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Chapter 1: Effective Oxide Thickness,
Channel Length and Channel
Width

1.1 Gate Dielectric Model

As the gate oxide thickness is vigorously scaled down, the finite charge-layer

thickness can not be ignored [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 TOXPy
and their difference DTOX = TOXE - TOXP. Based on these parameters, the effect

ofeffective gate oxide capacitance C^xeffOn IV and CV is modeled [2].

High-A: gate dielectric can be modeled as Si02 (relative permittivity: 3.9) with an

equivalent Si02 thickness. For example, 3nm gate dielectric with a dielectric

constant of 7.8 would have an equivalentoxide thicknessof l.Snm.

BSIM4 also allows the user to specify a gate dielectric constant {EPSROX)

different from 3.9 (Si02) ^ ^ alternative approach tomodeling high-ife 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

evaluation.

1. Capital and italic alphanumericals inthis manual are model parameters.
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Poly-Silicon Gate Depletion

TOXEtmdTOXP

both given?

• TOXE <= TOXE

i TOXP^TOXP

TOXEgiven?

TOXE TOXE

TOXP <= TOXE • DTOX

Tt/XP given?

TOXE ^ TOXP + DTOX

TOXP^TOXP
Default case

"1 r-
EPSROX" £ /

• /TOXE • ^ calculate Vrt, subthreshold swing, Atuik,
mobiliy, Vdsat, Kiox, K20X, capMod = 0 andl, etc

. r _EPSROX'e./ „ . ^ ^ .
^<up ~ /TOXP' calculate Cojuff for dramcurrentandcapMod=
2 through the charge-layer thickness model:

Xr.r- =

1 +

LgxlO-® cm
\0.7l',.^+4(V7H0-Vra-<I>,)

2T0XP

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, a thin depletion layer will be formed atthe interface between the poly-

silicon and the gate oxide. Although this depletion layer isvery thin due tothe high

doping concentration of the poly-silicon gate, itseffect cannot be ignored since the

gate oxide thickness is 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 BSIM4.0.0 Manual Copyright © 2000 UC Berkeley



Poly-Silicon Gate Depletion

doping concentration in the substrate is NSUB. The depletion width in the poly

gate isXp. The depletion width in the substrate isXj. The positive charge near the

interface of the poly-silicon gate and the gate oxide is distributed over a finite

depletion region with thickness Xp. 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.

Poly Gate Depletion (Width Xp) NGATE

n

l(mK<SK<SK<SK<m

n

P Nsub

n

Inversion Charge Depletion in Substrata (Width Xc^

B

Figure 1-2. Charge distribution ina MOSFET with the poly gate depletion effect
The device is in the strong inversionregion.

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

Vpoiy can be calculatedas

BSiM4.0.0 Manual Copyright ®2000 UC Berkeley 1-3



Poly-Sllicon Gate Depletion

1/ —n^v TP __ ^^GATE'Xpoly'
poly poly^ poly ~

2e,:
SI

(1.2.1)

where Ep^fy is the maximum electrical field in the poly gate. The boundary
condition at the interface ofpoly gate and the gate oxide is

(1.2.2)

EPSROX •£„ =e„E^^ =^2qe„NGATE V^^

where E„^ is the electric field in the gate oxide. The gate voltage caticfi...

(1.2.3)

V -V™—o =v +v*gs ^FB ^s ^ poly ox

where V^x is the voltage drop across the gate oxide and satisfies V^x =E^x'̂ OXE.

From (1.2.1) and (1.2.2), we can obtain

(1.2.4)

where

(1.2.5)

EPSROX^
a =

2q£,,NGATET0XE^

By solving (1.2.4), we get the effective gate voltage which isequal to

BSiM4.0.0 Manual Copyright©2000 UC Berkeley 1-4



Effective Channel Length and Width

(1.2.6)

V =VFB+0 I l^sjNGATE-TOXE
' EPSROX

^_{ L̂ 2EPSR0X^{V^-VFB-oJ
V̂ qe^NGATE TOXE^

1.3 Effective Channel Length and Width

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

below

^eff ~ ^drawn

w
-_drai!m__2dW

^ NF

W
W'=-^-2dW''ff NF

(1.3.1)

(1.3.2a)

(1.3.2b)

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 anddLare modeled by

(1.3.3)

dW =dW+DWG V^^ +DWb{^0,-^)

y^WWN jWlHy^WWN
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Effective Channel Length and Width

(1.3.4)

rj^ jjlN-^LWN

WINT represents the traditional manner from which "delta W" is extracted (from

the intercept of straight lines on a VRds-^drawn PloO- 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 ona plot).

The remaining terms in dWand dL are provided for the convenience of the user.

They are meant to allow the user to model each parameter as afunction of W^^awn^

^drawn and their product term. By default, the above geometrical dependencies for

dW 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^ctive) and width

(^active) when thegate to source/drain regions areunder flat-band condition.
and Wactive are defined as

^active ^drawn l-dL

W
W . =—te!—2dWactive ^UVY

NF

(1.3.5)

(1.3.6)
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Effective Channel Length and Width

^..^LLC LWC LWLC
dL = DLC+—r7zr+—7TT;r-+rUJ/ y^LWN jUM-^LWN

rWLN y^WWN j^-^WWN

(1.3.7)

(1.3.8)

The meanings of DWC and DLC are different from those of WINTand UNT in the

I-V model. Unlike the case of I-V, we assume that these dimensions are bias-

dependent. The parameter SL^ffis 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 Lgj^iox the I-V model does not necessarily carry a

physical meaning. It is just a parameter used in the I-V formulation. This L^^^is
therefore very sensitive to the I-V equations and also to the conduction

characteristics of the LDD region relative to the channel region. A device with a

large L^^and a small parasitic resistance can have a similar current drive as

another with a smaller L^^but larger R^.

The Lactive 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 to be that measured atflat-band voltage between gate to

source/drain. If DWC, DLC and the length/width dependence parameters (LLC,

LWCj LWLC, WLC, WWC and WWLC) are not specified in technology files,

BSIM4 assumes that the DC bias-independent L^^and W^j^will be used for the

BSIM4.0.0 Manual Copyright © 2000 UC Berkeley 1.7



Effective Channel Length and Width

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

will beset to thevalues of their DCcounterparts.

BSIM4 uses the effective source/drain diffusion width for modeling

parasitics, such as source/drain resistance, gate electrode resistance, and gate-

induced drain leakage (GIDL) current. V/effcj '̂ ^ defined as

W•n/ — drawn o

* - nf

(1.3.9)

^DWJ I I I^WZJV ^ ^WWN jWLN-^WWN
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Chapter 2: Threshold Voltage Model

2.1 Long-Channel Model With Uniform
Doping

Accurate modeling of threshold voltage V,/, is important for precise description of

device electrical characteristics. for long and wide MOSFETs with uniform

substrate doping is given by

(2.1.1)

v,. =vfb+0,+y^^^-v,, =vTffo+r(#r^-V^)

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

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

(2.1.2)

y. substrate
Cose

where N^ubstrate is the uniform substratedoping 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 dopingconcentration is not constant and/orwhen the channel is short, or

narrow.

BSIMd.O.O Manual Copyright © 2000 UC Berkeley 2-1



Non-Uniform Vertical Doping

2.2 Non-UniformVerticalDoping

The substrate doping profile is not uniform in the vertical direction and

therefore Yin (2.1.2) is a function of both the depth from the interface and

the substrate bias. If N^ubstrate is defined to be the doping concentration

(NDEP) at X^pQ (the depletion edge at = 0), Vf^ for non-uniform

vertical doping is

V =V +^^0 I V]^th ^th,NDEP ^ ^ ^NDEP
^oxe

(2.2.1)

'' ' ^ ^

where is the body-bias coefficient for N^ubstrate =NDEP,

(2.2.2)

^th,NDEP ~VT/f0+ (v^i "^bs ~ )

with a definition of

(2.2.3)

ft . KT.(p^ =0.4+-^In
Q

^NDEP^

»;
V ' y

where is the intrinsic carrier concentration in the channel region. The

zero-th and 1stmoments of the vertical doping profile in (2.2.1) are given

by (2.2.4) and (2.2.5), respectively, as

(2.2.4)

£)(,=/)„ +/)„, = {n{x)- NDEP)dx+ i"" (Nix)- NDEP)dx
•'0
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Non-Uniform Vertical Doping

(2.2.5)

D, =£»,„ +Z)„ =f''̂ {N{x)-NDEP)xdx+ {N{x)-NDEP)xdx

By assuming the doping profile is a steep retrograde, it can be shown that

£>01 is approximately equal to -CqiV^j and that Djq dominates Cqi
represents the profile of the retrograde. Combining (2.2.1) through (2.2.5),

we obtain

(2.2.6)

=VTHO+K\{j<S>,-V,, -^)-K2-V,,

where K2 = ^Cqi / ^^e surface potential is defined as

(2.2.7)

k TO,=0.4+^ln
Q

where

PHIN = -qDje„

VTHOy Kl, Kly and PHIN are implemented as model parameters for model

flexibility. Appendix A lists themodel selectors and parameters.

Detail information on the doping profile is often available for predictive

modeling. Like BSIM3v3, BSIM4 allows ^1 and K2 to be calculated based

on such details as NSUBy XT, VBX, VBM, etc. ( with the same meanings as

in BSIM3v3):

BSIM4.0.0 Manual Copyright ©2000 UC Berkeley 2-3
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Non-Uniform Vertical Doping

(2.2.8)

Kl=y^-2K2^0,-VBM

(2.2.9)

(v®. -V®. }+VBM

where Yi and Yz are the body bias coefficients when the substrate doping

concentration are equal toNDEP and NSUB, respectively:

_pqe„NDEP
C

oxe

_^2qe.,mUB
Ĉoxe

(2.2.10)

(2.2.11)

VBX is the body bias when the depletion width is equal to XT, and is

determined by

qNDEPXT^ ^
= 0-VBX

2£.:

(2.2.12)
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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, aschannel length

becomesshorter, a roll-upwillusuallyresult since the effectivechannel

doping concentration gets higher, which changes the body bias effect as

well. To consider these effects, is written as

(2.3.1)

V,, =vr//o+Ari(Vo7:v^-V^)-Ji+ LPEB

"eg

-Kl'V.bs

+ K1 1 +
LPEO

-1

"eg

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

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

AV;,(D/7'5)=-/iv,ln

(2.3.2)

L̂^jf +DVTPO•(l+)

^ds of interest, the above equation is simplified and implemented as

AV„{DITS)=-nv,'\n

(2.3.3)

^
^ +DVTPO•(l+g-""''"'".-.)
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Short-Channel and DIBL Effects

2.4 Short-Channel and DIBL Effects

As channel length becomes shorter, Vff^ shows a greater dependence on

channel length (SCE: short-channel effect) and drain bias (DIBL: drain-

induced barrier lowering). Vffj 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

thePoisson equation, change due toSCE and DIBL is modeled [4]

(2.4.1)

AV„{SCE,DIBL)= -e„iL^)• [liy,, -Oj+K.]

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

given by

k Tn,.=^ln
q

^NDEPNSD
2

V ' y

(2.4.2)

where NSD is the doping concentration of source/drain diffusions. The

short-channel effect coefficient 6,f,(Lgj^) in (2.4.1) has a strong dependence

on the channel length given by

(2.4.3)

If is referred to as the characteristic length and is given by
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Short-Channel and DIBL Effects

^^ le. TOXE X,,^
EPSROX'7]

with the depletion width equal to

y =

i qNDEP

(2.4.4)

(2.4.5)

Xdep is larger near the drain due to the drain voltage. X^ep / "n represents the
average depletion width along the channel.

Note that in BSIM3v3 and [4], 0rt(^e^) is approximated with the form of

(2.4.6)

.^;-exp —
2/,

+ 2exp "eff

which results in a phantom second V^;, roll-up when becomes very

small (e.g. < LMIN). In BSIM4, the function form of (2.4.3) is

implemented with no approximation.

To increase the model flexibility for different technologies, several

parameters such as DV7D, DVTl, Z)V72, DSUB, ETAO, and ETAB are

introduced, and SCE andDIBLare modeled separately.

To model SCE. we use

BSIM4.0.0 Manual Copyright © 2000 UC Berkeley 2-7



Short-Channel and DIBL Effects

e^(scE)=—j
cosh(DVTl-!fj-l

(2.4.7)

0.5'DVT0

(2.4.8)

AV„(SCE)=-e,.(SCE>fe-4>.)

with Ifchanged to

(2.4.9)

\e,.'TOXE'X^„ ,
I, =J— ^•(l+DVT2V.,)

V EPSROX

To model DIBL. we use

(2.4.10)

ejDIBL)^—iJf •
cosh(p5C/5 • j-1

(2.4.11)

AV,. (DEL)=-e„(DEL). {ETAQ+ETAB• )•

and Ito is calculated by

(2.4.12)

with

I ^ ^sr-roxE-x^
V EPSROX

2-8 BSiM4.0.0 Manual Copyright©2000 UC Berkeley



Narrow-Width Effect

Y = 2g,,4),
VqNDEP

(2.4.13)

DVTl is basically equal to l/(Ti)"^. DVT2and 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 assumedunder 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

comparable to the "classical" depletion layer formed from the vertical field.

