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1.1 #2253 (Process Integration Challenges )
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Figure 1.1: Schematic diagram of ITRS roadmap!.

'Ho, B. (2012). Evolutionary MOSFET structure and channel design for nanoscale
CMOS technology (Doctoral dissertation, UC Berkeley).
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EHrpei@iE o gbsh 0 P channel ¥ N channel ¥ & /1 A 2 R F) &) 2 &
(R AFTH 89 know-how) ° B R&E AT AE > %% FinFET > F
4% A MG(Multi-gate) © SOI & 45 silicon on insulator * 7R i@ & A4k
B BZEBFARGTHAADRI BEAKT T @ T REALAR o 124w R A
PE o R ELETREGAEDRIF T BEE T 2 M B~ FE4EAT
A#T > ARG ERA > ALK % % Partially-depleted (PD) #2
Fully-depleted (FD) SOI -

1. GLp,: printed Gate Length
2. GLpp: physical Gate Length

FRFE. X3t K B EHY gate length #8 4 GLy, > MEHEERAIA GLy, © —
AR P& Ak B R R — AR e Rk -

§1.1.1 ks MOSFET x4/ MU A

¥ FamEHA (planar bulk) CMOS &4/ MR ~TE > & B38 Ki@b55%
(high channel doping)
2 #4 @ &) band-to-band tunneling 3 X
> M#&5] B RER (gate-induced drain leakage ~ GIDL) 3 X
> BHREGILERREE
> 423838 JE (short-channel effect) 7~ 4 4% 4|

FRFE. B AR TACN 0 RIBERIRE E S B AR TRARNR 6
ZZEELBA (RAEBEREK) MwREZEBRAK e
FoATERLERT  RMALEARAREFTHBMREE - 2RE—
7+ > & £ £ band-to-band tunneling » R E# PN # & a9 /8 & K
B BERELZEME O MEHAEAGETHRBET LM BTBT -
% drain wiE BB e AL "RER 0 AL EERAEY
"GIDL ;°

Fr3f e GIDL » A48 " MAR— 8% & —RA& | A 9 %34 MOS °
ZHRAEARERES MOS RRARBEZRBELKIER G0
Mgt ordE oA EROER CHRBART RE
BBy — %2 MOS- BAFEMRESD AT TS Al
2L i B R RARA B 1R R 0 {84338 38 R N B BT IK AR SRR KR
(accumulation) E/FEF A M G4 T B4R/ F 58 M@ T 1E
TEREFERNMAOEET > EAEFERY (e-hpair) ' HF
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wm&ﬁﬁﬁﬁﬁﬁﬁﬁ(&%E&k¢%%%)kmﬁ%%ﬁ
TR kWAL ER o BT AT G FART] RSB TR
(Gate Induced Drain Leakage) °

ibf’]‘ LN BGREREN  RE UM EE TR AR E E
B %R ELEMEMEER (threshold voltage) F AT44L o 2
MEHER AR R G FB RN o

B WA MOSFET 22 & Hid T TEFFe ©

- UTB-FD SOI (ultra-thin body fully depleted silicon on insulator)

- UTB-PD SOI (ultra-thin body partially depleted silicon on insu-
lator)

- MG (multi-gate) MOSFET — Ex: FinFET
> BB R X AER BARE X E B AR BT AR SR

FRRE. AR BT RARARER > RMIEEARGKE Ly E &
(SOI-MOS) ° ﬁ%%ﬁiw%%%éﬁzmeWMmeaﬁ%
’\”"2 (partially depleted) W42 > AT T4 A F 1 & AR 4

B ERAR > MEHMAEBRERR > ERABKRELRE - AR
ﬁﬁam&&mﬁMeﬁzﬁ%ﬁﬁwmm@mMmmn’%
AR R X3 E &8 (FinFET) R % Multi-gate MOS ° b
9h > #t# FinFET > & B MARmG B A G EEBEE AR
2 & BEEAH M FDSOI 2 PDSOI &9 &R © 4w, ﬁ
P9 ¥T LA 48 1% — #& Fully-depleted FinFET » — HEfZF @ k& &
F I H o ARG R AR RER ~ MM EE - R2 ?MF‘?J&T
1 1% % — 2 Partially-depleted FinFET » % A5 B EkE > F
2R NMBGREAKRGEEE RFx " HiE ) RE o B
M accumulation mode J g;e Minversion mode | &9 EA > X E &
By RE#mA "ony 8 Moff °

“https://www.youtube.com/watch?v=uvV7jcpQ7UY

8§1.1.2 HZNEFHMENEE (high-k gate dielectric) & 4B
i (metal-gate electrode) % & g F#2

# HKMG % KeA# > TEANEE
> 4B Kz (work function ) ¥ 4 37 4] 28 2
> R4EEEFey@EmEE (channel mobility )
= &V high-k ## P 2 e B R ETH X HE
> BEEZAKREA


https://www.youtube.com/watch?v=uvV7jcpQ7UY
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. RMBLKRE ZEA ZRAL® » B T K&K R T EE R
B % 0 @A R & (Polycrystalline silicon) 1% 2 R
1O B RE THWBERESME  EARED D RERT
RJE 5B e) R A AR F @8 > AR # % Poly-depletion
effect’ » HAER A & N E 4 M B (high k means high dielectric
constant ) 1F & @4 & » 1% & Hafnium Oxide * 32 B R 453k 54 28 2L
AEGFEESZOMH—ER - SN FRZIES RS R E R
1B R e B4 > PR IA AR & N-type E & P-type * ® 1B iR 25
NHBXEEES D HEPFE— CMOS A —NMOS
# PMOS #)REERCERAZE - it wEARHETELF S
ZESNEFHM AP E - RERMRBR "HA | #14
BIAFAE 0 T RISRAT R R SRR R 0 % AR D AR o

“https://www.quora.com/What-is-the-difference-between-metal-
gate-and-polysilicon-gate-technology

https://stevenchen886.blogspot.com/2017/05/hkmg-high-k-metal-
gate.html?m=0

§1.1.3 MH - URREHZIETENA
¥ MR — BN EMENTE « 28 MBI

#* RWARY—
1. 7% S/D (elevated S/D) cf: #EFEMH & & (selective epitaxy )
2. iR KRB M

¥ &A% t—UTB-FD SOI #2 MG -

— BREAE L AL AR X A4S R AR

RFE, WwREZFAXLAB DY RREBA?ABFTEAR  wRER
£ A MkshRE B ok sh R 32 M e E 0 BRI IF iR Ak R 4448
B BITRMBI k- BR - AR RMA @8 AT 0 PR ARE
TRARAL R % KR 0 1B RE 3 T AR ] 0 33 BI040 R AR 9L R AR R
MERFEERE > WA AR RFTAERBARARZ FHEENR
& & (selective epitaxy ) —— B3 & & AFRABEBIE "6 | AR o
EXAXBBERRTFEIL BERELZME -

§1.1.4 Zti#HH#M DRAM 2 SRAM X 45/ MEF] A

MRFE, THREAAERRCEE MHARAAT  EREEF HiEm
T oo BHEA LI MAR DRAM © 20 B RE® AN R EREL N ?

% DRAM Z 45/ MuF=8


https://www.quora.com/What-is-the-difference-between-metal-gate-and-polysilicon-gate-technology
https://www.quora.com/What-is-the-difference-between-metal-gate-and-polysilicon-gate-technology
https://stevenchen886.blogspot.com/2017/05/hkmg-high-k-metal-gate.html?m=0
https://stevenchen886.blogspot.com/2017/05/hkmg-high-k-metal-gate.html?m=0
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# 2 1

->

-

-

LA PE ( PROCESS INTEGRATION CHALLENGES) 5

B R F (reduced feature size) % i@ % 45 E XM (storage
capacitance) > LIESHNEFHEF N E Y (high-k storage di-
electrics) 23| A -

FE L (access device) 2 3%
RERGRETHESE -
£t (bit) BRF L (word) 4R T Z D AREREH R -

AR @A R -F (cell area factor)
% cf: cell area factor = a = cell area /F? (normalized)
% F = DRAM half pitch (feature size)

[ AN o N I N = N ‘*:%;*ﬁiv MR 98 55 69 B3 B
B BB REREM? ARTEINEFTHNBEET A
Ta205 Fﬁﬂiﬁ??% 1TIC $8§ C- 12 F‘iféficﬁﬁ’%” A LR
THES > EEAFBEABARELT  REAFAEIE - &M%
NEE O 1TIC ZIEBEMT AT > BT &4 (1T) #ER (10) =
R TR Bl AT T AR & &R EIRE M -

o f A AR R A AE R ey TR A 2@ TR 3EIE
ERe2H > mATE L 2l TE#MEE | (feature size;
F)%?ﬁo%ﬁ&ﬂ%@%%&ﬁﬁﬂﬁ*ﬁ°M%%@lm

%%u%ﬁ&% m%ﬁxri%wjﬁﬁ&ﬁ%ﬁﬁ@%ﬁ&
REAZET > otz (J8H) X HG -

e

R RE > 38 LT N E

# SRAM x4/ MuFiAa

> 448 E 2 3R (noise margin)

> ¥EH KR4S TR (key instabilities)

> ¥EH#R % (soft error rate)

> BB R AR T 2 B A



6 1. AR Bt

Static noise margin

T
12—

08

04

02F

0 0.2 0.4 0.6 08 1 1.2
V,(Vy)

Figure 1.2: Static noise margin of SRAM.

###%. (Static) noise margin & M R H|3F — B Loy &R K &
AR > SNM Tk KA 408 3% SRAM cell ##4— @4 (bit)
TEFGRARER 5D o G RAARAN - M55 0 5 1 AKE
F ARG EEEE R (SNM) — R SFERE (0 &
1) 8953 R — B IEF EZ > BURE - AR RAE T RIR
BT X ACE Mg RTERFEY SNM XZ %D ?
EmA—EARLAE RRARREA-LERNEY e TRY
B BHARE Ao BHE T BFLERT 00 FHRk
B EEF T ? BRI ERARA RBEEES > ERLRE
BEEEBRARERRER (BRBLAMAE) -
“https://electronics.stackexchange.com/questions/343484/what-

is-snmstatic-noise-margin-in-sram

§1.1.5 ‘i & % HEIEEHE M (non-volatile memory )
Z g Mu R AR

% Flash Z 45/ MbPiR2

> FEANERE (tunnel dielectric) A 4 & & il /- & & (interpoly
dielectric) Z 7R % 4&/I»% (non-scalability )

> AR R R R SRS B B SER SR

fRFE. B AR KM Flash &4 % PolySi/SiOs/SizsNy/SiOy/Si
A% SONOS AREAAAETRERN G E LM E TFEE
ANRALH R ey Bl srrafEF P oo MR EE TR GRS


https://electronics.stackexchange.com/questions/343484/what-is-snmstatic-noise-margin-in-sram
https://electronics.stackexchange.com/questions/343484/what-is-snmstatic-noise-margin-in-sram

1.1.

#Ha 2L (PROCESS INTEGRATION CHALLENGES)

(AVp) > SR ARG FBEMR > AN 0 £ 1 A B AR
FTHEAHAFBEEZE > SHRACV LS Lldb - EFENE
BXE > CEBRBRTFARHELENHEE (L") EREH
FE - FREARATXT o BHRA hole trapping € /FHEERA
PR 4 4E > FRUARR T 7 89 AL g 5L 7B45 € 2|72 A hole trapping * 4
HEIR AR HEL > T EE -

“http://www.ndl.org.tw/docs/publication/P15_1.pdf
%Yang, Y. L., Chang, C. H., Shih, Y. H., Hsieh, K. Y., & Hwu, J. G.
(2007). Modeling and characterization of hydrogen-induced charge loss in

nitride-trapping memory. IEEE Transactions on Electron Devices, 54(6),
1360-1365.

7

# FeRAM Z 45/ MEF AR

e

= @R ERSB (stack capacitor) X H &4 NEA R #
= 1TIC &2 & —F 4/ Mu
> HIC #HRRERGHZERE

FAFE. 3 b8 E % (ferroelectricity ) @ 0 ## B 48 8 35 M A&
b #FELE Q- F WFREAREFEN - —2XHEFX
o BABACR R TR FREEM ) REFRRT > AT
MEBEUAL BB THREBEEHNT - BEXZH SR GTHE 75—
1E48 » B A REEME - LTS -

“https://en.wikipedia.org/wiki/Ferroelectricity

# SONOS z #5/MER]A]

> ONO 3 & AR AR 41
= SisNy B #rFs 2 % M 5 th B A& nth

% #. PolySi/SiO/Si3Ny/SiOo/Si » f§#% 2 SONOS » H & 2 81
AT Flash M 248 [F) °

¥ MRAM 45/ MEF A2

> wEMEA R R R ST E
S HIC ERBERGEHZEHRE

FAE. miH AL R B A EBE > FTAR A B—H $BFR %
iE & ferromagnetic effect - A EBRE  ME ¢ L7 €&k

j=]
oS

AR o LB LR 3 IR R T ARAF 0 MO R ke RAE R AF
FRBEHTBRBBAENTE » G ARAFE - Magnetic Tunnel

Junction : AEEREFE BN > MBEBBYBRILRZRBETHE



http://www.ndl.org.tw/docs/publication/P15_1.pdf
https://en.wikipedia.org/wiki/Ferroelectricity
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]ﬁ%ﬁ’%%mm%%ma@uiﬁoﬁl%a%%%%o

|

1.2 ##EETHHLME K (Logic Technology Require-
ments )

sk L, physical gate length for high performance logic(nm)

S HE/RESEHRNEZIETRRE
e Ly, — 18nm

o MPU physical gate length — 18 nm (MPU:micro-processor
unit)
o« DRAM 1/2 pitch — 45 nm

o MPU/ASIC Metal 1% pitch — 45 nm (ASIC: application spe-
cific IC)

cf: % pitch (or half pitch) = F

Ex: memory cell area = 4.6F>

Layout top view _
Cross section

Yy

2.3F

Figure 1.3: memory cell area.

FE. LE YW F RAAHNRIEBRERE  #HRTZ2 LER
REA/NT c Rt B KE (F) REAFHEEHZETEHENR
e BEXRAF S AMMBNLEHSE R ERERS I KEEY
(pitch) # &2 % FTETHR? AREARL 2F T Bk F &
& FEEE R E——1/2 pitch « 2T F R A REH XTI &R

/N R =F ——minimum feature size °

# EOT: Equivalent Oxide Thickness (A)

« Extended planar bulk EOT = 6.5 A (for L, = 18 nm)
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= EOT =Ty4/(k/3.9)
k: relative dielectric constant
T4: gate dielectric thickness

> 4 A high-k ZAT#) EOT %4t R K> £& & % SiON (oxy-
nitride) 15 & M4/ EE (gate dielectric) ; 4 high-k 3] #4% Rl
BT SiON » EOT B =] Ktgg s o

> ¥4 EOT 24t/ E % - & MOS €% C-V 5t ks
AT AT RAEE -

- UTB-FD SOI n#z EOT %/ NBEH HE%HE -
- DG(double gate) Z EOT & % TAA] -

M. EOT r A5 %8 bR BE » AR » R ERA4F
MESME ABRERZHFENEERA L VEEWEAILRE ? aNE

BEREA
€A kegA
C = — =
d - d
Bt
k39 T,
N2 EOT =
- mor  OT=ia9

Hd 39 A—Abmwz NEFEH - Bk "EFH kL MR
£EBZ EOT F > TRAEBRKHNERZE - ks > EOT &9 =8|
BT EZ  BREBXEZAFARAFTELERNFT K - — &M
T3 TEM ~ CV REMKZ T EER - sboh o LG H ]
ARE R B R AR RALARE > BUA B B AT R
ToARAMER R SR - RFAR  highk HHHFRAH Y
CABEAREM -

GAA
MG DG (Double Gate) Tri-Gate (Gate All Around)
| || |
—— 11
) L]
planar vertical Delta Pi-Gate

Ex: FinFET

Figure 1.4: Various forms of gate.
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# Gate Poly Depletion and Inversion-Layer Thickness (A)

« Extended planar bulk = 6.5 A

= Gate electrode depletion 2 E 8 H By 2 B3R E R BE M4 -

2> 3|4 B FARM T 1E gate depletion effect 2% & - A7 AL K R
31\ high-k & 48 M4#&% > depletion effect #% 7T K& TF & -

> # CMOS Mm% * NMOS 2 4& 8 Miash) H# EALEEHA Si 2
E.> @ PMOS RIA¥EHILSI X E, ﬁT&MO%ETz%ﬁ
TRARAR aa557 Rl AREFAR L (7R BP NMOS # A nt-poly gate ;
PMOS # A pT-poly gate) °

- % UTD-FB & DG MOSFET * #i@# 8§ B 18455 > 548
P AR 2 oh o B oL SR A B 43T Sl % E; (midgap) # %8 meV
$.HE > 4T MOSFET X BIE &R = #1452 -

> R#E % & (inversion-layer effect) & 2 F3E » FIINERM
B2EFhE-

L

Figure 1.5: Inversion-layer thickness effect.

B RETEMAKERE éﬁm%aa%ﬁ%ﬁﬁ’ﬁ&}iﬁﬁﬂﬂwﬂﬁ
on MKRE - REARMAERFHMEY A E Iiiﬁg)i??%ﬁ” HTFRE
(A A FEROBERENEZEFRAMIERES AR
%%%ﬁi%g%ﬁ%&mﬁ ﬁﬁ%i¢ A it &%Eﬁ%
TFEEMREIAE  TTFFEARRAZIMES RERE AN

o

B

\'r'
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R @ RE—BRERAEHMER ERRNEFRE  ATAE R
AR EHEA EOT 8 > &M T 2LBEM EOT > R 4%
# % Inversion-Layer thickness ° — 8% %@ % 2.7 A > M kAT
AT EKRAREEE EOT & 6.5 A » Aroiiz 4 Inversion-
Layer thickness AR 2 - M E LI A ZARER &R
BRagRIL T3R5 6y » PTG A 8 € B0 - ARBER IR K of
e 2R E B R B% B B E (inversion CET ! inversion
capacitance equivalent thickness) ° inversion CET # %7789 EOT
BARMRAEAMARRET - ATH 27) &5 T inversion-layer thickness 2
J& o MR 7 inversion-layer thickness Z 4 » H B F 7T At &35 71
HEEAEROEE - BBRAR RATHOMBELEIFLE > /M
A5 AR EE 0 AR inversion CET R Rtk —#& 8 EOT & &
T inversion-layer thickness * 2@ % Hi R B R Ly ARG R »
BERZRAALGTEE L A w4 B - R TFH@RAAZ U nt
Poly-Gate &1 > %3 MOS #ARBERX - LB Z A MR L
PEAR B > 38 Poly Gate 89487 3t 7 4v & B A Ho bt ik 3£ 2] K -F ik
£ RMmgA —KEBRZATERTEe  SHTEHERARNA
b Poli-Si gate X B3 REA BAEM A > Lo FTEFAT ©

/
e

Figure 1.6: n™-Poly Silicon Gate.

nﬂqu —

I

EHRAR ZEHBHRERAS  AEELTLFABRLRFBR R
— RO FER BT TR G S MERMALRBEXE
BERE  BREEARAAZHEBRXGHERMK CV HEE LR
B E B o AT E R R 0 inversion CET &R Rtk EOT % &
2.7 A B & % HiE— & Gate-Poly depletion B ° i 2 >

inversion CET = EOT + inversion-layer thickness
+ gate-depletion thickness

H ¥ > gate-depletion thickness $1 Ff#: % & 57 2 35 5k R B A R R
BimBABEMNG Bk SHBHEARIyOTHERL &
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PERBRFHOEEMPROBEERAR EOT > 2K @i
I - MG N4 B ML © gate-depletion effect 3H Kk T > £
ek AG R EARE > AR E £ E inversion-layer thickness °

%TLQ%@% MR BRI RSB KRN A THFZET
FEA R BRI ER > RME R BERTHS LB LE -

TR
)

Figure 1.7: Fermi level of n™-Poly Silicon Gate of NMOS.

DB RAE nT-BEEBRGENEG > BELSEESLE T
WEREHE LR+ oA BERERN > rARMkEY 4
B AR J B LB TN nT- R R R E AR

Winetal = -Ec7 (nt)Poly-Si

RZ > #&& PMOS > AVEREXAE HHEA A

Winetal = Ev, (pt)Poly-Si
hopb— R Bk e B FARE 0 EER®AEEFE -

B HNEEIETHE - KRB EAZIFEEHNNE Y 4 CMOS >
% T BB H NMOS #2 PMOS » &ﬁ%ﬁ&ﬁﬂ%ﬁ%&T’
NMOS #1 PMOS #F T A %45 % 2 (depleted ) » A ¥ i 1% 89 3 &
AEFAR ] o TR Bp #H4E o :J%é’a R BB BRI B A
uﬁﬁx%%Tﬁﬁﬁ%%&%@ﬁw%&ﬁ%@%aﬁAé%
R h i B

¢ Electrical Equivalent Oxide Thickness (EOTgjec A)

= EOTge & EOT #u L electrical thickness adjustment (inversion-
layer effect)
« Extended planar bulk EOTge. = 9.2 A (for Ly =18 nm)
> MOSFET #R#EHE K0T » B BMHFEEES cox/EOTelec
> &3 H CV/I intrinsic delay & >
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Cg,ideal = [GOX/EOTEIGC] : Lg

M AL TEML S AR R E 4R X BE
W KB

EOTee. = EOT + inversion-layer thickness

Bldo » B A8 EOT & 65 A AR#BEEESL 2.7 A FrIA
3 E > EOTge A& 92 A - Eﬁﬁkii/\*"ﬁuf’v"ﬁii'lﬁﬁi
RIE > EZREEFREPT - FRAXEHE LK TR
WEEREHE EOTqee RE © #1403 > £33+ H MOSFET i
REEAXATHEMBHEMZREET  ELHA 2 E/EME:

€ox
Cp=—=
g EOTelec

Figure 1.8: Illustration of gate width, length and ideal ca-
pacitance.

