CHAPTER 2: Physics-Based Derivation
of the I-V Model

BSIM3v3's development is based upon finding solutions to Poisson's equation using
Gradual Channel Approximation (GCA) and Quasi-Two Dimensional Approximation
(QTDA) approaches. It includes compact, analytical expressions for the following

physical phenomenon observed in present day MOS devices [1]:

* Short and narrow channel effects on threshold voltage.

* Non-uniform doping effect (in both lateral and vertical directions).
» Mobility reduction due to vertical field.

* Bulk charge effect.

» Carrier velocity saturation.

» Drain-induced barrier lowerind(BL).

* Channel length modulatiol©LM).

» Substrate current induced body efféeCEBEH.

» Subthreshold conduction.

» Source/drain parasitic resistances.

2.1 Non-Uniform Doping and Small Channel
Effects on Threshold Voltage

Accurate modeling of threshold voltage (Vth) is one of the most important
requirements for the precise description of a device’s electrical characteristics. In

addition, it serves as a useful reference point for the evaluation of device operation
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regimes. By using threshold voltage, the whole device operation regime can be

divided into three operational regions.

First, if the gate voltage is greater than the threshold voltage, the inversion charge
density is larger than the substrate doping concentration. The MOSFET is then
operating in the strong inversion region and drift current is dominant. Second, if
the gate voltage is much less than the threshold voltage, the inversion charge
density is smaller than the substrate doping concentration. The MOSFET is now
considered to be operating in the weak inversion (or subthreshold) region.
Diffusion current is now dominant [2]. Lastly, if the gate voltage is very close to
the threshold voltage, the inversion charge density is close to the doping
concentration and the MOSFET is operating in the transition region. In such a

case, both diffusion and drift currents are equally important.

The standard threshold voltage of a MOSFET with long channel length/width and

uniform substrate doping concentration [2] is given by:

(2.1.1)

Vin = Veg + @5+ Y/ 5~ Vis= Videal YW@ 5 Vs /@ )s

whereVgg is the flat band voltag®/r4.4 IS the ideal threshold voltage of the long
channel device at zero volt substrate bias, wnd the substrate bias effect

coefficient and is given by:

(2.1.2)

V2€5i0Ng

COX

whereN; is the substrate doping concentration. The surface potential is given by:
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(2.1.3)
KgT Nga
=2—L |n—2
Os q n( n )

Equation (2.1.1) assumes that the channel is unifornnaaiets use of the one
dimensional Poisson equation in the vertical direction of the channel. This model
is valid only when the substrate doping concentration is constant and the channel
length is long. Under these conditions, the potential is uniform along the channel.
But in reality, these two conditions are not always satisfied. Modifications have to
be made when the substrate doping concentration is not uniform or and when the

channel length is short, narrow, or both.

2.1.1 Vertical Non-Uniform Doping Effect

The substrate doping level is not constant in the vertical direction as shown

in Figure 2-1.

- NC.h

<«— Approximation

/ Distribution

I»\Iéub
T ==

e
Xy
Substrate Depth

Substrate Doping Concentration

Figure 2-1. Actual substrate doping distribution and its approximation.
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The substrate doping concentration is usually higher near the silicon to
silicon dioxide interface (due to the threshold voltage adjust implant) than
deep into substrate. The distribution of impurity atoms inside the substrate
is approximately a half gaussian distribution, as shown in Figure 2-1. This
non-uniformity will makey in Eq. (2.1.2) a function of the substrate bias.

If the depletion width is less than; s shown in Figure 2-1, Nn Eq.
(2.1.2) is equal to My, otherwise it is equal tod\y

In order to take into account such non-unifosubstrate doping, the

following threshold voltage model is proposed:

(2.1.4)
Vih = Vrideal t Ki(y/®s = Vbs — \/('TS) - Ko\ps

For a zero substrate bias, Eqd1(1) and (2.1.4) give the same reskilt.
andK, can be determined by the criteria tNgtand its derivative versus
V,s should be the same ¥},, whereV,, is the maximum substrate bias
voltage. Therefore, using equations (2.1.1) and (2.K4andK, [3] will

be given by the following:

(2.1.5)

K1 =Y2-2K2{®s = Vpm

(2.1.6)
K2 =(y1-v2) L E
2J0s(JOs=Vpm=0 9 +V pm

wherey; (ory,) is the body effect coefficient when the substrate doping

concentration i\, (or Ng,) as shown in Figure 2-1.
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(2.1.7)
\lzqssiNc
nET T
(2.1.8)

\20€siNsup

Yo =
COX

Vi IS the body bias when the depletion width is equad tdhereforeV,,

satisfies:

(2.1.9)

chh th —

-V,
28 (ps bx

If the devices are availabl€; andK, can be determined experimentally. If

the devices are not available but the user knows the doping concentration
distribution, the user can input the appropriate parameters to specify
doping concentration distribution (€ Nep, Ngyp X)) Then,K; andK, can

be calculated using equations (2.1.5) and (2.1.6).

