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1 Introduction

The continuous evolution and enhancement of planar bulk CMOS technology has
fueled the growth of the microelectronics industry for the past several decades. When
we reach the end of the technology roadmap for the classical CMOS, multiple gate
MOSFETs (MuGFETs) will likely take up the baton. We have developed a multiple
gate MOSFET compact model for technology/circuits development in the short term
and for product design in the longer term [1].

Several different MuGFET structures and two different modes of operation are being
pursued in the industry today. In the case of horizontal double gate (DG), the two gates
will likely be asymmetric– having different work functions and underlying dielectric
thicknesses, complicating the compact model. Also, the two gates are likely to be biased
at two different voltages, known as independent gates. In the other double, triple, or
all-around gate cases, the gates are biased at the same voltage, known as the common
gate. Some designs will use lightly doped body to maximize mobility, others will use
very high doping concentrations in thin body to obtain sufficient Vt adjustment.

BSIM-CMG has been developed to model the electrical characteristics of common
multi-gate (CMG) structures. The details of the model will be described in this docu-
ment. It will serve the needs of all circuit designer/ technology developers by providing
versatility without compromising ease of use and computational efficiency. A separate
model BSIM-IMG addresses independent gate devices [2].

2 Model Description

BSIM-CMG is implemented in Verilog-A. Physical surface-potential-based formu-
lations are derived for both intrinsic and extrinsic models with finite body doping.
The surface potentials at the source and drain ends are solved analytically with poly-
depletion and quantum mechanical effects. The effect of finite body doping is captured
through a perturbation approach. The analytic surface potential solution agrees with
2-D device simulation results well. If the channel doping concentration is low enough to
be neglected, computational efficiency can be further improved by setting COREMOD
= 1.

All the important MG transistor behaviors are captured by this model. Volume
inversion is included in the solution of Poisson’s equation, hence the subsequent I-V
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formulation automatically captures the volume inversion effect. Analysis of the electro-
static potential in the body of MG MOSFETs provided the model equation for the short
channel effects (SCE). The extra electrostatic control from the end-gates (top/bottom
gates) (triple or quadruple-gate) is also captured in the short channel model.

Users can specify the MG structure of interest via a geometry mode selector (GE-
OMOD, DG = 0, TG = 1, QG = 2, CG = 3). Hybrid-surface-orientation mobility,
corner-induced effective width reduction, and end-channel-enhanced electrostatic con-
trol are considered to address the physics of tri-gate (TG) and quadruple-gate (QG)
devices.

BSIM-CMG provides the flexibility to model devices with novel materials. This
includes parameters for non-silicon channel devices and High-K/ Metal-gate stack.

Other important effects, such as, mobility degradation, velocity saturation, velocity
overshoot, series resistance, channel length modulation, quantum mechanical effects,
gate tunneling current, gate-induced-drain-leakage, temperature effects, channel thermal
noise, flicker noise, noise associated with device parasitics, and parasitic capacitance, are
also incorporated in the model.

BSIM-CMG has been verified with industrial experimental data. The model is con-
tinuous and symmetric at Vds = 0. This physics-based model is scalable and predictive
over a wide range of device parameters.
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3 BSIM-CMG 108.0.0Model Equations

3.1 Bias Independent Calculations

Physical Constants

Physical quantities in BSIM-CMG are in M.K.S units unless specified otherwise.

q = 1.60219× 10−19 (3.1)

ε0 = 8.8542× 10−12 (3.2)

h̄ = 1.05457× 10−34 (3.3)

me = 9.11× 10−31 (3.4)

k = 1.3787× 10−23 (3.5)

εsub = EPSRSUB · ε0 (3.6)

EPSRSUB is the relative dielectric constant of the channel material.

εox = EPSROX · ε0 (3.7)

EPSROX is the relative dielectric constant of the gate insulator.

Cox =
3.9 · ε0
EOT

(3.8)

EOT is the SiO2 equivalent gate dielectric thickness including inversion layer thickness.

Csi =
εsub

TFIN
(3.9)

εratio =
EPSRSUB

3.9
(3.10)
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Effective Channel Width, Channel Length and Fin Number

∆L = LINT +
LL

(L+XL)LLN
(3.11)

Leff = L+XL− 2∆L (3.12)

Here, ∆L is the overlap/underlap between the gate and the source/drain diffusions;

LINT is ∆L for large devices; L is the designed (drawn) length; XL is the length variation

due to process effects; LL and LLN are fitting parameters.

∆LCV = DLC +
LLC

(L+XL)LLN
(3.13)

Leff,CV = L+XL− 2∆LCV (3.14)

Here, ∆LCV is the overlap/underlap between the gate and the source/drain diffusions for

C-V calculations; DLC is ∆LCV for large devices; LLC is a fitting parameter.

If BULKMOD = 1 and CAPMOD = 1 then

Leff,CV,acc = Leff,CV −DLCACC (3.15)

If GEOMOD = 0 then (3.16)

Weff0 = 2 ·HFIN −DELTAW (3.17)

Weff,CV 0 = 2 ·HFIN −DELTAWCV (3.18)

If GEOMOD = 1 then

Weff0 = 2 ·HFIN + FECH · TFIN −DELTAW (3.19)

Weff,CV 0 = 2 ·HFIN + FECH · TFIN −DELTAWCV (3.20)

If GEOMOD = 2 then

Weff0 = 2 ·HFIN + 2 · FECH · TFIN −DELTAW (3.21)

Weff,CV 0 = 2 ·HFIN + 2 · FECH · TFIN −DELTAWCV (3.22)
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If GEOMOD = 3 then

R =
D

2
(3.23)

Weff0 = π ·D −DELTAW (3.24)

Weff,CV 0 = π ·D −DELTAWCV (3.25)

NFINtotal = NFIN ×NF (3.26)

Geometry-dependent source/drain resistance

Please refer to section 3.15.

Quantum Mechanical Effects

The following bias-independent calculations are for the threshold voltage shift and bias depen-

dence of inversion charge centroid due to quantum mechanical confinement. See section on

“Surface Potential Calculation” and “Quantum Mechanical Effects” for more details.

mx = 0.916 ·me (3.27)

m′x = 0.190 ·me (3.28)

md = 0.190 ·me (3.29)

m′d = 0.417 ·me (3.30)

g′ = 4.0 (3.31)

g = 2.0 (3.32)

If GEOMOD = 0 then

MTcen = 1 +AQMTCEN · exp(− TFIN

BQMTCEN
) (3.33)

Tcen0 = TFIN ·MTcen (3.34)

If GEOMOD = 1 then

MTcen = 1 +AQMTCEN · exp(−min(HFIN, TFIN)

BQMTCEN
) (3.35)

Tcen0 = min(TFIN,HFIN) ·MTcen (3.36)
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If GEOMOD = 2 then

MTcen = 1 +AQMTCEN · exp(−min(HFIN, TFIN)

BQMTCEN
) (3.37)

Tcen0 = min(TFIN,HFIN) ·MTcen (3.38)

If GEOMOD = 3 then

MTcen = 1 +AQMTCEN · exp(− R

BQMTCEN
) (3.39)

Tcen0 = R ·MTcen (3.40)

Binning Calculations

The optional binning methodology [3] is adopted in BSIM-CMG.

For a given L, NFIN, each model parameter PARAMi is calculated as a function of

PARAM, a length dependent term LPARAM, a number of fin per finger(NFIN) dependent

term NPARAM, and a product L×NFIN term, PPARAM:

∆L1 = LINT +
LL

(L+DLBIN)LLN
(3.41)

Leff1 = L+DLBIN − 2∆L1 (3.42)

PARAMi = PARAM +
1.0e− 6

Leff1 +DLBIN
· LPARAM +

1.0

NFIN
·NPARAM+

1.0e− 6

NFIN · (Leff1 +DLBIN)
· PPARAM (3.43)

For the list of binable parameters, please refer to the complete parameter list in the end

of this technical note.
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NFIN scaling equations

PHIG[N ] = PHIGi ×
[
1.0 +

PHIGN1

NFIN
× ln

(
1.0 +

NFIN

PHIGN2

)]
(3.44)

ETA0[N ] = ETA0i ×
[
1.0 +

ETA0N1

NFIN
× ln

(
1.0 +

NFIN

ETA0N2

)]
(3.45)

CDSC[N ] = CDSCi ×
[
1.0 +

CDSCN1

NFIN
× ln

(
1.0 +

NFIN

CDSCN2

)]
(3.46)

CDSCD[N ] = CDSCDi ×
[
1.0 +

CDSCDN1

NFIN
× ln

(
1.0 +

NFIN

CDSCDN2

)]
(3.47)

CDSCDR[N ] = CDSCDRi ×
[
1.0 +

CDSCDRN1

NFIN
× ln

(
1.0 +

NFIN

CDSCDRN2

)]
(3.48)

NBODY [N ] = NBODYi ×
[
1.0 +

NBODYN1

NFIN
× ln

(
1.0 +

NFIN

NBODYN2

)]
(3.49)

V SAT [N ] = V SATi ×
[
1.0 +

V SATN1

NFIN
× ln

(
1.0 +

NFIN

V SATN2

)]
(3.50)

V SAT1[N ] = V SAT1i ×
[
1.0 +

V SAT1N1

NFIN
× ln

(
1.0 +

NFIN

V SAT1N2

)]
(3.51)

V SAT1R[N ] = V SAT1Ri ×
[
1.0 +

V SAT1RN1

NFIN
× ln

(
1.0 +

NFIN

V SAT1RN2

)]
(3.52)

U0[N ] = U0i ×
[
1.0 +

U0N1

NFIN
× ln

(
1.0 +

NFIN

U0N2

)]
(3.53)

Length scaling equations

PHIG[L,N ] = PHIG[N ] + PHIGL · Leff (3.54)

U0[L,N ] =

U0[N ] ·
[
1− UPi · Leff−LPA

]
LPA > 0

U0[N ] · [1− UPi] Otherwise
(3.55)

MEXP [L] = MEXPi +AMEXP · Leff−BMEXP if ASYMMOD = 0

MEXPR[L] = MEXPRi +AMEXPR · Leff−BMEXPR if ASYMMOD = 1

(3.56)

PCLM [L] = PCLMi +APCLM · exp

(
−

Leff
BPCLM

)
(3.57)
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UA[L] = UAi +AUA · exp

(
−
Leff
BUA

)
(3.58)

UD[L] = UDi +AUD · exp

(
−
Leff
BUD

)
(3.59)

If RDSMOD = 0 or 2 then

RDSW [L] = RDSWi +ARDSW · exp

(
−

Leff
BRDSW

)
(3.60)

If RDSMOD = 1 then

RSW [L] = RSWi +ARSW · exp

(
−

Leff
BRSW

)
(3.61)

RDW [L] = RDWi +ARDW · exp

(
−

Leff
BRDW

)
(3.62)

PTWG[L] = PTWGi +APTWG · exp

(
−

Leff
BPTWG

)
(3.63)

PTWGR[L] = PTWGRi +APTWG · exp

(
−

Leff
BPTWG

)
(3.64)

V SAT [L,N ] = V SAT [N ] +AV SAT · exp

(
−

Leff
BV SAT

)
(3.65)

V SAT1[L,N ] = V SAT1[N ] +AV SAT1 · exp

(
−

Leff
BV SAT1

)
(3.66)

V SAT1R[L,N ] = V SAT1R[N ] +AV SAT1 · exp

(
−

Leff
BV SAT1

)
(3.67)

V SATCV [L] = V SATi +AV SATCV · exp

(
−

Leff
BV SATCV

)
(3.68)

PSAT [L] = PSATi +APSAT · exp

(
−

Leff
BPSAT

)
(3.69)

Temperature Effects

T = $temperature+DTEMP (3.70)
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The functional form of temperature dependence of parameters fall in two categories:

Type A

PARAM(T ) = PARAM(L).(1± PARAMT .(T − TNOM)) (3.71)

Type B

PARAM(T ) = PARAM(L)± PARAMT .(T − TNOM) (3.72)

BSIM-CMG allows users the option to change the functional form of temperature dependence

of a group of selected parameters via temperature selector switch TEMPMOD. TEMPMOD=0

is the default temperature dependence of the parameter expressed in the following equations.

Selecting TEMPMOD=1 changes the Type A functional forms to Type B for following pa-

rameters: UC, ETA0, ETA0R, ETAMOB, VSAT, VSAT1, VSATR, VSATCV, RSDR, RDDR,

PTWG, PTWGR, K0, K1S1, K0S1, K1, K1SAT, A1, A2, AIGBINV, AIGBACC, AIGC, AIGS,

AIGD, BGIDL, BGISL, ALPHA0, ALPHA1, ALPHAII0, ALPHAII1, CJS, CJD, CJSWS,

CJSWD, CJSWGS, CJSWGD, , PBS, PBD, PBSWS, PBSWD, PBSWGS, PBSWGD.

Eg,TNOM = BG0SUB − TBGASUB · TNOM2

TNOM + TBGBSUB
(3.73)

Eg = BG0SUB − TBGASUB · T 2

T + TBGBSUB
(3.74)

ni = NI0SUB ·
(

T

300.15

) 3
2

· exp

(
BG0SUB · q
2k · 300.15

− Eg · q
2k · T

)
(3.75)

Nc = NC0SUB ·
(

T

300.15

) 3
2

(3.76)

ΘSS = 1 + TSSi · (T − TNOM) (3.77)

Vbi =
kT

q
· ln (

NSD ·NBODY [N ]

n2
i

) (3.78)

ΦB =
kT

q
· ln (

NBODY [N ]

ni
) (3.79)

∆Vth,temp =

(
KT1 +

KT1L

Leff

)
·
(

T

TNOM
− 1

)
(3.80)
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ETA0(T ) = ETA0 · (1− TETA0 · (T − TNOM)) (3.81)

ETA0R(T ) = ETA0R · (1− TETA0R · (T − TNOM)) (3.82)

µ0(T ) = U0[L,N ] ·
(

T

TNOM

)UTEi
+ UTLi · (T − TNOM) (3.83)

ETAMOB(T ) = ETAMOBi · [1 + EMOBTi · (T − TNOM)] (3.84)

UA(T ) = UA[L] + UA1i · (T − TNOM) (3.85)

UC(T ) = UCi · [1 + UC1i · (T − TNOM)] (3.86)

UD(T ) = UD[L] ·
(

T

TNOM

)UD1i

(3.87)

UCS(T ) = UCSi ·
(

T

TNOM

)UCSTEi
(3.88)
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V SAT (T ) = V SAT [L,N ] · (1−AT · (T − TNOM)) (3.89)

V SAT1(T ) = V SAT1[L,N ] · (1−AT · (T − TNOM)) (3.90)

V SAT1R(T ) = V SAT1R[L,N ] · (1−AT · (T − TNOM)) (3.91)

V SATCV (T ) = V SATCV [L] · (1−ATCV · (T − TNOM)) (3.92)

PTWG(T ) = PTWG[L] · (1− PTWGT · (T − TNOM)) (3.93)

PTWGR(T ) = PTWGR[L] · (1− PTWGT · (T − TNOM)) (3.94)MEXP (T ) = MEXP [L] · (1 + TMEXP · (T − TNOM)) if ASYMMOD = 0

MEXPR(T ) = MEXPR[L] · (1 + TMEXPR · (T − TNOM)) if ASYMMOD = 1

(3.95)

BETA0(T ) = BETA0i ·
(

T

TNOM

)IIT
(3.96)

SII0(T ) = SII0i

(
1 + TII

(
T

TNOM
− 1

))
(3.97)

K0(T ) = K0i +K01i · (T − TNOM) (3.98)

K1(T ) = K1i +K11i · (T − TNOM) (3.99)

K0SI(T ) = K0SIi +K0SI1i · (T − TNOM) (3.100)

K1SI(T ) = K1SIi +K1SI1i · (T − TNOM) (3.101)

K1SAT (T ) = K1SATi +K1SAT1i · (T − TNOM) (3.102)

A1(T ) = A1i +A11i · (T − TNOM) (3.103)

A2(T ) = A2i +A21i · (T − TNOM) (3.104)

AIGBINV (T ) = AIGBINVi +AIGBINV 1i · (T − TNOM) (3.105)

AIGBACC(T ) = AIGBACCi +AIGBACC1i · (T − TNOM) (3.106)

AIGC(T ) = AIGCi +AIGC1i · (T − TNOM) (3.107)

AIGS(T ) = AIGSi +AIGS1i · (T − TNOM) (3.108)

AIGD(T ) = AIGDi +AIGD1i · (T − TNOM) (3.109)

BGIDL(T ) = BGIDLi · (1 + TGIDL · (T − TNOM)) (3.110)

BGISL(T ) = BGISLi · (1 + TGIDL · (T − TNOM)) (3.111)

ALPHA0(T ) = ALPHA0i +ALPHA01i · (T − TNOM) (3.112)

ALPHA1(T ) = ALPHA1i +ALPHA11i · (T − TNOM) (3.113)

ALPHAII0(T ) = ALPHAII0i +ALPHAII01i · (T − TNOM) (3.114)

ALPHAII1(T ) = ALPHAII1i +ALPHAII11i · (T − TNOM) (3.115)

15



RDSWMIN(T ) = RDSWMIN · (1 + PRT · (T − TNOM)) (3.116)

RDSW (T ) = RDSW [L] · (1 + PRT · (T − TNOM)) (3.117)

RSWMIN(T ) = RSWMIN · (1 + PRT · (T − TNOM)) (3.118)

RDWMIN(T ) = RDWMIN · (1 + PRT · (T − TNOM)) (3.119)

RSW (T ) = RSW [L] · (1 + PRT · (T − TNOM)) (3.120)

RDW (T ) = RDW [L] · (1 + PRT · (T − TNOM)) (3.121)

RSDR(T ) = RSDR · (1 + TRSDR · (T − TNOM)) (3.122)

RSDRR(T ) = RSDRR · (1 + TRSDR · (T − TNOM)) (3.123)

RDDR(T ) = RDDR · (1 + TRDDR · (T − TNOM)) (3.124)

RDDRR(T ) = RDDRR · (1 + TRDDR · (T − TNOM)) (3.125)

Rs,geo(T ) = Rs,geo · (1 + PRT · (T − TNOM)) (3.126)

Rd,geo(T ) = Rd,geo · (1 + PRT · (T − TNOM)) (3.127)

Igtemp =

(
T

TNOM

)IGTi
(3.128)
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T3s = exp

(
qEg,TNOM
k·TNOM − qEg

kT +XTIS · ln
(

T
TNOM

)
NJS

)
(3.129)

Jss(T ) = JSS · T3s (3.130)

Jssws(T ) = JSWS · T3s (3.131)

Jsswgs(T ) = JSWGS · T3s (3.132)

T3d = exp

(
qEg,TNOM
k·TNOM − qEg

kT +XTID · ln
(

T
TNOM

)
NJD

)
(3.133)

Jsd(T ) = JSD · T3d (3.134)

Jsswd(T ) = JSWD · T3d (3.135)

Jsswgd(T ) = JSWGD · T3d (3.136)

Jtss(T ) = JTSS · exp

(
Eg,TNOM ·XTSS ·

(
T

TNOM − 1
)

kT/q

)
(3.137)

Jtsd(T ) = JTSD · exp

(
Eg,TNOM ·XTSD ·

(
T

TNOM − 1
)

kT/q

)
(3.138)

Jtssws(T ) = JTSSWS · exp

(
Eg,TNOM ·XTSSWS ·

(
T

TNOM − 1
)

kT/q

)
(3.139)

Jtsswd(T ) = JTSSWD · exp

(
Eg,TNOM ·XTSSWD ·

(
T

TNOM − 1
)

kT/q

)
(3.140)

Jtsswgs(T ) = JTSSWGS ×
(√

JTWEFF/Weff0 + 1.0

)
× (3.141)

exp

(
Eg,TNOM ·XTSSWGS ·

(
T

TNOM − 1
)

kT/q

)

Jtsswgd(T ) = JTSSWGD ×
(√

JTWEFF/Weff0 + 1.0

)
× (3.142)

exp

(
Eg,TNOM ·XTSSWGD ·

(
T

TNOM − 1
)

kT/q

)

NJTS(T ) = NJTS ×
(

1 + TNJTS ·
(

T

TNOM
− 1

))
(3.143)

NJTSD(T ) = NJTSD ×
(

1 + TNJTSD ·
(

T

TNOM
− 1

))
(3.144)

17



NJTSSW (T ) = NJTSSW ×
(

1 + TNJTSSW ·
(

T

TNOM
− 1

))
(3.145)

NJTSSWD(T ) = NJTSSWD ×
(

1 + TNJTSSWD ·
(

T

TNOM
− 1

))
(3.146)

NJTSSWG(T ) = NJTSSWG×
(

1 + TNJTSSWG ·
(

T

TNOM
− 1

))
(3.147)

NJTSSWGD(T ) = NJTSSWGD ×
(

1 + TNJTSSWGD ·
(

T

TNOM
− 1

))
(3.148)

CJS(T ) = CJS · [1 + TCJ · (T − TNOM)] (3.149)

CJD(T ) = CJD · [1 + TCJ · (T − TNOM)] (3.150)

CJSWS(T ) = CJSWS · [1 + TCJSW · (T − TNOM)] (3.151)

CJSWD(T ) = CJSWD · [1 + TCJSW · (T − TNOM)] (3.152)

CJSWGS(T ) = CJSWGS · [1 + TCJSWG · (T − TNOM)] (3.153)

CJSWGD(T ) = CJSWGD · [1 + TCJSWG · (T − TNOM)] (3.154)

PBS(T ) = PBS(TNOM)− TPB · (T − TNOM) (3.155)

PBD(T ) = PBD(TNOM)− TPB · (T − TNOM) (3.156)

PBSWS(T ) = PBSWS(TNOM)− TPBSW · (T − TNOM) (3.157)

PBSWD(T ) = PBSWD(TNOM)− TPBSW · (T − TNOM) (3.158)

PBSWGS(T ) = PBSWGS(TNOM)− TPBSWG · (T − TNOM) (3.159)

PBSWGD(T ) = PBSWGD(TNOM)− TPBSWG · (T − TNOM) (3.160)

Body Doping and Gate Workfunction

If COREMOD = 1 and NBODY [N ] > 1023m−3 then

nbody = 1023m−3 (3.161)

else

nbody = NBODY [N ] (3.162)
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If NGATEi > 0 then

∆Φ = max(0,
Eg
2
− kT

q
· ln (

NGATEi
ni

)) (3.163)

else

∆Φ =

PHIG[L,N ]− EASUB for NMOS,

− [PHIG[L,N ]− (EASUB + Eg)] for PMOS.
(3.164)

φB =
kT

q
· ln (

nbody
ni

) (3.165)

φSD = min

[
Eg
2
,
kT

q
· ln (

NSDi

ni
)

]
(3.166)

φG =
kT

q
· ln (

NGATE

ni
) (3.167)

If NGATEi > 0 then

Vfbsd =

φSD − φG for NMOS,

− [−φSD − φG] for PMOS.

else (3.168)

Vfbsd =

PHIG[L,N ]− (EASUB +
Eg
2 − φSD) for NMOS,

−
[
PHIG[L,N ]− (EASUB +

Eg
2 + φSD)

]
for PMOS.

