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CHAPTER 1: Introduction

1.1 General Information

BSIM3v3 is the latest physics-based, deep-submicron MOSFET model for digital
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 I-V expression to describe curent 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 built-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 I-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 lowering (DIBL).

Channel length modulation (CLM).

Substrate current induced body effect (SCBE).

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)

Vih = Vrp + 05 + Y405 — Vis = Vrigear + Y(J05 — Vi —f05)

where Vg is the flat band voltage, Vg, is the ideal threshold voltage of the long
channel device at zero volt substrate bias, and 7y is the substrate bias effect

coefficient and is given by:

(2.1.2)

V2€45igN,

Cox

where N, is the substrate doping concentration. The surface potential is given by:

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(2.1.3)
b =228 1n )
n;

Equation (2.1.1) assumes that the channel is uniform and makes 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.

N
/ -

<«— Approximation

/ Distribution

N.s:ub

e

Substrate Doping Concentration

5

Xy

-
Substrate Depth

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 make v in Eq. (2.1.2) a function of the substrate bias.
If the depletion width is less than X; as shown in Figure 2-1, N, in Eq.
(2.1.2) is equal to N, otherwise it is equal to N subr

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

following threshold voltage model is proposed:

2.14)
Vi = Veidear + K1 (s — Vips — [0 ) — K2 Vi

‘For a zero substrate bias, Egs. (2.1.1) and (2.1.4) give the same result. K
and K, can be determined by the criteria that V,, and its derivative versus
Vis should be the same at V,,,, where V,,, is the maximum substrate bias
voltage. Therefore, using equations (2.1.1) and (2.1.4), K, and K, [3] will
be given by the following:

(2.1.5)

Ki=v, _2K2\/¢s ~Vom

(2.1.6)
Ky = (Y1 =7>) \/q)s_va_\/g
2 : 2 2\/E(\/¢S—me_\/ﬁ)+vbm

where v, (or v,) is the body effect coefficient when the substrate doping

concentration is N, (or Nj,;) as shown in Figure 2-1.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

2.1.2

(2.1.7)
- ‘\’ zqe si Nch
I Cox
(2.1.8)

_ 'quesiNsub

Y2 =
Cox

Vi is the body bias when the depletion width is equal to X,. Therefore, Vix

satisfies;

(2.1.9)
chthz —

-V,
283,' q).\' bx

If the devices are available, K, and K, 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 (e.g. N4, N, X,). Then, K; and K, can
be calculated using equations (2.1.5) and (2.1.6).

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 will cause 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)
L- . -
N, - N,(L-2L)+N,, -2L, N 142 Na =N,
L L N

Nix
=N, (1+—
a( )
Due to this lateral non-uniform doping effect, Eq. (2.1.4) becomes:

(2.1.11)
Vs = Vibo + K1 (\/Ds — Vs —\/QT:)— K2 Vs

, Nix
K 1+ —— -1 |V,
+ 1( +Leﬁ' )

Eq. (2.1.11) can be derived by setting V,, = 0, and using K (N,5%. The

fourth term in Eq. (2.1.11) is used empirically to model the body bias

dependence of the lateral non-uniform doping effect. This effect gets

stronger at a lower body bias. Examination of Eq. (2.1.11) shows that the

threshold voltage will increase as channel length decreases [3].

G
| |
s | D
Nds L
N(X) _} Na l—
o Lx
e

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 channe] effect can be modeled in the threshold voltage by the fol-

lowing:

(2.1.12)
Vit = Viko + K1 (\J®s — Vs —J®) - K2 Vis

+K( , +E_1)J6; AVy,

where AV,, is the threshold voltage reduction due to the short channel
effect. Many models have been developed to calculate AV,,. 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 develdped 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)
AVy, =04 (L)[2(Vy; — ¢ ) + Vye 1
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

where V;; is the built-in voltage of a PN junction between the substrate and

the source. V, is given by:

(2.1.14)
‘/b‘ = KBTln(Nchzlvd )
q n;

where N, in Eq. (2.1.14) is the source doping concentration, and N, is the
substrate doping concentration. The expression 0,(L) is a short channel
effect coefficient that has a strong dependence on the channel length and is
given by:

(2.1.15)
04, (L) =[exp(-L/2L,)+ 2exp(—-L/l)]

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

(2.1.16)
;= |EsiToxXdep
=\ e
Xep 18 the depletion width in the substrate and is given by:
(2.1.17)

28 si (q): _Vbx)
O T

Xde;, is larger near the drain than in the middle of the channel due to the
drain voltage. X,,, / M represents the average depletion width along the

channel.

Based on above discussion, 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
D9, D\y;, Dsub, Eta0 and Etab are introduced, and the following modes are

used in SPICE to account for charge sharing and the DIBL effects

separately.

(2.1.18)

9, =D, glexp(-D,,L/2L)+2exp(-D,,L/1)]
(2.1.19)

AVinr) = Oy (Vi — ¢s)
(2.1.20)
e:T . X
I = MIL(I +Dya Vi)
8O.x

(2.1.21)

0y (v =[exp(-D,, L/ 2l5)+2exp(—D,,L/1,)]
(2.1.22)

AVinVias) = Oaivt( ) Eta0 + EtabVis)Vis

where [ is calculated by Eq. (2.1.20) at zero body-bias. D,,; is basically
equal to 1/m)¥2in Eq. (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 channel. Xiep is
calculated using the doping concentration in the channel (Nep). Doy,
D,,;,D,,, Eta0, Etab and Dsub, 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 length L decreases, AV,, will increase, and in turn Va will
decrease. If a MOSFET has a LDD structure, N, in Eq. (2.1.14) is the
doping concentration in the lightly doped region. V,; 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-MOSFETs.

As the body bias becomes more negative, the depletion width will increase

as shown in Eq. (2.1.17). Hence AV, will increase due to the increase in .

VTideal + K105 — Vs — Ko Vs

will also increase as Vj, becomes more negative (for NMOS). Therefore,

The term:

the changes in:

Vrideal + K195 — Vs — Ko Vg

and in AV, will compensate for each other and make Vi, less sensitive to
Vis. This compensation is more significant as the channel length is
shortened. Hence, the V,, 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 dependence of V., are 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 accelerated V., roll-
off and non-linear drain voltage dependence [10] as the channel became
very short, a linear dependence of V,, on V, 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 2-5 shows how this model for Vi can fit various

channel lengths under various bias conditions.

oV

0.6 | |
0 1 2 3

Vgs (V)

Figure 2-3. Threshold voltage versus the drain voltage at different body biases.

101
- Markers: Exp.
i Linas: Made
100 L
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0.0 0.5 1.0 1.5

L et (um)

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

2.1.4 Narrow Channel Effect

The actual depletion region in the channel is always larger than what is
usually assumed under the one-dimensional analysis due to the existence of
fringing fields [2]. This effect becomes very substantial as the channel
width decreases and the depletion region undemeath 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
TGN g (Xgmax )™ _ 31th

2C,, W w bs
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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 Eq.
(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 parameters K3, K3p, and W

(2.1.24a)
TX
(K5 + K3 Vis) WZ_WO)(P,

W,z 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)

Dvmw(exp( —Dwm%‘—{) + 2exp(—Dvriw We{ L
w

w

))( Vi —Ds)

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)
Vie = Vino + KI(\/(DS——Vbnﬂ— J(b—:) — K 2Vbsesr
+ K:[ 1y Nix 1]Jq>_s+ (K3+ K 3bVbaegr) —2F @,
Leyr Weyr + Wo
- DVTOw(exp(—DVle W—'fol:—eﬂ)+ 2exp(—Dvriw W}J(Vbl—d):)

- Dvro(exp(-Dvrlg—elff—) + 2exp(—Dv11Ll—df))(Vbi-— Ds)
t ¢
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Mobility Model

(2.1.25) (cont.)

;Z' )+ 2 exp(~Dsus l;"’

]

~ (exp(—D:ub )) (Ewo+ EwbVioseg) Vs

In Eq. (2.1.25), all Vbs terms have been substituted 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).
Viser = Vie + 0.5[Vos — Voc — 81+ 4/ (Vos = Vo —81)% — 481Vie ]

where 8;=0.001. The parameter Vbc is the maximum allowable Vi value
and is calculated from the condition of dV/dV,=0 for the Vi, expression
of 2.1.4,2.1.5, and 2.1.6 is equal to:

K1?

V c = 09 -
be= 0.0~

)

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

2-14
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substrate voltage, etc. Sabnis and Clemens [13] proposed an empirical unified
formulation based on the concept of an effective field E & which lumps many

process parameters and bias conditions together. E,z is defined by

2.2.1)
Eeﬁ - QB +(Qn/2)

Esi

The physical meaning of E; 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:

(222)
- Ko
1+ (Eg [ Ep)

Heg

Values for |1, Eg, and v were reported by Liang ez al. [15] and Toh et al. [16] to be

the following for electrons and holes:

Parameter EleMurface) Msurface) |
o (cm?/v) 60 160

Eg(MV/cm) 0.67 0.7

\ 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, Eq. (2.2.1) can be rewritten

in a more useful form that explicitly relates E 4o the device parameters [14]:
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Mobility Model

(2.2.3)
~ Vgs + Vth

G =" 6T,

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) 224
o
Mo = 1%
1+ (Us + Ue Visag) (L8 2V
Tox

Vgst +2Vu

Tox

)+ Us( )?

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

model option is given by the following:

(Mobmod=2) : (2.2.5)

Meg = =
14+ Ua+ Uchxeﬂ')(Yﬂ) + Ub(Y&)2
Tox Tox

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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Carrier Drift Velocity

2.3

24

(For Mobmod=3) (2.2.6)

Lo
M =
1+[Us (Yg%zv’") + U,,(Z?*"T“L—zv"')2 101+ UeVieer)
(1) ¢ (1) ¢

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= —uL, E < Esat
1+ (E/Egq;)
= Vsat» E>Eg,

The parameter E,,, corresponds to the critical electrical field at which the carrier
velocity becomes saturated. In order to have a continuous velocity model at E =

E,,, E,, must satisfy:

(2.3.2)

Bulk Charge Effect

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

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley 2-17
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Strong Inversion Drain Current (Linear Regime)

Abtk=(1+

2.5

will cause threshold voltage to vary along the channel. This effect is called bulk
charge effect [14].

In BSIM3v3, the parameter A,,;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 was "a" [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 parameter Keta is introduced to model the change in
bilk charge effect under high back or substrate bias conditions. It should be pointed
out 4that narrow width effects have been considered in the formulation of Eq.

(2.4.1). The Apy g expression used in BSIM3v3 is given by:

2.4.1)

K ¢ AoLey 1= AgVaset( Leg )1+ Bo b 1
T ree— T ———1 — Ags Vs
2D = Visegr  Legr + 24/ XiXuep Leg + 2/ X:Xaep Weff +B1 "~ 1+ Keta Vises

where Ay, Ags, K1.Bo, B and Keta are determined by experimental data. Eq.
(2.4.1) shows that Ay, is very close to 1.0 if the channel length is small, and Apn

increases as channel length increases.

