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CMOS Technology Generations and Scaling Limits
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Models and Modeling Groups
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MOSFET Compact Models: History and Future
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Need for an Extendable Core Model for Future Generation
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History has witnessed generations of MOS models

and efforts required from one generation to the next ... %l models

— Ne;zd f?r: ;31 corg mlqdetl_ extefr]\cdelble to future generations, MG/FInFET is just
and with less duplicating efforts a special case
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New Challenges in SOI/MG/GAA MOSFET Modeling
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Symmetr
Separate S/D modeling

with G(B)-ref for complete
symmetry, as well as for
asymmetric device

O
Carter e |—

Core model (¢)
applicable to both
unipolar (PN) and
‘ambipolar’ (SB)

S/D Contact V

“Thick-body” effect
due to 2D field in S/D

Body thickness —>@ S~— T Body dopir

Tsi/Ng; full scaling from Lightly-doped can be | BOdy Contact
thin/doped to thick/pure body “intrinsic” at high temp
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Generic Double-Gate MOSFET with Any Body Doping
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Vg ¥ rz Lg ? Ve Vp ANA CT) X, =225 (2¢; ) /ap,

107 -l Bulk (< 60 um)
Vs [ FinFET/SINW
ox1 . (£0x0). 10%F T - I(unintentional doped)
ROy |1 ¢ : | (intrinsic @ 200 °C)
: 1010 Intrinsic doping
XorlVu| 1 i (27 °C)
i ol 0 | I >
f 1 1 3 1 60I T
o ; 01 1 10 100  Xgm (um)
!at Vgi=Vegi, Vs=V4=0) (Na = Np = 0: undoped = “pure” Si)
¢
%ox(Vg2) °2 ulk: Tq, >> Xy, with BC: ¢ =V, = Vg
y

N,—Np=p,—n B
0 T (1098 2 SOI: Tg; > Xy, Without BC: ¢, ‘floating’
Toxz (Soxz) . .
DGI/GAA: Tg/R << Xy, ‘'volume inversion’
(¢, ‘virtual electrode’)
*1 Ve ’
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DG FinFETs / GAA SiNWs
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G Ve VoV T Q Inundoped ‘long’/thick-body
b DG/GAA, potential reference (V,)
is at one point: ¢, at Vy, = Vig
e b and Vg, =0
X Bo= Ve || o
! > “Volume inversion” for Vgg<V <V

Ty i 9 d, follows V,
| »  “Strong inversion” for V >V,

Yo O In‘short’/thick-body DG/GAA,
o Voia * Va x source/drain (S/D) region 2D
Vous * Vs . fields extend to the channel,
°r causing Vgg to be Tg; dependent
5,0) ds(L) g_ | 3
— T Q ‘Thin-body’ DG/GAA have ‘long’-
1 R y © channel behaviors
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The Generic SOI/DG/GAA MOSFET
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;_ O Common/symmetric-DG [GAA]

Kog 0 L Toal Y o Vg =V, =V, two gates with one bias
Vs 00 iy Vd * Coxl - Coxz:.s'[?G (Xo = TSi/Z; [R])
0 D e Full-depletion: Vgp =V (X4=Tg/2)
Ty * Coxl # Coxz: ca-DG (Xo < TSi)
KOX2 X TOX2

O Independent/asymmetric-DG
e Vg # V! 1a-DG, biased independently

. _— . : e Zero-field location may be outside body
zero-field potential: ¢, [¢0(Xa) = O] e Consider two “independent” gates; linked
Imref-split: Vi, = ¢gp — 0y =V =V, through full-depletion condition:

V. =V, (BC: body-contacted) Xap + X2 = Ty
V,=V,n = min(V, Vy) (“FB™: w/o BC)

Q Unification of MOS GAA
» Bulk: special case of s-DG

_ _ T
» SOl special case of ia-DG e SO (_(_) ca-DG bulk
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The Poisson-Boltzmann Equation and Solution
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The Complete (“Sah—Pao”) Voltage Equation
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Gauss law: g, E

S

Potential - - -
balance: ng = ¢MS +V0X + ¢s IVFB = Pus _QOX/COX r= \/qusi Po /Cox ’m‘
Poislson E, = £t Qu _ fon (Vor /Tox ) + Qs = Con (ng ~fus _¢s)+Qox _ Cox (ng ~Ves _¢s)
Es; Es; &g Esi
#
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=sgn(4.) Y\/Vm exp (—MFV—JFJ{exp [f—sj —1} +Vy, {exp[—f—s] —1} +¢, ¢, exlo(——ijFvJr j

(Qg + Qox )/Cox _QSC /COX - _Qi/Cox = _( + )/Cox N Qb/Cox = Qacc + + Qstr )/COX
! !

