CHAPTER 3: Unified |-V Model

The development of separate model expressions for such device operation regimes as
subthreshold and strong inversion were discussed in Chapter 2. Although these
expressions can each accurately describe device behavior within their own respective
region of operation, problems are likely to occur between two well-described regions or
within transition regions. In order to circumvent this issue, a unified model should be
synthesized to not only preserve region-specific expressions but also to ensure the
continuities of current (Ids) and conductancg)(énd their derivatives irall transition

regions as well. Such high standards are met in BSIM3v3. As a result, convergence and

calculation efficiencies are much improved.

This chapter will describe the unified natured of BSIM3v3's model equations. While most
of the parameter symbols in this chapter are explained in the following text, a complete

description of all I-V model equation parameters can be found in the Appendix A.

3.1 Unified Channel Charge Density
EXxpression

Separate expressiof@ channel charge density are shown below for subthreshold
(Eqg. (3.1.1a) and (3.1.1b)) and strong inversion (Eq. (3.1.2)). Both expressions are

valid for small Vds.
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Unified Channel Charge Density Expression

(3.1.1a)
Qchsub@ = Qoexp(vgs_ Vth)
where,Qqis:
(3.1.1b)
Qo= qssiNcth exp (_Voff )
nv
(3.1.2)

Qchsﬂ = Co>(Vgs— Vta

In both Egs. (3.1.1a) and (3.1.2), the paramé&dgfs bs@NdQchspare the channel
charge densities at the source for very small Vds. To form a unified expression, an
effective (Vgs-Vth) function named Vgsteff is introduced to describe the channel

charge characteristics from subthreshold to strong inversion:

(3.1.3)
(\/;s— Vth )B
nv

1+ 2 n COX 2¢S exp(— Vgs - Vth— 2Voff )
g€siNech 2nw

The unified channel charge density at the source end for both subthreshold and

2n \Aln%+ exp
]

Vgsteff =

inversion region can therefore be written as:

(3.1.4)
Qchsﬂ = CoxVgsteff

Figures 3-1 and 3-2 show the "smoothness" of Eq. (3.1.4) from subthreshold to
strong inversion regions. The Vgsteff expression will be used agaurbsequent

sections of this chapter to model the drain current.

3-2
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Unified Channel Charge Density Expression
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Figure 3-2. Vgsteff function vs. (Vgs-Vth) in log scale.

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



Unified Channel Charge Density Expression

Eq. (3.1.4) serves as the cornerstone of the unified channel charge expression at the
source for small Vds. To account for the influence of Vds, the Vgsteff function
must keep track of the change in channel potential from the source to the drain. In
other words, Eqg. (3.1.4) will have to include a y dependence. To initiate this
formulation, consider first the re-formulation of channel charge density for the

case oftrong inversion:

(3.1.5)
Qehs(y = Co Vs Vi AbuVe))

The parameteVry) stands for the quasi-Fermi potential at any given point, v,

along the channel with respect to the source. This equation can also be written as:

(3.1.6)
Qens(y = Qcho + AQcrs y

The termAQchg(y)is the incremental channel charge density induced by the drain

voltage at point y. It can be expressed as:

(3.12.7)
AQehs y) = —COXAouk VR y

For thesubthreshold region(Vgs<<Vth), the channel charge density along the

channel from source to drain can be written as:
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Unified Channel Charge Density Expression

(3.1.8)
Qchsub$ y = Qoexp(VQS_Vth— AoukVR y
nv
AoV
nu

)

= Qchsub@ exp (—

A Taylor series expansion of the right-hand side of Eq. (3.1.8) yields the following

(keeping only the first two terms):

(3.1.9)
Qchsubg y = Q chsumf{1— AbUIkVF(y))
nvt
Analogous to Eqg. (3.1.6), Eq. (3.1.9) can also be written as:
(3.1.10)

Qchsubg y = Q chsust AQ chsupy y

The parameteAQchsups(y)s the incremental channel charge density induced by

the drain voltage in the subthreshold region. It can be written as:

(3.1.11)

AvuikVF(y)
AQchsubg y = -2y Qchsubs
nv

Note that Eq. (3.1.9) is valid only whelp:(y) Is very small, which is maintained,
fortunately, due to the fact that Eq. (3.1.9) is only used in the linear regime (i.e.
Vds <2vt).

