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CHAPTER 1: Introduction

1.1 General Information

BSIM3v3 is the latest physics-based, deep-submicron MOSFET ruodBgital
and analog circuit designs from the Device Group at the University of California at
Berkeley. BSIM3v3 has been extensively modified from its previous release

(BSIM3 Version 2.0). Amongst the new advancements are:

A single |-V expression to describe current and output conductance
characteristics from subthreshold to strong inversion as well as from the linear
to the saturation operating regions. Such a formulation guarantees the
continuities of Ids, Gds, Gm and their derivatives throughout all Vgs, Vds and
Vbs bias conditions. In addition, all previous kinks and glitches at device
operation boundaries are eliminated.

* New width dependencies for bulk charge and source/drain resistance (Rds).
This greatly enhances the accuracy in modeling narrow width devices.

AW and AL dependencies for different Wdrawn and Ldrawn devices. This
improves the model’s ability to fit a variety of W/L ratios with a single set of
parameters.

* A new capacitance model has been formulated to address the concern and to
improve the modeling of short and narrow geometry devices.

» Lastly, BSIM3v3 includes a new relaxation time model for characterizing the

non-quasi-static effect of MOS circuits for improved transient modeling.
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General Information

In the mist of all these new features, BSIM3v3 still retains the same physical
underpinnings of BSIM3 Version 2.0. For example, his new model still has the
extensive Dbuilt-in  dependencies of important dimensional and processing
parameters (e.g. channel length, width, gate oxide thickness, junction depth,
substrate doping concentration, etc.). This allows users to accurately model the
MOSFET over a wide range of channel lengths as well as channel widths for
present as well as future technologies. Furthermore, BSIM3v3 still relies on a
coherent pseudo-2D formulation to model various short-channel and high field

effects such as the following:

» threshold voltage roll-off,

* non-uniform doping effect,

* mobility reduction due to vertical field,
» carrier velocity saturation,

* channel-length modulation,

* drain induced barrier lowering,

» substrate current-induced body effect,
* subthreshold conduction, and

* parasitic resistance effect.

Meticulous care has been taken to mesh the above model enhancements with high
levels of accuracy and minimum simulation costs. In addition, the enhanced
expressions yield more continuous behavior and should also help to facilitate faster

SPICE convergence properties.
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Organization of Manual

1.2 Organization of Manual
The manual will introduce BSIM3v3’s capabilities in the following manner:

» Chapter 2 will highlight the physical basis and arguments used in deriving
BSIM3v3’s |-V equations.

* Chapter 3 will combine these various BSIM3v3 equations for different
operational regimes in a unified I-V model.

» Chapter 4 will present the new capacitance model.

» Chapter 5 will detail the inclusion of the new model for transient modeling
called the NQS (Non-Quasi-Static) Model.

» Chapter 6 will discuss SPICE model file extraction.

» Chapter 7 will provide results of some benchmark tests applied on the model to
illustrate its general robustness (no discontinuities).

» Chapter 8 will conclude with the noise model.

* Chapter 9 will describe the MOS diode model.

* Finally, the Appendix will list all model equations and references used
throughout this manual. In addition, model parameters which can be binned

during parameter extraction will also be listed.
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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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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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

C:OX

whereN; is the substrate doping concentration. The surface potential is given by:

2-2
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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

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; As 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=® 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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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(2.1.7)
\lzqssiNc
nET T
(2.1.8)

\20€siNsub

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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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(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].

G
|
S | D
Nds o
N (x) T Na T
. S
X

Figure 2-2. Doping concentration along the channel is non-uniform.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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 OXTde
€oxN

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

_ [2e5(9s—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

2-8
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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(“_ Dyt2Vos)
€ox
(2.1.21)
0 4 () =[exp(=Dg,,L /21 5 )+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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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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.

101 .
F Markers: ExXp.
i Linas: Madsl
10%
=
gl
I
= C
<402
1072 [ N
0.0 0.5 1.0 1.5
L gt (am)

Figure 2-4. Channel length dependence of threshold voltage.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

2.0
Markers: Exp.
L Lines: Model
Device B, Vgg=-3V
1.5 -
= I
S 1_0 L
=
>
0.5 — ,
L - Open Markers: Vpg=0.05V
/ Solid Marker: Vpg=3V
0-0 | { | | | | | | | | | |
0.0 0.5 1.0 1.5

L eff (um)

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)™ _ 3nTox
2CoW w

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

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 + KaoVbs) W+ 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)

Weft' Weff Leff @‘(/ CDS

Dvro WEIEXp( Dvm WT )+ 2 exptDvtaw

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— Vobsefi— /D 9 — K2V bseff
O
+ KlB 1+ N:: - 15\/% +(Ka+ K 3beseff)ﬁ(Ds
- DVTOW%@XD(—DVTlWWSff Let )+ 2 expEDvTiw Weff Let @(/m Ps )

)+ 2 expEDvT1 Ieff
t

- DVTo%exp(—DVTl LZEIT @(/bi—fbs )
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(2.1.25) (cont.)

- %eXp(— Dsuo |2_| = )+2 exp{-Daw 'l‘eﬁ E(Etm ErabVoset) 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)

_ o
Meft = \V/
1+ (Us + UeViser) (8 +2V‘*) +Up(L 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 + UeViose) (8L ) + U (8L )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:
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(For Mobmod=3) (2.2.6)

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

I 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)
| =WC (V.. V, — Ak M) =0
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)
S AoukE g 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 = Vs - Vs
Rot  Ren* Rus
e o 1 (Vgst ~ Abulk Vds_/ 2) Vs
L 1+ Vgs/(Esall) 1+ Ryl ot Cox W (Vgst ~ Apulk Vds2)

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) + A)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 )
| | ‘
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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)

Vs~ Vasan
Va

= lgsall ¥

where,
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2.6.2
lasat =1 ddV g dsadt=WV s& dxV gst A bu¥ diat R
and
(2.6.3)
o

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 ApuikEsatl + Vgst

I:)clm Abulk EsatI

VacLm = (Vds — 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 =

(Vstett +2V) Q_ AoukVasat @
Brait(1+ PoieLceVbset PourVasart Vgster- 2 V1

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 ou (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 whyD,;q is not equal tdPyjpic1 andD,41 is not equal tdg ¢ 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 saC o Vst A pul/ ds?)
Asat =
> 1+ Apuik RasVsatC oxW
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)

Pvag\/és f 1 " 1 ) -1

EsalLett ~ Vacm  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)
Bl )

A
lsub=—= ldsat(Vds= V dsat €XpP(-
Bi Vds - Vdsat

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 =ldsot+ 1,

0 0

L] s—Visa) U
= lasold + (Vas— Vsa) -

Bi Bil
0 —exp———)d
D A| ds — Vdsat D

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

n 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= —expl———
heceE A p(Vds, - Vdsat)
From Eqg. (2.6.16), we can see tNalgcggis a strong function ofyg 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+ CdscdV 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 DVTlﬂ @
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\(n + Lwlm + Wan + LWInV\I/an
(2.8.4)

_ Ly L L
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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Poly Gate Depletion Effect

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+ 2e5,(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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Poly Gate Depletion Effect

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 = Vih)

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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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 ZCDS exp(— Vgs - Vth— 2Voff )
g€siNeh 2nw

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

2n \Aln%+ exp
0

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

2_5_- | ] Vgsteff Function I

expl(Vgs

4 7
> N /J | Log(\Vgsteff)
o / : ? i37Cu33zEEaaae
— 2] (Vgs-\Vth)
S 4
) .
=
= -6
= _
S e
. —— exp[(VVgs-Vth)/n*v ]
-10
c1o
_141' - Vgs=Vth
-16 ] ) T ) ) T ) T ) T ) T ) T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
Vgs-Vth (V)

Figure 3-2. Vgsteff function vs. (Vgs-Vth) 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 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 Vir 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(VgS_Vth_ AoukVF y
nv
AoV
nu

)

= Qchsubs} 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)

AvukVF(y)
AQchsubg y = A Ait 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

Abuik

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) (

|-> 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

) FU(

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
steff +
I') Ub(Vgtff 2V

Tox

I,leff - Vgsteff + 2Vt

1+[Ua( Y2)(1+ UcVoser)

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)
dwi
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  dVEr(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)

AbulkEsatll + 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 % VAascBE %
Vsat
where,
(3.5.2)
Va = Vacat+ ( 1+ Pvangsteff 1 " 1 -1
EsallLett = Vacim  VapisLc
(3.5.3)
AbukVdsa
EsatLeff + Vdsart 2 Rp¥ sdC oWV eV gstEﬂ.— L]
Vasat = 2(\/gsteff + 2Vt)
sat =
2/ A — 1+ RoVsaColWefAbulk
(3.5.4)

AbquEsatL eff+ Vgsteff
PcivAvuikEsat 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— + PoisLc2
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)
AvulkEsatl_eff+ V gsteft
Vacim = e ?Ste (Vs — Vasef)
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 V sd)® +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
/

O-O T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Vds (V)

Figure 3-3. Vdseff vs. Vds fod=0.01 and different Vgs.

_ /

£
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Vvds (V)

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 — Vaset
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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CHAPTER 4: Capacitance Model

Previous BSIM capacitance models used long channel charge models in which the ratio of
Cij/Lerff (where i and j are the transistor nodes) did not scale wgghThis resulted in an
overestimation of capacitance values for devices smaller thaga@nlof 2 pm. This

effect was particularly severe at lodrain biags. In addition, previousapacitance
models also showeappalling discontinuities for the gate capacitance at threshokieolt

These factors as wells as others necessitated the development of a new charge and

capacitance model.

4.1 General Information

In BSIM3v3, a new capacitance formulation addresses the above concerns. This

new model incorporates the following enhancements:

» Separate effective channel length and width are used for capacitance and I-V
models.

* A simple short channel capacitance model with accuracy down to then0.2
Leff range.

* Intrinsic C-V model is no longer gte-wise (i.e. dided into inwersion,
depletion, triode and sa@tion regions). Instead, a single equation is used for
each nodal charge covering all regions pém@tion. This ensures continuity of

all derivatives and enhances convergence pgm@s. The inversion
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General Information

capacitance and substrate capacitareealso no longer discontinuous at the

threshold voltage.

» Threshold voltage formulation is consistent with the I-V model. Effects such as

body effect and DIBL are automatically incorporated inddugacitance model.

* Overlap capacitance comprises twarts: 1) a bias gependent part which

models the effective overlap capacitance between the gate and the heavily

doped source/drain, and 2) a gate bias depempdenibetveen the gate and the

lightly doped source/drain region.

* Bias independent, fringing capacitances are addecdekatthe gate and source

as well as the gate and drain.

To accommodate these changes, pavametrs are introduced (Table 4-1).

Name Function Default|  Unit
CAPMOD | Flag for short channel capacitance model 2 (T
CGs1 Lightly-doped source to gate overlap capacitance 0 (F
CGD1 Lightly-dopedirain to gate overlapapacitance 0 (F/m)
CKAPPA | Coefficient for lightly-doped overlap capacitance 0.6
CF Fringing field capacitance equation | (F/m)

(4.4.2)
CLC Constant term for short channel model 0.1 |pum
CLE Exponential term for short channel model 0.6
DWC Long channel gate capacitance width offset wint | um
DLC Long channel gate capacitance length offset Lint | um

ue)
/m)

Table 4-1. New parameters for BSIM3v3 capacitance model.
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A Note on Device Geometry Dependencies

4.2 A Note on Device Geometry Dependencies

For capacitance modeling considerations, a transistor can mediinto 2
regions: intrinsic and extrinsic. Thiatrinsic part is the region between the
metallurgical source and drain junction when the gate to S/D region is at flat band
voltage. Theextrinsic part, basically the parasitics, is further divided into three
regions: 1) the outer fringing capacitance between the polysilicon gate and the
source/drain, 2) the overlap between the gate and the heapiyd ®/Dregion
(relatively insensitive to bias conditions), and 3) the overlap between the gate and
lightly doped S/D region which chgas with bias.

In the previous C-V model (BSIM3 Versi@0), both the I-V and C-V parts of the
model used the same Leff and Weff expressions.. This is not so in the new model

BSIM3v3. The geometry dependence for ithteinsic capacitanc@art is given as

the following:
(4.2.1)
Wi Ww Wwli
6VV9ff = DWC+ LW|r'I +Wan + L\MHW Wwn
(4.2.2)
LI Lw Lwl
6L9ﬁ = DLC+ LLIn +WLwn + LLlnwLWn
(4.2.3)
Lactive = L drawn 26'— eff
(4.2.4)
V\é\ctive = Vvdrawn_ 26 Vveff

The meanings ddWCandDLC are different from those &intandLint in the I-

V' model. Lgtive and Wactive are the effective length and width of the intrinsic
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A Note on Device Geometry Dependencies

device for capacitance calculations. Unlike the case with I-V, we assumed that
these dimensions have no voltage bias dependence. The parapeétes equal

to the source/drain to gate overlap length plus the differeneeéetdrawn and
actual POLY CD due to processing (gate printing, etching and oxidation) on one
side. Owrall, a distinction should beade beween the effective channel length

extracted from the capacitance measurement and from the 1-V measurement.

Traditionally, the Leff extracted durinV model characterization is used to
gauge a technology. However this Leff does not necessarily carry a physical
meaning. Itis just a parameter used in the I-V formulation so that theuneeld-

V characteristics match those calculated by the model. This Leff is therefore very
sensitive to the I-V equationsed and also to the conduction characteristics of the
LDD region relative to the channel region. A device with a large Leff and a small
parasitic resistance can have a singlament drive as another with a smaller Leff
but larger Rig In some cases Leff can be larger than the polysilicon gate length

giving Leff a dubious physical meaning (negative Leff).

The Lgcive parameter extracted from the capacitance method is a closer
representation of the metallurgical junction length (physical length). Due to the
graded source/ drain junction profile the sourcelrain length can have a very
strong bias dependence. We therefore deffgeto be that measured at gate to
source/drain flat band voltage. If the values@DdWCandDLC are not specified in

the SPICE model card, BSIM3v3's capacitance model wdume that the device

in question has the samdegftive dimensions for both |-V and C-V models (i.e.
DWC = WintandDLC=Lint).
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Intrinsic Capacitance

4.3 Intrinsic Capacitance

4.3.1 Background Information

There has been no recent major work performed in the area of intrinsic
capacitance modeling suitable for implementation into a circuit simulator.
One bottleneck is the difficulty inapacitance measurement, especially in

the deep micromregime. At very short channel lengths, the MOSFET
intrinsic capacitance is very small yet the conductance is large. The large
conductance results in large in-phase currents during high frequency
measurement and overloads the C-V meter. Also feetsfof the parasitic
inductance in the experimental setup will be more profound. Moreover,
since charge can only be measured at high impedance nodes (i.e. the gate
and substrate nodes), only 8 of the 16 capacitance components in an

intrinsic MOSFET, can be directly measured.