The net result is an increase in Vff^. This increase can be modeled as

(2.5.1)

ngNDEP• _ tOXE

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 onprocess

(i.e. isolation technology). change is given by

(2.5.2)

AV,^{Narrow_width\)= [K3+K3B• V. ) ^
"''w^Z+wo '

BSIM4.0.0 Manual Copyright © 2000 UC Berkeley 2-9



Narrow-Width Effect

2-10

In addition, we must consider the narrow width effect for small channel

lengths. To dothis weintroduce thefollowing

(2.5.3)

{Narrow width2)=- 0,5 Dvrm

cosh(j
* r

with given by

(2.5.4)

e„-TOXE Xj^ ,
L=J— ^•(1+Z)VT21V-K )

V EPSROX

The complete model implemented in SPICE is

(2.5.5)

V
^lo^^bseff

-0.5
DVTOW

'^'W^'+WO
4>.

DVTO

cosh(DVTW-is^j-I cosh(DVTl-^)-;
0.5

co^(dSUB^)-
(etao+etabv^).v„

where TOXE dependence is introduced in model parameters K1 and Kl to

improve the scalibility of Vf^ model over TOXE as

BSiM4.0.0 Manual Copyright © 2000 UC Berkeley



Narrow-Width Effect

Kro.=Kl

and

K2o.=K2

TOXE

TOXM

TOXE

TOXM

(2.5.6)

(2.5.7)

Note that all terms are substituted with a expression 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)

=n. +0.5.[(V,.-V^-S, )+ |̂K-V^-SJ-4SrV^]

where Sj = 0.001V, and is the maximum allowable Vi,^ and found from

0 to be

(2.5.9)

v;,=o.9 o-
K\

2

' 4K2^
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Narrow-Width Effect
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Chapter 3: Channel Charge and
Subthreshold Swing Models

3.1 Channel Charge Model

The channel charge density in subthreshold for zero is written as

(3.1.1)

jqNDEPe,, IQdM =̂ V, -exp
nv.

where

(3.1.1a)

VOFFT
Vqff'=VOFF +

VOFFL is used to model the length dependence of Voff" on non-uniform channel

doping profiles.

In strong inversion region, thedensity is expressed by

(3.1.2)

QchsO ~^oxe '^gie ~^th )

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

derived forboth subthreshold andinversion regions as

BSIM4.0.0 Manual Copyright ©2000 UC Berkeley 3-1



Channel Charge Model

3-2

QcM ^gsieff

where modeled by

C..ar= °" "" withC=-^oxqj ^ _L ^ Y
^oxe *-'cen DC

and is given as

Xoc =
1.9x10-'cm

V^„^+4(VTHO-VFB-0,))"
1 +

2TOXP

(3.1.3)

(3.1.4)

(3.1.5)

In the above equations, the effective (V^^^-V,;,) used to describe the channel

charge densities from subthreshold to strong inversion, is modeled by

(3.1.6a)

nv. In

Ygsteff

1+exp ""•(V-K.)'
nv.

m*+nC„
20.

exp
nv.

where

(3.1.6b)

m* = 0.5 +
arctan(AfIW)

TT
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Channel Charge Model

MINV is introduced to improve the accuracy of and 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 (>')= '^gse "^th ~\ulk^F (3'))

Vpiy) stands for the quasi-Fermi potential at any given point y along the channel

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

(3.1.8)

Qciub')=QcM+i^QcH,iy)

The term =-C„xe^bulkyF^)«the incremental charge density introduced

by the drain voltage at y.

In subthreshold region, the channel charge density along the channel from source

to drain can be written as

(3.1.9)

„v, ^

Taylor expansion of (3.1.9) yields thefollowing (keeping thefirst two terms)
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Channel Charge Model

nv.

(3.1.10)

r ^
^chsubs ^3^ / QchsttbsO

Similarly, (3.1.10) is transformed into

(3.1.11)

Qchsubs (3')~QchsubsO ^Qchsubs (3^)

where AQchsubs(y) is the incremental channel charge density induced by the drain

voltage in the subthreshold region. It is written as

(3.1.12)

AO (v)=-0^^chsubsUJ i^chsubsO
nv,

To obtain a unified expression for the incremental channel charge density AQ^iiiy)
induced by we assume AQ^i,{y) to be

(3.1.13)

Substituting AQ^hiy) of (3.1.8) and (3.1.12) into (3.1.13), we obtain

(3.1.14)

4a.M--5^a
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Subthreshold Swing n

where V]j, - nv^ / In the model implementation, nofVy is replaced
by a typical constant value of2. The expression for Vy now becomes

(3.1.15)

Vgst^+2vf

Abulk

Aunified expression for GcaCv) from subthreshold to strong inversion regions is

(3.1.16)

Qch ' ^gsteff ' \ vAy)]
\ " j

3.2 Subthreshold Swing n

The drain current equation in the subthreshold region can beexpressed as

^ds ~ ^0

where

1-exp
r y ^

^ds

nv,
exp

, W [qejmEP 2
" '^L^| 20, '

(3.2.1)

(3.2.2)

V, is the thermal voltage and equal to kgT/q. = VOFF + VOFFL / L^^is the
offset voltage, which determines the channel current at Vg^ =0. In (3.2.1), n is the

BSiM4.0.0 Manual Copyright © 2000 UC Berkeley 3-5



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

(3.2.3)

n^\+NFACrOR-^+ Cdsc.Term+CIT
c coxe ^oxe

where Cdsc-Term, written as

CdscTerm ={CDSC+CDSCD• +CDSCB• ) , , ..
" cosh(i3Vri-^j-l

represents the coupling capacitance between drain/source to channel. Parameters

CDSC, CDSCD and CDSCB are extracted. Parameter C/Tis the capacitance due to

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 1and introduced to compensate for errors in the depletion
width capacitance calculation.
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Chapter 4: Gate Direct Ilinneling
Current Model

Asthegate oxide thickness is scaled down to 3nm and below, gate leakage current

due tocarrier 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 (/gc),

which is partitioned between the source and drain terminals by Igc = Igcs + Igcd.

The third component happens between gate and source/drain diffusion regions {Igs

andIgd). Figure 4-1 shows theschematic gate tunneling current flows.

I •C'- IHIgs iTi \ ig<i

[

o$r—
^ Igcs

\

Igcd

Igb
o

•to

Figure 4-1. Shematic gate current components flowing betweenNMOSTterminals
in version.
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Model selectors

4.1 Model selectors

Two global selectors are provided to turn on or off the tunneling
components. igcMod = 1 turns on /gc, Igs^ and Igd\ igbMod = 1 turns on

Igb. When the selectors are set to zero, no gate tunneling currents are

modeled.

4.2 Voltage Across Oxide

The oxide voltage is written as with

(4.2.1a)

V =V -V^oxacc ^fbzb FBeff

(4.2.1b)

^oxdepinv ^lox |̂̂ +ygsteff

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

inversion. is the flat-band voltage calculated from zero-bias Vffj by

(4.2.2)

^thIzeroVi„ andVj,

and

(4.2.3)

=V -0.5[(V^^ -0.02)+-0.02f+0.08V^]
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Equations for Tunneling Currents

4.3 Equations for Tunneling Currents

4.3.1 Gate-to-Substrate Current (Jgb —Igbacc + Igbinv)

lebacc. determined byECB (Electron tunneling from Conduction Band), is

significant in accumulation and given by

(4.3.1)

Igbacc =W^L,, •

•tx^-BTOXE{AIGBACC-BIGBACCV^)(^ +CIGBACCV^„)]

where the physical constants A=4.97232e-7 AA^^, B=7.45669ell (g/F-

s^)®*^, and

TOXREF 1
oxRatio

TOXE TOXE'

' gb ^fbzbK^=MGBACC.v,.log 1+exp
NIGBACC'V,

'))

Isbinv. determined by EVB (Electron tunneling from Valence Band), is

significant in inversion and given by
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Equations for Tunneling Currents

4-4

(4.3.2)

Igbinv =W^L^-A T^^ V^i, -V^

•^xv\rB.TOXE[AIGBINV-BIGBlNVV^).{\ +CIGBmvV^)]

where A=3.75956e-7 AA^^, B=9.82222ell (g/F-s^)®-^, and

V^^ = NIGBINV'V,'\og 1+exp
V.^o,.-EIGBINV

EIGBINV'V,

W

JJ

4.3.2 Gate-to-Channel Current (/gc) and Gate-to-S/D {J.gs and
Igd)

ISc, determined by ECB for NMOS and HVB (Hole tunneling from

Valence Band) for PMOS, is formulated as

(4.3.3)

•exp[-B.rOX£(A/GC-B/GCV^,,„J.(l+C/GCV„^^J]

where A= 4.97232 PJW'̂ for NMOS and 3.42537 PJW'̂ for PMOS, B=
7.45669ell (g/F-s^)®-^ for NMOS and 1.16645el2 (g/F-s^)°-^ for PMOS,
and

V^^=NIGC'V, log 1+exp
V,,,-VTHO

NIGC'V

W

' JJ

Igs andIgd - Igs represents the gate tunneling current between the gate

and the source diffusion region, while Igd represents the gate tunneling
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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)

Igs —W^DLCIG •A'T^xRatioEdge '^gs '^gs

•exp[-B•TOXE•POXEDGE•[aIGSD-BIGSD• )• (l+CIGSD• )]

and

(4.3.5)

Igd=WggDLCIG •A'ToxRatioEdge '^gd '^gd

•exp[-B•TOXE•POXEDGE•{aIGSD-BIGSD• )• (l+CIGSD• )]

where A = 4.97232 A/W'̂ for NMOS and 3.42537 A/V^ for PMOS, B =

7.45669ell (g/F-s^)''-^ for NMOS and 1.16645el2 (g/F-s^)°-5 for PMOS,
and

TOXREF 1
ToxRalioEdge

TOXE POXEDGE (TOXE-POXEDGEf

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

\iNGATE>0.0

_ksTNGATE^
fbsdV..,=-^\og

q NSD
y
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Equations for Tunneling Currents

Else 0.0.

4.3.3 Partition of/^c

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

Igcd, that is Igc = Igcs + Igcd, and

(4.3.6)

Igcs =Igc• )-1+1-Oe -4
PIGCD^Vj+ 2.0e-4

and

(4.3.7)

Igcd =Igc•'- (PIGCD•Kfc +!)• exp(-- PIGCD• )+1 .Oe-4
PIGCD'•V '̂ + 2.0e-4

Model derivation shows thatPIGCD is proportional to toxe • •This

could be an improvement in a future version.
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Chapter 5: Drain Current Model

5.1 Bulk Charge Effect

The depletion width will not be uniform along channel when a non-zero is

applied. This will cause to vary along the channel. This effect is called bulk

charge effect.

BSIM4 uses Ay^ik to model the bulk charge effect. Several model parameters are

introduced to account for the channel length and width dependences and bias

effects. is formulated by

\ulk ~ \ + F_doping

AOL
'eff

L,j+2^xrx,dep

r

\-AGS'V.gsteff

(5.1.1)

1

"eff 50 \+KETA'V.bseff

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

doping profiles

F_doping = + K^,-KZB-
bseff
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Unified Mobiiity Modei

Note th&t is close to unity if the chunnel length is smull und increuses us the

channel length increases.

5.2 Unified Mobility Model

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 isgenerally the dominant scattering mechanism atroom 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 which

lumps many process parameters and bias conditions together, defined by

. _Gfi+(Gn/2)
—

^Sl

(5.2.1)

The physical meaning of 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)

u

XHE^/Eq)"

For an NMOS transistor with n-type poly-silicon gate, (5.2.1) can be rewritten in a

more useful form thatexplicitly relates E^ffio thedevice parameters
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Unified Mobiiity Modei

V +V

~ 6T0XE

(5.2.3)

BSIM4 provides three different models ofthe effective mobility. The mobMod = 0

and 1models are from BSIM3v3.2.2; the new mobMod = 2, a universal mobility

model, is more accurate and suitable for predictive modeling.

* mobMod = 0

£/0

\+{UA+UCV^J-^^ +2V..
bseffA

mobMod = 1

UO

+UB

(5.2.4)

V +2V^gsteff

TOXE

V

(5.2.5)

V +2V
gsteff

TOXE

V +2V^gsteff

TOXE

N2

{i+ucv,„,)1 + UA +UB

• mobMod = 2

(5.2.6)

UO

1+{UA+UC-V,^] V,^+C,{VTHO-VFB-<^,)
TOXE

EU

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

5.3 Asymmetric and Bias-Dependent Source/
Drain Resistance Model

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 /?^(V) is modeled intemally through the I-V equation 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 /?j(V)
and the drain LDD resistance Rjy) to be external and asymmetric (i.e. R^(V) and

Rjy) can beconnected between the external and internal source and drain nodes,

respectively; furthermore, R^(V) does not have tobe equal to R^Y)), This feature

makes accurate RF CMOS simulation possible. The intemal /?^(V) option can be

invoked by setting the model selector rdsMod = 0 (internal) and the external one

forRj(V) and Rjy) bysetting rdsMod = 1(external).

• rdsMod= 0 (Intemal Rds^Y))

5-4

R^(y)=

RDSWMINRDSW •

PRWB.ij<S>,-V^-^)+ 1

\ + PRWG'V.gsteff

• rdsMod = 1 (External /?^V)andR/y))

RAv)=

RDWMIN + RDW

-PRWBV^ +
\+PRWGfy^-V^J

(5.3.1)
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Drain Current for Triode Region

Ji,(V)=

(5.3.3)

RSWM/N+RSW-

-PRWBV..+ '

^fbsd 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.

i
O-y/W-cJ Lo-vW-O

^sdiff^RsOO Rddiff+R(fy)

The diffusion source/drain resistance and R^^ff models are given in the
chapter of layout-dependence models.