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:

2-18
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Strong Inversion Drain Current (Linear Regime)

(2.5.1)
1 =WC,,(V,, — AsatV (»)vey)

The parameter Vg, = (Vg - V), Wis the device channel width, C,,, 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 y, v(y) is the velocity of carriers at point y, and Apui 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:
(25.2)
I, =WC,(V,, ~V, ~ Abusz(y))%
Eq. (2.5.2) can be rewritten as follows:
(25.3)
I, _dV»

Ey=
n,WC, (Vgst —AsaVi)-I,/E, dy
By integrating Eq. (2.5.3) fromy = Oto y = L and V(y) = Vsto V(y) = Vy,

we arrive at the following:

254)

|14 1
Id_‘ = [,Leﬂ.cax Zm(vg, —V,,, - Abullchs/2)Vd:

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

saturates.
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25.2

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 voltage (Vj,,) and the lateral
electrical is equal to E,,. After the onset of saturation, we can substitute v

= Vgqr and Vg = Vo, into Eq. (2.5.1) to get the saturation current:

(2.5.5)
I, =WC,(V,, — AsurV,, v,

By equating egs. (2.5.4) and (2.5.5) at E = Egqp and vy = Vyg,,, We can

solve for saturation voltage V-

| (2.5.6)
_ E.ml L(Vg: - ‘/Ih )
o Ab"”‘E:al L+ (Vgs - Vlh )

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)
\% V
Ids = Rds = R dSR
tot ch T Rds
=W C _V{_/ 1 (Vgst = Apuik Vds/2)WVas
T L 14 Vg (Egge L) 1+ Ryt Co W (Vast = Apui Vs /2)

L 1+Vu/(Es, L)

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

Vdsar With parasitic resistance R ;; expression is then:

(2.5.10)

—b—b% —4ac

2a

Visar =

The following are the expression for the variables a, b, and c:

(2.5.11)

a=A.,R,C, Wy +(%- — 1) Abuik

sat

2
b= —(Vgﬂ(x D+ A,E,L+34,,R,C, Wy, Vest)

sat

2
€= Egq LVgst + 2Ry CoxWyy Vest
7& = AlVgsl + A2

The last expression for A is introduced to account for non-saturation effect

of the device. In BSIM3v3, parasitic resistance is modeled as:
(2.5.11)

Ru= Rd.tw[l +P: wgVester + P wb(.‘M): — Visey — -JE)]
- (106 Wef. )WV
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Strong Inversion Current and Output Resistance (Saturation Regime)

2.6

The variable R, is the resistance per unit width, Wr is a fitting parameter,
Ppypis the body effect coefficient, and Prwyg is 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 distinct R, vs. Vds

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 discussed later, there are three physical mechanisms which
affect the output resistance in the saturation region: channel length modulation
(CLM) [4, 14), drain-induced barrier lowering (DIBL) [4, 6, 14], and the substrate
current induced body effect (SCBE) [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 modulation (CLM)
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Strong Inversion Current and Output Resistance (Saturation Regime)

dominates in the second region, DIBL in the third region, and SCBE in the fourth

region.
3.0 I l I )
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-1 12
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o
1)
| l °° Poo—’ -..- i
20 | c|>°° 0 . gm
Q---Il' =
g I ....9:-'-.“--..--.-“|---. 1. é
E 1.5 = I... I I . g
EwsfF, . ) :
- = | I I . | 3
n | o | | o
10 - o o
- [ | | ) |
’ o
= | | I oo
05 - | o I I ° I
) o
9 | | g
°
o.oJ&°°°o - ) ! , g 0
(1] 1 L s 4

Figure 2-6. General behavior of MOSFET output resistance.

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)

aIdS(V »Vis)
_gs—(vds - Vdsat)

Ids(Vgs’Vds)=Ids(Vgs’Vdsat)'l' 3V,

= Idsat(l + Vds _ Vdsat )
Va

where,
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(2.6.2)
Tasar = Las (Vs Vasar) = WvsarCox (Vast — Apuik Visar)
and
31 (2.6.3)
Va= Idsat(a Vj: )_l

The parameter V4 is called the Early Voltage (analogous to the BJT) and is
introduced for the analysis of the output resistance in the saturation region. Only
the first order term is kept in the Taylor series. For simplicity, we also assume that
the céntributions 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)
0l 0L 4  ApukEsqL+ Vgst dAL _;
Vacm =lgsat (57-55) = )
oL vy ApuikEsqr 0 Vys

where AL is the length of the velocity saturation region, the effective
channel length is L-AL. Based on the quasi-two dimensional
approximation, V4cypscan be derived as the following:

(2.6.5)
- Apuik Esar L + Vgst

Vacm Vas — Visar)

Abulk Esatl
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where V4 o1y is the Early Voltage due to channel length modulation alone.

The parameter Py, is introduced into the V-7 ,, expression not only to
compensate for the error caused by the Taylor expansion in the Early
Voltage model, but also to compensate for the error in X; since:

L [X;
and the junction depth, X;, can not generally be determined very accurately.

Thus, the Va7 psbecame:

(2.6.6)

1 Ab lkE L+V,
(1 sat gst (Vds _ Vdsat)

Vacm =
Pclm Abulk Esatl

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 Voltage
due to the DIBL effect can be calculated as:

(2.6.7)

01, 0V, _
Vo= Lia (## l
th ds

Viome = Vet +21) (1 AnisVisa )
Out(1+ PoiercaVise)\ | AbuVisae + Ve +2u1

During the derivation of Eq. (2.6.7), the parasitic resistance is assumed to
be equal to 0. As expected, V41 ¢ is a strong function of L as shown in
Eq. (2.6.7). As channel length decreases, V4 DiBLc decreases very quickly.
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The combination of the 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
O;4(L) be replaced by ©,,,,(L). Both 8,,(L) and 0,0u(L) have the same

channel length dependencies, but different coefficients. The expression for
0, 0ur(L) is:

(2.6.8)

0 o (L) = Py, [exp(-D,,,, L/ 21,) + 2 exp(-D, al 1)1+ Py

ro

The variables Py;p;. 1, Pgipic2s Pdibich and Dy, are the newly introduced
parameters to correct for DIBL effect in the strong inversion region. The
reason why Dy, is not equal to Pj;,;.; and D,,; is not equal to Dyour is
because the gate voltage modulates the DIBL effect. When the 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 bias. Pyibico is
usually very small (may be as small as 8.0E-3). If P 4ibic2 is placed into the
threshold voltage model, it will not cause any significant change. However
it is an important parameter in V, p;p; for long channel devices, because

P4ipic2 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 region, the VA
parameter is introduced into the Early Voltage expression. Vj,, is the

Early Voltage at Vj, = V., and is as follows:

(2.6.9)
Vio = Esar L+ Visar + 2R j5v54:Cox W( Vest = ApuicVas 1 2)
Asat 14+ Apy RysVsarCox W
Thus, the total Early Voltage, Va, can be written as:
(2.6.10)
1 1
V., = Vasa +( +—)
VAC‘LM VADIBL

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

expression in the saturation region is given by:

(2.6.11)

vV, -V
laso = Wv:at Cox (Vg.n - Abulk Vd.mt )(1 + %)

A
Furthermore, another parameter, Pyyg, is introduced in V4 to account for the
gate bias dependence of V4 more accurately. This much said, the final

expression for Early Voltage becomes:

(2.6.12)
Pusls 1 1 -

Va=Vasa+(1+
EsaLeg = Vactu  Vabisic
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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) enough to cause
impact ionization. This creates electron-hole pairs when they collide with
silicon atoms. The substrate current I5,p thus created during impact
ionization will increase exponentially with the drain voltage. A well known

I, model [20] is given as:

(2.6.13)

A; B;l
I = Fl Lasat (Vs — Vigar Y exp(— : )

i ds — Vdsat

The parameters A; and B; are determined from extraction. I sup 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)
Idx = Id.w + I.mb
_ (Vds - Vd.\'at)
= Juso 1+Eex ( Bi )
Ai P Vs = Viasar

The total drain current, including CLM, DIBL and SCBE, can be written as:

(2.6.15)
V.-V -
Id’ = Wv-\‘m Cox (V.'gsl - Abulk Vdsm A+ 4 dat Y1+ —Vds Vdsu)
Vi Vascse
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where VAgcgE can also be called as the Early Voltage due to the substrate

current induced body effect. Its expression is the following:

(2.6.16)
B: Bil
Vv, == —_
ASCBE i exp( Vi )

From Eq. (2.6.16), we can see that V4 gcpE is a strong function of V. In
addition, we also observe that V4gcpg is small only when V is large.
This is why SCBE is important for devices with high drain voltage bias.
The channel length and gate oxide dependence of V4gcpp comes from
Vdsar and I In BSIM3v3, we replace Bi with PSCBE2 and Ai/Bi with
PSCBEI/L to yield the following expression for Vaqcgp

(2.6.17)
1 _ Pscm exp(——ISCBEL
VascBe L Vs = Vdsar

The variables P.p,; and P, are 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)
V.-V, -V
Id.\' = IsO (l -_ exp(_Vﬂ)) exp(iu)
v, nyy
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(2.7.2)
W [ge ;N
To=po— L —ty;
L 26,
Here the parameter vt is 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 at Vgg = 0. In Eq. (2.7.1), the
parameter n 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)
Leg Leg
(Casc + CascdVas + Casch Vb:eﬁ')(exp(—DWI —)+2 exp(—Dm—))
d 21! lr Ci!
n =1+ Nyactor + C + C—

where, the term:

(Casc + CuscaVus + Csep Vzmﬁ)(exp(—Dvn g;lﬁ) + 2 exp(—Dvn i
t !

L
)
represents the coupling capacitance between the drain or source to the channel.
The parameters Cdsc, Cdscd, Cdscb are extracted. The parameter C;, in Eq. (2.7.3)
is the capacitance due to interface states. From Eq. (2.7.3), it can be seen that
subthreshold swing shares the same exponential dependence on channel length as
the DIBL effect. The parameter Nfactor is introduced to compensate for errors in
the depletion width capacitance calculation. Nfactor is 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)
Leﬁ' = Ldrawn — 2dL

(2.8.2a)
We_ﬂ" = Wdrawn - 2dW

(2.8.2b)

‘Ve_ﬂ'I = dewn et 2dW'

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 +d“,ngneﬂ'+de(."¢s - ‘/buﬂ' - .‘M)s )
. W W, W,
aw =W, + Lw’m + W e Lw:nw;an
(2.8.4)

dL=1L + L L, Ly

LLln + WLwn + LLanLwn

These complicated formulations require some explanation. From Eq. (2.8.3), the
variable W, models represents the tradition manner from which "delta W" is
extracted (from the intercepts of straights lines on a 1/Rgg vS. Wgawn plot). The
parameters dW and dWp, have been added to account for the contribution of both
front gate and back side (substrate) biasing effects. For dL, the parameter Ly,
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2.9

represents the traditional manner from which "delta L" is extracted (mainly from
the intercepts of lines from a Ry vs. Lgraun plot).

The remaining terms in both dW and dL 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. For dW, they are Win and Wwn. For dL
they are Lin and Lwn.

By default all of the above geometrical dependencies 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 0.1pm 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 gate is Ngue and the doping
concentration in the substrate is N,,;. The gate oxide thickness is T,,,. The depletion

width in the poly gate is X, The depletion width in the substrate is X,. If we
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Poly Gate Depletion Effect

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 thickness X,. 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-l-

N _
IOYOTONOYOYO)

220777

/O O QO OGN\

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

(Vpoiy) can be calculated as:

(2.9.1)
2
Vooty = X0 By = T28% Xpoly
poly = < poly™ poly 26y

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

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

(2.9.2)

€oxEox = €4E poly = \/ 2qesiNgate; Vpoly
where E,, is the electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)
Vgs -Vrg—05= Vpaly +Vox

where V,, is the voltage drop across the gate oxide and satisfies V,, = E,.T,,.

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

(2.94)
a(Vgs -Vrp—05— Vpoly )2 - Vpoly =0
where (29.5)
2
€ox
a = 5
2qasiNga teT ox
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By solving the equation (2.9.4), we get the effective gate voltage (V,, ) which is
equal to:

(2.9.6)
2 2
Ves_eff =V + 05 +q i gareTox (\/I+ oxVes —=VFB —§5) N

2 2
9Esi Ngw? Tox

1)

ox

Figure 2-8 shows V, ./ Vs versus the gate voltage. The threshold voltage is
assumed to be 0.4V, If T, = 40 A, the effective gate voltage can be reduced by 6%
due to the poly gate depletion effect as the applied gate voltage is equal to 3.5V,

1.00
.‘v. ....‘°Oo. ....‘TOX=80A
», "..
n \‘\ "o,
2 - Tox=60A
‘N%
Ei 0.95 | \“
Ol \\‘
o o
Tox=40A
0.90 1 L ) 1 [l 1 L
00 05 10 15 20 25 30 35 4.0
Vgs (V)

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 small, e.g. 50mV. Then
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the linear drain current is proportional to C,,( Ves - Via). The ratio of the linear drain

current with and without poly gate depletion is equal to:

145 (Vgs_eﬁ ) - (Vgs_eﬂ ~Vin)

Ids(Vgs) (Vgs ~Vin)

(2.9.7)

Figure 2-9 shows Ids(Vgs_eff) / Ids(Vgs) versus the gate voltage using eq. (2.9.7).

The drain current can be reduced by several percent due to gate depletion.

1.00
/,0-"‘-0-0'*0-0-.-.*0-0-._._._._._._. Tox=80A
-o e
?D /'M *’0-0.._."""0“.“..‘.
(P / T,
é Tox=60A
& 095} s W)
%) W
\ >
& e
2« \‘w
3 T
- Tox=40A
0'% 1 ] ] L 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0
Vegs (V)

Figure 2-9. Ratio of linear region current with poly gate depletion effect and that

without.
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CHAPTER 3: Unified I-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 conductance (Gy) and their derivatives in all 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
Expression

Separate expressions for channel charge density are shown below for subthreshold
(Eq. (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)

Qutuino = Qoexp(L2—V")

nv:
where, Qpis:

(3.1.1b)

_ q&iNch _Vi

Qo—‘/ 2%, vexp( nv’)
(3.1.2)

chuo = Cax(Vgs - Vth)

In both Egs. (3.1.1a) and (3.1.2), the parameters Q g5 and Q) are 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:

2n v:lnl 1+exp(v8‘-vm)
2nw
Viser =

1+2n Cox 20 exp(—vg: =Vin- oy
qe.u'Nch 2nw

(3.1.3)

)

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

inversion region can therefore be written as:

(3.1.4)
QchsO = C ongs:eﬂ'

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 again in subsequent
sections of this chapter to model the drain current.
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I
] | o Vgsteff Function '

Vgsteti (V)
EEAARRRR:

....................

