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

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 (Eg. (3.1.2)). Both expressions are
valid for small V.
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Unified Channel Charge Density Expression

(3.1.19)

QchsubsO = QO eXp(VgS - Vlh)

nvt
where Q,is

(3.1.1b)

Qo= q&siNcth exp(- Voff)

2f s nve

(3.1.2)

QchsO = Cox(Vgs - Vth)

In both Egs. (3.1.18) and (3.1.2), the parameters Q. ngnso aNd Qgpgo are the channel
charge densities at the source for very small Vds. To form aunified expression, an
effective (VgVip) function named Vg is introduced to describe the channel

charge characteristics from subthreshold to strong inversion

(3.1.3)
e s - u
2nwind+ exp(Vg Vth)g
é nvt
Vosteft =
1+2n COX 2Fs eXp(- Vgs- Vth— 2\/off)
gesiNen 2Nv

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

inversion region can therefore be written as

(3.1.4)
Qchso = CoxVguteft

Figures 3-1 and 3-2 show the smoothness of Eq. (3.1.4) from subthreshold to
strong inversion regions. The Vg €xpression 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 Vyqq function vs. (VgeVyp) in linear scale.
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Figure 3-2. Vgt function vs. (Vgs-Vip) 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 V. To account for the influence of Vg, the Vg function
must keep track of the change in channel potential from the source to the drain. In
other words, Eq. (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

(3.15)
Quns(y) = Cox(Vos- Vih - Auik\VE(y)

The parameter Ve(y) 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)
Qus(y) = Quso + DQuns(y)

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

(3.2.7)
DQehs(y) = - COXAbukVF (y)

For the subthreshold region (Vg<<Vy;), the channel charge density along the

channel from source to drain can be written as

(3.1.8)
Vos- Vih - AouikVi
Qchsubs(y) =Q09(p( gs th ulk F(y))
= QensubsoeXp(- —AbUIr:\\:F(y))
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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)

AouVF(y)

Qusis(y) = Qehaubso(1L - )

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

(3.1.10)

Quraix(y) = Qiratxo + DQrain(y)

The parameter DQ.ps,n4Y) is the incremental channel charge density induced by

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

(3.1.11)

AouikVF (y)

DQenabs(y) = - Qensubso

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

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

expression along the channel, we first assume

(3.1.12)
DQehs(y) DQehsubs(y)
DQers(y) + DQchsuvs(y)

DQen(y) =

Here, DQ(Y) 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
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Unified Mobility Expression

(3.1.13)
DQen(y) =

V\;g) QchsO

where Vi, = (Vggert + M Vi)/Apyii- [N order to remove any association between the
variable n and bias dependencies Vy.r) as well as to ensure more precise
modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), nis
replaced by 2. The expression for V|, now becomes

(3.1.14)
_ Vystett + 2\t
Abuik

Vb

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

now at hand

(3.1.15)
VE(y)

Qeny) = Qonso(1 - v

)

The variable Q. IS given by Eqg. (3.1.4).

3.2 Unified Mobility Expression
Unified mobility model based on the Vi expression of Eq. 3.1.3 is described in
the following.
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Unified Linear Current Expression

(mobMod = 1) (3.21)
Mo
Mt = Vet + 2Vin Vet +2Vin
1+ (Ua+UcVosett) (————) + Ub(—)2
Tox Tox

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

the following
(mobMod = 2) (3.2.2
M = Mo
14 (Un + UeVoosr ) (220 (Y8 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

Mo

off + +
1+[Ua (Vgst ff 2\/th) + Ub(Vgsteff 2V
Tox T

Mes =

12T+ UcViser)

OX

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Ry=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)
dvi
laty) = WQeh(y) Me(y) ——2
dy
where the parameter u,,(y) can be written as
(3.3.2)
Me(y) = [eff
y) =
1+E
sat
Substituting Eqg. (3.3.2) in Eq. (3.3.1) we get
(3.3.3)
loty) = Wkreo(l.- VF(y)) rTefIfE dVe)
Vb 1+ _y dy
Esa

Eqg. (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 Vyg isvery small (Vy<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)

V.0
Wmeff QchsOVds - = :
pAY b @

Vi O

Lgu—f

IdsO -

EsatLﬂ

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley



Unified Vdsat Expression

3.3.2 Extrinsic Case (Ry > 0)

The current expression when Ry > 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 inversionis:

(3.35)

|dso

Rds| dso

Vds

las =

1+

3.4 Unified Vgt EXpression

3.4.1 Intrinsic case (Rys=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. Theresultis

asfollows

(3.4.1)

|dso

|dso)2 ) 2 lasoWQehsomst y
Esat Vb

Ey =
\/ (WQchsomasr -

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

(34.2)
Wieit Qchso Esat L Vb

2L (EstL +Wb)

ldsat =
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Unified Vdsat Expression

