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Abstract

Abstract

With the development of science and technology and the progress of society, peo-
ple have increasingly higher requirements for the diversity and performance of elec-
tronic devices. This also promotes the continuous advancement of integrated circuit
process nodes, making the performance of integration, power consumption and speed
better and better. However, as process sizes continue to decrease, reliability issues
cannot be ignored. HCI effect is an important issue affecting device reliability,
especially in advanced technology devices. Therefore, this paper focuses on the HCI
reliability of high-k dielectric metal gate CMOS process. The main contents and results
of this paper are as follows:

First of all, this paper introduces the physical mechanism of HCI effect and the
model used for life prediction. In addition, it also introduces the testing methods and
tools used in the research process.

Secondly, this article studies the HCI effect and its failure mechanism of high-k
dielectric metal gate CMOS process devi(;es. Aiming at the phenomenon that the worst-
case gate compressive stress conditions of NMOS devices are different from mature
processes, the saturation current decay, substrate current and gate terminal current are
tested by changing the different gate compressive stresses, and the PBTI effect of the
device is tested. The test results show that in the high-£ dielectric metal gaté NMOS
device, the failure mechanism is no longer the HCI generated by a single drain collision
ionization during the HCI test. Electron scattering under high gate / drain voltage has
also become the main Failure mechanism. At the same time, unlike the maturity process,
the saturation current decay curve tends to decrease monotonously with increasing gate
compressive stress, the advanced process PMOS device decay curve appears to de-
crease first and then increase with increasing gate compressive stress. The gate terminal
current under different gate compressive stress and the device's NBTI effect are tested

in this paper. Through analysis, it is known that the BTI effect is intensified when a
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high voltage is applied to the PMOS gate terminal, forming a coupling between the HCI
effect and the BT effect, which causes the reverse of the saturation current to decline,
which is different from the mature process. The test results of NMOS and PMOS also
show that the HCI reliability of high-k dielectric metal gate process devices is no longer
affected by a single aging mechanism, and its influencing factors have been the com-
bined results of HCI effect, BTI effect, and electron scattering.

Finally, this paper explores the optimization method of HCI reliability for high-k
dielectric metal gate CMOS process devices. Load 0V, 1.25V, 2.5V, 3.75V on the body
side of the PMOS device, and test its threshold voltage, saturation current, substrate
current, and life acceleration factor. Simulate the physical parameters with simulation
tools to assist the analysis of physical mechanism. The comparison with the 0.13pm
process PMOS device shows that when the appropriate bias voltage (such as 1.25V,
2.5V) is applied to the body side of the advanced process PMOS device, a larger accel-
eration factor can be obtained, which can prolong the service life of the device. Proper
body bias can improve the HCI reliability of the device.

In this paper, the investigation of HCI reliability and failure mechanism of high-k
dielectric metal gate process devices, as well as the study of HCI reliability optimization
methods, have a positive significance for the improvement of advanced process HCI

reliability.

Key Words: High-k metal gate, CMOS process, HCI, Reliability, Failure
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Figure 1.1 The curve of failure rate 1 with time
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TILVFS @A T RVHRE, MRTEBEE v SHBZRERS, FRER
FNLBIFE LSO, e RERBIT, SRTFHseEm, SR T
B HF-FEFHEERRERS. BERDIEN, TBERRE, B3 vkE
WBRAE veare HPEBEES BZRN TIIREN:

= HefrXF
: Va = [1+(F/E)YIM/Y .-(2.1)

Heh, g NEXEBER, FARGRE, FARRES S THETETER
N 2-5Vipm, ZEFCGBER 5-15Vipm), yENTHFR 2, XNTZERN 1. ZF
BKT Fo, EREEIEIEIE vae 2o FL20, XBRBRIFMRBIH N0, R
AR Y, BTSRRI R I X (i 2.2 § ABCD X)) M [EE
%, WREERE.

| RO Region = b egion

B 22 REXigEHE G RE
Figure 2.2 Diagram of electric field in pinch-off region
X 87 P S A B T A2,

pe Tj Tj
—j@mmw+famww—fauww
0 0 0

—__4 NArijrQ_mx ..(2.2)

Eo&si Ep&si

Heh On AR BIEBHE, Fo N Si/SI0 AMMAE HIHRE. WRIGEDE
WMFE S X AR EE R, WREXBEEE OnS A 5 (B V(0)=Visa 5D 8
G

Om = ox(Vgs — Vpp — 205 — Vdsat) + qNAT}' ’ (2.3)



PIKEE k £ RBH CMOS T% HCI /M4

Si/Si0, 5 1H i H. 3% 3 H 20 B 0T # F 15 31
F,(x,0) =~ Fpue (%, 0)

Hrt Fox N
E, = Vgs—VFB;j:l)f—V(x)
%t 2.2 AT x FERMD, HE:
ar(x) | €0 _ __4a .
——t - E,(x,0) = v, Nymy +