Xfpldm o FRAVTAERIER R G AATAERFR > ®

)=}
7
At ~ Q 1dea1, per w1dthAV
I Iper width
Ho s
€ox
Cideal i ~ L
,per width g
EOTelec

Fr3g B 7ideal” RIEAE K Ebey kR (Feeit) 8
BAREY Lper wiath LIFE L [0 MR MAERLKEFRE
Fv‘iﬁéﬁ?é/ﬁ’ B (1.8)c —MARR L, i fEZ T
FRAMNAE > MW RIRERMEEZ > TUAMEME -
ﬁkiﬁ*mi&i% RAEZgEEFETAE )N mMES




"y L A% A

RABGENBAAFR - Bt BARRHALRE TR W
Ly > @B AMERLE W AFRE A7 AL o i B B A7 5 05
B R@F R LEERLL AL X EEEMTEZ
EERER  FTARIE G E €ox/EOTeec BFRE Ly °
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# Isdleak: Source/Drain subthreshold off-state leakage current (pA /pm)
- # N-MOSFET Z BZt&iaBE ZE Viq  #& K& RiRA KRB
7 25°C FxREMR (source current) °
« Extended planar bulk /g jeax = 0.28 pA/pm

cf: LB ZBABE RS Lg (total NMOS off-state leakage cur-
rent) ’ ’Eii‘ Isd,leak R e

ID = Ioff = Isd, leak T Igate leakage current + IBTB tunneling current/GIDL

include GIDL BREKXB¥E A BTB tunneling

1

l | _ Vag
‘ \ Iq.lenk

Figure 1.9: Illustration of leakage current of N-MOSFET.

R THMRE RMNEEEEFRBARMYGRALS
b mAMZRMER TRER, R? X2 AE (19 £
X, -

ID = Iof‘f = Isd, leak + Igate leakage current + IBTB tunneling current/GIDL

include GIDL BEKBH 44 BTB tunneling

it BAEBETHZEERE  AAARIIAES A LA 8L
By TRER ) LEARABEMMERLEZRTR
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# Jg limit: Maximum Gate Leakage Current Density (A/ cm?)
> MBBREZE Vo FRE - BB ERER 7 25°C TXRKA
A RRERE R
» Extended planar bulk Jg jimit = 1.56 X 103 A/ cm?
cf: Jy1imit = [Initial Factor]x [y, 1eak/Lg]x [Hi T Factor] / [Circuit Factor]
Ex: High-Temp. Factor = 10 * # & (100°C) TAERFZ I jeax &
gate leakage current % B2 JEASIEIR o
Ex: Circuit Factor = 1 * # Iy jeax & Jg limit Z 15 B A& 4A8 R -

Ex: Initial Factor = 0.1 » $2E &% A low threshold voltage / high
subthreshold leakage #8 B (cf: —#x BB 2 E &8 A 8089 sub-
threshold leakage ) °

AR MBREFZRARER - £ 1C BRE¥ ¢B3 "2ERT
AT BREAR TAKY FIABEERTRAT 0 AE RIS
TRERRAKR | ®E S T AT Loq 1eak 746 T & A8 B 42 B
BRER > R—REHY o Mho RFABZMET * L, 1eax £F /M2
MARRERAKRN  ANELERE R - a FE :

J/Tgr N Ig.|-MJt ///'

Tsd.leak

Figure 1.10: Hlustration of maximum of gate leak current.

RATIREI G [g R REAE > T &AM F LR A E FARRE R
AR HRBERMED B BRMBEAR I e R L, e B
ZK:

Jg X Lg xW < Iig 1eak X W = Jg timit X Lg X W

N——

Ig, leak
Hib > BRHZRAMBRERA
Isd, leak

Jg, limit =
Lg
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% Viq: Power Supply Voltage (V)

e Viu=21V

Figure 1.11: Ip vs. Vp.

|
|
|
|
| )
! |
' |
| ]
) I
Vi Vig
Figure 1.12: Ip vs. Vis.

PR, RRARBIRRER - REERKZ A Viu~06 (V) > 3
Foh o BAIREHEH Y Vy RERIEE D - Bk B (1.12) A
> BARMERBOERFERAME LA Vg Mo RiE
B R > Bl IEFEEE (1.12) $8 V> ARETEE R4
BHOEREAAKDNT  RATAH > BB RBEAL " H
Bl ek - Bk 2 ARAE—EBEHHEE > SHESILE
5t A8 49 subthreshold slope (s.s.) © 34 E >V, BEZENE (1.12)
FH(E o
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% Vi, sat: Saturation Threshold Voltage (mV)
> FRABBRE Vg & L E LA T EZERER

A, BEAERE (V) —BEAREAEREETHRBF+ 5
ZER BERRMEERABEATE - KM > LB RS
B> TR AR & EABRERE (Vp) o B bR & 5% AT
FHE e B BRAERBREERR Vy=Vy * EA&
#% pinch off » HHIXEABHIEH Vs = Vi, sat ©

o Extended planar bulk Vi gat = 151 mV

> FEEE Vyg — Visar (voltage over-drive) Z#) K » F e ft & & 58
BA R RZAaFa TR -

FRAE. Vi st WRAERKR - RAKR §EFBAIRERE
BERAD D FRAEE Vi g DI B REERD > BHRE
FH THAAR B2 2RAERH V, o BREF—R
> #7 planar bulk * B ARG HEREE > 5x 108 cm™3 » F#E
BAERLBEHE > Vi o HZARR ©

= # UTB-FD > % %+ & silicon body thickness (Tg;) R¥E
BB E B > Vi g SEZARR] ©

- #f Double-Gate /uff » dofTiE#l & LHE (0.6L,) HEAHER -

. REREeVEINRS D OTR A feie B8 @ E YR
EZE RAXERZRELRITHNOMETR -

% Iqsat: Saturation NMOS Drive Current (pA/pm)
2 # N-MOSFET X BAR L MARERR £ Vg K RAERERE
P 23,2 B4 E R (per micron device width) °
o Extended planar bulk Iy gu¢ => 2.05 x 103 pA /pm

> FEFE Iy s 47 high-performance logic 5 LA PR 775 F £
# 17% Z device performance scaling % & °
> PMOS X I sat 8% % NMOS Z 40 ~ 50% °

I, TRBEAENFINSEVRRER2EHAR > § Vos = Vg
B Vps = Vgg RAME > BTHAEAFRNRKN Ip- ERAHEE
MEEHER TERAMKLHEE Ton current | © — A& R
o BEEE] 1000 pA/pm A EF AR o BHLRAR B
ol A ey IC 2 R 0 B 45 E A F A% R ARST 2 H AR 7E 32 1%
H— B e &M Blde GAA > EUHH 2 A —A > F1F— T8
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B %ﬁ%#%k BRE-—AMHERRSFELRA N > AT
UAHRIZEREEE LTS EME - @ IEEE 2 E XB#% A
ﬂwxmﬂmmmoﬁPMOS@NMOS%A?&%K@o

% 14 ratio: Mobility Enhancement Factor for I gat

-> Id, ratio = [enhanced Id, sat]/-[d, ref
» Extended planar bulk /4, ratioc = 1.1

R, wRBHEERRA > EARALTARA B2 hmFRAE
EXREANEF BAREGIERBE > BF 1 ratio < p ratio
B b 45 7] € & AT B 14, ratio A% L3 f?—?iﬂ‘ﬁﬁﬁﬂ%ﬁiﬂ”ﬁﬂéﬁ/&
BEA -

*¥ p ratio: Mobility Enhancement Factor

= [iatio = [enhanced mobility] / [reference mobility]

- ——ﬂ;”iﬂ'ﬁj%ﬁ‘ ’ Id, ratlo 1 Hratlo iRz R Id ratio < Mratio ETRAR
BN A5 A 5 43 38 38 AR Rk A e »’U?E (velocity saturation ef-
fect ) °

cf: fhratio S 1.8(F K1E)
= mobility enhancement 7 7% :
thin Si epi-layers on SiGe epi-layers
strained thin SiN overlayers
selective epi-SiGe in the S/D

. hybrid orientation

> W L,=20nm * BH#HRETHE 5 x 108 cm™3 » KB ®RILEBR F
AliA g Rk -

oW

FRRE. ERMMERRBEIAESF (mobility) EAR] - Bk &
BARRA  ARERLNF | Bk RA AR A A FTH %
Id,ratlo BREREAMFE—AHER > BERE 351 R B 335.5{@
fafo o FRARPBEEBSEFARA  ELIRBECELERET - Bt
M ER AR -4 - BT EARA QBN CRAMMNEE £
B AR Ao JE A %*’Wm%%$ sooh o H BRARRARS B
TR RS 8% (BRI AEENMETE)  TFLeERBIGE
B~ R o
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% Ryq: Effective Parasitic Series Source / Drain Resistance @ — um

> KA ZHFZHEMR A LEFEEM (per micron device width)
o Extended planar bulk Req = 105 Q- ym

FRFE. Ry RRABERBZIEFAEHEME - AFEENA
B Q — um BARAAETMRE - HARATRAEHEMBKA
Q—cm’ MEMRGEMA R=pL/A- K LAY A &6 -

A=W .r

Heb o p ZIBENEE MW RARESEYEE - Bk

et 2 (L2

r

Hb o Pr3fe) Ry EEAEMEE (1um) t9FM -

# Cgideal: Ideal NMOS Device Gate Capacitance (F/pum)
> AR X2 EFAEE R (per micron device width)

Cg,ideal = (EOX/EOT616C> X Lg

» Extended planar bulk Cj igeal = 6.78 x 10710 F/pum

R, TREIRAREINSLVEE?XRGAE TR TR
AT o HbBRMAKBAEE ERGTEERFNE - FREKTF2
R EMANE RCAMZEH - W EEZAFRREEY - TX
SAHBERPLER (T—E) ELKBALE on 898HE S 72 E »
P oA 6B % & EOTglec °

# Cyiotal: Total Gate Capacitance for Calculation of CV/I (F/um)

> ER#EEKFZLEHEES (per micron device width)

> @45 Cyidea ~ FIHEF £ £ £ FE X (parasitic gate overlap/fringing
capacitance per micron device width) —— MR Rz F 4 &
BEX HMEBARBZFLEERIR BFRIEHERITEXK

JE o OB F T T2 P ek (Miller effect) 75 L4 4ER2 o
» Extended planar bulk Cg jgeal = 8.82 X 10716 F /pm

2% e (Miller effect) REEFLd » RABAATHE T » hABBH My » T ER
RELEEHNAREHERRER > AEZIMAROEEEEHRAR I+K £ A ¥ K &
BBHRERBEERRIE - S LB FH—https://zh.wikipedia.org/wiki/



https://zh.wikipedia.org/wiki/密勒效应
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FRRE. BT E BRI R

L AQ CV
At ==~
MEEERBAEAM - A4 ELHBARBREEIEEIRFEE
ABEAF @ L ER MOS s —BAAEE > Rtz Ee
EARAAUETHEHRERZRURFTAMBELES > MALATE LR
KB MAAAKR - RAREESEAN  FAARAEAE — 242
B {8 5 BRI AR ARLF o

% 7: N-MOSFET Intrinsic Delay (ps)

2> H25°C T E2HR 7= (Cytotal X Vaa) /Lasat
o« T = CV/I =04 ps

MRRE. BRI BGBAAMGHTRBAGEERRH mELETHR
eyl RAIAR KRG ER (Ig car) RFFEFRFH o RBER
o A T MUNEET o B BB 7 AR 0 SR BT A LA
RALR » PRIAEAREER - (BB A FER G > AT AR AT o

s 1/7: N-MOSFET Intrinsic Switching Speed (GHz)
e 1/7 = 2500 GHz

R Rt wRERSELBASHRE  MEMELENRS
on current (Iqga) AR BB ES (Cgiota) BARNAELF

1 ~ Id,sat

T Cg,total X Vaq

—ETREWRE A 2500 GHz > 2 F I LT R B AR
FRSAAEN SN BB R FER L o AR bR

% Effective Ballistic Enhancement Factor (a multiplying factor for [d,sat)

S AEE4 MuzAE K MOSFET it (&4 UTB-FD SOI
& DG MOSFET) i * 484F I BAEF AL

= #7 Extended planar bulk CMOS M & » & Ut ¥ 24558
E RS AL & effective ballistic enhancement 3, % °

e Extended planar bulk %
effective ballistic enhancement factor = 1
cf: & & NASTAR modeling package #4% > & 7 1& T 45 HAE
i & performance requirements > 56 284% Ig oo B KT 4T
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= ## undoped - very scaled UTB-FD SOI & DG MOSFET 7t#
WATIPE ) Tao R RERA KRIE factor > 1 IR o

¢ DG =z effective ballistic enhancement factor = 1.17

#2FE. Ballistic enhancement @ 3838 Auik » 4t 23 » Lo R oIk
oo NB—ERE > B FHRIBRARBRAREE] AL T A A HETE
BREERET R RTFH A EE

Ly < X

Bt > mefey THEL RRBELRRMAM (bulk) &8 @&
338 X ey 454 (ballistic) © E W0 R B H 0K Tq @ HARF
B AaAXEATMHHFRE N FAABREEXLARRS £
FRFREB KGR > ATAFH A BEXRD TR G/)
W Ly B EBOBEERES - BRIREAMEMG - 82 A
BEMBARRFER  BAHFRSHE > AT ATELAZEH]

1.3 #kRICRAE E A

S AR AHRHER g R R M R 4 R L

> 2B e#E ek (corrode) ~ #H (crack) ~ Bf & (fracture) $L5
# (separate) % o

> R eHl%E -

> T g iRek B A -

> BERGRERBKEMN -

> ULSI 7t € kg 05 f] fo 23R K 3% (wear out )
o T - A~ MARILILE F R A M

§1.3.1 Mm@ MK

Ty
{

=

— e — ) ey ]

>
o
&

Figure 1.13: Conservation of matter: continuity equation.
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# Fick’s Second Law in differential form:

VJ@Q:—%gw (1)

s# Fick’s Second Law in integral form:

oo dN(t)

/ Joad= -0 (2)
¥ WHEZELARTFHZRYD (R3w) RFEFAK

dN(t)

—5 = k()N (3)

#E#E. w8 (13) ° J : atomic flux (1/sec - cm?) ~ p : density

(1/cm3) = A > 2@ RFREFHE N(t) F 7
R BAHROREEESHEEFR Y c K E—EFT AR
& Fick’ BEFRK - BEATAM»BX
(1) 2L TREBABRIHX (2) MFT2HE - MF=
AREZ AAMREEHESHEFMERAED > FELER
FRIALM? EHAL 3)  BABATIRLETERBR "B AT
B, AR FTRARA (3) B9 - B k(¢) RIAE T
—#& reaction 2 degredation constant > T E 47 & > BR
URE N BEL RS RN S

ARAE AT I A K TAF

—dN/dt [ J(z,t)-dA
N(t)  N()

k(t) = = flux divergence

% N@) BROBE—RER > TRERE EFERFH (time-to-
failure s TF) - b8 X R F# & N(TF) ¥ R FH#HE
NOEZLYE

AMTF):%KP[_ ng@Qdﬂ.TF]

fcrit = N(O) OTF dat!

. RMPEEMCHFRA BETHRABRRRTUH %
R?BAZBHMBTRKE? A THRHREEER L KMT
%&ﬁ &) 4 5 B Bl ——time-to-failure ; TF ° # 85/ TF

—FHIT R E > FlR o RMAH—FILE N EE
m’ﬁf&ﬁ@é DI AHHEHER? R & AL FLE
BYEE BB A 50% THARAKE - A THAEBEEF
Mo M EZ AR B L ES4t ey T8E | Lh] o flde o
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TR A S0% AR HFEEF AT AT R 0 AR AR
958 & B EEER > MBBIA foi = 0.8

Proof.

2o
I TF
fcrit = €Xp | — k(t/)dt,
0
-_ TF k(t/)dtl
TF

TF
T

TF] (# 4 TF)

= exp

= exp

#% > E R time-average k(t) :

TE L t)dt
_ Jo_ K(t)dt
(k(t)) = T
T 243 %)
Jeriv = exp [ (k(t)) - TF] < ’N?—]nzig?o

BREE. BAAK k(t) £ fun ZVHEREERUAE o 2 (kD))
691 B ——k(t) 60 RT3 ——fR ) o AR 448 ] 4R
BT o SRRk e E & o

M (k(t)) &8 J(z,t) #E (lux) B -
ap(x,t)
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HEd > F ZEHH (driving force) ~ u A% F (mobility) ~ D

& ¥E#0% # (diffusion constant) ° cf: TR AEE A

. dp
Jp = Pqipe — qDy Py

sk o FAIE A T3 B+ H A2 A (Arrhenius equation ) 2R #4338

BE
D D E
= T = kB—g, exp (— ch%) , E,(eV) : activation energy
cf:
o Einstein relation
D, D, kT

e Boltzmann’s constant
k=138x10"2J/K
=8.62x 107° eV/K ;
kp =8.62 x 1075 V/K

8§1.3.2 AEEEHEA
# ARIE AN

TF = _Fl/fcrlt)
JJ(z,t) - dA
< N >
J(w,t) = pp(a, ) F — Dapg;’ t)
D E,
M:kB7T ;D = Dgyexp <_kBT>

o FREHEMM TF (time-to-failure) FiER, :

E,
% n
1. Ag - & exp(kT)
2. % Ag-exp(—7-€) - (E)
. 0-exp(—y-€)-exp | 1o

Hb ¢ Ko utsE (fallure) ZHRE > tbwEH ()
(J)~#keh (o) LBES

/}L%‘:};ﬂz
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ETn>A4B 0 BREEAS (2) R
A

9
> Ay AHEAR R R AzA M A

%% 2 p13-14 REMRE % n >
GRS AR AR AR A A AL 8y

TF AR EF ABA

o Gate Oxide
o E,
> NEFHZ eemodel 1 TF=A-e77¢ -exp ( )

kT
G(T)l

€ (0):¢

2> REHZ 1/e-model © TF = to(T) exp l

Metallization

E
- Electromigration TF=A.-J " exp ( 2 ;ﬂ)
B

E
- Mechanical Stress TF = A-0™ " -exp (k: aT)
B

E,
Channel Hot Carriers TF =A-J_{ -exp | —=
su kBT

E,
Mobile Ions TF = A - Jloﬁ exp | ——
kT

e Gate Oxide:
BB NESEAZRR - EHREHZ 1/e-model » F
%# Si0y-44 AR % 3.4.2.1 i ©

¢ Metallization:

- Electromigration:
Agé\?xﬁ 1& [&— -FXHTFE] > ﬁg%?ﬂﬁ’ié%%ﬁ aa %/JIL)‘
BRI —EEE BASNERERRT  AIRRETEXR
AALF o RETT c Bk SEREMFE —BRTL— 80 %%
AL R o MmiBsR X M ERF R AT A B RAG A -
-> Mechanical Stress:

. Channel Hot Carriers
A B f’éiﬁ Ey 3F i: %%ﬁv:i@#zﬂu?y %%%ﬂiﬁ‘
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(avalanche generation ) * 4 % TR & KAk 0 T FERE
B0 B Iy, ¥Av o LG R —EHETE LM S A e HEY
FHIEAR o S L, SRR - AR A
) Jo, RIRFE > BB Jop, & Vg 8V, g9 K3 -

o Mobile Ions:

% Acceleration Factor (AF)
W
(TF)use

AP = ~—~—
(TF)stress

E,
o TR (1) HEEE TF = Ag- (€)™ - exp <k T)
B

gstress ) " |:Ea < 1 1 ) ]
AF = Cexp | 2 -
< guse P kB Tuse Tstress

Eq
o B (2): #ERR TF = Ag - exp(—7€) - exp (k:T)
B

AF = exp [’Y : (gstress - éuse)] " eXp

o (7 7o)
kB Tuse Tstress

FRFE. BF RVAPE BB R L F P U LS 6 BB R o4
(time-to-failure) * X BARK AR B T ° AT AR & HAR LM ho
JEA o R ERE R HIFERR] (time-to-failure) 2 » 3% A3 4o
#1468 HIE R (time-to-failure) o > fEAM B P IRESLE R
g1k A% -

B HNARBREEZ W W NELHE > comodel A F Zo) B EMH
A Bp TF = Ag - exp(—7eox) - exp (Ey/kpT) » st B/ N EFA LA X
BA - ERREFAE E A —BF LKA Fowler-Nordheim tunneling
8 1/e-model » f§FERR > LA RAABA -

o REFHZ 1/e-model :

TF = to(T) - exp [G(T)]

Eox
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M. # A K& ¥ &N Fowler-Nordheim 5— FER EE
JR B K BF - %/HLEE&%iﬁ%-ga'féf‘}ETu\?&#ﬁ o ARt A
1/e B4R m & 2 R84 69 R4 (hole trapping) #
Mo Mz TRALARAES THEF AR LR TARE
FRAE R ey > MmIE RALR INIRER Y - B AEAILEE
B> UREEERAAHALRNLELY LT TEME
1/e-model » &R TE X ERE ~ EHEAAETHER -

o NEFZ e-model (FERARHF#) ¢

E,
TF =A-e 7. exp <k‘T>

MRFE., NEIGRHIEAALR AR A E R KGR A
R o pboh o B RFHE e B h R o

S #HN TF BRI 2 23

N [agll(T; )]
d1n(TF)
0177 )|

T

E.=k|

FRFE. BN EFAE A SR A A

HAVZ o lTIRE| H 2 H n BFILRE B, R? A% AAA
Fam X Bmihn o ERER2ZH% &ﬁ&i@%ﬁ“égﬂm
ET T &K% De ] 30848 4T i 4 i A 2
5& o

TF = 49+ (" exp (12

Ex:

AL & E AR /?J ai B EEREEAT (constant
current stress

05(&5&%)%1TuzKﬁ% 4o (1.14) ¥ (1.15) °

CCS) & ¢ = J(% %‘l}?) B forit = 3 =

> EM# S mAELRR 0 R LHEEE 52 (Cumulative failure
probability ) F(t) % » B 50% K&2ZA TF > B t5



1.3. #HRIERAE T EER 29

AN

. } ;’7 >J-(A/m°) ) 3/%@

Jo° 10° 10 23 26 27 29 3] 33

Figure 1.14: In(t50) vs. J(A/cm?).  Figure 1.15: In(t50) vs. 1000/7T(K).

