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Preface

BSIM4, as the extenson of BSIM3 model, addresses the MOSFET physical effects into sub-
100nm regime.

The continuous scaing of minimum feature Sze brought chalenges to compact modding in two
ways. One is tha to push the barriers in making trangstors with shorter gate length, advanced
process technologies are used such as non-uniform subdtrate doping. The second s its
opportunities to RF gpplications.

To meet these chalenges, BSIM4 has the following mgor improvements and additions over
BSIM3v3:

(1) An accurate new model of the intrindgc input resistance for both RF, high-frequency
andog and high-speed digitd applications;

(2) Anaccurate gate direct tunneling mode;

(3) A gate-induced drain/source leskage (GIDL/ GISL) current model, available in BSIM
for thefirg time;

(4) Hexible substrate resstance network for RF modeling;

Other improvements include: 5) A new accurate channd therma noise modd and a noise
partition modd for the induced gate noise; 6)A non-quas-datic (NQS) mode that is
consggtent with the Rg-based RF modd and a consstent AC modd that accounts for the
NQS effect in both transconductances and capacitances. 7)A comprehensive and versatile
geometry-dependent parasitics model for various source/drain connections and multi-finger
devices, 8)lmproved model for steep vertical retrograde doping profiles, 9)Better model for
pocket-implanted devicesin Vth, bulk charge effect modd, and Rout; 10)Asymmetrica and
bias-dependent source/ drain resstance, ether interna or externd to the intrinac MOSFET
a the user's discretion; 11)Acceptance of either the eectricd or physical gate oxide
thickness as the mode input at the user's choice in a physicaly accurate manner; 12)The
quantum mechanical charge-layer-thickness modd for both 1V and CV; 13) A more
accurate mohility modd for predictive modding; 14)An improved unified flicker (1/f) noise
modd, which is smooth over dl bias regions and consders the bulk charge effect;
15)Different diode IV and CV characteristics for source and drain junctions, 16)Junction
diode breskdown with or without current limiting; 17)Didectric congant of the gate
dielectric asamode parameter.
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Chapter 1. Effective Oxide Thickness,
Channel Length and Channel
Width

1.1 GateDidectric Modd

As the gate oxide thickness is vigorously scaled down, the finite charge-layer
thickness can not beignored [1]. BSIM4 models this effect in both IV and CV. For
this purpose, BSM4 accepts two of the following three as the model inputs: the
electrical gate oxide thickness TOXE?, the physical gate oxide thickness TOXP,
and their difference DTOX = TOXE - TOXP. Based on these parameters, the effect
of effective gate oxide capacitance C,;0n IV and CV is modeled [2].

High-k gate dielectric can be modeled as SIO, (relative permittivity: 3.9) with an
equivalent SIO, thickness. For example, 3nm gate dielectric with a dielectric

constant of 7.8 would have an equivalent oxide thickness of 1.5nm.

BSIM4 aso alows the user to specify a gate dielectric constant EPSROX)
different from 3.9 (SiO,) as an aternative approach to modeling high-k dielectrics.

Figure 1-1 illustrates the algorithm and options for specifying the gate dielectric
thickness and calculation of the gate dielectric capacitance for BSIM4 model

evauation.

1. Capital and italic alphanumericalsin this manual are model parameters.
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Poly-Silicon Gate Depletion

TOXE and TOXP
both given?

TOXP given?

| TOXEU TOXE | i TOXEUTOXE | i TOXEU TOXP+DTOX | © Defaultcase |
| ToxpU TOXP ! ! ToxPU TOXE-DTOX | |  TOoxPU TOXP : ’

Ce= EPSROX e, TOXE » Core is used to calculate Vin, subthreshold swing, Vgsefr, Aouk,

mobiliy, Vsat Kiox, Koox, C@PMod = 0 and 1, etc

EPSROX _ !
Cop = >¢e%oxp , Cowp isused to calculate Coxert for drain current and capMod =
2 through the charge-layer thickness model:

Y = 1.9°10° cm
DC .07
& e + HVTHO- VFB - F )5
1+ <
§ ZTOXP P

If DTOX is not given, its default value will be used.

Figure 1-1. Algorithm for BSIM4 gate dielectric model.

1.2 Poly-Silicon Gate Depletion

When a gate voltage is applied to the poly-silicon gate, e.g. NMOS with n* poly-
silicon gate, athin depletion layer will be formed at the interface between the poly-
silicon and the gate oxide. Although this depletion layer isvery thin due to the high
doping concentration of the poly-silicon gate, its effect cannot be ignored since the

gate oxide thicknessis small.

Figure 1-2 shows an NMOSFET with a depletion region in the n* poly-silicon
gate. The doping concentration in the n" poly-silicon gate is NGATE and the

1-2 BSIM4.2.1 Manual Copyright © 2001 UC Berkeley



Poly-Silicon Gate Depletion

doping concentration in the substrate is NSUB. The depletion width in the poly
gate is X,. The depletion width in the substrate is X,. The positive charge near the
interface of the poly-silicon gate and the gate oxide is distributed over a finite
depletion region with thickness X,. In the presence of the depletion region, the
voltage drop across the gate oxide and the substrate will be reduced, because part
of the gate voltage will be dropped across the depletion region in the gate. That
means the effective gate voltage will be reduced.

G

Inversion Charge  Depletion in Substrate (Width Xd)

B

Figure 1-2. Chargedistributionin a MOSFET with the poly gate depletion effect.
Thedeviceisin the strong inversion region.

The effective gate voltage can be calculated in the following manner. Assume the
doping concentration in the poly gate is uniform. The voltage drop in the poly gate

Vpoy €N be calculated as

BSIM4.2.1 Manual Copyright © 2001 UC Berkeley 1-3



Poly-Silicon Gate Depletion

(1.2.1)

_ NGATE X poly’

v poly 2e

=0.5X . E

poly poly

si

where E,;, is the maximum electrical field in the poly gate. The boundary

condition at the interface of poly gate and the gate oxide is

(1.2.2)

EPSROX *E,, =&,E,,, =.[2qe,NGATE ¥,

si —poly poly

where E,, isthe electric field in the gate oxide. The gate voltage satisfies

(1.2.3)
V. -Ve- F =V

gs

+V

poly o4

where V,, is the voltage drop across the gate oxide and satisfies V,, = E,, TOXE.
From (1.2.1) and (1.2.2), we can obtain
(1.2.4)

a(\/ _VFB-FS-Vpoly)Z_V =0

gs poly —

where

(1.2.5)

. EPSROX 2
20e,NGATE XTOXE?

By solving (1.2.4), we get the effective gate voltage Ve, Which is equal to
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Effective Channel Length and Width

(1.2.6)

V

e =VFB+F _+

qesiNGATExTOXEZaT/ . 2EPSROX*(v,.- VFB- F ) 0

¢ 1
EPSROX 2 g ge,NGATEXTOXE? .

1.3 Effective Channel Length and Width

The effective channel length and width used in the drain current model are given

below where XL and XW are parameters to account the channel length/width

offset due to mask/etch effect
(1.3.2)
Lt = Lyaunt XL 20L
(1.3.23)
W :V%# XW- 2dW
(1.3.2b)

' V\érawn
= + XW- 2W
W' == F

The difference between (1.3.2a) and (1.3.2b) is that the former includes bias
dependencies. NF is the number of device fingers. dW and dL are modeled by

(1.3.3)

dw =dVVI+DV\BNgsteff +DVVB(\/F s Vosett - E)

dVV'=VVlNT+I\_A\AfIL‘ LW WL

N WWWN LWLN\NWWN
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Effective Channel Length and Width

(1.3.4)

dl = LINT 45 LW LWL

LLLN wW LWN + LLLNW LWN

WINT represents the traditional manner from which "delta W' is extracted (from
the intercept of straight lines on a 1/Rys~Wy,awn PlOt). The parameters DWG and
DWB are used to account for the contribution of both gate and substrate bias
effects. For dL, LINT represents the traditional manner from which "delta L" is

extracted from the intercept of lines on aRysL g, aun PIOL).

The remaining terms in dW and dL are provided for the convenience of the user.
They are meant to allow the user to model each parameter as a function of Wy, gun»
Lgrawn @nd their product term. By default, the above geometrical dependencies for
dwW and dL are turned off.

MOSFET capacitances can be divided into intrinsic and extrinsic components. The
intrinsic capacitance is associated with the region between the metallurgical source
and drain junction, which is defined by the effective length (L..i.) and width
(W,ive) When the gate to source/drain regions are under flat-band condition. L ;e

and W, ;. are defined as

(1.3.5)
I‘activez I'drawn+ XL- 2dL

(1.3.6)

_V\é
L =—=range AN 20W
V\!u:tlve NF
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Effective Channel Length and Width

(1.3.7)

dL = DLC + L|I__|_C + LwC LWLC

L N WLWN + LLLNWLWN

(13.8)

WLC WWC  WWLC

dW = DV\K; + LWLN +WWWN + LWLN\NWWN

The meanings of DWC and DLC are different from those of WINT and LINT in the
I-V model. Unlike the case of 1-V, we assume that these dimensions are bias-
dependent. The parameter dL is equal to the source/drain to gate overlap length
plus the difference between drawn and actual POLY CD due to processing (gate

patterning, etching and oxidation) on one side.

The effective channel length L for the 1-V model does not necesserily carry a
physical meaning. It is just a parameter used in the -V formulation. This Ly is
therefore very sensitive to the I-V equations and aso to the conduction
characteristics of the LDD region relative to the channel region. A device with a
large Ly and a small parasitic resistance can have a similar current drive as

another with asmaller Ly but larger Ryg

The L,qive parameter extracted from capacitance is a closer representation of the
metallurgical junction length (physical length). Due to the graded source/drain
junction profile, the source to drain length can have a very strong bias dependence.
We therefore define L 4ive 10 be that measured at flat-band voltage between gate to
source/drain. If DWC, DLC and the length/width dependence parameters (LLC,
LWC, LWLC, WLC, WWC and WWLC) are not specified in technology files,
BSIM4 assumes that the DC bias-independent L+ and Wy will be used for the
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Effecti

ve Channel Length and Width

capacitnace models, and DWC, DLC, LLC, LWC, LWLC, WLC, WWC and WWLC

will be set to the values of their DC counterparts.

BSIM4 uses the effective source/drain diffusion width W for modeling
parasitics, such as source/drain resistance, gate electrode resistance, and gate-
induced drain leakage (GIDL) current. W is defined as

(1.3.9)

W, WLC WWC WWLC §
ngfc' - drawn _ Z&W\] + + O
'’ NF é

+ ks
LWL N WWWN LWL NWwWN a

Note: Any compact models have their valided design region, so does BSIM4. The
warning limits for effective channel length, channel width, and gate oxide
thickness are substantially decreased to avoid a large number of warnings when
BSIM4 is used beyond its design region. For meaningful results, it is
recommended to keep these variables/parameters within the BSIM4 design region,
while decreasing warning limits will allow users to extend the model beyond with
fewer warnings. The table below table shows the design limit and warning limit.

For users reference, the fatal limitation in BSIM4 is aso shown.

TABLE 1. Geometry limitation for BSIM4
Designed Limitation(m) Warning Limitation(m) Fatal Limitation(m)
Leff le-8 le-9 0
LeffCV 1le-8 1le9 0
Weff le-7 1le-9 0
WeffCV le-7 1le9 0
Toxe 5e-10 le-10 0
Toxp 5e-10 1le-10 0
Toxm 5e-10 le-10 0
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Chapter 2: Threshold Voltage M odel

2.1 Long-Channel Model With Uniform
Doping

Accurate modeling of threshold voltage Vy, isimportant for precise description of
device electrica characteristics. V,, for long and wide MOSFETs with uniform

substrate doping is given by

(21.1)
Vth =VFB+F s+g‘\/Fs - Vbs :VTH0+g(\]Fs- Vbs- '\/F_s)

where VFB is the flat band voltage, VTHO is the threshold voltage of the long

channel device at zero substrate bias, and gis the body bias coefficient given by

(2.1.2)

g — '\/ 2qesi Nsubs’(rate

C

oxe

where Ng vsirate 1S the uniform substrate doping concentration.

Equation (2.1.1) assumes that the channel doping is constant and the channel
length and width are large enough. Modifications have to be made when the
substrate doping concentration is not constant and/or when the channel is short, or

narrow.
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Non-Uniform Vertical Doping

2.2 Non-Uniform Vertical Doping

The substrate doping profile is not uniform in the vertica direction and
therefore gin (2.1.2) is afunction of both the depth from the interface and
the substrate bias. If Ngysrate 1S defined to be the doping concentration
(NDEP) & Xgepo (the depletion edge at Vs = 0), Vi, for non-uniform

vertical dopingis

(2.2.1)

gD 88’. gD, ——9
CO+K1NDEP§JS-VDS- el' Js'Vbsé
oxe Si 7]

where K1ypgp is the body-bias coefficient for Ng,pgrate = NDEP,

Vih =Vinnoer

(2.2.2)

Vth,NDEP =VTHO+ KlNDEP(Vj s Vbs - '\/J—s)

with a definition of

(2.2.3)

k. T, @&NDEP®
+ n -

j.=04 |

n g

where n; is the intrinsic carrier concentration in the channel region. The
zero-th and 1st moments of the vertical doping profile in (2.2.1) are given
by (2.2.4) and (2.2.5), respectively, as

(2.2.4)

Dy = Do + Dy = 9 (N(X)- NDEP)ax+ ) ** (N(x)- NDEP)ax

dep0

2-2
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Non-Uniform Vertical Doping

(2.2.5)

Xdepo Kdep
D, =Dy + Dy =)™ (N(x)- NDEP)xdx+ )™ (N(x)- NDEP)xdx
By assuming the doping profile is a steep retrograde, it can be shown that
Do; is approximately equal to -Cy,V,s and that D,y dominates Dqq; Cyy
represents the profile of the retrograde. Combining (2.2.1) through (2.2.5),

we obtain

(2.2.6)

V,, =VTHO+KJF . -V, - JF . )- K2,

where K2 = qCy4 / Coye and the surface potential is defined as

(2.2.7)

5
ke |n§NDEP¢+ PHIN
q

F.=04+
n g

where

PHIN =- dD,, /e

VTHO, K1, K2, and PHIN are implemented as model parameters for model
flexibility. Appendix A lists the model selectors and parameters.

Detail information on the doping profile is often available for predictive
modeling. Like BSIM3v3, BSIM4 allows K1 and K2 to be calculated based
on such details as NSUB, XT, VBX, VBM, etc. ( with the same meanings as
in BSIM3v3):
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Non-Uniform Vertical Doping

(2.2.8)
Kl=g,- 2K2/F - VBM

(2.2.9)

___l- o) FvBX- F)
2\/7(JF - VBM - \/7)+VBM

where g and g are the body bias coefficients when the substrate doping

concentration are equal to NDEP and NSUB, respectively:

(2.2.10)

3 \/2qesi NDEP

g, = C

oxe

(2.2.11)

3 J20e,NSUB
g2 B COXE
VBX is the body bias when the depletion width is equal to XT, and is
determined by

(2.2.12)

GNDEP xXT?

=F,- VBX
2

si
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Non-Uniform Lateral Doping: Pocket (Halo) Implant

2.3 Non-Uniform Lateral Doping: Pocket
(Halo) Implant

In this case, the doping concentration near the source/drain junctions is
higher than that in the middle of the channel. Therefore, as channel length
becomes shorter, aV;,, roll-up will usually result since the effective channel
doping concentration gets higher, which changes the body bias effect as

well. To consider these effects, V,;, iswritten as

(2.3.1)

V,, =VTHO+K1/F .-V, - J—) LPEB _kon

eff
e 0
+ K 1+ EPE0 1=
8 Less 7]

In addition, pocket implant can cause significant drain-induced threshold

shift (DITS) in long-channel devices[3]:

(2.3.2)

DV,,(DITS) =- nv, %n e /V[) e *
" ‘ éL + DVTPOAL+ & VP |

For Vg of interest, the above equation is simplified and implemented as

(2.3.3)

DV,,(DITS) =- nv, ¥ Lot 2
th =-nv néL n DVTPO>{1+€ DVTPINg, )g
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Short-Channel and DIBL Effects

2.4 Short-Channd and DIBL Effects

As channel length becomes shorter, V;;, shows a greater dependence on
channel length (SCE: short-channel effect) and drain bias (DIBL: drain-
induced barrier lowering). Vi, dependence on the body bias becomes
weaker as channel length becomes shorter, because the body bias has
weaker control of the depletion region. Based on the quasi 2D solution of
the Poisson equation, Vy;, change due to SCE and DIBL is modeled [4]

(24.1)
DV, (SCE, DIBL ) =- qth(Leff )>{2(Vbi - F s) +Vds]

where V,,;, known as the built-in voltage of the source/drain junctions, is

given by

(2.4.2)

_ keT | ENDEPNSD 0
q n° 5

Vbi

where NSD is the doping concentration of source/drain diffusions. The
short-channel effect coefficient qy,(Lgs) in (2.4.1) has a strong dependence

on the channel length given by

(2.4.3)
05

O \Lerr )=
th(eff) M

l; isreferred to as the characteristic length and is given by

2-6
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Short-Channel and DIBL Effects

(2.4.9)
_ |eg XTOXE XX 4,
'\ EPSROX *h
with the depletion width X, equal to
(2.4.5)

2e,(F. -V,
Xdep - Sl S S
gNDEP
Xaep 1S larger near the drain due to the drain voltage. Xqe, / h representsthe
average depletion width along the channel.

Note that in BSIM3v3 and [4], gi(Le) 1S approximated with the form of

(2.4.6)

qth(Leff ) = e(pg

which results in a phantom second V, roll-up when L becomes very
small (eg. Lg < LMIN). In BSIM4, the function form of (2.4.3) is

implemented with no approximation.

To increase the model flexibility for different technologies, severa
parameters such as DVTO, DVT1, DVT2, DSUB, ETAQ, and ETAB are
introduced, and SCE and DIBL are modeled separately.