%/ 2325, H2.6AAH:

dEx(x) _ V(xX)—Vgsar
dx 12

Hep

£si
= [—=t,, 1
£ox ox'}

Om

€o&si

.24

...(2.5)

...(2.6)

2.7

..(2.8)

WX (0<x<Ls) W, | FHEIHREM V0)=Viar Fx(0)=E:HIfF)9:

V(x) = Vgear + L X F. X sinh G)

F.(x) = —% = F¢ X cosh G)

Heh | R SHEIGERME T, Vo 7T LU LT R RP:

2(Ve—V7)
Vasar = Fe(Lefr — Lg) (\/1 T A"

mE¢(Legr—Ls)

Hoom AR
/A3 sinh2A+1=cosh?A, X 2.9 5 2.10 A 15:

— 2
F.(x) = \/ F2 4 YO Vasad

12

FEVIE MRS (E &) BRWTAT Ls 5 Frax FIRIE:

LS — l X ]n [(Vds_vdsat) Frnax

IXFC Ec

E.. = l(Vds_lVdsat)z n Fcz]

@’MI%L'; (Vds'Vdsat) >>Fc><l’ Fmaxﬁji%ﬁ:\‘y‘jl

—~ Vas—Vasat

Fmax 1

|

1/2

.(2.9)

...(2.10)

(2.11)

(2.12)

...(2.13)

.(2.14)

...(2.15)

T AR T AR 32852 3 Je iy X Ik 7 93k BN AR ) (Foo)

MIIRBH IR . TE RIS T A Fox J9:



2% BAEREWIBIRTT

B,y = Ye—Vre2Vas) .(2.16)

Tox
He v RPIHRE, or ATKH.
1 ERAE Fo BRARER EEBRT V-V BIEZ, BRI E R T
HAMEEFHZ SiSIo: AP LEEER. HFALZ2EE ¢, THTIIRIE
A H:

@) = Py — 2.59 X 1074EY? — a E2? (2.17)
Hf & pg=3.2eV NAXT T HFT S (9 SI/SIOx FTHH 22, a0~=1.0X 10(cm), Eox
SHERR. ERE_TNREHLBEBNEEREN, F=HEEES AN
FEZ (BRSO BRAEE .
TR BRI F S T DX 38703 R v L S BEIR F I AR . X —HLAT e B
B rdskitid, HRBIERE FRER T LB BUH Rk #aeE, R
] LB Y918 BT R T IR S BRI A E . X — I R R BAR T IRMNGEE
SA R BT A MRS FE . EDF MR AERE X, fE)dE RfeE E £ E+dE
Z AP RTHE . LGB, BRTSSELTFAERRFE. XHELT
HR TR RFAREET, REANEENT. PFE FRBRTRATEK-
3K$i 5% 53 #i (Fermi-Dirac distribution) S48 22K (Bp) . AfIMLTHERE, EERE

RTHFERET. feBEXT W Ech, BTFRESMARETLIBREEZ T
43 B % (MDF) R 78
VE :
F(E) = %ﬁ X exp (— kBETL) ...(2.18)

E TUN SRR, NN TEE. NA LIt BB TG E E B E+dE (8]
MR, TLsE, BT SERRANBEEAR. HETERTEIRSH, 8 I
£ 30°CE| 140°CTulE PN, BT ANRE M FAH ELAE A 3R L 8 A9 RE B Rad ARk
RFHG. BFRERENTATEAR:

(1) HF-BTFH

- PR R BT ECHEFERSEM B TR MEERHR X— IR T E
ISP FH EES (Electron-Electron Scattering, H-T-8-F#UE) N, BEI%EFE EES
K752 EES?Y, 43#2 EES (ShortRange EES, SREES) S8 H-FRIMEEECH
HEHB XK. EXHERT, AABTHEBEMERANAETES, HUEE
gVaENRX . FEREEE, FAABEFREESTEY, EP— 1 ETAURES
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YRR E k 4 BH CMOS T HCI TS HE 7L

— A B TFREREE. BERTHRE, BTHREANRKEENET 29V0.

XA BN ESRESMRERRERET oV ME. oVa i, #
BAMBRBETMA, FIURKAI AR oVe iEH,

St T4 5 (VIE BRIH 40 A6, SREES HIRAMEERBE T2 5 n(E)RIIE N
m, s 2.19 55 2.20 firR. XEBTRTFZEEEERANSREELTEE
(3 g . .

FL T BT R 2B A R 3 B b i X 3 P9 PR T IR BE m(E)AHOR . 7E CHC FRAERT
WREEWE RSk, ENEIRAL EES, MRBERT AR, REPEEEMFHIN
BB FHG. BTEE RS KF BT, SREES RAXRMMEHR TS
e

Rereps ~ C X n(E1) X n(E2) ...(2.19)
H El, E2 RRRAES MWHBT B0

RAE BT BRI T T B MREELAN gV, BUERXTEBRA:

Repges = C X n(qVyaq)? =~ 12 ...(2.20)
1 VEVa T, Lo AT EUA B K.

