R D AL v TR T ThD. £z, RV T7 Ma~OXx U 7 OEM
WIRNTeD, AL v F o 7 &IFFITEmENMTED. Kb LT EELTRRE
FIHLZ2WETTH D720, @EEL LG a 04 AR K E < 72 2 BEMN
D, Flo, A NN FEEOBERIAA—RNELT, YV—AllopfgL KL+
MUD n BOMICHLERT 4 XA A — KBMERSNDG60H 5,

Si WU =T A ZTIE, &ERICPED F RO KA SET 572012,
FIZIGBT 2 EDVHF v VT T NRA A (NAR—=F TN ) PHNHITE
7o (K 1.40)ZH). Lo Lo s, [REEZEFNRE TH AR E TP TWh 5723,
7R R 7 NENICERE L7 Y U 7 RS CIEE T 2 RS B e 7=
W, AA v F U THEEPRENZ EPORAORENRH Y, &)EEEEICIXRA
NI -oT=. —J5, SiC Ti, SBD X° MOSFET & W\ o 7o @i#l 2% v U 75N
AA (=R —=FTRA R) ZEMEICTDHIENTEHDOT, Si TERL—
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NA 7 TholomiitE, K4 ARPL, Ml A A v F o 7 ZFRIRFICFEBTE 5. SiC
R —F R, ZA%FHTHZ LT, SiOIGBTIZHRAAL v F o FHEE%E 85%
HI S5 = ERXARETH B,

Fo, NUREY TR Si OF 3 fFIRV, Si XV EWIRE (SIC TS
JBLE 450 °CO) TOEMENAIRETH 5. HAEIT Ny 7 — P OMEPEDHIKI 7> 5
150°C~175°C fRAEE LTV DR, Ry r— U ER 3L 200°C LI EDOLR
AENAIREIC 72 B ®),

Source + Gate  Source Emitter + Gate  Emitter

Drift layer

()

-+ @ Drain +

Collector

(a) (b)

Fig. 1.4 Schematic images of (a) MSOFET and (b) IGBT.

PLED X 51z, SiCI1ET /3 A APEREDBLLTHERD Si L0 L EN-FHEE2H
LTWA.



1.2 4H-SiC NA R—F T /N1 A DERE

SiC N\U —ROBEL LT, FEERZ T 2ED 120D T = PR E ik
ThnorZ L (SiDa~5ERE) 10 FARAL 2ORMEBEMELZHRT 5 Z &R
HThDLZIENFTOND. BIFIL, SIC U= D8 A U FRARMIZLY Silk
DABFADS 2 FRREICR D Z DN RIAEN TS, AREVER L7 FHIEEIC
RODIWRIEZILI T LT A2 DEWNBHFE I THOTWD . &1L, SiIC V=
NIFET DR AR R T 2720, RARZRMRSE LV E SNTND,
SiC O RO T TH, REEHEMEICEZEZ 52 5 b0 L U THEE XM
SR TNDU0. PIN 7 A A — Rig & D 4H-SiC A R —F T /3A ZATiE, A
BIMEERFIZ Y 7 v g v 7 =R K (single Shockley-type stacking
fault: SSSF) 2MERTAHENH O TWD. T, HEmisf7 (basal plane
dislocation: BPD) 73 2 DD /A7 (partial dislocation) {243 231 C, E4#AALIC
P E 7R R a3 5. Z O XKaOYEE &, Z il Hﬁﬁaak?f@h@i%
KL, A R—741k (bipolar degradation) <CNE 7 Mm% 1k & FEITAL, SiC /T —3f
RO RWIEEEOBBE L 72> T aW, Z o EIZK LC, BPD Z & L7-
SiC 7 = OBR, = EMHIC BPD % Eil AIRER(. (threading edge
dislocation: TED) (ZZ#AT 2 HATABAFE SN TEBY, "M R—FH{bE5EEZ
T BPD A 1 = X LDOFEMR T, A R —TH{bE B EEREBILET 5
JIE 5 1) B3 D BRME D RT3 6D B A Ty 2 (1002,

ZOBBRMEDOILEILX, A KR—=FFT AL 2D RY 7 MNEIZIEAINTZET
EIEALREET 5 HiE A EERNI T2V (recombination enhanced dislocation glide:
REDG) ZhRIZ L - Thl & 2 & 2D FEE RO PRsE O BREY /1%, 4H-SiC
HFOBEFPEERBICE > THEINTEEFHITICAD, WbpbEFHFE
H (quantum well action: QWA) (Z K5 =R F—K FRRIZE - TR S5
IS8 =X NV XL TFHROKE S1E, BREETIIAL, WEF v U TRE
ERTDVEX Y UV TEEORKE LTEZLND. £, BEXOImEX
E%k%%wﬁ%éi*w¥~ﬁﬁﬁﬁ<j@D@#ND+ %%#5\%ﬁ
AWTIETT (resolved shear stress: RSS) (2 H X5 Z & NEBRAIICHETR S LT
V% 19-Ch, ﬁ)zﬁtﬁ/é@ﬁ%@ﬁ#ﬁﬁﬁ%\é@%ﬁﬁﬁ?‘é eIz, ANERATIL T ﬂ?‘
% BB B i E DARAFNE & R TATRBRIDB T O TV D, ZOREFICH
&, T ZARERE D% DR TR, (EHSEMN T TOEIS ) DREL B E L,
FJE R dE iR OBE D% ¢ U THE & RSS OERFHCOBTHR LN TND. L
ML, QWA IZX DFERMEOAEEIC I DRDOH BT R —DFEE, BALIX
T OIS ORELEH T, BEXMOILELZ FERICHIT 52 &IXTERV. i
A, PRI S T OEAAEE) 2 B JE L AT A TS 2 72012, BN ERER 1T
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< BEBURNTEY 71 (discrete dislocation dynamics: DDD) 23JFFE & 41T % 22-27),
A OWETIE, RERBEEFEMEA BAE R I30EHAE 7L & LT Peach-Koehler 5
AN LRk Sk, TROIERIZ AR BAE R X BVE PR LR e & L CHLR
RENCET U EENTWD. 2T HDET A TIL, ZTORERIZ TR T OO
FEIRE ZDN—=T— AT MU Lo TRhak S 4L, RO RFHIFE R IR0t O o
JBIZE->TREND. LD - T, BEERIGOILEDORFHIFE RANTIZIX, EFP
EALDALFERT v b, SMBAMRNTRIC DO T HT RN X =R EL2FZ D
EREBHZRLX—2BEL, TOTRXNAVXT—HRNORETINLENDH S.