Let Vys=Vyer iN EQ. (3.3.4) and set this equal to Eq. (3.4.2), we get the
following expression for Vyg,:

(3.43)
Esal (Vosert +2\t)

AburEsall + Vgstert + 2wt

Vdsat =

3.4.2 Extrinsic Case (Rys>0)

The V4 €xpression for the extrinsic case is formulated from Eq. (3.4.3)
and Eqg. (2.5.10) to be the following

(3.4.43)
Ve = b- vb? - 4ac
dsat —
t 2a
where
(3.4.4b)
a = Abuik"WeiNsatCoxRos + (I1 - 1) Abuik
(3.4.40)

2 I
b=- g?\/gsterf + 2\/t)(|_' 1) + AbukEsatleft + 3Abuk (Vostert + 2Vt)VVeffnsatCoxRDS%

(3.4.4d)
C = (Voset + 2Vt) Esatlet + 2(Vostert + 2Vt) > WettNsatCoxRbs

(3.4.4¢)
| = AiVgseit + Az
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Unified Saturation Current Expression

The parameter | 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 Vg function into Eg.

(2.6.15). The resulting equations are the following

(35.1)
_ | dso(vdsat) Vis- Vst Vs - Vdsat §§
oo = 1+ Rusl dso(vasat) §'+ Va b§+ Vascee @
Vasat
where
(352)
VA :VAsat + ( 1 4 Pvangsteff 1 4 1 -1
Esatllet * Vacim  VapisLc
(35.3)
Esal_ot + Vit + 2 R0 CoMiVar[ 1- — KV
— 2(Vosett + 2\t)
Vasat =
2/1 - 1+ RosnatCox\\tAbuik
(35.4)
AvukEsatl_eit + V.
Vaciu = el T Voset (Vs - Visat)

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

(3.5.5)
v a (Vostett +2\1) g AbuikVasat 0
ADIBLC = - :
Qrout (1 + PoibLos Vbserr) AbuikVdsat + Vgsett + 2Vt 9
(3.5.6)
Gout = PoisLc1 gexp(— Drour %) +2exp(- DROUTII_TT)§+ PoieLc2
(35.7)

1  Pswer Pswe1 litl g

\ascee Lert Vs - Vdsat 9

3.6 Single Current Expression for All

Operating Regimes of Vysand Vg

The Vggett function 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 Vg is 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)

las =

| dso(Vdseft) ? N Vs - Vdseft ¢ N Vs - Vst §
1+ Rusl dso(vaseff) Va @ Vascee 9

Vseff

Most of the previous equations which contain Vg and Ve, dependencies are now

substituted with the Vg function. For example, Eq. (3.5.4) now becomes

312
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Single Current Expression for All Operating Regimes of Vgs and Vds

(3.6.2)
AvuiEsatlet +V,
Vacim =t g,serf (Vads- Vesett )
PomAvukEst litl
Similarly, Eq. (3.5.7) now becomes
(3.6.3)
1 Psbez 3@ Pswer litl 6
= expg -
Vascee et Vis- Vst 9
The Vyses €Xpression is written as
(3.6.9)

Veser = Vst - %(vm- Vis- A+ (Vi - Vio- ) +dcVix

The expression for Vyey iS that given under Section 3.4. The parameter d in the
unit of volts can be extracted. The dependence of Vs 0N Vs iSgiven in Figure 3-
3. The Vg function follows Vg in 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

Vdsef at/ - Vdseff=Vds
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Figure 3-3. Vyesr VS Vs for d=0.01 and different Vg
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Figure 3-4. Vyer Vs Vgsfor V=3V and different d values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2.1 is modeled by

(3.7.2)

a, +a >4-e x b O | V, s~ V se O

sub = u (\/ds - Vdseff )expg_ 0 : ds)l ?_'_ d dseff :
[ Vs = Vasets {al_l_ Ras! s Va @

dseff

where parameters a, and b, are impact ionization coefficients;, parameter a,

improvesthe Iy, scalability.

3.8 A Noteon Vg

All V5 terms have been substituted with a Vi 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)

Vot = Vi + 0.5 Vs - Vie - d1+J(Vm- Vie - d1)? - 4d1Vie ]
where d;=0.001V.

Parameter V,,. is the maximum allowable V|4 value and is obtained based on the

condition of dV,/dV,,s= O for the V,;, expression of 2.1.4.

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley 3-15



