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SPICE and Device Compact Models
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Prof. at UCB — SPICE natrix would be  tion and its negative side effec

designer (1925-2004)

Don Pederson correctly recognized that
device models, not internal algorithms, were
the keys to the success of a circuit simulation

program.

Prof. at UCB/Emeritus Prof. at CMU —
adequate as pivot choices in effect- tH CANCER designer which later led to
ing its factorization into lower and d{ SPICE development

———

Ron Rohrer <«
Special Issue on 40t Anniversary of SPICE

SPRING 2011 TEEESOLID-STATE CIRCUITS MAGAZINE
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Compact Model

o Compact Model is the medium of information
exchange between foundry and designer.

e Compact Model must have

— Convergence on variety of conditions
— Fast
— Accuracy



Compact Model Approaches for MOSFET

« Threshold Voltage based Models (e.g. BSIM3, BSIM4)
— Fully Analytical solution (easy to implement) — Fast
— Currents expressed as functions of Voltages A

W 1
Ids = luTCox |:(Vgs _Vth )Vds - EVd52:|

log(Zas)

— Different equations for
 Sub-threshold and above-threshold
 Linear/saturation regions
» Use interpolation function to get smooth current



Compact Model Approaches for MOSFET

« Surface Potential based Models (e.g. ASM-HEMT, PSP,
HiSim)

Q s 20 Ve [ VYs
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— Implicit equation is solved either iteratively or analytically
— Might be slower than threshold voltage based models

e Charge based Models (e.g. BSIM-BULK, BSIM-CMG)
— Solve for charge instead of surface potential
— No iterations

— Faster than Surface Potential based approach with similar
accuracy in charge/current



BSIM Family of Compact Device Models

1990 1995 2000 2005 2010

>
L Bulk MOSFET

BSIM4

Src ‘ ‘ . .
Substrate Yy ]
' BSIMS5
(Formerly BSIM®6)

Silicon on Insulator
BSIM-IMG

Multi-Gate MOSFET
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BSIM-BULK Description
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e Professors —
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— Chenming Hu, UCB



Charge based MOSFET model

Next generation BSIM Bulk MOSFET model
Charge based core derived from Poisson’s solution
Physical effects (SCE, CLM etc.) taken from BSIM4
Parameter names matched to BSIM4 parameters
Gummel Symmetry (symmetric @ V=0)
AC Symmetry

— Capacitances/derivatives are symmetric @V ps=0
Continuous

— From accumulation to strong inversion

— From linear to saturation

Physical Capacitance model

— Short channel CVV-Velocity saturation & other effects
No glitches — smooth current and capacitance behavior
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BSIM-BULK flow

Calculate pinch-off potential
Yp (function of Q)

Calculate source and drain
Inversion charge density

Calculate drain current

—  Noise is calculated afte_r_
inversion charge densities
and 14 IS obtained

Calculate total gate drain
source and body charge

Nodal
Charges

[ Solve for |

Pinch-off
Potential

¥y

Solve for
q- and gy
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Drain
Current

Fig: Solution of the core model
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Core Model + Real effects

Channel Length Mobility Short
Modulation and DIBL Degradation Channel Quantum
Effects Effects
Velocity /
Saturation
Core Temperature
\ ST Effects
GIDL Current —_— |- -
-V Cv \ Fringe
Capacitances
Impact lonization
current
Direct tunneling gate 5/p Resistance/ Overlap
current Parasitic Resistance Noise models capacitances

Y. S. Chauhan et al., "BSIM6: Analog and RF Compact Model for Bulk MOSFET", IEEE
Transactions on Electron Devices, Vol. 61, Issue 2, pp. 234-244, Feb. 2014. (Invited)
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Physics of BSIM6 Model

» Poisson’s solution for long channel MOSFET

Q+Q, __Q W
_ i b _ i P V
(0),4 (0,4
- - T - W, is linearization point
* Inversion Charge linearization -—-=n (¥, -¥;) 0 P
X 2.3 T T T
n =1+ I P r=0.7
. q 20 N 2005
* n, is the slope factor Vo +4/'Pp AN
:"s 1.5 "%
z
_% @T 1.0
Vg =V =, =sign(WY,)I'C,, [V,|e " -1|+Y¥;
0.5
W, is evaluated from implicit _ \
i n ] ] 0.0 . L
equatio n, is made bias dependent to o4 * Surface potential (V) *0
—_ —_ im rove accurac Fig. 1. Inversion charge density as a function of the surface
* \PP - LIIS’ When QI_OI p y pni:nli:ll for three »':1.::55 of the ;'JI:L 1:call:lgi:[4:urv+'<: a: b = Ed‘v".
curve b: Fy = 2.5 V, curve ¢: ¥, = 3 V). Full line: exact model,
dash-dotted: lincarisation with the charge inearization factor
calculated from relation (6).
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Physics of BSIM6 Model

« Using linearization approach and normalization

Other models ignored
circled terms

* No approximation to solve the charge equation

» Solved the charge equation using first & second order Newton-
Raphson technique to obtain analytical expression of g;




Analytical expression of g;

(3.42)

-

ng =1+

‘h..

