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Berkeley Short-channel IGFET Model (BSIM)
- Industry Standard Model

O BSIM3v3 has been chosen as the first industry standard model for
circuit simulation and is supported by EIA Compact Model Councll
(CMC), a consortium of 20 companies including

O As a standard model, BSIM simplifies technology sharing, foundry
and other partnerships, and improves productivity.
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Review of BSIM3

Short/Narrow Channel Effects on Threshold Voltage

Non-Uniform Doping Effects

Mobility Reduction Dueto Vertical Field

Bulk Charge Effect

Carrier Velocity Saturation

Drain Induced Barrier Lowering (DIBL)

Channel Length Modulation (CLM)

Substrate Current Induced Body Effect (SCBE)

Parasitic Resistance Effects

Quantum Mechanic Charge Thickness Model
Ified Flicker Noise Model

Chenming Hu University Of California Berkeley



BSIM4 Overview

Basic IV model

Vth model for pocket/retrograde technologies
Vgsteff

Bulk charge (Abulk) model
Mobility models
Rout model

GIDL current model
Bias-dependent Rds(V) model, internal or external

Gate (equivalent) Tox and dielectric constant, and quantum-
mechanical charge-layer thickness model
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BSIM4 Overview

RF and High-speed model

Intrinsic input resistance (Rii) model
Non-Quasi-Static (NQS) model

Holistic and noise-partition thermal noise model
Substrate resistance network

Flicker noise model

Geometry calculation (Layout-dependent parasitics) model

Asymmetrical source/drain junction diode model
|-V and breakdown model

Gate dielectric tunneling current model
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Put Radio On A Single Chip

7.5mm

—| |

|ISSCC' 97

» Theultimate goal: integratethe whole

» Advantages. lower cost, smaller form factor, better performance
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Table Lookup

* Tablelookup modd is

a good solution.

Table Lookup vs. Compact Modd

State-of-the-art RF Model Is

Accuracy at
RF

SOC
simulation

Efficiency

Scalability

Predictive
ability

+

Present
model 1s

+

+
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Missing Pieces

What are missing in the low frequency models.

e Intrinsic input resistance which is function of channel length
and bias

 Thermal noise becomes very important in RF circuits for
communications. The 20-year old long channel thermal
noise model Is not acceptable any more.

. . gate electrode resistance and
substrate resistance
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BSII\/IZL RF Model

@)

Substrate
resistance

L ow Freguency

M odél Rs =

OS

RF model requires accurate low frequency model, Rg and Rsub
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Electrode Resistance is A
Minor Part of Gate Resistance

Gate electrode resistance:




Most of Gate Resistance Is
o

Intrinsic input resistance:

I r T T . T
ﬂw——w——wv——wv——WF ~
Gch \

dsat

RUR, = 1 The proportion constant is determined by
G, 2-D simulation ~14

G =Gy +Gy

= d /Vdsat In saturation

= Ids/Vds in triode
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2-D Simulation Verification of RII
Viodel

Rii W)

10/0.5 NMOS 10/0.5 NMOS
— 160
300 A Vg =2V
\ 120 ¥
200 model with static —] 80
JER ~1_ componentonly | p
N Vs = 2V
100 x\ v’~~ 40 Y\‘ | ]
0 ; » o Mes = 005V |
0.4 0.8 1.2 1.6 2.0 0.4 0.8 1.2 1.6 2.0
— moddl \ gs V) \ gs V)

O 2-D simulation

e 2-D simulation shows a non-zero Rii

A single analytical function models dependency of Rii
on Vds, Vgsand L
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Measurement Verification of RIii

Model

o Extracted Rg
Model

0 22 24 2 : : 8 10 12
Frequency (GHz) Vgs (V)

» Measured data show Rg isindependent of frequency

* Rgisstrong function of bias
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Verification of Rii With
Different L

m | =0.27u
e [ =0.42u
A | =0.64u
Model
Vd=1V

| 15
Vg(Vv)

