#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 15 (2026) 150708

R N B B A IR AU S5 R
BT TR WAL S R ALIEH
AVEH G AR EAT O BKOR

(PR, IS SR A 2 E BT S0 s, S 611731)
(2026 4F 1 A 22 HY#; 2026 4E 3 A 27 HUEMEHH)

WESE T —Fh 20 V fiE HEA 1] XU 104 AR AR > T AR 3 800 A8 AE FAAR I T ARIONE T IR AR LB, £
T BA LI 0 3R A (hot-carrier injection, HOT) 4544 LA 5w 5 244 7] SE0k . FLIGMA T A8 I8
DR 5, B FEBH R RS X2 10 L 30 P 3 R W6 ke B Jey 1S o il 48 b R AR Pl R O AL 2, A R
il H1 2 B HGR AL X T A SCHE T IR IR 2 2F HE4T A b HOT B AR, A [ 7 25 1 F $4 aB fe AL A
A, Ik Ve T, A2 RS SR AR A AL 2 R B 7 A LR S BGR L, & Vs T, $ES /2 i
S UE . BB Y IR R PR AW, RS (N ) SR BN mad AT A
D5 LA, DF5E T 28 HFE B 7 1 A TS B R 4. SLI iR as Mt fb e, 15 80 7E #405 A, CHEIT 0.1 pm
JERE P, IR 1 x 109 em™2 5 A9 B T 100000 s J& A9 b 5238 B BH ( Ron, s ) IR fL A4 T8 1 LDMOS 43 1) %
KT 64.9% M1 79.4%. FLIAMEE A BY TIEAL X 58 242, 1T LAFE I K2 i e 0% 36 Atk S 80 0 3y ok B8 9 TR % IX.
B, HT 53250, R IR R, LRSS LDMOS 78 10000 s 2 J5 1 T IR L5 % LS AR 62.2%,
HHHEEBV N34V, Ronsp 6.9 mQ-mm?, H FOM HZ M H MM E 1.6 5. AU T BVl Ron, o 1Y

Rardr b, i H R B T B4 i HCT A 54k

SRR PAIA TR0, A 1) U s SR AR S RN A, B TR A, B S

DOI: 10.7498/aps.75.20260115

1 5 =
W UL B4 B AL SR8 (1

teral double-diffused metal-oxide-semiconductor
field-effect transistor, LDMOS) A H: & i 98 B &
(breakdown voltage, BV) Ik Lt 538 FLFH (specific
on-resistance, Ron s ) M5 CMOS T. 25 HYHEA
PE OS] 22 O B B T AR A I B Th AR O T
TR, T2 RG-SR Eksh s . AT
B BT B A N YA A N s (9,
B A RO R4 /N 28 DR AOK i L T FL R P

*ER HRBIERES (S 62174024) B BhAYIRAL
t BIE1EE. E-mail: qiaoming@uestc.edu.cn
© 2026 FEIEZFS Chinese Physical Society

CSTR: 32037.14.aps.75.20260115

FERAR /N AR TR A TE 1 4/ N B
RS D IR i LA DO, N2 R 280 34 1
L B LDMOS 1 2 2 M X 3 b i JF DGR #4E ,
TETFOCHE 9 ) 25 1) s T U P e 2 it — 2B R
SRS, A M R T AT SRR, A
% {E FL & (threshold voltage, Vi, ). 2Pk X Itk i
it (linear region drain current, Ig ) M AT
it (off-state leakage current, Iq) 55 KH#EZSHGR
A 27 PR 1 Y 1 23 Bl A I TR R R
IR A A, 4R B R AT AR PR IR PRk
HCI AL /2 LDMOS g4 it Al 2L Y
A}, LDMOS 38+ o] S 3RAE 1Y 280y

http://wulixb.iphy.ac.cn

150708-1


http://doi.org/10.7498/aps.75.20260115
https://cstr.cn/32037.14.aps.75.20260115
mailto:qiaoming@uestc.edu.cn
mailto:qiaoming@uestc.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 15 (2026)

150708

DR BN ST, BIRTAM R | ISR 0 P B 42 i o5
Jite A R 181 AR SO E R LDMOS 2544 #4514
PEAT AR B, A 5 R Ak i PR, T AE A
LDMOS f &Rl |, #F5E T — s HCT Al S 1 Y
LI (contact field plate, CFP) LDMOS %4