2./

T2=1lp— 20 — v —In (-L_t} - E -4 L‘P) (3.43)

1
Ing = 3 [T?— 0.201491 — /T2 (T2 + 0.402082) + 2..1.u;:n;2] :fi.-t-Lj/ Guess for of

gp = glnat (3.45)

if Ingg <= —&20.0 . . p- .
o - o R Simplified expression

id = G0 - o — 2 — v, — ~In(2. = (2. - =L +2. — <«

(3.46)

alze

TE

o . ngo . ) 7 o , P ]
T1=2-go+1n g.qn.%(;.@;].Tu.w—_”” —¥p— 20— Veh 3471 First order Newton-raphson

L,

I Ra _ 2ngp—1)

Tg =2+ — + =2 . (3.48)
L R ey
T .

1
L L (3.49
@ = g )
- . -_ Mg . L] ; g ) ; . -
Jr-1=2"§'1+]”-—-}'ff'_'Tf(2'q1' - +-_}-'_)l:i'|;‘,|;|——l]j:|_LP_jD_!ﬂh |-\-g.\..ll:}:|
Rga _ 2ngp—1]
Ty=2+—+ ol 1 (3.51) Second order
n T Nt e
’ Newton-raphson

1 1 { ngo _ 2Ango—1) ]2
Iy = - T - - Tl |-T - T g"-"-'}jl

o SR [N S iy T 2 g1 + g

1 ['--.“-;:'— 1] ) _T.D QL t E._ir..,n:.—'_f] ! Q'I-.u:.—..J

Ty -T% .

Gord = 1 — T (l 572 ] [3.53)

12/16/2020 Yogesh Chauhan, IIT Kanpur 16



Drain Current including Current saturation

e Drailn-Source current
o d\¥, dQ.
— Mobility model 'D\/ zW(‘Qi dx +VTK]
— Current saturation 1+( ]

_&:nq(\yp_\{;s)’q: _Qi ’id: WID ,lCZZ,UVVt
Cox 2nqCOXVT an 7/quoth2 Vsat L
L

e Using charge linearization & normalization
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Normalized Q;-V & derivatives

T = 1
0.1 ~
11072 f‘( foss o | | |
o [ [ .
| ot O VSV / | | I Error (%) .
dspN{ Ve:Vip-0) - ,,r'f /706 aspx(vg ¥ 0) 0
—_— 4 [~ —_— —
. , | / _ o . _
q 16l Vi Vi 0 B q rel Vo Va0 e~ | 9gsmvisl v ~1"f|3~0:|
..E.S.]'_I'\,Iﬁ[_ ' /'; ,:‘f _0_4"%‘5.]316{1 g Vi-0) = ( g 0.. 1|100 g2k _
—ul / Bl 45PNl Ve V- )
1}(10 ‘.' A
o/ 0.2 i |
bx10” - / - 04
b0 g ----;0.--4:; 0 %
| | |
) 083 20 40 60 80
".-g =
.
g
Red — Numerical Surf. Pot. model
Blue — BSIM6 model
0.03 t T I 410> ! . I 1.5¢107° . .
15t derivative . s .
N 31071 i 7 w0k A -
- i 1 110 I
0.02F - . I
/ 2107 1y 1 sao fII 7
L * #
/ 1 nd H HY A |
/ b3 2 derlvatl\fe \ i il P i e
: : A s
I or - ] e _511[}_4_ d : |
} ) )
: pe? | | | | 3™ derivative
o J | ' 0 20 40 60 80— 1x10
0 20 40 60 30 20 40 60 80
v
- g v
W E
g £ o



Normalized I5¢-V s & derivatives
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Short Channel Effects

* Many of the short channel effects are included
using threshold voltage shift (same as BSIM4)

. LPEBEXP
PhistVbs — \/1g) - (l + (LPEB> ) — K2 View

Lefs

AVinvpnup = K1 - (

(3.76)

AVipsce = —bsce - DVIT0 - (Vi — thst) (3.77)
AVippipr = —(ETA0+ ETAB - Vi) - OprBL - Vasa (3.78)
AI}}IRSCE — I{]. . QRSC'E . ,.‘.L;',St (-_j),l_g)
TO"L’ N
AVipywi = (K3+ K3B - Vi) - | — : 3.80
thNw1 = (K3 + K bsz) (ﬁ’eff T 0) ( )
AVipnwe = —Onw2 - (Vi — ¥st) (3.81)
- KT Leff ;
AV o = —7 1 3.82
th,DITS = 1= ="l (Leﬁ +DVTPO- (1+exp(~DVTP1 - L-;gs)> (3.82)

AVipat = AVinynup + AVinsce + AV, pir + AVinrsce + AVin,nw
+ AVinnwa + AV prTs (3.83)
Vars =Vy — Vs — AVinanl (3.84)



