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CHAPTER 1: Introduction

1.1 General Information

BSIM3v3 is the latest physics-based, deep-submicron MOSFET model for digital

andanal<^ circuit designs from the Device Group at the University ofCalifornia 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 current and output conductance

characteristics from subthreshold to strong inversion as well as from the linear

to the saturation operating regions. Such a formulation guarantees the

contmuities ofIds, Gds, Gm and their derivatives throughout all Vgs, Yds and

Vbs bias conditions. In addition, all previous kinks and glitches at device

operation boundaries are eliminated.

• New widdi dependencies for bulk charge and source/drain resistance (Rds).

This greatly enhances theaccuracy 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 ofW/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 shortand narrow geometry devices.

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

non-quasi-static effect ofMOS 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 chaimel 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

effectssuch as the following:

• threshold voltage roU-off,

• non-uniform doping effect,

• mobility reduction due to vertical field,

• carrier velocity saturation,

• chaimel-length modulation,

• drain induced barrierlowering,

• substrate current-induced bodyeffect,

• subdireshold 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 ftnhflnr^

expressions yield more continuous behavior and should also help tofacilitate faster

SPICE convergenceproperties.
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Organization of Manual

Organization of Manual

The manual will introduce BSIM3v3*s usabilities inthe following manner:

• Chsl^r 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.

• Chapter4 will present the newcapacitance model.

• Chster 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.

• Chster 7will provide results ofsome benchmark tests applied on the model to

illustrate its general robusmess (nodiscontinuities).

• Ch^ter 8 will conclude with die noise model.

• Ch^ter 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 (CjCA) and Quasi-Two Dimensional Approximation

(QTDA) approaches. It includes compact, analytical expressions for the following

physical phenomenon observed in present dayMOS devices [1]:

• Short andnarrow channel effects on threshold voltage.

• Non-uniform doping effect(in bothlateral andvertical directions).

• Mobility reduction due to vertical field.

• Bulk charge effect.

• Carrier velocity saturation.

• Drain-induced barrier lowering {DIBL).

• Channel length modulation (CLAf).

• 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 ofdevice operation

BSIM3v3 Manual Copyright © 1995,1996, UC Berkeley 2-1



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, ifthe 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 ofaMOSFET with long channel length/width and

uniform substrate doping concentration [2] is given by:

(2.1.1)

^th = Vra +<|)i +y^^s-Vbs = Vrideal +y( |̂̂ s-Vbs -)

where Vfg is the flat band voltage, Vjijgai is the ideal threshold voltage ofthe long
channel device at zero volt substrate bias, and y is the substrate bias effect

coefficient and is given by:

(2.1.2)

Y =
Ĉox

where Na is the substrate doping concentration. The surface potential isgiven by:
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Non-Uniform Doping and Small Channel Effects onThreshold Voltage

<|)^=2^1n(^)
(2.1.3)

rii

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.

CD

o

S

t
X

Approximation

Distribution

* Substrate Depth

Figure 2-1. Actual substrate dopingdistributionand 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 inFigure 2-1. This

non-uniformity will make yin Eq. (2.1.2) a function of the substrate bias.

If the depletion width is less than Xt as shown in Figure 2-1, Na in Eq.
(2.1.2) is equal toN^jj, otherwise it is equal toNgub-

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

following threshold voltage model is proposed:

(2.1.4)

^th = '̂ Tideal + K\Q^s-ybs

For a zero substrate bias, Eqs. (2.1.1) and (2.1.4) give the same result. Kj

and K2 can be determined by the criteria that V,h and its derivative versus

Vbs should be the same at V^,^, where Vbm is the maximum substrate bias

voltage. Therefore, using equations (2.1.1) and (2.1.4), Kj and K2 [3] will

be given by the following:

Ki=y2-^K2.J^PVibm

(2.1.5)

^2=(Yi--Y2)- ^
(2.1.6)

2^bm ) •*" ^bm

where yj (or 72) is the body effect coefficient when the substrate doping

concentration is N^h (or N^ub) as shown in Figure 2-1.
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Non-Uniform Doping andSmall Channel Effects onThreshold Voltage

(2.1.7)

c

(2.1.8)

_ yl^^^si^sub
Y2

^ox

Vi,^ is the body bias when the depletion width isequal to X^. Therefore, Vi,^,

satisfies:

(2.1.9)

2e.
'si

If the devices are available, Kj and K2 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. X,). Then, Kj and K2 can

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

2.1.2 Lateral Non-UniformDoping 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

2-6

_K(L-2LMN^ -2L, _„ ^2L. N^^

= N,il+~)
JU

(2.1.10)

Due tothis lateral non-uniform doping effect, Eq. (2.1.4) becomes:

Vth = Vtho + K\(^Os- Vbs -^s)-KiVbs

+a:i 1+^-1
Leff

(2.1.11)

Eq. (2.1.11) can be derived by setting = 0,and using Kj oc 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

NdS

N(x)
Na

Lx

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

2.1.3 Short Channel Effect

The threshold voltage ofa long channel device is independent ofthechan

nel length and the drain voltage. Its dependence on the body bias isgiven by

Eq.(2.1.4). However, as thechannel length becomes shorter andshorter, the

threshold voltage shows a greater dependence onthe channel length and the

drain voltage. The dependence ofthe threshold voltage onthe body bias

becomes weaker as channel length becomes shorter, because the body bias

has less controlof the depletion region. Short-channel effectsmustbe

included in thethreshold voltage in order tomodel deep-submicron devices

correctly.

The short channel effect can bemodeled inthe threshold voltage bythe fol

lowing:

(2.1.12)

Vth = Vlho + Kl{-yj^s— Vbs —VOj) —Kl Vbs
f

+ Ki

where AVff, 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 developed by Z.H. Liu, et al,

[10]. Theirmodel was derived by solving the quasitwo-dimension Poisson

equation along the channel.This quasi-2Dmodel concluded that:

(2.1.13)
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

where is thebuilt-in voltage of a PNjunction between thesubstrate and

the source. Vhi is given by:

n-

(2.1.14)

=^ln(-V-)

where in Eq. (2.1.14) is the source doping concentration, and is the

substrate doping concentration. The expression QJL) is a short channel

effect coefficient that has a strong dependence on the channel length and is

given by:

(2.1.15)
^th (L) = [exp(-L/2/,) + 2exp(-L//;)]

If is referred to as the "characteristic length" and isgiven by:

(2.1.16)

. _ j^si^ox^dep
'"v ^ox'̂

Xjgp is the depletion width in the substrate and is given by:

(2.1.17)

[2e^-nj
qN

ch

Xjgp is larger near the drain than in the middle of the channel due to the

drain voltage. X^gp / T| 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
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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

^vtOf ^vt2y EtaO and Etab are introduced, and the following modes are
used in SPICE to account for charge sharing and the DIBL effects

separately.

= ^wo[exp(-D,,iL/2/,) +2exp(-Z)^,,L//J]

AVrtd) = GfA(L)(Vfc/ —(|)j)

V ^ox

e,^(L> =[exp(-i>.^L/2/,„) +2exp(-i3.^L//,„)]

AVthiVds) = 0rf«»/(L)(£/aO + EtabVbs)Vds

(2.1.18)

(2.1.19)

(2.1.20)

(2.1.21)

(2.1.22)

where is calculated by Eq. (2.1.20) at zero body-bias. D^j is basically
equal to l/(Ti)^in Eq. (2.1.16). D^2 is introduced to take care of the
dependence ofthe doping concentration on substrate bias since the doping
concentration is not uniform in the vertical direction of the channel. X^ep is
calculated using the doping concentration in the channel (A^^;,). D^q.

^vtiy^vtiy EtaO, Etab and Dsub, which are determined experimentally, can
improve accuracy greatly. Even though Eqs. (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 Eqs. (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 will

decrease. If a MOSFET has a LDD structure, in Eq. (2.1.14) is the
doping concentration in the lightly doped region. V^i in a LDD-MOSFET

will be smaller as compared to conventional MOSFETs, therefore the

threshold voltage reduction due to the short channel effect will be smaller

inLDD-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 l,.
The term:

^Tideal + ^1 " ^bs " ^2 ^bs

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

the changes in:

^Tideal +^1 yl^s-^bs ' ^2^bs

and in AV,^ will compensate for each other and make less sensitive to

Vhs. This compensation is more significant as the channel length is
shortened. Hence, the Vlf^ 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 are stronger as
ismade more negative. This was verified by experimental data shown in

Figure2-3 and Figure 2-4.Although Liu,et al, found a accelerated ^oil-

off and non-linear drain voltage dependence [10] as the channel became

very short, a linear dependence of on Vj, 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.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

Furthermore, Figure 2-5 shows how this model for can fit various

channel lengths under various bias conditions.
1.2

L- 0.35um

1.0 -

Vb- -3V

0.8 -

O.S

Vds (V)

Figure 2-3. Threshold voltage versus the drain voltage atdifferent body biases.
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Figure 2-4. Channel length dependence ofthreshold voltage.
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2-12

2.0
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Figure 2-5. Thresholdvoltage versus channel lengthat differentbiases.

2.1.4 Narrow Channel Effect

The actual depletion region in the channel is always larger than what is

usually assumed under theone-dimensional analysis due to theexistence of

fringing fields [2]. This effect becomes very substantial as the channel

width decreases and the depletion region underneath the fringing field

becomes comparable to the "classical" depletion layer formed from the

vertical field. The net result is an increase threshold voltage magnitude. It

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

(2.1.23)

W
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Non-Uniform Doping andSmall Channel Effects onThreshold Voltage

The right hand side of Eq. (2.1.23) represents the additional voltage

increase. BSIMSvS models this change in threshold voltage by Eq.
(2.1.24a). This formulation includes but is not limited to the inverse of

chaimel width due to the fact that the overall narrow width effect is

dependent on process (i.e. isolation technology) as well. Hence, the

introduction ofparameters K3, K3I), and Wq

(2.1.24a)

(-^Tj + KviVbs) (b

WgjQp' is the effective charmel width (with nobias 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:

Dvro\ exp(-Dvn« '̂l^^)+2exp(-Dvri«, )
2ltw Itw

(2.1.24b)

(Vbi—Oj)

When all of the above considerations for non-uniform doping, short and

narrow chaimel effects on threshold voltage are considered, the final,

complete Vth expressionimplementedin SPICE is as follows:

(2.1.25)

Vth = Vtho + K 1(y/^s —Vbseff —VoT) —K 2Vbseff

+Kl( jj + - Ay/^ +(K3+ KSbVbseff) <D,
IV Leff ) ' Weff +Wo

- DvTOwiexpi-DvTiw 2exp(-DvTiw A(V'>'-
V 2liw l,w )

- DvToi exp(-DvTi^^) +2exp(-DvTi^^A( '̂''-^^)
V 2/f It )
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Mobility Model

(2.1.25) (cent.)

—[CXp(—ZJjttfe )+2QXp{—Dsub— {Etao +EtabVbseff) Vds
\ Jtlto Ito )

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 thebody bias value during simulations. Unreasonable values can

occur if this expression is not introduced. See Section3.8 for details

(2.1.26).

Wbseff —Vbc + 0.5[Vfcj —Vbc —61 + (Vbs —Vbc —61)^ —481 Vbc ]

where 61=0.001. The parameter Vbc is the maximum allowable value

and iscalculated from the condition ofdV^dV\j^O for the Vui expression

of 2.1.4,2.1.5, and 2.1.6 is equal to:

Vbc =0.9{(^s-^^)
4K2^^

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 atroom temperature. Ingeneral, mobility depends on many

process parameters and bias conditions. For example, mobility depends on gate

oxide thickness, doping concentration, threshold voltage, gate voltage and
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Mobility Model

substrate voltage, etc. Sabnis and Clemens [13] proposed an empirical unified

formulation based on the concept of an effective field which lumps many

process parameters and bias conditions together. £'e^is defined by

^si

(2.2.1)

The physical meaning of can be interpreted as the average electrical field

experienced by the carriers in the inversion layer [14]. The unified formulation of

mobility is then empiricallygiven by:

(2.2.2)

-

1^0

l+(%/-Eo)^

Values for lig, Eq, and Vwere reported byLiang et al. [15] andToh et al. [16] to be

the following for electrons and holes:

Parameter Electron (surface) Hole (surface)

Ho fern 670 160

EQ(MV/cm) 0.67 0.7

V 1.6 1.0

Ihble 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

ina more useful form that explicitly relates E^Xo the device parameters [14]:
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%-

(2.2.3)
^gs %h

Eq. (2.2.2) fits experimental data very well [15], but it involves a power function

which is a very time consuming function forcircuit simulators such as SPICE. A

Taylorexpansion Eq. (2.2.2) is used, and the coefficients are left to be determined

using experimental data or to be obtained by fitting the unified formulation. Thus,

we have:

(Mobmod=1) (2.2.4)
1^

1+(f/«+UcVts^){ ^
Tox Tox ^

where Vgst=Vgs-Vth. To account for depletion mode devices, another mobility
modeloptionis givenby the following:

.(Mobmod=2) (2.2.5)

l+(U„* UcVbs<t)<^^)+
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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(ForMobmod=3) (2.2.6)

1+ +t/>(V ^^
iojf

2.3 Carrier Drift Velocity

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

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

velocity model [17] given by:

(2.3.1)

V= e<E
l +(E/E,„,)' ""

The parameter corresponds to the critical electrical field at which the carrier

velocity becomes saturated. In order to have a continuous velocity model at £ =

£:^flf,£:^^must satisfy:

p —^^sat
^sat

(2.3.2)

2.4 Bulk Charge Effect

When the drain voltage is large and/or when the channel length is long, the

depletion "thickness" of the channel is not uniform along thechannel length. This
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will cause threshold voltage to vary along the channel. This effect is called bulk

charge effect [14].

In BSIM3v3, the parameterA^y/^is used to take into account this bulk charge effect.

This parameter is a modification from that of BSIMl and BSIM2where the bulk

charge parameter was "a" [3]. Several extracted parameters such asAO. Bo,Bl 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. Itshould be pointed

out that narrow width effects have been considered in the formulation of Eq.

(2.4.1). The expression used inBSIM3v3 is given by:

(2.4.1)

= [l-AnW )'] I }) !
Leff +l^XjXdep Lff +2-ylXjXdep Wcff'+Bl 1+KETAVbseff

where Ao, Agj, Ki,Bo, Bj and Keta are determined by experimental data. Eq.

(2.4.1) shows that AbM isvery close to 1.0 if the channel length is small, and A^^ik

increases as channel length increases.

2.5 Strong Inversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (Rds=0)

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

along the channel is given by:
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(2.5.1)

^ds ^ ~ AbidkV(j'))V(y)

The parameter Vg^f = (Vg^ - Vff^), Wis the device channel width, 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 ofcarriers at point y, and is

the coefficient accounting for the bulkcharge effect.

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

can be expressed as:

= WC„ (V,, - V,. -
l+E(y)/E^

Eq. (2.5.2) can be rewritten as follows:

£(,) =
AbmV(.,))-1^1 dy

(2.5.2)

(2.5.3)

By integrating Eq. (2.5.3) from y = 0 to y = Land V(y) = to V(y) = Vj,

we arrive at the following:

(2.5.4)
W 1

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

saturates.
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For instances when the drain voltage is high (and thus the lateral electrical

field is high at the drain side), the carrier velocity near the drain saturates.