2.1.2 Lateral Non-Uniform Doping Effect:

For some technologies, the doping concentration near the drain and the
source is higher than that in the middle of the channel. This is referred to as
lateral non-uniform doping and is shown in Figure 2-2. As the channel
length becomes shorter, lateral non-uniform doping wduse the
threshold voltage to increase in magnitude because the average doping
concentration in the channel is larger. The average channel doping can be

calculated as follows:
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(2.1.10)
N,(L=2L,) + Ny, (2L, _ s
L LN

=N (1+N—IX)

2L, Ny - N

N, = %)

a

Due to this lateral non-uniform doping effect, Eq. (2.1.40bees:

(2.1.11)
Vin = Vino + Ki(y/®s— Vb 1= /D ) — K2 Vs
0,
+Ki E'LX 1@/_
eff

Eg. (2.1.11) can be derived by settMg = 0, and usind; 0 (N,%° The
fourth term in Eqg. (2.1.11) is used empirically to model the boidg
dependence of the lateral non-uniform doping effect. This effect gets
stronger at a lower body bias. Examination of Eqg. (2.1.11) shows that the

threshold voltage will increase as channel length decreases [3].
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Figure 2-2. Doping concentration along the channel is non-uniform.
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2.1.3 Short Channel Effect

The threshold voltage of a long channel device is independent of the chan-
nel length and the drain voltage. Its dependence on the body bias is given by
Eq. (2.1.4). However, as the channel length becomes shorter and shorter, the
threshold voltage shows a greater dependence on the channel length and the
drain voltage. The dependence of the threshold voltage on the body bias
becomes weaker as channel length becomes shorter, because the body bias
has less control of the depletion region. Short-channel effects must be
included in the threshold voltage in order to model deep-submicron devices

correctly.

The short channel effect can be modeled in the threshold voltage by the fol-

lowing:
(2.1.12)
Vin = Vino+ Ki({/@Ps— Vb 1=/ P )= Ko Vs
D
+K1 'C'LX 1[4\/_ - AV
eff

where AV,, is the threshold voltage reduction due to the short channel
effect. Many models have been developed to calclistg They used
either numerical solutions [4], a two-dimensional charge sharing approach
[5,6], or a simplified Poisson's equation in the depletion region [7-9]. A
simple, accurate, and physical model was developed by Z.H. Liu, et al,
[10]. Their model was derived by solving the quasi two-dimension Poisson
equation along the channel. This quasi-2D model concluded that:

(2.1.13)
AVip = 8ir (L)[2(Vpi — @9 + Vgd
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whereV,, is the built-in voltage of a PN junction between the substrate and

the sourceV,, is given by:

(2.1.14)

K.T. N_N
Voi = £ In( Chz d)
q n,

whereNy in Eq. (2.1.14) is the source doping concentration,Nipds the
substrate doping concentration. The expres8jgih) is a short channel
effect coefficient that has a strong dependence on the channel length and is

given by:

(2.1.15)
B (L) =[exp(-L/2l¢)+ 2expEL/ )]

ltis referred to as the "characteristic length" and is given by:

| = €si ToxXdep
= |2 X der
€oxM

Xaep S the depletion width in the substrate and is given by:

_ (2e5(9—Ved
Xdep_ th :

Xaep IS larger near the drain than in the middle of the channel due to the

(2.1.16)

(2.1.17)

drain voltage X,e, / N represents the average depletion width along the

channel.

Based on above discuss, the influences of drain/source charge sharing
and DIBL effects to Vth are described by (2.1.15). However, in order to
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

make the model fit a wide technology range, several parameters such as
Dyio» Dviz, Dsuly EtaOandEtabare introduced, and the following modes are

used in SPICEto account for charge sharing and the DIBL effects

separately.
(2.1.18)
01y = Dyo[€xp(=D,, L /21,)+ 2expD, L 4 )]
(2.1.19)
AVin(1) = Binv(Voi — @s)
(2.1.20)
Eai Ty X
l; = /M(1+ Dyt2Vos)
€ox
(2.1.21)
0 4 () =[exp(=Dg,,L /21 o)+ 2expED L A )]
(2.1.22)

AVin\Vay = Odib( y( Eto + EtabVb) Vs

wherel,, is calculated by Eq. (2.1.20) at zero bduiys.D,,, is basically

equal to wn)]jzin Eqg. (2.1.16) D, is introduced to take care of the
dependence of the doping concentration on substrate bias since the doping
concentration is not uniform in the vertical direction of the changglis
calculated using the doping concentration in the chanNg). (D,
D.«,Dvip, Eta0, Etab andDsuly which are determined experimentally, can
improve accuracy greatly. Even though Egs. (2.1.18), (2.1.21) and (2.1.15)
have different coefficients, they all still have the same functional forms.
This the device physics represented by Egs. (2.1.18), (2.1.21) and (2.1.15)
are still the same.
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As channel lengthiL decreasespV,, will increase, and in turtVy, will
decrease. If a MOSFET hasL®D structure,Ny in Eq. (2.1.14) is the
doping concentration in the lightly doped regidf. in a LDD-MOSFET

will be smaller as compared to conventional MOSFETSs, therefore the
threshold voltage reduction due to the short channel effect will be smaller
in LDD-MOSFETSs.