Mobility Model
« Mobility model adopted from BSIM4

BSIM4 i

B
e (Uartc v, )| Yot G (VTHO-VB-O) T ) Ve TOE
o TOXE | V.o + 24V} +0.0001

U O BSIM-BULK
Hett =

1+ (UA+UC -V, )-EE + , ub .
2 qbs

V., — \/1.;25 +0.01 — 0.1
E.jps = 1075 (%S T q”) MV/cm : [ L ]
I'Jb.ssc - =

Hea =

where L.ETAMOB for NMOS
?}:
- ETAMOB for PMOS

Eratio * .TOI 1':5 + E(T’ES — Lfﬁf.s;t:)
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Saturation \Voltage V..,
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* New V,, evaluation: ,
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Output conductance — CLM

Esut = ,2 VSAT Adopted from BSIM4
) U0 - Dmobs
1 for FPROUT < 0
F = 1 - .r
FPROUT-, [L, s for FPROUT = 0
L giat2.nV;

i
F. (1+FC'L_-UG'- 5 Sii ff)
sat e 1. ;
C _ POLM fDI' PCLJ;IG > D
‘clm — { .
F. (1—FC'L_-UG'- ig

X PCOLM i EH) for PCLMG < 0

7 T
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‘asat
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CLM + o
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Output conductance — DIBL Effect

1+ PVAG- % for PVAG > 0
PV AG factor = ‘

1 ) T ¥
PV AC. 5f:n:_|“f for PVAG < 0
Hrﬂuf — - PDIBLL + PDIBL2
cosh (DROE’T cff) 1
7 _ Qig T Z'I“qu - I{isat - -
VapiBL = o : (1 Vo - 0 + 26T/ - PV AG factor -

_ I{is — I{ise
MprgL = (1 + 5 ”)
"ADIBL
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Adopted from BSIM4

(3.104)

(3.105)

1

1+ PDIBLCB -V,

(3.106)

(3.107)
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Ips Vs Vy
(Vp=Vy & V=-V,)

|-V Gummel Symmetry
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Harmonic Balance Simulation

 Accurate value of slope for all harmonics

0
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Global Extraction Procedure

 Single set of parameters for geometrical scaling
« Step by step approach needed

—)

Parameter Mobility & series Vt roll-off & SS N Velocity DIBL l
initialization resistance degradation saturation

, . . Temperature Output conductance
Donel H NQS, noise H Gate / junction = and self-heating (= GIDL / smoothing l

R-G, etc leakage current effect function parameters

Gaamss R @Gaaas @G @mumum 42 aaam
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Validation or

Plot Scaling/Large/idvg/log_idvg
M:333 vb=-2.500 V, vg=2.650 V, X=2.650, Y(0}=26.48u
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Validation on Measured Data (Short dewce)

Plot m1/Short_m1/idvg/log_idvg Plot m1/Short_m1/idvgfidvg m vs=0; vd=-0.1; vg=0 > -55; vb=0 > 2.5;
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Geometrical Scaling

Model Validation on Measurements

lpsVgs at Vps=0.05V for different Vg

ot NFETMdut_1(0e0p07 idvg_lin_25C/kivg ot NFETMdut_10x0p0fidvg _lin_25C/kdvg
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Geometrical Scaling

Model Valldatlon on I\/Ieasurements

ngGS at V =0.05V for dlfferent VBS
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Model Validation on Measurements:

Plot NFETMdut_1(x0p0T idvd_vb_25Cdvd

lpsVps at V=0V

Plot NFETMdut_1(x0p0fiidud_vbi_25Cidvd

Geometrical Scaling

Plot NFETMdut_1(xOp0tiidvd_vbd_25Cidvd

-
LI L L

FW/L=10um/0.07um

W/L=10pm/0.08pm

W/L=10pm/0.09m

LI LE:
wd [E40]

Plot NFETMdut_10:0p1/ivd_vbd_25C v

LI TT
wd [E40]

Plot NFETMidut_1(p1 2/idvd_vb0_25C1idvd

LI LE:
wd [E40]

Plot NFETMdut_10:0p16/idve_vbi_25C v

“W/L=10um/0.1um

W/L=10um/0.12um

© W/L=10um/0.16um

Plot NFET W dut_100p24/ idvel_vbi)_25C v

Plot NFEThdut_1x0pSiivd_vbl)_25C kv

Plot NFEThdut_10x2idvd_vb_25Chdvd

F\W/L=10um/0.24m

W/L=10pm/0.5um.

W/L=10um/2um-
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CV Model

 Physical Capacitance Model
o Poly-depletion & Quantum Mechanical Effect

e Channel Length Modulation
* \elocity Saturation Effect

e Charge conservation

Normalized Capacitances

12/16/2020 Yogesh Chauhan, IIT Kanpur 33



Physical Capacitance Model

T, =
T =

i

T, =

, U2
7. — 9% [ (xs +xa)* + Xs - Xd]

Bulk terminal

Source terminal

Drain terminal

12/16/2020

Ugpgm + 2 - s

Ugpgm + 2 - Qdeff

14+2- Xd
(qs — Qaess)?