Ward-Dutton one-piece
Qg :_(Qb +Q, +Qo><) partition —
smoothing
Charge balance | Charge-sheet model (CSM) Unified Regional Model (URM) ‘
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The Surface-Potential Solutions — Piecewise Regional
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—Y v, e (Vg < Vg ), Accumulation
Vo ~Vee — 4 =500 (4) 7T, = {+rys (Veg <Vy <V, ), Depletion
+7 v, P gt (v 5V, ), Strong inversion
O Piecewise regional solutions
B =V Vg + 2V, LW, } (Vg < Vg ),Only holes, p W, = r exp( Vo _VFBJ
, 2V 2,
@, = [—§+4/—+V ~V, ] (Veg <V, <V, ), Only acceptors,
7 (VN2 -
B =V —Veg — 2V, L{W, } (V,, >V, ),Only electrons, n W = ZMGXP( n

£{W} is the Lambert W function, which is the solution of the equation: exp(X )+aX +B=0

ﬁlgmz\ﬁ ¥ b2 Ny g _ ng_VFB_2¢F_Vcb’ and W:iexp(_E),a:A

rh, S, T v, a a Y

where X_ =

th
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The Surface-Potential Solutions — Unified Regional
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U0 Smoothing and transition functions
9, {x;o}=05(x+x +40 | i
"geff {X Xsat b}
Qr{x;a}zO.S(x—x/x2+4a) 9 {xo
Fr 1% X 6} = Xy —O.S[XSal - x—5+\/(xSat —x-6)’ +45xsm} X
U Unified regional solutions
b = Dby, v, =V + 2 LW, } Vi =9 Vg, ~Vegio, | Vo 4V =V, —Vi
2
2
¢ = = | = _£+ /Y_+V ngf =9 {ng _VFB;O-f} nga = {ng _VFB;O-a}
s Vb —Vis =Vt 2 4
b =0l o =V — LW, ) * Turn o; to satisfy charge neutrality ¢.(Vgg) = O;
o * Tune o, for smoothness at Vg, = Vig.

Q Single-piece unified solutions
¢ds = Seﬁ { ’¢str;5¢} ¢5a ¢seff = ¢acc + ¢ds

— Pacc
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The Surface Potential: Unified Regional Modeling (URM)
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= l9el‘f { ’¢str;§¢} :Vg _VFB +r ¢dep
1.2
Symbols: Medici \ (volume inversion)
10 Lines: Model (Xsim) G\TUO'UUOUOUOUOOT
. T =
S o g / ’;o Smoothing
s 084 —— dace / J
E ) ¢dep / O ¢fd ¢S | Xn (Vg ,FD ):TSi
"E 0.6 - / o :
Q g (e.g., FD-SOI)
Do_ 0 4 i - - - ¢str / 3
) : 2
(o)) Adding / o Y V&
< 0.2 | (stitching’, /O-O = _EJF T+ngf
5 not ‘glueing’) o
N
9 i 7 R
O’O
0000 V, V \%
-0.2 - S ;
-2 -1 0 1 2

¢acc = ngr + 2Vth[' {ch}

Gate Voltage, V¢ (V)

EEE/NTU

— Single
¢seff - ¢acc + piece
¢str :ngf - 2Vth£'{Wss}
V,(y) dependent
_ . Tgand Ny
Do = e { '¢'d’6d} dependent

b5 at Vg, = Vg Is not solved
exactly, but two pieces are
“stitched” (rather than “glued”)
to form a single-piece (¢g.)
seamlessly. “Glued”/iterative
solution requires retaining all
the terms in the voltage
equation.
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Surface-Potential Derivatives and Regional Components
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Regional solutions scale
with body doping (N,),
body thickness (Tg),
oxide thickness (T,,), and
all terminal biases

