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CHAPTER 1: Introduction

1.1

General Information

BSIM3v3 is the latest industry-standard MOSFET model for deep-submicron
digital and analog circuit designs from the BSIM Group at the University of
California at Berkeley. BSIM3v3.2 is based on its predecessor, BSIM3v3.1. Its

many improvements and enhancements include

A new intrinsic capacitance model (the Charge Thickness Model), considering
the finite charge layer thickness determined by quantum effect, is introduced as
capMod 3. It is very accurate in all operating regions.

Modeling of C-V characteristics at the weak-to-inversion transition is improved.
The Toxdependence is added into the threshold voitage model.

The flat-band voltage is added as a new model parameter to accurately model
MOSFET’s with different gate materials.

Substrate current dependence on the channel length is improved.

The non-quasi-static (NQS) model is restructured to improve the model
accuracy and simulation efficiency. NQS is added in the pole-zero analysis.

The temperature dependence is added to the diode junction capacitance model.
The DC junction diode model now supports a resistance-free diode model and a
current-limiting feature.

Option of using C-V inversion charge equations of capMod 0, 1, 2 or 3 to
calculate the thermal noise when noiMod == 2 or 4 is added.

The small negative capacitance of Cgs and Cgdin the accumulation-depletion
regions is eliminaged.

A seperate set of length/width-dependence parameters is introduced in the C-V
model to better fit the capacitance data.

Parameter checking is added to avoid bad values for certain parameters.
Known bugs are fixed.
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Backward Compatibility

Backward Compatibility

1.2
Meticulous care has been taken to accomplish the above model enhancements with
high levels of accuracy and fast SPICE convergence properties. In addition, every
effort has been made to maintain the backward compatibility with the previous
version except for the following change:
* Re-implementation of NQS model;
e Junction diode I-V model;
e Using C-V Q,,, for BSIM3 thermal noise evaluation;
* Zero-bias Vy, for capMod = 1 and 2;
e Removing P, and P, clamps;
» Using Leffcv for AbulkCVfactor,
« Bug fixes (Refer to “BSIM3v3.2 Model Enhancements” at http://www-

device.eecs.berkeley.edu/~bsim3).

1.3 Organization of This Manual
This manual describes the BSIM3v3.2 model in the following manner:
« Chapter 2 discusses the physical basis used to derive the I-V model.
 Chapter 3 highlights a single-equation I-V model for all operating regimes.
 Chapter 4 presents C-V modeling and focuses on the charge thickness model.
e Chapter 5 describes in detail the restrutured NQS (Non-Quasi-Static) Model.
+ Chapter 6 discusses model parameter extraction.
» Chapter 7 provides some benchmark test results to demonstrate the accuracy

and performance of the model.

 Chapter 8 presents the noise model.
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Organization of This Manual

* Chapter 9 describes the MOS diode I-V and C-V models.

e The Appendices list all model parameters, equations and references.
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Organization of This Manual
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CHAPTER 2: Physics-Based Derivation
of I-V Model

The development of BSIM3v3 is based on Poisson's equation using gradual channel
approximation and coherent quasi 2D analysis, taking into account the effects of device
geometry and process parameters. BSIM3v3.2 considers the following physical

phenomena observed in MOSFET devices [1]:

e Short and narrow channel effects on threshold voltage.

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

* Bulk charge effect.

» Velocity saturation.

* Drain-induced barrier lowering (DIBL).

* Channel length modulation (CLM).

« Substrate current induced body effect (SCBE).

» Subthreshold conduction.

» Source/drain parasitic resistances.

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

Accurate modeling of threshold voltage (V,) is one of the most important
requirements for precise description of device electrical characteristics. In
addition, it serves as a useful reference point for the evaluation of device operation
regimes. By using threshold voltage, the whole device operation regime can be

divided into three operational regions.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

First, if the gate voltage is greater than the threshold voltage, the inversion charge
density is larger than the substrate doping concentration and MOSFET is operating
in the strong inversion region and drift current is dominant. Second, if the gate
voltage is smaller than Vy, the inversion charge density is smaller than the
substrate doping concentration. The transistor is 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 Vy,, the inversion charge density is close
to the doping concentration and the MOSFET is operating in the transition region.

In such a case, diffusion and drift currents are both important.

For MOSFET’s with long channel length/width and uniform substrate doping

concentration, V,, is given by [2]:
(2.1.1)
Vm =VFB+CDA- +Y. (D.v _Vl;.v =VTidea1+ \}q)c —Vbs "\/(IT.r )

where Vi is the flat band voltage, Vrp,,, is the threshold voltage of the long
channel device at zero substrate bias, and 7 is the body bias coefficient and is given

by:

(2.1.2)
V2&igN,

CO.X'

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

(2.1.3)

k,T
o, =2-% ln[&]
q n;

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

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.
Modifications have to be made when the substrate doping concentration is not

uniform and/or when the channel length is short, narrow, or both.

2.1.1 Vertical Non-Uniform Doping Effect

The substrate doping profile is not uniform in the vertical direction as

shown in Figure 2-1.

N
-k

<«—— Approximation

/ Distribution

P
T
X4

Substrate Doping Concentration

——

Substrate Depth

Figure 2-1. Actual substrate doping distribution and its approximation.

The substrate doping concentration is usually higher near the Si/SiO,
interface (due to Vy, adjustment) than deep into the substrate. The

distribution of impurity atoms inside the substrate is approximately a half
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

gaussian distribution, as shown in Figure 2-1. This non-uniformity will
make ¥y in Eq. (2.1.2) a function of the substrate bias. If the depletion
width is less than X; as shown in Figure 2-1, N, in Eq. (2.1.2) is equal to
Ngy;, otherwise it is equal to Ngg,

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

following Vg, model is proposed:

2.14)

lh Tnleal +K (\/ (D Vbs \/_) K Vbr

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

(2.1.5)
K, =7,-2K,Jy®,-V,,

(2.1.6)

-y e Ve - P))
2 e, o, Vo - B, 4 Vs,

where v, and v, are body bias coefficients when the substrate doping

concentration are equal to N, and N, respectively:

(2.1.7)

,/qu N,

"= C

ox

2-4
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

2.1.2

(2.1.8)

v 2g€5Noup

Y2=
COX

V,, is the body bias when the depletion width is equal to X,. Therefore, Vj,

satisfies:

(2.1.9)

chthz

=P -V,
28 5 bx

st

If the devices are available, K, and K, can be determined experimentally. If
the devices are not available but the user knows the doping concentration
distribution, the user can input the appropriate parameters to specify
doping concentration distribution (e.g. Ny, Ny, and X)). Then, K, and K,

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

Lateral Non-Uniform Doping Effect

For some technologies, the doping concentration near the source/drain 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 Vg to increase in
magnitude because the average doping concentration in the channel is
larger. The average channel doping concentration can i)e calculated as

follows:
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(2.1.10)

eff = «
3 N,
o {122
L

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

= L : ; \
5 _ N,(L-2L)+Npocken2L, _ N( L 2L, Npocket-N,

(2.1.11)

V _an"'h 'v' _Vh '\/_) th

g

Eq. (2.1.11) can be derived by setting V,, = 0, and using K, o< (N,;)*. The

fourth term in Eq. (2.1.11) is used 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].

| Npocket Npocket |
,—\ Iﬁ
o) | |

| |
= | Na |

> L, e i L, -
1 1 1 >_
X

Figure 2-2. Lateral doping profile is non-uniform.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

2.1.3 Short Channel Effect

The threshold voltage of a long channel device is independent of the chan-
nel length and the drain voltage. Its dependence on the body bias is given by
Eq. (2.1.4). However, as the channel length becomes shorter, the threshold
voltage shows a greater dependence on the channel length and the drain
voltage. The dependence of the threshold voltage on the body bias becomes
weaker as channel length becomes shorter, because the body bias has less
control of the depletion region. The short-channel effect is included in the

Vi, model as:

(2.1.12)

V, =V, + K, (@, -V, @, )-K.V,,

+K[ ’1+—Nl—x—l l,/(l) -AV,

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

along the channel. This quasi-2D model concluded that:
(2.1.13)
AV, = 9 (L)(z(vbi - q).s' )""Vd.f)

where V,, is the built-in voltage of the PN junction between the source and

the substrate and is given by
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(2.1.14)
NchN

)

[

V, = KoT In(
q

n

where N, in is the source/drain doping concentration with a typical value of
around 1x10%®° cm>. The expression ,(L) is a short channel effect

coefficient, which has a strong dependence on the channel length and is

given by:
(2.1.15)
O (L) = [exp(~L/21;) + 2exp(~L/};)]
Iy is referred to as the characteristic length and is given by
(2.1.16)
I = Esi Todeep
B e
X4ep is the depletion width in the substrate and is given by
(2.1.17)
Xxl(p = 2£.u' q).\‘ _Vhs
ch'Il

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

channel.

Based on the above discussion, the influences of drain/source charge
sharing and DIBL effects onVy, are described by (2.1.15). In order to make

the model fit different technologies, several parameters such as D, D,,,
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

Dsub, Eta0 and Etab are introduced, and the following modes are used to

account for charge sharing and DIBL effects separately.

(2.1.18)
0, w=D,lexp(-D,,L/2l)+2exp(-D,,L/1)]
2.1.19)
A‘,rh (L) = elh (L)(Vbl - d).\' )
(2.1.20)
euT.. X
I, = /M(l + DyyaVs)
SOX
(2.1.21)
0y v = [exp(=D,,, L1 21,0) +2exp(-D,,, L/ L,)]
(2.1.22)

AVinVias) = Qi LY Eia0 + Eiap Vs )Viis

where [, is calculated by Eq. (2.1.20) at zero body-bias. D,,, is basically
equal to 1/m)"? in Eq. (2.1.16). D,,, is introduced to take care of the
dependence of the doping concentration on substrate bias since the doping
concentration is not uniform in the vertical direction of the channel. X,,, is
calculated using the doping concentration in the channel (Ny). Dy,
D‘,,,,D,,,z, Eta0, Etab and Dsub, which are determined experimentally, can
improve accuracy greatly. Even though Egs. (2.1.18), (2.1.21) and (2.1.15)
have different coefficients, they all still have the same functional forms.
Thus the device physics represented by Egs. (2.1.18), (2.1.21) and (2.1.15)

are still the same.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

As channel length L decreases, AV,, will increase, and in turn V,, will
decrease. If a MOSFET has a LDD structure, N; in Eq. (2.1.14) is the
doping concentration in the lightly doped region. V,; in a LDD-MOSFET
will be smaller as compared to conventional MOSFET’s; therefore the
threshold voltage reduction due to the short channel effect will be smaller
in LDD-MOSFETs.

As the body bias becomes more negative, the depletion width will increase
as shown in Eq. (2.1.17). Hence AV, will increase due to the increase in /,.

The term:
VTideal+K 1 D, _Vbx —KZVbs
will also increase as V), becomes more negative (for NMOS). Therefore,

the changes in

VTideal +K 1 (D.r - Vh.w -K ZVb.\‘

and in AV,, will compensate for each other and make V,, less sensitive to
V,,. This compensation is more significant as the channel length is
shortened. Hence, the V,, of short channel MOSFET's is less sensitive to
body bias as compared to a long channel MOSFET. For the same reason,
the DIBL effect and the channel length dependence of V,, are stronger as
V,,, is made more negative. This was verified by experimental data shown
in Figure 2-3 and Figure 2-4. Although Liu et al. found an accelerated V,,
roll-off and non-linear drain voltage dependence [10] as the channel
became very short, a linear dependence of V,, on V,, is nevertheless a good
approximation for circuit simulation as shown in Figure 2-4. This figure

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

2-10
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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

lengths under various bias conditions.

1.2
L= 0.35um
; 10
=
>
08
oV
0.8 ! ‘l"' - 1
0 1 2 3
Vds (V)

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

10!
N
100 :I__ L J VBS':DV
> .0
1071 L
s
= -
<o 2 |
w08 N s
0.0 0.5 1.0 1.5
L oft (um)

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

2.0
Markers: Exp.
| Lines: Mode
Device B, Vgg=-3V
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L eff (mm)

Figure 2-5. Threshold voltage versus channel length at different biases.

2.1.4 Narrow Channel Effect

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

usually assumed under the one-dimensional analysis due to the existence of

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

width decreases and the depletion region underneath the fringing field

becomes comparable to the “classical” depletion layer formed from the

vertical field. The net result is an increase in Vg, It is shown in [2] that this

increase can be modeled as:

”qNaxdmaxz

=3r &tb ;
2C, W w

(2.1.23)

2-12
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Non-Uniform Doping and Small Channel Effects on Threshoid Volitage

The right hand side of Eq. (2.1.23) represents the additional voltage
increase. This change in Vy, is modeled by Eq. (2.1.24a). This formulation
includes but is not limited to the inverse of channel width due to the fact
that the overall narrow width effect is dependent on process (i.e. isolation

technology) as well. Hence, parameters K3, K3, and W, are introduced as

(2.1.24a)

T
K.+K,V, J—=—®
(K, + Ky, hs)Wcﬁ“—l.WO

§

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

effect for small channel lengths. To do this we introduce the following:

(2.1.24b)

Weﬂ ‘ Lejf

w

Wegl L )+ 2exp(—Dvriw

m

Dwo;‘-(exp( —Dvriv ))( Vi — @s)
When all of the above considerations for non-uniform doping, short and
narrow channel effects on threshold voltage are considered, the final

complete Vyj, expression implemented in SPICE is as follows:
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(2.1.25)

Vlh lh()ax +K lox q)x lmﬂ K 20x b.tr_q

+K,,,,( ’1+ﬂ—1 },/d) 1+ (Ky+ KoVpg Jr— T
WL,

- Dvrou[exP[ Dy, T}" 2“9( Dy, —l_‘}}vm -0,)

L L
= Dyry| €xp| = Dypy =~ |+ 2€xp| = Vi 'q’,‘-)

21, l,

L, L,

—[exp( Dmb 21 ]+ zexP[ D.ml ) }}Emn + E ah " bseff )/rl.r

where T, dependence is introduced in the model parameters K, and K, to
improve the scalibility of V,, model with respect to T,,,. Viug,x Kox and Ky,

are modeled as

Vioor =Vio — K, \/qu

and
T
Kln\' Kl s
' Tmm
K'lm = K2 : _7:'_‘
' T,

T,.. is the gate oxide thickness at which parameters are extracted with a

default value of T,.

In Eq. (2.1.25), all V,,, terms have been substituted with a Vj, 5 expression
as shown in Eq. (2.1.26). This is done in order to set an upper bound for the
body bias value during simulations since unreasonable values can occur if

this expression is not introduced (see Section 3.8 for details).
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(2.1.26)
Visesy = Vi + 0.5[ Vs — Ve = 81 + 4/ (Vs — Vire = 61)2 = 481Vie ]

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

2\
v, =09 @, - K
4K

2
2y,

2.2 Mobility Model

A good mobility model is critical to the accuracy of a MOSFET model. The
scattering mechanisms responsible for surface mobility basically include phonons,
coulombic scattering, and surface roughness [11, 12]. For good quality interfaces,
phonon scattering is generally the dominant scattering mechanism at room
temperature. In general, mobility depends on many process parameters and bias
conditions. For example, mobility depends on the gate oxide thickness, substrate
doping concentration, threshold voltage, gate and substrate voltages, etc. Sabnis
and Clemens [13] proposed an empirical unified formulation based on the concept
of an effective field E,; which lumps many process parameters and bias conditions

together. E, g is defined by

(2.2.1)
_0p+(0,/2)

Eeﬁ‘ Esi

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

mobility is then given by
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Ho

ﬂeﬁ” =

1+(Ep [ Eg)”

(2.2.2)

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

the following for electrons and holes

Parameter Electron (surface) Hole (surface)
Ko (cm?/V) 670 160
Ey (MV/cm) 0.67 0.7
v 1.6 1.0

Table 2-1. Typical mobility values for electrons and holes.

" For an NMOS transistor with n-type poly-silicon gate, Eq. (2.2.1) can be rewritten

in a more useful form that explicitly relates E, to the device parameters [14]

E.= Vgs + Vi
= 6T,

(2.2.3)

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

consuming power function in SPICE simulation. Taylor expansion Eq. (2.2.2) is

used, and the coefficients are left to be determined by experimental data or to be

obtained by fitting the unified formulation. Thus, we have
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2.3

(mobMod=1) 2.24)

Mo
Meiy = v -
oxX oX

where Vgg=Vge-Vpp To account for depletion mode devices, another mobility

model option is given by the following

(mobMod=2) 225
Lo
V 2
1+ (Uu + Uth_‘,ﬁ)(_gSt_) + Ub(VgSt ).,
Tox Tox

Hey =

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:

(For mobMod=3) (2.2.6)
. o
T

ox

Her = Vot + 2V
Tox

1+ [Ua( )11 + UeViseg)

Carrier Drift Velocity

Carrier drift velocity is also one of the most important parameters. The following

velocity saturation equation [17] is used in the model
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Bulk Charge Effect

(2.3.1)
E
v= __’_liff__, - E<Eg,
1+ (E/Egq)
= Vsar» E>Eg,

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

E.,, E,, must satisfy:

(2.3.2)
E —_— sat

sat ”ejf

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 non-uniform along the channel length. This
will cause Vg, to vary along the channel. This effect is called bulk charge effect
[14].

The parameter, Ay, is used to take into account the bulk charge effect. Several
extracted parameters such as Ay, By, By 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 bulk charge effect under high substrate
bias conditions. It should be pointed out that narrow width effects have been

considered in the formulation of Eq. (2.4.1). The Ap, expression is given by

(24.1)
2
K ALy L, Y| B |
S PPN, ™ S P S Y o 1
Abu" ¢.\' —‘/huﬂ ijf + 24 X J x:lfp [ il ”[ l’fﬂ + ZJX J xd;p J “’r] '+Bl ] + Ke,a‘g.rrﬂ
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Strong Inversion Drain Current (Linear Regime)

where Aj, A g» Bo- By and Keta are determined by experimental data. Eq. (2.4.1)
shows that A, is very close to unity if the channel length is small, and A,

increases as channel length increases.

2.5 Strong Inversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (Rz=0)

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

along the channe] is given by

(2.5.1)
1, =WC, (V. — AbnV »)ven

ox

The parameter Vgs, = (Vgs - Vi), Wis the device channel width, C,, is the
gate capacitance per unit area, V(y) is the potential difference between
minority-carrier quasi-Fermi potential and the equilibrium Fermi potential

in the bulk at point y, v(y) is the velocity of carriers at point y.