5.4 Drain Current for IWode Region

5.4.1 i?|fc(V)=0 or rdsMod^l ('intrinsic case")

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

5-6

(5.4.1)

dy

where u^giy) can be written as

(5.4.2)

jJmiy)
IM

1+
Esat

Substituting (5.4.2) in (5.4.1), we get

(5.4.3)

chQ

n + dy

(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

2K
^l^effQch^ds

^dsO ~
y1+J^

Esat^ j

(5.4.4)
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Velocity Saturation

5.4.2 > 0 and rdsMod=0 C^xtrinsic case")

The drain current in this caseis expressed by

y Idso
Ids = -j^ Rdsldso

5.5 Velocity Saturation

Velocity saturation is modeled by [5]

Vds

v= E<E.

= V5>ir EtE

(5.4.5)

(5.5.1)

sat

sat

where corresponds to the critical electrical field at which the carrier velocity

becomes saturated. In order to have a continuous velocity model at i? = E^at

must satisfy

2VSAT
^sa,=

(5.5.2)
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Saturation Voltage Vdsat

5.6 Saturation Voltage

5.6.1 Intrinsic case

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

butnot modeled inside the intrinsic channel region. It iseasy toobtain

as [7]

(5.6.1)
EsatLXYgst^ + 2v/)

Vdsat —'
AbulkEsatL + Vgst^ + 2V/

5.6.2 Extrinsic Case

In this case, non-zero LDD source/drain resistance R^CV) is modeled

internally through the I-Vequation and symetry is assumed for the source

and drain sides. is obtained as [7]

where

,, —b— -4ac
Vdsat

2a

a=A,JW,^VSATC„,,R^ +\
ûlk

(5.6.2a)

(5.6.2b)
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Saturation Voltage Vdsat

(5.6.2c)

b = -
^gsteff \ulk^s<a^

+{v^+2v, )v,^VSATC,„R^

(5.6.2d)

+2v, )e^L^ +2(V^^ +2v, fw^VSATC^R^

(5.6.2e)

X is introduced to model the non-saturation effects which are found for

PMOSFETs.

5.6.3 Formulation

An effective is used to ensure a smooth transition near

from trode to saturation regions. V^gj^is formulated as

(5.6.3)

-S)+^I{V^-V^-Sf+4SV^„]

where 6 {DELTA) is a model parameter.
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Saturation-Region Output Conductance Model

5.7 Saturation-Region Output Conductance
Model

Atypical 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

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 astrong
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 ofthem dominates in a specific region. Itwill be shown
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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.

Tnode

Vrfs (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)

d̂sat '^dsat) ~dV,
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Saturation-Region Output Conductance Modei

where the Early voltage is defined as

V =7
A dsat

av.

(5.7.2)

-1

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, theEarly voltage canbecalculated by

V =7^ACLM 'dsai
dL

dL dV.

(5.7.3)

-I

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

propose to be

where

C =^clm
1

PCLM

^ACLM ~ ^clm ' ^ds ~^dsat)

V

\ + PVAG

A
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V,ds^

(5.7.4)

(5.7.5)

^ V

A J

J_
litl
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Saturation-Region Output Conductance Modei

and the F factor to account for the impact ofpocket implant technology is

(5.7.6)

F= ?
\-^FPROUT

and litl in (5.7.5) is given by

e.,TOXE.XJ

V EPSROX

(5.7.7)

PCLM is introduced into VaCLM compensate for the error caused by XJ

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

^ACLM I'ecame

5.7.2 Drain-Induced Barrier Lowering (DIBL)

The Early voltage DIBL is defined as

(5.7.8)

V =I^ ADIBL ^dsat dV,

-1

Vfii has a linear dependence on V^. As channel length decreases, Vj^jgic

decreases very quickly
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Saturation-Region Output Conductance Modei

(5.7.9)

^ V ^
1+ PVAG

sat ejj
"""• e^,\^+PDIBLCBV^A

^ A V ^2_. ^ulk^dsat

\uUydsat "^^gueff

where d^^ut has a similar dependence on the channel length as the DIBL

effect in Vff^, but a separateset of parameters are used:

PDIBLCl
rout ~~ ,(drout l^ --+ PDIBLC2

2cosh(—^;-2

(5.7.10)

Parameters PDIBLCl, PDIBLCl, PDIBLCB m&DROUTdst introduced to

correct the DIBL effect in the strong inversion region. The reason why
DVTO is not equal to PDIBLCl and DVTl 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. PDIBLCl is

usually veiy small. IfPDIBLCl is put into the threshold voltage model, it
will not cause any significant change. However itis an important parameter

in ^ADiBLC for long channel devices, because PDIBLCl will be dominant if
the channel is long.

5.7.3 Substrate Current Induced Body Effect (SCBE)

When the electrical field near the drain is very large (> O.lMV/cm), some

electrons coming from the source (in the case of NMOSFETs) will be
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Saturation-Region Output Conductance Modei

energetic (hot) enough to cause impact ionization. This will generate

electron-hole pairs when these energetic electrons collide with silicon

atoms. The substrate current thus created during impact ionization will

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

is

5,. 'litl
V -Vy ds ' dsat y

(5.7.11)

Parameters A,- and Bi are determined from measurement. affects the

drain current in two ways. The total drain current will change because it 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)

^ds ^ds-w/o-lsub ^sid> ^ds-wlo-lsub 1 +

The Early voltage due to the substrate current V^scbe can therefore be

calculated by

^ASCBE ~ J C*P
A V -V\ ds dsat y

(5.7.13)

We can see that V/^scbe is ^ strong function of In addition, we also

observe that Vj^scbe is small only when is large. This is why SCBB is

important for devices with high drain voltage bias. The channel length and
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Single-Equation Channel Current Model

gate oxide dependence ofV^scbe comes from and litl We replace Bi
with PSCBE2 andA/Bi with PSCBEX/L^^io get the following expression
for V/^scBE

V L
*ASCBE

(5.7.14)

PSCBE2 ( PSCBE\ litl\
exp

5.7.4 Drain-Induced Threshold Shift (DITS) byPocket Implant

It has been shown that a long-channel device with pocket implant has a
smaller than that ofuniformly-doped device [3]. The degradation
factor F is given in (5.7.6). In addition, the pocket implant introduces a

potential barrier at thedrain endof thechannel. Thisbarrier canbe lowered

by the drain bias even in long-channel devices. The Early voltage due to
DITS is modeled by

(5.7.15)

•F•[l +(l +PDITSL• )exp(/'D/reD• )]

5.8 Single-Equation Channel Current Model

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

becomes
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j
1+ In

^dseff "'elm Asat j_ \ 'ADIBL

Y -V ^ ^2 I <fa dseff

J

where NF is the number of device fingers, and

is written as

where is

V =V +V^Asat^^ACLM

1+-

(5.8.1)

y<b-v^.Y,.
1+

ADITS

(5.8.2)

(5.8.3)

(5.8.4)

Asat

_ Es.,L^ +y^+2R^vsatCJV,^V^,,,^ •
Ii^vsatCJV,^A,^-l+j:

dseff

'ASCBE

V/^sat Early voltage at = Vdsav ^Asat needed to have continuous drain

current and output resistance expressionsat 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 (7;^), and gate-

induced drainleakage current {IciDd-

6.1 Model

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

and is modeled by

^ _ALPHAQ+ALPHA\'L,ff

^eff

f
BETAO

(6.1.1)

dsNoSCBE

where parameters ALPHAO and BETAO are impact ionization coefficients;

parameter ALP77A1 is introduced to improves the scalability, and

_Lo'NF

l+-¥
duff

l+-^ln
'dm Asat

f y -Y ^ ^I J ^ dseff

\ ADIBL
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V -V ^I j ^ dseff
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6.2 Iqidl Model

The GIDL current and itsbody bias effect are modeled by [9]-[10]

(6.2.1)

Ia,oL-AGIDLW^
^oxe

^ i-T^ BGIDL ^
V^-V^-EGIDL

V̂dh

CGIDL+Vl

where AGIDLj BGIDL, CGIDL, and EGIDL are model parameters and explained
in Appendix A. CGIDL accounts for the body-bias dependence of Iqiol- ^effCJ
and iyifare the effective width of the source/drain diffusions and the number of

fingers. Further explanation of and Nf cm be found in the chapter of the

layout-dependence model.
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Chapter 7: Capacitance Model

Accurate modeling of MOSFET capacitance plays equally important role as that of the

DCmodel. 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

BSIM4 capacitance models Matched ct^Mod in BSIM3v3.2.2

capMod = 0 (simple and piece-
wise model)

Intrinsic capMod= 0 + overlap/fringing capMod- 0

capMod = 1 (single-equation
model)

Intrinsic capMod= 2 + overlap/fringing capMod= 2

capMod = 2 (default model;
singel-equation and charge-

thickness model

Intrinsic capMod= 3 + overlap/fringing capMod= 2

7-2

Table 7-1. BSIM4 capacitance model options.

BSIM4capacitance models have the following features:

• Separate effective channel length and width areused forcapacitance 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 is used. Therefore, those effects such as body bias, short/narrow channel
and DIBL effects areexplicitly considered incapMod= 1and 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 aswell
as the gate and drain.
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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 Qg^ and

Qd 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 (2,„v)» accumulation charge

(Qacc) and substrate depletion charge

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)

Qg =-[Qsub +Qinv +Qacc)
Qb Qacc Qsub

Qinv=Qs+Qd

The substrate charge can be divided into two components: the substrate

charge at zero source-drain bias (Qsubo)^ which is a function of gate to

substrate bias, and the additional non-uniform substrate charge in the

presence ofa drain bias (SQ^ub)- Qg now becomes

(7.2.2)

Qg = -{Qinv + Qacc +QsubO +^sub)
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7-4

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)

K.W=f«(o)+(A.«-iK

(7.2.4)

Qc=w^ J gcdy=-w^i„c,„
0

ictivt

J ^idy =
0

Aa«w ^dCtt'w

Qg ^aaive J ^g^y ^aaive^oxe ^^gl'̂ ^th ^F8~^t~^y)^y
0 0

L„

wherey^,= y^^^. V;;,and

dV
dy=-^

where Ey is expressed in

/ _^activef^eff^o
^ds Z

y A>ulk Y
2

(7.2.5)

g' rt ^ds ^ds ^aciivet^^^oxe^gt \uUyy)^y

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

components. For each component
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r

' dVj

(7.2.6)

where i and7 denote the transistor terminals. C,y satisfies

Iq=Ic,=o

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 Vj^at.cv = ^gt / ^buik and therefore is

independent of channel length. If we define a drain bias, Vjsat,cv for

capacitance modeling, at which the channel charge becomes constant, we

will find that V^at,cv in general is largerthan for I-V but smaller than

the long-channel = Vgt/Ay^^g^. In other words.

^dsal,tV *^^dsat,CV *^^dsat.IV

and Vfisat,cv^^ modeledby

V_ ^gsteff.CV
Laaive-^'

ulk

dsat,CV

ga^ ,CV

bulk
1+

^active
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7-6

(7.2.9)

^y^-V^-VOFFCV^
ygst^,cv =NOFFnv,'\n 1+exp

NOFF-nv.
/J

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

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

\ulk ~ 1+ F_doping

where

(7.2.10)

AO'L
'eff BO 1

\ + KETA'V.bs^

+ Ki„-K3B $
W'+WO •

7.2.3 Single Equation Formulation

Traditional MOSFET SPICE capacitance models 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= 1and 2.

(a) IVansition from depletion to inversion region

The biggest discontinuity is at threshold voltage where the inversion

capacitance changes abruptly from zero to Concurrently, since the

substrate charge is a constant, the substrate capacitance drops abruptly to
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zero at threshold voltage. The BSIM4 charge and capacitance models are

formulated by substituting with Vg^tg^cv as

(7.2.11)

QKhQ{v,^.cv)

For capacitance modeling

(7.2.12)

'g,d,sj>

(b) Ti*ansition from accumulation to depletion region

An effective smooth flatband voltage used for the accumulation

and depletion regions.

(7.2.13)

=V -0.02)+^(V^ -V^ -Omf +0.08V^^]

where

(7.2.14)

zeroV^jOndV^

A bias-independent Vff^ is used to calculate 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 V^, is used to smooth out the transition between linear

and saturation regions.

(7.2.15)

-0-5f4 I yvhereV^ =V^,cv "K.S/-S4 =0.02V

7.2.4 Charge partitioning

The inversion charges arepartitioned into =Qs + Qd- Theratioof to

Qs is the 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

This is the most physical model of the three partitioning schemes in which

the channel charges are allocated to the source and drain terminals by

assuming a linear dependence on channel position y.
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0

^^aclivt

dy
'active

Qd == ^active J ^c-J^dy

(7.2.16)

0/100 charge partition

In fast transient simulations, the use of a quasi-static model may result in a

large unrealistic drain current spike. This partitioning scheme is developed

to artificially suppress the drain current spike by assigning all 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 Model
(CTM)

Current MOSFET models in SPICE generally overestimate the intrinsic

capacitance and usually are not smooth at and The discrepancy is more

pronounced in thinner devices due to the assumption of inversion and

accumulation charge being located at the interface.Numericalquantum simulation

results in Figure 7-1 indicate the significant charge thickness in all regions of

operation.
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0.15-

a 0.10

N 0.05

Z 0.00

a 0.4

20 40

Depth (A)

Vot(V)

Toxr^SOA

NsubsSelTcm

Figure 7-1. Charge distribution from numerical quantum simulations show significant
charge thickness at various bias conditions shown in die inset.

