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Discussion of High Frequency Oscillation on Power PiN Diode
Keiichiro Kawakami*(Kyushu Inst. of Tech.), Masanori Tsukuda (Kyushu Inst. of Tech., The Int’1 Centre for
the Study of East Asian dev) , Kenichi Takahama, Ichiro Omura (Kyushu Inst. of Tech.)

Avalanche induced oscillation phenomena during reverse recovery of power PiN diodes are investigated for
the purpose of “Design for EMI”. The oscillation phenomena are the major barrier to improve power diode
performance since the oscillation can cause serious EMI, affecting power electronics system reliability. The
mechanism of the oscillation is precisely modelled under various diode structures and current ranges. The result
will contribute to the design methodology to attain stable yet high performance diodes and power electronics

systems.

F—D—F PINK A A— K, WEE, BEERD, 770 v =88% vIal—var, Ak
(PiN Diode, Reverse Recovery, High Frequency Oscillation, Avalanche, Simulation, Frequency)

% EMI (Electro Magnetic Interference) 734 U097\, ‘,%“
W PIN & A A— NI EHE R LIRIRE) & &8 R E) 3 %8

1 FapmE L JRHIEOBRG A ST LI A Z ERERS L
' Rotr, BMaITVI a2 b — g VOISR S ¥ A 4 —
Si-PiN & A A — RO BGRAZRRAERRIX, ®PERE & Wb R 1 JBIE & i [B118 i B 3 2 IREY R E D & 7L
NBTA RN RE v v 7FHEK SiC 20z a v b ¥ fEiCEEh Lz,
— YT A F— FOBROVERE & LT H 2413 O
@@ﬂﬁb\fﬁé?f ]‘/Tb\é Si-PiN diode (Analytical / TCAD)
AWFFE T PIN & A 4 — NOMWREZ [RAEEEISE ST 5 \ SiC-SBD (Analytical model)
Tdis, ERODFDREEA L H 7 2 ALY EIER . E\ 7 ! ! ;
- = 1] i = 3 i) - — - E ' d : : !
_énémmﬁﬁﬁﬁk%QKDuﬁé_a%mb\_w £ % SPIN diode as shown in Fig. 2
TREh B G 2 B AT - BT MbEAT 572, a;?ﬁ I :
[¥ 1 (C SiC-SBD o, Si-PiN 44 4+— RO §%m --------------------- ﬁ ---------- %~~mwmwmmmm
HRY > S 2 L—v s URERERT, SIPIN &4 4 — NiE i I < oo 0um,

_ . . . & k!
i@%@<¢hismst®ﬁ%:Ld<’kﬁb#of 25 , e ?mﬁgﬁggg?
Vo, 7. B A A — R T R © =201 SCSBD K

3 o (Data sheet) ":.
N ; 3
[=]

S .

hT7 (K2 BR), Z0RE0EE SiPIN Z4 4— Kok ] L

R 1L AR B A0 K & 725 & 72> T B, ° oes 10 152025 30
BIEWIRSEIT AT = BRICRET S - & 2BV Forward Voltage Drop [V]

T, DFEVHOENTWARY, &R, AT NT v =il X 1 SiC-SBD. Si-PiN # A 4 — FoOHiHh#
DA IEE A T 5720 TCAD a2 b—3v g v Fig. 1. Theoretical limit of SiC-SBD, Si-PiNdiode.

IR 2 HWTZH LORHE IR 2R R Lz, o3
BB L0 SRR ORRE, 1 8 ORS00 ml 7 i

175



2. EMI OfxE

Bl PIN &4 A — FHEIT i BROZEMEMN 2D 72T
DIOITHMO | JEREE RO, 1E42#<$52 & TPIN
XA A — OGN 2R ERTICEST A ENTED
23, EMI OJRRA & 72 5 & A IR DS R AT D 7o OIS REE &
mESERZENTER,