R RE. t50 p-3 fcrit = 50% 7@44"#[]?-;‘?5 BT P48 R &Y Hﬂ*’ﬂﬁ » Lk
R FPHESR TF - floi £TRAEESL J =
105 (A/em?) B > BE A 50% A S EG R - HEELE
MARBYER RAFFLREE, - REZWHAL > EEEAY
MR A

Eq
TF = AOJﬁn exp (”> <~
B

Fb > A InTF vs. InJ BmE

E

InTF= —ninJ+1InA -

n nind +1nAg + k5T

slope S———
TF-intercept

XA InTF vs. 1/T Bz *

E, 1

InTF = =% —= + (—nlnJ + In 4y)
kg T
~ TF-intercept
slope

Ex: 2 RAM AR F] M2 ey - /7 (thermal stress) 45 &
B #K A-B @mdias EAMKRGEINA as £ ap ©
EBETHRE AT AEES HaE (curvature) F °

c=¢-F

Hog o
o BN EMA Pa
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JE 4 ¢ (strain) RIZF Efx
K E %4t
T MBEE
o F R AHKMEE (modulus of elasticity ) > EArL % Pa o

’f?i n’{h‘ﬂﬂ/ﬂfiﬂ"?‘gi A ﬂi ap ¥ /mﬁﬁ%fg 'J :
M A B4R IE S (tensile stress) :

oa=¢€a-Eyx(ayg- AT —0)-FE

#M# B 2 B4 E /1 (compressive stress) :
op=¢p-Epx (0 —ap-AT)-Ep
o «(Si) =2.33 ppm/C

o a(metal) = 4.3 ~ 17.0 ppm/C
o «a(plastic) = 16.0 ~ 25.0 ppm/C

FRFE. REIMHMA RE ARG 3 - — B REFTRZT

MM — AL o T E R T B REM M e

NolamFE N ERE > M BRE XEE—A 0 FTARE

ARG 0 (EAF R E RS d o R —HWIRIE S (tensile

stress) > 7 —H R A B4’ /1 (compressive stress) ° #— %
RN (o) % () AM -

Ex: f— B Rl e Am B BR MR 2L B A1 5] Ae 2k % (Fatigue stress) 42 € &
A 53 %% (thermal cycle) & 4 FEAMEJE S 5 481b8y
ihiﬁi‘iﬁ % o cf: thermomechanical stress

> XMZAHBEERY (cyclic fatigue) °
o ARG HH 2 MK (Brittle materials) BAFF R T &1

Brittle Materiols

e

_F

Tension

L5

Stress

Crack length“l.” will graw
with each themal cyele.

]
&n-?n:sion.

Figure 1.17: Crack
length L of brittle ma-
terials

Figure 1.16: Thermal cycles with variation of

stress.
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EXh
1. — MR R
2. Ruxt k
3. BIEBE % %% (catastrophic failure)
AR AN (t)/dt = —k(t)N(t) > #% N Bk E L (CRHESKE)
HER L AR LRI N
dL

dW:C'(Ua) L

Hed BARMKE L M8 AR k{) = Co™ RE -
(o)™ Ayt JE 32 JE /1 % 3 (applied cyclical stress) » JE 7
AT ° L % crack length * N A3 R# (the number of cycles) °
Bk B C L (0,)" EAREBEEREREN RREBREKE L &
Yo BTRBREHREKEEE Ly ¥ ROMRNE T TEE
i HAE RS 6 B A 3R R B (Cycles-to-failure) Ny B & (FRZ
Lo %ﬁ‘?ﬂﬁ@@ﬁ%%}g) :

Ny 1 [LrdL

dN = N, = “ —-m = A, . 0
0 I C Lo Ln(a ) 0 (U )
AO
f: TF=A-07" a4
CI: = g exp kBT

AR RLBMToo EXBER Ny = Ao, ™ A4
EHBRIEBRTELABUER RETHFE — 458
Ng(Ty) ~ Np(To) ~ ... > B b & AT 3 & o RO ] 8 35
— M REEH X KRB EHENEILRE F, > RIBHEE *

E,
B

o HNEBMHM > A ATy AMFMENBHZ G REER > R e RBL
#4 (plastic strain) M & AT #i@ AT, 144525 s BALH 8 (plastic
strain) Ae, * #3lAe AL ~ HHE

- Coffin-Manson equation (N;)’-Ae, =49 ; b=0.25~0.5
Ny = A" (Ae,) VP = By(AT — ATy) ™"

n=2~4 #%48K (soft metals)

n=4~6 #M4%/& (hard metals)

n=6~9 %5HHEHE (brittle materials)
> n MK Ny Moo BE G & (failure) ©
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§1.3.3 &Kt ao#r
WOBREZ ARG SAALRR  EH RIS SRS

&R f(t) T WEHREEE M (failure probability density function)
F(t): # 2% & 4% (Cumulative failure probability ) ($H :
0 ~ 100%)

sy =T o / F(tdt

f(#)
1—-F(t)
> AAENLLNR ¢ B £ BATMAEEFAREX ARSI 0 B A
BEEE bk F > K F 4y 2l FIT (failure rate unit) f43 o
e 1 FIT =1 fail in 10° device-hours
B HEME A 0 EBRA — SR (fail)
Al ERFE N=10""1/s #E€ &K% 1 FIT

B &K #WERE (Failure rate) \(t) =

FEFE. HER &R (Failure rate) \(t) 892 & 4 -
d Nt /dt

Nremain
_ dNgy/dt
Niotal — Ntail

_
1- F(t)

A(t) =

EERL ﬁ%%%*&%%ﬁ#¢’&%ﬁﬁﬁwm
BlzergE o AwHF T EYRuBEYHREELHT 0 &
A 1L EOAKRE RERE AN=10"Hz £& A 1
FIT °

FAFE. B ARG HUMEREN  REHEHD - §E2E£3
50% BF > BT AAF B E R R (time-to-failure ) {’L&’JLTMH@J
MR E (failure rate) * HF F(t) RARR ¢ ¥ &% E (fail)
898 o tb o SR R B (Failure rate unit » FIT) A A3 &
KA EH KK FEHRDEE > F 3] 10° device-hours ° 7T % k&
B ETRMRMS > FHELERAMEK - R0k HETH —
87Tt fail » RIE & 1(FIT) « &3 AR > £ 10° device-hours ¥ »
o R B — 'ﬂﬂ fail » B H #% ik £ (failure rate) % 1 FIT
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B ARG TR AEER T (GER) P ey ®EME
A EMSL  MAEFREEANAEERXFARAZSED > HE
HE BB BERE (failure rate) FHEH R E K -

FR A& 10 FNRATFHE (REP
HEREE AR —E

PN Zoro Faiures T M)
= 10 gears epuimlent [y i 10 4 (= 87600 hr ~ 10° hr)
w0t operation. time

. > hEAHERSL 10 B A
. , JE4E 10 948 E 7 107 device-
T hrs A % — {8 o AF S BE > Bp TR
— % % (failure rate) %& 1 FIT o
|

> D M E AR ERE 10° 8 B

10 16t 100 st 10f B A 10 47 R A — 18 7o b 4
Sample Size (failure) Bpih 2 % K> sk

4 108 device-hrs » A LA iE 45 8

Figure 1.18: Failure rate vs. Bk E AR E N E 107 device-
sample size. hrs 8§ > & & +18 T %%

b b2 MR FE A 10 FIT -

R, TIRBEIRIEMAMRE T FRAOHK D oA KA DR
Utk b BB RE S DAY 25 RAE— Bt EY
MR ENSHE - A S L TR T Skt R R
(failure rate) ° AR} > AL HEH B ML Y S > £HEEF
Pl EABR 3R BT > A RIEZA S - Bt {4 R
Pl EHARE) B A3 ARR > THHER SR B E
iR R b ARARAK ©

KAk AE ST 10 S48 57 100 JNBF o AHE TR B A 10* B9k
BT BAELE 10 FENAA 1 BEAFRRE AR ERARR
W B AE 10° device-hrs B » R A 1 BTk - B ybiR4E 1 FIT
2 & A¥ERE (failure rate) & 1 FIT « itk (104,1) &
BAZER - fEA 10 BE4E L 10 FNHA — 18T E -
AR & o BB AR 108 device-hrs P BPA 1 1B T > &
WA H A 109 device-hrs F 0 @& 10 B o #E LA 10
FIT > 432 (103,10) EAZEM & & -

LR 0 M EEAAR B R 10 FABFR A — @O HE
AN AHBEBRI OIS RS ERERRS S RZ - 4
PAHBER S NS M T > MR R EARARMAK -

BRBRMEHRELER T N> & N BLHHRRTHE > A
R BV REBT A LR FgfF —EatsrE- Bt
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fRIR&EFH — B A SR E G A Ty > A8
dNpy 1 - 1

dt  Tan ~ T
Rk £EATRERIFY N Bt d  HéaEkis:

deail/dt _ 1/Tfail < 1
Nremain N - NT

At) =

LHAR > £E N BT  HERMNFEELEAHZEDRR
¥ T EBROETR - AVERMIATAE SO MR R MR AEIAR B
I/NT » %32 » 1/NT #ARPIFTARE ST RREERF Aoy °

1
NT

)\max =

Hit > B EHBEEM T &> HEHRTHA > THHKE N M
% RBERFIETHHRAAERE \ o LR Z—F @
Hredh RPN > UHFSE N Aol o A8 AP AT AE 3 89 R K B
BER F oy FRARK ©
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# ¥ [ERF (Failure rate) A(t) 48 B 2K

RIE

dN(t)

= —k(t) - N(t)

k(t) % reaction ( % degredation) rate constant
A

o« N(0) A t=0 Andsthab® g » 3bbF F(0)=0-

o N(t) AFFR] ¢ BHBIEFEFZHE > BF 1> F(t) >0
N(t)=N(0)-[1 - F(t)] °
dN(t) dF(t)
T —N(O)T = —N(0)f(t)
Bp
—k(t)- N(t) = —N(0)f(t)
—k(t) - N(O)[1 - F(t)] = —N(0)f(t)
= k() lf?@ ()
B gt o
o dgf)z—A@-N@)
VAR S (O ()

FRRE. e —mEa SRR E o BT k(t) MAKERE AE) o Al
P46 BFER 2 A S (fail) » AFIA F(0) = 0 > B MR AE £ % iE/E e
$EH Nt)=N0)-[1-F(@)] -
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e ¥R R (Failure rate) \(t) #EFR ¢ X st - — R 2R
&R (bathtub curve) ©

ey \Ear]j Failures Intrinsic Failies  Wearout 71{‘[‘,) Extmeic. Flures
«EFR S« IFR -
)t
—I— 7:71:0.]
7U't) Electromigration
Tntrinsic  Fatlues cHe
Gate Oxide

N

t/ >t

Figure 1.19: Failure rate distribution.

> IR E H# % (Extrinsic failures) : £ 28 R 4 & f2 k2 &k
F4 AT 5] AL o

> WEE E# M (intrinsic failures) @ & % #483F 4% 4] (Wearout )
I E (failure) Z 4840 o
cf: CHC: channel hot carriers

AR, THELEBAR FAFHEAER A RE ETmL
ARG LA o A2 P BAR 0 AR LE R S SR B K W S A TR AR R
AT AR EEFBRIE MEREANLARANIFEF
(intrinsic failures) % A 893 % > 12X M AR R AR ~ @B BT
(channel hot carrier ) ~ electromigration - ... °

# A HEE 4B (Cumulative failure plot) * F(t)
=> F485%H (Weibull distribution) % % A X # % 65 M o 16 & ¥

f(t)
JWeibun (t) = (g) _ ((7;)5—1 o [_ (2)51
o

o o A EFE#FR (characteristic time-to-failure )

o B A5 % (shape parameter )

o f(t): #IEMF % E &# (failure probability density func-
tion )

o f(t)dt Wt BIBFR] ¢+ dt 2R MEZME
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« f(0)=0"F(0)=0
o f(o0)=0" F(c0) =

SN
4

time

ot

Figure 1.20: Failure probability distribution function.

LA (1) MR TREA R AT
dN (%)

== = —k(ON(?)

Proof.

N(t) = exp{ /k: dt}

N(t) = N(0)[1 — F(t

1= F(t) = exp [— /t k:(t’)dt’]
0
ko k(t) w3k ARE
1 — F(t) = exp(—kt)

ﬁ‘ *i F-?‘ # $ A ﬁ? §i (failure probablhty dlstrlbutlon )

f(t) =dF(t)/dt
B
exp(—kt) — exp l— (i) ]

b > Hied s 2 ¥ E 4% (Cumulative failure probability )

F(t) - %%
Fieibun () =1 — exp [— <t>61

(0}
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B HA

dF eibull (
JWeibull (t) Wdzn()

it AR AT T AT E A0 0 B3 fweiban (2) 2
£\’ t\#
oot = (2) (&) o[- ()]
(6 (6 (6%
O

EHE RMAEAMNETOMEAAET D E Fop(t) Bt du
RAMAZTHINGHELEE D E Fop(t) F5 Fyepun(t) =
L= oxp [ (t/a)’] » AR R AL ETEREEE fop(t)
& Weibull distribution * fexp(t) = fweibun(t) © & T ZZ 85
Foxp(t) AF F R Fiyeibun(t) * RATE Fyeipun(t) fF40 F#ik

Fweibun(t) = 1 — exp l— (t)ﬂ]

In [1 — Fweibun (t)] = — (i)ﬁ
—In[1 — Fyeiban(t)] = (i)ﬁ

In{—In[1— Fyeibun(t)]} = B (Int — In )

22 In{l—In[l — Fop(8)]} ¥ Int MBZAG > BIEAFHL
W2 HERFEER f(t) 2F00H

Fexp(t) ~ FWeibull(t) — fexp (t) ~ fWeibull(t)

In{—1In[1—F(t)]} # Int fEeh B X4 2 A F 168 (Weibull plot ) °

biid 33" 1. B a FHRaW4HF
F ot MAE > FAZ 138 &
= gi Il Bty $ t1g B9EE -
L o] -
. 3 1.38
[ ~ 2
“.i ool T In(ts0/t16)
& t
\§ /D_3 + —> o~ ;0

/o™ /0° 1* In(2)]/#

Time (hv)
2. kAR o Ml A

Figure 1.21: Illustration of # % (fail) > F(t) K

Weibull plot.
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Ex: fALR EFRERREHTZ F(t) o tbsk -

79 I
N
9o -
o
E— fD -+ - - = = = — - - — — - —
o L
N teo Stress Ed of lfe
—-_g— I+ = /OO ke (’Osﬁr)
g L+
v 62 :: &l A /ow?
: oo T 2wl ose (1)
§ 250 (stress)
3 10" } I l
/ /o* /ot 10° Time (k)

Figure 1.22: Comparison with cumulative failure F(¢) under different test
conditions.

_ TFuse o gstress " E, 1 1
AF = = exp —
TFstress Suse kT \Tyse Titress

E,
cf : TF = Ap{ " exp <k )
B

mrE. AETERELIESN (stress) » B F B oS F ik
HEET (AF) »R > BEARARGH & HEESR TF A
HBERE - ARl AF #8452 85875380 > B A 10° hrs K
% o

- “7@7&%%}’{4 ’ fstress > guse ’ ﬁﬁ- A TFstress < TFuse — AF > 1
- & Weibull plot——In{—In[1 — F(¢)]} vs. Int &>~ :

ause = AF - Qspress (05 % AF %2%&)

/Buse = Bstress

e

g
AS

RFRE. o % AF 2% > AF # A »

R
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1.4 #4ck TDDB B EHA 1) (e-model and 1/e-
model for Oxide TDDB)
s TDDB - Time-Dependent Dielectric Breakdown

- 7% constant current stress (CCS) 2 constant voltage stress (CVS)
T BERAIRE B EATZ D %M tgp (BP time-to-breakdown ) °

> CVS XHENE R AR 2 EH « #TmB (&S stress)
¥ T #8 2 % constant field stress > Bf € = e(= o) ©

i #E A AL & 7 constant field stress T TDDB A&

o /NEHZ e-model:

E
tpp=TF =Ag-exp|— v -eox | -exp <a)
N kT

const.
E’KL
E
In (TF) o k—“ — Y Eox
EE
__OW(TE) - Oln(TF)
O€ox o)1) |,

> bz 4y A EGBEATRFE - TEANNEST - kW
BRI B R TR
o KREHZ 1/e-model:

G@q

Eox

tgp = TF = to(T) exp [
dominant—1/e

> X EZRZEKXEH T Fowler-Nordheim tunneling current
AR B EERBEE L WARANRKEY -

—c
cf: F-N current J = ¢; -2, exp { 2}

Eox

dominant—1/e

Om(TF)|  G(T)

S5~ =
K agOX T €c2)x

BERT MEREHZ 1/c-model IE#E > ARJE ~ HF 23 H
el ZAABME - ZERBEAMBZ v AFE O AETNEY
Z e-model B IEAE o F| A AT T iF 50N EH T e-model 2
i A M e
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# e-model ¥ 1/e-model Z b

P Ny 2 ()
o xS

|
N\
o1 \ l/-'/_;,-mwle,
ol T
AN o ° 0 —
2 F /C—E—MQJQ]

| I | ]
0 ¢ T & 97

Zox (")

Figure 1.24: Comparison of e-model and 1/e-model in 7 vs. €y plot.
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TE (507) (M)

8ox ( M)é/m)

Figure 1.25: Comparison of e-model and 1/e-model in TF vs. €« plot.
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Ref: S. Wolf, ”Silicon Processing for the VLSI Era” Volume 3 - The Submi-
cron MOSFET (Lattice Press)

e Chapter 4 - MOS Transistor Device Physics: Part 2 - Long Channel
MOSFET.

e Chapter 5 - MOS Transistor Device Physics: Part 3 - The Submicron
MOSFET.

e Chapter 9 - Hot Carrier Resistant Processing and Device Structures.

2.1 GIDL (Gate-Induced Drain Leakage )
* ERMHMAALMEREEABTHRARE  nt RIBARMEERR T

REMER EMAEAATTFERY - i BREFeEmMmEGER
B kAR R > R RBER > TRAEMN G RBRGEREE -

G (grund
; )

P el F P D (VDD) 7‘6«,""“] amission
c'l—iVQlll'y h / //4@ I ﬁmlm}
A y — O Yy Trop- -assistel Bond-to-Bod
jjj)@q OXT&Q T mw\ ng. ": _t”["
< el + /“ i
| " 2> = Y e
v ODD_/ !
—
/D Lateral 125 0& -
hole {low .
+ nt - D
+ n
ol

Figure 2.1: Illustration of GIBL.
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S BATRAGRAEER FTUARREGHRERGYREE (inversion
layer ) °

- GIBL & 5% standby power > A7 EA % fo A 4% 4] > — A&7 10 pA/um ©

> E#4EZBE® (shallow junction) BFFAF 3] A8 Ge preamorphization
& 3l # bulk midgap trap * & M i& ¥ v GIDL °
cf: SPE = Solid Phase Epitaxy

Mg, RARBATHARETHAEN Y X B ABLEL
MARARI > AR EREL R B AEE L B AF
B R A —— 3 AT 3F 89 Epitaxy © R i@ iE 4 69 Epitaxy 3R =&
MBE ZRfE o N49) q 69 & & > 242 8) Epitaxy RAEE &8 0 A7
LA #% % Solid Phase Epitaxy ° A7 3 9 £ & & 5 2| — B R B &)
RS MRKOCKRT - ARENMERLETE LK - Bk &
LeRfaeBIR o MEHHE THE RIgE T oERLME - H®T
2 EBEBZBBERY TR, B EEHRERTEER
TR E - HT2 AR THFRA ) BEMITE - RW o BETH
HEREZH AN EARZTNBLYE  CRAEAT TS
B OMmITERERAAN o Bk > HRATT AL 8T 48 AT PF 2
BBER ShAN—2 THTRRBLRE | EARE s R
BOBH bl (Ge) - ARAHEHENAL > Feihkie
4T preamorphization ° £ @ AKX RAENEF 0 BT HR > X &
WAFER BRREZIRART > FAHERAANHRBKRELE
L EEL - Rf > AN B SEER - FOMEEL
fEF (midgap) > &t # %% &k GIDL H % o

= U4 d hot carrier injection %% Fowler-Nordheim tunneling & ¥2 >
¥R Dy ¥ g iE GIDL 3 v -

- GIDL 3 %4 long-channel 7U#FBP T 53] o

FARE, B TR TR 0 FFURARE EIE RS 0 b0 B
%% % MOSFET #9448 R # d N-P-N SR M4 R F te i1 B
Wi PTAAREERRIAREAR TR, Bt SR SEERAL
By o R AR nt B —RLA BB B E A2 RIRE
TTUAE pudE o PTBARARE R G AEFART HIER 0 MR T AR
ERARIF A AR LA SRR ER - MmAeE &M Ak
e (off) B » BRABA R Vyg> MMARTR Vo BE > A > 4
MAERER: RALMBERNABEZREIFFTS Bk R
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BTR R ToBGER VAT OB EHBERKY T

Elub > RE—MEFEF NI W > Mig/RieEEE Z UG R
W& A Mm% d (band bending) — & FRKM T - M F 1%
RRBEZEGERERE BAZTHERGETS B0 LT
AN B EFRTARE T FR, 2R BRI
HEER BRFHEAR (band-to-band tunneling) ° K » &
IRAMPFAR/BRABEREEARERGE—MF - BT LR
BFERERANS > BAF TR AT AR (trap) > MigLe
FEF L TR B FRABANTRM - o LR EFHEH K
B REH F M H] (thermal emission + tunneling) :

— Thermal emission + tunneling (Field-enhanced tunneling)
— band-to-band tunneling

— trap-assisted tunneling

Hit > s (trap) # % > GIDL L3 THEM S cAam T2 ° B A
HES AR ES o RS M F MR E
MEATFTERAHEFHEER - — MMz AIRZHE  B%
HABE > AUARGATRAEROBRER - TETFTELEZESM
f i@ & Avik (hot carrier) M & A WHEatIER > €2L P S 0E
FERH > 18413 Dy 3w Kk GIDL ° sb4h > 2 RARMG R %17
EAR - MBEZETREEIRY Q& W EEBIHT ERZ AT - &
B3 & & £ FN tunneling * & Av Xk GIDL -

f

2.2 Charge-Sharing effect

# 42188 (short channel) ¥ BHE T HF X Z 2 & EH X2 RAR
PRIEZEZGEEMBENRE > BREHMLFHA L (charge sharing
effect) » EAFMRERNELHE  BEGFEWEHITH (on) ~
Ve TR -
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L4 vip 2, 8,8 ot -
. s EEX N ] o
Tl SN L s SRR

Figure 2.2: Illustration of charge-sharing effect.