To model SCE, we use
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Short-Channel and DIBL Effects

(2.4.7)
0.5:DVTO
SCE) = f 3
n{SCE) cosh(DVT 1 |- 1
(2.4.8)
DVin (SCE) = -0, (SCE) >(Vbi - F s)
with |; changed to
(2.4.9)
| = \/ & O o 1+ VT2V, )
EPSROX
To model DIBL, we use
(2.4.10)
0.5
DIBL )= f )
n(OIBL) cosh(DSUB .- 1
(2.4.11)

DV, (DIBL) =-q,,(DIBL ){ETAO+ ETAB¥, )/,

and |, is calculated by

(2.4.12)

depO

- \/ e, TOXE xX
0~ EPSROX

with
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Narrow-Width Effect

(2.4.13)
2esi F 5

>(depO =
qNDEP

DVT1 is basically equal to 1/(h)¥2 DVT2 and ETAB account for substrate
bias effects on SCE and DIBL, respectively.

2.5 Narrow-Width Effect

The actual depletion region in the channel is always larger than what is
usually assumed under the one-dimensional analysis due to the existence of
fringing fields. This effect becomes very substantial as the channel width
decreases and the depletion region underneath the fringing field becomes
comparableto the"classical" depletion layer formed from the vertical field.

The net result isan increase in V. This increase can be modeled as

(2.5.1)

PANDEP XXy - 2 TOXE _

2C Wt Wy  °

oxe

This formulation includes but is not limited to the inverse of channel width
due to the fact that the overall narrow width effect is dependent on process

(i.e. isolation technology). V,;, change is given by

(2.5.2)

TOXE

DV,,(Narrow widtht) = (K3+K3B3,,) = F |
eff

BSIM4.2.1 Manual Copyright © 2001 UC Berkeley 2-9



Narrow-Width Effect

In addition, we must consider the narrow width effect for small channel
lengths. To do this we introduce the following

(25.3)
. _ 0.5:DVTOW )
DV, (Narrow width2) = - cosh(DVTlW e ) {V, - F.)

with |, given by

(2.5.4)

|, = J € TOXEXen 1+ DVT2W A, )
v EPSROX ;

The complete V,,, model implemented in SPICE is

(2.5.5)

Vth VTHO+( 1o>< 1/ bseff le\/—l/ LPEB' Zovaseff

+K,© /1 LEEO-L/ +(K3+K3BN,,) T(?XE F.
eff /]

W,, WO
€ DVTOW pvro U

- 05 \aé y \ + . \ g - F
goosh(DVTW %) 1 cosh|DVT1Y)- 15(\/“ 2

05
BT 1(ETAo+ ETABN, .y )V,

where TOXE dependence is introduced in model parameters K1 and K2 to
improve the scalibility of Vi, model over TOXE as
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Narrow-Width Effect

(2.5.6)

TOXE
X —

K, =K1
TOXM

and

(2.5.7)

TOXE
X
TOXM

K

20x

Note that all V,sterms are substituted with a Vi, €xpression as shown in
(2.5.8). This is needed in order to set an upper bound for the body bias
during simulations since unreasonable values can occur during SPICE

iterations if this expression is not introduced.

(2.5.8)

Vosett = Ve 105 gvbs - Vi - d1)+\/(vbs - Vo - dl) 4d, N, H

whered, = 0.001V, and V,, is the maximum allowable V¢ and found from
dV,/dV, = 0to be

(2.5.9)
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Chapter 3: Channel Charge and
Subthreshold Swing M odels

3.1 Channel Charge Modd

The channel charge density in subthreshold for zero Vy4is written as

(3.1.1)

_ ay -V, -Voff'o
Qchsubs() = qNDEPeSI Vt >e(p o= al Z
2F § nv, &

where

(3.1.1a)
VOFFL

Voff '=VOFF +

eff

VOFFL is used to model the length dependence of Voff on non-uniform channel
doping profiles.

In strong inversion region, the density is expressed by
(3.1.2)

Qchso = Coxe ><Vgse_ Vth )

A unified charge density model considering the charge layer thickness effect is

derived for both subthreshold and inversion regions as
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Channel Charge Model

(3.1.3
Qcho = Coxeff >k/g:;teff
where C,, . IS modeled by
(3.1.9)
Coxeff - Coxe:Ccen Wlth Ccen - esi
Coxe + Ccen X DC
and Xpc isgiven as
(3.15)
B 1.9 10°cm
><DC - .07
14 Posen +4VTHO- VFB- F)0
ZTOXP &

In the above equations, Vs, the effective (Vyse-Vip) used to describe the channel

charge densities from subthreshold to strong inversion, is modeled by

(3.1.69)

i ém (V.- V,, U
ny, In}1+expe—: Mo Vo)

t & ™ ¢

Viset = " ( )(\/ ) P
. e \1-m - V,,)- Voff'u

i +nC,, X 2k e gse” Vin 0
gNDERe; g ny, 0

where

(3.1.6h)

arctan(MINV)
p

m* =0.5+
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Channel Charge Model

MINV is introduced to improve the accuracy of G, G./l4 and G714 in the

moderate inversion region.

To account for the drain bias effect, The y dependence has to be included in
(3.1.3). Consider first the case of strong inversion
(3.1.7)
Qchs(y) = Coxeff )(Vgse - Vth - AbquVF (y))

VE(y) stands for the quasi-Fermi potential at any given point y aong the channel

with respect to the source. (3.1.7) can also be written as

(3.1.8)
Qchs(y) = Qchso + chs(y)

The term DQ.pd(Y) = -CoxertPAouik VE(Y) iStheincremental charge density introduced
by the drain voltage at .

In subthreshold region, the channel charge density along the channel from source
to drain can be written as
(3.1.9)

& V 0]
Qchsubs( y) = Qchsubso @(pg_ Abu#':(y);
t

Taylor expansion of (3.1.9) yields the following (keeping the first two terms)
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Channel Charge Model

(3.1.10)

& A)ulk
Qchsubs chsubso gl

Similarly, (3.1.10) istransformed into

(3.1.11)
Qchsubs( y) = Qchsubso + chsubs( y)

where DQgsund(Y) 1S the incremental channel charge density induced by the drain
voltage in the subthreshold region. It iswritten as

(3.1.12)

DQchsubs(y) =- QChSubsO xw

nv,

To obtain aunified expression for the incremental channel charge density DQ.p(Y)

induced by Vs, we assume DQ,(y) to be

(3.1.13)

= Inchs( y) : DQchsubs( y)
DQCh (y) DQchs (y) + DQchsubs(y)

Substituting DQ.x(y) of (3.1.8) and (3.1.12) into (3.1.13), we obtain

(3.1.14)
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Subthreshold Swing n

where Vi, = (Vgsteri + NVy) / Ak~ 1N the model implementation, n of , is replaced

by atypical constant value of 2. The expression for V|, now becomes

(3.1.15)
_ Vst + 2\t
Aok

Vb

A unified expression for Q.p,(y) from subthreshold to strong inversion regionsis

(3.1.16)

=S
Qun (Y) = Coet R et )gl'

3.2 Subthreshold Swingn

The drain current equation in the subthreshold region can be expressed as

(3.2.1)
e ® Vds d;I &/gs - Vth - Vofflc)
lgs = 1o&l- eXpE- —Pexp T
é Vi e nv, 7]
where
(3.2.2)

W [ge4,NDEP.
lo =m—_ | ——V,
L 2F

V; is the thermal voltage and equal to KgT/d. Vi = VOFF + VOFFL / Ly is the
offset voltage, which determines the channel current at Vi, = 0. 1n (3.2.1), nisthe
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Subthreshold Swing n

subthreshold swing parameter. Experimental data shows that the subthreshold
swing is a function of channel length and the interface state density. These two

mechanisms are modeled by the following

(32.3)

c
=1+ NFACTOR< 2 + Cdsc. Tg”‘* CIT

oxe oxe

where Cdsc-Term, written as

Cdsc. Term = (CDSC + CDSCD ¥, + CDSCB N J*——f—22 s
cosh(DVT1)- 1
represents the coupling capacitance between drain/source to channel. Parameters
CDSC, CDSCD and CDSCB are extracted. Parameter CIT isthe capacitance dueto
interface states. From (3.2.3), it can be seen that subthreshold swing shares the
same exponential dependence on channel length as the DIBL effect. Parameter
NFACTOR is close to 1 and introduced to compensate for errors in the depletion

width capacitance calculation.
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Chapter 4. Gate Direct Tunneling
Current Model

Asthe gate oxide thickness is scaled down to 3nm and below, gate leakage current
dueto carrier direct tunneling becomes important. This tunneling happens between
the gate and silicon beneath the gate oxide. The tunneling carriers can be either
electrons or holes, or both, either from the conduction band or valence band,

depending on (the type of the gate and) the bias regime.

In BSIM4, the gate tunneling current components include the tunneling current
between gate and substrate (Igb), and the current between gate and channel (Igc),
which is partitioned between the source and drain terminals by Igc = Igcs + Iged.
The third component happens between gate and source/drain diffusion regions (1gs

and Igd). Figure 4-1 shows the schematic gate tunneling current flows.

lgs " T1 ™, lod
4’ ...... ,/, \\
OF ] | 30

Figure 4-1. Shematic gate current components flowing between NMOST terminals
in version.
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Model selectors

4.1 Modd selectors

Two globa selectors are provided to turn on or off the tunneling
components. igcMod = 1 turns on Igc, Igs, and Igd; igbMod = 1 turns on
Igh. When the selectors are set to zero, no gate tunneling currents are
modeled.

4.2 Voltage Across Oxide Vg

The oxide voltage V, is written asVi, = Voxace + Voxdepiny With

(4.2.1a)
V. =V

oxacc fbzb ~

Vv

FBeff

(4.2.1b)

Voxdepi nv = Klox \I F s +Vgsteff

(4.2.1) is vaid and continuous from accumulation through depletion to

inversion. Vs, isthe flat-band voltage calculated from zero-biasVy, by

(4.2.2)

Vszb =Vth zerov,andV,, F s K]‘\/F s

and

(4.2.3)

,- 0.02F +0.08/,,,, Y

fbzb Q

Veset = Vinn - O'ngszb B ng B 0-02)"' \/ (Vszb -V,

g
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Equations for Tunneling Currents

4.3 Equationsfor Tunneling Currents

4.3.1 Gate-to-Substrate Current (I1gb = Igbacc + Igbinv)

| gbacc, determined by ECB (Electron tunneling from Conduction Band), is

significant in accumulation and given by

(4.3.1)
|gbaCC :Weff Leff : A:ToxRatio:ng :Vaux
sexp|- BXTOXE(AIGBACC - BIGBACC ¥/

oxacc )

{1+ CIGBACC ¥/, .. )]

where the physical constants A = 4.97232e-7 A/V?, B = 7.45669¢11 (g/F-
2)°5 and

NTOX

_ :JOXREF § 1
oxRatio — & - 2
e TOXE g TOXE

& & ng - Vszb 09
Vaux = NIGBACC A >40g§1+ @(pg' WI_
gy

|gbinv, determined by EVB (Electron tunneling from Valence Band), is

significant in inversion and given by
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Equations for Tunneling Currents

(432
Igbinv =W, L : AT

oxRatio ‘ng 'Vaux

sexp|- BXTOXE(AIGBINV - BIGBINV ¥/

oxdepinv

)+ CIGBINV A, 0 )|

where A = 3.75956e-7 A/V2, B = 9.82222¢11 (g/F-s%)°>, and

2 3/ eniny - EIGBINV §0
V.« = NIGBINV », >4og§1+e<ptg‘ NIGBINV v e
t 20

4.3.2 Gate-to-Channel Current (I1gc) and Gate-to-S/D (Igsand
lgd)

lac, determined by ECB for NMOS and HVB (Hole tunneling from
Valence Band) for PMOS, isformulated as

(4.3.3)
19C =Wy Legs * AT,

oxRatio 'Vgse 'Vaux

xexp|- BATOXE(AIGC - BIGC W, o A1+ CIGC N, 0 )]

where A = 4.97232 A/V? for NMOS and 3.42537 A/V2 for PMOS, B =
7.45669e11 (g/F-s°)°° for NMOS and 1.16645e12 (g/F-s%)%-° for PMOS,

and

&  ay_-VTH00
V,uix = NIGC %, ¥0og&l + expe— 3
NIGCx, gy

lgsand lgd -- Igs represents the gate tunneling current between the gate

and the source diffusion region, while 1gd represents the gate tunneling

4-4 BSIM4.2.1 Manual Copyright © 2001 UC Berkeley



Equations for Tunneling Currents

current between the gate and the drain diffusion region. Igs and Igd are
determined by ECB for NMOS and HVB for PMOS, respectively.

(4.3.4)
lgs=W,, DLCIG xAXT

oxRatioEdg >\/gs >&‘/gs

sexp|- BTOXE *POXEDGE {AIGSD - BIGSD W, {1+ CIGSDW,, |

and

(4.3.5)
lgd =W,, DLCIG xAXT

oxRatioEdg Ngd >ng

xexp|- BXTOXE xPOXEDGE >(A| GSD- BIGSD x/gd')><(1+ CIGSD *\/gd')]

where A = 4.97232 A/V? for NMOS and 3.42537 A/V? for PMOS, B =
7.45669¢el1 (g/F-)%° for NMOS and 1.16645e12 (g/F-s%)%-° for PMOS,

and

..NTOX
0 1

&  TOXREF

ToxRatioEdga = Q

&TOXE XPOXEDGEg  (TOXE *POXEDGE)?

Ve =4/Voe - Vipss f +1.08- 4

ng' = \/(ng - Vfbsd)2 +1.0e- 4

Vipsg 1S the flat-band voltage between gate and S/D diffusions calculated as

If NGATE > 0.0
kT aNGATE g

gNSDz

Vipsa =

log
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Equations for Tunneling Currents

EI% Vbed =0.0.

4.3.3 Partition of Igc

To consider the drain bias effect, Igc is split into two components, Igcsand

lgcd, that islgc = Iges + Iged, and

(4.3.6)

_PIGCD:V,, +exp(- PIGCD:V,,)- 1+1.0e- 4
PIGCD? ¥/, * +2.0e- 4

lgcs=1gc

and

(4.3.7)

- Vg T1) - V., )+ -
lgod = 1gc A (PIGCD: Ve, +1) Zexp(zPIGCD V,)+1.0e- 4
PIGCD? ¥/, % + 2.0e- 4

If the model parameter PIGCD is not specified, it is given by

(4.3.8)

BXTOXE& V. 0
PIGCD = 5 él ==
gsteff

2 Ngsteff 6
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Chapter 5: Drain Current M odel

5.1 Bulk Charge Effect

The depletion width will not be uniform along channel when a non-zero Vg is
applied. This will cause V,, to vary along the channel. This effect is called bulk
charge effect.

BSIM4 uses A, to model the bulk charge effect. Several model parameters are
introduced to account for the channel length and width dependences and bias
effects. Ay isformulated by

(5.1.1)
e
i ek T2 XK, 4l 1
e _:_1+ F dopi ng% - 5 929 BO H?M
[ g R Ty e TR
i eff e o b

where the second term on the RHS is used to model the effect of non-uniform

doping profiles

(5.1.2)
1+ LPEB/L K
F doping = /e Ko +Kpy, - KSB—TC?XE F.
2\/ F s = Voser W +WO
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Unified Mobility Model

5.2

Note that A, is close to unity if the channel length is small and increases as the

channel length increases.

Unified Maobility M odel

A good mobility model is critical to the accuracy of a MOSFET model. The
scattering mechanisms responsible for surface mobility basically include phonons,
coulombic scattering, and surface roughness. For good quality interfaces, phonon
scattering is generally the dominant scattering mechanism at room temperature. In
general, mobility depends on many process parameters and bias conditions. For
example, mobility depends on the gate oxide thickness, substrate doping
concentration, threshold voltage, gate and substrate voltages, etc. [5] proposed an
empirical unified formulation based on the concept of an effective field E; which

lumps many process parameters and bias conditions together. E; is defined by

(5.2.1)

Ey = Qs +(Qn/2)

€y

The physical meaning of E; can be interpreted as the average electric field
experienced by the carriers in the inversion layer. The unified formulation of
mobility is then given by

(5.2.2)

Mo

"1+ (Bt [E)"

Mt

For an NMOS transistor with n-type poly-silicon gate, (5.2.1) can berewrittenina

more useful form that explicitly relates E to the device parameters
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Unified Mobility Model

(5.2.3)
Vgs +Vth
6TOXE

off >

BSIMA4 provides three different models of the effective mobility. The mobMod = 0
and 1 models are from BSIM3v3.2.2; the new mobMod = 2, a universal mobility

model, is more accurate and suitable for predictive modeling.

e mobMod=0

(5.2.4)

m, = uo
ff - -
1+(Ua+ucy,,, Blee T 2Vn 0, g8 * N 9
% TOXE 4 TOXE 4

e mobMod=1

(5.2.5)

uo

Y/ Ygstett T “Vin + 2, 0 gsteft T My, 0 )

é
1+8&J 11+UCw,
8 TOXE Eg TOXE f et

e mobMod=2
(5.2.6)

uo

1+{UA+UCN, . )5 Ve +Co AVTHO - VFB- F )i
bseff e TOXE H

My =

where the constant Cy = 2 for NMOS and 2.5 for PMOS.
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Asymmetric and Bias-Dependent Source/Drain Resistance Model

5.3 Asymmetric and Bias-Dependent Sour ce/

Drain Resistance M odel

BSIM4 models source/drain resistances in two components. bias-independent
diffusion resistance (sheet resistance) and bias-dependent LDD resistance.
Accurate modeling of the bias-dependent LDD resistances is important for deep-
submicron CMOS technologies. In BSIM3 models, the LDD source/drain
resistance Ry(V) is modeled internally through the I-V eguation and symmetry is
assumed for the source and drain sides. BSIM4 keeps this option for the sake of
simulation efficiency. In addition, BSIM4 allows the source LDD resistance Ry(V)
and the drain LDD resistance Ry(V) to be external and asymmetric (i.e. Ry(V) and
R4(V) can be connected between the external and internal source and drain nodes,
respectively; furthermore, Ry(V) does not have to be equal to Ry(V)). This feature
makes accurate RF CMOS simulation possible. The internal Ry{V) option can be
invoked by setting the model selector rdsMod = O (internal) and the external one
for Ry(V) and Ry(V) by setting rdsMod = 1 (external).