FEt, SRTFHEER T Rsrers B0 7] G215 A NMOS #44F CHC #5475
EM R ES TN ER. BFIREE SYSIo FRMLEFERK, XM RKKR
BT R A R, NI EBEAMELE R E P,

KRB TF-BF T (Long Range EES, LREES) 2T ECHBIEAEL T
MFEKRE. LREES A CUBILAH T s e T A TR T BLRISE T
R, — AT REEEHIEE TS n /918 MOSFET 4RIk H% BT HE
fEM . HENRRIE AR T LIKEA S AR BT R B TERKRT T
REE Y 1.5kTL, XFEEMEH EEE MR TR B ERIK.

(B2 o T EEHE T A s A T Z 5L HCT RN BN &

(2) fifbfEE LS

B ENYELRERERTHERRT (BT AR -2,
XK T HIsh e K TRE Si M ATR M BERE (iR TR UEER
— N RR TR TR L. ARTFREs 1SR WRRRT) MELT, &
FAS O 7% A I BB T RN R R ST L TRV R A S A AR AT .

SESL W NERIR T EIRE RIS REE T A LT 2 N 2 B RS 2 A T



32 % SFRBHE R

BB, AV R . MR T A F ORI, I T
At
Ay = Ey/qF (221

Hob By BT I TR TR . R T, MR i<, WA
FH, KA RBE T FORATEYE BR. S ENRRT (BT
25 70t BLZE FEL I I 72 A AN H T 2 R I — SRR RO S A,
BINTEE S AN MG T, SHEEEEXEEW, 3 BAEME MOS B
o e e B R R R AT B 7= R B

AT, B F R TR B ERIE. T AE
T4 FHURURA 1) MOSFET SRS MR, t A& A T 5 R A R 451
HR, | |

WU S R X B A AR TV AR B MOSFET SRPEVaisihain
TGRS — . 24 PR AR, K4 BB TR i
B, (88— M IR T RN, AR RS EIRE TR SUSIO,
R E M2 (BT 326V, B70 486V), Wit AFHMRAAS, Hil
B (L) BIRRAEMTR. o TR RS B0RAT, BES 5HaRN
Tk, (E B — R L3 RIS SISO, T A5

2.3 N MOSFET &FHEFRER L, RN RER. Rk L 2B THEHER
FF (1) EARKEQ, ERRIETFHRAT bola. 3 i 52 S H A M
SUEMBTTEE, MR I, WAIRA % SR 0 NS T R4

A 2.3 A MOS %ﬁ%%ﬁ%&ﬁ%@

Figure 2.3 Diagram of gate current formation in saturated MOS devices



PR k £FEM CMOS LZ HCI rSEHTTR

PR TG RRKIEE FERTESRE Ve M Vas IRIEFM T RAEK
PR T AN ARIEFTVE KRBT = ENH], R H D PR

(1) Vol R T P R A R

nMOSFET 28 ¢F UMK FBI, FRIENTEL BB Vas (Vas>Vasar) F5AF THI Ves 19
Hs. BN LEBANDE: LM Iono loe BEAMPEER BT Une) R4,
IX e e T AT DATE 22 fR R I o Ton & NG HLFRML. 4 L BFAFTLERE
AL NFAES BRI TEN (VaVe<l 2Wa) URITHEHA TN
(Ves™=Vas)o ST MEZ pMOSFET Z54F ) 7 A 25 A M AR ZS b A9/ R AR
%tF nMOSFET & Ed B, FHEEN T pMOSFET 2 H 3, JFHBET
A2 IR PR B

RS AR AN RRS HHREIT (Drain Avalanche Hot Carrier,
DAHC) FEANFIRH 11 £ MOSFET IR X 7 4 AR 7 JRAN R iR A B S
Wy . TR T RS S ER T B R N B EAG S T B GAR HERT A 11X CHC
RIS 7 Vn<Ves<I/2Vys JGE ., MR BR B EE. X—54%
Vas=Vin AEEN R R (Ien) B K, T 73— MNMEE JREEXIE) HETHE Ves™~1/2Vss
REFE AR (L) - PIFPAAEIR T80 1T P AR BT 2 7 B9, JFlid
BEE DR EAREEE. EXMERLT, FENBIRTRIVERIRBR LRAER
T

2 VinS Vs Vas B P22 IR LR . ZEIX SR B 2R T, s TR IIL 0
THBIG R, Ex NRRIEAME, TIOEARB 2R 0 LRSS T
EN, MEFNEEREGHR. LSRG REBREN 5 BT LU kEY
Bz, FHENBMRENDF . Tojn FELESEIN I LTI SR IR IR
(1) [N SER, ZA i EnE mEgm. MEMEBERARER, 25X
MERTRIARIR K. Ves M — SIS RREE RSN EGRE, TSI LB
No BEE MR B R 3 A $A 2 7B, BB R T S B RIVETEAFIR TIEA
B E S BEEMHE B ENARRTINKR, EERGREREET, MERETHE
FKAIMEE AR SU/SIO2 3542, MTITE Ve 1/2Vas A HIIEAE . Vs FI3E-— B350
K IEAN Vasa TR/ [F1 FRLE T3 2 B KA HLIAL ) 2 A o XM 280 4 A 3 A1
AR, AXMIERT, I FENBTHEARRIT L =4 ERTTH.