As the body bias becomes more negative, the depletion width will increase
as shown in Eq. (2.1.17). Henb¥,, will increase due to the increasd,in

The term:

VTideal T K1y @s~ Vps™ KoVis

will also increase a¥, becomes more negative (for NMOS). Therefore,

the changes in:

VTideal T K1y @s~ Vps™ KoVis

and inAV,, will compensatdor each other and mak#,, less sensitive to

Vps This compensation is more significant as the channel length is
shortened. Hence, thé,, of short channel MOSFET is less sensitive to
body bias as compared to a long channel MOSFET. For the same reason,
the DIBL effect and the channel length dependenc¥,pére stronger as

Vs IS made more negative. This was verified by experimental data shown in
Figure 2-3 and Figure 2-4. Although Liu, et al, found a accelekgtedll-

off and non-linear drain voltage dependence [10] as the channel became
very short, a linear dependence \4f, on V4 is nevertheless a good
approximation for circuit simulation as shown in Figure 2-4. This figure

shows that Eq. (2.1.13) can fit the experimental data very well.

2-10
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Furthermore, Figure 2-Shows how this model fo¥i, can fit various

channel lengths under various bias conditions.

1.2
; 10 —
[
=
>
08 —
S o — ,,,p V
0.6 \ | — {ﬁ
B ! ; 3

Figure 2-3. Threshold voltage versus the drain voltage at different body biases.
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Figure 2-4. Channel length dependence of threshold voltage.
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Figure 2-5. Threshold voltage versus channel length at different biases.

2.1.4 Narrow Channel Effect

The actual depletion region in the channel is always larger than what is
usually assumed under the one-dimensional analysis due to the existence of
fringing fields R]. This effect becomes versubstantial as the channel
width decreases and the depletion region underneath the fringing field
becomes comparable to the "classical" depletion layer formed from the
vertical field. The net result is an increase threshold voltage magnitude. It

is shown in [2] that this increase can be modeled as:

(2.1.23)

2
TONa (Xdmax)” _ 3T[Tox
2CoW w

Os
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The right hand side of Eq. (2.1.23) represents the additional voltage
increase. BSIM3v3 models this change in threshold voltage by Eqg.
(2.1.24a). This formulation includes but is not limited to the inverse of
channel width due to the fact that the overall narrow width effect is
dependent on process (i.e. isolation technology) as well. Hence, the

introduction of parametersgKKszp and W

(2.1.24a)

T
(K5 + KaoVbg) Wi+ Wo)(ps

Weg' is the effective channel width (with no bias dependencies), which will
be defined Section 2.9. In addition, we must also consider the narrow width

effect for small channel lengths. To do this we introduce the following:
(2.1.24b)

Wt Weff Leff @‘(/ CDS

Dvro WEIEXp( Dvtt WT )+ 2 exptDvtw

When all of the above considerations for non-uniform doping, short and
narrow channel effects on threshold voltage are considered, the final,

complete Vth expression implemented in SPICE is as follows:

(2.1.25)
Vih = Viho + Ki1(/P s— Voseff— /D 9 = K2V bseff
N Lx d Tox
+ K 1+ - 1V®ds + (K K 3V b ff,—fb
15 L eff B s+ (Ksr Ko =) Weft + Wo °
- DVTOW%@XD(—DVTlWWEff Let )+ 2 expEDvTiw We“ Lett @(/m Ps )

)+ 2 expEDvT: Ieff
t

- DVTO%GXD(—DVTl LZTT @(/bi—fbs )
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(2.1.25) (cont.)

- %eXp(— Dsuo |2_| =)+ 2 exp{-Daw 'l‘eﬁ @(Etm EranVoset) Vs
to to

In Eg. (2.1.25), all Vbs terms have besuobstituted with a Vbseff
expression as shown in Eq. (2.1.26). 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. See Section 3.8 for details

(2.1.26).