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

be expressed as

(2.5.2)
:ueff Ew
Idx = WC"x (Vm - V,,, - AbulkV(,v))m—

sar

Eq. (2.5.2) can be rewritten as follows
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(2.5.3)

Ew = Id: - dV(y)
C p WG (Vgst —AoVn) -1, /E dy

0ox

sat

By integrating Eq. (2.5.2) fromy = 0toy = Land V(y) = 0 to V(3) = Vyq,

we arrive at the following

(2.54)
w 1

L1+V,/E,L Ve = Vi = Abac Ve [2)V,
ds sat

Id.r = #e_ﬂ' Cox

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

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 region can now be 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 (Vjs,) and the lateral
electrical is equal to E,,. After the onset of saturation, we can substitute v

= Vg4 and Vo = Vo, into Eq. (2.5.1) to get the saturation current:

(2.5.5)
I(Ix = WC

0x

(Vgxl — Abutk Vd.mt )v.\'al

By equating egs. (2.5.4) and (2.5.5) at E = Eg;, and V j5 = Vi, We can

solve for saturation voltage Vg,

(2.5.6)
E sat L(Vg.r - Vlh )

i A E L+ (V, —V,)

sar
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Strong Inversion Drain Current (Linear Regime)

2.5.2 Extrinsic Case (R>0)

Parasitic source/drain resistance is an important device parameter which
can affect MOSFET performance significantly. As channel length scales
down, the parasitic resistance will not be proportionally scaled. As a result,
R s will have a more significant impact on device characteristics. Modeling
of parasitic resistance in a direct method yields a complicated drain current
expression. In order to make simulations more efficient, the parasitic
resistances is modeled such that the resulting drain current equation in the

linear region can be calculateed [3] as

(2.5.9)
Iy = ";(ls = - deR
to1 ch T R :
=y w 1 (Vest = Apuite Vs /2) Vs

W (Vo = Apuir Ve /2)

Copx — L Cox —
eff Lox L 1+ Vd.\’ /(E_m; ) 14 Rdc”t:ﬂ' ox
! L

1+ Vs [(Egq L)

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

V isar With parasitic resistance R ; becomes

(2.5.10)

—b—b? —4ac

Vv =
dsat 2a

The following are the expression for the variables a, b, and c:
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Strong Inversion Current and Output Resistance (Saturation Regime)

(2.5.11)

a= A:ulk Rdx Cox Wv.wl + (% - ])A”“"‘
2
b = —(Vg.\‘I(E - l) + AhulkE.mlL + 3Ahu"{ Rd.t C"x WVW, Vg." )
2
€= EgqLVps + 2RsCox Wvsar Vst
A=AV + A2

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

of the device. The parasitic resistance is modeled as:

(2.5.11)

o _Ru (14 PV + P (@, —Virg =@, )
W,

“ (o'w, )"

The variable Ry, is the resistance per unit width, W,.is a fitting parameter,

Ppypand thg are the body bias and the gate bias coeffecients, repectively.

2.6 Strong Inversion Current and Output

Resistance (Saturation Regime)

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

resistance (which is the reciprocal of the first order derivative of the I-V curve)
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Strong Inversion Current and Output Resistance (Saturation Regime)

curve can be clearly divided into four regions with distinct R,,, vs. Vg

dependences.

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

saturated. The output resistance is very small because the drain current has a strong

dependence on the drain voltage. The other three regions belong to the saturation

region. As will be discussed later, there are three physical mechanisms which

affect the output resistance in the saturation region: channel length modulation
(CLM) [4, 14], drain-induced barrier lowering (DIBL) [4, 6, 14], and the substrate
current induced body effect (SCBE) [14, 18, 19]. All three mechanisms affect the

output resistance in the saturation range, but each of them dominates in only a

single region. It will be shown next that channel length modulation (CLM)

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

region.
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Figure 2-6. General behavior of MOSFET output resistance.
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Strong Inversion Current and Output Resistance (Saturation Regime)

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

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

(2.6.1)
Ol s (Vyss Vi)
T45 (Vs Vis) = Ids(vgs’ Vdsat)‘l'_sa'vgf—-s—(vds — Visar)
ds
Vi =V
= Idsat (1 + ds dsat )
Va
where
(2.6.2)
Lasar = a5 (Vs Vasar) = Wvsar Cox (Vest = Apuik Vasar )
and
(2.6.3)
0 14s -1
Vy=1 g
A dsar 9 Vi )

The parameter Vy is called the Early voltage and is introduced for the analysis of
the output resistance in the saturation region. Only the first order term is kept in the
Taylor series. We also assume that the contributions to the Early voltage from all

three mechanisms are independent and can be calculated separately.
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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)
Vaciy = La (alds JL )1 = Aputk Esat L+ Vot 9 AL )l
o dL 9 Vs Apuik Esat 0 Vs

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

approximation, V4cgpscan be derived as the following

(2.6.5)

Vacm = (Vas = Vdsar)

where V4 ¢y p is the Early Voltage due to channel length modulation alone.

The parameter P, is introduced into the V4 oy py expression not only to
compensate for the error caused by the Taylor expansion in the Early

voltage model, but also to compensate for the error in X since /< [X,

and the junction depth X can not generally be determined very accurately.
Thus, the V4cgpbecame

(2.6.6)

1 Ab IkE L+V
U sat gst (Vds _ Vdsar)

Vacim =
F, clm Abulk Esatl
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2.6.2 Drain-Induced Barrier Lowering (DIBL)

As discussed above, threshold voltage 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)

a1, OV, _
Vaoisre= L usur ('a_‘;l' _3 Vm ) :
th ds

(Veserr +2w1) AbitsVita
Vapisie = 1-
Gut(1+ PoeecaVise)\.  AbikVitsa + Viseg + 2w

During the derivation of Eq. (2.6.7), the parasitic resistance is assumed to
be equal to 0. As expected, V,pp; c is a strong function of L as shown in Eq.
(2.6.7). As channel length decreases, Vg c decreases very quickly. The
combination of the CLM and DIBL effects determines the output resistance

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

Despite the formulation of these two effects, accurate modeling of the
output resistarice in the saturation region requires that the coefficient
8,,(L) be replaced by 6,,,,(L). Both 8,,(L) and 8,,,(L) have the same
channel length dependencies but different coefficients. The expression for
0, our(L) is

(2.6.8)
emul (L) = Pd('hlcl [exp(_DmulL / 211) +2 exp(—DmulL / ll )] + Pdiblc'.!

Parameters P g;p.1, Pgipic2 Pdiblch @nd Dy, are introduced to correct for

DIBL effect in the strong inversion region. The reason why D, is not
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equal to P ;1 and D, is not equal to D, 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. Pg;p).5 is usually very small (may be as small as
8.0E-3). If P;p;c2 is placed into the threshold voltage model, it will not
cause any significant change. However it is an important parameter in
Vapsy for long channel devices, because P ;.o Will be dominant in Eq.
(2.6.8) if the channel is long.

2.6.3 Current Expression without Substrate Current Induced
Body Effect '

In order to have a continuous drain current and output resistance
expression at the transition point between linear and saturation region, the
Ve parameter is introduced into the Early voltage expression. V¢, is the

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

(2.6.9)
Egar L+ Visar + 2RisVsar Cox W (Vs — Apuik Vas 12)

1+ Apyik RasVsarCox W

Vasar =

Total Early voltage, V,, can be written as

(2.6.10)

1 1
-+

ACLM VADIBL

‘/‘4 = VAxur +( )-l
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2.6.4

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

expression in the saturation region is given by

2.6.11)
]d.m = Wv C (Vgsl - Abulk Vd.wl )(] + de _ Vd.rat )

sar ox VA
Furthermore, another parameter, Pygg, is introduced in V, to account for the

gate bias dependence of V, more accurately. The final expression for Early

voltage becomes

(2.6.12)

Pvug Vgs )( 1 + 1 -1

Va = Vasa + (l +
Esaler = Vacim  VabisLc

Current Expression with Substrate Current Induced Body
Effect

When the electrical field near the drain is very large (> 0.1IMV/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 I, thus created during impact
ionization will increase exponentially with the drain voltage. A well known
I, p model [20] is given as:

(2.6.13)

A; B:i
I, =—t1 V.=V exp(— ———
sub Bi dsar( ds dsat) p( Vds _ Vdsat )
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The parameters A; and B; are determined from extraction. Ig,,;, will affect
the drain current in two ways. The total drain current will change because it
is the sum of the channel current from the source as well as the substrate

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

(2.6.14)
Idx = Id.\‘o + I.rub
_ (Vd\- - Vd.\'al)
= Id.w 1+ &ex ( Bll )
Ai p Vs — Vd.ral

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

(2.6.15)
V,-V Vs = Vs
1 ds = val Cnx (ng - Abulk Vdmt )(1 + = = )(] + - - )
‘ ' v, Vascse

where V,¢cpe can also be called as the Early voltage due to the substrate

current induced body effect. Its expression is the following

(2.6.16)

Bi Bil
V. = —exp(———
ascae =~ exp(y U )

From Eq. (2.6.16), we can see that V,scpg is a strong function of V. In
addition, we also observe that V,scg is small only when V ;, is large. This
is why SCBE is important for devices with high drain voltage bias. The
channel length and gate oxide dependence of Vyscpp comés from Vg, and
I. We replace Bi with PSCBE2 and Ai/Bi with PSCBEI/L to yield the

following expression for Vyscpe
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(2.6.17)
1 P P l
_ PscaE oy _FscaEll
VascBE L Vis — Vdsar

The variables P.p.1 and Pg.po are determined experimentally.

2.7 Subthreshold Drain Current

The drain current equation in the subthreshold region can be expressed as [2, 3]

(2.7.1)
14 v s V’ _Vo
I, = 1o(1—exp(——2)) exp(-E—" 1)
vV, nvy
(2.7.2)
W [ge,N,
T4 =My z —'2—(’:—hv,2

Here the parameter v; is the thermal voltage and is given By KpT/q. Vo is the
offset voltage, as discussed in Jeng's dissertation [18]. Vg is an important
parameter which determines the drain current at Vge = 0. In Eq. (2.7.1), the
parameter # is the subthreshold swing parameter. Experimental data shows that the
subthreshold swing is a function of channel length and the interface state density.

These two mechanisms are modeled by the following

(2.7.3)

(Cuse + CuaseaVits + Cath Vme_tr)(exp(—Dvn %) + 2exp(—Dm—leL)) G
' 1 + ~r

n =1+ Nuctor— +
Cu C'u' Cu‘

where the term
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(Cusc + CuscaVis + Csch theﬁ')(exp(—DVTl%) +2 exp(-—Dm%ﬁ—.))

represents the coupling capacitance between the drain or source to the channel.
The parameters Cq., Cyoq and Cyq p are extracted. The parameter C;, in Eq. (2.7.3)
is the capacitance due to interface states. From Eq. (2.7.3), it can be seen that
subthreshold swing shares the same exponential dependence on channel length as
the DIBL effect. The parameter Nfactor is introduced to compensate for errors in
the depletion width capacitance calculation. Nfactor is determined experimentally

and is usually very close to 1.

2.8 Effective Channel Length and Width

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

below
(2.8.1)
Lej]’ = Ldrawn — 2dL
(2.8.2a)
Wejﬁ' = Warawn — 2dW
(2.8.2b)

“’ej_’/~l = Warawn — 2d Wl

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

bias dependencies. The parameters dW and dL are modeled by the following
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2.8.3)
AW = dW'+dW,V,., +dW,([®, =V, -.)
AW'= Wiy 4t ol
(2.8.4)

dL = Lin + Llilln + WLL‘:’vn + LLlf‘;;Lwn
These complicated formulations require some explanation. From Eq. (2.8.3), the
variable Wj; models represents the tradition manner from which "delta W" is
extracted (from the intercepts of straights lines on a 1/Rgs vs. Wgauy, plot). The
parameters dWg and dWp, have been added to account for the contribution of both
front gate and back side (substrate) biasing effects. For dL, the parameter Ly
represents the traditional manner from which "delta L" is extracted (mainly from

the intercepts of lines from a R vSs. Lgyguy, plot).

The remaining terms in both dW and dL are included for the convenience of the
user. They are meant to allow the user to model each parameter as a function of
Waraws Ldrawn and their associated product terms. In addition, the freedom to
model these dependencies as other than just simple inverse functions of W and L is
also provided for the user. For dW, they are Win and Wwn. For dL they are Lin and

Lwn.

By default all of the above geometrical dependencies for both dW and dL are

turned off. Again, these equations are provided for the convenience of the user. As
such, it is up to the user to adopt the correct extraction strategy to ensure proper

use.
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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 in the 0.1um regime since the gate oxide thickness will also be very small,

possibly 50A or thinner.

Figure 2-7 shows an NMOSFET with a depletion region in the n* poly-silicon
gate. The doping concentration in the n* poly-silicon gate is N, and the doping
concentration in the substrate is N,,,. The gate oxide thickness is T,.. The depletion
width in the poly gate is X,. The depletion width in the substrate is X;. If we
assume the doping concentration in the gate is infinite, then no depletion region
will exist in the gate, and there would be one sheet of positive charge whose

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

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

means the effective gate voltage will be reduced.
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Poly Gate Depletion (Width Xp)

Inversion Charge  Depletion In Substrate (Width Xd)

'8

Figure 2-7. Charge distribution in a MOSFET with the poly gate depletion effect.

The device is in the strong inversion region.

The effective gate voltage can be calculated in the following manner. Assume the
doping concentration in the poly gate is uniform. The voltage drop in the poly gate

(Vo) can be calculated as

(2.9.1)
2
qNgw? X poly

Vv
28Si

1
poly =75 X potyE poty =

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

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

(29.2)

EoxEox = esiEpoly = \/qusiNgwq Vpaly

2-34
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where E,, is the electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)

Ve =Vig =@, =V, +V,,

poly

where V, is the voltage drop across the gate oxide and satisfies V,, = E,,T,,,.
According to the equations (2.9.1) to (2.9.3), we obtain the following

(2.9.4)
a(vgs —VFB _¢.\' _.‘/[ml_\')2 —Vpoly =0

- where (2.9.5)

2
80.\'

a=—--—-7
2qe N . T,

gate” ox

By solving the equation (2.9.4), we get the effective gate voltage (V, .5) which is

equal to:

(2.9.6)
3

1%

gs_efl =

VFB +¢\ +

qe.n'N gut;l::xz 1+ 2£u.xz ('Vm —VF B —(Dx ) -1
e’ qe N :

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

The drain current reduction in the linear region as a function of the gate voltage
can now be determined. Assume the drain voltage is very small, e.g. 50mV. Then
the linear drain current is proportional to C,(V,, - V,;,). The ratio of the linear drain

current with and without poly gate depletion is equal to:

2.9.7)
I ds(Vgs_eﬂ ) - (Vgs_eﬁ‘ Vi)
Ids(vgs) (Vgs =Vin)

Figure 2-9 shows I,(V,, g / 15(Vy,) versus the gate voltage using Eq. (2.9.7). The

drain current can be reduced by several percent due to gate depletion.
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Figure 2-9. Ratio of linear region current with poly gate depletion effect and that
without.
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CHAPTER 3: Unified I-V Model

The development of separate model expressions for such device operation regimes as
subthreshold and strong inversion were discussed in Chapter 2. Although these
expressions can 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 and conductance and their derivatives in all transition regions as well. Such high
standards are kept in BSIM3v3.2 . As a result, convergence and simulation efficiency are

much improved.

This chapter will describe the unified I-V model equations. While most of the parameter
symbols in this chapter are explained in the following text, a complete description of all I-

V model parameters can be found in Appendix A.

3.1 Unified Channel Charge Density
Expression

Separate expressions for channel charge density are shown below for subthreshold
(Eq. (3.1.1a) and (3.1.1b)) and strong inversion (Eq. (3.1.2)). Both expressions are
valid for small V.
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Unified Channel Charge Density Expression

(3.1.1a)

Qctubso = Qo exp(vﬂ" — Vm)
nv:
where @ is
(3.1.1b)
Qo= @ wexp(--2)
(3.1.2)

Qch.\'o = Cnx(Vg.\' - Vlh)

In both Egs. (3.1.1a) and (3.1.2), the parameters Q550 and Qo are the channel
charge densities at the source for very small Vds. To form a unified expression, an
effective (Vgs-Vypy) function named Vggep is introduced to describe the channel

charge characteristics from subthreshold to strong inversion

(3.1.3)

2nw ln[l + exp(v‘" - V"'):l

2nw

Views = 20 Vie— Vi - 2V.
142 n Cox L exp(- T
qan'Nch 2 nwv

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

inversion region can therefore be written as

(3.1.4)
Qch.sO = Gngmﬁ

Figures 3-1 and 3-2 show the "smoothness" of Eq. (3.1.4) from subthreshold to
strong inversion regions. The Vgs,qfexpression will be used again in subsequent

sections of this chapter to model the drain current.

3-2
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Figure 3-2. Vgsteﬁ'function VS. (ngvﬂ,) in log scale.
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Unified Channel Charge Density Expression

Eq. (3.1.4) serves as the cornerstone of the unified channel charge expression at
the source for small V. To account for the influence of Vg, the Vggegfunction
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)
Qens(yy = Cox(Vgs — Vi — Abak VF(yy)

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

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

(3.1.6)
chu'(.\') = QchsO + AQch.\'(.\')

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

voltage at point y. It can be expressed as

3.1.7)
AQ(‘/L\'( Y= —CoxAnurVE (¥

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

channel from source to drain can be written as

(3.1.8)
V.\'—V —-— A V v
Qt‘h.mbs(‘\') = Qoexp( 8 th putk VF( ))
nv:
ulk VF(y
= Qch\'ub.\’ﬂexp(_é_w)
nv

34
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A Taylor series expansion of the right-hand side of Eq. (3.1.8) yields the following

(keeping only the first two terms)

(3.1.9)
Qchsubs(y) = Qehsubso(1 — M)
nv
Analogous to Eq. (3.1.6), Eq. (3.1.9) can also be written as
(3.1.10)

Qchsubs( = Q:Il:ubsO + AQ‘Imcbs( ¥

The parameter AQ pqubs(y) is the incremental channel charge density induced by

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

(3.1.11)

Ak VF(y)
AQchmbx( y) = —_— Qch.mbxo

nv:

Note that Eq. (3.1.9) is valid only when VE(y) is very small, which is maintained
fortunately, due to the fact that Eq. (3.1.9) is only uséd in the linear regime (i.e. Vg

S2V{).