The channel now can be reasonably divided into two portions: one adjacent

to the source where the carrier velocity is field-dependent and the second

where the velocity saturates. At the boundary between these two portions,

the channel voltage is the saturation voltage f^e lateral

electrical is equal to ^sat' After theonset of saturation, wecansubstitute v

= ^sat ^ds - ^dsat (2.5.1) to get the saturation current:

(2.5.5)

>sa,

By equating eqs. (2.5.4) and (2.5.5) at£ = and = V^sap we can

solve for saturation voltage

V =
dsat

(2.5.6)

2J5.2 Extrinsic Case (Rds>0)

Parasitic source/drain resistance is an important device parameter which

can affect MOSFET performance significantly. As a MOSFET's channel

length scale down, the parasitic resistance will notbeproportionally 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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/. - Vds Vd,
^ds ~ ~

(2.5.9)

^tot ^ch + ^ds

^ \ ^^gst ~^bulk^dsl'̂ y^ds
^ wjygst-Huikydsm

L \ + Vasl{E,^tL)

Due to parasitic resistance, the saturation voltage will be larger than

that predicted by Eq. (2.5.6). Let Eq. (2.5.5) be equal to Eq. (2.5.9). The

ydsat parasitic resistance expressionis then:

(2.5.10)

-b - -ylb^ -4ac
ydsat =

2a

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

(2.5.11)

« = ^bulkEdsCoxWVsat ~ ^)Abulk

b=-(Vm|-1)+ )
^~ Rsat^ygst^Rds^oxy^^safygst

A. = AiVgst + Ai

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)

^ ^ +Pr wgVga^+Pr wb(^^^s —Vbseff —-J^y]

BSIM3y3 Manual Copyright© 1995,1996, UCBerkeley 2-21



Strong Inversion Current and Output Resistance (Saturation Regime)

The variable /?^is the resistance per unit width, Wr isa fitting parameter,

Prwb is thebody effect coefficient, and is thegate-bais effect effect.

2.6 Strong Inversion Current and Output
Resistance (Saturation Regime)

Atypical 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 v^.

dependences.

The first region is the triode (or linear) region in which carrier velocity is not

saturated. The output resistance isvery 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

(CLAf) [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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dominates in the second region, DIBL in the third region, and SCBE in the fourth

region.

3.0

Triode

2.5 -

2.0 -

<

E. 1.5

1.0 -

0.5 -

oo1OOOO

CLM

O

DIBL SCBE

OOOOq"lOO

' °

Vds'(V)

14

12

10

7s
O
3-

3
(0

Figure 2-6. Genera!behaviorofMOSFEToutput resistance.

Generally, drain current is a function ofthe gate voltage and the drain voltage. But

the drain current depends on the drain voltage very weakly inthe saturation region.

ATaylor series can beused to expand the drain current in the saturation region [3].

Jds (Vgs,Vjs) =Ids(Vgs,Vasa,)+^
(2.6.1)

dV,ds
(Yds ^dsat)

where.
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(2.6.2)
^dsat ~ ^ds^^gsydsat^ ~ ^^sat^ox^^gst ~^bulkYdsat)

and

(2.6.3)

VA=Idsa,<y^T'

The parameter is called the Early Voltage (analogous to the BIT) and is

introduced for the analysis of the output resistance in the saturation region. Only

thefirst order term is kept in the Taylor series. Forsimplicity, wealso assume that

the contributions to the Early Voltage from all three mechanisms are independent

and can be calculated separately.

2.6.1 Channel Length Modulation (CLM)

If channel length modulation is the only physical mechanism to be taken

into account, then according to Eq. (2.6.3), the Early Voltage can be

calculated by:

(2.6.4)

T/ _F ^ds ^ ^ \-l ^bulk^sat '̂̂ ^gst ALVaCLM - idsat ( ) = = ^(TTT")o L a ^bulk^sat ^ ^ds

where AL is the length of the velocity saturation region, the effective

channel length is L-AL. Based on the quasi-two dimensional

approximation, V^QAf^an be derived as the following:

1/ _^bulk^sat^'^^gst^ACLM —j iYds - ^dsat)
Abulk^sar

(2.6.5)
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where is the Early Voltage due to channel lengthmodulation alone.

The parameter is introduced into the Vaclm expression not only to

compensate for the error caused by the Taylor expansion in the Early

Voltage model, but also to compensatefor the error in X: since:

and the junction depth, Xj, can not generally be determined very accurately.

Thus, the VUrTA/fbecame:

X7 _ 1 ^bulk^sat^'^^gst
yACLM - T — (V^s - Vdsat)

"elm ^bulk^sar

(2.6.6)

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)

^ ^ds ^ ^th \-l
^ADIBLC 'dsaty-, )

Vadiblc=
(Ygft^+2w)

0rou^(l+PimjoaVbs^)
1-

AbuOcVdsai

\ AbuBcVdsat + VffO^+IVtj

During the derivation of Eq. (2.6.7), the parasitic resistance is assumed to

be equal to 0. As expected, yj^^iBLC ^ strong function of L as shown in

Eq. (2.6.7). As channel length decreases, ^ji^diblc decreases very quickly.
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The combination of the CLM and DIBL effects determines the output
resistance inthe third region, as was shown inFigure 2-6.

Despite the formulation of these two effects, accurate modeling of the
output resistance in the saturation region requires that the coefficient

Qfh(L) be replaced by Both Qjf^(L) and have the same

channel length dependencies, but different coefficients. The expression for

(2.6.8)
0 (^) = Pmici [exp(-D^„,L / 2/,)+2exp(-D„„,L //,)] +

The variables Pdibkb ^diblcl* ^cSblcb ^rvut ^ newly introduced

parameters to correct for DIBL effect in the strong inversion region. The

reason why Dy,fQ is not equal to P^iblcl ^vtl "^t equal to 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. Pdiblc2 is
usually very small (may be as small as 8.0E-3). IfP^iblcl is placed into the

threshold voltage model, it will not cause any significant change. However

it is an important parameter in ioag channel devices, because

^diblcl will bedominant 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 acontinuous drain current and output resistance expression

at the transition point between linear and saturation region, the

parameter is introduced into the Early Voltage expression. is the

Early Voltage at and is as follows:

(2.6.9)
y _ ^sat^ ^dsat ^^ds^sat^ox^^ygst ~^bulk^ds / 2)
^Asat ~

i + ^bulk^ds^sat^ox^

Thus, the total EarlyVoltage, Vp^ can be written as:

(2.6.10)

V. =VAm +(-^+—)-'
^ V V

^ACLM ^ADIBL

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

expression in the saturation region is givenby:

(2.6.11)

/^.= Wv„,C„(V^, -A,^V^)(1+-5^^)

Furthermore, another parameter, is introduced in l^to account for the

gate bias dependence of more accurately. This much said, the final

expression for Early Voltage becomes:

(2.6.12)

Va = +(1 + )(-^+ )-'
EsatLeff VaCLM VaDIBLC
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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 (> O.lMV/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 thus created during impact
ionization will increase exponentially with the drain voltage. Awell known

hub niodel [20] is given as:

2-28

hub ^^IdsatiYds - )exp(---—
^ds-Vdsat

(2.6.13)

The parametersA/ and are determined from extraction. 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. Thetotal drain current cannow be expressed [21] as follows:

^ds hub

— Idso 1 +
(Vds —Vdsat^

Bi , Bd
—exp(
Ai Vds-Vdsat

(2.6.14)

The total drain current, includingCLM, DIBLand SCBE, can be written as:

(2.6.15)

Vascbe
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where Vastrf.c^ also be called as the Early Voltage due to the substrate

current induced body effect. Itsexpression is the following:

(2.6.16)

Vascbe = — exp( ——)
Ai Vds-Vdsat

From Eq. (2.6.16), we can see that Vj^sCBE is a strong function of V^. In

addition, we also observe that is small only when is large.

This is why SCBE is important for devices with high drain voltage bias.

The channel length and gate oxide dependence of comes from

^dsat I" BSIM3v3, we replace Bi with PSCBE2 and Ai/Bi with

PSCBEl/L toyield the following expression for Vast??/?

(2.6.17)

_!_=:S^exp(--taL)
^ASCBE ^ ^ds - ^dsat

The variables Pgcbel ^scbel 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:

V V _y

= /.o(l-exp(-^))exp(-£: ^
V, /IV,

(2.7.1)
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2<|),

(2.7.2)

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 = 0. In Eq. (2.7.1), the

parameter n is the subthreshold swing parameter. Experimental data shows that the

subthreshold swing is afunction of channel length and the interface state density.
These two mechanisms are modeled in BSIM3v3 by the following:

(2.7.3)

^ {Cdsc +CdscdVds +Cdsd> Vbs^^ exp(—DVTI-^^) +2exp(—
n= \-\- Nfactor—+ HL— J I

^ f

where, the term:

(Cdsc +CdscdVds +Cdscb V/>«#)f eXp(—DvTI^^) +2eXp(—DvTl^^^)l
V 2// /, )

represents the coupling capacitance between the drain or source to the channel.

The parameters Cdsc, Cdscd, Cdscb are extracted. The parameter 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)

Leff — Ldrawn —

(2.8.2a)

= Wdrawn-2dW

(2.8.2b)

W^'=Wdray.n-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 modeledby the following:

m=dvr -v^ -^y
w w w

dW +ml jJV]n y^Wwn ' jJVIny^Wwn

—T I I Av I Av/Mnt ^Lln jJuXn^Lwn

(2.8.3)

(2.8.4)

These complicated formulations require some explanation. From Eq. (2.8.3), the

variable models represents the tradition manner from which "delta W" is

extracted (from the mfcrcepts of straights lines on a l/R^s vs. plot). The

parameters dWg and dWfj have been added to account for the contribution ofboth

front gate and back side (substrate) biasing effects. For dL, the parameter L^
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represents the traditional manner from which "delta L" is extracted (mainly from
the intercepts oflines from a vs. L^jtavmplot).

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

tomodel these dependencies asother than just simple inverse functions ofWand 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

tumed 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

extractionstrategyto ensureproperuse.

2.9 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 inthe 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 inthe n+ poly-silicon gate.

The doping concentration in the n+ poly-silicon gate is Ngate and the doping

concentration inthe substrate is The gate oxide thickness is 7^. The depletion

width in the poly gate is Xp. The depletion width in the substrate is X^. If we
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assume the doping concentration in the gate is infinite, then no depletion region

will exist in the gate, and there would be one sheet of positive charge whose

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

In reality, the doping concentration is, of course, finite. The positive charge near

the interface of the poly-silicon gate and the gate oxide is distributed over a finite

depletion region with thickness Xp. 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.

Poty Gate Depletion (Width Xp)

n

Ngate

Tax

D

n / > p

Inveiston Charge Depietton in Substrate (Width Xd)

B

Figure 2-7. Charge distributionin a MOSFET with the polygate depletion effect.
The device is in the strong inversion region.
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The effective gate voltage can becalculated in the following manner. Assume the

doping concentration inthe poly gate isuniform. The voltage drop inthe poly gate

can be calculated as:

(2.9.1)

V =iy Fpoly 2 polypoly ~ 2^
'SI

where Ep^iy 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)

^ox^ox ~ poly ~ ^poly

where is the electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)
^gs ~ ^FB ~ ~ ^poly ^ox

where is the voltage drop across the gate oxide and satisfies = E^^Tox.

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

(2.9.4)

^i^gs - ^FB -^s- Vpoly - Vpoly =0

where (2.9.5)

2
^ox

a =
2

/
SI gate'anfJ^ OX
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By solving the equation (2.9.4), we get the effective gate voltage {Vgs_^ which is
equal to:

(2.9.6)

1/ _ T/ .A gate'̂ ox ,- ^FB +<i>j + 2 ^
^^si^gae'̂ oxox

Figure 2-8 shows Vgs_^ / Vg, versus the gate voltage. The threshold voltage is
assumed to be 0.4V IfT^ =40 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.

CA

^1

>

1.00

0.95

••

' Tox=80A

••

Tox=60A

Tox=40A

0.90
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4 0

Vgs(V)

Figure 2-8. The efifective gate voltage versus applied gate voltage atdifferent 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 Unear drain current is proportional to CJVg, - VJ. The ratio ofthe linear drain
current with and without poly gate depletion isequal to:

^ds(ygs_eff) _ (^gs_eff -^th)
^ds - Vth )

(2.9.7)

Figure 2-9 shows Ids(Vgs_elf) / Ids(Vgs) versus the gate voltage using eq. (2.9.7).
The drain current can be reduced by several percent due to gate depletion.

Vi
UD

1.00

CA

TJ

ss 0.95

b

/

0.90 L.

Tox=80A

Tox=:60A

Tox=40A

J L

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Vgs(V)

Figure 2-9. Ratio oflinear region currentwith 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

subtfareshold and strong inversion were discussed in Chapter 2. Although these

e^sressions 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 (Gjj) and dieir derivatives in all transition

regions as well. Such high standards are met in BSIMSvS. As a result, convo^nce anH

calculationefficiencies are much improved.

This chapter will describe theunified natured ofBSIM3v3's model equations. While most

of the parameter symbols in this chapter are explained in the following text, a complete

descr^on ofall I-Vmodel equation parameters canbefound in the Appendix A.

3.1 Unified Channel Charge Denidfy
Expression

Separateexpressions for channelchargedensity are shown below for subthreshold

(Eq. (3.1.1a) and(3.1.1b)) andstrong inversion (Eq. (3.1.2)). Both expressions are

valid for small Yds.
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3-2

where,

QchsubiO =Qo€Xp(^——)
nvt

_ UfSsiNeh Vqflr
)V Tips nvi

QchsO —Cox(y^gs —Vth)

(3.1.1a)

(3.1.1b)

(3.1.2)

In both Eqs. (3.1.1a) and (3.1.2), the parameters QdisidjsO^<^ Q(M)^^ 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:

Vgsteff —

1 + 2

2 rt v/ln l + exp(— )
Tnvt

n Cox,
^qesiN.

. Vgs-Vth-TVaff^
exp( -)

gssiNch 2 n Vt

(3.1.3)

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

inversion region can therefore be writtenas:

QchsO —Cox^gstejf
(3.1.4)

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 diis chapter to model the drain current.
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-l-O-

-1.5 • I »

1^ -0.5 0.0 0.5 1U> 1.5

19-Vtti)/n*vJ

VgssVth

Vgs-Vth (V)
2.0

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

CO

-1.0 -o.

CVgs-Vtffi>

exp[CVgs-Vtri>/n^vJ

.5 O.O 0.5 1.0 1.5 2.0 2.5

Vgs-Vth (V)

Figure 3-2. Vgstefffunction vs. (Vgs-Vth) in logscale.

BSIM3v3 Manual Copyright® 1995,19%, UCBerkeley 3-3



Unified Channel Charge Density Expression

Eq. (3.1.4) serves asdiecornerstone of the unified channel chaige 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)
~ Cox(y^gs —Vth AbidkVF{y))

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

along the channel with respect to thesource. This equation canalsobe written as:

(3.1.6)
Qcks(,y) —QchtO + AQcbsiy)

The term ^Qdis(y) is the incremental channel charge density induced by the drain

voltage at point y. It can be expressedas:

(3.1.7)
A(2chs(y) = "-CoxAbulkVpiy)

For the subthreshold region (Vgs«Vth), die 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)

r\ ~ V/A ~ i4f>i<ttVF(y)\/,chsttb3(y) — )
nvt

^ . AbuaVfiy)
—\J,ehsubsO&Xp\^ )

nvt

ATaylor series expansion ofdie right-hand side ofEq. (3.1.8) yields the following

(keeping only the first two terms):

Qehaubaiy) = QchsubaO(]. —
nvt

Analogous to Eq. (3.1.6),Eq. (3.1.9) can also be writtenas:

Qchsubaiy) —QchsubiO + AQcksubtly)

(3.1.9)

(3.1.10)

The parameter is the incremental channel charge density induced by

the drainvoltage in the subthreshold region. It can bewritten as:

(3.1.11)

nvi

Note that Eq. (3.1.9) is valid only when Vf^y) is very small, which is maintained,
fortunately, due to the fact that Eq. (3.1.9) is only used in die linear regime (i.e.
Vds ^vt).