7-10

CTM is a charge-based model and therefore starts with the DC charge thicknss,

Xoc The charge thicknss introduces a capacitance in series with as illustrated

in Figure 7-2, resulting in an effective C^xeff^ Based on numerical self-consistent

solution of Shrodinger, Poisson and Fermi-Dirac equations, universal and

analytical models have been developed. C^j^ej^can be expressed as

where

C -Coxe ^cen

+c

Ĉcen — /X
DC

(7.3.1)
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Vgs

Vgse

0s

Cacc
i

Cdep

Cox

6 B

Poly depl.

Cinv

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

(!) Xj)c for accumulation and depletion

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

expressed by

^DC =3 ACDE

(7.3.2)

^NDEP - V,
16

\ y
2X10'

gse ^ bseff ' FBeff

TOXE

where isDebye length, and X^c is in theunit ofcmand (Vg^g -

/ TOXEis in units of MV/cm. For numerical statbility, (7.3.2) is replaced by (7.3.3)

(7.3.3)

x„c = -|(x„+
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Charge-Thickness Capacitance Model (CTM)

where

•^0 "" -^max ^DC

^debye^ ^x ~ ^O'̂ TOXE.

(ii) X^c of inversion charge

The inversion charge layer thichness can be formulated as

(7.3.4)

Y _ 1.9x10"® cm
^DC ~

iJV^.,+<VTHO-VFB-<S>,)f
2T0XP

Through the VFB term, equation (7.3.4) isfound to be applicable toN+ orP+ poly-

Si gates and even other future gate materials.

(ill) Body charge thichness in inversion

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

deviation of the surface potential <!>, (bias-dependence) from 2<i>„ [2]

(7.3.5)

nr^\

<P5=0,-205=v, In ^gsteffCV ' (^gsteffCV B

MOINKjv,

The channel charge density is therefore derived as

{13.6)

^inv ~~^oxeff ' ^gsteff.CV ~^s)
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7.4 Intrinsic Capacitance Model Equations

7.4.1 capMod = 0

Accumulation region

Q, -VFBCV)

Qsttb Qg

a„v=o

Subthreshold region

K,
O =—W L C ..111S2-^subO active active oxe n

_1+ -VFBCV-Vj

Qg QsubO

Qinv=0

Strong inversion region

V -V

dsat,cv A .

Amik

\uik bulk

f / \CLE\

1+
CLC

V

^eff

K lax

V^=VFBCV+4). +iSr,„^0.-V,bs^
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Intrinsic Capacitance Modei Equations

Linear region

O =C W L
oxe active active Vp - VFBCV —7

e—C W L
b ^oxe'' active active VFBCV-V,^-<S>,+

50/50 partitioning:

O = —C W T
^inv ^oxe^' active'-'active gs ^ th

e,=Q, =0.50,

12

12

V -V -^gs ^th
ds

12

J J

A 'V ^
V —V bulk ^ds
^gs ^th Z

y\

y _y ^ulk ^ds I Atulk ^ds
A *V ^

V —V bulk ^ds
^th Z

^ y

40/60 partitioning;

e.=-te,+a+a)

Qj = -c ly T
oxe active active

7-14

0/100 partitioning:

e=-C W Id ^oxe active active

Qs +Qb+Qd)

,2 >I A.«'K„ (A.a'Va.)
2 4 24
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Saturation region

O =C W L
oxe active active

( y ^
v-vFBcy-a>-'-^

6'* * ^

VFBCV+<S>.-v.. +('
t (t A iVc/ ^

O =—C W I^ oxe '' active active
dsgt

5 2
\

50/50 partitioning:

Q'S~Qd'~ ^^ox^active^active^gs Kh)

40/60 partitioning:

~~ ^oxe^active^active ^gs ~^th )

Qs =-(8g+Qb+Qd)

0/100 partitioning:

G.=0

a=-(!2,+Gj

7.4.2 capMod = 1

Qg - -{Qi„y +Qacc +QsubO +^sub )

Qb ~ ~(Qacc QsiAO ^sub )

Qinv=Qs-^Qd
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Qacc ^active^active^oxe ^FB^ ^fbzb}

O =-W L C
^subO active active oxe

K.\ox -1+ L[ ^FBeff ^gst^

y _ gsteffcv
dsat,cv A I

A,m

K.lox

e--W L C
inv '' active active oxe ^gsteff,cv 2 ^cv^

12

^bulk cveff

A 'Vy _^bulk ^cveff/
gsteff,cv /2

V J

So —W T C^^sub '' active *^active ^ oxe IzAVv
o ^CV^

2

cv^

12 y _\ulk ^cveff /
gsteff.cv /2

V yj

50/50 charge partitioning:

W L r
Qs=Qd=- active active oxe ^gst^,cv 2^ttlk ^cveff ^bulk ^cveff

12 gsteff,cv
cv^.

yj
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40/60 charge partitioning:

Qs=-
w L r

active active^oxe

f 4 'y /V
y ^ bulk ^cveff /

8Steff,cv /2
V

V V 'Vĝsteff,cv 2 gsteff.cv ^bulk ^cvtff

"J^gst^.cv {\ulk'̂ cveff YS ^

Qd ~
W L C

active active^oxe

A *V /y _ bulk ^cveff /
^gsteff,cv

\

A2

y y "^A 'Vĝsteff,cv 2 gstiff,cv ^ulk ĉveff

0/100 charge partitioning:

W L CQ _ flcn'yg active oxe

W L C^ active active^oxe

2

7.4.3 capMod = 2

2^bttlk ^cveff
12 y ^cv^ /

^gsteff.cv /2
V

»2 1/2
cvegy i4. 'V +^gsteff,cv 2 f

y _\ulk ^dveff /
^gsteff,cv /2

/-I

/-I

O =W L C V^acc active active oxeff gbacc

'+0.08^1gbacc

Vo=V^+V^-V,,-0.02

BSIM4.0.0 Manual Copyright © 2000 UC Berkeley 7-17



Intrinsic Capacitance Modei Equations

=y^u, -| (vi +VVi'+0.08V^„
K='^^„-V^-0.02

•tr ^gsl^.cv ^5
dsat

A>ulk

(Ps=O,-20g=v, In ^gsteffCV ' (^gsteffCV "*" ^^lox
MOIN-Kjv,

e=—W J csubO ' ' active active^ oxeff
K.\ox -1+J1+ gJg ^FBeff ^bseffs ^gst^,cv}

K
lox

O =-W 1 c^inv '' active aaive^oxeff ^gsteff,cv 2^ulb ^cveff
12

A
bulk cveff

V -m ^cveff^^gsteff,cv YS /

80 —W J r^"^sub aaive'^active^oxeff

2

<^eff(1 - ')• A,.tt'v;
2 f

12

V

V —rn— ^cvtff/ ^^gst<ff,cv YS /n
/-J

50/50 partitioning:

A bulk cveff

y-J

W L r/O active ^active^oxeff
S ~ i^D ~ I ^gsteff,cv Vs 2^buUc ^cveff

A 'V
V -m — bulk ^cveff /^gsteff.cv YS /o12

yJ

BSIM4.0.0 Manuai Copyright ®2000 UC Berkeley 7-18



Fringing/Overlap Capacitance Models

40/60 partitioning:

^gsl^.cv ^sy 2̂gsteff,cv y\ulk K
Qs=-

W L C
active active^oxeff

V -m ^cv^j^g5teff,cv YS /

cvqlf

.n2

Qo=-
W L C

active active oxeff

A 'V
V _//) _^bulk ""cveff/^giteff.cv YS /2

2(^gj/ff#.cv ^Sy\ulk ^cveff

~9s ){\ulk '̂ cveff y ^^bulk cveff ^

0/100 partitioning:

W L Cactive'-'active oxeff
S ~ T

w L ractive active^oxeff
D ~ I

^gsteff,cv 2 ^cveff
12

^gst^.cv ^S 2^bulk ^cveff

^luik cv^

A 'V
V —ff) — buik ^cveff/^gsteff,cv YS /O

V

Âbulk ^cveff

y _/n _^ulk ^dveff/
*gsteff,cv YS /2

/

7.5 Fringing/Overlap Capacitance Models

7.5.1 Fringing capacitance mode!

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 is not given,

it is calculated by
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(7.5.1)

2EPSR0Xer
CF =

n TOXE j

7.5.2 Overlap capacitance model

An accurate overlap capacitance model is essential. This is especially true

for the drain side where the effect of the capacitance is amplified by the
transistor gain. Inold capacitance models this capacitance is assumed tobe

bias independent. However, experimental data show that the overlap
capacitance changes with gate to source and gate to drain biases. In asingle
drain strucmre or the heavily doped S/D to gate overlap region in a LDD

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 ofthe LDD region can be depleted,
both in the vertical and lateral directions. This can lead to a large 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 and for the source and drain

side, respectively. Unlike the case with the intrinsic capacitance, the
overlap capacitances are reciprocal. In other words, Cgs.o.eriap = C,g^overiap

^gd,overlap "" ^dg.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-denendent overlap capacitance moHpl

(i) Source side

(7.5.2)

=CGSO- Vj, +CGSL
W •

active

V -Vgs gs,overlap
CKAPPAS jAV2 gsoverlap

W

CKAPPAS
J)

(7.5.3)

+5,+5,?+45,] 5, =0.021^

(ii) Drain side

(7.5.4)

\\
a='^=CaDOV,j +CGDL V -Vgd gd,overlap

CKAPPAD JAV2 ^ gd,overlap
CKAPPAD

J)

(7.5.5)

+s,-^]fy,,+S,f+4S,^ 5, =0.02V

(iii) Gate Overlap Charge

(7.5.6)

Qoverlap,g ^Qoverlap,d Qoverlap,s (CGfiO *AactiVe) ^gb^

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 mndel

If capMod = 0, a bias-independent overlap capacitance model will be used.

In this case, model parameters CGSL, CGDL, CKAPPAS and CKAPPD all

have no effect.

Thegate-to-source overlap charge is expressed by

Qoverlap,s

The gate-to-drain overlap charge is calculated by

Qoverlap,d

The gate-to-substrate overlap charge iscomputed by

Qoverlapjf " ^active ' CGBO' Vgf,

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 Models

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 (IIR) 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 improvementsare added in BSIM4. The IIR 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 IIR model should

not be turned on simultaneously. These two models both work with multi-finger

configuration.The substrate resistancemodel does not include any geometry dependence.

8.1 Charge-Deficit Non-Quasi-Static (NQS)
Model

BSIM4 uses two separate model selectors to turn on or off the charge-deficit NQS

model in transient simulation (using trnqsMod) and AC simulation (using

acnqsMod). 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 (r) dependent and the transcapacitances
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8-2

and transconductances (such as Gf^f) for AC analysis can therefore be expressed as

functions ofjm.

MOSFET channel region is analogous to a bias-dependent RC distributed

transmission line (Figure 8-la). In the Quasi-Static (QS) approach, the gate

capacitor node is lumped with the external source and drain nodes (Figure 8-lb).

This ignores the finite time for the channel charge to build-up. One way tocapture

theNQS effect is to represent thechannel with n transistors in series (Figure 8-lc),

but it comes at the expense of simulation time. The BSIM4 charge-deficit NQS

model uses Elmore equivalent circuit to model channel charge build-up, as

illustrated in Figure 8-Id..

Equivalent RC Network

r Gate

Substrate

I New Elmore
I Equivalent Circuit ^^uivalent Model
^ ? X —I

A 1 i i i i c
o-JXJT-Jt.

(a)

(c)
-TT-TL-TT-o

Conventional
Quasi-Static Model

1
• I iC'8 '' dg

i (d)

Figure 8-1. Quasi-Static and Non-Quasi-Static models for SPICE analysis.

BSIM4.0.0 Manual Copyright ®2000 UC Berkeley



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

8.1.1 The Transient Model

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

Figure 8-2 shows the RC sub-circuit of charge deficit NQS model for

transient simulation [13]. An intemal node, Qjg/t), iscreated 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 icheqit) represents the equilibrium channel charging

effect. The capacitor C is to be the value of Cfac (with a typical value of

IX10"' Farad [11]) to improve simulation accuracy. Q^^/now becomes

(8.1.1)

Q^(t)=V^r^Cdef 'fact

Qdef

def

Figure 8-2. Charge deficit NQSsub-circuit for transient analysis.
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Considering both the transport and charging component, the total current

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

^D,G,S D,C.5

(8.1.2)

^Qd,g,s(^)
dt

Based on the relaxation time approach, the terminal charge and

corresponding charging currentare modeled by

(8.1.3)

and

(8.1.4a)

_^Qckeq^) Qdif W
dt dt T

dt
xpan

(8.1.4b)

O.At)

where D,G,S^a„ are charge deficit NQS channel charge partitioning
number for terminals D, Gand S, respectively; =1and G^p^^t
= -1.