(3.169)

If GEOMOD 6= 3 then

γ0 =

√
2q εsub nbody

Cox
(3.170)

φbulk =
1

2

qnbody
εsub

(
TFIN

2

)2

(3.171)

Qbulk =
√

2qnbodyεsubφbulk (3.172)
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tox =


EOT ·εox

3.9 if GEOMOD 6= 3

R ·
(
exp

(
EOT ·εox
R·3.9

)
− 1
)

if GEOMOD = 3
(3.173)

qbs =


q·nbody ·TFIN

2·Cox if GEOMOD 6= 3

q·nbody ·R
2·Cox if GEOMOD = 3

(3.174)

Polysilicon Depletion

Vpoly0 =


1
2
q·NGATEi·εsub

C2
ox

if GEOMOD 6= 3

1
2
q·NGATEi·εsub

C2
ox

·
(
R+tox
R

)2
if GEOMOD = 3

(3.175)

χpoly =
1

4 · Vpoly0
(3.176)

κpoly = 1 + 2 · χpoly · qbs (3.177)

Short Channel Effects

Vbi =
kT

q
· ln (

NSDi · nbody
n2
i

) (3.178)

Heff =

√
HFIN

8
· (HFIN + 2 · εratio · EOT ) (3.179)

λ =



√
εratio

2

(
1 + TFIN

4εratioEOT

)
TFIN · EOT if GEOMOD = 0

1√
1

εratio
2

(
1+ TFIN

4εratioEOT

)
TFIN·EOT

+ 1

4H2
eff

if GEOMOD = 1

0.5√
1

εratio
2

(
1+ TFIN

4εratioEOT

)
TFIN·EOT

+ 1

4H2
eff

if GEOMOD = 2

√
εratio

2

(
1 + R

2εratioEOT

)
R · EOT if GEOMOD = 3

(3.180)
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3.2 Terminal Voltages

Terminal Voltages and Vdsx Calculation

Vgs = Vg − Vs (3.181)

Vgd = Vg − Vd (3.182)

Vge = Vg − Ve (3.183)

Vds = Vd − Vs (3.184)

Vdsx =
√
V 2
ds + 0.01− 0.1 (3.185)

3.3 Short Channel Effects

Weighting Function for forward and reverse modes

T0 = tanh

(
0.6 ∗ q · Vds

kT

)
Use un-swapped Vds here (3.186)

Wf = 0.5 + 0.5 · T0 (3.187)

Wr = 0.5− 0.5 · T0 (3.188)
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Asymmetric parameters

If ASYMMOD = 1 then

CDSCDa = CDSCD[N ] ·Wf + CDSCDR[N ] ·Wr (3.189)

ETA0a = ETA0(T ) ·Wf + ETA0R(T ) ·Wr (3.190)

PDIBL1a = PDIBL1i ·Wf + PDIBL1Ri ·Wr (3.191)

PTWGa = PTWG(T ) ·Wf + PTWGR(T ) ·Wr (3.192)

V SAT1a = V SAT1(T ) ·Wf + V SAT1R(T ) ·Wr (3.193)

RSDRa = RSDR(T ) ·Wf +RSDRR(T ) ·Wr (3.194)

RDDRa = RDDR(T ) ·Wf +RDDRR(T ) ·Wr (3.195)

MEXPa = MEXP (T ) ·Wf +MEXPR(T ) ·Wr (3.196)

U0a = U0(T ) ·Wf + U0R(T ) ·Wr (3.197)

UAa = UA(T ) ·Wf + UAR(T ) ·Wr (3.198)

UCa = UC(T ) ·Wf + UCR(T ) ·Wr (3.199)

UDa = UD(T ) ·Wf + UDR(T ) ·Wr (3.200)

EUa = EU(T ) ·Wf + EUR(T ) ·Wr (3.201)

PDIBL2a = PDIBL2i ·Wf + PDIBL2Ri ·Wr (3.202)

KSATIVa = KSATIVi ·Wf +KSATIV Ri ·Wr (3.203)

DV TSHIFTa = DV TSHIFTi ·Wf +DV TSHIFTRi ·Wr (3.204)

CITa = CITi ·Wf + CITRi ·Wr (3.205)

Else

All above PARAMa = PARAM and reverse mode parameter PARAMR are ignored
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Vth Roll-off, DIBL, and Subthreshold Slope Degradation

ψst = 0.4 + PHINi + ΦB (3.206)

ΘSW =
0.5

cosh
(
DV T1SSi ·

Leff
λ

)
− 1

(3.207)

Cdsc = ΘSW · (CDSC[N ] + CDSCDa · Vdsx) (3.208)

n =

ΘSS ·
(

1 + CITi+Cdsc
(2Csi)‖Cox

)
if GEOMOD 6= 3

ΘSS ·
(

1 + CITi+Cdsc
Cox

)
if GEOMOD = 3

(3.209)

ΘSCE = − 0.5

cosh
(
DV T1i ·

Leff
λ

)
− 1

(3.210)

∆Vth,SCE = ΘSCE ·DV T0i · (Vbi − ψst) (3.211)

ΘDIBL = − 0.5

cosh
(
DSUBi ·

Leff
λ

)
− 1

(3.212)

∆Vth,DIBL = ΘDIBLETA0i · Vdsx +DV TP0 · V DV TP1
dsx (3.213)

∆Vth,RSCE = K1RSCEi ·

[√
1 +

LPE0i
Leff

− 1

]
·
√
ψst (3.214)

∆Vth,all = ∆Vth,SCE + ∆Vth,DIBL + ∆Vth,RSCE + ∆Vth,temp (3.215)

Vgsfb = Vgs −∆Φ−∆Vth,all −DV TSHIFT (3.216)

BSIM-CMG provides an option to use ΘSW , ΘSS and ΘDIBL as model parameters directly.

3.4 Surface Potential Calculation

Surface potentials at the source and drain ends are derived from Poisson’s equation
with a perturbation method [4] and computed using the Householder’s cubic iteration
method [5, 6]. Perturbation allows accurate modeling of finite body doping.

When the body is lightly-doped, a simplified surface potential algorithm can be
activated by setting COREMOD = 1 to enhance computational efficiency.
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Constants for Surface Potential Calculation

If GEOMOD 6= 3 then

r1 =
2εsub

Cox · TFIN
(3.217)

r2 =

0 if NGATEi = 0

4·nkTεsub
q·TFIN2·NGATEi if NGATEi > 0

(3.218)

q0 =

(
5kTq CSi + 2Qbulk

)
Cox

(3.219)

If GEOMOD = 3 then

r1 =
2 εsub
R · Cox

(3.220)

r2 =

0 if NGATEi = 0

2·nkT ·χpoly ·r12
q if NGATEi > 0

(3.221)

q0 =
2 · nkT · r1

q
(3.222)

Body-Doping adjustment for GEOMOD = 0, 1, 2 case

If COREMOD = 1 then

Vgsfb = Vgsfb −
qnbody · TFIN

2Cox
(3.223)

Body-Doping based calculations for GEOMOD = 3 case

T0 =
qnbodyR

Cox
(3.224)

Vt,dop = −
(
nkT

q

)
ln

(
nkT

q · T0

)
−
(
nkT

q

)
ln

(
1− exp

(
q.T0

2.r1.nkT

))
(3.225)

cdop = 2 · r1 · exp
(
−
q · Vt,dop
nkT

)
(3.226)

Vt0 =
T0

2
+ 2.n.φb −

(
nkT

q

)
ln

(
0.5 · q · T0

nkT

)
+ Vt,dop (3.227)
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Quantum Mechanical Vt correction

Note: QMFACTORi also serves as a switch here.

If GEOMOD 6= 3 then

E0 =
h̄2π2

2mx · TFIN2
(3.228)

E′0 =
h̄2π2

2m′x · TFIN2
(3.229)

E1 = 4E0 (3.230)

E′1 = 4E′0 (3.231)

γ = 1 + exp

(
E0 − E1

kT

)
+
g′m′d
gmd

·
[
exp

(
E0 − E′0
kT

)
+ exp

(
E0 − E′1
kT

)]
(3.232)

∆Vt,QM = QMFACTORi ·
[
E0

q
− kT

q
ln

(
g ·md

πh̄2Nc

· kT

TFIN
· γ
)]

(3.233)

If GEOMOD = 3 then

E0,QM =
h̄2(2.4048)2

2mx ·R2
(3.234)

∆Vt,QM = QMFACTORi ·
E0,QM

q
(3.235)

Voltage Limiting for Accumulation

If GEOMOD 6= 3 then

T0 = −(∆Vt,QM +

(
nkT

q

)
ln

(
2 · Leff · Imin

µ0(T ) ·Weff · nkT ·Nc · TFIN

)
) (3.236)

T1 = Vgsfb + T0 +DELV TRAND (3.237)

Vgsfbeff =
1

2

[
T1 +

√
(T1)2 + 4× 10−8

]
− T0 (3.238)

If GEOMOD = 3 then

T0 = −(∆Vt,QM +

(
nkT

q

)
ln

(
2 · Leff · Imin

µ0(T ) ·Weff · nkT · ni ·R

)
) (3.239)

T1 = Vgsfb + T0 + n · ΦB +
Eg
2

+DELV TRAND (3.240)

Vgsfbeff =
1

2

[
T1 +

√
(T1)2 + 4× 10−8

]
− T0− Vt0 (3.241)
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Case: GEOMOD = 0, 1, 2

Calculations Common to the Source and Drain Surface Potentials

a = e
qφbulk
nkT (3.242)

b =
φbulk

(nkT/q)2 (3.243)

c = 2nkT/q (3.244)

F1 = ln

(√
2εsubnkT

q2Nc

2

TFIN

)
(3.245)

Surface Potential 2-stage Analytical Approximation (COREMOD = 0)

Vch =

∆Vt,QM at source

∆Vt,QM + Vdseff at drain
(3.246)

F =
q(Vgsfbeff − φbulk − Vch)

2nkT
− F1 (3.247)

Z1 =
r1 × φbulk

n(kT/q)

1− exp
(
−r1 × φbulk

n(kT/q)

) (3.248)

Z2 = (2r1 − 1)× φbulk
2n(kT/q)

+ r2 × φbulk × b+
1

2
ln(z1)− ln(r1) (3.249)

β =
z1

r1
×

√(
1

2z1
× ln (1 + exp (2× (F − z2))) + 1

)2

− 1× exp

(
− φbulk

2n(kT/q)

)
(3.250)

T0 = (1 + β Tanβ) (3.251)

T2 =

√
β2

(
a

Cos2β
− 1

)
+ b · (φbulk − c · ln(Cosβ)) (3.252)

T3 = −2 · β + b · c · Tan(β) + 2a · β · Sec2(β) · T0 (3.253)

T4 = −2 + 2a · β2Sec4(β)

+ Sec2(β)
(
2a+ b · c+ 8a · βTan(β) + 4a · β2Tan2(β)

)
(3.254)

T5 = 2T4 · Tan(β)

+ 4
(
3T0 · a · βSec4(β) + Tan(β) + 2T0 · a · Sec2(β)Tan(β)

)
(3.255)
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f0 = ln(β)− ln(Cos(β)) + r1 · T2− F + r2 · T22 (3.256)

f1 =
1

β
+ Tan(β) +

r1 · T3

2T2
+ r2 · T3 (3.257)

f2 = − 1

β2
+ Sec2(β)− r1 · T32

4T23
+
r1 · T4

2T2
+ r2 · T4 (3.258)

f3 =
2

β3
+ 2Sec2(β)Tan(β) +

3r1 · T33

8T25
− 3r1 · T3 · T4

4T23

+
r1 · T5

2T2
+ r2 · T5 (3.259)

β = β − f0

f1
·
(

1 +
f0 · f2

2f12
+
f02 · (3f22 − f1 · f3)

6f14

)
(3.260)

Repeat (3.251) to (3.260).

ψ0 =
2nkT

q
· ln

(
2β

TFIN
·

√
2εsubnkT

q2Nc

)
(3.261)ψs = ψ0 − 2nkT

q ln(Cos(β)) + φbulk at source

ψd = ψ0 − 2nkT
q ln(Cos(β)) + φbulk + Vdseff at drain

(3.262)

Simplified Surface Potential Approximation (COREMOD = 1)

Vch =

∆Vt,QM at source

∆Vt,QM + Vdseff at drain
(3.263)

F =
q(Vgsfbeff − Vch)

2nkT
− F1 (3.264)

Z1 = Tan−1 (exp(F )) (3.265)

Z2 = Tan−1

(
2ln(1 + eF )

r1 · π

)
(3.266)

β = MIN(Z1, Z2) (3.267)
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f0 = ln(β)− ln(Cos(β)) + r1 · β · Tan(β) + r2 · β2 · Tan2(β)− F (3.268)

f1 =
1

β
+ β · Sec2(β) [r1 + 2 · r2 · β · Tan(β)] +

Tan(β) [1 + r1 + 2 · r2 · β · Tan(β)] (3.269)

f2 = Sec2(β)

[
1 + 2

(
r1 + r2 · β2 · Sec2(β) + r1 · β · Tan(β)

+ 2 · r2 ·
(
β2Tan2(β) + 2β · Tan(β)

))]
+

1

β2

[
2 · r2 · β2 · Tan2(β)− 1

]
(3.270)

f3 =
2

β3
+ 2 · β · Sec4(β)

[
r1 + 2 · r2 ·

(
3 + 4βTan(β)

)]
+ 2Sec2(β)Tan(β) ·

[
1 + 3 · r1

+ 2 · r1 · β · Tan(β) + 2 · r2
(

3
(

1 + 2 · β · Tan(β)
)

+ 2 · β2 · Tan2(β)

)]
(3.271)

β = β − f0

f1
·
(

1 +
f0 · f2

2f12
+
f02 · (3f22 − f1 · f3)

6f14

)
(3.272)

Repeat (3.268) to (3.272).

ψs = 2nkT
q [ln(β)− ln (cos(β)) + F1] at source

ψd = 2nkT
q [ln(β)− ln (cos(β)) + F1] + Vdseff at drain

(3.273)

Case: GEOMOD = 3, same for both COREMOD = 0, 1

Vch =

∆Vt,QM at source

∆Vt,QM + Vdseff at drain
(3.274)
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F =
q(Vgsfbeff − Vch)

2nkT
(3.275)

If F < -10 g = exp(2 · F ) (3.276)

Else if F > 10 g =
F

r1
(3.277)

Else g =

√
0.25 + r12 · (ln(1 + exp(F )))2

r12
(3.278)

T0 = 1 + cdop · g (3.279)

T1 =
cdop
T0

(3.280)

T2 = T12 (3.281)

f0 = 0.5 · ln(g) + 0.5 · ln(T0) + r1 · g + r2 · g2 − F (3.282)

f1 = 0.5 · 1

g
+ 0.5 · T1 + r1 + 2 · r2 · g (3.283)

f2 = −0.5 · 1

g2
− 0.5 · T2 + 2 · r2 (3.284)

f3 =
1

g3
+ T1 · T2 (3.285)

g = g − f0

f1
·
(

1 +
f0 · f2

2f12
+
f02 · (3f22 − f1 · f3)

6f14

)
(3.286)

Repeat (3.279) to (3.286).

Source side calculations

Vpolys = 2 · nkT
q
· r2 · g2 (3.287)

ψs = Vgsfbeff − 2 · nkT
q
· r1 · g − Vpolys (3.288)

qis = q0 · g (3.289)
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Drain side calculations

Vpolyd = 2 · nkT
q
· r2 · g2 (3.290)

ψd = Vgsfbeff − 2 · nkT
q
· r1 · g − Vpolyd (3.291)

qid = q0 · g (3.292)

3.5 Drain Saturation Voltage

The drain saturation voltage model is calculated after the source-side surface po-
tential (ψs) has been calculated. Vdseff is subsequently used to compute the drain-side
surface potential (ψd).

Electric Field Calculations

Electric Field is in MV/cm

If GEOMOD 6= 3 then

If NGATEi > 0 then

Tpolys =

√
1 +

Vgsfbeff − ψs
Vpoly0

− 1 (3.293)

Vpolys = Vpoly0 · T 2
polys (3.294)

else

Vpolys = 0 (3.295)

qis =

Vgsfbeff − ψs − qbs − Vpolys if COREMOD = 0

Vgsfbeff − ψs − Vpolys if COREMOD = 1
(3.296)

Eeffs = 10−8 ·
(
qbs + η · qis
εratio · EOT

)
(3.297)
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Drain Saturation Voltage (Vdsat) Calculations

Dmobs =


1 + UA(T ) · (Eeffs)EU + UD(T )(

1
2
·
(

1+
qis

1E−2/Cox

))UCS(T ) if BULKMOD = 0

1 + (UA(T ) + UC(T ) · Veseff ) · (Eeffs)EU + UD(T )(
1
2
·
(

1+
qis

1E−2/Cox

))UCS(T ) if BULKMOD = 1

(3.298)

Dmobs =
Dmobs

U0MULT
(3.299)

If RDSMOD = 0 then (3.300)

Rds,s = frac1(Weff0(µm))WRi ·
(
RDSWMIN(T ) +

RDSW (T )

1 + PRWGSi · qis

)
(3.301)

If RDSMOD = 1 then (3.302)

Rds,s = 0 (3.303)

Esat =
2 · V SAT (T )

µ0(T )/Dmobs
(3.304)

EsatL = Esat · Leff (3.305)

If RDSMOD = 2 then (3.306)

Rds,s = frac1(Weff0(µm))WRi ·
(
RSgeo +RDgeo +RDSWMIN(T ) +

RDSW (T )

1 + PRWGSi · qis

)
(3.307)

Here, RSgeo and RDgeo are geometry dependent (bias indepedent) part of source and drain

resistances. In RDSMOD=2 they are included in Rds,s calculation and no extra node is created.
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See section 3.15 for details.