2 HfrdME5RE

2.1 B GEH

A SC R IFSE A H A LDMOS JC i 254 75 72 [#
WE 1 R, Za I TAERACN Vi =20 V Fl Vg =
3.6V, X IREIZ (high temperature oxide,
HTO) 4514, HTO T2/ iR ki FEfgfi Si—H
HEWTA SRR, T LA S R EALE A
JE -, Y/ Si/Si0o FETH 1 B Bk 235 B 5 T AR %
93] T AL AY B 19, LDMOS fé-5: 38 s BH %
F V)38 R BHRITEEAS X R BHLH A, 3 I LDMOS
(SRS XK RS, VA3 R BH 7 LA K. 4 i
T KR DABEAR YA 38 L B, T2 28 b R I I fE Ak
fifi: —J&4% Pbody £ A T. 24 5 M A L2314
K ZJa, /Iy Pbody DX A3 LR BS ; —J2 R H]
I5°RHATEA PRI, BEkEG P RSB FIEA
WM R AL)Z, XBh IR A i K S BOAE K
HK.

AR LDMOS A77E (e FL 37 DX S8R % X R
ST BT, EARGLEE: YAIE (A). 2R
5 (B). ZmEEMaGAZ T (O) . BE&IX (D, E).

oy e
Q

P-substrate

B

X X A P R AR, X HCT A% Sk, T B
FEE R L.

EIXIASCIFFE ) 20 V LDMOS, 7E%55 (25 °C)
TAfiHH Cascade 11000 5%t 5 Fil Keithley 4200A-
SCS RS I G IR S 2 T8N A
FRESN XS 25 AR AR B2 ), A SR FH A 13 9
R, AR T B2 R MR, %05 1k AT A4 A R
1 BRARHARH, SE56 R0 R EIF & g 2
. W TR Vs AT TAERLE 20 V, Vi
AARIEL 1.3V, 1.5V, 1.8V, 2.7V f1 3.6 V, St
[ 2928 70000 s. FEREANN IR AR, JEAR AiA
W AR e b, 0 3 S v R sk R R T e
XUm i B (R4 Ve =36V, Vi =0.1V)
PLPEAL HCT R AR O, BeAk A AR XHE AR 238 i
[Y(t) = Y(0)]/Y(0) THEEAS 1y, Horp Y (¢) F87E N
JIIFIALAL ¢ W B P BE S EBUE, Y (0) R TER )
HIRPERESEUE. S T ARBUCE =425 19 52 50 550
B SR 5 A PATRE S LURIE RS 152 1, 2K
PELIME £ ArfEZFRIR (n = 5), SRR ZE 1 an
K3 . [T R, 2V = 1.3 VI, Iy
TERIIARBY B Je g R, B3 200 s J5 FFURIE/D, 400 s
IS EEIEIEGHEREY iy d

AR T A R HE A T ALK B A Ak
Eriim B AR, Vi KAEER. Vi BER
20V, Ve 1.5V, 1.8 V A1 3.6 V, Kl 4 HIF I
KRR E Vi IBIEIE L. FEAIE] Vg T ISR
B Vi R, H Vs 57 Vi TR, 75 Vs =20V,

(a) Si0,

DO —
A E - W W
N+ Mirror charges

1.1 N-drift
, 9060
. Mirror charges
LL
"  H H
-~ |
Si* Si Si*
LI LI

(b)

N-drift

BT 20 V LDMOS 8 R E5 M A0 T HEADLE]D  (a) BB T AFFTEERS KR TR 5 BLF BLAT; (b) B TCEA; (o) #A

AU T | S A A

Fig. 1. Conventional 20 V. LDMOS structure and the mechanism of hot carrier injection: (a) Hot electrons injection, attracting

mirror charges at the surface of N-Drift; (b) hot holes injection; (c) generation of Ny caused by hot carrier.
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Fig. 2. LDMOS measurement setup: (a) Cascade probe station, wafer under test and device micrograph; (b) schematic diagram of

the measurement circuit.
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Fig. 3. Experimental time dependent Ig;, degradation
curves obtained from conventional 20V HTO-LDMOS

devices at different gate stress conditions.
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Fig. 4. Experimental time dependent Vi, degradation

curves obtained from conventional 20V HTO-LDMOS
devices at different gate stress conditions.
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Fig. 5. Comparison of simulated and measured characterist-