> BEREAD 0 Vp THEAS > B2 X4 Vp roll-off «
of: ZH AR FHFBENENRMER Vp 00 EA - BREREH
# % Vr roll-up * 3@ % @ 24 RSCE (Reverse Short-Channel Effect) %
RTEHRERR -

N {/\T l’o”-uP
/]
4 /

—

~
7

7
/ S Ckwge sl\aring_

2

"\ ll-off

~,
7

L

Figure 2.3: Illustration of 174 roll-up and roll-off effect.

S N E @i T (narrow channel) > BN E LE W BT854
JEF B > ME MRS Z T2 EHMRET & %2 EAHL LG R
RKOEFEREREIROMBER Vo RiTk@E - 58k Vr &
R FFARX S A% %% % &% & (edge-depletion-region effect ) ©
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%.
w
7 N /\

e&gé—&;plebim—@fm
 effect

Vv

Figure 2.4: Hlustration of edge-depletion-region effect.

RE. EREBEHERZAT BELARZREAARZR > 2w RH
RIRAR ~ BB ZZEHBE X2 BHERESE > BEBE 0 B
SRS ENHETERGT TR FEZRKRNHABTRE >
EERFEEHBEERE  MTRAEEZE - 2% RSCE A 7T I 47
AHTRFEBESE ) RABEME  BEYERR > HEITR
JEZ G e R LA ER R EH > ATAR A Reverse
short channel effect R#%=F L3R % -

2.3 DIBL (Drain Induced Barrier Lowering)

¥ AW RBRAESBEF L CREBCRARO G2 ELEEHE
% 5] PN 4 @ 193 B 5 AR RAGIE A et s > i T &R TR
g AaEa Vp o8 - B AR R B R A SRS -

> Vst Vel Ipt

> Leg Al > DIBL A E -
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48

T VesseoSy
F

!
o / /
.Y(Arf }—eﬁ'" ) /
:oium / /
/ T

1 - 7
7 o= 7 0.5um Jam ./
Ve,
0 1 l [ I (] l [ I 1
0 02 of o6 0% o
<
ﬂ X=0 ~~
‘4:0.51”\4

X

Figure 2.5: Tllustration of drain-induced barrier lowering effect

< fhERE IR KA Vpg £ ARERAR @4 £ DIBL ©
sk ¥ VT I‘OH—Oﬂ; BE o Vpg AAK A VT THEASS  ERBEERLR
F R AT Vp BEFEA2 AR o

A% &U%ﬁfﬁ]é’]*i@%&%’ﬁ& AL 0 AR IRAT I8 6 R AR B4 AE L @

'FF% HAAE Vps RET - @& ?@?%/&F‘ R Vp g ﬁﬁU\ Ip
AE B 0 AR EE T B R

MEFEKR - iﬁ—%ﬂiﬁ:’ EAhEREE—
kﬁ&#ﬁéﬁ FREAK o sbh AR A THEKBETR > e i@
AR LN ZREAE  RMLEXKRI & »

% "ﬁb% ’& kﬂfro%
BB EMRE RS BRHAS —BRAGNRERE -

2.4 Substrate Bias Effect

¥ Vpg &5 Body (&AR) ## Source (FiR) Z AR o
¥ VBS B ABE 0GR QD Boho o il Vg B > Q@2 R4z
% RARIEAR ) o) R AZ B o AR Hh L SR Ao B A

45 ’%/)ILT 45 ’J‘ °
*F\ Ve INBpP TR EEER VT ST K -
b ~ 20 +6¢; ~ 2¢r +0.156 V

cf: Vr = Vg +¢c +vvVéc + Vas,

W HEBE AR Vs WBER ] R Up RIS S
(Ex: DIBL) °
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# HPNRBEAHMT 0 F Vps LHEEHE » DIBL A 584
123E 8% Vs ZEGAE A -
Ref: G. W. Taylor, Solid-State Electronics, 22, p.701 (1979)

¥ HWNL=15um ¥ > Vps=8V £ Vpg =2V FRRE Vp &4t
2R EXRRAAE Vps ARFF RERBYZEZEHRBZIEZE
EABFRL  FFREMBGEZEE% 22 MM (decouple) » £
iFBE R AIRZ B0 0 PR AR BB L E (substrate bias effect ) 48
¥R -

R AR TR A ERT Vg #48 Vg’ B &4 Body * S &
35 Source °© i@ U8 R IE AL ER T AR5 B 2 & (Substrate bias
effect) BASN » @ F L ATIR B &Y RAB S EE A6 2% & (DIBL) » A7
MBS EHBRELIESF N RBEMT > B ARES EHRER
MIEG TR 0 FRATKL BT R 2] Vr B Vs + oo St 41ty
Mt o Bp ARG B EBA % - 12 % @8 MR A » AR R AR &
SHMWREBEMGPIFREE > wEBSEFERERIE - Mg Vpg A&
KBRS ETEREE AR LR ARKR 0 FTAAAHZ T > Airie B %
GIF R I o

2.5 RSCE (Reverse Short-Channel Effects)
% X#% % Vp roll-up 3 anomalous threshold behavior °
> fyF@EME o BEEEMK > B4 A RSCE °

cf: —# RN > R RA T & FHE (charge-sharing effect ) » Ri@
BAAE  HEERA N REFHRR

R HAFEREN AMAFY A BEGRITHRIIRHERETHAME
SR RARAAALHEERAE AL Threshold-I? > AR AL AT
ARG BEFGTANRBSEETERRER LI BT ERAAITHERRY
Antipunch-P—— 2% T # % R S8 F oy s T1h i - 8T HETH > &
FmiB iR K o

§2.5.1 “TTHER

# B EAL (re-oxidation) B o B &y M ARE 4 9187 AR 89 TRAR ~ IRARIR
ZAAREBRK > RALR LR mEE > B MR R AR %
(GGO ’ graded-gate oxide) * 4% % &% F 3R % (gate bird’s beak) °
Z P RACAT R BB WA > A TR FARE SR ZRAR R
a4 By BARFERAXERER - KW LR LA 6y sk
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M5 (interstitial defect) &##M H SR L EIANZBEZ ¥ > ERHBY
(#R) 8y3& 841833 3R £ (OED ° oxidation-enhancement diffusion ) °
FIFBEEHZMREE LI -

3@; HREMAALE PSSR ZBACEIR SRR LHE - &
T EFt e

-

i a

AR, RARME R AALIR 2 ATRY GIDL  f2b & w K BHEEM

§2.5.2 Enhanced V; roll-off

B ABEBGRZBETHAFIEE  NRE - RARMIEICER K &
%H@JL‘ 2B (M) EHARE S RERERESHIEHHK > #M
&%ﬁm%%%(%)ﬁﬁ Lo o B RO AR 0 b R A
B MEERTHRAS ’lkkﬁ%%%&ﬁ%@zﬁ%%ﬁﬁ
(enhanced VT roll-off ) °

S LRBIEARMNETHARE G LR MR MBS (M) XA
HABRIEHEIRA FR S E#EME (local solubility ) °
-9%%l?ﬁﬁﬁfﬂﬁm%%%a%%ﬁmﬁﬁﬁx\%%%»
MG R TA IR R - G T FHEBERY L =0.2pum

B RARNEBE R ERAREYAT R o S Vp THRES -

W EBMEA RRHAEE (RTP) » £ &8 MER K (3w 900°C ~ Ny
5min ) * T3 >Rl H B (lateral dopant redistribution) #9%
% o
Ref: M. Orolowski, C. Mazure, and F. Lau, IEDM Tech. Dig. 1987,
p-632.

#REE. P38 89 7enhanced” © A5 0 BN IEEGH HBBEES Vr vs.

Leg Bl 45 k%l%m%%%g(%)6%%ﬂﬂﬁﬁﬁm#mc’
FRoAR Ve FHEEWH At H Tk, t&ck: BiliMse > @i
7 & 71 15 71‘31, FARBEE c Hb > B K BEAREKRS 0 wEARHAR
ZRA 1A AF RPN RBELEELFTIL > AAARERA Rapid

thermal processing €

2.6 Punchthough (Subsurface-DIBL) Effect

H —KAMHAHTALRMEER BT g A KR E B ETAE NV
adjust implant” M Aw K&k @ P-type BZ (LA N-MOS A1) - B e
A8E Vps T ZZEWBRAZ Y dERE @@ RELEMN &ﬁmé%
R AR R > T A B H @ e RARAE F (punchthrough) »
B FE LR Ltbi/% % X #% 2 # Subsurface punchthrough °
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¥ LhBETi 0 g Vpg AAK 0 %k%zﬁ%ﬁ%#“@é "k®m, BEHE
T HEAR IR (bulk region) ° sboh v WA AR HHE AR F R
& ID,nresnors AR °
Ref: J. Zhu, R. A. Martin, and J.S. Chen, IEEE Trans. Electron Dev.,
1988, Feb., p.145.

# 8% TR’ (V) » punchthrough voltage ) X € & Vg =08 » Iy
(Ip?) EX 4 REFZ Vpg 14 * 40 1 nA/pm °
cf: Viy o< Ny, (L —75)° > REER W+ Wp~ L B2 12 [ £
#2R; (hFFE).
cf: 1-dimensional abrupt pn junction, W = /2e5(Vii + VR)/qNest-
cf: 1-dimensional linearly graded pn junction, W o< (Vi + Vg)Y/3.

§2.6.1 BEVBF ik
#%2.6.1.1 FH% 1 Ngyp control

H HERRBIEBEE Nop B TURDEZZETE > RHFEFERE
‘j"‘ o

D> — kR TUBAREBEWL T X — @& EER®LT
Nagab > Nep/10 E & Ny, HRBENGHHEERZ-FHBE R
FE 0 M Ngup 463 4 89 bulk-substrate doping concentration °

o WHMAE—R Vi-adjust I? REBEZHEZ Ny, * BP T4 38
T2 BAEER VT B Voy o JFF 84 KR# 1 pum 8 Drain gate
length ’ 3F,_l:. an+&§J/f/F

e fEFBERALY 1 um (Leg ~ 0.55 um 3 Z drain gate length
i'J\H—J— (7’(,—‘5—}% %*&%Fﬂ%{%mﬂj‘ 4o p > 10 Q2 - Hl) » AR
HEA ERER > FE BB BETHAE 0 BPATH punchthrough
stopper implant #y’i?r’rif ( 2 punchthrouh implant > PTT #4i7 ) °

%2.6.1.2 %% 2 PTI (Punchthrough Implant)

¥ Ao PTI A£RABRMLARIERZEIN AL PTI R GHEHEREERE > B4
ﬂL]‘Z: ¥ Jm Nsub P BT O SRR @3 w0 B B T 8 L RARZ AR %
AP i

%#2.6.1.3 7% 3 : Halo Implant

# #7 N-MOSFET 4 LDD (lightly doped drain) % tip region # F 2
B p BB E 0 A RAREEAARR B PN @RS ERELE
#FoBmAEdEbaRSAREER G REnEERE  BELRY
THFARR -

subthreshold
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- #:%% sidewall junction concentration & 3% fu °

=> halo doping Z & KB Bz P-NT #& & 4 avalanche break-
down Z KR e

s FIA KA BB (large-angle tilt » f§#% LAT) T 4% | halo-like
ik XEAFERS HTIEABEITEE > ATASHMTXEZ A
BHRHE 2o Bmd (SPI > Self-aligned Pocket Implantation) > %%
X # 4% % DI-LDD (double-implanted LDD )

3% Peak halo dose #& K > f£48 ] Vpg FTX @ T £, AR - #3
Z o M ER® EY E, 891 LR M > Peak halo dose A& K ° B Vpg
AR o BT Bk o

2.7 Hot Carrier Effect

$ B UM N ERBOREY - AR Vpg T i@k B IRE T4 M g
R AEFRIEE N2 TR 2wk (AR Ak ) > ik RABE -
RERUWRAL MARAALR & Si/Si0, R @2 ak3f - s UHEER %
#A#% & time-dependent degradation ° 48 Bl 49 B 454 A Vp (thresh-
old voltage) ~ g,, (linear region transconductance ) ~ S; (subthreshold
slope) BA R ID sat (Saturation current ) °

> AF AR
Hot-carrier generation and current components
1. Holes reaching the source
2. Electron injection from the source
3. Substrate hole current
4. Electron injection into the oxide
> RABE EH By BF AN EEFLRABYIMG - Z TR
AR RTHELTZHSE  EAREZETERY -
cf: 2#NK
% (Vbs > Vpgat)/l > Esatr B °

~ 1/3 1/3
o VDS~ Vb |1 0-2260T ox > 15 nm
y,max ~ — 7
! 12 0.017tef*r}* L5 [t < 15nm and L < 0.5 um

Ref: J. Chung et al., IEDM, 1988, p.200.

b VD,sat ~ (

VGS - VT) + EsatL 1 + V%i;XT L \( = VD,sat ~ EsatL

Ref: C. Sodini, P.K. Ko, and J. L. Moll, IEEE Trans. on
Electron Dev., ED-31, October 1984, p.1386.

EsatL(Vas —Vr)  — Vas —Vr {L /= Vbsar & Vas — Vr
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% %% 4+ Hot-carrier effect B > 4R & MR (substrate current) #5#8 %
F+ o BT # B EBEE L, BT R2IERE -

> Iy 8 HFHHA#P (avalanche generation mechanism ) &
HOEFETRHHEEARM > Mm% EELLR exp (—B/Eymax) °

> BHXEFWHEEIEL >/ Ip ¥ Ao EFREREE
R A MENBALE P -

> HHEXERGTEARRY > &R Lo, > SEIRL Ip BE 0 AT
PAEE £ X 4% 4% & low-level avalanche-multiplication effect °
cf: 2F K

Top = 1.2 (Vs — Vi sat) - Ip - exp (—1.7 % 106 /Emax)

= 1.2 (Vs — Vs sar) - I - exp [=3.7 x 107 - £33 1i/% / (Viog = Vg cat)|

Ref: T.Y. Chen, P.K. Ko, and C. Hu, IEEE Electron Dev. Letts,
EDL-5, December 1984, p.505

= log Iayp ¥ Vi, 7EZ B A 427 s 4% (bell-shaped ) * Hix AEH 4
W) Vos B (2 04Vps) » BA Vas > Ip 17 12 Eymax |
BT LA K R KRR ©

cf: Saturation region * f&3% r B/ 0~ 0 °

W (Vas — Vr)?
In~ —. nCox —m————
DR M C 5

§2.7.1 Models of Hot-Carrier Degradation Phenomena

# — AR 0 hot-carrier effect & 3% it AR AL & /3% Si-Si02 F @z
B EATH e 0 BLEE AT R 0 3 R hot-carrier stress e

- é %"ﬁ‘ Qtot T = Vr ?Ii%'ﬁg&f% = # n-channel 7’1'..’#“53’\%‘ > —;B\;
Ipl VR gn | = EBBMERE | > $ERFEF TAF -

= #& hot-carrier stressing % * Ip 72 5 B & hot-carrier-induced
negative charges £ AL RARZ B3R > AT BAE TR AR SR AR
Rk GRA Ip LRBEBRK £F Fig. (26) °

> E ZHH N mAEH A A K F (interface-trap generation) &
246 #E 41 (oxide-trapped charge) A Ml * H ¥ A #& % o9 Xk
5l "Dy 238w, BEZREA - M Dy 23X EEHE hot-
electron injection A M4 * %4 Fig. (2.7) °

%#2.7.1.1 Si-H Bond Breaking Model

# ¥ Vog /I Vpg BF » hot electrons % Si-SiO, @ » & sbbFEF A
H RPZAEE IR Si-Si0y R @2 A B R HEFF 35 (repelling field) »
AlA TR i B 2 b 252l & -
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Figure 2.6: Normal and reverse S/D.

Sfac;r- il‘-g’ﬁﬂéﬁi’

ST S0
i A
T
= e B
5 = e

Figure 2.7: Illustration of hot carrier injection.
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Figure 2.8: Si-H Bond breaking model.

S ARELEHFAEZHS Si-H 4 - 3@ % T £ & Borophosphosilicate
glass (BPSG ) reflow (in stream )~ CVD SigNy 2% Hy (forming
gas) 2 PMA ##Z4 -

o Si-H &5t ~ 0.3 eV

o Si-SiO9 fEME ~ 3.2 eV

o & Vas It Vps B EANFRETERLRAETRBE
R Pl PR E B 2 3E B Ar E (retarding potential ) ©

- hot electron F B A K# 4.0 eV Z A > 4w db o R BRI S5
EH AR mAeHF (interface trap) » %4 Fig. (2.8) °

2> % Si-H 888 #1% > # T2 =188 R F (trivalent Si atom ) Bp
5 & F 9 (electron trap) ° M &R F (H) #E 2 BEAERK » &
BRFRTERL—BETF > FRARF AT -

> BRI S ILEEETR > PTIL SIS0, RS & BT -

S OBRABAT A 2 H P |
Ref: C. Hu et al., IEEE Trans. Electron Dev., ED-32, February 1985,
p-375.

#2.7.1.2 Hot-Hole and Hot-Electron Trapping Model

# % A hot holes & hot electrons © 3% = AL &K MFLEE NP 2 ¥4
f£# (neutral trapping centers) > M EER @A 10 nm FHLE AN - &
AEH R AEHHIL TR © £ hot-carrier stressing B ° hole trapping 1# 1% f&
FHEE N Mk N BT BIERET

> N #HREFHR THRREARELER
1. N X@ 2 F k& (neutral) > HERA N,
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Figure 2.9: The way how electrons in channel get energy to overcome the
Si-SiO9 barrier.

Figure 2.10: Hot-hole and hot-electron trapping model. Ref: K.R. Hoffmann
et al., IEEE Trans. Electron Dev., ED-32, March 1985, p.691

2. M —#H A E2Z R @R (interface state) » & BB HIE
e RE A N, > sbB & hot-carrier stressing P #1552
ZaEHHEERSL -

FRRE. B A B, TFAEES#H] (recombination) £ 4 F
@AEME (interface state) > EA EMRBETFRHAR N, -

> ®i& o ATARAT P (neutral site) > NP » 348K+
MAEH (neutral sites * Nj ) A @AM (inteface state * Ny ) 2
%4 Fig. (2.10) °
Ref: K.R. Hoffmann et al., IEEE Trans. Electron Dev., ED-32,
March, 1985, p.691
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FRAE.

Nto = Ntohe + Ni;

B FawmTE T RBEA  BRER Vi R g, TRBEACIZRE
Iop, R0 ATRAES R I, 48 % 7 B2 hot-carrier effect !

# WAR AHEFRRGRT » B8R I MR EAEL%# (impact
ionization) XA ETHARE » ERERAR > FAEZEEHLZE -

WGl & SRR TR b 2 Eypay  #®KD hot-

carrier effect °

2.8 Phosphorus-Drain Structure

¥ — 1% % MOSFET # A (single) As drain* & T B4& Eypmax @ %78
FEM A graded drain > B b > TTH# As 85L& P MEA S/D 2B H -
> X#Z A (single) phosphorus drain MOSFET e
> AR P BRROBERRR  ERQERESHLE R R EMESF
Z 1% A% 84 drain-channel junction & & * SR Ey max ©
> A THERELEFEZ K T (sheet resistivity) 1K » P 2 4h
HMEEAAN 1 x 10 cm™2 -
> BN EA graded phosphorus diffusion profile R 8RR ZRAER ~ &
BBEERE 0 Iy, BIEP As-doped drain * K&/ N—E#HFH -

> GNP BRI BETDEBIR ARSI EEANE BT
ERERAFNF 1.3 um 2 MOSFET o

2.9 DDD (Double-Diffused Drain)

¥ B HAERESLE > thdw 1 x 1014 ~ 1 x10% em™2 #9585 > A& 5 x
105 ecm™2 #9AF - & 5B IEHE 0 B AR SUF BB 0 B EBIK
M Ta, £@E (nt) 4B THABKER T > £+ Fig
(2.11) °

W BB Tr o £ DDD B F X B o BETH » 54 Fig. (2.12)

S @B RE AN 1.25 pm XU 0 DDD 4T g I, RV
4 %61

> &7 DDD &4z n~ 8 ot BXAHES A RARS & A E K
#2 > A7l graded-drain #2 B A2 & &R 8 KF BROARE - E4F T
M [, BE—R o FREEEREAE -
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Figure 2.11: Double diffused drain structure.