If Rds,s = 0 then

Vdsat =
EsatL ·KSATIVi · (Vgsfbeff − ψs + 2kTq )

EsatL +KSATIVi · (Vgsfbeff − ψs + 2kTq )
(3.308)

else

WV Cox = Weff0 · V SAT (T ) · Cox (3.309)

Ta = 2 ·WV Cox ·Rds,s

Tb = KSATIVi · (Vgsfbeff − ψs + 2
kT

q
) · (1 + 3 ·WV Cox ·Rds,s) + EsatL

Tc = KSATIVi · (Vgsfbeff − ψs + 2
kT

q
)

×
(
EsatL + Ta ·KSATIVi · (Vgsfbeff − ψs + 2

kT

q
)

)
(3.310)

Vdsat =

(
Tb −

√
T 2
b − 2TaTc

)
Ta

(3.311)

Vdseff =
Vds(

1 +
(

Vds
Vdsat

)MEXP (T )
)1/MEXP (T )

(3.312)
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3.6 Average Potential, Charge and Related Variables

∆ψ = ψd − ψs (3.313)

qba = qbs (3.314)

If GEOMOD 6= 3 then

If NGATEi > 0 then

Tpolyd =

√
1 +

Vgsfbeff − ψd
Vpoly0

− 1 (3.315)

Vpolyd = Vpoly0 · T 2
polyd (3.316)

else

Vpolyd = 0 (3.317)

qid =

Vgsfbeff − ψd − qba − Vpolyd if COREMOD = 0

Vgsfbeff − ψd − Vpolyd if COREMOD = 1
(3.318)

∆qi = qis − qid (3.319)

qia = 0.5 · (qis + qid) (3.320)

qia2 = 0.5 · (qis + qid) + 0.5 · CHARGEWF ·
[
1.0− exp(V 2

dseff/6.25e− 4)
]
·∆qi;

(3.321)

3.7 Quantum Mechanical Effects

Effects that arise due to structural and electrical confinement in the multi-gate struc-
tures are dealt in this section. The threshold voltage shift arising due to bias-dependent
ground state sub-band energy is already accounted for in the surface potential calcu-
lations. (See the section on ’Surface Potential Calculation’). The reduction in width
and bias-dependence in effective oxide thickness due to the inversion charge centroid
being away from the interface is taken care of here. The section is evaluated only if
QMTCENIVi or QMTCENCVi is non-zero. While a single equation with parameters
ETAQM , QM0 and ALPHAQM govern the motion of charge centroid w.r.t. bias, two
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different quasi-switches are introduced here for the purpose of effective width calculation
and effective oxide thickness calculation. QMTCENIVi uses the above expression to
account for the effective width in I − V calculations and QMTCENCVi uses the same
expression for the effective width and effective oxide thickness for C − V calculations.
The pre-calculated factor MTcen is for the geometric dependence (on TFIN/HFIN/R)
of the charge centroid in sub-threshold region.

Charge Centroid Calculation for Inversion

T4 =
qia + ETAQM · qba

QM0
(3.322)

T5 = 1 + T4PQM (3.323)

Tcen =
Tcen0

T5
(3.324)

Effective Width Model

If GEOMOD = 0 then

Weff = Weff0 (3.325)

Weff,CV = Weff,CV 0 (3.326)

If GEOMOD = 1 then

Weff = Weff0 − 4 ·QMTCENIVi · Tcen (3.327)

Weff,CV = Weff,CV 0 − 4 ·QMTCENCVi · Tcen (3.328)

If GEOMOD = 2 then

Weff = Weff0 − 8 ·QMTCENIVi · Tcen (3.329)

Weff,CV = Weff,CV 0 − 8 ·QMTCENCVi · Tcen (3.330)

If GEOMOD = 3 then (3.331)

Weff = Weff0 − 2π ·QMTCENIVi · Tcen (3.332)

Weff,CV = Weff,CV 0 − 2π ·QMTCENCVi · Tcen (3.333)
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Effective Oxide Thickness / Effective Capacitance
If QMTCENCVi = 0, then Cox/Cox,acc (with EOT/EOTACC) will continue to be
used for both I − V and C − V . Else the following calculations yield a Cox,eff that
shall be used for C − V purposes. However Cox will continue to be used for I − V . For
calculation of Cox,eff , the physical oxide thickness, TOXP scaled appropriately will be
added to the inversion charge centroid, Tcen calculated above instead of using EOT .

If QMTCENCVi 6= 0 then (3.334)

Cox,eff =


3.9·ε0

TOXP 3.9
EPSROX

+Tcen·QMTCENCVi
εratio

GEOMOD 6= 3

3.9·ε0
R·
[

1
εratio

ln( R
R−Tcen )+ 3.9

EPSROX
ln
(

1+
Toxp
R

)] GEOMOD = 3
(3.335)

(3.336)

Charge Centroid Calculation for Accumulation

T6 = 1 +

(
qi,acc

QM0ACC

)PQMACC

(3.337)

Cox,acc =


3.9·ε0

TOXP 3.9
EPSROX

+
Tcen0
T6
·QMTCENCVAi

εratio

GEOMOD 6= 3

3.9·ε0
R·
[

1
εratio

ln
(

R
R−Tcen0/T6

)
+ 3.9
EPSROX

ln
(

1+
Toxp
R

)] GEOMOD = 3
(3.338)

If QMTCENCVi = 0 then (3.339)

Cox,eff = Cox (3.340)

Cox,acc =
3.9 · ε0

EOTACC
(3.341)

(3.342)

3.8 Mobility degradation and series resistance

Mobility degradation

η =


1
2 · ETAMOBt for NMOS

1
3 · ETAMOBt for PMOS

(3.343)
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Eeffa = 10−8 ·
(
qba + η · qia2

εratio · EOT

)
(3.344)

Dmob =


1 + UA(T ) · (Eeffa)EU + UD(T )(

1
2
·
(

1+
qia2

1E−2/Cox

))UCS(T ) BULKMOD=0

1 + (UA(T ) + UC(T ) · Veseff ) · (Eeffa)EU + UD(T )(
1
2
·
(

1+
qia2

1E−2/Cox

))UCS(T ) BULKMOD=1

(3.345)

Dmob =
Dmob

U0MULT
(3.346)

Series resistance

The source/drain series resistance is the sum of a bias-independent component and a bias-

dependent component. They are described in detail in section 3.15. If RDSMOD=0 or

RDSMOD=2 the resistance will affect the Ids expressions through a degradation factor Dr.

3.9 Lateral Non-uniform Doping Model

Lateral non-uniform doping along the length of the channel leads to I-V and C-V

display different threshold voltages. However the consistent surface potential based I-V

and C-V model doesn’t allow for the usage of different Vth values. A straight forward

method would be to re-compute the surface potentials at the source and drain end twice

for I-V and C-V separately breaking the consistency but at the expense of computation

time. The below model has been introduced as a multiplicative factor to the drain

current (I-V) to allow for that Vth shift. This model should be exercised after the C-V

extraction step to match the Vth for the subthreshold region Id,lin-Vg curve. Parameter

K0 is used to fit the subthresold region, while parameter K0SI helps reclaim the fit in

the inversion region.

Mnud = exp

(
− K0(T )

K0SI(T ) · qia + 2.0 · nkTq

)
(3.347)

See word of caution after Body Effect Model.
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3.10 Body Effect Model

Body Effect for BULKMOD=1 (Experimental)

A small amount of body effect can be captured by the below equations. This model

is applicable only for I-V and not for the C-V. A direct Vth(Ves) shift results in non-

physical capacitance behavior in the CMG model and hence a new approach has been

taken.

Vesx = Ves − 0.5 · (Vds − Vdsx) (3.348)

Veseff = min(Vesx, 0.95 · PHIBEi) (3.349)

dV thBE =
√
PHIBEi − Veseff −

√
PHIBEi (3.350)

Mob = exp

(
−dV thBE

K1(T ) +K1SAT (T ) · Vdsx
K1SI(T ) · qia + 2.0 · nkTq

)
(3.351)

A word of CAUTION: The above Lateral non-uniform doping model or the Body
Effect model are empirical and have their limits as to how much Vth shift can be achieved
without distorting the I-V curve. Over usage could lead to negative gm or negative gds.
For ex: The Lateral non-uniform doping model could be used in combination with the
mobility model to achieve high Vth shift between C-V and I-V curved to avoid any
distortion of higher order derivatives.

3.11 Output Conductance

Channel Length Modulation

1

Cclm
=


PCLMi + PCLMGi · qia forPCLMGi ≥ 0

1
1

PCLMi
−PCLMGi·qia

forPCLMGi < 0
(3.352)

Mclm = 1 +
1

Cclm
ln

[
1 +

Vds − Vdseff
Vdsat + EsatL

· Cclm
]

(3.353)
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Output Conductance due to DIBL

PV AGfactor =


1 + PV AGi · qia

EsatLeff
for PV AGi > 0

1
1−PV AGi·

qia
EsatLeff

for PV AGi ≤ 0
(3.354)

θrout =
0.5 · PDIBL1a

cosh
(
DROUTi ·

Leff
λ

)
− 1

+ PDIBL2i (3.355)

VADIBL =
qia + 2kT/q

θrout
·
(

1− Vdsat
Vdsat + qia + 2kT/q

)
· PV AGfactor (3.356)

Moc =

(
1 +

Vds − Vdseff
VADIBL

)
·Mclm (3.357)

Moc is multiplied to Ids in the final drain current expression.

3.12 Velocity Saturation

Current Degradation Due to Velocity Saturation The following formulation
models the current degradation factor due to velocity saturation in the linear region. It
is adopted from the BSIM5 model [7, 8].

Esat1 =
2 · V SAT1a ·Dmob

µ0(T )
(3.358)

δvsat = DELTAV SATi (3.359)

Dvsat =

1 +

(
δvsat +

(
∆qi

Esat1Leff

)PSAT (L)
) 1
PSAT (L)

1 + (δvsat)
1

PSAT (L)

+
1

2
· PTWGa · qia ·∆q2

i (3.360)

Non-Saturation Effect Some devices do not exhibit prominent or abrupt velocity
saturation. The parameters A1 and A2 are used to tune this non-saturation effect to
better the Id,sat or gm,sat fitting.
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T0 = max

[(
A1(T ) +

A2(T )

qia + 2.0 · nkT
q

)
·∆q2

i ,−1

]
(3.361)

Nsat =
1 +
√

1 + T0

2
(3.362)

Dvsat = Dvsat ·Nsat (3.363)

3.13 Drain Current Model

Case: GEOMOD = 0, 1, 2 and COREMOD = 1

Assume solution to SPE for source and drain side to be βs and βd respectively

T0 =
2Csi
Cox

(3.364)

T1 = βs · tanβs (3.365)

T2 = βd · tanβd (3.366)

T3 =

T0 · (T1 + T2) + 4 · r2 · T1
2+T1T2+T2

2

3 NGATEi > 0

T0 · (T1 + T2) otherwise
(3.367)

T6 = βs
2 + βd

2 (3.368)

ids0 =
4Csi
Cox

(
nkT

q

)2

· [(T3 + 2) · (T1 − T2)− T6] (3.369)

ids0
∆qi

=
nkT

2q
· (T3 + 1) (3.370)

Ids = IDS0MULT · µ0(T ) · Cox ·
Weff

Leff
· ids0 ·

MocMobMnud

Dvsat ·Dr ·Dmob
×NFINtotal (3.371)

39



Case: All other cases

If GEOMOD 6= 3 then

cdop = 1 (3.372)

If NGATEi > 0 then

Tpoly = 2 · χpoly ·
Tcom

3
(3.373)

T1 = κpoly · qia (3.374)

Else

Tpoly = 0 (3.375)

T1 = qia (3.376)

ηiv =
q0

q0 + cdopqia
(3.377)

T2 = (2− ηiv) ·
nkT

q
(3.378)

ids0
∆qi

= Tpoly + T1 + T2 (3.379)

ids0 =
ids0
∆qi
·∆qi (3.380)

Ids = IDS0MULT · µ0(T ) · Cox ·
Weff

Leff
· ids0 ·

MocMobMnud

Dmob ·Dr ·Dvsat
×NFINtotal (3.381)

3.14 Intrinsic Capacitance Model

In BSIM-CMG both the intrinsic capacitances and parasitic capacitances are mod-
eled. In this section we describe the formulation of intrinsic capacitances. The formu-
lation of parasitic capacitances will be described in section 3.15

To ensure charge conservation, terminal charges instead of terminal voltages are used
as state variables. The terminal charges Qg, Qb, Qs, and Qd are the charges associated
with the gate, bulk, source, and drain terminals, respectively. Please refer to [9] for
details of the terminal charge derivation.
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Mobility

ηcv =


1
2 for NMOS

1
3 for PMOS

(3.382)

Eeffa,cv = 10−8 ·
(
qba + ηcv · qia
εratio · EOT

)
(3.383)

Dmob,cv = 1 + UA(T ) · (Eeffa,cv)EU +
UD(T )(

1
2 ·
(

1 + qia
qba

))UCS(T )
(3.384)

Dmob,CV =
Dmob,cv

U0MULT
(3.385)

Velocity Saturation

EsatCV =
2 · V SATCV (T ) ·Dmob,CV

µ0(T )
(3.386)

EsatCV L = EsatCV LeffCV (3.387)

Dvsat,CV =

1 +

(
δvsatcv +

(
∆qi

EsatCV L

)PSATCV (L)
) 1
PSATCV (L)

1 + (δvsatcv)
1

PSATCV (L)

(3.388)

T0 =

2 · χpoly · Tcom3 + κpoly · qia + (2− ηiv)nkTq NGATEi > 0

qia + (2− ηiv)nkTq NGATEi = 0
(3.389)

T1 =
T0

Dvsat,CV
(3.390)

Channel Length Modulation Channel length modulation causes an effective reduction

of the intrinsic capacitance at high drain bias. This reduction factor is modeled by Mclm,CV :

Mclm,CV = 1 +
1

PCLMCV
ln

[
1 +

Vds − Vdseff
V dsat+ EsatCV L

· PCLMCV

]
(3.391)
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Intrinsic (Normalized) Charge

qb = qbs

Calculating qg

T0 =

κpoly + 4 · χpoly · qia NGATEi > 0

1 NGATEi = 0
(3.392)

qg =

[
qia + T0 · ∆q2

i

12 · ids,CV

]
· 1

Mclm,CV
+ (Mclm,CV − 1) · qid (3.393)

Calculating qd

T1 =

15 · κpoly + χpoly · (32 · qid + 28 · qis) NGATEi > 0

15 NGATEi = 0
(3.394)

T2 =

63 · κ2
poly + 126 · χpoly · κpoly · qia + χ2

poly · (256 · Tcom + 240 · qis · qid) NGATEi > 0

63 NGATEi = 0

(3.395)

T3 =

[
0.5 · qia −

∆qi
12
·

(
1− T1

∆qi
30 · ids,CV

− T2
∆q2

i

1260 · i2ds,CV

)]
(3.396)

qd = T3 · 1

M2
clm,CV

+

[
Mclm,CV −

1

Mclm,CV

]
· qid (3.397)

Accumulation Charge

Note: This section is still subject to verification and may be changed or removed in future

versions.

The calculation for accumulation region charge are performed only if both the switches CAP-

MOD and BULKMOD are set to 1, i.e. for a bulk-substrate device only. This introduces

a computational effort equal to the calculation of surface potential on the source side. For

calculation of accumulation region charge, the device is treated as intrinsically doped i.e.

NBODY=ni. However additional flexibility is introduced through a separate effective oxide

thickness (EOTACC) and a separate Flatband voltage value (through DELVFBACC) for the
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accumulation side calculations. The following equations (here written together) are present at

appropriate places in the code.

r1acc =


2 εsub

TFIN ·Cox,acc GEOMOD 6= 3

2 εsub
R·Cox,acc GEOMOD = 3

(3.398)

If GEOMOD 6= 3 then

F1,acc = ln

(√
2εsub · kT
q2Nc

2

TFIN

)
(3.399)

If GEOMOD = 3 then

q0,acc =
2 · kT · r1acc

q
(3.400)

T0acc =
q · ni ·R
Cox,acc

(3.401)

Vt,dop,acc = −
(
kT

q

)
ln

(
kT

q · T0acc

)
−
(
kT

q

)
ln

(
1− exp

(
q.T0acc

2.r1acc.kT

))
(3.402)

cdop,acc = 2 · r1acc · exp
(
−
q · Vt,dop,acc

kT

)
(3.403)

Vt0,acc =
T0acc

2
−
(
kT

q

)
ln

(
0.5 · q · T0acc

kT

)
+ Vt,dop,acc (3.404)

Voltage limiting for Vge > Vfb region

T1 = −Vge + ∆φ− Eg
2

+DELV FBACC (3.405)

Vgsfbeff,acc =


1
2

[
T1 +

√
T12 + 4× 10−8

]
− Eg

2 GEMOD 6= 3

1
2

[
T1 +

√
T12 + 4× 10−8

]
− Vt0,acc GEMOD = 3

(3.406)

Surface Potential Evaluation

For GEMOD 6= 3, the simplified surface potential calculation outlined for COREMOD = 1
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case is used with Vgsfbeff,acc, F1,acc and r1acc calculated above together with r2 = 0, Vch = 0.

Then the normalized charge is evaluated the following way...

qi,acc = Vgsfbeff,acc −
2kT

q
[ln(β)− ln (cos(β)) + F1,acc] (3.407)

Similarly for GEMOD = 3, the surface potential calculations are performed with Vgsfbeff,acc

and r1acc, with r2 and Vch both set to 0. The normalized charge in this case is give by,

qi,acc = q0,acc · g (3.408)

Terminal Charges

Qg,intrinsic = NFINtotal · Cox,eff ·Weff,CV · Leff,CV · (qg) (3.409)

Qd,intrinsic = NFINtotal · Cox,eff ·Weff,CV · Leff,CV · (−qd) (3.410)

Qb,intrinsic = NFINtotal · Cox ·Weff,CV · Leff,CV · (−qb) (3.411)

Qs,intrinsic = −Qg,intrinsic −Qd,intrinsic −Qb,intrinsic (3.412)

Qg,acc = NFINtotal · Cox,acc ·Weff,CV 0 · Leff,CV,acc · (−qi,acc) (3.413)

Qb,acc = NFINtotal · Cox,acc ·Weff,CV 0 · Leff,CV,acc · (−qi,acc) (3.414)

3.15 Parasitic resistances and capacitance models

In this section we will describe the models for parasitic resistances and capacitances in

BSIM-CMG.

BSIM-CMG models the parasitic source/drain resistance in two components: a bias depen-

dent extension resistance and a bias independent diffusion resistance. Parasitic gate resistance

is modeled as well.

The parasitic capacitance model in BSIM-CMG includes a bias-indepedent fringe capac-

itance, a bias-dependent overlap capacitance, and substrate capacitances. In the case of

MuGFETs on SOI, the substrate capacitances are from source/drain/gate to the substrate

through the buried oxide. For MuGFETs on bulk substrate, an additional junction capacitor

is modeled, which we will describe along with the junction current model in section 3.20.
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3.15.1 Parasitic Resistance Model

The total parasitic resistance at the source/drain terminal consists of two parts: (a) Bias

independent and (b) Bias dependent. BSIM-CMG offers three different options to model

parasitic resistance with variations on the way the bias dependent and bias independent parts of

the parasitic resistance are handled, . These options can be exercised by the switch RDSMOD

as described below:

(a)RDSMOD=0: Bias dependent part of parasitic resistance is internal to the model, while

bias independent part is external to the model. Additional nodes are created. This is same as

BSIM3 model.

(b)RDSMOD=1: Both bias dependent and bias independent parts of parasitic resistances

are external to the model. The bias-dependent extension resistance model is adopted from

BSIM4 [10]. Similar to BSIM4, this option in BSIM-CMG allow the source extension resistance

Rs(V ) and the drain extension resistance Rd(V ) to be external and asymmetric (i.e. Rs(V ) and

Rd(V ) can be connected between the external and internal source and drain nodes, respectively;

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

CMOS simulation possible.

(c)RDSMOD=2: Both bias dependent and bias independent parts of parasitic resistances

are internal to the model. This option assumes symmetric source/drain resistances. No addi-

tional nodes are created in this option.

The expressions for source/drain series resistances are as follows:

RDSMOD = 0 (Internal bias dependent, external bias independent)

Rsource = Rs,geo (3.415)

Rdrain = Rd,geo (3.416)

Rds =
1

NFINtotal ×Weff0WRi
·
(
RDSWMIN(T ) +

RDSW (T )

1 + PRWGSi · qia

)
(3.417)

Dr = 1.0 +NFINtotal × µ0(T ) · Cox ·
Weff

Leff
· ids0

∆qi
· Rds
Dvsat ·Dmob
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Dr goes into the denominator of the final Ids expression.