ics of LDMOS: (a) Transfer characteristics; (b) output char-
acteristics; (c) breakdown characteristics.
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Fig. 6. Simulated carrier energy distribution at different locations (defined in Fig. 1) under Vys = 20 V for: (a) Electrons at Vg =
1.2 V; (b) electrons at Vg = 3.6 V; (c) holes at Vg = 1.2 V; (d) holes at Vs = 3.6 V.
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Fig. 7. Simulated perpendicular electric fields distributions
along Si/SiO2 interface under Vgs = 20 V and Vg = 1.2,
1.8, 2.7, and 3.6 V, respectively.
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Fig. 8. Simulated generation of Nj versus stress time at points A, B, C, D and E along the Si/SiOg interface, stressed at Vs =

20 V and Vg = 1.2V (a) and 3.6 V (b); the corresponding ARon, sp/Ron,sp caused by Nj generation versus stress time at points
A, B, C, D and E, stressed at Vg = 1.2 V (c) and 3.6 V (d), respectively.
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TSR T AR RS DX R TR AR PR B, A
HCI Al 5EdE. Ah, CFP i RBZE M HCL 5 1E M R il
FEARFEAE M (positive bias temperature instability,
PBTI) iy kG iR 1k, sk v A8 5 W0 15 (R 422 R
AL B FE T2 g7, A X HEREE IR )2 (self-
aligned block, SAB) 7EZI LM i BHPS1E
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EGEAE IR AT IR DXTE AR B Y 4 J Ak A, s> I CFP 4543 i I8 i IR DX T L 3 B TH i s
e FLUSC AR - B0 HL BH O TR CFP 2 ph T2 K12 JE7R T AN RLI AR A T A% X SR L 3
SEAALZI 0 T 2, A E MR T fii. 35 CFP St acAsmint, CFP 5l ALY

e WA AE 5 W AROR o FRL A W (B HE G, X R T HL 37 1
R HVE /N BiZ CFP S g A i, CFP 43
N FEM A MR B 5 T A 2 18] 5 | —1 3 04 FEL A W
S | saE Y, A RITHK BY; 2 CFP S0 500 s
B b i PTRSL AV, 5. R
& CFP SR umib g 3 K, #+F BV %6 EAHE
. T, U5 BARBIARFSLIARALE T B BV 5 Ren
mME 13 s, BT CFP SE IR AR %, #1%
g HE R AL, CFP X (4B X R M4k ik T
P-substrate WSE LN, Ron, o LT AZ R0, L5 A0 H 45
R, CFP Szt A SRR Ly = 0.3 pm B 2584
- RESRAL.
9 CFP LDMOS ffh4H CFP 11 9¢ B [RIFE 2 i 5 A% IX R HL 37, 5] 14
Fig. 9. CFP LDMOS structure. JER T AR (Lo ) FERSIXRE S5,

Abg (total current density-V)/(A-cm—2) Abg (total current density-V)/(A-cm~2)
1.0x10730 2.0 1025 4.2x|10-20 8.5 x 1015 1.7x107? 3.5x10-*% 7.2x10' 1.5x107 1.0x107302.0x 10725 4.2 x|10-20 8.5 x 1015 1.7x10-? 3.5x10-*% 7.2x10' 1.5x107
e e e o

10 il Ve = 1.2V, Vg, = 20 VI, (a) % ¥ LDMOSHI (b) CFP LDMOS (47 X Ha, i % 43 75
Fig. 10. Simulated current density distribution at Vg = 1.2 V, Vg5 = 20 V of (a) conventional LDMOS and (b) CFP LDMOS.

Vie=24V, V3e=20V

Vis=1.2 V, Vae =20 V Ves =24V, Vae =20 V Vie=3.6 V, Vae =20 V

|
1.0X107% 3.2x1072* 1.0x10-'7 3.2x10-!" 1.0x10~% 3.3x102 1.0x10° 3.3x10" 1.1x10% 3.4x10%

Impact ionization/(cm~3-s~1)

Bl 11 B (a)—(c) # H LDMOS #1 (d)—(f) CFP LDMOS ) “ZERHEHL B (a), (d) Ve =1.2 V5 (b), (e) Vs =24 V; (), (f) Vg =3.6 V
Fig. 11. Simulated 2D impact ionization rate distribution of (a)—(c) conventional LDMOS and (d)—(f) CFP LDMOS: (a), (d) Vg =
1.2 V; (b), (e) Vg =2.4V; (), (f) Ve =3.6 V.
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Fig. 12. Simulated surface electric field distribution in the

drift region under different CFP positions.