Smooth higher-order
derivatives

Regional charge model —
key to physically-based
parameter extraction
Foundation to unification
of MOS compact models
(bulk/SOI/DG/NW/SB/DSS)

X. Zhou, et al., (invited review article), J. Comput. Electron., Mar. 2011.

http://lwww.springerlink.com/content/x8t0742r3m051650/
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Doping-Dependent ¢.: “Depletion” vs. Volume Inversion
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“Depletion” (N, = 101%)

dg, Y
=1- ~1
av, 2,/r%/4+V,,

Volume inversion

(undoped N, =0, or
beyond full-depletion)

— Slope =1

O “Low-doping depletion”
and “zero-doping volume
inversion” have similar
behaviors but different
physics

Symbols: Medici SDG (V.. =V..=V ood N
1.0 1Lines: Model (Xsim) (Vg1 = Vg2 )0000@?19?????_ »_— Slope=1
ﬂﬂﬂﬂﬂ YV
2
1]
_e. 0.5 A
8
1<
)
o 00
o
(]
Q
8
S -0.5 A
0
Tgi=50nm 1 1 )
-1.0 . . N
_2 _1 0 1 gS( )

Common Gate VoItage,Vgs V)

2 1 Full-doping scaling (zero
to high) is only possible to
be modeled by the URM
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Paradigm Shift: B/G-reference and Source/Drain by Label
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U S/D by convention (nMOS)
*Vy>V. il >0 (D —'S)
Vi<Vl >0 (D 'S)

U S/D by label (layout)

Always Source Always Drain

! }

s G D
ls + P +Id
—
|
ds (g)

Sub

*Vy>V il >0(D —> S)
Vi<V il <0(S—>D)

EEE/NTU

By convention, nMOS | always flows from ‘D’ to ‘S’
» Terminal swapping for —V: involving |V in model

Q Effective drain—source voltage (Vs o)

FB:

\/

ds,eff

=V

d eff

\

_Vs,eff ds,eff =V,

BC:

_Vsb,eff

db,eff

I :ﬂ(Qi +Kvth)vds,eff =1y -1
= E(q_l + Evth )de,eff - E(q_u + Evth )Vsb,eff

» Key: Bulk/Ground-reference — auto switch to
B/G-ref when body-contact is biased or floating

> Intrinsic | is an exact odd function of V4

» Physical modeling of asymmetric MOS (nontrivial
with “terminal swapping” for negative V)

X.ZHOU
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Modeling Asymmetric Source/Drain MOSFET
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Symbols: Medici
- Lines: Model Tt tatatohis
E 0.6 -
= o Vps
2 v Vsp
é 0.4 - ,
E 7
—= 0.2 - g
E @:’ 103 _
2 00 3
S
O
[ '02 1 boeec?
‘© 102 : : ‘ ‘
a 0.0 0.5 1.0 1.5 2.0
-04 ¥ Vog 0r Vi (V)
0.0 0.5 1.0 1.5 20

Drain—-Source/Source-Drain Voltage, Vg or Vg (V)

Xis=80nm, Np s = 101 cm=3; X

ia =30 nm, Np 4 =108 cm™3

EEE/NTU

U “Source” and “Drain” by
label (rather than by MOS
convention); i.e., Vpg and
Vgp are different

Structural asymmetry
(e.g., X;, Np) can be
captured by refitting
physical parameters (e.g.,
Vsat,s and Vsat,d)

Models based on S/D
terminal swapping for
negative V4 at circuit
level can never model
asymmetric device easily
(need to have two sets of
symmetric model