1.3  4H-SiC D FRMa L /N4 R—F LR R
1.3.1 4H-SiC D5 @iEE

SiC %, 200 FEEELL EOFEMZIE (R X4 7)) BRI TWDH A, RFM
IRAEEN IR CTd 5 3C-SiC, 4H-SIiC, 6H-SiC OfffE##EE 4 1.5 (ZRd. MHEA
D 4 fRIZ C A, WUmEAH.OIZ Si R 2BE TS5 & L, WEROAIEL A, B,
CtL, KERL TWANmEEDOMEIL, A, B, C'ELTW5. 3CHEETIE, %
Ui {RIX ABCABC: - & KEAHE T, 4H & 6H TIEUHERDOLEENKEIZT D H DM
b5, TNOREEEZIEORTLFTIER, BEHFRO Si-C BB O E, fimRoO
AT (C: 3 hfh, H: R ZAGDOETERINTWS.
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Fig. 1.5 Schematic diagrams of stacking sequence of (a) 3C-SiC, (b) 4H-SiC, and (c)
6H-SiC.

1.3.2 4H-SiC OiERE XA

HRNLODT 0 TEENC K - TR L 72 X OB NAT 2 X 1.6 12759 BPD
RV a vy LRSI KRMEIE, CJR7 CHERR SR o Em &, PR o H
DO SiJRFfE & OMICEAIND. TV EHENC L 51 DN %2 REITERT.
VTN a7 LRI KK O R HOMEIZ XY, Zhdanov FLiEE
FHUNT SSSF(3,1) & SSSF(1,3)D 2 Fi¥AIZ /7T Hivb. 1.6 (a)lX, ABCB'&\9H
fEEIERF > SSSFB,1)DEAXKTH Y, 1.6 (b)iX, A'BCA &\ ) FEEIEFD
SSSF(1,3) DA TH 5.
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OSiatom e Catom

A ;Q\, A ,%Lw.

¢ eSS ¢ ’%L\'

F‘/xf B Q?Q\

¢ U?Q\‘ A'(Ag

B s B :ka

RN T
CABCABZC BCABCABC

(a) (b)

Fig. 1.6 Schematic diagrams of stacking sequence of (a) SSSF(3,1) and (b) SSSF(1,3).

The arrows indicate the displacement of the atom position by glide motion.

1.3.3 4H-SiC O E EmERfI

4 H-SiC @ BPD OHENHRIL, 73 TV AT RKILF—DRITIN - 72<1120> 75 7]
IERE LT Wew, ZohmE SR FIICE M 6 FRIcih-> TFEET 5.
HENL R & X — T — AT NIV HEATIC 72 D B AMRNLO BPD &, Bafii#R & S—
=AY MO HD 60°12 72 DIRGHANL0O BPD O 2 FENFET S, SiC
IR ZIER TO A= XX — 20T/ NE N, BEXBE RV —
H/NEW. LTei > T, BPD IZHERHIBR G IZE a3 iE 9% . BPD DLk
%, K15 ONER A, B, CHTHILET 256 L, WUREIK A, B, CHNTHLE
THHEEO 2 FEENFET D, X 1712 Sifln s B-5A Ofk5E L7 BPD Ol
P—7 ORI 2. ALY, 50028 Si i1 CHERK & 415 Si-core i
IHENL L, C R THERK S LD C-core HTHRNIZ 0T HIVD . BN &/ X—H
— AT VDI TFHEDOEMNZ LY, 30880 AL & 90°ER Ay EAAL I FER S,
H A HAAT L, 30°Si-core, 90°Si-core, 30°C-core, 90°C-core D 4 fEFHIZ XAy S 5.
C-core BT HANLIX IR CTIZT TR EF N Z 57, —J5 Si-core TR EANLIL T

11



VIEEZ L Z LTI E NS TWA@6D  F 7= 90°Si-core BB EAN 1T
30°Si-core BRI LEEE U CE < JEB 20D, 6 OED LI L - T,
JERMEDNTERR S35 2 & 1272 5663,

# Burgers vector of perfect dislocation
———— Burgers vector of partial dislocation
= = = 90° Si-core partial dislocation
s 3(0° Si-core partial dislocation

== == = 0()° C-core partial dislocation

[1100]
B s 3()°® C-core partial dislocation
[0001] &y L1120] SSF
1/3[1120] >§ < 1/3[1120]
(a) (b)

Fig. 1.7 (a) Schematic diagram of dislocation loop with SSF between two dissociated
partial dislocations. (b) Schematic diagram of dislocation loop with another partial

dislocations different from (a).

12



134 BHEEHFEZNINYICKIGHOZEE

1.8 IZ PIN ¥ A A — RIZIIT % = X (Triangular SSF) & kX s (Bar-
shaped SSF) DILK DA 27~ 3. A R—F XA F— RO B ENERE,
F7 pn BEEHEED RV SIC DO R Y 7 MEIOEPE IO RS R S, FHE XM
TIERT 5. ZOBIBIE, REDG HE LI TV LHEYCY = pRAIE, Wi
Ny RY 7 METRiESNEEFEAR—LVOEBEICLE VAL ZD R LF—R
AN BB OTEMHAL = R L X — 2K T &4, Si-core f /a3 EE) L3 < 72 5.
ZD7=%, 4H-SiC TIX REDG ZhEIZ L U Si-core M OB EN NMEHE I N D.
—J7, C-core H/M AN ORBENIMEHE S NN T E R BTN HO0,

Burgers vector [1100] of

Burgers vector [1010] of Si-core partial dislocation
Si-core partial dislocation TED /

[ooot] [1100]

[1120]

(a) (b)

Fig. 1.8 Schematic images of the shape and the origin of (a) a triangular SSF and (b) a
bar-shaped SSF in an 4H-SiC PiN diode.
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135 EFHFERETIVIZ & ERRMEILIEDEFE) S

FEJE R o DO YER OBEE) /11%, 4H-SiC FOE A HEERIEIZ X > Tl I
EHFICHE SIS QWA TR SN2 (] 1.9 &), QWA £7 /LT
1%, BIEARLKSCE RO RS 72 & CRERITAE U B 728, e XM Tl
SNTEZR VX —ENORNEFHTICHESND Z LIZED RO R LT —
MMETT 5. ZHUC Ly, BEXaAZElT 5. £z, ZOMREERMICHTES
NI, HEE RO mANCZ2Z s k2 A L, B H TR0 3L X —%
Nz EHIZy7 hEED. QWAL LD = xR VX — K TFERN, BEXMHEE KT
HZFX—BLD L REWGEICE, BEEXMREIIEEST D 53R koT 3%
N —=MEL 22D, LTe o C, BIRFEARZIIFEE KM E2 YRR 5 5N E R
WHE & 720, EEIEIEAILREE K & JRaE S 2 I~ 3B 8§ 5 72 O OB
gL LT@<.