The transit time Tis equal to the product of and where

is the intrinsic-input resistance [12] given by

8-4 BSiM4.0.0 Manual Copyright ©2000 UC Berkeley



Charge-Deficit Non-Quasi-Static (NOS) Model

(8.1.5)

— = XRCRG\
R.:

-^+ XRCRG2 •
^dseff

where 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.

8.1.2 The AC Model

Similarly, the small-signal AC charge-deficit NQS model can be turned on

by setting acnqsMod = 1 and off by setting acnqsMod = 0.

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

that in the frequency domain, Qchif) can be transformedinto

(8.1.6)

1+jcot

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

transcapacitances C^,-, and Cdi (i stands for any of the G, D, S and B

terminals of the device) and the channel transconductances G^, G^, and

G^^^ all become complex quantities. Forexample, now G„ have the form

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

and

G =—^
1 + 0) T

C
'dg 2^2

\ + (0 T

(8.1.7)

2^2

(8.1.8)

1+ G)V
+ j

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 (IIR) Model

8.2.1 General Description

BSIM4 provides four options for modeling gate electrode resistance (bias-

independent) and intrinsic-input resistance (IIR, 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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8,2.2 Model Option and Schematic

reateMod = 0 (zero-resistance^:

?

In this case, no gate resistance is generated.

reateMod = 1 (constant-resistance^:

Rgeltd

In this case, only theelectode gate resistance (bias-independent) is gener
ated by adding an internal gatenode. Rgeltd is giveby

(8.1.9)

RSHG.{^GW+r^)
NGCON{L^-XGL)NF

Refer toChapter 7 forthelayout parameters in theabove equation.

Rgeltd =

reateMod = 2 (IIR model with variable resistance^

Rgeltd+Rii

O
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Substrate Resistance Network

Inthis case, the gate resistance is the sum ofthe electrode gate resistance
(8.1.9) and the intrinsic-input resistance /?,-,• asgiven by (8.1.5). An inter
nal gate node will begenerated. tmqsMod =0 (default) and acnqsMod =
0 (default) should be selected for this case.

reateMod = 3 (IIR model with two nodesV

Cgso o v\ Cgdo

In this case, thegate electrode resistance given by (8.1.9) is in series with
the intrinsic-input resistance 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. tmqsMod = 0 (default) and acnqsMod = 0
(default) should be selected for this case.

8.3 Substrate Resistance Network

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 as listed 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.

rbodvMod = 0 (Off):

No substrate resistance network is generated at all.

rbodvMod = 1 (OnV

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 Igidl
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sbNcxie

i

+ Igidl

RBPD

bNodePrime

RBPB

RBSB

bNode

dbNode

RBDB

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/fnoise), 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

given in 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 simple flicker noise model which is convenient for

handcalculations is invoked. A unified physical flicker noisemodel, which

is the default model, will be used iffnoiMod = 1. These two modes come

from BSIM3v3, but the unified model has many improvements. For

instance, it is now smooth over all bias regions and considers the bulk

charge effect.

9.1.2 Equations

• fnoiMod = 0 (simple model)
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Flicker Noise Modeis

The noise density is

(9.1.1)

KF'I
AF

where/is device operating frequency.

• fhoiMod = 1 (unified model)

The physical mechanism for the flicker noise is trapping/detrapping-related
charge fluctuation in oxide traps, which results in fluctuations of both

mobile carrier numbers and mobilities in the channel. The unified flicker

noisemodel captures thisphysical process.

Inthe inversion region, the noise density isexpressed as [14]

(9.1.2)

^wJf) yTO/fi(A!, -Nf)
I WXh NOlA-NOIBN,+NOICN^

where theeffective mobility at thegiven bias condition, and and

Wg^are the effective channel length and width, respectively. The parameter
Nq is the charge density at the source side given by
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Flicker Noise Models

(9.1.3)

^0 ~ ^oxe '^gtuff

The parameter IV, is the charge density at the drain end given by

N,=C^V,oxe ' gsteff

N is given by

V + 2v^gsteff

Af=V(c.„+c,+ar)

(9.1.4)

(9.1.5)

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

capacitance.

AL^x^ is the channel length reduction due tochannel length modulation and

given by

^clm =Litl\Og

E,„. =
2VSAT

(V —V ^
^+EM

Litl

(9.1.6)

In the subthreshold region, the noise density is written as
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Channel Thermal Noise

„ / X NOIA k,T lJ
*^id,subVf\J )

The total flickernoise density is

c fX)_ '̂̂ d.inv if ^id,subvt (/)

(9.1.7)

(9.1.8)

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)

'J =— " , 1 •NTNOI

where /?^(V) is the bias-dependent LDD source/drain resistance, and the

parameter NTNOI is introduced for more accurate fitting of short-channel

devices. is modeled by
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Channel Thermal Noise

O-

Qinv ^active^active^oxeff ' ^gsi(^
^ulk^dseff ^ ^ulk_Y^eff

2 12

(9.2.2)

2,t 2

8'teff 2

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

1
'd

e
(a) tnoiMod = 0

o

Source side

(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 thermal noise model". In addition, the

amplification of the channel thermal noise through and Gf^bs 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-lb shows

schematically that part of the channel thermal noise source ispartitioned 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)

ds

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

amplication is given by

where

and

(9.2.4)

'ds

-^d '̂i^m+^ds+^Jmbsf

e, .=0.37-
inot '

P,noi= 0.511

l+TNOIBL^^-

\+TNOIA'L
'eff

^ V

\^sat^^

/• \2
y ^

yJ^saJ^eff j

(9.2.5)

(9.2.6)
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other Noise Sources Modeled

9.3 Other Noise Sources Modeled

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 Models

10.1 Junction Diode IV Model

In BSIM4, there are three junction diode IV 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

XJBVD. 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 Source/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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Junction Diode iV Modei

10-2

dioMod = 0 (resistance-free)

^bs ^sbs exp
NJSkJNOM

V ^ /

-1

(10.1.1)

•fbreakdown ^bs ' ^imn

where is the total saturation current consisting of the components

through the gate-edge (Jgswgs) isolation-edge sidewalls (Jsgy^s) the

bottom junction (7^^),

(10.1.2)

where the calculation of the junction area and perimeter is discussed in

Chapter 11, and the temperature-dependent currentdensity model is given

in Chapter 12. In (\OAA)Jf,reakdown is given by

fbreakdown =1 +XJBVS ' QXfi
qiBVS +Vj

NJS'kgTNOM

(10.1.3)

In the above equation, when XJBVS = 0, no breakdown will be modeled. If

XJBVS < 0.0, it is reset to 1.0.

• dioMod = 1 (breakdown-free)

No breakdown is modeled. The exponential IV term in (10.1.4) is

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

only.
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Junction Diode iV Model

^bs ^sbs exp
NJS'kJTNOM

\ ® y

-1

(10.1.4)

• dioMod = 2 (resistance-and-breakdown):

Diode breakdown is always modeled. The exponential term (10.1.5) is

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

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

^bs ŝbs exp q^bs
NJS'kSNOM

V ® y

-1

(10.1.5)

f breakdown ^bs ' ^min

For dioMod = 2, if XJBVS <= 0.0, it is reset 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, butwith a separate set of model parameters asexplained

in detail in Appendix A.

dioMod = 0 (resistance-free)

hd ~ hbd exp bd

NJD'k^TNOM
V ® y

(10.1.6)

-1 breakdown bd

where is the total saturation current consisting of the components

through the gate-edge (Jsswgd) and isolation-edge sidewalls (J^swd) and the

bottom junction (/y^).
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(10.1.7)

hbd ~^deff ^sd )••" ^detf ^sswd (^)+ ŝswgd (r)

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 (lOA,6)Ji,reakdown is given by

fbreakdown =l + XJBVD'GXp

(10.1.8)

f g(BVD+Vj
NJD'kJTNOM

In the above equation, when XJBVD = 0, no breakdown will be modeled. If

XJBVD < 0.0, it is reset 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)

^bd ŝbd exp bd

NJDkJ'NOM
-1

* dioMod = 2 (resistance-and-breakdown):

Diode breakdown is always modeled. The exponential term (10.1.10) is

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

and the limiting current IJTHSREV in the reverse-bias mode.
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hd ~ ^sbd exp bd

NJD'kJNOM
\ ^ J

-1

(10.1.10)

f breakdown ^bd ' ^min

For dioMod = 2, if XJBVD <= 0.0, it is reset to 1.0.
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Junction Diode CV Model

10.2 Junction Diode CV Model

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

areusedfor both sides buteach sidehasa separate setof model parameters.

10.2.1 Source/Body Junction Diode

The source-side junctioncapacitance can be calculated by

10-6

(10.2.1)

^bs ~ ^seff^Jbs ^s^^jbssw ^ jbsswg

where is the unit-area bottom S/B junciton capacitance, is the

unit-length S/B junction sidewall capacitance along the isolation edge, and

(^jbsswg is the unit-length S/B junction sidewall capacitance along the gate
edge. Theeffective areaandperimeters in (10.2.1) aregiven in Chapter 11.

is calculated bv

ifn,<0

otherwise

C.,,=CJS{T)-
( V
1——-5l__

PB5(r)J

(10.2.2)
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Junction Diode CV Model

Cj,,=CJS{T}

Qhss". Is calculated bv

ifVi„<0

c.,„=cjm5(r>

otherwise

l+MJS—
pbs{t)

V

^ >^-MJSWS
I ^bs

pbsws(t)

(10.2.3)

(10.2.4)

(10.2.5)

c_=asiv5(r). l+MJSWS
pbsws{t)

is calculated hv

ifv»,<0

=C751VG5(r)-

otherwise

I

(10.2.6)

\-MJSWGS

pbswgs{t)
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Junction Diode CV Modei

10-8

=CJSWGS{T)- 1~
K

bs

(10.2.7)

>^MJSWGS

pbswgs{t)

10.2.2 Drain/Body Junction Diode

The drain-side junction capacitance can becalculated by

(10.2.8)

^bd - iM + + WCr,.- •NF ' C,,d^^jbdsw effcj ' jbdswg

where Cji,^ is the unit-area bottom D/B junciton capacitance, is the

unit-length D/B junction sidewall capacitance along the isolation edge, and

^jbdswg is the unit-length D/B junction sidewall capacitance along the gate
edge. The effective area and perimeters in (10.2.8) are given inChapter 11.

Cjj^ is calculated hv

ifVl„<0

otherwise

r

I ^bdC^=CJD{T)
pbd{t)

Cj^=CJD{T)- \+MJD—
pbd(t)

(10.2.9)

(10.2.10)
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is calculated bv

ifVw<0

(10.2.11)

f ^-MJSWD
2 ^bdC^ =CJSWDiT)-

pbswd{t)

otherwise

Cj^=CJSWD(T)-

Qibdsw's calculated bv

ifVt,<0

(10.2.12)

\+MJSWD ,
pbswd{t)

=CJSWGD{T)-
V2 ^

pbswgd{t)

(10.2.13)

YMJSWGD

OthQTwiSQ

=CJSWGD(T)-

(10.2.14)

\+MJSWGD ,
pbswgd{t)
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Chapter 11: Layout-Dependent Parasitics
Model

BSIM4 provides a comprehensive and versatile geometry/layout-dependent parasites

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-fmger 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
f Wide contact, shared

^ DMDG
X' No contact, merged

DMCI of

Wide contact

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

11.2 Model Formulatioii 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 side is calculated by

If (PS is given)

if (perMod == 0)

Pseff= PS
else

P„,=PS-W,g,,-NF

Else

computed from NF, DWJ, geoMod, DMCG, DMCI, DMDG,

DMCGT, and MIN.

The effective junction area on the source side is calculated by

If (AS is given)

Aseff ~ AS
Else

computed from NF, DWJ, geoMod, DMCG, DMCI, DMDG,

DMCGT, and M/M

In the above, and will be used to calculate junction diode IV and

CV. Pjgj^does not include the gate-edge perimeter.
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Model Formulation and Options

11.2.2 Source/Drain Diffusion Resistance

The source diffusion resistance is calculated by

}i(rgeoMod=Q)

Source difiusion resistance isnot generated.
Hseif(number ofsource squares NRSisgiven)

R,,,ff=NRS'RSH

Use

Rsdwcompated fromNF, DW,geoMod, DMCG, DMCI, DMDG,
DMCGT, RSH, and MAT.

where the number of source squares NRS is an instance parameter.
Similarly, the drain diffusion resistance iscalculated by

If (rgeoMod = 0)

Drain diffusion resistance Rddijf is notgenerated.
Elseif (number of source squares NRD is given)

R^,ff=NRDRSH

Else

computed from NF,DWJ, geoMod, DMCG, DMCl DMDG,
DMCGT, RSH, and MIN.

11.2.3 Gate Electrode Resistance

The gate electrode resistance with multi-finger configuration ismodeled by

(11.2.1)

Rgeltd = '̂ SHG-{XGW +̂ )
NGCON-{L^-XGL)-NF
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11.2.4 Option for Source/Drain Connections

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

selector

KeoMod End source End drain Note
0 isolated isolated NF=Odd
1 isolated shared NF=Odd, Even
2 shared isolated NF=Odd, Even
3 shared shared NF=Odd, Even
4 isolated merged NF=Odd

5 shared merged NF=Odd, Even
6 merged isolated NF=Odd
7 merged shared NF=Odd, Even
8 merged merged NF=Odd
9 sha/iso shared NF=Even

10 shared sha/iso NF=Even

Table 11-1. geoMbd 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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rgeoMod End-source contact End-drain contact
0 No Rddiff
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.

