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Philosophy of MOSFET Modeling

® Challenges of Modeling

® Device Physics Strategy

®* Physics and Fitting



Philosophy of MOSFET Modeling
Challenges of modeling

Aggressive Device Technologies

 New physics effects

— QME, GDE, 2-D and 3-D effects, overshoot,
ballistic transport, Coloumb scattering, energy
engineering

 New process technologies

— Halo, retrograde, high k, S1Ge(C) channel
e Non-classical structures

— DG, SG, MG, FinFET, UTB (charge-sheet, size)
e RF/analog performance

— Gm/1, Noise, NQS, leakage prediction

All these need the unified, flexible, and physics-based model



Philosophy of MOSFET Modeling
Challenges of modeling

Circuit Simulation and Design

e Basic requirements

— Continuity for all operations

— Infinite differentiation

— High accuracy

— symmetry for benchmark tests
 Enhancement requirements

— Concise model structures for simulation speed

— Analytical expressions for RF/analog design

All these need the analytical, concise and simple compact modeling



Philosophy of MOSFET Modeling
Device Physics: From complexity to simplicity
Hierarchy of Transport Model

 Compact modeling
APPT- & o Drift-diffusion equations
e Hydrodynamic equations

e Boltzmann transport
equations +MC methods

Semi-classical approaches

e  Quantum MC methods

e (Quantum-kinetic
equations( liouville,
wigner-Boltzmann)

xact

e Direct solution of n-body
Schrodiner equation

Quantum approaches
[ J

<

Green’s functions method

Appropriate for circuit design ¢
Good for 100nm device fst

Velocity overshoot effect

Accurate up to the classic limit

Classic features+QM correction

Accurate up to single particle
description

Corrections in space and time

Solved only for a few particles

A
%

ifficult
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Philosophy of MOSFET Modeling
Device Physics: From complexity to simplicity
Present bases of compact modeling

e + Vigorous Poisson equation solution

e + Vigorous current density equation

Physics based surface potential and charge equation

Physics based surface potential solution, channel current
solution

Different Model Approaches used the different approximations for
all above mentioned



Philosophy of MOSFET Modeling
Physics and fitting

Why Fitting is important
e Physical picture 1s beautiful; Device data 1s ugly and complex,
e.g., leakage of device.

e Physics approximation provides a basic device trend; fitting
compensates the simplicity of the physics approximation.

e Pure mathematic fitting is possible for high accuracy yet
computation burden; Physics approx+fitting provides a good
tradeoff between computation efficiency and accuracy.

e Fitting loses the prediction characteristic of the model while
provides accurate circuit simulation.

e Compact model must introduce fitting parameters so to
become a useful model for device and circuit simulations

BSIM success depends on the de-coupling fitting to some extent
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Approaches of Compact Modeling

®* Region-based approach
® Charge-based approach

® Surface-based approach



Approaches of Compact Modeling
Region-based approach

Representative of BSIM

Surface potential pinched on 2-fold Fermi-potential.
Different charge expression derived from charge-sheet model.
Smooth function used to link the different regions.

More semi-empirical parameters used.

2 nkT Q(Vgs o Vth
In| 1+ exp

q 2 nkT
qin =
2I’ZC ox q(Vgs B Vth o Voﬁ
I + exp | —
C i nkT
cC W A
Ids — ﬂ zx |:qm o ;‘lk Vds Vds



Approaches of Compact Modeling
Region-based approach

Present BSIM3/4

* Advantages
— Sufficient for IV and CV high accuracy fitting

— Open platform for process and physics advancements
— Successfully extended to SOI
— Enhancement RF/Analog simulation

e Disadvantages

— Insufficient physics basement: non-pin-off
— Symmetry and negative capacitance

— Too much parameters ?



Approaches of Compact Modeling
charge-based approach

EKV, ACM, USIM, BSIM5

e Unified charge equation derived from charge-sheet model.
e Current equation derived consistently from charge equation.
e Included Vth Concept.

1 +ln{qm } =v, —v, +k

n n

uC W (q’ —q;
I, = ( 2nd+qs_qcz



Approaches of Compact Modeling
Region-based approach

EKV, ACM, USIM, BSIM5

* Advantages
— Physics based model derivation
— Continuous and symmetric
— Successfully extended to Non-classical CMOS
— Simple and concise model architecture

e Disadvantages

— A little physics rather than the surface potential based model ?
— Extended to accumulation region ?
— Extended to overlap region?



Approaches of Compact Modeling
SP-based approach

SP, MOS-11, PSP, HISIM, PUNSIM

* Surface potential obtained with different methods from different
equations.

e Current equations have different formulations.
e As much as possible device physics. Story ?
e Only for uniform doped.