312X 1 & FAEED 40um,70pm,80pm,90um,100um & i
JEEZZEZ CHEE I EEHGEDOYIab—va VERE
Y, ERERE. NEA MR, WEEER O di/de % LR
FEI3ZFNF3 300V, 300A/cm2, 800A/cm? s, EIETH 5,
ZORER, WD H 44— KoMiEm Looic, R
UK T DHA A — RREEARA b &7 D Z &AM
VAESY i

LTI ab—a Lo T PIN #A A4 — Roifia
IFIZ 2 FEO BRI HER SN TN A0N0D [ 2 13
Ralb—va il LSRRI 2 IRENEE T B,
1 DIFHEHRBZIC L D IRBOO, $ 5 12EFT7 "7 =
BRGIZ X B EBERIEE THh 500D LRIEEIT, i @h5
¥v U7 ARmEHEINRICKEBROFMEL (did) 5
FAETHIEDIHER I SNDIBRT, EEEMEIT 572
DOFHEER ZNFE TIZWNL ONMER I TN EHO~@,

ZUCH L TT AT v o BRI X A IRENTHIRIC L D
BE LRI R IBEFRETHY . GRABEROT T v
¥ B A F— ROEEI WO~ 354 PIN 21 4 — KD
WEEHEEZ R ESED ETZOT AT v il X BHIRH
DRERIEICR > TE DT, £ < ORI #H
EINTETWD, FIZIE, 7TRT7 ol X bR EEERE
2 il 2 7= DI E IR PAYE & REE N AE oRIIcE
BENABZESU — XA 7 PIN XA 4+ — FBRRESN
T3, £ Z0ORBBBITIELS T4 7 XA LHIEEHT &
LTHWLRTWAANT T A 7'a b LCETRRS
NENTEUDIEBMEBEEL TS E W HEL HHW

~(13),

3. BRAKIKRE (EM) OfEfAE

Z O TIXHEE RO & B IR E 2 BRI E T S 2
& CHAERIIENG, MR x R TTIR X DR S S EHRAE A
T HEERENT B,

WEEREREBOPLKDYETYIalb—TarT5
FEIZRAT, A 720X ¥ /30 & 2 HOFITERIR
DI E WM FiEEz WS (K4),

R IRENEA &7 2 P RIEER Z REFT 572012
FHAET D, ZOFETITERE AT U7 BB A # 5
RO E Z L, BEIOEHEHZ I 21— a T
L7 CHRIEROREEE &R UK E2E5 2 &N TE
TW5 (ka2 ), TCAD ¥ 2 = L— 3 VERE 2210
AEHE L. BRI K 0 WEIER ORIE AR TE B
720, L OEMEEZ VI 2 b —va VERREIZT S,

Reverse recovery current
density (A/cm?2)

100

o

i-layer thickness=40pum

N
o
o

Avalanche induced
voltage oscillation

2 PIN XA A — FOWMEIERIZ R &5 ETRE) O )
Fig. 2.

waveforms during reverse recovery of PiN diode.

L,-C, resonant
oscillation

Typical example of oscillation

-400

-800

(A) obeyjon asionay

Forward Reverse
voltage recovery

Reverse
recovery

Reverse recovery
waveform

(drop) loss

py
[}
p N 5@ 100 3
' ¥ 8%‘? 0 0 g
1 [] 1.85V 11.7uC 2.44mJ 25§ \\4/ s
$EZ -100 500 &
$5 -200 Gy 10003
¥ s/dIv 3
py
fa ®
g2 100 s
§5€ 0 ANA o g

= 7/
1.71V 2.19m) ¢=3 100 N s
il
[ 50ns/div 099 2
py
Pl ®
g2 100 3
e @
egE O 0o°
1.50V 197m) o= (V\ s
ggv-mo £Y-¥ 500 g
&33 -200 1000 %

300 1500
Py
S 2
g2 g
Sco "]
e3E A 0 2
1.47V 1.89mJ Q.Eg s
2s<- f VY 5005
1500

py
) o
g2 100 5 &
=t g
o9 = 0 H 0®
113V 67uC 1.64mJ =3 \N s
. T . g@i 100 N ALY 500 &
g3 200 1000%
4 sonsidiv. S

Simulated reverse recovery waveforms of

diodes with different i-layer thickness.

