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Fig. 1.1. Changes in the world power consumption [4].
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Fig. 1.2. Schematic cross-sectional view of power module [5]
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Fig. 1.3. Double pulse method circuit diagram and measurement wabveforms [5].
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Fig. 1.4. Compnents of power semiconductor [5].
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Fig. 1.5. Schematic cross-sectional view of active area for IGBT and FWD [5].
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Fig. 1.6. Schematic view of interior state on bipolar power semiconductor under static- and dynamic-states [5]. (a) Static-state. (b)

Dynamic-state.
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Fig. 1.7. Simulated turn-off waveforms and interior state of 4.5kV IGBT [5]. (a) Turn-off waveforms. (b) Interior state.
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Interior state.
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* Poisson equation
YEANBOERLEHEOBARERT
divE = —divgradV

+ Continuity equation
FEAOKEEROEF/A—ILOBKME
tzRY

q (electron)
divE = (Np-N4 +p-n) on 1 An
£08, oG, -R, +—div R, ==~
ot q T,
—RTDER. —REDIGHE.
on 1dJ
dE __d% 2 -G, -R,+——=1=
dx ox2 ot q dx
dE _ p(x) (hole)
dx  gge 0 1 . A
dE . Tp=Gp’Rp77d’VJp'Rp=7p
=L Np Ny ) o_ q 2
oo —REDHE.
()\ o~ : op G 1dJ,
X)= - +p-n —_—= - -
P j D ATP ot p PTG dx
p= P V: potential n, p: free electron/hole concentration (cm3)
qVsat(p) p: space charge concentration (cm) J: total current density
J q: elementary charge (1.60218X10"9 C) Jo, J,: current density of electron/hole current (A/cm3)
n=—7""— £o: dielectric constant in vaccum Vsat(n) Vsain): Saturation drift velocity of electron/hole (cm/s)
AV sat (n) (8.85418X10-14 F/cm) » Gp: generation rate of electron/hole (cm-%/s)
n+Nz=p+Nj ¢, relative dielectric constant (@Si: 11.9) R, R,: recombination rate of electron/hole (cm/s)
A b Np, N,: donor/accepter concentration (cm?3) t,, 7,: carriee lifetiome of electron/hole (s)
J=dJ,+ Jp N*p, N-5: ionised (empty) donor/accepter
(filled) concentration (cm-3)
1.9, NU =KD X A F 3 v 7 RAET TOWFERIRREFH R IV 5 5[5]

Fig. 1.9. Equations for internal state of power semidoncuctor under dynamic-state [5].
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XD —HBEREATB R OIE 1L, —F CRBELTIUDBER A LT R0 b OELERFFRES O
B> Ch D, 22T, BIERFHES &1X, U —PEEROMFMERETH DB TR
IRHE T OERI 22 M E (B E & L < 1% breakdown voltage)” & i F5 Ik HE C > B A9 72 i £ (Safe
Operating Area (SOA))’ % BT 5, SOA LKL, U —YEERN L2 X A F I v 7 REMET
TOMAMEZ A E S D8N — 725, FRTHHT O IGBT, FWD Wi K ON E/EbD7-
D, T A AR () & THERFEIC BHERRFUE LT T2 7 LTWLHDOT, K 1.10 D
FORFAFT Iy VEMER DT NT v = ZEH)[5], [6]& B E L - HANBHRE R RO B D,

AIFFO T—/%, K LIS RT L D ICHGRE KO n 6 80 — 8k ERk S5 5o
DT AT A[5]:

(a) & F—% 1 AMhE
¥) h—ZlBuALiE, ONELE, A vFr7oABLY, 7820 3 fKoynbkdna
ALEERT D,
(b) TR FAF vy 7 7ra R MME™
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O h : ﬁ]mﬁﬁ ({EX‘{ W a—_’o*n z, SOAFJ-]J:) py. free hole concentration
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X « — — :dynamiciREETT7 /35 > ¥ s BEH4 = current filamentf
(dynamic avalanche phenomenon)

(c) dynamic avalanche state
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Fig. 1.10. Schematic view of interior state on bipolar power semiconductor under static- and dynamic avalanche state [5].
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EFWD & b4 AT X vEIE N COMIERRDO A N = XA LFRANRXF—L 725, 2T, KimXT
i, FERIRERAEICL AN a2 b—a VEIREIEA L, IGBT & FWD OfEESG D A 7
S ALCETARERERZ AL, BIEET 573 ANEIREDRE L Thve BBULT 57
A AMEIEHRT

LA, BfR#72 IGBT 3 X0 FWD 2 OB & 36@ O HANRE 2 777, FFIC
IGBT T, % L1 BEICTRAE =R F—2h R bt & LTS O ERBUETO A 7 T3
OBENOEH SN TWAT Y r— 3 (Bl 21X, &##KES high voltage direct current
(HVDOWZ VN 5 3.3kV LL_E® high-voltage (HV)fERICE R L TRtk 4 5,

1.3.1 FWD iR
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(a) low total loss
=ON loss+OFF loss+switching loss

(b) sufficient dynamic
robustness*
(c) controllable
switching behavior*
(d) long-term stability
(reliability)
(©) (e) good cost efficiency*

— Xok: AR WEET 1 7 L

(¥—72/82-)
14y I BiEEHD

* “charge-carrier plasma layer”

» “plasma layer’s interaction with electric field”

o8 i)

a balanced

() power device

BIRBIR

Nv—s—“‘mrx]

111 AR5 v AT /8T — - EK[5]

Fig. 1.11. Schematic view of a balanced power semiconductor [5].

F5 12 FIZTIRR7Z L 912, FWD IEA A= Z B OBME, MRk L ORAZ2EEOR

R D IGBT BL I EEREE 2 > T DR — P8R TH D, £To, T &72% IGBT O
REATE/NE D728 9 23, power diode DYEREIZIR) > TWND LWV TH BV, X7 L7425 IGBT
DB =2 F VENERFCEEAA v F o 7 A= FEIEEZFEBIL LD &35 L, diode DY Y
—EERF O BB (/AN K E L2V, EERDOIWNDEFRDOTFAEA L F 7 2 A(Ls) D
2T diode H & OBEJEE(LE(AviA) D EH 5, ZOFEHE, diode |Zi T D FAESCEIT D FIREL
GRRAET HELT, REEZPFEICRNDEEET— N& snappy” V 73U —EE & IES),
JE23 diode DFFMEZEEZ D &, diode DA7R BT XT D IGBT ORIERR L 72 N —FET 2
—LOMEE G| SR 2T, BEORIBHSENRET D E, /A ROKK LR AT AOREIE
DIRR & 72D, RBEGEIHIT D702, djddt Z2/hE L LSRR AL v F o ZEES diode
HEO n R 7 MNaREARERE LLEL EOFFMERFFREIME X 51155, Erec B LT Vi
HIMZ X % diode E2R D v ABIHIRC, /XU —F V2 —/L & LT IGBT OMREE 5| & 72 s R
Lo TLED, DFY, FWDIZIE, n KU 7 NEREAZELS 752 42, @A v TF o7
EEL T HIBEL L REEZMHI LD SOA RS2 ENRD N D,

FWD DU 83U —GERFOFIRHRICB L CiX, diode Y 7 ~ U B AU —BEOEEN S
M&JA < BFFE S CE 72[71H[11], £ DOH T, diode DFEIRHGNL, INEBAA v F 2 FAIH/RT A —
2B 2, mEIREE(Vee), @ dia/dt, @& Ls, KEIEEJA)I K ORWEEEEEE (T) IZBUE 72
FEFTHDZ EDRHRE SN TWD[12], ZDOF T, diode DV A7/3 ) —EH{EREIZ snappy E— R &
BROGEE, REZWEENFAEL, diode HE OREED —ZLK & 722 2 AlREMEZ RIE L TV 5,
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v
SCSOA <« » RBSOA

1.12. LPT-IGBT O 7 /A ZfEHEM O b L— 47 O BRI [20]

Fig. 1.12. Schematic square trade-off model of LPT type IGBT [20].