VBRI . AT (Channel Hot Electrons, CHE) 3% 7E R
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32 % SR R

AR R R A, ZERE R, IR, AR R R
T Ve MK, FULEEE B (FoyBh, ERMTEE BT ARE RN
HEE | |

(2) BMIF L5 A BB R CHC FEA

SR LEARR EDF 505 £ B MBS T L M AR R TEN. X
B BTSN, Eoh BT B TS RN, A REES
Wl Bl TR R S . BB —JSTESEHE CMOS BR T
. |

ST BT AR OB BT T, 592 T A LB B 50 A R

i

2. RERTTF 5B LS ,

ANERSY LT SI/SIOx R ZIEN Si02 f R AEVAE HIR T 2 S BUAE REIR T
YIBEARIN, AT SESGEYE Ve L5 RAEZN, W H MOSFET XS
MAEAL N 5 Si/Si0, FTH L 1E AR TN A # M5 . £ nMOSFET Al
pMOSFET #$ {4 {0 ¥ S 7 B #8 v, CER B = MR RSB KRR HL -
REEFEE (N0 BFEIFRAZ EIR . X LA &AM HLE LSS BR
FEASREZEYIME, FEXNHRTRATHRERM. EX O T HEXE
B KT RFEEANTRE, T OFSHHRIRNF L RRATER. R 2.1 ik
T nMOSFET ZE48 5 Vas (Vs> Vasa) B A [E] F A s 23 T WLEE B8 CHC iR g A2

£ 2.1 FFA Ve T NMOS BH4RA THEANSHHGHIE

Table 2.1 Carrier injection and damage mechanism of NMOS under different Vi,

Ves i [ EANE B

&Mt £ (0—7) TIEN ERFARESFESH&E
HEMEVA—Ver)  DSEIMEEN  FESHTE

M (Vas—) HFEAN AR RS RIS A

TERBSPLFRE SISO, REAF4ARFURAES AN . ZEHAME
BHFEERR T REWE P BT AIRBEAT R, JFgm 7V, MinSE
BESH (PRSI R S AR, N4 BRI B 1 5B TE Z BT BB FU
—HERIHIEERR Ve~ 1/2Vas) RBEAFMK, S B T30 % N



YRS k S B CMOS T2 HCI a] §EHRH L

FAEN, MEMNMNFRABENEERR T . EXFELT, BAEFEROTTMER
/N, FE BRI R R R B R A A RN B AR E A R B T O
f R 2 RN R T A SRAME

% 2.2 HAR T pMOSFETs 7 M I IE #1247 T L 2 B9V R 7 3l
#1. pMOSFET-CHC #1552 #4 2= /ORI F B 78 448 R 4%

£ 22 FR Vs T PMOS BH4BREFENSHHHIE

Table 2.1 Carrier injection and damage mechanism of PMOS under different Vy

Ves i I S EANE B

&M (0—71) HFEN B R R 5 R ISR A
PRV V) DBAMEEAN  FHESHTE

S (Ves—) ZIEN ERRRSREEHTE

i F A EASAND AR ZHEE CHC £ T 5ESMA, HZRE
A, B TEREIE Ve Vase BJE—NFAFRTU=EIE S, (BEL
BEIHBIA T . EEMBEET (Vs MNT Vo BIRE T V), BATHRETEA
(T~ Tnie) <

TEIXEE M T (M 1), BFHFRREENBNABRE—N. 78R
5 PR TE (0 S A TR AR A B B A0 o PR 55 IXFh SRR SRR T AT R A dE v 1B
MR, REET EER—XE~ERNAND NN, XK CEEEMRENLE
S8¢F (4 0.25um Tech.) PMEF|. ERIEMBARS, WEMLERRRHE—D
WRIE T A AR FIRGERERIAERSR T ZRFNEREM. |

WA (V) =M Si BT, 7 SiSIOo FEA —/NMAEM CRECXD 4l
T, BATEEM Si=Si"%r. HhF5=Fr5E kPR TR =1
FEANEE, TR rEER TSN RN BT, ZBETALSKEHETH
B P RO LR Sis=Si-H TR M. AIEEINN, N BiERaii s
WL R MR Sis=Si-H @M AEr, T

Siz = Si — H + (hot — carrier) < Siz = Si* + H” ...(2.22)

X — [ L e B AE - Sis=Si-H % B 2R H' A Si/Si0, 7 M X389 74
$18 Sis=Si" ki, FREFMET, FEAMERERZLH Si=SiFRER
R FHEHERE) F Sih=Si"5 H B ESR (F Busthlidie) 2 BTz