3 PINYAA—FDiBEL Y VANV EEOLE(L

2/5



M

i-layer

.

S,
4 S IRE AT 0 Bl
Fig. 4. Circuit for analysis of high frequency

oscillation

4. REEEOETILIE

TNT oy 2 BB L D ELERE ORI 5 (Ird
E97% 7 aR YOO LS REFHRRIEEZ L TEBD ., RMIZ
BIEMME T L2 RICREC M EBIE LR 2800 & Ak 723

T ITND, EIEE IR BB & AN BRI

THRLTWD, JKEE (af) IZBEELEERICT NT
VaBBICEDMENEL Y, XA A — FOBERRITG
CleXxx U7 if@opicEEansd (c A, BENRAM
AR 9 2 IR D e RN FEVRES 1 3B GC 1600A/cm? &
B, TARAT UV zBRIZE DX Y U T OREDDRE
BIMEE L EMNBERIZS U TE (}lLff.rﬁ‘m 72D, 2%
BIERE T 0%, dvdt DIEE D/ NS OVRRHIZERES v U 74 i
EBhrofmEtiang, iBANLA T@*JFE%% U7 A&
Hanz b (dA)., ddt 3 RE B LHRIEBRIZ XL -
THUOEAREDNEEIND (e &),

L= o TIREERBIIRDO L5 ICET kT 5, &
WMAREBEEETEZROT AT oy = BRI L0 RAET HER
Xy )7 BRIIBARRBICE A ODNTI B b [ZFE LV, T
Tk Bl XN TNV Y a L OFERE VU a UkERN
TNG oy =BG kR L LBNERTH D, dvdt /S <
ERIDRECD RS ITER— Y Yy UV T 2R E IR cH Y
eEuit/] TREND, T JITBEREH OMEEE
ETHD, ddt &L ) BELROERNBKELS 25 L
ERLEFE DDA, T DWETEOHIR & eEerid TR I D,

DI EERE T DRI N e 12D B35 & | 1R
%J 1EMNT 26 Eeid & 725 O TREERITN (1) ok
rREIND,

B e, (1)
2-&-Eyit

Z ORUTIREN AR I IR B O Wi BRI B L, ftho
SRR I NN LEARLT WD,

AT CHox DER LI Fika v, EIEEED
TNRTG vz BRICLDIREEEBAFELSBE L, 18
JERRIR D 5 RO X A A — NI\ Cfi a8 i FE A3
10A/cm? 7>% 10000A/cm?2 ¥ CELL7ZHADY I 2 b—
va kR EZK 61287, 100 Alem? 55 1000A/cm? £ T
@ﬁﬂ?ﬁﬁtﬁ@%thfﬁén PRE JEE D 1 ]
BEREOIRBIEEHIFE T D LR TE L, £
:@%%m;%@%ﬁ@wlgg FEAERBINNT
EHRLTND

-1000

500

Reverse voltage
V)

Cond/uction current

2000

[Eny
o
o
o

-1000

-2000 ,///)T

Displacement current

Current density at P-i-
layer junction (A/cm?)
o

5ns/div

(a) Waveforms of voltage, conduction current and

displacement current.

Anode Cathode Anode Cathode
side side side side
3x10°
1.5x10%
Vicm Jom3 . _
a | Electric Field Carrier density

0 Vicm 0/cm3

Electron

-------------
Q

ole

0 10 20 30 40
i-layer position [um]

0 10 20 30 40
i-layer position [um]

(b) Electric field and carrier density distribution in i-layer.

M5 ERFEICE DRI L. 1A OESR -
v VT Ak
Fig. 5. Waveforms and conditions in i-layer in a cycle

of avalanche induced oscillation by TCAD simulation.