An alternative solution is to use a 2-D device simulator such as PISCES.
However, the simulation results are not always satisfactory. Another
reason for the lack of development work is the observation that most
circuits used to be dominated by interconnect and junction capacitances.
An exact model for the intrinsic transistor capacitance is of lesser
importance. However, this may no longer be true with the continuous
shrinking of design rules. Also, a well behaapacitance model will help
circuit simulation convergence. In low power and anapglications,
desigrers are interested in device operation near threshold voltage. Thus,
the model must also be accurate in transitiegions as well. To ensure

proper behavior, both the I-V and C-V model equations should be
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Intrinsic Capacitance

developed from an identical set of charge equations so ]]Iﬁbg. i€ well

behaved.

Similar to the I-V model, the development of tbepacitance model was
carried out with an effort to balance physics with simulation efficiency.
Several physical models have been puklishThese were either too
complicated or lacked continuity from one operatiegion to another. A

good model should be simple yet include most of the physical concepts.

4.3.2 Basic Formulation

To ensure charge conservation, terminal charges instead of the terminal
voltages are used as state variables. The terminal chagg€¥, @s and
Qg are the charges associated with the gate, bulk, source, and drain,
respectively. The gate charge is comprised of mirror charges from 3
components: the channel minority (inversion) charggQthe channel

majority (accumulation) charge 4 and the substrate fix chargeg({.

The accumulation charge and the substrate chamassociated with the
substrate node while the channel charge comes from the sourdeaamd

nodes:

(4.3.1)
sub Q|nv+ Qacc)

%) Qacc sub

E?inv =Q,+Qy

The substrate charge can be divided into two components - the substrate

charge at zero source-drain biasg(), which is a function of gate to
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substrate bias, and the additiomain-uniform substrate charge in the

presence of a drain biad(g . Qg now becomes:

(4.3.2)
Qg = _(an + Qacc + quﬂ + 6 qut)

The total charge is computed by integrating the charge along the channel.
The threshold voltage along the channel is modifile@ to the non-

uniform substrate charge by:

(4.3.3)
Vin(Y) = V(0) +( A — DV,

(4.3.4)

Lacuve L active

[
EQC = Vvactive chdy: V¥:tive Qx J.( \6t_ %ﬂk \é dy
0 0
Lacuve L active
therefore %39 = Weerie qudy: Wive G I( \6t+ Yo V=0~ \a dy
0 0
Lacuve L active

H
ggb = Vvactive Iqbdy:_ V¥:tive Qx I( \4|_ \éB_(p s (1_ '%\IIL) \a dy

Substituting the following:

dv,
dy=—
€ y
and
(4.3.5)
l'le COX ulk =
T =7 (V= Ve = 1 oV AV

active
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into Eqg. (4.3.4), we have the following upon integration:

(4.3.6)
5 : i
g? — C A\)ulk Vv Abulkzvdsz ]
c act|ve actlve gt 2 ds A\)uu( D
B H 12@/gt > Vdsﬁa
mb = _Qg Q - qulﬁ) 6 qub
0 0
- Vel AwVe 0
—_ _ ds ulk ¥ ds ]
%39 qutD actlve act|ve O%V 2 E+ A\)uu( D
O] 12 gt VdsﬁH
0 2
where,
(4.3.7)
gzsutﬂ act|ve actlva/ 28 SqN (Zp b V tl
- ] E
2
%Q C |:|1 A\)un( V _ (1 A\)ulk) Abulk ds
sub ac ive actlve o ds
! D 2 _ Abulk
Q E 12 active 2 Vds

The inversion charges are supplied from thers® and drain electrodes
such that G, = Qs+ Qg The ratio of @and Qis the charge partitioning
ratio. Existing charge partitioning schemes are 0/100, 50/50 and 40/60
(XPART= 0, 0.5 and 1) which are the ratios o @ Qin the saturation

region. We will revisit charge partitioning in Section 4.3.4.

All capacitances are derived from the charges to ensure charge
conservation. Since there are 4 nodes, there are altogether 16 components.

For each component:
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(4.3.8)
c =2
oV,

where i and j denote transistor nodesadidition:

4.3.3 Short Channel Model

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in the saturaggion
(Vgx2Vdsal: the carrier density at the drain end is zero. Since no channel
length modulation is assiwed, the channel charge will remain a constant
throughout the saturatioregion. In essease, the channel charge in the
saturation region is assumed to be zero. This is a good approximation for
long channel devices but fails wheggl< 2 pm. If we define a drain bias,
Vdsat,cvin Which the channel charge becomes a constant, we will find that
Vdsatcvin general is lager than \jggtbut smaller than the long channel
Vdsat given by \gfApulk (Apulk is @ parameter modeling the non-uniform
substrate charge). However, in the old long channel charge megg! oy

is set to \j/Apylk independent of channel length. Consequentjyl €f

also has no channel length dependeritgs( (4.3.6), (4.37)). A pseudo
short channel modification from the long channel has been used in the past.

It involved the parameter gyk in the capacitance model which was

redefined to be equal togV gsat therebyequating \§sat cand Visat This
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overestimated the effect of velocity saturation aesulted in a smaller

channel capacitance.

The difficulty in developing a short channel model lies in calculating the
charge in the saturation region. Althouglnreat continuity stipulates that

the charge density in the saturation region is almost constant, it is difficult
to calculate accurately the length of the saturation region. Moreover, due to
the exponentially increasing lateral electric field, most of the charge in the
saturationregionare not controlled by the gate electrode. However, one
would expect that the total charge in the channel will exponentially
decrease with drain bias. A physical model has been developed to reflect
this but will not be presented here. A simpler model is adopted to

empirically fit Vgsat oo channel length. Experimentally,

(4.3.9)
V, steff,cv
Vdsat, iv < Vdsat cv< \ dsat iLLacIive” o = ﬁc
and Vdsat,cv is fitted empirically by the following:
(4.3.10a)
\Y/
Vdsat,cv = ] ;Séﬂlfé DCLE 0
AwH+0—0 H
|]Lactive D E
(4.3.10b)
v 01+ expr %S
= nv.in
gsteff cv t' 1+ exp
[ O nv, [
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The parameteAy K can now be substituted Ik in the long channel

equation where:

(4.3.11)
0 0cLe DCLE
Ak = Ap |ko§“‘5—D
) ) DI-activeD
(4.3.11a)
AbquO — %l."’ Kl AO Leﬁ + Bo } E 1
O 2J®s—Voserr Lef + 2/ XoXaep Wer + Bl 01+ KeraVoser

By settingCLC to zero, the new model reduces back to the old model. At
very short channel lengths where velocity overshoot is prominent, the
channel charges is only a weak function of channel length and saturation
velocity. The effect of velocity overshoot is minimal and is not

implemented into the model.

4.3.4 New Single Equation Formulation

In the old formulation, the capacitance is divided into four regions. There
were separate equations modeling the nodal chargescinregion. From

one region to another the charges were conserved, but not their slopes.
Therefore, the capacitances in some of these transitions were
discontinuous. In the new model, a single equation is used to model each

charge for all regions.
(a) Transition from depletion to inversion region

The biggest discontinuity is the iession capacitance at threshold agk.

The old model uses a step function and the inversion capacitance changes
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abruptly from 0 to @y Concurrently, since the substrate charge is a
constant, the substrate capacitance drops abruptly to O at threshagevolt
Both of these effects cause oscillation duringcwt simulation.
Experimentally, capacitance starts toccremse almost quadratically at
~0.2V below threshold voltage and levels off at ~0.3V above threshold
voltage. For analog and low power circuits, an accurgtaatance model

around the threshold voltage is very important.

The non-abrupt channel inversioapacitance and substrate capacitance

model is developed from the new I-V model which uses a single equation
to formulate the subthreshold, transition and inversion regions. The new
channel inversion charge model can be modified to any charge model by

substituting gt with Vggteff ov@s in the following:

| (4.3.12)
Q(inv,s,d) (Vgt) = Q( iny s d)(V gste,cv)
Now,
(4.3.13)
0 oV,
Ec(inv,s, d), g(Vgt ) = C(inv s.d), g(\ésteﬁ,c) aTZSt
%:(inv,s,d);( sdb (Vgt) = C(inv sd)(s.d.9 (\glsteff,cx)
where,
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(4.3.14)

aVgsteff CV _

avgs

+

O gstl]
El expt—— %

The "inversion" (minority) charge is alwayson-zero, even in the
accumulation region. However, it decreases exponentially with gate bias in

the subthreshold region.
(b) Transition from accumulation to depletion region

A parameter VFBeff is used to smooth out the transition between
accumulation and depletion regions. Ifeats the acumulation and

depletion charges:

(4.3.16)
Veger :vfb—O.E{Va + 2+ 45, vip where Y= vfb ¥-3, 5,=002

(4.3.16a)
vib = Vih— @s— Kl\/as
(4.3.17)
Qacc = _WactiveLactiveC o>(VFBeff_ Vfb)

(4.3.18)

2 .0 _ _ . 0

Qup =W, L, C ~——= L L1+ |1+ 4(Vgs Veger = Vgsterov Vbseff)D
sub0 active — active™ ox 2 O] K 2 O]
O 1 O
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(c) Transition from linear to saturation region

A parameter Vcveff is used to smooth out the transition between linear and

saturatiorregions. It affects the inversion charge.

(4.3.19)

:Vdsaicv_o-#vzl+\/V42+434\Asatcv} where Y= Matcv— }/5—64; 64: Q02

cveff

(4.3.20)

H
H

l
D 12 2
u ' A\)ulk cheff
Qinv = _Vvactive LactiveC O%V gstedy %VCVEﬁ Q-i_ Ab ! B
E 12 Qsteff,cv_ 2qu cheff ﬁ%

Below is a list of all he three partitioning schemes for thersion charge:

(4.3.21)
0 0

U

_ 1 1 —_ 1 1 V 2

6(Dsub = WactiveLactiveC OMVCVEﬁ - ( AbU”‘ )Abulkn =t D
D 2 12 _ Abulk V D
E gsteff,cv T cveff

(i) The 50/50 Charge partition

This is the simplest of all partitioning schemes in which the inversion
charges are assumed to be contributpchly from the sorce anddrain
nodes. Despite it's simplicity it is found to approximate the simulation data

well.
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(4.3.22)
: :
C ok Voverr
Qs — Qd — 0-5Q|m, actlve act|ve Oxglgstef - A\)ulk cveff + Ab Ik ff [l
12 Abulk V ED
E gstef; ov 2 cveff %

(i) The 40/60 Channel-charge Partition

This is the most physical model of the three partitioning schemes in which
the channel charges are allocated to the sourcediaid electrodes by

assuming a linear dependence to the distance.

(4.3.23)
] B Laciive ] ~ y ]
éQs - Vvactive JO’ chﬂ' Lactlve Edy
% VVacnve ];’We qc actlve
(4.3.24)
Q=- Wose Lo %lgsteffws _gvgstefcvzf(Abu'IkV w;ﬁ'zz,) v ga(zﬂA ny u):ff_lgs( Ao ﬁ%
2, Ab;'k V. g
(4.3.25)
Q== Poel acwe = %lgsteffcvs __gvgsteﬁvz('%.llk' \éveff)+ Vgsteﬁ\( R \4/9&)2 __;( A \é/er)gg
2 gsteffcv_A;“(cheﬁg

(i) The 0/100 Charge Partition
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In fast transient simulations, the use of a quasi-static model may resultin a
large unrealistic drain current spike. Thertitioning scheme is developed

to artificially suppress the drain current spike by assigning all inversion
charges in the saturatiorgion to the source electrode. Notice that this
charge partitioning scheme will still give drain current spikes in the linear

region and aggravate the source current spike problem.

(4.3.26)
U
2
' D
Q =-W . L ] C )él|\/gsteffcv+ Abulk cheff_ (Abulk cveff)
s active —active™ o 2 4 )
E 24§/gsteff,cv Ik cheff %
(4.3.27)
R [
2
' U
Qd — _Vvactive Lactiveco ||;|\/gsteff,cv_ 3'A‘bulk cheff+ (Abulk cveff') N
0 2 4 8@ ; A v %
E gsteff,cv 2 cveff

(d) Bias dependent threshold voltage effects on capacitance

The effects of body bias and DIBL is inded in the capacitance model by
modifying the threshold voltage to make it consistent with the 1-V model.
In deriving the capacitances additional differentiatiares need to account
for the dependence of threshold voltagedaain and substrate bes The

intrinsic capacitances can be derived based on the above charge equations.
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Extrinsic Capacitance: Fringing Capacitance

(4.3.28)
— a(DS dgb aVgsteffcv
C(s, dgb,g
aVgsteffcv aVgt
(4.3.29)
C(s aob.s - _ aQs,d, gb + aQs,d,g,b aVgsteffcv EP\/th + 0\/th E
. aVds aVgsteffcv aVgt [Bvds aVbsD
(4.3.30)
C — aQS dgb a(Ds,d,g,b aVgsteffcv a\/th
(s.d.gB,d Vi OVygerCV 0V 0V
(4.3.31)

_ a(Ds d,gb _ a(Ds,d,g,b aVgsteffcv a\/th

C. =
(sd.gb.b avbs OVQSteﬁcv avgt aVbs;

4.4 Extrinsic Capacitance: Fringing
Capacitance

The fringing capacitance consists of a bias independent outer fringing capacitance
and a bias dependent inner fringing capacearin the present release only the
bias independent outer fringing capacitance is impleaeteriperimentally, it is
virtually impossible to separate this capacitance with the overlap capacitance.

Nonetheless, the outer fringing capacitance can be theoretically calculated:

(4.4.1)

t

poly

t

(00,4

0
CF =Son+
a U

)
Q
1
I

If CFis not given in the above expression, it can be calculated by:
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4.5

(4.4.2)

O O
CF = 2€ . In[11+4x 10 -
T L t L

0oX

Extrinsic Capacitance: Overlap
Capacitance

An accurate model for the overlappegitance is essential. This is especially true
for the drain side where the effect of ttapacitance is amplified by the transistor
gain. In old capacitance models this capacitance ssumed to be bias
independent. However, experimental data show that the overlap capacitance
changes with gate to source and gatdréon biags. In a singlerain stucture or

the heavily doped S/D to gate overlap region in a LDD structure the bias
dependence is the result of depleting theasafof the source ardiain regions.
Since the modulation is expected to be very small we can model this region with a
constant capacitance. However in LDD MOSFETs a substantial portion of the
LDD region can bealepleted, both in the vertical and lateraledtions. This can

lead to a large reduction of overlappeaitarce. This LDDregion can be in
accumulation or depletion. We use a sirggi@ation for botlmegions by using such
smoothing paramets asVgs overlapAnd Vgd,overlapfor the source and drain side,
respectively. Unlike the case with the intrinsi@apacitace, the overlap

capacitanceare reciprocal. In other word€gs overlag= Csg,overla2NdCgd,overlap
= Cdg,overlap

(a) Source Overlap Charge

4-18
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(4.5.1)

0 4V
Qoverlap s CG SO/ + CG S %/ VQS Overla CKAP PA %—1 + 1+ gs, overlap
2 CKAPPA

active

(4.5.2)

1
Vgs,overlapzzgvgs_él)'i'\/(v gs~ = ) 461% where 61—002

whereCKAPPAIs a user input parameter. If the average doping in the te@n
is known,CKAPPAcan be calculated by:

2eSi qNLDD
C 2

The typical value foN| ppis 5x1017 cm-3.

