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Presentation Outline

WCM 2005

MSM / Nanotech
Charge modeling: Pao—Sah surface-potential solutions

Unified regional approach

Piecewise/regional and non-pinned surface potential

Unified regional charge model

Charge-based bias-scalable transcapacitances and symmetry
Poly-accumulation/depletion/inversion effects

Coupled quantum-mechanical effect with PAE/PDE

Extension to strained-Si MOSFET charge modeling
One/two-iteration AC model parameter extraction

CoopoDpOp00

DC model calibration and prediction
0 Minimum data for model calibration
O One-iteration parameter extraction

Summary and conclusions
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Comparison of Modeling Approaches

WCM 2005 MSM / Nanotech

Surface-potential (¢,) based —— Unified, single-piece, explicit regional
J model with non-pinned surface potential

Iterative MM11 HiSIM
+

Explicit SP = PSP

Xsim: unique features — combining “accurate”
physics in surface potential solutions with unified
(Accurate physics built-in for all regions; “smooth” regional without losing the
inherent requirement of high ¢, accuracy) | “nrocess-dependent” threshold voltage concept

(Inversion)-charge (Q;) based
EKV ACM BSIM5

» Do not solve at vV, = Vy,, but two regional
pieces unified to form a single-piece with C_
continuity (no ‘if’ conditionals anywhere)

» Do not require high accuracy in ¢, since
charges (V4 = 0) do not depend on ¢, — ¢

Consistent with conventional formulations

Easy extension to include higher-order effects
(QM, poly-doping, strained-Si, 2D SCEs, ...)

Threshold-voltage (V,) based

(Pinned surface potential)
BSIM3.4 MM9

(Less physical in strong inversion)

J
0’0

K/
000
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WCM 2005

The Complete Potential/Charge Balance (“Pao—-Sah”)

I= ng _Vfb _¢s ZSgn(¢s)7/\/Vth |:exp(_ ¢S J—1+—}+vﬂl exp[—+—2¢jpj|:exp(ﬂj_l_ ¢»V
Vi, \%

exp[_j
th Vth Vlh Vf/l Vz/z

; —_—

— chb/Vrh Original Pao—Sah: negative F? for small positive ¢, (when V,, > 0) K = chb/Vth

*
K<{=0 Modified Pao—Sah: negative F2 for small negative ¢, (when V,, > 0) 1966
. : I . - , Pao-Sah
=1 Modified Pao—Sah: no negative F? (used in iterative/explicit solutions)

V

S e OV
(») (N,=N,)

.

v
Vi =Vy—¢, =sgn(d,)ry [, = J_ry\/vth {exp(—ﬂj—l}r ) exp( 20r ]Jrv,h exp(— + 20y
vth

r

(0,+0.)/c.. ~0./C, ="

(7)
X _Qb/Cox - _(Qacc + + Qstr )/Co; + r_Qi/Cox — _( + )/Cw;
4 A
T‘—.’ T T— Ward-Dutton
0, = _(Qb +0,+0 ) oneieee partition
¢ l . smoothing
Charge balance

Unified regional
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» V4 = 0: same as source-end ¢
> Vgs # 0: builtinto Ve (Rgg, Vaerr)




“Glued” Piecewise Regional ¢, Solutions

WCM 2005

Surface Potential, ¢, (V)
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d Lines: "Glued" Piecewise ¢ g
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Gate—Bulk Voltage, ng (V)

MSM / Nanotech

O Simple piecewise

regional ¢, solutions:

¢ss - ¢B +A
Q. = ng — Vfb +2v, L {w}

2
2
/4 /4
Dua :(_E+\/T+ng _Vﬁ]

When “glued” together,
glitches at flat-band (Vg
¢, = 0) and threshold (V,,
¢, = 2¢¢) conditions

Even with careful math
for explicit solution, ripple
may occur when solution
pieces are “glued”
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Piecewise and Unified Regional Pao—Sah Solutions