552 & AR RN DT

.o

FEASREEEGIE, I LAEF ISR RN . ENERRT I
HEEEAIE Si WK Lo 22 R, EFEErERER. EREILK
BT, NeRSEN (EoED) #IERH W), EEARHFHEBRRE (E<E).
AU, TEBEA N R EEN (EcE) EHHN, FHERAN (E<E) &
SR (NA) o B 2.4 BoR T 2 EMHEEE Nie X nMOSFET 2344 (915 FL 4 TTHR »
7£ pMOSFET 284 H &2

Inversion mode

E.
Acceptor-like W == === ——— — — = —- Eq
interface trap MY o o o o e e - —

Ee
donor-like E,

interface trap

Oxide Semiconductor

& 2.4 nMOSFET FHA & B¥ERE

Figure 2.4 Interface state and electrical characteristics of RMOSFET

£ CHC R, wTUAF=A 2 ERIMGE LAV RIS, [HRAxy SR
B R T 5 R EASHRREER (B MXTFIRREG THRZOKEER (B 1
frE. 7E nMOSFETs REXHL, RAEZEBAES N BB HHEH, 0 EEAT
TNe BIMEF=AE KM Ny, R BERH K. pMOSFETs KRR, 76K
R, RAERKERM N, W) RRRIERE, M2ERT N RREERFER.
BT ZE (Charge Pumping, CP) &R LURILN. /7t BB 4K Nio H Iep
FROATE S 2 B [E1 98 B P g R B IR %), IR BB
Nig € Iep .(223)
N 72585 Ty ARG RIEEL
SNAESBERE, FHBEHE5RAESEES (). FEEx
MOSFET B4 EE REMEWH. BT eiEAE-EaT L, SEEMR
AT 1/ WA . FE B L, EATRRR T BT, MR T RS R
BT EMIKBEARES, 2SR HEERERR, NS H4HRESRE.
3. PR T B4R '
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kg k £EM CMOS LE HCI W7

WY EB R (uo) MTHBE (Vis) ZEIEM, B m%E. MOSFET B
SSW, MR Uan)s MAIRHAR o) BEBE (Vi) SIERKE
2 (gn)s TRERR (s9). RRBEREE (R MR HIRER.
V<Pl FAEBRE, BRERESE. IR YR AT BUR TR
& Y BT I,

w _ (kT\? _ _
Lyjin = .ueffCox'[ X (_q_) e1(Vg Vth)/ka(l —e qus/kT) ..(2.24)

W5 L4y B RSAE  FE K, Co AMERE, ta NERIHETHE,
Vin NEF{E B %xﬁlﬁ“?i& m H TG H:
m = 1+-C—m ...(2.25)

ox

Cim B V=20, T RAIHARK AR BE. HT CimRHFER (Cogp) MFTH
SHEAE (Cy) FBR, 715
L =1 4= ...(2.26)

Cam CDepl Cit

7£ nMOSFET #, AEASHEAEE LN:

() = q x 2

HANG (W)= Si/Sio FEMZ ERFE. I&%f“jj SR 5 A S E K.
REABEAE Co3M, MTTIFE Cam Bb-

..(227)

O R {2 s = (‘“—giu) BT S 2.24 RATIE

dvys

ss=23’-"iT-_23—(1+Cdm) .(228)

Cax

A 0 R PR 0E £ A R B A HI /0. 7E nMOSFET #4151 iE S, Mk
NAWH DN, CubEE ss BRI,
Y Vo> Vo I, PEAETRR AL, IR E B B H B T AR v P IR i

231,

Tatin(8) = 52 x e (£) X (Vs = Ven (D)) Vo (2) -(229)

Vi RTEL E IR 1] ¢, %f%EEﬂ: CHC 3| 2Rtk BBk riBE (Ra) ROHE I
5| 7 B YR AR e R AT ) S

V() = Vg — Lyyin(®) X Ry (£) ...(2.30)

— BT, BRAIIATR . Ry(0)FIR HELBE Ra(0) 2T 2K, FHETRX A
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32 3 B RBHLE R

BERRG, KA RIERAMARIEM. %46 229 5 230K, A R K380,
ALAR 2

Tain(€) = Cox(Vgs_Vth): Wperr*Vas .23

¥ Lnn(OYFRIHE CINER R &t RBR, BRI\ LRBE SRS E MK
BT L B E (8lauin) H:

Aptegs
Ues£(0)

..(2.32)

~

Mgy | Ave
SLo| = I dlin t
18 ain 141in (0) [Vgs—Ven(0)

HAFAV,y, = Vi (t) = Vi (0) . TT LR Jain BB ZEBRZBA Vn BB ENE
Bl MR Ve B, Toin B ST IRSN LR (Vps— Vi, (0) % .

