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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 maor 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
either the electrical or physical gate oxide thickness as the model input at the user's
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Gate Dielectric Model

choice in a physically accurate maner; (11) the quantum mechanical charge-layer-
thickness model for both IV and CV; (12) a more accurate mobility model for
predictive modeling; (13) a gate-induced drain/source leakage (GIDL/GISL)
current model, available in BSIM for the first time; (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 charatistics for source and drain
junctions; (16) junction diode breakdown with or without current limiting; (17)
dielectric constant of the gate dielectric as amodel 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 alows
convenient prediction of temperature effects on saturation velocity, mobility, and

S/D resistances.

1.1Gate Dielectric M odel

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

1. Capital and itaic alphanumericalsin this manual are model parameters.

1-2
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Gate Dielectric Model

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

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

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

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

evauation.

TOXE and TOXP
both given?

TOXP given?

| TOEU TOE | {  TOXEUTOXE | | TOXEU TOXP+DTOX ; | Defatcase :
: TOXPU TOXP : TOXPU TOXE-DTOX i TOXP U TOXP .
SROX » . )
Coe = EPSROX e, TOXE " Coxe IS used to calculate Vi, subthreshold swing, Vgsest, Aouik,

mobiliy, Vysat, Kiox, K2ox, CAPMod = 0 and 1, etc

Cop = EPSROX E%OXP’ Coxp is used to calculate Coye for drain current and capMod =

2 through the charge-layer thickness model:
197 10°cm

&Y oo +4VTHO- VFB- F )5
2TOXP El
If DTOX is not given, its default value will be used.

Xoc =
1+

Figure 1-1. Algorithm for BSIM4 gate dielectric model.
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Poly-Silicon Gate Depletion

1.2 Poly-Silicon Gate Depletion

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

gate oxide thicknessis small.

Figure 1-2 shows an NMOSFET with a depletion region in the n* poly-silicon
gate. The doping concentration in the n* poly-silicon gate is NGATE and the
doping concentration in the substrate is NSUB. The depletion width in the poly
gate is X,. The depletion width in the substrate is Xy. The positive charge near the
interface of the poly-silicon gate and the gate oxide is distributed over a finite
depletion region with thickness X;. In the presence of the depletion region, the
voltage drop across the gate oxide and the substrate will be reduced, because part
of the gate voltage will be dropped across the depletion region in the gate. That
means the effective gate voltage will be reduced.

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 1-4



Poly-Silicon Gate Depletion

G
Poly Gate Depletion (Width Xp) ‘ NGATE

nt 1+

"\ ]
CICTOIONOION0)

Tox

o

Inversion Charge  Depletion in Substrate (Width Xd)

B

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

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

Vpoy Can be calculated as

(1.2.2)

_ gNGATE %X poy”

v paly ™ 2

=05X , E

poly poly

s

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

condition at the interface of poly gate and the gate oxide is
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Poly-Silicon Gate Depletion

(12.2)

EPSROX E,, =€ E,,, =,/20eNGATE ¥/

si —poly poly

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

(1.2.3)
V.-Ve-F =V

gs

Y/

+
poly ox

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

(1.2.4)
alV, - Vig - F o= Vo F - Vi, =0

gs poly

where

(1.2.5)

. EPSROX ?
20e4,NGATE XTOXE?

By solving (1.2.4), we get the effective gate voltage Vs Which is equal to

(1.2.6)

- 2ge OX *\V,, - VFB- F
V., =VFB+F , + JeaNGATEXTOXE g J ., 2EPSROX*(y,, )

0
EPSROX? g ge, NGATE XTOXE? ;
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Effective Channel Length and Width

1.3 Effective Channel Length and Width

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

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

offset due to mask/etch effect
(1.31)
L =Lyt XL- 201
(1.3.29)
W, = % + XW- 2dW
(1.3.2b)

Woan ,
= Zdramn SN 20\
Ve NF

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

(13.3)

dW = dW'+DWG ¥/, + DWB(/F . - Viuy - F .
WL WW Wi

LVVLN WVVWN LVVLNwVWVN

dW'=WINT +

(1.3.4)

LL LW LWL
dL = LlNT + LLLN +wL\NN + LLLNwL\NN
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Effective Channel Length and Width

WINT represents the traditional manner from which "delta W' is extracted (from
the intercept of straight lines on a Y/Rys~Wgyrawn 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 Rys~L gy qun PIOY)-

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 W, gun
Lgrawn @nd 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 ive) a@nd width
(Waetive) When the gate to source/drain regions are under flat-band condition. L g;ye

and Wi e are defined as

(13.5)
Lot XL 2L
(1.3.6)
vgmezvﬁagmxw W
(1.3.7)

dL =DLC + LIL_LC LWC LWLC

|_ N +wL\NN + LLLNwL\NN
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Effective Channel Length and Width

(1.3.8)

WLC +V\NVC WWLC

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

patterning, etching and oxidation) on one side.

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

another with asmaller L but larger Ry

The L,qive parameter extracted from capacitance is a closer representation of the
metallurgical junction length (physical length). Due to the graded source/drain
junction profile, the source to drain length can have a very strong bias dependence.
We therefore define L iy t0 be that measured at flat-band voltage between gate to
source/drain. If DWC, DLC and the length/width dependence parameters (LLC,
LWC, LWLC, WLC, WWC and WWLC) are not specified in technology files,
BSIM4 assumes that the DC bias-independent L and W will be used for the
capacitnace models, and DWC, DLC, LLC, LWC, LWLC, WLC, WWC and WWLC

will be set to the values of their DC counterparts.
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Effective Channel Length and Width

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

(13.9)

Wi WLC WWC WWLC ¢
Weffcj = NE + XW- 2>§QDW‘]+ | WLN +WWWN + LWLI\VVWWN;

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 users' reference, the fatal limitation in BSIM4 is also shown.

Par ameter Designed War ning Fatal
name Limitation(m) Limitation(m) Limitation(m)
Leff le-8 le9 0
LeffCV le-8 1le9 0

Weff le7 1le9 0
WeffCV le-7 1le9 0

Toxe 5e-10 1le-10 0

Toxp 5e-10 le-10 0

Toxm 5e-10 1le-10 0

Table 1-1. BSIM4.6.0 Geometry Limitation
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Chapter 2: Threshold Voltage M odel

2.1 Long-Channel Model With Uniform
Doping

Accurate modeling of threshold voltage Vy, is important for precise description of
device electrical characteristics. V,, for long and wide MOSFETs with uniform
substrate doping is given by

(2.1.2)
V,, =VFB+F  +g|F -V, =VTHO+g(/F .-V, - JF,)

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

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

(2.1.2)

V 2qesi Nsubstrate

C

oxe

where Ng ,4rate 1S the uniform substrate doping concentration.

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

narrow.
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Non-Uniform Vertical Doping

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

(&) If VTHO isgiven,

(2.1.3)
VTH 0=VTH 0+ DELVTO

(&) If VTHO isn't given,

(2.1.4)

VFB =VFB + DELVTO
VTH 0=VFB +F _+g./F .

2.2 Non-Uniform Vertical Doping

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

vertical doping is

(2.2.1)

_ aD . gD, ¢ 0
Vin = Vin.noep +C_O+ Klpoep &[] s Vis- e_l ) s Vs T
oxe s 4]

where K1ypep is the body-bias coefficient for Ng,pstrate = NDEP,

2-2
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Non-Uniform Vertical Doping

(2.2.2)
Vinsoee ZVTHO+KLpen (i o~ Vi = 1)
with a definition of
(2.2.3)
] =04+ KeT |n§NDEP%
q N g

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

(2.2.4)

Dy = Do + Dy, = 9™ (N(x)- NDEP)ax-+ )™ (N(x)- NDEP)dx

dep0

(2.2.5)

\X dep0

D, =Dy, +Dyy = ™ (N(x)- NDEP)xcx+ QX“” (N(x)- NDEP)xdx

By assuming the doping profile is a steep retrograde, it can be shown that
DOl is approximately equal to -C()lVbs and that DlO dominates Dll; COl
represents the profile of the retrograde. Combining (2.2.1) through (2.2.5),

we obtain

(2.2.6)

V, =VTHO+K1[[F - V. - \JF . )- K2,

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 2-3



Non-Uniform Vertical Doping

where K2 = qCp; / Cyye and the surface potential is defined as

(2.2.7)

O
E —04+ kTI aENDEP

S

+ PHIN

where

PHIN =- gD,, /&4

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

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

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

(2.2.9)

oo G- g,)J/F,- vBX - JF )
2JF | JF.-VBM - |[F_)+VBM

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

concentration are equal to NDEP and NSUB, respectively:
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Non-Uniform Lateral Doping: Pocket (Halo) Implant

(2.2.10)
\/20e4NDEP
gl ) Coxe
(22.11)

_ \J/20e4,NSUB

9, C

oxe

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

(2.2.12)

GNDEP xXT2
2e,

sl

=F - VBX

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, aVy, 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, Vy, iswritten as
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Non-Uniform Lateral Doping: Pocket (Halo) Implant

(2.3.1)

V,, =VTHO+ K1 /F .- V,, - \/F_S)X/1+ LEEB - K2%,,
eff

@ 6
oK16 1+ 550 T
& L 5

In addition, pocket implant can cause significant drain-induced threshold
shift (DITS) in long-channel devices[3]:

(2.3.2)

e (e)u, 5

CLy, +DVTPOL+e P e )<

DV, (DITS)=-nv, ¥n

For Vg of interest, the above equation is simplified and implemented as
for tempMod = 1:

(2.3.39)

DV,,(DITS) dne Ly, 6
=-nv, Xnx _
th t 8L « T DVTPO ><(1+ @ DVTP I, )B

for tempMod = 2:

(2.3.30)
L, 6

x
=- C . N
DV,,(DITS)=- ny, >4ng L, + DVTPOfL+ & V7%= )=
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Short-Channel and DIBL Effects

Note: when tempMod =2, drain-induced threshold voltage shift (DITYS)
due to pocket implant has no temperature dependence, so nominal
temperature (TNOM) is used as equation(2.3.4). when tempM od=0 or
1, equation(2.3.3) isused.

(2.3.4)

e L 0
DV, (DITS)=-nv,,, ><|n§ o

\

Ly + DVTPOXL+e O/ <

2.4 Short-Channel and DIBL Effects

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

(24.2)
DVin (QZE, DI BL) =-Qg (Leff )>{2(Vbi -F s)+Vds]

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

(2.4.2)

_ koT | ENDEPXNSD
- =

q n (4]

Vbi :
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Short-Channel and DIBL Effects

where NSD is the doping concentration of source/drain diffusions. The
short-channel effect coefficient gy,(Lef) in (2.4.1) has a strong dependence
on the channel length given by

(2.4.3)

0.5

SH(E
th(Eff) CO§1I-|etﬁ'

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

(2.4.4)
| = [8s TOXEXX,
' EPSROX sh
with the depletion width X,e, equa to
(2.4.5)

X = 2e4\F < - Vi
ae qNDEP
Xaep IS larger near the drain due to the drain voltage. Xy, / h represents the
average depletion width along the channel.
Note that in BSIM3v3 and [4], di(Le) IS approximated with the form of
(2.4.6)

0 (L expg 2i§ +2ex EELIi

Q-I-I-O:
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Short-Channel and DIBL Effects

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

implemented with no approximation.