(b) Drain Overlap Charge

(4.5.3)
Qover a CKAP PA overla
W —overland CGDO\/ + CGD gd ng overlap E_l \ CKQZ\PFLX%
active a
(4.5.4)

1 2 [
\/gdyover|ap:§§ng—62)+\/(ng—éz) _462% Where 62 :O(E

(c) Gate Overlap Charge

(4.5.5)
Qoverlap, g = _(Qoverlap s+ Q overlap )
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4.6

In the above expressions,@GS0and CGDO (the heavily doped S/egion to
gate overlap capacitaa) are not given, they are calculated according to the

following:

CGSO0= (DLC*Cox)- CGS1 (if DLC s given andLC > 0)
CGS0=0 (if the previously calculatedGSOis less than 0)
CGSO0= 0.6Xj*Cox (otherwise)

CGDO= (DLC*Cox)- CGD1 (if DLC s given andDLC > CGD1/Coy
CGDO0=0 (if previously calculate@DGOis less than 0)
CGDO0O= 0.6Xj*Cox (otherwise)

Graphical Results

Figures 4-1 through 4-dre included to show the good behavior of the expressions
introduced in this chapter. Note that both capacitance and charge are continuous
under both Vds bias ranges (linear to saturation) and Vgs bias conditions
(subthreshold to strong inversion).gkre 4-5 is also included to highlight the

VFBeff equation used to ensured this continuity.

4-20
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Figure 4-1. Normalizedcharge versus Vds bias.
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Figure 4-2. Normalized capadiance versus Vds bias.
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Figure 4-3. Normalized charge versus Vgs bias.
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Figure 4-4. Normalized capacitance versus Vgs bias.
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Figure 4-5. Continuity of the Vfbeff function.
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CHAPTER 5: Non-Quasi Static Model

5.1

5.2

Background Information

As the MOS transistor becomes more performance-driven, the need to accurately
predict circuit performance operating near device cut-off frequency becomes more
essential as well. However, most device models available in circuit simulators such
as SPICE fall short this need. They include models which are formulated upon
Quasi-Static (QS) assumptions. In other words, the finite charging time for the
inversion layer is ignored. When these models are used with the common 40/60
charge partitioning option, unrealistically large drain current spikes frequently
occur [31]. In addition, the inability of these models to accurately simulate channel
charge re-distribution causes problems in fast switched-capacitor type circuits.
Many Non-Quasi-Static (NQS) models have been published, but these models
have two shortcomings: 1) they assume, unrealistically, no velocity saturation, and
2) They are complex in their formulations; intuitive insights into NQS effects and
solutions are lost. In addition, these models increase circuit simulation times by 4

to 5 times.

The NQS Model in BSIM3v3

BSIM3v3 includes a physical NQS transient model which alleviates the above

problems. Although it is a physical model that takes in account velocity saturation
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5.3

effects, it is conceptually simple to understand because its formulation is based on

familiar channel relaxation principles.

Model Formulation

The channel of a MOSFET is analogous to a bias dependent RC distributed
transmission line (Figure 5a). In the Quasi-Static (QS) approach, the gate
capacitor node is lumped with both the external source and drain nodes (Figure 5-
1b). This ignores the finite time for the channel charge to build-up. One Non-
Quasi-Static (NQS) solution is to represent the channalteansistors in series
(Figure 5-1c). This model, although accurate, comes at the expense of simulation
time. BSIM3v3 uses a one efficient approach formulated from the circuit of
Figure 5-1d. This Elmore equivalent circuit models channel charge build-up
accurately because it retains the lowest frequency pole of the original RC network
(Figure 5-1a). To accommodate this new NQS model, two new parameters are
introduced (See Table 5-1).

Name Function Default Unit
NQSMOD | Flag for the NQS model 0 (False)
ELM Elmore constant of the channel 5 none

Table 5-1. New NQS model parameters.

5-2
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Equivalent RC Network Conventional
Quasi-Static Model
Gate
Il |||F |"|||"| n+ —P
C C
Substrate T dg
o—pLp—LH—
R Rout Rd
New Elmore (b)
Equwalent Circuit quivalent Model
Elmor
d Elmme
T T .. ) Tc.
o—J L IJLIL _'I'I'_'I'I'_'I'I'_o o_ﬁh
(C) S Rout Rd

Figure 5-1. Quasi-Static and Non-Quasi-Static models for SPICE transient
analysis.

The NQS model also includes the use of the model parameter Xpart (usually
associated with the A.C. model) to control charge partition to the source/drain. In
BSIM3v3, the EImore resistand®gmore IS calculated from the channel resistance

under strong inversion as:
(5.2.1)

2 2
Left  Leff

R = =
Elmore — eUoiQep  EMetQcheq
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whereg is the Elmore constant of the RC network in the channel with a theoretical
value close to 5Qg¢ is the actual channel charge in the channel @aqéq
represents the quasi-static equilibrium channel charge. The Rggg<channel

is the relaxation time constant for charging and discharging the channel. Under
strong inversion, the conduction is mainly due to drift current. As such, the

relaxation time constant due to drift current is given by:

(5.2.2)
3
CoxWetr Lets

Tyrift = RElmoreCox\Neff I—eff:
€M eff Qcteq

Under weak inversion, conduction is mainly due to diffusion current. The

relaxation time constant can be approximated by:

(5.2.3)

O Legt /4)°
Uaiff = —————
Hefr KT

The overall relaxation time for channel charging and discharging is given by the
combination of both the diffusion and the drift terms:

(5.2.4)

1 1 1
=+

T Tyirf  Tarift

Using this relaxation time concept, the NQS transient effect in BSIM3v3 is
implemented with the subcircuit given in Figure 5-2. The parametgasnk X;are

the charge partition allocated to the drain and source and are assigned values of 0.4
and 0.6, respectively.

5-4
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The state variabléges is an additional node created to keep track of the amount
of deficit (or surplus) channel charge necessary to achieve equilibQgggwill

decay exponentially into the channel with a bias dependent NQS relaxatian time
The derivative 0fQgefwith respect to time is the gate charging current. This gate
current is partitioned into separate drain and source current components. A

complete list of all NQS model equations is provided in the Appendix.

Qd ef Q:Ief

ig =1q(dc) + Xg—
0¢ !
anheq S l Qdef <4+—
5t Cf) 1T— 7T - o—{ Xg+ Xg =1

f
© Qyef

— iS = —I d(dC) + XST

Figure 5-2. NQS subcircuit implementation in BSIM3v3.
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CHAPTER 6: Parameter Extraction

Parameter extraction is an important part of model development. Many different extraction
methods have been developed [23, 24]. The appropriate methodology depends on the
model and on the way the model is used. Based on the properties of the BSIM3v3, a
combination of a local optimization and the group device extraction strategy is adopted for

parameter extraction.

6.1 Optimization strategy

There are two main, different optimization strategies: global optimization and local
optimization. Global optimization relies on the explicit use of a computer to find
one set of model parameters which will best fit the available experimental
(measured) data. This methodology may give the minimum average error between
measured and simulated (calculated) data points, but it also treats each parameter
as a "fitting" parameter. Physical parameters extracted in such a manner might

yield values that are not consistent with their physical intent.

In local optimization, many parameters are extracted independently of one another.
Parameters are extracted from device bias conditions which correspond to
dominant physical mechanisms. Parameters which are extracted in this manner
might not fit experimental data in all tH@as conditions. Nonetheless, these
extraction methodologies are developed specifically with respect to a given

parameter’s physical meaning. If properly executed, it should, overall, predict
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6.2

6.3

device performance quite well. Values extracted in this manner will now have

some physical relevance.

Extraction Strategies

Two different strategies are available for extracting parameters: the single device
extraction strategy and group device extraction strategy. In single device extraction
strategy, experimental data from a single device is used to extract a complete set of
model parameters. This strategy will fit one device very well but will not fit other
devices with different geometries. Furthermore, single device extraction strategy
can not guarantee that the extracted parameters are physical. If only one set of
channel length and width is used, parameters related to channel length and channel

width dependencies can not be determined.

BSIM3v3 uses group device extraction strategy. This requires measured data from
devices with different geometries. All devices are measured under the same bias
conditions. The resulting fit might not be absolutely perfect for any single device

but will be better for the group of devices under consideration.

Extraction Procedure

6.3.1 Parameter Extraction Requirements

One large size device and two sets of smaller-sized devices are needed to

extract parameters, as shown in Figure 6-1.

6-2
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W Large W and L

[ J
Orthogonal Set of W and L

/

min

Figure 6-1. Device geometries used for parameter extraction

The large-sized device (V& 10um, L = 10um) is used to extract
parameters which are independent of short/narrow channel effects and
parasitic resistance. Specifically, these are: mobility, the large-sized device
threshold voltag®igeg and the body effect coefficierits andKo which
depend on the vertical doping concentration distribution. The set of devices
with a fixed large channel width but different channel lengths are used to
extract parameters which are related to the short channel effects. Similarly,
the set of devices with a fixed, long channel length but different channel

widths are used to extract parameters which are related to narrow width
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effects. Regardless of device geometry, each device will have to be

measured under four, distinct bias conditions.
1) ldsVs.Vgs @ Vs= 0.05Vwith differentVpg
2) IgsVs. Vgd@ Vps= OV with differentVgg

3) lds vs. Vgd@ Vs = Vagwith different Vg (Vg is the maximum drain

voltage)

4) lgsVvs. Vdd@ Vs = Vpp With differentVgg (Vpy is the maximum body
bias)

6.3.2 Optimization

The optimization process recommended for BSIM3v3 is a combination of
Newton-Raphson's iteration and linear-squares fit of either one, two, or
three variables. This methodology was discussed by M. C. Jeng [18]. A
flow chart of this optimization process is shown in Figure 6-2. The model
equation is first arranged in a form suitable for Newton-Raphson's iteration

as shown in Eq. (6.3.1):

(6.3.1)
of 0fg;
PP P gm F(m) F‘ My = 9 fsim AP™ + O 1sim AP + O lsim AP
exp( 10,720, 30) fS|m( ) 6 Pl P P2 3 P3

The variablefgiy{) is the objective function to be optimized. The variable
fexd) stands for the experimental dafyp Pop and P3p represent the
desired extracted parameter valu€s™ PoM and P{M represent

parameter values after themiteration.

6-4
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Extraction Procedure

Initial Guess of
Parameters P i

Model Equations

Linear Least Squsre

Fit Routine

pMi=p ® AP

Measured Data

no

STOP

Figure 6-2. Optimization flow.

To change Eg. (6.3.1) into a form that a linkeaist-squarest routine can
be use (i.e. in a form gf= a + bx1 + cx3, both sides of the Eg63.1) are
divided bydfgm/ 0P1. This gives the change Py, APl(m), for the next

iteration such that:
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Extraction Procedure

(6.3.2)
Pi(m+1) = Ff(m) +A|:i>(m)

where i=1, 2, 3 for this example. The (m+1) parameter values for P2 and P3
are obtained in an identical fashion. This process is repeated until the
incremental parameter change in parameter vaﬂEPég‘) are smaller than a
pre-determined value. At this point, the parameRysPp, and P3 have

been extracted.

6.3.3 Extraction Routine

Before any model parameters can be extracted, some process parameters
have to be provided. They are listed below in Table 6-1:

Input Parameters Names Physical Meaning
Tox Gate oxide thickness
Nch Doping concentration in the channel
T Temperature at which the data is taken
L drann Mask level channel length
Wdrann Mask level channel width
Xj Junction depth

Table 6-1. Prerequisite input parameters prior to extraction process.

The parameters are extracted in the following procedure. These procedures

are based on a physical understanding of the model and based on local
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Extraction Procedure

optimization. (NoteFitting Target Datarefers to measurement data used

for model extraction.)

Step 1
Extracted Parameters & Fitting Target Device & Experimental Data
Data
Viho K1, K2 Large Size Device (Large W & L).
ldsVs. Vgs @ Vs = 0.05Vat DifferentVipg
Fitting Target Exp. DataViy(Vp9 Extracted Experimental Datg( Vg
Step 2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Ho. Ua Up Ug Large Size Device (Larg&/ & L).

lgsVs. Vgs @ Vs = 0.05Vat DifferentVpg

Fitting Target Exp. Data: Strong Inver-
sion region g Vgs Vg

Step 3

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

Lint, RydRdsw W, 9 One Set of Devices (Large and FiXat&
DifferentL).

Fitting Target Exp. Data: Strong Inver-| ldsVs.Vgs@ Vgs= 0.05Vat DifferentVpg
sion region g Vgs Vg
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Extraction Procedure

Step 4

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

Wint, RgdRasw W, o9 One Set of Devices (Large and Fixed
& Different W).

Fitting Target Exp. Data: Strong Inver-| ldsVs.Vgs@ Vgs=0.05Vat DifferentVpg
sion region g Vgs Vg

Step 5

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

RaswPrwb, Wr RadRasw W, a9

Fitting Target Exp. DataRgd Rgsw W,
Vs

Step 6

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

Dyvio Dwt1, Dvia NIx One Set of Devices (Large and FiX&t&
DifferentL).