Eqs. (3.1.6) and (3.1.10) both have drain voltage dependencies. However, diey are

decuple and a unified expression for Qci^) is desperately needed. To obtain a
unified expression along the channel, we first assume:
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Unified Mobility Expression

^QcHy) —

(3.1.12)
^Qchs(y)^Qchsitbs{y)

^Qchs(y) + ^Qchaubs(y)

Here, ^Qdiy) is the incremental channel charge density induced by die drain

voltage. Substituting Eq. (3.1.7) and (3.1.11) into Eq. (3.1.12), we obtain:

AQch(y) — QchsO
Vb

(3.1.13)

where Vif=(Vgsteff+n*Vj)IAijifU(^. 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 n is replaced with 2. Theegression for V^nowbecomes:

(3.1.14)
Vgstiff + 2v/

AbuUc

Aunified expression for Qci^) from subthreshold to strong inversion regimes is
now at hand:

Qch(y) —QchsO{l — —)
Vb

The variable QdisOis given by Eq. (3.1.4).

(3.1.15)

3.2 Uniiled M(Aility Expression

BSIM3v3 uses a unified mobility expression based on the Vgsteff expression of

Eq. 3.1.3. Thus, we have:
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Unified Linear Current Expression

(Mobmod=l) (3.2.1)

l + (U<, +
Tox Tox

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

(Mobmod=2) (3.2.2)

1+(£/. +UcVW)(^^) +
Tox Tox

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

following expression:

(For Mobmod=3) (3.2.3)

1^
1 . rrr xV«J'̂ + 2Vir* /V«««y + 2Vi(/i ji/i TTX,1+[Ua ( )+ Ub{ y](l + UcVbseff)

lox Tox

33 Unified Linear Current Expression

33.1 Intrinsic case (Rds=0)

Generally, the following expression [2] is used to account for bothdrift and

diffusion current:
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Unified Linear Current Expression

Id{y) =WQeh{y)\lne(y)^^^^
dy

where the parameter Ufjgfy) can be written as:

1+--
Esat

Substituting Eq. (3.3.2) in Eq. (3.3.1) weget:

Uyy =WQMl - —) ^
Vb 2 E^y dy

Esat

(3.3.1)

(3.3.2)

(3.3.3)

Eq. (3.3.3) resembles the equation used to model drain current inthe strong

inversion regime. However, it can now be used to describe die cuirent

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

die expression for linear drain current in the channel. This expression is

valid from the subthreshold regime tothe strong inversion regime:

U,

m+—)
Va

(3.3.4)
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Unified Vdsat Expression

332 Extrinsic Case (Rds > 0)

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

to strong inversion is:

(3.3.5)

j
4 Rdsldso
1 +

Chapter 8 will illustrate the "smoothness" ofdiis expression.

3.4 Unified Vdsat Expression

3.4.1 Intrinsic case (Rds=0)

To get an expression for the electric field as a function of y along the

channel, we integrate Eq. (3.3.1) from 0 to an arbitrary point y. The
e^q^ressionis as follows:

£Idso
V =

V Esa, Vb

(3.4.1)

If we assume that drift velocity saturates when Ey=Esat, we get the
following expression for Idsat:
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Unified Vdsat Expression

3-10

- WVb
Jdsal — —

2UEsatL+Vb)

(3.4.2)

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

following expression for Vdsar.

y. EsatL(Vgsieff +2V/)
AbulkEsatL + Vgsl^ + 2V/

(3.4.3)

3A2 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:

where.

Vdsat =
-b —ylb^ —Aac

2a

2 1O —AbuUc V/^eff^sa^oxRoS + ( 1)Abulk
A.

(3.4.4a)

(3.4.4b)

(3.4.4c)

f 2 ^b = —+2V/)(—- 1) + AbulkEsatLeff +3Abulk(ygsteff +2Vt)We0^satCoxRDS

(SAM)

^ + 2vt)EscuL^ + 2(ygst^ + 2Vi)^W^satC<}xRDS
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Unified Saturation Currmt Expression

(3.4.4e)
Ar = AxVgsteff + Al

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

parameters Ayand A2are extracted.

3.5 UniHed Saturation Current Expressicui

Aunified e^qjression for die saturation current from the subthreshold to the strong

inversion regime can be formulated by introducing the Vgsteff function into Eq.
(2.6.15). Theresulting equations arethefollowing;

Ids —
Idso(Vdsat)

j^ RdsIdso(Vdsat)
Vdsat

where.

^^ ^ Vds " f^̂ Vds ~Vdsat
Va a Vascbe j

EsalL<fi Vaclm Vadiblc

(3.5.1)

(3.5.2)

(3.5.3)

Es<uL^ +Vdsa,+ 2RDSVsa£mW<^g!^[l i
va..^ ^(y^^+2v.y

2 / X 1+ RoSVsatCaxW^Abulk

.. AbulkEsalL^ + Vgsl^
Vaclm = — —-——— (Vas - Vdsa)

PcLMAbulkEsal lltl

(3.5.4)
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Single Current Expression for All Operational Regimes ofVgs and Yds

Vadiblc =
(Vgst^ + 2v/)

0ro«?(l + PDlBLCaVbseff)
1-

AbulkVdsal

AbuIkVdsal + Vgsuff + IVtj

(3.5.5)

(3.5.6)
r 1 ^ 7 _ T

Qrout = PdIBLCI TexpC-DiJot/r-^) +2exp(-Di?ot/7-—)]+ Pdiblci
I 2//0 ho J

1 Pscbel
exi

VaSCBE Leff

<~~Pscbel litt\
Vds-Vdsat]

(3.5.7)

3.6 Single Current Expression for All
Operational Regimes of Vgs and Yds

The Vgsteff function introduced in Chtqjter 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

tolink the continuous linear current with that ofthe continuous saturation current,

a smooth function for Yds is introduced. In the past, several smooth functions have

been proposed forMOSFET modeling [22-24]. ForBSIMSvS, thesmooth 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;

_ Idso(Vds^) 7 ^ Vds ~Vds^
J^ RdsIdso(Vdseff) ^

2I yds—Vds^
(3.6.1)

-1VaSCBE j

Most ofthe previous equations which contain Vds and Vdsat dependencies are now

substituted with the Vdsefffunction. Forexample, Eq. (3.5.4) now becomes:
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Single Current Expression for All Operational Regimes ofVgs and Vds

AbuliEsaL^+Vga^

FCLMAbulkEsat lltl

Similarly, Eq. (3.5.7) now becomes:

1

Vascbe

Pscbe2 Htl^

Vdr—Vd*^

The VdsefFexpression is written as:

(3.6.2)

(3.6.3)

(3.6.4)

Vds^ =Vdsat ———Vds —6+ {Vdsat —Vds —6)^ +46Vdy^J

The ejqx-ession for Vdsat is that given under Section 3.4. The parameter 6 is an

extracted constant. The dependence ofVdseff on Vds isgiven inFigure 3-3. The

Vds^ function follows Vds in the linear region and tends to Vdsat in the

saturation region. Figure 3-4 shows the effect of5on the transition region between
linear and saturation regimes.
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3-14

1.0-

0.8-

9 o «-

0.4

0.2-

O.Ot

=VctsatC^Vdseff=V<Ss

a Vgs=lV
o Vgsss3V

A Vgs=5V

Vds (V)

Figure 3-3. Vdseff vs. Vds for 5=0.01 and different Vgs.

V|dseflf=Vclsat
i

VdseffczVcIs

5=0.001

' I ' I '—I ' I •—I
"l-O i.« 2.0 2.S 3.0 3^ 4.0 4.3 8.C

Vds (V)

Figure 3-4. Vdseff vs. Vds for Vgs=3V and different 6 values.
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Substrate Current

3.7 Substrate Current

BSIMv3uses the Eq. (3.7.1) to modelsubstrstecurrent.

(3.7.1)

I^=-^(y^-V^^)exp( ^ )———(
Lifff Vds—Vds^ /^df/diio ^ J

Vdseff

Theparameters aO and PO refer toimpact ionization current.

3.8 A Note on Vbs

In BSIM3v3, all Vbs terms which have appeared in Chapters 2 and 3 have been

substituted with a Vbseff expression as shown inEq. (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 expressionis not introduced.

(3.8.1)

Vbseff = Vbc +0.5[Vi>j -Vbe-bl+^(Vbs - Vbc - 61)' - 461Vfcc ]

where 6i=0.001.

The parameter Vbc is the maximum allowable Vtsvalue and is obtained based on

the condition ofdV^dV15=0 for the V^jj expression of2.1.4.
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CHAPTER 4: Capacitance Model

Previous BSIM c^adtance models used long channel charge models inwhich the ratio of

Qy^eff (where i and j are the transistor nodes) did not scale with Lgff. This resulted inan
overestimation of capacitance values for devices smaller than a L(iavwi of 2 Jim. This

effect was particularly severe at low drain biases. In addition, previous capacitance
models also showed iq>palling discontinuities for die 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 modelincopcrates thefollowing enhancements:

• Separate effective channel length and width are used for capacitance and I-V

models.

• Asimple short channel capacitance model with accuracy down to the 0.2 ^im
Leff range.

• Intrinsic C-V model is no longer piece-wise (i.e. divided into inv^ion,

depletion, tiiode and saturation regions). Instead, a single equation is used for
each nodal charge covering all regions ofqjeration. This ensures continuity of

all denvatives and enhances convergence prcperties. The inversion
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General Information

c^adtance and substrate capacitance are also no longer discontinuous at the

direshold voltage.

• Threshold voltage formulation isconsistent with the I-Vmodel. Effects such as

body effect and DIBL are automatically inccHpcH'ated in the capacitance model.

• Ovo-l^ capacitance comprises two parts: 1) a bias independent part which

models the effective overlap c^acitance between the gate and the heavily
doped source/drain, and 2) agate bias dependent part between the gate and the

lightlydopedsource/drain region.

• Bias independent, hinging c^adtances are added between the gate and source

as well as the gate and drain.

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

Name Function Default Unit

CAPMOD Flag for short channel capacitance model 2 (True)

CGSl lightly-doped source togate overlap capacitance 0 (F/m)

CGDl li^tly-dcq^ed drain togateoverlap c^acitance 0 (F/m)

CKAPPA Coefhdentforlightly-doped overly capadtance 0.6

CF Fringing field capacitance equation
(4.4.2)

(FAn)

CLC Constant term for short channd model 0.1 pm

OLE Exponratial term for short channel model 0.6

DWC Long channel gate c^acitance width offset Wint {Im

DLC Longchannel gate c^acitance lengthoffset lint pm

TaUe 4-1. New parameters for BSIM3v3 capadtance model.
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4^ 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 r^on between the

metalluigical source and drain junction when the gate to S/D region isatflat 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 i^cm
(relatively insensitive to bias conditions), and 3) the overlqj between the gate and
li^itly doped S/Dr^on which changes with bias.

In die previous C-V model (BSIM3 Version 2.0), both the I-V and C-V parts of the
moctel used the same Leff and Weff expressions.. This is not soin die new model

BSIMSvS. The geometry dependence for the intnnsic capacitance part is given as
the following:

£Wlny^Wwn

uL^ =DLC + —rr + —;—H
lAvn

^active ^drawn

(4.2.1)

(4.2.2)

(4.2.3)

(4.2.4)

The meanings ofDWC and DLC are different from those ofWint and Lint in the I-

V model. and are the effective length and width of the intrinsic
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A Note on DeviceGeometry Dependencies

device for c^acitance calculations. Unlike the case with I-V, we assumed that

these dimensions have no voltage bias dependence. The parameter 6Leff is equal
to the sourc^drain to gate ove-lap length plus the difference between drawn and

actual POLY CD due to processing (gate printing, etching and oxidation) on one

side. Oveell, a distinction should be made between tiie effective channel length
extracted from tiie c^acitance measurementand tirom tire 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

meaning. It is just a parameter usedin theI-Vformulation so that themeasured I-

Vcharacteristics match tiiose calculated by the model. This Leff is therefore very

sensitive to theI-V equations used andalso to theconduction characteristics of the

LDD region relative to the channel region. Adevice with a large Leff and a small

parasitic resistance can havea similar current driveas another witha smaller Leff

but larger R^. In some cases Leff can be larger than tiie polysilicon gate length
giving Leffa dubious physical meaning (negative Leff).

^active 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 to be that measured at gate to

source/drain flat band voltage. Ifthe values for DWC and DLC are not specified in
the SPICE model card, BSIM3v3's capacitance model will assume that thedevice

in question has the same effective dimensions for both I-V and C-V models (i.e.
DWC = Wintand DLC=Lint).
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Intrinsic Capacitance

4.3 Intrinsic Capacitance

43.1 Background Information

There has been no recent major work performed in the area of intrinsic

c^acitance modeling suitable for implementation into a circuit simulator.

One bottleneck is the difficulty in c^acitance measurement, especially in
the deep micron r^me. At v&y short diannd lengths, die MOSFET

intrinsic ciqjacitance is v«y small yet the conductance is large. The large
conductance results in large in-phase cuirents during hi^ frequency
measurement and overloads the C-V meter. Also the effects ofthe 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 die 16 c^acitance components in an

intrinsic MOSFET, can bedirecdy 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 wcxk is the observatimi that most

circuits used to be dmninated 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

shnnkmg of design rules. Also, awell behave capacitance model will help
circuit simulation convergence. In low power and analog ^iplications,
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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Intrinsic Capacitance

developed from an identical set of diarge equations so that CijAd is well
behaved.

Similar to the I-V model, the development of the capacitance mode^ was

earned out with an effort to balance physics with simulation efficiency.

Seve-al 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 yetinclude most oftiie physical concepts.

432 Basic Fomiulatioii

To ensure charge conservation, tominal charges instead of the terminal

voltages are used as state variables. The terminal charges Q5, Qg, and

Qd are the charges associated with the gate, bulk, source, and drain,

respectively. The gate charge is comprised of mirrcr charges from 3

components: the channel minority (invasion) charge (Qinv), the channel

majority (accumulation) charge and tiie substrate fix charge (Qsub)-

The accumulation diarge and the substrate charge are assodated with the

substrate node while the channel charge comes from the source and drain

nodes:

(4.3.1)

Qg =-(Qsub+Qinv+Qacc)
Qb-Qacc-^Qsub
Qinv =Qs+Qd

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

charge at zero source-drain bias (QsiiOi)* which is a function of gate to
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Intrinsic Capacitance

substrate bias, and the additional non-uniform substrate charge in the

presence ofadrain bias (SQ^^. Q^now becomes:

Cacr QjubO ^Qsub )
(4.3.2)

The total charge is computed by integrating the diarge along the diannd.

The threshold voltage along the channel is modified due to the non-

unifoim substrate charge by:

therefore .

yjy)=vjO)+(A^-jy
(4.3.3)

(4.3.4)

<Z=K^ f(v„-A^V^)dy
0 0

^aaat ^aent

Qt f(v„ +v„ -v„ -v,)iy
0 0

Aattfw Locth*

" ^active J~~̂ active^ox J^th "^FB ĵ~ ~\uik )^3'

Substituting the following:

and

dV
dy = ^

e„

J. = - /UV.)e,
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Intrinsic Capacitance

4^

intoEq. (4.3.4), wehavediefollowing upcm integration:

. / c
c active active^ ox

Qb = -Qg -Qc= Qsubo +5(2,

"^^subO active^active^i

where.

V --haiLv
2

•sub

r

y ^
" 2

A V ^^bulk ^ ds

^2k

^uuYds
f

12 y __j^v
^gi -> ^ds

^ y

Q,m =-^ac^^cc,i^ps.siqN^{2^^ -Vj,)

50 =H/ / r
^^sub '' acft've ^active ox

^ \ulk T/ )'̂ 6«/jkKfc
^ds T "

12
AXT _ -^bulk

active ^ ds

(4.3.6)

(4.3.7)

The inversion charges are siqiplied from the source and drain electrodes

such diat Qinv =Qs + Qd- ratio ofQ^j and Qg is the charge partitioning

ratio. Existing charge partitioning schemes are 0/l(X), 50/50 and 40/60

(XPART = 0, 0.5 and 1) which are the ratios of(2^ to (^g 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 altogedier 16 components.

