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SPICE and Device Compact Models

Prof. at UCB — SPICE
designer (1925-2004)
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Don Pederson correctly recognized that
device models, not internal algorithms, were
the keys to the success of a circwit simulation
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SPICE Transistor Modeling for
Circuit Simulation

= Simulation Time
= ~ 10us per DC data point

= No complex numerical
method allowed

= Accuracy requirements

= ~ 19% RMS Error after
fitting

Medium of
Information
exchange

= Excellent Convergence

= Example: BSIM4
= 25,000 lines of C code
= 200+ parameters

= Open-source software
implemented in all EDA tools



BSIM Family of Compact Device Models

1990 1995 2000 2005 2010

>

BSIM1,2
Bulk MOSFET

Silicon on Insulator
BSIMSOI — MOSFET
L
conve IR

Multi-Gate MOSFET

BSIM: Berkeley Short-channel IGFET Model
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Bulk MOSFET Models

= BSIM3
= Threshold Voltage based MOSFET Model
= First CMC standard Model

= BSIM4

= Threshold Voltage based MOSFET Model
with enhanced physics features (mobility,

BTBT, gate leakage.....)
. BSIM6
= Charge based Symmetric MOSFET Model

=« Charge based core
« BSIM4 physics models and parameters
= Under standardization review in CMC




BSIM6: Bulk MOSFET Model




Why new Bulk MOS Model: BSIM6

= Harmonic Distortion

= Output spectrum of RF signal at frequency o should
only contain fundamental frequency o

= Nonlinear MOS behavior adds other frequency

components (at 2w, 3w ...) visible above noise floor
- harmonic distortion

= Harmonics amplitude « higher order derivatives of
signal

= Negative capacitance from BSIM4 model may
cause convergence problem




Why new Bulk MOS Model: BSIM6

Taylor Series Expansion

iout(t) = f (V +V(t))_ f(V) /
i ¥ -v+£azf V2 353]‘ Ve o+
M ax x=V 2 ox° x=V 6 ox’ x=V )

= RF design needs correct derivatives

to predict harmonic distortion
= Incorrect derivatives=Wrong .

harmonic results

= Model must satisfy both DC & AC
symmetry
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= Method of testing derivatives
= Gummel Symmetry (DC)
F=xw AC Symmetry

BSIM4 simulation-

N\

Wrong derivatives
around V=0
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BSIM6: Charge based MOSFET model

= BSIMG6 is the next 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,5=0)
= AC Symmetry
= Capacitances/derivatives are symmetric @V,s=0
= Continuous Iin all regions of operations
= Physical Capacitance model
= Short channel CV—Velocity saturation & other effects

= No glitches — smooth current and capacitance
o) € havior




Physics of BSIM6 Model

Other models ignored
circled terms

—
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= No approximation to solve the charge equation

= We solved the charge equation using first &
second order Newton-Raphson technique to
obtain analytical expression of g;
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Drain current expression

= Drain current

D drift diff H (QI dX

= Mobility model

| = ! ZW(—Q, :j +V,
X
e
sat

dx
= Using charge linearization & normalization

Qi - QI . I ZlLlVV
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Normalized |-V & derivatives
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BSIM6 Development Status

BSIM6 development started in Q4 2010

First beta code was released in Jan. 2011

BSIM6.0.0 Beta7 was released on 28t Feb. 2012 to
CMC members

= Continuously working with industry partners

BSIM6 to cover all technology nodes and applications
= Digital — Accuracy in entire bias range
= Analog — Symmetry and accuracy in derivatives
= RF — Symmetry and harmonics

Detailed BSIM6 technical presentation tomorrow
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BSIM Multi-Gate Models:

BSIM-CMG

BSIM-IMG
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MOSFET In sub-22nm era

FInFET UTBSOI

New Transistor Grows in the Third Dimension
The new Intel transistor provides higher performance by increasing the SDitEC announces indus‘trial readinESS gf Cgmplete Fu"y

conductive area between the source and drain regions of the chip,

allowing more current to flow through. Depleted (FD) platform - Key to higher performance for
TRADITIONAL TRANSISTOR NEW INTEL TRANSISTOR mo bi IE' consumer deuices

Planar conductive area Conductive area is expanded

on three sides of a raised fin
New platform enables planar FD technology, the only planar solution to sustain Moore's law

) — The Soitec Group
Multi-Gate era has arrived s
1 Buried Oxide (UTBOX)
: s e e e s s s e g e e sy s~y PROVIAING @ robust

5ubstrate mlu‘tmn ‘Fur chlp designers tackling the performance, power and density challenges of
bw recognized as the

TR n eW MOSFET structures? g

more of them to fitinac ng sites in France and
power consumption, yieldimg ¥ ingapore.