BSIM4.0.0 Manual Copyright © 2000 UC Berkeley 11-6



Chapter 12: Temperature Dependence
Model

Accurate modeling of the temperature effects on MOSFET characteristics is important to

predict circuit behavior over a range of operating temperatures (J). 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 Temperature Dependence of Threshold
Voltage

The temperature dependence of is modeled by

V^{T)=V„{TNOM)^
^ KT\ J ^

)

(12.1.1)

f T \

-1
^TWOAf j

12.2 Temperature Dependence of Mobility

The BSIM4 mobility model parameters have the following temperature

dependences
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Temperature Dependence ofSaturation Velocity

and

(12.2.1)

t/0(r)=i70(77VOAf ). (J'/TNOMY^

(12.2.2)

t/A(r)=UA^TNOM )+ UA\ •ij^/TNOM -1)

(12.2.3)

UB{r)=UBij'NOM)+UB\'iJlmOM -l)

(12.2.4)

C/C(r)=UC{TNOM)+UCl •{TiTNOM -1)

12.3 Temperature Dependence of Saturation
Velocity

The temperature dependence of VSAT is modeled by

(12.3.1)

VSAT(r)=vsat{tnom)-at-{t/tnom -1)

12.4 Temperature Dependence of LDD
Resistance

• rdsMod = 0 (internal source/drain LDD resistance)
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(12.4.1)

(r)= RDSWij7^0M)-\- PRT •f^lTNOM -l)

(12.4.2)

RDSWMlNij')=RDSWMINij'NOM )+PRT•(r/77/OM -1)

rdsMod - 1 (external source/drain LDD resistance)

(12.4.3)

RDWij')=RDWij?^OM)-^PRT (j'lTNOM -l)

(12.4.4)

RDWMINfj')=RDWMINij'NOM)+ PRT•(j'/TNOM -1)

(12.4.5)

=Rsw{rNOM)+prt•{j'/tnom -1)

and

(12.4.6)

RSWMIN(t)=RSWMIN(TN0M)+PRT-{titnom -1)

12.5 Temperature Dependence ofJunction Diode
IV

* Source-side diode

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

12-4

(12.5.1)

A/,. =A^'lST)+P,esJ^{T)+W^-NFj(T)

where

y„(r)=yS5(72VOA/)exp

(12.5.2)

, r r
vXtnom) v,(r) WOM

NJS

^E^jmoM) £,(r) r
(12.5.3)

+ Xr/5 1n

y,„.(r)=y5ms(7W0A/)exp v,<JJiOM) v,(r) TNOM

NJS

and

(12.5.4)

v,(77tfOM) v,(r) ItWOMJ^jT)= JSSWGS{TNOM)exp

where Eg is given inSection 12.7.

* Drain-side diode

The drain-side saturationcurrent is given by

NJS
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Temperature Dependence of Junction Diode CV

(12.5.5)

hbd (T)+ ^d^^sswd{t)+W^^NF ^sswgd (r)

where

(12.5.6)

(r)= JSDtj'NOM )• exp

eAtnom) eAt)
vXTNOM) v,{T)

—'-^+XTID\n
f T N^

TNOM

NJD

(12.5.7)

^E(TN0M) E(t) , f T

Js^d{T)= JSSWD{TNOM)'txi^
—^+Xr/Dln

v,(j'NOM) v,(t) TNOM

NJD

and

(12.5.8)

''EATNOM) EAt) , f T

{t)= JSSWGD^NOM)exip
v,(rAroA/) v,(r)

+Xr/Z)ln
TNOM

NJD

12.6 Temperature Dependence ofJunction Diode
CV

Source-side diode
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Temperature Dependence of Junction Diode CV

and

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

capacitances on the source sideare modeled by

(12.6.1)

CJS{T)= CJS{TNOM)' [l+TCJ -(T-TNOM)]

(12.6.2)

CJSWSiT)=CJSWS(j'NOM )+TCJSW •(T- TNOM)

(12.6.3)

CJSWGS(t)=CJSWGSip^OM )• [l+TCJSWG •(7- TNOM )]

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

modeled by

(12.6.4)

PBSfJ^)=pbs(tnom)-tpb•(r - tnom)

(12.6.5)

mws(r)=PBswsi;rNOM)-tpbsw •(r - tnom )

and

(12.6.6)

PBSWGSij')=PBSWGSi;rNOM)-TPBSWG •ij'-TNOM)

• Drain-side diode
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Temperature Dependence of Junction Diode CV

and

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

capacitances on the drain side are modeled by

(12.6.7)

cjd(t)= cjd{tnom)- [i+rc/ •(t-tnom)]

(12.6.8)

CJSWDiT)=CJSWD{TN0M )+TCJSW •{T - TNOM)

(12.6.9)

CJSWGDij-)=CJSWGDij'NOM)- [l+TCJSWG•{T - TNOM )]

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

modeled by

(12.6.10)

PBD{t)=PBD{TN0M )-TPB•(T - TNOM)

(12.6.11)

PBSWD{t)= PBSWDij'NOM)-TPBSW •(T-TNOM)

and

(12.6.12)

PBSWGD(t)=PBSWGD{TN0M)-TPBSWG •{T - TNOM)
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Temperature Dependences of Eg and ni

12.7 Temperature Dependences and tii

• Energy-band gap ofSi (Eg)
The temperature dependence of is modeled by

£.(77VC»Af)=1.16-

(12.7.1)

7.02xl0"'rArC>Af^

77VOW+1108

and

(12.7.2)

£(r)=i.i6-1^2l2:^
' r+1108

* Intrinsic carrier concentration ofSi (nj)
Thetemperature dependence of is modeled by

. ..C .n TNOMn.=lA5elO J exp
300.15 V300.15 ^

(12.7.3)

21.556598I-i5lW-
2k,T
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Chapter 13: Parameter Extraction
Methodology

Parameter extraction is an important part of model development. The extraction

methodology depends on the modeland on the way the model is used. 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: global 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 theminimum average errorbetween

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 theirphysical intent.

In local optimization, many parameters are extracted independentiy 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 notguarantee that theextracted 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.
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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
mm

W Large W and L

Orthogonal Set of W and L

/

Figure 13-1. Device geometries used for parameter extraction

The large-sized device (W > 10pm, L > 10pm) is used to extract

parameters which are independent of short/narrow channel effects and

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

threshold voltage VTHO, andthe body effect coefficients 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.

{I) Ids vs- Vg^ @Vds = 0.05V with different

(2) Idsvs. Vds @ Vijs = OV with different

(3) Ids vs. Vgs ®yds=^dd with different V^,^.

(4)Ids vs. Vds ® ^bs = ^bb with different V^. is the maximum body
bias).

13.3.2Optimization

The optimization process reconunended is a combination of Newton-

Raphson's iteration and linear-squares fit of either one, two, or three

variables. A flow chartof this optimization process is shown in Figure 13-

2. The model equation is first arranged in a form suitable for Newton-

Raphson's iteration as shown in (13.3.1):

(13.3.1)

The variable fsimO is the objective function to be optimized. The variable

fexpO stands for the experimental data. Piq, Pjo, and P30 represent the
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desired extracted parameter values. represent

parameter values after the mth iteration.

Measured Data

Initial Guess of

Parameters P i

Model Equations

Linear Least Squsre

Fit Routine

AP

AP

yes

STOP

yes

no

Figure 13-2. Optimization flow.

To change (13.3.1) into a form that a linear least-squares fit routine can be

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

13-6

by ^fsim ! 9^1- This gives the change in />,, AP/""*, for the next iteration
such that:

p(m+l) _ pM
(13.3.2)

where /=1.2, 3for this example. The (m+1) parameter values for Pj and P3
are obtained in an identical fashion. This process is repeated until the

incremental parameter change in parameter values AP/*"^ are smaller than

a pre-determined value. At this point, the parameters P,, Pj, and P3 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
EPSROX

Gate oxide thickness and dielectric con

stant

NDEP Doping concentration in the channel

TNOM Temperature at which the data is taken

^drawn Mask level channel length

^drawn Mask level channel width

XJ Junction depth

Table 13-1. Prerequisite input parameters prior to extraction process.
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Extraction Procedure

The parameters are extracted in the following procedure. Theseprocedures

are based on a physical understanding of the model and based on local

optimization. (Note: Fitting Target Data refers to measurement data used

for model extraction.)

Step 1

Extracted Parameters & Fitting Target
Data

Device & Experimental Data

VTHO, Kl, K2

Fitting Target Exp. Data:

Large Size Device (Large WScL).

Ids vs. ygs @yds = 0.05V atDifferent
Extracted Experimental Data

Step 2

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

UA, UB, UC, EU

Fitting Target Exp. Data: Strong Inver-
sion region

Large Size Device (Large W& L).
vs. Vg^ ® yds- 0.05V atDifferent

Step 3

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Extraction Procedure

LINT, /?^,(RDSW, W, VQ

FittingTarget Exp. Data: StrongInver
sionregionVQ

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

^ds vs. Vgj ® ^ds- 0-05V atDifferent Vy^

•SteP-4

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

WINT,i?^,(RDSW,

Fitting TargetExp. Data: Strong Inver
sion region

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

ids vs. Vgg @Vjg =0.05V atDifferent

StcD 5

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

RDSW, PRWG, PRWB, WR

Fitting TargetExp. Data: R^(RDSW, W,

V ^bs)

R^(RDSW, W, V Vbs)

SteD6

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Extraction Procedure

DVTO, DVTl, DVT2, LPEG, LPEB

Fitting Target Exp. Data: L, W)

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

ythiybs' L, w)

SteoT

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

DVTOW, DVTIW, DVT2W

Fitting Target Exp. Data: L, W)
One Set of Devices (Large and Fixed L &
Different W).

W)

Steo 8

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

K3, K3B, WO

Fitting Target Exp. Data: L, W)

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

'̂ thiybs' L, w)

SteD 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

MINV, VOFF, VOFFL, NFACTOR,
CDSC, CDSCB

Fitting Target Exp. Data: Subthreshold
regionV^,^)

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

Ids Vgs ® Vds = 0.05V atDifferent Vy^
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Step 10

Extracted Parameters & Fitting Target
Data

Devices& Experimental Data

CDSCD

Fitting TargetExp. Data: Subthreshold
regionV^,^)

OneSet of Devices (Large andFixed W&
Different L).

Ids vs. Vg, @Vf,, = Vhh atDifferent

Step 11

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

DWB

Fitting TargetExp. Data: Strong Inver
sion region I^{Vg^

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

^ds vs. Vgg @Vds =0.05V atDifferent

Step 12

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

VSAT, AO, AGS

Fitting Target Exp. Data: I^atiVgs, Vi,,)/W
Al, A2 (PMOS Only)

Fitting Target Exp. Data VdsafYgs)

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

^ds vs. Vds @^bs - Different Vg^
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Step 13

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

B0,B1

Fitting Target Exp. Data: I^afYgs.
One Set of Devices (Large and Fixed L &
Different W).

^ds vs. @ =OV at Different Vg^

Step 14

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

DWG

Fitting Target Exp. Data:
One Set of Devices (Large and Fixed L &
Different W).

vs. @Vyg =OV at Different Vg^

Step 15

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

PSCBEl, PSCBE2

Fitting Target Exp. Data: R^jyg^ V^)

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

^ds vs. Vds ® ^bs =OV at Different Vg^

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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PCLM, e(DROUT, PDIBLCl,
PDIBLC2, L), PVAG, FPROUT, DITS,

DITSL,DITSD
Fitting Target Exp. Data: V^)

OneSet of Devices (Large andFixed W&
Different L).

^ds vs. Vds ® ^bs - Different

Step Xl

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

DROUT, PDIBLCl, PDIBLC2

Fitting Target Exp. Data: 0(DROUT,
PDIBLCl, PDIBLC2,L)

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

0(DROUT, PDIBLCl, PDIBLC2, L)

Steo 18

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

PDIBLCB

Fitting Target Exp. Data: 0(DROUT,
PDIBLCl, PDIBLC2, L,

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

Ids vs. Vg^ @fixed Vg^ atDifferent

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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®D/fiL(ETAO, ETAB, DSUB, DVTPO,

DVTP1,L)

Fitting Target Exp. Data: Subthreshold
region

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

vs. Vgg ®yds=^dd Different

Steo 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

ETAO, ETAB, DSUB

Fitting Target Exp. Data: 0£)/5£(ETAO,

ETAB, L)

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

Ijs vs. Vjj @Vjs=Vjj atDifferent Vj,

Steo 21

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

KETA

Fitting Target Exp.Data: V^.yW

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

^ds vs. @Vh, = at Different Vg^

Steo 22

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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ALPHAO, ALPHAl, BETAO

FittingTarget Exp.Data: Vi,^)/W

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

^ds vs. @ at Different
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Appendix A: Complete Parameter List

A.1 BSIM4.0.0 Model Selectors/Controllers

Parameter

name Description
Default

value Binnable? Note

LEVEL

(SPICE3
parameter)

SPICE3 model selector 14 NA BSIM4

also set as

the default

model in

SPICES

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 I NA Parame

ters

checked

MOBMOD Mobility model selector 1 NA -

RDSMOD Bias-dependent source/drain resis
tance model selector

0 NA

RdsOO
modeled

internally
through IV
equation

IGCMOD Gate-to-channel tunneling current
model selector

0 NA OFF

IGBMOD Gate-to-substrate tunneling current
model selector

0 NA OFF

CAPMOD Capacitance model selector 2 NA -

RGATEMOD

(Also an
instance

parameter)

Gate resistance model selector 0

(no gate
resistance)
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BSBV14.0.0 Model Selectors/Controllers

Parameter

name Description
Default

value Binnable? Note

RBODYMOD

(Also an
instance

parameter)

Substrate resistance network model

selector
0

( network
off)

NA

TRNQSMOD

(Also an
instance

parameter)

Transient NQS model selector 0 NA OFF

ACNQSMOD

(Also an
instance

parameter)

AC small-signal NQS model selector 0 NA OFF

FNOIMOD Flicker noise model selector 1 NA -

TNOIMOD Thermal noise model selector 0 NA -

DIOMOD Source/drain junction diode IV model
selector

1 NA
-

PERMOD Whether PS/PD (when given)
includes the gate-edge perimeter

1 (including
the gate-

edge perime
ter)

NA

GEOMOD

(Also an
instance

parameter)

Geometry-dependent parasitics model
selector - specifying how the end S/D
diffusions are connected

0

(isolated)

NA

RGEOMOD

(Instance
parameter

only)

Source/drain diffusion resistance and

contact model selector - specifying the
end S/D contact type: point, wide or
merged, and how S/D parasitics resis
tance is computed

0 (no S/D

diffusion

resistance)

NA
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Process Parameters

A.2 Process Parameters

Parameter

name Description
Default

value Binnable?