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

To model SCE, we use

(2.4.7)
In{SCE) = com(z;)v?'\llzﬁi) 1
(2.4.8)
DV,,(SCE) = -q,,(SCE){V, - F )
with I; changed to
(2.4.9)
l, = \/ s EF?;EO?("@ {1+ DVT2x/,)
To model DIBL, we use
(2.4.10)

05
DIBL)=—— \
In(DIBL) cosh(DSUBx* )- 1
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Narrow-Width Effect

(2.4.11)

DV, (DIBL) =-q,,(DIBL){ETA0+ ETAB¥/, ) ¥/,

tl

and |, is calculated by

(2.4.12)

depO

_ \/ ey XTOXE xX
©TV EPSROX

with
(2.4.13)
2e F
X - S S
%0 1 gNDEP

DVTL1 is basicaly equal to 1/(h)¥2. DVT2 and ETAB account for substrate
bias effects on SCE and DIBL, respectively.

2.5 Narrow-Width Effect

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

The net result is anincrease in Vy,. Thisincrease can be modeled as

2-10
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Narrow-Width Effect

(2.5.1)

PANDEP XX g o - TOXE _
2C, W, w, °

oxe

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

(i.e. isolation technology). Vi, changeis given by

(2.5.2)

DV, (Narrow, widthl) = (K3+ K3B Nbs)& .
W, +WO0
In addition, we must consider the narrow width effect for small channel

lengths. To do this we introduce the following

(2.5.3)

0.5DVTON
cosh(DVT]W xﬂ)

low

DV, (Narrow width2) = -

) 1>(Vbi - Fs)

with Iy, given by

(2.5.4)

e XTOXE xX
tW:\/ s “ 1+ DVT2W »/, )

EPSROX
The complete Vi, model implemented in SPICE is

(2.5.5)
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Narrow-Width Effect

Vin =VTHO+ (Klox x\/F s~ Viosatt - KlX\/F—s) 1+ LII_DEB - KooVt
off

@[ |LPpE0 O TOXE
¢ 1% _1ORE
+ Klox 1+ - 16 Fs+(K3+ K3B >%‘/bseff )Weffl+W0 s
_055 DVTW . DVTO E,‘(A_F)
" gooshDVTIW ") 1 cosrlpVTLY )10

05

- / \ Leff :
cosh{DSUB |- 1 '

ny; .|l'1§|_eff N DVTPO.(]."‘ p DVTF’J.*/DS);ﬂ

(ETAO+ETABN,, ), -

where TOXE dependence is introduced in model parameters K1 and K2 to
improve the scalibility of V,;, model over TOXE as

(2.5.6)

—K1 TOXE

K10><
TOXM

and
(25.7)

_K>2 TOXE

K 20x
TOXM

Note that al Vs terms are substituted with a Vi expression as shown in
(2.5.8). Thisis needed in order to set alow bound for the body bias during
simulations since unreasonable values can occur during SPICE iterations if

this expression is not introduced.
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Narrow-Width Effect

(2.5.8)

Vbseff :Vbc + OSngS B VbC B d1)+ \/(Vbs - Vbc - d1)2 - 4d1 >k/bc 8

where d; = 0.001V, and V,,. is the maximum allowable V,,; and found from

thh/ dVbS: Otobe

(2.5.9)
K2 0
4K 2%

W;me?g-

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

(2.5.10)

Vi = 0.95F , - O5C0.95F , - Vi - 0 +/(0.95F , - Vi - o, +4d,.0.05F , 0
(%]
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Chapter 3: Channel Charge and
Subthreshold Swing Models

3.1 Channel Charge Modd

The channel charge density in subthreshold for zero Vg is written as

(3.1.1)

. a -V, -Voff'o
QChSJbSO = qNDEPeS‘ Vt >exp = ol :
2F @ nv, P

where

(3.1.19)
VOFFL

eff

Voff '=VOFF +

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

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

QchsO = Coxe >(Vgse - Vth)

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

derived for both subthreshold and inversion regions as
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Channel Charge Model

(3.1.3)
QchO = Coxeff Ngsteff
where C,f IS modeled by
(3.1.4)
Coet = Coe*Con. withC,, = 8
Coxe + Ccen XDC
and Xpcisgiven as
(3.1.5)
_ 1.9°10°m
XDC - .07
L Do * 4(VTHO- VFB- F )0
2TOXP P

In the above equations, Vg, the effective (Vgee-Vip) used to describe the channel

charge densities from subthreshold to strong inversion, is modeled by

(3.1.63)

i ém(\V -V, i

nvtln|ll+expe—A (gse th)$

e ™
Y0 AETARYTD
. e (I-m -V, |- Voff'u
m +nC,. X o exp = a
qNDERe; '@ ny, G

where

(3.1.6b)

, actan(MINV)
p

n* =05
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Channel Charge Model

MINV is introduced to improve the accuracy of G, Gn/lg and G, Z/l4 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

3.17)
Qchs(y) = Coxeff ><Vgse - Vth - AbquVF (y))

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

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

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

The term DQns(Y) = -CoxerfPouikVE(Y) istheincremental charge density introduced
by the drain voltage at .

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

(3.1.9)

— & AbquVF(y)t-l)
chusy_chus>eXp_—1
h: b( ) hsubsO g th p

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

(3.1.10)

Qo (¥)= Q- AuVe(y)2
chsubs chsubsO th B

Similarly, (3.1.10) istransformed into

(3.1.11)
Qchsubs(y) = Qchsubso + DQchs.Jbs(y)

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

(3.1.12)

V
DQchsubs(y) =- Qchsubso XAMETF(y)
t

To obtain a unified expression for the incremental channel charge density DQcy(Y)

induced by Vs, we assume DQ_4(Y) to be

(3.1.13)

- DQchs (y) ’ DQchsubs (y)

D0 ()= 5o ) Do (y)

Substituting DQ.n(Y) of (3.1.8) and (3.1.12) into (3.1.13), we obtain

(3.1.14)

Ve (y)
Vb

DQch (y) =- QchO
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Subthreshold Swing n

where Vi = (Vgstert + NVy) / Apyi- In the model implementation, n of Vi, is replaced

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

(3.1.15)
Vostett + 2\t
Ahuik

Wb =

A unified expression for Qqy,(y) from subthreshold to strong inversion regionsis

(3.1.16)

Qu(y)=

oxeff gsteff

3.2 Subthreshold Swingn

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

(3.2.2)

where

(3.2.2)

W [gegNDEP »
o =m— | ———V,
L 2F

V; is the thermal voltage and equal to kgT/g. V' = VOFF + VOFFL / L is the
offset voltage, which determines the channel current at Vg = 0. In (3.2.1), nisthe
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Subthreshold Swing n

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

mechanisms are modeled by the following

(3.2.3)

c
n=1+ NFACTORX % + CdSC-T(e:rmJ’C'T

oxe oxe

where Cdsc-Term, written as

Cdsc. Term = (CDSC + CDSCD ¥, + CDSCB ¥ )%
cosh(DVTl o

=

represents the coupling capacitance between drain/source to channel. Parameters
CDSC, CDSCD and CDSCB are extracted. Parameter CIT isthe 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 1 and introduced to compensate for errors in the depletion

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

Asthe gate oxide thickness is scaled down to 3nm and below, gate |eakage 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
aswell. The tunneling carriers can be either electrons or holes, or both, either from

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

In BSIM4, the gate tunneling current components include the tunneling current
between gate and substrate (Igb), and the current between gate and channel (Igc),

which is partitioned between the source and drain terminals by Igc = Igcs + Iged.
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Model selectors

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

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

Igs 1T
- 11
I a ' K I
....... 71
(@) PL N I i -9
lgcs lged

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

4.1 Modd sdectors

Two globa 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 V

The oxide voltage Vo, iswritten as Vi, = Voyace + Voxdepiny With
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Equations for Tunneling Currents

(4.2.13)
Voxace = Vioz = Veger

oxacc

(4.2.1b)

Voxdepinv = K1ox \V F s +Vgsteff

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

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

(4.2.2)

Vszb :\/th zeroVigandVys F s Kl\/ F s

and

(4.2.3)

Veest =Vion - O'5gvszb ) ng ) 0-02)+ \/ (Vszb B ng B 0-02)2 +0.08V, E

4.3 Equationsfor 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.
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Equations for Tunneling Currents

4.3.1 Gate-to-Substrate Current (Igb = Igbacc + I gbinv)

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

significant in accumulation and given by

(4.3.1)
Igbacc =W, Ly > AsT,

oxRatio 'ng 'Vaux

sexp|- BXTOXE(AIGBACC - BIGBACC ¥/

oxacc

){1+CIGBACC A, )]

where the physical constants A = 4.97232e-7 AIV2, B = 7.45669¢11 (g/F-
5%)%°, and

..NTOX

_ aJOXREF § 1
ofaio ~ETTOME 5 TOXEZ

& & V-V 60
V_. = NIGBACC %, >409§1+ expg- m:
(%]

lgbinv, determined by EVB (Electron tunneling from Vaence Band), is

significant in inversion and given by

(4.3.2)
Igbl nv :Weff Leff >'A‘>-I—o><RaIi0 >ng >Vaux
>exp[- BXTOXE(AIGBINV - BIGBINV %/

oxdepinv

)>(1+ CIGBINV >Voxdepi nv )]

where A = 3.75956e-7 A/V2, B = 9.82222¢11 (g/F-s9)°°, and
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Equations for Tunneling Currents

e & oyeniny - EIGBINV 60
V,x = NIGBINV »y, >109§1+exp§ NIGBINV v, i
127]

4.3.2 Gate-to-Channel Current (1gcO) and Gate-to-S/D (Igsand
1gd)

1acO, determined by ECB for NMOS and HVB (Hole tunneling from
Valence Band) for PMOS at Vds=0, isformulated as

(4.33)
|gCO :Weff Leff >A>ToxRaIi0 >Vgse >Vaux
sexpl- BAIOXE(AIGC- BIGC W, ., J{1+CIGC N, ., )|

where A = 4.97232 A/V? for NMOS and 3.42537 A/NV? for PMOS, B =
7.45669e11 (g/F-s%)%° for NMOS and 1.16645e12 (g/F-s%)%° for PMOS,
and for igcMod = 1.

- VTHO 0
V., = NIGCxy, >409§1+exp§—-.
NIGC», g

forigcMod = 2:
& - VTH 0

V = NlGCx\/ >409§l+ expém++
t 99

las and lgd -- Igs represents the gate tunneling current between the gate
and the source diffusion region, while 1gd 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.
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Equations for Tunneling Currents

(4.3.4)
|gS :Weff DLCIG XA XToxRatioEdge >e\/gs Ngs‘
xexp|- B XTOXE xPOXEDGE ><(A| GS- BIGS®/,, )x(1+ CIGS wg)]

and

(4.3.5)
lgd =W, DLCIGD XAXT e ioeige Vo Ngd'
>exp[- B XTOXE xPOXEDGE ><(A|GD - BIGD xvgd')x(1+ CIGD A/gd')]

where A = 4.97232 A/V? for NMOS and 3.42537 A/V2 for PMOS, B =
7.45669e11 (g/F-s9)%° for NMOS and 1.16645e12 (g/F-s2)%° for PMOS,

and

,.NTOX
0

_e TOXREF : 1
ToxRatioEdge =C - ’ 2
ETOXEXPOXEDGE g (TOXE XPOXEDGE)

\% s‘ = \/(Vgs - Vfbsd )2 +1.0e- 4

g

Vs = Vs = Vs | +1.08- 4

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

If NGATE > 0.0
k. T aaNGATE &
V., =-—8| <+VFBSDOFF
g 093 ND g
E|S€Vfb5d =0.0.
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Equations for Tunneling Currents

4.3.3 Partition of Igc

To consider the drain bias effect, Igc is split into two components, Igcs and
lgcd, that islge = Iges + 1ged, and

(4.3.6)

PIGCD ¥/, +exp(- PIGCD ¥/, )- 1+1.0e- 4

Igcs = 1gc0 %
ges=e PIGCD? %/, * +2.0e- 4

and

(4.3.7)

locd = | COyl- (PIGCD oot +1)>€‘Xp(- PIGCD >Vdseﬁ)+1_0e- 4
k ; PIGCD* %/, .* +2.0e- 4

Where lgcOislgc at Vas=0.
If the model parameter PIGCD is not specified, it is given by

(4.3.8)

Vg 0
PIGeD = 2 TO%XE él- ot
Vgsteff 2>Vgsteff ]

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 4-7



Chapter 5: Drain Current Model

5.1 Bulk Charge Effect

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

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

(5.1.1)
i é A0 0
: S N o
i él-err +2,/XJ Xxdep U { 1
. =11+ F doping>€ 24 Ugy————
Ak : ping & sy & Ly, 0 9+ BO g?1+ KETAN/,
.I. S - gs[eff _ ? ; l;l.l.
i g Gl +2XIKy, & : W, +E;1H b

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

doping profiles

(5.1.2)
J1+LPEB/Ly Ky,
F doping = /L K + Ky, - K3BTC?iFS
2JF ¢ - Vo W, WO
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Unified Mobility Model

5.2

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

channel length increases.