WEEETERE A 1000A/cm2 PL EDYAE, £ ToOX A 4
— FOREEWENEFIL TV D, I OKREREEHELKT
Ro s U IREN R A fhl LT 7 1239, fafn
L7 IREE AT v U 7 BFEHE vear (~107cm/s) % 18
JECRRE Lo fElceaic—% LIROXTcRI N L0,

35



1000V 1000V

ov

10

Oscillation frequency (GHz)
[

©
[

10 100 1000 10000

Reverse current density J (A/cm?)
6 AHPHICEREE S I EEAA ST IalL—
a v EENTE T V0 D OIRENE 5K
Fig. 6. Simulated oscillation frequencies by
wide ranges of current densities and i-layer

thicknesses.

=
o

]
...... L
] |

' ' e
PSRRI A T )

] [

|

1

'

—

11 i@y} 5000A/CM? b

|
1
' .
e B G A e Sy e Iy

[EY
]
]

o
=

Saturation frequency f,, under
high current density (GHz)

10 100 1000
i-layer thickness W, (um)
7 AN I 2 AR E) A
Fig. 7. Maximum oscillation frequency under high
current density.

N
5. HEI:EHH

Si-PiN A A — R OBGRN 72 RAEREIL SiC-SBD DB
ROMERBITIEV, @i PIN & A A — R OW[EHE R 5= 8
&# (EMD 28AET L7290, @EEIRE OB 217572,
WREY & RT3 2 DITIE OfENT S I 2 b—a U E W,
i JE AR B D JE R D T AT LT,

FHLITRBNCET 5 2 2 L—3 g VIR O &R & S50
FEDOHRIER L 7D, BIRIRE AW oirk a4
L7z, Yalb—va UERNOIRTIFEEZ O L, JAH
PO 1 BE L BRBEICRBO RS ERE 2T VLT 5
ZEMWTER,

At WIS 2 - S92 PIN 44 4 — KOBERI 72
FRAPERRICE ST 27201I2iE, TNETOLER LIZHD
i HEOWALLIA DO FERLTELE S5,

1. ERRICELDVIalL—IarnEEM

3 TN X 5T, BIIRIC X Y B EN 2 e
BIRORDVICHND FECBONTH T AT v = BARIC
L AEEREEB ORI EZHB TE 5, ZLEEZHRT D20,
ERETIC L 2 EBIEES 2 W BIE RO B E R & ik L
7o ZTORER, X 8 ITRT L D ICEBE N, EiE, £ L
TR —B L, ZOHFEOZLENREINT,

FIWRTAARENINA ST M ERCT A 7 ¥ A AR E
SNV H, BEREEZHWZHECRE2EE ST 2
ENARETH S, X9 L 10 IXENENIES MERE 7 A
T XA LD EEZ T 5E OHEIEROREIIKE Th 5,
B 8 &IRFRICIRBNE B, RIS, & L CEEMTE L
TW5,

0 SR~
s s e 7
< 200
g )
£ -400 J =300A/cm?, 7=10ps ”%\
> Il Il Il N
g o \ \ \
14
o
e 800 Constant reverse current, 7=10us
& 1000 % ‘ ‘ ‘ ‘
-1200
1ns/div
(a) Voltage waveforms
<
g [ —
< 1 1 1 1
%‘ -90 Constant reverse current, 7=10ps
L
< -100 e —
o
5
o -110 Je=300A/cm?, 7=10ps
[2]
& -120 [ [
14 1ns/div

(b) Current waveforms
8 IR & WIEITE RF O IR TE 2 L
Fig. 8. The proposed method with constant
reverse current successfully reproduces voltage

oscillations during reverse recovery.

4.5



0 SR —

<) T — .
00 RN !r
[ .
£ .a00 ,y > >\ 'I
g N\
> -600 , J¢=300A/cm2, r=10ps > "l
4 I I N
g -800
H J. =600A/cm2, 7=10us N
[7) F s
& 1000 \J ‘ ‘ \\J

-1200

1ns/div
(a) Voltage waveforms

E
S -80
g ! ! !
%\ 90 J.=600A/cm?, 7=10us
=4
3 i 4 g
£ -100 ==
s
§ -110 J¢=300A/cm?, 7=10s
"
g 1 \ \ \
"4 1ns/div

(b) Current waveforms
9 TNT v BIRIC K HIREIEE E g
(g7 i 2 284 S T2 56
Fig. 9. Simulated one cycle of oscillation

waveforms by different forward currents.The two

waveforms are identical.