—C, HV-diode ® Y # /3 —SOA [f] LIZi%, = v V¥ — I x— 3 UHEIKIC weak point & ¥
B L7 WEREFTFIEORE [13]-[151%°, Y 7 b U AU —BEZ W23 5 D SOA A LD 7= D
B Y — RHEIE O NFEET H[8]-10], [16], =Dk, HV fEIE CTIHEr R L@ AL v F 7
Z R HV-IGBT OBRFE S HEAA[17]-[19], miPEREZR HV-IGBT OEUEIZ~ v F 7 LR bR
fP—=F AL @ENT AT Iy I RIAMEZ SRS FWD HiFRBE s Tnd, ZI7T,
diode ® h—# /L A L1X, Vi, Brec, BEOA ZIREDO B A(VrxIR)D 3 R 5725 0 A L E
#T 5,

PLENGS, AR FWD £1I2R O S0 B, muWitERFFE ) &K h—Z 1 m X
PEREZ PRFF L7228 B,
(a) U B XU —EERF D ¥ — A 7 IR ) (SOA HEK)
(b) FEx DAFENRT A—=HEHT (K12 DA L 2D,Q)THOrNA MR -
(c) Wi T CORERENE
ThHY, ALartr M THZIE 650 V-6.5kV 7 T A &, TRINNTEY 7 A% BX—T& 5T
NA AFANTTH D, Z OWMAR power diode DEANFRED, ARFFEDT —~D—D>TH %,

1.3.2 HV-IGBT £l i
BT HV-IGBT #4BA7 D kL > Ri, a) Ik h—% /1o X1k, b) WY — 7 ERTEE L

OmWIHEERTEE S, o) Bhey AT v 7 RifAMEZE T SOA KRB LT, d) filEED
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BWAA v F o FRE L WO HEREA R 2 e 3 D @A —HBENOEBTH L, IHIZ, HV
SEIRDOT 7V r—3 g U BIERETR TS IGBT OEMERELICNZ T, o) EMLTEMEL G E
HEEMEREB LY, ) BT A RT3 =< AL NIRRT U AOENT IGBT DOFEELNY)
EINTWD, TOREE, K 112127 T X572 IGBT ORAT 2 4 DOEERT /A AMERE(T
bbb, Vee(sat)& EBopr & D N L— A T7HeM:, MEARY — 2 Eii(Jces), reverse-bias SOA
(RBSOA)F LT, short circuit SOA (SCSOA)M D k L — K77 72 BfR % $tgi b4~ 5 72 3D D H B
FEOFERNRE SN TWA[17]22], 7272 L, EWD B4 L RIS, 4 DOMERER D F L— K4
7 RHEDOBAL DT, IGBT HH DO n RV 7 MNEERZIEL $25 & Ve(sat) & Eorr & D b L
— FAZRMENEAL L, IGBT ICERT 5 r AL ST LE 5, AT, thEnoEE
ENDHENRU—FELE R IA LT THNRT =Y 22— )L OFEIITIE, U —HERO ST
{EL7eRN b= RAAL v F U TEETWIZE, & Vee, @AREREEC), & dv/dt, & Ls) TO
WS — A T HEWRE IS EE T D,

IT4E, 3.3-6.5kV 7 7 ZAD HV fEIIZ T, (K h—Z v m AEREEZFLRN S &N F — 4 7
Wi ) & REL9 5 /80 — 8RO BRI D 5TV 5 [13],[20]-[26], TDHT, =y VX —3
=g VHEBOBRGEED, N— AL v F U ZERMETT HV NU—REKREFIC Y — AT
BET L7 OIITEEREE ZH > TWD LW ) fEDNH S[13], [15], [24]-[27], €D Lk, Ahd
T2 4 OOMREMD b L— FAT7RMERFET D HV-IGBT TH, fitiEz TRL=a L2 Z &
LOX v VT EADERELGIEST 2 2L T, +0R4A4F Iy 7 RIAEEZRE TE et %
IR D AER N B H[23], [24], FUTD IGBT 1, K Vepsatfb L7 BX 112 DX 572 hL— K
A7 RHEOBRE T 572012, FERBA L CW BT SIC L 2F XY VT 74 7414 A
FFEIIHNTIS, o RUZ MNETOX XY VT OT7A4 784 2R LicEEa Ly XN
DX U T HEAZRICTHET 2 Z &2 B L& O HIN% LA TV AH[23],[24], 2D =
BT ME, ABONRTEERNER TS Si VT AOKEOEAEE 200mm)IZLE D FlEA 7R Siov
TAMEIZ N Z 22T L WD BN D, Si HORFM KD B L i/ NRALTE 5 72 0ICH %)
Thb, 2F0, IS8R TEIRIGBT DX —> A 7EERO n KV 7 NEFOF v UV 77
T A~)E L BREE L OMEERZRIET 2 Z &A%, HV-IGBT MWEE T DK h— & L1 APEEE
LN E — A 7T R & D HARRRE IS T o R FBEChH D, 22T, IGBT D h—#
b A L1, Ver(sat), Eorr, 8 KO 7ARBED 0 A (VepsxIcs)D 3 TN B 510 A L BT 5,

PLED D, A HV-IGBT HF1IZ3R D 541 2 HAAREE L, @I ERETE S SR h—& v
AR ERFF L7223 D,

(a) & — A& 7 EERF O BEWTI EF)_E(SOA JEK)

(b) FEx DAHENRT A—HEMETFE 12 F DA L 2D,@)THRrNA MR E

(c) Fix D IGBT tERE~D 2 L 7 ZE DX v U 7 1E AL D B

(d) @R T TORERME

ThY, RLartr M THIZIX33-6.5kV 7 T AL, JRWVEMEY 7 A% I/X—T& 5T
A AEMNTH D, ZOWMAR HV-IGBT OEMTERED, AEDOT —~D—>ThH %,
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1.3.3 IGBT & £ T FWD 2l £ firafiH

IGBT, FWD O#EHMFREE LT, (Dn ANy 7 7 fEB LY, Q) Ty V¥ —Ix—va v
WENFET D, LU TICENENOHEIFRES LUK & ORtRZ =T,

(D n Ny 7 7S

R —BBRDOIE ON BEL EIRA A v F o7 m 2B, D =) v 7 2 EB S
EDOHEEN DR TH 5, 2000 FFELIEE, Si 7= F1EE LT floating zone (FZ) 7 =/ % N2 7
LU —pERKOHES Y 2 7 B2EBETH%F =227 & LT, thin wafer Punch-
Though[28], Field Stop (FS)[29], Soft Punch-Though (SPT)[30]35 L T}, Light Punch-Though (LPT)[31]
DIEE SN, ERLSN TV D, Filt, KA£R72 FZ 7 = N2 T =/ 7 1 & A(thin wafer process
(TWP)EAT 2 AV, BRI 2 fEE = &7 b2 W oD =8 KRR O R T —E P 2
— Vi & G| LT\ A[15], [21], [32], [33]. FWD O34, fithiEICNZ T, p-i-n diode D)7
M =2l 73 270, {tEE & Y — MG LG DT IEN R S 1L 5[15], [34],
[35], £7z, power diode DIEREM] ED7=DIZ, FS B 7 1 7 7 A Vii@fb[36]° K 0 Si 7=
NT OB BT 28 b H 5 ([33],

BATD IGBT 3 K O'FWD T, MHERFFRES) L8 m 2 L& W2 T <<, n KU 7 Mg/ T A
— X O & FEHEPUEIC TEBR LTS, 7272010, IGBTBEXOFWD O n KU 7 MNED#
JEARICiE, fExDT F U r—a A LTY 7 AL v F U ZICTHIBIED BN A A v F o
TEEORNY — A TR EACOBLEN D IRRBTFET 5, —HIZT, ST —FY a2 — Vi)
B DEH ST —PERA~DOTRIT, BT A T I v 7 el A Z R D 7203 b IO ENEIREE, IGBT
& diode Dv v F U7 LEEEIER, a2 XA MIRORBWEERNICEHEa X METHD, A B
BhERD BWVEPERE N O EBITIE, KEAE(E200mm)72 Si 7= ZfEV,  TWP Hiffi &~ v F o
7 UTARIRBVLEE 7 1 & 2T &2 DT O T N, ZEEOHETH D, 5% D Si v % Hn
TR AR (T 2 7 A2 650 V-6.5kV 7 T Z) 35 1.1 B Tl 72 NFHDO B L iy 5L
KIZEZ 2 DRI T 5 DI, KA FZ 7 =/ % magnetic Czochralski (MCZ) 7 =/~
[2T, TWP Ei TG L7mT A ZAFMiN X — L7225,

Z DT OIZiE, WHEAR IGBT 36 L OV FWD BRIk 6 2 BAiTaREI, @i EREFRE /) &
K h—# v AREEREE L2235,

(a) HIEPED BN A F o 7 %)

(b) & — A 7 EERFOMERTH &\ (SOA HEK)

(c) IRWENEIREAL

THY, IGBT & FWD bRt MIT TWP Hiffib~ v F o 7+ 257 34 AHfiTH
%o ZOWHAIGBT 3 LU FWD OHINHEN, AFEOT —~D—>Th 2,
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(a) chip size shrinking

-ERTF v SiEm(o T
NETfYF oy THiEm)
>:<S1 = Sref.

o

EFvFaRX M

new edge termination

(b) low thermal resistance (low Ry,)

- A EHEN
XFuTHaX
RLC
X s2 2 Sref.

(FLR structure)
con. structure

{ERth1t
= PKGEARET~

new edge termination DE5

1.13. =y VX —3I 3 — g UET O KR

Fig. 1.13. Effect on edge termination technology.