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

expression along the channel, we first assume

(3.1.12)
AQch.v( y)AQch.\'ub,\'( ¥)
AQch.\'( y) + AQch.\'ubs( ¥)

AQchiny =

Here, AQ{y) is the incremental channel charge density induced by the drain
voltage. Substituting Eq. (3.1.7) and (3.1.11) into Eq. (3.1.12), we obtain
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Unified Mobility Expression

(3.1.13)
Ve

A ch(y) =
Qency) b

chu'o

where V= (Vgger + n*v/Apyjk. In order to remove any association between the
variable n and bias dependencies (Vggg) as well as to ensure more precise
modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), n is

replaced by 2. The expression for V3 now becomes

3.1.14)
_ Vester + 2wt
Abulk

Vb

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

now at hand

(3.1.15)

V) )
Vi

Qch(.\') = Qch.fO(l -

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

3.2 Unified Mobility Expression

Unified mobility model based on the Vgstefrexpression of Eq. 3.1.3 is described in

the following.
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Unified Linear Current Expression

(mobMod = 1) (3.2.1)
Her = Vergr fozv., Ve + 2Ven
1+(Ua+ UCVM)(—“T—’) + U,,(—L"”T;‘——')2

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

the following
(mobMod = 2) (3.2.2)
Uo
Her =
1+ (Ua + UcVise)( V"“"’”) + U»(M)2
Tox Tox

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

following expression

(For mobMod = 3) 3.2.3)
o
Her =
1 + [Ua ( Vg.\'reﬁ' + 2V:h) + Uh( Vg.ﬂeﬂ + 2V!h)2 ](] + Uch;,ﬂ')
Tox Tox

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Rz=0)

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

diffusion current
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Unified Linear Current Expression

(3.3.1)
Layy = WQch(y)Unety) dVre
d
where the parameter uyg(y) can be written as
(3.3.2)
Hrnety) = #"2
1+ =
Evat
Substituting Eq. (3.3.2) in Eq. (3.3.1) we get
(3.3.3)
Tuc Y= WQchxo(] - VF(.“)) Her dVF(.\‘)

sat

Eq. (3.3.3) resembles the equation used to model drain current in the strong
inversion regime. However, it can now be used to describe the current
characteristics in the subthreshold regime when Vj;is very small (Vz<2vy).
Eq. (3.3.3) can now be integrated from the source to drain to get the

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

from the subthreshold regime to the strong inversion regime

3.34)
W[—leﬂQchsOVds(l - Vi )
Liso = 2Vh
w0 = th
L(l+—
( Vu)
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Unified Vdsat Expression

3.3.2 Extrinsic Case (Rj > 0)

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

to strong inversion is:

3.3.5)
I dso
Ruslso

1+
Vd.\'

lis =

3.4 Unified Vg Expression

3.4.1 Intrinsic case (Rz=0)

To get an expression for the electric field as a function of y along the
channel, we integrate Eq. (3.3.1) from O to an arbitrary point y. The result is

as follows

34.1)
Id.\‘n

Luso T: 21us0 WQch.tO HUetr ¥

E.\'al ) Vh

E.=
J (WQchso Lefr —

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

(34.2)
WﬂeﬂQ chs0 EsarlL Vi

2L(EmlL + Vh)

]dsar =
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Unified Vdsat Expression

Let V4=V in Eq. (3.3.4) and set this equal to Eq. (3.4.2), we get the

following expression for Vo

(3.4.3)
EJulL( Vg.vtcff + ZVI)

AbutkEsatl + Vesiegg + 20

V«I.\'ul =

3.4.2 Extrinsic Case (R%>0)

The V5, expression for the extrinsic case is formulated from Eq. (3.4.3)
and Eq. (2.5.10) to be the following

(3.4.4a)
Viw = —b—b* —4ac
ATt 2a
where
(3.4.4b)
a = Abuk* WegrVsarCoxRps + (% —1) Apuik
(3.4.4¢)

b= —( (Vesterr + 2V1)(% -D+ AbukEsatLefr + 3 Abutk (Vestegr + 2Vl)“”e:ﬂ'meCuxRDS ]

(3.4.4d)
Cc= (Vgsleﬁ" + 2Vt)EsatLeff + Z(Vg.m'ﬂ + 2v;)2 WeﬂV.\‘alCuxRDS

(3.4.4¢)
A = AIVgstej/ + AZ
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Unified Saturation Current Expression

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

Parameters A and A, can be extracted.

3.5 Unified Saturation Current Expression

A unified expression for the saturation current from the subthreshold to the strong
inversion regime can be formulated by introducing the Veger function into Eq.

(2.6.15). The resulting equations are the following

3.5.1)
Ids - ] dso(Vdsat) (1 + Vd.r - dea: J(l + Vds - Vdsm)
1+ Rdx]dso(Vdsal) Va Vascae
Vdsal
where

(3.5.2)

P va, 'V ste, 1 1 -

Va = Vi + (1 + — L850y + )™

EsulLes = Vactm  Vabisrc

3.5.3)

AbutkVidsar
Esachfﬂ + Vd.ral + 2RDS V.thanIeﬁVg.nejf [1 - —hL
Vi = 2(Vesterr +2w1)
Asal — =

2 / Av - 1 + RDS erCaneﬂAhulk

(3.54)
AbquE.\'aqu/f + Vg.\'leﬂ

P CLMAbulkEsar llt l

Vacim =

(Vds - Vd.vat)
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Single Current Expression for All Operating Regimes of Vgs and Vds

(3.5.5)
(Vg.mﬂ + 21)!) (] _ Abut Visar )
Orout (1 + PpircsVbser) AbutkVdsar + Vigsiegr + 20

Vabisre =

(3.5.6)
Gour = PoisLc) [exp(—DRour ?Tﬁ) + 2 exp(—Drour —llfi)] + PoisLc2
10

10

(3.5.7)

1 P.\'cbe2 ("Pscbel lltl)
= exXp
VAS CBE Lejf Vd.t - Vd.ml

3.6 Single Current Expression for All
Operating Regimes of Vgg and Vg

The Vggggfunction introduced in Chapter 2 gave a unified expression for the linear
drain current from subthreshold to strong inversion as well as for the saturation
drain current from subthreshold to strong inversion, separately. In order to link the
continuous linear current with that of the continuous saturation current, a smooth
function for V is introduced. In the past, several smoothing functions have been
proposed for MOSFET modeling [22-24]. The smoothing function used in BSIM3
is similar to that proposed in [24]. The final current equation for both linear and

saturation current now becomes

(3.6.1)

L= Ldsoqvasesy) (1 + Vs — Vasery )(1 + Vs — V,/,fejf)

1+ Roaslasovasegr) Va Vascse
Vd.\‘tfff

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

substituted with the Vg function. For example, Eq. (3.5.4) now becomes
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Single Current Expression for All Operating Regimes of Vgs and Vds

({14 saLe + 5te]
Vacim = AvirBsal o Vg. 2l (Vias — Viser)
PcimAvuEsar litl

Similarly, Eq. (3.5.7) now becomes

1 Piche2 (—P.mx litl)
= exp
Vascege  Leg Vias — Visegr

The Vsgrexpression is written as

Viser = Vi —%(Wu—Vdr—5+J(Vdu —Vis—6) +46Vm)

(3.6.2)

(3.6.3)

(3.6.4)

The expression for Vg is that given under Section 3.4. The parameter d is an

extracted constant. The dependence of Vg on Vg is given in Figure 3-3. The

V gseff function follows Vg in the linear region and tends to Vg in the saturation

region. Figure 3-4 shows the effect of & on the transition region between linear and

saturation regimes.
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Vdseff=Vdsat/ .« Vdseff=Vds

0.0 T v L 4 L] ¥ ¥ T T LJ
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
vds (V)

Figure 3-3. Vegrvs. Vg for 5=0.01 and different Vgy.

2(}I::Isel‘f:Vdsat -~ Vdseff=Vds
7 A

1.5

Vdseft (V)
°

o
a
!

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.C
vds (V)

Figure 3-4. Vgvs. Vg for Vg=3V and different d values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2 is modeled by

(3.7.1)

o, +a, L, B I, v, -V,
I.rub = s L l 7 (Vd.\' _Vdstﬁ' )exp[_ V (‘)/ \ R‘l OI (] + V £
eff ds = dseff J] + ds ” ds0 A

dseff

where parameters ¢ and f, are impact ionization coefficients; parameter o,

improves the g, scalability.

3.8 A Noteon V,

All Vp, terms have been substituted with a Vpgg expression as shown in Eq.
(3.8.1). This is done in order to set an upper bound for the body bias value during

simulations. Unreasonable values can occur if this expression is not introduced.

(3.8.1)

Viser = Vi +0.5[Vis = Vie = 81 + yf (Vi — Vie — 81)* = 481Vie ]
where 6,=0.001.

Parameter V. is the maximum allowable Vp value and is obtained based on the

condition of dVy/dVps= 0 for the Vg, expression of 2.1.4.
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CHAPTER 4: Capacitance Modeling

Accurate modeling of MOSFET capacitance plays equally important role as that of the
DC model. This chapter describes the methodology and device physics considered in both
intrinsic and extrinsic capacitance modeling in BSIM3v3.2. Detailed model equations are
given in Appendix B. One of the important features of BSIM3v3.2 is introduction of a
new intrinsic capacitance model (capMod=3 as the default model), considering the finite
charge thickness determined by quantum effect, which becomes more important for
thinner T, CMOS technologies. This model is smooth, continuous and accurate

throughout all operating regions.

4.1 General Description of Capacitance
Modeling

BSIM3v3.2 models capacitance with the following general features:

 Separate effective channel length and width are used for capacitance models.

* The intrinsic capacitance models, capMod=0 and 1, use piece-wise equations.
capMod=2 and 3 are smooth and single equation models; therefore both charge and
capacitance are continous and smooth over all regions.

e Threshold voltage is consistent with DC part except for capMod=0, where a long-
channel Vy, is used. Therefore, those effects such as body bias, short/narrow channel
and DIBL effects are explicitly considered in capMod=1, 2, and 3.

e Overlap capacitance comprises two parts: (1) a bias-independent component which
models the effective overlap capacitance between the gate and the heavily doped
source/drain; (2) a gate-bias dependent component between the gate and the lightly
doped source/drain region.

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley 4-1



Geometry Definition for C-V Modeling

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

Name Function Default Unit
cap;dod - Fla_g for capac_iance models B 3 (True)
acde Exponential coefficient for X, for accumulation and deple- 1 (m/V)
tion regions
moin Coefficient for the surface potential 15 (V45)
cgso Non-LDD region G/S overlap C per channel length Calculated F/m
cgdo Non-LDD region G/D overlap C per channel length Calculated F/m
CGS1 Lightly-doped source to gate overlap capacitance 0 (F/m)
CGD! Lightly-doped drain to gate overlap capacitance 0 (F/m)
CKAPPA Coefficient for lightly-doped overlap capacitance 0.6
CF Fringing field capacitance equation (F/m)
45.1)
CLC Constant term for short channel model 0.1 pm
CLE Exponential term for short channel model 0.6
DWC Long channel gate capacitance width offset Wint Hm
DLC Long channel gate capacitance length offset Lint Hm

Table 4-1. Model parameters in capacitance models.

4.2 Geometry Definition for C-V Modeling

For capacitance modeling, MOSFET’s can be divided into two regions: intrinsic
and extrinsic. The intrinsic capacitance is associated with the region between the

metallurgical source and drain junction, which is defined by the effective length
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(Lacrive) and width (W,;,.) when the gate to S/D region is at flat band voltage.
L,.iveand W, ;.. are defined by Egs. (4.2.1) through (4.2.4).

“4.2.1)
Lam‘ve = Ldrawn_ 2&’47'

4.2.2)
“{u‘live = vvdrawn— 26“’47’

4.2.3)

Llc Lwc Lwic
0L, = DLC + I + Wb + JLhpy L
4.2.4)

Wic Wwc Wwlic
LW In W Wwn + LW In W Wun

8W,, = DWC +

The meanings of DWC and DLC are different from those of Wint and Lint in the 1-
V model. L,.,, and W, are the effective length and width of the intrinsic
device for capacitance calculations. Unlike the case with I-V, we assumed that
these dimensions have no voltage bias dependence. The parameter 6Leﬁ"is equal to
the source/drain to gate overlap length plus the difference between drawn and
actual POLY CD due to processing (gate printing, etching and oxidation) on one
side. Overall, a distinction should be made between the effective channel length

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

Traditionally, the Lggextracted during I-V model characterization is used to gauge
a technology. However this Lggdoes not necessarily carry a physical meaning. It is
just a parameter used in the I-V formulation. This Legis therefore very sensitive to

the I-V equations used and also to the conduction characteristics of the LDD
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Methodology for Intrinsic Capacitance Modeling

4.3

region relative to the channel region. A’ device with a large Leﬁr and a small

. parasitic resistance can have a similar current drive as another with a smaller Lgg

but larger R, In some cases Lggcan be larger than the polysilicon gate length

giving Lgga dubious physical meaning.

The L,.,. 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 L, ;. to be that measured at gate to
source/drain flat band voltage. If DWC, DLC and the newly-introduced length/
width dependence parameters (Llc, Lwc, Lwic, Wic, Wwc and Wwic) are not
specified in technology files, BSIM3v3.2 assumes that the DC bias-independent
Leﬁrand 'Wﬂ(Eqs. (2.8.1) - (2.8.4)) will be used for C-V modeling, and DWC,
DLC,Llc, Lwe, Lwic, Wic, Wwe and Wwic will be set equal to the values of their

DC counterparts (default values).

Methodology for Intrinsic Capacitance
Modeling

4.3.1 Basic Formulation

To ensure charge conservation, terminal charges instead of the terminal
voltages are used as state variables. The terminal charges Q,, Oy, Q,, and
Q, are the charges associated with the gate, bulk, source, and drain
termianls, respectively. The gate charge is comprised of mirror charges
from these components: the channel inversion charge (Q,,,), accumulation

charge (Q,.) and the substrate depletion charge (Q;,s)-

4-4
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The accumulation charge and the substrate charge are associated with the
substrate while the channel charge comes from the source and drain

terminals

4.3.1)
0, =~(Quur + ine + Qi)
O, = Qe + Qu
Q. =0, +0,

The substrate charge can be divided into two components - the substrate
charge at zero source-drain bias (Q,), Which is a function of gate to
substrate bias, and the additional non-uniform substrate charge in the

presence of a drain bias (6Q;,). @, now becomes

(4.3.2)
Qg = _(Qim- + Qacc + Q.vuho + 5Q.\'ub)

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

uniform substrate charge by

4.3.3)
V, ()=, (0)+ (A, = 1V,

4.3.4)

([ Loyue Lacune
Qr = Warlivr I chy = -“]arliwcnx I(Vgi - Afrulkvy hy
0 0

Lousive Loce
9 QR = vvuclivr I quy = ‘Mztliwc‘nx I(Vgl + vlh _VFB - (I)J _Vy )iy
0 0

Lacgne

Loy ;
O, =W, J g,dy =-W,..,.C,. J (Vm Ve —®, + (Abulk -])/,v hy
{ 0 0
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Substituting the following

av,
y=—=
£ ¥
and
(4.3.5)
u/ac ivauqﬁ' q:.\' Abu
I s = 'L ‘ (Vm - 2Ik Vd.w ds =“€u‘livolle_ﬂ' Cox (Vgr —Abulkv_\‘ )E\'
into Eq. (4.3.4), we have the following upon integration
(4.3.6)
2 2
Qc = _Wam'\'e Lacrive Cn.\' Vgl - 14;‘Avdx + Ab“lk de
)
2
! Q&’ = —Q.\'uhO + Wum'rv Lm:ﬁvv Cu.t Vgl - &' + Ahulk Vd.v

12(vx, - A—';Lv‘,.\. ]

Qh = -Qg - Qc = Q.\ub + Q.\-ubO + Qm’t'

where
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4.3.2

4.3.7)

Q.mh 0= _Waclivc Lacn'w ﬁs.rin sub (2<D B~ va )

<5Q.\'ub =W . L C MV‘“ + Apie Ay -1V,

active ~aclive ™ ox
12(vﬂ, - A"z"'* vV, l

\

The inversion charges are supplied from the source and drain electrodes
such that Q;,, = O, + Q. The ratio of @, and Q; is the charge partitioning
ratio. Existing charge partitioning schemes are 0/100, 50/50 and 40/60
(XPART = 0, 0.5 and 1) which are the ratios of @, to @, 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 four terminals, there are altogether 16
components. For each component

(4.3.8)

S

C.=

ij

W

V.

]

where i and j denote the transistor terminals. In addition

2C;=2C;=0
Short Channel Model

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in saturation region
(V42V400), the carrier density at the drain end is zero. Since no channel
length modulation is assumed, the channel charge will remain a constant

throughout the saturation region. In essence, the channel charge in the
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saturation region is assumed to be zero. This is a good approximation for
long channel devices but fails when L,z < 2 pm. If we define a drain bias,
Vsarerr in Which the channel charge becomes a constant, we will find that
V ssarcv in general is larger than Vg, but smaller than the long channel Vq,,,
given by V. /A, However, in old long channel charge models, Vo is
set to V, /A, independent of channel length. Consequently, C/Lxhas no
channel length dependence (Egs. (4.3.6), (4.37)). A pseudo short channel
modification from the long channel has been used in the past. It involved
the parameter A, in the capacitance model which was redefined to be
equal to V,/Vq,, thereby equating Vg, o, and Vg, This overestimated the

effect of velocity saturation and resulted in a smaller channel capacitance.

The difficulty in developing a short channel model lies in calculating the
charge in the saturation region. Although current continuity stipulates that
the charge density in the saturation region is almost constant, it is difficult
to calculate accurately the length of the saturation region. Moreover, due to
the exponentially increasing lateral electric field, most of the charge in the
saturation region are not controlled by the gate electrode. However, one
would expect that the total charge in the channel will exponentially

decrease with drain bias. Experimentally,

4.3.9)

<V = __Vg.\'leﬁ Y

Vd.\-al.iv < V dsat iv Lo —>e A
hulk

dyat v

and V,, ., is modeled by the following

4-8
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(4.3.10a)

_ ng'ff LV

Vd.ml, o CLE
A 1+ CLC
et Lacn’ve

V., =V, —voffcv
o noﬁ‘. ny,

(4.3.10b)

Parameters noff and voffcv are introduced to better fit measured data above
subthreshold regions. The parameter A, is substituted Ay, ;0 in the long

channel equation by

cLc )¢
Apun'= Abulko{“' (L ) J
active

(4.3.11)

(4.3.11a)

L
A =1+ Koo Al + B.o ' ]
21/¢.‘ Vo | Ly +2Jx,x‘,,,, W,'+B || 1+Keta¥,,

In (4.3.11), parameters CLC and CLE are introduced to consider channel-

length modulation.
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4.3.3 Single Equation Formulation

Traditional MOSFET SPICE capacitance models use piece-wise equations.
This can result in discontinuities and non-smoothness at transition regions.
The following describes single-equation formulation for charge,

capacitance and voltage modeling in capMod=2 and 3.
(a) Transition from depletion to inversion region

The biggest discontinuity is the inversion capacitance at threshold voltage.
Conventional models use step functions and the inversion capacitance
changes abruptly from 0 to C,,. Concurrently, since the substrate charge is
a constant, the substrate capacitance drops abruptly to O at threshold
Qoltage. Both of these effects can cause oscillation during circuit
simulation. Experimentally, capacitance starts to increase almost
quadratically at ~0.2V below threshold voltage and levels off at ~0.3V
above threshold voltage. For analog and low power circuits, an accurate

capacitance model around the threshold voltage is very important.