-1.0 -
. (Vgs—VﬂT)

-1.5 —

-1.0 -05

v v v

00 05 10 1.5 20

Ves-Vth (V

Figure 3-1. The Vgsteff function vs. (Vgs-Vth) in linear scale.

Log(Vgster)

—— exp(Vgs-Vth)/n*v,]

jn— VgS=Vth

-16 4+ T L
-1.0 -0.5 0.0 0.5 1.

Vgs-Vth (V)

1.5 20 25

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, Eq. (3.1.4) will have to include a y dependence. To initiate this
formulation, consider first the re-formulation of channel charge density for the

case of strong inversion:

(3.1.5)
Q"’“()') = Cox(Vgs - Vlh - AbﬂlkVF()‘))

The parameter VF(y) stands for the quasi-Fermi potential at any given point, y,

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

(3.1.6)
Qch.t( y = Qmo + Achn(y)

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

3.1.7
AQcns(y) = —=CoxAvurVr (y)

For the subthreshold 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)
Vs =V — A VF ()

nv:

Qchuse(y) = Qoexp( )

= Qorutmoexp(- Ak VF( y))

nv:

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)
Qeincr = Qetmno(l — 22V 70
nv:
Analogous to Eq. (3.1.6), Eq. (3.1.9) can also be written as:
(3.1.10)

Qchsubs(y) = Qchoubeo + AQ chsubs(y)

The parameter AdebA(y) is the incremental channel charge density induced by
the drain voltage in the subthreshold region. It can be written as:

(3.1.11)

AvuVF(y)

Q. PPN

AQchubsy) = —
nv:

Note that Eq. (3.1.9) is valid only when Vp(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 for Qd(y) 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()AQ choubs(y)

A ch =
Qe AQchs(y) + AQchaubs(y)

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

(3.1.13)

VF(y)
A (- =
Q h(y) Vb

Qchvo

where V=(Vgsteff+n*v)/Ap . 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
variable 7 is replaced with 2. The expression for Vj, now becomes:

(3.1.14)

V= Vg.mﬁ' + 2w

Abulk

A unified expression for Qghy) from subthreshold to strong inversion regimes is
now at hand:

(3.1.15)

VFrwm
ch(y) = {Jc 1— -
Qchiy) = Qchso( v

b

)

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

3.2 Unified Mobility Expression

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

33

(Mobmod=1) (3.2.1)
ey = o
1+<U«+Ucvb«ef)<v""'§~;w"'>+ub<vg’"” ;2‘/”‘)2

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

the following:
otmed=? (3.2.2)
Ho
Her =
L+ Us 1 Uk X2 4 U (20 y2
Tox Tox

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

following expression:

(For Mobmod=3) (3.2.3)
Mer = =
1+[U. (M) + Ub(M)zl(l + UcVibser?)
Tox Tox

Unified Linear Current Expression

33.1 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

(33.1)
Tayy = WQeniy)lhner) d‘:;(y)

where the parameter Upg(y) can be written as:

(33.2)
Une(y) =
1+ L

Substituting Eq. (3.3.2) in Eq. (3.3.1) we get:

(33.3)

Tayy = WQenso(1 - Vro )) “’2 dVry
Vi 145 dy

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<2v,). 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:

(334
Vas
W ci V 1-_
UegQcheoVas( 2Vb)

Vs
LA+—
( Va)

laso =
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Unified Vdsat Expression

33.2 Extrinsic Case (Rds > 0)

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

to strong inversion is:

(3.3.5)
]dso
Raslaso

1+
Vas

Ias =

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

3.4 Unified Vdsat Expression

3.4.1 Imtrinsic 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:

(34.1)

]d.vo

(Wchuo!J,g_g‘ - _ldi)Z - 214'0WQc)uou¢ﬁ- y
Eu Ve

Ey

If we assume that drift velocity saturates when Ey=Esat, we get the

following expression for Idsat:
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Unified Vdsat Expression

(3.4.2)
_ WlesQersoEsal Vs

2L(E.th + Vb)

lasar

Let Vds=Vdsat in Eq. (3.3.4) and set this equal to Eq. (3.4.2), we get the
following expression for Vdsar:

(34.3)
EsalL(Vysier + 2vi)

dsar =
AvukEsal + Vg.neﬂ‘ + 2w

3.4.2 Extrinsic Case (Rds>0)

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

(3.4.49)
—b—Vb® —4ac
Vdsat =
2a
where,
(3.4.4b)
a = Asut *WegVsalCoxRDs + (% = 1) Abuix
(3.4.4¢)

b= —((ngﬁ +2v:)(% — D) + AvuEsatLefp + 3 Avutk (Vigsiery + 2Vt)Wg0VmCoxRDS)

(3.4.44d)
¢ = (Vgsiett +2v1) EsaLeg + 2(Vgstegr + 2v1)>WegvsaCoaxRDs
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Unified Saturation Current Expression

(3.44e)
A= AVeser + A2

The parameter A is introduced to account for non-saturation effects. The
parameters A 7 and A 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 Eqg.
(2.6.15). The resulting equations are the following:

(3.5.1)
lasovasan Vis = Visar Vis = Visar
las = 1+ 1+
1+ Radasovasan Va Vascse
Vdsal
where,
(35.2)
Vi = Vi + (14 LooeVse N
Ewadey ~ Vacem  Vabisre
(3.5.3)
AvuttVisar
Esal.eff +Vasa + 2 RosVsatCoxWegV gsiegr[1 = ————
vV 2Vgseer + 2w)
Asat =
2 / A-1+ RDSVsaJCaxWMbulk
(3.54)
Vi = AnutkE satLeff + Vgster (Vis = V)

PeimAsukE st Lit]
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3.6

(3.5.5)

VabisLe =

(Vgsreﬁ + 2Vl) ( 1= AbutkVdsar )
Orout(1 + PpisLcBV beetr) AvutVisa + Vigsres + 21

(3.5.6)
L Leg
Orow = PpisLc exp(—DRow'E—) + 2exp(—DRovrl—) + Poisic?
10 10

(3.5.7)

1 Picoe2 (= Pscoet litl)
= expi
Vascese Lo \ Vs = Visar

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 inversion, separately. In order
to link the continuous linear current with that of the continuous saturation current,
a smooth function for Vds is introduced. In the past, several 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)

las =

Taso(vasefp) (1 + Vas — me) ( 1+ Vas— Vd:qﬂ')
1

. Raslasovase) Va Vascae

Visegr

Most of the previous equations which contain Vds and Vdsar dependencies are now
substituted with the Vdseff function. For example, Eq. (3.5.4) now becomes:

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

(3.6.2)
AbulkE satleff +Vster
Vacim ds — Vseff
PeimAwirE sar lit] v )
Similarly, Eq. (3.5.7) now becomes:
(3.6.3)
1 _ beez ('—P:cbel lltl)
Vascse  Lef exp\ Vias ~Vaser
The Vdseff expression is written as:
(3.6.4)

Visey = vd,,,,-%(vm-vd,-s 4 Ve = Vs =87 + 40Vt

The expression for Vdsat is that given under Section 3.4. The parameter d is an
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 effect of d on the transition region between
linear and saturation regimes.
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1.4

\' =Vdsat/ . Vdseff=Vds
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Figure 3-3. Vdseff vs. Vds for 5=0.01 and different Vegs.
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Figure 3-4. Vdseff vs. Vds for Ves=3V and different 5 values.
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Substrate Current

3.7

3.8

Substrate Current

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

(3.7.1)
Co Bo laso Vs = Ve
Iy = — -V exp 1+
“® Leg Ve =Viaa) exp( Vds-Vdnﬁ‘) 1+ Raslaso ( Va )
Vasegr

The parameters a0 and B0 refer to impact ionization current.

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 Eq. (3.8.1). 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.

(38.1)
Viseff = Vo +0.5[Vios = Voc =01 + J(Vm— Ve =81)* = 451V ]

where 8;=0.001.

The parameter Vbc is the maximum allowable Vi value and is obtained based on

the condition of dVydV=0 for the Vg, 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
CijfLeff (Where i and j are the transistor nodes) did not scale with Legt. This resulted in an
overestimation of capacitance values for devices smaller than a Lggwn of 2 pm. This
effect was particularly severe at low drain biases. In addition, previous capacitance
models also showed appalling discontinuities for the gate capacitance at threshold voltage.
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 the 0.2 Um
Leff range.

* Intrinsic C-V model is no longer piece-wise (i.e. divided into inversion,
depletion, triode and saturation regions). Instead, a single equation is used for
each nodal charge covering all regions of operation. This ensures continuity of

all derivatives and enhances convergence properties. The inversion
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General Information

capacitance and substrate capacitance are also 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 incarporated in the capacitance model.

* Overlap capacitance comprises two parts: 1) a bias independent part which
models the effective overlap capacitance between the gate and the heavily
doped source/drain, and 2) a gate bias dependent part between the gate and the
lightly doped source/drain region.

* - Bias independent, fringing capacitances are added between the gate and source
as well as the gate and drain.

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

Name Function Default | Unit
| CAPMOD | Flag for short channel capacitance model 2=‘('I‘Te)
CGS1 Lightly-doped source to gate overlap capacitance 0 (F/m)
CGD1 Lightly-doped drain to gate overlap capacitance 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 Hm
CLE Exponential term for short channel model 0.6
DWC Long channel gate capacitance width offset Wint Hm
Um

DLC Long channel gate capacitance length offset Lint

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 be divided into 2
regions: intrinsic and extrinsic. The intrinsic part is the region between the
metallurgical source and drain junction when the gate to S/D region is at flat band
voltage. The extrinsic 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 heavily doped S/D region
(relatively insensitive to bias conditions), and 3) the overlap between the gate and
lightly doped S/D region which changes with bias.

In the previous C-V model (BSIM3 Version 2.0), 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 the intrinsic capacitance part is given as

the following:
4.2.1)
422)
PPN
(4.2.3)
Lacive = Lingpyn = 28L 5
4.24)

u,active = demn - zaweﬂ‘

The meanings of DWC and DLC are different from those of Wint and Lint in the I-
V model. Lgrjye and Wyiye 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 parameter SLeff is equal
to the source/drain to gate overlap length plus the difference between drawn and
actual POLY CD due to processing (gate printing, etching and oxidation) on one
side. Overall, a distinction should be made between the effective channel length

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

Traditionally, the Leff extracted during I-V model characterization is used to
gauge a technology. However this Leff does not necessarily carry a physical
rheaning. Itis just a parameter used in the I-V formulation so that the measured I-
V characteristics match those calculated by the model. This Leff is therefore very
sensitive to the I-V equations used 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 similar current drive as another with a smaller Leff
but larger Rg. In some cases Leff can be larger than the polysilicon gate length
giving Leff a dubious physical meaning (negative Leff).

The Lgyjye 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 source to drain length can have a very
strong bias dependence. We therefore define Ly, to be that measured at gate to
source/drain flat band voltage. If the values for DWC and DLC are not specified in
the SPICE model card, BSIM3v3’s capacitance model will assume that the device
in question has the same effective dimensions for both I-V and C-V models (e
DWC = Wint and DLC=Lint).
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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 in capacitance measurement, especially in
the deep micron regime. 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 the effects of 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 behave capacitance model will help
circuit simulation convergence. In low power and analog applications,
designers are interested in device operation near threshold voltage. Thus,
the model must also be accurate in transition regions as well. To ensure

proper behavior, both the I-V and C-V model equations should be
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developed from an identical set of charge equations so that Cijflg is well
behaved.

Similar to the I-V model, the development of the capacitance mode] was
carried out with an effort to balance physics with simulation efficiency.
Several physical models have been published. These were either too
complicated or lacked continuity from one operation region to another. A
good model should be simple yet include most of the physical concepts.