Fitting Target Exp. Data/iVpg L, W) ViH(Vbs L, W)
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Extraction Procedure

Step 7
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Dyvtow Dvtaw Dvtow One Set of Devices (Large and Fixe&

Fitting Target Exp. DataVi(Vpg L, W)

DifferentW).
Vir(Vps L, W)

Step 8
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
K3, K3b, W) One Set of Devices (Large and Fixed

Fitting Target Exp. DataVin(Vps L, W)

DifferentW).
Vir(Vps L, W)

Step 9

Extracted Parameters & Fitting Targe
Data

t Devices & Experimental Data

Voff. Nfactor, Gisg Cdsch
Fitting Target Exp. Data: Subthreshold

regionlgdVgg Vs

One Set of Devices (Large and Fixeét&
DifferentL).
ldsVs. Vgs @ Vs = 0.05Vat DifferentVpg

Step 10

Extracted Parameters & Fitting Targe
Data

t Devices & Experimental Data

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley
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Extraction Procedure

Cdscd
Fitting Target Exp. Data: Subthreshold

regionlgdVgg Vs

One Set of Devices (Large and FiXe&t&
DifferentL).
ldsVs. Vgs @ Vs = Vbbat DifferentVs

Step 11
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
dWhb

Fitting Target Exp. Data: Strong Inver-

sion region g Vgs Vg

One Set of Devices (Large and Fixeét&
DifferentL).
ldsVs. Vgs @ Vs = 0.05Vat DifferentVpg

Step 12
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Vsat A0 Ags One Set of Devices (Large and FiX&t&

Fitting Target Exp. Data'sagvgs Vipa/W

A1, A2 (PMOS Only)
Fitting Target Exp. Dat&asafVge

DifferentL).
ldsVs. Vs @ Vps= 0V at DifferentVgg

Step 13

Extracted Parameters & Fitting Targe

Data

t Devices & Experimental Data

6-10
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Extraction Procedure

BO, B1
Fitting Target Exp. Data'sa(Vgs Vid/W

One Set of Devices (Large and Fixed.
DifferentW).
ldsVs. Vs @ Vps= 0V at DifferentVgg

Step 14
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
dWg One Set of Devices (Large and Fixed:

Fitting Target Exp. Data'sagvgs Vipa/W

DifferentW).
ldsVs. Vs @ Vs = 0V at DifferentVgg

Step 15
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Psche1 Psche2 One Set of Devices (Large and FiX&t&

Fitting Target Exp. DateRou(Vgs Vd9

DifferentL).
ldsVs. Vs @ Vs = 0V at DifferentVgg

Step 16

Extracted Parameters & Fitting Targe
Data

t

Devices & Experimental Data

Pam 8(Prout Pdibicl: Pdiblc2 L), Pavg

Fitting Target Exp. DateRo(Vgs Va9

One Set of Devices (Large and Fixeét&
DifferentL).
lgsVs. Vs @ Vs = 0V at DifferentVgg
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Step 17

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

Drout Pdibl1o Pdibic2 One Set of Devices (Large and FiX&t&
DifferentL).

Fitting Target Exp. Dat@(Dyout Paiblcz, | ©(Prout Pdiblct: Pdibic2 L)
Pdibic2 L)

Step 18

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

Pdibl1ch One Set of Devices (Large and FiX&t&
DifferentL).

Fitting Target Exp. Dat@(Dyyt Poibict, | 'dsVS- Vos@ fixedVgsat DifferentVipg
Paibic2 L. Vg

Step 19

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

BgipI(Eta0, Etab, Dsub, L) One Set of Devices (Large and FiX&t&
DifferentL).

Fitting Target Exp. DataSubthreshold | !dsVS-Vgs@ Vds= Vddat DifferentVps
region kidVgs Vi
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Extraction Procedure

Step 20
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Eta0, Etab, Dsub One Set of Devices (Large and Fixat&
DifferentL).
Fitting Target Exp. Datéjp,(Etao, ldsvs. Vgs @ Vs= Vdgat DifferentVig
Etab, L)
Step 21
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Keta One Set of Devices (Large and Fixat&
DifferentL).
Fitting Target Exp. DatdsgfVgs Vogd/W | IgsVs. Vs @ Vps= Vipat DifferentVgg

Step 22

Extracted Parameters & Fitting Target Devices & Experimental Data
Data

a0, B0 One Set of Devices (Large and FiXe&t&
DifferentL).

Fitting Target Exp. DatdgyfVgs Vbd/ | dsVS-Vas@ Vps= Vipat DifferentVgs
W
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Notes on Parameter Extraction

6.4 Notes on Parameter Extraction

6.4.1

Parameters with Special Notes

Below is a list of model parameters which have special notes for parameter

extraction.
S%,ngfcus ed Description [igﬁ Lélt Unit Notes
vthO Threshold voltage for large W and L device @0.7 (NMOS) | V ni-1
Vbs=0V -0.7 (PMOS)
k1l First order body effect coefficient 0.5 v12 nl-2
k2 Second order body effect coefficient 0 none nl-2
vbm Maximum applied body bias -3 Vv ni-2
nch Channel doping concentration 1.7E17 1/cmd nl-3
gammal Body-effect coefficient near interface calculated /12 nl-4
gamma2 Body-effect coefficient in the bulk calculated| /12 nl-5
vbx Vbs at which the depletion width equals xt calculated \Y, nl-6
cgso Non-LDD source-gate overlap capacitance peelculated F/m nC-1
channel length
cgdo Non-Ldd drain-gate overlap capacitance percalculated F/m nC-2
channel length
cf Fringing field capacitance calculated F/m nC-3
Table 6-2. Parameters with notes for extraction.
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Notes on Parameter Extraction

6.4.2 Explanation of Notes

nl-1. If Vtho is not specified, it is calculated using:

Vino = Vs + @s+ Ku,/@s

where VFB=-1.0. If VthO is specified, VFB is calculated using

Ves = Vino— @s— Ka,/@s

nl-2. If k1 and k2 are not given, they are calculated using:

K, =gammg -2 K./@&- Vm

__ (gamma - gamm@)(Jg— ¥-/o9)
2@(,/({)5—me—\/6§ +Vbm

where the parameter phi is calculated using:

@ = ZthoIn%Nn—?ﬁ

kB Tnom
q

Vtm0 =

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley

6-15



Notes on Parameter Extraction

.5 E
n = l45x1010% expElQl.5565981— %0 -
001 2Vtmo

4 2
- =116 7-0X10 T
Thom+ 1108

where %Ois the energy bandgap at temperature Tnom.

nl-3. If nch is not given and gammal is given, nch is calculated from:

_ gammd® G
20ssi

Nch

If both gammal and nch are not given, nch defaults to 1.7e23 dicth

gammal is calculated from nch.

nl-4. If gammalis not given, it is calculated using:

V20 ; Nen

0oX

gamma =

nl-5. If gammads not given, it is calculated using:

A 2qs si N sub

C

0oX

gamma =
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Notes on Parameter Extraction

nl-6. If vbx is not given, it is calculated using:

Nen X 2
Vbx :(ps_qZEXt

nC-1.1f cgso is not given then it is calculated using:
if (dlc is given and is greater 0) then,
cgso = pl = (dlc*cox) - cgsl
if (the previously calculated cgso <0), then
cgso=0

else cgso = 0.6 xj*cox

nC-2. If cgdo is not given then it is calculated using:
if (dlc is given and is greater than 0) then,
cgdo = p2 = (dlc*cox) - cgdl
if (the previously calculated cgdo <0), then
cgdo=0

else cgdo = 0.6 xj*cox
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Notes on Parameter Extraction

nC-3. If cf is not given then it is calculated using:

280 El 4x 107
Tox
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CHAPTER 7: Benchmark Test Results

A series of testf26] have been performed on BSIM3v3 to check its roess (lack of
discontinuities), accuracy, and performance. Although all benchmark test results could not
be included in this chapter, the most important ones will be presented in this chapter for a
0.5um, 90 Angstom, 3.3V technology.

7.1 Benchmark Test Types

Table 7-1 lists the various benchmark tests and its associated figure number
included in this section. Notice that for each plot, smooth transitions are apparent
for current, transconductance, and source to drain resistance for all transition

regions regardless of bias conditions.

Figure
Device Size Bias Conditions Notes | Number
W/L=20/5 lds vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-1
W/L=20/5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-2
W/L=20/0.5| Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-38
W/L=20/0.5| Ids vs. Vgs @ Vbs=0V, Vds=0.05, 3.3V Linear scale 7-4

W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=01to -3.3V  Log scale -5

W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3YLinear scale 7-6
W/L=20/5

A4

W/L=20/0.5| Ids vs. Vgs @ Vds=0.05V,; Vbs=0to -3.3V  Log scale 7-V
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Benchmark Test Results (Figures)

Figure

Device Size Bias Conditions Notes | Number

W/L=20/0.5| lds vs. Vgs @ Vds=0.05V,; Vbs=0to -3.3V  Linear scale 7-8

W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V, 3-3V; Linear scale 7-9
Vbs=0V

W/L=20/0.5| Gm/lds vs. Vgs @ Vds=0.05V, 3-3V; Linear scale 7-10
Vbs=0V

W/L=20/5 Gm/lds vs. Vgs @ Vds=0.05V; Vbs=0V to Linear scale 7-11
3.3V

W/L=20/0.5| Gm/lds vs. Vgs @ Vds=0.05V, Vbs=0V to Linear scale 7-12
3.3V

W/L=20/0.5| Ids vs. Vds @Vbs=0V; Vgs=0.5V, 0.55V,| BSIM3 Ver- | 7-13
0.6V sion 2.0 vs.

BSIM3v3

W/L=20/5 Ids vs. Vds @Vbs=0V; Vgs=1.15V to 3.3V  Linear scale 7-1

W/L=20/0.5| Ids vs. Vds @Vbs=0V; Vgs=1.084V to | Linear scale 7-15
3.3V

W/L=20/0.5| Routvs. Vds @ Vbs=0V; Vgs=1.084V to| Linear scale 7-16
3.3V

Table 7-1. Benchmark tests.

7.2 Benchmark Test Results (Figures)

All of the figures listed in Table 7-1 will now be listed in order. Unless indicated
otherwise, symbols represent actual data and lines represent the results of
BSIM3v3 calculations. All of these plots serve to demonstrate the robustness and
continuous behavior of the unified model expression for not only Ids but Gm, Gm/

Ids, and Rout as well.
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1.E-02
1.E-03
1.E-04 } Vds=3.3V
1.E-05 +
05 Vds=0.05V
~1.E-06 |
<
o 1.E-07 P~
T Solid lines: Model results
1.E-08 Symbols: Exp.data
1.E-09 W/L=20/5
1.E-10 4= Tox=9 nm
Vbs=0V
1.E-11
1.E-12 ‘ : :
0.0 1.0 2.0 3.0 4.C
Vgs (V)

Figure 7-1. Continuity from subthreshold to strong inversion (log scale).

1.8E-03 —

1.6E-03 | Solid lines: Model result
Symbols: Exp.data

1.4E-03 TwL=20/5

1.2E-03 +Tox=9 nm

1.0E-03 {Vbs=0V

lds (A)

8.0E-04 |
6.0E-04 1 Vds=3.3V
4.0E-04 |
5 OE-04 . Vds=0.05V
0.0E+00 1

0.0 1.0 2.0 3.0 4

Vgs (V)

Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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1.0E+00
1.0E-01 | =
Toeo | Vds=3.3V
1.0E-03
1.0E-04 |
~10E05 | Vds=0.05V
» 1.0E-06 |
O ~ 4
= 1.0E-07 Solid lines: Model results
1.0E-08 |
Symbols: Exp. data
1.0E-09
W/L=20/0.5
1.0E-10 Tox=9 nm
1.0E-11 Vbs=0V
1.0E-12 4 1 ‘ |
0.0 1.0 2.0 3.0 4.C
Vgs (V)

Figure 7-3. Same as Figure 7-1 but for short channel device.

1.0E-02
9.0E-03 {|Solid lines: Model results
8.0E-03 }|/Symbols: Exp. data
70E-03 | W/L=20/0.5
- 6.0E-03 | \T/E)s(:?)\?m
~ — Vds=3.3V
o 5.0E-03 1 S
© 4.0E-03 -
3.0E-03
2.0E-03
1.0E-03 Vds=0.05V
0.0E+00 : ;
0.0 1.0 2.0 3.0 4.

Vgs (V)

Figure 7-4. Same as Figure 7-2 but for short channel device.
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1.E-03
1.E-04 1 vbs=0Vv
1.E-05
1.E-06
< 1.E-07 |
[%2]
1.E-08
2 Solid lines: Model results
1.E-09 + Symbols: Exp. data
1E-10 + W/L=20/5
Tox=9 nm
1E-11 ¢ Vds=0.05V
1.E-12 ‘ : :
0.0 1.0 2.0 3.0 4.C
Vgs (V)

Figure 7-5. Subthreshold to strong inversion continuity as function of Vbs.

Figure 7-6. Subthreshold to strong inversion continuity as function of Vbs.
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CHAPTER 8: Noise Model

8.1 Flicker Noise

8.1.1 Parameters

There exists two models for flicker noise. One is called as Spice2 flicker
noise model, another one is called as BSIMS3 flicker noise model [33,34].

The parameters in the models are listed in Table 8-1.

Symbols| Symbols

usedin | usedin Description Default Unit

equation| SPICE

Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9e18

Noib noib Noise parameter B (NMOS) 5e4 | none
(PMOS) 2.4e3

Noic noic Noise parameter C (NMQOS) -1.4e-12 none
(PMOS) 1.4e-12

Em em Saturation field 4.1e7 V/im

Af af Frequency exponent 1 none

Ef ef Flicker exponent 1 none

Kf kf Flicker noise parameter 0 none

Table 8-1. Flicker Noise Model Parameters.
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Flicker Noise

Flic kerNoise=

‘|'(-.).\"_)|\|oic(|\|02 - N|2)] +

8.1.2 Expressions

1. For Spice2 model

(8.1a)
. . Klas™
Flic kerNoise= %
Coxl_eff f
2. For BSIM3v3 model
1.1) If Vgs>Vth+0.1:
(8.1b)
QP laspler No+2 x10"

NoialO — )+ Noib(NO— Nl
fEfLeffzcoxlos[ g(N|+2x101“) o )

Vtlas’AL cim Noia + NoibNI + Noich2
f & Len®Werl0® (NI + 2x10%)?

whereVymis the thermal voltagel. is the effective mobiity at the given
bias condition Leff and Weff are the effective channel length and width,

respectively. The parametdpis the charge density at the source given by:

(8.2)
_ Cox (VGS_ VTH)

N, q

The paramete) is the charge density at the drain given by:
(8.3)

_ Cox (VGS_VTH _VDS')
| =
q

Vbs = MIN (Vpg Vpsap

ALclm refers to channel length reduction due to CLM and is given by:
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Channel Thermal Noise

(8.4)
Vps—V, O
025 _DPSAT, enp
IjL|t| X IogD E C if VDS > VDSAT
SAT
0 C
AL, =0
clm 0 )
O 0 otherwise
2 x Vsat
E =
SAT ueff
2. Otherwise,
(8.5)
oo X .
FlickerNoise = Simi * S
Simit T Swi

Where, Sjmit is the flicker noise calculated at Vgs=Vth+0.1 &g is
given by:

(8.6)

NoiaVﬂds2

Swi=
WeriLett 5 4x10°¢

8.2 Channel Thermal Noise

There also exists two models for channel thermal noise. One is called as Spice2
thermal noise model. Another one is called as BSIM3v3 thermal noise model.

Each of these can be toggled by tiegmod flag.

1. For Spice2 thermal noise model
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Noise Model Flag

8—;T(gm+ gds+ gmp

2. For BSIM3v3 thermal noise model

AKT et
Lef 2

‘Qinv‘

A‘o Ik
o=-W_.L.C V_ (1-— > V
va eff —eff ~ox gstef( 2(Vgsteff + th) dseﬁ)

The derivation for this last thermal noise expression is based on the noise
model found in [35].