4H-SiC SSF  4H-SiC

eletron
E, T |dewel” +-+.
Eﬁ)_ ................
E _/Ak
R hole

Fig. 1.9 Schematic images of band diagram for the 4H-SiC with SSF. E.: and Ey are
conduction-band bottom energy and valence-band top energy. Ern, and EFp are quasi-
Fermi levels for electrons and holes!>- (¥
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Fig. 2.1 Process flow of the SSSF expansion analysis for forward degradation of 4H-
SiC PiN diodes.
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Fig. 2.2 Schematic image of the band structure of a 4H-SiC unit cell at 0 K. The
values for the bandgaps of 4H-SiC and the band offsets at the conduction band edges
are 3.2 eV and 0.3 eV, respectively®.
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DA & R WEI Z KB 2 72 DRT v v VR — 2RO X9 IZER
T5.

feryst = Aq($) (2.23)

ZITC, AT EOZ R —ICEEL, q@)IXF TNET AL T IVIRT
TR ERD X OITHWS.

q(¢) = d(1—¢) (2.24)

felast, fcryst, fgrad @F‘Eﬁ @*B—_ELME)EH ﬂj:, ﬁﬁﬁiﬂh%@%%’C“@%ﬂiﬁ@%iﬁ%ﬂ%ﬁﬂ‘é .
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23 BBIETILEEITEYE

B RMax BT 5 PIN XA A — RIZHOWT, &, IREE, IS X A5ERE K
DOILIEZ AT LTz (X123 /). ZOMT T, R2.1ITRT L D1Z, SiC OH)
TEEETHD 423 K BIO=RETH S 300 K IZBWT, NEHFHERE TR0 HE
FDONR—=F =2 MO RN WG 2 EINT % 2 & CTHRE RGO JRE
A LTc. AT W 2088 0O—Fl % X 2.4 (2R3, Y OFERE KO
EE, SCERQ)DFERAFERICE SV THRE L. ZOFERTIL, =¥ F T v /L
J& & HA E OFRGE NS 272 nm OfZE T BPD 78 TED ICA#A S, FEE KO
MEITA 100nm Th o7z, KN TIE, M+ O BPD-TED AH#iE S 2 = B4 %
Uy Vg L e E ORI S 300 nm, FEE K MEHE A 100 nm & RE L7z,

AEIOFHBE TERE LI D X A 71X, 30° Si-core, 90° Si-core, 30° C-core,
90° C-core DE AL TH D (1.3 HizM). —AROERBERREET MELT 572
WIZ, 30°Si-core DHAALHR 2 <1120>FF [FIZBLE L 7=,

FEIE KB DYEIR O REFE R 2 fET T 2 RS, T3 AV 2 L—X OFERM)
DALERT vy VDT = A N—=RAEAENT DB R H D, AEOV I 2 b—
var TERALET AL AT a2 L—XOFHME, SURO) TR SN TN D.
TNRAAY I ab—F TR LA 7/ 4 *OFEMRIZHILNT 5 4H-SiC PiN 4 A
F— KR, 251257 TE912, N F—=E 2 ZEE 8x10° cm® DJEE 94 ym &
JEZ 0.6 um D pJENG/RD T EX XUy ILEE, v U TREZIEOLNCE(L
SHEDEODICEALIERNYy 77BN ORDTEAFT U LT 2 DEETHD.

QWA (T L DIRE & B B R U= K MR D BREN 1) 2 3+ 5 729
2, TE XXy LEMHID B IERICFEE R MG 28 U TR L7 trE 7 v (M
2.5() &, FEHMIND =X X v Vgl fEE R Ra 28N U CER L 72 fiffr £
Tv (X2.5(0b) O 2FEHAER LT-. FEEXMOEKE SI1X, BPD O3 XD #H Lo
FEJE Ko DOYEFEIT AN 1 pm R T 0]~50 um £ T2 L S, BEEXMOAE|Z
XL RT vy VO 1T o 7. IR 300~623 K, EREEIX 1~500
Acm? TELEHT=.
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0001] _ ; ;
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Fig. 2.3 Three-dimensional view of the PiN diode model in the simulation. The yellow
part represents SSF expansion. The area enclosed by the red line is the target area for
evolution analysis.

Table 2.1 Parameters for analysis of SSF evolution.

Parameter Value
Temperature (K) 300, 423
External resolved shear stress (MPa) -10,0, 10
Current density (A/cm?) 300, 400, 500
Position of BPD-TED conversion under the interface 300
between the epitaxial layer and the substrate (nm)
SSF initial width (nm) 100
Dislocation local energy (eV/A) 4
Grid size Ax (nm) 25
Interface width & (grid sizes) 5
Number of grid points 240%240x80
Elastic constant Cy; (GPa) 50739
Elastic constant C33 (GPa) 5479
Elastic constant C44 (GPa) 1599
Elastic constant C12 (GPa) 1082
Elastic constant C»3 (GPa) 5229
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Fig. 2.4 Finite difference discretization grids for analysis of SSF evolution

corresponding to target area in Fig. 2.3.
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pt 3%X10"% /cm? ¢ 300 nm
n 8 X10% /cm? Epitaxial layer
Drift layer 9.4 ym
Buffer i 100 nm
S N
100 pm
(a)
N
o x|
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n 8 X10% /cm? Epitaxial layer
Drift layer 9.4 ym
‘\
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- N

F 3
\ 4

100 pm

~

b)
Fig. 2.5 Layer structure of the PiN diode model in the simulation. Inclined red regions
correspond to SSFs in both (a) substrate and (b) epitaxial layers.
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24 REFEDEKEL

241 TEREXMaNE

AEITIE, 4H-SiC DOEFEFVIREENL & EHE O ABELIZ DWW T, O AT
IV F— ERERE R L X1 KD MR & SR ed 7o FE g R FfaiE & FHE L,
MRMTAE B & BERAE & O— 2R3 5. X 2.6 12 W AHRAL & FRIRERAL O FELE D
WIS X 27~ Z DO ER CTlE, 4H-SiC 1IARENEHFETH D0, HHETH
D ERET D &, JEBRENLOFESE K GG Wy OBLERARIL, BMET XL ¥ — L FEkE
Rp= X —OMHAEERICE > TRED, UTFTOXTEHEI ZENTXS.

