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Chapter 1: Effective Oxide Thickness, 

Channel Length and Channel Width 
 

 

BSIM4, as the extension of BSIM3 model, addresses the MOSFET physical 

effects into sub-100nm regime. The continuous scaling of minimum feature 

size brought challenges to compact modeling in two ways: One is that to 

push the barriers in making transistors with shorter gate length, advanced 

process technologies are used such as non-uniform substrate doping. The 

second is its opportunities to RF applications.  

To meet these challenges, BSIM4 has the following major improvements 

and additions over BSIM3v3: (1) an accurate new model of the intrinsic 

input resistance for both RF, high-frequency analog and high-speed digital 

applications; (2) flexible substrate resistance network for RF modeling; (3) a 

new accurate channel thermal noise model and a noise partition model for 

the induced gate noise; (4) a non-quasi-static (NQS) model that is consistent 

with the Rg-based RF model and a consistent AC model that accounts for 

the NQS effect in both transconductances and capacitances. (5) an accurate 

gate direct tunneling model for multiple layer gate dielectrics; (6) a 

comprehensive and versatile geometry-dependent parasitics model for 

various source/drain connections and multi-finger devices; (7) improved 

model for steep vertical retrograde doping profiles; (8) better model for 

pocket-implanted devices in Vth, bulk charge effect model, and Rout; (9) 

asymmetrical and bias-dependent source/drain resistance, either internal or 

external to the intrinsic MOSFET at the user's discretion; (10) acceptance of 
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anyone of the electrical, physical gate oxide thickness or equivalent oxide 

thickness as the model input at the user's choice in a physically accurate 

manner; (11) the quantum mechanical charge-layer-thickness model for both 

IV and CV; (12) a more accurate mobility model for predictive modeling; 

(13) an improved gate-induced drain/source leakage (GIDL/GISL) current 

model considering the work function difference between drain/source and 

gate; (14) an improved unified flicker (1/f) noise model, which is smooth 

over all bias regions and considers the bulk charge effect; (15) different 

diode IV and CV chrematistics for source and drain junctions; (16) junction 

diode breakdown with or without current limiting; (17) dielectric constant of 

the gate dielectric as a model parameter; (18) a new scalable stress effect 

model  for process induced stress effect; device performance becoming thus 

a function of the active area geometry  and the location  of the device in the 

active area; (19) A unified current-saturation model that includes all 

mechanisms of current saturation- velocity saturation, velocity overshoot 

and source end velocity limit; (20) a new temperature model format that 

allows convenient prediction of temperature effects on saturation velocity, 

mobility, and S/D resistances; (21) an improved material model that is 

suitable to describe non-SiO2  gate insulator, non-poly-Si gate and non-Si 

channel; (22) a new threshold voltage definition is introduced into C-V 

model to improve sub-threshold fitting; (23) an improved model predicts 

well the mobility behavior in high k/metal gate structure; (24) a width-

dependent trap-assistant tunneling model is introduced to describe the 

current density enhancement in narrow device. 
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1.1 Gate Dielectric Model 
As the gate oxide thickness is vigorously scaled down, the finite charge-

layer thickness canôt be ignored [1]. BSIM4 models this effect in both IV 

and CV. For this purpose, BSM4 accepts two of the following methods as 

the model inputs:  

¶ mtrlMod=0, the electrical gate oxide thickness TOXE1 , the 

physical gate oxide thickness TOXP, and their difference DTOX 

= TOXE ï TOXP are the input parameters. Based on these 

parameters, the effect of effective gate oxide capacitance Coxeff 

on IV and CV is modeled [2]. 

¶ mtrlMod=1, for the high-k gate dielectric, the equivalent SiO2 

thickness (EOT) is the input parameter. Based on EOT, TOXP 

could be calculated as following: 

, 0

3.9

gs ds bs
DC V VDDEOT V V

TOXP EOT X
EPSRSUB = = =

= - ³  
(1.1)  

In this case, TOXE is equal to EOT. It is worth pointing out that 

the new model parameters: the effective width (Weffeot), length 

(Leffeot), temperature (Tempeot) and bias condition (Vddeot) 

for EOT extraction are also needed in this calculation. 

Here, mtrlMod is a global selector which is used to turn on or off the new 

material models. This selector will be discussed in detail in Chapter 8. 

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 alphanumerical in this manual are model parameters. 
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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 at the interface 

between the poly-silicon and the gate oxide. Although this depletion layer is 

very thin due to the high doping concentration of the poly-silicon gate, its 

effect cannot be ignored since the gate oxide thickness is small. 
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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 doping concentration in the substrate is NSUB. The depletion width 

in the poly gate is Xp. The depletion width in the substrate is Xd. 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. 

 

Figure 1.2. Charge distribution in a MOSFET with the poly gate depletion effect. The 

device is in the strong inversion region. 

 

The effective gate voltage can be calculated in the following manner. 

Assume the doping concentration in the poly gate is uniform. The voltage 

drop in the poly gate Vpoly can be calculated as 

2

0.5
2

poly

poly poly poly

si

qNGATE X
V X E

e

Ö
= =  

(1.2)  

NGATE
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 where Epoly is the maximum electrical field in the poly gate. The boundary 

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

2ox si poly si polyEPSROX E E q NGATE Ve eÖ = = Ö (1.3)  

where Eox is the electric field in the gate oxide. The gate voltage satisfies 

gs FB s poly oxV V V V- -F = + (1.4)  

where Vox is the voltage drop across the gate oxide and satisfies Vox = 

EoxTOXE. 

From (1.2) and (1.3), we can obtain 

( )
2

0gs FB s poly polya V V V V- -F - - = (1.5)  

 where 

2

22 si

EPSROX
a

q NGATE TOXEe
=

Ö
 

(1.6)  

By solving (1.5), we get the effective gate voltage Vgse which is equal to 

( )22

2 2

2
1 1

gs ssi
gse s

si

EPSROX V VFBq NGATE TOXE
V VFB

EPSROX q NGATE TOXE

e

e

å õ- -FÖ æ ö= +F + + -
æ öÖ
ç ÷

 

(1.7)  

The above discussion is only suitable when mtrlMod=0. Considering the 

non-silicon channel or high-k gate insulator, Vgse is modified as follows: 

( )2

2

2
1 1

gs sgate

gse s

gate

coxe V VFBq NGATE
V VFB

coxe q NGATE

e

e

å õ- -F
æ ö= +F + + -
æ ö
ç ÷

 
(1.8)  

Note: Here 0si EPSRGATE EPSe= Ö . EPSRGATE =0 means the metal gate, 

and there is no depletion effect. 
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1.3 Effective Channel Length and Width 

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

given below where XL and XW are parameters to account the channel 

length/width offset due to mask/etch effect 

2eff drawnL L XL dL= + -  (1.9)  

2drawn
eff

W
W XW dW

NF
= + -  

(1.10)  

' 2 'drawn
eff

W
W XW dW

NF
= + -  

(1.11)  

The difference between (1.10) and (1.11) is that the former includes bias 

dependencies. NF is the number of device fingers. dW and dL are modeled 

by 

( )'

'

gsteff s bseff s

WLN WWN WLN WWN

dW dW DWG V DWB V

WL WW WWL
dW WINT

L W L W

= + Ö + F - - F

= + + +
 

(1.12)  

LLN LWN LLN LWN

LL LW LWL
dL LINT

L W L W
= + + +  

 

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

(from the intercept of straight lines on a 1/Rds~Wdrawn plot). The parameters 

DWG and DWB are used to account for the contribution of both gate and 

substrate bias effects. For dL, LINT represents the traditional manner from 

which "delta L" is extracted from the intercept of lines on a Rds~Ldrawn plot).  

The remaining terms in dW and dL are provided for the convenience of the 

user. They are meant to allow the user to model each parameter as a function 

of Wdrawn, Ldrawn and their product term. By default, the above geometrical 

dependencies for dW and dL are turned off. 
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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 (Lactive) and width (Wactive) when the gate to source/drain regions are 

under flat-band condition. Lactive and Wactive are defined as 

2active drawnL L XL dL= + -  (1.13)  

2drawn
active

W
W XW dW

NF
= + -  

(1.14)  

LLN LWN LLN LWN

LLC LWC LWLC
dL DLC

L W L W
= + + +  

(1.15)  

WLN WWN WLN WWN

WLC WWC WWLC
dW DWC

L W L W
= + + +  

(1.16)  

The meanings of DWC and DLC are different from those of WINT and LINT 

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

are bias- dependent. The parameter dLeff is equal to the source/drain to gate 

overlap length plus the difference between drawn and actual POLY CD due 

to processing (gate patterning, etching and oxidation) on one side. 

The effective channel length Leff for the I-V model does not necessarily carry 

a physical meaning. It is just a parameter used in the I-V formulation. This 

Leff 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 Leff and a small parasitic resistance can have a similar current 

drive as another with a smaller Leff but larger Rds.  