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

whered;=0.001. The parameteVbcis the maximum allowable p4value
and is calculated from the conditiondf/dV,g=0 for the \{h expression
of 2.1.4,2.1.5, and 2.1.6 is equal to:

K1?
4K 2

Vbe = 0. 9((p$ - )

2.2 Mobility Model

A good model for surface carrier mobility is very critical to the accuracy of a
MOSFET model. The scattering mechanisms responsible for surface mobility
basically include phonons, coulombic scattering sites, and surface roughness [11,
12]. For good quality interfaces, phonon scattering is generally the dominant
scattering mechanism at room temperature. In general, mobility depends on many
process parameters and bias conditions. For example, mobility depends on gate

oxide thickness, doping concentration, threshold voltage, gate voltage and
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substrate voltage, etc. Sabnis and Clemds$ proposed an empirical unified
formulation based on the concept of an effective fielg which lumps many

process parameters and bias conditions togdifgs defined by

(2.2.1)
£y = 282

Esi

The physical meaning d&,; can be interpreted as the average electrical field
experienced by the carriers in the inversion layer [14]. The unified formulation of

mobility is then empirically given by:

(2.2.2)
Ho

1+ (Eef | Eo)"

Heff =

Values forug, Eqg, andv were reported by Lianet al. [15] and Tohet al [16] to be

the following for electrons and holes:

Parameter Electron (surface) Hole (surface)
Ho (cm?/V) 670 160
Eqo (MV/cm) 0.67 0.7
vV 1.6 1.0

Table 2-1. Mobility and related parameters for electrons and holes.

For a NMOS transistor with n-type poly-silicon gate, Eqg. (2.2.1) can be rewritten

in a more useful form that explicitly relatEg; to the device parameters [14]:
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(2.2.3)
[]Vbs*'\ﬁh

E
o 6Tox

Eq. (2.2.2) fits experimental data very well [15], but it involves a power function
which is a very time consuming function for circuit simulators such as SPICE. A
Taylor expansion Eq. (2.2.2) is used, and the coefficients are left to be determined
using experimental data or to be obtained by fitting the unified formulation. Thus,

we have:

(Mobmod=1) (2.2.4)

_ Mo
Meft = \V/
1+ (Us + UeViser) (8 +2V‘*) +Up( O +2V“)

where Vgst=Vgs-Vth. To account for depletion mode devices, another mobility

model option is given by the following:

.(Mobmod=2) (2.2.5)
Mo

14 (U » UViose) (8L ) + U (5L )2
Tox Tox

Meft =

The unified mobility expressions in subthreshold and strong inversion regions will

be discussed in Section 3.2.

To consider the body bias dependence of Eq. 2.2.4 further, we have introduced the

following expression:

2-16
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Carrier Drift Velocity

(For Mobmod=3) (2.2.6)

_ o
Meft = :
1+ [ua(\i‘l';t—T+ 2Viy 4 Uy Vast * 2V T+ 2V 211 4 UsViosed)
OX OX

2.3 Carrier Drift Velocity

Carrier drift velocity is one of the most important parameters that affects device

performance characteristics. BSIM3v3 uses a simple and semi-empirical saturation

velocity model [17] given by:

(2.3.1)
E
V:L’ E< Esat
1+ (E/Esat)
= Vsats E> Egat

The parameteE,, corresponds to the critical electrical field at which the carrier

velocity becomes saturated. In order to have a continuous velocity mdelel at

E..» EsiMust satisfy:
(2.3.2)

2.4 Bulk Charge Effect

When the drain voltage is large and/or when the channel length is long, the
depletion "thickness" of the channel is not uniform along the channel length. This

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley 2-17
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will cause threshold voltage to vary along the channel. This effect is called bulk
charge effect [14].

In BSIM3v3, the parametéy, ,,is used to take into account this bulk charge effect.
This parameter is a modification from that of BSIM1 and BSIM2 where the bulk
charge parameter wag"[3]. Several extracted parameters such as A0, Bo,B1 are
introduced to account for the channel length and width dependences of the bulk
charge effect. In addition, the parame{etais introduced to model the change in

bilk charge effect under high back or substrate bias conditions. It should be pointed
out that narrow width effects have been considered in the formulation of Eg.
(2.4.1). TheAyykexpression used in BSIM3v3 is given by:

(2.4.1)

K1 { Ao Lest 1 Ag vV (f Let \ 2] + Bo ]) 1
— RAgsVgste
2\[ ®s— Vbseff Leff + 2\[ XJXdepL ’ Leff + 2\/ XJXde; Weff + BJ 1+ Kera \bseff

Abuik = (1+

where A, Ags K1,Bo Bj and Keta are determined by experimental data. Eq.
(2.4.1) shows tha, . is very close td..0 if the channel length is small, aAg,

increases as channel length increases.

2.5 Strong Inversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (Rds=0)

In the strong inversion region, the general current equation at any point y

along the channel is given by:
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(2.5.1)

[ 4 =WC_ (V = AukViy) \y)

gst

The parameteVyg; = (Vgs- Vin), Wis the device channel widt@ is the

gate capacitance per unit area, V(y) is the potential difference between
minority-carrier quasi-Fermi potential and the equilibrium Fermi potential
in the bulk at point yy(y) is the velocity of carriers at point y, ang, 4 is

the coefficient accounting for the bulk charge effect.