* rdsMod = 0 (Internal Ry¢(V))

(5.3.1)
I RDSAMWIN + RDSW x u
|
st(\/) =i¢€ 1 ﬂy (1e6weﬁ61 )WR
éPRWB JF s~ Vosert ~ +/F s
’:\ é el ) 1+ PRVVG >z\/gsteff G;:)
* rdsMod = 1 (External Ry(V) and R{(V))
(5.3.2)
| RDVWMIN + RDW x a
I, N| WR
=i v /|{1e6 AN NF
R,(V) -:'g-PR\ABNbd+ L 'd?/ (e6 e’ffCJ) . ]
‘8 1+ PRWG AV, - vfbsd)qo

5-4
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Drain Current for Triode Region

5.4

(5.3.3)
| ROAMIN +RSW x i
R(V)=1¢ 1 % /|f1es )< nr]
L& PRAVB A/, + & e
'8 1+ PRVG XV, - vfbsd)gIO

Vi, 1S the calculated flat-band voltage between gate and source/drain as given in
Section 4.3.2.

The following figure shows the schematic of source/drain resistance connection

for rdsMod = 1.
ool Lomeo

Rair+ Ry(V) Ruaitrt Ra(V)

The diffusion source/drain resistance Ry and Rygi¢r models are given in the

chapter of layout-dependence models.

Drain Current for Triode Region

5.4.1 Rys(V)=0 or rdsMod=1 (“intrinsic case”)

Both drift and diffusion currents can be modeled by
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Drain Current for Triode Region

(5.4.1)
)=, (. (1) 2
where u,¢(y) can be written as
(5.4.2)
Mety) = rTe‘ny
1+—
Ext
Substituting (5.4.2) in (5.4.1), we get
(5.4.3)
B
b B4y Y y

'sat

(5.4.3) is integrated from source to drain to get the expression for linear
drain current. This expression is valid from the subthreshold regime to the
strong inversion regime

(5.4.9)

Ve

I-I-O

S

V\mff QchOVdSE?[ -

Vds 9

Eal g

=
S

Ids.O =

Lel+
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Velocity Saturation

5.4.2 Ry(V)>0and rdsMod=0 (“ Extrinsic case”)

Thedrain current in this case is expressed by

(5.4.5)
|ds _ |dso
1+ Rdsl dso
Vds
5.5 Velocity Saturation
Velocity saturation is modeled by [5]
(5.5.1)
= nlff E E < E
1+E/E, st

=VSAT E3 E
where Eg,; corresponds to the critical electrical field at which the carrier velocity
becomes saturated. In order to have a continuous velocity model at E = E;, Eg,
must satisfy

(5.5.2)
VAT
My

sat
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Saturation Voltage Vdsat

5.6 Saturation Voltage V jot

5.6.1

5.6.2

Intrinsic case

In this case, the LDD source/drain resistances are either zero or non zero

but not modeled inside the intrinsic channel region. Itis easy to obtain Ve

as (7]

(5.6.1)
Esatl (Vostert + 2\1)
Vst =
PourEsal + Vst + 2\t

Extrinsic Case

In this case, non-zero LDD source/drain resistance Ry((V) is modeled
internally through the I-V equation and symetry is assumed for the source

and drain sides. Vg is obtained as[7]

(5.6.2)
Ve = b- vb? - 4ac
dsat —
t 2a
where
(5.6.2b)

oA b
a= Ay Wi VSATC, Ry, + A 1=

5-8
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Saturation Voltage Vdsat

(5.6.2¢)
a2 u
b= g gsteff )Q_ 1 + AukEsa U
=- é U
8+3Abu|k( gsteff + 2V effVSA‘T xeRdsH
(5.6.2d)

c= (Vgsteff + 2V )E L + Z(Vgsteff + 2Vt )ZVVeffVSA‘TcoxeRJs

(5.6.2¢)
| = AV, +A2

gsteff

| is introduced to modd the non-saturation effects which are found for
PMOSFETSs.

5.6.3 Vgt FOrmulation

An effective Vg Vyeef, 1S Used to ensure a smooth transition near Vyey

from trode to saturation regions. Vi IS formulated as

(5.6.3)

dseff - dsat g dsat ~ d)"'\/(vdsat'vds' +4d Ndsata

where d (DELTA) isamodel parameter.
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Saturation-Region Output Conductance Model

5.7 Saturation-Region Output Conductance

M odel

A typical I-V curve and its output resistance are shown in Figure 5-1. Considering
only the channel current, the I-V curve can be divided into two parts: the linear
region in which the current increases quickly with the drain voltage and the
saturation region in which the drain current has a weaker dependence on the drain
voltage. The first order derivative reveals more detailed information about the
physical mechanisms which are involved in the device operation. The output
resistance curve can be divided into four regions with distinct Ry ,~Vys

dependences.

The first region is the triode (or linear) region in which carrier velocity is not
saturated. The output resistance is very small because the drain current has a strong
dependence on the drain voltage. The other three regions belong to the saturation
region. As will be discussed later, there are several physical mechanisms which
affect the output resistance in the saturation region: channel length modulation
(CLM), drain-induced barrier lowering (DIBL), and the substrate current induced
body effect (SCBE). These mechanisms all affect the output resistance in the

saturation range, but each of them dominates in a specific region. It will be shown

5-10
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Saturation-Region Output Conductance Model

next that CLM dominates in the second region, DIBL in the third region, and
SCBE in the fourth region.

30 )
Triode CLM DIBL SCBE
- 12
25 -
oo°°°°o
°o° o° .
0° o — el -
20 . ; B C
‘ a@ =
. Ilgull. =
< Ll llin.n 1, é
L 3
E 151 s : 3
B . o ° | -
o . °
10 | . ]
o ) |
°
o
. o
05 - o oo
2 ° ° 2
o .
0o00°® .
00¢ ! I | 0
0 n s 3 4
Ve V)

Figure 5-1. General behavior of MOSFET output resistance.

The channel current is a function of the gate and drain voltage. But the current
depends on the drain voltage weakly in the saturation region. In the following, the
Early voltage is introduced for the analysis of the output resistance in the

saturation region:

(5.7.1)

V)= el Vi) + i),

S? dsat
¢ dsat ﬂvd

\ds

Lo,
stat V u

gs? dsat)

Idsat(\/ V

®: qﬁm
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Saturation-Region Output Conductance Model

where the Early voltage V, is defined as

(5.7.2)
o1 flablo )
A sat
e Wd H

We assume in the following analysis that the contributions to the Early voltage

from all mechanisms are independent and can be calculated separately.

5.7.1 Channel Length Modulation (CLM)

If channel length modulation is the only physical mechanism to be taken

into account, the Early voltage can be calculated by

(5.7.3)
yéﬂlds(vgs'v ) T“— l;l-l

VACLM = Idsat e

& o W,

Based on quasi two-dimensional analysis and through integration, we

propose Vv to be

(5.7.4)
VACLM = Cclm >( dsat)

where

(5.7.5)

1 2 V. OB
Com =———F x§1+ PVAG—24 2 Leﬁ 2 Viea 2
PCLM Esat Leff dseff £ sat ﬂ “tl
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Saturation-Region Output Conductance Model

5.7.2

VapieL =

and the F factor to account for the impact of pocket implant technology is

(5.7.6)
1
F =
Leff
1+ FPROUT »———
Visert T2V,
and litl in (5.7.5) isgiven by
(5.7.7)
lit] = ey TOXE XXJ
EPSROX

PCLM isintroduced into V5 to compensate for the error caused by XJ

since the junction depth XJ can not be determined very accurately.

Drain-Induced Barrier Lowering (DIBL)

The Early voltage Vap,g_ c dueto DIBL isdefined as

(5.7.8)

7 N l

§ﬂ| ds(vgs’vds) Vﬂvth u
u

e ﬂvth 1]Vd u

VADI BL = dsat

Vi, has a linear dependence on V. As channel length decreases, Vpgic

decreases very quickly

(5.7.9)

Vgsteff + 2Vt gi_ Abulkvdsat g &4_ PVAG Vgsteff g
qrout(]‘+ PDIBLCB >Vbseff ) Abulk\/dsat +Vgsteff + 2Vt ﬂ Esat Leff ﬂ
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Saturation-Region Output Conductance Model

5.7.3

where q,,; has a similar dependence on the channel length as the DIBL

effect in Vy,, but a separate set of parameters are used:

(5.7.10)

PDIBLC1
Uyt = ' \— + PDIBLC2

oo e

Parameters PDIBLCL1, PDIBLC2, PDIBLCB and DROUT are introduced to
correct the DIBL effect in the strong inversion region. The reason why
DVTO is not equal to PDIBLC1 and DVTL1 is not equal to DROUT is
because the gate voltage modulates the DIBL effect. When the threshold
voltage is determined, the gate voltage is equal to the threshold voltage.
But in the saturation region where the output resistance is modeled, the
gate voltage is much larger than the threshold voltage. Drain induced
barrier lowering may not be the same at different gate bias. PDIBLC2 is
usually very small. If PDIBLC2 is put into the threshold voltage model, it
will not cause any significant change. However it isan important parameter
iNVap gL ¢ for long channel devices, because PDIBLC2 will be dominant if

the channel islong.

Substrate Current Induced Body Effect (SCBE)

When the electrical field near the drain is very large (> 0.1MV/cm), some
electrons coming from the source (in the case of NMOSFETS) will be
energetic (hot) enough to cause impact ionization. This will generate
electron-hole pairs when these energetic electrons collide with silicon

atoms. The substrate current |y, thus created during impact ionization will
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Saturation-Region Output Conductance Model

increase exponentially with the drain voltage. A well known lg,, model [8]

IS
(5.7.11)

& BAitl 0
Jexpg ———=

| g- Vds - Vdsat ﬂ

sub dsat

_A

- E I ds(\/ds -V
Parameters A; and B; are determined from measurement. |y, affects the
drain current in two ways. The total drain current will change becauseit is
the sum of the channel current as well as the substrate current. The total

drain current can now be expressed as follows

(5.7.12)

e V.-V
— — ds dsat ¢
lds - Ids-w/o- Isub + Isub - Ids—w/o-lsub x§_+ B ex B itl g
@ A p Vas™ Vasat g

The Early voltage due to the substrate current Vascge Can therefore be
calculated by

(5.7.13)
B a@BXitl 0

\Y = —eX
ASCBE A p V.-V

dsat @

We can see that Ve 1S a strong function of Vo In addition, we also
observe that Vg-ge is small only when Vg is large. Thisis why SCBE is
important for devices with high drain voltage bias. The channel length and
gate oxide dependence of Vg-ge cOmes from Vo and litl. We replace B
with PSCBE2 and A/B; with PSCBEL/L 4 to get the following expression

for Vascee
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(5.7.14)

1  PSCBE2 expae PSCBE1Aitl 9
VASCBE Leff V Vdsat 5

5.7.4 Drain-Induced Threshold Shift (DITS) by Pocket Implant

It has been shown that a long-channel device with pocket implant has a
smaller R,,,; than that of uniformly-doped device [3]. The R,;; degradation
factor F is given in (5.7.6). In addition, the pocket implant introduces a
potential barrier at the drain end of the channel. Thisbarrier can be lowered
by the drain bias even in long-channel devices. The Early voltage due to

DITSismodeled by

(5.7.15)

Vaorrs == {1+ (1+ PDITSL X, Jexp(PDITSD W, )

5.8 Single-Equation Channel Current Model

The final channel current equation for both linear and saturation regions now

becomes

(5.8.1)

IdSoXNF Vi Vet 08 Vi~ Vi 08 Vs~V 0

>C1+ >C1+ +
o § T ? iy 13 ;
1+ 0 clm asat A ADIBL 9 VADITS %] VASCBE a

where NF isthe number of device fingers, and
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Single-Equation Channel Current Model

(5.8.2)
V, iswritten as
(5.8.3)
Va =Vasat *Vacim
where Vg, is
(5.8.4)
v, = Eueler Ve + 2ReVSAC Mg Vs >{1_ i \2):::/13;& J
Riovsat G W Ay - 1+

Vasat 1S the Early voltage at Vyg = Vygat- Vasat 1S Needed to have continuous drain
current and output resistance expressions at the transition point between linear and

saturation regions.
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Chapter 6: Body Current Models

In addition to the junction diode current and gate-to-body tunneling current, the substrate
terminal current consists of the substrate current due to impact ionization (I;;), and gate-

induced drain leakage current (Igp.)-

6.1 Iii M od€

The impact ionization current model in BSIM4 is the same as that in BSIM3v3.2,
and is modeled by

(6.1.1)
ALPHAOQ + ALPHALX & BETA0 0
i = 3 &ds - Vdseff)e(pwyl dsNoSCBE
eff ds =~ Vdseff @

where parameters ALPHAO and BETAO are impact ionization coefficients,

parameter ALPHAL is introduced to improves thel,; scalability, and

(6.1.2)

I dsNoSCBE —

d In .
1+Mé Cum gVASmZQ Vios. g

Vdseff

_|dsoxNFé+ 1 2V, %ﬁ_'_vds'vdseﬁg)?_'_vds'vdseﬁg
Viors g
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IGIDL and IGISL Model

6.2 IGI DL and | GISL M odel

The GIDL/GISL current and its body bias effect are modeled by [9]-[10]

(6.2.1)

V-V~ EGIDL e 0 3
IGIDL: AG'DLW >4\If X ds gse )e)(p SXTOXE>BG|DL T)( de

e 34T, V- Vyee- EGIDL; CGIDL+VZ

-VdS-nge-EGIDL & 35 xBGIDL QY V£

oxe

>ex - .
3XT e § -V,-V,- EGIDL} CGIDL+V}

o = AGIDL W, XNf X

where AGIDL, BGIDL, CGIDL, and EGIDL are model parameters and explained
in Appendix A. CGIDL accounts for the body-bias dependence of |55 and I g -
Wiy and Nf are the effective width of the source/drain diffusions and the number
of fingers. Further explanation of W3 and Nf can be found in the chapter of the

layout-dependence model.
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Chapter 7. Capacitance M odel

Accurate modeling of MOSFET capacitance plays equally important role as that of the
DC model. This chapter describes the methodology and device physics considered in both
intrinsic and extrinsic capacitance modeling in BSIM4.0.0. Complete model parameters

can be found in Appendix A.

7.1 General Description

BSIM4.0.0 provides three options for selecting intrinsic and overlap/fringing
capacitance models. These capacitance models come from BSIM3v3.2, and the
BSIM3v3.2 capacitance model parameters are used without change in BSIM4.
except that separate CKAPPA parameters are introduced for the source-side and
drain-side overlap capacitances. The BSIM3v3.2 capMod = 1 is no longer
supported in BSIM4. The following table maps the BSIM4 capacitance models to
those of BSIM3v3.2.
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General Description

BSI M4 capacitance models Matched capMod in BSIM 3v3.2.2

capMod = 0 (simple and piece- Intrinsic capMod = 0 + overlap/fringing capMod =0
wise model)
capMod = 1 (single-egquation Intrinsic capMod = 2 + overlap/fringing capMod = 2
model)
capMod = 2 (default model; Intrinsic capMod = 3 + overlap/fringing capMod = 2
singel-equation and charge-
thickness model

Table 7-1. BSIM 4 capacitance model options.

BSIM4 capacitance models have the following features:

Separate effective channel length and width are used for capacitance models

capMod = 0 uses piece-wise equations. capMod = 1 and 2 are smooth and single
equation models; therefore both charge and capacitance are continous and smooth
over all regions.

Threshold voltage is consistent with DC part except for capMod = 0, where a long-
channel Vy, is used. Therefore, those effects such as body bias, short/narrow channel
and DIBL effects are explicitly considered in capMod = 1 and 2.

Overlap capacitance comprises two parts: (1) a bias-independent component which
models the effective overlap capacitance between the gate and the heavily doped
source/drain; (2) a gate-bias dependent component between the gate and the lightly
doped source/drain region.