34r {7.4

33 F
17.2
32F

17.0

BV/V

31F

onsp/ (M2-mm?)

%
R

16.6

(I) Ojl 0:2 0:3 014 015 0:6
Li/pm

P13 A IRIFLI MR T o 55 o R 53 o L 28 el 2

Fig. 13. Simulated BV and Ron,sp under different CFP po-

sitions.
24 CFP BNy, AR HER X R 55/ ; b
B TEREYE R, R X HL o A R 45T TE R R
AR, S5 AB B HRIRIE, 55
AT 2R, IR CFP 55 B p3 K, 284 BV
b o =0 N ) =R 5 B N i 7705 S Y
5 Ron o WA 15 7R, Lo = 0.15 pm B EEE X
Yo Al ¥, BV 5 34 V 24, s tERE i
. CFP T J7I%) SAB J2 58 75 BL3 it i 3 ) il 5
TEn &N, A aSSERgE b S kAT %, o
JEM SR T 2GR G E mee ST, 5
AN K. BT T B4 W, A3 SAB
JZIER L3 B 0.13 pm.

AN TS B P R B X i 2 P 2 R P ) 5 M i
AN, FEARF Si/Si0, FHI S AAZ 5 (TR
+) Rt FEBE (RS 00, A B T B
W R 0.1 pm DA AR . & 16 JB s
T Si/SiOq FL I AL 5 A 5 7E L a7 %5 BE M -1x 10°—
1 x 109 em =2 JE [l N AR AL Ron, o IR LR 07 45

10
—— L9 =0.05 pm

9F — L,=0.10 pm
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| 8+ — L=0.20 pm
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~
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B 5
1=
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Fig. 14. Simulated surface electric field distribution in the
drift region under different CFP widths.
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Fig. 15. Simulated BV and Ron,sp under different CFP
widths.
S, TR oy 5% B R IE R 7 9 R 0 i X L T I B
AR TR A O P AT B O A, OSSR
0.1 pm 8 Bl AT 1 x 10%em =2 57| & /) B 5 B 5
L LDMOS 7E 100000 s J&5 Ron, sp 73 91135 K 11.1%
1 14.6%, 1fii CFP LDMOS K 3.9% #11 3.0%, R
Iy IREAR T 64.9% F1 79.4%, L T B HCI
AIREPE.
1R TS 295 #L LDMOS 5 CFP
LDMOS £ %, CFP LDMOS i FOM (figure of
merit, FOM =BV?/Rq, g, ) [HZ 0 H MLE 1Y 1.6
5, SO )RR R X L An Bl 17 BirR, CFP 4544
SCEET BV Ml Ron, s I R AFHTHR, DERED 20 V I H
Y se B ER . & 18 AR T4 Ve, = 20V,
Vs = 3.6 V., 0 JTHF[A] 10000 s J& Ty FIRFEIE BL.
CFP 45 19 L iR L2 2.77%, 5% HL LDMOS
B2 7.32% M I, CFP 25 #4118 1k R A% T

62.2%, SLEAE R 505 B4k e —3, CFP 45/ %M
T AR HOT A] Sk,
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g WA B ¢ b B L
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DO oF G- -0
—1 0 1 —1 0 1
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AU Si/SiO2 HHTHI 2% K AL AN 7] 45 BE BB T ) Ron, 5 22 fl 1

Charge density/(10° cm~2)

(a) % # LDMOS; (b) CFP LDMOS

Fig. 16. Simulated Ron,sp degradation at different locations related to different trap doping densities along the Si/SiO2 interface:

(a) Conventional LDMOS; (b) CFP LDMOS.
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g 1.00F — wpig 2 10 — WML = 6 — HHILE
~ 075+ ~ >~ a4t
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0 1 2 3 4 0 5 10 15 20 25 5 10 15 20 25 30 35
Vis/V Vas/V Vas/V

B 17

S L LDMOS 1 CFP LDMOS #5 #4: M G XT 1t
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Fig. 17. Measured characteristics comparison between conventional LDMOS and CFP LDMOS: (a) Transfer characteristics; (b) out-

put characteristics; (c¢) breakdown characteristics.