_ pub*(2-v) 2v cos(2y)
T 8r(1=v)y|T 2-v

(2.25)

T, pEvidE AWTIERE R TV b, DIZER S EENL DN — T — AT |
wmk%é,yiﬁ@k%izw%—,wi%ﬁﬁ&A—w ARY R ILD IR
8, <1120>H [ANCECE L7z &8 ABENIE 0°, <1100> 516 ’Ea%ﬁl,ftaﬂikﬁﬁfi
1£90°TH 5. Q2D IR EMICHEATE D Z L2 HERT 5720
<1120>F5 M ELE L 72 ¥ AMEAL O FR 43 Ha0L i O FEJE K fa & <1100> 7 1A M%
U 72 FPAREEAL OB /3 AAL [ O FE g K g & FRRES 5

KQR2)EHNT, £22ICFLDENRNTA—FERHWD L, SHAMRNOME
J& R BamE 1 30.4 nm, FRRESAL OFEE KEMRIX 449 nm ThH o7, THHE A L
THFEN T, BIRTOMK =70 p BfES O ZBRECOTHE STV DN,
2T RENICEH STV B 1300 ‘COEIETO TEM HIE TS b /- f)=
KR X —DEE HWZCD, 7ok, AT Z 1 ESE5720121%, Z0R
2B 5 X LR DTN LI TH D BT O34 EIEk I 1 pmx1 pm>1 nm T,
70y YA XE 1nm & Uz, HIHIBCE S, SEBA DAL (leading partial dislocation:
LPD) 232D HNINLE L, R DEEN. (trailing partial dislocation: TPD) 7 BiFf
DAL AL T D EARRDEANAL & LTz, $RAL S ORI B4 2 FLHEiE o
EIZ 1 nm & L7z, BEERSEEZ 3 RO TR TOERICEH L TWH729,
HRNZ I EESRICAEAET . LPD O E % 1 nm 44 TEFERIC B L &1, XA
I KD OT AR VT =D E K 2.7 ~T. ZHXK Y b R/LF—)
KL ZERINEER 5 2 2FEE KMamEX, DAL T30nm, HIKEE(L T 44 nm
Thd. WAARICEEZRGMOFEROKE S % 2 [FOxtR#EE (2 pmx2 pmx1

nm) (2 U756 5, FARERNE & & AR OFEE R MalRIL 30 nm & 45nm (272 1),
t@%ﬁ@iﬁe FERETH L. ZDZ Lk, RETZTNAVTHWZ A XiE+

ICR&EL, BERSHOREBLIZITEECTELZLERLTND.
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(a) (b)
Fig. 2.6 Schematic image for analyzing SSF width of (a) screw and (b) edge
dislocations.
Table 2.2 Parameters for analysis of SSF width.
Parameter Value
Modulus of rigidity p (GPa) 199.539
Poisson's ratio v 0.176%”
SSF energy ¥ (mJ/m?) 14.76D
the magnitude of the Burgers vector b (nm) 0.17742
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Fig. 2.7 Sum of elastic strain energy and SSF energy for (a) screw and (b) edge

dislocations.

242 EHMIDBENERE

4H-SiC IZBWT, T XY | EDONN—H—2AXT FLVGFEINIE AW 200z
72 & & OENL OBENERE 2 35 L. STERG3)ICH DERNL DB ENEE 235G Ik
HlT2ETVERAND E, BEIEEIILLTOXTIMISNS.

V = Maogb (2.26)

ZIT, MIFERN G ENEEZR L, oI T X0l EDONR—T— AT ML OFHHIC
Mo sEAEIG 2L, b ITESENLDNS—H — AT MLDRE S 2 FT.
— I, SCHRG4)D K O I EEE D EEAICIEH 3 28 10 _R & FIZHBIT 5 E
T (REFFHE m) TERINDD, MtEROGEIZIE m=1 &5 TN
% . MBI XU, BB OBALE I 720 O = 2L X — X, HEOT
TR — LHANR DO T R L F =V HNTIRO L HICRBLTEX 5.

k(B)Ibl> (R
_ > 2.27
4 ln(Rc>*'E}’ k=R (227)

E(R) =

ZZ T, Re & RIFZENEN, WALSONGEROFE L HEOT R R LT —%
BT A2MHEONEROERERTHY, bIINN—H—AXT ML THY, BTN
BT EN—=T—AXT NV OOMAETHY, kPIFLIHRG6)TH 2 bV FF
MRFOZX VT —(RLTH D, RmATIE L=V F—IL, PF Z2HP1 2T 5
EIECRMl & L5 7=, 2H-SiC @ 30°Si-core 3 L Y 90°Si-core HB47HAN D T %
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JLX—1%, LRGBS D & RE L 72 R=6Ax/2 & SLHR(3B6)D Re & Ec D% AW T,
FNEN40eV AT BLV48eV A LD, BANLED = R L X — 35 miiEIC
BKAF3 208, SiC ® 2H, 3C, 4H = MR TIIREEN TR, L
35T, 4H-SiC OHELER D =R F—(X pICBfR7e< 4 eV AL L L7z, #EALD
RN X, 252 HTIRRS 1.6 x 104 m® J'!' st &2 iz,

Z DFRNTIZFE 2.3 D/RT A —X W T T, Z DM T TOEN OB E)H
JEIX2.84 yms! EEME SN, ZORRER 24 18T, K241%, REEEE
B2 EDO PRI & HHEAIBNOERELEZRLTWD., ZILHDEND,
FPRERAL & & AHRAL & S ICBENEE OB R & 1ZIE—FH L T\ 5.

Table 2.3 Parameters for verification analysis of dislocation velocity.