Uss—Ups—9, = (2251 k];j {lexp(=¢.)+¢ —1]+exp(-2U, U, Jexplg. )-¢ —1]}"




Approaches of Compact Modeling
SP-based approach

SP, MOS-11, PSP, HISIM, PUNSIM

* Advantages

— Physics based model derivation.
— Continuous and symmetric .

— Reduced parameters. 777777

e Disadvantages

— Requirement for high precise surface potential calculation.
— Only for uniform doping formulation.

— Difficult to handle second-order effects.

Seemly very fashion SP model from Device physics review
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Benchmark Test on SP Models

® Surface potential equation

® Surface potential calculation
® Inversion charge calculation
® Channel current calculation

® Short-channel effects



Benchmark Test on SP Model
Surface potential equation

Which is physics based

e Complete SP equation

Vg Vg — 0, = 7\/¢s +¢ze_¢5/¢t -9, +eXp_(2¢f+¢n)/¢t [¢ze¢5/¢t — K@ _¢r]

e Original Pao-Sah SP equation issues

P rerwy e A Ry

C.C. Andrew modification

Vg —Vig =0, = 705 +Be ' = +exp 2 g% g — g |

SP or PSP modification

VGB _VFB _¢S — 7/\/¢S +¢te—¢s/¢, _¢t + 2eXp—(2¢f+¢n)/¢t [Sinh(¢s /¢t) _¢t]



Benchmark Test on SP Model
Surface potential equation

Which is physics based

e Original Pao-Sah SP equation issues

2¢f:0_40v, ¢H=D4U
L e 2¢=0.38V, ¢ =0.4V
L o 20=0.36V, ¢ =0.4V

Normalized Argument of square root of Eq.(1)

Surface potential [V ]



Benchmark Test on SP Model
Surface potential equation

Which is physics based

e Original Pao-Sah SP equation issues
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Benchmark Test on SP Model
Surface potential equation

Which is physics based

Can we find a complete SP equation from
device physics review ??

e Original Pao-Sah equation always has continuity issues
e (C.C.Andrew modification 1s based mathematic correct

e SP or PSP correction 1s based equivalent mathematic analysis

 PUNSIM derived the physics based SP equation



Benchmark Test on SP Model
Surface potential calculation

Which SP equation is used

 Complete SP equation

Vs =Vig =0, = 7/\/¢S +¢;e_¢5/¢t -9, +eXp_(2¢f+¢n)/¢t [¢ze¢5/¢t — @ _¢z]

 Normalized SP equation

Ve —sz\/x+e_x—1+e_x" lex—x—lj

Original MOS-11 (From depletion approximation)

Ve — X = Gx+e ™

Original SP (From charge-sheet approximation

Vg —x=Gx—l+e" ™



Benchmark Test on SP Model
Surface potential calculation

Which SP equation is used

General SPE (2)
80 -.-. Simplified SPE of (3) of MOS-11
--------- Simplified SPE of (4) of SP

t =10nm, N_,=10""cm®V_=0.0V

Normalized ¢
S

0 30 60 _ 90 120 150
Normalized V__-V__



Benchmark Test on SP Model
Surface potential calculation

1o Which SP equation is used

_ General SPE, (2)
—-—- Simplified SPE of (3) of MOS-11
29| - --- Simplifed SPE of (4) of SP

-t =10nm,N_ =10"cm®,V_=0.0V
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Benchmark Test on SP Model
Surface potential calculation

Which SP equation is used

0.6
0.5}
0 4._ — General SPE result
. Ut Simplified (3) of MOS-11
o3l \ U Simplifed (4) of SP
0.2} Wt =10nm,N_ =10"cm”, V_=0.0V
0.1 N
OO : n + L . .—-. et

0 2 4 6 38 10

Normalzied space charge layer capacitance



S

Absolute error of ¢ [V ]

1.2

Benchmark Test on SP Model
Surface potential calculation

Which SP equation is used

1.0 F

0.8

0.6

0.4

— MOS-11

—-—- Original SP

|t =10nm,N_ =10"cm? V_=-0.7V

- wmn o s e o
-—.-.
-
-
-
.
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Benchmark Test on SP Model
Inversion charge calculation

Which Qb equation is used

e Complete SP equation

X X

Ve —sz\/x+e_x—1+e_” e’ —x—1]

- 20, -V
o A/2gN €, exp / ZF “dg

e Pao-Sah inversion charge eq[uation

qm st

ol Jrenom 2 ol o]