» Measurements show Rg increases as L increases
e Theintrinsic input resistance is dominant over gate electrode resistance
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Substrate Network
G ¢

i
NS

B

o 4

¥

» Substrateresistanceisresponsible for the Rout roll-off at high frequency

 |n practice, two or threeresistorsare sufficient for accurate modeling
« BSIM4 allows user to use 0-5resistors
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Substrate Network Model
£ oot

R
Rout(W 240/0.35 NMOS out (W
900 1000
VdS = 2V —
800 | Vg5 =3V O~ 900
[ |
£%l ’T‘ “Q Vips= )V B S
_¢~ ._q'\
700 Tﬁ& 800 | Vbs= ~1V i
[
V., =1V
as ° Vips= UV 5
600 p 700
OQ
re
500 600
0.3 0.6 1 3 1 2 3 5 10
(GHz) (GHz)

o . measurement e :2-D simulation

— :BSIM RF

Two substrate resistor s can fit the Rout for different Vdsor Vbs
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Measurement Verification of BSIM4 RF

Rin(W)

15

.“ﬁ @& Measured

-+ BSIM3v3
BSIM RF
Rg =95 W
RSde,S: 50 W

24-finger
240/0.35 NMOS
Vgs =09V V=2V

180

0.3 0.6 1 3
(GHz)

(GHz)
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Verification of Scalability of RF
Model

1E9
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— mode

A L=0.27um
fr=14GHz

0 L=0.64um
fT=6GHz

Vgs=Vds=1V




Circult Level Verification of RF

Model

Voltage
Gain (dB)
25
I Out +
7 .
150/0.6 . N
’s“‘ N‘VAVF,-' Y [+ >
In - 21 ) ,)w/ ]
N
3nH Af \
N
1o [
1.8 1.9 2.0 2.1 2.2
— BSIM RF (GHz)
......... BSIM 3y
— measur

* A prototype LNA was fabricated in 0.6um CMOS
» Measured result confirms the BSIM RF model
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Holistic Thermal Noise Model

Holistic Thermal Noise Model

/\

Channel Thermal Noise Model

Noise-Partition M odel

-- physical, all short channel and other —- Unifies the induced gate
effect in the BSIM DC modd
automatically included in noise.

-- Gate amplification of noise dominates
channel resistance noise

noise and channel noise with
correlation
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Holistic Thermal Noise Model

I | C

oX

e e | e
I i S

V2 = V2 = 4KTB YR v
:4kTB\I/—d |

E=V_§9§s d 0 I : in triode
:4kTB\I/—d g2

d

0 gt in saturation
d ds
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Channel Noise

O F O

| L L I L
D i SN I
DV2 Vdsat

- X
Diy = DV(9ys + I + Frrioy)
5 =v;(bg,, + b0, + u)’

= 4KTB Y (bg, + bg,, +0y.)°

d
» Channdl resistance noise isamplified by the gate and back-gate
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Unified Model of Channel Noise and
|nduced Gate Noise

Gate impedance

» At high frequencies, the elemental channel resistance noise source
will generate significant noise current through the gate capacitance.

* Theinduced gate noiseis correlated with the channel noise
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Noise Partition Model

7

V2 = 4KTB Ve

l

: = V
5 e =15 - AKTBQ?(9 + G + gds)z(l—d)
d

Thetotal noise can be partitioned into two partsto
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Measurement Verification of

Py |

HO'IStIC NCIS@ |V|Odbl
NFmin (dB) Ropt (W)
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Verification With Constant Noise
Contours

o Measurement
— BSIM RF

240/0.35 NMOS
Vg = 0.9V V=3V
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BSIM4 Long Channel DIBL due to
Pocket Implant

Background doping: N_,=4e17cm”

N =2e18cm’’,Xj=0.08um
peak, pocket
=0.101um

lateral characteristic

vertical pocket depth=0.125um

O

Uniform

O

6 10

I‘drawn (Um)
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BSIM4 IV Model: Universal Mobility