Unified M obility M odel

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

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

(5.2.1)

PRI

€5

The physical meaning of Ey can be interpreted as the average electric field
experienced by the carriers in the inversion layer. The unified formulation of
mobility isthen given by
(5.2.2)
Mo

"1+ (Egr [Eo)"

Mt

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

more useful form that explicitly relates E to the device parameters

5-2

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley



Unified Mobility Model

(5.2.3)

Vgs +Vth
» —

E
“ 6TOXE

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

model, is more accurate and suitable for predictive modeling.

e mobMod=0
(5.2.9)
UOxf (Ly)
nlﬁ ) . 2 > dZ
1+ (UA+UC\4$ﬂWg+UB?QM +2\4hg Dk V,, TOXE :
TOXE 4 TOXE 4 gvgseﬁ +2 Vm +00001
e mobMod=1
(5.2.5)
U0 f (L)
My = >
Ag gﬁeff 8 %Mtho L(l UCNbseff)"'UDg th XTOXE :
2 TOXE g ngsteﬁ + 24V, +0. 0001,
e mobMod=2
(5.2.6)
U0 f(Ly)
Vv, OXE @

nlff =
L+ {UArUCH, )e\/M +C, {VTHO- VFB- F o™ UD‘?
I TOXE ; BV, + 2V, +0.00015

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

(5.2.7)

2 Lg
f(L =1- UP xexpg- —
(L) g P

RO

5.3 Asymmetric and Bias-Dependent Sour ce/

Drain Resistance M oddl

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

* rdsMod =0 (Interna Rys(V))

(5.3.2)
i RDSWMIN + RDSW x G
A= e v ) y [l )
18 AT PR\NG N g gb

* rdsMod = 1 (External Ry(V) and Ry(V))

54
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Asymmetric and Bias-Dependent Source/Drain Resistance Model

(5.32)
i RDWMIN + RDW x u
[ NJ
R“(V)Z-i-g PRWB %/, + ; ¥ S XNF]
' 1+ PRVG AV, - Vies Ji
(5.33)
i ROWMIN + RSW x (i
[ NJ
Fg(V):.,'.g — 1 5 [les 3w, ) xNF]
':‘é ° 1+ PRWG gs_Vfbsd)ql)

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

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

for rdsMod = 1.

Rt R(V) Raitrt Ra(V)

The diffusion source/drain resistance Ry and Rygiss models are given in the

chapter of layout-dependence models.
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Drain Current for Triode Region

5.4 Drain Current for Triode Region
5.4.1 Ry(V)=0or rdsMod=1 (“intrinsic case”)

Both drift and diffusion currents can be modeled by

(54.1)

av,
oY) =0, (y)m, () 2o
y

where up,¢(y) can be written as

(5.4.2)

Mety) = Meit
y) =
1+E
Est

Substituting (5.4.2) in (5.4.1), we get

(5.4.3)

V, 0 av,
lds(y) =WQyo &1~ ';/(y): m*é g(y)
b ﬂ1+7y y
sat
(5.4.3) is integrated from source to drain to get the expression for linear
drain current. This expression is valid from the subthreshold regime to the
strong inversion regime
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Velocity Saturation

(5.4.4)

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

Thedrain current in this case is expressed by

(5.4.5)
|d _ |dso
1+ Rdsl dso
Vds
5.5 Velocity Saturation
Velocity saturation is modeled by [5]
(5.5.1)
V= LE E< E%lt
1+E/E_,

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

(5.5.2)

5.6 Saturation Voltage V yot

5.6.1

5.6.2

Intrinsic case

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

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

as[7]

(5.6.1)
Bl (Vosert +2u)

dsat —
AourEssl + Vst + 2\t

Extrinsic Case

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

and drain sides. V4 is Obtained as [7]

(5.6.29)

-b- vb?- dac

2a

Vdsat =

where

5-8
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Saturation Voltage Vdsat

(5.6.2b)

2l
a= AbulkzweffVSA‘TCoxe Rds + Abulk gl_ -1

(5.6.2c)

s u
gvgsteff +2V, |_- 1 + Ak B L U
u

8+ 3'Abulk ( gsteff +2V, )‘Neff VSATCoxe RdsH

b=-

('D)

(5.6.2d)
c= (\/ steff + 2V )E L + 2(\/gsteff + 2Vt )ZWEHVSA‘TCoxeRds

g

(5.6.2¢)
| = AV + A2

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

PMOSFETs.

5.6.3 Vst FOrmulation

An effective Vg, Vyseff, 1S Used to ensure a smooth transition near Vygy

from trode to saturation regions. Ve 1S formulated as

(5.6.3)

Visett = Vasar - e(Vdsgu ds ~ +\/ Visat = Vs - “+4d Ndsat g

whered (DELTA) isamodel parameter.
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5.7 Saturation-Region Output Conductance

M odel

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

dependences.

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

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

5-10
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next that CLM dominates in the second region, DIBL in the third region, and
SCBE in the fourth region.

) 14
Triode CLM DIBL cBE
- 12
25
50094 |
fele]
ooo OO .
o° o> = 10
i ) ° _.--' E;U
L =
Qo ----------------9;-- 1, é
g guun® T 1] :
é 5 |- .'- © © 3
_8 - 5 o i g
- ° )
u
1.0 . )
u ) |
o
u o )
05 o Oo |
] ° )
e )
o
0.0 000©° | | | |
0 1 . s 4
Vds (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)

\Vds T“ ds(\/gs’ ds)

| o (Vgs ’Vds) =g (Vgs +Visat )+ th Y xdV,
d

é \Vds 1 l]
= Idsatélgs’vdsat)@"'o _>dVdQ

g VeV, o]
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where the Early voltage V, is defined as

(5.7.2)

N A )
VA I dsat
I\
We assume in the following analysis that the contributions to the Early voltage

from al mechanisms are independent and can be calculated separately.

5.7.1 Channel Length Modulation (CLM)

If channel length modulation is the only physical mechanism to be taken
into account, the Early voltage can be calculated by

(5.7.3)

e ve) ot
VACLM - Idsat E ﬂL W U
d

é U

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

propose Vacy v to be

(5.7.4)
VACLM = Cclm >(Vds dsat)
where
(5.7.5)
Com = —-— 5L+ PVAG— gs‘e“ 1+ dw e O L
PCLM Eoila Ea g litl
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5.7.2

VADIBL =

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

(5.7.6)
F= !
JLa
1+ FPROUT x———
gsteff +2Vt
and litl in (5.7.5) isgiven by
(5.7.7)

lit] = le , TOXE xXJ
EPSROX
PCLM isintroduced into Vacy  to compensate for the error caused by XJ

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

Drain-Induced Barrier Lowering (DIBL)

The Early voltage Vp g c due to DIBL is defined as

(5.7.8)
7 ) l
MV Vi) v,

VADIBL = Idsat e

u
& Wi ™G

Vi, has a linear dependence on V. As channel length decreases, Vapigic
decreases very quickly
(5.7.9)

VQSYEff + 2Vt ai_ Abulkvdsat 9 ai+ PVAG Vgsteff 9
Urou (1+ PDIBLCB ¥/, o« )é AuiVasat tVeerr T2V, Ewler g
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5.7.3

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

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

(5.7.10)

PDIBLCL
Zcosh(DROUT*E" ) 2

1to

+ PDIBLC2

q rout =

Parameters PDIBLC1, PDIBLC2, PDIBLCB and DROUT are introduced to
correct the DIBL effect in the strong inversion region. The reason why
DVTO is not equal to PDIBLC1 and 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 isan important parameter
inVp gL c for long channel devices, because PDIBLC2 will be dominant if

the channel islong.

Substrate Current Induced Body Effect (SCBE)

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

atoms. The substrate current | g, thus created during impact ionization will
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increase exponentially with the drain voltage. A well known g, model [8]
IS
(5.7.11)

& BXAitl 0

Isub :ﬁ Ids(vds - Vdsat)ex VRV

B Vis = Ve
Parameters A; and B; are determined from measurement. g, 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)

— Vds B Vdsm u

é
lds - Ids—w/o— Isub + Isub = Ids—w/o— Isub >§L+Eex ‘ B, *itl )ljl
@ A p Vas - Vasat g

The Early voltage due to the substrate current Vag-ge Can therefore be
calculated by

(5.7.13)
B @ BAitl 0

\Y =—ex T
AR A Vds - Vdgit ﬁ

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

for Vascae
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(5.7.14)

1 _ PSCBEZeX & PSCBElXitIQ
Vds'Vdsat 5

VAEX:BE eff

5.7.4 Drain-Induced Threshold Shift (DITS) by Pocket | mplant

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

DITSis modeled by
(5.7.15)

Voo = PDITS =@ o1+ {1+ PDITSL A, Jexp(PDITSD ¥, )|

5.8 Single-Equation Channel Current Model

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

becomes
(5.8.1)
| ldso>4\":e | Vds Vdseff +Vds-vdseff9)§+vds-vdseff9
ds ds0 - - -
1+ F\%j 5 Gim rg Vioe. @ Vaoits [} Vascee (7]

where NF is the number of device fingers, and

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 5-16



New Current Saturation Mechanisms: Velocity Overshoot and Source End

(5.8.2)
V, iswritten as
(5.8.3)
VA :VAwt +VACLM

where Vagy is
(5.8.4)
E L +Vimy * 2RVSAC, MV 4L 5|

vV _ sat dsat s xe" “eff v gsteff 2\Vgsteit 2%
Asat —

Risvsatc Weﬁ Abulk - 1_,_';

oxe

Vst 18 the Early voltage at Vyg = Vysar Vasat 1S Needed to have continuous drain
current and output resistance expressions at the transition point between linear and

saturation regions.

5.9 New Current Saturation M echanisms:
Velocity Overshoot and Source End
Velocity Limit Model

5.9.1 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
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according to the channel length. An approximate non-local velocity field

expression has proven to provide a good description of this effect

(5.9.1)

v:vd(1+|—E :—WE (1+ I TE
EfIx" 1+E/E, E‘ﬂx

This relationship is then substituted into (5.8.1) and the new current

expression including the velocity overshoot effect is obtained:

(5.9.2)
& V 0
| ps X1+ —— =
| _ 8 Let B g
DS,HD —
' VvV
1+ dseffov
L EQ
where
(5.9.3)
€ Vi = Vi o u
& LAMBDA §+ sat Ni | R
ov _ N (%] u
E - ng'-l- L 2 U
& ot M +V - Vi 9 +10
& E&atxlltl 5 H

LAMBDA is the velocity overshoot coefficient.
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5.9.2 Source End Velocity Limit Model

When MOSFETSs 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. Thisis 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 :

v - I DS,H%
sHD
Wq,

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

(5.9.4)

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

(5.9.5)

v

v
BT 14y

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

given:

(5.9.6)

r = Leff
XN xL, +LC

XN 3 3.0
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The real source end velocity should be the lower of the two, so a fina
Unified current expression with velocity saturation, velocity overshoot and

source velocity limit can be expressed as :

(5.9.7)

I I DS,HD

DS Il+ (VsHD / Vg )2MM J 1/ 2MM

where MM=2.0.