RDSMOD = 1 (External)

Vgs,eff =
1

2

[
Vgs − Vfbsd +

√
(Vgs − Vfbsd)2 + 0.1

]
(3.418)

Vgd,eff =
1

2

[
Vgd − Vfbsd +

√
(Vgd − Vfbsd)2 + 0.1

]
(3.419)

Vsi,s,eff =
√
V (si, s)2 + 1.0E − 6 (3.420)

Rsw =
RSW (T ) · (1 +RSDRa · V PRSDR

si,s,eff )

1 + PRWGSi · Vgs,eff
(3.421)

Rsource =
1

Weff0WRi ·NFINtotal

· (RSWMIN(T ) +Rsw) +Rs,geo (3.422)

Vdi,d,eff =
√
V (di, d)2 + 1.0E − 6 (3.423)

Rdw =
RDW (T ) · (1 +RDDRa · V PRDDR

di,d,eff )

1 + PRWGDi · Vgd,eff
(3.424)

Rdrain =
1

Weff0WRi ·NFINtotal

· (RDWMIN(T ) +Rdw) +Rd,geo (3.425)

Dr = 1.0 (3.426)

RDSMOD = 2 (Internal bias independent and bias dependent)

Rsource = 0.0 (3.427)

Rdrain = 0.0 (3.428)

Rds =
1

NFINtotal ×Weff0WRi
·
(
Rs,geo +Rd,geo +RDSWMIN(T ) +

RDSW (T )

1 + PRWGSi · qia

)
(3.429)

Dr = 1.0 +NFINtotal × µ0(T ) · Cox ·
Weff

Leff
· ids0

∆qi
· Rds
Dvsat ·Dmob

Rs,geo and Rd,geo are the source and drain diffusion resistances, which we will describe as

follows.
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3.15.2 Diffusion resistance

BSIM-CMG offers two models for the source/drain diffusion resistance, selected by a pa-

rameter RGEOMOD.

3.15.2.1 Sheet resistance model

IfRGEOMOD = 0, the resistance will be simply calculated as the sheet resistance (RSHS,RSHD)

times the number of squares (NRS,NRD):

RGEOMOD = 0 (sheet resistance model)

Rs,geo = NRS ·RSHS (3.430)

Rd,geo = NRD ·RSHD (3.431)

3.15.2.2 Diffusion resistance model for variability modeling

If RGEOMOD = 1, a diffusion resistance model for variability modeling will be invoked. The

physically-derived model captures the complex dependences of resistance on the geometry of

FinFETs.

RGEOMOD = 1 is derived based on the FinFET structure (single-fin or multi-fin with

merged source/drain). Figure 1 shows the cross section of a double-gate FinFET with raised

source/drain (RSD) along the source-drain direction. Lg (gate length) and TOXP (physical

oxide thickness, not shown in Fig. 1) are calculated in section 3.1. A hard mask with thickness

TMASK often exists on top of the fin. If TMASK = 0, the model will assume there is no

hard mask and the dielectric thickness on top of the fin is TOXP (triple-gate FinFET). In the

figure, LSP is the spacer thickness, LRSD is the length of the raised source/drain, HFIN

is the fin height, TGATE is the gate height, and HEPI is the height of the epitaxial silicon

above the fin. These parameters are specified by the user.

The resistivity of the raised source/drain can be specified with the parameter RHORSD.
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Figure 1: Cross section of a raised source/drain double-gate FinFET and symbol defi-

nition
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If RHORSD is not given the resistivity is calculated using the following expressions [11]:

µMAX =

1417 for NMOS

470.5 for PMOS
(3.432)

µrsd =


52.2 + µMAX−52.2

1+
(

NSD
9.68×1022m−3

)0.680 − 43.4

1+
(

3.41×1026m−3

NSD

)2.0 cm2/V − s for NMOS

44.9 + µMAX−44.9

1+
(

NSD
2.23×1023m−3

)0.719 − 29.0

1+
(

6.10×1026m−3

NSD

)2.0 cm2/V − s for PMOS

(3.433)

ρRSD =
1

q NSDµRSD
(3.434)

where NSD is the active doping concentration of the raised source/drain.

The diffusion resistance includes two components: the spreading resistance due to current

spreading from the extension region into the raised source/drain (Rsp) and the resistance of

the raised source/drain region (Rcon).

The spreading resistance, Rsp is derived by assuming the current spreads at a constant angle

θRSP in the raised source/drain. Comparison with numerical simulation shows that θRSP is

around 55 degrees. The spreading resistance is given as a function of the cross sectional area

of the raised source/drain (Arsd) and the effective fin area (Afin):

Rsp =
ρRSD · cot(θrsp)√

π ·NFIN
·

[
1√
Afin

− 2√
Arsd

+

√
Afin
A2
rsd

]
(3.435)

Afin is given by

Afin =

HFIN × TFIN forHEPI ≥ 0

(HFIN +HEPI)× TFIN forHEPI < 0
(3.436)

Here HEPI < 0 is the case where silicidation removes part of the silicon, forming a recessed

source/drain (Fig. 2).
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Figure 2: Lithography-defined FinFET with a smaller source/drain height compared to

the fin height (silicide not shown).

The raised source drain cross sectional area (Arsd) is given by

Arsd =


FPITCH ·HFIN +

[
TFIN+

(FPITCH − TFIN) · CRATIO
]
·HEPI forHEPI ≥ 0

FPITCH · (HFIN +HEPI) forHEPI < 0

(3.437)

In the above formula, we have assumed a rectangular geometry for negative HEPI (Fif. 2)

and the cross sectional area is simply the fin pitch times the final height of the source/drain.

For positive HEPI, we have considered a RSD formed by selective epitaxial growth, in which

case the RSD may not be rectangular (e.g. Fig. 3). In calculating the cross sectional area, we

take into account the non-rectangular corner through the parameter CRATIO. CRATIO is

defined as the ratio of corner area filled with silicon to the total corner area. In the example

given in Fig. 4, CRATIO is 0.5.

The calculation of the contact resistance (Rcon) is based on the transmission line model

[12]. Rcon is expressed as a function of the total area (Arsd,total) and the total perimeter

(Prsd,total):

Rrsd,TML =
ρRSD · lt
Arsd,total

· cosh(α) + η · sinh(α)

sinh(α) + · cosh(α)
(3.438)

α =
LRSD

lt
(3.439)

lt =

√
RHOC ·Arsd,total
ρRSD · Prsd,total

(3.440)

where RHOC is the contact resistivity at the silicide/silicon interface.
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Figure 3: FinFET with non-rectangular epi and top silicide

Figure 4: 2-D cross section of a FinFET with non-rectangular epi and top silicide
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Figure 5: FinFET with a non-rectangular epi and silicide on top and two ends.

The total area and perimeter are given by

Arsd,total = Arsd ×NFIN +ARSDEND (3.441)

Prsd,total = (FPITCH +DELTAPRSD)×NFIN + PRSDEND (3.442)

DELTAPRSD is the per-fin increase in perimeter due to non-rectangular raised source/drains.

ARSDEND and PRSDEND are introduced to model the additional cross-sectional area and

the additional perimeter, respectively, at the two ends of a multi-fin FinFET.

SDTERM = 1 indicates the source/drain are terminated with silicide (Fig. 5), while

SDTERM = 0 indicates they are not. η is given by

η =


ρRSD·lt
RHOC SDTERM = 1

0.0 SDTERM = 0
(3.443)

In the case of the recessed source/drain, a side component of the contact resistance must

be modeled as well. It is given by

Rrsd,side =
RHOC

NFIN · (−HEPI) · TFIN
(3.444)
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Finally, the total diffusion resistance is given by

Rs,geo = Rd,geo =
Rrsd
NF

·
[
RGEOA+RGEOB × TFIN+ (3.445)

RGEOC × FPITCH +RGEOD × LRSD +RGEOE ×HEPI
]

where

Rrsd =

Rrsd,TML +Rsp forHEPI ≥ 0

(Rrsd,TML+Rsp)×Rrsd,side
(Rrsd,TML+Rsp)+Rrsd,side

forHEPI < 0
(3.446)

Fitting parameters RGEOA, RGEOB, RGEOC, RGEOD and RGEOE are introduced for

fitting flexibility.

3.15.3 Gate electrode resistance model

The gate electrode resistance model can be switched on by setting RGATEMOD = 1.

This introduces an internal node ”ge”. The gate electrode resistor (Rgeltd) is placed between

the external ”g” node and the internal ”ge” node.

The gate electrode resistance model takes into account the number of gate contacts,

NGCON . NGCON = 1 indicates single-sided contact; NGCON = 2 indicates double-sided

contact. Rgeltd is given by

Rgeltd =


RGEXT+RGFIN ·NFIN/3

NF forNGCON = 1

RGEXT/2+RGFIN ·NFIN/12
NF forNGCON = 2

(3.447)

3.15.4 Bias-dependent overlap capacitance model

An accurate overlap capacitance model is essential. This is especially true for the drain side

where the effect of the capacitance is amplified by the transistor gain. The overlap capacitance

changes with gate to source and gate to drain biases. In LDD MOSFETs a substantial portion

of the LDD region can be depleted, both in the vertical and lateral directions. This can lead

to a large reduction of the overlap capacitance. This LDD region can be in accumulation or
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depletion. We use a single equation for both regions by using such smoothing parameters as

Vgs,overlap and Vgd,overlap for the source and drain side, respectively. Unlike the case with the

intrinsic capacitance, the overlap capacitances are reciprocal. In other words, Cgs,overlap =

Csg,overlap and Cgd,overlap = Cdg,overlap. The bias-dependent overlap capacitance model in

BSIM-CMG is adopted from BSIM4 [10] for CGEOMOD = 0 and CGEOMOD = 2.

The overlap charge is given by:

Qgs,ov
NFINtotal ·WeffCV

= CGSO · Vgs+

CGSL ·

[
Vgs − Vfbsd − Vgs,overlap −

CKAPPAS

2

(√
1−

4Vgs,overlap
CKAPPAS

− 1

)]
(3.448)

Qgd,ov
NFINtotal ·WeffCV

= CGDO · Vgd+

CGDL ·

[
Vgd − Vfbsd − Vgd,overlap −

CKAPPAD

2

(√
1−

4Vgd,overlap
CKAPPAD

− 1

)]
(3.449)

Vgs,overlap =
1

2

[
Vgs − Vfbsd + δ1 −

√
(Vgs − Vfbsd + δ1)2 + 4δ1

]
(3.450)

Vgd,overlap =
1

2

[
Vgd − Vfbsd + δ1 −

√
(Vgd − Vfbsd + δ1)2 + 4δ1

]
(3.451)

δ1 = 0.02V (3.452)

For CGEOMOD = 1, the overlap capacitors are bias-independent, as we will discuss in

the end of this section.

3.15.5 Substrate parasitics

In multi-gate devices such as the FinFET, there is capacitive coupling from the source/drain

to the substrate through the buried oxide. This component is modeled in BSIM-CMG and is

given by:

Csbox = Cbox ·ASEO + Cbox,sw · (PSEO − FPITCH ∗NFINtotal) (3.453)

Cdbox = Cbox ·ADEO + Cbox,sw · (PDEO − FPITCH ∗NFINtotal) (3.454)
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Figure 6: Illustration of the direct gate-to-substrate overlap region in the FinFET.

where the side component per width is [13]

Cbox,sw = CSDESW · ln
(

1 +
HFIN

EOTBOX

)
(3.455)

There is also direct capacitive coupling from the gate to the substrate in FinFETs (Fig.

6). Following BSIM4[10] this component is given by

Cge,overlap = (CGBO ·NF ·NGCON + CGBN ·NFINtotal) · (L+XL) (3.456)

Csbox, Cdbox and Cge,overlap are all linear capacitors.

3.15.6 Fringe capacitances and capacitance model selectors

The fringing capacitance consists of a bias-independent outer fringing capacitance and a

bias-dependent inner fringing capacitance. Only the bias-independent outer fringing capaci-

tance is modeled.

BSIM-CMG offers 3 models for the outer fringe capacitance, selected by CGEOMOD:

I. For CGEOMOD = 0, the fringe and overlap capacitances are proportional to the number
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Figure 7: R-C network for CGEOMOD=0, NQSMOD=1, and RGATEMOD=1. If

NQSMOD or RGATEMOD is 0, then the corresponding resistances become 0 and the

nodes collapse.

of fins and the effective width. The fringe capacitances is given by:

CGEOMOD = 0

Cgs,fr = NFINtotal ·Weff,CV 0 · CFSi (3.457)

Cgd,fr = NFINtotal ·Weff,CV 0 · CFDi (3.458)

Fig. 7 illustrates the parasitic resistance and capacitance network used for CGEOMOD = 0.

II. In some multi-gate applications the parasitic capacitances are not directly proportional to

the width of the device. BSIM-CMG offers CGEOMOD = 1 so that the fringe and overlap

capacitance values can be directly specified without assuming any width dependencies. The
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Figure 8: R-C network for CGEOMOD=1, NQSMOD=1, and RGATEMOD=1. If

NQSMOD or RGATEMOD is 0, then the corresponding resistances become 0 and the

nodes collapse.

simple expressions for fringe and overlap capacitances in CGEOMOD = 1 are:

CGEOMOD = 1

Cgs,ov = COV Si (3.459)

Cgd,ov = COVDi (3.460)

Cgs,fr = CGSP (3.461)

Cgd,fr = CGDP (3.462)

NOTE) The switch CGEO1SW can be used to enable the parameters COVS, COVD, CGSP,

and CGDP to be in F per fin, per gate-finger, per unit channel width.

The parasitic resistance and capacitance network for CGEOMOD = 1 is illustrated in Fig.

8.

III. If CGEOMOD = 2, an outer fringe capacitance model for variability modeling which

address the complex dependencies on the FinFET geometry will be invoked. RGEOMOD = 1

and CGEOMOD = 2 share the same set of input parameters and can be used at the same

time. Both models are derived based on the FinFET structure (single-fin or multi-fin with
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merged source/drain).

In CGEOMOD = 2 the fringe capacitance is partitioned into a top component, a corner

component and a side component (Fig. 9). The top and side components are calculated

based on a 2-D fringe capacitance model, which has been derived and calibrated to numerical

simulation in [14]. The corner component is calculated based on the formula of parallel plate

capacitors.

Cfr,top = Cfringe,2D(Hg, Hrsd, LRSD)× TFIN ×NFIN (3.463)

Cfr,side = 2× Cfringe,2D(Wg, Trsd, LRSD)×HFIN ×NFIN (3.464)

Ccorner =
εsp
LSP

· [Acorner ×NFIN +ARSDEND +ASILIEND] (3.465)

where

Hg = TGATE + TMASK (3.466)

Trsd =
1

2
(FPITCH − TFIN) (3.467)

Wg = Trsd − TOXP (3.468)

Hrsd = HEPI + TSILI (3.469)

ARSDEND and ASILIEND are the additional area of silicon and silicide, respectively, at the

two ends of a multi-fin FinFET.

The three components are summed up to give the total fringe capacitance. Several fitting

parameters are added to aid fitting. The final expression is:

CGEOMOD = 2

Cfr,geo = (Ccorner + Cfr,top + CGEOE · Cfr,side)×NF×

[CGEOA+ CGEOB · TFIN + CGEOC · FPITCH + CGEOD · LRSD] (3.470)

For the case of TMASK > 0 the fringe capacitances are calculated a little differently,

since the 2D model is valid only for a thin Tox. Ccorner is set to 0. Cfr,top is proportional to
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Figure 9: Illustration of top, corner and side components of the outer fringe capacitance
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FPITCH and is given by

Cfr,top =

{
3.467× 10−11 · ln

(
EPSRSP · 10−7

3.9 · LSP

)
+ 0.942 ·Hrsd ·

εsp
LSP

}
· ([TFIN + (FPITCH − TFIN) · CRATIO] ·NFIN (3.471)

The R-C network has the same topology as CGEOMOD = 0.

And finally,

CGEOMOD = 0/1/2

Cds,fr = CDSP

3.16 Impact Ionization and GIDL/GISL Model

Impact Ionization Current

Iii can be switched off by setting IIMOD = 0

Case: IIMOD = 1 (3.472)

Iii =
ALPHA0(T ) +ALPHA1(T ) · Leff

Leff
(Vds − Vdseff ) · e

BETA0(T )
Vds−Vdseff · Ids (3.473)

Case: IIMOD = 2

Iii =
ALPHAII0(T ) +ALPHAII1(T ) · Leff

Leff
· Ids

· exp

(
Vdiff

BETAII2i +BETAII1iVdiff +BETAII0iV 2
diff

)
(3.474)

Vdiff = Vds − Vdsatii (3.475)

Vdsatii = VgsStep ·
(

1− LIIi
Leff

)
(3.476)

VgsStep =

(
ESATIIiLeff

1 + ESATIIiLeff

)(
1

1 + SII1iVgsfbeff
+ SII2i

)(
SII0(T ) · Vgsfbeff

1 + SIIDiVds

)
(3.477)

60



Gate-Induced-Drain/Source-Leakage Current

GIDL/GISL are calculated only for GIDLMOD = 1

T0 = AGIDLi ·Weff0 ·
(
Vds − Vgs − EGIDLi + Vfbsd

εratio · EOT

)PGIDLi
× exp

(
− εratio · EOT ·BGIDL(T )

Vds − Vgs − EGIDLi + Vfbsd

)
×NFINtotal (3.478)

Igidl =

T0 · V 3
de

CGIDLi+V 3
de

for BULKMOD = 1

T0 · Vds for BULKMOD = 0
(3.479)

T1 = AGISLi ·Weff0 ·
(
−Vds − Vgd − EGISLi + Vfbsd

εratio · EOT

)PGISLi
× exp

(
− εratio · EOT ·BGISL(T )

−Vds − Vgd − EGISLi + Vfbsd

)
×NFINtotal (3.480)

Igisl =

T1 · V 3
se

CGISLi+V 3
se

for BULKMOD = 1

T1 · Vsd for BULKMOD = 0
(3.481)

Note) For Vde or Vse ≤ 0, GIDL/GISL current is zero.[15]

3.17 Gate Tunneling Current

Tox,ratio =
1

TOXG2
·
(
TOXREF

TOXG

)NTOXi
(3.482)
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3.17.0.1 Gate to body current Igbinv and Igbacc calculated only if IGBMOD = 1

A = 3.75956× 10−7 (3.483)

B = 9.82222× 1011 (3.484)

Vaux,igbinv = NIGBINVi ·
kT

q
· ln
(

1 + exp

(
qia − EIGBINVi
NIGBINVi · kT/q

))
(3.485)

Igbinv = Weff0 · Leff ·A · Tox,ratio · Vge · Vaux,igbinv · Igtemp ·NFINtotal

× exp (−B · TOXG · (AIGBINV (T )−BIGBINVi · qia) · (1 + CIGBINVi · qia))
(3.486)

A = 4.97232× 10−7 (3.487)

B = 7.45669× 1011 (3.488)

Vfbzb = ∆Φ− Eg/2− φB (3.489)

T0 = Vfbzb − Vge (3.490)

T1 = T0− 0.02; (3.491)

Vaux,igbacc = NIGBACCi ·
kT

q
· ln
(

1 + exp

(
T0

NIGBACCi · kT/q

))
(3.492)

Voxacc =


qi,acc for BULKMOD=1 and CAPMOD=1

0.5 · [T1 +
√

(T1)2 − 0.08 · Vfbzb] for CAPMOD 6= 1 and Vfbzb ≤ 0

0.5 · [T1 +
√

(T1)2 + 0.08 · Vfbzb] for CAPMOD 6= 1 and Vfbzb > 0

(3.493)

Igbacc = Weff0 · Leff ·A · Tox,ratio · Vge · Vaux,igbacc · Igtemp ·NFINtotal

× exp (−B · TOXG · (AIGBACC(T )−BIGBACCi · Voxacc) · (1 + CIGBACCi · Voxacc))
(3.494)

For BULKMOD=1, Igb simply flows from the gate into the substrate. For BULKMOD=0,

Igb mostly flows into the source because the potential barrier for holes is lower at the source,

which has a lower potential. To ensure continuity when Vds switches sign, Igb is partitioned
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into a source component, Igbs and a drain component, Igbd using a partition function:

Igbs = (Igbinv + Igbacc) ·Wf (3.495)

Igbd = (Igbinv + Igbacc) ·Wr (3.496)

3.17.0.2 Gate to channel current Igc is calculated only for IGCMOD = 1

A =

4.97232× 10−7 for NMOS

3.42536× 10−7 for PMOS
(3.497)

B =

7.45669× 1011 for NMOS

1.16645× 1012 for PMOS
(3.498)

T0 = qia · (Vge − 0.5 · Vdsx + 0.5 · Ves + 0.5 · Ved) (3.499)

Igc0 = Weff0 · Leff ·A · Tox,ratio · Igtemp ·NFINtotal · T0

× exp (−B · TOXG · (AIGC(T )−BIGCi · qia) · (1 + CIGCi · qia)) (3.500)

Vdseffx =
√
V 2
dseff + 0.01− 0.1 (3.501)

Igcs = Igc0 ·
PIGCDi · Vdseffx + exp(PIGCDi · Vdseffx)− 1.0 + 1.0E − 4

PIGCD2
i · V 2

dseffx + 2.0E − 4
(3.502)

Igcd = Igc0 ·
1.0− (PIGCDi · Vdseffx + 1.0) exp(−PIGCDi · Vdseffx) + 1.0E − 4

PIGCD2
i · V 2

dseffx + 2.0E − 4

(3.503)

3.17.0.3 Gate to source/drain current Igs, Igd are calculated only for IGCMOD =

1
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A =

4.97232× 10−7 for NMOS

3.42536× 10−7 for PMOS
(3.504)

B =

7.45669× 1011 for NMOS

1.16645× 1012 for PMOS
(3.505)

V ′gs =
√

(Vgs − Vfbsd)2 + 10−4 (3.506)

V ′gd =
√

(Vgd − Vfbsd)2 + 10−4 (3.507)

igsd,mult = Igtemp ·
Weff0 ·A

(TOXG · POXEDGEi)2 ·
(

TOXREF

TOXG · POXEDGEi

)NTOXi
(3.508)

Igs = igsd,mult ·DLCIGS · Vgs · V ′gs ·NFINtotal

× exp
(
−B · TOXG · POXEDGEi ·

(
AIGS(T )−BIGSi · V ′gs

)
·
(
1 + CIGSi · V ′gs

))
(3.509)

Igd = igsd,mult ·DLCIGD · Vgd · V ′gd ·NFINtotal

× exp
(
−B · TOXG · POXEDGEi ·

(
AIGD(T )−BIGDi · V ′gd

)
·
(
1 + CIGDi · V ′gd

))
(3.510)

3.18 Non Quasi-static Models

This version offers three different Non quasi-static (NQS) models. Each of these can
be turned on/off using the NQSMOD switch. Setting NQSMOD = 0 turns off all NQS
models and switches to plain quasi-static calculations.