5Ty = Tambient = Pp * (Rinje + Rin(o-ns) + Rinhs + Rinconv))

T
power chip d
___ solder_ . Re=oa
DBC-
substrate Rthjc
v =Rin1~+Rn7
S junction to case
thermal resistance
base plate Cu/AISiC/AIC R
" L _e Tc(Tj,ambient)
—'-h(c-hs)
heat sink T
§ s
pin-fins | Rinns

% Rth(conv)

convection (coolant flow) T

Pp: power dissipation (W)
ambient

Ry, thermal resistance (K/W)
d: length (m)

: specific thermal conductivity (W/mK)

A: heat conducting areal cross-section (m?)

1.14. /XU —F Y 2 — /L OEIHIR 5

Fig. 1.14. Components of termal resistance on power module.

Q) Ty vHF—IF—Ta HE
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12 BICTORTEIICmy V¥ — IR —Va vid, H#ELESIUERHA ML ATTO
BIERFFEN E XA T I v ZIRETTOTNA ZAOaNA MERFEICFH G T 58K TH D, —
5T, RLBIZFRT LI, FyFPFA X2l 7k Sivm 1B OGmT v 74
BINC L 2MEF v T a R MuE W) a R b7 T g —< U A R0, /T —28 R0 A 2 fif
HIMz X 29 v 7 3 5 OFIEHI(Ra: thermal resistance) K L 2 HBEH I NH T —F D2 — /LD
TR & B FHC T T 2 Cb D, NU—FE Y 2 —VEHIL, BEOMEID DR S
Do TOIZH, NU—FY 2 —/LHROBIRHHRIEIN 114 (8T L ICEEGFET 225, U
—ERITZOTDO 1 fna HO L BEERMEBER TH L, Lo T, =y VX —Ix—Ta
WL, SNUREROMRRICMZ NT —F Y 2 — VO EGR G~ DO BN B B H A &
TLEMTH D,

RO —PEHEICHND Ty VH—IF—va Uil E LT, K<EAESN TN field
limiting ring (FLR)f#§1& D > = U > 7 % 52819 % variation of lateral doping (VLD)[37], recess junction
termination[38]35 & (%, trench termination[39] & W\ 5 iR SN TCW\W5b, —F T, BES HV A
U —F Y 2 — /U THEIXER S temperature humidity bias (THB) T® IGBT 7 v 7O {bET
JVTA0T°TH S C O FEIZ K 5 Wb s 719~ 5 7= Ot i 7 — 7 H 3 512 72 > TOTHE
P2 R T 2 81 LSRR RRER 12 L 2 INEERER DFE R [41]72 &, U — 8RO MR OB
MHTy PH—IF—a VIEENRER STV, 2720, WL R —RERIZRD B
LHA4F Iy 7 RANELTHEROGFEMZ KAWL, =y VF—IFx—va U=
7 % FELT HHMICBE L CORGFHIR 59 Th 5,

LLEM D, AR IGBT 36 X UV FWD HIF 125K 60 B AL 5 HfifEE, —y ¥ ¥4 —Ix—va v
FEIR S = U 7 LS B W ERFFE ) 287 D,

(a) & — > A 7 EHEREOEEWN 7 _F(SOA HEK)

(b) BEA ML AT 12HDA ML 2@)ToO )2 MM _EAEEMER L)

TV, K HV BI5(3.3-6.5kV Z T 2)I2 T IGBT 3 £ W diode & b7 U2t b7 Mo TEBT
DT NA A TH D, FRTAENE, THETIEE A EWHRHRE DR I TWZRWIEE (IcB L
AR HV-IGBT/diode DEFIFFHEE LT, AFEDT —vD—>L T 5,

1.4 AHFFED HB9E L O Rk

ZITIE, AARZED B X UM A R T,

4 1.15 23, ARBFFROBRET 2 2 —/b, HiriEs L O 0 BBYb 2 " T AR OB R TH
%o ABFIED T— X, HREEONT v 2 QBT T — BRI ORE L35, O HHYL
DI ORHESME, 53 e 2R M ERFFRE ) LK =2 v 2L RET H, TDET
AWFFEDEITHE T DFE L DA N L AT TOMANE & IEMN &m L2 RS 572018, o NV
7 NEHOX Y VT T I A EBRRE L OMAERORIEICL 2447 v JEIEFTO
TR ANEROBREERIEICHE B Le, U LRI ORREE1T 5.

AFiE, AFORERE > Tnd,
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(BrflTERRE)
TAF Y IOEBEBOMAE/ONR FER L
=N\)—3EERERMEREEZRZ HEM

(Ih7—=) l I
a)EA—>4 7 by TP EEM o) TySa—3k—
EWH B > BB > 3
= F23% = H5%
(T—JL)

SIRNT—FEEXREHOBHEIRE—FRAEOIRE
= “MERERD /NS U ADEN =/ —FE K

1.15. RWFFEDHETR

Fig. 1.15. System of this research.

B EOFm T, AWFZEDOE R L LTI TOBRED b DT —fHIK~D Hi#5 % 5L
WT D, ¥—7 7 /0T —ThoHN\U P ERDORERREF & % DOREIL IGBT & FWD O 7 /3 A
ANFRIRRED & DAL 2 L5, 0 BT, ABEOHE LT, & IGBT/diode @
BN TH D E O E R h— 2 Lo AVEREA R 9 2 LWL XA F I v VEIETF
Towr AR MEREE SHERIICOWTERIAT 5,

W2ELEIETIE, THAENFWD & HV-IGBT (CBAL T, &% — 4 7 Wi B L BT
Mysartvr b, =2 F 78HEROT S ZDOWNERREED T ICIE SV AEE X = X
OfFER R LY, #2229 2 H7(FWD: “relaxed field cathode (RFC) diode”; HV-IGBT: “partial P collector”
%A 2 72 CSTBT™(I) DT /A MEREIZ B U CRllERE e 2 LT SERET 5,

5 4 B CIE, FWD stk biciidzn Ny 7 7 E@IZBT 2227 ~, RFC diode ® U 7
AU —EERFOREE X T = X LR KO, #2457 % n /YNy 7 7 #iE(LPT(ID)+ controlling carrier-
plasma layer (CPL)"##1%)IZ X % RFC diode @ =itEREALIZ B U TRA/ERE SR & BT ERERE R 2~ T
MMz T, |ETDn Ny 7 7 #EIC LD IGBT OEERELHE R AT 5,

BSHEL, ToUX—Ix—Tal il a2V I LR A T I v VEERTORAR
MEND DTy U —Ix—a ViEEEa 2T N, TOAMMBIY, ET LTy VX
— I 3 — 3 UAiE(“Linearly-Narrowed Field Limiting Ring (LNFLR)")\Z & % HV-IGBT/diode O &
PERBALIC B U CRlERE SR & SRS SERERE e A v,

%6 EORETm TIX, AFROREE F LD,
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TABLE 2.1. COMPARISON WITH DEVICE PARAMETERS FOR THIS STUDY
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n- drift layer thickness thick thin
LPT(Il) n buffer [1] LPT(Il) n buffer [1]
) n buffer lightly and gradient lightly and gradient
cathode of active thin thin
cell region all ”
cathode shallow n* shallow n"/p
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~ cathode from n buffer LPT(Il) n buffer LPT(Il) n buffer
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LPTIDn ANy 7 7@ Ly a—p ENLRD Y — Nk
LPTUI N 7 7 J@IE, §iIEB L OF A F X v 7 BfERFIC diode DFHESR (P 7 / — R KU 7 KNE
BATINCHASA 7 ZAEIINS AL BRIZ, 7Y — R M N5 222 g % 1k 5 EI 2 OB Th 5,
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BHD, FHY Y — R, diode D ONIREEDS DB Y — RO E TN L% HlEH 2 HE
REE AR OMETH D, O L, BETDHH Y — FEEOIEMEFE TIX, U N —EERRIC
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In,e e
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Fig. 2.3. Simulated reverse recovery waveforms of various 1700 V diodes under worst case conditions in terms of snappy recovery

(@Vece=1000 V, Jp =20 A/em? (x0.114), dja/dt = 4300 A/cm?ps, Ls = 1.0pH, 298 K).

1) step 1: ON REEDF ¥ VT 7T X~<J@ldh vV — RO FNFFH LR o T-RREE /e o TWV D
(@T1);

Dstep2: Y — FlOn KU 7 NEIZRFTIZX ¥ V7 77 XA~ @i+ 5@T2);

3) step 3: ERCFHEM e v U 7 7T X~ @i & O EAERIZ T diode NEBIZ 2 DO E— 27 M
{FET 2 BSR40 TR & 41 5 (“hammock-shape electric field”) (@T2);
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5) step 5: snap-off BLG R AT X H S35 AR — Ll EE IS A U 7= & J8 4% (= 500MHz) D3 R EL
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6) step 6: 7  — K1l space-charge region 23 O % (@T3-T4);
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Fig. 2.6. Simulated current density and temperature distributions of various diodes at the maximum temperature point (Point B)

shown in Fig. 2.5. Vertical axis: normalized by n" drift layer thickness.