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 5-20



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 (l;;), and gate-

induced drain leakage and source |leakage currents (I p. and Ig g )-

6.1 Iii M odel

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

(6.1.1)
ALPHAO+ ALPHALH 2 BETAO O

;i = = (Vds - Vst )eXpé—: dsNOSCBE
Leff ds - Vdseff [,]

where parameters ALPHAO and BETAO are impact ionization coefficients;

parameter ALPHAL isintroduced to improves the |;; scalability, and

(6.12.2)
é 5L V _ V = V _ V ..
| denoscee = IdSOF::'TIF alL+ ! |n&VA % +u%§+ ds dseff 8
1+ﬁ e Cam  &Vas 20 Vo, o Vs o
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6.2 IG|DL and IGlSL M od€l

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

62.1)
V-V - EGIDL & 5 3
l oL = AGIDL AN, XNF x-&—9= sexpes 3 oe XBGIDL % VA 3
3, V- V- EGIDL, CGIDL +V3
(6.2.2)
V-V, -EGIS 6\
loiq = AGISLAN,, XNf x ds ~ Vgde e~ 3, BGISL *x Vg !
3, -V - V- EGISL COISL+V,

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 Igp. and Ig g respectively. Wgcy and Nf are the
effective width of the source/drain diffusions and the number of fingers. Further

explanation of W3 and Nf can be found in the chapter of the layout-dependence
model.

6-2

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley



Chapter 7. Capacitance M odel

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

can be found in Appendix A.

7.1 General Description

BSIM4.0.0 provides three options for selecting intrinsic and overlap/fringing
capacitance models. These capacitance models come from BSIM3v3.2, and the
BSIM3v3.2 capacitance model parameters are used without change in BSIM4.
except that separate CKAPPA parameters are introduced for the source-side and
drain-side overlap capacitances. The BSIM3v3.2 capMod = 1 is no longer
supported in BSIM4. The following table maps the BSIM4 capacitance models to
those of BSIM3v3.2.
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BSIM 4 capacitance models Matched capMod in BSIM 3v3.2.2

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

Table 7-1. BSIM 4 capacitance model options.

BSIM4 capacitance models have the following features:

Separate effective channel length and width are used for capacitance models.

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

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

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

Bias-independent fringing capacitances are added between the gate and source as well
as the gate and drain.

7-2
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7.2 Methodology for Intrinsic Capacitance
Modeling

7.2.1 Basic Formulation

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

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 =- (qub 0wt acc)
I Q, = Quec t Qqp
1Qm =Q+Q

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

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

(7.2.2)
Qg =- (Qinv + Qacc + qubO + dQ&Jb)
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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)

\/th(y) =Vth(0) + (A;ulk - ]')\/y

(7.2.4)

Lacll ve

|Q ctlve O chy actlve oxe agv Abulk )

1 Laml ve Laml Ve

I Q C'f'Ve O quy Wactlvecoxe V +V V -F s Vy )dy
0

Lacll ve

;Qb active O qbdy actlve oxe aCIX\/th VFB S + (Abulk - 1)\/y )dy

where Vgt = Vgee - Vin and

where Ey is expressed in
(7.2.5)

active Mt C0><e u
lds CIL—%/ Abzlkv g‘/ W |verrkffcoxe( gt AJqu )

active e

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

components. For each component
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(7.2.6)

wherei and j denote the transistor terminals. Cj; satisfies

ac,=ac, =0

! I

7.2.2 Short Channel Modd

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 Vygicy = Vg /| Apuk and therefore is
independent of channel length. If we define a drain bias, Vygcy, for
capacitance modeling, at which the channel charge becomes constant, we
will find that Ve v in general islarger than Vg, for 1-V but smaller than

the long-channel Vg = Vgt / Agui- In other words,

(7.2.7)

\Y

Vaatv <Vasiov < Ve, v | Lactives ¥ = i
Abulk
and Vet cv IS modeled by
(7.2.8)
= Vet cv

Vdsat,cv - é g &I:LC C_)CLE u

Avik @-"‘g = U

@ Lactive %} H
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7.2.3

(7.2.9)

é ay -V, -VOFFCVal

Ve ov = NOFF >, Angl + expg ge th T
& NOFF xv, Py

Model parameters CLC and CLE are introduced to consider the effect of
channel-length modulation. Ay, for the capacitance model is modeled by

(7.2.10)
€ A0L 0
Ak = J|[1+ F. doping >& eff it B.O Ug 1
) Bl + 2[XI X gy, Wi +Bly 'b1+ KETAN_
where

J1+LPEB/Ly K, 4K . kap TOXE

RV TR

F doping =

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 C,,.. 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 Vgg With Viggetr oy S

(7.2.11)
Q(Vgst) = Q(Vgsteff ,CV )

For capacitance modeling

(7.2.12)

1T\/gsteff ,CV

C@/gst)=C gseff,cv) V...
g.da,s,

(b) Transition from accumulation to depletion region

An effective smooth flatband voltage Vg IS used for the accumulation

and depletion regions.

(7.2.13)

VFBeff :Vszb - O'ngszb - ng - 0'02)+ \/ (Vszb - ng - 0'02)2 + 0'08\/szb H

where
(7.2.149)

Vszb :Vth zeroVpsandVyg F s Kl\/ F s

A bias-independent Vy, is used to calculate Vi, 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 Vs, Vaer 1S Used to smooth out the transition between linear

and saturation regions.

(7.2.15)

Vot =Vastov - 0-5f/4 +\/V42 +4d4vd91,CVJ whereV, =Vig oy - Vi - ds d, =0.02

7.2.4 Charge partitioning

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

50/50 charge partition

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

terminals.

40/60 charge partition

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

assuming alinear dependence on channel position y.
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L

active

(7.2.16)
i Ladive ('j
Q. =W, §a.al- Y 2
:, Qs active 9 ch Lactive o y
I Lacuve
'Ide = Wactive é qc y dy
0

0/100 charge partition

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

region and aggravate the source current spike problem.

7.3 Charge-Thickness Capacitance M odel
(CTM)

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

operation.
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Normalized Charge Distribution

0.15
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Figure 7-1. Chargedistribution from numerical quantum simulations show significant

chargethickness at various bias conditions shown in the inset.

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

Xpe- The charge thicknss introduces a capacitance in series with C,, as illustrated

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

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

analytical Xy models have been developed. C,«; can be expressed as

where

(7.3.2)

7-10
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Vgs (P
Vgse —» <« Poly depl.
— Cox
FSQ_
—1 |
Cacc Cdep Cinv
|
S e

Figure 7-2. Charge-thickness capacitance concept in CTM. Vg accountsfor the poly
depletion effect.

(i) Xpc for accumulation and depletion

The DC charge thickness in the accumulation and depletion regions can be
expressed by
(7.3.2)

-0.25 ~

1 ﬂ\IDEP V - Vit = Vegar U
Xoc == o EX eACDE : u
°c 3 ey p @ 10 & TOXP !

where Lgepye is Debye length, and Xpc isin the unit of cm and (Vg - Vst - Vigett)
/ TOXP isin units of MV/cm. For numerical stathility, (7.3.2) isreplaced by (7.3.3)

(7.3.3)

Lk, Xz ad X, )

Xoc = X

l\)ll—‘
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where

Xo=X - Xpo-d

max X

and Xy = Laenye/ 3; d, = 10°TOXE.
(i) Xpc of inversion charge

The inversion charge layer thichness can be formulated as

(7.3.4)
_ 1.9°10°m
><DC - .07
1+ Doer +4VTHO- VFB- F )0
2TOXP P

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

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

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

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

(7.3.5)
ja=F¢-2Fg=n In%?_+v95‘e'”CV HVgsetiov + 2Ky 2F g 9
d - S - B - t N
& MOINXK,, N, p
The channel charge density is therefore derived as
(7.3.6)

iy = - Coxeff ><(Vgsteff,CV - J d )eff
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where
(7.3.7)

(Vgsteff,CV 'j d)eﬁ =05 , gsteff,CV 'j d”~ O-OO])+\/ (Vgsteff,CV 'j d”~ O-OO])Z +Vgstef‘f,CV >0.00£%

7.4 Intrinsic Capacitance Model Equations

7.4.1 capMod =0

Accumulation region
Qg :Wactive Lactivecoxe (Vgs - Vbs - VFBCV )

qub =- Qg
QiﬂV:C)

Subthreshold region

ra \

Zee 4V__-VFBCV -V, )0
qubo =- Wactive LactiveCoxe x|<l¢(;_ 1+ \/1+ ( = 2 bS) :
2 8 K10>< g
Qg =- qubO
Q. =0
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Strong inversion region

Vd — Vgs - Vth
sat,cv :
Abulk
2 arico 2
Abulk Abulk 1+§ L : _
e o g
Vi, =VFBCV +F (+ K, \/F < - Vies
Linear region
e 6
] 2 -
Q Coxe active actlvegvgs - VFBCV - F s \% + Abu“( Vcizb Y, _
U S O_
: B, v, A
e e 29
& 0
Q =C_ W QVFBCV Vh F + (1 Abulk )Vds _ (1' Abulkl)pbulklvdsz =
oxe" “active actlve t 1 et
2 ik Vs 07
Q 128?/gs_\/th_ Ablkz as 9
e e [4]7]
50/50 partitioning:
e 6
Qinv =- Coxe active actlveg\/gs_ Vth - F Abulk © + Abulk Az "/ O:
1280, - v, - Do Y O
g ¢ 2 g9
Qs = Qd = O'SQHV
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Intrinsic Capacitance Model Equations

40/60 partitioning:

1 Vgs'vth ? Abu\k'\/ds Vgs'vth ulk Vds 216

Q =-C_W L g/gs-\/th AJqu ds+Abqu ds( 6 )_ 8( )+(A)43/) 9
d — oxe" Vactive active(; 2 2 ( Ao Vee )2 -
e 12 Vgs - Vth T2 o

Q=-Q,+Q,+Q,)

0/100 partitioning:

Qd =-C_ W &/ Vth Abulklvds (Abulklvds)

oxe" “active actlveé 4 2 4

Q1o

Q=-Q,+Q,+Q,)

Saturation region

Q Coxe actlve act|ve% VFBCV F Vd331 9
3 g
Qb =- Coeractlve acnve%/FBCV + F Vth +%
%]

50/50 partitioning:

Qs = Qd =- %Coxewactivel-activeﬁlgs - \/th)

40/60 partitioning:

de_ic W cive Laci (Vgs_\/th)

15 oxe" “active —active

Q=-Q,+Q,+Q,)
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Intrinsic Capacitance Model Equations

0/100 partitioning:

1
o

Q,
. =-(Q,+ Q)

7.4.2 capMod =1

Qg =" (Qinv + Quce T Qo +dqub)
Qb =- (Qacc + Quio +dqub)
Qinv = Qs + Qd

Qacc =- Wactive I—activeCoxe >{VFBeff - Vszb )

K, ? € AV Vg Voo - Vi ) U
qubO =- WactiVe LactiveCoxe X% %14_ \/1+ ( ? FBdIL 2 ot ot ) l;'
@ lox g
V — Vgsteffcv
dsat,cv '
Abulk
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Intrinsic Capacitance Model Equations