With Eq. (2.3.1) (i.e. before carrier velocity saturates), the drain current

can be expressed as:

(2.5.2)

off E(Y)
| =WC (V.. V, — Ak My)— 2=
ds ox gs th 1+ E(y)/ E

sat

Eq. (2.5.2) can be rewritten as follows:

(2.5.3)
(I _ dVy

Ew=
U HaWCL(V — AwM) - Lo/ By dy

By integrating Eq. (2.5.3) from=0toy = L andV(y) = V5to V(y) = Vg,

we arrive at the following:

(2.5.4)

W 1
I ds — M effC OXT L(Vgs _Vth = Pouk \45/2) \/ds

1+Vds/ E

sat

The drain current model in Eq. (2.5.4) is valid before the carrier velocity

saturates.
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For instances when the drain voltage is high (and thus the lateral electrical
field is high at the drain side), the carrier velocity near the drain saturates.
The channel now can be reasonably divided into two portions: one adjacent
to the source where the carrier velocity is field-dependent and the second
where the velocity saturates. At the boundary between these two portions,
the channel voltage is the saturation voltaygsg) and the lateral
electrical is equal t&g,; After the onset of saturation, we can substitute

= VgatandVys = Vysatinto Eqg. (2.5.1) to get the saturation current:

(2.5.5)

Ids :WCox(V = Aok Vdsat) \A

gst at

By equating egs. (2.5.4) and (2.5.5)Fat Eggtandvgyg = Vggas WE Can

solve for saturation voltagéygas

(2.5.6)
V — Esat L(Vgs - Vth)
B AoukE gy L+ (V= V)

sat

2.5.2 Extrinsic Case (Rds>0)

Parasitic source/drain resistance is an important device parameter which
can affect MOSFET performance significantly. As a MOSFET's channel
length scale down, the parasitic resistance will not be proportionally scaled.
As a result, Rds will have a more significant on device characteristics.
Model parasitic resistance in a direct method yields a complicated drain
current expression. In order to make simulations more efficient, BSIM3v3
models parasitic resistances using simple expressions. The resulting drain

current equation in the linear region can be calculate [3] as follows:
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(2.5.9)
lgs = Vds - Vs
Rot  Ren* Rus
= UeﬁCoxw 1 (Vgst B AbquVds_/Z) Vs
L 1+Vas/(Bsa) 14 R, y1 o, W (Vgst ~ Abulk Vas'2)

L 1+ Vds/( Esat'—)

Due to parasitic resistance, the saturation voliggg; will be larger than
that predicted by Eq. (2.5.6). Let Eq. (2.5.5) be equal to Eqg. (2.5.9). The

VysatWith parasitic resistand@yg expression is then:

(2.5.10)

—b—\/b2—4ac

Vdsat = oa

The following are the expression for the variatagls, andc:
(2.5.11)
a= A\fulk Rﬁs C:ox stat+ (Xl - 1) A””‘
2
b= _(VQSt(X - 1) + '%ulk Esat L+3 Abulk st Cox stat \/g;t

C = EsatL Vgstt 2 Rys Gox Wat \gst
A= AlVgst+ Ao

The last expression faris introduced to account for non-saturation effect

of the device. In BSIM3v3, parasitic resistance is modeled as:

(2.5.11)

Ric= Rdsm[1+ Pr wgVgstett+ Pr wl(,/(p =V bseff'\/a}]

’ (10° Werr )™
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2.6

The variableRggyis the resistance per unit widty is a fitting parameter,
Pbis the body effect coefficient, angjgis the gate-bais effect effect.

Strong Inversion Current and Output
Resistance (Saturation Regime)

A typical I-V curve and its output resistance are shown in Figure 2-6. Considering
only the drain current, the I-V curve can be divided into two parts: the linear region
in which the drain current increases quickly with the drain voltage and the
saturation region in which the drain current has a very weak dependence on the
drain voltage. The first order derivative reveals more detailed information about
the physical mechanisms which are involved during device operation. The output
resistance (which is the reciprocal of the first order derivative of the I-V curve)
curve can be clearly divided into four regions in which have disRggivs. Vys

dependences.

The first region is the triode (or linear) region in which carrier velocity is not
saturated. The output resistance is very small because the drain current has a strong
dependence on the drain voltage. The other three regions belong to the saturation
region. As will be disussed later, there are three physical mechanisms which
affect the output resistance in the saturation region: channel length modulation
(CLM) [4, 14], drain-induced barrier lowerin®IBL) [4, 6, 14], and the substrate
current induced body effecBCBE [14, 18, 19]. All three mechanisms affect the
output resistance in the saturation range, but each of them dominates in only a

single region. It will be shown next that channel length modulatidinM]
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dominates in the second regi@iBL in the third region, an@CBEin the fourth

region.
3.0 )
| | ‘
Triode | cM | DIBL ‘ e
- 12
25| | | 0004l
| ‘ oOOO FO ]
o° o> 1 P B}
o | - | o et o
o N :
‘ . ---9----. %\
2 ‘ ..---Q--‘-------------‘- - 1 8 9-
=0T - | \ ° 3
3 <7." o ‘ ‘ ) _ :
] R O 6
1.0 L ‘ ‘ ‘ O
. o
- J ‘ ‘ O |
O o
= | | | OO
05 5
] ‘o ‘ ‘ OOO i’
(@]
000© Oq ‘ ‘ O
0.0 ‘ . I I |
0 0 L 3 |
Vds (V)

Figure 2-6. General behavior of MOSFET outputesistance.