8.3 Noise Model Flag

The noimod flag is used to select different combination of flicker and thermal

noise models discussed above, as given in Table 8.2.

noimod Thermal noise
flag Flicker noise model model

1 Spice2 Spice2

2 BSIM3v3 BSIM3v3

3 BSIM3v3 Spice2

4 Spice2 BSIM3v3

Table 8-2. Noimod flag for differnet noise models
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CHAPTER 9: MOS Diode Model

9.1 MOS Diode DC Current Model

9.1.1 Model Equations
9.1.1.1 Source/bulk Diode

If the saturation current Isbs is larger than zero, the following equations is

used to calculate the source/bulk diode current:

Vbs<0.5V
(9.1.1)
los = | sofexp( Vos )= 1]+ Gmin Vbs
N Vim
Vps»0.5V
(9.1.2)
lbs = | sofexp( 05 )-1]+ lsos exp( 05 )(Vbs = 0.5) + Gmin Vbs
Nim NVim Nm

WhereNvtm=njKT/qg nj is the emission coefficient of the source junction,

and Isbs is calculated by
(9.1.3)

Isbs= Ad st P d ssw
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MOS Diode DC Current Model

where Js is the saturation current density of the source/bulk diode,
Ag is the area of the source junction. Jssw is the sidewall saturation
current density of the source/bulk diode, Ps is the perimeter of the

source junction. Js and Jssw are functions of temperature and can be

described by:
(9.1.4a)
Eo _ B xrin "
s = JSD exp[VtmO Vtm Tnom ]
N
(9.1.4b)
B0 B min
Jsw=Jo S\Iexp[\ﬁmo Vim Tnom]
N
(9.1.5)
-4 12
E,=116- /0% T
T+11080

where JsO is the saturation current density at Tnom. If JsO is not given in
the simulation, Js0=1.e-4AfmJsOsw is the sidewall saturation current
density at Tnom. The default value of JsOsw is 0.

If Isbs is less than zero, the source/bulk diode current is calculated by

(9.1.6)
lbs = G min Vbs
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MOS Diode DC Current Model

9.1.1.2 Drain/bulk Diode

If the saturation current Isbd is larger than zero, the following equations is
used to calculate the drain/bulk diode current:

Vbd<0.5V
(9.1.7)
Iba = I sndexp( Voo )— 1]+ G min Vbd
NVim
V0.5V
(9.1.8)
lod = | sedeXp( 05 )1+ lsbe exp( 05 )(Vbd — 0.5) + Gmin Vbd
NVim NWtm NVim

WhereNvtm=njKT/q nj is the emission coefficient of the drain junction,
and Isbd is calculated by

(9.1.9)
Iscd=JADt+ JsskP D
where Js is the saturation current density of the drain/bulk diqgés the
area of the drain junction. Jssw is the sidewall saturation current density of
the drain/bulk diode, Jis the perimeter of the drain junction. Js and Jssw
are functions of temperature and given by (9.1.4a), (9.1.4b) and (9.1.5).

If Isbd is less than zero, the drain/bulk diode current is calculated by

(9.1.10)
lsbd = G min Vbd
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MOS Diode Capacitance Model

9.1.2 Parameters

The parameters for the DC model of the source/drain diode are listed in
Table 9-1.

Symbols| Symbols

usedin | used in Description Default Unit

equation| SPICE

JsO Js Saturation current density le-4 Alm

JsOsw jssw Side wall saturation current 0 A/m
density

n; n;j Emission coefficient 1 none

XTI Xt Junction current tempera- 3.0 none
ture exponent coefficient

Table 9-1. MOS Diode Model Parameters.

9.2 MOS Diode Capacitance Model

9.2.1 Model Equations

Source and drain junction capacitance can be divided into two components:
the junction bottom area capacitance Cjb and the junction periphery
capacitance Cjp. The formula for both the capacitances is similar, but with
different model parameters. The equation of Cjb includes the parameters
such as Cj, Mj, and Pb. The equation of Cjp includes the parameters such

as Cjsw, Mjsw, Pbsw, Cjswg, Mjswg, Pbswg.

9.2.1.1 Source/bulk Junction Capacitance
The source/bulk junction capacitance can be calculated by:
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MOS Diode Capacitance Model

If Ps >Weff
(9.2.1a)
Capbs: ASQbs+( Ps— Weh) Gosswt  Weif Cjbsswg
Otherwise:
(9.2.1b)

Capbs: As Gbs+ Ps Cibsswg

where Cjbs is the bottom area capacitance of the source/bulk junction,
Cjbssw is the periphery capacitance of the source/bulk junction along the
field oxide side, and Cjbsswg is the periphery capacitance of the source/
bulk junction along the gate oxide side.

If Cj is larger than zero, Cjbs is calculated by:
if Vbs<0
(9.2.2)

Vbs

Cios ( Po

)™

if Vbs>0

(9.2.3)

Vos
Cibs = Ci(1+ M —b)
Po

If Cjsw is large than zero, Cjbssw is calculated by:

if Vbs<O0
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MOS Diode Capacitance Model

(9.2.4)
C:jbsswz stv(l_ Vos )_MSWJ
bsw
if Vbs>0
(9.2.5)
C:jbsswz stv(1+ Mjswﬁ)
Pbsw
If Cjswg is larger than zero, Cjbsswyg is calculated by:
if Vbs<0
(9.2.6)
Cjbsswg: stwﬂl—ﬁ)_MjSWg
Phswg
if Vbs>0
(9.2.7)
Ghsswg= Cjswfl+ M Vs )
—=UCjs js
e Prong
9.2.1.2 Drain/bulk Junction Capacitance
The drain/bulk junction capacitance can be calculated by:
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If Po > Weff:
(9.2.8a)
Capbd= A God+( B — Wif) Gbdswt Wt Godswg
Otherwise:
(9.2.8b)

Capbd= Ab Cbd + Pp Gbdswg

where Cjbd is the bottom area capacitance of the drain/bulk junction,
Cjbdsw is the periphery capacitance of the drain/bulk junction along the
field oxide side, and Cjbdswg is the periphery capacitance of the drain/bulk

junction along the gate oxide side.
If Cj is larger than zero, Cjbd is calculated by:

if Vbd<0

(9.2.9)

Cibd = Cj(l—ﬂ)_w
Po

if Vbd>0

(9.2.10)

Cioa = G(1+ Mﬂ)
Po

if Cjsw is larger than zero, Cjbdsw is calculated by:
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if Vbd<0
(9.2.11)
C:jbdsw = stm(l_ ﬂ)_MSWj
bsw
if Vbd>0
(9.2.12)
C:jdeW: stm(l+ Mjswﬂ)
Pbsw
if Cjswg is larger than zero, Cjbdswg is calculated by:
if Vbd<0
(9.2.13)
Ghbdswg= stmdl—ﬂ)'“’“swg
Poswg
if Vbd>0
(9.2.14)
Vhd
Cibdswg= Ciswf1+ Mijs )
WY ) J ng?wg
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MOS Diode Capacitance Model

9.2.2 Parameters

The parameters for the capacitance model of the source/drain diode are
listed in Table 9-2.

Symbols| Symbols

usedin | used in Description Default Unit

equation| SPICE

Cj Cj Bottom junction capaci- 5e-4 Finf
tance per unit area at zero
bias

Mj mj Bottom junction capaci- 0.5 none
tance grading coefficient

Pb pb Bottom junction built-in 1.0 \%
potential

Cjsw Cjsw Source/drain sidewall junc- 5e-10 F/m

tion capacitance grading
coefficient per unit length af
zero bias

Mjsw mjsw Source/drain sidewall junc- 0.33 none
tion capacitance grading
coefficient

1.0 \%

Pbsw pbsw Source/drain sidewall junc
tion built-in potential

Cjswg cjswg Source/drain gate sidwall Cjsw F/m
junction capacitance per
unit length at zero bias

Mjswg | mjswg Source/drain gate sidewall Mjsw none
junction capacitance grad-
ing coefficient

Pbswg pbswg Source/drain gate sidewall Pbsw \%
junction built-in potential

Table 9-2. MOS Diode Capacitance Model Parameters.
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APPENDIX A: Parameter List

A.1 BSIM3v3 Model Control Parameters

Symbols | Symbols

usedin | used in Description Default Unit Note
equation | SPICE

none level BSIMv3 model selector 8 none
Mobmod | mobmod| Mobility model selector none
Capmod | capmod| Flag for the short channel 2 none

capacitance model
Ngsmod | ngsmod | Flag for NQS model 0 none
Noimod | noimod Flag for noise model 1 none
A.2 DC Parameters
Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
VthO vthO Threshold voltage @Vbs=0far 0.7 Vv nl-1
Large L. (NMOS)
-0.7
(PMOS)
K1 k1l First order body effect coeffi- 0.5 VA2 nl-2
cient
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DC Parameters

Symbols| Symbols

usedin | usedin Description Default Unit Note

equation| SPICE

K2 k2 Second order body effect coef- 0.0 none ni-2
ficient

K3 k3 Narrow width coefficient 80.0 none

K3b k3b Body effect coefficient of k3 0.0 AY

WO w0 Narrow width parameter 2.5e-6 m

NIx nlx Lateral non-uniform doping 1.74e-7 m
parameter

Vbm vbm Maximum applied body bias in  -3.0 Vv
Vth calculation

DvtO dvtO first coefficient of short-chan- 2.2 none
nel effect on Vth

Dvtl dvtl Second coefficient of short- 0.53 none
channel effect on Vth

Dvt2 dvt2 Body-bias coefficient of short-|  -0.032 A
channel effect on Vth

DvtOw | dvtOw First coefficient of narrow 0 1/m
width effect on Vth for small
channel length

Dvtlw | dviwl Second coefficient of narrow 5.3e6 1/m
width effect on Vth for small
channel length

Dvt2w | dvt2w Body-bias coefficient of narrow -0.032 v
width effect for small channel
length

uo uo Mobility at Temp = Thom
NMOSFET 6700 | cmdv/
PMOSFET 250.0 sec
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DC Parameters

Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
Ua ua First-order mobility degrada- | 2.25E-9 m/V
tion coefficient
Ub ub Second-order mobility degrada-5.87E-19 (m/V)2
tion coefficient
Uc uc Body-effect of mobility degra-| mobmod | A2
dation coefficient =1, 2:
-4.65e-11
mobmod
=3:
-0.046 v
vsat vsat Saturation velocity at Temp =| 8.0E4 m/sec
Tnom
A0 a0 Bulk charge effect coefficient 1.0 none
for channel length
Ags ags gate bias coefficient of Abulk 0.0 AY
BO b0 Bulk charge effect coefficient 0.0 m
for channel width
Bl bl Bulk charge effect width offset 0.0 m
Keta keta Body-bias coefficient of bulk -0.047 A
charge effect
Al al First non-saturation effect 0.0 A
parameter
A2 a2 Second non-saturation factor 1.0 none
Rdsw rdsw Parasitic resistance per unit 0.0 Q_umW
width
Prwb prwb Body effect coefficient of Rds 0 v12
Prwg prwg Gate bias effect coefficient of 0 v
Rdsw
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Symbols| Symbols

usedin | usedin Description Default Unit Note

equation| SPICE

Wr wr Width Offset from Weff for Rds 1.0 none
calculation

wint wint Width offset fitting parameter 0.0 m
from 1-V without bias

Lint lint Length offset fitting parameter 0.0 m
from 1-V without bias

dWg dwg Coefficient of Weff’'s gate 0.0 m/V
dependence

dWhb dwb Coefficient of Weff’'s substrate 0.0 m/v 12
body bias dependence

Voff voff Offset voltage in the subthresh- -0.08 Vv
old region at large W and L

Nfactor | nfactor | Subthreshold swing factor 1.0 none

Eta0 eta0 DIBL coefficient in subthresht  0.08 none
old region

Etab etab Body-bias coefficiefar the -0.07 v
subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent in drout none
subthreshold region

Cit cit Interface trap capacitance 0.0 Bim

Cdsc cdsc Drain/Source to channel cout 2.4E-4 F/m2
pling capacitance

Cdscb cdscb Body-bias sensitivity of Cdsg 0.0| F/vm2

Cdscd cdscd Drain-bias sensitivity of Cdsg 0.0| F/vm2

Pclm pcim Channel length modulation 1.3 none
parameter
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Symbols| Symbols

usedin | usedin Description Default Unit Note

equation| SPICE

Pdiblcl | pdiblcl | First output resistance DIBL 0.39 none
effect correction parameter

Pdiblc2 | pdiblc2 | Second output resistance DIBL 0.0086 none
effect correction parameter

Pdiblcb | pdiblcb Body effect coefficient of 0 v
DIBL correction parameters

Drout drout L dependence coefficient of the 0.56 none
DIBL correction parameter in
Rout

Pscbel | pscbel| First substrate current body; 4.24E8 V/im
effect parameter

Pscbe2 | pscbe2| Second substrate current body1.0E-5 m/V
effect parameter

Pvag pvag Gate dependence of Early valt- 0.0 none
age

be} delta Effective Vds parameter 0.01 V

Ngate ngate poly gate doping concentratipn 0 oS3

00 alpha0 The first parameter of impact 0 m/V
ionization current

B0 betaO The second parameter of impact 30 Vv
ionization current

Rsh rsh Source drain sheet resistance in 0.0 Q/
ohm per square square

JsOsw jssw Side wall saturation current 0 A/m
density

Jso Js Source drain junction saturation 1.E-4 A/ m2
current per unit area
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AC and Capacitance Parameters

A.3 AC and Capacitance Parameters

Symbols | Symbols

used in used in Description

equation | SPICE Default Unit Note

Xpart xpart Charge patrtitioning rate flag 0 none

CGSO0 Cgso Non LDD region source-gatecalculated F/m nC-1
overlap capacitance per
channel length

CGDO cgdo Non LDD region drain-gate | calculated F/m nC-2
overlap capacitance per
channel length

CGBO cgbo Gate bulk overlap capaci- 0.0 F/m
tance per unit channel length

Cj Cj Bottom junction per unit area 5e-4 Fm

Mj mj Bottom junction capacitance 0.5
grating coefficient

Mjsw mjsw Source/Drain side junction 0.33 none
capacitance grading coeffi-
cient

Cjsw Cjsw Source/Drain side junction 5.E-10 F/m
capacitance per unit area

Cjswg cjswg Source/drain gate sidwall Cjsw F/m
junction capacitance grading
coefficient

Mjswg mjswg Source/drain gate sidewall Mjsw none
junction capacitance coeffi-
cient
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Symbols | Symbols
used in used in Description
equation | SPICE Default Unit Note
Pbsw pbsw Source/drain side junction 1.0 \%
built-in potential
Pb pb Bottom built-in potential 1.0 \%
Pbswg pbswg Source/Drain gate sidewall| Pbsw \%
junction built-in potential
CGSs1 cgsl Light doped source-gate 0.0 F/m
region overlap capacitance
CGD1 cgdl Light doped drain-gate region 0.0 F/m
overlap capacitance
CKAPPA | ckappa | Coefficient for lightly doped 0.6 F/m
region overlap
capacitance Fringing field
capacitance
Cf cf fringing field capacitance calculated F/m nGg-3
CLC clc Constant term for the short 0.1E-6 m
channel model
CLE cle Exponential term for the shojt 0.6 none
channel model
DLC dic Length offset fitting parame- lint m
ter from C-V
DwWC dwc Width offset fitting parameter  wint m
from C-V
Vib vib Flat-band voltage parameter -1 \%
(for capmod=0 only)
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A.4 NQS Parameters

Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
Elm elm Elmore constant of the channel 5 non
A.5 dW and dL Parameters
Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
wi wi Coefficient of length depen- 0.0 m/Mn
dence for width offset
Win win Power of length dependence of 1.0 none
width offset
Ww ww Coefficient of width depen- 0.0 VM
dence for width offset
Wwn wwn Power of width dependence of 1.0 none
width offset
Wwil wwl Coefficient of length and width, 0.0 | mMy™Wn
cross term for width offset
LI I Coefficient of length depen- 0.0 mHN
dence for length offset
LIn [In Power of length dependence for 1.0 none
length offset
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Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
Lw Iw Coefficient of width depen- 0.0 mbwn
dence for length offset
Lwn lwn Power of width dependence far 1.0 none
length offset
Lwl Iwl Coefficient of length and width| 0.0 | mbwnrtn
cross term for length offset
A.6 Temperature Parameters
Symbols| Symbols
usedin | used in Description Default Unit Note
equation| SPICE
Tnom tnom Temperature at which parame- 27 c
ters are extracted
pte ute Mobility temperature expo- -15 none
nent
Ktl ktl Temperature coefficient for -0.11 \%
threshold voltage
Ktll ktll Channel length dependence pf 0.0 V*m
the temperature coefficient for
threshold voltage
Kt2 kt2 Body-bias coefficient of Vth 0.022 none
temperature effect
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Symbols| Symbols

usedin | used in Description Default Unit Note

equation| SPICE

Ual ual Temperature coefficient for | 4.31E-9 m/V
Ua

Ub1l ub1 Temperature coefficient for | -7.61E- | (m/\v)2
Ub 18

Ucl ucl Temperature coefficient for mob- m/v2
Uc mod=1,

2.
-5.6E-11
mob- Y
mod=3:
-0.056

At at Temperature coefficient for 3.3E4 m/sec
saturation velocity

Prt prt Temperature coefficient for 0 Q-um
Rdsw

At at Temperature coefficient for 3.3E4 m/sec
saturation velocity

nj nj Emission coefficient of junc- 1 none
tion

XTI xti Junction current temperature 3.0 none
exponent coefficient
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A.7 Flicker Noise Model Parameters

Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9e18
Noib noib Noise parameter B (NMOS) 5e4| none
(PMOS) 2.4e3
Noic noic Noise parameter C (NMQOS) -1.4e- none
12
(PMOS) 1.4e-12

Em em Saturation field 4.1e7 V/m
Af af Frequency exponent 1 none
Ef ef Flicker exponent 1 none
Kf kf Flicker noise parameter 0 none

A.8 Process Parameters
Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
Tox tox Gate oxide thickness 1.5e- m
X] X] Junction Depth 1.5e-7 m
il gammal| Body-effect coefficient near | calcu- ylY2 | nl-4

the surface lated
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Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
V2 gamma2| Body-effect coefficient in the | calcu- yY2 | nl5
bulk lated
Nch nch Channel doping concentration 1.7ell7 Bem ni-3
Nsub nsub Substrate doping concentratipn 6ell6 3 /cn
Vbx vbx Vbs at which the depletion calcu- v nl-6
region width equals xt lated
Xt xt Doping depth 1.55e-7 m
A.9 Bin Description Parameters
Symbols| Symbols
usedin | usedin Description Default Unit Note
equation| SPICE
Lmin Imin Minimum channel length 0.0 m
Lmax Imax Maximum channel length 1.0 m
Wmin wmin Minimum channel width 0.0 m
Wmax | wmax Maximum channel width 1.0 m
binunit | binunit | Bin unit scale selector 1 none
A-12

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



Model Parameter Notes

A.10Model Parameter Notes

nl-1. If Vtho is not specified, it is calculated using:

Vino = Vs + @s+ Ku,/@s

where VFB=-1.0. If VthO is specified, VFB is calculated using

Ves = Vino— @s— Ka,/@s

nl-2. If k1 and k2 are not given, they are calculated using:

K, =gammg -2 K./@&- Vm

_ (gamma - gamma)(,/e- ¥/~ /¢p)
2@(,/({)5—me—\/6§ +Vbm

2

where the parameter phi is calculated using:

@ = ZthoIn%Nn—?ﬁ

kB Tnom
q

Vtm0 =
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.5 E
n = l45x1010% expElQl.5565981— %0 -
001 2Vtmo

4 2
- =116 7-0X10 T
Thom+ 1108

where %Ois the energy bandgap at temperature Tnom.

nl-3. If nch is not given and gammal is given, nch is calculated from:

_ gammd® G
20ssi

Nch

If both gammal and nch are not given, nch defaults to 1.7e23 dicth

gammal is calculated from nch.

nl-4. If gammalis not given, it is calculated using:

\J 20 ; Nen

0oX

gamma =

nl-5. If gammads not given, it is calculated using:

A 2qs si N sub

C

(00,4

gamma =
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nl-6. If vbx is not given, it is calculated using:

Nen X 2
Vbx :(ps_qZEXt

nC-1.1f cgso is not given then it is calculated using:
if (dlc is given and is greater 0) then,
cgso = pl = (dlc*cox) - cgsl
if (the previously calculated cgso <0), then
cgso=0

else cgso = 0.6 xj*cox

nC-2. If cgdo is not given then it is calculated using:
if (dlc is given and is greater than 0) then,
cgdo = p2 = (dlc*cox) - cgdl
if (the previously calculated cgdo <0), then
cgdo=0

else cgdo = 0.6 xj*cox
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nC-3. If cf is not given then it is calculated using:

2 El 4% 107
Tox
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APPENDIX B: Equation List

B.1 |-V Model

B.1.1 Threshold Voltage

Vih = Viho+ K1(/®s— Vbsefi— /@ § — K2 V bseff

D NLX
®s + (K3+ KabVb
Leff ]D\/_ ( SEfb Wett + Wo

- DVTOW@I&XD(—DVTlW% )+ 2 exptDvr 1wweff Let

+ K1

- DVTO%XD(‘DVTl% )+ 2 expt Dvn% %‘(/bi - @)

- %xp(— Dsub Lot )+ 2 exptDsub Lot
2lto lto

[t = \/EsiXdep/ Cox(l+ D vV bsef)
lw = \/EsiXdep/ C 0x(1+ Dve W bseﬁ‘
[to = \/é‘siXdepD/ C ox

2$si(q3s - Vbseff)

Xdep =
qNen

@‘(/bi—%)

%( Etao + Etabesefb Vds
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I-V Model

(51=0.001)

Vbsett = Vet 0.5 Vbs— Vb 01+ \/( Vs Vo d1)° — 401 Vo

K12
Vbe = 0. -
be = 0995 52)
Vo = v In (NchNDS)

B.1.2 Effective Vgs-Vth

D
2nwin EH exp(Vgs Vin

1+ 2 n COX Z(DS eXp(— Vgs Vih- 2Vof'f)
\ gé&siNen 2N v

(Cdsc+ CadscdV dst C dsct/ bsé%Xp(— D yﬂrlﬂ)+ 2 expE Dvnﬂ @
2l It + Cit

Vgstef'f =

N =1+ Nractor +

Cox Cox Cox

_ &
Xdep

B.1.3 Mobility

For Mobmod=1
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I-V Model

[Jeff = Vgstef'f '|l:102Vt
1+ (Ua + UcViser) (L2 2V 4 U

Vgstef'f + 2Vth)

For Mobmod=2

Ho
Vg steff Vg steff

) HUe(

Heft =

1+ (Ua + Uchseff)( )

For Mobmod=3

Ho
Vgstef'f + 2Vt

[Jeff = Vgstef'f + 2Vt

T+[Ua( =20 4 U2 2V 219 4 Uobser)

B.1.4 Drain Saturation Voltage

For Rds>0 oA#1:

-b-+b* -4ac

2a

Vdsat =

a= AbquZV\kfstatCOXRDS‘F (} - 1) Abulk
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I-V Model

b= —QVgsteff + 2Vt)(§ - 1) + AvukEsatleft+ 3 Abul@ V gsteft 2 \bt Wt saC OR%S

c= (Vgsteff + 2Vt) Esatleft+ 2( V gsteft+ 2 V)t2 Waeat saC oR s

A= AlVgsteff + A

For Rds=0)A=1:

Esat Leﬁ(Vgsteﬁ+ 2V)
Abuik Esat Leff+ (Vgsteﬁ+ 2 V)

Vdsat =

Ao Lett Le

K1
{ [1- Agngste(l
2/ Ps— Vbseft Left + 24/ XJXdepl

B 1
)

Avuik = (1+ il ) +
Left + 24/ XoXdep Weff+ B 1+ Kera Vbset

2\kat
Heft

Esat =

B.1.5 Effective Vds

Vdseff:Vdsat—;-(Vdsal- Vd5'5+\/(Vdsa'r V asd)? +40V d%at
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I-V Model

B.1.6 Drain Current Expression

|dso( Vdsefj Vs — Vdseff Vs — Vdseff
lds = + +
RdSI dSQ Vdse1)‘ VA VASCBE

1+
Vdseff

WkfilefCoxVgstef(1 —  Abulk Vet )Vase

2(Vgsteff + 2Vt)
Leff[1+Vdseff/ ( Esal ef)]

ldso =

Pvangsteﬁ) ( l + l )_1

EsalLett ~ Vacim  VabiBLC

VA = Vasat+ (l+

AbulkEsatleff + V gsteff
VacLm = (Vds - Vdseff)

PcLv AbuikEsat | Itl

VabiBLC =

(Vgstef'f + 2Vt) Q_ AbuikVdsat Q
6rout(l+ PpiLcBVbseff AbukVdsat+ Vgsterit 2 V

Bout = PoisLct %Xp(— DROUTIZ_Ierf)+ 2 expt DROUTII_fo + PoisLc2
t0 t0

1 Psche [ Pscoa litl [
= ex

VascBe  Leftf 'ds — Vdseff
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I-V Model

Esatleff + Vasart 2 Ro® sdC oWV eV gstEﬂ.— M]

2(\/gsteff + 2Vt)
2/ A — 1+ RosVsaC olWeftAbulk

Vasat =

it = |ZsiToi
EOX
B.1.7 Substrate Current
o Bo ldso Vs — Vdseft
lsub= s — Vdseff) @XP(— ) Qlﬁ' Q
Left (V ) p( Vds—Vdseff}l_I_ Rusldso VA
Vdsef'f
B.1.8 Polysilicon Depletion Effect
qNgate X2
Vol 21X0|E0|= L Zpoly
poly 2 poly = poly ngi

EoxEox = € siE poly= \/qu sNgateW poly
Vgs = VEB~ @s= V poiy*t Vox

2 —
a(Vgs = VEB~ ®s~ Vpoly) ™ = Vpoly= 0
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I-V Model

2
€ox

2
2q‘c'siNgateT 0X

a =

2 2
EsiN gate’ 2e (Vgs— VEB—
O€siN gatel ox (\/1+ ox( gs FB (ps) 1)

V =Vept+ @+
gs_eff FBT @s 2 2
€ox qésiNgate Tox

B.1.9 Effective Channel Length and Width

Leff = Ldrawn— 2d|_

Wett = Whrawn— 2 dW

Wesit = Whrawn— 2 dW

dW= dW + dVy Wer+ dW. /@ — M~ /@)

WoW, W,

dW = Wﬂ + LWIn Wan + LWInWWWn

_ L L Lwi
dL= Lint + LLIn + Wlil\\;vn + LLIn\\;VVLwn
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I-V Model

B.1.10Drain/Source Resistance

Ric = Rdsm[l+ Pr wgVgstert+ Pr wl(,/(p sV bseﬂ-\/a}]

T (10° Werr )"

B.1.11Temperature Effects

Vth(T) = Vth( Tnorm) + ( K1+ K I/ Let+ K2V bse)( T/ T normr 1)

T

)

Ho(T) = Mo Tnorn)(

norm

Vsaf(T) = Vsaf Tnorm— A ( T/ T nomr 1)

T
Rdsw(1 = Rdsw Tnom+ Pr (

norm

-1)

Ua(T) = Ua(Tnorn) +U a(T/ T nomr 1)

Ub(T) = Ub( Tnorm) + U ll(T/ T nomr 1)

Uc(T) = Uo(Tnorn) +U Q(T/ T nomr 1)
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Capacitance Model Equations

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence

Wi Ww Wwil
LWIn + WWWn + L WIW Wwn

3W,, = DWC+

LI Lw Lwl
6Leff = DLC + LLIn +WLwn + LLIrVV Lwn

28

active ~ = drawn

W

active =W - 26W eff

drawn

B.2.2 Overlap Capacitance (for NMOS)

B.2.2.1 Source Overlap Capacitance
(1) for capmod=0

Qoverlap S _ CGS(.VgS

ctive

(2) for capmod=1
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Capacitance Model Equations

if (Vgs <0)

U / 4V, U
Qoverlap s _ CGSQ/gS + CKAPPACGSl%—l+ 1- gs %
W, ctive 2 CKAPPA

else

Qoverian s = (CGSO0+ Gaprpa @s1) Vgs

active

(3) for capmod=2

1 2 U
\/gs,ove”ap:2§V95_51)+\/(Vgs_51) _451E Whel’e 51: O(L

e CKAPPAL [ 4V o
Qoverans _ CGSO/, + CGS%\/QS— Vs overtap 75-“ 1+ ooowrap
W, g 2 CKAPPA

B.2.2.2 Drain Overlap Capacitance

(1) for capmod=0
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Capacitance Model Equations

Qoverlap d

= CGDOV,,

active

(2) for capmod=1

if (Vgd <0)
O { 4V O
Qoverlapd — CGDO\/gd + CKAPPACGDla_l_I_ 1—- gd %
W, ciive 2 CKAPPA
else

Qoverlap d

= (CGDO+ Gkappa Gsp1) Vad

active

(3) for capmod=2

1 2 U
ng,overlap:Zﬁvgd_52)+\/(\/gd_52) _MZE where 6, =0.(2

Qoverlap d

KAPPAL N o
———— =CGDOV,y + CGDIVy4 = Vyq overtant C§—1+ \/]-"‘Telap
Wactive Q 2 CKAPPA
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

\
Qoverlapg = _(Q overlaps + Q overlap d

B.2.3 Instrinsic Charges

(1) for capmod=0

a) Accumulation region (Vgs <Vfb+Vbs)

Qg = V\éctive Lactivec o>( \és_ \bs— \ﬁb)
qub = _Qg
anv =0

b) Subthreshold region (Vgs <Vth)

O™

~ Vi~ Vbs)
2

K,? HVgs
Qb = _V\élctive I-activec L1+ \/1+ (

X2 K,

O™
(]
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Capacitance Model Equations

Qv =0
c) Strong inversion (Vgs>Vth)

_ Vgs - Vth
Abulkl

Vdsat cv

LE

[

0 j
Avu' = Ao %"' E%Lﬁcﬁ

§ _E“ Ki Aolet . B O 1
Abu 0 —
2\ Ps — Vbs Letr + 2 XoXdep Wt + B Bl+ KetaVbs

Vih = Vib + Ps+ K1/ Ps— Vbst
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Capacitance Model Equations

(i) 50/50 Charge partition

if Vds<Vdsat
' 2
Qg - C:O)(V\élctive Lactive[ Vgs— Mo— Ps— V7ds + Abuik V:Sb Ik, Ve
12(Vgs - Vih— . S)
! VdS 12 \ASZ
Qinv = _V\éctive Lactivecox[ Vgs— Mn— Pou + Pbuie ]

12(Vgs— Vin— A";'kvds)

(1- Ay’ ) Vas _ (1- Auk') A \IASZ
12(Vgs— Vih— Ab;‘kvds)

Qo = W,ctive I-activec"‘)x[ Vib— Mh+ Qs+ ]

' V 12 w 2
QS = Qd = O'San = _WactiveLactiveQX[ \és— Mh— Abu”; os + Ab””‘ AZ . ]
12(Vgs— Vin— T“”‘Vds)

otherwise

Vdsat

Qg = V\éctive I-activeCOX( \és— Vib— @ s— 3 )
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Capacitance Model Equations

1
QS = Qd = _§ V\éctive LactiveG)X( \gs— \’{@

Qb =-W,

active aCtIVE

Gox( Mb+ @s— Mn+ (1= Agy') Vsat
3

)

(ii) 40/60 channel-charge Partition

if (Vds <Vdsat)

V. A ' Vv 2
Qg = C:O)(V\élctive Lactive[ \is— Mb— @s— ; + bulk dAsb Ik' v
12(Vgs— Vin— a S)
Vds 12 Vjsz
va actlve actlvecox[ Vos— Mh— Abu”; AbU|k ]

12(Vgs — Vih— A";'kvds)

(1- Ay’ ) Vas _ (1- Auk') A \bs?