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

substituting V,, with V.5, as in the following

(4.3.12)
Q(Vgl ) = Q(Vgsleﬂ.c v )

Capacitance now becomes

4-10
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(4.3.13)

av,,.
C(Vgl)= C(Vx.wﬁ.cv) —

Vgx.d.\‘,h.\'

The “inversion” charge is always non-zero, even in the accumulation
region. However, it decreases exponentially with gate bias in the

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

An effective flatband voltage Vg is used to smooth out the transition
between accumulation and depletion regions. It affects the accumulation

and depletion charges

(4.3.14)
Ving =Wo-03{V 4V +46, b where V; =yb-V,,~5y; 8,=002

4.3.15)
Vfb = ‘/rh _q)s - I<on\/ q)s —‘/b.s'eﬂ

backward compatibility.
(4.3.16)
O =_WaaheLmiwCax(VFqu -vfb )
4.3.17)
K, AV, ~VeprV. ooer=Viuer)
=W . . Slox -1+ 1+ gs " FBeff " gsteffCV 7 bseff)
quii) activ cnvpox 2 [ J I{]ﬂf
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(c) Transition from linear to saturation region

An effective Vy, V. is used to smooth out the transition between linear

and saturation regions. It affects the inversion charge.

(4.3.18)

Vg =Vicwar =0 Vi +[VTH20 Viwa} where V,=Viyos=Vy =85 5, =002

4.3.19)
, 02 V 2
Q Wuam Luﬂan (v;:m’ﬂ v A""”‘ Vﬂ?.(f )+ Ab""‘ of
et cv 2 Abu/k’
1 Z(ngﬂ.n'- _Z—Vtwﬁ)
(4.3.20)

(] Abulk) hulk (vqu

A
]2( gsteff, (_‘y 2k ‘/ﬂ‘(ﬂ‘)

@.\'uh W, L C I= AIMMV

wctive “active T ox 2 oeff

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

charge:
(i) The 50/50 charge partition

This is the simplest of all partitioning schemes in which the inversion
charges are assumed to be contributed equally from the source and drain

nodes.

4-12
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4.3.21)
Wacn'vr Lnaiw Cax ' A”"" i V ’
Q =0, =050, =——tte e Tu |y - Ap Vo + o
2 2 121V Ao Vv
g.ueﬂ.cTT oveff

(ii) The 40/60 channel-charge partition

This is the most physical model of the three partitioning schemes in which
the channel charges are allocated to the source and drain terminals by

assuming a linear dependence on the position y.

(4.3.22)
Loctns ,
Q; = vvuuive J' q((l - -L.‘—)d.\'
L::W active
= Xy
Q:l - vvm'lire ;[ q. L,,uiv( d)
(4.3.23)
W h u'wca K 4 ' 2 ' : 2 ! )
0] =_—%—'_—2'(ng¢&\' “gvmz('%a VM)+3V;,J(AM anr) —B(AM v"“ﬂ ) )
{2y,
(4.3.24)

QI— v e Tar
L

z(vwdlﬂ‘ "'gk— Vour )

(iii) The 0/100 Charge Partition

w_L_ C T . 2 . :
s (Vo =Yg A Vo) gl Vo) 3l Vo) )

In fast transient simulations, the use of a quasi-static model may result in a
large unrealistic drain current spike. This partitioning scheme is developed

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

region and aggravate the source current spike problem.

(4.3.25)

' 2
Q_r = -“{:mn L:wn'w C“’ ‘/gs;ﬂ:c + AIN"4V0 (Abw‘ ‘:‘;‘J )'
24( Vgsuﬂ:c— _huzlk_ v:.-wﬂ )

(4.3.26)

Qd = -“,m'u'vr Lu tive Cnx VI\'Slfﬂ:(‘ - 3Ab“u' Vn'rﬂ + (Ahulk' Vcwﬂ)
t 2 4 8lv Ahulk' 1%
gsteff.c - 2 oveff

(d) Bias-dependent threshold voltage effects on capacitance

Consistent Vth between DC and CV is important for acurate circuit
simulation. capMod=1, 2 and 3 use the same Vth as in the DC model.
Therefore, those éffects, such as body bias, DIBL and short-channel effects
are all explicitly considered in capacitance modeling. In deriving the
capacitances additional differentiations are needed fo account for the

dependence of threshold voltage on drain and substrate biases.

4.4 Charge-Thickness Capacitance Model

Current MOSFET models in SPICE generally overestimate the intrinsic

capacitance and usually are not smooth at Vg, and V. The discrepancy is more
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pronounced in thinner T, devices due to the assumption of inversion and
accumulation charge being located at the interface. The charge sheet model or the
band-gap(E,)-reduction model of quantum effect [31] improves the @, and thus
the V,, modeling but is inadequate for CV because they assume zero charge
thickness. Numerical quantum simulation results in Figure 4-1 indicate the

significant charge thickness in all regions of the CV curves [32].

This section describes the concepts used in the charge-thichness model (CTM).
Appendix B lists all charge equations. A full report and anaylsis of the CTM model
can be found in [32].

10 €
S o8| A

D § 06 -]
. 204 c
© o2
(o] 4 3 2 1 0 1 2
: Vos (V)
Tox=30A

Nsub=S5e17c¢m”

0.151

S

Normalized Charge Distribution
o
o

0.00- y
40
Depth (A)

Figure 4-1. Charge distribution from numerical quantum simulations show significant
charge thickness at various bias conditions shown in the inset.

CTM is a charge-based model and therefore starts with the DC charge thicknss,
Xpc. The charge thicknss introduces a capacitance in series with .C,,, as illustrated
in Figure 4-2, resulting in an effective C,, C,.; Based on numerical self-
consistent solution of Shrodinger, Poisson and Fermi-Dirac equations, universal

and analytical Xy models have been developed. C,,scan be expressed as
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(4.4.1)

where

Vgs Q
Vgse —» Poly depl.
j— Cox
ds —;_-
' —_—
Cacc Cdep Cinv i
OB

Figure 4-2. Charge-thickness capacitance concept in CTM. V,, accounts for the poly
depletion effect.

0 Xpc lation and depleti

The DC charge thickness in the accumulation and depletion regions can be

expressed by [32]

1 N, Y V,-V.-V,
XDC =§L‘,‘,,}.,exg{acde-(2x‘]&6) R—T———

ox

(4.4.2)
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where Xpc is in the unit of cm and (V,; - V,,; - vfb) / T, has a unit of MV/cm. The
model parameter acde is introduced for better fitting with a default value of 1. For

numerical statbility, (4.4.2) is replaced by (4.4.3)

(4.4.3)

Xpe =Xom —-;-(xo+,/xg +48 X ... )

where
XO =Xmax —XDC—a

and anax-__Ldebye/ 3 ; 5,‘ =10-37;;x'
(i) X of i ion cl
The inversion charge layer thichness [32] can be formulated as

4.44)
7
X,.= 1.9x10°

C Qa7
1 +[";.ﬂfﬁ+4(‘{h —vfo- nﬂ)}
2z,

ox

[em

Through vfb in (4.3.30), this equation is found to be applicable to N* or P* poly-Si
gates as well as other future gate materials. Figure 4-3 illustrates the universality of

(4.3.30) as verified by the numerical quantum simulations, where the x-axe
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represents the boundary conditions (the average of the electric fields at the top and

. the bottom of the charge layers) of the Schrodinger and the Poisson equations.
L]

70

D Tox=20A © ToxsS0A
60 A Toxs70A U Toxs90A

Solld - Nsub=2e16cm”
Open - Nsub=2e17cm”
+ - Nsubz2e18cm®

504

40+

304 Model
201

104

Inversion Charge Thickness (A)

05 00 05 10 15 20 25 30
(Vgsteft+4(Vth-Vib-20f))/Tox (MV/cm)

Figure 4-3. For all T, and Ng,p, modeled inversion charge thickness agrees with numerical
quantum simulations.

(iii) Body charge thichness in inversion

In inversion region, the body charge thickness effect is accurately modeled by

including the deviation of the surface potential & from 2o, [32]

(4.4.5)

V.o Voo + 2K 20
(Da =q)x _2(1)8 =V,l|{ gsteffey (g. 2 Ll B)+l]

moin K, V?

where the model parameter moin (defaulting to 15) is introduced for better fit to
different technologies. The inversion channel charge density is therefore derived

as

(4.4.6)
Gy = —Coxeﬂ ) (‘/g.ﬂeﬂcv —q)E )
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Figure 4-4 illustrates the universality of CTM model by compariing C,, of a SiON/
Ta,O4/TiN gate stack structure with an equivalent 7,, of 1.8nm between data,

numerical quantum simulation and modeling [32].

10.0

O Msasured —— Q.M. simulation ——CTM

7.51

5.0

Cag (pF)

2.5

0.0

Figure 4-4. Universality of CTM is demonstrated by modeling the Cop of 1.8nm equivalent
T,, NMOSFET with SiON/Ta,Os/TiN gate stack.

4.5 Extrinsic Capacitance

4.5.1 Fringing Capacitance

The fringing capacitance consists of a bias independent outer fringing
capacitance and a bias dependent inner fringing capacitance. Only the bias
independent outer fringing capacitance is implemented. Experimentally, it
is virtually impossible to separate this capacitance with the overlap
capacitance. Nonetheless, the outer fringing capacitance can be

theoretically calculated by

4.5.1)

ox

t
CF=ﬁln[1+L’~")
b4

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley 4-19



Extrinsic Capacitance

4.5.2

where 1,,, is equal to 4 x 107 m. CF is a model parameter.

Overlap Capacitance

An accurate model for the overlap capacitance is essential. This is
especially true for the drain side where the effect of the capacitance is
amplified by the transistor gain. In old capacitance models this capacitance
is assumed to be bias independent. However, experimental data show that
the overlap capacitance changes with gate to source and gate to drain
biases. In a single drain structure or the heavily doped S/D to gate overlap
region in a LDD structure the bias dependence is the result of depleting the
surface of the source and drain regions. Since the modulation is expected to
be very small, we can model this region with a constant capacitance.
However in LDD MOSFETs a substantial portion of the LDD region can

be depleted, both in the vertical and lateral directions. This can lead to a

“large reduction of overlap capacitance. This LDD region can be in

accumulation or depletion. We use a single equation for both regions by
using such smoothing parameters as Vi serap a0 Vg overiap fOr the source
and drain side, respectively. Unlike the case with the intrinsic capacitance,

the overlap capacitances are reciprocal. In other words, Cy ertp =

C.vg.nverlap and ng.uverlap = Cdg.nverlap'
(i) Source Overlap Charge

(4.5.2)

v 4V x,overiap
Q”V"’“ﬂ-‘ =CGS0- v}u' + CGS]{V“ - Vg:_mwlal' - CK/;PPA{- Ve CI?A P fl’:q ]]

active
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(4.5.3)

1
Vg.\'.uverlup =<

(Vm +96, —\/(Vgs + 5,)z +49, } 6, =0.02

where CKAPPA is a model parameter. CKAPPA is related to the average
doping of LDD region by

CKAPPA - 2£siq]\£wD

ox

The typical value for Nypp is 5x10"7 cm.
(ii) Drain Overlap Charge

4.5.4)

active

-erlaj 4v overia
Lo = CGDO-V y +CGDY Vyy =V = | =141 - e
2 CKAPPA

(4.5.5)

1%

gd .overlap

- %(vg‘, +8, - fv,, +6, ) +45, } 5, =0.02

(iii) Gate Overlap Charge

(4.5.6)
Qm'rrlap.g = —(anrlup..\' + Qovrrlap.d )

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

according to the following

CGS0=(DLC*C,,)- CGS1 (if DLC is given and DLC > 0)
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CGSO0 = 0 (if the previously calculated CGSO is less than 0)

CGS0 = 0.6 Xj*C,, (otherwise)

CGDO = (DLC*C,,) - CGD1 (if DLC is given and DLC > CGD1/Cox)
CGDO = 0 (if previously calculated CDGO is less than 0)

CGDO0 = 0.6 Xj*C,, (otherwise).
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CHAPTER 5: Non-Quasi Static Model

5.1 Background Information

As MOSFET’s become more performance-driven, the need for accurate prediction
of circuit performance near cut-off frequency or under very rapid transient
operation becomes more essential. However, most SPICE MOSFET models are
based on Quasi-Static (QS) assumptions. In other words, the finite charging time
for the inversion layer is ignored. When these models are used with 40/60 charge
partitioning, unrealistically drain current spikes frequently occur [33]. In addition,
the inability of these models to accurately simulate channel charge re-distribution
causes problems in fast switched-capacitor type circqits. Many Non-Quasi-Static
(NQS) models have been published, but these models (1) assume, unrealistically,
no velocity saturation and (2) are complex in their formulations with considerable

simulation time.

5.2 The NQS Model in BSIM3v3.2

The NQS model has been re-implemented in BSIM3v3.2 to improve the
simulation performance and accuracy. This model is based on the channel charge
relaxation time approach. A new charge partitioning scheme is used, which is

physically consistent with quasi-static CV model.
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5.3 Model Fdrmulation

The channel of a MOSFET is analogous to a bias dependent RC distributed
transmission line (Figure 5-1a). In the Quasi-Static (QS) approach, the gate
capacitor node is lumped with both the external source and drain nodes (Figure 5-
1b). This ignores the finite time for the channel charge to build-up. One Non-
Quasi-Static (NQS) solution is to represent the channel as n transistors in series
(Figure 5-1c). This model, although accurate, comes at the expense of simulation
time. The NQS model in BSIM3v3.2 was based on the circuit of Figure 5-1d. This
Elmore equivalent circuit models channel charge build-up accurately because it
retains the lowest frequency pole of the original RC network (Figure 5-1a). The
NQS model has two parameters as follows. The model flag, nqgsMod, is now only

an element (instance) parameter, no longer a model parameter.

Name Function Default Unit
nqsMed Instance flag for the NQS model 0 none
elm Elmore constant 5 none

Table 5-1. NQS model and instance parameters.

5-2
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Equivalent RC Network Conventional
Quasi-Static Model

/ Gate \
n+ W:III “ns n+
Substrate
(a) "
New Elmore ®)
Equivalent Circuit quivalent Model

Y Ty .t @ e,
© 1 NN SR

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

5.3.1 SPICE sub-circuit for NQS model

Figure 5-2 gives the RC-subcircuit of NQS model for SPICE
implementation. An additional node, Q1) is created to keep track of the
amount of deficit/surplus channel charge necessary to reach the
equilibrium based on the relaxation time approach. The bias-dependent
resistance R (1/R=G,,,) can be determined from the RC time constant ().
The current source i,,(#) results from the equilibrium channel charge,
Qcneg(t). The capacitor C is multiplied by a scaling factor Cg,, (with a

typical value of 1x107) to improve simulation accuracy. O sy nOW becomes

(5.3.1)
Qdef(t ) = Vdef X(l ) Cfucr)
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icheq( t ) @ l‘ii R l

Figure 5-2. NQS sub-circuit for SPICE implementation.

5.3.2 Relaxation time

The relaxation time t is modeled as two components: 1,,., and t,,.. In
_strong inversion region, t is determined by 1, which, in tum, is
determined by the Elmore resistance R,,,; in subthreshold region, 1,

dominates. t is expressed by

(5.3.2)
1 1 1

T Tyr Taup

R,;,, in strong inversoin is calculated from the channel resistance as

(5.3.3)

2 2
Ly Ly

" elm' “IOQh B elm. uOQ:heq
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where elm is the Elmore constant of the RC channel network with a
theorectical value of 5. The quasi-static (or equilibrium) channel charge
Qeneq)» €qual to @, of capMod=0, 1, 2 and 3, is used to approximate the

actual channel charge Q.. 1,,,, is formulated as

(5.34)
WogLey
Tdriﬂ zReIm ) Cnxmﬁ Lejf z—ﬂ:_ff—
. elm' 4u’0Qcheq
1,y has the form of
(5.3.5)
gLy
Tyy =————
W16 p kT
Terminal charging current and charge partitioning

Considering both the transport and charging component, the total current

related to the terminals D, G and S can be written as

(5.3.6)

00,,.(r
incs(t)=1p6s(DC)+ Q‘;at"‘(_)

Based on the relaxation time approach, the terminal charge and

corresponding charging current can be formulated by
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(5.3.7)
er] (t)= Q('heq (t) - Qch (t)
and
(5.3.8a)
anej (t) — anheq (t) _ Qdef (t)
ot ot T
(5.3.8b)
an.g,.r (t) = D, G, Sx ., Qdcj (l)
ot e

where D,G.S,., are the NQS channel charge partitioning number for

terminals D, G and S, respectively; D,z + Sypar = 1 and Gy = -1. It is

important for D,,,,, and S,,,, to be consistent with the quasi-static charge

partitioning number XPART and to be equal (D,pu; = Syparr) at V=0 (Which

is not the case in the previous version), where the transistor operation mode

changes (between forward and reverse modes). Based on this

consideration, D,,,,, is now formulated as

(5.3.9)
Qu Q

D an = =
o Qll + Q.r Qchrq

which is now bias dependent. For example, the derivities of D,,,, can be

easily obtained based on the quasi-static results:

(5.3.10)
dD 1
—_wan___ S .C.-D_-C.
d‘{ Qh,q( apart ~di xpart .w)
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where i represents the four terminals and C,; and C; are the intrinsic
capacitances calculated from the quasi-static analysis. The corresponding

values for S,,,,, can be derived from the fact that D,z + Separ = 1.
In the accumulation and depletion regions, Eq. (5.3.9) is simplified as

If XPART < 0.5, D, = 0.4;
Else if XPART > 0.5, D,por = 0.0;
Else D,,,, = 0.5;

Derivation of nodal conductances

This section gives some examples of how to derive the nodal conductances
related to NQS for transient analysis. By noting that 1= RC, G,,, can be

derived as

(5.3.11)

7 is given by Eq. (5.3.2). Based on Eq. (5.3.8b), the self-conductance due

to NQS at the transistor node D can be derived as

(5.3.12)
dp, dG,
xpart . . v +D . V . au
d‘{l ( wan 7 def ) xpart 7 def dVd

The trans-conductance due to NQS on the node D relative to the node of

Q,4er can be derived as

(5.3.13)

xpart tau
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Other conductances can also be obtained in a similar way.
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CHAPTER 6: Parameter Extraction

Parameter extraction is an important part of model development. Many different
extraction methods have been developed [23, 24]. The appropriate methodology depends
on the model and on the way the model is used. A combination of a local optimization and

the group device extraction strategy is adopted for parameter extraction.

6.1 Optimization strategy

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

yield values that are not consistent with their physical intent.