JIREOEL Ty b9 5, KLY, /KD diode 1 RFCdiode L0 & U Z Y —Bh{EF o v
~7ﬁ§ﬁ%<&%N7~¥%¢®w%®%ﬁ@&é%ﬁﬁﬁ@mMQﬂuiwﬁﬁmﬁé

% 2.6 1%, i3 2 diode (2331 5K 2.5 H D KIEE AR A > K (Point B)IZ % L L
iz~ , 2.6 X0, #EkO diode I3, ﬁéﬁﬁk4y&~7i~x£ﬁ®ﬁﬁf@%
WA & D RT3 EKR A S BEET 5, RFC diode 1%, U 713 U —EMERHZ, 73R D diode
D XD RFITIIRFEAR A > NERRT 5 &0 9 B A ME LT\ D Z E bbb,

X 2.7 B XX 2.8 1%, Li&T 5 diode IZ81F 5, ZALEH ONIREE(X 2.5 D Point A)is &
O RIREER A > M (B 2.5 D Point B)IZ351F D IEPEREI(X 2.1 2757 Positon A) & JEPERE I
(X 2.1 H10> Position B)WCE T HMEF MO X v U TIRESATH L, K912IX, kT 5 diode
KI5, RKIBERA > MK 2.5 HO Point B)IZF1T AIX 2.1 1D Positon A & Position B {235
JDHRET M OBRGRE A7 0y b T D, WK diode TIE, ONRRED ¥ v U 7R EE /5346 1%
Position A & Positon B & TR U Cé 5, RFC diode TiX, ONIRBED PositonB (2B IFHF v U T
%Em,ﬁ@@ﬁ%#:yﬁ7bﬁ6,mmmAawa7%EiD%%ﬂ4x®%ﬁﬁ£ﬁ
I TR 725, 20k, X 2.8 1287 X 912, RFC diode (IEKD diode LV &Y 13V —i)
TR OVEPESEISIRE TO X ¥ U TIREDS KIBIIRRET 2 2 &30 Db, ZORER, X129 &
V, RFC diode IZ7ERD diode LV &, U /U —@EAIIIEMEREIRSETTIC TS v U 7R EDR
BROT-HEZ LT <0, EFRRENMET T2, 20k, EHGEBEGET COMERD diode D

(27/115)



10 RRE A R e R R RERREERESS 10
Carrier Concentration at on-state
(conventional diode)

10" § 4

14

Carrier Concentration (cm's)
Carrier Concentration (cm'3)

---- electron (@Position A)

R B e R o RRREREERE ey e SRR
T T T T T T T T T

Carrier Concentration at on-state
(RFC diode)

TR

ERAL
Y

---- electron (@Position A)

10" Ik -=-- hole (@Position A) | 10" ---- hole (@Position A) .
— electron (@Plosmon B) —— electron (@Position B)
—— hole (@Position B) —— hole (@Position B)
10 Mt b D i) bty 10" TS FEEEE RS ST R PR TN PN e
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
Normalized Depth (arb. unit) Normalized Depth (arb. unit)
(a) Conventional diode (b) RFC diode

27. ¥ ab—va UK DK 2.5 IZ777 Point A(ON IREE)Z IS 1T

Positin B O % ¥ U 7 S BS54
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Fig. 2.9. Simulated electric field strength of various diodes at maximum point (Point B) shown in Fig. 2.5. Dashed lines and solid
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and RFC diode, respectively.
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Fig. 2.10. Measured reverse recovery waveforms of various 1700 V diodes with same thin n- drift layer thickness
under worst case conditions in terms of snappy recovery (@Vcc = 1400 V, Jr = 25 A/cm? (x0.125J4), dja/dt = 4600

Alem2ps, Ls = 200nH, 298 K).
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Fig. 2.11. Measured 1700 V diode snap-off capability results at 25 A/em? (x0.125J,) showing Viap-ofr as function of Ve (@dja/dt

= 4600 A/cm’ps, Ls = 200nH, 298 K).
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Fig. 2.12. Measured 1700 V diode snap-off capability results at 40 A/cm? (x0.2J4) showing Vot as function of circuit parameter

(Ls) (@Vce = 1200 V, dja/dt = 1500 A/cm?ps, 298 K).
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Fig.2.13. Measured 1700 V diode snap-off capability results at 25 A/cm? (x0.125J,) showing Vap-orras function of device parameter

(to) (@Vee = 1400 V, dja/dt = 4600 A/em?ps, Ls = 200nH, 298 K).
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Fig. 2.14. Reverse recovery capability of presented 1700 V RFC diode (@Vcc = 1200 V, Jg = 1200 A/cm? (x6.0]4), dja/dt = 8120

Alem?ps, Ls = 2.0uH, 448 K).
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Fig. 2.15. Measured recovery SOA of various 1700 V diodes with same thin n" drift layer thickness (@Ls = 2.0pH, 398 K).
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Fig. 2.17. Measured 1700 V diode recovery capability results showing maximum peak power energy density as function of Vcc

(@Ls = 2.0uH, 398 K).
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Fig. 2.18. Measured Ja(break) vs. operating temperature of 1700 V RFC diode under extreme conditions (@Vcc = 1200 V, dja/dt =
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Fig. 2.20. Measured junction leakage current characteristic of thin 1700 V RFC diode (@448 K).
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AJem? (x1.5]c(rated)), Vg =+15.0 V, Ls = 2.47uH, 423 K. (a) Measured destruction waveforms. (b) Photographs of destruction point.
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Fig. 3.4. Simulated turn-off waveforms of conventional 4.5kV IGBT: @Vcc = 3600 V, Jc = 224 A/cm? (x4.0Jc(rated)), Vg = +15.0

V, Ls=2.47uH, 423 K.
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zoomed area B in Fig. 3.1(a). Vertical axis: normalized by n" drift layer thickness.
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Fig. 3.7. Simulated turn-off waveforms of new 4.5kV IGBT shown in Fig. 3.1(b): @Vcc = 3600 V, Jc = 224 A/cm? (x4.0Jc(rated)),

Vg==%15.0V, Ls=2.47pH, 423 K.
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Fig. 3.12. Measured RBSOA characteristics of various 4.5kV CSTBT™(IIl)s: @V = £15.0 V, Ls = 2.47uH, 423 K.
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Fig. 3.14. Measured 4.5kV CSTBT™(III) turn-off capability results at Vce =3600 V showing J(break) as function of circuit parameter
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Fig. 3.15. Comparison with destruction spots during L-load turn-off operation of various 4.5kV CSTBT™(IID)s.
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Fig. 3.16. Measured short-circuit turn-off waveforms of new 4.5kV CSTBT™(III): @Vcc = 3600 V, Vi =+20.0 V, tg = 17us, 423 K.
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Fig. 3.17. Measured 4.5kV CSTBT™(III) turn-off capability results at Vcc = 3600 V showing Jc(break) and Esc as function of
operating temperature. Switching condition: Vg = +15.0 V, dv/dt = 2700 V/ps, Ls = 2.47uH (@L-load mode); Vg = £20.0 V, tg >

10ps (@short circuit mode).
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Fig. 3.17. Measured new 6.5kV CSTBT™(III) turn-off capability. Switching condition: (a) Vcc = 4500 V, Jc = 410
A/em?*(x10.0Jc(rated)), Vg =+17.0 V, dv/dt = 2700 V/ps, Ls = 6.5uH, 423 K (@L-load mode); (b) Ve =4500 V, Vo =%15.0 V, t6 =

13ps, 423 K (@short-circuit mode).
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Fig. 3.19. Measured Jcgs vs. normalized p collector dose characteristics of various 4.5kV CSTBT™(IID)s: @V cgs = 4500 V, Vg = 0.0

V, G-E: short, 398-448 K.
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Fig. 3.20. Measured Jc(break) vs. normalized p collector dose characteristics of various 4.5kV CSTBT™(IID)s: @Vcc = 3200 V

(conventional IGBT) / 3600 V (new IGBT), Ve =+15.0 V, Ls = 2.47uH, 423 K.
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Fig. 3.21. Measured Esc vs. normalized p collector dose characteristics of various 4.5kV CSTBT™(IIDs: @ Vcc = 3600 V, Vi = +20.0

V, tg > 10us, 423 K.
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Fig. 3.22. Measured turn-off waveforms of various 4.5kV CSTBT™(III)s under L-load condition: @Vcc =2800 V, Jc = 56 Alem?, Vg

=+15.0'V, dv/dt = 1800 V/ps, Ls = 2.47pH, 398 K.
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Fig. 3.23. Experimental trade-off characteristics between Vcg(sat) vs. Eopr of various 4.5kV CSTBT™(III)s. Switching condition: Ve