Note

EPSROX Gate dielectric constant relative to

vacuum

3.9 (SiOj) No Typically
greater

than or

equal to
3.9

TOXE Electrical gate equivalent oxide thick
ness

3.0e-9m No Fatal error

if not posi
tive

TOXP Physical gate equivalent oxide thick
ness

TOXE No Fatal error

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 -

GAMMAl (yl
in equation)

Body-effect coefficient near the sur
face

calculated yl/2 Note-1

GAMMA2 (y2
in equation)

Body-effect coefficient in the bulk calculated ylf2 Note-1

NDBP Channel doping concentration at
depletion edge for zero body bias

1.7el7cm'^ Yes Note-2

NSUB Substrate doping concentration 6.0el6cm*^ Yes -

NGATE Poly Si gate doping concentration O.Ocm"^ Yes -

NSD Source/drain doping concentrationFa-
tal error if not positive

1.0e20cm'^ Yes -

VBX at which the depletion region
width equalsXT

calculated

(V)
No Note-3

XT Doping depth 1.55e-7m Yes
-
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Parameter

name Description
Default

value Binnable?

Note

RSH Source/drain sheet resistance O.Oohni/

square

No Should not

be negative

RSHG Gate electrode sheet resistance O.lohm/

square

No Shoule not

be negative
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Basic Model Parameters

A.3 Basic Model Parameters

Parameter

name Description
Default

value Binnable? Note

VTHOorVTHO Long-channel threshold voltage at 0.7V

(NMOS)

-0.7V

(PMOS)

Yes Note-4

VFB Flat-band voltage -l.OV Yes Note-4

PHIN Non-uniformverticaldopingeffect on
surface potential

O.OV Yes -

K1 First-order body bias coefficient 0.5V''2 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 0.0 v' Yes -

WO Narrow width parameter 2.5e-6m Yes -

LPEG Lateral non-uniformdoping parameter
atVbs=0

1.74e-7m Yes -

LPEB Lateral non-uniform doping effect on
K1

0.0m Yes -

VBM Maximum applied body bias in VTHO
calculation

-3.0V Yes
-

DVTO First coefficient of short-channel

effect on V,;,
2.2 Yes -

DVTl Second coefficient of short-channel

effect on

0.53 Yes -

DVT2 Body-bias coefficient ofshort-channel
effect on Vth

-0.032V-' Yes -

DVTPO First coefficient of drain-induced

shift due to for long-channel pocket
devices

0.0m Yes Not mod

eled if

binned

DVTPO

<=0.0

DVTPl First coefficient of drain-induced

shift due to for long-channel pocket
devices

o.ov' Yes

•
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Basic Model Parameters

Parameter

name Description
Default

value Binnable? Note

DVTOW First coefficient of narrow width

effecton for smallchannel length
0.0 Yes -

DVTIW Second coefficient of narrow width

effecton for smallchannel length
5.3e6m*' Yes -

DVT2W Body-bias coefficient of narrow width
effect for small channel length

-0.032V-' Yes -

UO Low-field mobility 0.067

m2/(Vs)
(NMOS);

0.025

m^/CVs)
PMOS

Yes

UA Coefficientof first-ordermobility
degradation due to vertical Beld

1.0e-9mA^

for

MOBMOD

=0 and 1;

l.Oe-lSmA/^

for

MOBMOD

-2

Yes

UB Coefficientof secon-ordermobility
degradation due to vertical field

1.0e-19m^/

V2

Yes -

UC Coefficientof mobilitydegradation
due to body-bias effect

-0.0465V-^
for MOB-

M0D=1;
-0.0465e-9

mA^^ for
MOBMOD

=0 and 2

Yes

EU Exponent for mobility degradation of
MOBMOD=2

1.67

(NMOS);
1.0 (PMOS)

-

VSAT Saturation velocity 8.0e4m/s Yes -
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Parameter

name Description
Default

value Binnable? Note

AO Coefficientof channel-length depen
dence of bulk charge effect

1.0 Yes -

AGS Coefficient of dependence of bulk

charge effect
G.GV' Yes -

BO Bulk charge effect coef^cient for
channel width

G.Gm Yes -

B1 Bulk charge effect width offset G.Gm Yes -

KETA Body-biascoefficientof bulk charge
effect

-G.G47V-' Yes -

A1 First non-saturation effect parameter G.GV' Yes -

A2 Second non-saturation factor l.G Yes -

WINT Channel-widthoffset parameter G.Gm No -

LINT Channel-length offset parameter G.Gm No -

DWG Coefficientof gate biasdependenceof G.GnW Yes -

DWB CoefEcient of body bias dependence
of dependence

G.GnW^'2
Yes -

VOFF Offset voltage in subthresholdregion
for large Wand L

-G.G8V Yes
-

VOFFL Channel-length dependence of VOFF G.GmV No

MINV V^j/gjQrfitting parameter formoderate
inversion condition

G.G Yes
-

NFACTOR Subthreshold swing factor l.G Yes -

ETAO DIBL coefEcient in subthreshold

region
G.G8 Yes -

ETAB Body-bias coefEcient for the sub-
threshold DIBL effect

-G.G7V-' Yes -

DSUB DIBL coefficient exponent in sub-
threshold region

DROUT Yes
-

err Interface trap capacitance G.GF/m^ Yes
-
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Parameter

name Description
Default

value Binnable? Note

CDSC coupling capacitance between source/
drain and channel

2.4e-4F/m2 Yes -

CDSCB Body-bias sensitivity of Cdsc 0.0F/(Vm2) Yes -

CDSCD Drain-bias sensitivity of CDSC 0.0(F/Vm2) Yes -

PCLM Channel length modulationparameter 1.3 Yes -

PDIBLCl 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
on Rout

o.ov' Yes
-

DROUT Channel-lengthdependence of DIBL
effect on Rout

0.56 Yes -

PSCBEl First substrate current induced body-
effect parameter

4.24e8V/m Yes -

PSCBE2 Second substrate current induced

body-effect parameter
1.0e-5m/V Yes -

PVAG Gate-biasdependenceof Early volt
age

0.0 Yes -

DELTA

(5 in equation)
Parameter for DC O.OIV Yes -

FPROUT Effect of pocket implanton Rout deg
radation

O.OV/m°-^ Yes Not mod

eled if

binned

FPROUT

not posi
tive

PDITS Impact of drain-induced shift on

Rout

o.ov' Yes Not mod

eled if

binned

PDITS=0;
Fatal error

if binned

PDITS

negative
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Parameter

name Description
Default

value Binnable? Note

PDITSL Channel-length dependence of drain-
induced Vfh shift for Rout

O.Om-^ No Fatal error

if PDITSL

negative

PDITSD dependence of drain-induced V,h

shift for Rout

o.ov' Yes -
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Parameters for Asymmetric and Bias-Dependent Rds Model

A.4 Parameters for Asymmetric and Bias-
DependentModel

Parameter

name Description
Default

value Binnable? Note

RDSW Zero bias LDD resistanceper unit
width for RDSMOD=0

200.0

ohm(pm)^*^
Yes Ifnegative,

reset to 0.0

RDSWMIN LDD resistance per unit width at high
Vgs and zero forRDSMOD=0

0.0

ohm(pm)^^
No

-

RDW Zato bias lightly-doped drain resis
tance RJY) per unit width for RDS-
M0D=1

100.0

ohm(}im) '̂̂
Yes

-

RDWMIN Lightly-doped drain resistance per
unit width athigh Vgg and zero for
RDSMOD=l

0.0

ohm(iim) '̂̂
No -

RSW Zero bias lightly-doped source resis
tance Rs(V)per unit width for RDS-
MOD=l

100.0

ohm(ixm) '̂̂
Yes

-

RSWMIN Lightly-doped sourceresistance per
unit width athigh Vgg and zero for
RDSMOD=l

0.0

ohm(pm)^^
No

-

PRWG Gate-bias dependence of LDD resis
tance

i.ov' Yes -

PRWB Body-bias dependence of LDD resis
tance

0.0V"°-^ Yes
-

WR Channel-width dependenceparameter
of LDD resistance

1.0 Yes
-

NRS (instance
parameter

only)

Number of source diffusion squares 1.0 No
-

NRD (instance
parameter
only)

Number of drain diffusion squares 1.0 No -
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Impact lonization Current Model Parameters

A.5 Impact lonization Current Model
Parameters

Parameter

name Description
Default

value BInnable? Note

ALPHAO First parameter of impact ionization
current

O.OAmA^ Yes -

ALPHA! Isub parameter for length scaling O.OAA^ Yes -

BETAO The second parameter of impact ion
ization current

30.0V Yes -

A.6 Gate-Induced Drain Leakage Model
Parameters

Parameter

name Description
Default

value Binnable? Note

AGIDL Pre-exponential coefficient for GIDL O.Omho Yes IgidF '̂O if
binned

AGIDL

=0.0

BGIDL Exponential coefficient for GIDL 2.3e9V/m Yes

binned

BGIDL

=0.0 •

CGIDL Paramter for body-bias effect on
GIDL

0.5V3 Yes -

DGroL Fitting parameterfor bandbendingfor
GIDL

0.8V Yes -
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Gate Dielectric Tunneling Current Model Parameters

A.7 Gate Dielectric liinneling Current Model
Parameters

Parameter

name Description
Default

value Binnable? Note

AIGBACC Parameter for in accumulation 0.43

(Fs2/g)0-5in-i
Yes -

BIGBACC Parameter for Igy inaccumulation 0.054

(Fs2/g)0-5
m'V-^

Yes "

CIGBACC Parameter for in accumulation 0.075V-' Yes -

NIGBACC Parameter for 7^^, inaccumulation 1.0 Yes Fatal error

if binned

value not

positive

AIGBINV Parameter for in inversion 0.35

(Fs2/g)0-5ni-i
Yes -

BIGBINV Parameter for 7^^, ininversion 0.03

(Fs2/g)0-5

m"^V*^

Yes -

CIGBINV Parameter for 7^^ ininversion 0.006V-' Yes -

EIGBINV Parameter for 7^^ ininversion I.IV Yes -

NIGBINV Parameter for 7^^ ininversion 3.0 Yes Fatal error

if binned

value not

positive

AIGC Parameter for 7g„ and 0.054

(NMOS) and

0.31

(PMOS)

{Fs^/g)°-^m"^

Yes
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Gate Dielectric 'Dmneling Current Model Parameters

Parameter

name Description
Default

value Binnable? Note

BIGC Parameter for and Ig^d 0.054

(NMOS) and

0.024

(PMOS)

(Fs2/g)0-5
m'^V*

Yes

CIGC Parameter for and Igcd 0.075

(NMOS) and
0.03

(PMOS) V-^

Yes

AIGSD Parameter for Igg and 0.43

(NMOS) and

0.31

(PMOS)

(Fs2/g)0-5m-'

Yes

BIGSD Parameter for Ig^ and Ig^ 0.054

(NMOS) and

0.024

(PMOS)

(Fs2/g)0-5
m-'V^

Yes

CIGSD Parameter for Igg and Ig^ 0.075

(NMOS) and

0.03

(PMOS)V-^

Yes

DLCIG Source/drain overlap length for Ig^
and/grf

LINT Yes -

NIGC Parameter for /g„. Igcd Jgs and Igj 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
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Gate Dielectric Tiumeling Current Mode! Parameters

Parameter

name Description
Default

value Binnable? Note

PIGCD dependence of and 1.0 Yes Fatal error

if binned

value not

positive

NTOX Exponent for the gate oxide ratio 1.0 Yes -

TOXREF Nominal gate oxide thickness for gate
dielectric tunneling current model
only

3.0e-9m No Fatal error

if not posi
tive
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Charge and Capacitance Model Parameters

A.8 Charge and Capacitance Model Parameters

Parameter

name Description
Default

value Binnable? Note

XPART Charge partition parameter 0.0 No -

CGSO Non LDD region source-gate overlap
capacitance per unit channel width

calculated

(F/m)
No Note-6

CGDO Non LDD region drain-gate overlap
capacitance per unit channel width

calculated

(F/m)
No Note-6

CGBO Gate-bulk overlap capacitance per
unit channel length

0.0 F/m Note-6

CGSL Overlap capacitance between gate and
lightly-doped source region

O.OF/m Yes -

CGDL Overlap capacitance between gate and
lightly-doped source region

O.OF/m Yes -

CKAPPAS Coefficient of bias-dependentoverlap
capacitance for the source side

0.6V Yes -

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

CKAPPAS Yes -

CF Fringing field capacitance calculated

(F/m)

Yes Note-7

CLC Constant term for the short channel

model

1.0e-7m Yes -

CLE Exponential term for the short channel
model

0.6 Yes -

DLC Channel-length offset parameter for
CV model

LINT (m) No -

DWC Channel-width offset parameter for
CV model

WINT (m) No -

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

-l.OV Yes -

NOFF CV parameter in for weak to

strong inversion

1.0 Yes -

VOFFCV CV parameter in Vgsteff.cv^^^ week to
strong inversion

O.OV Yes -
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Charge and Capacitance Model Parameters

Parameter

name Description
Default

value Binnable? Note

ACDE Exponential coefficient for charge
thickness in CAPM0D=2 for accumu

lation and depletion regions

l.OmA^ Yes •

MOIN Coefficient for the gate-bias depen
dent surface potential

15.0 Yes -

BSIM4.0.0 Manual Copyright © 2000 UC Berkeley A-16



High-Speed/RF Model Parameters

A.9 High-Speed/RF Model Parameters

Parameter

name Description
Default

value

Binnable?