Basic Formulation

To ensure charge conservation, terminal charges instead of the terminal
voltages are used as state variables. The terminal charges Qg, Qp Qg 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) charge (Qinv)» the channel
majority (accumulation) charge (Qac) and the substrate fix charge Q-

The accumulation charge and the substrate charge are associated with the
substrate node while the channel charge comes from the source and drain
nodes:

(4.3.1)
Q, =Qus + Qi +Q...)
Q0 =0,.+0,,
Q. =0,+0,

The substrate charge can be divided into two components - the substrate
charge at zero source-drain bias (Qggy), which is a function of gate to
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substrate bias, and the additional non-uniform substrate charge in the
presence of a drain bias (0Qgy,). Qg now becomes:

43.2)
Qg = _(Qinv + me + Qaubo + 6Q.mb)

The total charge is computed by integrating the charge along the channel.
The threshold voltage along the channel is modified due to the non-
uniform substrate charge by:

(43.3)
Va(¥)=Vu(0)+( Ay, =1y,

43.4)
Locure
0.-w... [a:ty HocsnC. j o = AV, by

L

therefore ¢ Q vVact:ve q dy acnveC V +V VFB —¢ —V y
8

Lecte
Q acme l’qbdy = vVacuveCox .‘.(V;h VFB ¢ (] Abull:y )dy

Substituting the following:

and

(4.3.5)

C,
e A MRy Y

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

(4.3.6)
A Abulk ZVd’Z
Q. =W, e LeincCox (vg, ‘—gin') + e
IZ(Vg, - ”T"’*v 4;)
) QI’ = —QS -QC = Q.mbo +8Q,ub
2
Qg = _Q’“bo +Wactive Lactivecax (Vgr -%] + Abulkzds
12|V, - Loy
where,
(43.7)

’Q.mbo = =W o sive Lactive \/ 2egqN, (2¢ 5 Vi )

) - 1= A VAV,
8Q.mb = Wacn've Lactivecax I%Vda - ( - ) Ab'dk S
‘I Z(Vadive - —éﬂv@)

.~

The inversion charges are supplied from the source and drain electrodes
such that Qjpy = Qg + Qq. The ratio of Qg and Qg is 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 of Qg to Qg in 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)
90
C;= 3 ,-

where i and j denote transistor nodes. In addition:

Short Channel Model

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in the saturation region
(Vae2V ggt), the carrier density at the drain end is zero. Since no channel
length modulation is assumed, the channel charge will remain a constant
throughout the saturation region. In essence, the channel charge in the
saturation region is assumed to be zero. This is a good approximation for
long channel devices but fails when Leg < 2 pm. If we define a drain bias,
Vdsatcw in which the channel charge becomes a constant, we will find that
Vdsatcv in general is larger than Vgey but smaller than the long channel
Visat, given by Vg/Apulk (A is & parameter modeling the non-uniform
substrate charge). However, in the old long channel charge model Visatev
is set to Vg/Amulk independent of channel length. Consequently, Cichff
also has no channel length dependence (Egs. (4.3.6), (4.37)). A pseudo
short channel modification from the long channel has been used in the past.
It involved the parameter Apyy in the capacitance model which was
redefined to be equal to Vg/Visat, thereby equating Visatcvand Veg This
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overestimated the effect of velocity saturation and resulted in a smaller
channel capacitance.

The difficulty in developing a short channel model lies in calculating the
charge in the saturation region. Although current 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
saturation region are 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 Ve oy to channel length. Experimentally,

4.3.9)
V,, . <V, <V Yoo
dsat jv dsat cv dsat jv -0
at o & Lhwu Abuu
and Vdsat.cv is fitted empirically by the following:
(4.3.10a)
|4
teff cv
Vdsal.cv = = CLE

A1+ e

bk Lactive
(4.3.10b)

V -V
- s th
Vesteffev = "vth{l +CXP( "gnv n

t
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The parameter Agy,ji; can now be substituted by Ay in the long channel

equation where:
(4.3.11)
CLE
, CLC
Apur= Apuiko (Z + ( 3 J
active
(4.3.11a)
- Ki ~ Alg Bo | 1
Asuo = (1 * 2J®s = Vieer “Leg +2JXXaep * Wer' + B ') 14+ Keza Visey

By setting CLC to zero, the new model reduces back to the old model. At
very short chamnel 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 charges in each region. 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 inversion capacitance at threshold voltage.
The old model uses a step function and the inversion capacitance changes
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abruptly from 0 to Cg. Concurrently, since the substrate charge is a
constant, the substrate capacitance drops abruptly to 0 at threshold voltage.
Both of these effects cause oscillation during circuit simulation.
Experimentally, capacitance starts to increase almost quadratically at
~0.2V below threshold voltage and levels off at ~0.3V above threshold
voltage. For analog and low power circuits, an accurate capacitance model
around the threshold voltage is very important.

The non-abrupt channel inversion capacitance 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 Vg with Vgsteff cv @s in the following:

(4.3.12)
QiwstrlV1) =tttV )
Now,
(4.3.13)
Comsnet2)= Corsr b Yo
Coimsaysan)Ver) = Cimaaroany (‘ﬁu;n)
where,
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(43.14)

€X
a",gsteﬁ‘,cv _

oV -
87 ( 1+ exp( —D

The "inversion" (minority) charge is always non-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. It affects the accumulation and
depletion charges:

(4.3.16)
Visg =»ﬂ>-05{v, X +453qﬂ;} where V, = yfb=V,, ~8,: 5, =002

(4.3.16a)
b= Vth-(l)s‘Kl ¢s
(4.3.17)
Qc«- == ccaw acavec (VFB& Wb )
(4.3.18)
2
Kj 4( Visey = ev” Vbseﬂ')
= -W,e L = | -1+ L ot
Q.mbo active amveC 2 ( \/ K 12
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(c) Transition from linear to saturation region

A parameter Vcveff is used to smooth out the transition between linear and
saturation regions. It affects the inversion charge.

(4.3.19)

Vot = Vauser =05{V, +4fV] +8 Vo] where V, =V, =V, =5, 5,=002

(4.3.20)
A ’ A 2 V 2
Qinv = -“/am've Lactivecox (Vgneﬁ';v— %cheﬁ' ) + n2 A:V:’
12 (Vg,,,ﬂ,m— - ch,ﬁ)

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

(4.3.21)

1-4,," (I-Au)Am Vs’
sQ.mb =“,¢zcliveLacliv¢Cax %chef - = AM ’ o _
] 2( bulk

meﬁ' o TVM.O’ )

(1) The 50/50 Charge partition

This is the simplest of all partitioning schemes in which the inversion
charges are assumed to be contributed equally from the source and drain
nodes. Despite it's simplicity it is found to approximate the simulation data
well.
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(4.3.22)
W 'veLactiveCax A ' A ’ZV ’
Q. =0, =03Q,, =-—stmrn |y, oSty kot

A ’
zz(vw -—bzivw)

(ii) 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 source and drain electrodes by

assuming a linear dependence to the distance.

(4.3.23)
. L, ,
Qs =n/;ctive ‘! qc (1 - Lam-dey
4 Lo, . N
Q =“/aclive ¢y
‘ d _([ q L
4329
w.L C 4 2 2
0= active m. - (Vw3_3 WZ(AUI:' VM)"EVM(AM‘ Vw)z TS(AM‘ me)s)
{VMw—T VW)
(4.3.25)
Wi LinieCoe 5 2 , , 2 ] ,
Q= . z(Vma =3V e (A Vo )+ Vil A Vs ‘g(AM Vw)s)
{550
(iii) The 0/100 Charge Partition
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In fast transient simulations, the use of a quasi-static model may result in a
large unrealistic drain current spike. This partitioning scheme is developed
to artificially suppress the drain current spike by assigning all inversion
charges in the saturation region 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)
= —Waai L . C ‘;"eﬂ"‘f" + AM' Vt‘"ﬂ' - (Ab"”" V""‘f)
ve T active ox 2 4 A '
(s =257,
(4.3.27)
Qd = —Waax'veLadivecax %’;ﬁ:‘v - 3AM4' VM + (AM' ZMI)
S(Kmﬁ.cv - TM cheﬂ )

(d) Bias dependent threshold voltage effects on capacitance

The effects of body bias and DIBL is included in the capacitance model by
modifying the threshold voltage to make it consistent with the I-V model.
In deriving the capacitances additional differentiations are need to account
for the dependence of threshold voltage on drain and substrate biases. The
intrinsic capacitances can be derived based on the above charge equations.

4-16
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(4.3.28)
C = aQs.d.g.b aVs-"fﬁ‘-'V
(s.d.g.b)g an.mﬁ’cv an,
(4.3.29)
C - -aQs_d.g,b + aQs.d.g‘b avgsttﬁi’v thh + avrh
Caa Sy W WV, OV, TV,
| (4.3.30)
C = aQ:.d.g.b _ aQ.t.d.g.b anﬂeffV aVlh
(dabld = gy Ve CV v, v,
(4.3.31)

C = aQs.d.g.b _aQJ.d.g.b avgsteﬁ'cv av,h
AN W,y Wiy OV, OV,

4.4 Extrinsic Capacitance: Fringing
Capacitance

The fringing capacitance consists of a bias independent outer fringing capacitance
and a bias dependent inner fringing capacitance. In the present release only the
bias independent outer fringing capacitance is implemented. Experimentally, it is
virtually impossible to separate this capacitance with the overlap capacitance.
Nonetheless, the outer fringing capacitance can be theoretically calculated:

(44.1)

!
CF=L"1n(1+ﬂ) a=2
o t 2

ox

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

(44.2)

-7
CF =3‘L”1n(1+4’”0 ]
T t

ox

Extrinsic Capacitance: Overlap
Capacitance

An accurate model for the overlap capacitance is essential. This is especially true
for the drain side where the effect of the capacitance is amplified by the transistor
gain. In old capacitance models this capacitance is assumed to be bias
independent. However, experimental data show that the overlap capacitance
changes with gate to source and gate to drain biases. In a single drain structure or
the heavily doped S/D to gate overlap region in a LDD structure the bias
dependence is the result of depleting the surface of the source and drain 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 be depleted, both in the vertical and lateral directions. This can
lead to a large reduction of overlap capacitance. This LDD region can be in
accumulation or depletion. We use a single equation for both regions by using such
smoothing parameters as Vgs,overigp and Vedoverlap for the source and drain side,
respectively. Unlike the case with the intrinsic capacitance, the overlap
capacitances are reciprocal. In other words, Cgsoverigy = C sg.overigp 80d Cgd overigp

= Cdgoveriap
(@) Source Overlap Charge

4-18
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(45.1)

Q preriap CKAPPA 4V, ovent
—=22 =CGS0V,, + CGSI{V, -V | =1 4 1 e
Wocive ¥ o " Vanownigpt T CKAPPA

(452)
V g veriap =§{ (. -5,)+ J(Vg, -5,) -4, } where §, =002

where CKAPPA is a user input parameter. If the average doping in the LDD region
is known, CKAPPA can be calculated by:

2eggN LDD
C?

ox

The typical value for N; ppis 5x1017 cm-3.

(b) Drain Overlap Charge
(45.3)
%V*—:“M =CGDOV,, + cc;m{vg‘,r “V gt ovrep + @(—1 +./1+ ;LZ;% }
(4.5.4)

Vga overiap =§{(ng ‘52)+\/(ng ‘52)2 ‘452} where &, =002

(c) Gate Overlap Charge

(4.5.5)
Qaverlap.g = —(Qowrlap.s + Qoverlapd )
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4.6

In the above expressions, if CGSO and CGDO (the heavily doped S/D region to
gate overlap capacitance) are not given, they are calculated according to the
following:

CGS0 = (DLC*Cox) - CGS1  (if DLC is given and DLC > 0)

CGS0=0 (if the previously calculated CGS0 is less than 0)
CGS0 =0.6 Xj*Cox (otherwise)

CGDO = (DLC*Cox) - CGDI1 (if DLC is given and DLC > CGD1/Cox)

CGD0O=0 (if previously calculated CDGO is less than 0)
CGDO =0.6 Xj*Cox (otherwise)
Graphical Results

Figures 4-1 through 4-4 are 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). Figure 4-5 is also included to highlight the
VFBeff equation used to ensured this continuity.
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Figure 4-1. Normalized charge versus Vds bias.
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Figure 4-2. Normalized capacitance 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

3.1

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 5-1a). 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 channel as 7 transistors in series
(Figure 5-1c). This model, although accurate, comes at the expense of simulation
time. BSIM3v3 uses a more 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)

Elmore constant of the channel 5 none

Table 5-1. New NQS model parameters.