Figure 2.12: Simulation of electric field profile in DDD structure.
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Figure 2.13: L, AM1a & £ K& (Gate overlap length) » #1477 &9 A& &k
% (Gate length) RF] © sbsh > 2% nt BER n~ BRBEZHA ZHEZ
% -F (hot electron ) °

= DDD #&#%%# A long thermal treatment » AV n~ &9RFEELT
A& Eymax * 1287 &4 704 4 3 deep vertical phosphorus junc-
tion ZABEMNEBENIE  TAFR RSB AL B RE
n- BRESH -

> KK drive-in L GEBLE EHoh 0 AAHRE

2.10 LDD (Lightly-Doped Drain)

¥ AEFE A RIEIR Eymax Z 3T > 123 AR 0 LA KM - A H
REFHAL S —REUAMBAER > £ITAHEMHAA (self-aligned
implant ) ° % — X B & & B4R 42 s8] B (sidewall spacer ) Z1% °
BETAHBMGAE -

> F— R AR DB AR S R AR A A BB T Y R IR
& 3% (lightly doped region ) °
> MOSFET z8#EHRe R LDD &2 8K n~ ErAMmmRD -

> BB LDD &# 7T A B K Eymax 30 ~ 40% > B K& 2L
% hot-carrier effect °© BIFZ Ey a0 A7 R ARE & INE - £
#F Vas #IFBH Eymax * 3577 £ % hot electron * %4 Fig.
(2.14) -

§2.10.1 FEymax 5 £ik

# LDD & ¥ ey n BREARMIT - BEL L,- BRZIEOEFHS
KA > BRREFTHA Eymax > AVET EHE5]I AR AL non-LDD &4
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Figure 2.14: Ref: S. Ogura et al., IEEE Trans. Electron Dev., ED-27, 1980,

p-1359



2.10. LDD (LIGHTLY-DOPED DRAIN)
NS

VDS - VDS sat — Ey,max ' Ln*

0.22. /3. ]1/3

Ey,max =

VDS_VDSsat
T 022 £, 1/3+L7

_ Vbs — VDs sat
=

st

61

# WA ET Vps — Vbssat TR B R B R A EIALL R E 0 &K (velocity

saturation region) % # % &k & (effective length) ¥ (1 =0.22- i3

i) AR U =1+ L, KEN -

NA
7"

B L,- ZEHZREGR

EHLE-
FRAERRK T’Tﬁzﬁ FEIEZ o

§2.10.2 LDD Z n~ B3l $HEM R,

¥ B n” BXBBIREATME  Np- BPHAHM
L,

Ry =——n"
qunNp -1 - W

BEb W AAHTE > w, A n-
ity ) > # 800 cm?/V - sec °

TERZBRBE TR M Q,-
ID a i']‘ °

RAE PR LR P8 By s

L,- &

n

EHNZETERFE (electron mobil-

Moo R, MK ATRE KX

#AFE. #E R Ny, Z hot electrons €48 n~
B8 E M F

— Nit)

HEY 2 Np-rj = (Qp- —Nip) > Q- ¥ Ny ZEMEH cm™

B R JE 4B 0 AT -

o
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§2.10.3 LDD A K # 425 5

poly duposiZion

/,70,9 eteld

LDD ;»y:/ww'c

phserelmpaG
“ e ': =

Figure 2.15: LDD A A% 2

# LDD X ARF I AR Ny i B S 4% THREF

o« MG Ny iR IEEL - FAETH 0 LB (216) ¥ b
o

o LDD 2 Ny B REBERBEZ LN > tEMBEGKZIE
(1Al B¥ & > spacer region) > &L B (2.16) X TFE - #2282 > hot
electron degradation A EFE E *n~ BX Ry 1> 2 /& TS-20 °

MR, PR3B ey T A, RFHUE > AR A impact ionization 2
t)EFERYH > MRS trapped charge * HETHTHEE - 8
A LDD Z n~ BT HKTHE Eymax * BARFRR;FTER -

2.11 MOSFET X RA&R¥LE 4R 6 F 25k

W L ERMX MBS GEAREZ A BB (gap) » AR B RS SR AR
ZIBEIH Y BIRE FNHE R T 0 BE TR A M ARSLIRARRM &Y slight-
edge-overlap * X #% %435 &£ (weak overlap) °

> BERGERAM LR ERAABRTTREEZIRER -

S BHEEBETHBERRNIENFARRBE » 7R EAZE BT
45 n~ BRI R EM Ry, A BmEIKER -

> EHmERRE  ABBEEETLA  AHXBAFERRMNS
Hedz LRAR BEBRMITRSHEHE (gain) ©
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Figure 2.16: LB A2 4% T2 28 F & > FTE A LDD &4 Tk #8;
FE

# EAAPERXTRRE

1. Single drain * FitRi% & SR AR ] BA B2 % R @ o

2. GGO : #rEMmEaItE (GGO > graded-gate oxide ) = 4% &%
(Gate bird’s beak ) # BL4 H & &7 B AL (Poly re-oxidation )
BERKERECERTH > REHEHE (gain) -

3. LDD : n~ B3z K & (sheet resistance) A Ry, &7 °

Figure 2.17: =/ T4 w55 £ 2R E » K4 A Single drain ~ GGO £ LDD -

# F# LDD (n~ & nt) B Eypax A B33 f4£ 47481 B (spacer region )
ZHABAALR EAE > TR BRTFREAELL B RLBFERMA
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T MonT BRXAXFEERIES - EF Ry L7 EAREMT

Fx o

= # LDD # % M-LDD (moderately doped LDD) > £ 458 & £
o EEZRERBA nT (S/D extension) > kD 3T 2 3 &
&) 848 -

-

2.12 M-LDD (Moderate Lightly-Doped Drain)

¥ 45 LDD n~ BB BHEB ERE - AT GE By pa T FEREK
N AR LU R B IR TR AR B U AR 0 BRI EEEH TR 0 Lk
ARGHBRTFZAMHTIEE -

r

&N&x& e

Zrb (£V)
‘*\n

el |
)7

£ N /0 Convert.onal

N" Dose (x/5°cn?)

\.

Figure 2.18: 4 n~ Bl &4 % 1 x 103 cm™2 » £# R © M. Kinugawa et
al., 1985 Symp. VLSI Tech., Dig. of Tech Papers, p.116

S LA 4 Hf (7’ » Lifetime) M3 > gz n BHREEALOR 5 ~
6x108 cm=2 > 228 (2.18) A GHBLLES% LDD 94 4
HBEZAWEAEAR SR -

#® EREE

*@szi%%%LMD§%$’&ﬁhﬂDD%ﬁﬁk°

2. M LDD Z%mﬁ[?f]&* iiﬂbﬁ'ﬁ]ﬁ}' };‘;3/5

3. M-LDD B n~ REHS > %MEmmmﬁ%%ﬁ%ﬁzmm’
it SAFE BAC G PIARI T 5] A 0 2 30T S48 B 3R oA 0 P AR 1 R 2
N Mk LDD & F MBS 4ERERN 0 AT A KK E
BB TFEHBRL -

4. % M-LDD X F4&f n~ BXEBRSTHREER Cy ' 24
digital ckt JEFA £ > ¥ FA&REE (gate delay) Z%—%EJLZ:K °
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2.13 B-LDD (Buried LDD)

¥ ARABRSEEZHETHE (eg., 165keV ) > ## LDD 2 n~ EBMHEF
BR—E  HHENMEFT R LORE A ZHBHE (retrograde
doping profile) » M EBE /FH @A > FFTFHMSmMEFTA
W PRAEREEHAAETHE £ 8558 E (impact ioniza-
tion region) B#E A& > A EHKRF A9 (hot-carrier lifetime) °

= XFkE > A As 453 B-LDD %4% -

S SHA P HHE ATHRABZHERSH > XA sloped-
junction LDD (SJ-LDD) -

i Hok Carrier
; Geneyation Region

- //{jh’esf Eledyon
\* Current Dens:ﬁ

M Lop

Figure 2.19: ITllustration of Buried LDD.

¥ ZEASRgeshehis5 3R 4R (light P conventional LDD ) $2IF &4 &%
2 #% (deep As B-LDD ) &R A #ATE RG> BITRFR G LD
TR BAT R RIR B 0 BT AT B B 4F 69 2R | F P4 (hot-carrier
resistance ) * #% % graded-buried LDD (GB-LDD) °

> A LD
71 (As) S 7
7 (As)
Barieol LDD méur}edsl
A mhth}nml) S

Figure 2.20: Hlustration of Graded-buried LDD.

2.14 P-LDD (Profiled LDD)

% # Buried-LDD Z BB AE » RIEESF n~ B2 &k @IEE KK
EMRSBREGHHTRE > RD T E4 - AR GBLDD TR &
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LDD - 42 7] 4] A #& % &) moderately doped n~ E&#H# (#] : As @
50 keV ) it EABIRMHR n” BHE (] 1P Q1~5x10" cm™2
B RH 150 keV Z MM EHAE ) » AL T » 452 £ 4F8) LDD &R ©

> B As Tk @REE > &Y ERFEHR (current crowding)
71489 S/D &M (resistance) ©

> MRS FHETHRBK  ESBRF A BRI EIEI -

> #AALK RIA (oxide spacer) WMtk @ HEHL T nt 2 S/D ##
THAE

Figure 2.21: Illustration of Profiled LDD.

2.15 Metal-coated LDD

# &E & Salicide (self-aligned silicide) #42 ¥ > H R &2y M AR SR
Mo BARTE G 0 Gk &R RBRIER 0 T AATHER AR
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4B a7t (Bp Silicide > 4o TiSy) o MAARI B L2 428 B R &M R4
JG B AL o A& F do bk 0 A7 B B o RAR SR AR 2 4B 27 AL 0 ) B e
FE R BBy AR E A R AR R o A8 E N RAR BLR AR R 4K E
2B 0 THMRERA B Ry, °

> % M-LDD Ltk 4B zitdh » #% % Metal-coated MLDD -
> £ P-LDD Lot 4B ryitdh » # % Metal-coated PLDD -

Figure 2.22: Illustration of Metal-coated LDD.

2.16 IT-LDD (Inverse-T Gate LDD)

st JB 7 fully overlapped LDD & 4% > £ iR E n~ B & 0 B 9 E£NRK
DRBTHME  RB T BXRERBORIR 0 SR 4018 R B
é o
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Figure 2.23: Hlustration of Inverse-T Gate LDD.

2.17 GOLD (Gate-Drain Overlaped LDD)

¥ AL IT-LDD #4# E2 o RRALBER S HIEER - §— R

%o BEBNARESE  REBHALY 5~ 10A 89 A4 (native ox-
ide) ° 3% AL THE & F —R LMW k%] 65 ey FA4E & (etch stop)
o5 BR VT 45 2| 8242 49 thin poly extension #AZ4EH] o BB > £ nt B
F A 2 AT > 4k thin poly extension ¥ #& & SELOS (selective oxide
coating of silicon-gate) ¥ B fal:% #4746 > £ 4 SELOS A4tk >
TR ARE - BXEBEE 0 URFREMBRELREZMEEA
ity kR ot BETFHREERYBH REBER (FHEHK

2
61%)") °



2.18. IT-FOLD (IN VERSE-T GATE FULLY OVERLAPPED LDD) 69
> HEMEFHZRLEAIE (native oxide) HZHwE B 587 2
AR R B E -

> # 428y HLD & 45 % B AKE 5t # (High-temperature Low-pressure
Deposition ) °

Figure 2.24: Tllustration of GOLD(Gate-Drain Overlapped LDD).

AR,

2.18 IT-FOLD (Inverse-T Gate Fully Overlapped
LDD)

# B IT-LDD Z 2 R AR © £ W& poly layer Z R #Y etch stop layer °
# %A GOLD & 4% F #% B % native oxide * B A RIS 4L 89 2 A1t 4y
(thermal oxide) * # & & # 40A > &% % PVD TiN # 8 - £ RIE
B MR R SR ERATEEELL (selectivity ) °

> BA 5 #EH] poly extension #9 2 & °

> %RT TIN #us aHAHERY > FZ2BAAAORE
% > #) 300A 0 A ETFT®E R & (initial poly stack) 33 £ 4F
TR -
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veh (ﬂ@ﬂ,ﬂ\wzam?-lw
| mow WETR o

Figure 2.25: Illustration of IT-FOLD(Inverse T Gate Fully Overlapped
LDD). Ref: D.S. Wen et al., Tech. Dig. IEDM, 1989, p.765

FRLFE.

2.19 TOPS (Total Overlap with Polysilicon Spacer)

# $1 FOLD #&A5%a > 125 # 84t /& (thermal oxide etch stop layer) 2
% 100A = CVD #4t& (oxide layer) > £ % & T AR LB
(top poly inverse-T gate) £k %] & %1% > # /Mal CVD & ALE (oxide
etch stop layer) %Pk > E#RIEE (spacer) R BT 5 R A% A 6 &
A6/ 1212 (oxide spacer) BL& H &7 1% (poly spacer) > ¥ F i
HETHE RS RE-
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> RE 5 #47 Salicide £ 42 » B A& 2 F 84 BB > AR LUR
PR AEZ BRI R S (EME) 48 o

> fEnT BETHEET MBEERIAIHIERIARE > ATAR
SR MARSACHIBE - BRZUR LB AAEE (Poly re-
oxidation process) B & ° A E ZE B K71 B (poly spacer )
it EHRRTTHMS -

ice 100 X ,&7(: T E.Moon et al., ITE6Z Fhdyon,
Dev. Lells., FoL-11, 1990, P22/,

spacer poly de\;li/oslﬁon + poly etch

g

Figure 2.26: Illustration of TOPS (Total Overlap with Polysilicon Spacer)
process. Ref: J.E. Moon et al., IEEE Electron Dev. Letts., EDL-11, 1990,
p.221.

$ XABEREREZA > B &Y MEBR A (re-oxidation) °
Wk 8 Ab# (oxide-padded ) > K& B HAER SavME > FIA nt Hd
H P AR L R BBy ) BF 2 Rl &Y B 2h A 4b4s (thin thermal oxide) F A%
T (FRE—FER)-

- X # 4 Damaged Re-ox layer fully overlapped structure °

Ref: L.-C. Chen, C.C. Wei, and C. W. Teng, IEEE Electron Dev.
Letts., EDL-11, 1990, p.78.
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Oxide (~1004)

Figure 2.27: Illustration of the thermal oxide of TOPS process.

2.20 L-Shaped Spacers

B KA FART OREE 0 BINE RALRE > BB R &Y BAAML
#3069 glass > & RSE Spacer etching 1% » #9Mal# & L-Si Spacer °

=> % L-Si spacer ¥ main gate & 4 TiSiy strap 4 /8 #7164 4T
A2EF > mHAREHEE o

> ATEBEHBRILRE  RiBELBEHILRERER  FEAL L
A fa) BE B g AL a1 B (nitride spacer) @ 78 BP R 4545 7T 47
Salicide # f2 %4 -
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Figure 2.28: Illustration of the L-shaped spacer process. Ref: M. CHen et
al., Tech. Dig. IEDM, 1990, p.829.

FRFE.

2.21 Self-aligned IT-LDD

# EZ AR (main gate) B a7 A EF LM (selective deposition )
Bz MBEBLERERMBET I ARt HHR -
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Figure 2.29: Illustration of the Self-Aligned IT-LDD process. Ref: J.R.
Pfiester et al., Tech. Dig. IEDM, 1989, p.769.

FRRE.

2.22 LATID (Large-Angle-Tilt Implanted Drain)

* FIAKAE 4”5 "FFW AT > 3£ 3] fully overlapped drain % B &) > 42
B E BEARMOR LHER -

> AEETFHAAR > T e FUKAEMA RS EREE (tar-
get wafer) * REHBEGHETE -
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GATE

Convertional LDD ] Nﬁ [44710]

acer ~ GATE

N

2E18

u
m
=
o
Depth (um)

Figure 2.30: Illustration of the LATID (Large-Angle-Tilt Implanted Drain)

process. Ref: T. Hori et al., Tech. Dig. IEDM, 1989, p.777. & T. Hori et
al., IEEE Trans. Electron Dev., ED-39, 1992, p.2312.
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2.23 No Spacer LATID

Figure 2.31: Tllustration of the No Spacer LATID process. Ref: T. Hori et
al., Tech. Dig. IEDM, 1992, p.699.

FRFE.

2.24 LATID with GGO (graded-gate oxide)

BT EENBRERETY > BEH 850°C B HE A TR L T-
nm MR A LR A ELERIE L 25 nm » $112 4% LATID 48tL > sb 4
AT A S R RRARR 2455 B 0 Mk GIDL -

> Coa EHEMA GGO MY » BT AHAERZHEEE (pro-
pogation delay ) M R # & 1E4€ (power consumption ) ©

= X ##% A T-gate overlapped LDD structure °
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Vg & Fug i VoR
» s RN E

YA

Qv .-/ -

Figure 2.32: Tllustration of the LATID with GGO (graded-gate oxide) pro-
cess. Ref: K. Kurinoto and S. Odanaka, Tech. Dig. TEDM, 1991, p.541.

2.25 H-LDD (High-Dielectric Spacer LDD)

¥ F A2 1B (oxide spacer ) L& B8 &1~ E F #eh 4k (4o @ SigNy »
€ =756 > TagOs5 * € = 30ep) ° FI A HBALZ MABE R EHHE (GF >
gate fringing field) > TR HFRE n- B AR E > E 3 fully
overlapped LDD Z % % °

> B A R & REE (poly sidewall ) B AR ¥ J& 3R 89 B 4L /& (Spacer-
bottom oxide) ° & B H: A SisNy 78 & RIEE (spacer) » #F B
# Si/SisNy F@4 A KER @AM (interface states) » ATIAE
e B/ TFrAbL (hot-carrier resistance ) &L £ o

> iR EE (GF effect) #8 A A EIK #4844 (structural
degradation effect » B 1% 4 & 4 B ] B 8,1 & ——spacer oxide
— N AT EF T BRHEZ  EMER TR Ry ¥
he) o Ip %2 T A (hot-carrier stress) X 44t &4 F Mk
&‘ o

> R Ry R AE B R ARG B ¥ 4 (high drain potential edge)
ERAE nt BHY BT Eymax B B MBS R0 8R F

(impact ionization rate) °

> FABRERIGHEERE N BXAETY  ROETFREE &
b % & E 8 (parasitic resistance ) > 3 Av g, * LI T T LHEE
89 drive-current capability °
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Figure 2.33: Ilustration of H-LDD (high-Dielectric Spacer LDD). Ref: T.
Mizuno et al., Tech. Dig. IEDM, 1988, p.234.

FRLFE.

2.26 HS-GOLD (Halo-Source Gate-Overlapped Drain)

# BN R4 MOSFET 4% (asymmetrical MOSFET) ° {2 & 4&3%
# A GOLD #&#% » M4 RA&E# A Halo implant punchthrough stopper
&4 (Halo Source-HS) °

> & dho by JFHAE %R > THRAEE F it (punchthrough resis-
tance) M AR BT T TEE (hot carrier capability ) °

> HARFREELAESH (lightly doped drain) » AfFSA 3 4 & B
% A ( parasitic series resistance ) YA & i # & & & & (gate overlap
capacitance) ¥ #%% MOSFET &%/ -

= #2  EH (circuit layout ) 48 5% -
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l?ﬁi W Surze B ne SOURCE/DRAIN géﬂg gf;fﬁ
T AAA A A AL D s
p*nrps‘;s 2: I j : b NG CHC SPACER
{% i ﬁ\%“ : 5?“;0:\7 08701-’(‘13;::3{ :

n+ SOURCE

<200A

o DISPOSABLE
OXIDE
(a) (b)
| PROFILE AT 350A

o 02 BELOW GATE OXIDE |

£ P GATE — =
o0 = 4gte [sOURCE et I omaw
2z GOLD |
= = [ n TYPE |
g é 10%® l l
% E | |

g 1017 : |

CHANNEL
© | p TYPE 2 :
1 015 1 i i i i L l .
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8

e

LATERAL DISTANCE ALONG CHANNEL (um)

Figure 2.34: Tllustration of HS-GOLD (Halo-Source Gate-Overlapped
Drain). Ref: T. Buti et al., Tech. Dig. IEDM, 1989, p.617.

2.27 HEIP (Hot-Electron Induced Punchthrough)

% ¥ P-MOSFET Mm% ° #&-F4#42 (hot electron trapping) i s /&A%

FZRALh BE AT HER @ﬁni%ﬁ%@k&ﬁﬁéi&ﬁ

o 2AE (235) A pt REE A REFHBERE
“4a o

( Leg ° effective channel length) 4

= #H# buried-channel PMOS UM% ° Leg 45/ NMFEufr € > £
1FRIE— R P LA RTFIREL B Vot 4 ° b 4h > subthresh-
old leakage & €3 fv > 43k & cut-off M % £ -

> vEFHAIEHEL (trapped) * P-MOS Z Fl#&E 3% & B ik
TH EFREALR B MLBRAR S B (drift) Z2FE £ 2
GBS m ey AR 0 AT LR R G B A fe
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Gate (iﬁ)

Source l;/ ; / ; ; //l Drain

€/ .3 Iwersion /afar

Figure 2.35: Illustration of HEIP (Hot-Electron Induced Punchthrough).

2.28 Disposable Spacers

§2.28.1 Disposable Oxide-Sidewall-Spacer Process
¥ nto Boan o RAERME -

(a) afzferpo/y el amd
reoxioation

) afx‘er/ﬂe 3004

oY oo vrioCe

UL 20 ' A 1077

(¢) afteyr RIE ?[,f

S‘/’a(erS/ﬁ'//ﬂ,
n* S/o /‘ 7

) LT0 side

S

Figure 2.36: Ilustration of Disposable Oxide-Sidewall-Spacer Process. Ref:
J.R. Pfiester et al., IEEE Electron Dev. Letts., EDL-9, 1988, p.189.



2.28. DISPOSABLE SPACERS

> RBRF R AEGEMHE (buffer layer ) »
= LTO sidewall spacer & T #& 5 & 84 °

81

RAR WAL o

§2.28.2 Disposable Polysilicon Spacer Process

# kot B oo

P+ 12 poy P+ I2

P+ S/D RESIST

A AT

(d)

(o )(RJ&J
LTO SPACERS

Figure 2.37: Illustration of Polysilicon Spacer Process. Ref: L.C. Parrillo et

al., IEEE Trans. Electron Dev., ED-38, p.1991, p.39.

AR 2.
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§2.28.3 Disposable TiN Spacer Process

g

m— EI g OXioE.

Figure 2.38: Illustration of TiN Spacer Process. Ref: J.R. Pfiester et al.,
Tech. Dig. IEDM, 1989, p.781.