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

parameter’s physical meaning. If properly executed, it should, overall, predict
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device performance quite well. Values extracted in this manner will now have

some physical relevance.

6.2 Extraction Strategies

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

length and channel width dependencies can not be determined.

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

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

6.3 Extraction Procedure

6.3.1 Parameter Extraction Requirements

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

~ extract parameters, as shown in Figure 6-1.
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w Large W and L
°
Orthogonal Set of W and L
® o - --0--0 - .
¢
¢
é
—_— ®
Wmin
f L
Lmin

Figure 6-1. Device geometries used for parameter extraction

The large-sized device (W 2 10um, L = 10um) is used to extract
parameters which are independent of short/narrow channel effects and
parasitic resistance. Specifically, these are: mobility, the large-sized device
threshold voltage V., and the body effect coefficients K| and K, which
depend on the vertical doping concentration distribution. The set of devices
with a fixed large channel width but different channel lengths are used to
extract parameters which are related to the short channel effects. Similarly,
the set of devices with a fixed, long channel length but different channel

widths are used to extract parameters which are related to narrow width
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6.3.2

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

measured under four, distinct bias conditions.

(1) Igs vs. Vgs @ Vg = 0.05V with different Vi,
(2) Igs vs. Vds @ Vg = OV with different V.

(3) Igs vs. Vgs @ Vg5 = Vggwith different Vg (Vg is the maximum drain
voltage).

(4) Igs vs. Vs @ Vg = Vi with different Vg (IVpy is the maximum body
bias).

Optimization

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

as shown in Eq. (6.3.1):

(6.3.1)

m m m Slm aSlm aSlm
SoxgBoProPoo)— fm( ™ ™, B7) = "f g+ % Yo s+ ) i gy

The variable fg,{) is the objective function to be optimized. The variable
Jexl) stands for the experimental data. Py, P,y and Py represent the
desired extracted parameter values. P,\™, P, and P;(™ represent

parameter values after the mth iteration.

6-4
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Initial Guess of <
Parameters P i

o\

Model Equations

!

Linear Least Squsre
Fit Routine

p™i=p ™ AP

Measured Data —_—

no

STOP

Figure 6-2. Optimization flow.

To change Eq. (6.3.1) into a form that a linear least-squares fit routine can
be used (i.e. in a form of y = a + bx1 + cx2), both sides of the Eq. (6.3.1)
are divided by of g,/ 9P,. This gives the change in P, AP,™ | for the next

iteration such that:
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(6.3.2)
Pi(m+]) = Pi(m) +APi(m)

where i=1, 2, 3 for this example. The (m+1) parameter values for P, and P,
are obtained in an identical fashion. This process is repeated until the
incremental parameter change in parameter values AP,{ ™) are smaller than
a pre-determined value. At this point, the parameters P), P,, and P; have

been extracted.

6.3.3 Extraction Routine

Before any model parameters can be extracted, some process parameters

have to be provided. They are listed below in Table 6-1:

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

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

The parameters are extracted in the following procedure. These procedures

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

6-6
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optimization. (Note: Fitting Target Data refers to measurement data used

for model extraction.)

Stepl
Extracted Parameters & Fitting Target Device & Experimental Data
Data
Vo K1, K; Large Size Device (Large W & L).
I4svs. Vgg @ Vgg=0.05V at Different Vg
Fitting Target Exp. Data: Vg(Vpy) Extracted Experimental Data Vy( Vi)
Step2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Ko Ug Up Ue Large Size Device (Large W & L).

Igsvs. Vgg @ Vygg=0.05V at Different Vi

Fitting Target Exp. Data: Strong Inver-
sion region Ig(Vgs Vi)

Step 3
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Lint, Rg{R oy W, Vi) One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Strong Inver- Igsvs. Vgg @ Vgg=0.05V at Different Vi,
sion region Ig(Vgs Vi
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Step 4
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Wint, Rg{Rdsw W, Vi) One Set of Devices (Large and Fixed L
& Different W).
Fitting Target Exp. Data: Strong Inver- Igsvs. Vgs @ Vgg=0.05V at Different
sion region Ig{(Vgs Vo) Vis
Step S
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
R g Prwb, Wr RaRasw W, Vo)
Fitting Target Exp. Data: Rg(R oy W,
Vi) .
Step 6
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Do Dypy, Dyp, Nix One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Vg(Vpe L, W) VikVs L. W)

6-8 BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley




Extraction Procedure

Step 7

Extracted Parameters & Fitting Target
Data

Devices & Experimehtal Data

D viow Dvitw Dviow
Fitting Target Exp. Data: Vy(Vpe L, W)

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

VidVis L W)

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

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

Different W).
VilVps L W)

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Vo Nfactor, Cgso Csch
Fitting Target Exp. Data: Subthreshold

region Ig(Vgs Vi)

One Set of Devices (Large and Fixed W &
Different L).
Igsvs. Vg @ Vgg=0.05V at Different Vi

Step 10

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Cdsed One Set of Devices (Large and Fixed W &
Fitting Target Exp. Data: Subthreshold | Different ). o
region I4(Vgs Vpy) Igsvs. Vgs @ Vipg= V), at Different Vg
Step 11
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
dWb One Set of Devices (Large and Fixed W &
Fitting Target Exp. Data: Strong Inver- | Different L).
sion region Ig(Vgs Vi) Ids vs. Vgs @ Vgg=0.05V at Different Vi,
Step 12
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Vsar Aoy A gs One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Ig(Vgy Vp/W Different L).
. Iggvs. Vg @ Vpe= 0V at Different Vgs

A,, A, (PMOS Only)
Fitting Target Exp. Data Vasaz(Vgs)

Step 13

Extracted Parameters & Fitting Target Devices & Experimental Data
Data
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BO, Bl
Fitting Target Exp. Data: Igp(Vg Vig/W

One Set of Devices (Large and Fixed L &
Different W).
Igsvs. Vs @ V=0V at Different Vg

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

Fitting Target Exp. Data: Igi{Vgs Vp)/W

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

Step 15
Extracted Parame'‘ers & Fitting Target Devices & Experimental Data
Data ~
Psoberr Pscher One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Ry Vgs Vis)

Different L).
Igsvs. Vs @ Vipe= 0V at Different Vg

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pcim O(Drous Pdiblcr Pdiblcy L), Pave

Fitting Target Exp. Data: Ryy(Vgy Viio)

One Set of Devices (Large and Fixed W &
Different L).
Igsvs. Vs @ Vo= 0V at Different Vg

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley

6-11




Extraction Procedure

Step 17

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Dyows Pdibhe Pdibic2

Fitting Target Exp. Data: (D
Pdipic1» Pdiblcy L)

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

O(Dyoue Pdibicy Pdibice L)

Fitting Target Exp. Data: 0(D s
Pgibic1» Pdiblcy L Vbs)

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

Different L).
Igs vs. Vgs @ fixed Vg at Different Vig

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

0 4ipi(Eta0, Etab, Dsub, L)

Fitting Target Exp. Data: Subthreshold
region Ig(Vgs Vi)

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

6-12
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Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Eta0, Etab, Dsub

Fitting Target Exp. Data: 6;,,(Eta0,
Etab, L)

One Set of Devices (Large and Fixed W &
Different L).
Igsvs. Vgs @ Vo= Vggat Different Vi

Step 21
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Keta One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Isq(Vgy Vi/W

Different L).
Igsvs. Vs @ V= Vpp at Different Vg

Step 22
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
O Oy Bo One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Ig}(Vgs Vis/
w

Different L).
Igsvs. Vg @ Ve = Vpp at Different Vg

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley

6-13




Notes on Parameter Extraction

6.4 Notes on Parameter Extraction

6.4.1 Parameters with Special Notes

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

extraction.
Syir:tg;)l; (;‘Eed Description [ifaf]tlﬂl Unit Notes
VthO Threshold voltage for large W and L device @ | 0.7(NMOS) \% nl-1
Vbs=0V -0.7 (PMOS)
Kl First order body effect coefficient 0.5 v12 nl-2
K2 Second order body effect coefficient 0 none nl-2
Vbm Maximum applied body bias -3 v nl-2
Nch Channel doping concentration 1.7E17 l/em3 nl-3
gammal Body-effect coefficient near interface calculated vi2 nl-4
gamma2 Body-effect coefficient in the bulk calculated R nl-5
Vbx Vbs at which the depletion width equals xt calculated Vv nl-6
Cgso Non-LDD source-gate overlap capacitance per calculated F/m nC-1
channel length
Cgdo Non-Ldd drain-gate overlap capacitance per calculated F/m nC-2
channel length
CF Fringing field capacitance calculated F/m nC-3
Table 6-2. Parameters with notes for extraction.
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6.4.2 Explanation of Notes
nl-1. If V,,, is not specified, it is calculated by

Vio = Vs +o + Kl‘\J(D.‘

where the model parameter Vgg=-1.0. If V4 is specified, Vgp defaults to
Ves =Vio =D, ‘KI\/&:

nl-2. If K, and K, are not given, they are calculated based on

Kl = 72 _2K2 (I)s _th

K. = (71_72X0§w_%x—ﬁ)
2o o, -, - @, )+,

where o _is calculated by

®, =2V, ln( No }
n

kyT,

1m0
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300.15

m0

10 T, u EgO
n, =1.45x10"] —22— | exp| 21.5565981 — v

-4 2
E, _1 16 102x107T,,,
T, +1108

where Ey is the energy bandgap at temperature T,,,,,,.
nl-3. If N, is not given and v, is given, N, is calculated from

YIzcnxz

- zqe.\'i

ch

If both y, and N, are not given, N, defaults to 1.7¢23 m3 and y, is

calculated from N,

nl-4. If y, is not given, it is calculated by

_ \l 2q8siN ch

h= C

0ox

nl-5. If v, is not given, it is calculated by

\/ 2q8.ﬂ' N sub
Y= —c

ox

nl-6. If V, is not given, it is calculated by

chth

=0 -V,
28 K bx

si
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nC-1. If Cgso is not given, it is calculated by

if (dlc is given and is greater 0),
Cgso =dic * Cox - Cgsl
if (Cgso <0)
Cgso=0

else Cgso = 0.6 Xj * Cox

nC-2. If Cgdo is not given, it is calculated by

if (dlc is given and is greater than 0),
Cgdo = dic * Cox - Cgd|
if (Cgdo < 0)
Cgdo=0

else Cgdo =0.6 Xj * Cox

nC-3. If CF is not given then it is calculated usin by

-7
CF=ZE&1n[1+4X1° )
T Tox
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CHAPTER 7: Benchmark Test Results

A series of benchmark tests [26] have been performed to check the model robustness,
accuracy and performance. Although not all the benchmark test results are included in this

chapter, the most important ones are demonstrated.

7.1 Benchmark Test Types

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

regions regardless of bias conditions.

Figure
Device Size Bias Conditions Notes Number
W/L=20/5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-1
W/L=20/5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-2
W/L=20/0.5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-3
W/L=20/0.5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-4
W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-5
W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0to -3.3V; W/ [ Linear scale 7-6
L=20/5
W/L=20/0.5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-7
W/L=20/0.5 Ids vs. Vgs @ Vds=0.05V; Vbs=0to -3.3V Linear scale 7-8
W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V, 3-3V; Vbs=0V | Linear scale 7-9
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Figure
Device Size Bias Conditions Notes Number
W/L=20/0.5 | Gm/Ids vs. Vgs @ Vds=0.05V, 3-3V; Vbs=0V | Linear scale 7-10
W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=0V to - Linear scale 7-11
3.3V
W/L=20/0.5 Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=0V to - Linear scale 7-12
3.3V
W/L=20/0.5 | Ids vs. Vds @Vbs=0V; Vgs=0.5V, 0.55V, 0.6V | Linear scale 7-13
W/L=20/5 Ids vs. Vds @Vbs=0V; Vgs=1.15V to 3.3V Linear scale 7-14
W/L=20/0.5 Ids vs. Vds @Vbs=0V; Vgs=1.084V to 3.3V Linear scale 7-15
W/L=20/0.5 | Rout vs. Vds @ Vbs=0V; Vgs=1.084V to 3.3V | Linear scale 7-16

Table 7-1. Benchmark test information.

7.2 Benchmark Test Results

All of the figures listed in Table 7-1 are shown below. Unless otherwise indicated,
symbols represent measurement data and lines represent the results of the model.

All of these plots serve to demonstrate the robustness and continuous behavior of

the unified model expression for not only I, but G, G,/l;., and R, as well.
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1.E-02
1.E-03 ¢ p——
1.E-04 | Vds=3.3V
abed | Vds=0.05V
~1.E-06 1
g
1.E07 1 —
-] Solid lines: Model results
1.E-08 T Symbols: Exp.data
-1.E-09 T W/L=20/5
1.E-10 { I,ﬁ“?,\',"“
1.E-11 ==
1.E-12 : ; -
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

18503 T i lines: Mode! resul
olid lines: Model resulit
1.66-03 Symbols: Exp.data
1.4E-03 Tw/L=20/5
1.2E-03 4 Tox=9 nm
< 1.0E-03 {{Vbs=0V
3 8.0E-04
6.0E-04 - Vds=3.3V
4.0E-04
2.0E'04 1 Vd$=0.05V
0.0E+00 1
0.0 1.0 2.0 3.0 4.
Vgs (V)

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

1.0E+00
1.0E-01 {
1.0E-02 }
1.0E-03 -
1.0E-04 |
g 1.0E-05 ¢
o 1.0E-06 }
B 1.0E-07 {

Vds=3.3V

Vds=0.05V

Solid lines: Model results

1.0E-08 1 Symbols: Exp. data
1.0E-09 }
1009 W/L=20/0.5
. Tox=9 nm
1.0E-11 Vbs=0V
1.0E-12 4— — ' ‘
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

1.0E-02

9.0E-03 1|Solid lines: Model results
8.0E-03 1|Symbols: Exp. data
7.0E-03 }{W/L=20/0.5

< 6.0E03 | zzz:g\‘"“‘

= 5.0E-03 |

2 4.0E-03 |
3.0E-03 -
2.0E-03 |
1.0E-03 |
0.0E+00

Vds=3.3V

Vds=0.05V

0.0 1.0 2.0 3.0 4.
Vgs (V)

Figure 7-4. Same as Figure 7-2 but for a short channel device.
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1.E-03

1.E-04 |
1.E-05
1.E-06 |
1.E-07 -
1.E-08
1.E-09

1ds (A)

1.E-10
1.E-11 -

1.E-12

Vbs=0V

Solid lines: Model results
Symbols: Exp. data
W/L.=20/5
Tox=9 nm
Vds=0.05V

0.0 1.0 2.0 3.0
Vgs (V)

4.0

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

7.E-05 -

6.E-05
5.E-05

Z 4.E-05 |

[//]

3 3.E-05 |
2.E-05 |
1.E-05 -

0.E+00 - ;
0.0 1.0 2.0 3.0

J{Symbols: Exp. data

JTox=9 nm

Solid lines: Model results
W/L=20/5

Vds=0.05V

Vbs=0V

Vgs (V)

4.c

Figure 7-6. Subthreshold to strong inversion continuity as a function of V.
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.E-03

.E-04
.E-05 -
.E-06 -
.E-07
.E-08 -
.E-09
.E-10 -
-E-11

Ids (A)
-—h [ - [ R—— . T [ ——

Ybs=0V

Vbs=-3.3V

WwW/L=20/0.5
Tox=9 nm
Vds=0.05V

Solid lines: Model results
Symbols: Exp. data

.E-12

0.0

2.0
Vgs (V)

1.0

3.0 4.C

Figure 7-7. Same as Figure 7-5 but for a short channel device.

5.E-04

5.E-04
4.E-04 +
4. E-04 +

3.E-04 -
3.E-04 4
2.E-04 -
2.E-04 -
1.E-04 -
5.E-05

Ids (A)

W/L=20/0.5
Tox=9 nm
Vds=0.05V

0.E+00 -~

Vbs=0V

Vbs=-3.3V

3.0 4.C

Figure 7-8. Same as Figure 7-6 but for a short channel device.
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[
o

N N
[=] (4]
1 i
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gm/ids (mho/A)
-
[4)]
[

Vds=0.05V

Vds=3.3V

'Solid lines: Model results
iSymbols: Exp. data
;wn.:zo/s

‘Tox=9 nm
’ Vbs=0V
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1.0 2.0 3.0 4.c
Vgs (V)

Figure 7-9. G,/I, continuity from subthreshold to strong inversion regions.
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'Tox=9 nm
'Vbs=0V

Vds=3.3V

-,

51 s - Vds=0.05V
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Figure 7-10. Same as Figure 7-9 but for a short channel device.
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35 ’
A ’;Solid lines: Model results
30 1 ‘Symbols: Exp. data
\W/L=20/5
<25 Tox=9 nm
‘°E=20 | ;Vds:0.0SV
815 1
£
o110 Vbs=-3.3V
5
Vbs=0V
0 J
0.0 1.0 2.0 3.0 4.C
vgs(V)

Figure 7-11. G, /I, continuity as a function of V.

35
‘Solid lines: Model results
30T Symbols: Exp. data
25 + ‘W/L=20/0.5
iTox=9 nm
g 20 Vds=0.05V
5 15 +
101 Vbs=-1.98V
5 -’
Vbs=0V
0
0.0 1.0 2.0 3.0 4.
Vgs (V)

Figure 7-12. Same as Figure 7-11 but for a short channel device.
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7.E-05 1 BSIM3v3

| Dotted lines:
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2E05 1/ . 70t Vgs=0.55V
1e0s W/ oo e
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Figure 7-13. Comparison of G, with BSIM3v2.
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Figure 7-14. Smooth transitions from linear to saturation regimes.

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley

7-9



Benchmark Test Results
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S W/L=20/0.5 Vgs=3.3V
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Figure 7-15. Same as Figure 7-14 but for a short channel device.
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Figure 7-16. Continuous and non-negative R,,, behavior.
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CHAPTER 8: Noise Modeling

8.1 Flicker Noise

8.1.1 Parameters

There exist two models for flicker noise modeling. One is called SPICE2
flicker noise model: the other is BSIM3 flicker noise model [35-36]. The

flicker noise model parameters are listed in Table 8-1.