5-2
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Equivalent RC Network Conventional

New Elmore (b)
Equivalent Circuit quivalent Model

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 Elmore resistance, R ;e is calculated from the channel resistance

under strong inversion as:
(5.2.1)

2 2
R Leff Leff
= ~
Elmore SueﬂQch 8ueﬁQcheq
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where € is the Elmore constant of the RC network in the channel with a theoretical
value close to 5. Qg is the actual channel charge in the channel and Qcheg
represents the quasi-static equilibrium channel charge. The value R EmoreC Charmel
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:

(52.2)
CoxWey L

Tdriﬁ = REImoreCaxWejf Leff = Sp-eﬁ' Qche
q

Under weak inversion, conduction is mainly due to diffusion current. The
relaxation time constant can be approximated by:

(5.23)

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 T diff T drift
Using this relaxation time concept, the NQS transient effect in BSIM3v3 is
implemented with the subcircuit given in Figure 5-2. The parameters Xgand Xg are

the charge partition allocated to the drain and source and are assigned values of 0.4
and 0.6, respectively.
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The state variable, Qef, is an additional node created to keep track of the amount
of deficit (or surplus) channel charge necessary to achieve equilibrium . Qdier will
decay exponentially into the channel with a bias dependent NQS relaxation time T.
The derivative of Qer with 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.

o

= iy = =1, (dc) + X,

Qdef
T

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

some physical relevance.

6.2 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.

6.3 Extraction Procedure

63.1 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 BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



Extraction Strategies

6.2

6.3

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

some physical relevance.
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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

63.1 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
°
Orthogonal Set of W and L
o -0-0-0- 9/
¢
¢
¢
Wonin °
} L
Lmin

Figure 6-1. Device geometries used for parameter extraction

The large-sized device (W 2 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 voltage Vj4ay, and the body effect coefficients K ; and K 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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6.3.2

effects. Regardless of device geometry, each device will have to be

measured under four, distinct bias conditions.
1) Igs vs. Vs @ Vgs = 0.05V with different Vi
2) Iggvs. Vg@ Vi = OV with different Ves

3) Igs vs. Vg@ Vs = Vggwith different Vpg (Vg is the maximum drain
voltage)

4) Igs vs. V@ Vg = Vi, with different Vg5 (Vi is the maximum body

bias)

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):

(63.1)

Jexp (Pi0,P20,P30) = fsim (ﬁ(m),Pz(m)’%(m))= 9 fsim AP +afsim APJ" +afsim AP

oA P, o P

The variable fg,() is the objective function to be optimized. The variable
feg() stands for the experimental data. Pjp, P)yp and P3) represent the
desired extracted parameter values. P /"", Pz(”’), and P3(”’) represent
parameter values after the mth iteration.
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Initial Guess of S
PaametersP

Mode! Equations

Linsar Least Squsre
Fit Routine

P™ILp @ A p

Figure 6-2. Optimization flow.

To change Eq. (6.3.1) into a form that a linear least-squares fit routine can
be use (i.e. in a form of y = @ + bx] + cx2), both sides of the Eq. (6.3.1) are
divided by fgy,/ OP]. This gives the change in P;, AP/™ | for the next
iteration such that:
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(6.3.2)
Pi(m-t-l) = Pi(m) +Api(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 values AP,{ ™) are smaller than a
pre-determined value. At this point, the parameters P}, P), 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
Ta‘— ﬁe oxide &ifmess
Nch Doping concentration in the channel
T Temperature at which the data is taken
Ldrawn Mask level channel length
Warawn 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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optimization. (Note: Fitting Target Data refers to measurement data used

for model extraction.)
Stepl
Extracted Parameters & Fitting Target Device & Experimental Data
Data
Vi K3, K2 Large Size Device (Large W & L).
Ids vs. Vs @ V4= 0.05V at Different Vi
Fitting Target Exp. Data: Vy(V) Extracted Experimental Data V(Vo)
Step 2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Wo. Ug, Up, U, Large Size Device (Large W & L).

Ids vs. Vs @ V4= 0.05V at Different Vi
Fitting Target Exp. Data: Strong Inver-
sion region / ( Vo Vi

Step 3
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Lint, Rg(Rdow W, Vi) One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Strong Inver- | Ids vs. Vgs@ Vs = 0.05V at Different Vg
sion region /g Vs Vi)
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Step 4

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Wint, RgfR gy W, Vo)

Fitting Target Exp. Data: Strong Inver-
sion region /z( Ves Vi

One Set of Devices (Large and Fixed L
& Different W).

Idsvs. Vgs@ Vgs=0.05V at Different Vi

Step S

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

RgonPrwb, Wr

Fitting Target Exp. Data: R (R zos W,
Vis)

Ra(R gy W, Vg

Step 6

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Dy, Dyz1, Dyp, Nix

Fitting Target Exp. Data: Vyy(Vpg, L, W)

One Set of Devices (Large and Fixed W &
Different L).

VidVies L, W)

6-8
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Step 7
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Dyiw Dyveiw Dviow One Set of Devices (Large and Fixed L &

Fitting Target Exp. Data: Vy(Vp L, W)

Different W).

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

Fitting Target Exp. Data: Vy(Vps L, W)

Different W).
Vi{Vips L, W)

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Vaif: Nfactor, Cqse, Csch
Fitting Target Exp. Data: Subthreshold
region IV gs, Vo)

One Set of Devices (Large and Fixed W &
Different L).

Idsvs. Vs @ V4s = 0.05V at Different Vi

Step 10

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley
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Cascd
Fitting Target Exp. Data: Subthreshold
region Ig(Vgs, Vi)

One Set of Devices (Large and Fixed W &
Different L).
Idsvs. Vgs@ Vo= Vbb at Different V4

Step 11
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
awb One Set of Devices (Large and Fixed W &
Fitting Target Exp. Data: Strong Inver- | Different L).
sion region Ig(Vgs, Vi) Idsvs. Vgs@ Vs =0.05V at Different Vi

Step 12
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Vsar Ap A g One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: /o Vs Vi)W

A}, A2 (PMOS Only)
Fitting Target Exp. Data Vg Vgs)

Different L).
Igsvs. Vge @ Vg =0V at Different Ves

Step 13

Extracted Parameters & Fitting Target
- Data

Devices & Experimental Data

6-10
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B0, B1
Fitting Target Exp. Data: /g Vs Vig/W

One Set of Devices (Large and Fixed L &
Different W).

Ids vs. Vgs@ Vps =0V at Different Vg

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

Fitting Target Exp. Data: /o ( Vs Vil W

Different W).
Igsvs. Ve @ Vg = 0V at Different Vs

Step 15
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Pobels Psche? One Set of Devices (Large and Fixed W &

Different ).

Fitting Target Exp. Data: R Vs Vo)

Igsvs. Vg @ Vg =0V at Different Vs

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pcim O(Drout. Paibicl, Pibic2, L), Pavg

Fitting Target Exp. Data: R4 Vs Vas)

One Set of Devices (Large and Fixed W &
Different L).

Igsvs. Vs @ Vg =0V at Different Vs
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Step 17

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Drog. Paibile Pdibic2

Fitting Target Exp. Data: 6(D s, P gitic],
Paipic2, L)

One Set of Devices (Large and Fixed W &
Different L).

O(Droue. Pdibicl: Pdibic2 L)

Step 18
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Pabiich One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: 8(D g, Pgibic]
Pgpic2. L, Vi)

Different L).
Idsvs. Vgs @ fixed Vs at Different Vi

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Odip(Eta0, Etab, Dsub, L)

Fitting Target Exp. Data: Subthreshold
region Ig(V g, Vi)

One Set of Devices (Large and Fixed W &
Different L).

Igsvs. Vgs@ Vg5 = Vggat Different Vi

6-12
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Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Eta0, Etab, Dsub

Fitting Target Exp. Data: 0 4;,(E a0,
Etab, L)

One Set of Devices (Large and Fixed W &
Different L).

Idsvs. Vg @ Vgs=Vgqat Different Vi

Step 21
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Keta

Fitting Target Exp. Data: /oy Vs Vil W

One Set of Devices (Large and Fixed W &
Different L).

Igsvs. Vg @ Vg = Vpp at Different Vs

Step 22
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
a0, B0 One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: /gz( Vas Vi)l
w

Different L).
Igsvs. Vs @ Vipg = Vi at Different Vg
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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"i‘:?l,',lsé‘é"d Description D\‘,ﬁl‘;“ Unit | Notes
vth0 Threshold voltage for large W and L device@ | 0.7 (NMOS) | V nl-1
Vbs=0V 0.7 (PMOS)
k1 First order body effect coefficient 05 vi2 nl-2
k2 Second order body effect coefficient 0 none nl-2
vbm Maximum applied body bias -3 v | nF2
nch Channel doping concentration 1.7E17 1/cm3 nl-3
gammal Body-effect coefficient near interface calculated vk nl-4
gamma2 Body-effect coefficient in the bulk calculated vi2 nl-5
vbx Vbs at which the depletion width equals xt calculated A nl-6
cgso Non-LDD source-gate overlap capacitance per | calculated F/m nC-1
channel length
cgdo Non-Ldd drain-gate overlap capacitance per calculated 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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6.4.2 Explanation of Notes

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

Vino = VFB+¢1+K|J¢—J

where VFB=-1.0. If Vth0 is specified, VFB is calculated using

Vi = Vio=¢o = K1 f&s

nl-2. If k1 and k2 are not given, they are calculated using;
K, = gamma, — 2K , Jé« = Vom

K (gammal - gammaZ)(,/@ -Vix - ,[¢_, )
A ————eeee
28 (Y= Vi = B )+ Vi

where the parameter phi is calculated using:

Cbs = Zvnnoln(M)

ni

kBTnom

Vim0 = ———
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1.5 E
%} exp(21.5565981— 80 )

2Vitmo

n = 1.45x10"’(

7.02x107* Tnom?
Trom + 1108

EgO =116-

where Egpis the energy bandgap at temperature Tnom.

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

gammal® Ca:®
2gssi

Nch =

If both gammal and nch are not given, nch defaults to 1.7¢23 1/m3 and
gammal is calculated from nch.

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

,[2(18 si Nen

amma, =
8 1 C

ox

nl-5. If gamma?2 is not given, it is calculated using:

29e;N,,
C

ox

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

_QNchX‘z

Vbx =¢: 28

si

nC-1. If 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:

CF =28—°"1n(1+
T

4x1077
Tox
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CHAPTER 7: Benchmark Test Results

A series of tests [26] have been performed on BSIM3v3 to check its robustness (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 Angstrom, 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 | Idsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-1
W/L=20/5 | Idsvs.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 7-3
W/L=20/0.5 | Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-4
W/L=20/5 | Idsvs.Vgs @ Vds=0.05V; Vbs=0to -3.3V Log scale 7-5
W/L=20/5 | Idsvs. Vgs @ Vds=0.05V; Vbs=0to -3.3V; | Linear scale 7-6
W/L=20/5
W/L=20/0.5 | Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-7
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Figure
Device Size Bias Conditions Notes Number
—_—_——— — —— = —_— ——— |

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

W/L=20/5 | Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=0V to - | Linear scale 7-11
33v

W/L=20/0.5 | Gm/Ids 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 t0 3.3V | Linear scale 7-14

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 | Rout vs. 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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0.0 10 20 3.0 40
vgs (V)

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

1.8E-03
1.6E-03
1.4E-03
1.2E-03
1.0E-03
8.0E-04 1
6.0E-04
4.0E-04 1
2.0E-04 |
0.0E+00

Solid lines: Moded result

lds (A)

0.0 1.0 20 3.0 ac
Vgs (V)

Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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Vgs (V)

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

1.0E-02

9.0E-03 1|Solid lines: Model results

8.0E-03 | |Symbois: Exp. data

7.0E-03 1|W/L=2000

Tox=9 nm

~ 6.0E-03
< Vbs=0V
gm Vds=3.3V
= 4.0E03 1

3.0E-03

2.0E-03 1

1003 1 Vds=0.05V

0.0E+00 ;

0.0 1.0 20 30 4.0

Vgs (V)

Figure 7-4. Same as Figure 7-2 but for short channel device.

74 BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley



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 BSIM3 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) 9.9¢18

Noib noib Noise parameter B (NMOS) 5e4 none

(PMOS) 2.4e3

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

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

1. For Spice2 model

(8.1a)
af
Flic ker Noise = Kﬂ+
CoxLe,ﬂ‘ f o
2. For BSIM3v3 model
1L1) If Vgs>Vth+0.1:
(8.1b)

2 14
Flic ker Noise = — A1 jog(NO+ 210, | oo No— 1)
FZ Lg?CaxlO NI+ 2x10
Vtlas’ALcin~~ Noia+ NoisNI + NoicN1?