For each component:
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Intrinsic Cajpadtance

(4.3.8)

r
' dv.

where i and j denote transistor nodes. In addition:

433 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

C^ds^^dsat)' earner density at the drain end is zero. Since no channel
length modulation is assumed, the channel charge will remain a constant

throu^out the saturation region. In essence, the channel char^ in the
saturation region is assumed to be zero. This is a good approximation for
long channel devices but fails when Lgff<2pm. Ifwe define adrain bias,

Vdsat,cv in which the channel charge becomes a constant, we will find diat

^dsatpCv in general is larger than but smaller than the long channel
^dsat given by (^bulk is a parameter modeling the non-uniform
substrate charge). However, in the old long channel charge model
is set to Vg^Abuik independent of channel length. Consequently, Cy/Leff
also has no channel length dependence (Eqs. (4.3.6), (4.37)). Apseudo
short channel modification from the long channel has been used in the past.
It involved the parameter Aj^yy^ in the capacitance model which was

redefined to be equal to thereby equating Wf^^and This
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4-10

overestimated the effect of velocity saturation and resulted in a smaller

diannel capacitance.

The difficulty in developing a short channel model lies in calculating the

charge in the saturation region. Although current continuity stpulates tihat

the diarge density in the saturation region is almost constant, it is difficult

to calculate accurately thelength of thesaturation r^on. Mo'eover, due to

the expOTentially increasing lateral electric field, most of thediarge in the

saturation region are not controlled by the gate dectrode. However, one

would expect that the total charge in the channel will exponentially

decrease with drain bias. A physical model has been devdoped to reflect

diis but will not be presented here. A simpler model is adc^ted to

empirically fit 1° channdlength. Experimentally,

V. <v <vdsai /V ' dsat fiv ^ dsat ;v

V ^_ ^ gateffjcv

bulk

and Vdsat,cv is fitted empirically by thefollowing:

dsatjcv

bulk

^gsteff,cv =

gst^jcv

/ CLC] CLE\

7 +

V
k. ^active j

y

1 + exp
ry - V^gs ^th

V y

(4.3.9)

(4.3.10a)

(4.3.10b)
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The parameter can now be substituted by ^ long channel

equation where;

AbulkO = 1 +

^bulk —^buIkO 1 +

\ ^active J

^ CLC ^

^ AoL^ ^ Bo ^ 1
Leff + Wf/ +Bl J 1+KETAVbstff

(4.3.11)

(4.3.11a)

By setting CLC to zero, die new model reduces back to the old model. At

voy short channel lengths where velocity overshoot is prominent, die

channel diarges is only a weak function of diannd length and saturation

velocity. The effect of velocity overshoot is minimfll and is not

implemented into the model.

43.4 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 re^on. From

one region to another the charges were conserved, but not their slopes.

Therefore, the capacitances in some of diese transitions were

discontinuous. In die new model, a sin^e equation is used to model each

charge for all regions.

(a)Transition from depletion to inversion region

The biggest discontinuity is the inversion capacitance atthreshold voltage.
The old model uses a step function and die inversion capacitance changes
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abruptly from 0 to 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.

E}q)enmentally, 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 c^adtance model

around die threshold voltage is veryimpcxtant.

The non-abrupt channel inversion c^acitance and substrate c^acitance

model is developed from the new I-V model which uses a single equation

to formulate the subthreshold, transition and inversion regions. The new

diannd inversion charge model can be modified to any charge model by

substituting with Vgctpffryas in the following:

gt ) Q(invj4)iygsl^^c^
(4.3.12)

Now,

(4.3.13)
dV.

iygt ) ^(invf4)^
dV.

where.
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dVgsteff.cv

3F
gs

exp

1 + exp

gst

T~7
gst

(4.3.14)

The inversion (minority) charge is always non-zero, even in the

accumulation region. However, it decreases exponentially with gate bias in
the subthresholdregion.

(b) Transition from accuniiilation 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:

~yfb-05^3 +463y/&| where '̂ yfb-Vg^ -63; 63 =
(4.3.16)

0.02

yft> —Vth —̂ s —

^aec ^"^oclive^aetive^aciyFBeff ~yfl^ )

2

(4.3.16a)

(4.3.17)

(4.3.18)

O-subQ W I C —
active '^'active ^ ax

Kr

11 ic?
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(c)Transition from linear to saturation region

A parameter Vcveffis used tosmooth out die transition between linearand

saturation regions. It affects theinversion chaige.

(4.3.19)

-0.5{v4 +464Vk««.cv} where 6^=0.0.02

4-14

Q = -W L Cinv active active^ ox V V
gst^fiv -n ^ cv^

V ^ J

^bidk ^ cvefS

(4.3.20)
\

iiiv -^g'tcffjcv ^ ^cv^

Below isalist ofall he three partitioning schemes for the inversion charge:

hO -W I C
active active ox cytff / A ' \

cv^

12 V ^ bulk Y
^ gsteffjcv ~ ^ cv^

(4.3.21)

(i) The 50/50 Chargepartition

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 diesimulation data

well.
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(4.3.22)

Qs=Q,=om„,^-
w L r

active '-'active ox
Ar _ ^buik Y

gst^jcv 2 cveff '
>2 XT 2A '^V^bulk ^ cveff

a=-

a=-

12\v ^ VI gst^fiv ~ * cv^

(ii) The40/60 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.

Qs^^a. J
0 V active

Qa -Wactive

0 active

(4.3.23)

dy

w L r
^^acdve*-'ocdve^aic

'̂ V^cv-^^V 1^ g^ 2 J

(4.3.24)

w L r
aone'-'aahe^at

(iii)The 0/100Charge Partition

(4.3.25)
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Infast transient simulations, the use ofaquasi-static model may result in a

large unrealistic drain current spike. This partitioning scheme is developed

to artificially suppress die drain current spike by assigning all inversion

charges in the saturation region to the source electrode. Notice that this

diarge partitioning scheme will still give drain current spikes in the

region and aggravate the source current spike problem.

a = —W L C
active active ox

e.= —W L C
active active ax

^gstefffiv ^buOt ^cvtff
H

V '^A 'V^gstefffiv '̂ "•bulk ' cveff

24(1^

(4.3.26)

^bulk T/
gst^,cv

(4.3.27)

%st^jcv
bulk

2

(d) Biasdependent threshold voltage effects on capacitance

The effects ofbody bias and DIBL isincluded 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 direshold voltage on drain and substrate biases. The

intrinsic capacitances can be derived based on die above charge equations.
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^ ^Qs.d^,b ^^gsl^cv

^ '̂•d.s.b . ^Q,.d.!iJ, (9v,t dv,^
(sj,g.bU :ii/ :jt/ -vt, •'•-XTr3V„ ' dv^j

c 'd^.b .d^.b ^^gsteffcv ^y,h
'''''' ^V^s,^cv 3V,

_ ^^giuffcv

(4.3.28)

(4.3.29)

(4.3.30)

(4.3.31)

4.4 Extrinsic Capacitance: Fringing
Capacitance

The iriiigiiig c^acitsnce consists of abias independent outer fringing f-flpacitanrfft
and a bias dependent inner fringing capacitance. In die 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 thea-etically calculated:

CF = ^ln
a t

\

ox /

71
a = —

2

IfCF is not given in the above expression, itcan be calculated by:
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, 4xJ0-'^
1 "I*CF=^ln

n
V ox y

(4.4.2)

4^ Extrinsic Capacitance: Overlap
Capacitance

An accurate model for the overly capacitance is essential. This is especially true

for the drain side where the effect of the c^acitance is amplified by the transistor

gain. In old c^acitance models this c^acitance is assumed to be bias

independent. However, experimental data show that die overlap ci^adtance

dianges with gate to source and gate to drain biases. In a sin^e drain structure or

the heavily doped S/D to gate overly region in a LDD structure the bias

dependence is the result ofdepleting the surface of the source and drain regions.

Since the modulation isexpected to be very small we can model this region with a

constant ci^acitance. However in LDD MOSFETs a substantial portion of the

LDD r^on can be depleted, both in the vertical and latffal directions. This can

lead to a large reduction of overlap capacitance. This LDD i^on can be in

accumulation ordepletion. We use a single equation for both regions by using such

smoothmg parameters as Vg^fif^^erkp ^gdpverlq) the source and drain side,
respectively. Unlike the case with the intrinsic capacitance, the overlap

c^amtances are reciprocal. In other words, ^gd/jverkp

~^dgpverkp-

(a) Source Overlap Charge
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a =^2Ei =CGS0V„+CGSl.
1/

V -V j.-gs gs,overlap"^
CKAPPA

(4.5.1)

j4V
1+

CKAPPA

(4J.2)

y gsjoverlap = -46; I where bj=002
where CKAPPA is auser input parameter. Ifthe average dqjing in the LDD i^on
is known, CKAPPA canbecalculated by:

2es,qNLDD

The typical value forNidq'is 5x1017 cm-3.

(b) Drain Overlap Charge

(4.5.3)

=CGDOV,, +CGDlk -
^ 2 1( CKAPPA

(4.5.4)

gd fiverlap '̂ '̂ ^(ygd '~^2)+')lfygd -^2) ""^2! ^2=002
(c) Gate Overlap Charge

^overlap^ "~{^ovcr/a/> j Q-overlapd )
(4.5.5)
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In tfie above expressions, if CGSO and CGDO (the heavily doped S/D i^on to

gate ove-lap c^acitance) are not given, they are calculated according to the

following:

CGSO = {DLC^Cox) - CGSl (ifDLC isgiven and DLC >0)

CGSO =0 (if the previously calculated CGSO isless than 0)

CGSO = 0.6Xj*Cox (otherwise)

CGDO = (DLC*Cojr) - CGDl (ifDLC isgiven and DLC > CGDllCox)

CGDO =0 (if previously calculated CDGO is less than 0)

CGDO = 0.6Xj^Cox (otherwise)

4.6 Graphical Results

Figures 4-1 dirou^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 Ginear to saturation) and Vgs bias conditions

(subthreshold to strong inversion). Figure 4-5 is also included to highlight the
VFBeffequation 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 cap£K:itaiice versus Vds bias.
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Figure 4-3. Normalizedcharge versus Vgs bias.
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Figure 4-4. Nonnalizedcapadtance versus Vgs bias.
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-101
Vgb(V)

Figure 4-5. Continuity of the Vfbefffunction.
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CHAPTER 5: Non-Quasi Static Model

5.1 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 incircuit simulatCMS 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

chaige partitioning option, unrealistically laige drain current spikes firequently
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 insi^its into NQS effects and

solutions are lost. In addition, these models increase circuit simulation times by 4
to 5 times.

5.2 The NQS Model in BSIM3v3

BSIMSvS includes a physical NQS transient model which alleviates the above

problems. Although itis aphysical model that takes in account velocity saturation
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effects, it is conceptually simple to understand because its formulation is based on

familiar channel relaxation principles.

53 Model Formulation

The channel of a MOSFET is analogous to a bias dq^endent RC distributed

transmission line (Figure 5-la). In the Quasi-Static (QS) approach, the gate
capacitor node is lumped with both the external source and drain nodes (Figure 5-
Ib). This ignores the finite time for the channel charge to build-up. One Non-

Quasi-Static (NQS) solution is to represent the channel as n transistors in series

(Figure 5-lc). This model, although accurate, comes at the expense ofsimulation
time. BSIM3v3 uses a more efficient approach formulated from the circuit of

Figure 5-Id. This Elmore equivalent circuit models channel charge build-up
accurately because it retains the lowest fiequency pole ofthe original RC network

(Figure 5-la). To accommodate this new NQS model, two new parameters are
introduced (See Table 5-1).

Name Function Default Unit

NQSMOD Flag for the NQS model 0 (False)

ELM Elmore constant of the channel 5 none

Table 5-1. New NQSmodel parameters.
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Equivalent RC Network

/ • Gate \
Conventional

Quasi-Static Model

i i i
I
(C)

N^ Elmore
Equivalent Circuit '̂ "^uivalent Model

f

r-n.

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

The NQS model also includes the use of the model parameter Xpart (usually
assomated with the A.C. model) to control charge partition to the source/drain. In

BSIM3v3, the Elmore resistance, ^Etmorsi ^ calculated from die channel resistance

under strong inversion as:

2 2
Leff Leff

R Elmore ^Kffiche,

BSIM5v3 Manual Copyright © 1995,1996, UC Berkeley

(5.2.1)

5-3



Model FormuiatkMi

wha*e e is the Elmore constant of the RC network in the channel with a theoretical

value close to 5. Qch is hie actual channel charge in the channel and Qcfieq
represents the quasi-static equilibrium channel charge. The value RElmw^Omnd
is the relaxation time constant for charging and discharging the chaimel. Under

strong inversion, the conduction is mainly due to drift current. As such, the

relaxation time constant due todrift current is given by:

.r ~ D u/ I ^^drift ~ ^Elmore^ox^eff^^ ~

(5.2.2)

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

relaxation timeconstant can be approximated by:

(5.2.3)

Hgytr

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

1 1 1
- = +

drift

(5.2.4)

Using diis relaxation time concept, the NQS transient effect in BSIMSvS is

implemented with the subcircuit given in Figure 5-2. The parameters X^jand Xg are
the charge partition allocated to the drain and source and are assigned values of0.4

and 0.6, respectively.
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The state variable, is an additional node created tokeep track ofthe amount

of deficit (or surplus) channel charge necessary to achieve equilibrium .Q^will
decay exponentially into the channel with a bias dependent NQS relaxation time x.

The derivative of with respect to time is Ae gate charging current. This gate
current is partitioned into separate drain and source current components. A

complete listofall NQS model equations isprovided inthe >^>pendix.

dGcheq

35"©

Qdef
O ij=Ij(dc) +Xj^

X, + Xa =1

t
i,=-ij(dc) +x,9^£

T

Figure 5-2. NQSsubcircuit implementatioii in BSIM3v3.

BSIM3v3 MamiaJ Copyright ®1995,1996, UC Berkeley
5-5



CHAPTER 6; Parameter Extraction

Parameter extraction isan important part ofmodel development. Many difiFerent 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 BSIMSvS, a

combination ofalocal 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 ofa computer to find
one set of model parameters which will best fit the available experimental

(measured) data. This methodology may give the minimum average eiror 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 ofone another.

Parameters are extracted from device bias conditions which correspond to
dominant physical mechanisms. Parameters which are extracted in tfiis manner

mi^t 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 diis 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. Insingle device extraction

strategy, e3q)enmental data from asingle device isused to extract acomplete set of

model parameters. This strategy will fit one device very well but will not fit other

devices with diff^ent geometries. FurdiermOTe, 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 die same bias

conditions. The resulting fit might not be absolutely perfect for any single device
butwillbe better for thegroup ofdevices under consideration.

Extracticm Procedure

63.1 Parameter Extraction Requirements

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

exfract parameters, as shown in Figure 6-1.
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device performance quite well. Values extracted in this manner will now have

some physical relevance.

6J2 Extraction Strategies

TWo different strategies are available for extracting parameters: the single device

extraction strategy andgroup device extraction strategy. In single device extraction

strategy, experimental data from asingle device isused toextract acomplete setof

model parameters. This strategy will fit one device very well but will not fitother

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 mi^t not be absolutely perfect for any single device
butwill be betterfor diegroupofdevices under consideration.

63 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.
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W„:"
min

W

^mln

Large W and L

Orthogonal Set of W and L

/
4

I

I

4

Figure 6-1. Device ^ometries usedfor parameter extraction

The large-sized device (W ^ lOMm, L ^ 10^iIn) is used to extract

parameters which are independent of short/narrow channel effects and

parasitic resistance. Specifically, these are: mobility, the laige-sized device

threshold voltage and the body effiect coefficients /Ty and ^2 which

depend on the vertical dopingconcentration distribution. The set of devices

with a fixed large channel width but different channel lengdis are used to

extract parameters which are related tothe short channel effects. Similarly,

the set of devices with a fixed, long channel length but different channel

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

measured under four, distinct bias conditicms.

1) Ids vs. ygs@ Vds = 0.05V with different Vhg.