3(xs +xa)®

1—|‘gs_Qdeff '.}"g

Qp=T1+T>+ {T-.i'TT_”q' (Q’s+@deff_

a9 Q'QS‘I‘Qdeff‘l‘

Ugpgm = Vg — Vsp — Up

_ o= | Ugpgm T2 G5
Xs = \/0.20 + 3

)

o= | Ygpgm + 2 Qdeff
Xd = \/O,ZD + 5

Vg

Also available in CV Model
- PDE

- QME

- SCE

(4s — Gaeff)’ )]

3(1 4+ gs + Gdesr)

1+0~8‘Q’s—|‘1-2‘qlieff( (s — Qdeff )2
2

L'+ qs + Qderr

?q qs + 2 Qaefs +

L 1+1~2‘g5‘|‘0~8‘gdeff( Qs — ddef f )2

Yogesh Chauhan, IIT Kanpur

2

L+ qs + Qaeyr
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Normalized Qg, Qg and Q¢ VS. V¢

| | -? | | 1 | |1 | 1 | [? 1 | | 1 :|- | 1 % |
Bxl:ggl £ {lin)
Bx1:gbl
Bx]l:gsl
x1l:qs 5
1.5

Qg — Body Charge

0.5

0 SOU/‘CG
Ch o
0.5 §e

) flin) 1 1 -:? 1 1 1 1 -|]- 1 1 1 1 [l] 1 1 1 1 ]l- 1 1 1 1 é 1 1
12/16/2020° - Yogesh Chaunan, 111 Ranpur - 35



Bx1l:cgbl L
Bx1:cgdl
Bxl:coggl
Exl.cgsl

(lin)
= -

12/16/2020

0.9
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0.7

0.6

0.5

0.4

0.3

0.2

01

| _|L 1 | 1 1 T |

Normalized to W*L*C

Yogesh Chauhan, IIT Kanpur

.I.

Normalized Capacitance

ii.

A
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0.4

0.3

0.3

0.2

01

Normalized Capa

(i

n)

Cep VS. Vi

Vps=0, 0.2, 0.5, 1V

Ceo VS.

12/16/2020

A

0.9

0.8

0.7

0.6

0.5

0.4

3

Yogesh Chauhan, IIT Kanpur

T B B B I B e B By Ry B e ey
-2 -1 0

© V,=0,0.2,0.5, 1V

citance (No QME & PDE)

Cog VS. Vi
! n | SRR S
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N_orr_mva_l i__?_?_d__?@@ vS. Vs (With PDE only)

1 :" 1 1 1 1 ; 1

1 _2 1 1 1 1 -

(lin) Normalized to W*L*Cy

0.9

0.8

0.7

0.6

0.5

0.4
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QME model for Capacitance

ADOS - (1.9-1077)

. mv
Charge centroid Xpo = — , 0.7*BDOS
1| & |Q+ETAQM Qp
QMO
Cinv _ 39 . 60
or 3.9 XB%
TOXP - ppsrox T cos

Intrinsic Charge expressions:

WLCOXVtin, = NF-Wact - Lact - C'" - nVt

cp - EPSROX
TOXDP )-th-Qb

QBi=—NF-Wact - Lact - (

QSi = —WLCOXVtin, Qs
QDi = —-WLCOXVtn,  Qd
QG = QSi+ QDi+ QD1



0.9

0.8

0.7

0.6
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04

0.3

1 _2 1 1 1

1 _|1 1 1 1 1 q 1 1 1 1

Normalized to W*L*Cy




Normalized C; vs. V55 (QME and PDE)

1 _2 1 1 1 1 _ll 1 1 1 1 q —

. Normalized to W*L*Cy
0.9
0.8

0.7 /
0.6

0.5

1 :" 1 1 1 1 2 1 1
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Normalized Caps vs. Vg

P 1 1 1 1 05 1 1 1 1 :|- 1 1 1 15 1 1 1 1 % 1 1 1 1 25

| 1 | | 1 1 1 1
Bx]1:cgdl M)

Bxl:cogl .
Bxicosl || | gg Normalized to W*L*Cy

0.8

0.7

0.6

0.5

0.4

0.3

0.2

01
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Capacitance Quality Test

Cse=Cps @Vps=0 Cep=Cos @V=0

05— —————— O —
'!:4. 06 B . __,’____;_-_::L""’
(?) C § 0.5
o 0.3 sg _ o I
Og, Cclg % 0.4 ‘
g 0.2 i © 03 _ Cgs
E Vos” N g2 ——Cgd
© N g2} g
% 01 _ a g | I ng
S 01¢F —Cd
- 0.0 = ' )
. b L . 1 1 00 . | , i : '
3 2 4 0 1 2 3 0.0 0.5 1.0 15
VG

ds
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Junction capacitance model

 BSIM4 junction capacitance model causes asymmetry
« Updated junction capacitance model for AC symmetry

.\ 1-MIS
- Ll - EJS] .
R LR J oint is at V;=0
0 if V;=0 P a
L MISC
Q; Vi) = % < 09 o
j_newl) Transition
;o 1M L
1 Ll _J] / point Is at
" pBs Vi
C;-PBS: it — <x, V.=0.9V
] 1 — MIS PBS J
V. V. § r7C TG
C,PBS — -[1 - ] Lwgs—! -{1 - } — (1 MIS) | + € -[1 - MB w1 - xp)! MJS} otherwise
] (1 = xS PBS /|2 (1-xg) PBS F1-wis 2 :
0] ' :