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 
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strong bias dependence. We therefore define Lactive to be that measured at 

flat-band voltage between gate to source/drain. If DWC, DLC and the 

length/width dependence parameters (LLC, LWC, LWLC, WLC, WWC and 

WWLC) are not specified in technology files, BSIM4 assumes that the DC 

bias-independent Leff and Weff will be used for the capacitance models, and 

DWC, DLC, LLC, LWC, LWLC, WLC, WWC and WWLC will be set to the 

values of their DC counterparts. 

BSIM4 uses the effective source/drain diffusion width Weffcj for modeling 

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

gate-induced drain leakage (GIDL) current. Weffcj is defined as 

2drawn
effcj WLN WWN WLN WWN

W WLC WWC WWLC
W XW DWJ

NF L W L W

å õ
= + - Ö + + +æ ö

ç ÷
 

(1.17)  

Note: Any compact model has its validation limitation, so does BSIM4. 

BSIM4 is its own valid designation limit which is larger than the warning 

limit, shown in following table. For usersô reference, the fatal limitation in 

BSIM4 is also shown. 

Parameter name 

 

Designed 

Limitation(m)  

 

Warning 

Limitation(m)  

 

Fatal 

Limitation(m ) 

 

Leff 1e-8 1e-9 0 

LeffCV 1e-8 1e-9 0 

Weff 1e-7 1e-9 0 

WeffCV 1e-7 1e-9 0 

Toxe 5e-10 1e-10 0 

Toxp 5e-10 1e-10 0 

Toxm 5e-10 1e-10 0 
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Chapter 2: Threshold Voltage Model 
 

 

2.1 Long-Channel Model With Uniform Doping 

    Accurate modeling of threshold voltage Vth is important for precise 

description of device electrical characteristics. Vth for long and wide 

MOSFETs with uniform substrate doping is given by 

( )0th s s bs s bs sV VFB V VTH Vg g= +F + F - = + F - - F
 

(2.1)  

where VFB is the flat band voltage, VTH0 is the threshold voltage of the 

long channel device at zero substrate bias, and ɔ is the body bias coefficient 

given by 

2 si substrate

oxe

q N

C

e
g=

 

(2.2)  

where Nsubstrate is the uniform substrate doping concentration. 

Equation (2.1) assumes that the channel doping is constant and the channel 

length and width are large enough. Modifications have to be made when the 

substrate doping concentration is not constant and/or when the channel is 

short, or narrow. 

Consider process variation, a new instance parameter DELVTO is added to 

VTH0 as: 

If VTH0 is given, 

0 0VTH VTH DELVTO= +  (2.3)  

If VTH0 isnôt given, 
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0 s s

VFB VFB DELVTO

VTH VFB g

= +

= +F + F
 

(2.4)  

 

2.2 Non-Uniform Vertical Doping  
The substrate doping profile is not uniform in the vertical direction and 

therefore ɔ in (2.2) is a function of both the depth from the interface and the 

substrate bias. If Nsubstrate is defined to be the doping concentration (NDEP) 

at Xdep0 (the depletion edge at Vbs = 0), Vth for non-uniform vertical doping is 

0 1
, 1th th NDEP NDEP s bs s bs

oxe si

qD qD
V V K V V

C
j j

e

å õ
= + + - - - -æ öæ ö

ç ÷ 

(2.5)  

where K1NDEP is the body-bias coefficient for Nsubstrate = NDEP, 

( ), 0 1th NDEP NDEP s bs sV VTH K Vj j= + - -
 

(2.6)  

with a definition of 

0.4 lnB
s

i

k T NDEP

q n
j

å õ
= + æ ö

ç ÷ 

(2.7)  

 

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

zero-th and 1st moments of the vertical doping profile in (2.5) are given by 

(2.8) and (2.9), respectively, as 

()( ) ()( )
0

0
0 00 01

0

dep dep

dep

X X

X
D D D N x NDEP dx N x NDEP dx= + = - + -ñ ñ

 

(2.8)  

()( ) ()( )
0

0
1 10 11

0

dep dep

dep

X X

X
D D D N x NDEP xdx N x NDEP xdx= + = - + -ñ ñ

 

(2.9)  

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

D01 is approximately equal to -C01Vbs and that D10 dominates D11; C01 
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represents the profile of the retrograde. Combining (2.5) through (2.9), we 

obtain 

( )0 1 2th s bs s bsV VTH K V K V= + F - - F - Ö
 

(2.10)  

where K2 = qC01 / Coxe, and the surface potential is defined as 

0.4 lnB
s

i

k T NDEP
PHIN

q n

å õ
F = + +æ ö

ç ÷  

(2.11)  

where  

10 siPHIN qD e=-  (2.12)  

VTH0, K1, K2, and PHIN are implemented as model parameters for model 

flexibility. Appendix A lists the model selectors and parameters. Detail 

information on the doping profile is often available for predictive modeling. 

Like BSIM3v3, BSIM4 allows K1 and K2 to be calculated based on such 

details as NSUB, XT, VBX, VBM, etc. (with the same meanings as in 

BSIM3v3): 

21 2 2 sK K VBMg= - F -
 

(2.13)  

( )( )
( )

1 2

2
2

s s

s s s

VBX
K

VBM VBM

g g- F - - F
=

F F - - F +
 

(2.14)  

where ɔ1 and ɔ2 are the body bias coefficients when the substrate doping 

concentration are equal to NDEP and NSUB, respectively:

1

2 si

oxe

q NDEP

C

e
g=

 

(2.15)  

2

2 si

oxe

q NSUB

C

e
g=

 

(2.16)  
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VBX is the body bias when the depletion width is equal to XT, and is 

determined by 

2

2
s

si

qNDEP XT
VBX

e

Ö
=F -

 

(2.17)  

2.3 Non-Uniform Lateral Doping: Pocket (Halo) 

Implant  
In this case, the doping concentration near the source/drain junctions is 

higher than that in the middle of the channel. Therefore, as channel length 

becomes shorter, a Vth roll-up will usually result since the effective channel 

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

To consider these effects, Vth is written as 

( )0 1 1 2

0
1 1 1

th s bs s bs

eff

s

eff

LPEB
V VTH K V K V

L

LPE
K

L

= + F - - F Ö + - Ö

å õ
+ + - Fæ ö
æ ö
ç ÷  

(2.18)  

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

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

( )
( )

( )

/

1

1
ln

0 1

ds t

ds

V v

eff

th t DVTP V

eff

e L
V DITS nv

L DVTP e

-

- Ö

å õ- Ö
æ öD =- Ö
æ ö+ Ö +
ç ÷ 

(2.19)  

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

tempMod = 1: 

( )
( )1

ln
0 1 ds

eff

th t DVTP V

eff

L
V DITS nv

L DVTP e
- Ö

å õ
æ öD =- Ö
æ ö+ Ö +
ç ÷ 

(2.20)  

for tempMod = 2: 
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( )
( )1

ln
0 1 ds

eff

th t DVTP V

eff

L
V DITS nv

L DVTP e
- Ö

å õ
æ öD =- Ö
æ ö+ Ö +
ç ÷ 

(2.21)  

Note: when tempMod =2, drain-induced threshold voltage shift (DITS) due 

to pocket implant has no temperature dependence, so nominal temperature 

(TNOM) is used as Eq.(3.22). when tempMod=0 or 1, Eq.(3.21) is used. 

( )
( )1

ln
0 1 ds

eff

th tnom DVTP V

eff

L
V DITS nv

L DVTP e
- Ö

å õ
æ öD =- Ö
æ ö+ Ö +
ç ÷ 

(2.22)  

 

2.4 Short-Channel and DIBL Effects 
As channel length becomes shorter, Vth shows a greater dependence on 

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

induced barrier lowering). Vth dependence on the body bias becomes weaker 

as channel length becomes shorter, because the body bias has weaker control 

of the depletion region. Based on the quasi 2D solution of the Poisson 

equation, Vth change due to SCE and DIBL is modeled [4] 

( ) ( ) ( ), 2th th eff bi s dsV SCE DIBL L V VqD =- Ö -F +è øê ú 
(2.23)  

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

given by 

2
lnB

bi

i

k T NDEP NSD
V

q n

å õÖ
= æ ö

ç ÷ 

(2.24)  

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

channel effect coefficient  ɗth(Leff) in (2.23) has a strong dependence on the 

channel length given by 
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( )
( )
0.5

cosh 1eff

t

th eff L

l

Lq =
-

 

(2.25)  

l t is referred to as the characteristic length and is given by 

si dep

t

TOXE X
l

EPSROX

e

h

Ö Ö
=

Ö  

(2.26)  

with the depletion width Xdep equal to 

( )2 si s bs

dep

V
X

qNDEP

e F -
=

 

(2.27)  

Xdep is larger near the drain due to the drain voltage. Xdep /ɖ represents 

the average depletion width along the channel. 