2) vs. Vd^ Vbs = OV with different

3) Ids vs. = V^with different (Vdd^ maximum drain

voltage)

4) Ids vs. Vd^ Vfys = VijIj with different V (IV/;^ is the maximum body
bias)

63^ OptimizatkMi

The optimization process recommended fw 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 airanged ina form suitable for Newton-Raphson's iteration

as shown in Eq. (6.3.1):

(6.3.1)

=

o Pi dP2 dP^

The variable is die objective function to be optimized. The variable

fexfi) stands for the experimental data. Piq, P^q, and P^ represent the
desired extracted parameter values. p{^, p{^, and pj^ represent
parameter values after the mth iteration.
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Measured Data
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/
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STOP

no

Figure 6-Z Optimizatioii flow.

To change Eq, (6.3.1) into a form tiiat a linear least-squares fit routine can

be use (i.e. ina form ofy^a + bxl + cx2\both sides ofthe Eq. (6.3.1) are

divided by dPj. This gives the change in Pj, , for the next

iteration such that:
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6-6

p(m+l) _ p(m) ^^(m)
(6.3.2)

where i=l, 2,3 forthis example. The (m+1) parameter values forP2and PS

are obtained in an identical fashion. This process is repeated imtil die

incremental parameter change in parameter values AP/^ are smaller than a
pre-determined value. At this point, the parameters Pj, P2, and Pj have
been extracted.

633 Extraction Routine

Before any model parameters can be extracted, some process parameters
have to be provided. They are listed belowin Table6-1:

Input Parameters Names Physical Meaning

T« Gate oxide thickness

Nch Doping concentration in the channel

T Temperature at which the data is taken

^-dawn Masklevel channellength

Mask level channel width

Junction depth

TaWe 6-1. Prerequisite input parameters prior toextraction 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.)

Step 1

ExtractedParameters & Fitting Taiget
Data

Device & Experimental Data

VthO.Ki,K2

FittingTarget Ejqj. Data: V^Vfjg}

Large Size Device (Laige W & L).
/fife vs. Vgg@ Vfjs =0.05V atDifferent
Extracted Experimental Data V^Vb^

Step 2

Extracted Parameters & Fitting Taiget
Data

Devices & Experimental Data

^ a* ^b»

Fitting TargetExp. Data: Strong Inver
sion region Ifgygs' ^bs)

Laige Size Device (Large W& L).
ffifr vs. Vgs@ Vds ~0.05V atDifferent

Step 3

ExtractedParameters & FittingTarget
Data

Devices & Experimental Data

Lint, W, Vfyg)

Fitting Target Exp. Data: StrongInver
sion region IdsfVgs,

OneSet of Devices (Large andRxed W&
Different L).
/flfr vs. Vgs@ Vfjs =0.05V atDifferent
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Step 4

Extracted Parameters &Fitting Target
Data

Devices & Experimental Data

Wintf W, Vijg)

Fitting Target Exp. Data: Strong Inver
sion region

One Set of Devices (Large and Fixed L
& Different W).
^ds^s. Vgs@ V^=0.05V atDifferent

Step 5

Extracted Parameters &Fitting Target
Data

Devices & Experimental Data

Fitting Target Exp. Data: RddRds^ W,

Vbs!

Rds^^dsw

Step 6

Extracted Parameters &Fitting Target
Data

Devices & Experimental Data

^vtO'^vth

Fitting Target Exp. Data: L, W)

OneSetof Devices (Large andFixed W&
Different L).

Vtf/Vts^L^W)
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Step 7

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^vtlw ^vt2w
Fitting TargetExp. Data: L W)

One Set of Devices (Large andFixed L &
Different HO-

V^Vi^L^W)

Step 8

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

K3,K3b,Wo

Fitting Target Exp. Data: V^Vi^g, L, W)

OneSet of Devices (Large andFixedL &

Different BO-

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Vcff' Nfactor, Cdsc> C^sd)
Fitting TargetExp. Data: Subthreshold
region

One SetofDevices (Large andI^ed W&
Different L).

Vgg@ Vds =0-05V atDifferent

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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6-9



Extraction Procedure

^dscd
Fitting Target Exp. Data: Subthreshold
region

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

ygs@ at Different V^s

Sten 11

Extracted Parameters &Fitting Target
Data

Devices & Experimental Data

dWb

FittingTarget Exp. Data: Strong Inver
sion region

OneSetof Devices (Large andFixed W&
Different L).

vs. Vgs@ Vfjs =0.05V atDifferent Vfjg

Step

Extracted Parameters &Fitting Target
Data

Devices & Experimental Data

^sat'

Fitting Target Exp. Data: IsJ^gS'

Aj, A2(PMOS Only)

Fitting Target Exp. Data VascdV^^

OneSet of Devices (Large andFixed W&
Different L).

ids'̂ ^-Vds@Vbs =OV at Different Vgs

Step 13

Extracted Parameters &Fitting Target
Data

Devices & ExperimentalData
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Extractioii Procedure

B0,B1

Fitting Target Exp. Data: Isa(Vgs, Vfy^/W
OneSet of Devices (Large andFixedL &
Different W).
/flfrvs. V^@ = OV at Different

Step 14

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

dWg
Fitting Target Exp. Data: IsJVgg, Vb^lW

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

^ds® ybs^OVat Different

Step I S

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^scbeh ^scbe2

Fitting Target Exp. Data: RoJVgs,

One Setof Devices (Large andRxed W&
Different L).

Ids ^ds@ ^bs~ Different

Step 16

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

Pdm ^(^Tout' ^dblcl' P(£blc2' L.), Pavg

Fitting Target Exp. Data: Roidygs>

One Set of Devices (Large andFixedW&
Different L).

vs. at Different
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ExtrsKitioii Procedure

Step 17

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

Dnjut'^dmiofcBblcZ

Fitting Taiget E*p. Data; Q(Dfaf, Pohki,

Pabb2-^)

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

Pdblcl- PaUcZ'

StenlS

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pauid)

Rtting Target Ejqj. Data: Q(D,fw Pdibkl-

Pdiblc2'^-yb^

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

vs. Vgs@ fixed atDifferent

Step 19

Extracted Parameters & Fitting Taiget
Data

Devices & Experimental Data

Dsub, L)

Fitting Target Exp. Data: Subthreshold
region IfgVgs,

One Set of Devices (Laige and Fixed W&
Different L).
/fiiSjVs. Vgs@ V^=Vj^at Different
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Extractkm Procedure

ExtractedParameters & FittingTarget
Data

Devices & Experimental Data

EtaO, Etab, Dsub

Fitting Target Exp. Data:

Etab, L)

OneSet of Devices (Laige andHxed W&
Different L).
ffifrvs. Vgy@ atDifferent

Steo 21

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

Keta

Fitting Taiget Exp. Data: Isa(Vgs, Vb^lW

One Set of Devices (Large and Rxed W&
DiffieientL).
/flfy vs. @ at Different

Step 22

Extracted Parameters & FittingTarget
Data

Devices & Experimental Data

oD, pO

Fitting Target Exp. Data: IstiiVg^, Vfe)/
W

OneSet of Devices (Large andRxed W&
Different L).

vs. @ Vfjg = VijIj at Different
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Notes on Parameter Extraction

6.4 Notes on Parameter Extraction

6.4.1 Parameters with Special Notes

Below is a listofmodel parameters which have special notes forparameter

extraction.

Symbols used
in SPICE

Description Default

Value
Unit Notes

vttaO ThieslKrid voltagefor largeW andL device@
Vbs=OV

0.7(NMOS)
-0.7 (PMOS)

V nI-1

kl Hrst order body effect coefELdent 03 yl/2 nI-2

k2 Sec<nid mder body effect coefhdent 0 npne nI-2

vhm Maximnm applied body bias -3 V nI-2

nch Channel doping concentraticn 1.7E17 1/cm^ nI-3

ganunal Body-effect coefddent near interface calculated yia nI-4

gaiinna?. Body-effect coeffident in the bulk calculated nI-5

vbx Vbs at whichthe depletion widthequalsxt calculated V nI-6

cgso Non-LDD souxce-gate overiapcapacitance per
channel length

calculated F/m nC-1

cgdo Non-Ldd drain-gate overiap capacitance per
rhannftl length

calculated F/m nC-2

cf Fringing fidd capacitance calculated F/m iiC-3

Table 6-2. Parameters with notes for extraction.
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Notes on Parameter Extraction

6.4.2 Explanatioii of Notes

nI-1. IfVtho isnot specified, it iscalculated using:

Vlho ssVfB-^^+ K

where VFB=-1.0. IfVthO is specified, VFB is calculated using

Vfb =5 Viho—^-K\<J^

nl-ZIfkl and k2 are not given, they are calculated using:

a:, « gamma^^ - IK^ - Vbm

^ {gammal - gamma2)Q^- Vfa -

where the parameter phi iscalculated using:

kaTnom
VtmO = —^
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Notes on Parameter Extraction

tii =I45xl0"'[-^^ exl21.5565981-^^
V300.15J \ 2vtmoj

P I T/c 7'02xl0~^ Tnom^
= 1.16

Tnom +1108

where E^is the energy bandgap attemperature Tnom.

nI-3. If nchis notgiven andgammal is given, nchis calculated from:

^ _ gammal' Cox^
2^&<

If both gammal and nch are not given, nch defaults to 1.7e23 1/m^ and

gammal is calculated from nch.

nI-4.Ifgammal is notgiven, it is calculated using:

gamma^ =

nI-5. Ifgamma2 is not given, it is calculated using:

gamma2 = —
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Notes on Parameter Extraction

nI-6. If vbx is notgiven, it is calculated using:

2£,

nC-1. Ifcgso is not given then it iscalculated using:

if (die is given and is greater 0) then,

cgso = pi = (dlc*cox) - cgsl

if (the previously calculated cgso<0), then

cgso=0

else cgso = 0.6 xj*cox

nC-2. Ifcgdo isnot given then it iscalculated using:

if (die is givenand is greaterthan 0) then,

cgdo = p2 = (dlc*cox) - cgdl

if (thepreviously calculated cgdo <0), then

cgdo=0

else cgdo = 0.6 xj*cox
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Notes on Parameter Extraction

nC-3.If cf is notgiven then it is calculated using:

2e
CF=^ln

7C

4x10"'''
1 +

Tox
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CHAPTER 7: Benchmark Test Results

A series of tests [26] have been performed on BSIM3y3 to check its robustness (lack of

discontinuities), accuracy, and performance. Aldiough all benchmark test results could not

be included in this ch^ter, the most important ones will be presented in this ch^ter for a
0.5lim, 90 Angstrom, 3.3Vtechnology.

7.1 Benchmark Test lypes

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.

Device Size Bias Conditions Notes

Figure
Number

W/L=20/5 Ids vs. Vgs@ Vbs=OV; Vds=0.05,3.3V Log scale 7-1

W/L=20/5 Ids vs. Vgs@ Vbs=OV; Vds=0.05,3.3V Linear scale 7-2

W/L=20/0.5 Ids vs. Vgs @ Vbs=OV; Vds=0.05,3.3V Log scale 7-3

W/L=20/0.5 Ids vs. Vgs @ Vbs=OV; Vds=0.05,3.3V Linear scale 7-4

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

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

Linear scale 7-6

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

Device Size Bias Conditions Notes

Rgure
Number

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

W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V, 3-3V;
Vbs=OV

Linear scale 7-9

W/L=20/0.5 (jm/Ids vs. Vgs @ Vds=0.05V, 3-3V;
Vbs=OV

Linear scale 7-10

W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=OV to -
3.3V

Linear scale 7-11

W/L=20/0.5 Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=OV to -
3.3V

Linear scale 7-12

WA-=20/0.5 Ids vs. Vds@Vbs=OV; Vgs=0.5V, 0.55V,
0.6V

BSIM3 Ver

sion 2.0 vs.

BSIM3v3

7-13

W/L=20/5 Ids vs. Vds @Vbs=OV; Vgs=1.15V to 3.3V Linear scale 7-14

W/L=20/0.5 Ids vs. Vds @Vbs=OV; Vgs=1.084V to
3.3V

Linear scale 7-15

W/L=20/0.5 Routvs. Vds@ Vbs=0V; Vgs=1.084V to
3.3V

Linear scale 7-16

Table 7-1. Benchmark tests.

7^ Benchmark Test Results (Figures)

7-2

All of the figures listed in Table 7-1 will now be listed in order. Unless

otherwise, symbols represent actual data and lines represent the results of

BSIh43v3 calculations. All of these plots serve to demonstrate the robustness and

continuous behavior ofthe unified model expression for not only Ids but Gm, Gtn/

Ids. and Rout as well.
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Benchmark Test Results (Figures)

1^10

1.E-11

0.0

VdSBOOSV

Solid lines: Model results
oyiiwiois. cxpu

W/Ls20/5
ToxaOmn

VbseOV

4U1

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

1.8E-03

1.6E-03

1.4E-03

1.2E-03

< 1.0E-03

8 8.0E-04
6.0E-04

4.0E-04

2.QE-04

Solid Hnes: Model result
Symbols: Exp.data
W/L=20/5

Tox=9 ran

VbssOV

Vds=3.3V

Vds=0.05V

O.OE+00 4
0.0 1.0 2J0 3.0

Vgs(V)

AX

Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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Benchmark Test Residts (Figures)

7-4

tJOE'M

i.o&ai

1J0E4a

-iJOEAO

1JIE-04

^tJOErOS
m1J0E4m
514I&07

lilE-OB

IJOEiB

1JIE-10

1U)E-11

1UIE-12

Vds=3JV

tt
VdssOilSV

Solid lines: Model results
Symbols: Exp. data
W/L=2tV0.5

Tox=9nm

VbssOV

QJO 2JQ

Vgs(V)

ZJH 41

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

14I&02

9J0EM

84IE4I3

741648

641648

54I&03
D

44E48

341648

24)648

14E48

OOEtO)

Soid lines: Model results

Symbols: Exp.(Wa
W/L=20y0.5

ToxsSnm

VbssOV

vgs(V)

VdsdUBV

Figure 7-4. Same as Figure 7-2 but for short channel device.
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CHAPTER 8: Noise Model

8.1 Flicker Noise

8.1.1 Parameters

There exists two models for flicker noise. One is called as Spice2 flicker

noise model, another one is called as BSIM3 flicker noise model [33,34].
The parameters in the models are listed in Table 8-1.

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit

Noia noia Noise parameter A (NMOS) le20

(PMOS) 9.9el8

none

Noib noib Noise parameter B (NMOS) 5e4

(PMOS) 2.4e3

none

Noic noic Noise parameter C (NMOS) -1.4e-12

(PMOS) 1.4e-12

none

Em em Saturation field 4.1e7 V/m

Af af Frequency exponent 1 none

Ef ef Flicker exponent 1 none

Kf kf Fhcker noise parameter 0 none

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

8.1.2 Expressions

1. For Spice2 model

Kflds''̂
Flic ker Noise =

CoxLeff f2

(8.1a)

2. For BSIM3v3 model

l.l)IfVgs>Vth+0.1:

(8.1b)

177- 7 A7 • vtq^Ids\l^ , ^No + lxlO^^

+0 5Noic(No^ - iW^ )7 I ALcfai Noia +NoibNl +NoicNl^
L '̂WeffCoxlO^ (Nl +2xl0^'^f

where is the thermal voltage, is the effective mobiity at the given

bias condition, L^and W^are the effective channel length and width,
respectively. The parameter N^is the charge density atthe source given by:

(8.2)

^ox ( ^GS ~
''o 5

The parameter N/is the charge density at the drain given by:

(8.3)

^ _ ^ox (^GS ~^TH ~ )
' ~ 9

ALclm refers to channel length reduction due toCLM and isgiven by:
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Channel Thermal Noise

'SAT

Litl X log

2 X Vsat

^eff

2. Otherwise,

^^DS ~^DSAT ^ ^
Litl

'SAT
ifVDS> VDSAT

otherwise

FlickerNoise =
^limit ^ ^wi

^iimit ^wi

(8.4)

(8.5)

Where, 5/^ is the flicker noise calculated at Vgs=Vth+0.1 and 5^^ is

given by:

(8.6)

Swi =
NoiaVtlds

W^Leff f^UxlO^^

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 thesecan be toggled by the noimod flag.