¢ 0
& Avarc* Ve u
Qinv =- Wactlve actlvecoxe @gsteff ov Abulk lcheﬁ‘ + . erffV u
e 1258V, A cvef/ ou
g & e 2 ol
¢ !
dQ L C >§|- A)u”( vV (1' AJquI) xA)qu.VC\Z/eff 3
sub actlve active™~oxe ~ cveff ' e
e 2 12 " cher/ ou
8 & gsteff ,cv 2 QH
50/50 charge partitioning:
é u
' ' é 22 u
QS - QD - WactlveLactlveCoxe e\/gsteff o" 1 Abulklvcvef-f Abulk cveff
2 e o2 Ak cheff OU
g 12 gsteff ov

40/60 charge partitioning:

: 3 4 2 ' l‘J
Wct |_ct C gvgsteff o 3Vgsteff,cv Abulk cheff ]
QS - _ active —active ~oxe [:]
'V
Zg/gsteff ov Abu”( cvef/o e+ Vgsteff ov Abulk cveff) - (Abulk cveff )SE
e
~ 5 []
W, LaciveC Slgsteff cv3 B 3Vgsteff ov Abulk cveff U
QD - _ active —active ~oxe [:|
V. , . .
Zglgsteﬁ ov Abu”( Cvef/o e+ Vgsieff oV AJqu cheff ) - E(Abulk cheff )35
e
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Intrinsic Capacitance Model Equations

0/100 charge partitioning:

é u

Q - Wactivel—activecoxe S i += Ab " i Abulklzvmzleff H
S ~ gsteff ,cv u cv
2 € ’ 12 Abulk chef/ou

8 gsteff ov 2 QH

é u

é 12/ 2 a
QD - WactiveLactiveCoxe >é/ _ § Ab "V + A)ulk cveff l:l

2 A gsteff ,cv 2 ulk ¥ cveff A\) .V (.j,

e 458y _ Pk dvef/;g

8 E gsteff ,cv 2 QH
7.4.3 capMod =2

Qacc =Wactive Lactivecoxeff >\/gbacc

\Y :l,{\/ +./V/ +0.08V ]
gbacc 2 0 0 ' fbzb
Vo =V + Vit = Vs - 0.02
Vo~ U+ 008V, )
Vot = Vasat - E 1tV +O'08\/dwt
V, =V, - V. - 0.02
vV s
Vd%t — gsteff ,cv IJ d
Abulk
iy =F,- 2F ; =n, Indl+ o Voo 122 & ?
g MOINXK, N, p
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Intrinsic Capacitance Model Equations

(Vgsteff,CV 'j d)eﬁ =05 : gsteff,CV 'j d”~ O-OO])+\/ (Vgsteff,cv 'j d”~ O-OO])Z +Vgsteff,CV >O.OOL%

K, > € AV_ -V Vi -V 0
qubo =- Wactive LactiveCoxeff 1 él-*- \/ 1+ ( = i ZSEﬁS . ’CV) l;l
2 @ Klox g
é u
é 12\/2 u
. 1 , Avi’ " Vovert .
Qv =~ Wacivel-activeCoxet xivgsteﬂ,cv "l )eﬂ 5 Ao Vevert * = Y, U
€ 12 6%/ i ) Ak Vowerr / QU
8 >g asteftov ~ ) d gt QH
é u
e . ' ny2 )
dQ,,, =W.yeLaciueConer :g-l-' Anik V, o - (1' A )Xpbulk Vot 3
b CLi Vi ctive ~ ox¢ ~ cvi ' .
sul active —active ? 12 y 'jd-A)UIkVCVdf 99
8 é gsteff ,cv 2 QH
50/50 partitioning:
¢ y
Wa iveLa ivecox ? . 1 Abu ‘ZV; L;I
Qs=Qp =- - ; = Wgsleff,cv “lg- EAbulk'chsff + . = Y, -U
e 12%%/ I d) ~ Avik Vo ou
& g of 2 o
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Fringing/Overlap Capacitance Models

40/60 partitioning:

A . 4 A u
Vv -igF-=W\V - 'V :
Q =- WactiveLactiveCoxeff g gueft v : d) 3( guteft ov J d) Abu”( ovelt 3
S 2
. ik Vo o8é 2 : ' > 2 . 3l
2§/gsteff o )ar Ab I %5 é+§(vgsteﬁ o) )(Abulk cheff) - 1_5(Abulk cheff) g
gV eff _jd)3-§(v eff _jd)ZAJIk.Veff u
Q — WactiveLactiveCoxeff ~ geett v 3 geft v . o H
D" 2
. |V e A . I 1 . -
2(?/gsteff o Ja- Ab”'k Cve%g g"’ (\/gsteff o Jq )(Abulk cheff )2 - g(AJulk cheff )35
e %]
0/100 partitioning:
¢ Y
Wa iveLa iveCox € . 1 ' A)u IZVC\Z, lfl
Qs =- = - = @gsteff,w'l a = Ak Vewerr - . ot u
2 ? 2 12@ eﬁ J 4" AJU”( cvef%gu
8 gsteff ,cv QH
é N
Wa iveLa iveCox S Abu I2\/c?/ U
Q =- = ; = dvgsteffcv j d) Aoulk ovet T . = U
¢ 4 aﬁ/ A Vdvef/ou
g RV gtett.ov ™ | d

7.5 Fringing/Overlap Capacitance Models

7.5.1 Fringing capacitance model

The fringing capacitance consists of a bias-independent outer fringing
capacitance and a bias-dependent inner fringing capacitance. Only the bias-
independent outer fringing capacitance (CF) ismodeled. If CF isnot given,
it iscalculated by
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Fringing/Overlap Capacitance Models

(7.5.1)

CF

2 XEPSROX xg, 4.0e— 76
= 2 xogq + = 0
9e TOXE 2

7.5.2 Overlap capacitance model

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

overlap capacitances are reciprocal. In other words, Cygoveriap = Cogoveriap

and ng,overlap = Cdg,overlap-

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

Bias-dependent overlap capacitance model
(i) Sourceside
(7.5.2)

Y, 00
Qo =CGSON/, +CGSL§V -V, CKAPPASE 14 1 Vosomtan 22

gsoverlap Tg CKAPPASE:

active

(7.5.3)

soverlap 2?95 d \/V +d +4d1§ d1=002\/

g
(ii) Drain side

(7.5.4)
e [ a 0
Qoverlap d CGDON + CGDL(;.\/ ng overlap ™ MQ_ 1+./1- __"gdoverlap —'_
_Waaive 8 2 8 CKAPPAD EB

(7.5.5)

v :% o Tdi- \/6/gd +d1)2 +4d1% d, =0.02v

gd ,overlap

(iii) Gate Overlap Charge
(7.5.6)

Qoverlap,g =- (Qoverlap,d + Qoverlap s (CGBO >4‘actlve)X/ b)

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

overlap capacitance per unit channel length.
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Fringing/Overlap Capacitance Models

Bias-independent overlap capacitance model

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.

The gate-to-source overlap charge is expressed by
=W, XCGSO NV

Qoverl ap,s active

The gate-to-drain overlap charge is calculated by
Qoverlap,d = Wactive >CGDO >k‘/gd

The gate-to-substrate overlap charge is computed by
Qoverlap,b = I-ac'(ive >CGBO >ng

Default CGSO and CGDO

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

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

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

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

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

to the external signal are relaxation-time (t) dependent and the transcapacitances
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Charge-Deficit Non-Quasi-Static (NQS) Model

and transconductances (such as G,,,) for AC analysis can therefore be expressed as

functions of jwt.

MOSFET channel region is analogous to a bias-dependent RC distributed
transmission line (Figure 8-1a). In the Quasi-Static (QS) approach, the gate
capacitor node is lumped with the external source and drain nodes (Figure 8-1b).
Thisignores the finite time for the channel charge to build-up. One way to capture
the NQS effect isto represent the channel with n transistors in series (Figure 8-1¢),
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 8-1d..

Equivalent RC Network Conventional
Quasi-Static Model
I Gate \
n+ | [ "'lll ‘ nt —p T
C 3 IC
Substrate 52 dg
o—p——W-
(a) Rs Rout Rd

New Elmore (b)
Equivalent Circuit quivalent Model

Figure 8-1. Quasi-Static and Non-Quasi-Static modelsfor SPICE analysis.

8-2
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Charge-Deficit Non-Quasi-Static (NQS) Model

8.1.1 TheTransient Model

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

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

17 10 Farad [11]) to improve simulation accuracy. Q.+ NOW becomes

(8.1.1)
Quer (t) =V~ Craa

Qe

=
Q

wo® Ve RS

=

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

Considering both the transport and charging component, the total current

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

(8.1.2)

i = TI(gd,g,s (t)
ID,G,S(t) =1 D,G,S(DC) + T

Based on the relaxation time approach, the terminal charge and

corresponding charging current are modeled by

(8.1.3)
Quer (t) = Qepeq (t) - Qu (t)
and
(8.1.49)
1 () I0ull) Q)
Tt t
(8.1.4b)
fQuaslt) _p 5. Qu (t)
ﬂt part t

where D,G,S,,: are charge deficit NQS channel charge partitioning
number for terminals D, G and S, respectively; Dygart + Spart = 1 @d Gyt
=-1

The transit time t is equal to the product of Rij and WL efCoxer Where R

isthe intrinsic-input resistance [12] given by
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Charge-Deficit Non-Quasi-Static (NQS) Model

8.1.2

(8.L5)
& W, C....k;TO
1_ XRCRG1>§—I & | XRCRG2x o T ot s T
i A Ol 17}

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

inversion and subthreshold regions, respectively.

The AC Model

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

For small signals, by substituting (8.1.3) into (8.1.4b), it is easy to show
that in the frequency domain, Q. (t) can be transformed into

(8.1.6)

DQyeq (t)

DR =11 e

where w isthe angular frequency. Based on (8.1.6), it can be shown that the
transcapacitances Cg;, Cg, and Cy; (i stands for any of the G, D, Sand B
terminals of the device) and the channel transconductances G, Gy, and
Gps @l become complex quantities. For example, now Gy, have the form

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

(8.1.7)

_ G, & Gt 0§

™ 1+wh 2 3 1+wi %2 g

and

(8.1.8)

C C. . 0

Cdg - dg0 . + J&i dg0 g g

1+w?t 1+wt %

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

OP (operating point) analysis.

8.2 GateElectrode Electrode and Intrinsic-
Input Resistance (I1R) Modd

8.2.1 General Description

BSIM4 provides four options for modeling gate electrode resistance (bias-
independent) and intrinsic-input resistance (11R, bias-dependent). The IR
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 IR model should not be used together with the
charge-deficit NQS model at the same time. The model selector rgateMod
is used to choose different options.
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Gate Electrode Electrode and Intrinsic-Input Resistance (lIR) Model

8.2.2 Model Option and Schematic

rgateMod = O (zero-resistance):

T

o—l Lo

In this case, no gate resistance is generated.

rgateMod = 1 (constant-resistance):

Rgeltd

o—! Lo

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

RSHG AXGW + ;e ]
NGCON XL, - XGL)XNF
Refer to Chapter 7 for the layout parameters in the above equation.