Note that in BSIM3v3 and [4],  ɗth(Leff) is approximated with the form of 

( ) exp 2exp
2

eff eff

th eff

t t

L L
L

l l
q

å õ å õ
= - + -æ ö æ ö

ç ÷ ç ÷ 

(2.28)  

which results in a phantom second Vth roll-up when Leff becomes very small 

(e.g. Leff < LMIN). In BSIM4, the function form of (2.25) is implemented 

with no approximation. 

To increase the model flexibility for different technologies, several 

parameters such as DVT0, DVT1, DVT2, DSUB, ETA0, and ETAB are 

introduced, and SCE and DIBL are modeled separately. 

To model SCE, we use 

( )
( )
0.5 0

SCE
cosh 1 1eff

t

th L

l

DVT

DVT
q

Ö
=

Ö -
 

(2.29)  

( ) ( )( )SCE SCEth th bi sV VqD =- Ö -F
 

(2.30)  

with l t changed to 
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( )1 2
si dep

t bs

TOXE X
l DVT V

EPSROX

eÖ Ö
= Ö + Ö

 

(2.31)  

To model DIBL, we use 

( )
( )

0

0.5
DIBL

cosh 1eff

t

th L

l
DSUB

q =
Ö -

 

(2.32)  

( ) ( )( )DIBL DIBL 0th th bs dsV ETA ETAB V VqD =- Ö + Ö Ö
 

(2.33)  

and l t0 is calculated by 

0

0

si dep

t

TOXE X
l

EPSROX

eÖ Ö
=

 

(2.34)  

with 

0

2 si s
depX

qNDEP

eF
=

 

(2.35)  

DVT1 is basically equal to 1/ɖ. DVT2 and ETAB account for substrate bias 

effects on SCE and DIBL, respectively. 

2.5 Narrow-Width Effect  
The actual depletion region in the channel is always larger than what is 

usually assumed under the one-dimensional analysis due to the existence of 

fringing fields. This effect becomes very substantial as the channel width 

decreases and the depletion region underneath the fringing field becomes 

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

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

2

,max
3

2

dep

s

oxe eff eff

qNDEP X TOXE

C W W

p
p

Ö
= F

 

(2.36)  
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This formulation includes but is not limited to the inverse of channel width 

due to the fact that the overall narrow width effect is dependent on process 

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

( )( )1 3 3
' 0

th bs s

eff

TOXE
V Narrow width K K B V

W W
-D = + Ö F

+
 

(2.37)  

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

lengths. To do this we introduce the following 

( )
( )

( )
'

0.5 0
2

cosh 1 1eff eff

tw

th - bi sL W

l

DVT W
V Narrow width V

DVT W

Ö
D =- Ö -F

Ö -
 

(2.38)  

with l tw given by 

( )1 2
si dep

tw bs

TOXE X
l DVT W V

EPSROX

eÖ Ö
= Ö + Ö

 

(2.39)  

The complete Vth model implemented in SPICE is 

 (2.40)  

( )

( )

( ) ( )
( )

( )
0

1 2

1

'

0 1 1

0
1 1 3 3

' 0

0 0
0.5

cosh 1 1 cosh 1 1

0.5
0

cosh 1

eff eff eff

tw t

eff

t

th ox s bseff s ox bseff

eff

ox s bseff s

eff eff

bi sL W L

l l

L

l

LPEB
V VTH K V K K V

L

LPE TOXE
K K K B V

L W W

DVT W DVT
V

DVT W DVT

ETA E
DSUB

= + Ö F - - Ö F + -

å õ
+ + - F + + Ö Fæ ö

æ ö +
ç ÷

è ø
é ù- Ö + -F
é ù- -
ê ú

- +
-
( )

( )1
.ln

0. 1 DS

eff

bseff ds t DVTP V

eff

L
TAB V V nv

L DVTP e
- Ö

å õ
æ öÖ Ö -
æ ö+ +
ç ÷ 

 

where TOXE dependence is introduced in model parameters K1 and K2 to 

improve the scalability of Vth model over TOXE as 
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1 1ox

TOXE
K K

TOXM
= Ö

 

(2.41)  

and 

2 2ox

TOXE
K K

TOXM
= Ö

 

(2.42)  

Note that all Vbs terms are substituted with a Vbseff expression as shown in 

(2.43). This is needed in order to set a low bound for the body bias during 

simulations since unreasonable values can occur during SPICE iterations if 

this expression is not introduced. 

( ) ( )
2

1 1 10.5 4bseff bc bs bc bs bc bcV V V V V V Vd d dè ø= + Ö - - + - - - Ö
é ùê ú 

(2.43)  

where ŭ1 = 0.001V, and Vbc is the maximum allowable Vbs and found from 

dVth/dVbs= 0 to be 

2

2

1
0.9

4 2
bc s

K
V

K

å õ
= F -æ ö

ç ÷ 

(2.44)  

For positive Vbs, there is need to set an upper bound for the body bias as: 

 (2.45)  

( )
2

' '

1 1 10.95 0.5 0.95 0.95 4 .0.95bseff s s bseff s bseff sV V Vd d d
å õ

= F - F - - + F - - + Fæ ö
ç ÷ 
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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 Vds is written as 

                      
'

eff

VOFFL
Voff VOFF

L
= +

 

(3.1)  

where 

                      
'

eff

VOFFL
Voff VOFF

L
= +

 

(3.2)  

VOFFL is used to model the length dependence of Voffô on non-uniform 

channel doping profiles. 

In strong inversion region, the density is expressed by 

                       
( )0chs oxe gse thQ C V V= Ö -

 
(3.3)  

A unified charge density model considering the charge layer thickness effect 

is derived for both subthreshold and inversion regions as 

                      0ch oxeff gsteffQ C V= Ö
 (3.4)  

where Coxeff is modeled by 

                      

oxe cen si
oxeff cen

oxe cen DC

C C
C with C

C C X

eÖ
= =

+  

(3.5)  

 

and XDC is given as 
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( )

9

0.7

1.9 10 m

4 0
1

2

DC BDOS

gsteff s

ADOS
X

V VTH VFB

TOXP

-

³

³ ³
=

+ - -Få õ
+æ ö
ç ÷  

(3.6)  

Here, ADOS and BDOS are the parameters to describe the density of states 

in new materials and used to control the charge centroid. In the above 

equations, Vgsteff the effective (Vgse-Vth) used to describe the channel charge 

densities from subthreshold to strong inversion, is modeled by 

( )

( )( )

ln 1 exp

1 '2
exp

gse th

t

t

gsteff

gse ths
oxe

si t

m V V
nv

nv
V

m V V Voff
m nC

qNDEP nve

*

*

*

ë ûè ø-î î
+ é ùì ü

é ùî îê úí ý=
è ø- - -F

+ Ö -é ù
é ùê ú 

(3.7)  

where 

( )arctan
0.5

MINV
m

p
*= +

 

(3.8)  

MINV is introduced to improve the accuracy of Gm, Gm/Id and Gm2/Id in the 

moderate inversion region. To account for the drain bias effect, The y 

dependence has to be included in (3.4). Consider first the case of strong 

inversion 

() ()( )chs oxeff gse th bulk FQ y C V V A V y= Ö - -
 

(3.9)  

VF(y) stands for the quasi-Fermi potential at any given point y along the 

channel with respect to the source. (3.9) can also be written as 

() ()0chs chs chsQ y Q Q y= +D
 

(3.10)  

The term Qchs(y) = -CoxeffAbulkVF(y) is 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 
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()
()

0 exp
bulk F

chsubs chsubs

t

A V y
Q y Q

nv

å õ
= Ö -æ ö

ç ÷ 

(3.11)  

Taylor expansion of (3.11) yields the following (keeping the first two terms) 

()
()

0 1
bulk F

chsubs chsubs

t

A V y
Q y Q

nv

å õ
= -æ ö

ç ÷ 

(3.12)  

Similarly, (3.12) is transformed into 

() ()0chsubs chsubs chsubsQ y Q Q y= +D
 

(3.13)  

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

drain voltage in the subthreshold region. It is written as 

()
()

0

bulk F

chsubs chsubs

t

A V y
Q y Q

nv
D =- Ö

 

(3.14)  

To obtain a unified expression for the incremental channel charge density 

Qch(y) induced by Vds, we assume Qch(y) to be 

()
() ()

() ()
chs chsubs

ch

chs chsubs

Q y Q y
Q y

Q y Q y

D ÖD
D =

D +D
 

(3.15)  

Substituting Qch(y) of (3.13) and (3.14) into (3.15), we obtain 

()
()

0

F

ch ch

b

V y
Q y Q

V
D =-

 