Bias-independent fringing capacitances are added between the gate and source as well
as the gate and drain.
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Methodology for Intrinsic Capacitance Modeling

7.2 Methodology for Intrinsic Capacitance
Modeling

7.2.1 Basic Formulation

To ensure charge conservation, terminal charges instead of terminal
voltages are used as state variables. The terminal charges Q,, Q,, Q,, and
Qg are the charges associated with the gate, bulk, source, and drain
termianls, respectively. The gate charge is comprised of mirror charges
from these components. the channel charge (Q,,), accumulation charge
(Q,..) and substrate depletion charge (Qg,;,)-

The accumulation charge and the substrate charge are associated with the

substrate while the channel charge comes from the source and drain

terminals
(7.2.1)
.i. Qg - (qub +Qinv + Qacc)
|l Qb = Qacc + sub
%anv = Qs + Qd

The substrate charge can be divided into two components: the substrate
charge at zero source-drain bias Qg,,), Which is a function of gate to
substrate bias, and the additional non-uniform substrate charge in the

presence of adrain bias (dQ,,). Q, now becomes

(7.2.2)
Qg =- (Qinv + Qacc + qubO +dQSUb)
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Methodology for Intrinsic Capacitance Modeling

The total charge is computed by integrating the charge along the channel
The threshold voltage along the channel is modified due to the non-

uniform substrate charge by
(7.2.3)

Vth(Y) () (Abulk 1)\/

(7.2.4)

active acnv
|Q ctlve ochy actlve oxe d Abulk

Lactlve LaCTIV

ctlve Oq dy WactlveCoxe V +V VFB - F Vy)dy

| Q
. ] Lactlve aClIV
in active 0 qbdy act|ve oxe th VFB Abulk 1)/ ) y
where Vg = Vgee - Vi and
dv
dy=—2>
E,

where E, is expressed in
(7.2.5)

Ids aC'fIIV_erTLff > §/ Abulk V 9‘/ Wactlverneff Coxe (\/gt - Abulkvy )Ey

active

All capacitances are derived from the charges to ensure charge
conservation. Since there are four terminals, there are atogether 16

components. For each component
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(7.2.6)

c ="~

wherei and j denote the transistor terminals. C;; satisfies

ac,=ac,=o
[ j

7.2.2 Short Channel Model

The long-channel charge model assume a constant mobility with no
velocity saturation. Since no channel length modulation is considered, the
channel charge remains constant in saturation region. Conventional long-
channel charge models assume Vysrcy = Vg / Apuk and therefore is
independent of channel length. If we define a drain bias, Vgt cy, for
capacitance modeling, at which the channel charge becomes constant, we
will find that Vet cv in general islarger than Ve, for [-V but smaller than

the long-channel Vg, = Vi / Apuik- In other words,

(7.2.7)

V

Vdsat,lv <Vdsat, ov <Vdsat,|v vy = gsteff CV
Abulk
and Visat.cv ismodeled by
(7.2.8)
V €l

Vdsat,CV = é gs{;:cljc o — S

A e+ g = U

é Lactive 4] H
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Methodology for Intrinsic Capacitance Modeling

7.2.3

(7.2.9)

V,,, - VOFFCV i)

NOFFnv,

g

é W ee”
Voseroy = NOFF NV, Angl+ apg =
é

Model parameters CLC and CLE are introduced to consider the effect of

channel-length modulation. Ay, for the capacitance model is modeled by

(7.2.10)
€ o Bo Ul 1
Ak = J|[1+ F doping >& o Xt —— u>y
f Blor +2,/XIxX,, W, +Bl -b1+ KETAX/,
where

1+ LPEB/L K, Tk TOXE

20x KSB.— s
2\/ F s Vbseff Weff +WO0

F doping =

Single Equation Formulation

Traditional MOSFET SPICE capacitance model s use piece-wise equations.
This can result in discontinuities and non-smoothness at transition regions.
The following describes single-equation formulation for charge,

capacitance and voltage modeling in capMod = 1 and 2.
(a) Transition from depletion to inversion region

The biggest discontinuity is at threshold voltage where the inversion
capacitance changes abruptly from zero to C,,.. Concurrently, since the

substrate charge is a constant, the substrate capacitance drops abruptly to
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Methodology for Intrinsic Capacitance Modeling

zero at threshold voltage. The BSIM4 charge and capacitance models are
formulated by substituting Ve With Vggest cv @S

(7.2.12)
Q(Vgst) = Q(Vgsteff ,CV)

For capacitance modeling

(7.2.12)

) 1-[\/gsteff CV

C(Vgst) = C(Vgsteff,cv V
g,d,sb

(b) Transition from accumulation to depletion region

An effective smooth flatband voltage Vg is used for the accumulation

and depletion regions.

(7.2.13)

AN

Veger = Vi - O'ngszb - Vi - 0-02)"'\/ (Vszb B ng - 0-02)2 + O'O&/szba

g

where
(7.2.14)

Vszb :Vth zerov,.andVy, F s K]‘\/F s

A bias-independent Vy, is used to calculate Vy,,, for capMod = 1 and 2. For
capMod = 0, VFBCV is used instead (refer to Appendix A).
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(c) Transition from linear to saturation region

An effective Vg, Ve 1S Used to smooth out the transition between linear

and saturation regions.

(7.2.15)

Vovert = Vasatov ~ 0.5*/11 + \/V42 +4d4vdsatCVJ whereV, =Vyg o, - Vis- d,; d, =002V

7.2.4 Charge partitioning

Theinversion charges are partitioned into Q,,, = Qs + Q4. Theratio of Q,to
Q. isthe charge partitioning ratio. Existing charge partitioning schemes are
0/100, 50/50 and 40/60 (XPART =1, 0.5 and 0).

50/50 charge partition

This is the simplest of all partitioning schemes in which the inversion
charges are assumed to be contributed equally from the source and drain

terminals.

40/60 charge partition

Thisisthe most physical model of the three partitioning schemes in which
the channel charges are alocated to the source and drain terminals by

assuming alinear dependence on channel position y.

7-8
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(7.2.16)
Lactive 0
Qs :Wa ive C qcﬁ'_ dy
i oo g activeﬂ

L active

dy

i

I

|

|

i W o
*Qd active ?qc L

active

0/100 charge partition

In fast transient ssimulations, the use of a quasi-static model may result in a
large unredlistic drain current spike. This partitioning scheme is devel oped
to artificially suppress the drain current spike by assigning al inversion
charges in the saturation region to the source electrode. Notice that this
charge partitioning scheme will still give drain current spikes in the linear

region and aggravate the source current spike problem.

7.3 Charge-Thickness Capacitance M odel
(CTM)

Current MOSFET models in SPICE generally overestimate the intrinsic
capacitance and usually are not smooth at Vy, and Vy,. The discrepancy is more
pronounced in thinner T,, devices due to the assumption of inversion and
accumulation charge being located at the interface. Numerical quantum simulation
results in Figure 7-1 indicate the significant charge thickness in all regions of

operation.
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E 10 E
. _ A
<z 08

D g 06 B

304 c

© 02

C 4 -3 -2 -1 0 1 2
H Vgs (V)
Tox=30A

Nsub=5e17¢m’®

0.104

0.05

Normalized Charge Distribution

Depth (A)

Figure 7-1. Chargedistribution from numerical quantum simulations show significant
chargethickness at various bias conditions shown in the inset.

CTM is a charge-based model and therefore starts with the DC charge thicknss,
Xoc- The charge thicknss introduces a capacitance in series with C,, as illustrated
in Figure 7-2, resulting in an effective C,,o. Based on numerical self-consistent
solution of Shrodinger, Poisson and Fermi-Dirac equations, universal and

analytical Xpc models have been developed. C,, can be expressed as

(7.3.)
— Coxe : Ccen
oxeff Coxe + Ccen

where

e.
C = %
o XDC
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Vgs o
Vgse —» <« Poly depl.
—— Cox
Fs —d
1 |
Cacc Cdep Cinv
|
© B

Figure 7-2. Charge-thickness capacitance concept in CTM. V., accounts for the poly
depletion effect.

(i) Xpc for accumulation and depletion

The DC charge thickness in the accumulation and depletion regions can be
expressed by

(7.3.2)

AN

.-025
0 VV - Visert = Veger U

gse P

U
7 TOXE g

1 é DEP
Xpe ==Ly € éACDE>€e”
DC 3 deby: p@ &2’ 1016

where L yepye iS Debye length, and Xoc isin the unit of cm and (Ve - Vipeerr - Vieget)
/ TOXE isin unitsof MV/cm. For numerical stathility, (7.3.2) is replaced by (7.3.3)

(7.3.3)

1
XDC = Xmax - E(XO+VX()2+4dmeax)
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where
Xo:Xmax' XDC' d
and Xmax = Ldebye/ 3, C, — 103TOXE

(if) Xpc of inversion charge

Theinversion charge layer thichness can be formulated as

(7.3.4)
B 1.9" 10°cm
XDC - ,.0.7
14 Posen +4VTHO- VFB- F )0
2TOXP p

Through the VFB term, equation (7.3.4) is found to be applicableto N* or P* poly-

Si gates and even other future gate materials.
(iii) Body chargethichnessin inversion

In inversion region, the body charge thickness effect is modeled by including the

deviation of the surface potential F_ (bias-dependence) from 2F ; [2]

(7.3.5)
j4=F¢-2F;=n |n§/gswffcv WVosarew + 2Kin2F 9
S B t -
g MOIN XK, N, 5
The channel charge density is therefore derived as
(7.3.6)

Qv = - Coxeff ><Vgsteff oV J d )
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7.4 Intrinsic Capacitance Model Equations

7.4.1 capMod=0

Accumulation region

Q =W, tlveLactlveCoxe (V s Vbs B VFBCV)
qub =- Qg

Qn =0

Subthreshold region

2 8 AV _-VFBCV-V,_]o
qubo = _WacnveLacnveCoxe K G- 1 J ( £ 2 bS)I
2 8 K1ox I}
Qg =- QsubO
Qinv = 0

Strong inversion region

V. -V
Vdsat,cv_ gjzb ,th
ulk

.CLE

& aico 9

Abulk A\)ulkg é‘a ;

Vth =VFBCV +F sT Klox F s Vbseff
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Linear region

& 9

Vs A Vs ;

Q Coxe active aCtIVengS VFBCV F L dA] 'V o

12?/ V ulk ds
Q gs th ™

¢ 0
Q, = CoWogiveLaaine VFBCV - V,, - F AN ApAWNE =
oxe" "active acweg s 12% V A)u”( Vds N

50/50 partitioning:

& 0
Qinv =- CoeractlveLacnveQVgs V F Abulk Vds + Abulk d :

(; 12@/ V Abulk Vds

g g 2 oy

Qs = Qd = O'5Qinv

40/60 partitioning:

1 v (Vs'V )2 Abu Vs(vs'v) ul '\/52 0
&, 'Vth_ A)ulkvds_i_AbquVds e +(A”zklod) -

Qd =- CoeractiveLactiveg = 2 =
g 2 2 12(Vgs _ Vth _ Abu\;'vds) o

Qs :'(Qg +Qb+Qd)

0/100 partitioning:

Vth Abulk'vds _ (Abulklvds)
4 24

&/
Q COXGWaCII ve-active é

Q.l..l.o

Qs :'(Qg +Qb+Qd)

7-14 BSIM4.2.1 Manual Copyright © 2001 UC Berkeley



Intrinsic Capacitance Model Equations

Saturation region

V
Q Coeractl ve-acti ve % VF BCV F =

Qb Coxe actlve actlveglF BCV + F V +(1Abu—3lk)vdsat

50/50 partitioning:
1

Qs = Qd =- 5 CoeractiveLactive(Vgs - \/th)

40/60 partitioning:
4

Q= A CW bV va)

15 oxe " "active—active
Q =- (Qg +Q, +Qd)
0/100 partitioning:
Q=0
Q =-(Q,+Q,)

7.4.2 capMod =1

Qg =- ( inv +Qacc + Qauno +dqub)
Qb =- (Qacc * Qo +dqub)
Qinv = Qs + Qd
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Qacc =- Wactlve Lactlve oxe )(VF Beff ~ szb)

2 6 [ ; N : Y0
qubo =- Wactlve actlveCoxe Klox >@'1+\/1+ 4(Vgse VFBeff Ygsteff Vbseff) U
2 e I‘<lox g
Vd — Vgsteffcv
sat,cv \
Abulk
é u
¢ Au Vo Y
Qinv =- WactiveLactiveCOX @gsteff oV Abulk cveff . = U
€ 12 ~ A chef/
8 gsteff ,cv 2 @H
¢ 0
1_ 1 |V 2 lfl
dqub :Wactivel‘clctivecox %- A)ulk V ( Abl”k )XAbUIk Sl u

AJu Ich 0[]
12)(§gsteff,cv - 'k o 2 BH

oD CD>

50/50 charge partitioning:

é u

é 12\ /2 G

QS — QD - WactiveLactivecoxe é‘/ Abulk cheff u
2 ? u

steff,ov ~ A)ulk cveﬁ ' g
12 _ Abulk chef/ 9

gsteff cov 2" )

é ot
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40/60 charge partitioning:

4 : u
W L C gvgsteff cv3 - 3Vgsteff ,C\/ZAaulk cheff U
QS — active —active~oxe l:l
Abu Ich / 0 e ! 2 _ E ' 3
2§/gsteff oV Ik o ~F 3Vgsteff oV Abulk cheff ) 15 (Abulk cheff ) g
P 5 d
Q Wct L i C gvgsteff cv3 - 3Vgsteff,cv Abulk cveff U
L =- active™—active™~oxe U
'V, : 1 : ’
2§/gsteff o Aaulk CVEf/O e+ Vgsteff ov Abulk cheff ) - g (Abulk cheff )BE
0/100 charge partitioning:
¢ G
Q -_ WactiveLactiveCoxe >g/ Ab Abulk'zvcieff 3
S 2 é gsteff, cv ulk cveff 12 %/ A\)um'Vc\,ef/Ou
g )@ gsteff, o 2 QH
¢ G
Wac iveLac iveCoxe g 'Abulk'2 chzleff U
Q =- + XV st v~ Auulk overft T

4 Abw K Vdvef/ Ou
gsteff, o

oD ('D>

7.4.3 capMod =2

Que =WoivelaciveCoert V

active—active ™~ oxeff gbacc

1
Vabace = 5 >{\/o * vy + O'O&/szb]

Vo =V i T Voeet = Ve - 0.02
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1
Vovett = Vasat - E>‘(\/1 + Vvlz +0'08Vdsat)

V, =V, - V.- 0.02

\Y/

V — Vgsteff,ov ")
d

sat
A\)ulkl

j,=F_-2F,=n Inge/gsteffcv WgsteffCV+2Klox 2FBQ
@ s B g MOIN K, 1, 5

2 & AN _V_ N -V U

qubo =- WactiveLactiveCOXEff Klox >@-1+\/1+ ( N = sse{fs o= ’W) l]

2 & Kox g
e u
é : 1 Ab IkI2V : ff l;l
Qinv =- WactiveLactiveCoxeff Xg/gsteff,cv “)g- E A\)ulkvcveff + - = Y, l:J
e 12 i A cvef/ ou
8 & gsteff,cv d 2 de

: Y

%I.' ' 1- 1 |V2 U

dqub :WactiveLactiveCoxeff ~ gbu'k cheff - ( Ab“”( ))A’l:;: C:V\e/ﬁ Olﬁl

g 12)@ gsteff,ov ~ J d” Mk cve%+l:|

& é ot

50/50 partitioning:

¢ y
Wac iveLac iveCoxe ¢ . 1 v A\)u 2 Vcse l:I
QS = QD =- ;ﬁ@gsteff,cv ol I Bl A)ulkvcveff + . d "/ l;j
2 ? 2 12 oy - J - A)ulk cveygl-:l
8 & gsteff,cv 2 QH
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40/60 partitioning:

: u
W. . L . C ot gvgsteffcv J d B 3(\/gsteffcv J d) A)ulkvcveff U
QS - _ active —active — ox l:I
. 'V . , /
2§/gsteff’cv ) g- A C"ef%g g"‘g Vostett ov ™ ) d)(pbulkvcveff) } (Abulk Ve )3;
A . 3 5 . 2 ' [‘j
W, ivel aci C of gvgsteff,cv -J d) - E(Vgsteff,cv - d) Abulkvcveff U
QD — active —active — ox A l:l

' 2 X p
2c§/gsteﬁ’w -Jg- A chef%g g"’ (Vgsteff,cv -4 )(Abulklvcveff )2 - %(Abulklvcveﬁ )33

0/100 partitioning:

e U

Q - WactiveLactiveCoxeff Xg/ 'j + l Ab Y, Abulk'zvc%eff 3
S 2 e gsteff,cv d 2 ulk Yeveff ~ 12 J Abulkvcvef/ou
8 gsteffcv d”~ 2 de

€ u

_ WactiveLactiveCoxeff ? . 3 ' Abulklz Vc%/eff H

QD - @/gsteff,w “Ja- _Abulk cveff "/ =
2 é 2 B ] - Ak dvef/gg

8 & gsteff,cv 2 de

7.5 Fringing/Overlap Capacitance M odels

7.5.1 Fringing capacitance model

The fringing capacitance consists of a bias-independent outer fringing
capacitance and a bias-dependent inner fringing capacitance. Only the bias-
independent outer fringing capacitance (CF) is modeled. If CF isnot given,
it iscalculated by
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(7.5.1)

_ 2XEPSROXxey

€ TOXE®

7.5.2 Overlap capacitance model

An accurate overlap capacitance model is essential. This is especidly true
for the drain side where the effect of the capacitance is amplified by the
transistor gain. In old capacitance models this capacitance is assumed to be
bias independent. However, experimental data show that the overlap
capacitance changes with gate to source and gate to drain biases. Inasingle
drain structure or the heavily doped S/D to gate overlap region in aLDD
structure the bias dependence is the result of depleting the surface of the
source and drain regions. Since the modulation is expected to be very
small, we can model this region with a constant capacitance. However in
LDD MOSFETs a substantial portion of the LDD region can be depleted,
both in the vertical and lateral directions. This can lead to alarge reduction
of the overlap capacitance. This LDD region can be in accumulation or
depletion. We use a single equation for both regions by using such
smoothing parameters as Vs overiap @A Vg overiap fOr the source and drain
side, respectively. Unlike the case with the intrinsic capacitance, the

overlap capacitances are reciprocal. In other words, Cgyoveriap = Csgoveriap

and ng,overlap = Cdg,overlap-

If capMod is non-zero, BSIM4 uses the bias-dependent overlap
capacitance model; otherwise, a simple bias-independent model will be
used.
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Bias-dependent overlap capacitance model

(i) Sourceside

(7.5.2)
& a 03]
Qoverlaps :CG%NQS +CGS-Q\/QS‘Vgsover|ap‘ CKAPPA% 1+ 1_ gsoverlap :
[ ive g 2 g CKAPPAS%
(75.3)
Vi ortan = _g%'gs +d,- (Vo +d,f +4d, @ d, =00
d
(ii) Drain side
(7.5.4)
e a 00
Qovertapn _ =CGDOW/,, +CGDL9V “Vyg overlap™ CKAPPADE 14 1/1 —__gdoverap =+
W, g 2 CKAPPAD 2=
(7.5.5)

ng,overlap :%§/gd +d1' \/(ng +d1)2 +4d1g, dl =0.02v

(iii) Gate Overlap Charge
(7.5.6)

Qoverlang =- (Qoverlap,d + Qoverlaps + (CGBO ><Lactive) Ngb)

where CGBO is a model parameter, which represents the gate-to-body

overlap capacitance per unit channel length.
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Bias-independent overlap capacitance model

If capMod =0, abias-independent overlap capacitance model will be used.
In this case, model parameters CGSL, CGDL, CKAPPASand CKAPPD all

have no effect.