=2800V, Jc =56 A/em?, Vg =+15.0 V, Ls = 2.47uH, 398 K.
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TABLE 4.1. COMPARISON WITH DEVICE PARAMETERS FOR THIS STUDY

diode type
Item
conventional RFC diode new RFC diode
resistivity of n- drift layer
: 1 ~1.2
(arb. unit)
device thickness: t,. 1 0.9
(arb. unit) (thin) (thinning)
doping low low
n1 layer
(LPT(I1)) depth shallow shallow
[2] carrier on on
n layer lifetime 9 9
(backside) i .
n2 layer doping lower and gradual
(CPL) | depth - deep
[3 :
carrier .
s - medium
lifetime
shallow n+/p shallow n+/p
cathode alternating layer [1] alternating layer [1]
lifetime control anode side: electron beam |anode side: electron beam

AR A FERNT T HEEIZH S HIKTH 5,
CPL X, A A flE L THRERFEZ M, M X —A T EAENE, MOS 77— M7
VR ERRANER RS RFE S IVMRIRET =— VU U 7 HfiT v 9 TWP Hiffic~ vy T 7357k
AEATEHNTIERT 5, CPL © R—Er 7REE, LPTA) n Ny 7 7@ X0 b —HKRET
H5,

X 4.2 1%, #H RFC diode ® n /Ny 7 7 #1&EThH 5 LPT(II) & CPL £ Z 4B 5 30 K T
@ photoluminescence (PL)IEIZ LD A7 MR TH SH, PLIEIE, FHEME~SLEZRHFL, K
AL Z R L CEF-R— ARG T ARSI S o b 28 L, Si oy RO RKMEE
T 2 FETH S, X 42 ORENIE, KED 2 R PL EEIZ CTHIM{L L7- PL BETH
%, CPL fEIIZIX, LPTADEIZHE~R2 DD F—/v 8T v 7 (AL, W-center (1.0182eV) & X-center
(1.0398 eV)IZBER L 72 R 70 & — 7 WECLDMFIET D [5],[6], v HAR—/v T » 7%, CPL fH
WA TOX ¥ V7 HESHGOIREICET G535, #BE L7z W-center & X-center (%, Siffifh%
HERR T DA TG DR [ ST et D 72[6], SV —EIKDOT A AMREm N HIEH Sh b
Si MEHR O AKI(B] 21X, IRFLEEHE[T]) & DEHSISIZ K D Si S RO AR K FETE R~
DEHEITENEE X D, T, SiNy RRORMPKIMEE, WER 12X v )T 747521 Ll
e L THWAHAICZOEMIER T HHLENH H[8], L-TC, CPL Hifflx, Si v= oK
ORALICHE S FEx O = A MBI ZTERT2ICH720, Si v ORI L 5 EREL F/
PRI TE D AlREMEN & %,

4 4.3 1%, # 4112777 2 IO diode #1EIZBIT 5 1200 V 7 F ATO Y B8 —ReEIC B
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Fig. 4.13. Measured reverse recovery waveforms of various 4.5kV RFC diodes with the same high resistivity and thin t,. under har

switching conditions: Ve = 3600 V, Jg = 10 A/cm? (x0.11,), dja/dt = 590 A/cm?ps, dv/dt = 32000 V/us, Ls = 2.0uH, 253 K.
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Fig. 14. Measured snappy recovery capability of new 4.5kV RFC diode under higher Ls conditions: Vce = 3600 V, Jp = 40 A/cm?

(x0.4]4), dja/dt = 310 A/ecm?>ps, dv/dt = 10800 V/ps, Ls = 6.8uH, 298 K.
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4.15. #1200 V RFC diode @ Jg vs. Ve 851 (@423-448 K)

Fig. 4.15. Measured junction leakage current characteristics of new 1200 V RFC diode: @423-478 K.
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Fig. 4.16. Reverse recovery capability of new 1200 V RFC diode: @Vce = 800 V, Jg = 3000 A/cm? (=x10.0J,), dja/dt = 31000

Af/emPps, dv/dt = 15000 V/us, Ls = 200nH, 473 K.
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Fig. 4.17. Measured reverse bias blocking current characteristics of various 4.5 kV RFC diodes with the same high resistivity and thin

t: @448 K.
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Fig. 4.18. Measured 4.5kV diode reverse recovery SOA results at 214 A/cm? (x2.2J ) showing maximum dja/dt and maximum power
density as function Vee: @ dv/dt = 10000 V/ps, Ls = 2.0puH, 423 K. The compared devices are of the same high resistivity and thin
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4.19. HHl 4.5kV RFC diode D& Ls - FTH Y A3 U —ETHES) (@448 K)
Fig. 4.19. Reverse recovery capability of new 4.5kV RFC diode under hard-switching conditions: Vce = 4000 V, Jr = 240 A/cm?

(x2.514), dja/dt = 470 A/cm?us, dv/dt = 5200 V/us, Ls = 6.8uH, 448 K.
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Fig. 4.21. Simulated electric field distribution of various 1200 V CSTBT™s under short-curcuit condition. Short-curcuit condition:

Vee =800V, Vg==+15V, 298 K. Conventional IGBT: LPT(II) n buffer only; New IGBT: novel n buffer combining LPT(II) n buffer

and CPL zone.
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Fig. 4.23. Short-circuit capability of various 1200 V CSTBT™Ss. Short-curcuit condition: Ve =800 V, Vg =+15.0 V, 423 K.
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Fig. 4.23. Measured normal turnOoff waveforms of various 1200 CSTBT™: Ve = 600 V, Jc = 183 Alem?, Vg = £15.0 V, dv/dt =
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Fig. 4.26. Measured turn-off capability of new 1200 CSTBT™: V¢c =800 V, Jc = 1300 A/em? (x7.3Jc(rated), Ve = +20.0/-

15.0 V, dv/dt = 6200 V/us, Ls = 20nH, 448 K

L s e e e
E Vce(sat) vs. EqppTrade-Off Characteristics

C (1200 V IGBT) a

C O conventional IGBT ]

C ® new IGBT .

140 - .
CR: ]
ER con. IGBT -
< r @ / 1
- C ]
o 120 : » .
X ]
1) C ]
L L .
100 F -

B new IGBT i

C ® ]

80- IR T T T Y T T T 1 I T T I T T T | I T T T A T Y N I T TR T Y T T T 1 §

14 1.6 1.8 2.0 22

Ve(sat) (V)

4.27. fix 0 1200 V CSTBT™IZ 313 % Ver(sat) vs. Eorr b L— N7 K

Fig. 4.27. Experimental trade-off characteristics between Vcs(sat) and Eorr of various 1200 V. CSTBT™. Switching
condition: Vce = 600V, J¢ = 181 A/em?, Vg =£15 'V, dv/dt = 3600 V/us, Ls = 70nH, 423 K. Vcg(sat): Jc = 181 Alem?, Vg
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Fig. 4.28. Measured junction leakage current characteristics of various 6.5kV CSTBT™(IIl)s: @V = 0 V, G-E: short, 423 K.
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Fig. 4.29. Measured normal turnOoff waveforms of various 6.5kV CSTBT™(III)s: Vcc = 3600 V, Jc = 41.6 Alem?, Vg =+15.0 V,

dv/dt =3500 V/ps, Ls =2.47pH, 213 K.
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TABLE 5.1. COMPARISON WITH DEVICE PARAMETERS FOR THIS STUDY

device conventional IGBT new IGBT
wide cell pitch wide cell pitch
MOS gate cell structure CSTBT™(IIN) [1] CSTBT™(IIN) [1]
n- drift layer thickness 1 1

LPT(Il) n buffer [2], [3]|LPT(Il) n buffer [2], [3]

n buffer lightly and gradient | lightly and gradient
thin thin
active cell region lower and shallow
p collector . lower and shallow
from Interface region to without [5]
edge termination region (LPT(11) n buffer only)

edge termination Field Limiting Ring

region structure (FLR) LNFLR [6], [7]
L Yp,active 0.24-0.26 0.24-0.26
hole injection '
efficiency
Vp,edge 0.24-0.26 =0.0
500 [T T T T T T T T T T

E Electric Field Distribution at Surface of Edge Termination §
o (6.5kV IGBT) ]
400 F .
---- FLR (con. design) ]
—_ o ——LNFLR (novel design)7
§ ¢ z
= 300 .
o C ]
x f :
T ]
o s . ]
iC 200 : : -
e I a ]
5 f il :
w AR l E
ikt of LNFLR =
fhili edge of FLR ]
A ': AT : .' FRURUTREPY FEFT TN FRSRE AR J
A O 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
A

Normalized Edge Termination Region Width (arb. unit)
52. Val—valilkdfanTy VH—I 3~ a U EATD 6.5kV CSTBTMIMDOFHAVIRIE TORX 5.1(1)D
A-ATRZI - T2 BRIRE A6 (@Vers = 6500 V, 398 K)
Fig. 5.2. Simulated electric field distribution of various 6.5 kV CSTBT™(III)s under static state at line A-A" in Fig. 51(a). Static state:

Vees = 6500 V, V= 0.0 V, 398 K. Horizontal axis: normalized by Wg,. of FLR structure as 1.