Parameter Value
External resolved shear stress (MPa) 100
Dislocation local energy (eV/A) 4
Grid size Ax (nm) 25
Interface width & (grid sizes) 5,10
Number of grid points 240%240x80
Elastic constant C; (GPa) 5079
Elastic constant C33 (GPa) 5479
Elastic constant Cs4 (GPa) 15929
Elastic constant Ci2 (GPa) 1082
Elastic constant C»3 (GPa) 5229
the magnitude of the Burgers vector b (nm) 0.177 2
Dislocation mobility M (m>/s) 1.6x10

35



Table 2.4 Analysis results for verification analysis of dislocation velocity.

Velocity of

Interface width screw dislocation Velocity of edge Theoretical
& (grid sizes) dislocation (um/s) solution (um/s)
(um/s)
5 2.73 2.73
2.84
10 2.96 2.96

25 $HEREER

251 TFNARLIaAL—2DEMER

FOA ZREN 300K & 423 KIZBWT, A4 AV I 2L —Z L5y
H 2 v VB IR RGN 112015 1S 25 um $E3E L723A OEF & EALOE
FES3 AR DOFEMNTHE S & (X 2.8 1279, FEERMAEN[112015 10T 50 um JL5E L 7= 56
OFEE K Ba D FLMLE T OE T & EFLOIRE A OENTHRE R A X 2.9 12~
MR IZAERE KB A3 11201057 101 25 um JEBE T~ B 355 OfENTRE R 2 X 2.10 127~ L,
FEJE K BEN 112017 101 50 pm 4558 L 7= 3856 OFERE KO HOMLE TOE T &
IEFLOPREESAR OFENTRE R 2 X 2.11 1R, [X2.8 LX2.9 5, FEXMENT
EX Xy VBICHET 2%, MEXMRIC L2 & HICEFRHEIN, £
DONLETOEFRENEGS Lo TS, fiESNTZEFIZLY, FHEXMOIESL
REN ES L, BEXWELOE & EALOREIMKTLTWS., £z, =¥
XU X NVBOET & ELOREL, BREEOMIMIf o TELIHEMTS. L
ML, BEXMBEATE X X v VIS D56, FEIERKG)E L OB I
R HEFEELORBREOHINI/NZ W, LEERn-T, RQIHDILFERT v
¥ IVITEF & IEFLOBE I 5720, EEREE T CRE XM IEET S
IZONTHEFERT Y VMR F T2 2 EREfiECE 5. LaL, K210 2K
211 225, FEEXKa S ERNICHFIET 256, B 7 H T ICE Mg I,
R MEEL OB F L EALOEEIXIZE AT LR, £/, BRI
% FEJE K e JE O 1 & IEFLIRE O biZ/h &0,

WIZ, TEZ XY LE L RIS 2EEXRMOE SN R 5TV
ZHWT, B & ELOLFRT v VOELEERDTZ. QWA E7 /WITHE
DL FF WY, B EELOTFERT XY VOB EE LTEHEAET
XL, TNRA AV 2 b—F &2 W TEEWITHENT CTX 5. FEE KD HAL
BIHT0 DIbFRT v v VEGEZ 2.12 12T, [X2.12(a)? 300 K TO
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R, ALFEART vy AR L TR Y, EBIREENKN 2Aecm? Ll 25 b
RU 7 MNaorERRIaSIET 52 L 2R L TWD., Ziuk, (bR T v v
DO, RV 7 MNEOT X TOMETHEXRBT XL —THD 14.7 mJ m?
CUEZBZTVDHIOTH S, K2.12(c)D 423K TORERTIE, BB KKOYLE
OBEEREEILSAcm? TH D, K2.12(b)B LUK 2.12(d)Tik, =EXFv
YIVRE D 0.6 um BEIL7NLE T, £ S00Acm? OHEEEZITH->TH, BEXMKO
JERIZ K DR T o VOIRTIX BEXMo VX =22 720, RY7
NEBIZEBIT 2 FEE K OJLR OBIE Y, EABREE & EEITEKT L, 15 #H
(300K 7205 623K) TOBMRZEX 2.13 (Z-T. TEX & v /L8 & i)
51, 2, 3 um OfLE TOREEXMOIEROBIMEZ, FHR, AR, S TRL,
WA 56D OFEBERLEDOE TORLTWD. BERT Y VORI HED
NT-FERE KM OYEROBMEIL, SCHRGT)DOFEBRFER L L < —& LT, L7
> T, ZOMHEIL, QWA ET ML DILFRT v v VO &0, FEEX
Ma DI OBREN 1178 D Z & 2 E &N R L, K O JkiE 28 O fHT R
B Cx 5 LRz,
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Fig. 2.8 Analysis results of (a) electron and (b) hole concentrations at 300 K and (c)
electron and (d) hole concentrations at 423 K on applying 100 A/cm? for 4H-SiC
including SSFs of 25 um expansion in the [1120] direction in the drift layer using a 4°

substrate off-angle.
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Fig. 2.9 Analysis results of (a) electron and (b) hole concentrations at 300 K and (c)
electron and (d) hole concentrations at 423 K at SSF length of 25 pm for 4H-SiC
including SSFs of 50 um expansion in the [1120] direction in the drift layer using a 4°
substrate off-angle.

38



[0001]

4 x

g —_ Electron Concentration (/em?) g — Hole Concentration (. cm3)
& § 0 19 & g 0
I 107 IR 107
=4 15 = 15 13
= B 10
A 3 A Z

X (pm) X (pm)

(a) (b)

S = Hole Concentration (/cm?) g =3 Electron Concentration (/em?)
£ g 0 19 & § 0 17
» = 2 10 0> 2 10
§§1°_ E“’” éé“’ﬁ i("s
- H15 15 = =15 13
8 = 10 R 10
R 2 s 50 A =

x (um) X (um]
(c) (d)
Fig. 2.10 Analysis results of (a) electron and (b) hole concentrations at 300 K and (c)
electron and (d) hole concentrations at 423 K on applying 100 A/cm? for 4H-SiC
including SSFs of 25 um expansion in the [1120]direction in the substrate using a 4°

substrate off-angle.
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Fig. 2.11 Analysis results of (a) electron and (b) hole concentrations at 300 K and (c)
electron and (d) hole concentrations at 423 K at SSF length of 25 um for 4H-SiC
including SSFs of 50 um expansion in the [1120]direction in the substrate using a 4°

substrate off-angle.
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Fig. 2.12 Rate of change in chemical potential when SSF expansion is assumed at (a)
300 K and (b) 423 K in the drift layer and at (c) 300 K and (d) 423 K in the substrate.
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Fig. 2.13 Analysis results from the device simulator for threshold values of SSF

expansion in the drift layer 2 pm from the substrate compared with experimental results
from Ref. 37.

