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A Low Switching Loss 40 V LDMOS Transistor with Wide SOA and Low Specific On-Resistance
Jun-ichi Matsuda™, Jun-ya Kojima, Nobukazu Tsukiji, Masataka Kamiyama, Haruo Kobayashi

(Gunma University)

This paper describes a 0.18pum CMOS compatible low switching loss 40V LDMOS transistor with wide SOA

and low specific on-resistance for automotive applications. A conventional device having a dual RESURF

structure was improved with a grounded field plate to reduce the Miller capacitance. After optimizing impurity

profiles in the device, simulations verified that the proposed device has a low figure of merit (gate charge X

on-resistance) FOM =48.2 mQ nC which is about one-third that of the conventional device, a state-of-the-art

level characteristic of specific on-resistance RonA=40.9mQ-mm? at breakdown voltage BVps=62V, and no drain

current expansion for a drain voltage range Vps = 40V at the maximum gate voltage rating Vgs = 4 V, leading

to a wide SOA.

F—T— K MM BHIEBMO S, AL v TF U HEK, REEMEEK, GFEME, Ry ey U7, EREK
(LDMOS, Switching Loss, SOA, Reliability, Hot Carrier, Current Expansion)

1. [XLC®HIZ

LDMOS (Lateral Double Diffused MOS) 7> YA 4
AL v F o 7BROFETE LTRAEMAZT TR, &
FHHICH RS b Tng, MR, —ED/R SOA
(Safe Operating Area) &K ONEEHEIENER XN 5, JA SOA
25T, w7 — FEELADE FLA CEBETEET D
KL A B K (Current Expansion: CE)V #8125 %
Bhbs, £o. mEEEZELIIE. FLA losr—
NEGITEE CHAET DA X7 M A AMbE A TRy b
¥ U TMMEE BP0 ENS S, Fo, KEEELLT
T SA A DFEEE TN T D T2 DITARERE A ARPTU L DMK A
A FUTHEELRODOND, ENLIZHICT 572D, 30
~50 VEIET = 7 /L RESURF (Reduced Surface Field) ##%
D LDMOS 2ERESND, LrLaensb, ZOMHET
EAL v F U THRIEPKREL, TOBRKEGOTNA A
PEHE % £+ FOM (Figure of Merit) %+ 2&B T& T
. WETHILERH 720,

4AEl, 7 80~50 V #{E7 = 7L RESURF LDMOS ##
EERIZAA v T TREERBT 2 L5 ICd#EL, 20
FifEa o X 2 b—3 3 TR LTz, 2. TR & SRl
FRIOREEZBAN L, 3. CTEORER OB - BERME, 4
Mg AP, TV — Xy U EE, T LTFOM 8L, &

|2 4.T SOA ROV v h¥ v U Tt %224 5,
2. HEFERBILIZERIDMOS FSUTURAE

(2:1) HWXELDMOS F32TR4AE

0.35 pm CMOS 7’2 & & & ~— Z|Z L7735 LDMOS
b T VRAZ OWHEEZX 1@IRTOC, KU 7 kfEk
. oo p M ®iAZKE (PBL1 & PBL2) CTHENT
= 7 /L RESURF #2722 > T %, PBL1 1% — MAI K Y

Source

P-Sub. P-Sub.

Y, T Y Tsusd]

(2) #EkM LDMOS h 5> U2 4 (bHERE LDMOS k5 v U %

1 HERA EFREA LDMOS k7 v ¥ A X OWiEtEE

Fig. 1. Cross-sections of the conventional and
the proposed LDMOS transistors.
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BRI 1.6 MV/em BREEIC/R D, 7 — MBLIEOfkE
BRI 10MV/em LLETH D Z &b, Z OBEFRE T
FTHEL . T L— 2 Xy URRIC A — Mk~ A b
2D L nWEEZD,

(3-4) HHHAVERFMIL—VFV U EREE

5 (1R LDMOS > YA % D RonA—BVps ##

ME2HERA LDMOS k7 v P A X O K Ot Fé R S -4
UL~ UMC #oF —&© L g L CoRd, 288
LDMOS K72 & OFkEIX UMC o 0 &R L~u
WZHH, Tl hH D EF D,