Junction capacitance model

0.08 T

0,03 T T

0.06[~

; ’
. .
’ /
0.02- - ,
SI 6 (, ’
BSIM6 | BSIM6
f( ’l
;

d A\
d\"j Loldf_ _]]

Q_]_H]l“ \1’ ,"[ - 0.04~
) | 4 d L
_ij___l}e\\{\Jl L EQj_neu't_\ J]

’ — J

. J_fé5||v|4 | 0.02-

- 001~ '0 f:j | 90 0 0.5
Vi Vj
1 T T

d A .
o320 * Symmetry problem using old Q,

P * New model is infinitely
? Qj_nevA Vj )

'J

differentiable @ V=0




AC Symmetry test

Ve
l Capacitance & derivatives are symmetric
03 04
-y . r
05
) 02 i
¥ 4 |06
0.1 -
o1
3 7 r =
) . EI 0.0 08 N
vy =+1+ ji} anti—phase g L el
o ) 09
vy =—1+j0 in—phase 01— i
] |10
-0.2] -
1.4
_0.‘1 TTTT | LI | TTTT | LI | TTTT | LI | TTTT | TTTT 12
0.05— 021 04 03 02 04 00 01 02 03 04
E —-0.22 06 Vix 0.8
0.00— - i L
] __Jm‘g’ 04| —-1.0
. 024 1 Y
8 005 L & 02 i
| T —-025 M o § 14 &
L : r Q S, oo S
010 & _I 00 o
- 026 3 ] 16 &
- -0.2] "
] L 027 L
-0.15] i ] e
] 028 0.4 L 20
0.20 LIRS I L N L I I L L I 0.29 0.6 L e e e e 2
04 03 02 -0 00 01 02 0.3 04 04 03 02 01 00 01 02 03 04
Wi Wx
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BSIM6 Validation — Gate Capacitance

PMOS

1.1
0.9 - B ===
0.7 \*&Q &

[ d

0.3 \
0.3 :

1%%;
[

12/16/2020

01— L
1.8 -14 10 06 02 02 06 1.0

'(VG'VTo.lin) [V]

1.1

0.7

0.5

NMOS

0.9

L=40 nm, W= 1uym
L=60 nm W= 1uym
L=120 nm, W= 1um

L=240 nm, W= 1yum
L=1pm, W= 1um

>v O AL

0.3

0.1—

-1.8 -14 -1.0 06 -02 02 06 1.

Ve Vroun [V]

C,, normalized to C, .WL
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RF Validation

=
-j0.6 ' R 2
+j0.4 7
v VgVygew=0.125V] %
vG Voo eat = 0.225V
0 Vg-Vygen = 0425V
A Vg-Vyg e = 0.725V
ol
N\
00 RIS 3
)

-j0.2

-j0.4

Fig. 12. Smith chart of §;; and Sy, parameters at Vg — Vg ca
[0.125,0.225, 0.425,0.725] Vand Vp = 1.1 V.
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Modeling of Self-Heating Effect

— u(T) = Ap
— V(T) = Av —
;™ Power =% T ==
(IpsVps) .
_ V(T) == AV, _
« Self Heating Effect is modeled by
using Thermal Network AT
» \oltage at thermal node ‘AT’ is rise in J{
temperature. ID.VDCD R, Coy
o This \Voltage (AT) is added to the
temperature variable in the model.
12/16/2020 Yogesh Chauhan, IIT Kanpur N

Ref.: BSIM-SOI Model



Self Heating Model — Quality Test

- Step 1: For transistor biased _r l.. o
in saturation, sweep Ry < g
(thermal resistance) with self £ fawo ©
heating ON, observe current g { 8
and temperature. 5 1%

* Step 2: Switch off self heating R, ()
model, simulate the same 0 ———
circuit for temperature range LR e
obtained in step 1. < sop \\\

_ . | N

« Drain current obtained from ol T
both the steps should be same. &~ T ]

12/16/2020 Yogesh Chauhan, 11T Kanpus Temperature (“C) 50

Ref: G. Gildenblat, Compact Modeling: Principles, Techniques and Applications, Springer, 2010.



Self Heating Effect: Output Characteristics

 Drain current reduces in high power region.
— Negative ‘gds’

Y

0.01

L]
== \\fithout Self Heating

E ............................ = \\ith Self Heating
3k 3k
~ - = - With Self Heating 183
-E - \Vithout Self Heating
2
e o 1E4F
e Y A s
O (®))
£ 1l
E 1E-5
QO
0 !
0 1 2 3 4 5 1E-6
0.0

Drain Voltage (V)
V__(V)
DS
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Modeling of Gate Resistance and
NQS in BSIM-BULK Model

222222222222222222222222222222222



Rgeltd

(— —)
_ ﬂ
(a) (b)
Rgelid
Rgeltd+Rii
Cgso Cgdo

D— —)

(c) (d)