+0.5Noic(No? — NI? )] +
(No B L WaCol0F  (NI4 22107

where Vp,, is the thermal voltage, Mg is the effective mobiity at the given
bias condition, Lgg and Wefr are the effective channel length and width,

respectively. The parameter Npis the charge density at the source given by:

(8.2)

_ Cox(Vgs=Vry)
e

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

Cox (Vgs=Vry=Vpy')
1 = q

Vps' = MIN (Vps Vpsar)

ALclm refers to channel length reduction due to CLM and is given by:
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(8.4)
VDS - VDSAT +E
. — Ll o™
Litl X log Egar if VDS > VDSAT
ALcIm =
0 otherwise
2 X Vsat
Egyp = U
eff
2. Otherwise,
8.5)
S, . xS .
FlickerNoise = Limit_" i
Slimit + Swl

Where, Sjing; is the flicker noise calculated at Vgs=Vth+0.1 and Swi is
given by:

(8.6)

. NoithIdsz
Swi = 7 T
WepLesr f™ 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 the noimod flag.

1. For Spice2 thermal noise model
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8
g(gm + gds + gmb)
2. For BSIM3v3 thermal noise model

4K
L;};eﬁ lQl’nvI

A
w=-WgLsC, V, (1-—tk __y
O off “eff “ox mtr( 2(Vegneyr + 21) ‘M)

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
“.1.1)
Vs
Ins = Ivs[exp(——) = 1] + G min Vs
Nvm
V0.5V
©.12)

05 Isbs 05
Ins = I, —) = 1]+ ——exp(——) Vs = 0.5) + G i V.
be = Isbe[exp( Nm) ] Nom exp( NVM)( be ) bs

Where Nvtm=njKT/q, nj is the emission coefficient of the source junction,
and Isbs is calculated by

9.1.3)

Isbs = AsJs + PsJssw
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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)
& - —Ei + XT1 In( T )
J; = J:O exp[ Vtmo Vtm Tnom ]
N;j
9.1.4b)
B s i T
Jiow = Jsoow expf Yed_Von Toom_;
Nj
9.1.5)
42
E,=116-102¢"T"
T+1108.0

where Js0 is the saturation current density at Tnom. If JsO is not given in
the simulation, JsO=1.e-4A/m2. JsOsw 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)
Ibs = G min Vs
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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
.1.7)
Vi
Id = Iva[exp(——) = 1] + G mia Vi
Nvem
V0.5V
9.1.8)

0.5 Isva 0.5
=] —_—)=114+ — ——— —09)4+GmV
Ind m[exp(Nvm) ] N exp(Nvm)(Vba 05 +G bd

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

9.1.9)
Isd = JAD+JPD
where Js is the saturation current density of the drain/bulk diode, Apis the
area of the drain junction. Jssw is the sidewall saturation current density of
the drain/bulk diode, Pp is 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

9.1.19)
Ind = G min Vina
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9.1.2 Parameters

The parameters for the DC model of the source/drain diode are listed in

Table 9-1.
Symbols | Symbols
usedin | usedin Description Default Unit
equation | SPICE
4‘=7 L
JsO js Saturation current density le4 A/m*
JsOsw jssw Side wall saturation current 0 A/m
density
nj nj Emission coefficient 1 none
XTI xti 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 capecitance 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 = AsCjbs+ (Ps = Weff )Cjbssw + W effC jbsswg
Otherwise:
(9.2.1b)

Capbs = AsCjbs + PsCjbsswy

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.

I Cj is larger than zero, Cjbs is calculated by:

if Vbs<0
9:22)

Cios = Ci(1- L2y Mi
Ps
if Vbs>0

923)

Cive = Ci(L+ M %)
P

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

if Vbs<0
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MOS Diode Capacitance Model

9.249)
Cisssw = Cim(1 ——Vi)'””""
Poow
if Vbs>0
9.2.5)
Vs
Cibsow = Ciow(1 4+ Mjow —)
Posw
If Cjswg is larger than zero, Cjbsswg is calculated by:
if Vbs<0
9.2.6)
Vs M
Citsowg =Cjowg( ] ——) ™%
J Provg
if Vbs>0
9.2.7)
Gitsswg = Ciswg{ 1+ M ﬁ)
J ljswg 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 = ApCjba + (PD = Wegr )Cjpasw + W egClibdswg
Otherwise:
(9-2.8b)

Capbd = ApCjvd + PDC jbdswg

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 Cjbdswyg 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)
Ciw = Cj(1- %)'"j
if Vbd>0

(9.2.10)

Cina =Ci(1+ Mjﬁ)
Ps

if Cjsw is larger than zero, Cjbdsw is calculated by:
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MOS Diode Capacitance Model

if Vbd<0
9.2.11)
Cinton = (1 =y
Posw
if Vbd>0
9.2.12)
Vi
Cisarw = Ciow(1+ Mjov —)
Posw
if Cjswg is larger than zero, Cjbdswg is calculated by:
if Vbd<0
92.13)
Vod  _pp
Citiowg = Cisvg( 1——— )%
J Prong
if Vbd>0
92.14)

Vi
Cidswg = Ciswg( 14 Mjswg——)
J liswg P

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley 9-8



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 | usedin Description Default Unit

equation | SPICE

G cj Bottom junction capaci- 5e4 F/m*
tance per unit area at zero
bias

M;j mj Bottom junction capaci- 05 none
tance grading coefficient

Pb pb Bottom junction built-in 1.0 \4

‘| potential

Cjsw Cjsw Source/drain sidewall junc- 5e-10 F/m
tion capacitance grading
coefficient per unit length at
zero bias

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

Pbsw pbsw Source/drain sidewall junc- 1.0 v
tion built-in potential

Cjswg ciswg 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 A\
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 | usedin Description Default Unit | Note
equation | SPICE
none level BSIMv3 model selector 8 none
Mobmod | mobmod | Mobility model selector 1 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
A2 DC Parameters
Symbols | Symbols
used in | used in Description Default Unit | Note

equation | SPICE
Vth0 vthO Threshold voltage @ Vbs=0 for 0.7

. V | ak1
Large L. (NMOS)
0.7
(PMOS)
K1 ki First order body effect coeffi- 0.5 vI2 | a12
cient
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DC Parameters

Symbois | Symbols

used in | usedin Description Default Unit | Note

equation | SPICE

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

K3 k3 Narrow width coefficient 80.0 none

K3b k3b Body effect coefficient of k3 0.0 v

w0 w0 Narrow width parameter 2.5e¢-6 m

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

Vbm vbm Mazximum applied body bias in -3.0 v
Vth calculation

Dvt0 dvt0 first coefficient of short-chan- 22 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 v
channel effect on Vth

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

Dvtlw | dvtwl 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 iVAY

‘ width effect for small channel

length

po u0 Mobility at Temp = Tnom
NMOSFET 670.0 cm2/V/
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 | 2
dation coefficient =1, 2:

-4.65e-11
mobmod
-0.046 A

vsat vsat Saturation velocity at Temp = 8.0E4 m/sec
Tnom

AO a0 Bulk charge effect coefficient 1.0 none
for channel length

Ags ags gate bias coefficient of Abulk 0.0 /v

BO b0 Bulk charge effect coefficient 0.0 m
for channel width

B1 bl Bulk charge effect width offset 0.0 m

Keta keta Body-bias coefficient of bulk -0.047 v
charge effect

Al al First non-saturation effect 0.0 /v
parameter

A2 a2 Second non-saturation factor 1.0 none

Rdsw | rdsw Parasitic resistance per unit 0.0 Q-um™
width

Prwb prwb Body effect coefficient of Rdsw 0 vz

Prwg prwg Gate bias effect coefficient of 0 /v
Rdsw
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DC Parameters

Symbols | Symbols

usedin | used in 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 I-V without bias

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

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

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

Nfactor | nfactor | Subthreshold swing factor 1.0 none

Eta0 eta0 DIBL coefficient in subthresh- 0.08 none
old region

Etab etab Body-bias coefficient for the -0.07 v
subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent in drout none
subthreshold region

Cit cit Interface trap capacitance 0.0 F/m?

Cdsc cdsc Drain/Source to channel cou- 2.4E-4 F/m?
pling capacitance

Cdscb | cdscb Body-bias sensitivity of Cdsc 0.0 F/Vm?2

Cdscd cdscd Drain-bias sensitivity of Cdsc 0.0 F/Vm?2

Pclm pclm Channel length modulation 13 none
parameter
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DC Parameters

Symbols | Symbols

used in | used in 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 | pdibicb | 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/m
effect parameter

Pscbe2 | pscbe2 | Second substrate current body- 1.0E-5 m/V
effect parameter

Pvag pvag Gate dependence of Early volt- 0.0 none
age

d delta Effective Vds parameter 0.01 \V

Ngate ngate poly gate doping concentration 0 cm™

a0 alphaQ | The first parameter of impact 0 m/V
ionization current

Bo beta0 The second parameter of impact 30 \4
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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A3 AC and Capacitance Parameters

Symbols | Symbols

used in used in Description

equation | SPICE Default Unit | Note

—_—_——————— ——— e e

Xpart Xpart Charge partitioning rate flag 0 none

CGS0 cgso Non LDD region source-gate | calculated | 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 S5e4 F/m*

Mj mj Bottom junction capacitance 05
grating coefficient

Mjsw mjsw Source/Drain side junction 033 none
capacitance grading coeffi-
cient

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

Ciswg 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 v
built-in potential
Pb pb Bottom built-in potential 10 \"
Pbswg pbswg | Source/Drain gate sidewall Pbsw v
junction built-in potential
CGS1 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 nC-3
CLC clc Constant term for the short 0.1E-6 m
channel model
CLE cle Exponential term for the short 0.6 none
channel model
DLC dlc Length offset fitting parame- lint m
ter from C-V
DWC dwc Width offset fitting parameter wint m
from C-V
Vib vfb Flat-band voltage parameter -1 v
(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 none

A.5 dW and dL Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE

Wi wl Coefficient of length depen- 0.0 m™in
dence for width offset

Win win Power of length dependence of 10 none
width offset

Ww wW Coefficient of width depen- 0.0 m Ve
dence for width offset

Wwn wwn Power of width dependence of 1.0 none
width offset

Wwl | wwl Coefficient of length and width | 00 | mWemWhn
cross term for width offset

Ll 1 Coefficient of length depen- 0.0 mln
dence for length offset

Lin Ilin Power of length dependence for 1.0 none
length offset
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Temperature Parameters

Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Lw lw Coefficient of width depen- 0.0 mD*
dence for length offset
Lwn Iwn Power of width dependence for 1.0 none
length offset
Lwl 1wl Coefficient of length and width | 0.0 Lwnilin
cross term for length offset
A.6 Temperature Parameters
Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
m
Tnom tnom Temperature at which parame- 27 c
ters are extracted
Jte ute Mobility temperature expo- -1.5 none
nent
Ktl ktl Temperature coefficient for -0.11 \'/
threshold voltage
Ktil ktll Channel length dependence of 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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Temperature Parameters

Symbols | Symbols

usedin | usedin Description Default Unit Note

equation | SPICE

Ual ual Temperature coefficient for 431E-9 m/V
Ua

Ubl ubl Temperature coefficient for -7.61E- (m/V)2
Ub 18

Ucl ucl Temperature coefficient for mob- m/V 2
Uc mod=1,

2:
-5.6E-11
mob- v
mod=3:
-0.056

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

Prt prt Temperature coefficient for 0 Q-Uum
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
——————e —_— ———— |
Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9¢18
Noib noib Noise parameter B (NMOS) 5e4 none
(PMOS) 2.4¢3
Noic noic Noise parameter C (NMOS) -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-8 m
Xj Xj Junction Depth 1.5e-7 m
71 gammal | Body-effect coefficient near calcu- vi2 nl-4

the surface lated
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Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
2 gamma?2 | Body-effect coefficient in the calcu- vi2 nl-5
bulk lated
Nch nch Channel doping concentration 1.7e17 1/em3 nl-3
Nsub nsub Substrate doping concentration 6el6 1/cm3
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
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A.10Model Parameter Notes

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

V:ho:Vm+¢,+K1J&

where VFB=-1.0. If Vth0 is specified, VFB is calculated using

Vis = Vu»-&;—KlJ;

nl-2. If k1 and k2 are not given, they are calculated using:
K, = gamma, -2K2,/¢,-me

Kre (gammal - gamma2)(,/¢a - Vix — ,/¢—, )
) 20 (o = Virn = Jbe ) + Vi

where the parameter phi is calculated using:

¢s = 2vimo IH(M]

ni

k B Tnam
q

Vimo =

BSIM3v3 Manual Copyright © 1995, 1996, UC Berkeley

A-13



Model Parameter Notes

n -145x10"’(—T'ﬂ)1'5exp 215565981 - Ego
T 300.15 ‘ 2vimo
- 2
5'80 = 1 ] 6— 702X] 0 Tnom

Trnom + 1108

where Eg)is the energy bandgap at temperature Tnom.

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

_ gammal® Ca:
2gssi

Nen
If both gammal and nch are not given, nch defaults to 1.7¢23 1/m3 and
gammal is calculated from nch.