3

AR A RRIEEA

Ref: T. Hori, ”Gate Dielectrics and MOS ULSI-Principles, Technologies, and
Applications,” Chap. 4, Thermally Grown Silicon Oxide, 1997, Springer

Ref: S. Wolf, ”Silicon Processing for the VLSI Era” volume 3 - The Submi-
cron MOSFET (Lattice Press)

3.1 A KB A SR T
% A KAEFL RCA clean’ =458 :
1). NH,OH—H05—H>0 # £ A # 75 %49 (organic contamination )
— NH,OH E#A4ER » HoOy BALtER
2). HF—H,0 # £ a1/

3). HCl—Hy0o—H20 # £ 4 /& # % (metallic impurities) » [] B &
OB AENETHERTEMEASMEBEUDER®T °

§3.1.1 & ey Akl

Dry: Si(s) + O0g — SiOQ(S)
Wet: Si(s) + 2H,0 — SiOQ(S) + 2Hs
V3 ih’fb’ﬁ?‘] (Oxidant) T4 Oy x H5O -

Since a volume expansion arises from the difference in density
and molecular weight between Si and SiO», it can be calculated
that growth of an oxide with the thickness d will consume a layer
of silicon of about 0.45d (Fig.(3.1)). For the oxidizing species to
reach the Si-SiOs interface, they must go through three consec-
utive steps:

83
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Original Si Surface
it
c _—
i 2.2
A i
F R, F
=>

G
Silicon
0 g > X

Gas

Figure 3.1: Basic model for the thermal oxidation of silicon.

1. They are transported from the bulk of the gas phase to the
oxide-gas interface with the flux Fj.

2. they diffuse across the growing oxide layer toward the silicon
substrate with the flux F5.

3. they react with the silicon atoms at the Si-SiO, interface
with the flux Fj.

— From T. Hori
C,—Cs
Fl = Dgas S
D
()
= hg (Cy = Cs)
= hs (C* = Cy)

H Oy #Co p A ARMNFAFERGZAAERE - M by~ C*~ O
Rl &4 SiO, F > HE#EE (flux) B E h EHERE -

> O @ P, (RIEBZAHE) HH -

> Cy=02="s RR Cy=H Py= HKTCy > %% H % FH A8 % %
(Henry’s law )

> hy A RAEE R

Fy=D(Cyo—Cy)/d
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HEd D A SiOy ¥ AALH ZHAAAE - C; R A AALE £ = A /Lw
o JEi Si0y/Si @B A o

F3 = K,C,;
HF K, ARILRERE - T TAAEIBIH F == F =
F2:F3 v B bR AF
c* od

/K, +1/hy+d/D "~ ot (#/sec cm?)
;g\-c':' » Ny ﬁj/é\/\-‘%—'ﬁl’%gﬁé’ SiOQ ?ii{b@l%%%ﬁ ° %f;h;ﬁ‘ 02 mE >
Ny =22x102cm ™3 » Mm¥#KHO ME » N =2x22x10%2 cm™3 »
A% 7T B4R B R R B R e B 4% ¢

d?>+ Ad = B(t+7)
B> A=2D(1/K,+1/hy) > B =2DC*/N; ARk 7 £&AHREW

¥ RACR B AT T 6 F R R o Mt BAn ks B FHOR KR 6k
MARANMSEE d;

42 + Ad;
&+ Ad; = B(+0) = T:%
Proof.
B=F <+ DCO;Ci:KSCi
DC,

@ C= KD

K,-D-Cj

Fp=Fy= 3 20

RO R "y 5

. K, D-Cj

Fl—Fg <~ hs(C —C())—m

b O d 1
o . 5+Z

L d 1
ths (5t &
- 1/Ks+1/hs+d/D

<~ CQZ

— F1
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WA F=N -9 pu:

c* rt, dr1 1 =z
i _f“—/o (m*ﬂp)dw

_d 4 &
K, hs 2D
B gk
1 1 2D - C*
P+2D(—+ —)d= t
+ <K5+hs> Nl (+T)
N— — N——
A B
=14 T 4%

d*+Ad=B(t—7)

HH 2+ Ad=B(t+7) » BRAATRAL d(t)

_ —A+ /A2 +4B(t+7)
N 2

d

A ANy By
T2 T Az TT

i—_1_|_ 1+t+77—
AJ2 A2/AB

o RAAVTE E mARRE R 0 HME K 6 A AERF R (long oxidation
times) * ¢ > A?/AB > ¥ $A4% |4 82 Bl & X (parabolic relation-
ship ) :

A2
t> d* ~ Bt
> 1B =

H 4 B e AWM F (parabolic rate constant ) > $2 D A B4 °
AR 42 09 B AL ] (short oxidation times) ° (t +7) < A2/4B >
T A2 424 B4 A (linear relationship ) :

A? B
t+7<< — = d=x—(t+71)

4B A
H+ B/A #HAMEAGKMZE (linear rate constant) > ¥ D & B :
B 2DC* /N, ~ C"Kshs

A 2D(1/Ks+1/hs)  Ni(hs + Ks)
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102 =
L ﬁ'\,/
i
107p v
L ’l:'t &\
TN i &\/z- Na
< R o 0, H,0
1h 07 W8 1300°C o
& ox 1200°C » ©
[ -7 4 & 1100°C & o
2 1000°C = o
| 920°C * ©
800°C o
10-1} 700°C
i raal i aaal i il i s aal A Al
10-1 1 101 102 103 104
t+7
A2/4B

Figure 3.2: General relationship for the silicon oxidation and

forms.

its two limiting
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1000/T (K1)
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Figure 3.3: Temperature dependence of linear and parabolic rate constants
for wet and dry oxidations of silicon.
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12} O ‘@ Ng=1020cmr3 7]
o -
I~ Silicon

0.2 n(100) in Air 1

Native Oxide Thickness d (nm)

1 101 102 103 104 105
Time (min.)

Figure 3.4: Native-oxide thickness versus exposure time of wafers to air (42%
relative humidity) at room temperature. The inset illustrates the Cabrera-
Mott model explaining the native-oxide growth.

N4
b3

HyO £ SiOy WM » FiLie E, 8> WA B ¥ D F 14
m HyO 2 Oy X E, AF B D RF) » FIARHEZ B % HIRBEH
ML ARARE o

N2
#*

B/A=C*/[Ny(1/Ks+1/hs)] # D &8 » Mt K, A > X R O
#LH0 B K, B EWNEME > P E, 483 °

N2
S

REBE
1. #NE AR (d < 10nm )’ dry oxidation X ik F LLIE 3 24 B »
1 wet oxidation ¥LIEH A — 2K o

2. MIREBHNE > k@RS K, 10 K, dF¥8 > Link
% (BJ/A) &K -

3. two-dimensional effect : &£ R -F# % @ E > €4 oxidation en-
hancement #2 local thinning effect °

4. % 3H native oxides °

#3.1.1.2 Cabrera-Mott model

c TTHARFEELRTD > BABERASET O > BXEME T
18 AL B EEF O~ &k (drift) 287 ® ° £ & & native oxide °

N
7

4

# £ — B4 & pre-oxidation cleaning (HF dip + HO rinse) BF &
A AALR

# TR BE dEFFRMEE X (stepwise) > BP layer-by-
layer °



3.1. AR A R 89

% HBEALR A ETA S R ey#H) - (enhanced oxidation )

—_

. BEH I Az ke BB B (oxidant) 12 2 & F 7208
(space-charge effects) A B °

ST REdE 5 Wt A FUIE (micropores » BA& 4 10A) JREEN ©

gl

Stress effect * % &AL A 3L -

R BACHINE BACR E  E F RSB R
£ B -

Massoud ¥ AR Y > k@ FLEZE R EABRS REME (reac-
tion site ) 89 % R /&€& (thin surface layer) ° % R JE 25 (site) R
kg % AL/ B3 i 245 BB R 0 H45 & E (characteristic
length) % Lo :

dtex B
dt 2t + A

+ Cyexp (—tox)

empirical modeling

cf: Deal-Grove model - tgx + A - tox = Bt + const.

BT EA > (2toy + A) dfl‘:‘ =B it ERALRBEEAE > Oy B E

BAR Cy s R ZRERAA - AR Cy S ERGHMPEK -

A FE. #R¥E T. Hori *
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#3.1.1.3 Empirical model (Reisman and Nicollian)

§3.1.2 A4k Rkl
3.2 RALE &

Figure 3.5: Illustration of SiO2 structure. (a) The basic structure of SiOs.
(b) Three-dimensional representation of two neighboring SiOy4 cells, bridged
by an oxygen atom. (c¢) Two-dimensional lattice representing vitreous SiOs.
(d) The structure of thermally grown SiOs showing bridging and non-
bridging oxygen atoms and dopant (i.e. network modifier) atoms. Ref:
IEEE 1965.

SiOg (Silica> &+ ) TUR=MHB KX 2R :

1). Crystalline: X$E M AIBEF] (long-range order) > & & 3% (quartz) ~
& 3 (coesite) % o

2). Vitreous (33 E ) @ K454 glassy ~ fused silica * & B KB R A >
R A/ E Z#8] (short-range order ) e
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4t d=80nm no POA

AVgg (V)

POA (1000°C, N) 60 min.

300 min.

0 1 2 3
Injected Electrons Ny (x1018 cm-2)

Figure 3.6: Influence of POA on the electron trapping characteristics

— IC ¥ = thermal SiOq BF & sb&& 44 -

3). Amorphous (JF& ) R E NS ERA
— —REARBILHERFZAR -

§3.2.1 SiO,/Si R &
§3.2.2 AL T AT HLR @ s B R A

3.3 TITIFL4EM

# 7T & 4 Ak electron trapping & hole trapping > &35 K- NA B » €3
/m oxide trap charge A interface trap charge » 4L¥14x & A B °

§3.3.1 AMLERNBETHRERIERFTA

#3.3.1.1 Electron trapping

¥ ¥ Wafer-related traps A B ° 4 -H ~-OH >~ HyO ~ ... © &£ electron
capture cross section o /J» > # 10716 ~ 10719 cm? -

# POA (Post-Oxidation Anneal) #& X » e-trap #&2 » %R, Fig. (3.6) °

#FE. POA A > 1B (3.6) T4 > AVpp A&/ > ATEA e-trap A& ©

##3.3.1.2 Hole trapping
T (A8 e-trap)
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-12
240 min. d=45nm
10}

POA (1000°C, Np) 30 min.

AVeg (V)
&»

O, Brief Anneal
(30 s, 1050°C)

2 no POA

-

0 2 3 6
Injected Holes Njy; (x1013 cm2)

Figure 3.7: Influence of POA on the hole trapping characteristics. The effect
of a brief Oy anneal after POA is indicated by the arrow.

o w

+ ht — iy

Figure 3.8: Illustration of possible hole trapping by breaking a defect with
an oxygen vacancy.

1. /£ 84LE ¥ 89 hole trap L BB % » FEXKAA 102 cm ™2 &
o %#F Fig. (3.7) ¢

2. hole capture corss section o 8K * # 10713 ~ 1074 cm? > &3¢

R AAL R ik 246 (degradation ) °
3. hole trap AR LR HEZ ER
4. €3l#% ADy ZBAFE v -
5. M Si09/Si Fo@ > M e-trap Bl AKX % £ AALE WA -

N2
#*

POA # A > h-trap # % > %% Fig. (3.7) °

# Qg brief annealing * *T4£ h-trap [#1& > 43 Fig. (3.7) °

K2
b2

. POA X > & Fig. (3.7) T4e > AVpp # % > A7 h-trap
% e

N4
e

Hole trapping * &4 #] -



3.3. BITINfa4FE 93
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Figure 3.9: Temperature dependence of the hole mobility in SiOo dielectric
films.

> HERMFABES Si R Oxygen deficiency * MAER Si0q/Si F*
& & Z strained Si-O bonds °
- % hole trapping & * &% > R 5% - RAH AR T trivalent
Si (4 unpaired electron) E center * A7 SAY BA &3 ESR ( X /i s
%) AR %% Fig. (3.8)
# B AERA SOy P28 P &R hopping » FIAIEF 1% 4 # Fig.
(3.9) °
¥ AR @ TITINFIE > €4EF ADy ¥Av > % Fig. (3.10) # Fig.
(3.11) © ADyy Z7THEZ A #H] ¢
1. Hydrogen model : ¥ =Si-H 2, =Si-O-H & A B - LINfa T 114
4 §,Z species & escape * A ADj °
2. Broken-bond model : Strained Si-O 2% Si-Si £ £ E % (£
HAER) Bt SHESY - BEERGE €8 A bond
strain #94% & (BSG ° bond strain gradient) M # ™ Si-SiOy F
BATE * 4 3nm  EMBR ADy » &4 Fig. (3.12) ©
H# BHAEATTREAZHE Y I KX > £RALE AN g3l
ADit A AVFB ’ 5}7%" Fig. (3.13) °

§3.3.2 #EGMMZEIEA
#3.3.2.1 Direct tunneling
B EANFRAKE  KEHFTER -

= 7% % A interface-trap assisted tunneling °
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10 - o
Plasma etched

g Wet etched and current stressed
g
= 6
o
=
=
g o
S

2

A: OnA
0 | | ]
-3.0 ~2.0 -1.0 0.0 1.0
Gate voltage (V)
\

Figure 3.10: Quasi-static CV curves of MOS-C structures prior to charge
passage (Curve A = 0 nA, and after charge (Curve B - D). The creation of
interface traps by current passage through the gate oxide degrades the CV
curves.

3 -
° 55 d=50nm
of
L }
& & fﬁi
o
o 2t 2 Elec. Inj. (6x1014 em?) 2 r\
% A after Holelnj. A
< A
- -
i 1.5¢ !. [ 3
% m
& "
[=} 1L .-'--' T
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] ;
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8 os} WM i
(v}
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8 | oooomy, fresh 00000 3
£ | & Ormmmmen oo™ 2
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~ w

Figure 3.11: Comparison of interface-state generation between injection with
electrons only, holes only, and both of electrons and holes.
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| 0 I SiO2
Increasing Si X Si
Strain Strained
l SiO2
Interface-State Si
Generation

Figure 3.12: Schematic diagram of SiO9 on Si, showing the direction of the
strain gradient. Broken bonds will tend to propagate toward the Si-SiOq
interface due to this gradient, resulting in interface-state generation.

oo ik wet (32 nm)
>
@
o~
5 °f
™~
(a) =
A |
=
Q 2}
0
25k
2}
(b) S 1.5
}E :
< Ll
0.5
0
Insulator Field % (MV/cm)
v

Figure 3.13: (a) Increase of the interface-state density, ADj, and (b) flat-
band voltage shift AVpp induced by irradiation of 10° rad(Si) as a function
of the insulator field €; applied during irradiation with the thickness d and

as a parameter.
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*—p~=SILICON —=

f~~——THIN OXICE

Figure 3.14: Energy-band diagram for the phenomenon of direct tunneling
through the gate oxide for thin oxides. Also shown are both unassisted
tunneling and some possible interface-trap assisted leakage paths, with trap
levels indicated by short, solid bars. From J.R. Brews, "The Submicron
MOSFET,” Chap. 3, in High-Speed Semiconductor Devices, Ed. Sze. p.
160. Copyright 1990. John Wiley & Sons. Reprinted with permission.
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rn' GATE -#+—OXIDE —==— p - SILICON

r direct

a) b)

Figure 3.15: (a) Energy-band diagram for the phenomenon of Fowler-
Nordheim tunneling in the MOSFET gate oxide. Also shown are some
possible interface-trap assisted leakage paths, with trap levels indicated by
short, solid bars. From J.R. Brews, "The Submicron MOSFET,” Chap. 3,
in High-Speed Semiconductor Devices, Ed. Sze, p. 153. Copyright 1990,
John Wiley & Sons. Reprinted with permisiion. (b) Theoretical and ex-
perimental tunneling I-V curves of Al-gate n-channel MOS structures under
negative gate bias, illustrating the I-V characteristics of Fowler-Nordheim
tunneling in 6 and 8.3 nm thick oxides and the calculated direct tunneling
currents in 3.9 and 3.4 nm thick oxides. (© IEEE 1983).

%#3.3.2.2 Fowler-Nordheim (FN) Tunneling
RS ESTREALE LN 6~TMV/cm 4 -

NA

# BRAK

-B
J:A-ng-exp<E >

He > Ax~1.25x1076A/V? > B~ 240 MV/cm °
# 7 % R interface-trap assisted tunneling > %% Fig. (3.15) °
# F-NEAANEFTiIRZAE N ENELERIG » %4 Fig. (3.16) ©

(a) #&d impact ionization & % e-h pairs
(b) trap-assisted impact ionization

(c¢) e-h pairs recombination
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Gate SiO, Silicon

Figure 3.16: Schematic band diagram of possible processes taking place
during F-N injection where the applied insulator field ¢; is so high as
~ 10 MV /cm. In this figure, the gate-bias polarity is positive (substrate
injection).
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(d) valence-band electron tunneling (/]v) [B & %28 & K > AT UAKE
bk BN ]
(e) Cold hole tunneling from gate (/]»)
(f) Hot hole tunneling from gate
- F-N injection TEAEFHEFR > mEFHANE R 2ERAX
trapping €& R ALt A M TR 0 EMAHE ©

FAFE. #R4E T. Hori :

1. Electrons injected from the cathode (negatively bi-
ased electrode) acquire an energy from the high
field, while losing some energy by phonon scatter-
ing similarly to the electron drift case in silicon, and
finally some of them will acquire energy larger than
the SiO9 bandgap so as to produce an electron-hole
pair by impact ionization (process a in Fig.(3.16)).

2. Most of the injected and/or generated electrons es-
cape to the opposite electrode while the rest re-
combines with the generated holes (process ¢ in
Fig.(3.16) or is captured by electron traps.

3. The generated holes move toward the cathode and
some of them are captured by hole traps mainly
distributed near the Si-SiOs interface.

4. Interface states are then generated.

KB ERBROBDEET > ZHFEERMERE > ZTHRREERE
o EATE R DT T BAKLERS > AAALELREF T35
% 2B EFERY (impact ionization ) » M iE L —AfLsy +
SREFANERZRR - KMBRFHRBRGETRLR S > RFEE
FAR AL LR AT TSR ZEAY BT RAEZOY
ARk #HE 0 AL gy /R Rmey s it 0 B4
interface states > A2 ER A AR RBEFEIRT ©

# LR F-N injection TXEREREIL :
o AVt ' Vg 2 EARET - substrate injection °
o AVi- Vg £ &RET » gate injection °

> |AVg| &R D B Ao 0 &= LB E 2] hole trapping * &R A £ elec-
tron trapping °

> AVr ¥ AVpg R > R TEAHS Dy o522 % Q=0 B

AVp =~ AVpp » BRBEAT Qi <0 FAA AV >0 THEREXR
&) FAR AR B 7 AE B @ o F (#x3ER1E & n-MOSFET) -



100 3. AL AERARIETE

I Jg=2 mA/cm? (positive Vg)
d=27 nm

Voltage Shifts (V)
Generated ____,
Interface States

AVeg
-2 N 1 b

0 o1 02z 03 04 05
Injected Charge Qj, (C/cm?)

Figure 3.17: Shifts of different voltage parameters during F-N injection with
a constant current density Jg of 2 mA /cm?.

¥ AALR Y EAZTR 0 R AT AEM hole trap #4114
t /
(J);:nQp:n/o Jpdt

fo

L J, BEAZTRTREE -
2. Qp AEAXWERHENE (Bdsh) -

3. n(« 1) HERIMMEE (hole trapping efficiency ) °
4. Qf ANz BT RBRENE (Bdofk)

FEFE. RAE T. Hori» AR ERM:EA 8 TR-FHeaf BRI H
WM ERE > Mo MAKAFTREIZEGY LT

# AR MOSFET #4388 J, & F-N EFEREANKRATE L
> Jo—¢c BLALERE d £ > &7 EFZ F-N tunneling 2}k
TR M4 -

> d Al J, Moh o BpfE d x4~ 45 nm 0 ERMETRAEL 0 &
7 Jp %8 impact ionizaiton A7 E £ > LR E A o
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Figure 3.18: Hole-current density J,, measured at the substrate terminal of
an n-MOSFET (shown by the inset), and gate electron-current density Jg
as a function of insulator field ¢; with d as a parameter. The small circles
labeled ¢p = 4.3 eV represent a theoretical J — ¢ curve for valence-band
electron tunneling (processes d and e in Fig.(3.16)).

- #& band-to-band tunneling & impact ionization & 4 Z & F &
t t H
J, :/ oz-J(;dx:J(;/ a0~exp<—>daj
d¢ d¢ €
Ho

1. a * impact ionization coefficient * & & & «aq - e /% (e-h
pairs/cm ) °
2. Jg * F-N tunneling current
3. d; * tunneling distance (3 ~ 5nm * #2EHF X NFHH ©)
4. H: K# 80MV/cm #9% % -
> HEH AR £RADGEN ¢ B €2 direct tunneling hole
current % °

FRAE. K EW J, HBAFABAR > BEAC > BB 0 im-
pact ionization & 4 69 &R F ALY - M A > # Fig.(3.18)
ERGR BPEEEIEF L T RACR B RGOV o B
125 FHBAARE » LARTRES RN 9eV tI5EE > M
P4 SiOy BYRETR © A ° AT AEE A impact ioniza-
tion - EEFEA TR TREMAERE R T (A Fig. (34)):

1. trap-assisted impact ionization (process b) ° ##K3b > 3%

B trap’ A A LLBIRMEEEZALETERY -
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Figure 3.19: Increase of the midgap interface-state density, ADjiy,, as a
function of the trapped-hole charge Q) .+ under different F-N injection con-
ditions for various SiOs films.