Figure 2: Gate resistance network for (a) RGATEMOD = 0 (b) RGATEMOD =1
(b) RGATEMOD =2 (d) RGATEMOD =3.
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NQS(Non-Quasi-Static) Effect

In QS modeling: charge is a function
of terminal voltages only.

| T
Q) =QVe(®),Vp(t),Vs(t),Vp(1)) \

In NQS modeling: charge is a not only
a function of terminal voltages but )
also an explicit function of time. S

Q(t) — Q(VG (t)r VD (t)r VS(t)r VB (t), t)

 The onset frequency of NQS (f,s) Is typically around = %



NQS(Non-Quasi-Static) Effect

This is first order NQS model

+ XRCRG2 -

1 I w CororfV
R—=XRCRG1-NF°( ds effReff~oxeff t)
ii

Vdseff Leff
R;; Is the channel reflected NQS resistance

Cgso

Rgeita IS Used as the Gate Electrode Resistance

10"

NMOS  Vgs=04VNds=03V
o2 b L=2um W=5um
— Nf=10 ] ]
= > Segmentation model with segments >
=" . O] 17 can capture the NQS trend
& [ Veoswedcate : » Increases the computational time
10 - - - 1st order NQS model
=+ = 10-segmented model o .
e b 17-seqmented mocel § This approach has been there in the

10°

10°
Frequency (Hz)

1010

present BSIM-BULK model



NQS: Improved Model

v' Modeling of Channel RC Network
v Modeling of Gate Electrode RC Network

7Rch
120

6Cox
5

20Cox

Rcp
R, =—= R, =
1 2 49

R
—_9 —
< R3=-2,C; =

and C; =

L = XRCRG1 - 1 XRCRG?2 !
Rl -Rch RZ_ -Rch

C, = XRCCG.CGGI

Cgdo

Cgso

R3 = Rgeltd and C3 = XGCCQG. CGG

where, XRCRG1 = 40, XRCRG2 = —,

XRCCG = % and XGCCG = g

C. Gupta, N. Mohamed, H. Agarwal, R. Goel, C. Hu, and Y. S. Chauhan, "Accurate and Computationally Efficient
Modeling of Nonquasi Static Effects in MOSFETSs for Millimeter Wave Applications"”, IEEE Transactions on
ElectronDévices, Vol. 66, Issue 1, pp. 44-51, Jams2009han, 11T Kanpur 56
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NQS: Improved Model

(431

® Measured data
= \lodel w/ default parmeter set

Vgs=0.9V,Vds=Cl.8VY
]

-1
10 1 1
® Measured data
e \lodel w/ default parmeter set
107% = -

|
@® Measured data
Model w/ default parmeters

IS
||

W

- Vgs=0.9V,Vds=0.8V

> 10° L=2um Wf=5um Nf=10

Vgs=0.9V,Vds=0.8V

Normalized(Imag (Y21)) [pF]

L=2um Wf=5um O L=2um Wf=5um T F° . -
Nf=10 Nf=10 Mt
1 | 10° | | 0 |
10° 10° 10" 10° 10° 10™ 10° 10° 10"
Frequency (Hz) Frequency (Hz) Frequency (Hz)

e \odel w/ default parmeter set

Vgs=0.4V,Vds=0.3V
=L=2pm Wf=5um

Nf=10

® Measured data

10°

10°

1 01{]

Frequency (Hz)

If we use XRCRG1 = 40, XRCRG?2 = %0» XRCCG = :_3

and XGCCG = g

» Gives the required NQS trend.

» Cannot give a good fitting at high frequency

» For Vps # 0 channel is tapered from source to drain

» Also have some layout effects in the actual fabricated device
» Fitting parameters can provide more flexibility



NQS: Improved Model

2D TCAD does not consider the impact of gate electrode distributed network on NQS

40 pe——rTTTTITTTTTITTTTTIT 4 10 (——remr—r—rr rrrrrm0.3
® TCAD o TCAD ' S ™ m
++ssees This work w/o Gate wsseave This work w/o Gate — 2
distributed n/w 101 - 'I w W — BEEEARIEESSRENES 2 =
30 = This work -1 - distributed n/w -3 = _ - ~
= === This wor %) e Thils work ) a0 0 =
- £ S £ | o TcaD 022
= = F & 3 10 w=eeThis work wio Gate 4 R
s 20 1= 2 £ - L distributed niw - £
v > = > \ - —
e = © = | ==Thiswork 3
L=2umW=5um Nf=10 N 8 sF S Y
10 Vgs=Vds=1.5V o = 15 & - =
L=2umWf=5umNf=10 ] E 10 L=2um Wf=5umNf=10 £
- = = QO — — [e]
) Vgs Vds=1.5V > Vgs Vds=1.5V OOZ
10° 10° 10" 10" 10° 10° 10" 10Q 10° 10° 10" 10"
——r—rrrrTe—r-rrrT—r-rrrrm 0.4 60
Iy I 1 —
a W o e TCAD
—~ F 7 —'\ = sass=as This work w/o Gate _|
— — — 03N distributed n/w
v ~N WV - rnp
oL @ TCAD N —ti
EIOPovevs This work wio Gate 2ZEwpk o 1o 1 Zg This work
— D= | e This work w/o Gat { og2pP
— distributed nfw TN lis work w/o Gate » o 2
g s This Work 1 E g distributed n/w 02 £ —
: %: B o This work _:U’ IN 0 b=
o 41 @9 a
N N
o =0, =
s 10 015 2
L=2umWf=5um Nf=10 i E L=2um W=5um"° Nf=10 £
Vg s=Vds=1.5V ] Vac=Vdc= (=}
- 25— ds=1.5V =z
10-2 0 Z DD _40 [ I | lld B _B B lllﬂ
10° 10° 10" 10" 10° 10° 10" 10" 10° 10° 10" 10"
Frequency (Hz) Frequency (Hz) Frequency (Hz)
quency