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

\lquSiNch

C

ox

gamma, =

nl-5. If gamma?2 is not given, it is calculated using:

_V2ge N,

amma., =
gamma, C

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

gNaX *

Vie =0 2e

si

nC-1. If cgso is not given then it is calculated using:

if (dlc is given and is greater 0) then,
cgso = pl = (dlc*cox) - cgs1
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 = (dic*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:

-7
CF =28—°"1n(1+ 4x10 ]
[ Tox
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APPENDIX B: Equation List

B.1 I-V Model

B.1.1 Threshold Voltage

Vin = Vtho+K](-\/q)s— Vbsefr —-\/qu)—KZ Vbsefr

+K1( /1+N§Lj‘ -z]Jde +(K3+K3bvbseﬁ)%¢s

Wegl Ly )+ 2exp(—Dvriw Wq; L

w w

- Dvmw(exp( =Dvriw ))( Vi — ®s)

- Dvro(exp( —Dwz% )+ 2exp(—Dvri —Lli))( Vi — ®s)
t t

_ (exp(—Dsub ;‘l‘ﬁ )+ 2exp(~Dsu ];‘” )) (Etao + ErabVosefr) Vs
1o to

= -\lasiXdep / Cox(l + DW2Vbseﬁ')
Iw = /EsiXdep | Cox(1+ DVTZwa:e[f)

lo = '\/ aledepO/ Cox

2&1(@: — Voser)

Xiep =
“ qN ch
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I-V Model

2&5Ds
chh

Xaepo =

(81=0.001)
Visetr = Voe + 0.5[Viss — Voe — 81+ 4/ (Vs — Voo — 81)% — 481Vie ]

K1’
4K2?

Vie = 0.9(ps — )

NenNbps
7 )

Ri

Voi =w ln(

B.1.2 Effective Vgs-Vth

2nw ln[l + exp( Ves = Vo )]

2nw

2(1).\' exp(_ Vgs - Vrh - 2Vo_ﬂ')

qEsiNch 2nw

Vgsteﬁ‘ =
1+2n Cox

L,
(Casc + CascaVas + Casch Vbuf)(exp(—Dvn %{) +2exp(—Dvn lf)) C
! it

+ =
Cax Cax Cax

n =1+ Nactor

B.1.3 Mobility

For Mobmod=1
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I-V Model

et = R

1+ (Ua + Uch:eﬁ) (M) + Ub(w)z
[9):4

ox

For Mobmod=2

Ho
Megr =
1+ (Ua + UcViser ) Vg"‘”) + Ub(@)2
Tox Tox
For Mobmod=3
_ Ho
Her = Vestefr + 2Vin Vestesr + 2Vin

1+[Ua (—Tox—) + Ub(T)Z](I + UcViserr)

B.1.4 Drain Saturation Voltage

For Rds>0 or A#1:

—b—b* —4ac

2a

Vidsar =

a = Abvuik ZWeﬁVsatCoxRDS + (% —1) Abutk
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I-V Model

b= —((Vgsteﬁ + 2Vt)(52\:" - 1) + AbulkEsaquﬁ' + 3Abulk(Vgsleﬁ + ZVt)WeﬁVsatCoxRDS )

Cc= (Vgsteﬁ + 2Vt) EsatLeﬁ’ + 2(Vgstejf + 2Vt)2Wq7VsatCoxRDS

}» = AlVgste[f + A2

For Rds=0, A=1:

Esa Leﬁ'(Vgsteﬁ' + 2Vt)
Avuix Esar Leﬂ' + (Vgsteﬁ + 2V!)

Visar =

Avat = (1+ K AoLeg 1

[1 - AV (—— Ly Dy 1
e — - 8V gs
2\ D@5 — Visep  Leg + 2/ XiXaep Leg 4 24/ XiXaep Weff +B1"" 1+ Keta Viser

2Vsar
Her

Esar =

B.1.5 Effective Vds

Vasefr = Vidsar — % (Vdsat —Vias—9d + \/ (Vasa—Vas —8)* + 48Vdsat)
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I-V Model

B.1.6 Drain Current Expression

Taso(vdsefr) ( Vs — Vasegr )( Vs — Vdseﬁ)
lus = 1+
1+ Raslaso(vise) Va Vascse
Vdseﬂ'
WettderCorVisier (L= Atk —— L Vs
oxX 4Y{ - U, €]
I o i 2(Vigsier + 2v1)
Leﬂ [l + Vdse_ﬂ’ / (EsatLejf )]

Va = Vasar + (1+ PragVoses X S

Esales ~ Vacim  Vabpisre

AbvuEsale + Vestetr
P CLMAbulkEsat litl

Vacm =

(Vids — Viaserr)

Vabmic =

(Vestegr + 2v1) ( 1— AbucVsar )
Orout (1 + PoisrcsVoses) AbutkVasar + Vestesf + 21

Orowr = Ppisrc [exp(—Dkour %) + 2 exp(—Drour %):l + Popisic2
10

t0

1 _ Pscbe2 ex — Pscbel lltl)
Vascese  Ley Vs — Viasegs
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VAsa: =

AbuikVisar

EsatLeﬂ' + Vidsar + ZRDSVsa:Caxm,ﬂ"Vgsteﬁ [1 - —]

2(Vgsleﬁ' + 2Vr)

2/ A =14 RosVsarCoxWegA busk

B.1.7 Substrate Current

Iw= %(Vd, — Viser ) exp(—

B.1.8 Polysilicon Depletion Effect

til = |SatoXs
80x
Bo Tuso ( Vds—Vdseﬂ)
1+
Vias — Vaaserr l+% Va
Vser
gN ggze X2
l=leEl= 8a¢ “* poly
0%y o T poty™poly 2esi

EoxEox =EgE poly = J 2q8siNgw€ Vpoly

Vgs ~Vrp—05= Vpoly +Vox

a(Vgs -Vep— 05— Vpoly )2 - Vpoly =0
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1-V Model

2
€ox
a=

2ge N T2,

si' gate

2 2
GEiN gatelox (Jl + 2e  (Vos —VEp—05) -1

Vv =Vprp+o,+
gs_eff FB K
g2 98 5iN g T2,

B.1.9 Effective Channel Length and Width
Leﬁ' = Ldrawn - 2dL

Wcﬂ' = dewn - 2dW

Wetr' = Warawn — 2dW'

AW =dW' + dW, Vsaer + dW, (o — V.7 — [0: )

AW =W+ W W

int LW In W Wwn LW In W Wwn

dL = lint + Ll Lw Lwl

LLln + WLwn + LLanLwn
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I-V Model

B.1.10Drain/Source Resistance

Ry o BarlL+ PeusVing + P wb(ofs = Viser — 0]
(10 Wes Y

B.1.11Temperature Effects

Vinry = Vincrnorm) + (K1 + Kit | Legr + Kr2Viseg )(T | Taorm — 1)

T
Wo(my = l,lo(Tnoml)(T—)w'

Vsa(T) = Vsat(Tnorm) — AT(T / Tnorm - 1)

T

norm

Raswry = RaswTnormy + P t(

-1

Ua(T) = Ua(Tnarm) + UaI(T/ Tnorm - 1)

Uscry = Us(tnorm) + Ub\(T /| Tnorm — 1)

Uc(T) = Uc(Tnann) + Ucl(T/ Tnorm - 1)
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Capacitance Model Equations

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence

SW,, = DWC+—, Ww . Wwl

Win Wwn + Winyx yWwn
L w L™wW

oL =DLC+ L + Lw Lwl

LLln WLwn + LLan Lwn

L..=L

active

—28L,

drawn
Wacﬁvc = dewn - 28Wcﬂ'

B.2.2 Overlap Capacitance (for NMOS)

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

Qoveriaps = CGSOV,,

active

(2) for capmod=1
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Capacitance Model Equations

if (Vgs <0)
4V
Qoverlap.s - CGSOVgs + M ~]+.]]- —_—
active 2 C PA
else
Qoveraps _ (CGSO + CxappaCas1) Vs

active

(3) for capmod=2

V;,s.m,,ap=é{(¥@s—81)+\/(1§5—8,)2—48,} where §,=0.0:

Qoverlap.s

4V
= CGSOVsS + CGS1 Vgs - Vgs overlap + CKA& —-1+.01+ gs,overlap
' 2 CKAPPA

active

B.2.2.2 Drain Overlap Capacitance

(1) for capmod=0
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Capacitance Model Equations

Qovertapa _ CGDOV,,

active

(2) for capmod=1

if (Vgd <0)
4V
Qoverlap:d = CGDOVXd +£KAM -1+ 1———!: 'g ;
Wacxive ¢ oA
else
Qoverlap.d = (CGDO + C](APPACGDI) ng
active

(3) for capmod=2

Vd overiap = é{(vgd -52)+J(vgd —62)2 -4 2} where &, =002

Qoverl d CKAPPA 4V d,overlaj
w_ap = CGDOVM + CGD1 ng - ng,overlap + '2— -1+,/1 +m

active
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge
Qoverlap.g = —(Qoverlap.s + Qover!ap,d :

B.2.3 Instrinsic Charges

(1) for capmod=0

a) Accumulation region (Vgs <Vfb+Vbs)

O = u,active Lactive Cox (Vg: = Vos—Vpp )
Qo =—0,

Qin =0

b) Subthreshold region (Vgs <Vth)

active “active K 2
1

2 4V, -v,-v,
Q,=-W,. L COXKT‘-—I+\/I+(8 p = Ver)
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Capacitance Model Equations

¢) Strong inversion (Vgs>Vth)

Vgs - Vi
Vdsw,cv =

!
Abulk

ce)™
Abulk'=Abulk0[l+( I J J
of

Amo=(1 K AoLeg Bo ) 1

+ +—
2N®s— Vs Leg +2/XiXaep Wegr +Bl} 14+ Kera Vs

Vin=Vp +<I>:+K1,/<I>s— Vosf
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Capacitance Model Equations

(1) 50/50 Charge partition
if Vds<Vdsat
! 2
Qg = CoxWam.wLam.w [Ves—Vp _q_)s_ﬁ + Abulk ij 'V
]z(Vgs— Vin — ulk ds)
A 4 Vds A '2 V dsZ
Qinv = =W ey Liyiye Cox[ Ves — Vin — —2&& + bulk ]

12(Vgs — Vin — Ab—;”‘- Vis)

(1= Ay’ WVas (1= Ay ')Ay Vas®

Op = Wactive Lactive Cox[Vp — Vin + Ds + 2 R
IZ(Vgs— Vi __b;_l_l_c_ Vis)

I

A 'V A 12 V 2
Qs = Qd = 0‘5Qinv = —“/acrive Lacn've Cox[ Vgs - V- bulk Y5 + bulk ds

v
12(Vgs — Vin — % Vis)

otherwise

Vidsas

Qg = Wac!ive Lactive Cox( Vgs - Vfb —OPs— 3 )
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Capacitance Model Equations

Qs = Qd = —é vv:zctiveLactive Cax( Ves — Vin )

Qb = _vvactive Lactive Cox(ij + (I)S — Vi + (] — Ab,dk )Vd’“‘)

(ii) 40/60 channel-charge Partition

if (Vds <Vdsat)
' 2
Qs = Cox Wacu‘ve Lactive [Ves — Vo — s — & + f V‘j;b lk'Vds
12(Vgs— Vin— - )
2
A, ;' Vis A 12 Vds2
Qinv = ~Wactive Laciive Cox[ Ves — Vin — butk + budk ]

12(Vgs — Ven— f"’;i Vis)

(11— Apyy')Vas (1= Ay )Apuy” Vas®

O =W, Y
12(Ves — Vin -% Vis)

active Lacu’ve Cox[Vp— Vin+ Ps +

]
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Capacitance Model Equations

Qd =-W L Cox

activeactive

(Vas=Vin)* Ay 'Vas(Ves—Vin) . (A ' Vis)?
, Vs - bk "
Xﬁ:!ﬁ_éMLVk+AMM i 8 40

2 2 (Vgs‘—Vth—Ab#”chs)z

Q: = —(Qs+ Ov + Qu)

otherwise

Qg = Wactive Lactive Cox(Vgs -Vp-Ps— %)
4
Qd = s Wactive Luctive Cox( Vs — Vin)
Qs =—(Qs+ Qb+ Qd)

Qb = —Wactive Lactive Cox(Vp +Ps — Vin + (1- Ab"”‘ )Visau

)

(iii) 0/100 Channel-charge Partition

if Vds <Vdsat

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



Capacitance Model Equations

! 2
12(Vgs —Vin— bulk ds)
Abullc "Vas Abulk 2 Vdsz
va = _Wactive Lactive Cox[ Vgs - V- + ]

A [
12(Vgs — Vin— ";”‘ Vis)

(1= Ay WVas (1= Ay JApyyy ' Vs’
2 12(Ves - V,;.—AL;’"-V,:S)

Ob = Woesve Lucive Cox[ Vo — Vi + s + ]

(Abulk ! Vd.\') 2

Qd =-W L Cox Vs — Vin + Aput Vs - A’
24(Vgs — Vin— ”;”‘ Vis)

active “active 2 4

Qs = —(Qs+ Qv+ Qu)

otherwise

Vs
Q¢ = W, . Lcive Cox{ Vs — Vo — @5 — 3"‘ )
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Capacitance Model Equations

(.I - Abulk ')Vd.faf

O = =W, ive Loctive Cox (Vo + D@s — Vin + 3

)

Qi=0

Qs =—(Q:+ Q)
(2) for capmod=1
if (Vgs <Vfb+Vbs+Vgsteffcv)

Qs1= _W;zctiveLactiveCox (Vgs - Vfb = Vos— Vgsteﬂcv)

else

Qei=W, . LotineC K_12 _1+\/]+4(Vg —VFB—Vg,,eﬁer—Vbs)

active “active ™~ ox
2 K,?

sz =-Qq1
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Capacitance Model Equations

V.