Depletion approximation
qm — C;x(‘/GB _‘/FB _¢S ) o ;COX\/ZS

Charge-sheet approximation

g, =C, (VGB Vi — 9 )_ 7’Cox\/ o, —9,

Improved charge-sheet approximation

G =C, (Vi =Vip =05 ) = 1C, A0, — 8 [1—expl= ¢, /4, )]
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Inversion charge calculation

Which Qb equation is used

Benchmark Test on SP Model

Predicted b'y Pao-Sah model

- === -predicted by depletion approximation

—_—

y =72

V., = 0.3V 2¢f =179,
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Benchmark Test on SP Model
Inversion charge calculation

Which Qb equation is used

, e Original charge-sheet approximation
10 —— The Pao-Sah model

10° y=2 24,=1¢

V, =02V

-14 | | | | | | | | |

0.0 0.1 0.2 0.3 04 05 06 07 0.8 09 1.0
¢, [V]




Benchmark Test on SP Model
Inversion charge calculation

Which Qb equation is used

10°

10°

107

In

Q [cm?]

107

10°

107

1077

107

New version of charge-sheet model

— FPao-5ah model

y=2  2p.=17g

02 0.3 0.4 0.5 0.6 0.7 0.8



Benchmark Test on SP Model
Channel current calculation

Which equation is used

e Pao-Sah’s current equation

w Ve
Ids = ﬂeﬁ lechh
Leﬁ v

e J.R.Brews’s current equation

11% (jOX ) 2 3/2 3/2
= M hy |:(VGB_VFB)(¢d_¢s)_;(¢d_¢s)_iy(¢d — 9, ):|

drift — L
eff

Wu,.C
Lipiin =—2—2V.(, -8, )+V, (8> 4" )|

L%'

SP or PSP current equation

BSIMS current equation

W 2 2
L,,= atl] {Qs Qd +Vt(Qs _Qd )}
L, 2nC




Normalized channel current

45

40

35

Benchmark Test on SP Model
Channel current calculation

Which equation is used

' I ' I ' I ' I ' I '
| L=W=10um, V_=-0.95V, u,=500 cm*/Vs, V_=1.0V,Tox=2nm

—-—CO— Charge-sheet model Eq.(8) 3
- —— Pao-Sah model Eq.(9) N,=1e16 cm

[—[—L]
O—0O—0

= —0—0 v

N,=1e17 cm’™

) — [ — O —O— O O— 0 —0
O —O—O—O=—OFO—0—0




Benchmark Test on SP Model
Channel current calculation

Which equation is used

e Charge-sheet model current equation

d¢s . dqm — dVCh ¢s B Vch
A dx ¢t dx D dx @ 4, = 4o GXp|: ¢t

* Pao-Sah’s model current equation

L e (_ 2¢F¢T V., j{‘”‘P (ij_ 5 d

m

Qm+Qb
_ 1 9T 1 0T
S e o L T
S ch




= - = - = - P =1 - - = =

—+—Pao-5ah

Benchmark Test on SP Model
Channel current calculation

Which equation is used

—a— PSP

BSIMS

Na=2"1e16, tox=204 vgs=1.3,W=L

___—P"‘_‘

"

Vd




Benchmark Test on SP Model
Channel current calculation

Which equation is used

—Pao-Sah =+ PSP BSIMS
Na=2*1e17 and tox=10A

0 0016
00014 -
00017 e i : :

0.00 //}fr__‘

0.001 -~

= [.0008 //
0 000/ —~
0 0004 i
000 |j|? , fjf
U {1. | |
( 05 1 1.5



Benchmark Test on SP Model
Short-channel effect modeling

Lateral field gradient concept

Lateral field gradient used to analyze Vth (IEDM, 1984)
HISIM used 1t to model short-channel effect(TCAD, 1994)
SP and PSP used it via bias dependence

It can model Vth vesus L, but slope vesus L. non-physical

Vo, — X = G\/f(x—1)+ e’

avds
L2
To prevent f from negative, SP or PSP used FO/(1+aVds/L)

f ZI_F(Vds,L’Na"/bi)zl_



Benchmark Test on SP Model
Short-channel effect modeling

Lateral field gradient concept

e (Correct Vth versus L: L decreases, f decreases, Vth
decreases

Vr =V, +x+G\/f(x—1) =V +2X, +G\/f(2xf —1)

* Non-physical slope Vth versus L: L decreases, { decreases,
slope decreases, improve the sub-threshold performance

- avG B G( G(
- 9¢, MENEE 2,/2x ~1




Benchmark Test on SP Model
Short-channel effect modeling

Lateral field gradient concept
e SP or PSP example

Surfaoe Polential, V

L gb— i k- L

e Surprise news from recent PSP: giving up lateral field gradient
 How SP or PSP beyond GCA without lateral field gradient