Traditional planar transistor Intel Tri-Gate transistor
5 “Soitec is ready with the UTBOX wafers for planar FD architectures: the infrastructure, the process
maturity, yield and the capacity are all in place to support demand,” said Soitec president and
chairman, André-lacques Auberton-Hervé. “Industry leaders confirm that FD planar technology is
the right choice for mobile consumer products, which need higher performance without
compromising power. Our UTBOX offering shows the critical role our materials play as the starting
point for energy-efficient, state-of-the-art electronics.”

SOI Consortium:
ST, SOITEC,

Source: Intel

R NY Tlmes 15
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Good Old MOSFET nearing Limits

Sub-threshold swing (SS) &
Threshold Voltage are bad

= Sensitive to gate length
= Random dopant fluctuation
= Variability is an issue
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Making Oxide thin is NOT enough!

Gate

Source :7 Drain

Leakage Path

= Gate can’t control the leakage paths far from the gate

= Drain has now much more influence compared to long
channel!




Why not remove PATHS far from Gate?

Gate

Source Drain

UTBSOI

FInFET

Gate Length
—

—

\

Source IUTB Drain
'"—LWT}_\ |
~ * g I
Si Fin Height -

Fin Width
Y.-K. Choi et al., IEEE EDL, 2000 X. Huang et al., IEDM, 1999
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Versatile Multi-Gate Compact Models

| BSIM-IMG I
[ Vertical Fin]
I IMG [
| |
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Common-Multi-Gate Modeling

= Common Multi-gate (BSIM-CMG):
= All gates tied together

Gate Gate

BOX

Gate

BOX

dFin ’

= Surface-potential-based core I-V and C-V
model

= Supports double-gate, triple-gate,
quadruple-gate, cylindrical-gate; Bulk and
SOl substrates

21




Surface Potential Calculation

Vo

= Surface potential obtained
by solving the 1D
Poisson’s equation

azw_qni ( Qv 99z qVe, 995 J

> eﬁ .e kT .e kT + eﬁ
ax 88,' —_ )

Inversion Carriers Body Doping

= A Perturbation approach is used to handle
finite bOdy doplng M. V. Dunga et al.,TED 2006

winv + q"pert
Yy Net Surface Potential  Inversion Carriers only  perturbation due to finite doping




Surface Potential Calculation

O
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Symbols : TCAD
Lines : Model
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= Model matches 2D TCAD very well
without fitting parameters for different
body doping.

23



-V Model & Verification

= Drain current derived from drift-diffusion

= p—t | D2 +2VeQi — Vi (5CsiVe + Qp) In (5V¢Cs; + Qp + Q)
/O :

Na = 3e18cm™ Im} Na=3el18 cm'3

Drain Current (A
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0.0 0.5 1.0 . . 05 10
Drain Voltage (V) Gate Voltage (V)

M. V. Dunga, UCB Ph.D. Thesis ”



Drain Current in Volume Inversion

Lines: Model

Tsi =5nm Symbols: TCAD
Tsi =10nm
Tsi =20nm
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In volume inversion I, « Tg;in sub-threshold.

M. V. Dunga, VLSI 2007 e



C-V Model Verification

Na = 3e18cm™ Symbols : TCAD
Vds = 1.5V Lines : Model

Cgg Symbols : TCAD
Model Lines : Model

Symmetry
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Normalized Capacitance

Gate Voltae \V/ Drain Voltage (V

C-V model agrees well with TCAD without
any fitting parameters.

o The transcapamtances exhibit the correct

26



BSIM-IMG
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Independent-gate Device Structure: BSIM-IMG

Vig
=« Asymmetric structure T

= Different Gate Work-
functions

Front Gate {

= Allows dissimilar Gate ot ‘
Potentials SOUICE fmmpy Te

I'si-| Drain
= Different Oxide Yy N 1

thickness and Material ! l l
TOXZI

Vs vd

= Captures important
features l
« Threshold Voltage

tuning through Back- Vbg
Gate

« Multi-V,, technology

Back Gate
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Surface Potential Calculation

= Analytical Solution for Vre P

_ T
¥, is known .