252 TEREXRMADILEZEE)

ARIE T, 4H-SiC OEERE TH 2 423K BLORIETH D 300K (28T 5
FEJE K M DOYLIR DRI R COMMTHRE R 2~ ZOMTO7-9IZ, Si-core &
C-core ¥R/7HANL D ZENE 2 THIT D MB35 5. Si-core 33 K TN C-core #1057
DOEFGFMGEEIL, 7= ZXDOXEZHNT, 30°°90°72 ED/R—FH— A7
MV EBRAIRR O 7o T A2 L L CTEE L.

M6, T) = A6 AB 2.28
(6.7) = 40) exp (1) 28)
SCER(BR) DA BT 5 &, ERNLIZHIBERE T, WAL ERR T, BRIES) D
T DA, WO OEEX, N—H—RAXT ML LEERNBEORT M6 (H
Z X, 30° Si-core & 90° Si-core) FIRE TIZEIFEL, WA TEINS.

AE (e) A.ussf(]' T, Z) -V
ko d

v(0,T) = A(O) exp I (2.29)

ZIT, AO)NF O ITIRIFT 2 EHTH Y, AE(0)IF 0 (KA D EN B Eh D%
b=V F—THV, JIIBREELTHD.
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JIEF7 1A FEERE D REDG ZhHIT L 2 F&Ef@ K Ba DIEEEH L, C-core /0 #4047 23 &
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FEEXMIZLDILFERT oY VOB EIE, XXy LE Ll ik E D
RETREV. 20D, ZOREEZE A THIRKESILET 256 (1 1.8(b)
ZM), Ny 77 BIRECIEAICKTT D8R 172 EOBMER BN BV, Si-core
WAL DA DB ENEE RFEL 5 Z EIXREETH D, LovL, ZARMBOYEED
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BOCRBL D ENTED., LER-T, M2.14 13531 X918, #EH000H
HE LT =ARMOYEREE &, KR moo KU 7 FEMNT 2 um OfZE TORH
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core FRATHENLDA(30°) EAE(BO)D T 4 v T 4 T EATH T2, ZDOFEE, A(30°)
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RMEIEIRZEB OMENTET L CTlE, =ARMOIEEZ RS E LT\ 5. 30°Si-core
R AL DR FE 13 =4 K DO PraEsE L 2 P8 L, 90°Si-core #/0iAfr O3 FE 13 =
14 R MG DOYLIERFEIC B % 5. 2 720N, 90° Si-core BB AR OB EE L4312 R E W
728, 30° Si-core FRATHANLD 10 {5 DM E 2 FF> & {RKE L7=. Si-core 3LV C-
core HRITHANL D B M Sy BRI, 215 12T X 91T, 30° KL R90°E Vo Tz
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Fig. 2.14 Fitting results from the temperature dependence of the dislocation velocity of
triangular SSFs from Ref. 40. The rates of change in chemical potential and hole
concentration at 2 pum from the drift layer/substrate interface were used and compared

with the experimental results.
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Fig. 2.15 Dependence of triangular SSF expansion on current density and resolved

shear stress.
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Fig. 2.16 Result from the GL model on (a) 10 MPa, (b) 0 MPa and (c) -10 MPa of RSS
at 300K. The position of BPD-TED conversion is 200 nm from the epi/sub interface.
The analysis area is within the substrate, and the right side of the analysis area is the

epi/sub interface, as shown in Fig. 2.5.
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Fig. 2.17 Result from the GL model on (a) 10 MPa, (b) 0 MPa and (c) -10 MPa of RSS
at 423K. The position of BPD-TED conversion is 200 nm from the epi/sub interface.
The analysis area is within the substrate, and the right side of the analysis area is the

epi/sub interface, as shown in Fig. 2.5.
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( Design start )
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Establish the design variables of power module

Step 2 ! : Preliminary preparation

Obtain states of 4H-SiC bipolar diodes from
multiphysics FEM analysis

Analysis of SSF expansion

. .. ' with PF model |

(current density, temperature, and stress conditions) : :
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Evaluate SSF expansion rate using states of current density, | i | Create the response surface |
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Reliable design

Fig. 3.1 Process flow of the reliability design method for forward degradation of 4H-SiC PiN
diodes.
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Fig. 3.2 Schematic diagram of 4H-Si1C PiN diodes.
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Table 3.1 Design variables for power modules.

Process design Device structure Module structure

Load variables

* Buffer layer  Use of body * Types of die

* Current history

concentration diodes attachment « Ambient
* Buffer layer « Thickness of Al materials temperature
thickness electrode * Types of wire « Operating
* Substrate * Types of DBC temperature
concentration substrates
* Module fixture
* Types of heat
dissipating fins
AL W A: Diode Switching
e (Si10) element (SiC)

B: Sintered silver| |Sintered silver

C: Copper foil

D: Insulating substrate (Al,O;)

E: Copper foil

F: Solder

}DBC substrate

T

G: Baseplate (copper)

Thermal grease

[T

Heat sink

Fig. 3.3 Schematic image of a power module.
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Table 3.2 Materials and their thicknesses in the power module.

ID Material Thickness (um)

A SiC 130

B Sintered silver 20 M:®

C Copper foil 280

D AlO3 255

E Copper foil 280

F Solder 200 - 420

G Baseplate 3000
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Fig. 3.4 Phase field profile on slip plane.
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Fig. 3.5 Area of a triangular SSF from the GL model for the parameters giving the

fastest expansion rate.

Table 3.3 Parameters for creating response surfaces for SSF expansion analysis.

Minimum Maximum
Parameter

value value
Current density J (A/cm?) 100 1000
Temperature T (K) 300 500
Thickness of buffer layer hg (um) 0.10 0.30
Concentration of buffer layer cg (1/cm?) 4x10" 8x10"
Position of BPD-TED conversion under the
interface between the epitaxial layer and the 0.20 0.40
substrate pgr (Um)
SSF width wg (um) 0.20 0.40
Shear stress T (MPa) -100 100
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Fig. 3.6 Results from the GL model for a triangular SSF at (a) 0.012 s, (b) 0.037 s, and

(c) 0.061 s for the parameters giving the fastest expansion rate.
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Table 3.4 Coefficients of the response surface for determining the SSF expansion rate.