G. H. See, et al., T-ED, 55(2), p. 624, Feb. 2008. parameters)
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Gummel Symmetry Test on Undoped s-DG Without BC
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“Floating body” (without body contact): Key — “ground-referenced” model
0.10 — 1.5 10
| Symbol: Medici L =10 um, Tgy =3 nm, Tg; = 20 nm | lds [\as
1 Line: Model Toox s 1
: 0V )
= 1 0.0 - =
2 |
2 | Y 0 1.5 - 0
= 0.00 - : A - '
N ] o 10 50 - 1" N
> e 1 ds ds
LS T o™
S f E:
oy -0.05 1 ©_-10 0 - 7
20
-60 -40 -20 0 20 40 60 1 0.0 7
1 V, step size: 10 mV V, (mV) -50 ~ 1
-O.lo T T T T T T T L T T
-0.15 -0.10 -0.05 0.00 005 0.10 0.15 0200 02 -02 00 02
ey Vx (V) Vx (V)
Identical curves with any V, ‘ X V) Vds,eff =Vd,eff _Vs,eff G. J. Zhu, et al., T-ED, 55(9), p. 2526, 2008.
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Harmonic-Balance Simulation
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Undoped-Body DG FIinFET vs. GAA SIiNW
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QO FinFET (DG) S D O SiINW (GAA)
4% _an, v, 1d( dd)_an govm
dx* &g rdri dr) g
Q Firstint ti \ G S: 20 Symbols: SINW
Irstin egra lon > Lines: FINnFET DDDD
o 1.5 A
— (¢s 7Vc )/ Vth (¢o 7VC )/ Vth g
Vi _¢s—ri\/vth(e —€ ) S 10
2 4s V)
Ignore the ¢, term ! 2 05 V 0.\;5
_ A £ 00 fossesn
2 [Vc (y):l =V _ZVIhL{Z\/\T € E  os 0.0 05 1.0 15 2.0
th z Gate-Source Voltage, Vgs V)
O Second integration C,, =¢,K,, /T, Co = &Ko /RIN(1+T,, /R)
¢s (Vc)_vc ¢0 (Vc)_vc R n _
=l re, T e _ RO (d+a-2ve) 2w,
Vi (V,)=Yi\ve ™ sin Ji\/vthe o Ve (Ve) = c °
Es; 4Vth ox
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s-DG/FINnFET: Short-Channel Transfer Characteristics
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Transfer lds—Vgs Transfer gm—-Vags
103 0.25 - - - - 0.15
Symbols: Measurement L = 0.5 um, Tg;= 140 nm, To, =4 nm Symbols: Measurement L =0.5pum, Tg;= 140 nm, T, =4 nm —
Lines: Model (Xsim) | ’g 10 4 Lines: Model (Xsim) §_
fé\ 104 4s-DG FinFET v L 0.20 ’g\- Bi AN AN T S IR P AT B
=N 7 A 2 ~ 1S
Bacact 5 | £
3 105 A el Y é O% 10 r 0.10 U%
g : F 015 T, g >
= < g
£ 10° > = § 107 e
) c 8 3
= - 010 2 S L 3]
3 1071 Vas (V) 5 2 1074 005 2
et IoA o 005 © g S
S v 06 | 0055 O 3
8 108 12 5 & 10%4 =
= [
10° FE , : : : [ 0.00 100 T : , , , ' > 0.00
-1.0 .05 0.0 05 1.0 15 2.0 1.0 -0.5 0.0 0.5 1.0 15 2.0
Gate-Source Voltage, Vg (V) Gate-Source Voltage, Vy (V)
Symmetric-DG FinFET model comparison with Measurement.
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s-DG/FInFET: Short-Channel Output Characteristics
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Output lds—Vds Output gds—Vds
103
Symbols: Measurement L=0.5um, Tg;=140 nm, T, =4 nm Symbols: Measurement L=0.5um, Tg;=140 nm, T, =4 nm
0.15 4 Lines: Model (Xsim) A A AA ’g Lines: Model (Xsim)
= S-DG FINFET  sAAAAAAAAADLAAESES =
5 2
\ZE/ 0101 & e '
%) a G.;
= 0.05 1 N 3!
€ o 8
[ 000009 5]
5 3
=1 4
3 0.00 g
= O
E c : A _
o) -0.05 § 105 ] N O-.g OO@VVVQQ @é
§ o A 1.2 Ooo@ooogggeg -
-0.10 - T T T T T : : :
-0.5 0.0 0.5 1.0 1.5 2.0 -0.5 0.0 0.5 1.0 1.5 2.0
Drain-Source Voltage, Vs (V) Drain-Source Voltage, Vy (V)
Symmetric-DG FinFET model comparison with Measurement.
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GAA: Model Comparison with Measurement
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5 Symbols: Measurement GAA SiNW Symbols: Measurement
10® 1 Lines: Model (Xsim) o R Lines: Model (Xsim)
10% 1 . GAA SINW
7 ppnRRERREs 5 - >
107 4 o8 | L
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~ 10° 4 0.6 3 <
/'% ~ 2 0 A
= -9 | g "
E 10 oaf 4§ =
= 1070 . - o o
] Z+ 2 -5 - v 03
1074 006
10128 o 0.0 0 © 09
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1013 . L—I180 nrln, R—Ianl, TOX_.4nm. 6.0 -10 . . : . ox . . .
04 -02 00 02 04 06 08 1.0 1.2 -04 -0.2 0.0 0.2 04 06 08 1.0 1.2
Vgs (V) Vs (V)
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GAA: Model Comparison with Measurement (15t Derivative)
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Symbols: Measurement GAA SiNW Symbols: Measurement GAA SiNW
10 A Lines: Model (Xsim) Lines: Model (Xsim) 104
10 Vs (V) 77 10 80 1 YN < 109
38388830 810
L 8 \2)
~ 107 — 60 - S 107
— 8 L g = = -04 0.0 04 08 12
< 7] s Vs (V)
~— 2] ko] 40 T
8 10° - R Vs (V)
o 0
100 L, 20 - v 03
o 0.6
104" 1 0. o 09,
4omr 0 L=180nm,R=2nm, T, =4nm = 12
10-12 T T T T T T . T T T T T T T
-04 -0.2 0.0 0.2 04 06 08 1.0 1.2 -04 -0.2 0.0 0.2 04 06 08 1.0 1.2
Vgs V) Vys V)
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GAA: Model Comparison with Measurement (2"d Derivative)
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30 20 A
Symbols: Measurement Vi (V) Symbols: Measurement GAA SiNW "gs
Lines: Model (Xsim) ds Lines: Model (Xsim) o 0
. o 005 | v 03
GAA SINW 5 10 12, o 06
<&
) ) O 4
2 X\ A
] () 7
2 2 A
- - -10 1
E (2]
o >
220 -
L =180 nm, R=2nm, T, = 4 nm -30 L =180 nm,R=2nm, T, =4 nm
-04 -0.2 00 0.2 04 06 08 1.0 1.2 -04 -0.2 00 0.2 04 0.6 08 1.0 1.2
Vgs (V) VdS (V)
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GAA: Measured Gummel Symmetry Test
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8 5] eoe0ss
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Hole tunneling