Symbols | Symbols o )
used in used in Description Default Unit
equation SPICE
Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9¢18
Noib noib Noise parameter B (NMOS) 5e4 none
(PMOS) 2.4e3
Noic noic Noise parameter C (NMOS) -1.4e-12 none
(PMOS) 1.4e-12
Em em Saturation field 4.1¢e7 V/m
Af af Flick noise exponent 1 none
Ef ef Flicker noise frequency 1 none
exponent
Kf kf Flicker noise coefficient 0 none

Table 8-1. Flicker noise model parameters.
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Flicker Noise

8.1.2 Formulations

1. For SPICE2 model

(8.1)
k,1,7
Noise density = —'—115‘—7
CnxLeﬁ' f¢
where f is the frequency.
2. For BSIM3 model
IfV,>V,+0.1
(8.2)
ZV ,~.1 p) 3 . . . \
Noisedensir;:—i’—",”“'—""—(Noia lo N—+LOJ + Noib (N, =N )+ 20N - n7)
CL, 10 N, +2x10 2 /
VI, AL, _ Noia+Noib N, +Noic N;
Wy L, S 10 (v, +2x10°f

where V,, is the thermal voltage. t ¢ is the effective mobiity at the given
bias condition, and Lggand Wegare the effective channel length and width.
respectively. The parameter N, is the charge density at the source side

given by

(8.3
Cm(Vn‘s - Vlh)
q

N, =

The parameter N, is the charge density at the drain end given by

8-2
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Flicker Noise

(8.4)

N = Cv\(vc\ - ‘/!h - min(‘,d\’vd.\'ur))
" g

AL, is the channel length reduction due to channel length modulation and

given by
(8.5)
‘/:I.\ —‘/d.\‘ul + E
. Litl
Litl-log| —==—— | (forV, >V, ,
ALJm — W g E“:‘. ( s dha )
0 (otherwisq
E = 2xy,
y«.’f
where
Litl = ,/3/\’ T,
Otherwise
(8.6)
xS
Noise density=—2—>
]lmll+SWI

Where. S, is the flicker noise calculated at V=V, + 0.1 and S,;; is given

by
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.Channel Thermal Noise

(8.7)
_ Noia'V, -1}
" WLy f7-4x10°

8.2 Channel Thermal Noise

There also exist two models for channel thermal noise modeling. One is called
SPICE? thermal noise model. The other is BSIM3v3 thermal noise model. Each of

these can be toggled through the model flag, noiMod.

1. For SPICE?2 thermal noise mode!

(8.8)
8k, T ,
—_311_- (Gm + C;mh\ +Gd.\')
where G,,, G, and G, are the transconductances.
2. For BSIM3v3 thermal noise model [37]
({8.9)
4k, TuH,,
——10..]
L

et

Q,,. is the inversion channel charge computed from the capacitance models

(capMod =0. 1. 2 or 3).
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8.3 Noise Model Flag

A model flag. noiMod. is used to select different combination of flicker and

thermal noise models discussed above with possible optoins described in Table 8-

7-

noimod Thermal noise
flag Flicker noise model model
1 SPICE2 SPICE2
2 BSIM3v3 BSIM3v3
3 BSIM3+3 SPICE2
4 SPICE2 BSIM3v3

Table 8-2. noiMod flag for differnet noise models.
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CHAPTER 9: MOS Diode Modeling

9.1 Diode IV Model

The diode IV modeling now supports a resistance-free diode model and a current-
limiting feature by introducing a new model parameter ijth (defaulting to 0.1A). If
ijth is explicitly specified to be zero. a resistance-free diode model will be
triggered: otherwise two critical junction votages Vjsm for S/B diode and Vjdm for

D/B diode will be computed from the value of ijrh.

9.1.1 Modeling the S/B Diode

If the S/B saturation current I, is larger than zero. the following equations

is used to calculate the S/B diode current /.

Case 1 - ijth is equal to zero: A resistance-free diode.

v A
Iln =1tht ex -—h‘_ —1 +Gmmvb\
o N‘{m .

where AV, = NJ (kT1/q @ NJ is a model parameter, known as the

(9.1

junction emission coefficient.

Case 2 - ijth is non-zero: Current limiting feature.
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Diode IV Model

If V,, < Vism

(9.2)
V.
I bs = I .vh.c[ex[{-N—h‘;— }-— 1 ]+ Gminv;v.r
tm
otherwise
(9.3)
., gthtl .
1, =ijtht+ —— (. =Vism+G, V..
with Vjsm computed by
Vism=NV,, In( ijth + 1]
by
The saturation current /;,. is given by
(9.4

I\I’\ = A\J‘ + P\J\\\\

where J, is the junction saturation current density, A is the source junction

area. J.., is the sidewall junction saturation current density. P, is the

perimeter of the source junction. J. and J,, are functions of temperature

and can be written as

(9.5)
Lo _

E, T
J“ = J‘OCX 1m0 tm nom

NJ

9-2
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Diode IV Model

(9.6)

E E
—ﬂ'——’+XT11n[ T ]

- J ex ‘/Im() ‘/rm

J 05 ]V J

LALY

The energy band-gap E, and E, at the nominal and operating temperatures

are expressed by (9.7a) and (9.7b). repectively:

(9.72)
702x10°T
Eg(,=l.]6—_()_i<_l£_ZM;
T,.,+1108
(9.7b)
7 —~
E =116-102x10 T
T +1108

In the above derivatoins. J, is the saturation current density at 7,,,,,. If Jo is
not given. J , = 1x 107 A/m. J, is the sidewall saturation current density

at T,,,,. with a default value of zero.
If 1., is not positive. I, 1s calculated by

(9.8)

9.1.2 Modeling the D/B Diode

If the D/B saturation current ., is larger than zero, the following equations

is used to calculate the D/B diode current /.

Case 1 - ijth is equal to zero: A resistance-free diode.
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Diode IV Model

9.9)
V.
I, = Ixhd(ex[{ N;}:,,, ]- ! ]+ GrunVou
Case 2 - ijth is non-zero: Current limiting feature.
If V,y< Vjdm
(9.10)
- Vhd
I"d - I\b«l[exF{ N‘,,m }- l ]+ Gmmvd
otherwise
(9.11)
U’l Inhl
Iy, = i+ == (v, =Vjdm)+G,.V,,
with Vjdm computed by
ijth
Vidm = NV In +1
L
The saturation current [, 1s given by
(9.12)

l,,=4,] +PJ

ARY1Y

where A, is the drain junction area and P, is the perimeter of the drain

junction. If /.4 is not positive, I, is calculated by

(9.13)
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MOS Diode Capacitance Model

9.1.3 Model Parameter Lists

The diode DC model parameters are listed in Table 9-1.

Symbols Symbols
used in used in Description Default Unit
equation SPICE
JsO Js Saturation current density le-4 A/m?
JsOsw Jesw Side wall saturation current density 0 A/m
NJ nj Emission coefficient 1 none
XTI xti Junction current temperature expo- 3.0 none
nent coefficient
ijth? ijth Limiting current 0.1 A

a. Currently users are highly recommended to explicitly specify ijth = 0.1A in the
model card if the default value of ijth is 10 be used.

9.2 MOS Diode Capacitance Model

Source and drain junction capacitance can be divided into two components:
the junction bottom area capacitance C, and the junction periphery
capacitance C,,. The formula for both the capacitances is similar. but with
different mode! parameters. The equation of Cj, includes the parameters
such as C,. M,. and P,. The equation of C, includes the parameters such as

ij- M}Yll‘ Pb.m- C M

Jewgs S jawge and Pbm'y'

9.2.1 S/B Junction Capacitance

IfP.>W,

Table 9-1. MOS diode model parameters.

The S/B junction capacitance can be calculated by
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MOS Diode Capacitance Model

(9.14)
Cap bS = A.x thx + (R - ‘Mjf k‘ Jbssw + Wr]] C;bs,rwg

Otherwise

(9.15)
Capbs = AC, +PC

$ he Jhuwe

where Cj, is the unit bottom area capacitance of the S/B junction,
Cbess 18 the periphery capacitance of the S/B junction along the
field oxide side, and Cjy.,, is the periphery capacitance of the S/B

junction along the gate oxide side.

If C, is larger than zero. Cj, is calculated by

if V,, <0
(9.16)
v Y"
C, =C,[l-—“)
F
otherwise
(9.17)
% \
C,.=C, 1+M,—”L |
iy

If C,,. is large than zero, C pesw 18 calculated by

if V,, <0

9-6
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MOS Diode Capacitance Model

(9.18)
v -M
C[b " = C;m(] —'-b"-]
‘ R,
otherwise
(9.19)
v
Cjb\ w = C[m 1+Mj.m B
Ph\l\ /
If C,...is larger than zero. Cpo,, 1 calculated by
if Vi, <0
(9.20)
-,
V '
Ch\‘\nu=C\n —_L
I ™ Ph,\ug }
otherwise
9.21)
1A
th,‘.\'wg = C/.twg(l + M}.\'u'g P—_ ]
bswp

9.2.2 D/B Junction Capacitance

The D/B junction capacitance can be calculated by
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MOS Diode Capacitance Model

If Pd > Wf‘.ﬂ
(9.22)
Capbd=A,C,, + (B, -W, k doe T WegrC pions
Otherwise
(9.23)

Capbd = A,C,,, +P,C

Jhdswg

where Cj,, is the unit bottom area capacitance of the D/B junction.
Cpasy is the periphery capacitance of the D/B junction along the
field oxide side, and Cjpg. is the periphery capacitance of the D/B

junction along the gate oxide side.

If C, is larger than zero. C 4 1s calculated by

if V,,<0
(9.24)

otherwise
(9.25)

If C,, is large than zero, C basu 18 calculated by

if Vbd < 0
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MOS Diode Capacitance Model

(9.26)
=M o
C,p=Col1--2
1hdsw j [ th)
otherwise
9.27)
\
V, !
Coun =Cha| 1+ M Vit
" “P. )
If C,. is larger than zero. Cjpy.., is calculated by
if Vbd <0
(9.28)
‘/ —Ail‘n:
= hd
C/h(l.\'u v C’-.‘.“ {1 - ;)h_‘:; }
otherwise
(9.29)
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9.2.3 Temperature Dependénce of Junction Capacitance

The temperature dependence of the junction capacitance is mod-
eled. Both zero-bias unit-area junction capacitance (C;, Cj,, and
C,«e) and built-in potential of the junction (P,, Py, and P, ,) are
temperature dependent and modeled in the following.

For zero-bias junction capacitance:

(9.30a)
C,(T)=C(T,,) (i+1j-AT)
(9.30b)
C,m (T) = C[m (J-m'm ). (] + tcjs“'. AT)
{9.30c¢)

C/W(T)= C,\_‘,_,(T,h,m)-(l +1rcjswg - AT)

For the built-in potential:

(9.31a)
P(T)=PR(T, ., )-tpb-AT
(9.31
th’(T) = f)h\‘u (]:tum)— IprW" AT
(9.31¢c)

R..T)=B..(T,.)-tpbswg AT

In Eqgs. (9.30) and (9.31). the temperature difference is defined as
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MOS Diode Capacitance Model

(9.32)
AT =T -T

nom

The six new model parameters in the above equations are described

in Table 9-2.

9.2.4 Junction Capacitance Parameters

The following table give a full description of those model parame-

ters used in the diode junction capacitance modeling.

Symbols | Symbols
used in used in Description Default Unit
equation SPICE
Ci cj Botlom junction capacitance per Se-4 F/m*
unit area at zero bias
Mj mj Bottom junction capacitance grad- 0.5 none
ing coefficient

Pb pb Bottom junction built-in potential 1.0 \Y

Cjsw CJswW Source/drain sidewall junction Se-10 Fim
capacitance per unit length at zero
bias
Mjsw mjsw Source/drain sidewall junction 0.33 none
capacitance grading coefficient
Phsw phsw Source/drain side wall junction 1.0 vV
buili-in potential
Cjswg cjswg Source/drain gate side wall junc- Cjsw F/m
tion capacitance per unit length at
zero bias
Miswg mjswg Source/drain gate side wall junc- Mijsw none
tion capacitance grading coeffi-
cient
Pbswg pbswg Source/drain gate side wall junc- Pbsw A%
tion built-in potential

tpb tpb Temperature coefficient of Pb 0.0 V/K
tpbsw tpbsw Temperature coefficient of Pbsw 0.0 V/K
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MOS Diode Capacitance Model

Symbols | Symbols
used in used in Description Default Unit
equation SPICE _
tpbswg tpbswgn Temperature coefficient of Pbswg 0.0 V/K
tcj tcj Temperature coefficient of Cj 0.0 /K
tcjsw tcjsw Temperature coefficient of Cjsw 0.0 1/K
cjswg tcjswg Temperature coefficient of Cjswg 0.0 /K

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

A.1 Model Control Parameters

Symbols | Symbols

used in used in Description Default Unit Note

equation | SPICE

None level i The model selector 8 none

None version Model version selector 32 none

None binUnit | Bining unit selector ] none

None param- Parameter value check False none
Chk

mobMod | mobMod | Mobility model selector ] none

capMod | capMod | Flag for capacitance models 3 none

ngsMod? | ngsMod | Flag for NQS model 0 none

noiMod | noiMod | Flag for noise models 1 none

a. ngsMod is now an element (instance) parameter. no longer a model

parameter.

A.2 DC Parameters
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DC Parameters

Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE
Vth0 | vthO Threshold voltage @Vbs=0 for 0.7 v nl-1
Large L. (NMOS)
-0.7
(PMOS)
VFB vfb Flat-band voltage Calculated \% nl-1
K1 kl First order body effect coeffi- 0.5 vir nl-2
cient L
K2 k2 Second order body effect coef- 0.0 none nl-2 |
ficient
K3 k3 Narrow width coefficient 80.0 none
K3b k3b Body effect coefficient of k3 0.0 VA%
w0 w0 Narrow width parameter 2.5e-6 m
NIx nlx Lateral non-uniform doping 1.74e-7 m
parameter
Vbm vbm Maximum applied body bias in -3.0 \
Vth calculation
Dvt0 dvt0 first coefficient of short-chan- 22 none
nel effect on Vth
Dvtl dvtl Second coefficient of short- 0.53 none
channel effect on Vth
Dvt2 dvt2 Body-bias coefficient of short- -0.032 VA%
channel effect on Vth
DvtOw | dvtOw First coefficient of narrow 0 I/m
width effect on Vth for small
channel length
Dvtlw | dvtwl Second coefficient of narrow 5.3e6 1/m
width effect on Vth for small
channel length
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DC Parameters

Symbols | Symbols
used in | usedin Description Default Unit Note
equation | SPICE
Dvi2w | dv2w Body-bias coefficient of narrow -0.032 VA%
width effect for small channel
length
o u0 Mobility at Temp = Tnom
NMOSFET 670.0 cm?/Vs
PMOSFET 250.0
Ca ua First-order mobility degrada- 2.25E-9 m/V
tion coefficient
Ub ub Second-order mobility degrada- | 5.87E-19 | (m/V)
tion coefficient
Uc uc Body-effect of mobility degra- mobMod m/V?
dation coefficient =1,2:
-4.65¢e-11
mobMod
=3:
-0.046 I
vsat vsat Saturation velocity at Temp = 8.0E4 m/sec
Tnom
AO a0 Bulk charge effect coefficient 1.0 none
for channel length
Ags ags gate bias coefficient of Abulk 0.0 VA%
BO b0 Bulk charge effect coefficient 0.0 m
for channel width
Bl bl Bulk charge effect width offset 0.0 m
Keta keta Body-bias coefficient of bulk -0.047 1V
charge effect
Al al First non-saturation effect 0.0 /v
parameter
A2 a2 Second non-saturation factor 1.0 none
BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley A-3




DC Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE :

Rdsw rdsw Parasitic resistance per unit 0.0 Q-pmWr
width

Prwb prwb Body effect coefficient of Rdsw 0 vz

Prwg prwg Gate bias effect coefficient of 0 VA%
Rdsw

Wr wr Width Offset from Weff for 1.0 none
Rds calculation

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

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

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

dWb dwb Coefficient of Weff's substrate 0.0 m/V:
body bias dependence

Voft voff Offset voltage in the subthresh- -0.08 \Y
old region at large W and L

Nfactor | nfactor | Subthreshold swing factor 1.0 none

Eta0 eta0 DIBL coefficient in subthresh- 0.08 none
old region

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

Dsub dsub DIBL coefficient exponent in drout none
subthreshold region

Cit cit Interface trap capacitance 0.0 F/m?

Cdsc cdsc Drain/Source to channel cou- 24E-4 F/m?
pling capacitance
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Symbols | Symbols

used in | usedin Description Default Unit | Note

equation | SPICE

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

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

Pclm pclm Channel length modulation 1.3 none
parameter

Pdiblc] | pdiblc1 | First output resistance DIBL 0.39 none
effect correction parameter

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

Pdiblcb | pdiblcb | Body effect coefficient of 0 VA%
DIBL correction parameters

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

Pscbel pscbel First substrate current body- 4.24E8 V/m
effect parameter

Pscbe2 | pscbe2 | Second substrate current body- 1.0E-5 m/V nl-3
effect parameter

Pvag pvag Gate dependence of Early volt- 0.0 none
age

) delta Effective Vds parameter 0.01 \V

Ngate ngate poly gate doping concentration 0 cm?

o0 alpha0 | The first parameter of impact 0 m/V
ionization current

al alphal Isub parameter for length scal- 0.0 1 ¥A%
ing

BO beta0 The second parameter of impact 30 \Y
ionization current
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C-V Model Parameters

Symbols | Symbols
used in | usedin Description Default Unit Note
equation | SPICE
Rsh rsh Source drain sheet resistance in 0.0 (9)]
ohm per square square
JsOsw jssw Side wall saturation current 0.0 A/m
density
Js0 js Source drain junction saturation 1.0E-4 A/m?
current per unit area
ijth ijth Diode limiting current 0.1 A nl-3
A.3 C-V Model Parameters
Symbols | Symbols
used in used in Description
equation | SPICE Default Unit Note
Xpart xpart Charge partitioning flag 0.0 none
CGSO cgso Non LDD region source-gate | calculated F/m nC-1
overlap capacitance per
channel length
CGDO cgdo Non LDD region drain-gate calculated F/m nC-2
overlap capacitance per
channel length
CGBO cgbo Gate bulk overlap capaci- 0.0 F/m
tance per unit channel length
Cj cj Bottom junction capacitance 5.0e-4 F/m?
per unit area at zero bias
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Symbols | Symbols

used in used in Description

equation | SPICE Default Unit Note

M;j mj Bottom junction capacitance 0.5
grating coefficient

Mjsw mjsw Source/Drain side wall junc- 0.33 none
tion capacitance grading coef-
ficient

Cjsw CjSW Source/Drain side wall junc- 5.E-10 F/m
tion capacitance per unit area

Ciswg cjswg Source/drain gate side wall Cjsw F/m
junction capacitance grading
coefficient

Mjswg mjswg Source/drain gate side wall Mjsw none
junction capacitance grading
coefficient

Pbsw pbsw Source/drain side wall junc- 1.0 A%
tion built-in potential

Pb pb Bottom built-in potential 1.0 \Y

Pbswg pbswg Source/Drain gate side wall Pbsw A%
junction built-in potential

CGSi cgsl Light doped source-gate 0.0 F/m
region overlap capacitance

CGDI cgdl Light doped drain-gate region 0.0 F/m
overlap capacitance

CKAPPA | ckappa | Coefficient for lightly doped 0.6 F/m
region overlap
capacitance Fringing field
capacitance