WCM 2005 MSM / Nanotech
+2¢, b, —> G =20+, —> P =P+ A—> |,
ng - Vfb —@p =V, |Pp vy TV, €XP| — CXp| —
Vin Vin 2
1V, — Vﬂj —
A=v,Ins—|| = _(¢so+Vcb) +1¢
Vin 4
¢seﬁ‘ = ¢acc +¢ds ¢¢ch B (¢SO + V::b
=@,+V,+
ng _Vﬂ) — = 7/\/7 s0 cb >
¢dg :‘9@?”{ ’¢,§'II‘;5¢} 1+|:¢dd _(fs() +Vcb):|
%
2 / \ th
2
Dua {g+\/7_+quV/bJ e A=V m{beﬁ"}
2
1 V.,
’ l beffzv_‘gf{[ ; ] _(¢s0+Vcb);06ﬁ’}+1
s h
ng o Vfb - ¢5‘ = _7/ vth exp(_v_j ¢sa = ¢acc + [
" T Vea :‘gf{ng_Vfb_ ?Gvga}
V,=V,—=>V,
o =V =V +2v, LWy & 0 "7 g 3 {x;o}= O.S(H\/x2 +40)

9 {x; O'} = —O.5(—x +4/x7 + 40')
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Piecewise and Unified Regional ¢, Solutions

WCM 2005

Surface Potential, ¢ (V)

1.5 {Circle: N-R Iterative ¢ N
1Cross: Piecewise Regional ¢ +
| Lines: Unified Regional ¢

RN
o
L

:'+++++++++++
+

(Vds = Vbs = 0)

o
o
! | !

o
o
O | ! !
@
®
S
@
o

1
N

Gate—Bulk Voltage, ng (V)

MSM / Nanotech

Piecewise regional

solutions are derived
physically

Unified regional solutions
approach the respective
physical solutions
asymptotically

Transition regions are
“controlled” by the
smoothing parameters,
whose values do not
influence asymptotic
solutions

X.ZHOU



Unified ¢, Solutions and Continuity

WCM 2005
1.2 Circle: N-R Iterative ¢g
| Lines: Unified Regional P,
S 09 -
\c/n 1 dseff
-e‘ .................. dace
_C_‘:U 0.6 _ dsub
c 1 — st
"q"J ] ds0
o ]
O 03 - bea
() T
o ]
© _
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B 0.0 groeooXg®
§
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Gate—Bulk Voltage, ng (V)

MSM / Nanotech

d ¢ atVy, =V is not

solved exactly, but two
pieces “stitched” to
form a single-piece
(dser) SEAMIESSlY

O, SOlUtion can be
arbitrarily close to Vy,
without any ‘if’
conditionals, with C_
continuity

O, and ¢, are
independent of V,; b,

evaluated at the
source/drain ends,
keeping symmetry
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Single-piece Unified ¢+ and ¢ . in All Regions

MSM / Nanotech

WCM 2005
2. : : :
> Q Single-piece ¢ in all
- : bias regions, including
S 7 forward bulk bias
- _
< 15
£ : O Not directly used in
£ 10 ] charge formulations;
o : only the regional
§ 0.5 - solutions are used in the
1= : unified regional charge
D00 -
PoOeoTT Symbols: N-R lterative ¢ Vps = 0.6V model
05 1(Vg4s =0) Lines: Unified ¢gq o Vpg=-12V
-2 -1 0 1 2

Gate—Bulk Voltage, ng (V)
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Unified Charge Model with Non-pinned Surface Potential

WCM 2005

ijl O (y) =-C., |:Vb Vv, (J’)} -0, (y) [Ward & Dutton] 0=0+0,

Piecewise reqgional:

= Unified regional (pinned, no ‘A’): = Non-pinned:

A (Derived from ‘pinned’ | ;)
QS = ox ( __b + ASJ ’¢ A ’
2 6 QS,A = _Cox 2 o gA A + AS,A V;,A = I/t + AbAe_ﬁ,s
Qd - _Cox [ 7 - Iib + Ad) LA - + Ads
A
AS:'/’ZI(I_@ QdA:_Cox( L2 A+AdA V. =V AV
AV A2 )2 4, =1+ ’
- b,A LA b,A —
12(V, ~V,-0.54,, ) Agp.n = " 2(V nYy 2\/ ot By =V
geff ,A b,A A
@ = S(Vgs — I/t ) — 2Ab @ SVgeff A 2Ab’A A Vt,¢ — VFB + ¢sl‘r,s + 7/ ¢str,s + I/bs
10(\V, -V —0.54 eff A _ .
( ’ b ) lo(Vgeﬁ’,A — 724, ,A) ) =1V, ln(l—l— e(Vgs Vel "’))
WV, -V )-24 ’
(D—(gs )o24 A, = 1 A, =A, B D, . =(4, , —1
6(V,, —V,—-0.54,)", ) AT ﬂeﬂA( _@eﬁ,A) d.n = Aoff .2 Pefr A —( A~ ) 2Dy
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Unified Regional Bulk-Charge Modeling