Rgeltd =

drawn

rgateMod = 2 (1IR model with variable resistance):

Rgeltd+R;;
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Substrate Resistance Network

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

rgateMod = 3 (11R modd with two nodes):

Rgeltd

Cgso Cgdo

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

8.3 Substrate Resistance 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 aslisted in Appendix A should be extracted for the total device,

not on a per-finger basis.
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Substrate Resistance Network

8.3.2 Model Selector and Topology

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

resistance network.

rbodyMod = 0 (Off):

No substrate resistance network is generated at all.

rbodyMod = 1 (On):

All five resistances in the substrate network as shown schematically

below are present simultaneously.
A minimum conductance, GBMIN, is introduced in paralel 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 I;; and

the GIDL current | p_ flow.

rbodyMod = 2 (On : Scalable Substrate Network):

The schematic is similar to rbodyMod = 1 but all the five resistors in the
substrate network are now scalable with a possibility of chosing either
five resistors, three resistors or one resistor as the substrate network.
The resistors of the substrate network are scalable with respect to channel
length (L), channel width (W) and number of fingers (NF). The scalable

model allows to account for both horizontal and vertical contacts.

The scalable resistors RBPS and RBPD are evaluated through
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Substrate Resistance Network

(8.1.10)
L ..RBPSL ..RBPSW
RBPS = RBPSO- &&—2 . &2 . NF RS
el0" g el g
(8.1.11)
L e .RBPDW
RBPD = RBPD 0.89 = Sl < . NF RBPDNF
el0" g el0"° g

The resistor RBPB consists of two paralel resistor paths, one to the
horizontal contacts and other to the vertical contacts. These two resistances

are scalable and RBPB is given by a parallel combination of these two

resistances.
(8.1.12)
L ..RBPBXL W ..RBPBXW
RBPBX = RBPBX 0- &o—_2 2w ¢ | NE RePENE
eld" g el0° g
L ..RBPBYL W ..RBPBYW
RBPBY = RBPBY 0. & —_2 AR N
el g el0° g

RBPBX - RBPBY
RBPBX + RBPBY

RBPB =

The resistors RBSB and RBDB share the same scaling parameters but have
different scaling prefactors. These resistors are modeled in the same way as
RBPB. The equations for RBSB are shown below. The calculation for
RBDB follows RBSB.
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Substrate Resistance Network

(8.1.13)
L & RBSDBXL VYA RBSDBXW
RBSBX = RBSBX O- (? _62 . (? _62 . N RESDBX\F
€10 el0" g
L & RBSDBXL VYA RBSDBXW
RBSBX = RBSBX 0- &5 AL . NF RESDBXNE
el0 g el0" g

_ RBSEBX - RBBY

RBSEB =
RBSBX + RBSBY

The implementation of rbodyMod = 2 allows the user to chose between the
5-R network (with all five resistors), 3-R network (with RBPS, RBPD and
RBPB) and 1-R network (with only RBPB).

If the user doesn’'t provide both the scaling parameters RBSBX0 and
RBSBYO for RBSB OR both the scaling parameters RBDBX0 and RBDBYO
for RBDB, then the conductances for both RBSB and RBDB are set to
GBMIN. This converts the 5-R schematic to 3-R schematic where the
substrate network consists of the resistors RBPS RBPD and RBPB. RBPS
RBPD and RBPB are then calculated using (8.1.10), (8.1.11) and (8.1.12).

If the user chooses not to provide either of RBPS0 or RBPDO, then the 5-R
schematic is converted to 1-R network with only one resistor RBPB. The
conductances for RBSB and RBDB are set to GBMIN. The resistances
RBPSand RBPD are set to 1e-3 Ohm. The resistor RBPB is then calculated
using (8.1.12).

In al other situations, 5-R network is used with the resistor values

calculated from the equations aforementioned.
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Substrate Resistance Network

? @ ?
:__.®|ii +laipL
sbNode NP ¢ B dbNode

bNodePrime

% RBPB
\

bNode

Figure 8-3. Topology with the substrate resistance network turned on.

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 8-12



Chapter 9: Noise M odeling

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

givenin Appendix A.

9.1 Flicker Noise Models

9.1.1 General Description

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

charge effect.

9.1.2 Equations

* fnoiMod = 0 (simple model)
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Flicker Noise Models

The noise density is
(9.1.1)

KF ¥
Sd(f):Tngp

oxe

where f is device operating frequency.

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

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

noise model captures this physical process.

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

(9.1.2
K ToPm, | & i
Sein(f)= s d M > - CNOIA¥O &NOJ'N* ++NOIBXN, - N|)+NO|C(N02- NIZ)
: C,o( Ly - 2XLINTNOI)? A, f ¢ 30" %NI +N' 2
. kTl DLy, NOI A+ NOIBxN, + NOICXN,?
W, Ly - 2XLINTNOI)? £ ¥ 31 0° (N| +N*)2

where my is the effective mobility at the given bias condition, and L and
W are the effective channel length and width, respectively. The

parameter N, isthe charge density at the source side given by
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Flicker Noise Models

(9.2.3)
NO = Coxe Ngsteff /q
The parameter N, isthe charge density at the drain end given by

(9.1.49)
& V.. 0
NI :Coxe Ngsteff *él_ Abu”( = : q
Vgsteff +21t
N" is given by

(9.15)
N* = kBT >(C0xe +Cd +CIV2
q

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

capacitance.

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

given by
(9.2.6)

éé‘/ds _.Vdseff +EM 9

DL, =Litidog¢— bt =
¢ Eu N
(; -
e %]

E = /AT

My

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

(9.1.7)
Suamn(F)= NO|A>:<FBT:| .
W, L 5N 220"
Thetotal flicker noise density is
(9.1.8)

— Sd,inv(f ), Sd,wbvt(f)
Sd,subvt(f )+ Sd,inv(f )

Sq(f)

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)

2= HTDN o

Lot
Rﬂs(v) + Myt ‘va‘

d

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

devices. Q;,, iSmodeled by

9-4
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Channel Thermal Noise

(9.2.2)
e Y Vit~
an :WactiveLactiveCoxeff XNF >@/gsteff - Amlkz = + IA)UIK dsi:mk\/dseﬁ ‘ljl
12 gsteff ~ 2 )H

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

_| %O

d
O I O ¥
@ Source side | @
(@) tnoiMod =0 (b) tnoiMod =1

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

e tnoiMod =1 (halistic)

In this thermal noise model, all the short-channel effects and velocity

saturation effect incorporated in the IV model are automatically included,

hency the name “holistic therma noise model”. In addition, the

amplification of the channel thermal noise through G, and G}, as well as

the induced-gate noise with partial correlation to the channel thermal noise

are al captured in the new “noise partition” model. Figure 9-1b shows

schematically that part of the channel thermal noise source is partitioned to

the source side.

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

(9.2.3)
— V.. Df
de = 4kBT >€1tnoi2 X%
ds

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

amplication is given by

(9.2.4)
— V... Df
id2 = 4kBT %[Gds + btnoi )(Gm + Grrbs)]2
ds
- ? >(Gm + Gds + Gmbs )2
where
(9.2.5)
€ V. 0
Ol = RNOIBEL+TNOIB4 H u
€ Eailer o y
and
(9.2.6)
€ 2V, 0U
b, = RNOIAEL+TNOIAL,, T
8 sat Leff Q H

where RNOIB and RNOIA are model parameters with default values 0.37
and 0.577 respectively.
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Other Noise Sources Modeled

9.3 Other Noise Sources M odeled

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

BSIM4.6.0 Manual Copyright © 2006 UC Berkeley 9-7



Chapter 10. Asymmetric MOS Junction
Diode M odels

10.1 Junction Diode |V M od€

In BSIMA4, there are three junction diode IV models. When the IV model selector
dioMod is set to O ("resistance-free"), the diode 1V 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 al have no effect. When dioMod is set to 2
("resistance-and-breakdown™), BSIM4 models the diode breakdown with current
limiting in both forward and reverse operations. In general, setting dioMod to 1

produces fast convergence.

10.1.1 Sour ce/Body Junction Diode

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

model parameters are shown in Appendix A.
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Junction Diode IV Model

e dioMod = 0 (resistance-free)
(10.1.1)

ée s
x pgNJSxk TNOM

O u
: 19 breakdown +Vbs >Gmin
g u

where |4 is the total saturation current consisting of the components
through the gate-edge (Jsgugs) and isolation-edge sidewalls (Jgys) and the
bottom junction (Jg),

(10.1.2)
Isbs = Asel"f JSS(T)+ Pseff Jssws(T)+Weﬁcj XNF >dss¢vgs(T)

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

in Chapter 12. In (10.1.1), fyreakdown IS 9iven by

(10.1.3)

& ABVS+V,
foreardonn =1+ XJBVS>expg- NJixk TNOI\2|
B

0
g

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

e dioMod = 1 (breakdown-free)
No breakdown is modeled. The exponential IV term in (10.1.4) is

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

only.

10-2
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Junction Diode IV Model

(10.1.4)

qvbs

0
Sbsee pgNJsm TNOM 5 °

G

S min

C>E‘C'

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

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

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

(10.1.5)

ée s
s pgNJSxk TNOM

O u
: 19 breakdown +Vbs >Gmin
g u

For dioMod = 2, if XIBVS<=0.0, itisreset to 1.0.

10.1.2 Drain/Body Junction Diode

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

in detail in Appendix A.

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

p& QVig
gNJD ¥, TNOM

Ibd - Isbd ><fbreakdorwn +Vbd >G

o E‘C*

MD: @ D
i

0
]

where Iy is the total saturation current consisting of the components
through the gate-edge (Jssygq) and isolation-edge sidewalls (Jsg,q) and the

bottom junction (Jgy),
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Junction Diode IV Model

(10.1.7)
l o0 = At 'Jsd(T)+ Prett J sswe (T)+Weffcj MNF XJ 00 (T)

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

in Chapter 12. In (10.1.6), fyreakdown IS 9iven by

(10.1.8)
& q {BVD +Vy,) §
é NJD %, TNOM

forearconn = 1+ XIBVD sexp

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

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

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

only.

(10.1.9)

e & qVv o .U
P NID 4, TNOM & &

e 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 IJTTHSREYV in the reverse-bias mode.
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Junction Diode IV Model

(10.1.10)

= Vi
P& NID <, TNOM

é O u
| g EEX - 19 breakdown T Vo “Gnin
é g u

For dioMod = 2, if XIJBVD <=0.0, itisreset to 1.0.

10.1.3 Total Junction Source/Drain Diode Including Tunneling

Total diode current including the carrier recombination and trap-assisted

tunneling current in the space-charge region is modeled by:

(10.1.11)

bs _total lbs

V,, . VTSSAGS

- Wiy XNF X e (T
o s )Xee pgNJTsa/vG (T)MmO VISSWGS - V,,

0o u
- 1g
g 0
Vi VTSSWS u

pva _lu

o]
- P T
s dett I tsms )ee pgNJTSSN (T)xtm0O VTSSWS VbSB ¥

-V VISS  §
- A e x O 1+ g W
soor Jia (T )eengNJTS (T)MmO VISS -V, 5 g o™ ™

(10.1.12)

bd _total = | b

-V, VISSAGD &
pva T_ 1U

- W T
— )XeexpgNJTSSNGD (T)MmO VISSAGD -V, 5 §

xNF xJ

effcj

-P
ot T (T )eengNJTSSND (T)®/tm0 VTSSAD - V,,

6 u
= 1g
g 0

V VTSD
" x 1U 9 min bd

> -
- Ay Jig (T)
a0t D ( )gemgNJTSD (T) ™m0 VTSD -vbd 5 0
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Junction Diode CV Model

10.2 Junction Diode CV M odel

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

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

10.2.1 Source/Body Junction Diode

The source-side junction capacitance can be calculated by

(10.2.1)
Cos = Axt Cios + Pt C sy +Wegrg XNF XC

jbsswg

where C;,s is the unit-area bottom S/B junciton capacitance, Cy, IS the
unit-length S/B junction sidewall capacitance along the isolation edge, and
Cibssug 1S the unit-length S/B junction sidewall capacitance along the gate

edge. The effective area and perimetersin (10.2.1) are given in Chapter 11.
Ci.iscalculated by
if Vis<O

(10.2.2)

Cp =CIS(T)A iy

otherwise

10-6
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Junction Diode CV Model

(10.2.3)
C,ps = CIS(T) gL+ MISx—L= =
PBS(T) 5
Cibssu 1S calculated by
if Vis<O
(10.2.4)
V .- MJSwWs
C oo = CISWS(T )5l ——B =
PBSWS(T)
otherwise
(10.2.5)
Cjnew = CISWS(T )L+ MISVS x——bs =
PBSWS(T)
Cibsswe 1S calculated by
if V<0
(10.2.6)
V .- MISWGS
C... =CIONGS(T)»T- — b =
Jossng ( )g[ PBSWGS(T) 5

otherwise
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Junction Diode CV Model

(10.2.7)

..~ MISWGS

V, ¢
Civons :CJSNGS(T)?' PBSNbGS(T)E

10.2.2 Drain/Body Junction Diode
The drain-side junction capacitance can be calculated by

(10.2.8)
Cot = Pt Cioa T Prett C s + Wegrg XNF >XC

i jbdswg

where Cy is the unit-area bottom D/B junciton capacitance, Ciygg, iS the
unit-length D/B junction sidewall capacitance along the isolation edge, and
Cibaswg 1S the unit-length D/B junction sidewall capacitance aong the gate
edge. The effective area and perimetersin (10.2.8) are given in Chapter 11.