1. For Spice2 thermal noise model
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Noise Model Flag

8kT
(gm'{-gds + gmb)

2. For BSIM3v3 thermal noise model

4KT\Ji^
\Qi^

Qinv - ^ox ^gsitff (i - ^bulk

2(Vg«<gf + 2vr) ^ds^)

The derivation for this last thermal noise expression is based on the noise

model found in [35].

8.3 Noise Model Fl^

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

noisemodels discussed above, as givenin Table 8.2.

8-4

noimod

flag Flicker noise model
Thermal noise

model

1 Spice2 Spice2

2 BSIM3v3 BSIM3v3

3 BSIM3v3 Spice2

4 Spice2 BSIM3v3

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

9.1 MOS Diode DC Current Model

9.1.1 Model EquatkMis

9.1.1.1 Source/bulk Diode

Ifdie saturation current Isbs is larger than zero, the following equations is
used to calculate the source/bulk diode current:

Vbs<0.5V

(9.1.1)

Vbs
lbs = Isbs[exp(——) -1] + G mil Vz,,

Nvtm

Vb8>0.5V

(9.1J)

T IT/ \ .T . 0.5lbs = /^,[exp(-—) -1] + -_exp(-—)(V&, - 0.5) + Gmm
AVftn A^Vfln

Where Nvtm^njKTIq^ nj is the emission coefficient of the source junction,
and Isbs is calculated by

(9.1J)

Isbs —AsJs + PsJssw
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MOS Diode DC Current Model

where Js is the saturation current density of the source/bulk diode,

Asis die area of the source junction. Jssw is the sidewall saturation

current density of the source/bulk diode, Ps is the p)erimeter of the

source junction. Js and Jssware functionsof temperature and can be

described by:

(9.1.4a)

Esq Eg T
— —+ X771ii(—)

J,=•Aoexp[''̂ "°
Nj

~-—+xniri—)

Nj

(9.1.4b)

(9.15)

r+1108.0

where JsO is the saturation current density at Tnom, If JsO is not given in

die simulation, JsO=l.e-4A/m . JsOsw is die sidewall saturation current

density at Tnom. The default value of JsOsw is 0.

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

(9.1.6)

lbs — G naiVbs
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MOS Diode DC Current Model

9.1.1J2Dndn/bulkDiode

If tiie saturation current Isbd is lai^r than zero, the following equations is

used to calculate the drain/bulk diode cuirent:

Vbd<0.5V

(9.L7)

Vbd
Ibd = /iw[exp( ) -1] + G nrio Vw

Nvtm

Vixl>0.5V

(9.1^)

, , r , 0.5 . _ Isbd , 0.5Ibd = /,w[exp(-—) -1]+-—exp(-—)(V^W - 0.5) + Gmi. Kw
NVtm NVtm N-Vtm

Wh^e Nvttn=njKTIgf nj is the emission coefficient ofdie drain junction,

and Isbd is calculated by

(9.1.9)

Aw —JsAd+JssivPd

where Js is the saturation current density ofthe drain/bulk diode, Aj^is the
area ofthe drain junction. Jssw is the sidewall saturation current density of

the drain/bulk diode, P£)is die perimeter of the drain junction. Jsand Jssw

are functions oftemperature and given by (9.1.4a), (9.1.4b) and (9.1.5).

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

(9.1.1#)

Isbd —G "W" Vbd
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MOS Diode Capacitance Model

9.U Parameters

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

Table 9-1.

Symbols
used in

equation

Symbols
used in

SHCE

Description Default Unit

JsO js Saturationcurrent density l.e-4 A/m^
JsOsw jssw Side wall saturation current

density
0 A/m

nj nj Emission coefficient 1 none

XTT xti Junction current tempera
ture e3q)onent coefffdent

3.0 none

Table 9-1. MOS Diode Model Parameters.

9J2 MOS Diode Capacitance Model

9.2.1 Model Equations

Source and drain junction capacitance can be divided into two conq^onents:
the junction bottom area capacitance Cjb and the junction per^hery

capacitance Cjp. The formula for both die capacitances is similar, butwith

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 Capiidtance
The source/bulk junction capacitance can be calculated by:
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MOS Diode Capacitance Model

IfPs>Weff

(9^1a)

Capbs = AsCjbs-^ (Ps - Weff)Cjbssw + WeffCjbsswg

Otiierwise:

(9^1b)

Capbs —AsCjbs ^ PsCjbsswg

where Cjbs is the bottom area ciq)acitance of the source/bulk junction,

Cjbssw is the per^hery capacitance of the source/bulk junction along the

field oxide side, and Cjbsswg is die periphery capacitance of the source/

bulk junction along the gate oxide side.

If Cj is larger dian zero, Cjbs iscalculated by:

ifVbs<0

ifVbs>0

Cjbs = Cj(I )
Pb

Cib. = Ci(X + M,—)
Pb

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

ifVbs<0

(9^)

(9^)
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MOS Diode Capacitance Model

if Vbs>0

c/to-=o»(i
Pbnv

Vh,
Cjlanv = Cjs>v(l + Mjsw )

Pbr.

If Cjswg is laiger than zero, Cjbsswg is calculated by:

if Vbs<0

Cjbsswg —Cjswf^l
Pbswg

ifVbs>0

Vbs
Cjbsswg =Cjswg(J+Mjswg )

Pbswg

Drain/bulk JunctioB Capacitance

The drain/bulk junction capacitance can be calculated by:

(9^4)

(9^

(9^)

(9:lv
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MOS Diode Capacitance Model

IfPD>Weff:

(9^)

Capbd = AoCjbd •¥ (Pd - Weff)Cjbdw + effCjbdswg

Otherwise:

(9.2^)

Capbd = A dC jbd-¥ P dC jbdswg

where Cjbd is the bottom area c^acitance of the drain/bulk junction,

Cjbdsw is the periphery capacitance of the drain/bulk junction along the

field oxide side, and Cjbdswg is theperiphery c^acitance of the drain/bulk

junction along the gate oxide side.

If Cj is larger than zero, Cjbd is calculated by:

ifVbd<0

ifVbd>0

gm=cxi-—r"'
Pb

Gm = G(1+M—)
Pb

if Cjsw is larger than zero, Cjbdsw is calculated by:

(9J.9)

(9^10)
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MOS Diode Capacitance Model

ifVbd<0

ifVbd>0

Cjbdnv —C/fw(l — )
Pbnv

Vhd
Cjbdtw —Cjiw(l + Mjw )

Pbn>

if Cjswg is larger ±an zero, Cjbdswg iscalculated by:

ifVbd<0

ifVbd>0

Cjbdswg = Cjswg(l )
Pbswg

Vbd
Cjbdswg = Cjswg(l+Mjswg )

Pbswg

(9^11)

(9^12)

(9,2.13)

(9.2.14)
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MOS Diode Capacitance Model

9.2^ Parameters

The parameters for the c^acitance model of the source/drain diode are

listed in Table 9-2.

Symbols
used in

equation

Symbols
used in

SPICE
Description Default Unit

Cj cj Bottom junction capaci
tance per unit area at zero
bias

5e-4 F/m^

Mj mj Bottom junction capaci
tance grading coefficient

0.5 none

Pb pb Bottom junction built-in
potential

1.0 V

Cjsw cjsw Source/drain sidewall junc
tion capacitancegrading
coefficientper unit length at
zero bias

5e-10 F/m

Mjsw mjsw Source/drain sidewalljunc
tioncapacitance grading
coefficient

0.33 none

Pbsw pbsw Source/drain sidewalljimc-
tion built-in potential

1.0 V

Cjswg cjswg Source/drain gate sidwall
junctioncapacitance per
unit length at zero bias

Cjsw F/m

Mjswg mjswg Source/drain gate sidewall
junctioncapacitance grad
ing coefficient

Mjsw none

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

Pbsw V

Ikble 9-2. MOS DiodeCapacitance Model Parameters.
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APPENDIX A: Parameter List

A.1 BSIM3v3 Model Control Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Default Unit Note

none level BSIMvS model selector 8 none

Mobmod mobmod Mobility model selector 1 none

C^miod capmod Flag for the shcat channel
capacitance model

2 none

Nqsmod nqsmod Flag for NQS model 0 none

Noimod noimod Flag for noise model 1 none

DC Parameters

Symbols
used in

equation

Symbols
used in

SHOE
Description Default Unit Note

VthO VthO Threshold voltage @Vbs=0 for
Large L.

0.7

(NMOS)

-0.7

(PMOS)

V nI-1

K1 kl First order body effect coeffi
cient

0.5 yl/Z nI-2
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

K2 k2 Second order body effect coef
ficient

0.0 none nI-2

K3 k3 Narrow width coefficient 80.0 none

K3b k3b Body effect coefficient of k3 0.0 i/y

WO wO Narrow width parameter 2.5e-6 m

Nix nix Lateral non-uniform doping
parameter

1.74e-7 m

Vbm vbm Maximum applied body bias in
Vtii calculation

-3.0 V

DvtO dvtO first coefficient of short-chan

nel effect on Vth
2.2 none

Dvtl dvtl Second coefficient of short-

channel effect on Vth

0.53 none

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

-0.032 1/V

DvtOw dvtOw First coefficient of narrow

width effect on Vtii for small

channel length

0 1/m

Dvtlw dvtwl Second coefficient of narrow

width effect on Vth for small

channel length

5.3e6 1/m

Dvt2w dvt2w Body-bias coefficient ofnarrow
width effect for small channel

length

-0.032 W

flO uO Mobility at Temp = Tnom
NMOSFET

FMOSFET

670.0

250.0
cm^/V/

sec
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Default Unit Note

Ua ua First-order mobility degrada
tion coefficient

2.25E-9 mA^

Ub ub Second-order mobility degrada
tion coefficient

5.87E-19 (mAO^

Uc uc Body-effect of mobility degra
dation coefficient

mobmod

=1,2:
-4.65e-ll

mobmod

=3:

-0.046

m/V^

1/V

vsat vsat Saturation velocity at Temp =
Tnom

8.0E4 m/sec

AO aO Bulk charge effiect coefficient
for channel length

1.0 none

Ags ags gate bias coefficient of Abulk 0.0 i/y

BO bO Bulk charge effect coefficient
for channel width

0.0 m

El bl Bulk charge effect width offset 0.0 m

Keta keta Body-bias coefficient of bulk
charge effect

-0.047 1/V

A1 al First non-saturation effect
parameter

0.0 1/V

A2 a2 Second non-saturation factor 1.0 none

Rdsw rdsw Parasitic resistanceper unit
width

0.0 Q-jun^

Prwb prwb Body effect coefficient of Rdsw 0 yl/2

Prwg prwg Gate bias effect coefficient of

Rdsw

0 1/V
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Default Unit Note

Wr wr Width Offset from Weff for Rds

calculation
1.0 none

Wmt wint Width offset fitting parameter
from I-V witiiout bias

0.0 m

Lint lint Length offset fitting parameter
from I-V without bias

0.0 m

dWg dwg Coeftident of Weff's gate
dependence

0.0 mA^

dWb dwb Coefticient of WefF's substrate
body bias dependence

0.0 m/V ^

Voff voff Offset voltage in tiie subthresh-
old region at large W and L

-0.08 V

Nfactor nfactor Subthresholdswing factor 1.0 none

EtaO etaO DIBL coefticient in subthresh

old region
0.08 none

Etab etab Body-bias coefficient for the
subthreshold DIBL effect

-0.07 i/y

Dsub dsub DIBL coefficientexponentin
subtiireshold region

drout none

Git dt Interface tr^ capadtance 0.0 Flap-
Cdsc cdsc Drain/Source to channel cou

pling c^acitance
2.4E-4 Flap

Cdscb cdscb Body-bias sensitivity of Cdsc 0.0 FA'm^
Cdscd cdscd Drain-biassensitivityof Cdsc 0.0 F/Vm^
Pclm pclm Channel length modulation

parameter
1.3 none
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Descr^tion Default Unit Note

Pdiblcl pdiblcl First output resistance DIBL
effect correction parameter

0.39 none

Pdiblc2 pdiblc2 Second ouq)ut resistance DIBL
effect correction parameter

0.0086 none

Pdiblcb pdiblcb Body effect coefficient of
DIBL correction parameters

0 1/V

Drout drout L dependence coefficient of die
DIBL COTrection parameter in
Rout

0.56 none

Pscbel pscbel First substrate cuirentbody-
effect parameter

4.24E8 V/m

Pscbe2 pscbe2 Secondsubstrate currentbody-
effect parameter

l.OE-5 m/V

Pvag pvag Gate dependence of Early volt
age

0.0 none

6 delta Effective Vds parameter 0.01 V

Ngate ngate poly gate doping concentration 0 -3
cm

aO a^haO The first parameterof impact
ionization cuirent

0 m/V

po betaO Thesecond parameter ofimpact
ionization current

30 V

Rsh rsh Source drain sheet resistance in

ohm per square
0.0 OJ

square

JsOsw jssw Side wall saturation current
density

0 A/m

Jso js Source drain junction saturation
current per unit area

l.E-4 A/n?
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AC and Capacitance Parameters

A3 AC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description
Default Unit Note

Xpert xpart Charge partitioning rate flag 0 none

CGSO cgso Non LX)D region source-gate
overlap capacitance per
channel length

calculated F/m nC-1

CGDO cgdo Non LDD region drain-gate
overlap capacitance per
channel length

calculated F/m nC-2

CGBO cgbo Gate bulk overlap cipaci-
tance per unit channel length

0.0 F/m

Cj cj Bottomjunction per unit area 5e-4 F/m^

Mj mj Bottom junction capacitance
grating coefficient

0.5

Mjsw mjsw Source/Drain side junction
capacitance grading coeffi
cient

0.33 none

Cjsw cjsw Source/Drain side junction
capacitance per unit area

5.E-10 F/m

Cjswg cjswg Source/drain gate sidwall
junction capacitancegrading
coefficient

Cjsw F/m

Mjswg mjswg Source/draingate sidewall
jimction capacitance coeffi
cient

Mjsw none
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AC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description

Default Unit Note

Pbsw pbsw Source/drain side junction
built-in potential

1.0 V

Pb pb Bottom built-in potential 1.0 V

Pbswg pbswg Source/Drain gate sidewall
junction built-inpotential

Pbsw V

CGSl cgsl light doped source-gate
region overlap capacitance

0.0 F/m

CGDl cgdl Li^t dopeddrain-gate region
overly c^acitance

0.0 F/m

CKAPPA Coefficient for li^tly doped
region overlap
c^adtance Fringing field
capacitance

0.6 F/m

Cf cf fringing field capacitance calculated F/m nC-3

CLC clc Constant term for the short

channel model

O.lE-6 m

OLE cle Exponential term for the short
channel model

0.6 none

DLC die Length offset fitting parame
ter from C-V

lint m

DWC dwc Width offset fitting parameter
from C-V

wint m

Vfb vfb Flat-band voltageparameter
(for capmod=0 only)

-1 V
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NQS Parameters

A.4 NQS Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Elm elm Elmore constant of the channel 5 none

dW and dL Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

W1 wl Coefficient of length depen
dence for width ofBset

0.0 mAWn

Win win Power of length dependence of
width offset

1.0 none

Ww ww Coefficientof width depen
dence for width offiet

0.0

Wwn wwn Power of width dependence of
width offset

1.0 none

Wwl wwl Coefficient of length and width
cross term for width offset

0.0 jjjWwHWIn

U 11 Coefficient of lengthdepen
dence for length offset

0.0

Un Un Power of length dependence for
length offset

1.0 none
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Temperature Parameters

Symbols
used in

equation

Symbols
used in

SHOE

Description Default Unit Note

Lw lw Coefficient of widthdepen
dence for length offset

0.0 m

Lwn lwn Power of width dependence for
length offset

1.0 none

Lwl lwl Coefticient of length and width
cross term for length offset

0.0 jjjLMHUn

A.6 Temperature Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Tnom tnom Temperature at which parame
ters are extracted