_(ng_Vfb_¢9):_(Qg+Q(;x-)z_Qg = Qsc = Qb sz—*_Qi :_Sgn(¢s)COX\/7¢
Ve =Vio =V () 4V ()
0, =0 :_Cx<ng_Vﬂ7_¢ )
_ by =P+

=-C _(Véb +ngr)_(¢acc+ )]
=-C _(Kl _¢acc)+(nga_ )+( B ):|
:_Cox_ Véb _¢acc‘)+(nga_ )+( B ):|
=Qbacc+

/’ N =Gl

Opaee ==C (Vb -9 ) == (ng - +7\/_)—> Oy
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Unified Regional Bulk Charge and Charge Neutrality

WCM 2005 MSM / Nanotech
2.0 — ,
1 Lines: Model (Xsim) 0.10
1 . o; = 2.3 (fitted) S
Ng 005 Joeoiens Gf = 1 4 T
5) Of =28
B ~ 0.00
- -0.05 ¢ Symbol: N-R Iterative ¢
g Lines: Unified g
GJB '010 T i i j
o -1.30 -1.25 -1.20 -1.15 -1.10 -1.05
_ccU ng (V)
O OSSO
< T T T T T T s
@ : -
~——
051 _CoxDb,A Q“"“-~=-.—.;.-.—_-—,,-:..:f.;.f_'.:'_'..'_
1 Qb,ds - CoxDb,A (Vps = 0)
-2 -1 0 1 2

Gate—Source Voltage, Vgs (V)
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“Decomposable” Bulk Capacitance with Continuity

WCM 2005 MSM / Nanotech

2.0

{1Symbols: Medici
1Lines: Model (Xsim)

Loy
)

—
(0)
! 1

v V4=06V O Vg=0

Capacitance, Cbg (pF/cmZ)
o =
(&) o

o (_CoxDb,A)' - Q'bO
. U Q b,acc
(Qb,ds - CoxDb,A) Q'
§ 3 S b,ds
0.0 - — E%Oooo%ﬁﬁ@@wwe—
) -1 0 1 2

Gate—Source Voltage, Vs (V)
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Single-piece Terminal Charges

WCM 2005

MSM / Nanotech

2 7 =
| Model (xsim) Q < 101
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: 2 1.0 2 _
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Gate—Bulk Voltage, Vb (V)
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Inversion Charges and Capacitances with Non-pinned ¢,

WCM 2005 MSM / Nanotech
2.0 —
{1 O dQI/dng - Non_pinned ¢S SymbOIS MedICI.
1 v dQgdVy, ... Pinned ¢, Lines: Model (Xsm)_
dQg/dvVg, T Leiloc

-
(€3]
NI

3 4

N
L

o
2
—Q (uC/cm”)

Capacitance, C (uF/sz)

17 B
0.5 -
2 A1 0 1 2_
0.0 rr—r— r—kr—vgb—(—y—? soseed (Yds ~ 0BV, Vs = 0)
-2 -1 0 1 2

Gate—Bulk Voltage, Vb (V)
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Transcapacitance and Charge Conservation

WCM 2005 MSM / Nanotech

2.0 - 8
1 Symbols: Medici (Vgs=0.6V,V=0) ¢
1Lines: Model (Xsim) i

o
2
ngg/Vgs (uWF/Vem®)

Capacitance (uF/cmZ)
.(D N
(@) ] o

0.0 4

Gate—Source Voltage, Vs (V)
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Single-piece Continuous C ,, C,,, and C, in All Regions

WCM 2005 MSM / Nanotech
C,, at various V, V, C,q at various V, V,
(Compared with pinned ¢,) (Compared with Medici C'bg)
2.0 2.0 —
Symbols: Medici Pinned ¢, Model 1Symbols: Medici

Lines: Model (Xsim) {Lines: Model (Xsim) i _
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Bias-scalable C

Cyy C

g9’ sg’

in All Regions

WCM 2005

Symbols: Medici
Lines: Mode! (Xsim)

=
o
L

Capacitance, Cgyq (uF/cmz)
& 5

0.0 :
-2 -1 0 1
Gate-Bulk Voltage, Vi, (V)
Symbols: Medid _
Lines: Mode! (Xsim) o Vbs=0

v Vpg=-06V
Vig=—1.2V

1.5 1

1.0 1

0.5 A

Capacitance, Cgyq (pF/cmz)