(3.16)  

where Vb = (Vgsteff + nvt) / Abulk. In the model implementation, n of Vb is 

replaced by a typical constant value of 2. The expression for Vb now 

becomes 

2gsteff t

b

bulk

V v
V

A

+
=

 

(3.17)  

A unified expression for Qch(y) from subthreshold to strong inversion 

regions is 
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()
()

1
F

ch oxeff gsteff

b

V y
Q y C V

V

å õ
= Ö Ö -æ ö

ç ÷ 

(3.18)  

 

3.2 Subthreshold Swing n 
The drain current equation in the subthreshold region can be expressed as 

0

'
1 exp exp

gs th offds
ds

t t

V V VV
I I

v nv

è ø - -å õ å õ
= - - Öé ùæ ö æ ö

ç ÷ ç ÷ê ú  

(3.19)  

 where 

2

0
2

si
t

s

q NDEPW
I v

L

e
m=

F
 

(3.20)  

vt is the thermal voltage and equal to kBT/q. Voffô = VOFF + VOFFL / Leff is 

the offset voltage, which determines the channel current at Vgs = 0. In (3.19), 

n is the 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 

1
dep

oxe oxe

C Cdsc Term CIT
n NFACTOR

C C

- +
= + Ö +

 

(3.21)  

where Cdsc-Term, written as 

( )
( )

0.5

cosh 1 1eff

t

ds bseff L

l

Cdsc Term CDSC CDSCD V CDSCB V
DVT

- = + Ö + Ö Ö
-

 

(3.22)  

represents the coupling capacitance between drain/source to channel. 

Parameters CDSC, CDSCD and CDSCB are extracted. Parameter CIT is the 

capacitance due to interface states. From (3.21), it can be seen that 

subthreshold swing shares the same exponential dependence on channel 
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length as the DIBL effect. Parameter NFACTOR is close to 1 and introduced 

to compensate for errors in the depletion width capacitance calculation. 
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Chapter 4: Gate Direct Tunneling 

Current Model  

 
 

 

As the gate oxide thickness is scaled down to 3nm and below, gate leakage 

current due to carrier direct tunneling becomes important. This tunneling 

happens between the gate and silicon beneath the gate oxide. To reduce the 

tunneling current, high-k dielectrics are being studied to replace gate oxide. 

In order to maintain a good interface with substrate, multi-layer dielectric 

stacks are being proposed. The BSIM4 gate tunneling model has been shown 

to work for multi-layer gate stacks as well. The tunneling carriers can be 

either electrons or holes, or both, either from the conduction band or valence 

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

  In BSIM4, the gate tunneling current components include the tunneling 

current between gate and substrate (Igb), and the current between gate and 

channel (Igc), which is partitioned between the source and drain terminals by 

Igc = I gcs + I gcd. The third component happens between gate and source/drain 

diffusion regions (Igs and Igd). Figure 4.1 shows the schematic gate tunneling 

current flows. 
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Figure 4.1. Shematic gate current components flowing between nMOSFET 

terminals in version. 

4.1 Model Selectors 
Two global selectors are provided to turn on or off the tunneling components. 

igcMod = 1, 2 turns on Igc, Igs, and Igd; igbMod = 1 turns on Igb. When the 

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

tempMod = 2, following Vt (= kT/q) will be replaced by Vtnom(=kTnom/q) 

4.2 Voltage Across Oxide Vox 
The oxide voltage Vox is written as Vox = Voxacc + Voxdepinv with 

oxacc fbzb FBeffV V V= -
 (4.1)  

1oxdepinv ox s gsteffV K V= F +
 

(4.2)  

(4.1) and (4.2) are valid and continuous from accumulation through 

depletion to inversion. Vfbzb is the flat-band voltage calculated from zero-bias 

Vth by 

1
bs dsfbzb th zeroV andV s sV V K= -F - F

 
(4.3)  

and 

( ) ( )
2

0.5 0.02 0.02 0.08FBeff fbzb fbzb gb fbzb gb fbzbV V V V V V V
è ø

= - - - + - - +é ù
ê ú 

(4.4)  
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4.3 Equations for Tunneling Currents 
Note: when tempMod = 2, nominal temperature (TNOM) is used to replace 

the operating temperature in following gate tunneling current equations. 

When tempMod=0, or 1, operating temperature is still used. 

 

 4.3.1 Gate-to-Substrate Current (I gb = Igbacc + Igbinv) 
I gbacc, determined by ECB (Electron tunneling from Conduction Band), is 

significant in accumulation and given by  

( )( )exp 1

gbacc eff eff oxRatio gb aux

oxacc oxacc

I W L A T V V

B TOXE AIGBACC BIGBACC V CIGBACC V

= Ö Ö Ö Ö

Ö - Ö - Ö Ö + Öè øê ú

 

(4.5)  

where the physical constants A = 4.97232e-7 A/V
2
, B = 7.45669e11 (g/F-

s
2
)
0.5

, and 

2

1
NTOX

oxRatio

TOXREF
T

TOXE TOXE

å õ
= Öæ ö
ç ÷  

(4.6)  

log 1 exp
gb fbzb

aux t

t

V V
V NIGBACC v

NIGBACC v

å õ-å õ
= Ö Ö + -æ öæ öæ öÖç ÷ç ÷ 

(4.7)  

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

significant in inversion and given by  

( )( )exp 1

gbinv eff eff oxRatio gb aux

oxdepinv oxdepinv

I W L A T V V

B TOXE AIGBINV BIGBINV V CIGBINV V

= Ö Ö Ö Ö

è øÖ - Ö - Ö Ö + Ö
ê ú

 

(4.8)  

where A = 3.75956e-7 A/V
2
, B = 9.82222e11 (g/F-s

2
)
0.5

, and 

log 1 exp
oxdepinv

aux t

t

V EIGBINV
V NIGBINV v

NIGBINV v

å õ-å õ
= Ö Ö +æ öæ öæ öÖç ÷ç ÷ 

(4.9)  
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4.3.2 Gate-to-Channel Current (I gc0) and Gate-to-S/D 

(I gs and I gd) 

I gc0, determined by ECB for NMOS and HVB (Hole tunneling from Valence 

Band) for PMOS at Vds=0, is formulated as 

( )( )

0

exp 1

eff eff oxRatio gse aux

oxdepinv oxdepinv

Igc W L A T V V

B TOXE AIGC BIGC V CIGC V

= Ö Ö Ö Ö

è øÖ - Ö - Ö Ö + Ö
ê ú

 
(4.10)  

where A = 4.97232 A/V
2
 for NMOS and 3.42537 A/V

2
 for PMOS, B = 

7.45669e11 (g/F-s
2
)
0.5

 for NMOS and 1.16645e12 (g/F-s
2
)
0.5

 for PMOS, and 

for igcMod = 1: 

0
log 1 exp

gse

aux t

t

V VTH
V NIGC v

NIGC v

å õ-å õ
= Ö Ö +æ öæ öæ öÖç ÷ç ÷ 

(4.11)  

for igcMod = 2: 

log 1 exp
gse

aux t

t

V VTH
V NIGC v

NIGC v

å õ-å õ
= Ö Ö +æ öæ öæ öÖç ÷ç ÷ 

(4.12)  

I gs and I gd -- Igs represents the gate tunneling current between the gate and 

the source diffusion region, while Igd represents the gate tunneling current 

between the gate and the drain diffusion region. Igs and Igd are determined by 

ECB for NMOS and HVB for PMOS, respectively. 

( )( )

'

' 'exp 1

gs eff oxRatioEdge gs gs

gs gs

I W DLCIG A T V V

B TOXE POXEDGE AIGS BIGS V CIGS V

= Ö Ö Ö Ö

è øÖ - Ö Ö Ö - Ö Ö + Ö
ê ú

 
(4.13)  

and 

( )( )

'

' 'exp 1

gd eff oxRatioEdge gd gd

gd gd

I W DLCIGD A T V V

B TOXE POXEDGE AIGD BIGD V CIGD V

= Ö Ö Ö Ö

è øÖ - Ö Ö Ö - Ö Ö + Ö
ê ú

 
(4.14)  
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where A = 4.97232 A/V
2
 for NMOS and 3.42537 A/V

2
 for PMOS, B = 

7.45669e11 (g/F-s
2
)
0.5

 for NMOS and 1.16645e12 (g/F-s
2
)
0.5

 for PMOS, and 

( )
2

1
NTOX

oxRatioEdge

TOXREF
T

TOXE POXEDGE TOXE POXEDGE

å õ
= Öæ ö

Öç ÷ Ö
 

(4.15)  

( )
2

' 1.0 4gs gs fbsdV V V e= - + -
 

(4.16)  

( )
2

' 1.0 4gd gd fbsdV V V e= - + -
 

(4.17)  

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

If NGATE > 0.0 

logB
fbsd

k T NGATE
V VFBSDOFF

q NSD

å õ
= +æ ö

ç ÷  

(4.18)  

Else Vfbsd = 0.0. 