The gate-to-source overlap charge is expressed by
Qoverlap,s = Wactive >CG% >Vgs

The gate-to-drain overlap chargeis calculated by
=W, e XCGDOX

Qoverl apd active

The gate-to-substrate overlap charge is computed by
Qoverlap,b = Lactive >CGBO >e\/gb

Default CGSO and CGDO

If CGSO and CGDO (the overlap capacitances between the gate and the
heavily doped source/drain regions, respectively) are not given, they will
be calculated. Appendix A gives the information on how CGSO, CGDO
and CGBO are calculated.
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Chapter 8: High-Speed/RF M odels

As circuit speed and operating frequency rise, the need for accurate prediction of circuit
performance near cut-off frequency or under very rapid transient operation becomes
critical. BSIM4.0.0 provides a set of accurate and efficient high-speed/RF (radio
frequency) models which consist of three modules. charge-deficit non-quasi-static (NQS)
model, intrinsic-input resistance (I1R) model (bias-dependent gate resistance model), and
substrate resistance network model. The charge-deficit NQS model comes from
BSIM3v3.2 NQS model [11] but many improvements are added in BSIM4. The [IR model
considers the effect of channel-reflected gate resistance and therefore accounts for the
first-order NQS effect [12]. Thus, the charge-deficit NQS model and the IR model should
not be turned on simultaneously. These two models both work with multi-finger

configuration. The substrate resistance model does not include any geometry dependence.

8.1 Charge-Deficit Non-Quasi-Static (NQS)
M odel

BSIM4 uses two separate model selectors to turn on or off the charge-deficit NQS
model in transient ssimulation (using trngsMod) and AC simulation (using
acngsMod). The AC NQS model does not require the internal NQS charge node
that is needed for the transient NQS model. The transient and AC NQS models are
developed from the same fundamental physics: the channel/gate charge response

to the external signal are relaxation-time (t) dependent and the transcapacitances
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and transconductances (such as G,,)) for AC analysis can therefore be expressed as

functions of jwt.

MOSFET channel region is analogous to a bias-dependent RC distributed
transmission line (Figure 8-1a). In the Quasi-Static (QS) approach, the gate
capacitor node is lumped with the external source and drain nodes (Figure 8-1b).
Thisignores the finite time for the channel charge to build-up. One way to capture
the NQS effect isto represent the channel with n transistorsin series (Figure 8-1c¢),
but it comes at the expense of ssimulation time. The BSIM4 charge-deficit NQS
model uses Elmore equivalent circuit to model channel charge build-up, as
illustrated in Figure 8-1d..

Equivalent RC Network Conventional
[ ot \ Quasi-Static Model
n+ I .III I T | .:III== n+ '
. C
Subsrale By it
o—p #—o
(a) Rs I{uul R-]
New Elmore (b)
Equivalent Gircuit guivalent Model
T Riim l’d} R,
1 1 1 ... 1l 1 1 Ca C.
o—JLILIL () JLILIL 5 o m H—o
R Rnur R-J

Figure 8-1. Quasi-Static and Non-Quasi-Static modelsfor SPICE analysis.
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8.1.1 The Transient Model

The transient charge-deficit NQS model can be turned on by setting
trngsMod = 1 and off by setting trngsMod = 0.

Figure 8-2 shows the RC sub-circuit of charge deficit NQS model for
transient simulation [13]. An internal node, Q(t), is created to keep track
of the amount of deficit/surplus channel charge necessary to reach
equilibrium. The resistance R is determined from the RC time constant (t).
The current source iy (t) represents the equilibrium channel charging
effect. The capacitor C is to be the value of C,, (with atypical value of

1- 10 Farad [11]) to improve simulation accuracy. Q , now becomes

(8.1.1)
Quer (t) =V~ Craa
Quer
@
w0 Ve R
C

=

Figure 8-2. Chargedeficit NQS sub-circuit for transient analysis.
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Charge-Deficit Non-Quasi-Static (NQS) Model

Considering both the transport and charging component, the total current

related to the terminals D, G and S can be written as

(8.1.2)

+ ﬂQd,g,s(t)
it

iD,G,S (t) =1 D,GS (D(:)

Based on the relaxation time approach, the terminal charge and

corresponding charging current are modeled by

(8.1.3)
Qdef (t) = Qcheq(t) - Qch(t)
and
(8.14a)
TQu (t) _ 1Quen(t) Qus (1
it it t
(8.1.4b)
MQuosl) _p o 5 Qu (t)
i ot

where D,G,S,,. are charge deficit NQS channel charge partitioning
number for terminals D, G and S, respectively; Dypart + Spart = 1 and Gepart
=-1

Thetransittimet is equa to the product of R; and WL eCoxe, Where R;;

isthe intrinsic-input resistance [12] given by

8-4
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Charge-Deficit Non-Quasi-Static (NQS) Model

8.1.2

(8.1.5)

& W, C, k., TO
i = XRCRG 1>§ I ds + XRCRG 2 x eff rnaff oxeff "B :
Vaser o[ I 17}

where C, 1S the effective gate dielectric capacitance calculated from the
DC model. Note that R;; in (8.1.5) considers both the drift and diffusion
componets of the channel conduction, each of which dominates in

inversion and subthreshold regions, respectively.

The AC Model

Similarly, the small-signal AC charge-deficit NQS model can be turned on
by setting acngsMod = 1 and off by setting acngsMod = 0.

For small signals, by substituting (8.1.3) into (8.1.4b), it is easy to show

that in the frequency domain, Q.(t) can be transformed into

(8.1.6)

where w isthe angular frequency. Based on (8.1.6), it can be shown that the

transcapacitances C;, Cg, and Cg; (i stands for any of the G, D, Sand B

gi-
terminals of the device) and the channel transconductances G,,,, G4, and
Gps al become complex quantities. For example, now G,,, have the form

of
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Gate Electrode Electrode and Intrinsic-Input Resistance (IIR) Model

(8.1.7)

and

(8.1.8)

C. = Cng + a? CngXNt 9
© o 1+wi? 1+wt 2

Those quantities with sub “0” in the above two equations are known from

OP (operating point) analysis.

8.2 Gate Electrode Electrode and Intrinsic-
Input Resistance (1IR) Model

8.2.1 General Description

BSIM4 provides four options for modeling gate electrode resistance (bias-
independent) and intrinsic-input resistance (1R, bias-dependent). The IIR
model considers the relaxation-time effect due to the distributive RC nature
of the channel region, and therefore describes the first-order non-quasi-
static effect. Thus, the IIR model should not be used together with the
charge-deficit NQS model at the same time. The model selector rgateMod

is used to choose different options.
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Gate Electrode Electrode and Intrinsic-Input Resistance (IIR) Model

8.2.2 Model Option and Schematic

rgateMod = 0 (zero-resistance):

T

o— Lo

In this case, no gate resistance is generated.

rgateMod = 1 (constant-resi stance):

Rgeltd

o—1 L0

In this case, only the electode gate resistance (bias-independent) is gener-
ated by adding an internal gate node. Rgeltd is give by
(8.1.9)

Rgeltd =_FHG A XGW -+ s )
NGCON %L, - XGL)*\F

rawn

Refer to Chapter 7 for the layout parameters in the above equation.

rgateMod = 2 (I1R model with variable resistance):

@)

Rgel td+R;; %

7
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Substrate Resistance Network

In this case, the gate resistance is the sum of the electrode gate resistance
(8.1.9) and the intrinsic-input resistance R;; as given by (8.1.5). An inter-
nal gate node will be generated. trngsMod = 0 (default) and achgsMod =
0 (default) should be selected for this case.

rgateMod = 3 (I1R model with two nodes):

Cgdo

O—

In this case, the gate electrode resistance given by (8.1.9) isin series with
the intrinsic-input resistance R; as given by (8.1.5) through two internal
gate nodes, so that the overlap capacitance current will not pass through
the intrinsic-input resistance. trngsMod = 0 (default) and acngsMod = 0
(default) should be selected for this case.

8.3 Substrate Resistance Networ k

8.3.1 General Description

For CMOS RF circuit simulation, it is essential to consider the high
frequency coupling through the substrate. BSIM4 offers a flexible built-in
substrate resistance network. This network is constructed such that little
simulation efficiency penalty will result. Note that the substrate resistance
parameters aslisted in Appendix A should be extracted for the total device,

not on a per-finger basis.
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Substrate Resistance Network

8.3.2 Model Selector and Topology

The model selector rbodyMod can be used to turn on or turn off the

resistance network.

rbodyMod = 0 (Off):
No substrate resistance network is generated at all.

rbodyMod =1 (On):

All five resistances in the substrate network as shown schematically

below are present simultaneously.
A minimum conductance, GBMIN, is introduced in parallel with each
resistance and therefore to prevent infinite resistance values, which would
otherwise cause poor convergence. In Figure 8-3, GBMIN is merged into
each resistance to simplify the representation of the model topology. Note
that the intrinsic model substrate reference point in this case is the internal
body node bNodePrime, into which the impact ionization current |;; and

the GIDL current I flow.
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O
|
: S W— -
M i+ leipL
RBPS RBPD
sbNode W ® VW dbNode
bNodePrimg

% RBPB

Figure 8-3. Topology with the substrate resistance network turned on.
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Chapter 9: Noise Modeling

The following noise sources in MOSFETs are modeled in BSIM4 for SPICE noise
ananlysis: flicker noise (also known as 1/f noise), channel thermal noise and induced gate
noise and their correlation, thermal noise due to physical resistances such as the source/
drain, gate electrode, and substrate resistances, and shot noise due to the gate dielectric
tunneling current. A complete list of the noise model parameters and explanations are

givenin Appendix A.

9.1 Flicker Noise Models

9.1.1 General Description

BSIM4 provides two flicker noise models. When the model selector
fnoiMod is set to 0, a ssimple flicker noise model which is convenient for
hand calculationsisinvoked. A unified physical flicker noise model, which
is the default model, will be used if fnoiMod = 1. These two modes come
from BSIM3v3, but the unified model has many improvements. For
instance, it is now smooth over al bias regions and considers the bulk

charge effect.

9.1.2 Equations

e fnoiMod = 0 (simple model)
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Flicker Noise Models

The noise density is

(9.1.1)

KFH "

Leﬁ2f EF

Sfd(f):C

oxe

where f is device operating frequency.

¢ fnoiMod =1 (unified model)
The physical mechanism for the flicker noise is trapping/detrapping-rel ated

charge fluctuation in oxide traps, which results in fluctuations of both
mobile carrier numbers and mobilities in the channel. The unified flicker

noise model captures this physical process.

In the inversion region, the noise density is expressed as [14]

(9.1.2)
__ leTamdy, @ N +N L Noig o
Sd’im(f) B CoxJ‘Efszbulkaf &GoéNOIA{(%N + N* ; NOI B(I\l) N) ¥ 2 (%NO N )E
. kTl DL, NOIA-NOIBN +NOIGN’
WLy T 20° (N + l\r)z

where my is the effective mobility at the given bias condition, and L and
Wy are the effective channel length and width, respectively. The parameter
N, is the charge density at the source side given by
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(9.1.3)
NO = Co><e >«/g:;teff /q
The parameter N, isthe charge density at the drain end given by

(9.1.4)
2 AV 0
NI = Coxe >Vgsteff >§1' ﬁjq
gsteff t

N is given by
(9.1.5)

N* = KT HCoe +Cy + C|T)/2
q

where CIT is a model parameter from DC IV and C; is the depletion

capacitance.

DL, isthe channel length reduction due to channel length modulation and

given by
(9.1.6)

Eé/ds B Vdseff +EM 9

DL, = Litl dog &—Lit *
¢ st N
9 -
e %]

A/SAT
E, = .

In the subthreshold region, the noise density iswritten as
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Channel Thermal Noise

(9.1.7)
W, L, f PN X0
Thetotal flicker noise density is
(9.1.8)

_Suind ) Saamlf)
Salf)= Sa.smul )+ Sain ()

9.2 Channel Thermal Noise

There are two channel thermal noise models in BSIM4. One is a charge-
based model (default model) similar to that used in BSIM3v3.2. The other
is the holistic model. These two models can be selected through the model
selector tnoiMod.

¢ tnoiMod = 0 (charge based)
The noise current is given by

(9.2.1)
G AkTDf

2= ——>NTNOI
RelV )+ mi

where Ry¢(V) is the bias-dependent LDD source/drain resistance, and the
parameter NTNOI is introduced for more accurate fitting of short-channel

devices. Q,,, iSmodeled by

9-4
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Channel Thermal Noise

(9.2.2)

_ ulk" dseff ) ulk Ydseff Ny
Qinv _WactiveLactiveCoxeff XNF >é/gsteff - 2 + ){ PoutVaset )ljl
12 Vgsteff - 2 d

A

Figure 9-1a shows the noise source connection for tnoiMod = 0.

@ Source side
(@) thoiMod=10 (b) tnoiMod =1

Figure 9-1. Schematic for BSIM4 channel thermal noise modeling.

* tnoiMod = 1 (holistic)
In this thermal noise model, all the short-channel effects and velocity

saturation effect incorporated in the IV model are automatically included,
hency the name “holistic therma noise model”. In addition, the
amplification of the channel thermal noise through G,,, and G, as well as
the induced-gate noise with partial correlation to the channel thermal noise
are all captured in the new “noise partition” model. Figure 9-1b shows
schematically that part of the channel thermal noise source is partitioned to

the source side.

The noise voltage source partitioned to the source side is given by
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Channel Thermal Noise

(9.2.3)
— V.. Df
de = 4kBT >CItnoi2 X&
ds

and the noise current source put in the channel region with gate and body

amplication is given by

(9.2.4)

-_ Vet O

= 4kBT [Gds + btn0| )(G + Gmbs)]

ds

- de >(G + Gds +Gmbs)

where
(9.2.5)
A L2700
_ ? Evgsteff 9 L’J
Oy = 0.37X€L+TNOIB A1 T u
8 satleft g H
and
(9.2.6)
¢ steff 62@
b, =O. 577>el+TNOIA ><|_eﬁ Vosen 2 a
e sat eff ﬂ U
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Other Noise Sources Modeled

0.3 Other Noise Sour ces M odeled

BSIM4 also models the thermal noise due to the substrate, electrode gate, and
source/drain resistances. Shot noise due to various gate tunneling components as

shown in Figure 3-1 is modeled as well.
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Chapter 10: Asymmetric MOS Junction
Diode M odels

10.1 Junction Diode |V M oddl

In BSIMA4, there are three junction diode 1V models. When the IV model selector
dioMod is set to 0 ("resistance-free"), the diode IV is modeled as resistance-free
with or without breakdown depending on the parameter values of XJBVS or
XJIBVD. When dioMod is set to 1 ("breakdown-free"), the diode is modeled
exactly the same way as in BSIM3v3.2 with current-limiting feature in the
forward-bias region through the limiting current parameters IJTHSFWD or
IJTHDFWD; diode breakdown is not modeled for dioMod = 1 and XJBVS
XJBVD, BVS and BVD parameters all have no effect. When dioMod is set to 2
("resistance-and-breakdown"), BSIM4 models the diode breakdown with current
limiting in both forward and reverse operations. In general, setting dioMod to 1

produces fast convergence.

10.1.1 Sour ce/Body Junction Diode

In the following, the equations for the source-side diode are given. The

model parameters are shown in Appendix A.
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e dioMod = 0 (resistance-free)
(10.1.2)

2 qV, 0 0
> *- xfbreakdown +Vbs >(Bmin

gNJSXkBTNOM p

. €
Ibs - Isbs@(p
e

o EC*

where |y, is the total saturation current consisting of the components
through the gate-edge (Jsgygs) and isolation-edge sidewalls (Jg5,s) and the
bottom junction (Jg),

(10.1.2)
| shs = Aseff‘Jss(T) + Pseff ‘]ssws(T) +Weffcj XNF ><Jsswgs(T)

where the calculation of the junction area and perimeter is discussed in
Chapter 11, and the temperature-dependent current density model is given

in Chapter 12. In (10.1.1), fy; eakdown 1S Given by

(10.1.3)

aX{BVS+V,,)
NJIS*,TNOM

oS
Foreakdoun = 1 XIBVS @(pg'

In the above equation, when XJBVS = 0, no breakdown will be modeled. If
XJIBVS< 0.0, itisreset to 1.0.

¢ dioMod = 1 (breakdown-free)
No breakdown is modeled. The exponentia 1V term in (10.1.4) is

linearized at the limiting current IJTHSFWD in the forward-bias model

only.

10-2
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(10.1.4)

=1 gexpae Vis 0 1B+V G
bs — !sbs Eh bs min
g ENISH.TNOM 5

[a)

* dioMod = 2 (resistance-and-breakdown):
Diode breakdown is always modeled. The exponential term (10.1.5) is

linearized at both the limiting current IJITHSFWD in the forward-bias mode

and the limiting current IJTHSREV in the reverse-bias mode.

(10.1.5)

@& qv,, 0 .U
> *- ]'l’ilebreakdown +Vbs >(Bmin
u

s )
| =1
bs Sbsge(pg NJIS»;TNOM

For dioMod = 2, if XJBVS<= 0.0, it isreset to 1.0.

6.1.2 Drain/Body Junction Diode

The drain-side diode has the same system of equations as those for the
source-side diode, but with a separate set of model parameters as explained

indetail in Appendix A.

e dioMod = 0 (resistance-free)
(10.1.6)

€ & gV
| = |S P bd i-
bd hd ge(pg NJD

Ec

('j
: ,Xf reakdown +V >Gmin
%, TNOM preaid -

()

where |44 is the total saturation current consisting of the components
through the gate-edge (Jsgygq) and isolation-edge sidewalls (Jgyq) and the

bottom junction (Jgy),
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(10.1.7)
I o = Auiert s (T)+ Paett Jssu (T) +Weffcj XNF X g (T)

where the calculation of the junction area and perimeter is discussed in
Chapter 11, and the temperature-dependent current density model is given
in Chapter 12. In (10.1.6), fy; eakdown 1S 9iven by

(10.1.8)

& q{BVD+V,,) 6
B g

In the above equation, when XJBVD = 0, no breakdown will be modeled. If
XJBVD < 0.0, itisreset to 1.0.