520%, £S51IRT 2D 6.5kVIGBT IZBT %, Vers=6500V,398 K (BT BK 5.1 A
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Fig. 5.4. Simulated electric field distribution of various 4.5kV CSTBT™(III)s under static and dynamic states at line A-A’ in Fig,
51(a). Static state: Vcps=4500 V, V=0.0 V, 423 K. Dynamic state (L-load condition): Ve = 3600 V, 224 A/cm? (x4.0)c(rated)), Vg

=+15.0 V, Ls =2.47uH, 423 K. Vertical and horizontal axes: normalized by n" drift layer thickness and W_q,. of FLR structure.
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TABLE 5.2. COMPARISON WITH DEVICE PARAMETERS AND SIMULATION RESULTS

L . simulated results
edge termination region
design Ve=3600 V (@T7) during turn-off
device
T(ma T(ma
e(.jge. collector side (max) T(max) location (max) T(max) location
termination (K) (K)
IGBTA | FLR | NopartialP boundary boundary
) collector 824 906
(con. IGBT)| (con. design) dosi between between
(con. design) interface region interface region
. and edge and edge
no partial P L L
IGBT B LNFLR collector 624 termln_atlon 797 termlqatlon
(novel design) R region region
(con. design)
partial P
IGBT C FLR_ collector 466 487
(con. design) .
(novel design)
active cell region active cell region
partial P
IGBT D LNFLR collector 464 493
(new IGBT) | (novel design) .
(novel design)
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WIGBTB X, A ¥ —7 x—RfHlkE =y V¥ —I 32— 3 VHEIROEFIZEIEO hot spot 73
B{N5@T7)., =721, IGBTBD SN IGBTA LV b, EREEFICHEMET D pn #EAEO BRI
FEMMHZAF I v 7REETH LNFLR &I K W BREELEML, A 37 M A ML D E
TERBEZWBD SE 5720, T(max)BMEL 72> T B (@T7),
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Fig. 5.5. Simulated turn-off waveforms of IGBTs A-D shown in Table 5.2: @Vcc = 3600 V, Jc = 224 A/cm? (x4.0)c(rated)), Vg =

+15.0 V, Ls=2.47pH, 423 K.
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Fig. 5.9. Measured junction leakage current characteristics of new 4.5kV CSTBT™(III): @V = 0 V, G-E: short, 398-448 K.
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& %, LNFLR #1E D BVers i, 5500V 2L E(@298K)TH W, 213K TH 4900 V LA £
BB/ 5728, LNFLR HEIX =y V¥ —Ix—va a7 LRR6E 45kV 7 T R &
L CH 72 RIR COBEERREI 2 AT 5, X5.91%, #H#l 4.5kVIGBT @ Jcgs vs. Vees Rk OB
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5.10. FH 4.5kV CSTBT™(II) D ¥ — > A4 7 HWrHE 1 D dv/dt A7
Fig. 5.10. Measured new 4.5kV CSTBT™(III) turn-off capability results at Vcc = 3600 V showing Jc(break) and P(peak) as function

of dv/dt: @V = £15 V, Ls = 2.47uH, 423 K.
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5.11. Bl 4.5kV CSTBT™(I) D ¥ — > A 7 HEWTHE /) D Ls 171
Fig. 5.11. Measured new 4.5kV CSTBT™(III) turn-off capability results at Vcc = 3600 V showing Jc(break) and P(peak) as function

of circuit parameter (Ls): @V =+£15V, dv/dt = 3300 V/us, 423 K.
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Fig. 5.12. Measured new 4.5kV CSTBT™(III) turn-off capability results at Ve = 3600 V showing Jc(break) and P(peak) as function

of operating temperature: @V ==15V, dv/dt =3300 V/us, Ls=2.47uH, 423 K.
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HEWTRE /)~ DA /T A — X (dv/dt, Ls)3s K OBMERE D2 R~ T X Th 5, 1% 5.10-5-12 £V,
HHLHV-IGBT 1%, 4.5kV 7 7 2 L LTHon 4y — 47 HWHRE 27~ L, 448K 12T 2.0MW/cm?
UL ED R E— 7 /R0 — T )L ¥ — 5 B OMEWTRE )] & R 9 72 IGBT Th 5

X 5.13 121, 2% 5 HV-IGBT O 448 K T?D(a) L AMFIREER X ONb) ELKEIRAE T DMWY
Bamrd, MLV, Ffley X —I 53— a U #it2 AT 5 IGBT I, 448K TH 4 72T
e &7 L, HV-IGBT OEiREEZL AlEEIC T 5

5.4 FWD ~® 2B

BETAT Y VX —IF—1 a VORMO—oN, Ty X —I 32— a3 ORI
Bz BI HIREREENTH D, £ 2T, ZOHRITK LTIGBT X Y BU&/2 FWD IZC, U7
N —EE~DEE A RRGEE L T2, RFEIZIIT 516Kk D RFC diode 35 X UV Bl RFC diode 1%, = v
VHE—Iv—va UEE LTELEI FLR i L U8, LNFLR &% H % diode Th 5.

B15.14 1%, RS1IRT 2Oy V¥ —I 31— 3 & AFT % 1700 VRFC diode D SOA
DBEDPOELWAL v F U ZE&ETTO, UARNY —FHICET I a2 —va VERT
B5, KLY, Vee=1200V &gk LW FTH LNFLR #i& % 3% RFC diode %, K7 Al 6E
THDHZENDND, K5.151%, K514 HO T1 5 T4 OENTRA > N TOBREE, Bt
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5.13. i 4.5kV CSTBT™MUIIIZ KT 5 LAM AL v F o 7 E— REB XL OFEMKE— R TO X — 2 4 7HHE
Fig. 5.13. Measured new 4.5kV CSTBT™(III) turn-off capability. Switching condition: (a) Vcc = 3600 V, Jc = 560 A/cm’
(x10.0Jc(rated)), Vg =+15.0 V, dv/dt = 3300 V/ps, Ls = 2.47uH, 448 K (@L-load mode); (b) Vcec =3600 V, Vg =120.0 V, tg= 10ps,

448 K (@short-circuit mode).

EB LY, REOT A ANEHOELERT, EKD RFCdiode TIiE, U BN U —EEFIHNCIE
PEBEIRPN R IZ CE D current filament FAE(@T2-T3)L, A v H—T x2— ATy VH—I F—
Voa VEESUCTEET D pn AT ICIEMEMEIRIC THAE L2 8D current filament 232 HE) L,
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Fig. 5.14. Simulated reverse recovery waveforms of various 1700 V RFC diodes under worst case conditions in terms of recovery

SOA limit: @ Vee= 1200 V, Jr =200 Acm? (x1.0J,), dja/dt = 3200 A/em?ps, Lg = 2.0pH, 398 K.

(a) electric field

. ______________________» |

ElectricRield [V'oma-1]

— — - 3.0E+05

- I S

2.0E405

T e — B oseos

B ——— I | e— il Logu0s

.E.DEAOA

S —— y - o

t4 — B H 0.0E+00

(b) total current density

t 1, A.A.5_ 4 .1— l...-_.-_-_‘_A_l-

TotalCurrentDensity [A’cm*-2]
1.0E+03

5.0E402
256402
13E:02
63E+01
32601
1.6E401
7.9E400
4.0E400
2.0E400
1.0E+00

LatiiceTemperature [K]
8.0E+02

.

7.5E402
7.0E+02
65E402

|

3 m e

ocal heatn 3 45E402

e AN

0.‘0 0.‘2 0.‘4 075 078 1(; 0‘.0 0‘7 n.A nlﬁ nIR 1.I0
normalized width (arb. unit) normalized width (arb. unit)
(a) FLR (b) LNFLR
515. ¥ a b—va LD~ D 1700 VRFC diode (231 5 5.14 P ORHT AR A > MTI-TAIZBIT D57 31 AN
Fa3/N ]

Fig. 5.15. Simulated electric field, total current density and temperature distributions for various 1700 V RFC diodes from T1 to T4

shown in Fig. 5.14. Horizontal axes: normalized by device structure width.
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Fig. 5.16. Reverse recovery capability of new 6.5kV RFC diode under hard-switching conditions: Vcc = 4500 V, Jr = 126 A/em?

(x2.0J,), dja/dt = 5000 A/em?ps, Ls = 6.95uH, 423 K.