Gate Resistance Model (NQSMOD = 1)

NQS effects for NQSMOD = 1 is modeled through an effective intrinsic input resistance,

Rii [16]. This would introduce a gate node in between the intrinsic gate and the physical gate

electrode resistance (RGATEMOD). This node collapses to the intrinsic gate if the user turns
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Figure 10: R-C network for calculating deficient charge Qdef and the instantaneous

charge, Qdef/τ is used in place of the quasi-static charges. [17]

off this model.

IdovV ds = µ0(T )Cox
Weff

Leff
qia ·

Moc

Dvsat
(3.511)

1

Rii
= NF ·NFIN ·XRCRG1i ·

(
IdovV ds +XRCRG2 ·

µeffCoxeWeffkT

qLeff

)
(3.512)

Charge Deficit Model (NQSMOD = 2)

The charge-deficit model from BSIM4 has been adopted here [10]. Based on a relaxation

time approach, the deficient charge (equilibrium quasi-static charge minus the instantaneous

channel charge) is kept track through a R-C sub-circuit [17]. An extra node whose voltage

is equal to the deficient charge is introduced for this purpose. The instantaneous channel

charge that is obtained from the self-consistent solution of the MOSFET and R-C sub-circuit

is then split between the source and drain using a partition ratio (Xd,part) calculated from the

quasi-static charges. A capacitance of 1 Farad is used for this purpose, while the resistance is

give by the inverse of the relaxation time constant, 1/τ .
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Xd,part =
qd

qg
(3.513)

IdovV ds = µ0(T )Cox
Weff

Leff
qia

Moc

Dvsat
(3.514)

1

Rii
= NF ·NFIN ·XRCRG1i ·

(
IdovV ds +XRCRG2 ·

µeffCoxeWeffkT

qLeff

)
(3.515)

1

τ
=

1

Rii · Cox ·Weff · Leff
(3.516)

Charge Segmentation Model (NQSMOD = 3)

Note: This model is not supported for COREMOD = 1 && GEOMOD 6= 3, i.e. for double

gate and likes together with the simplified surface potential solution.

The charge segmentation approach is a simplified form of a full-fledged segmentation where

a long channel transistor is divided into N number of segments each of length L
N . The approach

used here takes advantage of the fact that the core I-V and the C-V model can be broken down

and expressed into separate functions of the source end and the drain end channel charge (qis

and qid respectively), i.e. a certain F(qis)-F(qid) for some functional form F(). Based on the

value for the parameter NSEG (minimum 4 and a maximum of 10), selecting NQSMOD = 3

would introduce NSEG-1 number of internal nodes (q1, q2, ...qNSEG−1) in the channel. From

the bias-independent calculation up until the surface potential solutions including calculations

pertaining to mobility degradation, velocity saturation , channel length modulation are all

performed only once for a given transistor. However the core I-V and C-V calculations are

repeated NSEG number of times with varying boundary conditions. The calculations for the

n-th segement would be look something like F(qn−1) - F(qn). The continuity of current together

with the boundary conditions imposed by the quasi-static solutions to the surface potential

at source and drain ends (qis and qid) would yield a self-consistent result where the voltage

at each of nodes, V (qn) would end up being the channel charge at that position. The leakage

currents and other effects are also evaluated only once. The computational effort is far less

compared to a full-fledged segmentation as the core I-V and C-V calculations take up only a

fraction of the time compared to a full transistor model. There is no non quasi-static effect for

the body charge, as the channel is assumed to be fully-depleted. This model does not extend
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Figure 11: A N-segment charge-segmented MOSFET with N-1 internal nodes
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to accumulation region where we assume the holes are supplied quickly form the body contact

for the BULKMOD=1 case.

This model introduces no new parameters, and hence does not require any additional fitting

/ measurements to be performed. The DC and AC results for NQSMOD=3 and NSEG number

of segments are also self-consistent with the quasi-static results. We are still investigating a

metric to identify the best number of segments, NSEG that would suit your accuracy while

balancing the additional computational effort introduced with each additional segment.

3.19 Generation-recombination Component

Ids,gen = HFIN · TFIN · (Leff − LINTIGEN) · (AIGENi · Vds +BIGENi · V 3
ds)

· exp

[
qEg

NTGENi · kT

(
T

TNOM
− 1

)]
×NFINtotal (3.517)

3.20 Junction Current and capacitances

The junction current and capacitances are only calculated for bulk multi-gate devices

(BULKMOD = 1).
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3.20.0.4 Source side junction current

Bias Independent Calculations

Isbs = ASEJ · Jss(T ) + PSEJ · Jsws(T ) +Weff0 ·NFINtotal · Jswgs(T ) (3.518)

NVtms =
kT

q
·NJS (3.519)

XExpBV S = exp

(
− BV S

NVtms

)
·XJBV S (3.520)

Tb = 1 +
IJTHSFWD

Isbs
−XExpBV S (3.521)

VjsmFwd = NVtms · ln

Tb +
√
T 2
b + 4 ·XExpBV S

2

 (3.522)

T0 = exp

(
VjsmFwd
NVtms

)
(3.523)

IVjsmFwd = Isbs

(
T0 −

XExpBV S

To
+XExpBV S − 1

)
(3.524)

SslpFwd =
Isbs

NVtms
·
(
T0 +

XExpBV S

T0

)
(3.525)

VjsmRev = −BV S −NVtms · ln

(
IJTHSREV

Isbs
− 1

XJBV S

)
(3.526)

T1 = XJBV S · exp
(
−
BV S + VjsmRev

NVtms

)
(3.527)

IVjsmRev = Isbs · (1 + T1) (3.528)

SslpRev = −Isbs ·
T1

NVtms
(3.529)
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Bias Dependent Calculations

If Ves < VjsmRev

Ies =

(
exp

(
Ves

NVtms

)
− 1

)
· (IVjsmRev + SslpRev(Ves − VjsmRev)) (3.530)

Else If VjsmRev ≤ Ves ≤ VjsmFwd

Ies = Isbs ·
(
exp

(
Ves

NVtms

)
+XExpBV S − 1−XJBV S · exp

(
−BV S + Ves

NVtms

))
(3.531)

Else Ves > VjsmFwd

Ies = IVjsmFwd + SslpFwd(Ves − VjsmFwd) (3.532)

Including Source Side Junction Tunneling Current

Ies = Ies −ASEJ · Jtss(T )× (3.533)(
exp

(
−Ves/(k · TNOM/q)/NJTS(T )× V TSS
max(V TSS − Ves, V TSS · 1.0E − 3)

)
− 1

)
Ies = Ies − PSEJ · Jtssws(T )× (3.534)(

exp

(
−Ves/(k · TNOM/q)/NJTSSW (T )× V TSSWS

max(V TSSWS − Ves, V TSSWS · 1.0E − 3)

)
− 1

)
Ies = Ies −Weff0 ·NFINtotal · Jtsswgs(T )× (3.535)(

exp

(
−Ves/(k · TNOM/q)/NJTSSWG(T )× V TSSWGS

max(V TSSWGS − Ves, V TSSWGS · 1.0E − 3)

)
− 1

)
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3.20.0.5 Drain side junction current

Bias Independent Calculations

Isbd = ADEJ · Jsd(T ) + PDEJ · Jswd(T ) +Weff0 ·NFINtotal · Jswgd(T ) (3.536)

NVtmd =
kT

q
·NJD (3.537)

XExpBV D = exp

(
− BVD

NVtmd

)
·XJBVD (3.538)

Tb = 1 +
IJTHDFWD

Isbd
−XExpBV D (3.539)

VjdmFwd = NVtmd · ln

Tb +
√
T 2
b + 4 ·XExpBV D

2

 (3.540)

T0 = exp

(
VjdmFwd
NVtmd

)
(3.541)

IVjdmFwd = Isbd

(
T0 −

XExpBV D

To
+XExpBV D − 1

)
(3.542)

DslpFwd =
Isbd

NVtmd
·
(
T0 +

XExpBV D

T0

)
(3.543)

VjdmRev = −BVD −NVtmd · ln

(
IJTHDREV

Isbd
− 1

XJBVD

)
(3.544)

T1 = XJBVD · exp
(
−
BVD + VjdmRev

NVtmd

)
(3.545)

IVjdmRev = Isbd · (1 + T1) (3.546)

DslpRev = −Isbd ·
T1

NVtmd
(3.547)
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Bias Dependent Calculations

If Ved < VjdmRev

Ied =

(
exp

(
Ved

NVtmd

)
− 1

)
· (IVjdmRev +DslpRev(Ved − VjdmRev)) (3.548)

Else If VjdmRev ≤ Ved ≤ VjdmFwd

Ied = Isbd ·
(
exp

(
Ved

NVtmd

)
+XExpBV D − 1−XJBVD · exp

(
−BVD + Ved

NVtmd

))
(3.549)

Else Ved > VjdmFwd

Ied = IVjdmFwd +DslpFwd(Ved − VjdmFwd) (3.550)

Including Drain Side Junction Tunneling Current

Ied = Ied −ADEJ · Jtsd(T )× (3.551)(
exp

(
−Ved/(k · TNOM/q)/NJTSD(T )× V TSD

max(V TSD − Ved, V TSD · 1.0E − 3)

)
− 1

)
Ied = Ied − PDEJ · Jtsswd(T )× (3.552)(

exp

(
−Ved/(k · TNOM/q)/NJTSSWD(T )× V TSSWD

max(V TSSWD − Ves, V TSSWD · 1.0E − 3)

)
− 1

)
Ied = Ied −Weff0 ·NFINtotal · Jtsswgd(T )× (3.553)(

exp

(
−Ved/(k · TNOM/q)/NJTSSWGD(T )× V TSSWGD

max(V TSSWGD − Ved, V TSSWGD · 1.0E − 3)

)
− 1

)
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3.20.0.6 Source side junction capacitance

Bias Independent Calculations

Czbs = CJS(T ) ·ASEJ (3.554)

Czbssw = CJSWS(T ) · PSEJ (3.555)

Czbsswg = CJSWGS(T ) ·Weff0 ·NFINtotal (3.556)

Bias Dependent Calculations

Qes1 =

Czbs · PBS(T ) ·
1−
(

1− Ves
PBS(T )

)1−MJS

1−MJS Ves < 0

Ves · Czbs + V 2
es ·

MJS·Czbs
2·PBS(T ) Ves > 0

(3.557)

Qes2 =

Czbssw · PBSWS(T ) ·
1−
(

1− Ves
PBSWS(T )

)1−MJSWS

1−MJSWS Ves < 0

Ves · Czbssw + V 2
es ·

MJSWS·Czbssw
2·PBSWS(T ) Ves > 0

(3.558)

Qes3 =

Czbsswg · PBSWGS(T ) ·
1−
(

1− Ves
PBSWGS(T )

)1−MJSWGS

1−MJSWGS Ves < 0

Ves · Czbsswg + V 2
es ·

MJSWGS·Czbsswg
2·PBSWGS(T ) Ves > 0

(3.559)

Qes = Qes1 +Qes2 +Qes3 (3.560)

Two-Step Source side junction capacitance

In some cases, the depletion edge in the channel/ substrate edge might transition into a region

with a different doping (for ex. in a NMOS device: [n+ (source) , p1 (channel/substrate) ,

p2 (substrate)], where p1 and p2 are regions with different doping levels). The following could

be used to capture such a situation. In what follows, Vescn (< 0) can be interpreted as the

transition voltage at which the depletion region switches from p1 to p2 region. It is calculated

assuming parameters SJxxx (proportionality constant for second region) and MJxxx2 (gradient

of second region’s doping) are given, to give a continuous charge and capacitance.

For Ves < Vesc1

Qes1 = Czbs ·

PBS(T ) ·
1−

(
1− Vesc1

PBS(T )

)1−MJS

1−MJS
+ SJS · Pbs2 ·

1−
(
1− Ves−Vesc1

Pbs2

)1−MJS2

1−MJS2


(3.561)
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Else use the Qes1 of single junction above for Ves > Vesc1 where,

Vesc1 = PBS(T ) ·

(
1−

(
1

SJS

) 1
MJS

)
(3.562)

Pbs2 =
PBS(T ) · SJS ·MJS2

MJS ·
(

1− Vesc1
PBS(T )

)−1−MJS
(3.563)

For Ves < Vesc2

Qes2 = Czbssw · PBSWS(T ) ·
1−

(
1− Vesc2

PBSWS(T )

)1−MJSWS

1−MJSWS
(3.564)

+ Czbssw · SJSWS · Pbsws2 ·
1−

(
1− Ves−Vesc2

Pbsws2

)1−MJSWS2

1−MJSWS2
(3.565)

Else use the Qes2 of single junction above for Ves > Vesc2 where,

Vesc2 = PBSWS(T ) ·

(
1−

(
1

SJSWS

) 1
MJSWS

)
(3.566)

Pbsws2 =
PBSWS(T ) · SJSWS ·MJSWS2

MJSWS ·
(

1− Vesc2
PBSWS(T )

)−1−MJSWS
(3.567)

For Ves < Vesc3

Qes3 = Czbsswg · PBSWGS(T ) ·
1−

(
1− Vesc3

PBSWGS(T )

)1−MJSWGS

1−MJSWGS
(3.568)

+ Czbsswg · SJSWGS · Pbswgs2 ·
1−

(
1− Ves−Vesc3

Pbswgs2

)1−MJSWGS2

1−MJSWGS2
(3.569)

Else use the Qes3 of single junction above for Ves > Vesc3 where,

Vesc3 = PBSWGS(T ) ·

(
1−

(
1

SJSWGS

) 1
MJSWGS

)
(3.570)

Pbswgs2 =
PBSWGS(T ) · SJSWGS ·MJSWGS2

MJSWGS ·
(

1− Vesc3
PBSWGS(T )

)−1−MJSWGS
(3.571)
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3.20.0.7 Drain side junction capacitance

Bias Independent Calculations

Czbd = CJD(T ) ·ADEJ (3.572)

Czbdsw = CJSWD(T ) · PDEJ (3.573)

Czbdswg = CJSWGD(T ) ·Weff0 ·NFINtotal (3.574)

Bias Dependent Calculations

Qed1 =

Czbd · PBD(T ) ·
1−
(

1− Ved
PBD(T )

)1−MJD

1−MJD Ved < 0

Ved · Czbd + V 2
ed ·

MJD·Czbd
2·PBD(T ) Ved > 0

(3.575)

Qed2 =

Czbdsw · PBSWD(T ) ·
1−
(

1− Ved
PBSWD1(T )

)1−MJSWD

1−MJSWD Ved < 0

Ved · Czbdsw + V 2
ed ·

MJSWD·Czbdsw
2·PBSWD(T ) Ved > 0

(3.576)

Qed3 =

Czbdswg · PBSWGD(T ) ·
1−
(

1− Ved
PBSWGD(T )

)1−MJSWGD

1−MJSWGD Ved < 0

Ved · Czbdswg + V 2
ed ·

MJSWGD·Czbdswg
2·PBSWGD(T ) Ved > 0

(3.577)

Qed = Qed1 +Qed2 +Qed3 (3.578)

Two-Step Drain side junction capacitance

Refer to the description made for the source side.

For Ved < Vedc1

Qed1 = Czbd ·

PBD(T ) ·
1−

(
1− Vedc1

PBD(T )

)1−MJD

1−MJD
+ SJD · Pbd2 ·

1−
(

1− Ved−Vedc1
Pbd2

)1−MJD2

1−MJD2


(3.579)

Else use the Qed1 of single junction above for Ved > Vedc1 where,

Vedc1 = PBD(T ) ·

(
1−

(
1

SJD

) 1
MJD

)
(3.580)

Pbd2 =
PBD(T ) · SJD ·MJD2

MJD ·
(

1− Vedc1
PBD(T )

)−1−MJD
(3.581)
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For Ved < Vedc2

Qed2 = Czbdsw · PBSWD(T ) ·
1−

(
1− Vedc2

PBSWD(T )

)1−MJSWD

1−MJSWD
(3.582)

+ Czbdsw · SJSWD · Pbswd2 ·
1−

(
1− Ved−Vedc2

Pbswd2

)1−MJSWD2

1−MJSWD2
(3.583)

Else use the Qed2 of single junction above for Ved > Vedc2 where,

Vedc2 = PBSWD(T ) ·

(
1−

(
1

SJSWD

) 1
MJSWD

)
(3.584)

Pbswd2 =
PBSWD(T ) · SJSWD ·MJSWD2

MJSWD ·
(

1− Vedc2
PBSWD(T )

)−1−MJSWD
(3.585)

For Ved < Vedc3

Qed3 = Czbdswg · PBSWGD(T ) ·
1−

(
1− Vedc3

PBSWGD(T )

)1−MJSWGD

1−MJSWGD
(3.586)

+ Czbdswg · SJSWGD · Pbswgd2 ·
1−

(
1− Ved−Vedc3

Pbswgd2

)1−MJSWGD2

1−MJSWGD2
(3.587)

Else use the Qed3 of single junction above for Ved > Vedc3 where,

Vedc3 = PBSWGD(T ) ·

(
1−

(
1

SJSWGD

) 1
MJSWGD

)
(3.588)

Pbswgd2 =
PBSWGD(T ) · SJSWGD ·MJSWGD2

MJSWGD ·
(

1− Vedc3
PBSWGD(T )

)−1−MJSWGD
(3.589)

3.21 Self-heating model

The self-heating effect is modeled using an R-C network approach (based on BSIMSOI

[13]), as illustrated in figure 13. The voltage at the temperature node (T) is used for all

temperature-dependence calculations in the model.

Thermal resistance and capacitance calculations
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Figure 12: R-C network for self-heating calculation [13]

Table 1: Origin of noise models in BSIM-CMG

Model in BSIM-CMG 108.0.0 Origin

Flicker noise model BSIM4 Unified Model (FNOIMOD=1)

Thermal noise BSIM4 TNOIMOD=0, 1 and 2

Gate current shot noise BSIM4 gate current noise

Noise associated with parasitic resistances BSIM4 parasitic resistance noise

The thermal resistance (Rth) and capacitance (Cth) are modified from BSIMSOI to capture

the fin pitch (FPITCH) dependence.

1

Rth
= Gth =

NF · (WTH0 + FPITCH ·NFIN)

RTH0
(3.590)

Cth = CTH0 ·NF · (WTH0 + FPITCH ·NFIN) (3.591)

3.22 Noise Models

Noise models in BSIM-CMG are based on BSIM4 [10]. Table 1 lists the origin of
each noise model:
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3.22.0.8 Flicker noise model

Esat,noi =
2V SATi
µeff

(3.592)

Leff,noi = Leff − 2 · LINTNOI (3.593)

∆Lclm = l · ln
[

1

Esat,noi
·
(
Vds − Vdseff

l
+ EM

)]
(3.594)

N0 =
Coxe · qis

q
(3.595)

Nl =
Coxe · qid

q
(3.596)

N∗ =
kT

q2
(Coxe + CITi) (3.597)

FN1 = NOIA · ln
(
N0 +N∗

Nl +N∗

)
+NOIB · (N0 −Nl) +

NOIC

2
(N2

0 −N2
l ) (3.598)

FN2 =
NOIA+NOIB ·Nl +NOIC ·N2

l

(Nl +N∗)2
(3.599)

Ssi =
kTq2µeffIds

CoxeL2
eff,noif

EF · 1010
· FN1 +

kTI2
ds∆Lclm

Weff ·NFINtotal · L2
eff,noif

EF · 1010
· FN2

(3.600)

Swi =
NOIA · kT · I2

ds

Weff ·NFINtotal · Leff,noifEF · 1010 ·N∗2
(3.601)

Sid,flicker =
SwiSsi
Swi + Ssi

(3.602)

3.22.0.9 Thermal noise model (TNOIMOD = 0)

Qinv = |Qs,intrinsic +Qd,intrinsic| ×NFINtotal (3.603)

i2d =


NTNOI · 4kT∆f

Rds+
L2
eff

µeffQinv

if RDSMOD = 0 or 2

NTNOI · 4kT∆f
L2
eff
· µeffQinv if RDSMOD = 1

(3.604)
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Figure 13: Schematic for BSIM-CMG channel thermal noise modeling.