¢ dioMod = 1 (breakdown-free)
No breakdown is modeled. The exponential IV term in (10.1.9) is

linearized at the limiting current IJTHSFWD in the forward-bias model

only.

(10.1.9)

o)V
xk_ TNOM

6 u
x- 1U+Vbd ><3min
(4]

| | e &
bd = |soa EEXP T
& gNJD 0

¢ dioMod = 2 (resistance-and-breakdown):
Diode breakdown is always modeled. The exponential term (10.1.10) is

linearized at both the limiting current IITHSFWD in the forward-bias mode

and the limiting current IJTHSREV in the reverse-bias mode.
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(10.1.10)

Vi 0

€ e
Ipg = lsng EEXP 7= 10%fycardown + Vod *Grin
P PENID +,TNOM §

Ec

o

For dioMod = 2, if XJBVD <=0.0, itisresetto 1.0.
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Junction Diode CV Model

10.2 Junction Diode CV M odd

Source and drain junction capacitances consist of three components. the bottom
junction capacitance, sidewall junction capacitance along the isolation edge, and
sidewall junction capacitance along the gate edge. An analogous set of equations

are used for both sides but each side has a separate set of model parameters.

10.2.1 Sour ce/Body Junction Diode

The source-side junction capacitance can be calculated by

(10.2.1)
Cbs = A&eff Cjbs + Psefijbssw+Weffcj WF ><:jbsswg
where C,, is the unit-area bottom S/B junciton capacitance, Cj, is the
unit-length S/B junction sidewall capacitance along the isolation edge, and
Civsswg 1S the unit-length S/B junction sidewall capacitance along the gate
edge. The effective area and perimetersin (10.2.1) are given in Chapter 11.

Ceiscalculated by

if Vps<O
(10.2.2)
- MJS
V. 0O
C..=CJST - bs__ =
Jbs ( )gl PBS(T) 5
otherwise

10-6
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(10.2.3)
V, 0
C.,. = CIS(T )R+ MISx——t=_ 2
Sl sk 0r
CinssidScalculated by
if V<0
(10.2.4)
- MJSWS
V, 0
Cjbsm:CJSNS(T)’g[' WB(T);
otherwise
(10.2.5)

Voo
C. =CISNS(T )1+ MISWS bs 9
o = CISWS )§ ¥ PBSWS(T) 5

CibsswoiS calculated by

if Vpe< O
(10.2.6)
V 0— MJISWGS
C g = CISWGS(T) {1 bs 2
" PEowGST)5
otherwise
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Junction Diode CV Model

(10.2.7)

.- MISWGS
Vbs 9

C st :CJSNGS(T)>§3- EaNeST

10.2.2 Drain/Body Junction Diode

The drain-side junction capacitance can be calculated by

(10.2.8)
de = A\ieﬁcjbd + P C +Weffcj XNF >C

deff ~ jbdsw jbdswg

where Gy, is the unit-area bottom D/B junciton capacitance, Cjygs, IS the
unit-length D/B junction sidewall capacitance along the isolation edge, and
Cinaswg 1S the unit-length D/B junction sidewall capacitance along the gate
edge. The effective areaand perimetersin (10.2.8) are given in Chapter 11.

Cipaiscalculated by
if V<O

(10.2.9)

otherwise

(10.2.10)

Cpoa = CJD(T)>§+ MID x—ea__2

PBD(T)Z
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Junction Diode CV Model

CinaswiS calculated by

if Vpg<O
(10.2.11)
V .- MJSWD
Cnaon = CJSND(T)>§- _ Vg 9
PBSAD(T) 5
otherwise
(10.2.12)
Cpasw = CISAD (T) + MJSAWD Vig g
PBSAD(T) 5
CirusgiScalculated by
if Vpg<O
(10.2.13)
V O— MJISWGD
Coong = CJSNGD(T)%D[- w9
PBSWGD(T )5
otherwise
(10.2.14)
C ooy = CJSWGD(T)>§+ MISWGD x—oa 9
PBSWGD(T ) 5
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Chapter 11: L ayout-Dependent Parasitics
M odel

BSIM4 provides a comprehensive and versatile geometry/layout-dependent parasitcs
model [15]. It supports modeling of series (such as isolated, shared, or merged source/
drain) and multi-finger device layout, or a combination of these two configurations. This
model have impact on every BSIM4 sub-models except the substrate resistance network
model. Note that the narrow-width effect in the per-finger device with multi-finger
configuration is accounted for by this model. A complete list of model parameters and

selectors can be found in Appendix A.

11.1 Geometry Definition

Figure 11-1 schematically shows the geometry definition for various source/drain
connections and source/drain/gate contacts. The layout parameters shown in this

figure will be used to calculate resistances and source/drain perimeters and areas.
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Geometry Definition

DMCI of
Point contact, isolated

DMCG of
Wide contact, shared

DMDG

Ldrawn-XGL No contact, merged

A

DMCI of
Wide contact

Figure 11-1. Definition for layout parameters.
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11.2 Model Formulation and Options

11.2.1 Effective Junction Perimeter and Area

In the following, only the source-side case is illustrated. The same
approach is used for the drain side. The effective junction perimeter on the
source sideis calculated by

If (PSisgiven)
if (perMod == 0)
Psett = PS
else
Pet = PS - Wy xNF

Else
Psert computed fromNF, DWJ, geoMod, DMCG, DMCI, DMDG,
DMCGT, and MIN.

The effective junction area on the source side is calcul ated by

If (ASisgiven)
Ay =AS
Else

A« computed from NF, DWJ, geoMod, DMCG, DMCI, DMDG,
DMCGT, and MIN.

In the above, Py and Ag; Will be used to calculate junction diode 1V and
CV. P44 does not include the gate-edge perimeter.
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Model Formulation and Options

11.2.2 Sour ce/Drain Diffusion Resistance

The source diffusion resistance is calculated by

If (fgeoMod ==0)
Source diffusion res stance Ruiff iS not generated.
Elseif (number of source squaresNRS is given)
Ry = NRS>3KRSH

Else
Riff computed from NF, DWJ, geoMod, DMCG, DMCI, DMDG,
DMCGT, RH, and MIN.

where the number of source squares NRS is an instance parameter.

Similarly, the drain diffusion resistance is calculated by

If (rgeoMod == 0)
Drain diffusion resistance Ry;; isnot generated.
Elseif (number of source squares NRD is given)
Ry = NRD xRSH

Else
Ry computed from NF, DWJ, geoMod, DMCG, DMCI, DMDG,
DMCGT, RSH, and MIN.

11.2.3 Gate Electrode Resistance

The gate electrode resistance with multi-finger configuration is modeled by

(11.2.1)

RSHG A XGW + s
NGCON %L, - XGL)*\F

Rgeltd =

rawn
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Model Formulation and Options

11.2.4 Option for Source/Drain Connections

Table 11-1 lists the options for source/drain connections through the model

selector geoMod.

geoMod End source End drain Note
0 isolated isolated NF=0Odd
1 isolated shared NF=0dd, Even
2 shared isolated NF=0dd, Even
3 shared shared NF=0dd, Even
4 isolated merged NF=0dd
5 shared merged NF=0dd, Even
6 merged isolated NF=Odd
7 merged shared NF=0dd, Even
8 merged merged NF=0dd
9 shaliso shared NF=Even
10 shared shaliso NF=Even

Table 11-1. geoMod options.
For multi-finger devices, all inside S/D diffusions are assumed shared.

11.2.5 Option for Source/Drain Contacts

Talbe 11-2 lists the options for source/drain contacts through the model
selector rgeoMod.
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Model Formulation and Options

rgeoMod End-sourcecontact | End-drain contact
0 No Ry NoO Ryt
1 wide wide
2 wide point
3 point wide
4 point point
5 wide merged
6 point merged
7 merged wide
8 merged point

Table 11-2. rgeoMod options.
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Chapter 12: Temperature Dependence
M odel

Accurate modeling of the temperature effects on MOSFET characteristics is important to
predict circuit behavior over a range of operating temperatures (T). The operating
temperature might be different from the nominal temperature TNOM) at which the
BSIM4 model parameters are extracted. This chapter presents the BSIM4 temperature
dependence models for threshold voltage, mobility, saturation velocity, source/drain

resistance, and junction diode IV and CV.

12.1 Temperatur e Dependence of Threshold
Voltage

The temperature dependence of Vy, is modeled by

(12.1.1)
V, (T)=V, (TNOM )+ GKT1+ KTIL | k1o N T T 49
Leff 7] eTNOM 4]

12.2 Temperatur e Dependence of Mobility

The BSIM4 mobility model parameters have the following temperature

dependences
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Temperature Dependence of Saturation Velocity

(12.2.1)
U 0(T) =UO(TNOM )XT/TNOM )™

(12.2.2)
UA(T) =UA(TNOM ) +UALX{T /TNOM - 1)

(12.2.3)
UB(T) =UB(TNOM ) +UBLXT/TNOM - 1)

and

(12.2.4)
UC(T)=UC(TNOM ) +UCIX{T/TNOM - 1)

12.3 Temper atur e Dependence of Saturation
Veocity

The temperature dependence of VSAT is modeled by

(12.3.)
VSAT(T) =VSAT(TNOM )- AT XT/TNOM - 1)

12.4 Temperature Dependence of LDD
Resistance

* rdsMod =0 (internal source/drain LDD resistance)
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Temperature Dependence of Junction Diode IV

(12.4.1)
RDSW (T) = RDSW (TNOM ) + PRT XT/TNOM - 1)

(12.4.2)
RDSAMIN (T ) = RDSAWMIN (TNOM )+ PRT XT/TNOM - 1)

* rdsMod =1 (external source/drain LDD resistance)

(12.4.3)
RDW (T) = RDW (TNOM ) + PRT {T/TNOM - 1)

(12.4.4)
RDWMIN (T ) = RDWMIN (TNOM )+ PRT {T/TNOM - 1)

(12.4.5)
RSV(T) = RSWV(TNOM )+ PRT {T/TNOM - 1)

and

(12.4.6)
RSMMIN (T)= RSAMMIN (TNOM )+ PRT {T/TNOM - 1)

12.5 Temperatur e Dependence of Junction
Diode IV

* Source-side diode
The source-side saturation current is given by
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Temperature Dependence of Junction Diode IV

I gps = Aseff‘]ss(T) + Py Jssws(T) + W

where

J_(T)=Jss(tnom )

I, (T) = Issws(TNOM )

and

J sougsT) = ISSWGS(TNOM )

where Egisgivenin Section 12.7.

e Drain-side diode

(12.5.1)
XNF X ,6(T)
(12.5.2)
aF (TNoM)  E,(T) e T 40
o g vmom) ) " XTI SN oM oe
Pe NJS H
9 -
e (%]
(12.5.3)
o, (TNOoM ) E(T) e T o0
. g v,(TNOM ) v (T) * XTIS)dngTNOM o+
Pe NJS *
9 -
e %]
(12.5.4)
oF, (TNOM ) E,(T) e T 40
g mom) v XTISANCTNOM 3
Pe NJS *
g -
e (%]

The drain-side saturation current is given by

12-4
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Temperature Dependence of Junction Diode CV

(12.5.5)
I o = Auiert s (T)+ Paett Jssu (T) +Weffcj XNF X g (T)

where

(12.5.6)

g5 (NOM) E(T) iz T 09

¢ CTNOV
N (T) = JSD(TNOM ))@(pg Vi (TNOM ) Vi (T) TNOM QI
¢ NJD +
g (7]
(12.5.7)
aF, (TNOM)  E(T) e T 80
¢ - + XTID AN Q=
- ¢ V(TNOM ) v (T) STNOM g~
J0a(T) = JSSWD(TNOM ) vexp ] :
g 7]
and
(12.5.8)
aF,(TNOM)  E,(T) e T 86
¢ - + XTID %n QY
J_(T) = ISSWGD(TNOM ) sexpS— (Mom) v (T) STNOM -
- ¢ NJD +
g g

12.6 Temper atur e Dependence of Junction
Diode CV

e Source-sidediode
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Temperature Dependence of Junction Diode CV

The temperature dependences of zero-bias unit-length/area junction

capacitances on the source side are modeled by
(12.6.1)

CJS(T )= CIS(TNOM ) {1+ TCJI XT - TNOM )|

(12.6.2)
CISWS(T) = CISWS(TNOM )+ TCISW XT - TNOM )
and
(12.6.3)

CISWGS(T )= CISWGS(TNOM )41+ TCISWG X{T - TNOM )|

The temperature dependences of the built-in potentials on the source side are
modeled by

(12.6.4)

PBS(T )= PBS(TNOM )- TPBXT - TNOM )

(12.65)
PBSWS(T ) = PBSWS(TNOM )- TPBSW YT - TNOM )

and

(12.6.6)
PBSAVGS(T) = PBSMGS(TNOM ) - TPBSAG T - TNOM )

e Drain-side diode
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Temperature Dependence of Junction Diode CV

The temperature dependences of zero-bias unit-length/area junction

capacitances on the drain side are modeled by
(12.6.7)

CJID(T) = CID(TNOM )1+ TCIXT - TNOM )|

(12.6.9)
CJISWD(T) = CISAMD(TNOM )+ TCISW XT - TNOM )
and
(12.6.9)

CISWGD(T) = CISWGD(TNOM )1+ TCISWG XT - TNOM )|

The temperature dependences of the built-in potentials on the drain side are
modeled by

(12.6.10)

PBD(T) = PBD(TNOM )- TPBXT - TNOM )

(12.6.11)
PBSAD (T) = PBSAD (TNOM ) - TPBSW KT - TNOM )
and

(12.6.12)
PBSWGD(T ) = PBSVGD(TNOM ) - TPBSWG XT - TNOM )
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Temperature Dependences of Eg and ni

12.7 Temper ature Dependences of Eg and n;

* Energy-band gap of Si (Eg)
The temperature dependence of E; is modeled by

(12.7.1)
s an-4 2
E, (TNOM ) _116- 7.02” 10"“TNOM
TNOM +1108
and
(12.7.2)
s Ay 412
E, (T):1.16- 7.02° 10 °T
T +1108
* Intrinsic carrier concentration of Si (n;)
The temperature dependence of n, is modeled by
(12.7.3)
S TNOM U
n, =1.45e106NOM | [TNOM ., 601 5565981- Mﬂ
300.15 Y\ 300.15 & 2%, T
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Chapter 13: Parameter Extraction
M ethodology

Parameter extraction is an important part of model development. The extraction
methodology depends on the model and on the way the model isused. A combination of a
local optimization and the group device extraction strategy is adopted for parameter

extraction.

13.1 Optimization strategy

There are two main, different optimization strategies: globa optimization and
local optimization. Global optimization relies on the explicit use of a computer to
find one set of model parameters which will best fit the available experimental
(measured) data. This methodology may give the minimum average error between
measured and simulated (calculated) data points, but it also treats each parameter
as a "fitting" parameter. Physical parameters extracted in such a manner might

yield values that are not consistent with their physical intent.

In local optimization, many parameters are extracted independently of one
another. Parameters are extracted from device bias conditions which correspond to
dominant physical mechanisms. Parameters which are extracted in this manner
might not fit experimental data in all the bias conditions. Nonetheless, these
extraction methodologies are developed specifically with respect to a given

parameter’s physical meaning. If properly executed, it should, overall, predict
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Extraction Strategy

device performance quite well. Values extracted in this manner will now have

some physical relevance.

13.2 Extraction Strategy

Two different strategies are available for extracting parameters. single device
extraction strategy and group device extraction strategy. In single device
extraction strategy, experimental data from a single device is used to extract a
complete set of model parameters. This strategy will fit one device very well but
will not fit other devices with different geometries. Furthermore, single device
extraction strategy can not guarantee that the extracted parameters are physical. If
only one set of channel length and width is used, parameters related to channel

length and channel width dependencies can not be determined.

It is suggested that BSIM4 use group device extraction strategy. This requires
measured data from devices with different geometries. All devices are measured
under the same bias conditions. The resulting fit might not be absolutely perfect
for any single device but will be better for the group of devices under
consideration. In the following, a general extraction methodology is proposed for
basic BSIM4 model parameters. Thus, it will not cover other model parameters,

such as those of the gate tunneling current model and RF models, etc.

13-2 BSIM4.2.1 Manual Copyright © 2001 UC Berkeley



Extraction Procedure

13.3 Extraction Procedure

13.3.1Extraction Requirements

One large size device and two sets of smaller-sized devices are needed to

extract parameters, as shown in Figure 13-1.

W LargeW and L

Orthogonal Set of W and L

/

[ J L ] L ] o ®
.
|
[ J
|
l

Wmin‘.>
} L
Lmin

Figure 13-1. Device geometries used for parameter extraction

The large-sized device (W 3 10mm, L 3 10nm) is used to extract
parameters which are independent of short/narrow channel effects and

parasitic resistance. Specificaly, these are: mobility, the large-sized device
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Extraction Procedure

threshold voltage VTHO, and the body effect coefficients K1 and K2 which
depend on the vertical doping concentration distribution. The set of devices
with a fixed large channel width but different channel lengths are used to
extract parameters which are related to the short channel effects. Similarly,
the set of devices with a fixed, long channel length but different channel
widths are used to extract parameters which are related to narrow width
effects. Regardless of device geometry, each device will have to be

measured under four, distinct bias conditions.

(1) 145 VS. Vs @ Vs = 0.05V with different V.
(2) lgs VS. Vs @ Vips = OV with different V.
(3) IdS VS. VgS @ VdS = Vdd with different VbS

(%sl)ds VS. Vs @ Vips = Vi, With different V. ([Vyp| is the maximum body
ias).