VETBEZER. EEMEHTVeVia) T, BRE (V> V)T A BIGETHE
ZFesAI T - |

Ho ’
&z ...(2.33
Heff = - (g en) (2.33)

Hep po RIGETHEET, (RGETIBRERRRET. NMWEIBENER
W5 F &R AR

Aug(t) 1
Ho(0)  1+AN;(t) ...(2.34)

U1 FLFE Vi 361 MOSFET "B LR Vin B F R4 1H P

Vy, = Vpg + 2 L2208 .(2.35)

Cox

H b b p=(ksT/q) X In(N/ni), Cox NENIEMENERE. Vs N PHHEE, HTHR
4 \

Q¢+0Q;

CDX
He ous HE R Si MThREZE, O NEERMER, Oit(p) NREHEA ¢
I SRS 7= A 1 LR 5 AR R AR o R Or 5 On B SR (E LR Vi
HIE

AN (£)+ AN ()
AVen(£) = g (FEEEER)

SHFRZEFRAES o NIE, WTHEEHFRES o 0.

..(2.37)

2.1.2 HCI 318y
MBI ERE N CRERR T AT B, AR U A — AN B
&, XA S LR ARG . T EREIR THFARIBE SN
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YK E i k £ B CMOS T2 HCI Al L HEA

BRI

1. I/l $EH ,

THERETF LT R ETFRENENTS2H TRRERESNER: £
TR B I AR R R T . T AR E S 70 iR B R 3 IR B RE B I AR A 1 RN
Z EMEASTFERE. BIEEEREFHEE LEM MRIR, BTREEDMREET L
RRN:

f(E) =Cx e—E/qumax (238)
I;x C e_¢ll/qlpmax (239)
I — Czlde—d’b/q/-{Fmax (240)

Heh oy BERERE RS NFEEREQ3V), o 2HEFERSI/SIO2HL2EEN
EE(3.2¢V), A AEEMAX (EEZNEFFHUEED MEERRT RV
g, MR onRRTERAASHTENRE.

EIJI‘

n

ANy = C, [tl—de_d’”/q’wm] £x 1L x (’—”)m] ..(241)

Iq
B4 B AN, B, FEI T

Ty [%]—dnr/d)n

& ...(2.42)

XF AR S5

AY(t) o L X ANy (1) = L[t x 3 % (%)m]n exp (—AH/KT) ...(2.43)
HAAY ()RS T BAESEMBNE, L B FE R 775544 T BRI,
I=lo BN A ST AR, WS HAESRE, T ARARE, |
SHEINR SIEFIA], m J9E ér/ du tLES B EE ELWERT m BH I 2.9,
I AR n ROEE R R ) R ERS A TEHE 0.4-0.6, BF N 045-05.
R 2.42 05 2.43 A5

tygrly = AW (’—”)_m .(2.44)

H 10 ARESHEREAY ()RR REAMERE [, C AUESH. EHEE
ERBH.

trarld 4 (j_z)_m ..(2.45)

AR b 2 T B A 1 327,



H2E BIRRIWE BT

log (%) =logA —m xlog (;—Z) ...(2.46)

W 2.5 fioR, IR IR ERERESH A T m.

- ® VDS stress = 63V

N
log( twle soss 1
\

T ] {
i i

o t Ip, e \
g\ Ip ,mm}

2.5 I/l BB BRI

Figure 2.5 1,/Iy model data processing example

— EEHA R m PR, AR ST B0 R B ()t AT BAIESE R AR H:

Ltaruse = ad (M)_m | ...(2.47)

Iguse \Iguse

ot 0 e I I 264 TR RUAT AL, 1y, use M I R IR BRI, Ty use JIEF
AT HIR IR ‘

2. 1/Vas 18R

IR W Fpy ~ "B £, #— ST AMEE:

1~ B X e#11/04Fmax ~ B x eB/Vas ...(2.48)

Hrh B AIASH, Ve NMBHRERE, ARERENVA on/q), KT, B
RLIGMENE. X —HEHAFENEHRAR. EX—BERENERT, N
NREZABRE L#HITH, BMREEME Va5 Ve MR

R 77 B34 B 2 B v B B ) frar 9 :

trar = B x B/Vas ...(2.49)
223X 95 300 L B R 4 78 ),
Int;q, =InB + ;,B; .(2:50)
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WKL k4B CMOS T2 HCI Al S0

I 2.6 fizw, B2k EIASHT EREMESH B M L.

log(trar)

pi-
Bl 2.6 1/Vy BERIBHE TR

Figure 2.6 1/Vy; model data processing example

— EEHA A o WEEESE, R SRR T 04 SRR A T LI TR 3R

traruse = B X eP/Vasuse ...(2.51)
:/H\:EP ttar,use y‘j'fiﬁﬁ %'ﬁ:—l: %&&B‘Tl\ﬁl ’ Vds,use 'fﬁﬁﬁ %'ﬁ:_l: E/‘Jlﬁﬁﬁﬂ}:—l‘l o