Schottky-Barrier MOSFET: Ambipolar Current
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SB-MOS: Total Current = (Electron + Hole) Currents
IEEE-EDS / DL EEE/NTU
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SB-MOS: Model Applied to Measured SB-MOS
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G. J. Zhu, et al., T-ED, 56(5), p. 1100, May 2009.
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DSS-SiNW: Subcircuit Model
|IEEE-EDS / DL EEE/NTU

Dopant-Seqgregated Schottky (DSS) SiNW:

Va @ * Thermionic/tunneling (TT) + drift-diffusion (DD)
» The unique convex curvature in |~V can
only be modeled by a subcircuit model:
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DSS-SINW MOS subcircuit model comparison with Measurement.
G.J. Zhu, et al., SSDM, p. 402, Oct. 2009; T-ED, 57(4), p. 772, Apr. 2010.
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DSS-SINW: Subcircuit Model for Two Measured Devices
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Xsim: Basic Bulk-MOS Model Parameters
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O Physical parameters [6] Total: 33 basic parameters
 Oxide thickness (T,,), S/D junction depth (X)) (less for DG/GAA)
e Doping: channel (N,), gate (Ngae), S/D (Ngy), overlap (N,,)
U AC/Poly/QM parameters [8]
e Bulk charge sharing (BCS): channel (1.), gate (A,), overlap (%)
e Potential barrier lowering (PBL): accumulation (o), depletion/inversion (o)
e Extrinsic: lateral spread (o), inversion/bulk charge factor (v;, v;)
U DC parameters [19]
e Mobility: vertical-field mobility (u, u,, pz, V)
o Effective field: vertical (¢, ), lateral (5,)
e PBL: accumulation (a,..), depletion/inversion (o), long-channel DIBL (o)
e BCL/lateral-doping: BCL (%), halo-peak (x), halo-spread (B), halo-centroid (1)
e Series resistance: bias-dependent (v), bias-independent (p)
¢ Velocity saturation (vg,), velocity overshoot (&), effective D/S voltage ()
U Smoothing parameters — internal model requirement
X. ZHOU
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