13.3.20ptimization

The optimization process recommended is a combination of Newton-
Raphson's iteration and linear-squares fit of either one, two, or three
variables. A flow chart of this optimization process is shown in Figure 13-
2. The model equation is first arranged in a form suitable for Newton-

Raphson'siteration as shown in (13.3.1):

(13.3.2)

f im m f im f im m
fap(RLO,PZO,%O)‘ fsim(%(m),P;gm),%(m)) :ﬂﬂ—%[ﬂ +11“S:|)2 D:i“_,.“ﬂ;g DR

The variable fgy,,() is the objective function to be optimized. The variable

fexp() stands for the experimental data. Py, P, and P, represent the

13-4
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Extraction Procedure

desired extracted parameter values. P,(™, P,(™ and P,(™ represent

parameter values after the mth iteration.

Initial Guess of
Parameters P i

Model Equations

Linear Least Squsre
Fit Routine

Measured Data %

DPI

p™ =p ™+ DP

DP. no
—_—

[=] (m)
i

yes

STOP

Figure 13-2. Optimization flow.

To change (13.3.1) into aform that alinear least-squares fit routine can be

used (i.e.inaform of y = a+ bxi + cx2), both sides of (13.3.1) are divided
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Extraction Procedure

by T/ TP;. This gives the change in P,, DP,(™ |, for the next iteration
such that:

(13.3.2)
Pl(m+1) = Pi(m) + DPi(m)

wherei=1, 2, 3for thisexample. The (m+1) parameter values for P, and P;
are obtained in an identical fashion. This process is repeated until the
incremental parameter change in parameter values DP,(™ are smaller than
a pre-determined value. At this point, the parameters P,, P,, and P; have

been extracted.

13.3.3Extraction Routine

Before any model parameters can be extracted, some process parameters
have to be provided. They are listed below in Table 13-1:

Input Parameters Names Physical Meaning
TOXE, TOXP, DTOX, or | Gate oxide thickness and dielectric con-
EPSROX stant
NDEP Doping concentration in the channel
TNOM Temperature at which the datais taken
L grawn Mask level channel length
W grawn Mask level channel width
XJ Junction depth

Table 13-1. Prerequisiteinput parametersprior to extraction process.
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Extraction Procedure

The parameters are extracted in the following procedure. These procedures
are based on a physical understanding of the model and based on loca
optimization. (Note: Fitting Target Data refers to measurement data used
for model extraction.)

Step 1
Extracted Parameters & Fitting Target Device & Experimental Data
Data
VTHO, K1, K2 Large Size Device (Large W& L).
l4sVS. Vgs @ Vs = 0.05V at Different Vi
Fitting Target Exp. Data: Vip(Vps) Extracted Experimental Data V,(Vyo
Step 2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
UA, UB, UC, EU Large Size Device (Large W& L).

l4sVS. Vgs @ Vs = 0.05V at Different Vi
Fitting Target Exp. Data: Strong Inver-
sionregion | 4(Vgs, Viss)

Step 3

Extracted Parameters & Fitting Target Devices & Experimental Data
Data
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Extraction Procedure

LINT, Ry{(RDSW, W, V,,J One Set of Devices (Large and Fixed W &
Different L).

sion region | g4V, Vis)

Step 4
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
WINT, Rys(RDSW, W, Vo) One Set of Devices (Large and Fixed L
& Different W).
Fitting Target Exp. Data: Strong Inver- | lgs VS. Vgs @ Vys= 0.05V at Different
sion region l4(Vgs Vis) Vis
Step 5
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
RDSW, PRWG, PRWB, WR Ras(RDSW, W, Vg, Vis)

Fitting Target Exp. Data: Ryg(RDSW, W,
Vgs Vbs)

Step 6

Extracted Parameters & Fitting Target Devices & Experimental Data
Data
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Extraction Procedure

DVTO, DVT1, DVT2, LPEO, LPEB

Fitting Target Exp. Data: Vip(Vys, L, W)

One Set of Devices (Large and Fixed W &
Different L).

Vi(Vps L, W)

Step 7

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

DVTOW, DVT1W, DVT2W
Fitting Target Exp. Data: Vip(Vys, L, W)

One Set of Devices (Large and Fixed L &
Different W).

VirlVbs L, W)

Fitting Target Exp. Data: V;p(Vys, L, W)

Step 8
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
K3, K3B, WO One Set of Devices (Large and Fixed L &

Different W).
Vin(Vps L, W)

Fitting Target Exp. Data: Subthreshold
region Ids(vgs’ Vbs)

Step 9
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
MINV, VOFF, VOFFL, NFACTOR, | One Set of Devices (Large and Fixed W &
CDSC, CDSCB Different L).

l4sVS. Vgs @ Vs = 0.05V at Different Vi
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Extraction Procedure

Step 10
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
CDSCD One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Subthreshold
region Ids(vgs' Vbs)

Different L).
IdSVS' Vgs @ VbS = Vbb at Different VdS

Step 11
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
DWB

Fitting Target Exp. Data: Strong Inver-
sionregion | 4(Vgs, Viss)

One Set of Devices (Large and Fixed W &
Different L).
l4sVS. Vgs @ Vs = 0.05V at Different Vi

Step 12
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
VSAT, AOQ, AGS One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: (Vg

Al, A2 (PMOS Only)
Fitting Target Exp. Data Vyga: (Vgs)

Vi /W

Different L).
l4sVS. Vs @ Vi = OV at Different Vg

13-10
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Step 13
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
BO, B1 One Set of Devices (Large and Fixed L &

Fitting Target Exp. Datar 14 (Vgs, Vpd/W

Different W).
l4sVS. Vs @ Vs = OV at Different Vg

Step 14

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

DWG

Fitting Target Exp. Data: (V.

g5 Voo/W

One Set of Devices (Large and Fixed L &
Different W).
IdSVS' VdS @ VbS =0V a leferenthS

Step 15

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

PSCBE1, PSCBE2

Fitting Target Exp. Data: Ry;¢(Vgs Vo)

One Set of Devices (Large and Fixed W &
Different L).
l4sVS. Vs @ Vs = OV at Different Vg

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Extraction Procedure

PCLM, g(DROUT, PDIBLCL,
PDIBLC2, L), PVAG, FPROUT, DITS,
DITSL, DITSD
Fitting Target Exp. Data: Ry (Vg Vas)

One Set of Devices (Large and Fixed W &
Different L).
l4sVS. Vs @ Vi = OV at Different Vg

Step 17

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

DROUT, PDIBLC1, PDIBLC2
Fitting Target Exp. Data: q(DROUT,
PDIBLCL, PDIBLC2, L)

One Set of Devices (Large and Fixed W &
Different L).

gq(DROUT, PDIBLC1, PDIBLC2, L)

Step 18
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
PDIBLCB One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: q(DROUT,
PDIBLCL, PDIBLC2, L, V)

Different L).
l4sVS. Vgs @ fixed Vs at Different Vg

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

13-12
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Extraction Procedure

dpipL(ETAO, ETAB, DSUB, DVTPO,
DVTPL, L)

Fitting Target Exp. Data: Subthreshold
region Ids(Vgs’ Vbs)

One Set of Devices (Large and Fixed W &
Different L).
ldSVS' Vgs @ VdS = Vdd at leferentVbs

Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

ETAO, ETAB, DSUB

Fitting Target Exp. Data: qp, g (ETAO,
ETAB, L)

One Set of Devices (Large and Fixed W &
Different L).
ldSVS' Vgs @ VdS = Vdd at leferentVbS

Step 21
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
KETA One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: | (V,

gs Vbd/W

Different L).
IdSVS' VdS @ VbS = Vbb at Different Vgs

Step 22

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Extraction Procedure

ALPHAO, ALPHAL, BETAO One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: I;;(Vgs, Vo)W | lasVS Vs @ Vs = Vi, &t Different Vg
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Appendix A: Complete Parameter List

A.1 BSIM4.0.0 Model Selectors/Controllers

Parameter Default
name Description value Binnable? Note
LEVEL SPICE3 model selector 14 NA BSIM4
(SPICE3 also set as
parameter) the default
model in
SPICE3
VERSION Model version number 4.0.0 NA Berkeley
Latest offi-
cial release
BINUNIT Binning unit selector 1 NA -
PARAMCHK Switch for parameter value check 1 NA Parame-
ters
checked
MOBMOD Mobility model selector 0 NA -
RDSMOD Bias-dependent source/drain resis- RysV)
tance model selector modeled
0 NA internally
through 1V
eguation
IGCMOD Gate-to-channel tunneling current 0 NA OFF
model selector
IGBMOD Gate-to-substrate tunneling current 0 NA OFF
model selector
CAPMOD Capacitance model selector 2 NA -
RGATEMOD Gate resistance model selector 0 -
(Also an (no gate
instance resistance)
parameter)
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BSIM4.0.0 Model Selectors/Controllers

Parameter Default
name Description value Binnable? Note
RBODYMOD Substrate resistance network model 0 NA -
(Also an selector ( network
instance off)
parameter)
TRNQSMOD Transient NQS model selector 0 NA OFF
(Also an
instance
parameter)
ACNQSMOD AC small-signal NQS model selector 0 NA OFF
(Also an
instance
parameter)
FNOIMOD Flicker noise model selector NA -
TNOIMOD Thermal noise model selector NA -
DIOMOD Source/drain junction diode IV model NA -
selector
PERMOD Whether PS/PD (when given) 1 (including NA -
includes the gate-edge perimeter the gate-
edge perime-
ter)
GEOMOD Geometry-dependent parasitics model 0 NA -
(Also an selector - specifying how the end S/D (isolated)
instance diffusions are connected
parameter)
RGEOMOD Source/drain diffusion resistance and 0 (no S'D NA -
(Instance contact model sel ector - specifying the diffusion
par ameter end S/D contact type: point, wide or resistance)
only) merged, and how S/D parasitics resis-
tance is computed
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Process Parameters

A.2 Process Parameters

Parameter Default Note
name Description value Binnable?
EPSROX Gate dielectric constant relative to 3.9(S0,) No Typicaly
vacuum greater
than or
equal to
39
TOXE Electrical gate equivalent oxide thick- 3.0e-9m No Fatal error
ness if not posi-
tive
TOXP Physical gate equivalent oxide thick- TOXE No Fatal error
ness if not posi-
tive
TOXM Tox at which parameters are extracted TOXE No Fatal error
if not posi-
tive
DTOX Defined as (TOXE-TOXP) 0.0m No -
XJ S/D junction depth 1.5e-7m Yes -
GAMMA1L (gl | Body-effect coefficient near the sur- calcul ated v 12 Note-1
in equation) face
GAMMA2 (g2 | Body-effect coefficient in the bulk calculated v 12 Note-1
in equation)
NDEP Channel doping concentration at 1.7e17cm Yes Note-2
depletion edge for zero body bias
NSUB Substrate doping concentration 6.0e16cm 3 Yes -
NGATE Poly Si gate doping concentration 0.0cm™3 Yes -
NSD Source/drain doping concentrationFa- | 1.0e20cm3 Yes -
tal error if not positive
VBX V,s @ which the depletion region calculated No Note-3
width equalsXT V)
XT Doping depth 1.55e-7m Yes -
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Process Parameters

Parameter Default Note

name Description value Binnable?

RSH Source/drain sheet resistance 0.0ohm/ No Should not
square be negative

RSHG Gate €electrode sheet resistance 0.1ohm/ No Shoule not
square be negative
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Basic M odel Parameters

A.3 Basic Modd Parameters

Parameter Default
name Description value Binnable? Note
VTHO or VTHO | Long-channel threshold voltage at 0.7v Yes Note-4
Vp0 (NMOS)
-0.7v
(PMOS)
VFB Flat-band voltage -1.0v Yes Note-4
PHIN Non-uniform vertical doping effect on 0.0v Yes -
surface potential
K1 First-order body bias coefficient 0.5vY2 Yes Note-5
K2 Second-order body bias coefficient 0.0 Yes Note-5
K3 Narrow width coefficient 80.0 Yes -
K3B Body effect coefficient of K3 oov? Yes -
WO Narrow width parameter 2.5e-6m Yes -
LPEO Lateral non-uniform doping parameter 1.74e-7m Yes -
at V=0
LPEB Lateral non-uniform doping effect on 0.0m Yes -
K1
VBM Maximum applied body biasin VTHO -3.0vV Yes -
calculation
DVTO First coefficient of short-channel 22 Yes -
effect on Vy,
DVT1 Second coefficient of short-channel 053 Yes :
effect on Vi,
DVT2 Body-bias coefficient of short-channel -0.032v 1 Yes -
effect on Vth
DVTPO First coefficient of drain-inducedVy 0.0m Yes Not de'
shift due to for long-channel pocket e_led i
devices binned
DVTPO
<=0.0
DVTP1 First coefficient of drain-inducedVy, oov? Yes -
shift due to for long-channel pocket
devices
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Basic M odel Parameters

Parameter Default
name Description value Binnable? Note
DVTOW First coefficient of narrow width 0.0 Yes -
effect on V,,, for small channel length
DVT1W Second coefficient of narrow width 5.3e6m 1 Yes -
effect on Vy, for small channel length
DVT2W Body-bias coefficient of narrow width -0.032v1 Yes -
effect for small channel length
uo Low-field mohility 0.067 -
m?/(Vs) Yes
(NMOS);
0.025
m?/(Vs)
PMOS
UA Coefficient of first-order mobility 1.0e-9m/V Yes -
degradation dueto vertical field for
MOBMOD
=0and 1;
1.0e-15m/V
for
MOBMOD
=2
uB Coefficient of secon-order mobility 1.0e-19n%/ Yes -
degradation dueto vertical field V2
uc Coefficient of mobility degradation -0.0465V "1 Yes -
due to body-bias effect for MOB-
MOD=1;
-0.0465e-9
m/V? for
MOBMOD
=0and 2
EU Exponent for mobility degradation of 1.67 -
MOBMOD=2 (NMOS);
1.0 (PMOS)
VSAT Saturation velocity 8.0edm/s Yes -
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Parameter Default

name Description value Binnable? Note

A0 Coefficient of channel-length depen- 10 Yes -
dence of bulk charge effect

AGS Coefficient of Vs dependence of bulk oov? Yes -
charge effect

BO Bulk charge effect coefficient for 0.0m Yes -
channel width

B1 Bulk charge effect width offset 0.0m Yes -

KETA Body-bias coefficient of bulk charge -0.047v 1 Yes -
effect

Al First non-saturation effect parameter 0.0v-1 Yes -

A2 Second non-saturation factor 1.0 Yes -

WINT Channel-width offset parameter 0.0m No -

LINT Channel-length offset parameter 0.0m No :

DWG Coefficient of gate bias dependence of 0.0m/v Yes -
West

DwWB Coefficient of body bias dependence 0.0m/vY? Yes -
of W bias dependence

VOFF Offset voltage in subthreshold region -0.08v Yes -
for largeW andL

VOFFL Channel-length dependence of VOFF 0.0mv No -

MINV Vgstef fitting parameter for moderate 0.0 Yes -
inversion condition

NFACTOR Subthreshold swing factor 1.0 Yes -

ETAO DIBL coefficient in subthreshold 0.08 Yes -
region

ETAB Body-bias coefficient for the sub- -0.07v1 Yes -
threshold DIBL effect

DSUB DIBL coefficient exponent in sub- DROUT Yes -
threshold region

CIT Interface trap capacitance 0.0F/m? Yes -
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Basic M odel Parameters

Parameter Default
name Description value Binnable? Note
CDsC coupling capacitance between source/ | 2 4e-4F/m? Yes -
drain and channel
CDSCB Body-bias sensitivity of Cdsc 0.0F/(Vm?) Yes -
CDSCD Drain-bias sensitivity of CDSC 0.0(F/Vm?) Yes -
PCLM Channel length modulation parameter 13 Yes -
PDIBLC1 Parameter for DIBL effect on Rout 0.39 Yes -
PDIBLC2 Parameter for DIBL effect on Rout 0.0086 Yes -
PDIBLCB Body bias coefficient of DIBL effect o.ov-1 Yes -
on Rout
DROUT Channel-length dependence of DIBL 0.56 Yes -
effect on Rout
PSCBEL1 First substrate current induced body- 4.24e8V/m Yes -
effect parameter
PSCBE2 Second substrate current induced 1.0e-5m\V Yes -
body-effect parameter
PVAG Gate-hias dependence of Early volt- 0.0 Yes -
age
DELTA Parameter for DC Ve 0.01v Yes -
(d in equation)
FPROUT Effect of pocket implant on Rout deg- | 0.0v/m®® Yes Not mpd-
radation eledif
binned
FPROUT
not posi-
tive
PDITS Impact of drain-induced Vyy, shift on oov? Yes Not mod-
Rout eledif
binned
PDITS=0;
Fatal error
if binned
PDITS
negative
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Parameter Default
name Description value Binnable? Note
PDITSL Channel-length dependence of drain- 0.0m! No .Fatal error
induced V, shift for Rout if PDITSL
negative
PDITSD Vs dependence of drain-induced Vi, oov? Yes -
shift for Rout
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Parametersfor Asymmetric and Bias-Dependent Rds M odel

A.4 Parametersfor Asymmetric and Bias-
Dependent Rys Modél

Parameter Default

name Description value Binnable? Note

RDSW Zero bias LDD resistance per unit 200.0 Yes If negative,
width for RDSMOD=0 ohn(mn)WR reset to 0.0

RDSWMIN LDD resistance per unit width at high 0.0 No -
Vgsand zero V,sfor RDSMOD=0 ohm(nm)WR

RDW Zero bias lightly-doped drain resis- 100.0 Yes -
tance Ry(V) per unit width for RDS- ohm(mm)WR
MOD=1

RDWMIN Lightly-doped drain resistance per 0.0 No -
unit width at highVgs and zero Vs for | ohm(rm)"VR
RDSMOD=1

RSW Zero bias lightly-doped source resis- 100.0 Yes -
tance Ry(V) per unit width for RDS- ohm(mm)WR
MOD=1

RSWMIN Lightly-doped source resistance per 0.0 No -
unit width at highVgs and zero Vi, for ohm(mm)WR
RDSMOD=1

PRWG Gate-bias dependence of LDD resis- 10v-t Yes -
tance

PRWB Body-bias dependence of LDD resis- 0.0v-95 Yes -
tance

WR Channel-width dependence parameter 1.0 Yes -
of LDD resistance

NRS (instance Number of source diffusion squares 1.0 No -

par ameter

only)

NRD (instance Number of drain diffusion squares 1.0 No -

par ameter

only)
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Impact lonization Current Model Parameters

A.5 Impact lonization Current Model

Parameters
Parameter Default
name Description value Binnable? Note
ALPHAO First parameter of impact ionization 0.0Am/V Yes -
current
ALPHA1 Isub parameter for length scaling 0.0A/V Yes -
BETAO The second parameter of impact ion- 30.0V Yes -
ization current
A.6 Gate-Induced Drain L eakage M odel
Parameters
Parameter Default
name Description value Binnable? Note
AGIDL Pre-exponential coefficient for GIDL 0.0mho Yes lgig=0-01if
binned
AGIDL
=0.0
BGIDL Exponential coefficient for GIDL 2.3e9V/m Yes lgig=0.0if
binned
BGIDL
=0.0
CGIDL Paramter for body-bias effect on 05v3 Yes -
GIDL
EGIDL Fitting parameter for band bending for 0.8v Yes -
GIDL
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Gate Dielectric Tunneling Current M odel Parameters

A.7 GateDidectric Tunneling Current Model

Parameters
Parameter Default
name Description value Binnable? Note
AIGBACC Parameter for |y, in accumulation 043 Yes -
(Fs?lg)®*m?
BIGBACC Parameter for 1y, in accumulation 0.054 Yes -
(Fs’/g)°®
mivt
CIGBACC Parameter for lgb in accumulation 0.075v1 Yes -
NIGBACC Parameter for |y, in accumulation 1.0 Yes Fatal error
if binned
value not
positive
AIGBINV Parameter for |y, ininversion 0.35 Yes -
(Fsg)*->m?
BIGBINV Parameter for |, ininversion 0.03 Yes -
(F&/g)>°
miv-1
CIGBINV Parameter for g, in inversion 0.006Vv 1 Yes -
EIGBINV Parameter for Iy, in inversion 1.1v Yes -
NIGBINV Parameter for Iy, in inversion 3.0 Yes Fatal error
if binned
value not
positive
AIGC Parameter for lgcs and | geq 0.054 Yes -
(NMOS) and
0.31
(PMOS)
(Fslg)**m™
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Gate Dielectric Tunneling Current M odel Parameters

Parameter
name

Description

Default
value

Binnable?