Vd - gsteffcv
sat,cv Abulk
CLC CLE
Apy'= Abulko[1+(L_—) ]
eff
K AoLey B, 1
Abaro=|1 { -
- ( T Vog Ly +24X%a W +BI}) 1+ Kema Vieg
Vesteffv =1 Wt ln[l + exp( Ves = Vi )]
Vi
if (Vds <=Vdsat)
Vs Ay ' Vi

Qg = le+ WactiveLactiveCox Vgsreﬂ'” —7+ .

1 Z(Vgst v~ Ab;”‘ Vds)

1- Abulk '
2

(I - Abulk ')Abulk ' Vdsz

Qb = Qb 1+ Wactive Lacu've Cax Abulk '
]2( Vgstqﬁ‘v - T Vd.\')

Vds -
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Capacitance Model Equations

(i) 50/50 Channel-charge Partition

. . C ' 12 2
Qx = Qd = W/actweLzat:nve ox Vg eV — Ab;llc Vds + AML Vds

A ’
1 Vg - 28'y,,

(ii) 40/60 Channel-charge partition

W, ive Lacive Coe

Q -— active “active
s

AV
2(Vgs, ov— "2""‘ vd,)

4 1 2 ’ 2 '
(Vgsr v - } Vgsrefaf 2 (Abulk Vds ) + 3 Vg.\'leﬁ'cv (Abulk Vds )2 - E (Abulk Vds )3)

Qs =—(Qs+ Qb+ Qs)
(iii) 0/100 Channel-charge Partition

V. AV, Apuc' Vs )’
Qs = —“,activeLactiveCox e + bulk_"ds _ ( bulk dS)

2 4 Apui
24 Voo - 22277,

Q4 =—(Qs+ Qv+ Qs)
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Capacitance Model Equations

if (Vds >Vdsat)

Vidsa
Qg =Qs1+ Wactive Lactive Cox (Vgstejj‘ o= Ts)

V - Vd
Qb = Qb 1- VVactive Lacrive Cox ( i 3 = )

(i) 50/50 Channel-charge Partition

W,

Q = Qd - acriveLactiveC
s

F ox Vgst

(44

(i) 40/60 Channel-charge Partition

_ 2 Wactive L C

— active ™~ ox

Qs - ?- gsteffcy

Oy =—(Qs+ Qv+ Qs)

(iii) 0/100 Channel-charge Partition

2V

gstefev

3

Qs == Waaive Lacu've Cox
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Capacitance Model Equations

Q4 =—(Qs+ Qb+ Q)

(3) for capmod=2
Qg = -(Qinv + anc + qub() + 8czsx.lb)

Qb = Qacc + qubo +8qub

Qinv = Qs +Qd
Viseg = vfb—05{V3 +4fV)2 +4s,vfb} where V, =ufb-V, —8,; &, =002

vb = Vth'—q)s—Kl (l)s

Qacc = _Wncn‘ve Lacn've Cm (V"'Btﬁ - Vfb )

2

K 4y -v.. . — ev= Vis

Qub():—wa] L . C ; _1+ 1+ (gs FBeff asteff bcﬁ')
Si active ““active ~ox 2 12

v Vgsteﬁ;cv
dsat,cv A '
bulk
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Capacitance Model Equations

CLC )C“‘

active

Apy'= AbquO[I "'(

K Ao Lej' Bo 1
Avaro =] 1+ +— }
2JDs—Viseg Lg+2XiXaw Weg +Bi |1+ Kera Vese

Vgsteﬁ'cv =nw h‘ll:l + exp ( Vgs - Vin )]

Vr

Ve = Viwor =05V, + V2 +48 Vaw.o| where V, =V, ~V,-8, 8,=002

Abu ' Abulklz | eﬁz

Ql"lv = —vvacﬁveLactiwCox (Vg_mﬁ'c" - & cheﬂ')+ A:dk'
12 va“nﬁcv - T cheﬁ'

80 b= W“. L,..C Mv ;- (I—Abulk')Abuu' chgﬁ'z

A
12[ngﬁw - ;‘"‘ Vmﬂ)

B.2.3.1 50/50 Charge partition
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Capacitance Model Equations

W, ive Locie C. A’ AV, 0
Q:=Qd=0‘5Qinv=_ active 2acnv¢ ox V“ = b;lk v + bulk Y eff
IZ(V — bk y )
gsteffev 2 cveff

B.2.3.2 40/60 Channel-charge Partition

Q= Wmlww?m 2 (VM\'S ‘g Viaetor (A Vo.ﬁ)+§ Ve Qs Vc“:t,)2
s
g™ 2 off

B.2.3.3 0/100 Charge Partition

2

Q, =W, ..L....C Vet | Ay Vo _ (v’ Voor )

5 active “active ~ ox 2 4 24 V Abulk'
gsteffev T vcvqﬂ’

Q,=-W_.L._C

, 2
Vg.\'teﬁcv _ 3Abulk' cheﬂ' + (Abulk chqr)

8V

gsteffe

active “active ™~ ox 2 4 (

A

'
bulk

2

)
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NQS Model Equations:

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

00,5 9V,

gsteffev
Cwasns =3y v

gsteffev 8t

_ aQ.v,d.g.b aQs.d.g.b aVsﬂeﬁW avrk thh
C(s.d b)s — + +
&), av, oV v, \9V, aV,

gsteffcv

C = aQs,d,g.b _ aQs.d.g.b aVSSf‘ﬁCV thh
Gdebdd = Qv V. 7SV OV, 9V,

85t

C = aQs,d,g,b - aQs.d.g.b an.rte_ﬁ'cv anh
Catts =V, Wger Y, 3V,

B.3 NQS Model Equations:

Quasi-static equilibrium channel charge:

Qeq = _(Qg + Qb)

Actual channel charge and Qdef obtained from subcircuit (Figure 5-2):
Ocp = Qeq - Qdef

1 1 1
gt ==

T Tdnﬁ T diff
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Flicker Noise

Coxweﬂ quf3 ~ - C
M er€|Oeg —00s¢r| x|

Taripp =

where,
€ = Elmore Constant (default =5) 00<o <10 (default = 05)

and

‘- CoxWeis Lgs”
Her€

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

(8.1a)

af
Flic ker Noise = K”+
CorLeg 4
2. For noimod=2 and 3

1. Vgs>Vth+0.1:
(8.1b)
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Flicker Noise

Vv,

2 14
a1 u Ny +2x10

FlickerNoise = y. T}
Freq L, C, %10 N,+2x10

o, VinlpsALyy  Noia+Noib x N, + Noic X N°
+0.5 % Noic x| Na= N - 5 X —v5
Freq"L W, x10 (¥, +2x10")
where Vp, is the thermal voltage, g is the effective mobiity at the given
bias condition, Lgg and Wepr are the effective channel length and width,

respectively. The parameter Nyis the charge density at the source given by:

8.2)
_ Cox(VGS— TH)
o = -T-

The parameter Nyis the charge density at the drain given by:
8.3)

_ Cox (VGS - VTH - DS’)
q

Vps' = MIN (Vps Vpsar)

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

8.4)
Vos—Vosar +Em
Litl
Litl x log Egur if VDS > VDSAT

AI‘clm =

0 otherwise
2X Vsat
Egpr = u
eff
2. Otherwise,
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Channel Thermal Noise

8.5)

Stimis X Syi
+ Sm.

FlickerNoise =

limir

Where, Sy is the flicker noise calculated at Vgs=Vth+0.1 and Syi 18
given by:

(8.6)

Noia x Vim X llz,s

= af 36
Weffx Leffx Freq™ x 4x10

wi

B.5 Channel Thermal Noise

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

by the noimod flag.
1. For noimod=1 and 3

§,;—T(gm + gds+ gmb)

2. For noimod=2 and 4

4
%(—Qm)
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Channel Thermal Noise

Abulk

=-W,L,C, V., (1-—22_—V
Q[nv eff eff ~ox gneﬁ‘( 2(ngﬂ+2vt) d.wﬁ')

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

w Pp

+
Leffo

P, P

+ o+
O Lo Wepr

P=P

eff

For example, for the parameter k1: Pg=kl, Py =lk1, Py=wk1, Pp=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=0.5um and Weff=10pm. If binunit = 1, the parameter
values for vsat are le5, le4, 2e4, and 3e4 for vsat, Ivsat, wvsat, 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-2/0.5¢6 + 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
used in used in 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
usedin | usedin Description Can Be
equation | SPICE Binned?
| = —— — — —
Vth0 vthO Threshold voltage @ Vbs=0 for YES
Large L.
K1 kl 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 nlx Lateral non-uniform doping YES
parameter

D-2
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DC Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

Dvt0 dvt0 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 dvtwl 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

1o u0 Mobility at Temp = Tnom
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

usedin | 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 offset 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 of YES
Rdsw

Wr wr Width Offset from Weff for Rds YES
calculation

Wint wint Width offset fitting parameter NO
from I-V without bias

Lint lint Length offset fitting parameter NO
from I-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

usedin | usedin Description Can Be

equation | SPICE Binned?

Eta0 eta0 DIBL coefficient in subthresh- YES
old region

Etab etab Body-bias coefficient for 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 cou- YES
pling capacitance

Cdscb cdscb Body-bias sensitivity of Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pclm 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 | First substrate current body- YES
effect parameter

Pscbe2 | pscbe2 | Second substrate current body- YES
effect parameter
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AC and Capacitance Parameters

Symbols | Symbols

used in | used in Description Can Be

equation | SPICE Binned?

Pvag pvag Gate dependence of Early volt- YES
age

d delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

a0 alpha0 | The first parameter of impact YES
lonization current

Bo beta0 The second parameter of impact YES
ionization current

Rsh rsh Source drain sheet resistance in NO
ohm per square

Jso js Source drain junction saturation NO
current per unit area

D3 AC and Capacitance Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

%
Xpart xpart Charge partitioning rate flag NO
CGS0 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

M;j 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 short YES

channel model
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NQS Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

DLC dlc 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

used in Can Be

equation Binned?

Elm Elmore constant of the channel
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dW and dL Parameters

D.5 dW and dL Parameters

Symbols | Symbols

used in | used in Description Can Be

equation | SPICE Binned?

Wi wl Coefficient of length depen- NO
dence for width offset

Win win Power of length dependence of NO
width offset

Ww wWW Coefficient of width depen- NO
dence for width offset

Wwn wwn Power of width dependence of NO
width offset

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

Ll 1| Coefficient of length depen- NO
dence for length offset

Lln lln Power of length dependence for NO
length offset

Lw Iw Coefficient of width depen- NO
dence for length offset

Lwn Iwn Power of width dependence for NO
length offset

Lwl Iwl 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
Eequation SPICE Binned?

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

Mte ute Mobility temperature expo- YES
nent

Ktl ktl Temperature coefficient for YES
threshold voltage

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

Kt2 kt2 Body-bias coefficient of Vth YES
temperature effect

Ual val 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

nj nj 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
usedin | usedin Description Can Be
equation | SPICE Binned?
Tox tox Gate oxide thickness NO
Xj Xj Junction Depth YES
11 gammal | Body-effect coefficient near YES
the surface
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Bin Description Parameters

Symbols | Symbols

used in | used in Description Can Be

equation | SPICE Binned?

72 gamma2 | Body-effect coefficient in the YES
bulk

Nch nch Channel doping concentration YES

Nsub nsub Substrate doping concentration 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

usedin | usedin Description Can Be

equation | SPICE Binned?

Lmin lmin 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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