F 1 SCHEAL 20 V LDMOS 5 CFP LDMOS B Viy, Ronsp, BV, FOM H#
Table 1. Measured performance comparison of Vi, Ron,sp, BV, and FOM between conventional 20 V LDMOS and CFP
LDMOS.
Vi /V Ron, sp/(m€2 - mm?) BV/V FOM/(MW - mm~2)
Conventional LDMOS 1.29 8.6 30 0.105
CFP LDMOS 1.16 6.9 34 0.168
ol Vas=20V, Vi =3.6 V :;};&ﬁm 4 e ‘L{:\‘
X
. AICHFFET 20 V kM LDMOS 76 # B T
AN BB ALHLER, AR [RIR ) 4 F i 7
T SEACHLAIAR: A Vi T, 5542 o B $2 7C 3
S el AR JZ: b Bt 0 A G R S 0B Ak 8
= Vi T, 7 5 A 52 00 B 00059 . B 7 B 4] 4
e . - K, BEOR T I A BRI, FI S Z WO 1L

Stress time/s

18 SEIH B LDMOS 1 CFP LDMOS 7E Vi = 20 V
H Vs = 3.6 VI AY Loy Bt AT (]2 £ 003 il 26

Fig. 18. Measured time dependent Ig;, degradation curves
obtained from conventional LDMOS and CFP LDMOS at
Vas =20 Vand Vg =3.6 V.
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TE B IR 1 x 10° em =2 Y HL T )5, CFP 4544
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Hot-carrier degradation mechanism and optimization design of
low-voltage N-channel lateral double-diffused metal-oxide-
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Abstract

In this work, the hot carrier injection (HCI) induced degradation mechanism of a 20 V silicon-based Lateral
double-diffused metal-oxide-semiconductor field-effect transistor (LDMOS) is investigated. A contact field plate
(CFP) structure compatible with the 0.18 pm BCD process is proposed to suppress HCI and enhance the
device's HCI reliability. The CFP is positioned atop the drift region to suppress surface electric field spikes,
avoid hot electron and hot hole injection into the oxide layer caused by localized high impact ionization, and
effectively mitigate the degradation of device electrical parameters. For the proposed low-voltage device, wafer-
level HCI degradation tests are performed. Hot carrier injection in the channel region causes charge
accumulation in the gate oxide, leading to a positive shift in Vi . Experimental results show that V4, increases
under all stress conditions, and the Vi shift becomes more significant at higher V. Meanwhile, Iuin decreases
gradually; notably, I, exhibits a slight positive shift at the initial stress stage under low Vj, followed by a
continuous reduction. Sentaurus TCAD is used to analyze the electric field and impact ionization rate,
investigate the HCI degradation mechanism, optimize the CFP structure parameters, and verify the
performance advantages. Based on experimental data, the hot-carrier degradation mechanism differs under
different stress conditions. At low Vs, degradation is dominated by both hot hole injection into the field oxide
and hot electron injection into the gate oxide. At high Vs, the influence of hot holes is significantly weakened.
With increasing stress time, hot carrier injection gradually saturates, and the generation of interface states ( Ny )
becomes the main cause of device degradation.In this work, trap charges are introduced at the Si/SiO2 interface
in the TCAD simulation to investigate the electrical characteristics of the device before and after hot carrier
injection. After optimizing the CFP structure, simulations show that the specific on-resistance ( Ronsp)
degradation rate at hot spots of A and C (within a 0.1 pm range, subjected to an injected electron charge of
1x10°em™2 for 100000 s) is reduced by 64.9% and 79.4%, respectively, compared with the conventional
LDMOS.The CFP structure assists the drift region in achieving full depletion, enabling a higher drift region
doping concentration while meeting the target breakdown voltage requirement. In terms of fabrication, the CFP
etch process is fully compatible with the standard contact etch process in the 0.18 pm BCD platform, requiring
no additional masks or process modifications. Tape-out test results demonstrate that the I, degradation of the
CFP LDMOS after 10000 s of stress is reduced by 62.2% relative to the conventional structure, with a
breakdown voltage (BV) of 34 V and a Resp of 6.9 mQ-mm?. The figure of merit (FOM) of the proposed
device is approximately 1.6 times that of the conventional structure, demonstrating an excellent trade-off

between BV and Rons alongside superior HCI reliability.

Keywords: hot-carrier injection, lateral double-diffused metal-oxide-semiconductor field-effect transistor,

threshold voltage degradation, interface states
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