F1 3 —EEF O hot spot & 72V, JHFTAYRFEENC L % RFC diode OBV 25558 5, — 77,
HrHl RFC diode TiE, fEK?D RFC diode & 7l U &L 5 (ZIEMEREIKNIC 242D current filament %8423
2bDD, ZHD current filament DB E) & B AL L TRPTHYRFEEIEAEDFIK & 72 5 hot spot &
TERR L7 WG SR, BIREES R -FIER+ 5, 2FY, WPFho diode TH SOA RADE LW
U 78U —EVESAE T OMEWrEE )13, 1SRRI NS T O current filament B8 THRIE S B MEHE
TH DN, LNFLR #iEE A7 5 diode T FLR & %2 A3 % diode LV A v X —T =—R L
Ty VH— IR =g UVERICHFET D pn BEG T OERRENMEL 72 D, F OFE R, LNFLR
Wi % H 4 % RFC diode 1%, JEHBIHE /) A TEMEREIROMERIEE IR L2 BiEL 720, U Y —
SOA ZJER X E L AEEMENH D, AFERIL, IGBT LV diode DFNA v F—T =2 —RAL Ty
2 —I =g VESUTFET D weak spot DEBENBIKTH D Z Lnn, #— & 7
Ty VA —Ix—T g VEBOBEDORENRHEFIIRD 2L 2R L TVWDOREREER D,
X 5.16 1%, LNFLR &% 49 % ## 6.5kV RFC diode ® Ls=6.95uH & V9 /& Ls 5 F T
B — & 7 EWRES) Td B, BBl RFC diode 1%, Vec=4500V, Jr> 126 A/em? (x2.0J4), Ls = 6.95uH,
42K EWORELWY AT =R THEBATRETH D, £z, KHPD LWKEIE, 225037
IMTFLET DRI £ 72 o T D, RERIE, UV ANY —8EROX A I v 2 TR v
cE— NICRVAERSNDEFD o NY 7 MESFIEAIH, RFC diode WO FAD p-np
T UVEERICRR L FEh EHEET S, K517 1%, RSLIORT 2HEOTy VX —I X —
a V& HT 5 6.5kV RFC diode D U 773U —SOA % [k L7l ERE R CTH 5, K TIE, SOA @
FEE & LC, maximin dja/dt &g RE—7 NT —= XV F—EELZHNTNDH, Ty H—IR
— 3 = UHiE% FLR 75 LNFLR ##§i& & 95 Z & T, RFC diode O MW I HE7: mazimin dja/dt &
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Fig. 5.1 7. Measured 6.5kV diode reverse recovery SOA results at 126 A/cm? (x2.0J,) showing maximum dj/dt and maximum power

density as function Vce: @Ls = 6.3uH, 423 K. The compared devices are of the same resistivity and t,..
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~LT,

L AR AL v F 2 ZEER O HV-IGBT O % — > 4 7 & — R COMEHRSIL,

) AV F—T7x2—AfEKRET Yy VX —I 3=V g VHEBOBERGFEET D pn #E4HITICT

AR—IVEREF & A X7 A F MDY, 2 DD hot spot FEKIZEH G595
2)2 2® hot spot X 1 DD &R D hot spot” & T L, JRFATHIZRIEEDRIK & 72 5
W, AU =T e ARy V= IRy 3 VEROBIR TOBMETH 5,

Z @ HV-IGBT O x 2 HANGRE ORI T, 44 T v 7 BifEH Eid pn BGEFHI O ¥
YU TIREZR/MET D 2 LI X D BRBEOREMZ KB EEICT 57 N1 AffiEThH D,
Ty V¥ —I F— g UHEETH D partial P collector 11 %495 HV-IGBT I%, HV-IGBT M
ON REBLOZ — o F7EET DA L F—T7 2 — AR E = v V7 — I x—3 3 UHEBICH
JTCoav 7 ZUOFR—NVENDFEEZHETHZ LT, BEL TS IGBT OWHIREL FEEHT
%o FTz, FHHLHV-IGBT OHEET— NiX, JEMEEENE T current filament IS IZ TRIE S
%, partial P collector A9~ % HV CSTBT™(II)i%, AR EME LK h—2 Lo 2PEgEE D 72
MOENTFA T Iy 772 "R MEZHFERD IGBT HiF Th 5 2 & 25T 5,

%4 B TIX, & powerdiode D/ N— RAA v F 77 at A TOMEE— NIZELT, &~
=2 b= U &TEM L7z power diode DNFERIRREDFRITIZ LD 2D A T = X L Z2H] BN LT,
TORER, XA T I v 7EEFTORrAR MER EOBLEND, n Xy 77 EROX XY 77T
A< EHEICER L, @OWIERRFEE S SR N — 2 v m AMREAREF L7203 & diode DX A F 3
v 7 7eu A MEW BB 5, LPT(I)n 3> 7 7 & & controlling carrier-plasma layer (CPL)fE 5
MBRDLFH 0 Ny 7 7 HEEORE & T OENTMERED SRR R & R Lz,

N—RAA v F o ZEEF O RFC diode DIIEBRIT, HAHED pnp N7 UV RAZEBOT
J— RMRID pn $EEETDA 237 " A A AbDRtE(pn A TOEA F I v I T RT v =
WG E) L current filament DZEENTHER L 72K TH 5,

Z @ RFC diode F A 72 HANEREOMFRFELL, UV Y —BfERON Y — RMIlToXx+ U T

(98/115)



S SIRND—HEHROBEET—F R
HREBID /NS U AN =/ —F B

V-IGBT: CSTBT™(II i

* LPT(I1)+CPL
* partial P gollector sufficient dynamic
long-termstability * LNFLR with SCC

(reliability) FWD: RFC diode

= SCC) - LPT(II)+CPL partjal P collector
»LNFLR with SCC 4 RFC diode

HF: IGBTHf controllable switching behavior
B diodeH i
RF: a7 i = CPL *) SCC: surface charge control

6.1.. IBETHNT U ZAOEMN TR T — K

Fig. 6.1. Proposed a balanced power semiconductor

TIRAZEE IR ) 77T X~ E & BRIREOHBAEROSIE% BT 2T 1 AEET
b, BETDH 0Ny 7 7 HEE, n Ny 7 7 EEEERT 5 CPL fEIICAAET 2 2 DR
=V hT AL XY U T EEAEEET D2 LT, BIE L9 5 diode DINERIRIE R KBTS,
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T U THERRE XA TR v I e N A MEEJFERED diode B TH D, HM n N 7 7 Hif
%, A=V 8T v TBAFAET D CPL SEIAFET 2 b D OB ENED & V), power diode D 448
KL EOEIREIEZ AIREICT 5, ET HEME, IGBT ~#H L TH ¥ — > A 7EfERFD v 7
N ALy F L TEWERIR b — 2 b m AMERE &) O BRI A E A2 R LR A 6, IGBT #fE LA
PRAEAR I ERE O M AMER B2 b F 595,

FBSETIE, oy VH—IFx—Ta V@l 7 Lans, BWIERRERED & XA F
Ty 7 RAMEFRREA Ty U — I X2 a VEINICEA LT, METEITo . EORE,
1) T3 ZEERF O Ty X — I R — 3 a RO BRI BIGRE /34 2 EBLS % Linearly-

Narrowed Field Limiting Ring (LNFLR)##1&

2) dynamic Eh{ERFIZ LNFLR & O EH 23R — 95 % ¥ U 7 Hil# i1 (IGBT: partial P collector,

diode: RFC 1)

BB GDETHHTy VX —I 3= a VREFRIEERREL, ZOBENMERED R A
T~ L7,

PRI DG TIEZ M L7z HV-IGBT T, ZE L7CIHERFFEE N E XA T v 7 7pm R

NMEZ R OMERE R EBLT 5, FWD (B L Cid, LNFLR #1078 FohE /) A O R 415
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B 1.2 BICTIRARIZ AN =88R D 4 DO ER T LICE LD DL L, LTDOXIITRD,
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o G MEREIR[6]: wide cell pitch CSTBT™(III)
o HWEREEM N 7 7 AR 3 B8 L OVE 4 F): partial P collector /LPT(II) n /3> 7 7 J&+CPL 8
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o f U HA—T —A[7]: NT A MIFHEE
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AIFFERER DT ZADRN TR T —H8KIE,  Si T O RAL(>200mm)iZ~ v F 7
L, Si®/AT—PERORHENREELY X2 AL RFTbd 5, 4%IE, ARUFEICTRE
T oNT —RMRE T 2T — V= A PMABAENTNT —= LY hr =7 ZDO TG
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OPENING AND A BOTTOM SURFACE
BEING ROUND
5508534 1995/2/7 1996/4/16 Trench GATE TYPE INSULATED Katsumi Nakamura, Tadaharu
GATE BIPOLAR TRANSISTOR Minato, Syuichi Tominaga,
Katsuomi Shiozawa
5578522 1995/11/30 | 1996/11/26 | SEMICONDUCTOR DEVICE AND Katsumi Nakamura, Tadaharu
METHOD OF FABRICATING SAME Minato, Syuichi Tominaga,
Katsuomi Shiozawa
5977570 1998/2/23 1999/11/2 | SEMICONDUCTOR DEVICE AND Tetsuo Takahashi, Katsumi
MANUFACTURING METHOD Nakamura, Tadaharu Minato,
THEREOF Masana Harada
6265735 1998/12/30 2001/7/24 | SEMICONDUCTOR DEVICE AND Tetsuo Takahashi, Katsumi
MANUFACTURING METHOD Nakamura, Tadaharu Minato,
THEREOF Masana Harada
6693310 2001/5/23 2004/2/17 | SEMICONDUCTOR DEVICE AND Tetsuo Takahashi, Katsumi
MANUFACTURING METHOD Nakamura, Tadaharu Minato,
THEREOF Masana Harada
6445012 2001/5/23 2002/9/3 SEMICONDUCTOR DEVICE AND Tetsuo Takahashi, Katsumi
MANUFACTURING METHOD Nakamura, Tadaharu Minato,
THEREOF Masana Harada
6867437 2002/8/20 2005/3/15 | SEMICONDUCTOR DEVICE Tetsuo Takahashi, Katsumi
Nakamura, Tadaharu Minato,
Masana Harada
6897493 2003/6/10 2005/5/24 | SEMICONDUCTOR DEVICE Tetsuo Takahashi, Katsumi
Nakamura, Tadaharu Minato,
Masana Harada
7253031 2004/11/2 2007/8/7 SEMICONDUCTOR DEVICE AND Tetsuo Takahashi, Katsumi
MANUFACTURING METHOD Nakamura, Tadaharu Minato,
THEREOF Masana Harada
5894149 1996/12/9 1999/4/13 SEMICONDUCTOR DEVICE HAVING | Akio Uenishi, Katsumi Nakamura