 

 

4.3.3. Partition of I gc 
To consider the drain bias effect, Igc is split into two components, Igcs and Igcd, 

that is Igc = I gcs + I gcd, and  

( )
2 2

exp 1 1.0e 4
0

2.0e 4

dseff dseff

dseff

PIGCD V PIGCD V
Igcs Igc

PIGCD V

Ö + - Ö - + -
= Ö

Ö + -
 

(4.19)  

and 

( ) ( )
2 2

1 1 exp 1.0e 4
0

2.0e 4

dseff dseff

dseff

PIGCD V PIGCD V
Igcd Igc

PIGCD V

- Ö + Ö - Ö + -
= Ö

Ö + -
 

(4.20)  

where Igc0 is Igc at Vds=0. 
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If the model parameter PIGCD is not specified, it is given by 

2
1

2

dseff

gsteff gsteff

VB TOXE
PIGCD

V V

å õÖ
= -æ öæ öÖç ÷ 

(4.21)  
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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 Vds 

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

bulk charge effect. 

BSIM4 uses Abulk to model the bulk charge effect. Several model parameters 

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

bias effects. Abulk is formulated by 

 (5.1)  

2

0

2
1

1
10

1
' 12

eff

eff dep

bulk

bseffeff

gsteff

effeff dep

A L

L XJ X

A F doping
KETA VL B

AGS V
W BL XJ X

-

ë Ö ûè ø
Öî îé ù

+ Öî îé ù
î îé ù= + Ö Öì üå õå õ + Öé ùî îæ öæ ö- Ö +é ùî îæ öæ ö ++ Öæ öé ùç ÷î îç ÷ê úí ý

 

 

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

uniform doping profiles 

1

2

1
3

' 02

eff ox

ox s

effs bseff

LPEB L K TOXE
F doping K K B

W WV
-

+
= + - F

+F -
 

(5.2)  

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

the channel length increases. 

5.2 Unified Mobility Model  
mtrlMod=0 
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A good mobility model is critical to the accuracy of a MOSFET model. The 

scattering mechanisms responsible for surface mobility basically include 

phonons, Coulombic scattering, and surface roughness. For good quality 

interfaces, phonon scattering is generally the dominant scattering mechanism 

at room temperature. In general, mobility depends on many process 

parameters and bias conditions. For example, mobility depends on the gate 

oxide thickness, substrate doping concentration, threshold voltage, gate and 

substrate voltages, etc. [5] proposed an empirical unified formulation based 

on the concept of an effective field Eeff which lumps many process 

parameters and bias conditions together. Eeff is defined by 

/ 2B n
eff

si

Q Q
E

e

+
=

 

(5.3)  

The physical meaning of Eeff 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 

0

01 ( / )
eff v

effE E

m
m =

+
 

(5.4)  

For an NMOS transistor with n-type poly-silicon gate, (5.3) can be rewritten 

in a more useful form that explicitly relates Eeff to the device parameters 

6

gs th

eff

V V
E

TOXE

+
º

 

(5.5)  

BSIM4 provides three different models of the effective mobility. The 

mobMod = 0 and 1 models are from BSIM3v3.2.2; the new mobMod = 2, a 

universal mobility model, is more accurate and suitable for predictive 

modeling.  
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              mobMod = 0 

 (5.6)  

( )

2
2

2

0 ( )

2 2
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m
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               mobMod = 1 

 (5.7)  
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               mobMod = 2 

 (5.8)  

( )

( )
( )0

2

0

1
2 0.0001

eff

eff EU

gsteff s th
bseff

gsteff th

U f L

V C VTHO VFB V TOXE
UA UC V UD

TOXE V V

m
Ö

=
å õ+ Ö - -Fè ø Ö
æ ö+ + Ö +é ù
æ ö+ +ê ú ç ÷

 
 

where the constant C0 = 2 for NMOS and 2.5 for PMOS. 

( ) 1 exp
eff

eff

L
f L UP

LP

å õ
= - Ö -æ ö

ç ÷ 

(5.9)  

 

 

mtrlMod=1 

A new expression of the vertical field in channel is adopted: 

 (5.10)  
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2 2 4 ( / 2 0.45) 3.9gsteff th

eff

V V BSIM type PHIG EASUB Eg
E

EOT EPSRSUB

+ - Ö Ö - - +
= Ö  

 

Thus the mobility model is modified as following: 

        mobMod=0 

2
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(5.11)  

         mobMod=1 

2

2

2

0 ( )

1 ( )(1 )
2 0.00001

eff

eff

th
eff eff bseff

gsteff th

U f L

V EOT
UA E UB E UC V UD

V V

m
Ö

=
å õÖ
æ ö+ Ö + Ö + Ö
æ ö+ +ç ÷

 
(5.12)  

Note: There is no change in mobMod=2 when mtrlMod=1. 

        

BSIM4.6.2 introduces a new model to predict the mobility in high k/metal 

gate structure, in which Coulombic scattering is important.            

                   mobMod=3    

( )0

,

0 ( )

0
1 ( )

6 0.5 1

eff

eff EU

gsteff fb s

bseff UCS

gsteff gsteff Vth

U f L

V C VTH V UD
UA UC V

TOXE V V

m
Ö

=
è ø+ Ö - -F

+ + Ö +é ù
Öé ù è ø+ê ú ê ú

 
(5.13)  

 

       Here, Vgsteff,Vth=Vgsteff(Vgse=Vth,Vds=Vbs=0). 
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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 Rds(V) is modeled internally 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 Rs(V) and the drain LDD resistance Rd(V) 

to be external and asymmetric (i.e. Rs(V) and Rd(V) can be connected 

between the external and internal source and drain nodes, respectively; 

furthermore, Rs(V) does not have to be equal to Rd(V)). This feature makes 

accurate RF CMOS simulation possible. The internal Rds(V) option can be 

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

one for Rs(V) and Rd(V) by setting rdsMod = 1 (external). 

rdsMod = 0 (Internal Rds(V)) 

()
( ) ( )1e61

1

WR

ds effcj

s bseff s

gsteff

RDSWMIN RDSW

R V W
PRWB V

PRWG V

+ Öë û
î î
è ø= Öì ü

Ö F - - F +é ùî î+ Öé ùê úí ý

 

(5.14)  

rdsMod = 1 (External Rd(V) and Rs(V)) 

()

( )
( )1e61

1

WR

d effcj

bd

gd fbsd

RDWMIN RDW

R V W NF
PRWB V

PRWG V V

+ Öë û
î îî îè øè ø= Ö Öì üé ùê ú- Ö +é ùî î+ Ö -é ùî îê úí ý  

(5.15)  
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()

( )
( )1e61

1

WR

s effcj

bs

gs fbsd

RSWMIN RSW

R V W NF
PRWB V

PRWG V V

+ Öë û
î îî îè øè ø= Ö Öì üé ùê ú- Ö +é ùî î+ Ö -é ùî îê úí ý  

(5.16)  

Vfbsd is the calculated flat-band voltage between gate and source/drain as 

given in Section 4.3.2. 

The following figure shows the schematic of source/drain resistance 

connection for rdsMod = 1. 

 

The diffusion source/drain resistance Rsdiff and Rddiff models are given in the 

chapter of layout-dependence models. 

5.4 Drain Current for Triode Region  
Rds(V)=0 or rdsMod=1 (ñintrinsic caseò) 

Both drift and diffusion currents can be modeled by 

() () ()
()F

ds ch ne

dV y
I y WQ y y

dy
m=

 

(5.17)  

where µne(y) can be written as 

( )

1

eff

ne
y

sat

y
E

E

m
m =

+

 
(5.18)  

  

Substituting (5.18) in (5.17), we get 
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(5.19)  

  

(5.19) 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 
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(5.20)  

Rds(V) > 0 and rdsMod=0 (ñExtrinsic caseò) 

The drain current in this case is expressed by 

0

01

ds
ds

ds ds

ds

I
I

R I

V

=

+

 
(5.21)  

5.5 Velocity Saturation 
Velocity saturation is modeled by [5] 

1

eff

sat

sat

sat

E
v E E

E E

VSAT E E

m
= <
+

= ²  

(5.22)  

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

velocity becomes saturated. In order to have a continuous velocity model at 

E = Esat, Esat must satisfy 

2
sat

eff

VSAT
E

m
=

 

(5.23)  
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5.6 Saturation Voltage Vdsat 

5.6.1 Intrinsic case 

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

not modeled inside the intrinsic channel region. It is easy to obtain Vdsat as [7] 

( 2 )

2

sat gsteff t

dsat

bulk sat gsteff t

E L V v
V

A E L V v

+
=

+ +
 

(5.24)  

5.6.2 Extrinsic Case 

In this case, non-zero LDD source/drain resistance Rds(V) is modeled 

internally through the I-V equation and symetry is assumed for the source 

and drain sides. Vdsat is obtained as [7] 

2 4

2
dsat

b b ac
V

a

- - -
=  

(5.25)  

 where 

2 1
1bulk eff oxe ds bulka A W VSATC R A

l

å õ
= + -æ ö

ç ÷
 

(5.26)  

( )

( )

2
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3 2

gsteff t bulk sat eff

bulk gsteff t eff oxe ds

V v A E L
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A V v W VSATC R

l

è øå õ
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(5.27)  

( ) ( )
2

2 2 2gsteff t sat eff gsteff t eff oxe dsc V v E L V v W VSATC R= + + +  (5.28)  

 1 2gsteffA V Al= +  (5.29)  

  

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

PMOSFETs. 
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5.6.3Vdseff Formulation 

An effective Vds, Vdseff, is used to ensure a smooth transition near Vdsat from 

trode to saturation regions. Vdseff is formulated as 

( ) ( )
21

4
2

dseff dsat dsat ds dsat ds dsatV V V V V V Vd d dè ø= - - - + - - + Ö
é ùê ú

 (5.30)  

where d (DELTA) is a model parameter. 