27

tite ute Mobility temperature expo
nent

-1.5 none

Ktl ktl Temperature coefficient for
tiireshold voltage

-0.11 V

Ktll ktll Channel lengtii dependence of
the temperature coefficient for
threshold voltage

0.0 V*m

Kt2 kt2 Body-bias coefficient of Vth
temperature effect

0.022 none
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Temperature Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Ual ual Tenqjerature coefficient for
Ua

4.31E-9 mA^

Ubl ubl Temperature coefficient for
Ub

-7.61E-

18

(ni/V)2

Ucl ucl Temperature coefficient for
Uc

mob-

mod=l,
2:

-5.6E-11

mob-

mod=3:

-0.056

m/V^

1/y

At at Temperature coefficient for
saturation velocity

3.3E4 m/sec

Pit pit Temperature coefficient for
Rdsw

0 Q-jlm

At at Tenq^erature coefficient for
saturation velocity

3.3E4 m/sec

nj nj Emission coefficient of junc
tion

1 none

xn xti Junction current temperature
exponent coefficient

3.0 none
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Flicker Noise Model Parameters

A.7 Flicker Noise Model Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Noia noia Noise parameter A (NMOS) le20

(PMOS) 9.9el8

none

Noib noib Noise parameter B (NMOS) 5e4

(PMOS) 2.4e3

none

Noic noic Noise parameter C (NMOS) -1.4e-
12

(PMOS) 1.4e-12

none

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

Process Parameters

Symbols
used in

equation

Symbols
used in

SHOE

Description Default Unit Note

Tox tox Gate oxide thickness 1.5e-8 m

Xj xj Junction Depth 1.5e-7 m

yl gammal Body-effect coefficient near
the surface

calcu

lated

yl/Z nI-4
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Bin Description Parameters

Symbols
used in

equation

Symbols
used in

SHCE

Description Default Unit Note

ii gamma2 Body-effect coefticient in the
bulk

calcu

lated

yl/Z nI-5

Nch nch Channel doping concentration 1.7el7 1/cm^ nI-3

Nsub nsub Substrate doping concentration 6el6 1/cm^
Vbx vbx Vbs at which the depletion

region width equals xt
calcu

lated

V
nI-6

Xt xt Doping depth 1.55e-7 m

A.9 Bin Description Parameters

Sjmibols
used in

equation

Symbols
used in

SPICE
Description Default Unit Note

Lmin lmin Mnimum channellength 0.0 m

Lmax lmax Maximum channellength 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
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Model Parameter Notes

A.10Model Parameter Notes

nl-l. IfVtho isnot specified, it iscalculated using:

Vlho = Vfb +<^+

where VFB=-1.0. IfVthO isspecified, VFB iscalculated using

Vfb =

nl-ZIfkl and k2 are not given, they are calculated using:

K^ = gamma^ - IK^ - Vbm

^ ^ {gammal - gamma2)Q^-V{rc -
+Vihn

where the parameter phi iscalculated using:

(pj = 2vtmoln\
V ni

KaJ

VimO = —
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Model Parameter Notes

I AC 1f\Io( Trtf" ( ^oO ^ti; =I.45xI0"'\ —— exp 21.5565981 '—
\300.I5) I 2vmoj

^ 7.02X10^ Tnom^
-jo - i-16

Tnom +1108

where E^is the energy bandgap at temperature Tnom,

nI-3. Ifnch isnot given and ganunal isgiven, nch iscalculated from:

^_ gammal^ Cox^
2^&/

If both gammal and nch are not given, nch defaults to 1.7e23 1/m^ and
gammal is calculated from nch.

nI-4. Ifgammal is not given, it is calculated using:

gamma^ =^ ^

nl-S. Ifgamma2 is not given, itis calculated using:

gamma,, = —
C.
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Model Parameter Notes

nI-6. Ifvbx isnot given, it iscalculated using:

2e

nC-1. Ifcgso isnot given then it is calculated using:

if (dieis givenandis greater0) then,

cgso = pi = (dlc*cox) - cgsl

if (the previously calculated cgso <0), then

cgso=0

else cgso = 0.6 xj*cox

nC-2. Ifcgdo isnot given then it is calculated using:

if (die is given and is greater than0) 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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Model Parameter Notes

nC-3. If cfis not given tiien it iscalculated using:

2e
CF=^ln

71
1 +

4x10"^^
Tox
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APPENDIX B: Equation List

B.1 I-V Model

B.1.1 Threshold Voltage

Vth = Vtho + Ki - V57) - K2 Wbs^

+ Ki
' Let

+ (K3 +KsbVbs^) ; Oj
Weff + Wo

Tox

—Dvtov
Weff'Leff

exp(—DvTiw—— ) + 2exp(—Dvnw
2ltw

Weff'L^

Itw
(Vbi —OjJ

- Dvroi exp(-DvTj^)+2exp(-Dvri—U{Vbi- 0s)
\ 2lt It )

fSXp( Dsub~— )'¥2€Xp( Dsub— ) (Etao'\'EtdbVbstff) Vds
\ 2lto ho

It —̂ EsiXdep / Cox (1 + DvTlVbseff)

Itw = -yjEsiXdep / Cox (1 + DvTlwVbseff)

Ito ~ €eSiXdepO / Cox

Xdet
—Vbsetf)12£si(0s —\

~]l
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I-V Model

XdepO —,
1

qNch

(51=0.001)

Vbseff —Vbc + 0.5[Vlbj —Vbc —81 + (Vbs —Vbc —61)^ —461 Vbc ]

3^12
Vbc =0.9((^s--^)

4K2^

NchNDs
Vbi = vJn( —)

m

B.1.2 Effective Vgs-Vth

Vgst^ —

2 M v<In 1 t ,Vgs—Vthl + expC— )
2nvt

11 o I / ygs~Vth-2Voff1+ 2 n Coxa exp( —)
qEsiNch 2 nvt

{Cdsc +CdscdVds +Cdscb Viw<jf)f exp(—Z)vn——) +2exp(—/)vTl——) I
n = i + Nf^—+ +

Cd =
Bsi

Xd'ep

B.1.3 Mobility

For Mobmod=l
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I-V Model

=

1+(C/, +t/cVW)( )+y^(2W±^)2
To* To*

For Mobmod=2

\ieff = ^
1+(£/.++Ub{^^f

Tox Tox

For Mobmod=3

\^ff = ^
^ ,rjj VgSt^ + 2Vth 2-tr^ rrrr \1+ [Ua ( )+ Ub{ f ](1 + UcVbsbS)

lox Tox

B.1.4 Drain Saturation Voltage

ForRds>Oor X^l:

,, -b - -Aac
Vdsat —

la

2 1a —Abulk V^e^satCoxRoS + ( V)Abulk
7^
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I-V Model

Z? = -
( 2 ^(ygst^ + - 1) + AbidkEsatL^ + SAbulkiYgsteff +2V/)

—(Vgsteff + 1Vt)EsatLeff + KYgsteff + 1Vt)^W^satCoxRDS

X< = AlVgsteff + Al

ForRds=0, A^l:

^ Esat Eeff(^Vgsteff +2Vf)
Aiu/A Esat Eeff + (Vgjtejgf + 2vt)

Abuik =(1 + jj _AgsVgsi^i }) L
2-yj0s—Vbseff Leff +2'JXjXdep Leff +2VXjXdep Weff+Bl 1+ KsTAVbseff

— 2Vjar
^jor =

\Uif

B.1.5 Effective Vds

Vdseff —Vdsat ——̂dsat—Vds —5+-J(Vdsat— Yds— +46V<isaf^
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I-V Model

B.1.6 Drain Current Expression

_ IdsojVdseff) ^ ^ Yds —Vdseff ^Yds —Ydseff'
RdJdso^Vdseff)[ Va a YaSCBE .

Ydseff

Weff\iefffCoxYgst^(l —Abulk —
KYgst^ + 2V/)

yYdseff

Leff[\ + Vdseff / (^EsatL^)J

Ya —YasoI + (1+
PvagYgsteff. . 1 1

•)(
EsatL^ Yaclm Yadiblc

AbulkEsaEeff-\-VgsteffVaCIM = — ——— (Yds - Vds^)
r CUdAbulkEsat lltl

Yadiblc =
{Ygsteff + 2v/) ALbttlkYdsat

-1

Qrout(l + PoiBLCBYbseff)
1-

AbulkYdsm + Ygsteff + 2Vt

Qroul = PoiBLCl cxgi-DRouT^-) +2exp(-Z)j?ot/T-^)
2/rO ItQ

1 Pscbel (— Pscbel
exp

Yascbe Yds —Ydseff
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I-V Model

EsatLeff •\-Vdscu +1RDSVsatCoxWeffVgsteff\\ ulkVdsat ^
VAsat = 2(y8steff+2Vt)

2 I X—\ + RoS^scaCoxWeffAbulk

e,:TjrXf

^ox

B.1.7 Substrate Current

/»(. = —(V^-Vi,^)exp( —)———Eeff Vds —Vds^ j Rdsldso ^
Vds^

B.1.8 Polysilicon Depletion Effect

1/ _1V r. _ ^lolypoly 2 poly^poly ~ 2£
SI

^ox^ox ~ ^si^poly ~ ^poly

^gs ^FB ~ ^poly ^ox

^(ygs ^FB ^poly^ ^po/y"~®

BSIM3v3 Manual Copyright © 1995,1996, UCBerkeley



I-V Model

a =

2
^ox

^^^si^gate^ox

Vgs.^ =VFB +̂ s-^"''"'f''"( I, ^<(V,s-VfB-^s)
l^si^gqte'̂ oxOX

B,1.9 Effective Channel Length and Width

Leff — Ldrawn —2dL

Weff = Wdmwn —2dW

Weff =Wdra^n-2dW'

dW =dW +dw^v^^+dw.qts,. -V,^ -^)

W, W IVtW =lV.+-^+-^k-+int jW\n-^Wwn

dJ —I + I ^ I,/ i„ + ,„/w« + -/ i„„.i^Lln-yi^Lw/i
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I-V Model

B.l.lODrain/Source Resistance

+Pr wgVgatff +Pr wb(^.^^s —Vbseff —-J^)]
Kds = T —

(lO^Weff

B.l.llTemperature Effects

Vth{T) —Vth{Tnorm)+(^KT\ + Kt\l / Leff + KTlVbseff){T / Tnom —1)

T
\Lo(T) = \lo(Tnorm)( )^'

Tmim

Vsat(T) —VsatiTnorm) —At(T / Tnorm —1)

T
Rdsw(T) —Rdsw{Tnorm) + Pr/( 1)

Tnom

Ua{T) —Ua(Xnom) + Ua\{T / Tnom —1)

Ub(T) = Ub(Tnom) + Ubl(T/ Tnom —1)

UclT) —Uc{Tnom) + Uc\{T/ Tnom —1)
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Capacitance Model Equations

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence

Wl Ww WwlSW^=DWC+-^+-^+-

___ LI Lw Lwl
SL^ =DLC+—7i-+—7— +

^active ^drawn

W = W - 2SW**active ** drawn

B.2.2 Overlap Capacitance (for NMOS)

B.2.2.1 Source Overlap Capacitance

(1) for capmod=0

(2) for capmod=l

^!^=CGSOV„
W • ^

active
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Capacitance Model Equations

if (Vgs <0)

else

Qoverlap.s CkAPPACgSI
= L-LroU +

w. gs
active

fiovertap.s _ ^CkAPpaCgSi) Vgs
w:

active

(3) for capmod=2

CKAPPA

gs,overlap --5;)+-^(Vgj-5-45,1 where d,=0.01

Q.
= CGSOv., + COS l-i. „ . ,w 8^ I gs.overlap

"active I

iJ V - V +•
I Bs.overlaD ~

CKAPPA

B.2^.2 Drain Overlap Capacitance

(1) for capmod=0

j4V
CKAPPA
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Capacitance Model Equations

%^=CGDOV,,
vk.

active

(2) for capmod=l

if (Vgd <0)

else

^overlap.d

'w.
active

QoverlapJ - CQpny CkAPPaCgDI I 4Vgj
2 V CKAPPA

= (CGDO + CkappaCgdi) Vgd

(3) for capmod=2

gd,overlap = -52)+^(Vj^-52)^-^ |̂ where 82=0^2

a = CGDOV,^ + CGDl- V -V Mgd ' gd,overlap ~
CKAPPA j4Vj ^ gd,overlap

CKAPPA
yj
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

Qoveriap^ (Qoverlap,s Qovcrlap.d ^

B.2.3 Instrinsic Charges

(1) for capmcd=0

a) Accumulation region (Vgs <Vfb+Vbs)

Qg ^active ^active ^ox ^

Qsub Qg

Qinv=0

b) Subthreshold region (Vgs <Vth)

r
\r

Ol = —W L C ^
'^active'-'active^ox
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Capacitance Model Equations

Qg —Qb

Qinv=0

c) Strong inversion (Vgs>Vth)

r

AhulkO = 1 +

dsat.cv

A '= A
bulk "fciittO

^ / \CLE\

, CLC
1 +

Vgs —Vth

^bulk'

\ ^ J

Ki AoLeff Bo ,1 1
— —I -I I
2->/Vbs Leff + 2"^XjXdep Weff •¥ B\ ^1+ KeTA Vbs

Vth —Vfb H" +Kj —Vbsf
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Capacitance Model Equations

(i) 50/50 Charge partition

if Vds<Vdsat

TI7 T r'XT 17 Vds Abidk VdsQg - [Vgs-Vjb~^s ——+ —7——7
JO/\/ 17 Ahulk Vds12(Vgs - Vth )

e- = V.H-_ J
I2(Vgs-V,H—^Vjs)

Ql" = Lacive Cox[Vp, - V,H + W''̂ _ (1 ^
12(Vgs-Vih—^Vd,)

2

Q.=Qd =0.5Q^, =-W^^L^^Co4Vgs-V,H-^^!^+ ^ ]
^ 12(Vg,-V,h ^Vds)

2

Otherwise
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Capacitance Model Equations

Qs-Qd —WacHve^acHve^°4yss " Vth)

e* =-WaCyel^aC„Ccx(Vfi,+<S>,-V.h+^^

(ii) 40/60 channel-chargePartition

if (Vds <Vdsat)

Vds . Abulk Vds^a =CoxW^.^L^,^[Vex-Vfi,-^s-^+ ,
12(Vex-Vm-^^!^)

a»v= L^„CoxlVes- V,H - ^ j
12(Vgs-Vm—^Vjs)

Q»=W^xxLaca,xCox[Vj>,-V,k+<^sJ^ (1 j
^ 12(Vss-V,k-^^Vds)
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Capacitance Model Equations

Qd "^active^active^^^

^ss-Vth
Vds + •

'Vds[^^^ Vth^ ^ Vds(Vgs Vth) ^ (Ay^ '̂Vds)
8 40

(Vgs-Vth-^^Vdsf

- ~(Qs + Qi> + Qd)

otherwise

&='̂ cai^l^.^^Co4Vss-Vfi,-<bs-^)

Qd- -— ^active^active^o^i^S^ " V/A)

Qs _ -(Qg + Qb+ Qd)

Q" =-W,^„L^^Co.(Vfi,+d>s-Vm +^^ ^buik') '̂̂ ^

(iii) 0/100 Channel-charge Partition

if Vds <Vdsat
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Capacitance Model Equations

VdsQg = CoxW^^.^^L^^.^JVgs-Vfb-Os-^+
^ 70/T/ 1/ Abulk Vds12(Vgs- Vth )

Qinv active^Vth ^bulk'̂ ^^

Abulk Vds'

A Vwc^^bulk

]

12(Vg.-Vik-^^Vds)1

Qb = W^^L^„Cox[Vfi,-V,H+<S>.+ ^
bidi

2
^ 12(Vgs-V,h-^^Vds)

Qd ^active ^active (^bulk'

24(Vgs'-Vth-'-^^Vds)

- -(Qs+Qb+Qd)

otherwise

Qb=WacH..L^^Cox(Vgs-Vjb-0s-^)
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Capacitance Model Equations

Qb Wactive^active^°''(yfi' + Vth + ——

(2) forcapmod=l

Qd = 0

Qs= -(Qg + Qb)

if (Vgs <Vfb+Vbs+Vgsteffcv)

QsJ — ^active^active^ox "" Yfl^ ~ ~ Vgst^cv^

else

0"^^ ^^active ^artivei^nr ~ -1 + .1+
- VfB - ^gsxeff<^ - )

Qhi = -Gg/
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Capacitance Model Equations

AbtdkO=

y _ ^gSt^CV
'dsai,cv . ,

Km

A '—A
bulk bulkO

/

'CLC^
CLE\

1+

V ^ J y

1+ . + }
I, 2^^s-Vbseff Leff-\-24XjiUp We^+B\

Vgsteffcv —n Vf In
1 fVgs— VltA-
1+ exp( )

n vi

1

1+ Keta Vbs^

if (Vds <=Vdsat)

Qp Qs^ ^active^active^ox

Qb ^ "^active^active^ox

w —7+-7
^ 12

\

A 'V ^^bulk ^ds

A ' ^T/ ^bulk T/
W~^ds

J)

^~^bulk ' T/ ("^ ~^bulk ')^bulk '^ds'
V,s- r

12
A ' ^7 "bulk w

gstfffcv ^ ^ds
y
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Capacitance Model Equations

(i) 50/50Channel-charge Partition

Qs ~Qd
W T r

active ^active ^ox A '
"A...;*.