Qb= W.ciive I-activec-\‘)x[ Mb— Mh+ @s+ S
12(Vgs— Vin— 7;”‘ Vds)

]
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Capacitance Model Equations

Qd = _V\élctive I-activecox

EV Ao Ved (Vgs— Vth)z _ A Mis( Vos— Vi) +( Ak VS)ZS
Dgs—Vth_ Auil g+ 6 x 8 40 G
O 2 2 (Vgs— Vin— AVds)z 0
= 2 =

Qs =—~(Qut Qo+ Q)

otherwise

Vdsat

3 )

Qg = V\éctive Lactivecox( \os— Vo— P s—

4
Qd == TS V\é\ctive I-activec-\‘i’x( Vos— \’ﬂ)

Qs = ~(Qg+ Qb+ Qd)

active —active

Qb =-W L COX( Vio+ @s— \hn+ (1_ Abulk )Vdsat)
3

(i) 0/100 Channel-charge Partition

if Vds <Vdsat

B-16 BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



Capacitance Model Equations

' 2
Qg - C:O)(V\élctive Lactive[ \s— Mb— @Ps— % + Abuik Vt:b Ik, Ve
12(Vgs - Vih— . S)
! VdS 12 \ASZ
Qinv = _V\éctive Lactivecox[ Vgs— Mn— Abu”; + Pbuie ]

12(Vgs— Vin— A";'kvds)

(1- Ay’ ) Vas _ (1- Auk') A 5

Qo = W,ctive Lactivecox[ Vib— Wh+ @s+ .
12(Vgs— Vitn— 7;”‘ Vds)

]

D 0

—_ ! 1 2 |:|

Qd = _V\élctive Lactivec'\ox%/gs 2 Vin + AbUIk Vds - (AbUIk V‘Z . 0
E 4 24(Vgs - Vih— 7;”(Vds) E

Qs = —(Qg+ Qb+ Qd)

otherwise

Vdsat
3 )

Qg = V\éctive Lactivecox( \os— Vo— P s—
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Capacitance Model Equations

“W,.ive L

active —active

(1— Apu') Vasat
3

Qo = Gox( Mo+ Ps— Mn+

)

Qi=0
Qs =—(Qo+ Q)

(2) for capmod=1
if (Vgs <Vib+Vbs+Vgsteffcv)

Qu1= ~Wictive I-activec o>( Vgs_ Vb - ¥s— \ésteffc)

else

V,

gstef

O™

Qo= W, L. C K,? ~ Ve~ 1CV— Vb;
g1 =

—l+\/1+ 4(Vgs

active —active

2 K2

|

Q1 = —Qu1

(I
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Capacitance Model Equations

V

_ Vgsteffcv

Vdsat cv \
Abulk

0 cred O
A=A poH+ 0 —0 H
bulk b Ikoﬁ‘ |:|Leff |:| E
Moo = 54_ K1 Ao Left Bo N E 1

+ . 7
0 2\/ @Ds — Vbseft  Left + 2\/ XaiXdep Wett + B 1+ Kera Vbseft

Vgs - Vth D

Vgsteficv= N vin %"‘ eXp( )]
N nvwt O
if (Vds <=Vdsat)
0 ]
Vs A’ Vs 0

Qg = Qo+ Wggve Lactivecog\ésteffc" - 7 + Aok
1 ov— 2k %
gsteff ds

L 0
- ' 1- 1 Y/ 2 [
Qb = le + V\éctive LactiveCo Mvds - ( AbUIk )AbUIk . ds O
H 2 1 _ Pou’ %
E gsteffcv 2 ds
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Capacitance Model Equations

(i) 50/50 Channel-charge Partition

U U
D 1 1 D
— - _ Wactive I-activeC 0oX _ Abulk Abulk ? Vd52 ]
Qs = Qd - gsteffcV Vs + '
2 D 2 1 — Abulk V %
H gsteffcv 2 ds

(i) 40/60 Channel-charge partition

W, cive L aciveC

active —active

2%lgsteffc" - Ab;”( Vs g

4 2 2
%lgsteffcv3 - gvgstefcv?(A bulk V ()s+ 5 \ gstef(:\A bult/ )dzs_ E)( A )3@

0X

Qs:_

Qi = (Q+ Q@+ Q

(i) 0/100 Channel-charge Partition

[l [l
. 2
- _ El‘/gstefcv Apui' Vas _ (Abulk Vds) S
Qs - WactiveLactiveCo + 1
0 2 4 5 ~ A Y %
H gsteffcv 2 ds
Qi =~ (Q+Q+Q
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Capacitance Model Equations

if (Vds >Vdsat)

Vdsat
Qg = Qo1+ Wigive Lactivecog\ésteffc" - Tﬁ

V, -V
gsteffcv dsa
Qb = QOl_ V\éctive I-activecox( )

3
(i) 50/50 Channel-charge Partition
W ivi L ivC X
Qs = Qd = ——ade 3act — gsteffcV
(if) 40/60 Channel-charge Partition
2W, iV L ivC X
Qs =~ adive —adlve=o Vgsteffcv
Q= (Qt+ Q@+ QY
(i) 0/100 Channel-charge Partition
f
Qs = _WactiveLactiveC oX g;te =
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Capacitance Model Equations

Qi =(Q+ Q@+ Q

(3) for capmod=2
Qg = _(Qinv + Qacc+ qulﬁ) +0 qua

Qb = Qacc + qulﬁ) +6qub

Qinv = Qs + Qd

Vegerr = vfb—0.5{\/3 +y W+ 45, v where V= vfb V-5, J,=002

vib = Vih— @s— Kl\/as

Qacc = _Wactive L activeC o>( \IL—Beff - Vfb)

2 O : 0

Q = _W |_ C L _1+ 1+ 4(V95 - VFBEf‘f - VgstefCV Vbseff) |:|
sub0 active — active™ ox 2 D K 2 D
U 1 g

Vdsat, cv =
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Capacitance Model Equations

0 pgeLed™
Aouic = Ay ||4)§L+B—D
) ) DI-activeD
K1 Ao Lest Bo |:J 1

Aouiko = %l+ 10
O 2J®s—Voserr Lefi + 24/ XJXdep Werr + Bl 1+ KetaVbsert

Vgs— Vi [J
Vasteiev= N Vi %+ exp(-— th)H
n

cveff —

0

- U
u I Abuk ? chef'f

Qinv = _V\(alctive I-activeco Vgsteﬁv - Abzlk cheff %4- | Ab D

12 gsteff®v - cheﬁ%

[l [l
% ' O
&g =W L C B Abulk \Yj _ (1 Abulk )Abulk cvef'f2
sub — active — active™ o cveff
E 2 12 gstef'fcv Abulk cheﬁ%

B.2.3.1 50/50 Charge partition

_Vdsalcv_O'E{\/Al+\/\42+454\Asatcv} where y: Mat,cv_ ys_54; 54: Q02
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Capacitance Model Equations

0 0
0 0
W, iV L ivC X Abu l AbU|k fo
Qs = Q =0. 5Q|nv - % g/gsteﬁcv_ levcveff + 1 ~ AZuTk @%
B gsteffcv 2 cveff

B.2.3.2 40/60 Channel-charge Partition

Q=- Wesie |::;§Cox %,gsteﬁ; _:\ésteffC%(Abde "’4'4-\’2), V gs(enA Y c);_125( ALY ﬁ%
Zgégm‘szeﬁg

— V\étilve actlve oX 3 5 2 ]
Qj - osteffov _*\éste v Aﬁulk \{veff Ahlk \4eff - '%Jlk \4
2 gsteffov Ab;k Vweﬁﬁ @ 3 " ( ) EP( et) %

B.2.3.3 0/100 Charge Partition

0 . B
Q =—W. L.C EVJSteﬁCV_I_ Abulkl chef‘f_ (Abulk cveff) 0
s active —active O)D 2 4 o4 _ Abu|k v
E gsteffcv 2 cveff
0 0
2
- _ Eklgsteffcv 3Abu|kl chef-f (Abulk cveff) B
Qd - actlve actlveCO +
E 2 4 8 Abulk V %
gstef'fcv 2 cveff
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NQS Model Equations:

B.2.4 Intrinsic Capacitances (with Body bias and DIBL)

— &QS, d,g b dvgstef‘fcv
(s,d,gb,9 N N

gsteffcv gt

C

- _ 0Qs,d,g,b + 0Qs,d,g,b Wgsteffcv Edvth + dvth E

C(s,d,g,b),s_
dvds dvgstef‘fcv dvgt |:b‘,\/ds 0‘,\/bs|:|

C — acgs,d,g,b _ acgs,d,g,b dvgstef‘fcv d\/th
s,d,gb,d
(s.dab Ny NygeglV N, Ny

g

_ a(35, d,gb _ acgs,d,g,b Wgstef‘fcv 5Vth
(s,d,gd,b ™
OV Nygeriv Ny WV

gste

C

B.3 NQS Model Equations:

Quasi-static equilibrium channel charge:

Qeq = —(Qg+ Qp)

Actual channel charge a@defobtained from subcircuit (Figure 5-2):

Qch = Qeq~ Qqef

11 1
O =-= +
T Tgift  Tdiff
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Flicker Noise

CoxWeft I—eff3 ~_ 5
Heft £|Qeq_anef| ‘Q ‘

4
eq

Tarift =

where,
€ = Elmore Constantdefault=5 ) 0.0<a < 10(default= 05

and
3
Z - Cox\Neff I—eff

Heff €

.
6 KT

B.4 Flicker Noise

There exists two models for flicker noise. Each of these can be toggled by the

noimod flag.

1. For noimod=1 and 4

. . Klas™
Flic kerNoise= %
COxLeff fe
2. For noimod=2 and 3
1. Vgs>Vth+0.1:
. ) th2 |ds[,leff No+ 2)(1014
Flic kerNoise= Noia log(———————— )+ Noib(No— NI
FE Lot 0P 1o 100G oo g )t N )

Vtlas’ALcm  Noia + Noin NI+ Noic NP
f5 Ler®Werrl0® (NI + 2x10%)2

'|‘0.5Noic(NO2 - N|2)]+
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Flicker Noise

whereVimy is the thermal voltaggies is the effective mobiity at the given
bias condition,Lgff and Weff are the effective channel length and width,

respectively. The parametdpis the charge density at the source given by:

_ Cox(Vos=Vrh)

The parametel| is the charge density at the drain given by:

Cox(Ves=Vrn—Vps)
q

NI =
Vps = MIN (Vpg Vpsad

ALclm refers to channel length reduction due to CLM and is given by:

|:|VDS_VDSAT R

O——— +EmC
| itl x IogD C if VDS > VDSAT
E g Esar C
AL, =0
clm 0
O 0 otherwise
2 x Vsat
Esar = U
eff

2. Otherwise,
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Channel Thermal Noise

FlickerNoise = S—-'m't S

Simit * Swi

Where, Simit is the flicker noise calculated at Vgs=Vth+0.1 &g is
given by:

NoiaVﬂds2
WersiLett 5 4x10%¢

Swi=

B.5 Channel Thermal Noise

There exists two models for channel thermal noise. Each of these can be toggled

by thenoimod flag.

1. For noimod=1 and 3

8‘(3T<gm+ gds+ gmp

2. For noimod=2 and 4

AK T eft
Leff2

‘Qinv

Ab Ik
o==-W.L.C V_(1-— >V
va eff —eff ~ox gstef( 2(Vgsteff + th) dsef‘f)
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Channel Thermal Noise

The derivation for this last thermal noise expression is based on the noise
model found in [35].

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley B-29



APPENDIX C: References

[1] G.S. GildenblatVLSI Electronics: Microstructure Science, p.11, vol. 18, 1989.
[2] Muller and KaminsPevices Electronics for Integrated Circuits Second Edition.

[3] J. H. Huang, Z. H. Liu, M. C. Jeng, K. Hui, M. Chan, P. K. Ko and C. Hu., BSIM3
\ersion 2.0 User’s Manual, March 1994.

[4] J.A. Greenfield and R.W. Dutton, "Nonplanar VLSI Device Analysis Using the
Solution of Poisson's EquationEEE Trans. Electron Devicesol. ED-27, p.1520,
1980.

[5] H.S. Lee. "An Analysis of the Threshold Voltage for Short-Channel IGFES&id-
State Electronicsvol.16, p.1407, 1973.

[6] G.W. Taylor, "Subthreshold Conduction in MOSFET'$EEE Trans. Electron
Devices vol. ED-25, p.337, 1978.

[7] T. Toyabe and S. Asai, "Analytical Models of Threshold \Voltage and Breakdown
\oltage of Short-Channel MOSFET's Derived from Two-Dimensional Analysis,"
IEEE J. Solid-State Circuityol. SC-14, p.375, 1979.

[8] D.R. Poole and D.L. Kwong, "Two-Dimensional Analysis Modeling of Threshold
\oltage of Short-Channel MOSFET'$EEE Electron Device Lettevol. ED-5, p.443,
1984.