Note

BIGC

Parameter for lgcs and | geq

0.054
(NMOS) and
0.024
(PMOS)
(F?/g)%®
mly-1

Yes

CIGC

Parameter for |, and |y q

0.075
(NMOS) and
0.03

(PMOS) V1

Yes

AIGSD

Parameter for 135 and 1gg

0.43
(NMOS) and
0.31
(PMOS)

(F%/g)®-®m™*

Yes

BIGSD

Parameter for 15 and lgq

0.054
(NMOS) and
0.024
(PMOS)
(Fs?/g)%®
mly-1

Yes

CIGSD

Parameter for | and Iy

0.075
(NMOS) and
0.03

(PMOS) V1

Yes

DLCIG

Source/drain overlap length for g
andl gy

LINT

Yes

NIGC

Parameter for | I

gcs' 'ged 'Igs and Igd

1.0

Yes

Fatal error
if binned
value not

positive

POXEDGE

Factor for the gate oxide thickness in
source/drain overlap regions

1.0

Yes

Fatal error
if binned
value not

positive

BSIM4.2.0 Manual Copyright © 2001 UC Berkeley

A-13




Gate Dielectric Tunneling Current M odel Parameters

Parameter Default
name Description value Binnable? Note
PIGCD Vs dependence of 1ges and | goq 1.0 Yes Fatal error
if binned
value not
positive
NTOX Exponent for the gate oxide ratio 10 Yes -
TOXREF Nominal gate oxide thicknessfor gate |  3.0e-9m No Fatal error
dielectric tunneling current model if not posi-
only tive
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Charge and Capacitance M odel Parameters

A.8 Charge and Capacitance Model Parameters

Parameter Default

name Description value Binnable? Note

XPART Charge partition parameter 0.0 No -

CGSO Non LDD region source-gate overlap calculated No Note-6
capacitance per unit channel width (F/m)

CGDO Non LDD region drain-gate overlap calculated No Note-6
capacitance per unit channel width (F/m)

CGBO Gate-bulk overlap capacitance per 0.0 F/m Note-6
unit channel length

CGSL Overlap capacitance between gate and 0.0F/m Yes -
lightly-doped source region

CGDL Overlap capacitance between gate and 0.0F/m Yes -
lightly-doped source region

CKAPPAS Coefficient of bias-dependent overlap 0.6V Yes -
capacitance for the source side

CKAPPAD Coefficient of bias-dependent overlap CKAPPAS Yes -
capacitance for the drain side

CF Fringing field capacitance calculated Yes Note-7

(F/m)

CLC Constant term for the short channel 1.0e-7m Yes -
model

CLE Exponential term for the short channel 0.6 Yes -
model

DLC Channel-length offset parameter for LINT (m) No -
CV model

DWC Channel-width offset parameter for WINT (m) No -
CV model

VFBCV Flat-band voltage parameter (for -1.0v Yes -
CAPMOD=0 only)

NOFF CV parameter inVggefr, cv for weak to 1.0 Yes -
strong inversion

VOFFCV CV parameter inV g oy for week to 0.0v Yes -
strong inversion
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Charge and Capacitance M odel Parameters

Parameter Default
name Description value Binnable? Note
ACDE Exponential coefficient for charge 1.0m/V Yes -
thicknessin CAPMOD=2 for accumu-
lation and depletion regions
MOIN Coefficient for the gate-bias depen- 15.0 Yes -
dent surface potential
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High-Speed/RF M odel Parameters

A.9 High-Speed/RF Model Parameters

Parameter Default Binnable?
name Description value Note
XRCRG1 Parameter for distributed channel- 120 Yes Warning
resistance effect for both intrinsic- message
input resistance and charge-deficit issued if
NQS models binned
XRCRG1
<=0.0
XRCRG2 Parameter to account for the excess 1.0 Yes -
channel diffusion resistance for both
intrinsic input resistance and charge-
deficit NQS models
RBPB Resistance connected between 50.0ohm No If lessthan
(Also an bNodePrime and bNode 1.0e-3ohm,
instance reset to
parameter) 1.0e-3ohm
RBPD Resistance connected between 50.00hm No If lessthan
(Also an bNodePrime and dbNode 1.0e-30hm,
instance reset to
parameter) 1.0e-3ohm
RBPS Resistance connected between 50.0o0hm No If lessthan
(Also an bNodePrime and sbNode 1.0e-30hm,
instance reset to
parameter) 1.0e-3ohm
RBDB Resistance connected between 50.0ohm No If lessthan
(Also an dbNode and bNode 1.0e-3ohm,
instance reset to
parameter) 1.0e-3ohm
RBSB Resistance connected between 50.00hm No If lessthan
(Also an sbNode and bNode 1.0e-30hm,
instance reset to
parameter) 1.0e-3ohm
GBMIN Conductancein parallel with each of 1.0e-12mho No Warning
the five substrate resistances to avoid message
potential numerical instability due to issued if
unreasonably too large a substrate less than
resistance 1.0e-20
mho
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Flicker and Thermal Noise Model Parameters

A.10 Flicker and Thermal Noise M odel

Parameters
Default
Parameter Description value Binnable? Note
name
NOIA Flicker noise parameter A 6.25e41 No -
(ev)y st
EFm® for
NMOS;
6.188e40
(ev)1st
EFm3 for
PMOS
NOIB Flicker noise parameter B 3.125e26 No -
R
EFmt for
NMOS;
1.5e25
(ev)1st
EFmt for
PMOS
NOIC Flicker noise parameter C 8.75 No -
(eV)'lsl'EFm
EM Saturation field 4.1e7V/m No -
AF Flicker noise exponent 10 No -
EF Flicker noise frequency exponent 10 No -
KF Flicker noise coefficient 0.0 No -
A2-EFSLEFE
NTNOI Noise factor for short-channel devices 1.0 No -
for TNOIMOD=0 only
TNOIA Coefficient of channel-length depen- 15 No -
dence of total channel thermal noise
TNOIB Channel-length dependence parameter 35 No -
for channel thermal noise partitioning
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L ayout-Dependent Parasitics Model Parameters

A.11 Layout-Dependent Parasitics M odel

Parameters
Parameter Default Binnable?
name Description value Note
DMCG Distance from S/D contact center to 0.0m No -
the gate edge
DMCI Distance from S/D contact center to DMCG No -
the isolation edge in the channel-
length direction
DMDG Same as DMCG but for merged 0.0m No -
device only
DMCGT DMCG of test structures 0.0m No -
NF Number of device fingers 1 No Fatal error
(instance if lessthan
parameter one
only)
DWJ Offset of the S/D junction width DWC (in No -
CVmodel)
MIN Whether to minimize the number of 0 No -
(instance drain or source diffus_i onsfor even- (minimize
parameter number fingered device thedrain dif-
only) fusion num-
ber)
XGW Distance from the gate contact to the 0.0m No -
channel edge
XGL Offset of the gate length due to varia- 0.0m No -
tionsin patterning
XL Channel length offset due to mask/ 0.0m No -
etch effect
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L ayout-Dependent Parasitics Model Parameters

Parameter Default Binnable?

name Description value Note

XW Channel width offset dueto mask/etch 0.0m No -

effect

NGCON Number of gate contacts 1 No Fatal error
if lessthan
ong; if not
equal to 1
or 2, warn-
ing mes-
sage issued
and reset to

1
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Asymmetric Source/Drain Junction Diode M odel Parameters

A.12 Asymmetric Source/Drain Junction Diode

Model Parameters

Parameter
name
(separate for
sourceand drain
side as indicated Default
in the names) Description value Binnable? Note
IJTHSREV Limiting current in reverse biasregion | 1JTHSREV No If not posi-
|IJTHDREV =0.1A tive, reset
to 0.1A
IJTHDREV
=IJTHSREV
IJTHSFWD Limiting current in forward bias IJTHSFWD No If not posi-
| ITHDFWD region =0.1A tive, reset
to 0.1A
IJTHDFWD
=IJTHS
FWD
XJIBVS Fitting parameter for diode break- XJBVS=1.0 No Note-8
XJBVD down
XJBVD
=XJBVS
BVS Breakdown voltage BVS=10.0V No If not posi-
BVD tive, reset
to 10.0V
BVD=BVS
JSS Bottom junction reverse saturation JSS= No -
1D current density 1.0e-4A/m>?
JSD=JSS
JSWS I solation-edge sidewall reverse satura- JSWS No -
JSWD tion current density =0.0A/m
JSWD
=JSWS
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Asymmetric Source/Drain Junction Diode M odel Parameters

Parameter
name
(separate for
source and drain
side asindicated Default
in the names) Description value Binnable? Note
JSWGS Gate-edge sidewall reverse saturation JSWGS No -
JSWGD current density =0.0A/m
JSWGD
=JSWGS
CJs Bottom junction capacitance per unit CJS=5.0e-4 No -
cID area at zero bias E/m?2
CJID=CJS
MJS Bottom junction capacitance grating MJS=0.5 No -
MJD coefficient MJID=MJS
MJISWS Isolation-edge sidewall junction MJSWS No -
MJISWD capacitance grading coefficient =0.33
MJISWD
=MJISWS
CJSWS Isolation-edge sidewall junction CISwWs= No -
CJSwWD capacitance per unit area 5.0e-10
F/m
CJSWD
=CJSWS
CISWGS Gate-edge sidewall junction capaci- CISWGS No -
CISWGD tance per unit length —CISWS
CIJSWGD
=CJSWS
MJISWGS Gate-edge sidewall junction capaci- MJISWGS No -
MJISWGD tance gradl ng coefficient =MJISWS
MJISWGD
=MJSWS
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Asymmetric Source/Drain Junction Diode M odel Parameters

Parameter
name
(separate for
source and drain
side asindicated Default
in the names) Description value Binnable? Note
PB Bottom junction built-in potential PBS=1.0V No -
PBD=PBS
PBSWS Isolation-edge sidewall junction built- PBSWS No -
PBSWD in potential =1.0vV
PBSWD
=PBSWS
PBSWGS Gate-edge sidewall junction built-in PBSWGS No -
PBSWGD potential =PBSWS
PBSWGD
=PBSWS
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Temperature Dependence Parameters

A.13 Temperature Dependence Parameters

Default
Parameter Description value Binnable? Note
name
TNOM Temperature at which parameters are 27°c No -
extracted
UTE Mobility temperature exponent -15 Yes -
KT1 Temperature coefficient for threshold -0.11v Yes -
voltage
KT1L Channel length dependence of the 0.0vVm Yes -
temperature coefficient for threshold
voltage
KT2 Body-bias coefficient of Vth tempera- 0.022 Yes -
ture effect
UA1 Temperature coefficient for UA 1.0e-9m/V Yes -
UB1 Temperature coefficient for UB -1.0e-18 Yes -
(MIVY
UC1l Temperature coefficient for UC 0.056Vfor Yes -
MOB-
MOD=1,;
0.056e-9m/
V2 for
MOB-
MOD=0and
2
AT Temperature coefficient for satura- 3.3edm/s Yes -
tion velocity
PRT Temperature coefficient for Rdsw 0.0ohm-m Yes -
NJS, NJD Emission coefficients of junction for NJS=1.0; No -
source and drain junctions, respec- NJID=NJS
tively
XTIS, XTID Junction current temperature expo- XTIS=3.0; No -
nents f(_)r source and drain junctions, XTID=XTIS
respectively
BSIM4.2.0 Manual Copyright © 2001 UC Berkeley A-24




Temperature Dependence Parameters

Default

Parameter Description value Binnable? Note
name

TPB Temperature coefficient of PB 0.0V/K No -
TPBSW Temperature coefficient of PBSW 0.0V/K No -
TPBSWG Temperature coefficient of PBSWG 0.0V/K No -
TCJ Temperature coefficient of CJ 0.0K % No .
TCISW Temperature coefficient of CJSW 0.0K"1 No -
TCISWG Temperature coefficient of CISWG 0.0kt No -
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dw and dL Parameters

A.14 dW and dL Parameters

Parameter Default

name Descrition name Binnable? Note

WL Coefficient of length dependence for 0.0mWLN No .
width offset

WLN Power of length dependence of width 10 No -
offset

ww Coefficient of width dependence for 0.0mWWN No -
width offset

WWN Power of width dependence of width 1.0 No -
offset

WWL Coefficient of length and width cross 0.0 No -
term dependence for width offset mWWN+WLN

LL Coefficient of length dependence for 0.0mttN No -
length offset

LLN Power of length dependence for 1.0 No -
length offset

LW Coefficient of width dependence for 0.0mtWN No -
length offset

LWN Power of width dependence for length 1.0 No -
offset

LWL Coefficient of length and width cross 0.0 No -
term dependence for length offset mEWN+LLN

LLC Coefficient of length dependence for LL No -
CV channel length offset

LWC Coefficient of width dependence for LW No -
CV channel length offset

LWLC Coefficient of length and width cross- LWL No -
term dependence for CV channel
length offset

WLC Coefficient of length dependence for WL No -
CV channel width offset
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Range Parametersfor Model Application

Parameter Default
name Descrition name Binnable? Note
WWC Coefficient of width dependence for ww No -
CV channel width offset
WWLC Coefficient of length and width cross- WWL No -
term dependence for CV channel
width offset
A.15 Range Parametersfor Model Application
Parameter Default
name Description value Binnable? Note
LMIN Minimum channel length 0.0m No -
LMAX Maximum channel length 1.0m No -
WMIN Minimum channel width 0.0m No -
WMAX Maximum channel width 1.0m No -
A.16 Notes1-8
Note-1: If ¢, isnot given, it is calculated by
g, = \/qusi NDEP
1
c:OX(-)
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Notes 1-8

If ¢, isnot given, it iscalculated by

: J2qe,NSUB

9, C

oxe

Note-2: If NDEP isnot given and ¢, isgiven, NDEP is calculated from

2 2
NDEP =91 “oe_

2qesi

If both ¢, and NDEP are not given, NDEP defaults to 1.7e17cm
and ¢, iscalculated from NDEP.

Note-3: If VBX isnot given, it is calculated by

GNDEP xXT?

=F,- VBX
2

si

Note-4: If VTHO is not given, it is calculated by
VTHO=VFB+F (+K1/F - V,,

where VFB =-1.0. If VTHOIis given, VFB defaults to

VFB=VTHO- F - KL[F .-V,
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Note-5: If K; and K, are not given, they are calculated by
Kl=g,- 2K2,/F - VBM

cre_ O g, )l/F. - vBX - JF )
" 2JF.(JF.- VBM - JF, )+VBM

Note-6: If CGSO isnot given, it is calculated by

If (DLC is given and > 0.0)
CGSO=DLC>C,, - CGSL

if (CGS0<0.0),CGSO=0.0
Else

CGSO=0.6XXJ >C,,

If CGDOisnot given, itis calculated by

If (DLC is given and > 0.0)
CGDO=DLC>C,, - CGDL
if (CGDO<0.0), CGDO=0.0
Else
CGDO = 0.6%XJ >C,,

If CGBO isnot given, it is caculated by
CGBO = 2>xDWC >xC_,,
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Note-7: If CF isnot given, it is calculated by

_ 2XEPSROXxey

€ TOXE®

Note-8:
For dioMod = 0, if XJBVS< 0.0, itisreset to 1.0.
For dioMod = 2, if XJBVS<=0.0, it isreset to 1.0.
For dioMod =0, if XJBVD < 0.0, itisreset to 1.0.
For dioMod = 2, if XJBVD <=0.0, itisreset to 1.0.
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