(ii) 40/60Channel-charge partition

W I rQ active '-'active ^ox
. , n2

21 V„,.^cv'-^^V,^ "'tis

Qd —~(Qg + Qb + Qs)

(iii)0/100 Channel-charge Partition

•. 4 1/ 2"ibulk 17 . ^bulk ^ds

A '^bulkIZ V.gst^cv 2 ds

^gsti^cv 3^gst^cyf {^bulk Kfa)+ 3^gsti^cv {^bulk '̂ ds) ~TT{^bulk '̂ ds
15

a=-W . J c
active ^active ^ox

^gsf^cv ^bulk'̂ ds {\ulk '̂ ds)'

Qd —~(Qg-^Qb+ Qs)

241 V — bulk W^gst^cv 7;^yds
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Capacitance Model Equations

if (Vds >Vdsat)

Qg -Qgi+̂active ^active ^ox^ j

a-ilhi W T r ^dsai)— jg/oi- reactive ^active ^ox

(i) 50/50 Channel-charge Partition

W . T C
active'-'active^ox t/s-^d ^

(ii) 40/60 Channel-charge Partition

2W . 7 . r
^ ^ ' nnttxia

gst^cv
^ ^ active '-'active ox w

Qd -~(Qs-^Qb+Qs)

(iii) 0/100 Channel-charge Partition

2V ^
O =—W . L C

active'-'actrve^ox
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Capacitance Model Equations

Qd —~(Qs'^Qb+Qs)

(3) for capmod=2

Qg - ~(Qinv +Qacc +QsubO +^sub)

Qb "• Qacc QsubO ^Qsub

Qinv = Qs + Qd

^FBeff =vfb-+463vyfcJ where =vfb-V^^-683 =0J0.02

yfb = V,h-^,-Kly{^

Qacc ^^acUve ^aetivt ^ox FStff J

o = —W T r —
^^sub 0 active ^nrti\}p ^or

Kl^

r ^

V.dsat,cv

gsteff.cv

^bulk
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Capacitance Model Equations

AbulkO =

f ^ nCLE
, [ CLC ^
7 +^bulk^bulkO

^ V active

, . K\ , AaLeff Bo ,
, 2j^s-Vb.^ Leff +l^XjXdep ^Weff' +Bx \

Vgsteffcv —/Z Vf in
1 ,Vgs~Vth
1+ exp( )

n Vf

1

1+ KeTA Vbi^

-0.5{v4 +4S4V«.«.cv} where K= -5,; 5,=0.0.02

W L C
active active ox 1+

\
12

A V ^

A '
y T7

« cveg^
V

^Qsub ^^cfive ^aaive ^ox ^ ^bulk y ^ \ulk)\ulk^c
2 f

cveff

12

B.23.1 50/50 Charge partition

A '
V T/
Vgsteffcv n 'cveff
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Capacitance Model Equations

a=-

a=-

a=fi,=o.5e,„,=-
W I c

active active ox
A >

2
W '^bidk T/ ,

gsteff" - +•

B.23.2 40/60 Channel-charge Partition

^ac&ve^itaix^m

{

—V(W~Wl4«' ~(>U'
21 y -4^

B.23.3 0/100 Charge Partition

a=-w L r
ocn've aaive ox

^gst^cv ^ cvgf

• 2 1/ 24 V
"'buik *cveff

121 V

{^bulk Kv^)

V
2

A ' ^
241 V „ -2b!^yĝsteffcv 2 cveff ^

a=-w L r
active aaive ^ox

^gsteffcv _ ^^bulk ^cveff , '̂cveg'")
2 4 A ' ^

81 y _ bulk XT
^gsteffcv « ^cveff

/
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NQS Model Equations:

B^.4 Intrinsic Capacitances (with Body bias and DIBL)

^ ^Qs,d,g,b ^^gsitffcv
{S,d.g.b),g -

" ^gsteffcv " V

_ _^Qs,d,g,b ^Qs,d,g,b ^^gsteffcv

^ . ^Qt,d,g,b ^Qs,d,g,b ^^gslegcv

B.3 NQS Model Equations:

Quasi-static equilibrium channel charge:

Qeq - ~(Qg +Qb)

Actual channelchargeand obtainedfrom subcircuit(Figure5-2):

Qch ~ Qeq ~ Qdef

1 1 1
gx +

drift '^diff
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Flicker Noise

^ drift \^^^Qeq ^^^1 l^e^l

where,

e s Elmore Constant {default = 5) 0.0 <a <1.0 (default =05)

and

p-^e

qL,ff^
\6\L^Kr

B.4 Flicker Noise

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

noimod flag.

1. For noimod=l and 4

Kilds"
Flic ker Noise =

2. For noimod=2 and 3

1. Vgs>Vth+0.1:

(8.1a)

(8.1b)
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Flicker Noise

FlickerNoise = "a^
Freq L^ff„,X\0

('vj-w?)

Noia Xlog
'iVo +2xlo''''
,A^, +2xl0'̂ ,

2

•^Noibx (Nq-Nj)

+ 0,5 X Noic X
^m^DS^^cim +^oib X +Noic xn\

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

respectively. The parameter A^^is the charge density at the source given by:

^ox(^GS ~

+2xlO^J

(8.2)

The parameter Niis the charge density at the drain given by:

(8.3)

^ox (^as ~ ^TH ~ ^DS )

^DS ~ ^DSAt)

ALclm refers tochannel length reduction due to CLM andis given by:

^clm -

SAT

Litl X log

2 X Vsat

"eff

2. Otherwise,

f V -V ^^DS ^DSAT „
J-TTT + EmLitl

SAT
if VDS > VDSAT

Otherwise
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Channel Thermal Noise

FlickerNoise = —

^wi

(8.5)

Where, is the flicker noise calculated at Vgs=Vth+0.1 and is

given by:

(8.6)

s =

^eff^ Preq^^x 4x10^^

B.5 Channel Thermal Noise

There exists two models for channel thermal noise. £ach of these can be toggled
by the noimod flag.

1. For noimod=l and 3

8kT ^—j-(S '̂̂ 8ds +gmb)
2. For noimod=2 and 4

AKT\}ieff

Leff^
{—Qinv)
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Channel Thermal Noise

Qo.,

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 BSIMSvS model parameters which can or cannot be binned. All

model parameters which can be binned follow the following implementation:

P = Pr,+ -, + JTr- +
m eff eff eff

For example, for the parameter kl: Po=*l, PL=lkl, P^^pwkl, Pp=pkl. Binunit is a bin unit

selectcB-. If binunit=l, the units ofLeff and Weff used inthe binning equation above have

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

Fot example, for adevice with LefM).5pm and Weff^lOpm. Ifbinunit = 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 = le5 + le4/0.5 + 2e4/10+ 3e4/(0.5*10) = 1.28e5

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

pvsatwould be leS, le-2,2e-2,3e-8, respectively. Thus,

vsat= le5 + le-2A).5e6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * lOe-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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BSDVI3v3Model Control Parameters

D.l BSIM3v3 Model Control Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Descr^on Can Be

Binned?

none level BSIMvS model selector NO

Mobmod mobmod Mobility model selector NO

Capmod capmod Flag for die short channel
capacitance model

NO

Nqsmod nqsmod Flag for NQS model NO

Noimod noimod Flag for Noise model NO

DC Parameters

D-2

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

VthO VthO Threshold voltage @Vbs=0 for
Large L.

YES

K1 kl First order body eifect coeffi
cient

YES

K2 k2 Second order body effect coef
ficient

YES

K3 k3 Narrow width coefficient YES

K3b kSb Body effect coefficient of k3 YES

WO wO Narrow width parameter YES

Nix nix Lateral non-uniformdoping
parameter

YES
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

DvtO dvtO first coefficient ofshort-channel
effect on Vth

YES

Dvtl dvtl Second coefficient of short-

channel effect on Vth
YES

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

YES

DvtOw dvtOw First coefficient of narrow

width effect on Vth for small

channel lengdi

YES

Dvtlw dvtwl Second coefficient of narrow

width effect on Vth for small

channel length

YES

Dvt2w dvt2w Body-bias coefficient of nar
row width effect for small chan

nel length

YES

HO uO Mobilityat Temp = Tnom
NMOSFET

PMOSFET

YES

Ua ua First-order mobility degrada
tion coefficient

YES

Ub ub Second-order mobility degrada
tion coefficient

YES

Uc uc Body-effect of mobility degra
dation coefficient

YES

vsat vsat Saturation velocity at Temp =
Tnom

YES

AO aO Bulk charge effect coefficient
for channel length

YES
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Ags ags gate bias coefficient of Abulk YES

BO bO Bulk charge effect coefficient
for channel width

YES

B1 bl Bulk charge effect width offset YES

Keta keta Body-bias coefficient of bulk
chaige effect

YES

A1 al First nonOsaturation effect

parameter
YES

A2 a2 Second non-saturation factor YES

Rdsw rdsw Parasitic resistanceper unit
width

YES

Prwb prwb Body effect coefficient of Rdsw YES

Prwg prwg Gate bias effect coefficient of

Rdsw

YES

Wr wr Width Offiset from Weff for Rds

calculation

YES

Wint wint Widthoffset fittingparameter
from I-V without bias

NO

Lint lint Length offset fitting parameter
from I-V without bias

NO

dWg dwg Coefficientof Weff's gate
dependence

YES

dWb dwb Coefficient of Weff's substrate

body bias dependence
YES

VofF voff Offset voltage in the subthresh-
old region for laige W and L

Yes

Nfactor nfactor Subthreshold swing factor YES
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

EtaO etaO DIBL coefficient in subthresh-

old region
YES

Etab etab Body-bias coefficient for the
subthreshold DIBL effect

YES

Dsub dsub DIBL coefficientexponentin
subthreshold region

YES

Cit cit Interface tnq5 c^acitance YES

Cdsc cdsc Drain/Source to channel cou

pling c^acitance

YES

Cdscb cdscb Body-bias sensitivityof Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pclm Channel length modulation
parameter

YES

Pdibicl pdibicl First output resistance DIBL
effect correction parameter

YES

Pdiblc2 pdiblc2 Second output resistance DIBL
effect correction parameter

YES

Pdiblcb pdiblcb Body effect coefficient of
DIBL correction parameters

YES

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

YES

Pscbel pscbel Firstsubstrate current body-
effect parameter

YES

Pscbe2 pscbe2 Second substrate current body-
effect parameter

YES

BSIM3v3 Manual Copyright ® 1995,19%, UC Berkeley
D-5



AC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

Pvag pvag Gate dependence of Early volt
age

YES

6 delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

aO alphaO The first parameter of impact
ionization current

YES

po betaO The secondparameterof impact
ionization current

YES

Rsh rsh Source drain sheet resistance in

ohm per square
NO

Jso js Sourcedrainjunction saturation
current per unit area

NO

lC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

^art xpart Chaige partitioningrate flag NO

CGSO cgso Non LDD region source-gate
overlap capacitance per
channel length

NO
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AC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

CGDO cgdo Non LDDregiondrain-gate
overlap capacitance per
channel length

NO

CGBO cgbo Gatebulkoverlap capacitance
per unit channellength

NO

Cj cj Bottomjunction per unit area NO

Mj mj Bottom junction c^acitance
grating coefficient

NO

Mjsw mjsw Source/Drain sidejunction
c^adtance gradingcoeffi
cient

NO

Cjsw cjsw Source/Drain sidejunction
capacitance per unit area

NO

Pb pb Bottom built-in potential NO
Pbsw pbsw Source/Drain sidejunction

built-in potential
NO

CGSl cgsl Lightdoped source-gate
regionoverlap capacitance

YES

CGDl cgdl Light doped drain-gate region
overly capacitance

YES

CKAPPA okappa Coefficient for lightly doped
region overly
capacitance Fringing field
capacitance

YES

Cf cf fringing field capacitance YES

CLC clc Constant term for the short
channel model

YES

CLE cle E^onential term for the short
channel model

YES
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NQS Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

DLC die Lengtiioffsetfitting parameter
fromC-V

YES

DWC dwc "^dth offset fitting parameter
fromC-V

YES

Vfb vfb Flat-bandvoltageparameter
(for capmod=0 only)

YES

D.4 NQS Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

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

D.5 dW and dL Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

W1 wl Coeffiment of length depen
dence for width offiset

NO

Win win Power of lengflidependence of
widdi ofiiset

NO

Ww ww Coefficient of width depen
dence for width offset

NO

Wwn wwn Power of width dependence of
width offiset

NO

Wwl wwl Coefficientof length and width
cross term for width offiset

NO

U 11 Coefficient of lengthdepen
dence for length offiset

NO

Lin lln Powerof lengthdependence for
length offiet

NO

Lw lw Coefficient of widthdepen
dence for length offiset

NO

Lwn lwn Power of width dependencefor
length offiset

NO

Lwl lwl Coefficientof length and width
cross term for length offiset

NO
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Temperature Parameters

D.6 Temperature Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

Tnom mom Temperatureat which parame
ters are extracted

NO

lite ute Mobility temperature expo
nent

YES

Ktl ktl Temperature coefficient for
thresholdvoltage

YES

Kill ktll Channellengthdependence of
the temperature coefficient for
threshold voltage

YES

Kt2 kt2 Body-bias coefficient of Vth
temperature effect

YES

Ual ual Tenq^erature coefficient for
Ua

YES

Ubl ubl Temperature coefficient for
Ub

YES

Ucl ucl Tenq^erature coefficient for
Uc

YES

At at Ten^rature coefficient for
saturation velocity

YES

Prt pit Temperature coefficient for
Rdsw

YES

nj nj Emission coefficient YES

xn xti Junction current temperature
exponent coefficient

YES
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Flicker Noise Model Parameters

D.7 Flkker Noise Model Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

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 Frequencyexponent NO

Ef ef Frequency exponent NO

Kf kf Flicker noise parameter NO

Process Parameters

Symbols
used in

equation

Symbols
used in

SPICE
Description Can Be

Binned?

Tox tox date oxide thickness NO

Xj xj Junction Depth YES

yl gammal Body-effect coei^cient near
the surface

YES
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Bin Description Parameters

S3m[ibols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Y2 gamma2 Body-effect coefficient in the
bulk

YES

Nch nch Channel doping concentration YES

Nsub nsub Substrate doping concentration YES

Vbx vbx Vbs at which the depletion
region width equals xt

YES

Vbm vbm Maximum applied body bias in
Vth calculation

YES

Xt xt Doping depth YES

D.9 Bin Description Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Lmin lmin Minimum channel length NO

Lmax lmax 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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