CHAPTER 3: Unified |-V Mode

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 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 thisissue, a unified model should be synthesized
to not only preserve region-specific expressions but also to ensure the continuities of
current and conductance and their derivatives in all transition regions as well. Such high
standards are kept in BSIM3v3.2.1 . As a result, convergence and simulation efficiency

are much improved.

This chapter will describe the unified I-V model equations. While most of the parameter
symbolsin this chapter are explained in the following text, a complete description of all |-

V model parameters can be found in Appendix A.

3.1 Unified Channel Charge Density
EXxpression
Separate expressions for channel charge density are shown below for subthreshold

(Eg. (3.1.18) and (3.1.1b)) and strong inversion (Eq. (3.1.2)). Both expressions are
valid for small Vg
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Unified Channel Charge Density Expression

(3.1.18)

Qensubso = Qo eXp(VgS _ Vth)
NVt
where Qg is

(3.1.1b)

Qo= quchth exp(_Voff )
A\
(31.2)

QchsO = Cox(Vgs - Vth)

In both Egs. (3.1.18) and (3.1.2), the parameters Qg ns0 @Nd Qg are the channel
charge densities at the source for very small Vds. To form a unified expression, an
effective (Vgs'Viy) function named Vg is introduced to describe the channel

charge characteristics from subthreshold to strong inversion
(3.1.3)

s —Vin, [
2NV In%ﬁ exp(Vg Vth)D
] 2nwv [

1+2n Cox 2 eXp(_Vgs —Vih - 2Voff )
(&sNch 2N W

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

Voseft =

inversion region can therefore be written as

(3.1.4)
Qdﬁso = CoxVgsteft

Figures 3-1 and 3-2 show the smoothness of Eg. (3.1.4) from subthreshold to
strong inversion regions. The Vg« expression will be used again in subsequent

sections of this chapter to model the drain current.
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Unified Channel Charge Density Expression
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Figure 3-1. The Vgdffunction vs. (VgsVi) in linear scale.
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Figure 3-2. Vgdffunction vs. (VgsVih) in log scale.
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Unified Channel Charge Density Expression

Eq. (3.1.4) serves as the cornerstone of the unified channel charge expression at
the source for small Vg To account for the influence of Vg the Vgt function
must keep track of the change in channel potential from the source to the drain. In
other words, Eg. (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 of strong inversion

(3.1.5)
Qens(y) = Cod( Vs —Vih — AV (y))

The parameter VHy) stands for the quasi-Fermi potential at any given point vy,

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

(3.1.6)
Qens(y) = Qenso + AQens(y)

The term AQgdY) is the incremental channel charge density induced by the drain
voltage at point y. It can be expressed as

(3.1.7)
AQcehs(y) = —COoXAbukVF(y)

For the subthreshold region (Vgs<<Vth)’ the channel charge density along the

channel from source to drain can be written as

(3.1.8)
Ottty = Qoexp(vgs —Vih — AbquVF(y))
NV
= Quatsoexp(~ AbquVF(y))
NVt

3-4

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



Unified Channel Charge Density Expression

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)

Qesisty) = Qenapso(1~ AbUIr:VF(Y)

)

Analogousto Eq. (3.1.6), Eq. (3.1.9) can also be written as

(3.1.10)

Qraby) = Qraso +AQtutxy)

The parameter AQgg dY) is the incremental channel charge density induced by

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

(3.1.11)

3 AoukVF(y)

AQenabs(y) = Qenanso

Note that Eq. (3.1.9) is valid only when VHYy) is very small, which is maintained
fortunately, due to the fact that Eq. (3.1.9) isonly used in the linear regime (i.e. Vg
<2v).