Generally, drain current is a function of the gate voltage and the drain voltage. But
the drain current depends on the drain voltage very weakly in the saturation region.

A Taylor series can be used to expand the drain current in the saturation region [3].

(2.6.1)
a|ds(VgsVd§

|ds(VgsVd§ =1 46V g dsaft oV
S

(Vds - Vdsat)

Vi~ Vsay

= | 1
dsat( VA

where,
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2.6.2
lasat = ddV g dsadt=WV s& dxV gst A bu¥ diat R
and
(2.6.3)
LI

The parametel/, is called the Early Voltage (analogous to the BJT) and is
introduced for theanalysis of the output resistance in the saturatioome@nly

the first order term is kept in the Taylor series. For simplicity, we also assume that
the contributions to the Early Voltage from all three mechanisms are independent

and can be calculated separately.

2.6.1 Channel Length Modulation (CLM)

If channel length modulation is the only physical mechanism to be taken
into account, then according to Eq. (2.6.3), the Early Voltage can be

calculated by:

(2.6.4)
Olgs OL y1_ Aoulk Esatb+ Vst 9 AL -1
oL 0Vgs AvulkEsat 0 Vs

Vacim = lgsatl

where AL is the length of the velocity saturation region, the effective
channel length isL-AL. Based on the quasi-two dimensional

approximationVagy pcan be derived as the following:

(2.6.5)

AbquEsatL"' \Y st
Vacim = = 9% (Vgs — Vdsad
Abulk sat
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whereVjc v is the Early Voltage due to channel length modulation alone.

The parameteP|, is introduced into th&/s | expression not only to
compensatdor the errorcaused by the Taylor expansion in the Early
\oltage model, but also to compensate for the err&qr Bince:

10X
and the junction deptlxj, can not generally be determined very accurately.

Thus, thevVag mbecame:

(2.6.6)
1 ApulkEsatl + Vgst

I:)clm Abqu EsatI

VacLm = (Mds — Vdsad

2.6.2 Drain-Induced Barrier Lowering (DIBL)

As discussed above, threshold voltage is can be approximated as a linear
function of the drain voltage. According to Eq. (2.6.3), the Early \oltage
due to theDIBL effect can be calculated as:

(2.6.7)

aIds a\/th)—l
a\/th aVds

VADIBLC: I dsat(

VabisLc =

(Vstert +2V) Q_ AoukVasat @
erout(1+ PoisLcBVbsef PoukMVasar+ Vgstertt 2V

During the derivation of Eq. (2.6.7), tiparasitic resistance is assumed to
be equal to 0. As expectedyp g c is a strong function df as shown in

Eq. (2.6.7). As channel length decreasfg; g c decreases very quickly.
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The combination of th&CLM and DIBL effects determines the output

resistance in the third region, as was shown in Figure 2-6.

Despite the formulation of these two effects, accurate modeling of the
output resistance in the saturation region requires that the coefficient
Bin(L) be replaced b,y i(L). Both 8;4(L) and 6,o,«(L) have the same

channel length dependencies, but different coefficients. The expression for

(2.6.8)

0 out (L) = Pypa[€XP(=D,o L /21,)+ 2expED ok M) P

rout

The variableyip|c1, Pdibic2: Pdibich@ndDyqyt @re the newly introduced
parameters to correct for DIBL effect in the strong inversion region. The
reason wWhyD,;q is not equal tdPgjpic1 andD,41 is not equal td,g ¢ is
because the gate voltage modulatesDH&L effect. Whenthe threshold
voltage is determined, the gate voltage is equal to the threshold voltage.
But in the saturation region where the output resistance is modeled, the
gate voltage is much larger than the threshold voltage. Drain induced
barrier lowering may not be the same at different gate Bigg;co is
usually very small (may be as small&aBE-J3. If Py, 2 is placed into the
threshold voltage modat, will not cause any significant change. However

it is an important parameter Wy g for long channel devicebecause

Pdiblc2 Will be dominant in Eq. (2.6.8) if the channel is long.