» Increases the fitting flexibility
» Developed model involves assumptions



Improved Complete Model: TCAD

Validation

2D TCAD does not consider the impact of gate electrode distributed network on NQS

NMOS L=2um
30} VgS=1.5V=VdS W=5Mm
— NF=10
Toof -
E e TCAD e

10 |- - - - 1st-order NQS model
= This work

10° 10° 10"
Frequency (Hz)

E‘] 0’ == = 1st-order NQS model
— }=-= 10-segmented model
r': ------
z
©
U
o p=e=- n
L=2um Wf=5pm Nf=10
Vgs=Vds=1.5V
10-2L il |||“|l Al lnlnld
10° 10° 10"
Frequency (Hz)

LAV LIV

Normalized(Imag (Y21)) [pF]

® I1CAD 1 !
= = = 1st-order NQS model

10’ = +== 10-segmented model
LG RPRRPP This work w/o substrate
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= w—This WOrk
= T LR S AT A
>
-_— -1
810 -
o

L=2”'m Wf=5pm Nf=1 0
- Vgs=Vd5=1.5V

10° 10"
Frequency (Hz)
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0.4

_\
=,

Real (Y22) [mS]

-
<

------------------------------

= = = 1st-order NQS model
== 10-segmented model
------- This work w/o substrate
model
e This work

Normalized(Imag (Y22)) [pF]

L=2um Wf=5um Nf=10
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|U8CQ|| wliautliari, 1n1 I\(AIIrJuI

10°

-
=
o

Real (Y12) [mS]

N model

[~ ® TCAD
- - - 1st-order NQS model
= «= 10-segmented model
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Vgs=Vd5=1 5V

Normalized(Imag (Y12))[p-F]
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Frequency (Hz)
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Real (Y11) [S]

Improved Complete Model: Validation
on Measured Data

10
® Measured data NMOS
2 w— T his work
10™ | = = = 1st order NQS model =
=+ = 10-segmented model
10° | -
10 L=2pm  Wf=5um =
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10° Vgs=0.9V,Vds=0.8V
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Large Signal Analysis

- ~ 1
40 |- Solid : I, L - 30 = Solid :1, %
Dotted :-I. .. Dotted -l q-*.-
.d; | _20F 5 s
< R N
E
_ﬂ'.l
T 10 b=
_ﬂ
Olive : QS (40/60) L : TCAD
BLUE  :QS (0/100) = 0 Violet  :10-Segmented |
: QS (50/50) \, : 1 Order
RED : New NQS model
-10 | = 10 1
0.0 0.1 0.: 0.0 0.1 0.2
Time(nSec) Time(nSec)
12/16/2020
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Summary of BSIM-BULK

* Charge based physical compact model

— Physical effects & Parameter names matched to BSIM4 - No
new training required for engineers

— Smooth charge/current/capacitance & derivatives
* Model is symmetric and continuous around V=0
— Fulfills Gummel symmetry and AC symmetry
— Shows accurate slope for harmonic balance simulation

 BSIM4’s extraction methodology can be easily used for
BSIM6 - fast deployment & lower cost

e Rapid development
— From scratch to production level in two years!

12/16/2020 Yogesh Chauhan, IIT Kanpur 62



High Voltage MOSFET
Modeling in BSIM-BULK

H. Agarwal, C. Gupta, R. Goel, P. Kushwaha, Y.-K. Lin, M.-Y. Kao, J.-P Duarte, H.-L.
Chang, Y. S. Chauhan, S. Salahuddin, and C. Hu, "BSIM-HV: High Voltage MOSFET
Model Including Quasi-Saturation and Self-Heating Effect", IEEE Transactions on
Electron Devices, Vol. 66, Issue 10, pp. 4258-4263, Oct. 20109.



https://doi.org/10.1109/TED.2019.2933611

High Voltage MOSFET Model

High Voltage Devices: Overview

Wide application domain: Display, self-driving
cars, etc.

To withstand high voltage:
Increase gate oxide thickness

Add a drift region between drain/gate: prevents
breakdown of gate oxide and breakdown of drain
junction.

N* N* i
—> P
P




Physics of Drift Region

e Transport in the drift Tgat”“\“eT T

\
N+ N*

Idr — Ids p

.