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

CLC cle Constant term for the short 0.1E-6 m
channel model

CLE cle Exponential term for the short 0.6 none
channel model
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Symbols | Symbols

used in used in Description
equation | SPICE Default Unit | Note
DLC dic Length offset fitting parame- lint m
ter from C-V
DWC dwce Width offset fitting parameter wint m
from C-V
Vfbev vfbev Flat-band voltage parameter -1 \Y
(for capMod=0 only)
noff noff CV parameter in Vgsteff,CV 1.0 none | nC-4
for weak to strong inversion
voffev voffcv | CV parameter in Vgsteff.CV 0.0 v nC-4

for week to strong inversion

acde acde Exponential coefficient for 1.0 m/V nC-4
charge thickness in capMod=3
for accumulation and deple-
tion regions

moin moin Coefficient for the gate-bias 15.0 yiz | nC-4
dependent surface potential

A.4 NQS Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note
equation | SPICE

Elm elm Elmore constant of the channel 5 none
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A.5 dW and dL Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE

Wi wl Coefficient cf length depen- 0.0 mWin
dence for width offset

Win win Power of length dependence of 1.0 none
width offset

Ww ww Coefficient of width depen- 0.0 m¥n
dence for width offset

Wwn wwn Power of width dependence of 1.0 none
width offset

Wwl wwl Coefficient of length and width 0.0 mWwn+Win
cross term for width offset

Ll | Coefficient of length depen- 0.0 mbi
dence for length offset

Lin 1In Power of length dependence for 1.0 none
length offset

Lw Iw Coefficient of width depen- 0.0 mbwr
dence for length offset

Lwn lwn Power of width dependence for 1.0 none
length offset

Lw] Iwl Coefficient of length and width 0.0 mbwn+Lin
cross term for length offset

Lic Llc Coefficient of length depen- Ll mbh
dence for CV channel length
offset
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Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE

Lwc Lwc Coefficient of width depen- Lw mbwn
dence for CV channel length
offset

Lwlc Lwlc Coefficient of length and width- | Lwl mlbwn+Lin
dependence for CV channel
length offset

Wic Wlc Coefficient of length depen- Wi m™in
dence for CV channel width
offset

Wwe Wwc Coefficient of widthdependence | Ww mWen
for CV channel width offset

Wwlc Wwlc Coefficient of length and width- | Wwl mWinsWun
dependence for CV channel
width offset

A.6 Temperature Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE

Tnom tnom Temperature at which param- 27 °c
eters are extracted

Lte ute Mobility temperature expo- -1.5 none
nent
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Temperature Parameters

Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Ktl ktl Temperature coefficient for -0.11 \Y
threshold voltage
Kitll ktll Channel length dependence of 0.0 Vm
the temperature coefficient for
threshold voltage
K12 kt2 Body-bias coefficient of Vth 0.022 none
temperature effect
Ual ual Temperature coefficient for 4.31E-9 m/V
Ua
Ubl ubl Temperature coefficient for -7.61E- (m/V)?
Ub 18
Ucl ucl Temperature coefficient for mob- m/V?
Uc Mod=1,
2:
-5.6E-11
mob- VAY
Mod=3:
-0.056
At at Temperature coefficient for 3.3E4 m/sec
saturation velocity
Prt prt Temperature coefficient for 0.0 Q-pm
Rdsw
At at Temperature coefficient for 3.3E4 m/sec
saturation velocity
nj nj Emission coefficient of junc- 1.0 none
tion
XTI xti Junction current temperature 3.0 none
exponent coefficient
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Flicker Noise Model Parameters

Symbols | Symbols
used in | usedin Description Default Unit Note
equation | SPICE
tpb tpb Temperature coefficient of Pb 0.0 V/K
tpbsw tpbsw Temperature coefficient of 0.0 V/K

Pbsw
tpbswg | tpbswg | Temperature coefficient of 0.0 V/K

Pbswg
tcj tcj Temperature coefficient of Cj 0.0 1/K
tcjsw tcjsw Temperature coefficient of 0.0 1/K

Cjsw
tcjswg tcjswg | Temperature coefficient of 0.0 /K

Cjswg

A.7 Flicker Noise Model Parameters
Symbols | Symbols
used in | usedin Description Default Unit Note
equation | SPICE
Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9¢18
Noib noib Noise parameter B (NMOS) 5e4 none
(PMOS) 2.4e3
Noic noic Noise parameter C (NMOS) -1.4e- none
12
(PMOS) 1.4e-12
Em em Saturation field 4.1e7 V/m
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Process Parameters

Symbols | Symbols
used in | used in Description Default -Unit Note
equation | SPICE
Af af Flicker noise exponent ] none
Ef ef Flicker noise frequency 1 none
exponent
Kf kf Flicker noise coefficient 0 none
A.8 Process Parameters
Symbols | Symbols
used in | usedin Description Default Unit Note
equation | SPICE
Tox tox Gate oxide thickness 1.5e-8 m
Toxm toxm Tox at which parameters are Tox m nl-3
extracted
Xj X] Junction Depth 1.5e-7 m
¥l gammal | Body-effect coefficient near the | calcu- vie nl-5
' surface lated
2 gamma?2 | Body-effect coefficient in the calcu- viz nl-6
bulk lated
Nch nch Channel doping concentration 1.7e17 1/em? nl-4
Nsub nsub Substrate doping concentration 6el6 l/em?
Vbx vbx Vbs at which the depletion calcu- v nl-7
region width equals xt lated
Xt xt Doping depth 1.55e-7 m
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Geometry Range Parameters

A.9 Geometry Range Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note
equation | SPICE

Lmin Imin Minimum channel length 0.0 m

Lmax Imax Maximum channel length 1.0 m

Wmin wmin Minimum channel width 0.0 m

Wmax wmax Maximum channel width 1.0 m

binUnit | binunit | Bin unit scale selector 1.0 none

A.10Model Parameter Notes

nl-1. If V,, is not specified, it is calculated by

Voo =Ves +0, + KN(I))

where the mode| parameter Vgg=-1.0. If V5, is specified. Vpz defaults to

Vig= Vo=, - KquTs

nl-2. If K, and K. are not given, they are calculated based on

K, =7,-2K,y® -V,
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Model Parameter Notes

X - (-1 PV, )
oo o,V -2, )+,

where & is calculated by

o, = moln[iv—‘i}

n

kg

lﬂ

‘/ nom

mo =

Q

10 T . Ek'()
n =1.45x%10"| =2 | exp| 21.5565981 — —
300.15 2V

mQ

" —3 2
Er0=].]6_7.0..x10 T,
T. +1108

nom

where E, is the energy bandgap at temperature T,,,,,,.
nl-3.

If psche2 <= 0.0. a warning message will be given.
If ijth < 0.0, a fatal error message will occur.
If Toxm < = 0.0, a fatal error message will occur.
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Model Parameter Notes

nl-4. If N, is not given and y, is given, N, is calculated from

If both y, and N, are not given, N, defaults to 1.7e23 m* and y, is

calculated from N,

nl-5. If y, is not given, it is calculated by

- \/ 2q£.w N( h

"= C

o0y

nl-6. If y. is not given. it is calculated by

= \ 2q£.n N\uh

i C

(12}

nl-7. If V,, is not given, it is calculated by

CIA,(,le- = (D _v
28 B ha

nC-1. If Cgso is not given. it is calculated by

if (dlc is given and is greater 0),
Cgso = dlc * Cox - Cgsl
if (Cgso <0)
Cgso=0

else Cgso =0.6 Xj * Cox

nC-2. If Cgdo is not given, it is calculated by

if (dlc is given and is greater than 0),
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Model Parameter Notes

Cgdo = dic * Cox - Cgd]
if (Cgdo <0)
Cgdo=0

else Cgdo =0.6 Xj * Cox

nC-3. If CF is not given then it is calculated usin by

-7
CF =2 In(l+ 4x10 )
n Tox

nC-4.

If (acde < 0.4) or (acde > 1.6), a warning message will be given.
If (moin < 5.0) or (moin > 25.0), a warning message will be given.
If (noff < 0.1) or (noff > 4.0). a warning message will be given.

If (voffey < -0.5) or (voffev > 0.5), a warning message will be given.
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Model Parameter Notes
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APPENDIX B: Equation List

B.1 1I-V Model

B.1.1 Threshold Voltage

Vo=V, e VKLV,
Y
+K,. /1+1L\-'-‘- l.,/¢>+K + K,V ,)—ZT¢

W L
- D7, exp( D\7l 7’ L,_ oexp( Dyy.. o Loyt
. ) .
{ L
-D;. e\p( D, '-'[—)-i- %xp( D, —I—HV
\ \ ! \ /
[ Ly Ly )
=lexp =D, — I+ - — \\E, +E,V,
L 21, | .

rh() " = !h(l K \J

Kl A = Kl ) T"l
TUIHI
K,, =K, L
T;)xm

]}v,,, ~0)
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-V Model

L= N EiXdep ! Cox (1 + DvraVheeyp)
lw = \’ ExiXdrp / Cox (l + Dvraw Vim'ﬁ)
[rn = \/ 8\1Xd¢'p0/ Cu.\'

ZE\l(q).\ - Vh\(]])
qA’lh )

Xdr[‘ =

2e.D.

X depy =
q;\" i

(81=0.001)
Vi = Vi + 0.5 Vi = Vi = 81+ (Ve — Vi = 1) =481 Vi |

A
V. =0.9|(<D‘ -—k‘—: 1
\ K. )
N.:Nps
Vhl =W In( ‘,
M-

B.1.2 Effective (Vy-Vy)

[ Jev = Vin
2nwin l+exp(“7 ')]

L 2nw
V,x'\rvrr = —
2(1)4\ Vr\ - VIh - 2‘/4'#
1+2n Cox exp(—— )
qENe 2nw
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I-V Model

(Ct + CaatVit + Cascth Vinett )(exp( =D —IEJJZ )+ 2exp(—Dh T:—Lli))

n= ]+/Vlmur"i+ ‘i’Q
C'\ Cll n
C:I = '—8\"-
Xdep
B.1.3 Mobility

For mobMod=1

pen = =

o /'\'Ie /l: /, ste] ]rx -
1+ (U + U an)(M) + U,,(‘_‘_"ﬂ)-
Tox Tox

For mobMod=2

o

u‘ "= ] + (U U v )( "]g.\njl.' ) + Uh( ‘}g.\'!(f] )3
a =~ U Ve
! Tox Tox

For mobMod=3

_ 2

Her = Vergs + 2V Veoay + 2Vin
1+ [Ua (————)+ Ub(—'—)' ](l + UcVisenr)
Tox Tox
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I-V Model

B.1.4 Drain Saturation Voltage
For R;>0o0rA#1:

—b—+b* -4ac

deul =
2a

a = A WeViaCoiRDs + (% = 1) Apu

2
-((Vum(ﬂ + 2\1)(i - l) + A I'ul(E\u‘le'll + 3Ai‘uik(vcww + 21': )‘Vw\’nucwaD.\’)

¢ = (Vesterr + 2vi) EsarLerr + 2(Veaerr + 21'1): WettVearCorR s

A = A-l Vc.\ufn + AZ

For R;,=0and A = I:

Emt Lc_ff ( Vg.m{ff + 21'!)
Abutk Esat Leff + (Vester + 2vr)

Vdsat =

K. Ay |\ ay } B, }
_\/64, | L +2X, X, L +_\,¥ X, J W, +B || |+Kera).,
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|-V Model

_2V.un
Hetr

E.\(ll =

B.1.5 Effective V

Visefr = Vidsar — % (Vd.ca: —Vis—0+ \/(Vdsa! — Vi —5)2 +46V¢<az)

B.1.6 Drain Current Expression

drvene Vidaett) (St et V« = V et
L= Livivivr (H_Vd Vd,/)(l_'_ 1 dz)

Rudinoividser s Va Vascae
] 4 B
‘/d\( i

Vd.wﬁ'
w’('ff rﬂC ox ‘} esteff (1 - Ahulk - )decff
a [ 2(Vg.€rqff + 2\’1)

I(IW! =

Lrﬁ'[] + Vieefr / (EsmLeff)]

\/.-\ = \/1 wr + (1 -+ an Vk'flt’ﬂ )( l + l )—l
EwlLen = Vacts Vabisic

AvukEsatLetr + Vesterr
Viewy = otz @l 7 8% (Vs — Viaserr)

PCLMA bulkEsa! lltl
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-V Model

Vapisie =

(Vg\lejf + 2"!) 1 AhquVd.\'uJ
Brout (1 + PoisLcVaser) Abutt Visar + Vigsieyg + 2

Gour = Poisrci |:exp( —Drout f—;’"ﬂ +2 exp(-DRour%’-):l + Ppisic:
0 10

-1t

l P.\chel (—P.\'cbrl 11!1]
= exp|
Vascse Len Vis = Vidser

A hutk ",J.\u:
2(V_csteﬂ + 2\’:)
2/ A -1+ RDS V.uuCux WegA bulk

E.\ulLtj/] + V:I\.u + 2RDS Vm.-C..\-VVg»g V'uh'fr [1 -

V—‘A\dl =

Esi 7:),\' X J

litl =

ox

B.1.7 Substrate Current

o, +a,-L / vV, =V,

=Y, — Y, Jexp -7 B"V e (I+ 4 . ot ]
Lrn ds T Vien |+ dy ds 0 A

1%

dsett
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I-V Model

B.1.8 Polysilicon Depletion Effect

N -
Vool _—_lx oivE poly =M~‘_
p A 2 p . p A 265[

EpnEoy = g.ciEpof)‘ = quesiNng Vpol_\‘

‘,l" _‘/F[; _q)\ =me’\ +‘/nl

a(vx‘\ - VFB - q) vpn[\ ): - v[ml\ = 0
E:n i
a=—"-"—
2q£.\[Nﬂarr7.ul i

/ —_ 14
lm_m =V, +O + -

(1A}

qe.\r]vcuh]:a_\z J] + 28::12 (VL'.\ —VFB —(D.\ ) —l
qg.\'lNguh]:n-

B.1.9 Effective Channel Length and Width
L(f/ = Ldrown — 2dL

W(ﬁ = Wu'ruwn - 2dW
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I-V Model

Weff = Wdrawn - 2dW

AW = dW+dW,V., +dW,([®, —V, - @)

w W, W,
dW=W,_ + Lu'[ln + W + L“'Invlenn

_ Ll Ln' L\\'/
dL = Linl + L[_ln + WLwn * LLln WL\\'n

B.1.10Source/Drain Resistance

Rd.m (] + Pmuvu‘rm + Pn\h(\}q)v\ _Vhwry - \/-(D_\))

(1o'w, )"

R«I\ =

B.1.11Temperature Effects

Vinr = VIh( Thorm + (KTI + Kll/ L-ﬂ' + Kthwr)(T/ Trorm— 1)

)

wT) W Tnonm)

vmn

Vsat Ty = Vsar« Tnorm) — AT( T/ Trorm— 1)
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Capacitance Model Equations

T
Riw. 7= RawTnormy + Pro(

norm

-1

Uu\Tl = L”.uTnnnn) + Uul(T/ Tnorm - ])
L’th' = UhiTnnrm) <+ LIhI(T / Tnnm:— ])

L”‘ T = L‘y. Tnorm + L’( I( T / Tnurm - ] )

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence

La:xnc = Ldra“n - 251"6“
Wacme = Wdraun - 28\Ncﬂ
8, =DLC+ Llc Lwec Lwic

Lin + Lwn + LinyysLlwn
L W ) il 4

Wic Wwe Wwic

M’ﬁ = DWC+ LWln + WW'H'n + LW]nw“’Wn
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Capacitance Model Equations

B.2.2 Overlap Capacitance

B.2.2.1 Source Overlap Capacitance

(1) for capMod =0

Qm-erlup. s — CGS OVg ’

active

(2) for capMod = |

Ifv,<0

Q.n erlup v

doine

=CGSO-V_ + -
¢ CKAPPA

CKAPPA -CGS1 V.
3 -1+ /1

Else
querlup. s

active

=(CGS0+ CKAPPA-CGS1)-V,,

(3) for capMod = 2

4, )
errlup\ - CGX) . ‘,u\ + CG.Sl ‘/u‘ _V.‘.\.m”i“”_ CKAPP _ l + I _ esoverlap 1
achive : 2 CKAPPA )

' Vv, +6) 2

v_c\.uwrlup = ; (ch + 6] - vg.\ + 5! + 46| 5] =0.02
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Capacitance Model Equations

B.2.2.2 Drain Overlap Capacitance

(1) for capMod =0

Qm’z'rlu .
——F— = CGDOV,,

“Ilu“\n
(2) for capMod = 1
IfV,,;<0
o . [,
0. S OGOV, + CKAPPA- CGDI1 1+ - el

W 2 CKAPPA J

Else
me'ri.lp.;:'

=(CGDO0 + CKAPPA - CGD1)-V ,
- .

dueling

(3) for capMod = 2

Qu\c'n'-l/l-:" — CGED'V,,,[ +CGD le _de,,“.,.,-“,," CKAPPT_] o[ o dameriar
“‘:Il"l\ t ’ 2
I 2 |
‘/xd.u\rrhlp = E (ng +5I - \/(ng + 6] ) +46] ) 6| = 002
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

Qoveriap.g = —{aner!ap.s + Qoverlap.d )

B.2.3 Instrinsic Charges
(1) capMod =0

a. Accumulation region (V,, < Vy,, + Vj.)

Qu = “’:lu e Ld('llu'C?'\ (Vc~ - ‘/h\ - Vﬁn i )
Q uh = —Q
0. =0

b. Subthreshold region (V,, < V)

K.. H, -V, -V)
— W . lox - v tha I
Q\,.m - “m r:uL‘umcCu 2 ( 1+ JIT KI 3 ]
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Capacitance Model Equations

Qrm = O

c. Strong inversion (V,. > V)

V.-V

£ th

AhulA '

[CLC )“E ]
1+ ——
Leff

/
‘ daat -

A=A

Puli puk

(

K,

vrh = ‘/FB + (D.t + Klm ‘\’ (Dx - vb,tcjﬁ

(i) 50/50 Charge partition

If ‘V(I'\ < ";I\‘H

ucm £

Q" = C"‘l‘] 1‘(1('“\ V- _Vﬂ-,“ —(D.‘ —}I‘EI" +

AOL« 1 B() 1
Ao =| 11— ——— 77—+ - .
[ 2@V, | L, +2JX,X,. W,“B, || 1+KewaV,

ot
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Capacitance Model Equations

’ '2 2
Apy Vs + Apuai Vs

Q"“ =- a:me auueC"‘[Vm Vin - 5

]

1 2( Vg.\' -V - Ab;,k Vs )

Q” =W L . Cx[Ve— Vi + s + (/- Ab“lk Vs - (I- Abulk )Abulk Vs~ ]

active active B 7 A ]
< 12(Ves — Vi — L;L Vie)

-

b b

"V T Vas”
Q QI 05an == (km( dn\! CN[VQ" Vh Ah < = + Ahdk ‘1/:' ' ]
2 ]Z(Ve:—'VIh""L;Ik-Vds)

otherwise

Vidsar

Q= Wi L Corf Vs = Vib = D= =)

actne “active

active “acnve

Q.t= Qd =—"I§W . L ive C:'.\(Vc.c— Vlh)

(1= Apu Wit

Qb - uunt’ u me C“‘(Vﬂ’ + @ — Vi + 3

(ii) 40/60 channel-charge Partition
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Capacitance Model Equations

if (Vd\ < Vdru!)