Egs. (3.1.6) and (3.1.10) both have drain voltage dependencies. However, they are
decuple and a unified expression fo&h@) is desperately needed. To obtain a

unified expression along the channel, we first assume:
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Unified Mobility Expression

(3.1.12)
AQchs pA Qchsubs y

AQch(y) =
g AQchy y) + AQchsubs )y

Here, AQchy)is the incremental channel charge density induced by the drain
voltage. Substituting Eqg. (3.1.7) and (3.1.11) into Eq. (3.1.12), we obtain:

(3.1.13)

AQcen(y) =

where Vi=(Vgsteff+n*y)/Ap ik In order to remove any association between the
variable n and bias dependencies (Vgsteff) as well as to ensure more precise
modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), the

variablen is replaced with 2. The expression Ygynow becomes:

(3.1.14)
_ Vgsteft + 2Vt

Abulk

Vb

A unified expression for &h(y) from subthreshold to strong inversion regimes is

now at hand:

(3.1.15)
VF(y)

Vb

Qeh(y) = Qeho(1— )

The variableQghsgis given by Eq. (3.1.4).

3.2 Unified Mobility Expression
BSIM3v3 uses a unified mobility expression based on the Vgsteff expression of
Eq. 3.1.3. Thus, we have:
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Unified Linear Current Expression

(Mobmod=1) (3.2.1)

I,leff - Vgsteff 'il:IOZVt
1 + (Ua + Uchseff) (

I') U (Vgsteff + 2Vth)

To account for depletion mode devices, another mobility model option is given by
the following:

(Mobmod=2) (3.2.2)
Mo

Vgsteff Vgsteff

) FUn(

Meft =
1 + (Ua + Uchseff)(

)

To consider the body bias dependence of Eq. 3.2.1 further, we have introduced the

following expression:

(For Mobmod=3) (3.2.3)

Mo
Ste +
I') Ub(Vgtff 2Vt

Tox

I,leff - Vgsteff + 2Vt

1+[Ua( Y2)(1+ UcVose)

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Rds=0)

Generally, the following expression [2] is used to account for both drift and

diffusion current:
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Unified Linear Current Expression

(3.3.1)
dw
Loty = WQer yl ne y— 2
dy
where the parametepgy)can be written as:
(3.3.2)
Hne(y) = ue;fz
1+ —
at
Substituting Eqg. (3.3.2) in Eq. (3.3.1) we get:
(3.3.3)
VE(y), Meft  dVE(y)
lacy) = WQehs{1 — )

sat

Eq. (3.3.3) resembles the equation used to model drain current in the strong
inversion regime. However, it can now be used to describe the current
characteristics in the subthreshold regime when Vds is very small
(Vds<2y). Eq. (3.3.3) can now be integrated from the source to drain to get
the expression for linear drain current in the channel. This expression is

valid from the subthreshold regime to the strong inversion regime:

(3-3.4)
\ A 1 : V :I VdS

Vds
L(1+——
@+ )

)

laso =
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Unified Vdsat Expression

3.3.2 Extrinsic Case (Rds > 0)

The current expression when Rds > 0 can be obtained based on Eq. (2.5.9)
and Eq. (3.3.4). The expression for linear drain current from subthreshold

to strong inversion is:

(3.3.5)

| dso

|ds -
Rds'dso
1+

Vds

Chapter 8 will illustrate the "smoothness" of this expression.

3.4 Unified Vdsat Expression

3.4.1 Intrinsic case (Rds=0)

To get an expression for the electric field as a function of y along the
channel, we integrate Eq. (3.3.1) from O to an arbitrary point y. The

expression is as follows:

(3.4.1)

ldso
= 21dsoWQchoo}l ety
Esat Vb

|dso

Ey =
\/(WQchsop. off —

If we assume that drift velocity saturates whey=Esat we get the

following expression for Idsat:
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Unified Vdsat Expression

(3.4.2)

liont = WerfQend Esal Vb
sat —
2L (Esall + Vb)

Let Vds=Vdsatin Eq. (3.3.4) and set this equal to Eq. (3.4.2), we get the
following expression fowdsat

(3.4.3)
EsatL(Vgsteff+ 2 V)

AbulkEsatl + Vgsteff+ 2Vt

Vdsat =

3.4.2 Extrinsic Case (Rds>0)

The Vdsat expressidior the extrinsic case is formulated from Eq. (3.4.3)
and Eq. (2.5.10) to be the following:

(3.4.4a)
_ —-b-+/b? -4ac
Vdsat =
2a
where,
(3.4.4b)
a = Aouk®Werv satCoxRost (Xl =1 Abuk
(3.4.4¢)

b= —QVgsteff + 2Vt)(§ - 1) + AvukEsal_eft+ 3 Abul@ Vgstett 2 \bt Wk saC OR%

(3.4.4d)
C = (Vostett + 2V1) Esatleft+ 2( Vgstertt 2 V)t2 War saC oR bs
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Unified Saturation Current Expression

(3.4.4e)
A= AlVgsteff + A

The parameteh is introduced to account for non-saturation effects. The
parameteré\1 andAy are extracted.