(3'5) RAYFUITELXEEL FOM

6 ITHEEM LDMOS F P2 % (1 'A%y) DX —
VA VHIMICEIT S Ves &7 — BT Te OFFRIZE L E R
T, ZITE, TAAR L vCHR L, = b~ AR
500kQ %, Rl A U ~AfIHL 5 MQ % EiZ skt L,
RLA o ~DOUAEETE A 40V ICRE LIREET, 7 — M
FT~0VRH633VORTy FEEEZMMLIZ, K6 DI
ORI L&y Lz — NEM Qo & BALEAE N =0 I
PR L7277 — FEA QoA 1, 1.18 nC/mm? L 725, ZOff
ERnADEND AL v T TR EEDT-T A ADOVERE
%77 FOM (= RonA X Qc/A)IX, 48.2 mQ:nC &72%, Z
DB, kA LDMOS h 5 > P2 Z Dl (141 mQnC)®
IV UBBERI Lo TS, ZORTIL, HICITF—R&E
DR & 7 — b ~DOUEBED 5V 75 33V IIK T L2
Lick s,

4, EE

(4-1) CEIflIZ& BI5 SOA

CE M AL TV AH1EEM LDMOS M7 PV RAFZ D
e M REREIE Vas = 4VICBIT 5 Ins DR Z i~ 5,
LIRS LIy —AAOEE ntY — A &2 E
E Iss & pART o ZiiN D IEALER I 20T 5, Ips &

300 Ves=4V
£250
{200
n
F1s0 | Ios
E100 . — ¥
” lss
50 log *+1sus g,
0
0 10 20 30 40 50 60

Drain Voltage (V)

X7 %% LDMOS h7 v VAL D LA BT
(Ves=4V) (1 %&nL)
Fig. 7. Drain current components of the
proposed LDMOS transistor biased at Vas=4V
(one cell).

3.6



oumm-=—
N w
[0} =}
T

Vs (V)

S
[t =}
N

=
=]

©
w

o
S)

TWS <OTaD O—FSHSUm
3
I

0 10 20 30 40 50 60
Drain Voltage (V)

8 MEMILDMOS hT VAL D KA BIEICHT
% Bt MOSFET @ R Lo BIERAFE
Fig. 8. The dependence of the drain voltage
for the intrinsic MOSFET on the drain voltage
for the proposed LDMOS transistor.

Saturation
Linear Region Region

< >,

180

160 o Vs =4V
)\140 Solid Line: Simulation
Broken Line: Analytical Model
FlZO 3
n
Emo F

st
e |
u

€40 |
20

o

10 20 30 40 50 60
Drain Voltage (V)

9 #HEMILDMOS F TV VRED Y —AEHDO KA
VBIERAEME (Vas=4V)
Fig. 9. The drain voltage dependence of the
source current for the proposed LDMOS
transistor biased at Vas=4V.

FEMOR T HieAL D IEALEE R Isus i3, Iss 12 & 0 FEM R TRAE
THANRT A FAMITERT D, Ios iE, Iss. Iz, K&
W Isup DA B2 5, K TI22h s OENMS (1L
43) O Vps lFMEZ7RT, (L, EFLERBDIE. &
Tlep+Isup TE L TH D, Vbs =40V OElk Tid, Ins &
Iss IXIFIE—FK L. Vps DR & HITHEDNT EH-9 5 fafuks
HERLTWDM, Vps > 40V OfEEClE, Ins 23 Iss LV
B ER L CEBRLERI LTS, 20 Ips D EFIT,
Ies + IsuB O _EHD Issi2Mbo7fERTH Y . EALBERD
HRICERLCWD, E7-, Issid Vbs =52V £ TLAKL,
FFEEfAFN4 DM 2R LT %, CEBIG 2 fif 9 51213 Iss
WRORREZFTRDUEN D D,

Je9. Vps = 52V OfEIICIIT D Iss DR DA % 3

D, K 8ICHRER LDMOS T YV AX D R A VEE
Vs (Z%4 2 EM: MOSFET @ K LA EEFE Vos,int fErEE:
7, Vas=4V O4 Vpsinrid Vps = 40V OFEIK T
Vps DR & Ricfafnd 2wz H 5725, Vps > 40V OfF
WCTERICEE U D, 2O Vosine DT, A7 v A
AMET K RY 7 MEEBNO R U 7B L, £ O
WOEFMET T2 Z L ICERT D, 2D Vpsinr & N T
LUF o MOSFET O#EEIEREIR OB RO T Iss & A D
%5

a
ls =K p‘:(VGS -Vi )VDS,INT _2VD28,INTi‘ -------- (1)