Thermal Noise Model (TNOIMOD = 1)

θtnoi = RNOIB ·

[
1.0 + TNOIB · Leff ·

(
qia

Esat,noiLeff

)2
]

(3.605)

βtnoi = RNOIA ·

[
1.0 + TNOIA · Leff ·

(
qia

Esat,noiLeff

)2
]

(3.606)

i2d = 4kT
Vdseff
Ids

[
[Gds + βtnoi · (Gm +Gmb)]

2 − [θtnoi · (Gm +Gds +Gmb)]
2
]

(3.607)

v2
d = 4kT

Vdseff
Ids

· θ2
tnoi (3.608)

Thermal Noise Model (TNOIMOD = 2) TNOIMOD=2 is correlated thermal noise model.

Unlike TNOIMOD=1 both drain and gate noise are implemented as current sources in this

thermal noise model. The correlation between two sources is independently controllable and

can be tuned using RNOIC parameter. See BSIM4.8 Technical Manual for more details.

3.22.0.10 Gate current shot noise

i2gs = 2q(Igcs + Igs) (3.609)

i2gd = 2q(Igcd + Igd) (3.610)

i2gb = 2qIgbinv (3.611)
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3.22.0.11 Resistor noise The noise associated with each parasitic resistors in BSIM-

CMG are calculated

If RDSMOD = 1 then

i2RS
∆f

= 4kT · 1

Rsource
(3.612)

i2RD
∆f

= 4kT · 1

Rdrain
(3.613)

If RGATEMOD = 1 then

i2RG
∆f

= 4kT · 1

Rgeltd
(3.614)

3.23 Threshold Voltage

A simple analytical threshold voltage Vth definition for GEOMOD=0, 1, and 2 was
derived and implemented as operating point info in BSIM-CMG106.1.0beta2. For a
long channel device, Vth is defined as the value of Vg at which the drift and diffusion
components of the source to drain current at the source side are equal. Based on this
definition, it can be shown that at Vg = Vth, the charge at source side is given by [18]

Qis = Cox ·
kT

q
. (3.615)

Next, the surface potential at the source is [approximately] calculated from the charges
as follows ([4], ch. 3, p.66)

ψs ≈
kT

q
ln

Qis

(
Qis + 2Qbulk + 5Csi

kT
q

)
2qniesub

kT
q

+ ΦB + ∆Vt,QM . (3.616)

The Gauss law demands that at the source side

Vg = Vfb + ψs +
Qis +Qbs

Cox
. (3.617)
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Substituting (3.615) and (3.616) in (3.617) results in the following expression for Vth for
a long channel device:

Vth0 = Vfb +
kT

q
ln

Cox kTq
(
Cox

kT
q

+ 2Qbulk + 5Csi
kT
q

)
2qniεsub

kT
q

+ ΦB + ∆Vt,QM +
kT

q
+ qbs.

(3.618)

Corrections due to threshold voltage roll-off, DIBL, reverse short channel effect, and
temperature are added accordingly:

Vth = Vth0 + ∆Vth,all. (3.619)
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Table 2: Sample input decks for BSIM-CMG

Netlist Description

idvgnmos.sp Id - Vgs characteristics for n-FETs (25 ◦C)

idvgpmos.sp Id - Vgs characteristics for p-FETs (25 ◦C)

idvdnmos.sp Id - Vds characteristics for n-FETs (25 ◦C)

idvdpmos.sp Id - Vds characteristics for p-FETs (25 ◦C)

ac.sp AC simulation example

noise.sp Noise simulation example

gummel n.sp Gummel symmetry test for nFET

gummel p.sp Gummel symmetry test for pFET

inv dc.sp Inverter DC simulation

rdsgeo.sp Test for RGEOMOD=1

cfrgeo.sp Test for CGEOMOD=2

inverter transient.sp Inverter transient response simulation example

ringosc 17stg.sp 17-stage ring oscillator simulation example

4 Simulation Outputs

Sample input decks for BSIM-CMG are listed in Table 2
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5 Parameter Extraction Procedure

6 Global Parameter Extraction

6.1 Basic Device Parameter List

The objective of this procedure is to find one global set of parameters for BSIM-
CMG to fit experimental data for devices with channel length ranging from short to
long dimensions.

Some parameters are measured or specified by user, and need not be extracted, such
as those given in Table 4.

Parameters that are going to be extracted are divided into two categories. Category
One parameters are presented as the coefficients in a set of length dependent intermedi-
ate quantities. These intermediate quantities are introduced to facilitate the extraction
procedure. To keep the procedure simple, these quantities are not visible to the end
user. Category Two parameters don’t appear in these intermediate quantities.

The length dependent intermediate quantities, 9 in total, are summarized below.

Group 1: U0[L], ∆L[L], UA[L], UD[L], RDSW[L] [Relates to Mobility and Rseries]

Group 2: VSAT[L], VSAT1[L], PTWG[L] [Relates to Velocity Saturation]

Group 3: MEXP[L] [Relates to Smoothing Functions]

U0[L] and ∆L[L] and the associated Category One parameters are

U0[L] = U00 × (1− UP × L−LPAeff ) .....Eq (1); (Here, Leff = L− 2×∆L[L])

∆L[L] = LINT + LL× e
−(L+XL)
LLN .....Eq (2);

The other length dependent quantities UA[L], UD[L], RDSW[L], MEXP[L], VSAT[L],
VSAT1[L], PTWG[L]. These 8 length dependent variables have identical functional form,
and are represented as Param[L]:

Param[L] = Param0 + AParam× e−
Leff

Bparam .....Eq(4);

Example: UA[L] = UA0 + AUA× e−
Leff
BUA

Here, Param[L] = Param0 when Leff is large, while AParam, BParam are geometry
scaling parameters which add necessary correction to Param0 when the Leff shrinks.
Param0, AParam, BParam belong to Category One.
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Table 4: Examples of parameters that are measured or specified by the user

Parameter Name Description

EOT Gate oxide thickness

HFIN Fin Height

TFIN Fin Thickness

L Fin Length Drawn

NFIN Number of Fins

NF Number of Fingers in parallel

NBODY Channel Doping Concentration

BULKMOD 0: SOI 1: bulk

GIDLMOD 0: off 1:on

GEOMOD 0: double gate 1: triple gate 2: quadruple gate

RDSMOD 0: internal bias dependent, external bias independent 1: external 2: Internal

TYPE 0: PMOS 1:NMOS

NGATE 0: metal gate > 0: Poly Gate doping
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Category Two parameters which don’t appear in the length dependent functions are:

PHIG, CIT, EU, ETAMOB, DVT0, DVT1, CDSC, DVT2, ETA0, DSUB, CDSCD,
AGIDL, BGIDL, EGIDL, VTL, XN, LC,MM, PCLM, PDIBL1, PDIBL2, DROUT,
PVAG, etc

Since Category One parameters can only manifest themselves by first yielding the 9
length dependent intermediate quantities, determining the value of these intermediate
quantities is inevitable if we want to extract them. Category Two parameters, however,
can be extracted from experimental data directly.

Now we start extracting all the global parameters in both categories.

The extraction procedure can be divided into 8 stages:

• Parameter initialization

• Linear region: Step 1-6

• Saturation region: Step 7-11

• GIDL and Output Conductance: Step 12-13

• Smoothing between linear and saturation regions: Step 14

• Parameters for temperature effect and self-heating effect: Step 15

• Gate / Junction leakage current : Step 16

• Other important physical effects : Step 17

See the extraction overview flow chart for details.

6.2 Parameter Initialization

• Determine Vth(L) by strong inversion region data using maximum slope extrapo-
lation algorithm.

• Plot Vd(∼0.05V )
Id(Vg ,L)

v.s.L for different

• Make linear fitting to the curve set above, extrapolate each straight line and find
the intersection (∆L ,Rseries ), Initialize LINT = ∆L

2
, RDSW = Rseries as shown in the

Fig. 15.

• Use Constant-Current method to extract Vth(L) by using sub-threshold region
data.
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Figure 14: Extraction Flow Chart

• Plot ∆Vth(L)v.s.@Vd ∼ 0.05V and Vdd respectively. Extract short channel ef-
fect(SCE) and Reverse SCE parameters DVT0, DVT1, ETA0, DSUB, K1RSCE, LPE0
as shown in Figure 16 left.

• Plot 2.3n(L)× kT
q

v.s.L@Vd ∼ 0.05V and Vdd. Extract CDSC, CDSCD, DVT2 as
shown in Figure 16 right.

• Set all other parameters in Category One and Two as default value as the manual
shows.
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Figure 15: Initialize ∆L and Rseries
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Figure 16: Initialize SCE and RSCE Parameters
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6.3 Linear region

Step 1: Extract work function, interface charge and mobility model parameters

for long gate length. [Note: Larger length is better, as it will minimize the short

channel effect and emphasize carrier mobility, work function and interface charge related

parameters.]

Extracted Parameters Device & Experimental Data Extraction Methodology

PHIG, CIT A long device Id v.s. Vg @ Vd ∼
0.05V

Observe sub-threshold region off-

set and slope.

U00, UA0, UD0, EU, ETAMOB A long device Id v.s. Vg @ Vd ∼
0.05V

Observe strong inversion region

Idlin and Gmlin.

Step 2: Refine Vth roll-off, DIBL and SS degradation parameters.

Extracted Parameters Device & Experimental Data Extraction Methodology

DVT0, DVT1, CDSC, DVT2 Both short and medium devices

Id v.s. Vg @ Vd ∼ 0.05V

Observe sub-threshold region of

all devices in the same plot.

Optimize DVT0, DVT1, CDSC,

DVT2.

Note: need not very accurate fitting because mobility, series resistance parameters
are not determined yet.

Step 3: Extract low field mobility U0[L] for long and medium gate lengths.

So far, we have good fit with data in sub-threshold regions from long to short channel
devices, and strong inversion for long channel devices. We need good fit for strong
inversion in medium and short channel devices.

In linear region, current is to the first order, governed by low field mobility. So we
start by tuning low field mobility values.

In short channel devices series resistance, coulombic scattering and enhanced mo-
bility degradation effects are pronounced. To avoid the influence of these effects, long
and medium channel length devices are selected to especially extract low field mobility
parameters.
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Extracted Parameters Device & Experimental Data Extraction Methodology

UP,LPA Long and medium devices Id v.s.

Vg @ Vd ∼ 0.05V U0[L] = U00 ×
(1− UP × L−LPA

eff )

Observe strong inversion region

Idlin and Gmlin, extract U0[L]

to get UP,LP. i.e. for each

Li, find Yi corresponding to Li,

fit (Li,Yi) by Eq(1) to extract

UP,LP). Refer to Figure 17 for

instance.

Step 4: Extract mobility model and series resistance parameters for short gate

lengths.

Extracted Parameters Device & Experimental Data Extraction Methodology

Param0,AParam,

BParam,LINT, LL,LLN

Short and medium devices Id v.s.

Vg @ Vd ∼ 0.05V

a. Observe strong inversion re-

gion Idlin and Gmlin. Similar

to Step 3, find values of UA[L],

UD[L], RDSW[L] and DeltaL[L]

that gives good fit to experimen-

tal data, varying them simulta-

neously. UA0,UD0 are provided

from Step 1 and RDSW0, LINT

are provided from parameter Ini-

tialization.

b. Variation of each parameter

with respect to L should be kept

minimal with smooth continuous

trend.

c. From the length dependence

of UA[L], UD[L], RDSW[L]

and L[L], find AUA, BUA;

AUD,BUD; ARDSW, BRDSW;

LL, LLN .

Note: Step 3 parameters are extracted from long and medium channel lengths,
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Figure 17: Fit low field electron mobility with Lg
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Figure 18: Idv.s.Vg and Gmv.s.Vg @ Vd ∼ 0.05V

whereas, Step 4 involves short and medium channel lengths. As in Step 4 ’exponen-
tial’ corrections are particularly pronounced for small L (short channel). Its Taylor
expansion when Leff is medium can give appropriate modifications when power func-
tions alone don’t fit very well for medium lengths. Thus, the extracted parameters
remain valid for all channel lengths to bring forth the intended length dependence in
effect.

Step 5: Refine geometry scaling parameters for mobility degradation parameters.

Refined Parameters Device & Experimental Data Extraction Methodology

AUA,AUD,ARDSW,LL Short and medium devices Id v.s.

Vg @ Vd ∼ 0.05V

Observe strong inversion region

of all devices in the same plot;

optimize AUA, AUD, ARDSW,

LL.

Step 6: Refine all Group 1 scaling parameters.

Further optimize the parameters by repeating step 5 and 2. If not getting good
fitting, tune LLN, BUA, BUD, BRDSW. If still not good, tune other parameters in
Group 1 as appropriate. Iteration ends in step 5 and then proceeds to step 7. A sample
fitting result up till this step is shown in Figure 18.
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6.4 Saturation region

Step 7: Refine DIBL parameters.

Extracted Parameters Device & Experimental Data Extraction Methodology

ETA0, DSUB, CDSCD Short and long devices Id v.s. Vg

@ Vd ∼ Vdd

Observe sub-threshold region of

all devices in the same plot. Op-

timze ETA0, DSUB, CDSCD.

Note: need not very accurate fitting because velocity saturation, smoothing function
and output conductance parameters are not determined yet.

Step 8: Extract velocity saturation parameters for long and medium gate lengths

Extracted Parameters Device & Experimental Data Extraction Methodology

V SAT0, V SAT10, PTWG0,

KSATIV0, MEXP0

long device and medium devices

Id v.s. Vg @ Vd ∼ Vdd

Observe strong inversion region

Idsat, Gmsat, IdVd.

Note: long channel alone is not enough to accurately extract velocity saturation
parameters.

Step 9: Extract velocity saturation parameters for short and medium gate lengths

Extracted Parameters Device & Experimental Data Extraction Methodology

AVSAT, AVSAT1, APTWG,

BVSAT, BVSAT1, BPTWG

short and medium devices Id v.s.

Vg @ Vd ∼ Vdd

a. Observe strong inversion re-

gion of Idsat and Gmsat. Find

VSAT1[Li]=Xi, VSAT[Li]=Yi,

PTWG[Li]=Zi to fit data.

b. Extract AVSAT1, BVSAT1

from (Li, Xi); AVSAT,BVSAT

from (Li, Yi); APTWG,

BPTWG from (Li, Zi).

Step 10: Refine geometry scaling parameters for velocity saturation, over the range

from short to long channel devices.

Refined Parameters Device & Experimental Data Extraction Methodology
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AVSAT, AVSAT1, APTWG medium and short devices Id v.s.

Vg @ Vd ∼ Vdd

Observe strong inversion re-

gion of all devices in the

same plot. Optimize AVSAT,

AVSAT1, APTWG.
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Figure 19: Idv.s.Vg and Gmv.s.Vg @ Vd ∼ Vdd

Step 11: Refine Group 2 scaling parameters.

Further refine the geometry scaling parameters by repeating step 10 and 7. If not
getting good fitting, tune BVSAT, BVSAT1, BPTWG. If still not good, tune other
parameters in Group 2 as appropriate. Iteration ends in step 10 and then proceeds to
step 13. A sample fitting result up till this step is shown in Figure 19.

6.5 Other Parameters representing important physical effects

Step 12: Extract GIDL current model parameters.

Extracted Parameters Device & Experimental Data Extraction Methodology

AGIDL, BGIDL, EGIDL long and short devices Id v.s. Vd

@ different Vg

Observe sub-threshold region Id

v.s. Vg @ Vd ∼ Vdd & Rout v.s.

Vd @ Vg ∼ 0V .

Step 13: Extract output conductance parameters.

Extracted Parameters Device & Experimental Data Extraction Methodology

MEXP[L], PCLM, PDIBL1,

PDIBL2, DROUT, PVAG

Long and short devices Id v.s. Vd

@ differentVg

Observe strong inversion region

Id v.s.Vd & Gd v.s.Vd @ different

Vg.
95



6.6 Smoothing between Linear and Saturation regions

Step 14: Extract geometry scaling parameters for smoothing function parameter.

Extracted Parameters Device & Experimental Data Extraction Methodology

MEXP0, AMEXP, BMEXP MEXP[L] v.s. L from Step 14,

i.e. (Li,Xi)

Observe data trend; extract AM-

EXP and BMEXP. An example

is shown in Figure 20.

A sample global fitting result for Lg=90nm N-Channel MOS is shown in Figure 21
as below.

6.7 Other Effects

Step 15: Temperature and Self-Heating Effects.

Extracted Parameters Device & Experimental Data Extraction Methodology

Thermal resistance (RTH0) and

capacitances (CTH0) for the self-

heating model and etc.

Ids v.s. Vgs @ Vd Vdd under dif-

ferent temperatures.

Observe data trend and tune

RTH0, CTH0, TNOM, TBGA-

SUB, TBGBSUB, etc.

Step 16: Gate / Junction leakage current

Extracted Parameters Device & Experimental Data Extraction Methodology

Gate tunneling current and junc-

tion current parameters.

Igb v.s. Vgs @ Vd 0V . Observe data trend and tune

NIGBINV, AIGBINV, BIG-

BINV, CIGBINV, EIGBINV,

AS, PS1, PS2, NJS, IJTHS-

FWD, BVS, XJBVS, AD, PD1,

PD2, NJD, IJTHDFWD, BVD,

XJBVD, etc.
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Figure 20: MEXP v.s. Lg
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Figure 21: Idv.sVd and Routv.s.Vd

Step 17: Advanced Feature

Extracted Parameters Device & Experimental Data Extraction Methodology

Non quasi static effect, noise

model, poly depletion, genera-

tion recombination etc.

S-parameters, noise figure, CV

measurement, etc.

Extract XRCRG1, XRCRG2,

NOIA, NOIB, NOIC, FN1, FN2,

AIGEN, BIGEN, etc.

7 Local parameter extraction for CV − IV

This procedure shows how to extract parameters for IV and CV fittings for device
with a particular channel length. The procedure can be followed for both long and short
channel devices for local fitting. In the future we plan to expand this section to include
the global parameter extraction for the CV part, as done for the IV part in the previous
section.

The complete CV − IV fitting procedure consists of 7 steps. The procedure starts
with fitting Cgg−Vgs data at low Vds (50mV) to extract PHIG, NSUB, EOT and quantum
mechanical effects related parameters. These parameters are used to fit IV data at low
Vds (50mV) to extract sub-threshold IV and mobility related parameters. The extracted
parameters are utilized to fit the IV data at high Vds (1V), to extract parameters related
to Vth shift due to DIBL, Vds dependence of sub-threshold slope, and velocity saturation.
In the next step, Ids − Vds data at various Vgs are fitted to extract parameters related
to DIBL, Output conductance and CLM.
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Figure 22: Fitting results from a self-consistent IV-CV Extraction

Since the saturation parameters are already extracted in step 3, we can use Cgg−Vgs
data at high Vds (1V) to extract parameters related to CLM for the CV part. All 7 steps
are summarized in the following table with description of the data used, bias conditions
and list of extracted parameters with which part of data they affect.
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CV-IV procedure applicable for devices with any channel length

Step Data Used Bias Parameters extracted (Quantities influenced)

0 - - Initialize process and model control parameters such as

DEVTYPE, HFIN, TFIN, FPITCH, NFIN, NF, ASEO,

ADEO, L, XL, LINT, DLC, GEOMOD and COREMOD

etc.