0 T =
< 200 , - i I
o N, !
£ -400 ’ =N i I
o -600 ’ J=300A/cm?, r=10ps — N , I
g -800 : : 2 N
€ 1000 N J,=300A/cm?, 7=1ps N
-1200 | | |
1ns/div
(a) Voltage waveforms
5 80 w ‘ :
< J:=300A/cm?, 7=1ps
2 ——
g %0 —
@ ST~ L —
© b — T =, ="
g 100 I —
5
o -110 Jr =300A/cm?, 7=10ps
7]
L R — |
14 1ns/div

(b) Current waveforms
10 7F v = BRI X DIRENEOY & LLig
(TA 724 reZ{bSE5GE)
Fig. 10.

waveforms by different carrier lifetimes. The

Simulated one cycle of oscillation

waveforms are substantially identical.

X R

(1)

(2)

(3)

A.Mishima, S.Kimura, M.Mori, and H.Kozaka: “Analysis of Diode
Recovery Phenomena using Transient Analysis Method for
Semiconductor Devices Coupled with External Circuit”,
proceedings of the ISPSD’95, pp.396-399 (1995)

M.Rahimo, A.Kopta, S.Eicher, U.Schlapbach, S.Linder
“Switching-Self-Clamping-Mode “SSCM”, a breakthrough in SOA
performance for high voltage IGBTs and Diodes™
proceedings of the ISPSD’04, pp.437-440 (2004)
F.Hille, M.Bassler, H.Schulze, E.Falck, H.P.Felsl, A.Schieber,
and A.Mauder, “1200V Emcon4 freewheeling diode — a soft
alternative”, proceedings of the ISPSD’07.pp.109-112 (2007)

’

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

M.Tsukuda, H.Ninomiya and M.Yamaguchi,
“Dynamic Punch-Through Design of High-Voltage Diode for
Suppression of Waveform Oscillation and Switching Loss”,
proceedings of the ISPSD’09, pp.128-131 (2009)

K. T. Kaschani and R. Sittig “How to avoid TRAPATT
Oscillations at the Reverse recovery of Power Diodes”,
proceedings of the SMICND 1995, pp. 571-574 (1995)

K. Mayaram, C. Hu and D. O. Pederson, “Oscillations during
inductive turn-off in rectifiers”, proceedings of the Solid- State
Electronics 43 (1999) pp. 677-681 (1999)

B. Gutsmann, P. Mourick and D. Silber, “Plasma extraction

Y.Sakiyama,

transit time oscillations in bipolar power devices®, proceedings of
the Solid-State Electronics 46 (2002), pp133-138 (2002)

P.Rose, D.Silber, A.Porst and F. Pfirsch, “Investigations on the
Stability of Dynamic Avalanche in IGBTS”, proceedings of the
ISPSD’02, pp.165-168 (2002)

S.Milady, D.Silber, F.-J.Niedernostheide, H.P.Felsl, “Different
type of avalanche-induced moving current filaments under the
influence of doping inhomogeneities”, Microelectronics Journal
39 (2008), pp.857-867 (2008)

R. Siemieniec, J. Lutz and R. Herzer, “Analysis of Dynamic
Impatt Oscillations caused by Radiation Induced Deep Centers”,
proceedings of the ISPSD 2003, pp. 283-286 (2003)

T. Misumi, S.Nakagaki, M. Yamaguchi, K. Sugiyama, F.
Hirahara and K. Nishiwaki, “Analysis of Dynamic Avalanche
Phenomenon of PiN Diode Using He Ion Irradiation”,
proceedings of the ISPSD 2006, pp. 1-4 (2006)

K. Takahama and I. Omura, “Numerical study on very high
speed silicon PiN diode possibility for power ICs in comparison
with SiC-SBD,” proceedings of the ISPSD’10, pp.119-122 (2010)

5/5