ZZTK T pIRECH VLT TR IND,
W
Kp :,UCOXT ................................................ (2)

ZZT, pnidBEE, Cox | THM MMM 0F — ME{LIK
KE. W IIF ¥ 2UE, L IZF¥xLETHD, £/, a
UL FTREIND,

ZIT, yIEUTTREINDERAA T ZRETH D,

V29esN, (4)

O, s

ZIT, qEFEME, esl3v ) arOFEE, Naldp A
T A ORMIRIETH D, Elo, ¢olFLAFTRSN D,

ZIT. ¢rEp AT A DT =2V IEM, AnZTEELETH
5, (1) Rz, K8MHHEHN 5 Vps=20V T Vps,INT,
ThHEBND Vps =20V TD Iss, £ LT VelZiMEL
ZUVMEEL 1.06V ZA LT Ky 2Rk D, Ky & ZDOfHEIC
EE L., Iss D VpsiNnt I&FNEE X 8 725 Vps IRAFIEICHUEA
LT 0V = Vps = 52V Ol TROM 9 ([T THT, =
ZC, Cox=2.83X10"7 Flem2, Na=4X107cecm 3& L C
FHE L, 20X L TRDZIssiEy I 21— a T
FBohizls & I<—H LTS, 2O b, ZOHM
O Iss DRI, BB CEIEL TV % E M MOSFET 0
Vosint O EFITEER L TWbH EE 25,
Vps > 52V OFEBICI T 5 Iss DHERDFER 22,

VT A 7IC K DA EE Vet (1) T dlss/Vpsinr= 0
MNHLU T TERIND,

InERDDHE, Vp=18VIZ725, Vpsint=VpD & =
AD VpslZK 755 54 VThH Y, Z D Vps OEFTTIE Iss
WEBEICBIRIEIRIC Ao Tnd (RT7T3R), LT, Z
O OfAFEPEX, Vps = 52V TOX ¥ U 7 OdE A
WKL, Vps > B2V Tl pld—EL ARAaEsbpLEX

4.6



Drift Drain

Gate[” GFP N

I

Ves=4V y=5nm

400

w
o
o

N
o
o

[N
o
o

TDO—+0 T 2 SCVX'TgTIOOS

o

0 500 1000 1500 2000 2500 3000 3500 4000
Distance (nm)

10 #EHLDMOS h 7 v P AZOEMIZIN-T-xT7
MERT 0T 7 A ND R LA CEEERFE (Vas=4V)
Fig. 10. The drain voltage dependence of the
electric field profiles in the x-direction along
the surface for the proposed LDMOS transistor
biased at Vgs=4V.

HiLd, (1) UTEBWT Vpginr=52V & L, X275 Vbpg
IR L2 Ve OIR T2 EE L, LICF v rVELERDEE
BUOAATRHET D &, Tss K 9 O (Vps > 52 V)
W75, Iy I ab—varoEonitls s k< —%%
LTHEY, ZoMEKEsy Y 7 OFERFIC K 2 B
MOSFET ofafifittz £ L Tnb 525,

k50 Iss OFFMEZ FIZ CE OMFHNZ & 515 SOA % HEfkd
LHEEERT S, CEORAER, R 7 MEKEZTNLSE

Drift _Drain
Gate | i’

GFP

Ves=2V y=5nm

MO0 TS Z SCYX'gOTOS
N 3
o
o
T

0 500 1000 1500 2000 2500 3000 3500 4000
Distance (nm)

11 #BERLDMOS b7 U VAXORMEIZIR-T-x F
HWER T2 7 7 A VD KA CEEKRTEE Ves=2V)
Fig. 11. The drain voltage dependence of the
electric field profiles in the x-direction along
the surface for the proposed LDMOS transistor
biased at Vgs=2V.