3.5 Unified Saturation Current Expression

A unified expression for the saturation current from the subthreshold to the strong
inversion regime can be formulated by introducing the Vgsteff function into Eq.
(2.6.15). The resulting equations are the following:

(3.5.1)
|dso( Vdsa} Vds— Vdsa Vds— Vdsa
las = + +
d 1+ RdSIdSQ Vdsat% Va % VascBE %
Vsat
where,
(3.5.2)
Va = Vacat+ ( 1+ Pvangsteff 1 " 1 -1
EsallLett = Vacim  VabisLc
(3.5.3)
AbukVdsa
Esatleft + Vdsart 2 Rp¥ sdC oWV eV gstEﬂ.— L]
Vasat = 2(\/gsteﬁ + 2Vt)
sat =
2/ A — 1+ RoVsaColWefAbulk
(3.5.4)

AbquEsatL eff+ Vgsteff
PcivAouikEsat litl

Vaciv =

(Vds - Vdsab
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Single Current Expression for All Operational Regimes of Vgs and Vds

(3.5.5)

(Vgsteff + 2Vt) Q_ AbuikVdsat Q
erout(l + PpiBLcBV bseff AbuikVasat+ V gstefrt 2V

VabiBLC =

(3.5.6)
Left Left
Brout = PoisLc %xp(— DROUTT )+ 2 expt DROUTl— + PoisLe2
t0 t0

(3.5.7)

1 Pscoe F%’Pscba litl %
= ex
VascBe Left Vds — Vdsat

3.6 Single Current Expression for All
Operational Regimes of Vgs and Vds

The Vgsteff function introduced in Chapter 2 gave a unified expression for the
linear drain current from subthreshold to strong inversion as well as for the
saturation drain current from subthreshold to strong inversgparatelyln order

to link the continuous linear current with that of the continuous saturation current,
a smooth function for Vds is introduced. In the pssteral smooth functions have
been proposed for MOSFET modeling [22-24]. For BSIM3v3, the smooth function
used is similar to that proposed by R. M. D. A. Velghe et al [24]. The overall

current equation for both linear and saturation current now becomes:

(3.6.1)

|dsc( Vdseff Vs — Vdseff Vds — Vdsef
las = + +—
+ RdSIdSQ Vdsei)‘ VA VASCBE

1
Vdseff

Most of the previous equations which contdasandVdsatdependencies are now

substituted with th&dsefffunction. For example, Eq. (3.5.4) now becomes:
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Single Current Expression for All Operational Regimes of Vgs and Vds

(3.6.2)
AvukEsatl_eff+ V gsteft
Vacim = e ?Ste (Vs — Vase)
PcimAbukEsat litl
Similarly, Eq. (3.5.7) now becomes:
(3.6.3)
1 Pscbéz D— Pscba ||t| D
= ex
Vascee  Left ds — Vdseft
The Vdseff expression is written as:
(3.6.4)

Vdseft = Vdsat—%(Vdsat‘ V 450 +\/(Vdsa'r Vsd)®+40V d;at

The expression for Vdsat is that given under Section 3.4. The pararistan
extracted constant. The dependence of Vdseff on Vds is given in Figure 3-3. The
Vdseff function follows Vds in the linear region and tends to Vdsat in the
saturation region. Figure 3-4 shows the effed@ oh the transition region between

linear and saturation regimes.
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Single Current Expression for All Operational Regimes of Vgs and Vds

/
Vdsefi=Vdsat /= Vdseff=vds
/
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Figure 3-3. Vdseff vs. Vds fod=0.01 and different Vgs.
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Figure 3-4. Vdseffvs. Vds for Vgs=3V and differend values.
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Substrate Current

3.7 Substrate Current

BSIMv3 uses the Eqg. (3.7.1) to model substrate current.

(3.7.1)

Oo Bo laso Vs — Vaseft
Isub = ds — Vdsef) €XP(— ) @J“ Q
Left (\/ ) p( Vs — Vdseft / + Rasldso Va

1
Vdseff

The parametersO andP0 refer to impact ionization current.

3.8 A Note on Vbs

In BSIM3v3, all Vbs terms which have appeared in Chapters 2 and 3 have been
substituted with a Vbseff expression as shown in E§.1B.This is done in order
to set an upper bound for the body bias value during simulations. Unreasonable

values can occur if this expression is not introduced.

(3.8.1)
Vbseft = Vbet+ 0.9 Vbs— Ve 61+\/( Vis Vior81)% — 431 Vid

whered;=0.001.

The parameteVbcis the maximum allowable p4value and is obtained based on

the condition oflV{dVps=0 for the \f, expression of 2.1.4.
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A Note on Vbs
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