1 Cgg − Vgs Vds = 50mV PHIG (Vfb/Vth), NSUB (Steepens CV Slope), EOT, QMT-

CENCV (Capacitance value at high Vgs) QM0, ETAQM,

ALPHAQM (Lowers slope steepness) CFS, CFD (Parasitic

capacitance params as needed)

2 Ids − Vgs, gm Vds = 50mV CDSC (Sub-threshold slope), CS (Sub-threshold Ids ), U0

(Low field mobility), MUE (Mobility at moderate Vgs),

THETMU (Mobility at high Vgs), ETAMOB (sharpness of

gm curve)

3 Ids − Vgs, gm Vds = 1V CDSCD (Vds dependence of Sub-threshold slope), ETA0,

DSUB (Vth shift due to DIBL at high Vds), VSAT, KSATIV

(Ids, gm at moderate Vgs), VSAT1 (Saturation current at

high Vgs), PTWG (gm at high Vgs)

4 Ids − Vds, gds Various Vgs (0-

1V)

PCLMG, PCLM ( Ids, gds at high Vds), MEXP, VSAT1

(optimize by looping between step 3 and 4)

5 Cgg − Vgs Vds = 1V PCLMCV (Cgg value at high Vgs), PCLMGCV (Cgg cur-

vature at high Vgs)

6 Csg − Vgs Vds = 50mV Step 1 ensures good fit of Csg at low Vds

7 Csg − Vgs Vds = 50mV Under investigation
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8 Complete Parameter List

8.1 Instance Parameters

Note: Instance parameters with superscript (m) are also model parameters

Name Unit Default Min Max Description

L(m) m 30n 1n - Designed Gate Length

D(m) m 40n 1n - Diameter of cylinder (for GEOMOD = 3)

TFIN(m) m 15n 1n - Body (fin) thickness

FPITCH(m) m 80n TFIN - Fin Pitch

NF - 1 1 - Number of fingers

NFIN(m) - 1 > 0 - Number of fins per finger

NGCON(m) - 1 1 2 Number of gate contacts

ASEO(m) m2 0 0 - Source to substrate overlap area through oxide

(all fingers)

ADEO(m) m2 0 0 - Drain to substrate overlap area through oxide

(all fingers)

PSEO(m) m 0 0 - Perimeter of source to substrate overlap region

through oxide (all fingers)

PDEO(m) m 0 0 - Perimeter of drain to substrate overlap region

through oxide (all fingers)

ASEJ(m) m2 0 0 - Source junction area (all fingers; for bulk

MuGFETs, BULKMOD = 1)

ADEJ(m) m2 0 0 - Drain junction area (all fingers; for bulk

MuGFETs, BULKMOD = 1)

PSEJ(m) m 0 0 - Source junction perimeter (all fingers; for bulk

MuGFETs, BULKMOD = 1)

PDEJ(m) m 0 0 - Drain junction perimeter (all fingers; for bulk

MuGFETs, BULKMOD = 1)

COVS(m) ForF/m see

CGEO1SW

0 0 - Constant gate to source overlap capacitance

(for CGEOMOD = 1)

COVD(m) ForF/m see

CGEO1SW

CVOS 0 - Constant gate to drain overlap capacitance

(for CGEOMOD = 1)
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CGSP(m) ForF/m see

CGEO1SW

0 0 - Constant gate to source fringe capacitance (for

CGEOMOD = 1)

CGDP(m) ForF/m see

CGEO1SW

0 0 - Constant gate to drain fringe capacitance (for

CGEOMOD = 1)

CDSP(m) F 0 0 - Constant drain to source fringe capacitance

NRS(m) - 0 0 - Number of source diffusion squares (for

RGEOMOD = 0)

NRD(m) - 0 0 - Number of drain diffusion squares (for

RGEOMOD = 0)

LRSD(m) m L 0 - Length of the source/drain

8.2 Model Controllers and Process Parameters

Note: binnable parameters are marked as: (b)

Name Unit Default Min Max Description

TYPE - NMOS PMOS NMOS NMOS=1, PMOS=0

BULKMOD - 0 0 1 Substrate model selector. 0 = multi-gate on

SOI substrate, 1 = multi-gate on bulk sub-

strate.

COREMOD - 0 0 1 simplified surface potential selector ; 0=turn

off, 1=turn on (lightly-doped or undoped)

GEOMOD - 1 0 3 structure selector; 0 = double gate, 1 = triple

gate, 2 = quadruple gate, 3 = cylindrical gate

GEO1SW - 0 0 1 For CGEOMOD=1 only, GEO1SW=1 enables

the parameters COVS, COVD, CGSP, and

CGDP to be in F per fin, per gate-finger, per

unit channel width

RDSMOD - 0 0 1 bias-dependent, source/drain extension resis-

tance model selector 0 = internal bias depen-

dent, 1 = external, 2=internal

ASYMMOD - 0 0 1 Asymmetric I-V model selector 0 = turn off,

reverse mode parameters ignored, 1 = turn on
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IGCMOD - 0 0 1 model selector for Igc, Igs and Igd; 1=turn on,

0=turn off

IGBMOD - 0 0 1 model selector for Igb; 1=turn on, 0=turn off

GIDLMOD - 0 0 1 GIDL/GISL current switcher; 1=turn on,

0=turn off

IIMOD - 0 0 2 impact ionization model switch; 0 = OFF, 1

= BSIM4 based, 2 = BSIMSOI based

NQSMOD - 0 0 1 NQS gate resistor and gi node switcher;

1=turn on, 0=turn off

SHMOD - 0 0 1 Self-heating and T node switcher; 1=turn on,

0=turn off

RGATEMOD - 0 0 1 Gate electrode resistor and ge node switcher ;

1=turn on, 0=turn off

RGEOMOD - 0 0 1 bias independent parasitic resistance model

selector (see sec. 3.15)

CGEOMOD - 0 0 2 parasitic capacitance model selector (see sec.

3.15)

CAPMOD - 0 0 1 accumulation region capacitance model selec-

tor; 0=no accumulation capacitance, 1=accu-

mulation capacitance included

TEMPMOD - 0 0 1 Temperature dependence model selector

TNOIMOD - 0 0 2 thermal noise model selector, 0 = charge-

based, 1 = holistic, 2 = correlated noise model

XL m 0 - - L offset for channel length due to mask/etch

effect

LINT m 0.0 - - Length reduction parameter (dopant diffusion

effect)

LL m(LLN+1) 0.0 - - Length reduction parameter (dopant diffusion

effect)

LLN - 1.0 - - Length reduction parameter (dopant diffusion

effect)

DLC m 0.0 - - Length reduction parameter for CV (dopant

diffusion effect)
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DLCACC m 0.0 - - Length reduction parameter for CV in

accumulation region (BULKMOD =

1, CAPMOD = 1)

LLC m(LLN+1) 0.0 - - Length reduction parameter for CV (dopant

diffusion effect)

DLBIN m 0.0 - - Length reduction parameter for binning

EOT m 1.0n 0.1n - SiO2 equivalent gate dielectric thickness (in-

cluding inversion layer thickness)

TOXP m 1.2n 0.1n - Physical oxide thickness

EOTBOX m 140n 1n - SiO2 equivalent buried oxide thickness (in-

cluding substrate depletion)

HFIN m 30n 1n - fin height

FECH - 1.0 0 - end-channel factor, for different orien-

taion/shape (Mobility difference between the

side channel and the top channel is handled

by this parameter)

DELTAW m 0.0 - - reduction of effective width due to shape of fin

FECHCV - 1.0 0 - CV end-channel factor, for different orien-

taion/shape

DELTAWCV m 0.0 - - CV reduction of effective width due to shape

of fin

NBODY(b) m−3 1e22 - - channel (body) doping concentration

NBODYN1 - 0 -0.08 - NFIN dependence of NBODY

NBODYN2 - 1e5 1e-5 - NFIN dependence of NBODY

NSD m−3 2e26 2e25 1e27 S/D doping concentration

PHIG(b) eV 4.61 0 - Gate workfunction

PHIGL eV/m 0 - - Length dependence of gate workfunction

PHIGN1 - 0 -0.08 - NFIN dependence of PHIG

PHIGN2 - 1e5 1e-5 - NFIN dependence of PHIG

EPSROX - 3.9 1 - relative dielectric constant of the gate insula-

tor

EPSRSUB - 11.9 1 - relative dielectric constant of the channel ma-

terial
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EASUB eV 4.05 0 - electron affinity of the substrate material

NI0SUB m−3 1.1e16 - - intrinsic carrier concentration of channel at

300.15K

BG0SUB eV 1.12 - - band gap of the channel material at 300.15K

NC0SUB m−3 2.86e25 - - conduction band density of states at 300.15K

NGATE(b) m−3 0 - - parameter for Poly Gate doping. Set

NGATE = 0 for metal gates

Imin A/m2 1E-15 - - parameter for voltage clamping for inversion

region calc. in accumulation
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8.3 Basic Model Parameters

Note: binnable parameters are marked as: (b)

Name Unit Default Min Max Description

CIT(b) F/m2 0.0 - - parameter for interface trap

CDSC(b) F/m2 7e-3 0.0 - coupling capacitance between S/D and

channel

CDSCN1 - 0 -0.08 - NFIN dependence of CDSC

CDSCN2 - 1e5 1e-5 - NFIN dependence of CDSC

CDSCD(b) F/m2 7e-3 0.0 - drain-bias sensitivity of CDSC

CDSCDN1 - 0 -0.08 - NFIN dependence of CDSCD

CDSCDN2 - 1e5 1e-5 - NFIN dependence of CDSCD

CDSCDR(b) F/m2 CDSCD 0.0 - Reverse-mode drain-bias sensitivity

CDSCDRN1 - CDSCDN1 -0.08 - NFIN dependence of CDSCDR

CDSCDRN2 - CDSCDN2 1e-5 - NFIN dependence of CDSCDR

DVT0(b) - 0.0 0.0 - SCE coefficient

DVT1(b) - 0.60 > 0 - SCE exponent coefficient

DVT1SS(b) - DVT1 > 0 - Subthreshold Swing exponent coeffi-

cient

PHIN(b) V 0.05 - - nonuniform vertical doping effect on

surface potential

ETA0(b) - 0.60 0.0 - DIBL coefficient

ETA0N1 - 0 -0.08 - NFIN dependence of ETA0

ETA0N2 - 0 1e-5 - NFIN dependence of ETA0

DSUB(b) - 1.06 > 0 - DIBL exponent coefficient

DVTP0 - 0 - - Coefficient for Drain-Induced Vth Shift

(DITS)

DVTP1 - 0 - - DITS exponent coefficient

K1RSCE(b) V 1/2 0.0 - - prefactor for reverse short channel ef-

fect

LPE0(b) m 5e-9 −Leff - equivalent length of pocket region at

zero bias

K0(b) V - 0.0 - Lateral NUD parameter
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K0SI(b) - 1.0 > 0 - Correction factor for strong inversion/

gm

K1SI(b) - K0SI > 0 - Correction factor for strong inversion,

used in Mob

DVTSHIFT(b) V 0.0 - - Additional Vth shift handle

PHIBE(b) V 0.7 0.2 1.2 Body-effect voltage parameter

K1(b) V 1/2 0.0 0.0 - Body-effect coefficient for subthreshold

region

K1SAT(b) V −1/2 0.0 - - Body-effect coefficient for saturation re-

gion

QMFACTOR(b) - 0.0 - - prefactor for QM Vth shift correction

QMTCENIV(b) - 0.0 - - prefactor/switch for QM effective width

correction for IV

QMTCENCV(b) - 0.0 - - prefactor/switch for QM effective width

and oxide thickness correction for CV

QMTCENCVA(b) - 0.0 - - prefactor/switch for QM effective width

and oxide thickness correction for accu-

mulation region CV

ETAQM - 0.54 - - body-charge coefficient for QM charge

centroid

QM0 V 1e-3 > 0 - normalization parameter for QM charge

centroid (inversion)

PQM - 0.66 - - Fitting parameter for QM charge cen-

troid (inversion)

QM0ACC V 1e-3 > 0 - normalization parameter for QM charge

centroid (accumulation)

PQMACC - 0.66 - - Fitting parameter for QM charge cen-

troid (accumulation)

VSAT(b) m/s 85000 - - saturation velocity for the saturation

region

VSATN1 - 0 -0.08 - NFIN dependence of VSAT

VSATN2 - 1e5 1e-5 - NFIN dependence of VSAT
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VSAT1(b) m/s VSAT - - saturation velocity for the linear region

in forward mode

VSAT1N1 - 0 -0.08 - NFIN dependence of VSAT1

VSAT1N2 - 1e5 1e-5 - NFIN dependence of VSAT1

VSAT1R(b) m/s VSAT1 - - saturation velocity for the linear region

in reverse mode

VSAT1RN1 - VSAT1N1 -0.08 - NFIN dependence of VSAT1R

VSAT1RN2 - VSAT1N2 1e-5 - NFIN dependence of VSAT1R

DELTAVSAT(b) - 1.0 0.01 - velocity saturation parameter in the lin-

ear region

PSAT(b) - 2.0 2.0 - Exponent for field for velocity satura-

tion

KSATIV(b) - 1.0 - - parameter for long channel Vdsat

VSATCV(b) m/s VSAT - - saturation velocity for the capacitance

model

DELTAVSATCV(b) - DELTAVSAT 0.01 - velocity saturation parameter in the lin-

ear region for the capacitance model

PSATCV(b) - PSAT 2.0 - Exponent for field for velocity satura-

tion for the capacitance model

MEXP(b) - 4 2 - smoothing function factor for Vdsat

MEXPR(b) - MEXP 2 - Reverse-mode smoothing function fac-

tor for Vdsat

PTWG(b) V −2 0.0 - - Correction factor for velocity saturation

in forward mode

PTWGR(b) V −2 PTWG - - Correction factor for velocity saturation

in reverse mode

A1(b) V −2 0.0 - - Non-saturation effect parameter in

strong inversion region

A2(b) V −1 0.0 - - Non-saturation effect parameter in

moderate inversion region

U0(b) m2/V − s 3e-2 - - low field mobility

U0N1 - 0 -0.08 - NFIN dependence of U0

U0N2 - 1e5 1e-5 - NFIN dependence of U0
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CHARGEWF - 0 -1 1 Average channel charge weighting

(sampling) factor, +1 : source-side, 0 :

middle, -1 : drain-side

ETAMOB(b) - 2.0 - - effective field parameter

UP(b) µmLPA 0.0 - - mobility L coefficient

LPA - 1.0 - - mobility L power coefficient

UA(b) (cm/MV )EU 0.3 > 0.0 - phonon / surface roughness scattering

parameter

UC(b) (1.0e − 6 ∗
cm/MV 2)EU

0.0 - - body effect coefficient for mobility

(BULKMOD=1)

EU(b) cm/MV 2.5 > 0.0 - phonon / surface roughness scattering

parameter

UD(b) cm/MV 0.0 > 0.0 - columbic scattering parameter

UCS(b) - 1.0 > 0.0 - columbic scattering parameter

PCLM(b) - 0.013 > 0.0 - Channel Length Modulation (CLM) pa-

rameter

PCLMG(b) - 0 - - Gate bias dependent parameter for

channel Length Modulation (CLM)

RDSWMIN Ω− µWR
m 0.0 0.0 - RDSMOD = 0 S/D extension resis-

tance per unit width at high Vgs

RDSW(b) Ω− µWR
m 100 0.0 - RDSMOD = 0 zero bias S/D exten-

sion resistance per unit width

RSWMIN Ω− µWR
m 0.0 0.0 - RDSMOD = 1 source extension resis-

tance per unit width at high Vgs

RSW(b) Ω− µWR
m 50 0.0 - RDSMOD = 1 zero bias source exten-

sion resistance per unit width

RDWMIN Ω− µWR
m 0.0 0.0 - RDSMOD = 1 drain extension resis-

tance per unit width at high Vgs

RDW(b) Ω− µWR
m 50 0.0 - RDSMOD = 1 zero bias drain exten-

sion resistance per unit width

RSDR V −PRSDR 0.0 0.0 - RDSMOD = 1 source side drift resis-

tance parameter in forward mode
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RSDRR V −PRSDR RSDR 0.0 - RDSMOD = 1 source side drift resis-

tance parameter in reverse mode

RDDR V −PRDDR RSDR 0.0 - RDSMOD = 1 drain side drift resis-

tance parameter in forward mode

RSDRR V −PRDDR RDDR 0.0 - RDSMOD = 1 drain side drift resis-

tance parameter in reverse mode

PRWGS(b) V −1 0.0 0.0 - source side quasi-saturation parameter

PRWGD(b) V −1 PRWGS 0.0 - drain side quasi-saturation parameter

PRSDR - 1.0 0.0 - RDSMOD = 1 drain side drift resis-

tance parameter in forward mode

PRDDR - PRSDR 0.0 - RDSMOD = 1 drain side drift resis-

tance parameter in reverse mode

WR(b) - 1.0 - - W dependence parameter of S/D exten-

sion resistance

RGEXT Ω 0.0 0.0 - Effective gate electrode external resis-

tance (Experimental)

RGFIN Ω 1.0e-3 1.0e-3 - Effective gate electrode resistance per

fin per finger

RSHS Ω 0.0 0.0 - Source-side sheet resistance

RSHD Ω RSHS 0.0 - Drain-side sheet resistance

PDIBL1(b) - 1.30 0.0 - parameter for DIBL effect on Rout in

forward mode

PDIBL1R(b) - PDIBL1 0.0 - parameter for DIBL effect on Rout in

reverse mode

PDIBL2(b) - 2e-4 0.0 - parameter for DIBL effect on Rout

DROUT(b) - 1.06 > 0.0 - L dependence of DIBL effect on Rout

PVAG(b) - 1.0 - - Vgs dependence on early voltage

TOXREF m 1.2nm > 0.0 - Nominal gate oxide thickness for Gate

tunneling current

TOXG m TOXP > 0.0 - Oxide thickness for gate current model

NTOX(b) - 1.0 - - Exponent for gate oxide ratio

AIGBINV(b) (Fs2/g)0.5m−1 1.11e-2 - - parameter for Igb in inversion

BIGBINV(b) (Fs2/g)0.5m−1V −19.49e-4 - - parameter for Igb in inversion
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CIGBINV(b) V −1 6.00e-3 - - parameter for Igb in inversion

EIGBINV(b) V 1.1 - - parameter for Igb in inversion

NIGBINV(b) - 3.0 > 0.0 - parameter for Igb in inversion

AIGBACC(b) (Fs2/g)0.5m−1 1.36e-2 - - parameter for Igb in accumulation

BIGBACC(b) (Fs2/g)0.5m−1V −11.71e-3 - - parameter for Igb in accumulation

CIGBACC(b) V −1 7.5e-2 - - parameter for Igb in accumulation

NIGBACC(b) - 1.0 > 0.0 - parameter for Igb in accumulation

AIGC(b) (Fs2/g)0.5m−1 1.36e-2 - - parameter for Igc in inversion

BIGC(b) (Fs2/g)0.5m−1V −11.71e-3 - - parameter for Igc in inversion

CIGC(b) V −1 0.075 - - parameter for Igc in inversion

PIGCD(b) - 1.0 > 0.0 - Vds dependence of Igcs and Igcd

DLCIGS m 0.0 - - Delta L for Igs model.

AIGS(b) (Fs2/g)0.5m−1 1.36e-2 - - parameter for Igs in inversion

BIGS(b) (Fs2/g)0.5m−1V −11.71e-3 - - parameter for Igs in inversion

CIGS(b) V −1 0.075 - - parameter for Igs in inversion

DLCIGD m DLCIGS - - Delta L for Igd model.

AIGD(b) (Fs2/g)0.5m−1 AIGS - - parameter for Igd in inversion

BIGD(b) (Fs2/g)0.5m−1V −1BIGS - - parameter for Igd in inversion

CIGD(b) V −1 CIGS - - parameter for Igd in inversion

POXEDGE (b) - 1 > 0.0 - Factor for the gate edge Tox

AGIDL(b) Ω−1 6.055e-12 - - pre-exponetial coeff. for GIDL

BGIDL(b) V/m 0.3e9 - - exponential coeff. for GIDL

CGIDL(b) V 3 0.2 - - parameter for body bias effect of GIDL

EGIDL(b) V 0.2 - - band bending parameter for GIDL

PGIDL(b) − 1.0 - - Exponent of electric field for GIDL

AGISL(b) Ω−1 AIGDL - - pre-exponetial coeff for GISL.