BSIM4 retains mobMod=0 and 1 mobility models from
BSIM3v3.2.2. The new mobMod=2, universal mobility
model, is more accurate and suitable for predictive

modeling.

m0
&V .« +C, ¥Vth0- Vib-j )

1+ (UA FUCV e )é ==
é T

My =

EU

hY
7

oxe

where the constant C, = 2 for NMOS and 2.5 for PMOS.
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Predictive Mobility Model

SiO, 3.8nm
SiO, 2.4nm
Ta, O, Toxyeq=1.8nm i

SiO, 2.4nm @V, = -1V
Predictive Mobility Model

M obility (cm?/V/ sec)

E_. (MV/cm)
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Verification of BSIM4 Rout Model
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1.14e2

1 VGS (V) =
7-9.12e1

£ _ 0.90

e
g 6.84el L | 120

N

+ 4.56e1 1.50

0.37 0.69 1.01 1.33

VD (V)
W/L=5.00/0.25

~—~
E 7.84e3

C
O 5.88e3
XY

N
+= 3.92e3
>

@)
X 1.96e3

0.00e0
133 165 005 037 069 101 133 165

VD (V)
University Of California Berkeley

Chenming Hu




Verification of BSIM4 Rout Model

0

o 0 fege MESDE 8V Proress

EL=10um

» Much improved Gd fits
* No binning over gate length
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BSIM4 IV Model: Gate-Induced Drain Leakage Current

O Verification

FEEE T R A E
(il Model

m Hand fit GIDL model to one technology and one gate length

m Model scales over L using same parameter set

L=Lnom L=10pm

10E-02

1.0E-0d -

1.0E-06

4+ leag
1.0E08 wodal

10E-10 4

1.0E-12

1 0E-14
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BSIM4 Gate Dielectric Tunneling Current Model

Gate tunneling current of n*-poly NMOS and p*-poly PMOS are
modeled, including between gate and body, and

between gate and channel, which is partitioned between the
source and drain terminals such that

Tunneling currents in the gate-source/drain overlap reglons (
and lgd) are modeled as well.

Modeled current flows for NMOST in inversion region

————————————
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BSIM4 Gate Dielectric Tunneling Current Model
3. Three tunneling mechanisms are considered ECB, EVB and

HVB. /4
f ECB.SO2 = 3.1eV

‘JECB <

‘JEVB <4+

rrerrrTTTTYTYTTTTYITYY]

— O

/

Vox =V = Vit + Kifl s +V et

Equations:

19C=Wjs; Lt XAXT o atio Vos_at V.

XRatio ™ ¥ gs_eff aux

ex]- B4, (aigc- bigen/, ){1+cigew, )

oxe
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BSIM4 Gate Dielectric Tunneling Current Model

Verification:

Model
e Data

20 25 30 35
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BSIM4 Gate Dielectric Tunneling Current Model

5. Verification:

Y o TS T £ r of
domghlE L PR f?}??mff&-é

m Extracted gate current model parameters for four technologies

® Model shows good fits to measured data and scales well with L and Vds

=+ Shows good fits to drain overlap component of Ig

HHOS G

Vismall

Log IG [A)

w fulaas g
— Sim I

12

(Same data on linear and log scale)
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Gate (Equivalent) Tox and Dielectric Constant, and
Quantum Mechanical Charge-Layer-Thickness Model

BSIM4 models charge-layer thickness (XDC) effect. Based on
XDC, the effect of Coxeff on IV and CV is modeled.

Model parameters:

acceptance of either the electrical or physical gate oxide thickness as the model input at the user's
choice in a physically accurate manner;

TOXE: Electrical gate equivalent oxide thickness;
TOXP: Physical gate equivalent oxide thickness;
TOXM: TOXE at which the other BSIM4 parameters are extracted;
DTOX: Defined as (TOXE - TOXP).