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley C-1



[9] J.D. Kendall and A.R. Boothroyd, "A Two-Dimensional Analytical Threshold Voltage
Model for MOSFET's with Arbitrarily Doped SubstratdEEE Electron Device
Letter, vol. EDL-7, p.407, 1986.

[10] Z.H. Liu, C. Hu, J.H. Huang, T.Y. Chan, M.C. Jeng, P.K. Ko, and Y.C. Cheng,
"Threshold \oltage Model For Deep-Submicrometer MOSFETSEEE Tran.
Electron Devicesvol. 40, pp. 86-95, Jan., 1993.

[11] Y.C. Cheng and E.A. Sullivan, "Effect of Coulombic Scattering on Silicon Surface
Mobility," J. Appl. Phys45, 187 (1974).

[12] Y.C. Cheng and E.A. Sullivasurf. Sci34, 717 (1973).

[13] A.G. Sabnis and J.T. Clemens, "Characterization of Electron Velocity in the Inverted
<100> Si Surface,Tech. Dig.- Int. Electron Deces Meet.pp. 18-21 (1979).

[14] G.S. GildenblatyLSI Electronics: Microstructure Science, p. 11, vol. 18, 1989.

[15] M.S. Liang, J.Y. Choi, P.K. Ko, and C. Hu, "Inversion-Layer Capacitance and
Mobility of Very Thin Gate-Oxide MOSFET'sIEEE Trans. Electron Device&D-
33, 409, 1986.

[16] F. Fang and X. Fowler, "Hot-electron Effects and Saturation velocity in Silicon
Inversion Layer,'d. Appl. Phys.41, 1825, 19609.

[17] E. A. Talkhan, I. R. Manour and A. |. Barboor, "Investigation of the Effect of Drift-
Field-Dependent Mobility on MOSFET Characteristics," Parts | an&HE Trans.
on Electron DevicesED-19(8), 899-916, 1972.

C-2 BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



[18] M.C. Jeng, "Design and Modeling of Deep-Submicrometer MOSFETs," Ph. D.

Dissertation, University of California.

[19] K.Y. Toh, P.K. Ko and R.G. Meyer, "An Engineering Model for Short-channel MOS
Devices,"IEEE Jour. of Solid-State Circuijtsol. 23, No. 4, Aug. 1988.

[20] C. Hu, S. Tam, F.C. Hsu, P.K. Ko, T.Y. Chan and K.W. Kyle, "Hot-Electron Induced
MOSFET Degradation - Model, Monitor, Improvemen&EE Tran. on Electron
Devices Vol. 32, pp. 375-385, Feb. 1985.

[21] F.C. Hsu, P.K. Ko, S. Tam, C. Hu and R.S. Muller, "An Analytical Breakdown Model
for Short-Channel MOSFET's|EEE Trans. on Electron Device¥ol.ED-29, pp.
1735, Nov. 1982

[22] H. J. Parke, P. K. Ko, and C. Hu, “ A Measurement-based Charge Sheet Capacitance
Model of Short-Channel MOSFET's for SPICE,”IlBEE IEDM 86, Tech. Digpp.
485-488, Dec. 1986.

[23] M. Shur, T.A. Fjeldly, T. Ytterdal, and K. Lee, “ A Unified MOSFET Modd&dlid-
State Electron.35, pp. 1795-1802, 1992.

[24] MOS9 Documentation.

[25] C. F.Machala, P. C. Pattnaik and P. Yang, "An Efficient Algorithms for the Extraction
of Parameters with High Confidence from Nonlinear ModeEsEE Electron Device
Letters Vol. EDL-7, no. 4, pp. 214-218, 1986.

[26] Y. Tsividis and K. Suyama, “MOSFET Modeling for Analog Circuit CAD: Problems
and ProspectsTech. Dig.vol. CICC-93, pp. 14.1.1-14.1.6, 1993.

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley C-3



[27] C. L. Huang and G. Sh. Gildenblat, "Measurements and Modeling of the n-channel
MOSFET Inversion Layer Mobility and Device Characteristics in the Temperature
Range 60-300 K,JEEE Tran. on Electron Devicggol. ED-37, no.5, pp. 1289-1300,
1990.

[28] D. S. Jeon, et alEEE Tran. on Electron Devicesol. ED-36, no. 8, pp1456-1463,
1989.

[29] S. M. SzePhysics of Semiconductor Device2nd Edition.

[30] P. Gray and R. Meyefnalysis and Design of Analog Integrated CircuitsSecond
Edition.

[31] Mansun Chan, et al, "A Relaxation time Approach to Model the Non-Quasi-Static
Transient Effects in MOSFETSs," IEDM, 1994 Technical Digest, pp. 169-172, Dec.
1994,

[32] P. K. Ko, “Hot-electron Effects in MOSFET’s”, Ph. D Dissertation, University of
California, Berkeley, 1982

[33] K.K. Hung et al, “A Physics-Based MOSFET Noise Model for Circuit Simulators,”

IEEE Transactions on Electron Devices, vol. 37, no. 5, May 1990.

[34] K.K. Hung et al, “A Unified Model for the Flicker Noise in Metal-Oxide
Semiconductor Field-Effectransistors,” IEEE Transactions on Electron Devices,
vol. 37, no. 3, March 1990.

[35] T.P. Tsividis,Operation and Modeling of the MOS Transistor McGraw-Hill, New
York, 1987.

C-4 BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



APPENDIX D: Binning BSIM3v3
Parameters

Below is a list of all BSIM3v3 model parameters which can or cannot be binned. All

model parameters which can be binned follow the following implementation:

L W p
P=P,+ + +
O Lot Wotr Lot Wegs

For example, for the parameter k}=R1, R =lk1, R\Fwkl, Bs=pk1. Binunit is a bin unit
selector. If binunit=1, the units of Leff and Weff used in the binning equation above have

the units of microns. Otherwise, they are in meters.

For example, for a device with Leff=Qub and Weff=1@um. If binunit = 1, the parameter
values for vsat are 1e5, 1e4, 2e4, and 3e4 for vsat, Wesdt, and pvsat, respectively.

Therefore, the effective value of vsat for this device is:
vsat = 1e5 + 1e4/0.5 + 2e4/10 + 3e4/(0.5*10) = 1.28e5

To get the same effective value of vsat for binunit = 0, the values of vsat, Ivsat, wvsat, and

pvsat would be 1e5, le-2, 2e-2, 3e-8, respectively. Thus,
vsat = 1e5 + 1e-2/0.5e6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * 10e-6) = 1.28e5

As a final note: although BSIM3v3 supports binning as an option for model extraction, it

is not strongly recommended.
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BSIM3v3 Model Control Parameters

D.1 BSIM3v3 Model Control Parameters

Symbols | Symbols

usedin |usedin Description Can Be

equation | SPICE Binned?

none level BSIMv3 model selector NO

Mobmod | mobmod| Mobility model selector NO

Capmod | capmod | Flag for the short channel NO

capacitance model
Ngsmod | ngsmod | Flag for NQS model NO
Noimod | noimod | Flag for Noise model NO
D.2 DC Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

VthO vthO Threshold voltage @Vbs=0 far YES
Large L.

K1 k1l First order body effect coeffi- YES
cient

K2 k2 Second order body effect coef- YES
ficient

K3 k3 Narrow width coefficient YES

K3b k3b Body effect coefficient of k3 YES

WO w0 Narrow width parameter YES

NIx nix Lateral non-uniform doping YES
parameter

D-2
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DC Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

DvtO dvtO first coefficient of short-channel  YES
effect on Vth

Dvtl dvtl Second coefficient of short- YES
channel effect on Vth

Dvt2 dvt2 Body-bias coefficient of short-|  YES
channel effect on Vth

DvtOw | dvtOw First coefficient of narrow YES
width effect on Vth for small
channel length

Dvtlw | dviwl Second coefficient of narrow YES
width effect on Vth for small
channel length

Dvt2w | dvt2w Body-bias coefficient of nar- YES
row width effect for small chan-
nel length

uo uo Mobility at Temp = Thom
NMOSFET YES
PMOSFET

Ua ua First-order mobility degrada- YES
tion coefficient

Ub ub Second-order mobility degrada- YES
tion coefficient

Uc uc Body-effect of mobility degra-| YES
dation coefficient

vsat vsat Saturation velocity at Temp =| YES
Tnom

A0 a0 Bulk charge effect coefficient YES
for channel length
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DC Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

Ags ags gate bias coefficient of Abulk YES

BO b0 Bulk charge effect coefficient YES
for channel width

Bl bl Bulk charge effect width offse YES

Keta keta Body-bias coefficient of bulk YES
charge effect

Al al First nonOsaturation effect YES
parameter

A2 a2 Second non-saturation factor YES

Rdsw rdsw Parasitic resistance per unit YES
width

Prwb prwb Body effect coefficient of Rdsw YES

Prwg prwg Gate bias effect coefficient off YES
Rdsw

Wr wr Width Offset from Weff for Rds| YES
calculation

wint wint Width offset fitting parameter NO
from 1-V without bias

Lint lint Length offset fitting parameter NO
from 1-V without bias

dWg dwg Coefficient of Weff’'s gate YES
dependence

dWb dwb Coefficient of Weff’s substrate  YES
body bias dependence

Voff voff Offset voltage in the subthresh-  Yes
old region for large W and L

Nfactor | nfactor | Subthreshold swing factor YES
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DC Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

Eta0 eta0 DIBL coefficient in subthreshy  YES
old region

Etab etab Body-bias coefficiefar the YES
subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent in YES
subthreshold region

Cit cit Interface trap capacitance YES

Cdsc cdsc Drain/Source to channel cout  YES
pling capacitance

Cdsch cdscb Body-bias sensitivity of Cdsg YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pcim Channel length modulation YES
parameter

Pdiblcl | pdiblcl | First output resistance DIBL YES
effect correction parameter

Pdiblc2 | pdiblc2 | Second output resistance DIBL YES
effect correction parameter

Pdiblcb | pdiblcb Body effect coefficient of YES
DIBL correction parameters

Drout drout L dependence coefficient of the YES
DIBL correction parameter in
Rout

Pscbel | pscbel| Firstsubstrate current body; YES
effect parameter

Pscbe2 | pscbe2| Second substrate current bady-YES

effect parameter
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AC and Capacitance Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

Pvag pvag Gate dependence of Early valt- YES
age

bo} delta Effective Vds parameter YES

Ngate ngate poly gate doping concentratipn YES

o0 alpha0 The first parameter of impact| YES
ionization current

B0 beta0 The second parameter of impact YES
ionization current

Rsh rsh Source drain sheet resistance in NO
ohm per square

Jso Is Source drain junction saturatipn NO
current per unit area

D.3 AC and Capacitance Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

Xpart xpart Charge partitioning rate flag NO

CGSO0 cgso Non LDD region source-gate  NO

overlap capacitance per
channel length
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AC and Capacitance Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

CGDO cgdo Non LDD region drain-gate NO
overlap capacitance per
channel length

CGBO cgbo Gate bulk overlap capacitance NO
per unit channel length

Cj Cj Bottom junction per unit area NO

Mj mj Bottom junction capacitance NO
grating coefficient

Mjsw mjsw Source/Drain side junction NO
capacitance grading coeffi-
cient

Cjsw cjsw Source/Drain side junction NO
capacitance per unit area

Pb pb Bottom built-in potential NO

Pbsw pbsw Source/Drain side junction NO
built-in potential

CGs1 cgsl Light doped source-gate YES
region overlap capacitance

CGD1 cgdl Light doped drain-gate region YES
overlap capacitance

CKAPPA | ckappa | Coefficient for lightly doped| YES
region overlap
capacitance Fringing field
capacitance

Cf cf fringing field capacitance YES

CLC clc Constant term for the short YES
channel model

CLE cle Exponential term for the shoft YES

channel model
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NQS Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

DLC dic Length offset fitting parameter YES
from C-V

DWC dwc Width offset fitting parameter  YES
from C-V

Vib vfb Flat-band voltage parameter| YES
(for capmod=0 only)

D.4 NQS Parameters

Symbols| Symbols

used in | usedin Description Can Be
equation| SPICE Binned?

Elm elm Elmore constant of the channel YES
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dwW and dL Parameters

D.5 dW and dL Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

wi wi Coefficient of length depen- NO
dencefor width offset

Win win Power of length dependence of NO
width offset

Ww ww Coefficient of width depen- NO
dencefor width offset

Wwn wwn Power of width dependence of NO
width offset

Wwli wwl Coefficient of length and width NO
cross term for width offset

LI Il Coefficient of length depen- NO
dencefor length offset

Lin lIn Power of length dependence for NO
length offset

Lw Iw Coefficient of width depen- NO
dencefor length offset

Lwn lwn Power of width dependence far NO
length offset

Lwl lwl Coefficient of length and width NO
cross term for length offset
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Temperature Parameters

D.6 Temperature Parameters

Symbols| Symbols

usedin | usedin Description Can Be

equation| SPICE Binned?

Tnom | tnom | Temperature at which parame- NO
ters are extracted

ute ute Mobility temperature expo- YES
nent

Ktl ktl Temperature coefficient for YES
threshold voltage

Ktll ktll Channel length dependence pf YES
the temperature coefficient for
threshold voltage

Kt2 kt2 Body-bias coefficient of Vth YES
temperature effect

Ual ual Temperature coefficient for YES
Ua

Ubl ubl Temperature coefficient for YES
Ub

Ucl ucl Temperature coefficient for YES
Uc

At at Temperature coefficient for YES
saturation velocity

Prt prt Temperature coefficient for YES
Rdsw

] n;j Emission coefficient YES

XTI xti Junction current temperature| YES
exponent coefficient
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Flicker Noise Model Parameters

D.7 Flicker Noise Model Parameters

Symbols| Symbols
used in | usedin Description Can Be
equation| SPICE Binned?
Noia noia Noise parameter A NO
Noib noib Noise parameter B NO
Noic noic Noise parameter C NO
Em em Saturation field NO
Af af Frequency exponent NO
Ef ef Frequency exponent NO
Kf kf Flicker noise parameter NO
D.8 Process Parameters
Symbols| Symbols
used in | usedin Description Can Be
equation| SPICE Binned?
Tox tox Gate oxide thickness NO
X] X] Junction Depth YES
vl gammal| Body-effect coefficient near YES
the surface
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Bin Description Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

V2 gamma2| Body-effect coefficient in the YES
bulk

Nch nch Channel doping concentration YES

Nsub nsub Substrate doping concentratipn YES

Vbx vbx Vbs at which the depletion YES
region width equals xt

Vbm vbm Maximum applied body bias in ~ YES
Vth calculation

Xt xt Doping depth YES

D.9 Bin Description Parameters

Symbols| Symbols

used in | usedin Description Can Be

equation| SPICE Binned?

Lmin Imin Minimum channel length NO

Lmax Imax Maximum channel length NO

Wmin wmin Minimum channel width NO

Wmax wmax Maximum channel width NO

binunit | binunit | Bin unit selector NO
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