2.6.3 Current Expression without Substrate Current Induced
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Body Effect

In order to have a continuous drain current and output resistance expression
at the transition point between linear and saturation regionVigs
parameter is introduced into the Early Voltage expressiggg; is the

Early Voltage aVyq= Vyggtand is as follows:

(2.6.9)
Ve = Esatl + Vasat™ 2RgeY sa€ o Vst A pul/ ds?)
Asat =
> 1+ Apuik RasVsatC oW
Thus, the total Early Voltage py can be written as:
(2.6.10)
V, = Vasat+ ( t 1 )*

ACLM VADIBL

The complete (with no impact ionization at high drain voltages) current

expression in the saturation region is given by:

(2.6.11)

\% s V, sal
Cox( Vgst_ Abulkvdsa) (1 + dv—dt)

A

laso = WV

sat

Furthermore, another paramet@ygg is introduced in/pto account for the
gate bias dependence Wi more accurately. This much said, the final

expression for Early Voltage becomes:

(2.6.12)

Pvagv(:gs f 1 " 1 ) -1

EsatlLett ~ Vacim  VabiBLC

Va = Vasat+ (1+
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2.6.4 Current Expression with Substrate Current Induced Body
Effect

When the electrical field near the drain is very large (> 0.1MV/cm), some
electrons coming from the source will be energetic (hot) enoughuse
impact ionization. This creates electron-hole pairs when they collide with
silicon atoms. The substrate currelf,, thus created during impact
ionization will increase exponentially with the drain voltage. A well known

Isypmodel [20] is given as:

(2.6.13)

lsub= % lgsat(V ds— V dsat €XP(-

The parameter8;j andB;j are determined from extractioky,, will affect
the drain current in two ways. The total drain current will change because it
is the sum of the channel current from the source as well as the substrate

current. The total drain current can now be expressed [21] as follows:

(2.6.14)

I = losot |,

O] O]

|:| s — Sal |:|
= lasold + (Vas— Vsa) -

Bi Bil
0 —exp———)d
|:| AI ds_Vdsat |:|

The total drain current, includingLM, DIBL andSCBE can be written as:

(2.6.15)
V - V s ™ sal
Cox Vgst_ Abulkvdsg(l_i_ = V dsat)(1+ Vd Vd

o VascBe

l4 =Wy

sat
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whereVagcggcan also be called as the Early Voltage due to the substrate

current induced body effect. Its expression is the following:

(2.6.16)
Bi Bil
Vascee= —exp(———
heceE A p(Vds, - Vdsat)
From Eq. (2.6.16), we can see tNalgcggis a strong function 0¥y In
addition, we also observe thdigcpggis small only whenVyg is large.
This is why SCBEis important for devices with high drain voltage bias.
The channel length and gate oxide dependencé,gtggcomes from
Vgsat and l. In BSIM3v3, we replacdi with PSCBE2and Ai/Bi with

PSCBE1/Lto yield the following expression fMagcpeE

(2.6.17)
1 _Pscem explc Pscae )
VascBE L Vs ~ Vdsat

The variable®g.pe1aNdPgcpeoare determined experimentally.

2.7 Subthreshold Drain Current

The drain current equation in the subthreshold region was given in [2, 3] can is

expressed by the following:

(2.7.1)
_ _ _Vds Vgs - Vth - Voff
las =1 o(1—exp( V—)) eXp%nvt )
t
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(2.7.2)
| = W qssiNcthZ
20,

sO 0
L

Here the parametettis the thermal voltage and is given by KBT/q. Voff is the
offset voltage, as discussed in Jeng's dissertation [18]. Voff is an important
parameter which determines the drain current\gjg = 0. In Eq. (2.7.1), the
parameten is the subthreshold swing parameter. Experimental data shows that the
subthreshold swing is a function of channel length and the interface state density.

These two mechanisms are modeled in BSIM3v3 by the following:

(2.7.3)
Left Left
(Cdsc+ Cdscd/ dst C dsctl/ bSQ%Xp(_ D WZT)-'_ 2 eXpeDVTlT @ Cit

Cu
+

N =1+ Nractor
Cox Cox Cox

where, the term:

(Cdsc+ CascdV dst C dsctV bsé%Xp(— D Eﬂl'_iﬁ)‘F 2 eXpE DVTlE @
2t [t

represents the coupling capacitance between the drain or source to the channel.
The parameters Cdsc, Cdscd, Cdscb are extracted. The pa@pietéq. (2.7.3)

is the capacitance due to interface states. From EQ3)2i7can be seen that
subthreshold swing shares the same exponential dependence on channel length as
the DIBL effect. The parametéifactoris introduced to compensate for errors in

the depletion width capacitance calculatiNifactoris determined experimentally

and is usually very close to 1.
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2.8 Effective Channel Length and Width:

The effective channel length and width used in all model expressions is given

below:
(2.8.1)
Lefft = Ldrawn— 2d|_
(2.8.2a)
Wett = Whrawn— 2 dW
(2.8.2b)

WeffI = Whrawn— 2 dW

The only difference between Eq. (2.8.1a) and (2.8.1b) is that the former includes

bias dependencies. The parameters dW and dL are modeled by the following:

(2.8.3)
dW = dW + dVy Mer+ AW /@ — My — /@)
, Woow, W,
dw = V\{,t + valm + Wwwn + LWInV\IIan
(2.8.4)

_ Ly L Lwi
dL= Lint + LLIn + Wll,\\:vn + LLIn\\/NVLwn

These complicated formulations require some explanation. From Eq. (2.8.3), the
variable Wit models represents the tradition manner from which "delta W" is
extracted (from théntercepts of straights lines on a §&¥s. Wgrannplot). The
parameterslWy andd\W, have been added to account for the contribution of both

front gate and back side (substrate) biasing effects.dEothe parameteLint
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2.9

represents the traditional manner from which "delta L" is extracted (mainly from

theintercepts of lines from addvs. Lgrgnnplot).