BGISL(b) V/m BGIDL - - exponential coeff. for GISL

CGISL(b) V 3 0.2 - - parameter for body bias effect of GISL

EGISL(b) V EGIDL - - band bending parameter for GISL

PGISL(b) − 1.0 - - Exponent of electric field for GISL

ALPHA0(b) m · V −1 0.0 - - first parameter of Iii (IIMOD=1)

ALPHA1 (b) V −1 0.0 - - L scaling parameter of Iii (IIMOD=1)

ALPHAII0(b) m · V −1 0.0 - - first parameter of Iii (IIMOD=2)
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ALPHAII1 (b) V −1 0.0 - - L scaling parameter of Iii (IIMOD=2)

BETA0(b) V −1 0.0 - - Vds dependent paramter of Iii

(IIMOD=1)

BETAII0(b) V −1 0.0 - - Vds dependent paramter of Iii

(IIMOD=2)

BETAII1(b) − 0.0 - - Vds dependent paramter of Iii

(IIMOD=2)

BETAII2(b) V 0.1 - - Vds dependent paramter of Iii

(IIMOD=2)

ESATII(b) V/m 1.0e7 - - Saturation channel E-Field for Iii

(IIMOD=2)

LII(b) V −m 0.5e-9 - - Channel length dependent parameter of

Iii (IIMOD=2)

SII0(b) V −1 0.5 - - Vgs dependent paramter of Iii

(IIMOD=2)

SII1(b) − 0.1 - - Vgs dependent paramter of Iii

(IIMOD=2)

SII2(b) V 0.0 - - Vgs dependent paramter of Iii

(IIMOD=2)

SIID(b) V 0.0 - - Vds dependent paramter of Iii

(IIMOD=2)

EOTACC m EOT 0.1n - SiO2 equivalent gate dielectric thick-

ness for accumulation region

DELVFBACC V 0.0 - - Additional Vfb shift required for accu-

mulation region

PCLMCV(b) - 0.013 > 0.0 - Channel Length Modulation (CLM) pa-

rameter for the capacitance model

CFS(b) F/m 2.5e-11 0.0 - source-side outer fringe cap (for

CGEOMOD = 0)

CFD(b) F/m CFS 0.0 - drain-side outer fringe cap (for

CGEOMOD = 0)
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CGSO F/m calculated 0.0 - Non LDD region source-gate overlap ca-

pacitance per unit channel width (for

CGEOMOD = 0, 2)

CGDO F/m calculated 0.0 - Non LDD region drain-gate overlap ca-

pacitance per unit channel width (for

CGEOMOD = 0, 2)

CGSL(b) F/m 0 0.0 - Overlap capacitance between gate

and lightly-doped source region (for

CGEOMOD = 0, 2)

CGDL(b) F/m CGSL 0.0 - Overlap capacitance between gate

and lightly-doped drain region (for

CGEOMOD = 0, 2)

CKAPPAS(b) V 0.6 0.02 - Coefficient of bias-dependent overlap

capacitance for the source side (for

CGEOMOD = 0, 2)

CKAPPAD(b) V CKAPPAS 0.02 - Coefficient of bias-dependent overlap

capacitance for the drain side (for

CGEOMOD = 0, 2)

CGBO F/m 0 0.0 - Gate-substrate overlap capacitance per

unit channel length per finger per gate

contact

CGBN F/m 0 0.0 - Gate-substrate overlap capacitance per

unit channel length per finger per fin

CSDESW F/m 0 0.0 - Source/drain sidewall fringing capaci-

tance per unit length

CJS F/m2 0.0005 0.0 - Unit area source-side junction capaci-

tance at zero bias

CJD F/m2 CJS 0.0 - Unit area drain-side junction capaci-

tance at zero bias

CJSWS F/m 5.0e-10 0.0 - Unit length sidewall junction capaci-

tance at zero bias (source-side)

CJSWD F/m CJSWS 0.0 - Unit length sidewall junction capaci-

tance at zero bias (drain-side)
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CJSWGS F/m 0.0 0.0 - Unit length gate sidewall junction ca-

pacitance at zero bias (source-side)

CJSWGD F/m CJSWGS 0.0 - Unit length gate sidewall junction ca-

pacitance at zero bias (drain-side)

PBS V 1.0 0.01 - Bottom junction built-in potential

(source-side)

PBD V PBS 0.01 - Bottom junction built-in potential

(drain-side)

PBSWS V 1.0 0.01 - Isolation-edge sidewall junction built-in

potential (source-side)

PBSWD V PBSWS 0.01 - Isolation-edge sidewall junction built-in

potential (drain-side)

PBSWGS V PBSWS 0.01 - Gate-edge sidewall junction built-in po-

tential (source-side)

PBSWGD V PBSWGS 0.01 - Gate-edge sidewall junction built-in po-

tential (drain-side)

MJS − 0.5 - - Source bottom junction capacitance

grading coefficient

MJD − MJS - - Drain bottom junction capacitance

grading coefficient

MJSWS − 0.33 - - Isolation-edge sidewall junction capaci-

tance grading coefficient (source-side)

MJSWD − MJSWS - - Isolation-edge sidewall junction capaci-

tance grading coefficient (drain-side)

MJSWGS − MJSWS - - Gate-edge sidewall junction capaci-

tance grading coefficient (source-side)

MJSWGD − MJSWGS - - Gate-edge sidewall junction capaci-

tance grading coefficient (drain-side)

SJS − 0.0 0.0 - Constant for source-side two-step sec-

ond junction capacitance

SJD − SJS 0.0 - Constant for drain-side two-step second

junction capacitance
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SJSWS − 0.0 0.0 - Constant for sidewall two-step second

junction capacitance (source-side)

SJSWD − SJSWS 0.0 - Constant for sidewall two-step second

junction capacitance (drain-side)

SJSWGS − 0.0 0.0 - Constant for gate sidewall two-step sec-

ond junction capacitance (source-side)

SJSWGD − SJSWGS 0.0 - Constant for gate sidewall two-step sec-

ond junction capacitance (drain-side)

MJS2 − 0.125 - - Source bottom two-step second junc-

tion capacitance grading coefficient

MJD2 − MJS2 - - Drain bottom two-step second junction

capacitance grading coefficient

MJSWS2 − 0.083 - - Isolation-edge sidewall two-step second

junction capacitance grading coefficient

(source-side)

MJSWD2 − MJSWS2 - - Isolation-edge sidewall two-step second

junction capacitance grading coefficient

(drain-side)

MJSWGS2 − MJSWS2 - - Gate-edge sidewall two-step second

junction capacitance grading coefficient

(source-side)

MJSWGD2 − MJSWGS2 - - Gate-edge sidewall two-step second

junction capacitance grading coefficient

(drain-side)

JSS A/m2 1.0e-4 0.0 - Bottom source junction reverse satura-

tion current density

JSD A/m2 JSS 0.0 - Bottom drain junction reverse satura-

tion current density

JSWS A/m 0 0.0 - Unit length reverse saturation current

for isolation-edge source sidewall junc-

tion

JSWD A/m JSWS 0.0 - Unit length reverse saturation current

for isolation-edge drain sidewall junc-

tion
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JSWGS A/m 0 0.0 - Unit length reverse saturation current

for gate-edge source sidewall junction

JSWGD A/m JSWGS 0.0 - Unit length reverse saturation current

for gate-edge drain sidewall junction

JTSS A/m2 0 0.0 - Bottom source junction trap-assisted

saturation current density

JTSD A/m2 JTSS 0.0 - Bottom drain junction trap-assisted

saturation current density

JTSSWS A/m 0 0.0 - Unit length trap-assisted saturation

current for isolation-edge source side-

wall junction

JTSSWD A/m JTSSWS 0.0 - Unit length trap-assisted saturation

current for isolation-edge drain sidewall

junction

JTSSWGS A/m 0 0.0 - Unit length trap-assisted saturation

current for gate-edge source sidewall

junction

JTSSWGD A/m JTSSWGS 0.0 - Unit length trap-assisted saturation

current for gate-edge drain sidewall

junction

JTWEFF m 0 0.0 - Trap assisted tunneling current width

dependence

NJS - 1.0 0.0 - Source junction emission coefficient

NJD - NJS 0.0 - Drain junction emission coefficient

NJTS - 20 0.0 - Non-ideality factor for JTSS

NJTSD - NJTS 0.0 - Non-ideality factor for JTSD

NJTSSW - 20 0.0 - Non-ideality factor for JTSSWS

NJTSSWD - NJTSSW 0.0 - Non-ideality factor for JTSSWD

NJTSSWG - 20 0.0 - Non-ideality factor for JTSSWGS

NJTSSWGD - NJTSSWG 0.0 - Non-ideality factor for JTSSWGD

VTSS V 10 0.0 - Bottom source junction trap-assisted

current voltage dependent parameter
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VTSD V VTSS 0.0 - Bottom drain junction trap-assisted

current voltage dependent parameter

VTSSWS V 10 0.0 - Unit length trap-assisted current volt-

age dependent parameter for sidewall

source junction

VTSSWD V VTSSWS 0.0 - Unit length trap-assisted current volt-

age dependent parameter for sidewall

drain junction

VTSSWGS V 10 0.0 - Unit length trap-assisted current volt-

age dependent parameter for gate-edge

sidewall source junction

VTSSWGD V VTSSWGS 0.0 - Unit length trap-assisted current volt-

age dependent parameter for gate-edge

sidewall drain junction

IJTHSFWD A 0.1 10Isbs - Forward source diode breakdown limit-

ing current

IJTHDFWD A IJTHSFWD 10Isbd - Forward drain diode breakdown limit-

ing current

IJTHSREV A 0.1 10Isbs - Reverse source diode breakdown limit-

ing current

IJTHDREV A IJTHSREV 10Isbd - Reverse drain diode breakdown limiting

current

BVS V 10.0 - - Source diode breakdown voltage

BVD V BVS - - Drain diode breakdown voltage

XJBVS - 1.0 - - Fitting parameter for source diode

breakdown current

XJBVD - XJBVS - - Fitting parameter for source diode

breakdown current

LINTIGEN m 0.0 - Leff/2 Lint offset for R/G current

NTGEN(b) - 1.0 > 0.0 - parameter for R/G current (Experi-

mental)

AIGEN(b) m−3V −1 0.0 - - parameter for R/G current (Experi-

mental)
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BIGEN(b) m−3V −3 0.0 - - parameter for R/G current (Experi-

mental)

XRCRG1(b) - 12.0 0.0

or ≥
10−3

- parameter for non quasi-static gate

resistance (NQSMOD=1) and NQS-

MOD=2

XRCRG2(b) - 1.0 - - parameter for non quasi-static gate

resistance (NQSMOD=1) and NQS-

MOD=2

NSEG - 5 4 10 Number of channel segments for NQS-

MOD=3

EF - 1.0 > 0.0 2.0 Flicker noise frequency exponent

LINTNOI m 0.0 - Leff/2 Lint offset for flicker noise calculation

EM V/m 4.1e7 - - Flicker noise parameter

NOIA eV −1s1−EFm−36.250e39 - - Flicker noise parameter

NOIB eV −1s1−EFm−13.125e24 - - Flicker noise parameter

NOIC eV −1s1−EFm 8.750e7 - - Flicker noise parameter

NTNOI - 1.0 0.0 - Thermal noise parameter

RNOIA - 0.577 - - Thermal noise parameter

RNOIB - 0.37 - - Thermal noise parameter

TNOIA m−1 1.5 0.0 - Thermal noise parameter

TNOIB m−1 3.5 0.0 - Thermal noise parameter

NVTM V nkT/q - - If provided NVTM will override nkT/q

calculated in the model

THETASCE - ΘSCE - - If provided THETASCE will override

ΘSCE (see 3.210) calculated in the

model

THETASW - ΘSW - - If provided THETASW will override

ΘSW (see 3.207) calculated in the

model

THETADIBL - ΘDIBL - - If provided THETADIBL will override

ΘDIBL (see 3.212) calculated in the

model
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8.4 Parameters for geometry-dependent parasitics

The parameters listed in this section are for RGEOMOD=1 and CGEOMOD=2.

Name Unit Default Min Max Description

HEPI m 10n - - Height of the raised source/drain on top of the

fin

TSILI m 10n - - Thickness of the silicide on top of the raised

source/drain

RHOC Ω−m2 1p 10−18 10−9 Contact resistivity at the silicon/silicide inter-

face

RHORSD Ω−m calculated 0 - Average resistivity of silicon in the raised

source/drain region

RHOEXT Ω−m RHORSD 0 - Average resistivity of silicon in the fin exten-

sion region

CRATIO - 0.5 0 1 Ratio of the corner area filled with silicon to

the total corner area

DELTAPRSD m 0.0 -

FPITCH

- Change in silicon/silicide interface length due

to non-rectangular epi

SDTERM - 0 0 1 Indicator of whether the source/drain are ter-

minated with silicide

LSP m 0.2(L+XL) 0 - Thickness of the gate sidewall spacer

LDG m 5n 0 - Lateral diffusion gradient in the fin extension

region

EPSRSP - 3.9 1 - Relative dielectric constant of the gate side-

wall spacer material

TGATE m 30n 0 - Gate height on top of the hard mask

TMASK m 30n 0 - Height of the hard mask on top of the fin

ASILIEND m2 0 0 - Extra silicide cross sectional area at the two

ends of the FinFET

ARSDEND m2 0 0 - Extra raised source/drain cross sectional area

at the two ends of the FinFET

PRSDEND m 0 0 - Extra silicon/silicide interface perimeter at

the two ends of the FinFET
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NSDE m−3 2× 1025 1025 1026 Active doping concentration at the channel

edge

RGEOA - 1.0 - - Fitting parameter for RGEOMOD=1

RGEOB m−1 0 - - Fitting parameter for RGEOMOD=1

RGEOC m−1 0 - - Fitting parameter for RGEOMOD=1

RGEOD m−1 0 - - Fitting parameter for RGEOMOD=1

RGEOE m−1 0 - - Fitting parameter for RGEOMOD=1

CGEOA - 1.0 - - Fitting parameter for CGEOMOD=2

CGEOB m−1 0 - - Fitting parameter for CGEOMOD=2

CGEOC m−1 0 - - Fitting parameter for CGEOMOD=2

CGEOD m−1 0 - - Fitting parameter for CGEOMOD=2

CGEOE - 1.0 - - Fitting parameter for CGEOMOD=2
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8.5 Parameters for Temperature Dependence and Self-heating

Note: binnable parameters are marked as: (b)

Name Unit Default Min Max Description

TNOM C 27 -

273.15

- Temperature at which the model is ex-

tracted (in Celcius)

TBGASUB eV/K 7.02e-4 - - Bandgap Temperature Coefficient

TBGBSUB K 1108.0 - - Bandgap Temperature Coefficient

KT1(b) V 0.0 - - Vth Temperature Coefficient

KT1L V ·m 0.0 - - Vth Temperature Coefficient

TSS(b) 1/K 0.0 - - Subthreshold Swing Temperature Coef-

ficient

TETA0 1/K 0.0 - - Temperature dependence of DIBL coef-

ficient

TETA0R 1/K 0.0 - - Temperature dependence of Reverse-

mode DIBL coefficient

UTE(b) - 0.0 - - Mobility Temperature Coefficient

UTL(b) - -1.5e-3 - - Mobility Temperature Coefficient

EMOBT(b) - 0.0 - - Temperature Coefficient of ETAMOB

UA1(b) - 1.032e-3 - - Mobility Temperature Coefficient for

UA

UC1(b) - 0.056e-9 - - Mobility Temperature Coefficient for

UC

UD1(b) - 0.0 - - Mobility Temperature Coefficient

UCSTE(b) - -4.775e-3 - - Mobility Temperature Coefficient

AT(b) 1/K -0.00156 - - Saturation Velocity Temperature Coef-

ficient

ATCV(b) 1/K AT - - Saturation Velocity Temperature Coef-

ficient for C-V

A11(b) V −2/K 0.0 - - Temperature dependence of non-

saturation effect parameter for strong

inversion region

121



A21(b) V −1/K 0.0 - - Temperature dependence of non-

saturation effect parameter for moder-

ate inversion region

K01(b) V/K 0.0 - - Temperature dependence of K0

K0SI1(b) 1/K 0.0 - - Temperature dependence of K0SI

K11(b) V 1/2/K 0.0 - - Temperature dependence of K1

K1SI1(b) 1/K 0.0 - - Temperature dependence of K1SI

K1SAT1(b) V −1/2/K 0.0 - - Temperature dependence of K1SAT

TMEXP(b) 1/K 0.0 - - Temperature Coefficient for Vdseff

smoothing

TMEXPR(b) 1/K TMEXP - - Reverse-mode Temperature Coefficient

for Vdseff smoothing

PTWGT(b) 1/K 0.004 - - PTWG Temperature Coefficient

PRT(b) 1/K 0.001 - - Series Resistance Temperature Coeffi-

cient

TRSDR(b) 1/K 0.0 - - Source side drift resistance Tempera-

ture Coefficient

TRDDR(b) 1/K TRSDR - - Drain side drift resistance Temperature

Coefficient

IIT(b) - -0.5 - - Impact Ionization Temperature Coeffi-

cient (IIMOD=1)

TII(b) - 0.0 - - Impact Ionization Temperature Coeffi-

cient (IIMOD=2)

ALPHA01(b) m · V −1/K 0.0 - - Temperature dependence of ALPHA0

ALPHA11 (b) V −1/K 0.0 - - Temperature dependence of ALPHA1

ALPHAII01(b) m · V −1/K 0.0 - - Temperature dependence of ALPHAII0

ALPHAII11 (b) V −1/K 0.0 - - Temperature dependence of ALPHAII1

TGIDL(b) 1/K -0.003 - - GISL/GIDL Temperature Coefficient

IGT(b) - 2.5 - - Gate Current Temperature Coefficient

AIGBINV1(b) (Fs2/g)0.5m−1/K 0.0 - - Temperature dependence of AIGBINV

AIGBACC1(b) (Fs2/g)0.5m−1/K 0.0 - - Temperature dependence of AIGBACC

AIGC1(b) (Fs2/g)0.5m−1/K 0.0 - - Temperature dependence of AIGC

AIGS1(b) (Fs2/g)0.5m−1/K 0.0 - - Temperature dependence of AIGS
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AIGD1(b) (Fs2/g)0.5m−1/K 0.0 - - Temperature dependence of AIGD

TCJ 1/K 0.0 - - Temperature coefficient for CJS/CJD

TCJSW 1/K 0.0 - - Temperature coefficient for

CJSWS/CJSWD

TCJSWG 1/K 0.0 - - Temperature coefficient for

CJSWGS/CJSWGD

TPB 1/K 0.0 - - Temperature coefficient for PBS/PBD

TPBSW 1/K 0.0 - - Temperature coefficient for PB-

SWS/PBSWD

TPBSWG 1/K 0.0 - - Temperature coefficient for PB-

SWGS/PBSWGD

XTIS - 3.0 - - Source junction current temperature

exponent

XTID - XTIS - - Drain junction current temperature ex-

ponent

XTSS - 0.02 - - Power dependence of JTSS on temper-

ature

XTSD - XTSS - - Power dependence of JTSD on temper-

ature

XTSSWS - 0.02 - - Power dependence of JTSSWS on tem-

perature

XTSSWD - XTSSWS - - Power dependence of JTSSWD on tem-

perature

XTSSWGS - 0.02 - - Power dependence of JTSSWGS on

temperature

XTSSWGD - XTSSWGS - - Power dependence of JTSSWGD on

temperature

TNJTS - 0.0 - - Temperature coefficient for NJTS

TNJTSD - TNJTS - - Temperature coefficient for NJTSD

TNJTSSW - 0.0 - - Temperature coefficient for NJTSSW

TNJTSSWD - TNJTSSW - - Temperature coefficient for NJTSSWD

TNJTSSWG - 0.0 - - Temperature coefficient for NJTSSWG
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TNJTSSWGD - TNJTSSWG - - Temperature coefficient for NJTSS-

WGD

RTH0 Ω ·m ·K/W 0.01 0.0 - Thermal resistance for self-heating cal-

culation

CTH0 W · s/m/K 1.0e-5 0.0 - Thermal capacitance for self-heating

calculation

WTH0 m 0.0 0.0 - Width-dependence coefficient for self-

heating calculation
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8.6 Parameters for Variability Modeling

A set of parameters causing variability in device behavior are identified. Users can
associate appropriate variability function as appropriate. The list is open to modifica-
tion with users feedbacks and suggestions. Other than DELVTRAND, UOMULT and
IDS0MULT, the parameters listed here were already introduced previously as either
instance parameters or model parameters. All of the following parameters should be
elevated to instance parameter status if required for variability modeling or should be
delegated to a model parameter status (unless introduced before as an instance pa-
rameter). Note: parameters already introduced as instance parameters are
marked: (i) and model parameters are marked: (model)

Name Unit Default Min Max Description

DTEMP K 0.0 - - Device temperature shift handle

DELVTRAND V 0.0 - - Threshold voltage shift handle

U0MULT - 1.0 - - Multiplier to mobility (or more pre-

cisely divides Dmob,Dmobs)

IDS0MULT - 1.0 - - Multiplier to source-drain channel cur-

rent

TFIN(i) m 15n 1n - Body (fin) thickness

FPITCH(i) m 80n TFIN - Fin Pitch

XL(mod) m 0 - - L offset for channel length due to

mask/etch effect

NBODY(mod) m−3 1e22 1e18 5e24 channel (body) doping concentration

EOT(mod) m 1.0n 0.1n - SiO2 equivalent gate dielectric thick-

ness (including inversion layer thick-

ness)

TOXP(mod) m 1.2n 0.1n - Physical oxide thickness

RSHS(mod) Ω 0.0 0.0 - Source-side sheet resistance

RSHD(mod) Ω RSHS 0.0 - Drain-side sheet resistance

RHOC(mod) Ω−m2 1p 10−18 10−9 Contact resistivity at the sili-

con/silicide interface

RHORSD(mod) Ω−m calculated 0 - Average resistivity of silicon in the

raised source/drain region

RHOEXT(mod) Ω−m RHORSD 0 - Average resistivity of silicon in the fin

extension region
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9 History of BSIM-CMG Models

March 2012 BSIM-CMG 106.0.0 is officially released on March 1, 2012. This was
the first standard model for FinFETs.

September 2012 BSIM-CMG 106.1.0 is officially released on September 11, 2012.

July 2013 BSIM-CMG 107.0.0 is officially released on July 12, 2013.
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