Egs. (3.1.6) and (3.1.10) both have drain voltage dependencies. However, they are
decupled and a unified expression for Qg{y) is needed. To obtain a unified

expression along the channel, we first assume

(3.1.12)
AQchs( y) AQchsubs( y)
AQchs(y) + AQchsubs(y)

AQcn(y) =

Here, AQ(Y) is the incremental channel charge density induced by the drain
voltage. Substituting EqQ. (3.1.7) and (3.1.11) into Eqg. (3.1.12), we obtain
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Unified Mobility Expression

(3.1.13)
VE(y)

AQen(y) = Vb

Qchso

where V= (Vggeff + N*V)/Apik In order to remove any association between the
variable n and bias dependencies (Vgstecf) as well as to ensure more precise
modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), n is

replaced by 2. The expression for Vynow becomes

(3.1.14)
_ Vst + 2\t
Abuik

Vb

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

now at hand

(3.1.15)
VEwy)

= 1-
Qen(y) = Qenso( Ve

)

The variable Qg is given by Eq. (3.1.4).

3.2 Unified Mobility Expression
Unified mobility model based on the Ve expression of Eq. 3.1.3 isdescribed in
the following.
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Unified Linear Current Expression

(mobMod = 1) (3.2.1)
_ Ho
Hett = Vst + 2Vin Vgseit + 2V
1+ (Ua+UcVoseit ) (———) + Ub(i)2
ox Tox

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

the following
(mobMod = 2) (3.2.2
Ho
Heit =
1+ (U + UoVisa ) (V590 4 (V51 )2
Tox Tox

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

following expression

(For mobMod = 3) (3.2.3)

Lo

Het = + +
1+ [Ua(VgsteffT 2Vth) 4 Ub(Vgstef-fr 2Vth)2](1+ UVt

OX OX

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Rg=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)
dv
la(y) = WQen(y) Lnety) i
dy
where the parameter updy) can be written as
(3.3.2
Hre(y) =
1 + E
t
Substituting Eg. (3.3.2) in Eq. (3.3.1) we get
(3.3.3)
laty) = WQehso(1 — VF(y)) HETE dVee)
Esat

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
characteristicsin the subthreshold regime when Vgis very small (Vg<2v).
Eqg. (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)

IdsO -
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Unified Vdsat Expression

3.3.2 Extrinsic Case (Rg> 0)

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

to strong inversion is.

(3.3.5)

_ |dso

lds = ——=———

1 " Rds| dso
Vds

3.4 Unified Vg EXpression

3.4.1 Intrinsic case (Rg=0)

To get an expression for the electric field as a function of y along the
channel, weintegrate EqQ. (3.3.1) from 0 to an arbitrary point y. Theresult is

as follows

(3.4.1)

|dso

l dso )2 - 21 asoWQchso Uest Y
Esat Vb

Ey =
\/ (WQchso et —

If we assume that drift velocity saturates when Ey=Esat, we get the
following expression for | gt

(34.2)
_ WteitQehso Esatl. Vb

et =
L (Eal +Wb)
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Unified Vdsat Expression

Let Vo=Vt In Eq. (3.3.4) and set this equal to Eq. (3.4.2), we get the
following expression for Ve
(34.3)

Esatl (Vostett + 2\t)
AoukEsatl + Vgsert + 2\

Visat =

3.4.2 Extrinsic Case (Rg>0)

The Vgt expression for the extrinsic case is formulated from Eq. (3.4.3)
and Eqg. (2.5.10) to be the following

(3.4.49)
_ -b-+b* -4ac
Vst =
2a
where
(3.4.4b)
a = Abuk“Weir Vst CoxRos + (/\1 —1) Abuik
(3.4.4¢)

b= _Q\/gsteff +2Vt)(§ =1) + AvukEsail et +3 Abuk (Voset +2Vt)WeffV§1tCoxRDS§

(3.4.4d)
C = (Vgstet + 2Wt) Esatlest + 2(Vgstett + 2Vt) *Whtt Vst CoxRos

(3.4.4¢)
A = AilVgsert + A2
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Unified Saturation Current Expression

The parameter A is introduced to account for non-saturation effects.

Parameters A, and A, can be 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 Ve function into Eq.