Coefficient (um?/s) Triangular SSFs Bar-shaped SSFs
ay 5.09 29.23
a 5.09 29.23
ar 1152 -7.54
ay -1.02 338
a, 20.55 -1.75
a, -6.95 2171
s 0.49 0.17
a, 11.28 52,27
e ] 0.66
- 11.68 5.47
a 0.52 091
a, 3.97 5.80
Aw 0.75 -
a5 311 -1.78
e 20.20 0.70

np 0.52 1.04
pw 2061 ]
Qe 0.06 0.10
Awe 0.73 -
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Y,=0.1 pm?
Current dciIlsity 600
(A/cm?) » = Y,=0 pm?

B =01 um

Shear stress (MPa) 50
100

Fig. 3.7 Response surfaces for current density, temperature, and shear stress
corresponding to the expansion rate Y, of triangular SSFs. The other input values for
the response surfaces are the median values of the parameters in Table 3.3.

=0.012s =0.037 s
[1100] 1
1 m
[1120] i
(a) (b)

Fig. 3.8 Results from the GL model for a bar-shaped SSF at (a) 0.012 s and (b) 0.037 s

for the parameter giving the fastest expansion rate.
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Fig. 3.9 Response surfaces for current density, temperature, and shear stress
corresponding to the expansion rate Y, of bar-shaped SSFs. The other input values for

the response surfaces are the median values of the parameters in Table 3.3.
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A:SiC B:Sintered silver ‘CICOPPCT fOil

\ 3
D:AL,O, E:Copper foil F:Solder " G:Baseplate

(b)
Fig. 4.1 (a)The global model and (b) the local model in FEM analysis. A to G correspond
to the IDs in Table 3.2.
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Table 4.1 Material properties for electrical and thermal analysis.

Electrical Thermal Specific heat Densit

Material conductivity conductivity (13 kg K1) (k /m%,

(S/m) (Wm' K g g

Aluminum 4.0x10’ 225M 880 (M 2700V
Copper 6.0x107 40.1 379 8960

SiC 47@ 490 710® 3210
Solder 8.33x10° 65 180 850

Sintered silver
(porosity 4.5x10'® 300 256 840
10%)

Al0O3 - 320 780 390
Grease - 3.33 800 340
Copper foil 6.0x107 401 379 896
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Table 4.2 Material properties for structural analysis.

. Young's Poisson's Tangent Linear expansion
Material modulus ratio modulus coefficient (K™)
(GPa) (MPa)
68.3 (at 20 °C) 725 (at 20 °C)
66.5 (at 75 °C) 675 (at 75 °C)
Aluminum  64.9 (at 125 °C) 0.345 500 (at 125 °C) 2.4x10°
63.8 (at 150 °C) 450 (at 150 °C)
62.0 (at 200 °C) 29.3 (at 200 °C)
Copper 117 0.33 - 1.70x107
o,,=1.69x10°
Cn=507© +5.70x 10T
C33=547© -1.94x10712xT?
SiC C44=159©® - - ™
C12=108 © 0,,=1.44x10°
Ch=52(© +6.19x10xT
-2.07x10°212 ()
Armstrong-
Solder Frederick - - 2.30x107
model ®
Sintered silver Armstrong-
(porosity Frederick - - 1.95x105
10%) model ®
ALO; 370 0.23 - 7.20x10°¢
Armstrong-
Copper foil Frederick - - 1.70x107
model ®
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Fig. 4.2 Temperature profiles for analyzing (a) the warpage of copper baseplate by
mounting, and (b) displacement of power module by temperature load.
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Fig. 4.3 Warpage of the copper (Cu) baseplate under the SiC chip in power modules. (a)

Measured initial warpage of the Cu baseplate. (b) Measured warpage of the Cu baseplate

after mounting to a DBC substrate. (c¢) Analysis model of the initial Cu baseplate. (d)

Analyzed warpage of the Cu baseplate after mounting to a DBC substrate. (¢) Warpage of

the center-line regions in (a) and (c). (f) Warpage of the center-line regions in (b) and (d).
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Fig. 4.4 Displacement of power module from 24.8 °C to 190.8 °C: (a) experimental
results for the top surface, (b) analytical results for the baseplate, and (c) deformation of
the center-line regions of (a) and (b).
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Fig. 4.5 Variation in threshold current of bar-shaped SSFs and the RSS. The red line is
the result derived from the response surface, and the blue and orange circles are values
from Ref. 8. The dashed line is the 95% confidence interval from Ref. 3.
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Fig. 4.6 (a) Profiles of phase current and chip temperature for analyzing power module of
an inverter system‘'?.
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JE
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Fig. 4.7 (a) Global and (b) local models for electrical analysis. In the global model, the
current density conditions are applied on the red surface of the terminal and the voltage
conditions of 0 V are applied on the yellow nodes of the terminal. In the local model,
the voltage referring to the global model is applied to the yellow nodes. The area in the
white box in the global model is the chip targeted in the local model.
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Heat sources
(6 diodes and 6 switching elements)

ﬂﬂﬂﬂﬂﬂﬂ Heat sources |
(diode)

(b)
Fig. 4.8 (a) Global and (b) local models for thermal analysis. In the global model, heat
sources are applied to the six diodes and six switching elements, and heat transfer
conditions are applied to the blue surface. In the local model, the temperature referring
to the global model is applied to the yellow nodes, and heat sources are applied to the
diode. The area in the white box in the global model is the chip targeted in the local
model.
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y X Displacement constraints

(2)

(c)
Fig. 4.9 (a) Global model without vertical constraints, (b) Global model with vertical
constraints and (c) local models for structural analysis. In the (a), the nodes are fixed
for 6 degrees of freedom to prevent rigid body motion, In the (b), the yellow nodes are
constrained in the z-direction, and the nodes are fixed for 3 degrees of freedom to
prevent rigid body motion. In the (c), the displacements referring to the global model
is applied to the yellow nodes. In the global and local models, thermal strains are
applied to all elements using the temperatures obtained from the thermal analysis of the
global and local models, respectively. The area in the white box in the global model is

the chip targeted in the local model.
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Fig. 4.10 (a) Electrical analysis, (b) thermal analysis, (c) structural analysis without

vertical constraints, and (d) structural analysis with vertical constraints using a global
model. The analysis results at the maximum temperature (t=19s) in first cycle during
operation. The area within the white box in the global model is the chip targeted in the

local model. The deformation scale factors are 50 in the (c¢) and (d).
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Fig. 4.11 (a) Electrical analysis, (b) thermal analysis, (c) structural analysis without

vertical constraints, and (d) structural analysis with vertical constraints using a local
model. The analysis results at the maximum temperature (t=19s) in first cycle during
operation. The chip targeted in the local model is the area within the white box in the

global model shown in Fig. 4.10.
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Fig. 4.12 Process flow of the analysis for applying reliability design to power modules.
(a) Phase currents (rms) (b) Temperature profile. (¢) Electrical analysis, (d) thermal
analysis, and (e) stress analysis using a global model. (f) Electrical analysis, (g) thermal
analysis, and (h) stress analysis using a local model. (c)-(h) are the analysis results at the
maximum temperature (t=19s) in first cycle during operation. The area in the white box
in the global model is the chip targeted in the local model.
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Fig. 4.13 (a) Current density by electrical analysis, (b) temperature by thermal analysis,