TEBHEEN L L, BTHBEN KD 7 MERO ke
DETHEE (FMRE) 2825 L, Kirk IROI2L b
EHRIRE OANEITS 7 — MU R Y 7 RS R LA
RY 7 M~BEHLO, KL A VEY TA 37 b A ik
DPEFEI 2D Z EICREET 50, K10 12#222% LDMOS h
FUVAFOREIR T x FAER Ex 7277 A4 L0
Vos it %279, 7 — MAI KU 7 Ml Cit Ex i Vps < 20
V OFEI T Vps & 4RI R LTV A2, 20V = Vpg < 48V
ORI T OB K TIH S Tnd, 2k, PBL1ICk D
jfk X472 RESURF ICEKNT 5, —J7, KL/ fAlRY 7
R Tl Kirk 211250 Vps=40V T, Ex OB — 7 %
Nh, TOE—2 13 Vps DR L 22 EH L, CE
ZHIEEIT, 2O CEBXRETDHEZAD Vps < L
T SOA I % [T 5 121E. Vas & Vps O WO EIR T
B THD Iss & EH-SHER, AV BRI S Iss 1
Vos,int (ZHEAFT D728, Vps DEEKIZHE S Vpsint D _EH-%
5 2 ENEETH S, PBLLITHFROWML 7— Ml K
U 7 MiifEl v © RESURF Zifi{k LTk v | Z 4132 Ol
WCHESIThDHEEZD, Fiz, SOA FEIBLOILEIZIE, RV
7 MEBOTHIRE 2 m < LTIsIC L B BFEENTH
EHBADLEVMEEAELTHZLLEETH D, ZhITiX
NDL3 OEANFTH D EEZ DN, TR OB
& BVps I8 TD M L— AT &2 E[E L CRMWIIEE & &
T2 ERH 5,

(4-2) Ry kv 7

LDMOS TiE& v by U 712 X 8L IE, Vas 21K
< (Vas DR REMEBIED 1/2 FLEE) FRE LI-RHE TR
MOSFET % fafn@h/E &€ T 55412 DAHC (Drain
Avalanche Hot Carriers)IZ L0 K& < 22 HEMICH D, L
725, Vas =2V BT 2 EM: MOSFET O#{EIRIES
FD, Vas=2VIZBITF 5 EM MOSFET @ Ve (= Vpsint)
X (6) X225 0.6V ThD, K8ITIE Vas=2V DIFED

500

Vgs=2V

Electric Field in Minus X-Direction

0 10 20 30 40 50 60
Drian Voltage (V)

12 [X 11 ® x=1000nm (ZE} 5 x FRERD K LA
BRI
Fig. 12. The drain voltage dependence of the
electric field in the x-direction at x=1000nm in
Fig. 11.

56



JaN Surface

+5.000000¢+000
+4.650000e-+000

Il +4-300000e+000

[l -3.950000€+000

[l -3.500000e-+000

+3.250000e-+000

+2.900000¢+000

[ +2:550000e+000

+2.200000e+000

+1.850000e-+000

Vps=40V, V=2V +1.5000006+000

[HOLE_CURRENT_DENSITY[A/cm2]_mag (log)]

13 #2477 LDMOS k7 > ¥ A ¥ O IEALTE T E A0
(Vps=40V, Vgs =2 V)
Fig. 13. The distribution of the hole current
density for the proposed LDMOS transistor
biased at Vps=40 V and Vgs =2 V.

Vos,nt— Vs FHE L R L TH D, ZnD, Vpsint=0.6V
IZBIT5 Vpsi 1.9V Th b, K3icLHE, Ves=2V T
&:IVDS - 2V NEFNEE & R7e8 D, LIz -> T Vas=2V
B D Ins OfaFofstEix, B MOSFET OB F 4 712