Y. Taur, TED 2001
H. Lu etal., TED 2006

TOX2 /
= Newton iteration needed Py
. Vg
for ¥, calculation

= Approximation for front-, back-surface
potential and charge developed

= Better computational efficiency

D. Lu at el., "A computationally efficient compact model for fully-
depleted SOl MOSFETs with independently-controlled front- and
back-gates," Solid State Electronics, 2011
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Surface Potential: Verification with TCAD
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> 07| Symbols: TCAD Lines : Model ] § 09F w Vch=00V

© [ 1 © [ e Vch=03V

= °°r i S sl 4 Vch=06V

C i 1 () :

O 05} _ — l v Vch=09V

= o

O i = Tox2=40 nm 1 o

O 04} _ . o o3

© ! e Tox2=20 nm| 8

S %%r 4 Tox2=10 nm - T -

T o2} v Tox2=5 nm | a  2r

w e Tox2=25nm 1 = I To?(1=1.2nm Tox2 = 20nm

+— 0.1} 1 O 03 Tsi=15nm Vbg =0

S E " " L " " " " L " " " " L "
00 1 M 1 N 1 N 1 N 1 N 1 N 1 N

™ .04 -02 00 02 04 06 08 10 0.0 05 10

Front Gate Voltage (V) Front Gate Voltage (V)

0.9
2'3 'Symbols: TCAD Lines : Model
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Drain Current Model

= Drain Current

| = W Qinv,s +Qinv,d ( ) KT ( )
as — M- L ) 2 Wsl,d _l//sl,s -~ Qinv,s _Qinv,d
i Drift %iffusion
n=2- ngi Esz Q,,,: inversion carrier density
O +2¢ . E E..: back-side electric field
Qi +264Es; > - :
W,,: front-side surface potential
No Charge-sheet Approximation Very high accuracy
15 Y T d T
—— :\°\ 10._ —— Charge-sheet Model
250+ Vfg = 0.2v, 0.4v, 0.6v, 0.8v, 1.0v . E | —>— This Work
T Charge sheet EEJ SF T

<C 200 —— This Work 3 2|

> TCAD Q

S 150 ®

0 2

=IO Y N & s — ©

O 100 o)

S s0f A gt B

D | . 0 -15 —

0 -0.5 0.0 0.5 1.0

0.0 0.2 0.4 0.6 0.8 1.0

Drain Voltage (V) Front Gate Voltage (V)
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Capacitance Model

= Model inherently exhibits symmetry

n C'] == C]I @ vdS= ovVv

= Model overlies TCAD results
= No tuning parameters used

0.5 — T
L Vfg =0.8V, Vbg=0V

Normalized Capacitance

Drain Voltage (V)

Normalized Capacitance

-0.2}F

0.4}

Toxs = 1.2nm, T,,p = 20nm,

TSi — 15nm, ng =0V

10

0.6}
04}

0.2}

Tox1l=1.2nm
0.8} Tsi=15nm
Cfg,f
Tox2 = 20nm g1
Vbg=0V

Cbg,fg |

0.0

-0.5

Front Gate Voltage (V)

Symbols: TCAD Results; Lines: Model
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Gummel Symmetry Test

= Drain Current Symmetry

0.02 F
é‘”ﬂ 0.00 F
FG

(Y)A
>
~—
= <
. 0.02}F
x
S D >
BG o -0.04
Vx Vx :x .
(s2]
°
L L -0.06 }- . . .
Vbg 010 -0.05 0.00 0.05 0.10

= Analog /RF Ready Vx (V)
= AC (charge) Symmetry

20 v

16 |

V7

X

cg

ds /dV

A 1 A 1 A 1 A O = L = . = . =
0.10 0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10

Vx (V) C. C. McAndrew, TED 2006 Vx 33




Real Device Effects

Channel Length Mobility Short
Modulation and Degradation Channel Quantum
DIBL Effects Effects
Velocity
Saturation
Temperature
Effects
GIDL Current :
Fringe