(Ves=12V)

0.0 T . .

2 -1 0 1
Gate-Bulk Voltage, Vg, (V)

1.0
Symbols: Medidi
. Lines: Model (Xsim)
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Gate-Source Voltage, Vg (V)
1.0
Symbols; Medici
- Lines: Mode! (Xsim)
e 0 V=0
o
T v Vg =-08V
2 Vs =—12V
g
O 05
)
o
C
8
‘©
®©
aQ
@®©
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005 (Vgs =0.05V)
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Gate—Source Voltage, Ves )

Capacitance, Cgg (uF/cm2)

Capacitance, Cpgq (uF/cmz)

10
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o
&
\

Symbols: Medici
Lines: Model (Xsim)

0 Vg=005V
v V=06V
Vg =12V

|

Ms=0)
2 -1 0 1 2
Gate-Source Voltage, Vgs V)
05
Symboals: Medici
Lines: Mode! (Xsim)
04 L‘ 0 Vg=005V
. v V=08V
03] aﬁ Vg =12V
02
0.1 1
0.0 (Vs =-1:2V)

2

-1 0 1 2

Gate—Source Voltage, Vgs V)
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Transcapacitance Symmetry
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Symboals: Medici
Lines: Mode! (Xsim)
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“Pao—Sah” Equation for the Gate Surface Potential ¢,

WCM 2005

MSM / Nanotech

ng _Vfb — @, _¢p :Sgn(¢p)7pm

2 2
=y, vth[exp[—ﬂ]—l}r -, exp[— ¢F””j+vthexp[— 7.
Vin Vin Vin

:¢p0+Ap - ¢p,str | v
:¢p0+ p.dd Y th
2
\/1+|:¢WZVPO:| Vgap = ,9}, {ng —Vﬂ) -, — ;pvga}
th
2 : 9
=GV, =V, —0;
¢p’dd(g+\/%+ngVfb¢s] f{ Vo=t }

V

2
¢WC =—v, In 7—Zexp£— 2 j+
7;7 th

¢p,acc

Coupling to ¢,:
) =¢seﬁ in d)peff

ng o Vﬂ) - ¢peﬁr in d)seff

- ¢pa = ¢p,acc +

By =\ Byur 836}

X.ZHOU
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Unified Regional Poly-gate Surface Potential

WCM 2005 MSM / Nanotech

-
(€3

1 Circle: Numerical ¢, ¢ (Vgs = Vps = 0)
1 Lines: Explicit ¢gq¢

+ ¢peﬁ (Iterative ¢g)

-
o
L

| Ppeff
| R Op.ace (PAE)

o
o
! | !

©
o
L

Poly-gate Surface Potential, ¢, (V)

1N

gate

=5x10"%cm ™, t,, =20 A, K= 3.9

0 2 4 6 8
Vb — Vip(V)

[To appear in Appl. Phys. Lett., vol. 86, no. 20, 16 May 2005.]
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Poly-Accumulation/Depletion/Inversion Effects

WCM 2005 MSM / Nanotech
Smooth bias-scalable Physical N, /t,,/K-scalable
Ngate (1019 cm_3), tox (nm), K

5 104 Symbols:Numercalos, ¢y =0, 06,-12v (Ves=0) 5 Symbols: Numerical dg, 6, o 1239
Q Solid Lines: lterative ¢ (I e o | Solid Lines: Iterative ¢ 1,4,3.9

S Dotted Lines: Explicit ¢qf @ 1.0 1 Dotted Lines: Explicit .. smmpEw———
o o FEIPIOT Gt iR 52,75
3 ? 0} —— o 5239
= [o) Q 20
S : g Ko
o E2) ‘© £ -
8 051 i Q S

o) @ 0.5 - i
© | O =0
> - .
N 9 o) o104~
= Q N I §
E 5 20 —
s ] o e £ 20 10 0 10 20
Z o e P00 em [ t20AKIS e | 2, (Vs = Voo =0 Voo~ Vo (MV)
-1 0 1 2 3 4 5 6 7 8 2 0 2 4 6 8 10
Vb = Vip (V) Gate-Bulk Voltage, V, (V)

[To appear in Appl. Phys. Lett., vol. 86, no. 20, 16 May 2005.]
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Unified Charge-based PAE/PDE/PIE Capacitance Model