5.7 Saturation-Region Output Conductance Model 
A typical I-V curve and its output resistance are shown in Figure 5.1. 

Considering only the channel current, the I-V curve can be divided into two 

parts: the linear region in which the current increases quickly with the drain 

voltage and the saturation region in which the drain current has a weaker 

dependence on the drain voltage. The first order derivative reveals more 

detailed information about the physical mechanisms which are involved in 

the device operation. The output resistance curve can be divided into four 

regions with distinct Rout~Vds dependences. 

The first region is the triode (or linear) region in which carrier velocity is not 

saturated. The output resistance is very small because the drain current has a 

strong dependence on the drain voltage. The other three regions belong to 

the saturation region. As will be discussed later, there are several physical 

mechanisms which affect the output resistance in the saturation region: 

channel length modulation (CLM), drain-induced barrier lowering (DIBL), 

and the substrate current induced body effect (SCBE). These mechanisms all 

affect the output resistance in the saturation range, but each of them 

dominates in a specific region. It will be shown next that CLM dominates in 

the second region, DIBL in the third region, and SCBE in the fourth region. 
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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: 
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(5.31)  

where the Early voltage VA is defined as 

( )
1

,ds gs ds

A dsat

d

I V V
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(5.32)  
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We assume in the following analysis that the contributions to the Early 

voltage from all mechanisms are independent and can be calculated 

separately. 

5.7.1 Channel Length Modulation (CLM)  

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

account, the Early voltage can be calculated by 

( )
1

,ds gs ds

ACLM dsat

d

I V V L
V I

L V

-

è øµ µ
= Ö Öé ù

µ µé ùê ú

 
(5.33)  

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

propose VACLM to be 

( )ACLM clm ds dsatV C V V= Ö -  (5.34)  

where  

1 1
1 1

gsteff ds dso dsat
clm eff

sat eff dseff sat
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C F PVAG L

PCLM E L V E litl

å õå õå õÖ
= Ö Ö + + + Öæ öæ öæ öæ öæ ö

ç ÷ç ÷ç ÷

 
(5.35)  

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

1

1
2

eff

gsteff t

F
L

FPROUT
V v

=

+ Ö
+

 (5.36)  

and litl  in (5.35) is given by 

siTOXE XJ
litl

EPSROX

e Ö
=  

(5.37)  

 PCLM is introduced into VACLM to compensate for the error caused by XJ 

since the junction depth XJ cannot be determined very accurately.  

5.7.2 Drain-Induced Barrier Lowering (DIBL)  

The Early voltage VADIBLC due to DIBL is defined as 
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( )
1

,ds gs ds th
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(5.38)  

 Vth has a linear dependence on Vds. As channel length decreases, VADIBLC 

decreases very quickly 

 (5.39)  

( )
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21
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where qrout has a similar dependence on the channel length as the DIBL 

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

( )0

1
2

2cosh 2eff
rout DROUT L

lt

PDIBLC
PDIBLCq

Ö
= +

-
 (5.40)  

Parameters PDIBLC1, PDIBLC2, PDIBLCB and DROUT are introduced to 

correct the DIBL effect in the strong inversion region. The reason why 

DVT0 is not equal to PDIBLC1 and DVT1 is not equal to DROUT is because 

the gate voltage modulates the DIBL effect. When the threshold voltage is 

determined, the gate voltage is equal to the threshold voltage. But in the 

saturation region where the output resistance is modeled, the gate voltage is 

much larger than the threshold voltage. Drain induced barrier lowering may 

not be the same at different gate bias. PDIBLC2 is usually very small. If 

PDIBLC2 is put into the threshold voltage model, it will not cause any 

significant change. However it is an important parameter in VADIBLC for long 

channel devices, because PDIBLC2 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 (> 0.1MV/cm), some 

electrons coming from the source (in the case of NMOSFETs) will be 
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energetic (hot) enough to cause impact ionization. This will generate 

electron-hole pairs when these energetic electrons collide with silicon atoms. 

The substrate current Isub thus created during impact ionization will increase 

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

( )expi i
sub ds ds dsat

i ds dsat

A B litl
I I V V

B V V

å õÖ
= - -æ ö

-ç ÷
 

(5.41)  

Parameters Ai and Bi are determined from measurement. Isub 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 

( )
/ / 1

expi i

i ds dsat

ds dsat
ds ds w o Isub sub ds w o Isub B B litl

A V V

V V
I I I I- - - - Ö

-

è ø-
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(5.42)  

The Early voltage due to the substrate current VASCBE can therefore be 

calculated by 

expi i
ASCBE

i ds dsat

B B litl
V

A V V

å õÖ
= æ ö

-ç ÷
 

(5.43)  

We can see that VASCBE is a strong function of Vds. In addition, we also 

observe that VASCBE is small only when Vds is large. This is why SCBE is 

important for devices with high drain voltage bias. The channel length and 

gate oxide dependence of VASCBE comes from Vdsat and litl . We replace Bi 

with PSCBE2 and Ai/Bi with PSCBE1/Leff to get the following expression for 

VASCBE 

1 2 1
exp

ASCBE eff ds dsat

PSCBE PSCBE litl

V L V V

å õÖ
= -æ ö
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(5.44)  
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5.7.4  Drain-Induced Threshold Shift (DITS) by Pocket Implant 

It has been shown that a long-channel device with pocket implant has a 

smaller Rout than that of uniformly-doped device [3]. The Rout degradation 

factor F is given in (5.36). In addition, the pocket implant introduces a 

potential barrier at the drain end of the channel. This barrier can be lowered 

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

DITS is modeled by 

( ) ( )
1

1 1 expADITS eff dsV F PDITSL L PDITSD V
PDITS

è ø= Ö Ö + + Ö Ö
ê ú 

(5.45)  

  

5.8 Single-Equation Channel Current Model 
The final channel current equation for both linear and saturation regions now 

becomes 
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(5.46)  

  

where NF is the number of device fingers, and 

VA is written as 

A Asat ACLMV V V= +  (5.47)  

where VAsat is 

( )2 2
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(5.48)  
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VAsat is the Early voltage at Vds = Vdsat. VAsat is needed to have continuous 

drain current and output resistance expressions at the transition point 

between linear and saturation regions. 

5.9 New Current Saturation Mechanisms: Velocity 

Overshoot and Source End Velocity Limit Model 

6.9.1 Velocity Overshoot 

In the deep-submicron region, the velocity overshoot has been observed to 

be a significant effect even though the supply voltage is scaled down 

according to the channel length. An approximate non-local velocity field 

expression has proven to provide a good description of this effect 

(1 ) (1 )
1 /

d

c

E E E
v v

E x E E E x

l m lµ µ
= + = +

µ + µ
 (5.49)  

This relationship is then substituted into (5.46) and the new current 

expression including the velocity overshoot effect is obtained: 
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(5.50)  

where  
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(5.51)  

LAMBDA is the velocity overshoot coefficient.  



Drain Current Model  

 

BSIM4.6.2 Manual Copyright © 2008 UC Berkeley  45 
 

5.9.2 Source End Velocity Limit Model 

When MOSFETs come to nanoscale, because of the high electric field and 

strong velocity overshoot, carrier transport through the drain end of the 

channel is rapid. As a result, the dc current is controlled by how rapidly 

carriers are transported across a short low-field region near the beginning of 

the channel. This is known as injection velocity limits at the source end of 

the channel. A compact model is firstly developed to account for this current 

saturation mechanism. 