Vs A v ‘2
O = Cm‘“’al,”u_ Lm‘m( [ Ve = Vi — P — _d_ + bulk ; =
12(Ves = Vin— M)
A Vas Ak 2 Vdsz
Qui ==W, L Con[Vee = Vin = bulk + bulk

2 J2(Vee = Vi — AL;"— Vis)

(1- Abull WV _ (1- AbulL ) )Abulk ) dez

O =W L CofVio=Vi+P+ : w2
< lz(Vm—V!h-—MLde)
2
QJ = —“:u'rm'Lu. e Con
" ' A ""/\/ ("'y:\ - VIII): _ Ab““ "/(Iv{‘,c;\ - ‘/Ih) + (Ahulk "V ):
Vo= Vi _ Ahuh Vi + bulk V 8 40
{ 2 2 (Ve = Vi = By, 2
2
0 .=—(Qc+ 0O+ 0u)
otherwise
V.
Qﬂ' = Wa('m'r Lat‘nre Cox(Ves = Vo = @5 — 3"‘” )
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Capacitance Model Equations

Qd = ——4— %4 L Cux( Vgs - V)

1 5 active ~active

Q:=—(Qe+ Qb+ Qud)

(I_' Ab"“ ! )Vdﬂlf )

Qb = "Wa(.m.‘. Lm‘ln’e‘ Conf Vfb +@s— Vi + 3

(ii1) 0/100 Channel-charge Partition
if Vd.\ < Vd,\'ur
Vs Abulk ' Vs :

Q~"" = C”"“’urln‘(’ Lm'nw [‘ ew—Vin— D - T +

Aputk Vs

] 2( VL’-" - Vu -

2
' c v A Ve A Ve
O = =W, e LynieCon [ Vs = Vin = —5——+ T/
< 12(Vee = Vin— —i;L Viae)

(1= Apu WVas (1= Ap Apu Vas?

2 12( Vgs - Vin— Ab—;“‘ de)

/

Qh = ‘/Vuclive Lucu'vc Cox[ Vo — Vin+ P +
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Capacitance Model Equations

(Apu 'Vas)?
A
24(Ves — Vin — —"2-’L Vis)

o = A' .
Qd =-W L Cox Ve Vi + bulk Vs -

active “acive
‘ 2 4

Q‘ = —(Qv_r + Qh + Q..’\

otherwise

Vdsar
)
3

Q=W Ly Cox{ Ve = Vi — P =

dohive “dctive

1— A 3 ' ‘] A07}
Op = =W, LoneCox( Vi + Ps = Vi + (1= Ay W

aciive “achive ?

Os =—(Q‘ "'Q»)

(2) capMod =1

For capMod = 1. if version < 3.2, the Vy, is calculated from

1:fb = V'th —¢.l - K q).\ - vh.\(ﬂ

lox
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Capacitance Model Equations

otherwise Vj, is calculated from the above equation but under bias
independent V..
if (Ve < Vi + Vit Vosteier)
Q;.' 1= —w,ucu\'e Lm'm‘e Co,t (Vgx - Vfb = Vbs =~ V/"'"e-ﬂl"')
else
: v, -v, -V =V,
ch = Wh ll\('Lmll\g.Cu( : KI‘“ - l + l + ( = z »"":'”‘C‘ "t”)
2 Kln\-
Qpy =—Cxi
V _ Vq_ue_ﬁh
dsat.ov = '
Ahulk
CLC CLE
A= Ahulkn(l '*'( L., J ]
Klul A"Ll'ﬂ B() I
Apuno =| 1+ ' '
2[® <V, | Lo +2JX, X, Wo'+B, || 14 Ketah,
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Capacitance Model Equations

V.=V, —voffcv
V;‘\:m . =noff -nv, ]n(] +exp( L th ff D
| noﬁ”-m-,

if (Voo <=V

' 2
Vi« + Aputi " Va

Q'; = Q" i+ “.m me L(ll e Cn.\ y):.ﬂ'(j]_l o= '
2 12l v Abulk Y
gsteft " T 2 ds

—A VAL VL2
(I Almlk )Abulk ‘ds
WoncSaane S m 5 ds

- 14v _A@{WJ

esteffy

]_ '
Q. =0m+W, . L,C = Apay

(i) 50/50 Channel-charge Partition

(ii) 40/60 Channel-charge partition
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Capacitance Model Equations

W, ive Luciive €.

Q —_ dctive “active = ox
N

Ahulk , ?
2( Vg.\'wﬂ’c" - 2 Vd.c )

4 2 , 2 , 2 2 ' K
(‘/g.vfejj'a' - } vg.m'fnj i (Ahu(k vd.\‘ ) + } Vg.tly_ﬁh' (Abulk de ) - 73 (Ahulk Vd.\' ) ? ]

Q;, =—(Qc+ Qb+ Qs)

(iii) 0/100 Channel-charge Partition

(

Vg.vtej'cr Ahulk 'V‘/,\ (Ahulk ' Vd.n )-
Q.\’ = —Wacmv Lu«-rnc ox + - _‘ d
2 4 2 4 V ! hulk ‘z
I Lstetton 9 ds

Q; =—(Qe+ Qv+ Q)

lf (th > V;.’\.u)

Vidsar
Q.L’ = Q'L'I + “,m !nf‘Lu:'n\rcn.v(‘/.L'"tfff"\. - T
(Vuxteffn' - vdstu)

QI; = le - wumre Lm‘m‘e Cn.\' 3
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Capacitance Model Equations

(i) 50/50 Channel-charge Partition

C

W el o

active

Q" - Qd - aclive 3 g.(!tjﬂ o
(i) 40/60 Channel-charge Partition
2“:( X L(ll 1 Cl'\
Q — - dinge me ‘/gn‘?n“

[

Q;=—=(Qe+ Qb+ 0s)

(iii) 0/100 Channel-charge Partition

2V,

astefev

= =W, e LacieCon
Q‘ ox 3

active —aclive

Q(I = —(Qg + Qh + Q&}

(3) capMod = 2

For capMod = 2. if version < 3.2, V, is calculated from

\{fb = ‘/lk _q)\ - Klm’ dd)‘ —Vh".ﬂ
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Capacitance Model Equations

otherwise Vj, is calculated from the above equation but under bias

independent V,,. This is the same as that in capMod = 1.
Qg = —(Qinv + Qacc + qubﬂ + 8qub)

Qb = Qacc + qubO + 6qul’»

Qin\' = Qs + Qd
Vi =\fb-0.5{v., +,/V33+453\fb} where V,=fb-V, =8, 8, =002

0., = WoneLumeCo Viag =75 )

actnye “achve K >
lox

Klm: 4(VA" —‘,""Rm _V:\r:"h("- —‘]}nmy)
Q. ="W, ..L C,,‘--~——7 {—I+‘/l+ -

Vg:lefﬁ cv

1% =

dsat.cv f
A bulk

cLc
Ahu!k ‘= Abulk()(] + ( L )
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Capacitance Model Equations
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Capacitance Model Equations

B.2.3.1 50/50 Charge partition

L/ T o : A Vo
0=0,=050, = e A V.4 ik
2 2 o7 v A v
gy 7 o

B.2.3.2 40/60 Channel-charge Partition

W lexu Cn k 4 2 . 2 Ry : 2 1y 3
Q = A :[anﬂw‘_; ‘{-uem' (Ahll anf)"'} me("‘m ‘/mﬂ) 'E(AMA ‘.\.,r) )
z(v a2y ,,) ) ] ) ’
et - o

M{nm le C R S Y . ] vy :
Ql = 2 (V;\hﬂu“ - uly]h ( -‘hJL \vﬂ) w‘i ( 4)::‘& ‘mﬁ ) —_(AML ‘:uﬂ ) )
9 ‘4hll Vi ‘; 5
anﬂu ‘uvﬂ

B.2.3.3 0/100 Charge Partition

|

7 ' [ 4 -
‘L'Sle’ﬂl'v + A"u/k ‘/ucﬂ (4"“‘!‘ “""" ) i

o=-w_.L..C, '
» e Wetinve "y 7 A
) ! ‘)4(‘:. steftes - V«u-rr )

2

a2

V., _ 37 Ve . (Ahulk' Vien )

0, = =W, Ly Con| 2222 '
active “uacine 2 4 Ahulk
8( ngj]m - _—2_— v‘“”

BSIM3v3.2 Manual Copyright © 1997-1898 UC Berkeley B-24



Capacitance Model Equations

(3) capMod = 3 (Charge-Thickness Model)

capMod = 3 only supports zero biase Vj, i.e. Vy, is calculated from bias
independent V,, regardless of the version number. This is different from

capMod = 1 and 2.
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For the finite charge thickness (Xp¢) formulations. refer to Chapter 4.
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Capacitance Model Equations
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Capacitance Model Equations
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Capacitance Model Equations
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APPENDIX D: Model Parameter Binning

Below is the information on parameter binning regarding which model parameters can or

cannot be binned. All those parameters which can be binned follow this implementation:

W, L, xW,

(R4 er

For example. for the parameter kl: Po= k1. P = k1, Py = wki, Pp= pkl. binUnit is a
bining unit selector. If binUnit = 1. the units of L4 and W4 used in the binning equation

above have the units of microns: therwise in meters.

For example. for a de vice with L., = 0.5pm and W4 = 10um. If binUnit = 1. the parameter
values for vsaf are 1e5. led. 2ed. and 3ed for vsar. Ivsar. wvsar. and pvsat, respectively.

Therefore. the effective value of vsar for this device is
vsar = leS + 1e4/0.5 + 2e4/10 + 3e4/(0.5*10) = 1.28e5

To get the same effective value of vsar for binUnit = 0. the values of vsat. lvsar. wysar. and

pvsar would be 1e5. le-2. 2e-2, 3e-8. respectively. Thus,

vsat = 1e5 + 1e-2/0.5e6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * 10e-6) = 1.28e5
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Model Control Parameters

D.1 Model Control Parameters

Symbols | Symbols

used in used in Description Can Be
equation | SPICE Binned?
None level The model selector NO
None version Model version selector NO
None binUnit | Bining unit selector NO
None param- Parameter value check NO

Chk
mobMod | mobMod | Mobility model selector NO
capMod | capMod | Flag for the short channel NO
capacitance model

ngsMod | ngsMod | Flag for NQS model NO
noiMod | noiMod | Flag for Noise model NO

D.2 DC Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

VthO vthO Threshold voltage @V, =0 for YES
Large L.

VFB vfb Flat band voltage YES

K1 kl First order body effect coeffi- YES
cient

K2 k2 Second order body effect coef- YES
ficient
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DC Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

— e

K3 k3 Narrow width coefficient YES

K3b k3b Body effect coefficient of k3 YES

WO w0 Narrow width parameter YES

NIx nix Lateral non-uniform doping YES
parameter

DvtO dvt0 first coefficient of short-chan- YES
nel effect on Vth

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

Dvi2 dvt2 Body-bias coefficient of short- YES
channel effect on Vth

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

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

Dvi2w dvi2w Body-bias coefficient of narrow YES
width effect for small channel
length

pno u0 Mobility at Temp = Tnom
NMOSFET YES
PMOSFET

Ua ua First-order mobility degrada- YES
tion coefficient

Ub ub Second-order mobility degrada- YES
tion coefficient
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DC Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

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

vsat vsat Saturation velocity at Temp = YES
Tnom

A0 a0 Bulk charge effect coefficient YES
for channel length

Ags ags gate bias coefficient of Abulk YES

BO b0 Bulk charge effect coefficient YES
for channel width

Bl bl Bulk charge effect width offset YES

Keta keta Body-bias coefficient of bulk YES
charge effect

Al al First nonOsaturation effect YES
parameter

A2 al Second non-saturation factor YES

Rdsw rdsw Parasitic resistance per unit YES
width

Prwb prwb Body effect coefficient of Rdsw YES

Prwg prwg Gate bias effect coefficient of YES
Rdsw

Wr wr Width Offset from Weff for YES
Rds calculation

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

Lint lint Length offset fitting parameter NO
from I-V without bias
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DC Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

dWg dwg Coefficient of Weff’s gate YES
dependence

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

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

Nfactor | nfactor | Subthreshold swing factor YES

Eta0 eta0 DIBL coefficient in subthresh- YES
old region

Etab etab Body-bias coefficient for the YES
subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent in YES
subthreshold region

Cit cit Interface trap capacitance YES

Cdsc cdsc Drain/Source to channel cou- YES
pling capacitance

Cdscb cdscb Body-bias sensitivity of Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pclm Channel length modulation YES
parameter

Pdiblc] | pdiblcl | First output resistance DIBL YES
effect correction parameter

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

Pdibicb | pdiblcb | Body effect coefficient of YES

DIBL correction parameters
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DC Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

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

Pscbel | pscbel First substrate current body- YES
effect parameter

Pscbe2 | pscbe2 | Second substrate current body- YES
effect parameter

Pvag pvag Gate dependence of Early volt- YES
age

) delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

a0 alpha0 | The first parameter of impact YES
ionization current

ol alphal Isub parameter for length scal- YES
ing

O betal The second parameter of impact YES
ionization current

Rsh rsh Source drain sheet resistance in NO
ohm per square

JsO js Source drain junction saturation NO
current per unit area

ijth ijth Diode limiting current NO
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AC and Capacitance Parameters

D.3 AC and Capacitance Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

Xpart xpart Charge partitioning rate flag NO

CGSO cgso Non LDD region source-gate NO
overlap capacitance per
channel length

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

CGBO cgbo Gate bulk overlap capaci- NO
tance per unit channel length

Cj cj Bottom junction per unit area NO

Mj mj Bottom junction capacitance NO
grating coefficient

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

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

Pb pb Bottom built-in potential NO

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

CGSlI cgsl Light doped source-gate YES
region overlap capacitance

CGDI1 cgdl Light doped drain-gate region YES

overlap capacitance
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AC and Capacitance Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

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

Cf cf fringing field capacitance YES

CLC cle Constant term for the short YES
channel model

CLE cle Exponential term for the short YES
channel model

DLC dic Length offset fitting parame- YES
ter from C-V

DWC dwc Width offset fitting parameter YES
from C-V

Vfbcv vfbev Flat-band voltage parameter YES
(for capMod = 0 only)

noff noff CV parameter in Vgsteff.CV YES
for weak to strong inversion

voffcv voffcv CV parameter in Vgsteff,CV YES
for weak to strong inversion

acde acde Exponential coefficient for YES
charge thickness in capMod=3
for accumulation and deple-
tion regions

moin moin Coefficient for the gate-bias YES
dependent surface potential
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NQS Parameters

D.4 NQS Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

Elm elm Elmore constant of the channel YES

D.5 dW and dL Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

Wi w] Coefficient of length depen- NO
dence for width offset

Win win Power of length dependence of NO
width offset

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

Wwn wwn Power of width dependence of NO
width offset

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

Ll ] Coefficient of length depen- NO
dence for length offset

Lln lln Power of length dependence for NO
length offset
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dW and dL Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

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

Lwn lwn Power of width dependence for NO
length offset

Lwl Iwl Coefficient of length and width NO
cross term for length offset

Lic Llc Coefficient of length depen- NO
dence for CV channel length
offset

Lwc Lwc Coefficient of width depen- NO
dence for CV channel length
offset

Lwlc Lwlc Coefficient of length and width- NO
dependence for CV channel
length offset

Wlc Wic Coefficient of length depen- NO
dence for CV channel width
offset

Wwc Wwe Coefficient of widthdependence NO
for CV channel width offset

Wwic Wwic Coefficient of length and width- NO
dependence for CV channel
width offset
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Temperature Parameters

D.6 Temperature Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

Tnom thom Temperature at which param- NO
eters are extracted

ute ute Mobility temperature expo- YES
nent

Kti ktl Temperature coefficient for YES
threshold voltage

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

Kt2 kt2 Body-bias coefficient of Vth YES
temperature effect

UVal ual Temperature coefficient for YES
Ua

Ubl ub]l Temperature coefficient for YES
Ub

Ucl ucl Temperature coefficient for YES
Uc

At at Temperature coefficient for YES
saturation velocity

Prt prt Temperature coefficient for YES
Rdsw

nj nj Emission coefficient YES

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

Symbols | Symbols
used in | usedin Description Can Be
equation | SPICE Binned?
— F
tpb tpb Temperature coefficient of Pb NO
tpbsw tpbsw Temperature coefficient of NO
Pbsw
tpbswg | tpbswg | Temperature coefficient of NO
Pbswg
tcj tcj Temperature coefficient of Cj NO
tcjsw tcjsw Temperature coefficient of NO
Cjsw
tcjswg tcjswg Temperature coefficient of NO
Cjswg
D.7 Flicker Noise Model Parameters
Symbols | Symbols
used in | used in Description Can Be
equation | SPICE Binned?
Noia noia Noise parameter A NO
Noib noib Noise parameter B NO
Noic noic Noise parameter C NO
Em em Saturation field NO
Af af Flicker noise exponent NO
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Process Parameters

Symbols | Symbols
used in | usedin Description Can Be
equation | SPICE Binned?
Ef ef Flicker noise frequency NO
exponent
Kf kf Flicker noise parameter NO
D.8 Process Parameters
Symbols | Symbols
used in | usedin Description Can Be
equation | SPICE _ _ Binned?
Tox tox Gate oxide thickness NO
Toxm toxm Tox at which parameters are NO
extracted
Xj X] Junction Depth YES
¥ gammal | Body-effect coefficient near the YES
surface
y2 gamma? | Body-effect coefficient in the YES
bulk
Nch nch Channel doping concentration YES
Nsub nsub Substrate doping concentration YES
Vbx vbx Vbs at which the depletion YES
region width equals xt
Vbm vbm Maximum applied body bias in YES
Vth calculation
Xt xt Doping depth YES
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Geometry Range Parameters

D.9 Geometry Range Parameters

Symbols | Symbols

used in | usedin Description Can Be
equation | SPICE Binned?
Lmin Imin Minimum channel length NO
Lmax Imax Maximum channel length NO
Wmin wmin Minimum channel width NO
Wmax wmax Maximum channel width NO
binUnit | binUnit | Binning unit selector NO
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