Benchmark Test on SP Model
Summary SP models

Complete surface potential equation derivation needed

Physics-based SP solution needed

Physics-based channel current needed

Correct inversion charge calculation needed

Physics-based short-channel effect modeling needed
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PUNSIM Development

(_Peking University Nano Scale Insulator gate MOSFET Model )

® Derivation of SP equation

® Physics-based SP solution

® Physics-based current equation
® Physics-based SCE modeling



PUNSIM development
Derivation of complete SP equation

Quasi-equilibrium concept

e Poisson’s equation

dE
:_p_:—q—[p—n+(p0_no)]
dx 3

S S

* Quasi-equilibrium concept
An=n-n,=ne "7 " [e¢(x) — 1]
Ap=p,—p=ne’r|l-e?]

e Poisson’s equation formulation

d2 2 ‘ i B B B B
cf = | L [petranus L pUamel) U et ]
dx £ kT

Integration results

ngquA
C> kT




PUNSIM development
Derivation of complete SP equation

Quasi-equilibrium concept

Original equation result

Normalized surface potential by thermal voltage

Normalized surface capacitance



PUNSIM development
Derivation of complete SP equation

Quasi-equilibrium concept

New equation result
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Normalized surface capacitance

Normalized surface potential by thermal voltage



PUNSIM development
Physics based SP solution

New analytic solution

e Poisson’s equation solution

zgsquA

Cozx kT j {[eXP(— 9, )+ Q. — l]+ exp(— 2U,-U, )[GXP(¢S )_ 9 — 1]}1/2

Uss —Ups _¢s = i(

e Physics-based SP solution

. xp iyt o4f, (l-e )
X, +f+fi\l—e™ .
¢, =sgn(p) =2 /i " _f}( ) -W, ll—flfe = ” for Vg =V, 20
1 1
g, =
s - xpHfatfi (1_6_XD)
Xp+fi+fil—e™ .
¢, =sgn(g) =2 fAl_f}( )_WollfAf e o D for Vg =V <0
I I

e Both correction functions to be used for enhance
analytical solution accuracy



PUNSIM development
Physics based SP solution

New analytic solution

Analytic solution result

30 ! I ! I ! I ! I ! I ! I ! I ! I ! I
17 -3
- N_ =10"cm~, t =2nm, V_=-1.0V q>n=1 5V
2.9 | -
- Numerical result ¢ =1.0V -
2.0F Analytic solution -
- ¢ =0.5V
1.5

—
o

Surface potential, ¢_[ V]
o
o

o
o

-5 -4 -3 -2 -1 0 1 2 3 4 5

Gate voltage V__, [V ]



PUNSIM development
Physics based SP solution

New analytic solution

e Analytic solution result

10 ' | ' | ' | ' | '
17 -3
N,,=10"em? t =2nm, V = -1.0V
— 8} ;
= t
c g
S 6 | * o =0.0V
o SRR o =1.0V
o
S 4r
N
O
<
2 |
0
-3 -2 -1 0 1

Gate voltage V__ [V ]



PUNSIM development
Physics based SP solution

New analytic solution

. Anal1ytic solu

GB

do /dV

tion result

O 1 ' 1 ' I v I
> o g\ 1 \
08 2 F AT \‘ \
;e 4 \ T | —=—o =10V
e“ Jﬂ ! \ —e— .= 0.5V
0.6 F & # | | | —4—9=00V
5 I/ 4\ X \ —w— ¢ =-0.4V
0, o =-0.6V
0.4 & 4 7 T )| —<—o-08v
. - \ X .
W |
4wl L1 9
0.2 | o 144 ‘vv I\ '\. ]
Nl
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Gate voltage V_, [V ]




PUNSIM development
Physics based SP solution

New analytic solution

e Analytic solution result

1 2 ' I ' I ! I ! I ' | I I ' I I
3 | = Numerical result

@) Analytic soluiton
o 1.0 ,
Q I
S
S 081
©
S I
'®) 0.6
E®) R
o
2 04}
©
g =
(@] -
2 0.2

0.0 -

: N_.=10"cm” t =2nm, V_=-1.0V
_02 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |

-5 4 -3 -2 -1 0 1 2 3 4 3
Gate voltage V __ [V ]



Surface potential ¢_ [ V]
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PUNSIM development

Physics based SP solution
New analytic solution

e PUNSIM scaling for doping concentration

t_=2nm, V_=0.0V, ¢ =0.0V

o
o

Gate voltage V; [ V]