HIGH BREAKDOWN VOLTAGE AND
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METHOD OF MANUFACTURING THE

SAME

6111290

2000/2/24

2000/8/29

SEMICONDUCTOR DEVICE HAVING
HIGH BREAKDOWN VOLTAGE AND
METHOD OF MANUFACTURING THE

SAME

Akio Uenishi, Katsumi Nakamura

6218217

2000/7/18

2001/4/17

SEMICONDUCTOR DEVICE HAVING

HIGH BREAKDOWN VOLTAGE AND

METHOD OF MANUFACTURING THE

SAME

Akio Uenishi, Katsumi Nakamura

6538280

2001/6/8

2003/3/25

TRENCHED SEMICONDUCTIR

DEVICE NAD METHOD OF

FABRICATING THE SAME

Katsumi Nakamura

6661054

2000/8/14

2003/12/9

SEMOCONDUCTOR DEVICE AND

METHOD OF FABRICATING THE

SAME

Katsumi Nakamura

7052954

2003/8/29

2006/5/30

METHOD OF FABRICATING A MOS
STRUCTURE WITH TWO
CONDUCTIVE LAYERS ON THE

GATE ELECTRODE

Katsumi Nakamura

7910987

2005/11/7

2011/3/22

SEMICONDUCTOR DEVICE

Katsumi Nakamura

6847079

2002/5/22

2005/1/25

SEMICONDUCTOR DEVICE HAVING
A STACKED GATE INSULATED FILM
AND A GATE ELECTRODE AND
MANUFACTURING METHOD

THEREOF

Katsumi Nakamura

7229882

2004/12/7

2007/6/12

METHOD AND MANUFACTURING of
A FIELD EFFECT SEMICONDUCTOR
DEVICE HAVING A STACKED
GATE INSULATED FILM AND A

GATE ELECTRODE

Katsumi Nakamura

7180131

2004/12/7

2007/2/20

SEMICONDUCTOR DEVICE HAVING

A STACKED GATE INSULATED FILM

AND A GATE ELECTRODE AND

MANUFACTURING METHOD

THEREOF

Katsumi Nakamura
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6953968 2001/1/19 2005/10/11 | HIGH VOLTAGE WITHSTANDING Katsumi Nakamura, Shigeru
SEMICONDUCTOR DEVICE Kusunoki, Hideki Nakmaura
7115944 2005/8/16 2006/10/3 SEMICONDUCTOR DEVICE Katsumi Nakamura, Shigeru
Kusunoki, Hideki Nakmaura
6815767 2001/2/1 2004/11/9 | INSULATED GATE TRAOSISTOR Katsumi Nakamura, Shigeru
Kusunoki, Hideki Nakmaura
7250345 2004/11/1 2007/7/31 INSULATED GATE TRAOSISTOR Katsumi Nakamura, Shigeru
Kusunoki, Hideki Nakmaura
7560771 2004/11/1 2009/7/14 | INSULATED GATE TRAOSISTOR Katsumi Nakamura, Shigeru
Kusunoki, Hideki Nakmaura
8507945 2008/3/31 2013/8/13 | SEMICONDUCTOR DEVICE Katsumi Nakamura
INCLUDING AN INSULATED GATE
BIPOLAR TRANSISTOR (IGBT)
8829564 2013/7/8 2014/9/9 SEMICONDUCTOR DEVICE Katsumi Nakamura
INCLUDING IGBT
9035434 2010/3/3 2015/5/19 | SEMICONDUCTOR DEVICE HAVING Katsumi Nakamura
FIRST AND SECOND POTTIONS
WITH OPPOSITE CONDUCTIVITY
TYPE WHICH CONTACT AN
ELECTRODE
9786796 2015/4/16 2017/10/10 | SEMICONDUCTOR DEVICE HAVING Katsumi Nakamura
FIRST AND SECOND LAYERS WITH
OPPOSITE CONDUCTIVITY TYPE
8686469 2011/4/25 2014/4/1 SEMICONDUCTOR DEVICE Katsumi Nakamura
8698195 2011/12/19 2014/4/15 | SEMICONDUCTOR DEVICE Daisuke Oya, Katsumi Nakamura
9202936 2014/7/21 2015/12/1 SEMICONDUCTOR DEVICE Akito Nishii, Katsumi Nakamura
8598622 2011/12/13 2013/12/3 | SEMICONDUCTOR DEVICE Koji Sadamatsu, Ze Chen, Katsumi
Nakamura
9041051 2011/7/5 2015/5/26 SEMICONDUCTOR DEVICE Ze Chen, Katsumi Nakamura
9640643 2015/4/3 2017/5/2 SEMICONDUCTOR DEVICE Ze Chen, Katsumi Nakamura
9287391 2012/3/5 2016/3/15 | SEMICONDUCTOR DEVICE Ze Chen, Katsumi Nakamura
9735229 2016/1/8 2017/8/15 | SEMICONDUCTOR DEVICE Ze Chen, Katsumi Nakamura
9455148 2012/12/7 2016/9/27 | METHO FOR MANUFACTURING Fumihito Masuoka, Katsumi
SEMICONDUCTOR DEVICE Nakamura, Takao Kachi
10475663 2012,10,2 2019,11,12 | SEMICONDUCTOR DEVICE AND Katsumi Nakamura

METHO FOR MANUFACTURING
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SEMICONDUCTOR DEVICE

9508870 2012/4/13 2016/11/29 | DIODE Akito Nishii, Katsumi Nakamura

9385183 2012/12/6 2016/7/5 SEMICONDUCTOR DEVICE Ze Chen, Tsuyoshi Kawakami,

Katsumi Nakamura

9508792 2013/5/1 2016/11/29 | SEMICONDUCTOR DEVICE Tsuyoshi Kawakami, Ze Chen,
INCLUDING AN ELECTRIC FIELD AKkito Nishii, Fumihito Masuoka,
BUFFER LAYER AND METHOD FOR Katsumi Nakamura, Akihiko
MANUFACTURING SAME Furukawa, Yuji Murakami

9601639 2013/6/12 2017/3/21 | SEMICONDUCTOR DEVICE Fumihito Masuoka, Katsumi

Nakamura, Akito Nishii

10026832 2014/1/29 2018/7/17 | POWER SEMICONDUCTOR DEVICE Katsumi Nakamura

9941269 2014/1/29 2018/4/10 | POWER SEMICONDUCTOR DEVICE Katsumi Nakamura
INCLUDING WELL EXTENSION
REGION AND
FIELD-LIMITING RINGS

10290711 2015/1/27 2019/5/14 | SEMICONDUCTOR DEVICE Katsumi Nakamura

10665677 2018/12/11 2020/5/26 | SEMICONDUCTOR DEVICE Katsumi Nakamura

10176994 2015/3/13 2019/1/8 SEMICONDUCTOR DEVICE AND Kenji Suzuki, Atsushi Narazaki,
METHO OF MANUFACTURING THE Ryu Kamibaba, Yusuke Fukada,
SAME Katsumi Nakamura

10411093 2015/12/28 2019/9/10 | SEMICONDUCTOR DEVICE AND Katsumi Nakamura, Tatsuo Harada,
METHO FOR MANUFACTURING Noritsugu Nomura
SEMICONDUCTOR DEVICE

10026803 2017/8/1 2018/7/17 | SEMICONDUCTOR DEVICE, POWER Katsumi Nakamura
CONVERSION DEVICE, AND
METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICE

10263102 2018/2/16 2019/4/16 | SEMICONDUCTOR DEVICE AND Kenji Suzuki, Mitsuru Kaneda,
METHO OF MANUFACTURING THE Koichi Nishi, Katsumi Nakamura
SAME
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