Cingiscalculated by
if Vpg<O

(10.2.9)

otherwise

(10.2.10)

_ Voa O
Cjbd = CJD(T)?'F MJD >(W(T)a
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Junction Diode CV Model

Cinasn IS calculated by

if Vig<O
(10.2.11)
V .- MJSAD
C o = CISWD(T )l —— 2
PBSWD(T)
otherwise
(10.2.12)
_ View ©
C e = CJSND(T)>§[+ MISHD *c o TS
SWD 4]
Cingswg 1S Calculated by
if Vig<O
(10.2.13)
V ..~ MISWGD
C... =CIOWNGD(T)xl- — b =
Ibdsig ( )’§[ PBSWGD(T)
otherwise
(10.2.14)
Crog = D(T)gH MISAGED PBS/\\//lgD(T)g
4]
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Chapter 11: Layout-Dependent Parasitics
M odel

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

selectors can be found in Appendix A.

11.1 Geometry Definition

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

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

DMCI of
Point contact, isolated

DMCG of
Wide contact, shared

DMDG

Larawn-XGL No contact, merged

A

Tl > o
.

DI

DMCI of
Wide contact

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

11.2 Model For mulation 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 (PSisgiven)
if (perMod == 0)

Pseff =PS
else
Per = PS- Wy XNF
Else

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

The effective junction area on the source side is calculated by

If (ASisgiven)
Astt = AS
Else

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

In the above, Py and A Will be used to calculate junction diode 1V and
CV. P4y does not include the gate-edge perimeter.
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Model Formulation and Options

11.2.2 Sour ce/Drain Diffusion Resistance

The source diffusion resistance is calcul ated by

If (number of source squares NRS is given)
Ry = NRSXRSH
Elseif (rgeoMod == 0)
Source diffusion resistance Rgis; iS not generated.
Else
Rsirr computed from NF, DWJ, geoMod, DMCG, DMCI, DMDG,
DMCGT, R, and MIN.

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

If (number of source squares NRD is given)

Ry = NRD xRSH

Elseif (rgeoMod == 0)
Drain diffusion resistance Rqgif i S Not generated.

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

11.2.3 Gate Electrode Resistance

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

(11.2.1)

RSHG AXGW + ;e ]
NGCON XL, - XGL)XNF

Rgeltd =

drawn
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Model Formulation and Options

11.2.4 Option for Source/Drain Connections

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

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

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

11.2.5 Option for Source/Drain Contacts

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

rgeoMod End-source contact | End-drain contact
0 NoO Ryt NO Ruitt
1 wide wide
2 wide point
3 point wide
4 point point
5 wide merged
6 point merged
7 merged wide
8 merged point

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

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

resistance, and junction diode IV and CV.

12.1 Temperatur e Dependence of Threshold
Voltage

The temperature dependence of Vy, is modeled by

(12.1.1)
Vi (T) =V, (TNOM )+§<T1+ KT:L FKT2V, %«; NI)M i g

(12.1.2)
v, (T)=V,, (TNOM)- KT1>§E_’r NLM i 12

(12.1.3)

VOFF (T) = VOFF (TNOM )1+ TVOFF XT - TNOM )]
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Temperature Dependence of Mobility

(12.1.4)

VFBSDOFF (T)=VFBSDOFF (TNOM )
{1+ TVFBSDOFF X(T - TNOM )]

12.2 Temper atur e Dependence of Mobility

The BSIM4 mobility model parameters have the following temperature
dependences depending on the model selected through TEM PM OD.

If TEMPMOD =0,
(12.2.1)

U o(T)=UO(TNOM ){T/TNOM )™

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

(12.2.3)
UB(T) =UB(TNOM ) +UB1XT/TNOM - 1)

(12.2.4)
UC(T)=UC(TNOM ) +UC1XT/TNOM - 1)
and

(12.2.5)
UD(T) =UD(TNOM ) +UD1XT/TNOM - 1)
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Temperature Dependence of Saturation Velocity

If TEMPMOD =1,
(12.2.6)

U0(T)=UO0(TNOM ){T/TNOM )°™

(12.2.7)
UA(T) = UA(TNOM )1+ UALYT - TNOM ]

(12.2.8)
UB(T) = UB(TNOM J1+UBLXT - TNOM )]

(12.2.9)
UC(T) = UC(TNOM J1+UC1XT - TNOM)]
and

(12.2.10)
UD(T) = UD(TNOM J1+UD1XT - TNOM )]

12.3 Temper atur e Dependence of Saturation
Velocity

If TEMPMOD = 0, the temperature dependence of VSAT is modeled by
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Temperature Dependence of LDD Resistance

(12.3.1)
VSAT(T) =VSAT(TNOM )- AT {T/TNOM - 1)

If TEMPMOD = 1, the temperature dependence of VSAT is modeled by

(12.3.2)
VSAT(T) =VSAT(TNOM J1- AT XT - TNOM )]

12.4 Temperatur e Dependence of LDD
Resistance

If TEMPMOD =0,

e rdsMod = 0 (internal source/drain LDD resistance)
(12.4.2)

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

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

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

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

(12.4.4)
RDWMIN(T) = RDWMIN (TNOM )+ PRT T/TNOM - 1)
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Temperature Dependence of LDD Resistance

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

and

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

If TEMPMOD =1,

* rdsMod = 0 (internal source/drain LDD resistance)
(12.4.7)

RDSW(T) = RDSW(TNOM )1+ PRT XT - TNOM )]

(12.4.8)
RDSWMIN(T) = RDSWMIN(TNOM Y1+ PRT XT - TNOM )]

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

(12.4.9)
RDW(T) = RDW(TNOM )1+ PRT X{T - TNOM )]

(12.4.10)
RDWMIN(T) = RDWMIN(TNOM )1+ PRT {T - TNOM )]

(12.4.12)
RSW(T) = RSW(TNOM )1+ PRT XT - TNOM )]
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Temperature Dependence of Junction Diode IV

(12.4.12)
RSMMIN(T) = RSAWMIN(TNOM )1+ PRT XT - TNOM )]

12.5 Temperatur e Dependence of Junction

Diode |V

e Source-sidediode
The source-side saturation current is given by

(12.5.1)
| e = At I (T) + P I (T) # W XNF X0, (T)
where
(12.5.2)

5 (TNOM) (1) i T 90

J4(T) = IsS(TNOM ) >exp¥ v(TNOM)  v(T) ETNOM g-
i ¢ NJS -
¢ +
© (4]
(12.5.3)
FEo(TNOM ) E, (1), XTisHnE T 90
J o (T) = JSSWS(TNOM ) 5exp€ w(TNOom)  w(T) ETNOM g
- ¢ NJS :
g 1]

and
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Temperature Dependence of Junction Diode IV

(12.5.4)

&£ (TNOM) E, (T 50
of ). Bl )+XT|S>4n88 T ot
¢k, TNOM Kk, =T ETNOM g

¢ NJS

¢

where Ey isgivenin Section 12.7.

J s (T) = JSSWGS(TNOM ) >exp

Q.'..'.

* Drain-sidediode
The drain-side saturation current is given by

(12.5.5)
l o0 = At 'Jsd(T)+ Prett J sswe (T)+Weffcj MNF XJ 00 (T)

where

(12.5.6)

oE, (TNOM) E,(T
o(TNOM ) E,( )+XTID>4nge T &
Ck, XTINOM K, T ETNOM 7+

¢ NJD

¢

J(T) = JISD(TNOM )>exp

Q.l..l. |-

(12.5.7)

JM(T)=JSS/\/D(TNOM)>expg b NI € e

¢

Q.I..I. .I.

and
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Temperature Dependence of Junction Diode IV

(12.5.8)
TNOM ) E_(T
aelE<g E<TNOM) s E<T) +ATID XaneTNI)M -~
J (T)=JSSNGD(TN0M)>expg b b € 5
NJD N
g 5
* trap-assisted tunneling and recombination current
(12.5.9)
Eg(TNOM) T o
J NOM) xex xX - e
t$NgS(T) tSSNgS(T ) pg kBT tsswgs ? TNOM %
(12.5.10)
Eg(I'NOM)
J TNOM ) xexp,
s (T) = D (TNOM) =, Ko B o %
(12.5.11)
e ang Y
3 (T) =3, (TNOM ) rexps-C9(TNOM ) g _ T o
8 KT é TNOM g
(12.5.12)
Eg(TNOM) T oU
J NOM ) xex xX ey
tsswgd (T) tsswgd (T ) pe kBT tsswgd ? TN OM m
(12.5.13)
é- Eg(I'NOM) T o
T)=1J TNOM ) xex - ]
Jisond (T) = Jisana ( ) pe T X s ? TNOM %
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Temperature Dependence of Junction Diode IV

(12.5.14)
é- Eg(TNOM )
T)= TNOM
3. (1) = 3y (TNOM ) repe =2 T x o - e
(12.5.15)
T

NJITSSWG(T) = NJTSSNG(TNOM)@+TNJTSS\NGQ oy %

(12.5.16)

T ou
&TNOM %

NJTSSW(T) = NJTSSW/(TNOM ) xe’L+TNJTSSNg

(12.5.17)

NJTS(T) = N.JTS(TNOI\/I)>§el+TNTJS(; NI)M 1%

(12.5.18)
NITSSWGD(T) = NJTSS\NGD(I’NOM)XBHTNJTSSWGDQ e~ i
(12.5.19)
NJTSSAD(T) = NITSSWD(TNOM) g1+ TNTSSwDE- T 1!
5 ETNOM ~~oH
(125.20)
e e T ol
NJTSD(T) = NJTSD(TNOM ) L + TNTISD ™
(M) T ) 81 ETNOM al
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Temperature Dependence of Junction Diode CV

12.6 Temperatur e Dependence of Junction
Diode CV

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

capacitances on the source side are modeled by
(12.6.1)

CJS(T) = CIS(TNOM ) +TCJ XT - TNOM )

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

CISWGS(T ) = CISWVGS(TNOM ) {1+ TCISWG XT - TNOM )]

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

(12.6.4)
PBS(T) = PBS(TNOM )- TPBXT - TNOM )

(12.6.5)
PBSAS(T) = PBSWS(TNOM )- TPBSW XT - TNOM )

and
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Temperature Dependence of Junction Diode CV