(c) RSS corresponding to Burgers vector in the [0110] direction by structural analysis
without vertical constraints, and (d) RSS corresponding to Burgers vector in the [0110]
direction by structural analysis with vertical constraints at the interface between the
epitaxial layer and the substrate in the local model. The analysis results at the

maximum temperature (t=19s) in first cycle during operation.
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Table 4.3 Parameters of the response surface when applying SSF expansion analysis

to an inverter system.

Parameter Value
Thickness of buffer layer hg (um) 0.20
Concentration of buffer layer cg (cm™3) 6x107

Position of BPD-TED conversion under the interface

between the epitaxial layer and the substrate pgr (um) 0.35

SSF width wg (um) 0.40
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Fig. 4.14 Maximum value of the SSF expansion rate during operation when SSF

expansion analysis is applied to PiN diodes mounted on a power module: (a) without

vertical constraints and (b) with vertical constraints.
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Fig. 4.15 Time histories of the expansion rate Y, with and without the baseplate
constrained along the vertical axis, at the position of the maximum Y in Fig. 4.14.
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Fig. 4.16 Time histories of (a) current density, (b) temperature, and (c) RSS with and
without the baseplate constrained along the vertical axis, at the position of the

maximum Y in Fig. 4.14.
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Table A.1 Model parameters for the dependence of low-field mobility in 4H-SiC on
temperature.

Parameter Electrons Holes
Umaxo (cm? V=1 s71) 950 125
Vimax -2.4 -2.15
Umino (cm? V=1 s71) 40 15.9
Vmin -0.5 -0.5
Nyef 1.94 x 107 1.76 x 10°
a 0.61 0.34
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D% AW CRATRT.

300) satexp (AIS)

VUsat = Vsato ( T

300 .Bexp
B = Bo (T) (A.19)
Z 27T, Bor Bexpr Vsatos vsatexp&i, XY V7 TEDRTIA=ZTHY, £ A2

2R,

Table A.2 Model parameters for high-field mobility in 4H-SiC®.

Parameter Electrons Holes
Bo 1.2 1.2
Bexp 1.0 1.0
Vsato 2.2 x 107 2.2 x 107
Vsatexp -0.44 -0.44

() = v 7 L—=+U—F - &=/ (Shockley-Read-Hall: SRH) FiftiaE7 /L
XY UTOEREF/BEAEDA D= ALE, RNU—FT A R, RIS, R—FF
WA ZAOYBBIRIZB W CIEFICEE THS. SRH HREGET VL, ¥ U T
WA R Z BB T HERIS, MdaTORMMIZE > TR Ry v THRIEDS
NHTFLF—IREEZEAL, F¥ U T7TRHEHKAETIHAEICHIETS. b0
AR eimfE sy, kA TERFO.

—_n. 2
np —n;(T) (A20)

RSRH —
Tp [Tl + ni(T)] +Tn [p + ni(T)]

ZIT, bl BT EEADTA THA LERT.
T4 T B A DORMPIRERFIEE, KR TR,

- _ Tmax
dop = N
1+ N
ref

ZZ Crmax E Npeld, TX VT TENRTA=HTHY, FA3ZITRT.

(A21)
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Table A.3 Lifetime parameters in 4H-SiC .

Parameter Electrons Holes
Tmax (S) 2.5x 107° 5.0 x 1077
Nyer (cm™) 3.0 x 107 3.0 x 10V

() A— = (Auger) FFEGET IV
A=V HHEET VL mE Y U TREICEIT L% VT ORKEE, R
(29
= (Can + Cpp) (np — mi(T)?) (A22)

ZIT, CECE, BT ELIEAICHETLIERTHY, KALITRT.

Table A.4 Auger recombination rates in 4H-SiC!D®,

Parameter Value
Cy 3.0 x 10?°
Gy 3.0 x 10%°

(g) HEZEEHEET L

HEERETT VT, SWVIEBI TR L X —% b o7 F v U T DRGSR T 2K
LCWOETEMEMERALT, B EAMNEERT 2HSEEHETS. 208
LUITHRMIER L ICEERH Y, KX TET SN2,

Rii — “nL]nl exp—( pljpl l < c )Vpl (A23)

ZIT, an ER, ¥, ap, ED, yPIE, BFELIEFICETOEHTHY, K AS
(R
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Table A.5 Impact ionization coefficients in 4H-SiC!2),

Parameter Value
a® (cm™) 2.5 x 10°
ER (Vem') 1.84 x 107
y" 1
aP (cm™) 3.25 x 10°
EY (Vem™) 1.71 x 107
yP 1
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E(R) = R >R, (B.1)

k b|? R

(I[Z_l_ | In (R—c) + E,
ZIT, RERIFTENEN, WALNDANTEROFLE L HEOT Hr L F—2H
HT 2 MEDHBEROERETH Y, bIFN—H—AXT FATHY, BIFHLHE
Fa e NR—=T—AXT MVOBIOAETHY, k(B)IEFMEUK T D= 3L ¥ —1%
%, Ecaj:aﬁﬁfjﬂ:@:tﬁ\/l/ﬂg-b_—(})é -

AH-SiC IR TH Y, TORIKIENLEXR ET D5 E, k(BIFKRAT
bz 5 5@.

k(B) = K.b? + K.b? (B.2)
bs = |b| cos(B) (B.3)
b, = |b| sin(B) (B.4)

1
Ks = (C44C66)2 (B.5)
_ C44(C11 — C13)
Ke = + B.6
e = (Gt ai3) €11(C11 + €13 + 2€44) (B.6)
€11 = (€11€33)2 (B.7)
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