Note

XRCRGl Parameter for distributed channel-

resistance effect for both intrinsic-

input resistance and charge-deficit
NQS models

12.0 Yes Warning
message

issued if

binned

XRCRGl

<=0.0

XRCRG2 Parameter to account for the excess

channel diffusion resistance for both

intrinsic input resistance and charge-
deficit NQS models

1.0 Yes

RBPB

(Also an
instance

parameter)

Resistance connected between

bNodePrime and bNode

50.0ohm No If less than

1.0e-3ohm,

reset to

1.0e-3ohm

RBPD

(Also an
instance

parameter)

Resistance connected between

bNodePrime and dbNode

SO.Oohm No If less than

1.Oe-3ohm,

reset to

1.0e-3ohm

RBPS

(Also an
instance

parameter)

Resistance connected between

bNodePrime and sbNode

SO.Oohm No If less than

1.0e-3ohm,

reset to

1.0e-3ohm

RBDB

(Also an
instance

parameter)

Resistance connected between

dbNode and bNode

SO.Oohm No If less than

1.0e-3ohm,

reset to

1.0e-3ohm

RBSB

(Also an
instance

parameter)

Resistance connected between

sbNode and bNode

SO.Oohm No If less than

1.0e-3ohm',

reset to

1.0e-3ohm

GBMIN Conductance in parallel with each of
the five substrate resistances to avoid

potential numerical instability due to
unreasonably too large a substrate
resistance

1.0e-12mho No Warning
message

issued if

less than

l.Oe-20

mho
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Flicker and Thermal Noise Model Parameters

A.10 Flicker and Thermal Noise Mode!

Parameters

Parameter

name

Description
Default

value Binnable? Note

NOIA Flicker noise parameter A 6.25e41

(eV)-^s^-
^V for
NMOS;

6.188e40

(eV)-'s^-
^m-3for

PMOS

No

NOIB Flicker noise parameter B 3.125e26

(eV)-^s^-
^^m"' for
NMOS;

1.5e25

(eV)-^s^-
^m-' for

PMOS

No

NOIC Flicker noise parameter C 8.75

(eV)->s'-^m
No -

EM Saturation field 4.1e7V/m No -

AF Flicker noise exponent 1.0 No -

EF Flicker noise frequency exponent 1.0 No -

KF Flicker noise coefGcient 0.0

A2-EF,l-EFp
No

-

NTNOI Noise factor for short-channel devices
for TNOIMOD=0 only

1.0 No -

TNOIA Coefficient of channel-lengthdepen
dence of total channel thermal noise

1.5 No
-

TNOIB Channel-length dependence parameter
for channel thermal noise partitioning

3.5 No
-
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Layout-Dependent Parasitics Model Parameters

A.11 Layout-Dependent Parasitics Model
Parameters

Parameter

name Description
Default

value

Binnable?

Note

DMCG Distance from S/D contact center to

the gate edge
0.0m No -

DMCI Distance from S/D contact center to

the isolation edge in the channel-
length direction

DMCG No **

DMDG Same as DMCG but for merged
device only

0.0m No -

DMCGT DMCG of test structures 0.0m No -

NF

(instance
parameter
only)

Number of device fingers 1 No Fatal error

ifless than

one; if
greater

than 500

reset to 20

DWJ Offset of the S/D junction width DWC (in
CVmodel)

No -

MIN

(instance
parameter

only)

Whether to minimize the number of

drain or source diffusions for even-

number fingered device

0

(minimize
the drain dif

fusion num

ber)

No

XGW Distance from the gate contact to the
channel edge

0.0m No -

XGL Offset of the gate length due to varia
tions in patterning

0.0m No -

NGCON Number of gate contacts 1 No Fatal error,

if less than

one; 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 Model Parameters

A.12 Asymmetric Source/Drain Junction Diode
Model Parameters

Parameter

name

(separate for
source and drain

side as indicated

in the names) Description
Default

value Binnable? Note

IJTHSREV

UTHDREV

Limiting currentin reverse biasregion IJTHSREV

=0.1A

UTHDREV

=UTHSREV

No If not posi
tive, reset

to 0.1 A

IJTHSFWD

IJTHDFWD

Limiting current in forward bias
region

UTHSFWD

=0.1A

UTHDFWD

=UTHS-

FWD

No If not posi
tive, reset
toO.lA

XJBVS

XJBVD

Fitting parameter for diode break
down

XJBVS=1.0

XJBVD

=XJBVS

No Note-8

BVS

BVD

Breakdown voltage BVS=10.0V

BVD=BVS

No If not posi
tive, reset
to lO.OV

JSS

JSD

Bottom junction reverse saturation
current density

JSS=

1.0e-4A/m^

JSD=JSS

No

JSWS

JSWD

Isolation-edge sidewall reverse satura
tion current density

JSWS

=O.OA/m

JSWD

=JSWS

No
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Asymmetric Source/Drain Junction Diode Model Parameters

Parameter

name

(separate for
source and drain

side as indicated

in the names) Description
Default

value BInnable? Note

JSWGS

JSWGD

Gate-edge sidewall reverse saturation
current density

JSWGS

=O.OA/m

JSWGD

=JSWGS

No

as

CJD

Bottom junction capacitance per unit
area at zero bias

CJS=5.0e-4

F/m^

CJD=CJS

No

MJS

MJD

Bottom junction capacitance grating
coefficient

MJS=0.5

MJD=MJS

No -

MJSWS

MJSWD

Isolation-edge sidewall junction
capacitance grading coefhcient

MJSWS

=0.33

MJSWD

=MJSWS

No

CJSWS

CJSWD

Isolation-edge sidewall junction
capacitance per unit area

CJSWS=

5.0e-10

F/m

CJSWD

=CJSWS

No

CJSWGS

CJSWGD

Gate-edge sidewall junction capaci
tance per unit length

CJSWGS

=CJSWS

CJSWGD

=asws

No

MJSWGS

MJSWGD

Gate-edge sidewall junction capaci
tance grading coefficient

MJSWGS

=MJSWS

MJSWGD

=MJSWS

No
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Asymmetric Source/Drain Junction Diode Model Parameters

Parameter

name

(separate for
source and drain

side as indicated

in the names) Description
Default

value Binnable? Note

PB Bottom junction built-in potential PBS=1.0V

PBD=PBS

No

PBSWS

PBSWD

Isolation-edge sidewall junction built-
in potential

PBSWS

=1.0V

PBSWD

=PBSWS

No

PBSWGS

PBSWGD

Gate-edge sidewall junction built-in
potential

PBSWGS

=PBSWS

PBSWGD

=PBSWS

No
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Temperature Dependence Parameters

A.13 Temperature Dependence Parameters

Parameter

name

Description
Default

value Binnabie? Note

TNOM Temperature at which parameters are
extracted

27°C No -

UTE Mobility temperature exponent -1.5 Yes -

KTI Temperature coefficient for threshold
voltage

-O.llV Yes -

KTIL Channel length dependence of the
temperature coefficient for threshold

voltage

O.OVm Yes -

KT2 Body-bias coefficient of Vth tempera
ture effect

0.022 Yes -

UAl Temperature coefficient for UA 1.0e-9mA^ Yes -

UBl Temperature coefficient for UB -l.Oe-18

(mA^)2
Yes -

UCl Temperature coefficient for UC 0.067V-' for
MOB-

M0D=1;

0.025mA^2
forMOB-

MOD=Oand

2

Yes

AT Temperature coefficient for satura
tion velocity

3.3e4m/s Yes
-

PRT Temperature coefficient for Rdsw O.Oohm-m Yes -

NJS, NJD Emission coefficients of junction for
source and drain junctions, respec
tively

NJS=1.0;

NJD=NJS

No
-

XTIS.XTID Junction current temperature expo
nents for source and drain junctions,
respectively

XTIS=3.0;

XTID=XTIS

No -

TPB Temperature coefficient of PB O.OV/K No -
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Temperature Dependence Parameters

Parameter

name

Description
Default

value Binnable? Note

TPBSW Temperature coefficient of PBSW O.OV/K No

TPBSWG Temperature coefficient of PBSWG O.OV/K No

Ta Temperature coefficient of CJ 0.0K-' No

TCJSW Temperature coefficient of CJSW 0.0K-' No -

TCJSWG Temperature coefficient of CJSWG 0.0K-' No
-
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dW and dL Parameters

A.14 and JL Parameters

Parameter

name Desciition

Default

name Binnable? Note

WL Coefficient of length dependence for
width offset

O.OmWLN No -

WLN Power of length dependence of width
offset

1.0 No -

WW Coefficient of width dependence for
width offset

O.OmWWN No
-

WWN Power of width dependence of width
offset

1.0 No -

WWL Coefficient of length and width cross
term dependence for width offset

0.0

jjjWWN+WLN
No -

LL CoefScient of length dependence for
length offset

O.Om^-N No -

LLN Power of length dependence for
length offset

1.0 No -

LW Coefficient of width dependence for
length offset

O.OmLWN
No

-

LWN Power of width dependence for length
offset

1.0 No -

LWL Coefficient of length and width cross
term dependence for length offset

0.0

jjjLWN+LLN
No

-

LLC CoefHcient of length dependence for
CV channel length offset

LL No
-

LWC Coefficient of width dependence for
CV channel length offset

LW No
-

LWLC CoefHcient of length and width cross-
term dependence for CV channel

length offset

LWL No
-

WLC Coefficient of length dependence for
CV channel width offset

WL No -
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Range Parameters for ModelApplication

Parameter

name Descrition
Default

name Binnable? Note

wwc Coefficient of width dependence for
CV channel width offset

WW No -

WWLC Coefficient of length and width cross-
term dependence for CV channel
width offset

WWL No -

A.15 Range Parameters for Model Application

Parameter

name Description
Default

value Binnable? Note

LMIN Minimumchannel 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 Notes 1-8

Note-1: If Yi is not given, it is calculated by

„ _ pqe^NDEP
' 1
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Notes 1-8

If 72 is not given, it is calculatedby

_ ^2qe„NSUB
C

oxe

Note-2: If NDEP is not given and 7, is given, NDEP is calculated from

NDEP =

If both 7, and NDEP are not given, NDEP defaults to 1.7el7cm"^

and 7, is calculated from NDEP.

Note-3: If VBX is not given, it is calculated by

qNDEPXT^
2£...

= 0-VBX

Note-4: If VTHO is not given, it is calculated by

VTHQ = VFB+O, +

where VFB= -1.0. If VTHO is given, VFB defaults to

VFB= VTHO - 0, -
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Notes 1-8

Note-5; IfKi and Ki are not given, they are calculated by

ATI =Xj - IKlyjib,-VBM

J+W2^®, (7®, -VBM -Vofj+VBAf

Note-6: If CGSO is not given, it is calcnlateH hv

If (DLC is given and > 0.0)

CGSO = DLC•C.„ - CGSL

if (CGSO < 0.0), CGSO = 0.0

Else

CGSO = 0.6XJĈoxe

If CGDO is not given, it iscalculated hy

If (DLC is given and > 0.0)

CGDO = DLC • - CGDL

if (CGDO < 0.0), CGDO = 0.0

Else

CGDO = 0.6'XJ'C

If CGBO is not given, it is calculated bv

CGB0 = 2DWC'C
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Notes 1-8

Note-7: If CFis notgiven, it is calculated by

1 • 4.0g-7^TOXE J
2 •EPSROX •£o

CF = ^

Note-8:

For dioMod = 0, if XJBVS < 0.0, it is reset to 1.0.

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

For dioMod = 0, if XJBVD < 0.0, it is reset to 1.0.

For dioMod = 2, if XJBVD <=0.0, it is reset to 1.0.
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