(12.6.6)
PBSWGS(T) = PBSWGS(TNOM )- TPBSWG XT - TNOM )

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

capacitances on the drain side are modeled by
(12.6.7)
CJID(T) = CID(TNOM )1+ TCI AT - TNOM )|

(12.6.8)
CJISWD(T) = CISAMD(TNOM )+ TCISW YT - TNOM )

and
(12.6.9)

CISWGD(T) = CISMGD(TNOM )1+ TCISWG XT - TNOM )]

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

modeled by
(12.6.10)

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

(12.6.11)

PBSWD(T) = PBSAD(TNOM )- TPBSW YT - TNOM )

and
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Temperature Dependences of Eg and ni

(12.6.12)
PBSWGD(T) = PBSWGD(TNOM )- TPBSWG XT - TNOM )

12.7 Temper ature Dependences of Eg and n;

* Energy-band gap of Si (Ey)
The temperature dependence of Eyis modeled by

(12.7.2)
- -4 2
E, (TNOM ) =1.16.- 2= 19_TNOM
TNOM +1108
and
(12.7.2)
s 10-4T2
Eg(T)=1.16- 7.02° 10°T
T +1108
* Intrinsic carrier concentration of Si (n;)
The temperature dependence of n; is modeled by
(12.7.3)
/ € E,(TNOM )u
n =1.45e10*:|-|\10|v| X TNOM xexpa2l.5565981 - Mu
300.15 \ 300.15 é 2%, T |
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Chapter 13: Stress Effect M odel

CMOS feature size aggressively scaling makes shallow trench isolation(STI) very
popular active areaisolatiohn process in advanced technol ogies. Recent years, strain
channel materials have been employed to achieve high device performance. The
mechanical stress effect induced by these process causes MOSFET performance
function of the active area size(OD: oxide definition) and the location of the device
in the active area. And the necessity of new models to describe the layout
dependence of MOS parameters due to stress effect becomes very urgent in advance
CMOS technologies.

Influence of stress on mobility has been well known since the 0.13um technology.
The stress influence on saturation velocity is aso experimentally demonstrated.
Stress-induced enhancement or suppression of dopant diffusion during the
processing is reported. Since the doping profile may be changed due to different ST
sizes and stress, the threshold voltage shift and changes of other second-order

effects, such as DIBL and body effect, were shown in process integration.

BSIM4 considers the influence of stress on mobility, velocity saturation, threshold
voltage, body effect, and DIBL effect.
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Stress Effect Model Development

13.1Stress Effect Model Development

Experimental analysis show that there exist at least two different mechanisms within
the influence of stress effect on device characteristics. The first one is mobility-
related and is induced by the band structure modification. The second one is Vth-
related as a result of doping profile variation. Both of them follow the same 1/LOD
trend but revea different L and W scaling. We have derived a phenomenological
model based on these findings by modifying some parameters in the BSIM model.
Note that the following equations have no impact on the iteration time because there

are no voltage-controlled components in them.

13.1.1 Mobility-related Equations

This model introduces the first mechanism by adjusting the UO and Vsat according
to different W, L and OD shapes. Define mobility relative change due to stress effect

as:

(13.1.1)

— My

rnrbrf:Dmeff/meffo:(maff'meffo)/meffo_ -1

fo

(13.1.2)

Figure(13.1) shows the typical layout of a MOSFET on active layout surrounded by
STl isolation. SA, SB are the distances between isolation edge to Poly from one and
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Stress Effect Model Development

the other side, respectively. 2D simulation shows that stress distribution can be
expressed by a simple function of SA and SB.

Trench
isolation*
edge

<—SA» |« SBp| |W

<

>
LOD
LOD =SA+ B+ L OD: gate Oxide Definition

Fig. (13.1) showsthetypical layout of aMOSFET

let9 |

Hydrostatic pressure(dyne/cm 2)

let+8

distance from channel center (pum)

Fig. (13.2) Stress distribution within MOSFET channel using 2D simulation
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Stress Effect Model Development

Assuming that mobility relative change is propotional to stress distribution. It can
be described as function of SA, SB(LOD effect), L, W, and T dependence:

(13.1.3)
KUO
r = AXlnv sa+Inv sb
al Kstress_u0>( - _sb)
Where:
Inv_sa= 1 Inv _sb= 1
SA+0.5x SB+0.54

drawn

LKUO 4 WKUO
+ XL )LLODKUO (Wd + XW +WLOD )WLODKUO

drawn

Kstress u0= 8?‘[+
gL

drawn rawn

i Ly + XL )FEOPKUO )(Vf/’:anOJr XW +WLOD )"-0PKU0 % ?*TKU 0*?%‘3”% - 12—%
o that:
(13.1.4)
1+ SA,SB
My = 1ot n:ffn?fS(A,ef ,SB; ) Mo
(13.1.5)

1+KVSAT x . (SA,SB)
u = u
P 1+KVSAT X L (SA,,SBy ) — o

WhereMy, , Uy, are low field mobility, saturation velocity at SA,, SB,

and SAref , SBref are reference distances between OD edge to poly from one and

the other side.
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Stress Effect Model Development

13.1.2Vth-related Equations

Vth0, K2 and ETAO are modified to cover the doping profile change in the devices
with different LOD. They use the same 1/LOD formulas as shown in
section(13.1.1), but different equations for W and L scaling:

VTHO=VTHO, g+ THO iy sasInv_sh- Inv_sa,, - Inv_sh, ) (13.1.6)
Kstress vthO
_ STK2
K2= K2y e oo {Inv_sa+Inv_sb- Inv_sa,, - Inv_sb,y ) (13.1.7)
ETAO= ETAO, oy +— A9 iy sa+inv_sb- Inv_sa, - Inv_sh, ) (13.1.8)

iginal
9N Kstress vih0-OPE™°

Where:
1 1
Inv_sa., = Inv _sb,, =

S'A‘ref +0'5derawn SBref +O'5derawn

LKVTHO WKVTHO
Kstress _wvthO=1+ +
- (L + XL )HOPVYTH (W 4+ XW +WLOD )WH-oPKvTH
+ PKVTHO
(L gy + XL )OPYTH (W + XW +WLOD )WHOPKVTH

13.1.3 Multiple Finger Device

For multiple finger device, the total LOD effect is the average of LOD effect to
every finger. That is(see Fig.(13.3) for the layout for multiple finger device):
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Effective SA and SB for Irregular LOD

1 NE-1 1
Inv_sa= a :
NF 2o SA+05x,,, +i{SD+L,,,, )
NE-1
Inv_sb= 1 é :

NF & SB+05x,,, +i{SD+Ly., )

L
Trench isolation L

e —

SA SB

A

I [ B R I By BN B BN R BN pa B LOD

SD

Fig. (13.3) Layout of multiple finger MOSFET

13.2 Effective SA and SB for Irregular LOD

Genera MOSFET has an irregular shape of active area shown in Fig.(13.4). To
fully describe the shape of OD region will require additional instance parameters.
However, this will result in too many parameters in the net lists and would
massively increase the read-in time and degrade the readability of parameters. One

way to overcome this difficulty is the concept of effective SA and SB similar to

ref. [16].

v
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Effective SA and SB for Irregular LOD

Stress effect model described in Section(13.1) allows an accurate and efficient
layout extraction of effective SA and SB while keeping fully compatibility of the
LOD model. They are expressed as:

1 g

(7))

W, 1

=8 1 x (13.2.1)
SAeff +0.5 derawn i=1 Wdrawn sa + 0.5 derawn
1 SH Wi, 1 (13.2.2)
SBeﬁ + O'5x|-drawn i=1 Wdrawn Sbi + O'SXLdrawn

]
-

Fig.(13.4) A typical layout of MOS devices with more instance parameters (swi,
sal and sbi) in addition to the traditional L and W
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Chapter 14: Well Proximity Effect Model

Retrograde well profiles have several key advantages for highly scaled bulk
complementary metal oxide semiconductor(CMOS) technology. With the advent of
high-energy implanters and reduced thermal cycle processing, it has become
possible to provide a relatively heavily doped deep nwell and pwell without
affecting the critical device-related doping at the surface. The deep well implants
provide a low resistance path and suppress parasitic bipolar gain for latchup
protection, and can also improve soft error rate and noise isolation. A deep buried
layer is also key to forming triple-well structures for isolated-well NMOSFETSs.
However, deep buried layers can affect devices located near the mask edge. Some of
the ions scattered out of the edge of the photoresist are implanted in the silicon
surface near the mask edge, altering the threshold voltage of those deviceg17]. It is
observed a threshold voltage shifts of up to 100 mV in a deep boron retrograde
pwell, a deep phosphorus retrograde nwell, and also a triple-well implementation
with a deep phosphorus isolation layer below the pwell over alateral distance on the
order of amicrometer[17]. This effect is called well proximity effect.

BSIM4 considers the influence of well proximity effect on threshold voltage,
mobility, and body effect. This well proximity effect model is developed by the
Compact Model Council[19].
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Well Proximity Effect Model

14.1 Well Proximity Effect M odel

Experimental analysig[17] shows that well proximity effect is strong function of
distance of FET from mask edge, and electrical quantitiesinfluenced by it follow the
same geometrical trend. A phenomenological model based on these findings has
been developed by modifying some parameters in the BSIM model. Note that the
following equations have no impact on the iteration time because there are no

voltage-controlled components in them.

Well proximity affects threshold voltage, mobility and the body effect of the device.
The effect of the well proximity can be described through the following equations :

(14.1.1)
Vth0 = Vth0,,, + KVTHOWE >(SCA + WEB>SCB + WEC>SCC)

K2=K2,, + K2WEXSCA + WEBXSCB + WEC xSCC)

My = My o {1+ KUOWE SCA + WEB XSCB + WEC>SCC))

where SCA, SCB, SCC are instance parameters that represent the integral of the
first/second/third distribution function for scattered well dopant.

The guidelines for calculating the instance parameters SCA, SCB, SCC have been
developed by the Compact Model Council which can be found at the CMC website
[19].
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CHAPTER 15: Parameter Extraction
M ethodology

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

extraction.

15.1 Optimization strategy

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

yield values that are not consistent with their physical intent.

In local optimization, many parameters are extracted independently of one
another. Parameters are extracted from device bias conditions which correspond to
dominant physical mechanisms. Parameters which are extracted in this manner
might not fit experimental data in al 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.

15.2 Extraction Strategy

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

length and channel width dependencies can not be determined.

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

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

15.3.1Extraction Requirements

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

extract parameters, as shown in Figure 13-1.

W LargeW and L

Orthogonal Set of W and L

*—0—0—0—0 \

min

min

Figure 13-1. Device geometries used for parameter extraction

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

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

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

measured under four, distinct bias conditions.

(1) lgs Vs Vgs @ Vs = 0.05V with different Vg,

(2) lgs VS. Vgs @ Vips = OV with different Vg,

(3) lgs VS. Vgs @ Vs = Vg With different Vi,

(4) I)ds VS. Vs @ Vips = Vi With different V. ([Vpp| is the maximum body

15.3.20ptimization

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

Raphson'siteration as shown in (14.3.1):

(14.3.1)

ﬂfsim m+ﬂfsim m ﬂfsmu;é

for(RaPa o)~ fsn ™, K™, M) = TR 7 TR

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

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

154
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Extraction Procedure

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

parameter values after the mth iteration.

Initial Guess of
Parameters P i

Model Equations

Measured Data

Linear Least Squsre

Fit Routine

DP

p i(m+1): P

™ Dp
1 1

STOP

Figure 13-2. Optimization flow.

To change (14.3.1) into aform that a linear least-squares fit routine can be

used (i.e. inaformof y = a+ bx1 + cx2), both sides of (14.3.1) are divided
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