WCM 2005 MSM / Nanotech

. | Symbols: Medici
Qo 0.9 _.Linesodel (Xsim)
> ]
© :
8" 1
e 061
3 _
= _
® |
& 03 -
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Gate—Source voltage, VgS(V)
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Explicit ¢¢.¢s and ¢, With Decoupled QME and PAE/PDE

WCM 2005

MSM / Nanotech

2/3
2 g’ 2Cox Ve =V — s qm _ qm
“van Dort”: AE;””—E;”"Eg%*[lzmq o=V ¢)/q] — 1 =1 GXP(—A¢S /Vzh)

8m'| ey’ 3 l
2.0 — _ 1.6 Two coupled Pao—Sah
1 Lines: Model (Xsim) (Vgs = Vps =0) [ _L
1 Ngate (em™) am - equations for ¢, and ¢,,,
1.5 - 5x1011§ 1 both with:
I 5x10'7 0 . . .
_ 102 0 A (¢S) =k’ AE; /2q
s 101-- 10%2 < l
e ; e Decoupled explicit dgoy
< 05 - = and ¢, including QME
L gm _
_ 0.0 seff — Facc +
| 3= (O z:";@}
-04
qm  _ qm qm .
peff’ Lgeﬁ’{ pa p,str’5p}
ng - Vfb (V) ¢ZZ’ ¢ZIZCC Zilub
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Gate Capacitance, Cgq (uF/cmz)

Bias-scalable Charge Model for Combined QME/PDE/PAE

WCM 2005

Separate QME/PDE/PAE
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Symbols: Medici
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o
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MSM / Nanotech

Drain/bulk-bias variation

K

Symbols: Medici
Lines: Model (Xsim)

169 =1, N_. =5x10"%cm™3

gate
—

-2

-1 0 1 2
Gate-Bulk Voltage, Vg, (V)

This is believed to be the first single-piece explicit model combining all QME, PDE, PAE, PIE.

X.ZHOU
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Extension to Strained-Si with Unified Regional Modeling

WCM 2005

S 012 ;

= q - (Vgs=0.05V, Vi =0) o Medici (x = 0.3)
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[To appear in IEEE Trans. Electron Devices, 2005.]

MSM / Nanotech
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Predicting Strained-Si C,,and C',

WCM 2005

Ge mole fraction variation
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MSM / Nanotech

s-Si thickness variation
(t5; =8 ~ 10 nm)

lL,=10 ,x=0.3 S
]9 Km, X Symbols: Medici g
71 (Vgs =0.05V, Vs =0)  Lines: Model (Xsim)
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Gate-Bulk Voltage, V, (V)
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[To appear in IEEE Trans. Electron Devices, 2005.]

1.0

X.ZHOU

27



Predicting Strained-Si C

WCM 2005
Bulk-bias variation

0.12
— Socen Symbols: Medici
£ ] S8 Lines: Model (Xsim)
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2 | @ v Vps=-03V
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[To appear in IEEE Trans. Electron Devices, 2005.]
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One-iteration AC Parameter Extraction
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Smoothing parameters
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One C, data for physical parameter extraction. Smoothing parameters are determined by model requirements.

[See details in WCM2005, poster presentation by S. B. Chiah.]
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Extracted Model from One Measured ng Data

WCM 2005 MSM / Nanotech
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[See details in WCM2005, poster presentation by S. B. Chiah.]
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Predicted | .., 94satr Imsat OVEr Geometries

WCM 2005
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O Minimum data for

model calibration:

o V,—L, W@ corner
biases

o P0|nt Idsat’ gdSO data
e Only6|-V data

One-iteration model

extraction
e Step-by-step

e Second iteration for
improvement

Prediction over the

entire geometry and
bias, including higher-
order derivatives

[See details in WCM2005, poster presentation by S. B. Chiah.]
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Short/Narrow Device DC and Gain-Factor Prediction

WCM 2005
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Summary and Conclusions
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a

a

Regional charge-based approach with non-pinned surface potential —
combines the best features of ¢.,/Q,/V,-based approaches

Coupled explicit solution with QME and PAE/PDE/PIE — built into the
regional Pao—Sah solutions

Easy extension to future MOS structures — strained-Si (FD/PD-SOI, DG)

d Minimum data with one/two-iteration extraction — scalable & predictive

O Simple and familiar formulation with selectable accuracy — trade-off

accuracy/speed within one parameter set

Concluding remark: all the above combined features may be challenging to
achieve with one particular (¢, Q,, V,) approach. Our approach and effort
provide another option towards the development of next generation compact
models for circuit simulation.
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