Hydro-dynamic transportation gives the source end velocity as : 

,DS HD
sHD

s

I
v

Wq
=  

(5.52)  

where qs is the source end inversion charge density. Source end velocity 

limit gives the highest possible velocity which can be given through ballistic 

transport as: 

1

1
sBT

r
v VTL

r

-
=
+

 
(5.53)  

where VTL: thermal velocity, r is the back scattering coefficient which is 

given:  

    XN 3.0
eff

eff

L
r

XN L LC
= ²

Ö +
 

(5.54)  

  

The real source end velocity should be the lower of the two, so a final 

Unified current expression with velocity saturation, velocity overshoot and 

source velocity limit can be expressed as : 
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( )

,

  1/ 2
2

1 /

DS HD

DS MM
MM

sHD sBT

I
I

v v

=
è ø+
ê ú

 
(5.55)  

where MM=2.0.
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Chapter 6: Body Current Models 
 

In addition to the junction diode current and gate-to-body tunneling current, 

the substrate terminal current consists of the substrate current due to impact 

ionization (I ii), and gate-induced drain leakage and source leakage currents 

(IGIDL and IGISL).  

6.1 I ii Model 
The impact ionization current model in BSIM4 is the same as that in 

BSIM3v3.2, and is modeled by 

( )
0 1 0

exp
eff

ii ds dseff dsNoSCBE

eff ds dseff

ALPHA ALPHA L BETA
I V V I

L V V

å õ+ Ö
= - Öæ öæ ö-ç ÷

 
(6.1)  

where parameters ALPHA0 and BETA0 are impact ionization coefficients; 

parameter ALPHA1 is introduced to improves the I ii scalability, and 

0

0 1
1 ln 1 1

1 ds ds

dseff

ds dseff ds dseffds A
dsNoSCBE R I

clm Asat ADIBL ADITSV

V V V VI NF V
I

C V V V

è ø - -å õ å õå õÖ
= + Ö + Ö +é ùæ ö æ öæ ö
+ ç ÷ç ÷ ç ÷ê ú

 
(6.2)  

6.2 IGIDL and IGISL Model 
mtrlMod=0 

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

 
3

3

3

3
          exp

ds gse

GIDL effCJ

oxe

oxe db

ds gse db

V V EGIDL
I AGIDL W Nf

T

T BGIDL V

V V EGIDL CGIDL V

- -
= Ö Ö Ö

Ö

å õÖ Ö
Ö - Öæ öæ ö- - +ç ÷

 

(6.3)  
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3

3

3

3
          exp

ds gde

GISL effCJ

oxe

oxe sb

ds gde sb

V V EGISL
I AGISL W Nf

T

T BGISL V

V V EGISL CGISL V

- - -
= Ö Ö Ö

Ö

å õÖ Ö
Ö - Öæ öæ ö- - - +ç ÷

 

(6.4)  

 

where AGIDL, BGIDL, CGIDL and EGIDL are model parameters for the 

drain side and AGISL, BGISL, CGISL and EGISL are the model parameters 

for the source side. They are explained in Appendix A. CGIDL and CGISL 

account for the body-bias dependence of IGIDL and IGISL respectively. WeffCJ 

and Nf are the effective width of the source/drain diffusions and the number 

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

the layout-dependence model. 

mtrlMod=1 

In this case, the work function difference (Vfbsd) between source/drain and 

channel could be modeled as follows: 

0 0
( 4 , ln

2 2
fbsd t

i

Eg Eg NSD
V PHIG EASUB BSIM typy MIN v

n

å õå õ
= - + - ³æ öæ öæ ö

ç ÷ç ÷
 

(6.5)  

Moreover, the GIDL/GISL current should be modified as following: 

3

3

3.9

3.9                                   exp

ds gse fbsd

GIDL effCJ

db

ds gse fbsd db

V V EGIDL V
I AGIDL W Nf

EPSRSUB
EOT

EPSRSUB
EOT BGIDL

V

V V EGIDL V CGIDL V

- - +
= Ö Ö Ö

Ö

å õ
Ö Öæ ö

- Öæ ö
- - + +æ ö

ç ÷

 

(6.6)  
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3

3

3.9

3.9                                   exp

ds gse fbsd

GIDS effCJ

db

ds gse fbsd db

V V EGISL V
I AGISL W Nf

EPSRSUB
EOT

EPSRSUB
EOT BGISL

V

V V EGISL V CGISL V

- - +
= Ö Ö Ö

Ö

å õ
Ö Öæ ö

- Öæ ö
- - + +æ ö

ç ÷

 

(6.7)  
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Chapter 7: Capacitance Model 
 

Accurate modeling of MOSFET capacitance plays equally important role as 

that of the DC model. This chapter describes the methodology and device 

physics considered in both intrinsic and extrinsic capacitance modeling in 

BSIM4.0.0. Complete model parameters can be found in Appendix A. 

7.1 General Description 
BSIM4.0.0 provides three options for selecting intrinsic and overlap/fringing 

capacitance models. These capacitance models come from BSIM3v3.2, and 

the BSIM3v3.2 capacitance model parameters are used without change in 

BSIM4 except that separate CKAPPA parameters are introduced for the 

source-side and drain-side overlap capacitances. The BSIM3v3.2 capMod = 

1 is no longer supported in BSIM4. The following table maps the BSIM4 

capacitance models to those of BSIM3v3.2. 

BSIM4 capacitance models 

 

Matched capMod 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 

 

BSIM4 capacitance models have the following features: 

¶ Separate effective channel length and width are used for capacitance 

models. 
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¶ 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 Vth is used. Therefore, those effects such as 

body bias, short/narrow channel and DIBL effects are explicitly 

considered in capMod = 1 and 2. 

¶ A new threshold voltage definition is introduced to improve the fitting 

in subthreshold region. Setting cvchargeMod = 1 activates the new 

Vgsteff,CV calculation which is similar to the Vgsteff formulation in the I-V 

model. 

¶ Overlap capacitance comprises two parts: (1) a bias-independent 

component which models the effective overlap capacitance between 

the gate and the heavily doped source/drain; (2) a gate-bias dependent 

component between the gate and the lightly doped source/drain region. 

¶ Bias-independent fringing capacitances are added between the gate 

and source as well as the gate and drain. 

 

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, Qb, Qs, 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 (Qinv), accumulation charge (Qacc) and 

substrate depletion charge (Qsub).  
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The accumulation charge and the substrate charge are associated with the 

substrate while the channel charge comes from the source and drain 

terminals 

( )g sub inv acc

b acc sub

inv s d

Q Q Q Q

Q Q Q

Q Q Q

=- + +ë
î
= +ì

î = +í

 

(7.1)  

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

charge at zero source-drain bias (Qsub0), which is a function of gate to 

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

presence of a drain bias (dQsub). Qg now becomes 

0( )g inv acc sub subQ Q Q Q Qd=- + + +  (7.2)  

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 

( ) (0) ( 1)th th bulk yV y V A V= + -  (7.3)  

( )

( )

( )( )

0 0

0 0

0 0

1

active active

active active

active active

L L

c active c active oxe gt bulk y

L L

g active g active oxe gt th FB s y

L L

b active b active oxe th FB s bulk y

Q W q dy W C V A V dy

Q W q dy W C V V V V dy

Q W q dy W C V V A V dy

ë
= =- -î

î
î
î
= = + - -F -ì

î
î
î = =- - -F + -
îí

ñ ñ

ñ ñ

ñ ñ

 

(7.4)  

where Vgt = Vgse - Vth and  

y

y

dV
dy

E
=  

(7.5)  

where Ey is expressed in 
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( )
2

active eff oxe bulk
ds gt ds ds active eff oxe gt bulk y y

active

W C A
I V V V W C V A V E

L

m
m

å õ
= - = -æ ö

ç ÷
 

(7.6)  

All capacitances are derived from the charges to ensure charge conservation. 