tlbfwék Z. 7= MURY 7 MEE O OEERN
B MOSFET O v b v U Tt EELY 52 5,
H11’%%ﬁHDMDSh?>@%z&@V%=2vr£j
LEREICH -T2 Bx 707 7 A VD Vos IFEHEERT, Ex
137 — FM U 7 RS (x = 1000nm) CTE— 9%%%
Vps DR I ERF 208, Zidfafd 2 Emic
(E12%£%L:ﬁﬂ\¢~b%FU7b%ED®$ﬁ
MAPBL1IC &Y b &7z RESURF TR E N7 Th
%, PBL1 @72 R U 7 MEETIE, 77— MR Y 7 b ii)E
D CREBREBEROE—7 2F20, Liz3->7T, PBL1 ZFf
5 27/ RESURF & Tk, #— MU R YU 7 MgE v o
Ex % Vps THIKTE, 4237 A A bZMACTE
P MOSFET D78 > b v U Tt %15 5 rleetkEn & 5,
£z, K11 TiE, x= %m~wmmm®ﬁl Exlit—
7 EFL, VpsOEKEHIZER LTS, Zor—71%
GFP 3% % O PBL2 5 D EREPITER T 5, ZOEFTO Ex
ERICEVRET DA T M A F AR T A AR
EDO X ITHET L HENT 5, K 18 12 Vps=40V 5>
Vas =2V IZBWTA v 37 Mo A AR L 0 R4 LT IEAL
B AT & T, IEFLEIEEIX GFP 5fE » oKD
BN (KU 7 NE) OWNEETREL 2> TW0D 70
ZFITRATIHZFALX— - ¥ U T HNEmICHEL 5
T NA AR B RIE T ATREME TR . Z OfET
Ex¥EL 725 Z LIV EE X D,

5. F&H

22 40 V E)fE LDMOS 7 v Y2 & %, ds g m
WCHE LB AE S E Y I 2L —a VIR VR T
Ely 74—V R L= EEMTHZEICEID AL Y
F 7K EET FOM 28 (kA 1/3) TE, R
7 B ORI % 7 D CTii{k L 727 = 7L RESURF
WEIC L 0 L SOA BN bnt, @Ay My U Ttk
EEDAREMENSH D Z L bR Lz, BT, FEA AKPo
AL S AL, B L~ L DR IR T L — 7 F
VEEDOREEE 72,

HiEE

AWFFETRHWIEZT AL A« I ab—H X, 7 K2R
V7 MMEND fﬂ"ﬁﬁ SHTHEHWTWALOTHY, 7 KA
AV 7 MECHEHP L ET S, b, 2Oy 121 —2%
Eﬁﬁ%%%&kﬂ%ﬁmmﬂﬁﬁw%m%xff
(A-STEP 7'u /T L) 7 RARVAY 7 METHRE SN
HLDOTHD,

X [

(1) S. Poli, S. Reggiani, R. K. Sharma, M. Denison, E. Gnani, A.
Gnudi, and G. Baccarani : “Optimization and Analysis of the
Dual n/p-LDMOS Device”, IEEE Trans. Electron Devices, Vol.
59, No. 3, pp. 745-753 (2012).

(2) RAHNE—, L, SEfhFn, AR [EE#ME Nch-LDMOS
DRE], EBEXF2MRASGR, ET7 /5 A EEEHNESR &
[R5t 43, EDD-15-066, SPC-15-148, pp. 11-16 (2015).

(3) J. Kojima J. Matsuda, M. Kamiyama, N. Tsukiji, and H.
Kobayashi : "Optimization and Analysis of High Reliability
30-50V Dual RESURF LDMOS", in Proc. ICSICT, Hangzhou,
China, $25-3 (2016).

(4) P. L. Hower, J. Lin, and S. Merchant : “Snapback and Safe
Operating Area of LDMOS Transistors”, Technical Digest of
International Electron Devices Meeting, IEDM’99, pp. 193-196
(1999).

(5) W&, KHHEK, FFESR, KK [Ff 2 Ialb—vs
VI, TRRVARYIab—vay (T RAVAY T MEREH) |,
Vol. 21, pp. 39-69 (2015).

(6) H.-L. Liu, Z.-W. Jhou, S.-T. Huang, S.-W. Lin, K.-F. Lin, C.-T.
Lee, and C.-C. Wang : “A Novel High-Voltage LDMOS with
Shielding Contact Structure for HCI SOA Enhancement”, 29th
International Symposium on International Power Semiconductor
Devices & IC's (ISPSD), pp.311-314 (2017).

(7) Y. Tsividis and C. McAndrew : “Chapter 4 in Operation and
Modeling of the MOS Transistor Third Edition”, Oxford
University Press, New York (2011).

(8) C. T Kirk : “A Theory of Transistor Cutoff Frequency (ft) Falloff
and High Current Densities”, IRE Transactions on Electron
Devices, Vol. 9, No. 2, pp.164-174 (1962).

(9) H. C. Poon, H. K. Gummel, and D. L. Scharfetter : “High
Injection in Epitaxial Transistors”, IEEE Transactions on
Electron Devices, Vol.16, No.5 pp.455-457 (1969).

6.6