3. LB

Ex—EHpERS, NORESANRAE LHITH, S RFEMH Ve
5 Ve A
277 S5 IA B 2R BAChR HE RO B [8] fiar 9

-b
trar = D % (2) ...(2.52)
HoR D 5 b A S, P AR BT e E,
log trgr = log D — b x log (12) .(2.53)

e 2.7 iR, FRESE SR PR R A 28 1 BB i R RBIE S8 D
5 b.
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52 E SRR R

- (]
og(trar)
L

T | I |
| | |

T, strexs

log —-——B'ﬂ:g }

A

B 2.7 I BERBEREAER B

Figure 2.7 Iy model data processing example
REHEH DA b T, KT RIS F e LOBE T 205 H:

I Uuse _b
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Figure 3.3 Change of I, with V, in NMOS
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Figure 4.2 Diagram of pinch-off region in PMOS when V>0
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Figure 4.3 Curve of threshold voltage and drain current with body bias

B SR AR FEAERESS T HCI AIEEtERgRnT, 7EMn 5 i B i g
JEN-4.2V, MERE MR E T AR R Lo W3R B R H2R AT 2L, 25
W 4.4 B Hd, ¢ RIREE, f0 28 losa IR EIFIIRIUE NS 8] . ST 247
W, M G AENEBIR (A=125V. 2.5V) B L FERIFAHE, 556 MEMAm
JEM B BEFR LY Lo R EB/N . EFERT, L BN B WS 2R T80 Kk
b, XES SEUENE AR — B A IR > . AR, X T Ve N 2.5V HITE
W, FIEWEE, RUBEE Vo B KM R T AN R I R Y 47 T AR AR AR R
FRBHE . FERIRINEL 3.75V IR/, RARRIET] 26.3%, I ARINE AR E R
e Lusa ZEIBEH) 3 5o |

44



F4E FENREREMLZHM4 0CT TR
10 pre=m .
—_ V,=V,=-42V
X n=0.50
S’ '/.’.
= e
S o =028
g 10° ¢ A ‘, _‘n 0.20 3
8 e A ’.,rff 1 =022
°p /': = :’ —a—p, =0V
g; ,if!f - —e— ¥, =125V
0%} 20 ——v,=25V
—e— ¥, =375V
to 10to 100to 1000to
t(s)

B 4.4 AREARET PMOS AR BRAEERL
Figure 4.4 I, degradation of PMOS under different body bias

B 4.5 R TIERL NI &AMER VeeVe=-4.2V BT RER () FMHREE ()
WA (R B RS R RN . ERTR, R B -SR b i 2 b & 1 R 1
BT . AR TFULLESE SEAHEER TS AR EE. FlidEhs
PR ML TR, FETESN RS v B R T AR 07T R B . Ik, 3
¥ LR LTENEE HCLRENSE, REMBEmESEREERGIFFH
LA L5, F58 HCI MNERSERETHRIEEEENIEM.

I,

A"‘"H———A-—""""'_"Hl

//

V,=V, =42V

I., (mA)

Ig (mA)

Ib

00 05 10 15 2.0 25 30 35 40
y (V)

Bl 4.5 FRAERG) R RRCDHERTT V20l
Figure 4.5 Curve of substrate current and gate current with body bias

A E MBS bR BB PAAERKIEM: — I, MEmE SRS
EEE, WD EE SRR BIRTIRE, #HTES HCI RNARSS; 75— 7,

45



ki k B CMOS T2 HCI o SR A

MR BT f B 37 1 B 2 (R T B IR SRR 2 (R &, BRI T )
Hef51, AT 45 HHC 8RR o AR 3 BT SCHRE B, 3 R RE L 7 X BRI Vasaos
TR T W RKIRARIERRE VoVaao BEHT R BEARTH < M X5
KK, EEB RN T EEB I IZX BN EIZEE. & 4.6 Nl
TCAD B I B . AT 0, fER-TREMNE, M T ERMERY, ME
X—XIREH RIE N HCI FEAE G . P 4.7 iR, TCAD 3 PMOS %
PRV E R 1A B 3 (W 15 A 45 RAB R IR IR s, AmEN
3.75V B ISR A SR, ik, EXAEES, 2 7l 2.5V NERER
IR .