The remaining terms in botW anddL are included for the convenience of the
user. They are meant to allow the user to model each parameter as a function of
W(drawn), L(drawn), and their associated product terms. In addition, the freedom
to model these dependencies as other than just simple inverse functions of W and L
is also provide for the user in BSIM3v3. FdW they arewin andWwn FordL

they areLIn andLwn.

By default all of the abovgeometricaldependencies for both dW and dL are
turned off. Again, these equations are provided in BSIM3v3 only for the
convenience of the user. As such, it is up to the user must adopt the correct

extraction strategy to ensure proper use.

Poly Gate Depletion Effect

When a gate voltage is applied to a heavily doped poly-silicon gate, e.g. NMOS
with n+ poly-silicon gate, a thin depletion layer will be formed at the interface
between the poly-silicon and gate oxide. Although this depletion layer is very thin
due to the high doping concentration of the poly-Si gate, its effect cannot be
ignored in the 0Am regime since the gate oxide thickness will also be very small,

possibly 50A or thinner.

Figure 2-7 shows a NMOSFET with a depletion region in the n+ poly-silicon gate.
The doping concentration in the n+ poly-silicon gateéNjs. and the doping
concentration in the substrateNg,, The gate oxide thicknessTg. The depletion

width in the poly gate i<, The depletion width in the substrateXg If we
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assume the doping concentration in the gate is infinite, then no depletion region
will exist in the gate, and there would be one sheet of positive charge whose

thickness is zero at the interface between the poly-silicon gate and gate oxide.

In reality, the doping concentration is, of course, finite. The positive charge near
the interface of the poly-silicon gate and the gate oxide is distributed over a finite
depletion region with thicknes,. In the presence of the depletion region, the
voltage drop across the gate oxide and the substrate will be reduced, because part
of the gate voltage will be dropped across the depletion region in the gate. That

means the effective gate voltage will be reduced.

G
Poly Gate Depletion (Width Xp) ‘ Ngate

—

n

Y _
3 ®®®®®®Q///D

Inversion Charge  Depletion in Substrate (Width Xd)

B

Figure 2-7. Charge distribution in a MOSFET with the poly gate depletion effect.
The device is in the strong inversion region.
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The effective gate voltage can be calculated in the following manner. Assume the
doping concentration in the poly gate is uniform. The voltage drop in the poly gate

(Vpay) Can be calculated as:

(2.9.1)

2
1 qNgate Xpoly

Vpoly = X polyE poly = 2,

poly

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

poly
condition at the interface of poly gate and the gate oxide is

(2.9.2)

€oxEox = € siE poly= \/ZCF Naatey poly
whereE,, is the electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)
Vgs~VEB~ ®s=V polyt Vox

whereV,, is the voltage drop across the gate oxide and satigfiesE,, T,,.

According to the equations (2.9.1) to (2.9.3), we obtain the following:

(2.9.4)
a(Vgs— VrB— @5 Vpoly)2 =~ Vpoy=0
where (2.9.5)
2
€ox
a = 5
qusiNgateT 0X
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By solving the equation (2.9.4), we get the effective gate voldged which is

equal to:
(2.9.6)

2 2
Q€siN gatel ox ( i+ 285, (Vgs= VFB— @9 a

V =Vt @t
gs_eff FB s 2 2
€ox \/ Ge si Ngate Toy

1)

Figure 2-8 show$/ys o1/ Vs versus the gate voltage. The threshold voltage is
assumed to be.4V If T, = 40 A, the effective gate voltage can be reduce6%y
due to the poly gate depletion effect as the applied gate voltage is egul to
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Figure 2-8. The effective gate voltage versus applied gate voltage at different gate
oxide thickness.

The drain current reduction in the linear region as a function of the gate voltage

can now be determined. Assume the drain voltage is very smalbhOexy. Then
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the linear drain current is proportional@g(Vys - Vin). The ratio of the linear drain

current with and without poly gate depletion is equal to:

(2.9.7)
las(V gs. eff) - (Vgs_ eff = Vin
lgs(V gs) (Vgs = Vith)

Figure 2-9 showsdKVgs_ef)) / IdgVgs) versus the gate voltage using eq. (2.9.7).

The drain current can be reduced by several percent due to gate depletion.
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Figure 2-9. Ratio of linear region current with poly gate depletion effect and that
without.
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