2. tunneling of valence-band electrons leaving holes in the
substrate (process d) ° TR @ BYFERELLER R > AT
KB e

3. cold/hot hole tunneling from the gate (processes e and
[ BBREBELAREG > B A EF@HAEREE LR A
RN o

# Fig.(3.18) A& » %>~ F-N tunneling current &) & & & B
EREGFGHERATRIE  STREATEN “BFFrEmA
#) B R R” i K (processes d and e) ° M4 R AL &
BERHAR AR TAFFRENERARAR T A& (by

impact ionization ) °

¥ ADjy, ¥ :t ZHAAHM

> ADy 2EABBREAM SEREEN > mAML QN AWM -
>t Ve BB EERE SiOs/Si # > ADy, B 5 AL -

FAFE. B Jg R BB L Fowler-Nordheim tunneling % % Z Fd
KPR A B 0 ARJEAE Fig.(3.16) RE > FmAlt@4%A SR §

PRRAEEE TS AWM ATAREE B A ST » ATE ZME
W HAHIEEFRAE F-N tunneling ° 83 > B A B EA/ ] &
& J, &) kom J, Z&d AALE T8 impact ionization &
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Auy o BEMK  BAKGREETTARCE PO RARSY &
J impact ionization * £ £ B F > AT AEEAAK © B b H] A2 &
8 ERRALS -

§3.3.3 MOSFET itz EfEAN
# MmAEAB KX (injection mode) :

1). Drain avalanche hot-carrier (DAHC) injection
2). Channel hot-electron (CHE) injection

1010

10-11F

10121

Gate Current /5 (A)

10-13}

10-14 Lo i 1 i 1 M 1
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Figure 3.20: Gate current I versus Vi with Vp as a parameter for a 0.8-pm
conventional n-MOSFET

#3.3.3.1 DAHC injection

# W R impact ionization * AAEFERE » ERITWBEBEARRHK
WESG B e

> AN Vo BUho BEHRTEITH Vbs R KR BRABN L
E, Z# K > R UE% impact ionization °
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Figure 3.21: At very low Vg, Ig changes sign, indicating that hot holes
are emitted into the gate oxide. Their presence at low Vg is shown in this
figure.

= ) Vg B0 2% impact ionization £ A X EREZT LA K > A
TR T LURAE AR 0 4E4F I A E R (hole current ) » E i/
WE o % DAHH M -

> Vg &R/ % Vpg BF > 3838 & F 2 B #3% > impact ionization
EAMTTERAHG S TFHBAEREARY I E2KES
EFiR (electron current) * LR AN L » i A DAHE S# -

> Vo HEH o BEALHE  ARBRORKNEY B, §HR
A%\ 0 impcat ionization rate @ ARRAR D 0 T [ M E R 9 E
FRARRA)  F T R TR -

- #& 4 impact ionization & % #9EF > T & AARA (substrate
current ) {HBI#F40 0 F AT B T HEAERE -

#EFE. R IE Wolf p.435 > DAHC B 3ke#Hl B > — B4 Vog &
B Vop R R PR B1RE > ATAE T AR RGHK R LE R
BERRESLZ  AUARERAAE (Igc < 0) ° BP DAHH (Drain
avalanche of hot holes) ° & » & Vgog B# % X > Vop %454
AAET & 0 PRI FEA RAREERARMK 0 £4F DAHC
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Figure 3.22: Substrate current Iy}, and gate current Ig versus Vg for a 0.8-
pm conventional n-MOSFET. The ratio of Iy,p to source Is(= Ip — Igup),
which is a monitor of the lateral electric field, is also shown together with
Ip. The small circles indicate current peaks.

E&RBUEFAAE (Ig >0) BP DAHE (Drain avalanche of
hot electrons ) °

Er ) A
g \Em

E1 % & % impact ionization 7% ZR/NEE » 4 1.35eV
\ & H Rk FE 2 ) #cE FF 34 B b 48 (hot-electron mean free path ) °
Em 72‘7%\}_\%’%‘{’7 ’%i’% v B (VD - VDS,sat) °

%# Isup = Is - exp <_

- [DAHE #1#8—Ig #£38]: Vg MK > Ip MK > BERFHMAS > im-
pact ionization £ {9 ERER G L » I, FAARAMK o

- [DAHE #%#—1Ig ] Vg MK VL = Vg — Vo K Vpgaar =
V! . ol g N
T AR B BAUD o B Lup/Is = exp (— ) Ak
impact ionization rate #&/Jx °

> BEAH o TS Ly, @HREME S KOE Vo r Vp/2 HHR -
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Figure 3.23: Energy band diagram of a MOS device in the direction perpen-

dicular to the surface. The barriers at the Si-SiO5 interface are ~ 3.1 eV for
electrons and ~ 4.9 eV for holes.

#3.3.3.2 CHE injection

EZBERNETFHREZTHRN ABERTRLDEEFT M qpp FEHE > &
ANEALR > B Ig (electron current ) BP CHE injection °

IG —IS exp <)\2B>

B % SiOy/Si @ E#) qpp ~ 3.2eV » tb Ey/q BE K> AR I 1E
ﬁ'J‘% Isyp °

A
b2

> o BEERYFAN Vo~ Vp R °

%
S

4 A 7@ 47 B (channel on) B Vg RFKEHFRT > R Fig. (3.23)

%
e

iﬁ&ﬁﬁz RO E—l%’&&ﬁﬁzﬁ%%%m%@%%

Aoik o AT R I B A qop 0 THEZEA SiOy 2% 4 (conduction
band)
> 7[R impact ionization * EF R B EH K » HFE > 3%
THENAILE -

NA
R

% Vas < Vps B » £BARE Vop < 0 AT Eo < 0 tL#F CHE
Eg, KA qpp AN SiOg° 4P B A B, <0 MERSEFHERE
BEF 0 RAEMARMEER]  REP Vg MK Vgp (BE) #h 0 F
(M) A HAENBREXEFED » Io HEFEKR -



3.3. EArINMEHFIE

107

source

gate
io
-
na B n*
drain
Y
Si0;
Ue
U
Uy
source Redirecting
collision
drain

Figure 3.24: The energy band diagram at the drain end of a MOSFET for

the condition when hot electron injection can occur.
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Figure 3.25: (a) Cross section of MOS transistor operating in saturation.
(b) The oxide and channel fields in the y-direction of the channel when the
MOSFET is in saturation (i.e., Vs < Vpg, here Vgs =6 V and Vpg =8 V).
(c) Cross section of a MOS transistor operating in linear regime. (d) The
oxide and channel fields in the y-direction of the channel when the MOSFET
is in the linear regime (i.e., Vgg > Vpg, here Vgg = 15V and Vpg =8 V).

(© IEEE 1991).
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Figure 3.26: Gate current due to channel hot electrons versus gate voltage,
with Vpg as the parameter. (© IEEE 1981).
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# & Vgs > Vps B 0 BB EN linear regime » Fy, 548 RM ] EF
BRERAR 0 FHA T B A SIO) B9 AR A -

FRFE. ARIE Wolf p.432 >

The CHE gate current initially increases as Vg is increased
— due to the increase in the number of carriers in the chan-
nel. The gate current peaks at the point when Vg ~ Vpg
because when Vg is increased beyond Vpg, the MOSFET is
driven toward the linear region of operation and the channel
electric field is rapidly reduced.

EHAR > A n-MOSFET A > st RAEMARTRE LA > @B R K
T3 @R’y 0 K impact ionization rate * &7V R @ R Bp &4 & TR
MM ARGERAAR  ERAMBRBRELEGRESL £ $ay@ERTF
(n-MOSFET ¥ #9&-F) > A uA44 T impact ionization &7 & » &
FRTFREXRSZ - K> BARTE ST > ATUARIE lucky electron
model > F—EAFIERARTEA LA SR ERENRILE - Z A7
WTFEE > ARNATLERFLAHBA LGB AR > 3 HE
ZHFEZEH MR o lucky electron model Zw& T datde " #1F | $hsewy
B e mA MR RMEK > &~ Vogp (B1E) Mol flheit —2.0 &
6% —15> FRUEETF THEF ) DBE N ETY |Eo| BREAD » £
FRABKER S NET > MAARTRRHAKR -

#3.3.3.3 AHFREHBER

# ANy /Ny 8 Iy, 284b—3 0 & ANy &£d DAHC & A& 2 EFRAT

% DAHC tt CHE £% 53l A2 T2 R -

Agmp
Jmp

AVy  or t"

¥ e-traps #2 ANy H B A stressing drain ©

forward drain
: stressing drain =

reverse source
Em T
Em 4

Isub e ( Em ) - X
. — ex o
" g P qAem, N

& stress 1% BE  Lw/lIs = {
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# AV (BB E Ly/Is TZMARGE-FF% 28 > Gate voltage shift » &3%
WNIEE ) Vo, A BIBRAEAZ ANy 8% 0 AVy (B1E) AKX °

% AVp 22 Agmp/gmp Z A Top AN;; /Ny AT B FEA o

# Hot carrier (HC) &4 DAHC & CHE 2 3f & °
Vbstr + Stress drain voltage
lifetime tyc 453142 10 mV 2 AVp Z B/ ©
> Vpgor K tye AR -
- Isub ﬂj_\ ’ tHC ﬁ%‘é °

tne o< I 0, m:29~34
S MEEAM > PR etrap > h-trap Z F E R ANy Z & A HRIE -
#3.3.3.4 p-MOSFET = utf R4 M
# % n-MOSFET 2 &R % :

NA
&

1. A impact ionization coefficient ] °
2. TRZ SiOy/Si MEZHEL 4.7V > BEFIMELF -

NA
7R

Io RAEEFEMR Iy, B n-MOSFET &/ o

# Oxide NFaEF14 0 FHRMRR 2 @B R R p-type #4138
EMERE Lg B4 O3l R ARBERBZHOBFRE B4
Hot-Electron-Induced-Punchthrough ( HEIP ) °

N2
S

4 stress 7 > oxide M A BH A BEREHITH > HAEE (Vr <
0) /> AVp BEAE ; £HE Vg F o Ip %K -

> A4 Ny B ANy REEERTAETH > AVp EME#] 0 12
B{EFE > Z negative shift °

FRRE. RYILAE 1 A Qi = qNy MRAREF (FALRE IR R AR R AL
$EF) BEMRASL TR 2R FH DAHC 2 ERMAE
AR50 Qn >0 BRI AILR FRNGZET ALY
ME o EF AV Z EEMRMN 0 BERG)INE o

B UGB MS AN, ZBARK

L Vb
ID/O dy=—-Wn ; Qr(y)dVv
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H ¥ > #RIE Gradual-channel approzimation > BT HTF :
Qrly) = —Ci[Va — Vr = V(y)]
Hib > £ RBIREFAEE ANy Z A7

1% V
Ipp = fﬂoci (VG - Vr — 2D) Vb

2 ANy # 00 3t BB E R @mAEEH A acceptor-like Dy, > ARJE -
Qr(y) = —Ci[Va — Vr — V(y)] + ¢ANi(y)

RS 0 ANy & 5] A2 B34t (Coulomb scattering ) » 1% 4318 %%
Zoyle-BHib BEH u B

Ho

T AN

Hd o ANE A ANy(y) R 0<y < L Z-F¥ME -

1

Vb
7 ANy [V (y)]dV
D Jo

AN =

Bt o AT A3 5]

W
Ip="7 17 ’YA [ (VG Vp — ) Vi — q/ ANIt(V)dV]
W
=— _ D) _ AN
L 1+ 7AN;g { (VG Vr ) q lt} Vb

b bl I 9t AN; Z B4R 0 RATT SE0 R T =8 o R4

M AN, Z AR

1. $5% gm = 0Ip/0Va B Agm = gmo — 9m < gmo > Bl

Agm -~ Agm
Im0  Imo — Agm

:’Y'ANiT;

Proof.
F&RmE
_9Ip
gm = g
W,uC'iVD

T L1 +7ANy)
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B LA >
Agm = gm(o) - gm(AN;‘:)
o WMCiVD _ W,MCZ'VD
L L(1+~vANy;)
_ WuCiVpyANg — WuCiVpy ANy
~ LO+~AN;) L 147AN;
H gt >
Agm Agm ’
9m,0 9m,0 — Agm,O ( g g ’0)
| WuCiVpy AN / WuC;Vp
B L  1+~AN; L(1+~ANy)
= ’YAN;
O
2. MERXRBMMAEER Vr AERBERE Ip = Ir FZHEBR
Va o A -
~vyLIr g ) y
AVr=Vg—Vao= b+ 2 ) AN;
r=re e <W,UOCiVD M C; v

e
« BM AWM ANI T pul AVp BBREME -
« BRI Que AW ANI T Qu L0 AVP HRIABE -

Proof.
B G AT Ip B 2 Ir > AV
WunC; Vi
Ip = —F (VG’,O —Vr— D) Vb (1)
I 2
W

c (Ve - v - 2) - AN Vo @)

Ip=— "7
T LA+ AN

#d Eq.(1) £ BEq.(2) » T Voo 8 Vo #&T A Iy 2 d¥:

IpL Vi
Vao= —12 Ly 42 3
CO= ey, TS (3)
IpL(1 +~ANF AN vV
VG: T ( +7 1t) Jrq it +VT+ D (4)

WuC;Vp Ci 2
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R A Bq.(3) 8 Ba.(4) RN AV = Vo — Vo F

~yLip q) ¥
AVea=|—""7= + = ) AN:
“ (WMCiVD * C; b
O
3. f%% & % Subthreshold Swing %
AVq

S

1 decade change of Ip

3 B AR &7 midgap Z 5 @ fiE H & acceptor-like * R Z & donor-
like * AR JE >

_ q¢¢In(10)

AS
C; By

Proof.

A H494F £ Weak inversion region %313 Vg ¥ Ip X% »
MmALE > Ip XEARBEHREAAET > MIETALHZHEER
( Yannis Tsividis, 2011, p.204) > FRAZ B &9 RARE R & A 40 T
®, -

w
Ing = f,uqﬁt (Qm, — Q)
44 J& Body-Referenced model # > T 2A4F%] Q] A

Qg = — Y2NA (Vi) -2081/60 . o~ Ven /o0
2

V wsa(VGB)
QiL — _7"2(‘76‘9M4¢t6[¢sa(VGB)_2¢F]/¢t . e—VDB/¢t
2 V wsa(VGB)
B SL T3 -

_W; ~Vbs /1
Ins = 1 (Vi) (1 - e7*os/)
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fob

i V2AENA_ o (ua(Vin)-206)/1 . o=Van/n

I (VaB) = M2 /7¢sa(VGB)

2qesNa o Yo Ve Vel

R e "
2 wsa(VGB)

V2qes Ny ¢2 WGB*"ZSB)*VI
N U =0 € net
2y ¢sa(VGB) '

ro p V2N 2 (Vi1 /(o)
2 \% wsa(VGB)

- <d¢sa)—1
- \dVgs
Bt £EE Vp=Vps F > Ip ¥ Vg A 4T R4 -

Vas — Vx)
not

B EEE Qo B A Vo ~ Vip + s + 7/ — 8

Ysa=2¢F

Ip %Aexp(

Y Ci/t
n"~1+ +
2 V 2¢F C(/)x
c!
— 4 it
"Ta

HF o Cl = —dQi/dips © Bt > 4 Subthreshold Swing X &
£ RIEBE Ip=1Ipo ¥ Ip =10Ipy X Vg £8:

IDQ = Aexp <VG’O _ Vx)

no
Vi AV -V,
1().ID0:AeXp< G70+n¢G )
t
E3 0
S.S.=AVg

Ip/Ipo=10

= n¢: In(10)
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BEXEHFEE ANG 2 S.S. £
AS = n"¢; In(10) — ne¢ In(10)

Ci
= C(,; ¢ In(10)

1% 0 E R EH P midgap 2 @EEH A acceptor-like © R Z
# donor-like » AR B KRAIT AP KEE C, -

dQit
=",
d
= s (=q) Dt [Er — Eis (¢s)]}
S
= quti [Er — (BB — qvs)]
dips ’
= quti [(Er — EiB) + qos]
dys ’
= gDy & (q65 + qvs)
oo amty S
(J/Vv)
— D o (bp+ )
—~— dys
C/(eV-cm?2) ~———~—""
(eV/V)
=q i)/l_t/ x (1eV/V)
#/(eV-cm?)
B AN}
Ei
1o
qo+ In(10 N
AS = ¢C¢E(it ) ANz

$ UHAFMH R €3 GIDL (Gate Induced Drain Leakage )

o MIPATTHFEF > FARILRAER] A # band-to-band tunneling °
= B-D tunneling (Band-to-defect) #2 Ny, A B > %8 (3.27) -
> % stress % °* ADy 1 Igmpr, T i 3 shoulder” °

o /N Vpg B B-D Fr3148 Igp, BA » ¥ AD;y AR °
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Figure 3.27: GIDL current Iqip1, versus Vpg curves measured before and af-
ter hot-carrier stress (Vpstr/Vastr = 5.5V /2 V) for a 0.5 — pm conventional
n-FET with d = 10 nm. Theoretical I-V curves for not only Band-to-Band
(B-B) tunneling but also Band-to-Defect (B-D) tunneling are exhibited.
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34 SALEBRESATEE R

§3.4.1 B E IR

o 7 % A& time-zero dielectric breakdown (TZDB) A & time-dependent
dielectric breakdown (TDDB) w#& #f JE 4514 -
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#3.4.1.1 TDDDB 431 8144

# T 4 A Constant Current Stress (CCS) #2 Constant Voltage Stress
(CVS) »

> $ AR EHHI (Charge trapping) * HE {LR T HTH »
Eox() > 3 Au impact ionization rate > 3| &I X EF TR -
F-RESE ReEERMEEFRER  HAEHRE -

> BRI BB A hole-induced breakdown model °
# EFATRXIHRAGTEXE AR THES T -
# £ Weak spot & (B mode) &% hole trap ° #&/mE £ B /ERIFE

WIRER > HEEH > ¥ FP-N FEETR - P eHEI LD
B HIBAMRE-

any

# RT EAEMFIS  ETF LB ERULERNERZRBMHR 2@
1 F-N FrEERB 2 MR RB AR -

RFE, RANAEZAUETHR AR REN ARAETHAES
BIRES > 2R L BB EIR > A EB PR BIYEHRAKR
(RERYEFRHE) -

W BRER AEEZQ, A PARME  THAXBMETANE
B > PR 24 hole-induced breakdown model # % 432 -

KB ERREERME  BEEFRAKR  ABREREARLH SN
TR A fefadndh B B E 35 0 45 T R SUIRASFE A AE AR IR 0 i A
M HT #4R4E broken-bond model A& (HT)? model 4% % i /& - &
Mo BEE o BREEHIEN S RERME TS ERRAE

§3.4.2 HEAERBIET BT

¥ EZ4+H¥ TDDB X Qpp & tpp —EHEA -
- %&# intrinsic TDDB ####
> B1% Eif4 extrinsic TDDB 2 ### (oxide thinning model )

$#3.4.2.1 Intrinsic Oxide Breakdown model
# Qgp ‘ Charge-to-breakdown > BALE & B R ATFAB BB BT F -

% tpp ° Time-to-breakdown * £ CCS s CVS T » » B /& AT PR K% Z BF
Faﬁ °
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¥ B AALRE B E AT 0 £ AAL R W& impact ionization AT & & Z 48 F R
BEQ, HEMA:
Qp="Jp-tox(Jg-a)-t

HEY o Jog=Jn EFER - XAA Jo A F-N tunneling current » A7
Lo

B
Ja o< exp (—) , B =240 MV/cm

€ox

PR « % hole-generation coefficient °

o o exp (—H> , H =110 MV/cm

€ox

HEd g = Vi /tox © Bt

Qp o< exp (—f) = exp [—M] -t

ox €ox

& 8 LR BB > Q, HE M » BbiFl A ¢ =tpp * TR

()
tBD xXexp| —
€ox

G(T)}

€ox

s 1/e-model * tgp = 79(T) - exp [

o -+ £ (-5}

) = sy (1~ L]

HEdo79=10"1s " G=350MV/cm > E, =0.28 eV » § = 0.0167 eV °
# (field) acceleration factor ( £# Fig. (3.28)):

Olntgp G
_ o —
Otox e2,

8=

AR, HWNEY 0 B e-model A ¢

tf = A. e_'Y(T)'E . eEa/kBT
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3

¥ £ 300 K BF:

t5p (300 K) = 10711 (s) - exp {350 (MV Jem) - fox (3

A G . tOX
% 1BD,1 = To €Xp
‘/ox,l

tBD,Q = TpeX
Lox,2

Rt

1— Vox,l
TO Vox,2
tBD,1

#3.4.2.2 Extrinsic Oxide Breakdown model

# R AALE skl > R F MR E % (effective oxide thinning)
HEBEGACR Atoy © AV -

( ) [G (tox — Atox)]
tBD = Tp €Xp =T0€Xp |/
Eox(eff) Vox
Gtox (1 — Atox/tox) G At oy
= Tg exp v = Tg exp — 1- ;
()
~ "BD,no defect

V. v . . g
Hb ey = t—ox BEA Aty B oxide T35
ox

- S
ox(eff) — tox — Atoy - tox(eff)

HBEE Atox 1% Z local B3 (> eox)
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o 10%¢ ' o 59A -
3 a 73A
810%¢ o 84A
v 103A
1072 L o8 - vg 3
1o+ | \L ('n*‘ poly on P substrote '
.04 06 08 1 a2
1/Eqx lem /MV]

Figure 3.28: Log(tpp) versus 1/eox for different gate oxide thickness. Log
(tp) follows a linear relationship with 1/e4x, not eox. Small-area oxide sam-
ples (80 um? were used such that intrinsic breakdown dominates and little
statistical variation of tgp at any one applied electric field was observed.)

p
1/E (cmMV)
004 008 042
108
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Zr B 5107
® z
ELE-’ 7 Crook (30-110 nm) e
8§ Berman (>40 nm)
— 6 Hirayama P
—ayama__ 403
Q {20-40 nm)
5 O McPherson I
© (10 nm)
£ 4 Yamabe
c (d=10-50 nm)
k=] 3f
©
Q
6 2
8
< 1}
0 i i i i
2 4 6 8 10 12 14
E (MV/icm)

Figure 3.29: Theoretical field acceleration factor 8 versus insulator field e;,
being compared with reported results. The inset shows that log(tpp) follows
a linear relation with 1/g;, as predicted by the hole-induced breakdown
model.
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> At AR tOX(eff) = tox — Atox A0 € ox(eff) # A 0 R tgp Ak
/N 0 &R oxide thinning #% 3 A& oxide 3 F #7& °

G(tox — Atox)}

% & tgp = Tpexp |:
Vox

Vox tBD)
Atox = fox — —1 I
G n( 70

BAT Ato, 1 tgp ZABBIME o sboh > RATT U R T E g4
Intgp #2 1/eox B9 *

(5]
tBD:ToeXp — (11—

Eox Lox

G Atox
lntBDZIDTo—f-(l— 2 )

€ox tox

> &I lnT

-> §+$ G (1 — Atox/tox) = (B + H) (1 - Atox/tox)

#3.4.2.3 Atox HLEAMEE D Z B4
W AR P HESEHBIL ERAEN Aty BT A EZEHFSLAEM
tpD * FTIA Atoy $L8RFAEHE D (cm™2) XGRS TR -
# f£ & B (chip) F4K2] m B2 HKFE P(m)  KIKE Poisson distri-
bution > [ &k~ 4 :
(AD)mefAD
m!