XDC equation:

_ 1.9 10°°
XDC — 0.7
. Bsen +4VTHO- VFB- F )0
§ 2TOXP z
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Gate (Equivalent) Tox and Quantum-Mechanical
Charge-Layer Thickness

O Algorithm and model equations.

TOXE and TOXP TOXP given?
both given?

: TOXEU TOXE i . TOXEU TOXE i | TOXEU TOXP+ DTOX |
. TOXPU TOXP | . TOXPU TOXE-DTOX | i TOXP U TOXP

AR LR i T I TP LS l

- TOXE is used to compute: Vth, subthreshold swing, Vgsteff,
Abulk, mobiliy, Vdsat, K10X = K1 * TOXE / TOXM, K20X = K2 *
TOXE / TOXM, capMod=0 and 1, and so on; and

- TOXP is used to compute Coxeff for drain current and
capMod=2 through Xp.
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BSIM4 Comprehensive and Versatile
Layout-Dependent Parasitics Model

o Charge-Current-Capacitance  (QIC) Model
series/parallel devices

Intrinsic QIC
QIC, .y Wdrawn) = QIC , ... (Weff , Weffcv) xNF

Overlap OC
QC,.., (Wdrawn)=QC

( Weffev) xNF

per. finger

DiodelIC
Cjbottom,total (Wdrawn) = A\?ff >C

jbottom

Cjoniora Wdrawn) = Py, >C ., +Weffcj >C . XNF

Jswg

| yoges (Wdrawn) = Ay xJ + Py X, +Weffcj X3, XNF

sat,bottom jswg
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BSIM4 Comprehensive and Versatile
Layout-Dependent Parasitics Model

O This model considers the effects of S/ID/G and contact
geometries and contact types on:

1. junction perimeters and areas (diode IV and CV);,
2. S/D and gate resistances;
O This model supports multi-fingered device layout.

O It is able to model devices either in series, parallel or
configurations.

O Parameters Wdrawn, Ps, Pd, As and Ad specified in the
Instance line are defined as the total values for a multi-
finger device, not the values for each finger.
O Weff, per-finger device width, is defined as:

_Wdrawn

eff = - 2dW
O Fourteen New parameters. NE
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BSIM4 Comprehensive and Versatile
Layout-Dependent Parasitics Model

O Series/cascode connections: isolated, shared, and merged

DMCI of
Isolated S/D

j)<-- ------ Isolated S/D
} <-Shared S/D
3 L Merged S/D

7)<.. ...... Isolated S/D oy

;7 DMCG of
" Shared S/D

DMDG of
Merged S/D

DMCI of
Isolated S/D
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BSIM4 Comprehensive and Versatile
Layout-Dependent Parasitics Model

0o Example: Combination of Series/Parallel Connections

M1 & M2 isolated M1 & M2 shared M1 & M2 merged

..............................................................................................................

IERERRERER] M XX EEEERERREREY T . R ERRRRERERR R
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BSIM4 Comprehensive and Versatile
Layout-Dependent Parasitics Model

o Multi-finger/parallel devices:

NF (number of fingers) per-finger devices in parallel

4= I ]

...........................................................

NF=0dd, MINSD is not needed

e

Per-finger device

NF=Even, MINSD==0 NF=Even, MINSD==1
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BSIM4 Comprehensive and Versatile
Layout-Dependent Parasitics Model

o S/D Diffusion and Gate Electrode Resistances

DMCI of
Point contact

DMCG of
Wide contact

DMDG
No contact

WX e o

Wide contact
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Summary

Highlights of BSIM4:

O RF Model including the new holistic thermal noise
model. Comprehensive layout-dependent parasitics
model. Quantum mechanical charge thickness model in IV
and CV. Gate-Induced drain l|eakage. Gate dielectric
tunneling current, heavy pocket implant effect.

O Better physics should further enhance BSIM’s role as a
vehicle for statistical modeling and predictive modeling.
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