(2.6.15). The resulting equations are the following

(35.1)
| dso(vasat) Vs — Vdsat Vs — Vidsat
las = + +
‘ 1+ Rusl dso(vasat) % Va % \/ASCBE %
Vdsat
where
(35.2)
Va =Vast + ( 1+ Pvangsteff 1 + 1 )_1
Estlet ~ Vacim  VabisLc
(3.5.3)
Esaelett +Vosat + 2 RosVaaColMerVgsett [ 1 — AoV
_ 2(Vgseit +2\t)
Vasat =
2/ A — 1+ RosVesat Cox\WktAbuik
(3.5.4)
AbukEsatl_et + V,
Vacim = =Ll T Vosdt (Vds — Vsat)

PcimAvukEsa litl
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Single Current Expression for All Operating Regimes of Vgs and Vds

(3.5.5)
(Vostet +2k) @_ AbuikVdsat @
Grout (1 + PoisLcsVoserr) AouikVasat + Vgstert + 2t

VapiBLe =

(35.6)
Bou = Poreics xp(=Drour =) + 2 exp(~Drour =) 2k p
out — DIBLC1 —LJROUT — —LJROUT —— DIBLC2
gx 2lto lto H

(35.7)

1 Pscbez Pscbel ||t|
= ewd, T
Vascee Lest Vs — Vst

3.6 Single Current Expression for All

Oper ating Regimes of Vgsand Vs

The Vggecffunction introduced in Chapter 2 gave aunified expression for the linear
drain current from subthreshold to strong inversion as well as for the saturation
drain current from subthreshold to strong inversion, separately. In order to link the
continuous linear current with that of the continuous saturation current, a smooth
function for Vgis introduced. In the past, several smoothing functions have been
proposed for MOSFET modeling [22-24]. The smoothing function used in BSIM3
is similar to that proposed in [24]. The final current equation for both linear and

saturation current now becomes

(3.6.1)

| dso(Vdsef) Vs — Vdseff Vs — Vaseff

las = + +—

1+ Rusl dso(vasett ) Va V/ASCBE
VVdseff

Most of the previous equations which contain Vggand Vgt dependencies are now

substituted with the Vgt function. For example, Eq. (3.5.4) now becomes
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Single Current Expression for All Operating Regimes of Vgs and Vds

AbukEsatLeff +Vgseft
PcimAvukEsa it

(Vos — Vst )

Vacvw =

Similarly, EqQ. (3.5.7) now becomes

l Pscbez D— Pscbel | | t| D
= e)(p

Vascee Lest ds — Voiseft

The Vgt expression iswritten as

Vostt = Vst —;(Vdsst —Vs =0 +\/(Vdst Vs —0)° +45/dst)

(3.6.2)

(3.6.3)

(3.6.4)

The expression for Vg is that given under Section 3.4. The parameter d in the

unit of volts can be extracted. The dependence of Vgt 0N Vgisgivenin Figure 3-

3. The Vg function follows Vgin the linear region and tends to Vg in the

saturation region. Figure 3-4 shows the effect of d on the transition region between

linear and saturation regimes.
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Single Current Expression for All Operating Regimes of Vgs and Vds
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Figure 3-3. Vggf vs. Vgsfor 8=0.01 and different Vg
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Figure 3-4. Vg Vs Vsfor V=3V and different 8 values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2.1 is modeled by

(3.7.1)
I = m _V )exp ﬁo IdSO %+Vd5 _Vdseff E
sub Leff ds dseff Vds _Vdseﬁ . M VA

dseff

where parameters ap and 3, are impact ionization coefficients, parameter a,

improves the | g, scalability.

3.8 A Noteon V

All Vi terms have been substituted with a Vg expression as shown in Eq.
(3.8.1). Thisisdonein 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)

Vbestt = Vbe + 0.5 Vbs —Vbe =61 +1/(Vbs —Vbe —31)2 —4AVhe |
where 4,=0.001V.

Parameter Vi is the maximum allowable Vig value and is obtained based on the
condition of dVi{dVg= 0 for the Vi, expression of 2.1.4.
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A Note on Vbs
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