B 4.6 TCAD Bl FR 758 A

Figure 4.6 Electric field profile of TCAD simulation

Cutline_Y Plot — h=0V
= Py =128V
: — V=25V
8OO0 F - = ¥, =375V

B 4.7 PMOS Fi#y 3 FayaEIR A g

Figure 4.7 The change of lateral electric field along the channel in PMOS
LR 4.4 PERMAENAE n BHE YR HREAUDRBEHNER. W

46



483 W EN TSR Z8E HCT AR

i

BATEA SRS, MAHERHAE7E H ¥ BT IR WL EN 0.2, 7€ BTI I
ReF, BT R R RS R LA T M SR SR BN B TR 0, R HORA
AR IE L T AT HCT MREY, PMOS P @b iiaB 2355 5,
MR B R Bl el R S HOR L R EARIR . WERAE PMOS _EHEIIIR Al 944
B, MR rigm e, SERRTREHREESNRE, NS
FRREA AR M35 2 . AT, TR T EALAial 3 BAE SR M4 2L HE
KERE, SRR E 375V i, RELERMME 0.5, XREHHMRER
T L. NMOS o i B BE IR TR 1 B8 22 6 AL FA B O T BUE
N7 5, NMOS 2841 HCI BRI E . el NMOS i HCT kP A5
BERIE 0.5, ﬁmiﬁiTEﬁckB@WﬁET HCI R R 2kl

422 K{REXT PMOS F & R

B e P 7 R R R R R SR AT P RE EIR, ST B BRI T I TH
Hhr. BE, BHEHMENN lu FBET 10%HK . EARSEES, AW EE
SER V=125V, Miss SR FIR NS =48 /54058 -3.8V. -4V, 4.2V,
4B H48 PMOS 231 Josa FIFEIR BHLR, 45 R EIFT/R - B S8 2] 28nm T2/ PMOS
EEET HCI EEE KR, HERABEERN 125C. NEFTUEHEEE VoM
Ve BB, AR ERRAT AR RMIEIR . RS, XEFMEIPFR
ERHAEES. MERAESERNRE, X=FFRMANRMRIETZET,
X—ERFHERSERE, RRE VaFl VX MR SR SR MBI

10 :
—_ A
S N T
S 47

= A u
g o’ __u"
.i:' ,Ar‘,” ,-'

= @ o |
= A" W

E /AA/., ,.’.

&b A e " V. =125V
5 Ao b

L o™ ~m— Y, =V, =38V
w3 ‘F’ —e— V,=V,=-4V

~A— V,=V,=-42V

to 10to 100to 1000t
£(s)

4.8 EEBRESFEMREET lon R

Figure 4.8 I degradation under different drain and gate voltage with fixed body bias

47



LR k B M CMOS T2 HCI 7] SE A 5

FEARRSEI S, (B 1/Va BRI 1.1 6% Vo, FHISHE . 1/VatRA ]
PLEIR A

_£
Alysac% < e Vat™ BCR))

;H\:EF]’ A]dsat%/TEE]‘. Lasar Egﬁj\%ﬁ%tt’ ﬁ%%gﬁﬂﬁ%y n%ﬁﬁl@?‘éiﬁo %A]dsat%
it 10%, 24ER, FIEZ MRS o 30 4.1 WU HR:

1
Toc g™ Va ...(42)
" V=0V :
o v,=125V g ]
> I & V=25V IV ACON.
~ . - g ey
o F o V=375V PSR SSCTEI
g RSP Ra
=2 /‘,/’,/.’ ’/\2“5”(\\: )
hf.": _:;:(;’ /'/")“4 :
. 3 L —
- .ﬁ/ -7 ;
3 - - R b
= -
-~ .
v ’/ e -~ / 1
i G/L’ LIV, =205V
1 1 1 I:
0.24 0.28 0.32 0.36

SHAS)

B 4.9 1V BREBRHFEGIEGINERE T SHmEXRE

Figure 4.9 Life and life acceleration factor versus body bias in 1/Vy model

ME 4.9 FiR, ASBMRRER 15 UV 2L RN, 2L 1
H&R. LRk, fn BREAHMMERT, SERKEE EZEEGOTMN. 5
T T RSN B T, FRT T 28nm T PMOS SR PR E
SAEKFZIARFER, XEEFEE/m. LA K n. BiTLBRBHME4105
4.11 iR, mEFR, HHEEHFE T 0.13um TEK PMOS BWZH, HT
H IS IE B RIS . MBI SL R IRB RIS FITe 4 n FUIDIER ¥ fn, WL
ERtEER L MEHEPTEN, 5 EWRAN o MR, P
ASBIAER n (HBEH VR IR BB T SN, X EEHE T A NDER . B
B 5 KIS H K E 2 IEARSR IS E FTLl 4.1 3R 1 AVe 3R B3R B B2
HZ R e T BRI T ARG IRE R, R, @R BRRE (BaiEkRE
%) HEATIME, LAUR ISR AR B (4 B3 5 B 4 e HCT PS8 1k

48



4 E B AN TR T 284 0O W

PMOS
—%—28nm Tech.
—O—0.13pmTech.

fn (a.u.)
- A
<
/ .
/\*

0 T 2 3 4
vV, V)
4.10 TERE T 8/n BEARERZRNL

Figure 4.10 The change of acceleration factor £/n with body bias

f value (a.u.)

n value (a.u.)

g :
/ PMOS

/’ [~H— =018 nm Tech.|
. [—0—0—0.13um Tech.|
0 1 2 3 4

Vy (V)

4.11 28 BF n B RERTL

Figure 4.11 The change of parameter £ and n with body bias
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