Since there are four terminals, there are altogether 16 components. For each 

component 

i
ij

j

Q
C

V

µ
=
µ

 (7.7)  

where i and j denote the transistor terminals. Cij  satisfies 

0ij ij

i j

C C= =ä ä  (7.8)  

 

7.2.2 Short Channel Model 

cvchargeMod=0 

The long-channel charge model assumes 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 Vdsat,CV = Vgt / Abulk and therefore is 

independent of channel length. If we define a drain bias, Vdsat,CV, for 

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

will find that Vdsat,CV in general is larger than Vdsat for I-V but smaller than 

the long-channel Vdsat = Vgt / Abulk. In other words, 

,

, , ,

gsteff CV

dsat IV dsat CV dsat IV Lactive

bulk

V
V V V

A
­¤< < =  

(7.9)  

and Vdsat,CV is modeled by 
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,

,

1

gsteff CV

dsat CV CLE

bulk

active

V
V

CLC
A

L

=
è øå õ
é ùÖ +æ ö
é ùç ÷ê ú

 
(7.10)  

, ln 1 exp
gse th

gsteff CV t

t

V V VOFFCV
V NOFF nv

NOFF nv

è ø- -å õ
= Ö Ö +é ùæ ö

Öç ÷ê ú
 

(7.11)  

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

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

0 0 1
1

' 1 12

eff

bulk

eff bseffeff dep

A L B
A F doping

W B KETA VL XJ X
-

ë ûè øÖî î
é ù= + Ö Ö+ Öì ü

+ + Ö+ Öé ùî îê úí ý

 
(7.12)  

 

where 

1

2

1
3

' 02

eff ox

ox s

effs bseff

LPEB L K TOXE
F doping K K B

W WV
-

+
= + - F

+F -
 

(7.13)  

cvchargeMod=1 

In order to improve the predictive modeling in the subthreshold region, a 

new threshold voltage for C-V is introduced as following: 

( )

( )( )

*

* '

*

ln 1 exp

12
exp

gse th

t

t

gsteffCV

gse ths
oxe

Si t

m V V
nv

nv
V

m V V Voff
m nC

qNDEP nv

f

e

å õå õ-
æ öæ ö+

æ öæ ö
ç ÷ç ÷=
å õ- - -
æ ö+ -
æ ö
ç ÷

 

(7.14)  

( )*
arctan

0.5
MINVCV

m
p

= +  
(7.15)  

'

eff

VOFFCVL
Voff VOFFCV

L
= +  (7.16)  

It is clear that this new definition is similar to Vgsteff in I-V model. 
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Note: The default value of cvchargeMod is zero to keep the backward 

compatibility.  

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 = 1 and 2. 

(a) Transition from depletion to inversion region 

The biggest discontinuity is at threshold voltage where the inversion 

capacitance changes abruptly from zero to Coxe. Concurrently, since the 

substrate charge is a constant, the substrate capacitance drops abruptly to 

zero at threshold voltage. The BSIM4 charge and capacitance models are 

formulated by substituting Vgst with Vgsteff,CV as 

( ) ( ),gst gsteff CVQ V Q V=  (7.17)  

For capacitance modeling 

( ) ( ) ,

,

, , ,

gsteff CV

gst gsteff CV

g d s b

V
C V C V

V

µ
=  

(7.18)  

 (b) Transition from accumulation to depletion region 

An effective smooth flatband voltage VFBeff is used for the accumulation and 

depletion regions. 

( ) ( )
2

0.5 0.02 0.02 0.08FBeff fbzb fbzb gb fbzb gb fbzbV V V V V V V
è ø

= - - - + - - +é ù
ê ú

 
(7.19)  

where 
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1
bs dsfbzb th zeroV andV s sV V K= -F - F (7.20)  

 

A bias-independent Vth is used to calculate Vfbzb for capMod = 1 and 2. For 

capMod = 0, VFBCV is used instead (refer to Appendix A). 

(c) Transition from linear to saturation region  

An effective Vds, Vcveff, is used to smooth out the transition between linear 

and saturation regions. 

{ }2

, 4 4 4 ,

4 , 4 4

0.5 4

where ; 0.02

cveff dsat CV dsat CV

dsat CV ds

V V V V V

V V V V

d

d d

= - + +

= - - =

 
(7.21)  

7.2.4.Charge partitioning 

The inversion charges are partitioned into Qinv = Qs + Qd. The ratio of Qd 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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(7.22)  

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) 

mtrlMod=0 

Current MOSFET models in SPICE generally overestimate the intrinsic 

capacitance and usually are not smooth at Vfb and Vth. The discrepancy is 

more pronounced in thinner Tox devices due to the assumption of inversion 

and accumulation charge being located at the interface. Numerical quantum 

simulation results in Figure 8.1 indicate the significant charge thickness in 

all regions of operation. 
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Figure 7.1 Charge distribution from numerical quantum simulations show 

significant charge thickness at various bias conditions shown in the inset. 

 
 

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

thickness, XDC. The charge thickness introduces a capacitance in series with 

Cox as illustrated in Figure 7.2 , resulting in an effective Coxeff. Based on 

numerical self-consistent solution of ShrŖdinger, Poisson and Fermi-Dirac 

equations, universal and analytical XDC models have been developed. Coxeff 

can be expressed as 

oxp cen

oxeff

oxp cen

C C
C

C C

Ö
=

+
 

(7.23)  

where  

/cen si DCC Xe=  (7.24)  
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Figure 7.2 Charge-thickness capacitance concept in CTM. Vgse accounts for the poly 

depletion effect. 

 

 

(i) XDC for accumulation and depletion 

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

expressed by 

0.25

16

1
exp

3 2 10

gse bseff FBeff

DC debye

V V VNDEP
X L ACDE

TOXP

-è ø- -å õ
= Ö Öé ùæ ö

³ç ÷é ùê ú

 
(7.25)  

where Ldebye is Debye length, and XDC is in the unit of cm and (Vgse - Vbseff - 

VFBeff) / TOXP is in units of MV/cm. For numerical stability, (8.25) is 

replaced by (8.26) 

( )2

max 0 0 max

1
4

2
DC xX X X X Xd= - + +  

(7.26)  

where  

0 max DC xX X X d= - - (7.27)  

 

and Xmax = Ldebye / 3;  = 10
-3
TOXE. 

(ii) XDC of inversion charge 

The inversion charge layer thickness can be formulated as 
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ç ÷

 
(7.28)  

Here, the density of states parameters ADOS and BDOS are introduced to 

control the charge centroid. Their default values are one. 

Through the VFB term, equation (7.28) is found to be applicable to N
+
 or P

+
 

poly-Si gates and even other future gate materials. 

(iii) Body charge thickness in inversion 

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

including the deviation of the surface potential ʌS (bias-dependence) from 2 

ʌB [2] 

1

2

1

( 2 2
2 ln 1

gsteffCV gsteffCV ox B

s B t

ox t

V V K

MOIN K
dj n

n

å õÖ + F
=F - F = +æ ö

æ öÖ
ç ÷

 
(7.29)  

The channel charge density is therefore derived as 

( ),inv oxeff gsteff CV eff
q C V dj=- Ö -  (7.30)  

where 

 (7.31)  

mtrlMod=1 

First, TOXP should be iteratively calculated by EOT as follows: 

, 0

3.9

gs ds bs
DC V VDDEOT V V

TOXP EOT X
EPSRSUB = = =

= - ³  
(7.32)  
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(7.33)  

With the calculated TOXP, XDC could be obtained at different gate voltage. 

Now Ccen is equal to EPSRSUB/XDC. The other calculations are as same as 

mtrlMod=0. 

7.4 Intrinsic Capacitance Model Equations 

7.4.1 capMod = 0 

             Accumulation region 

( )g active active oxe gs bsQ W L C V V VFBCV= - -  (7.34)  

sub gQ Q=-  (7.35)  

0invQ =  (7.36)  

 

             Subthreshold region 

( )2

1
0 2

1

4
1 1

2

gs bsox
sub active active oxe

ox

V VFBCV VK
Q W L C

K

å õ- -
æ ö=- Ö - + +
æ ö
ç ÷

 
(7.37)  

0g subQ Q=-  (7.38)  

0invQ =  (7.39)  

             Strong inversion region 

,
'

gs th

dsat cv

bulk

V V
V

A

-
=  

(7.40)  

' 1

CLE

bulk bulk

eff

CLC
A A

L

å õå õ
æ ö= +æ öæ öæ öç ÷ç ÷

 
(7.41)  

1th s ox s bseffV VFBCV K V= +F + F - (7.42)  
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                  Linear region 

2'

'2
12

2

ds bulk ds
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V A V
Q C W L V VFBCV
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(7.43)  

 

(7.44)  

( ) ( ) 21 ' 1 ' '
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                     50/50 partitioning: 

2 2' '

'2
12

2

bulk ds bulk ds
inv oxe active active gs th s

bulk ds
gs th

A V A V
Q C W L V V

A V
V V

å õ
æ ö
æ ö=- - -F - +

å õæ ö
- -æ öæ ö
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(7.45)  

0.5s d invQ Q Q= =  (7.46)  

 

                      40/60 partitioning: 

 

(7.47)  

( ) ( ) ( )

( )

2 2' '

6 8 40

2
'

2

'
'

2 2 12

gs th bulk ds gs th bulk ds
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V V A V V V A V
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( )s g b dQ Q Q Q=- + + (7.48)  

 



Capacitance Model 

 

BSIM4.6.2 Manual Copyright © 2008 UC Berkeley  63 
 

                       0/100 partitioning: 

( )
2

''

2 4 24

gs th bulk dsbulk ds
d oxe active active

V V A VA V
Q C W L

å õ-
=- + -æ ö

æ ö
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(7.49)  

 (7.50)  

 

         Saturation region: 

 
(7.51)  

 
(7.52)  

 

                              50/50 partitioning: 

 
(7.53)  

 

                           40/60 partitioning: 

 
(7.54)  

 (7.55)  

 

                               0/100 partitioning: 

 (7.56)  

 (7.57)  

 

7.4.2 capMod = 1 

 (7.58)  