R A BBE @M D BEGEE - o> S BB FAREHIEZ
Z (BPRZE yield) Y » AR

P(m) =

Y=P0)=e P x~1-AD+..., ifAD< 1

A E R IEIE LRI G A o AT ERE A ¢

y:;:1_14pi...
(14+~A4D)Y"

HEb oy BAWN 081 &3 o ®H# % gamma distribution °

> AMKHK DMK R AD K> Y Ao e
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o3

# EERALRE FHRBIFEH AR FE E1L (effective oxide thinning) Eb
Atox RZARFEBOHE > BoA8EWIRE]HF G tgp M2 WFE (F
MAMEESE) Bk

F(tgp) = P(Atox)
P=1-Y

F(tgp) =1 — [1 + yAD(Ato )]~/
> RFETWR F # tgp X5 HE > 4 EAE Ftgp) KA LEKXT
1% D(Atoy) 245 » B PRAIT ABEH tp KN Atox = tox —
2 (tBD SR ke Aty 0 PRI S T 20 22 %
70
B D HAILRBEEGIL Aty 912 - L EZRN > B TFTHRAXZ
tBD AR Rp AT

Vi [t
Aty = tor — ~Z1n <BD>

<

G T0

F(tgp) = 1 — [1 + yAD(Ato)] V7
o BK Aty BisreB BB -
o BUN Aty BIERIEEBE S -
o A BB EME A BLEIRRER Vi A%V REMEH
#20 BB D (Atoy) A TAER -
# F(tgp) = 1 — [1 4+ ~vAD (Atgp)] Y7
REHE D (Atoy) » WTHALEHE A BV, TZ F(Atoy) °

> At AAK 7 tgp A%/ ©

> AMAK HEEBREWGM tpp M3 P F HAAMK °

> HRBERNERELEE S E  Vie(= Vi) AR » e MR FIHZ

B 7B B P tpp A& o

#3.4.2.4 A5 E I HH)

o HRH 8nm BXARFIEMERBEALE £ V=5V B 300K T
Z tDp BT ?

Solution.
WAFEREHZ 1/e-model * tgp = 70(T) exp {G(T)} P ART 7 X AR ER

G(T) ZG{H [;i <11ﬂ_3(1)0)]}

) = sy 2 (1~ L]
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Hof o ARIELER 9 =10""s > G =350MV/cm > E, = 0.28 ¢V >
§ = 0.0167 eV ° 7T A34F

2 = 10-1 () exp [350 (MV/cm)}

5V /8 nm
A~ 5.18 x 109 s > 1000 yr
]

BAEEAZ MOSFET #64& V = 5.5 (V) » 150°C (425 K ) > 4% 10
FEmAH EREALE B E  AVE &N defect-free oxide B B BT ?

Solution.
RIEREHZ 1/e-model * tnp = 7o(T) exp [LL] » T 4ot % tnp >
10 yr = 3.154 x 103 s > A

G(425 K) = 350 (MV /cm) {1 +[ 0.0167 eV ( 1 )

8.625 x 102 eV/K \425 K 300K
=283 (MV /cm)

0.28 eV 1 1
425 K) =101 [— ( - )}
7ol ) PP IT8625 V/K \425 K 300 K
=0.75x 107" g
G(T
tBD = To(T) exXp [ 8( )}

5.5 (V) /tox
Rk o oy 270 % 88A - [ |

} > 3.154 x 10% s

R — L 125°C Z8ALRB AL 10 SFNEAA B E » BRBEHR KR
Z_ /o B 35 BT

Solution.
[ |

RIEFMZ F(tep) * K& Atox = 30A B Aty = 20A 2 D(Atyy)
B BRGNP HZI AR YGREA v =06 EREABHEA A =

25 mm? °

Solution.
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4

EEL I Y Wi

Ref: ”"Basic Mechanisms of Radiation Effects in the Natural Space Radiation
Environment,” D.M. Fleetwood, K % & F# 4 8 Ea AR > FEE TS
R/ ATHIRRZHEEEHR / TERBREFHHETHHE 1996 /6 / 4
~ 5

4.1 BHEMHZIBE
$ &5 A8 (jonization) #1414 (displacement) KL JE °

§4.1.1 ##E (Ionization effects)

a) Photoelectric effect ( 3% fluorescent) : A& KT BEAK » TR
TR EABEETF (AFPAERE) ARF| THBEHEGR T B8
EFHEAHBREEZOLT OMNEEFRREHNE #IR) -

b) Compton scattering effect : ASH A FREEE S Ao RLELET
THEHEBEEF R TSGR T (ionized atom ;5 & A& FHE
9N (BRAHR) > AR I oy 48R AT i

c¢) Pair production * AStAFREEFS (> 1.03MeV) » K F T2
Bt HEEFHEEEF (electron $ positron) °

> R4 RAEA energetic secondary electrons °

¥ S#E (4.2) EHEAKRESI(Z=14) # 10keV Z Xray EZR
JEA TR 5 #1.25 MeV Z y-ray £ B RIE L E b IE#S -

#4.1.1.1 Electron-hole pair generation

material density (g/cm3) x deposited energy per rad (rad/g)

go (pairs/cm?®) = E, (V)

HEd > 1rad =100 erg/g = 6.24 x 1013 eV/g » BB (4.3)°
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COMPTON PHOTON
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b)

,_;J ELECTRON
. "“@\

POSITRON

4. BHEIEELE

Figure 4.1: Schematic drawing of three processes through which photons
interact with material: a) photoelectric effect; b) Compton scattering, and

¢) pair production.

120 S ————_————————
0 1% [~ PHOTOELECTRIC EFFECT PAIR PRODUCTION 7]
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= 8o}
< &
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c
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L DOMINATES
o
N o) sweon N
0 P | 1 T
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PHOTON ENERGY (MeV)
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Figure 4.2: Schematic drawing of three processes through which photons
interact with material: a) photoelectric effect; b) Compton scattering, and

¢) pair production.
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Material E, Density Pair density generated
V) (g/em’) per rad, g
(pairs/cm3)
GaAs ~4.8 5.32 ~7 x 10"
Silicon 3.6 2.328 4x10°
Silicon Dioxide 17 22 8.1x10"*

Figure 4.3: Minimum energies for creating electron-hole pairs and densities

for

GaAs, silicon, and silicon dioxide.

* HBEFAT BIRAT TUABMBTLALTTERAY - £
L ELHTETTAHORERAA NETHAZELTTEHA
# o

#4.1.1.2 Dose Enhancement

# Charge-particle equilibrium (CPE) : £ Tt X 24t fc 2 L RIUAE 48
Bl - 28 (4.4) $EMAHMT 0 5 RICHE B L2 54t Efi%r)ﬁ ’
AL AR EMAEZBREKR ) AIFEAHEE R RILLR
CPE ¥4 -

FRFE. RAB R FEBN ) ATABRS E X R LB K > AL
ERBE > RN ELTUNBRAE E 0 5886 s e 46 El
ARG LY EAR LA AT ESR (RERDR)
HBRAHEREH AR 2HEINBHE RN E TESH
HEBEAEE 0 TSR TR S Bl Z 7L E N3 E B
(ZERBR) BBIK- MB (44) LEFKM - SPReyES T
) (Direction of radiation) . @ EFER @R Wi HBH B =
St e

¥ & wmAa Ak E CPE #4500 Al

Deg(1) _ (Hen/p)y
Deg(2) (ten/p)y

H o Deg(1,2) A 1,2 2 AAHEE (erg/g) > fen A EALHE M AE
BRURE (erg/em® ) pro HEHEFE > (ten/p), o R A 1,2
Z R E RIS -

# #1.25 MeV Z y-ray (Co-60) : MOS 2 1 &% & ¥ SiO; > dose[rad(Si)]
~dos[rad(SiO2)] > dose enhancement &R K > £ Z4&H A & MHEHK
4t o
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L 1 1 RADIATION )
3mm 2mm 1imm 0  S50pm 100pm 150pm
(b)

45 ~ RELATIVE AIUM
40+ DOSE
si -
“i—
Au

1 1 |1 RADIATION J
3mm 2mm 1mm 0 50pm  100pm 150pm
(c)

Figure 4.4: Relative dose enhancement at the silicon/gold interface. a) The
relative dose in charge-particle equilibrium, b) the direction of the incident
radiation going from the silicon to the gold, and (c) the direction of the
incident radiation from the golad to the silicon.
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800 1 1 1 1
S TERMINAL
3 \“/ CLUSTER
l, /‘
\ 50 keV SI
600

DISTANCE (A)
g

g

9360 -240 -120 0 120 240 360
DISTANCE (A)

Figure 4.5: Defect cascade created by a 50-keV silicon recoil atom.

¥ ¥ 10 keV X z-ray * dose[rad(Si)|~ 1.8dose[rad(SiO2)] * dose enhance-
ment EBK > EBKH HAERE -

# & HKA metal silicide gate * BRFZH, KR (#l4e W 2 Ta)» K dose
enhancement /& £ K > £ H 45 2 TFETRHHERF > R E
ZIINEE

§4.1.2 fx## & (Displacement effects)

< B (45) ¥ BEHBLEXHERER ] LRARETBELE
& ; MAEK (terminal cluster) ZHIEHFE R BB B HUE S -
R RN BE A -

# — & JI ey R G kG R (defect cluster) » &% B (4.5)
s displacement threshold energy : #§ & F #¢ & 4& 26 5] R A7 F 2 5/ fE

=

TE o

< BT AL 0 &R MR T (interstitial atom ) #2224 (vacancy ) # »
2 4% % Frenkel pair °

NA

-

%
&

4.2 MOS 7tz &4 2 &

# £ SiO NEAXEFHEREIEFH (psec) mMERLEIET

# Hb—EreH A2 A RPN S - E R A hopping KA # R (trapped )
FEREN 0T #3% SiOy/Si R&BEZTH R Dy °

>
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N INTERFACE TRAPS
+ RESULTING FROM

W
U \—-| ELECTRON-HOLE PAIRS INTERACTION OF HOLES
DIATION
l POLY-SI / -

Figure 4.6: Band diagram of an MOS device with a positive gate bias.
Illustrated are the main processes for radiation-induced charge generation.

MRFE., HE
H"+e +H-Si=Si— Hy +-Si =Si

HY HN 2AmBREAACRRKEEAM o it > sHHE (4.6) >
EEZRK)N B EFARERATHELEESLS  WINEHLEHEE
) A R T 2 Fa &Y hoppmg RE o IFJ.H.’%/T]—‘& R EJEF ok (dis-
persive) ~ FE Y c A FHBRIFEFIRAOTR -

# EFERHFRZFE (e-hyield) - sefakskd 8467 ML A E 4 (recom-
bination ) Z ks °

§4.2.1 BRI

b5 = k‘le <ND>

n;

ANit _ Cox : AV;t

mFE, 228 (4.7) > # n-substrate M3 » % CV e EAF > Al &
TR EEI o
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100 T
[ t,,=48nm

o %[
& | ]
3 60 .-_ - - - - - cm _-
2 L 2.2s J
< PRE J
E 40 - 5
g Cimg 4
o ?o ... cm _-

0 R R SR SRR B ST R

-10 -8 -6 -4 -2 0 2 4

GATE VOLTAGE (V)

Figure 4.7: Typical C-V reaces taken on an MOS capacitor preirradiation
and 2.2 s after a 1 Mrad(Si) irradiation. Noted on the C-V traces are the
points corresponding to flatband (Cg,), midgap (Crg), and inversion (Ciny)
capacitance.

102
g 108 |-
i
é 107 |
100 -
3 !
§ 10 |-
] ¢’
10 |- 2 4 = MIDGAP
L ,.'x ,0* (¥ = Dp)
1018 Ll | 1 [ 1 1 1
1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
GATE VOLTAGE (V)

Figure 4.8: IV traces taken on an MOS transistor preirradiation and after
irradiating to 500 krad(Si). Noted on the I-V traces are the points corre-
sponding to threshold and midgap.
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s# Midgap I-V technique *

uCox W
L

mW
IDS,sat = TMCOX (VGS - Vth)2

Ips iin = (Vas — Vin) Vbs

EFom B BREAHN  ARBHREF m~1/2°

s Charge-pumping technique : Triangular charge-pumping current I,

Lfb Lth
I, ~ 2qDiyi fAkT |In i/ onoy) +1n [ ——
) qLlit B (Uthn p) <2|:Vg|f>‘|

HEF AV, ARZEHRZIKSE 0, # 0, 0p HEFHEFRE cap-
ture cross-section °

MAFE. £ %A W18 k%R E interface-trap charge £2 oxide-trap
charge # B RK * % — 18 2% midgap I-V technique > % =18 A &
charge-pumping technique ° (4.8) % midgap I-V technique
g F ke MERR > TAHE ¥ 8 midgap point & -F# Rk €
oxide-trap charge ¥ B & & B ¥ BRRAZE > AV, © b o
FAIT AR B P e BEER G T4 0B L H B8 AV 0 %
TOAE AR

AVvth = A‘/;)X + Avlt

Similar to high-frequency C-V analysis, the threshold-
voltage shift due to oxide-trap charge, AV, is deter-
mined from the voltage shift between the pre- and posir-
radiation I-V curves at the midgap point, and the total-
threshold-voltage shift, AV;y, is determined from the
voltage shift between the pre- and postirradiation I-V
curves at the threshold-voltage point. The threshold
voltage shift due to interface-trap charge, AVj, is de-
termined from the strechout in the I-V curves, i.e., the
difference in the voltage shift at threshold pre- and po-
stirradiation minus the votage shift at midgap pre- and
postirradiation.

#4.2.1.1 ETF A¥# 1K (Electron Spin Resonance )

¥ TR E SiOy XM & &£ d B FFE-FX intrinsic angular momen-
tum(spin) #& & M F| B4 % o
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Figure 4.9: Typical electron paramagnetic resonance spectrum.

S fshwasdg HF > EF2 BRI @ RARBEIER (state) * RE
BRZETRELTRTA

E=hv=gBH
HE o H BHESEE (microwave frequency) ° [ % ik Fwk4E
(Bohr magneton > ug = 475260 rg AHE R E (dimensional

tensor) » #LAEME 5 R (splitting) 2 ~ R FRETH AR
ZHAEMEA R -
¥ B F R BT LA A EREME (paramagnetic) * BF kAR HEF
(unpaired electron) 7 #E#) £ k% (EPR signal ) ©
- ESR X #4 % electron paramagnetic resonance * EPR °
cf: % & R (diamagnetic) > 7R BP& A electronic magnetic
moment > A] &5 €% EPR 3k -
# RIEHER
AR S EABOERE (microwave cvity ) 3t B BL B sk -
2. BaEg RN (H) -
3. % hv=gBfH ¥ > &4 4 HIREIL (resonance absorption ) °
4. BRI T g B > LHAFHR T HFHFE -
# B (4.9) A&tk Si0, 2 EPR 43 °
> MM XEIEIE E center AM > A ERERRZ AL - fldo
E, A4 hEREBREYL R TFZ2M (vacancy) %
Fi 5 89 ESR active state °

—_

precursor O3 = Si-Si = Og

ESR Active State O3 =Si1T # TSi=0;3
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@ 1 1 1 1
10 | ]
=]
-
8
% 08 - —---__.----—-- =
=
8 06 - 10-keV X-RAYS -
w
[+
]
w 04 - 700-keV PROTONS
.—'_'.
(o) ’-" POSITIVE BIAS
E 0.2 ’_" -
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< *7_ = ™ 2-MeV xPARTICLES
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w o
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Figure 4.10: Charge yield for X-rays, protons, gamma rays, and alpha par-
ticles.

§4.2.2 EF—EFARF (Electron-hole yield)
B EHMR > REMS -
# L g ABREMBEEAANTFERYHEEE (pair density gener-
ated per rad * pairs/cm?®) © R#* J& dose enhancement effect > 3t B #%
N, & & A4 84tk W atak4n 442 4 (initial recombination) A7 & 4
Z B FRE o Bk

Nip = f(Eo) - go- D - tox (#/sz)

v f(Ey) #EREH (holeyield) ' D A% E (dose) » tox Bl AR
1t B E (oxide thinkcess * cm ) °

o H SiOg mE

_ density (g/cm?®) x rad (erg/g)
9= E, (V)

~2.2x100 x 1077
© 17 x 1.6 x 10719

= 8.1 x 10'2 pairs/cm?

BN, A 81x 102 f(Eox) - D -toy
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#BRERAHGEENEAR T > METRAZH LA RAMETEF
#% (BE f(Box) =1) AVipmax &

-AQ

Cox

_ —qNy(emr)

B on/tox

1 (1.6 x 10719) N,
23.9 x 8.85 x 10714/t

AVt-;h,max =

= —1.9x107%. f(Ew)-D-t2,
x tgx

HEb ot ZEMA nm o

§4.2.3 EFE#H (Hole transport)

$ ER ezt BIREH (local field distortion) » 1B AEH huiF > £1FE R
P EERLBERE H o
= TREABH Z strain field 445 % Polaron °
> TRABHE > HRTH2iat bRk E" £%” > 24 Polaron hop-
ping °
> Polaron ¥ mwERZLELEE m* BRIV EFEREHE 10 I
145 R 2R E AR ARE T (dispersive) ;5 12 HA1% > B

o ¥ 50% recovery * 293 K REZFR P 1 ms BRI BT IRAE - M 181 K
AlEZ K 500s °

o BEMEG o WRMEATEER T AL

o WAEFR (7):

A(s)]

T ~ 7(0) exp [k:BT

HEF Ale)=Aog=q-a-€/2> Ag~0.65e¢V > a~ 1nm > % average
hopping distance °

o B (412) AR EEELEHES T XRFRBEFR - 455 ZIRAE 50%
ABEAESA 6MV/cm BHREE 0.02s ° A 3MV/cm B> #
2V EE 1000s °

o WIAA AL AL -
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Figure 4.11: Temperature dependence of the flatband-voltage shift after a
single radiation pulse. For this curve, the flatband-voltage shift is a measure
of the number of holes in the oxide.

0.0 T T T T L) I d
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AL 0O
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g (Eox = BMV/CM) A o
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N o g0 @mvcm, o9
© 8 800 609 009
1.0 ﬂ 6 6: 68 ] 0%}1 0 ]
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Figure 4.12: Electric field dependence of the flatband-voltage shift after a
single radiation pulse. For this curve the flatband-voltage shift is a measure
of the number of holes in the oxide.
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Figure 4.13: Oxide thickness dependence of the faltband-voltage shift after a
single radiation pulse. For this curve the flatband-voltage shift is a measure
of the number of holes in the oxide.

. (413) AR ES, - BEAAGEH AR BEEGHEF - TR
BREAR  HPNRABIRE AV (t)/AVp(07) 2/ E ek - &
BRI T ot o

§4.2.4 AALE#EH (Oxide traps * Ny )

< f£ SiOy/Si @k 0 HFLEEF S AR =4 (oxide vacancy) * 14
hole trapping center © EF&iB1% » @K 4 B RMEMEIL > ML=
1% 7 Z capture cross-section A/NA B °

R4

=> hole capture cross-section ¥ #L% radiation hardness Z 42 & °

3o

RE (4.14) > W NERE > BAF e-h £6#%F > FAASEERHE
o A TARE T -

> XHBETRHKBER > RAETHY trapping B9 E » AR (4.14)
¥ 49 Adjusted line °

o
P23

# &R Z capture cross-section M EHFE «x E-V2 2Bt T2 &

AR o BIRARE G AR -

MEFE. BALR EM IR ZEREE AVy < 00 b9t B (4.14)
¥ 49 adjusted line £ 45 » B AL —EEL T > TR T 4%
WA B REEAILE - Hlho AHE— ARF 10 8
TR AV A 7T AR mA 3 ERE - mAEFE=F > BK
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10 R ——— —_—
[ POLY GAs'l"EO:i 45 nm
500 krad
| ADJUSTED X-RAY, 4(170 k)ucv-
5t S
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Figure 4.14: Electric field dependence of AV, versus electric field. Shown is
the measured data (solid circles) and the measured data adjusted for charge
yield (open circles).

A 16 MBEFR > E¥AH 8 BE4dhie - A S EkA - KIIAREHE
BT<8mFHEBEE—ERRLREKREROER BAL
HE—F o a2 F 10 BER > AAUAERHERGLERL 70% - M
fEE_F o BRI ERZ 50%  FFAEE - TRR
L A 5 I > ME A adjusted line 9 FE &K ©

#4.2.4.1 AALRE i frz ¥ futi it (Oxide-trap charge neutraliza-
tion)
¥ ox1de—trap charge 2 A 1% > HHEZEFHERHE T THERE - B
PEFFER A B o

R P WwERE EFETERERHABIHHFITA
(anneal ) © €% 3, oxide-trap charge 31 # % AV, & #IRK

¥ RB (4.15) AV, # Int 2B - R¥msagtik & (dose rate) AAT
A % irradiation + anneal time 48] > AR Ny 5142 AV, K248
7] -

~Aln (L) +cC

sk Empirical equation * —AVy(t) =

Yo
WAAFMB T FEE (anneal response) * Y &  Fo dh 41
(transient anneal curve) ° yo A 4% & (total dose)’ A & AVy(t) %
#ECRANt=1t) FIARIE -
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g a2k Ny, 62 o (8i0,¥s i
X-RAY, 8850 rad (810,)'s
A8 LINAC, 2 PULSES, 6 x 10° rad (SI0,)'s .
2.0 L L 1 1 1 L 1
0.1 10 10 10 109 104 108 108 107
TIME (s)
\ 7

Figure 4.15: The change in AV, during anneal at room temperature for
transistors irradiated at dose rates from 6 x 10 to 0.05 rad(Si)/s
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