£ &3 8 5 o
Surface potential ¢_[ V]
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Surface potential ¢_ [ V]

PUNSIM develo

pment

Physics based SP solution
New analytic solution

e PSP scaling for doping concentration
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PUNSIM development
Physics based Current equation

Consistent with SP solution
e Poisson’s equation solution
Ugg=Upz—9, = [zzzq T ) {[exli_ )+¢ 1]+6Xﬂ U, -U, )[exp(¢ ) _1]}1/2

e Physics-based quasi-Fermi-potential expression
o+ 2
V=9,-26, —9,In(q, /9,)~ ¢, In| * "bl
tential

2

e Physics-based derivation of quasi Fen]ﬁi—po

dV _d¢ 1+ZQZn/ZQb de

1 +
e Physics-based curren equatlon in PUNSIM

Idsdx = W/’lCIzn d¢s o Lt 2qm /ZQb dqm
1+gq,, /25119 qin
 Final formulation in PUNSIM

2 2 _ 2
o= HCW ) 4~ a, , 1+2(a, 1)q,-m/7; (4 —a.)
L 2’am 1+ (am _ 1)le /7/




PUNSIM development
Physics based Current equation

Consistent with SP solution

PUNSIM current equation result
40

v I v I v I v I
HL=W =10um, V_,=-0.95V, u =500 cm®/Vs
39 -Vgs=1.0V,Tox=2nm

= 30 }

o N

o 25}

D i

=

S 20}

L

o =

2 15|

N

= i

€ 10| Dots: PUNSIM model
§ i Curves: Pao-Sah model

0.0 0.3 0.6 0.9 1.2 1.5
V. [V]

ds



PUNSIM development
Physics based SCE modeling

Quasi 2-D method

e 2-D Poisson’s equation

d’p, d°¢
af; + 3 :NA+NAexp{

Q(¢ — V. — 0 ):|
kT

e (Quasi-2D equation solution
2 (y) =@y + (VDB +V,, =0y )eXPI:_ %} T (VSB +V, =0y )eXP|:_ L; y:l

e Lateral field average value represents SCE
82¢s _ VDS + 2Vbi B 2¢SL ex (_ Aj
dy 2 IE p
e (Gauss law including Short-channel effects
g+, = Vi = Vi) _(1+2f)¢s +f(VDB +Vp +2Vbi)
e Final formulation in PUNSIM

Wo,—g +e P+ e — g~ | =V, ~Vi) —(1421)8, + F(V s +2V,,)




PUNSIM development

Primary
W/L=10um/2um
% T T T =I T T T T O' T '= T T T § _3 T T T T T T T T T T T T T T
1x1°p VT = 10umEUmES VAS = 0 o ] 1.0x10° T wim = 1oum/2um/2s® vds = 0.50V
_ 4.00 — soxtotl o 10 ]
< 1107k -0.50 < OOXIV e -0.50
- MU 0.00 1 2 4 oxtotl 0.00 _
110 025 S v 025
X 050 7 2.0x10™} 0.50 ]
10'11i ) 1 . 1 . 1 . 1 . 1 . 1 . 1 . 00- ))))) ’| ) ) ) ) ) ) ) ) )
-02 0.0 02 04 06 08 1.0 1.2 14 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-2
1.2x10° ——————————————— 10§"'V"12'V"""g
I ) Vgs =1.20 i gs=12V W/L/T = 10um/2um/25°
1.0x10°F yélg/':l'_-o.17()5tilm/2um/25 i 10_35 Vbs = -0.75V :
4 ] i '
< 6.0x10™f : = f .
° -4_ ‘5’1X10_ 3 Vgs=0.6V 3
4.0x10 ' T o i
- Vgs =0.60 V 1
2.0x107 |/, sooeoosossssosoooossss : ;
i Vgs =0.20 V 1 : . »
00 9 " " 10'7 A 1 A 1 A 1 A 1 A 1 A 1 .
0.0 02 04 06 08 10 1.2 14
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Vds (V) Vds (V)



PUNSIM development

Primary

PUNSIM model results

W/L=10um/80nm
00020 —7T1r 1 T T r T T T T T ' T T T 7 1X1O_2 2 e
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0.0016  vds = 0.05 (V) - 1x10
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< 0.0008 | ' ] <
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Summary

Compact modeling encounters great challenges

Non-perfect approaches exist so far

Charge-based and SP based models should take the
advantages of the BSIM3/4, e.g. decoupling fitting

Benchmark tests on Fashion SP models demonstrate
SP model’s 1ssues neglected previously

PUNSIM model 1s a young brother in this field

Much effort needed for compact modeling community
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