* To support higher current, carrier velocity in the drift
region Iincreases

Vg T - IdS T— Vir T

* As the carrier velocity reaches the saturation velocity
limit, the resistance of the drift region increases



10

Physics of Drift Region

Ids-Vds of 90V transistor

[==]
T

Drain Current (mA)

I
V56,9,

12V

L
20

12/16/2020

L 1 [
40 60 a0 100

Drain Voltage(V)

RO

=W
*Qar * K * T ESAT

On integration,

Var RO RO
R = — = =
T, { — RO+ Larift 1 — _Mar
ESAT * Layife lar max
Ldr

- W p* Qarife

Idrift,max — er * W VSAT

Yogesh Chauhan, IIT Kanpur 66



Compact Model Adoption

—mJ Lm RDLCW: Resistance of the Drain
Intrinsic Tx

side at Low Current

MDRIFT: Smoothing parameter

R _ RDLCW for velocity saturation
arb o MDRIFT|HRTFT VDRIFT: Saturation Velocity in the
[1 — Sy {1 ds } ] drift
2SS NDRIFTD: Charge Density in the

drift
Idr’sat,D =q * NDRIFTD * Weff x VDRIFT

O,y introduced for smoothness. Nominal value ~ 1
Source side parameters: RSLCW, NDRIFTS
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Implementation iIn BSIM-BULK

e Turn-key feature: Activates only when switch HYMOD is
setto 1.

Default value of HYMOD is 0 (HV feature turned-off)

if (RDSMOD== 1 && HVMOD == 1) begin

T4 = 1 + PDRWB * Vbsx;
TO = 1ids ;
Tll = NF * Weff * g * VDRIFT T ;
if (RDLCW!=0) begin
idrift sat d = T11l * NDRIFTD

[
r

rdrift d = rdstemphv * RDLCW * WeffWRFactor/T2D * T4;

Edrain = Rdrain + rdrift_d;
Esource = Rsource + rdrift_s;
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Experimental 40V VDMOS
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Temperature Dependence

T=-40C
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Capacitances in HV Devices

S G
gate o:(q.le

\

to low voltage transistor

D T Two important differences as compared

Field oxide

N ‘ \”*\-‘ Presence of high series resistance
X Qg = f (Vg Vai, Vs, V)
p
d 0 9] dVy;
! d(éfa%%gi*dvj
‘ Coog = Chgi— Coai* %
l 99 ggt ga,t v,

Presence of overlap region: Contributes bias dependent capacitance



Charge Model

gate m.:\ide T

v Field oxide
N* Lch le—s Ldr2 N*
¢ Ldrl
N
P

40
30 :
- Inversion
20|
> 10
3 'YL
01 ascumulation|
-10
" surface potential in overlap region
-20 . . .
-4 -2 0 2
Gate Voltage (V)

.

Vgai — Vep = Pp + v * \/e;‘/’ +Pp—1 (Solved analytically)

Ql,dr =W * Lgpq * an * Cox * Vi * qgr

QB,dr =W * Lgpq * an ¥ Cox * Vi * (ngi - Vfb - l/Js,ov - an * Qar)




Model Implementation

e Activate the model: Set HVCAP=1 along with HYMOD =1
e Default value of HVCAP is 0

if (HVCAP == 1 && HVMOD == 1) begin

// CV calculations

vgfbdrift = -devsign * V(g,di) - VFBOV ;

vgfbdrift = vgfbdrift/vt;

gamhwv = sqrt(2.0 * g * epssi * NDR * inv Vt) / Cox;
phibHV = 11n(NDR / ni);

"PO psip(vgfbdrift,gamhv, 0, phibHV,psip k)
"BSIM g(psip k, phibHV, devsign *V(di,b)/Vt, gamhv, g k)

QBOV = NF * Wact * LOVER * "EPSO * EPSROX / BSIMBULKTOXP * Vt *

QIOV = NF * Wact * LOVERACC * 2 * ng hv * Vvt * TO * g k ;

Qovb = Qovb + QIOV;
Qovd = Qovd + QBOV;
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Model Implementation

Parameters introduced for the charge model:

VFBOV: Flat-band voltage of the drift region
LOVER: Length of the drift region
LOVERACC: Effective length in accumulation
NDR: Doping of the drift region

SLHV: Parameter and Flag for smoothing the
capacitance

SLHV1: Parameter for smoothing the
capacitance



s G D
gate oxide
Field oxide

TCAD Validation
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TCAD Validation

Capacitance (fF)
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Validation with Experimental Data-1

— ® Model -~ ) ® Model
- Measurement = Measurement
L S
O 10
Gate Voltage (V) Drain Voltage (V)
Cgs vs Vgs Cgd vs Vds
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Validation with Experimental Data

C

Experimental data 2
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Model without overlap charge
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Speed Test

21 stage Ring Oscillator: 1000 cycles

100 points/cycle

Simulation time per cycle

—BSIM-BULK

+ R
1.03

+R, + Cap. -

drift

1.058
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Summary of High Woltage Model

 HV module is turned off-by default in BSIM-
BULK model.
— Default value of model selector HYMOD =0
— Activate the HV feature by setting HYMOD=1

* Model captures the physics of high-voltage
devices

« Excellent convergence in large circuit
simulations
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