Capacitances

Impact lonization
current

Direct tunneling  g/p Resistance/ Overlap

gate current Parasitic Noise models  capacitances
Resistance

34



Short Channel Effects

0.00} K . -
__-005} 1
b
« 0.10F = Vds =50mV -
© 1] e Vds=1.0V
O 020l 1
@ | o Symbols: TCAD
S -025¢ Lines: Model j
_0_301 N MR | N PR |
0.0 0.1 1
Lg (um) T, =8nm
0.5-DVTO 0.5- ETAO T =4nm
AVip = T, X (Vbz' - ¢3) + T X Vg box
cosh (DVTl : X) cosh (DSUB : X)
Length J 2e00 1T T Tt A Topp + T -
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Self Heating Model

= Thermal Node: Ry,/Cqpy

methodology

14Vq

(T) Ryn L Cin

Relies on Accurate physical
modeling of Temperature
Effects in the model

- RTHO
 WTHO + Weff

Ryp,

Cy, = CTHO - (WTHO + W,y y)

1000 ——T—

P L — — — Without Self Heating
<  gpg|l —— With Self Heating
= _ Vgs=1.0_|
= | o---=-
- 600 -
o
55 [ Vgs=0.8 _

ao0f )/ o oo--==oC
@)
= Vgs=0.6
E > Vgs=0.4
D O - I : 1 N 1 N gls_ N

0.0 0.2 0.4 0.6 0.8 1.0

Vds (V)
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Gate

BOX

BSIM-CMG: Global Extraction

‘éu.zs Vds = -50mV -
‘;‘E" 0.20 -
g 0.5 Decreasing L
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£ 0.05
8 0.00
O 0% 08 -06 04 02 00
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@ Decreasing L
= 0.9}
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Drain Current
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(b} Ly, — Vi, Tor n-type FinFET (Vy, = 30mV)

| Vds=1.0V

-
L= B o~

| Decreasing L

- s 8
w o

Drain Current (mA)

=1
== _

0.0 02 04 06 08 1.0
Gate Voltage (V)

(d) Iy, — Vys for n-type FInFET (Vy, = 1.OV)

H;,=60nm, T;,=22nm, EOT=2nm, L=75nm, 85nm, 90nm, 235nm, 1um
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BSIM-CMG: Global Extraction

1

Gate

BOX

00— 110 — .
a L
O .04k A Vds=-50mV | 100
o s Vds=-1.0V — Vds = -50mV
© E 90
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S S 80
© =
o) —_ 10
L )
8 ¢) 60 a .
r=

. | P | 5“ — —
- o1 0.1 1

Gate Length (um) Gate Length (um)

{e)} Vi — L for p-type FinFET

H;,=60nm, T;,=22nm, EOT=2nm

(f} Sub-threshold swing degradation
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BSIM-IMG validation

= Measurement from CEA-LETI

s T,ox=145nm EOT=1.6nm T, ,=8nm W=0.5um x50
L=50nm N_=1el5 @4, = 5.0 @y, = 4.55 (fitted)

g2
= V,, =10V, 15V, 20V, 25V

; -2 L A S . 2.5 m}m™—pm—r—14-—+—7r—— 11
Id,lln 16 ' Id’||n
10k . [ Cross: Measurements
— < 20F Lines: BSIM-IMG
< 10* £ |
= W=50 x 0.5um = s V. =10v, 15v,
C 10° L =50 nm 4 c oF M
o 10 o | 20v, 25v
S 10° V. =10v, 15v, - S 10k Increasing V,
@) . @ ' -
cC 10-7 ‘ 20V, 25v i c
I ‘© o5} _
A 10° Cross: Measurements 5 W=50 x 0.5um
Lines: BSIM-IMG L =50 nm
10'9 1 1 1 N 1 1 1 1 1

02 00 02 04 06 08 1.0 04 -02 00 02 04 06 08 10 1.

Gate Voltage (V) Gate Voltage (V)




Summary

BSIM6 - New bulk MOSFET model in BSIM family

= Ready for immediate use and under standardization at
CMC

BSIM-CMG and BSIM-IMG are Production Ready model
= BSIM-CMG - First CMC standard FinFET Model
= BSIM-IMG submitted to CMC for standardization

Physical, Scalable Core Models with plethora of Real
Device Effects

Available in Verilog-A code and
from different technologies

Available in major EDA tools
Ready for Technology/Design Evaluation

TR, Verilog-A code and Well-documented Technical

Manual
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