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CHAPTER 1: Introduction

1.1

1.2

General I nformation

BSIM3v3 is the latest industry-standard MOSFET model for deep-submicron

digital and analog circuit designs from the BSIM Group at the University of
Californiaat Berkeley. BSIM3v3.3 isbased on its predecessor, BSIM3v3.2.4, with

the following changes:

A channel thermal noise formulation varying smoothly from linear region to
saturation region. The formulation comes from Cadence Spectre.

A BSIM4 ACNQS model that enbles the NQS effect in AC simulation.

A new parameter LINTNOI introducing an offset to the length reduction
parameter(Lint) to improve the accuracy of the flicker noise model;

Known bugs are fixed.

Organization of ThisManual

This manual describes the BSIM3v3.3 model in the following manner:

Chapter 2 discusses the physical basis used to derive the I-V model.

Chapter 3 highlights a single-equation 1-V model for all operating regimes.
Chapter 4 presents C-V modeling and focuses on the charge thickness model.
Chapter 5 describesin 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.
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Organization of This Manual

» Chapter 8 presents the noise model.
» Chapter 9 describesthe MOS diode |-V and C-V models.

» TheAppendiceslist all model parameters, equations and references.
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CHAPTER 2: Physics-Based Derivation
of I-V Model

The development of BSIM3v3 is based on Poisson's equation using gradua channel
approximation and coherent quas 2D analysis, taking into account the effects of device
geometry and process parameters. BSIM3v3.2.2 considers the following physical
phenomena observed in MOSFET devices[1]:

* Short and narrow channel effects on threshold voltage.

* Non-uniform doping effect (in both lateral and vertical directions).
» Mobility reduction dueto 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
Effectson 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 islarger 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 V,;, 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, Vy, isgiven by [2]:

2.1.1)
Vi, =Vep +F +04F . - Vi Vi ol F o - Vie - 4F)

where V. is the flat band voltage, Vi iS the threshold voltage of the long

channel device at zero substrate bias, and gis the body bias coefficient and is given

by:

(2.1.2)

g= JJ2e50N,

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

(2.1.3)

k.T K aN
F.,=2—2—-Ing—2=

5
q N g

2-2
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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 islong. Under these conditions, the potentia 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.

- NC?

<«—— Approximation

/ Olistribution

Naub
e

Substrate Doping Concentration

f .

X -
! 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 V,, 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 gin Eq. (2.1.2) a function of the substrate bias. If the depletion
width is less than X; as shown in Figure 2-1, N, in Eq. (2.1.2) is equal to

N¢h; otherwiseit is equal to Ng .

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

following Vy, model is proposed:

(2.1.4)

th _VTldeaI (V F Vbs \/7) K Vbs

For a zero substrate bias, Egs. (2.1.1) and (2.1.4) give the same result. K,
and K, can be determined by the criteria that V,, and its derivative versus
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 K, [3] will
be given by the following:

(2.1.5)
Ki=0,- 2K,\/F -V,

bm

(2.1.6)

_ gl_,gz)(m_ '\E)
© 2R R Vi - F )V

where g, and g, are lody bias coefficients when the substrate doping

concentration are equal to N, and Ng,,, respectively:

(2.1.7)

'\/ qus' I\Ich

9. = C..

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

(2.1.8)

+/20es Ngyp

g2 =
COX

V,, IS the body bias when the depletion width is equal to X. Therefore, V,,
satisfies:

(2.1.9)

2
chhxt =F .- Vbx
2ey

Sl

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, Ng,, and X). Then, K; and K,
can be calculated using equations (2.1.5) and (2.1.6).

2.1.2 Lateral Non-Uniform Doping Effect

For some technologies, the doping concentration near the 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 Vi, to increase in
magnitude because the average doping concentration in the channel is
larger. The average channel doping concentration can be calculated as

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

(2.1.10)
N, = N,(L- 2L,) +Npocke®L, _ \, , 2L, Npocket Nag
L L N, 5
o N, B+ NIX0
é Lo

Dueto thelateral non-uniform doping effect, Eq. (2.1.4) becomes:

(2.1.11)

Vin =Vigo + Ky (WF o = Vs = 4/F 5 ) KVis
+ Kl?}e 1+ Nix - 1%E
8\‘ Les g

Eq. (2.1.11) can be derived by setting V,, = 0, and using K; i (Ng) 5. 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 |
X | |
I I
< | Na |
» L, 1= » L, |-
1 | 1 1 »_
X

Figure 2-2. Lateral doping profileisnon-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 along channel device isindependent of the chan-
nel length and the drain voltage. Its dependence on the body biasis 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 isincluded in the
Vi, model as:

(2.1.12)

Vin =Vino + Kl(\]F o~ Vs - '\/F_s)- K Vs
+K G NX 1%/? DV,
qr

where DV, is the threshold voltage reduction due to the short channel
effect. Many models have been developed to calculate DV, They used

either numerical solutions [4], atwo-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]. Thismodel was derived by solving the quasi 2D Poisson equation
along the channel. This quasi-2D model concluded that:

(2.1.13)
D‘/th :qth(L)(Z(Vbi - Fs)+vds)

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)

KgT, , NN
Vo = ——In(—=2-)
q n;

where N, in isthe source/drain doping concentration with atypical value of
around 1- 10 cm3. The expression gy(L) is a short channel effect

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

given by:
(2.1.15)
Aen(L) =[exp(- L/2lt) + 2exp(- Lt)]
l; isreferred to as the characteristic length and is given by
(2.1.16)
_ [es ToxXdep
(= /=R
| eoxh
Xqep 1S the depletion width in the substrate and is given by
(2.1.17)
2 \F.-V
X - s S bs
o chh

Xyep 1S larger near the drain than in the middle of the channel due to the

dep
drain voltage. X,/ h represents the average depletion width along the

channdl.

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 Dy, Dy,

2-8
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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)
Qi = tho[exp(' thlL/ZIt) +2exp(- thlL/ lt)]
(2.1.19)
wth(L):qth(L)(Vbi -F s)
(2.1.20)
€q Ty X
I, = /Ldep(l_'_ Dyt2Vos)
€ox
(2.1.21)
0 ain (1 = [eXP(- Dg,p L/ 21,5) +2exp(- Dg,,L /1,4)]
(2.1.22)

DVin(Ma9 = it (1)( Eao + e Vs Vs

where |, is calculated by Eq. (2.1.20) at zero body-bias. D,,, is basically
equa to 1/(h)Y? 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 (N). Dy,
D.u:Dy,, 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 al 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, DV, will increase, and in turn V, will
decrease. If a MOSFET has a LDD structure, Ny 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-MOSFET’s.

As the body bias becomes more negative, the depletion width will increase
as shown in EqQ. (2.1.17). Hence DV, will increase due to the increasein |..

Theterm:

VTideaI + Kl F s Vbs - KZVbs

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

the changesin

VTideaJ + K1 F s Vbs - KZVbs

and in DV, 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
Vs IS made more negative. This was verified by experimental data shown
in Figure 2-3 and Figure 2-4. Although Liu et al. found an accelerated Vi,
roll-off and non-linear drain voltage dependence [10] as the channel
became very short, alinear dependence of V,, on Vis 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 thisV;,, model can fit various channel

lengths under various bias conditions.

oV

0.8 ! !
1 ) 3
Vgs (V)

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

101
= Markera: Exp.
- Linas: Mads
0 e Voa=0V
.-—--.ﬂD z_ - V::--LEV
S L " Yesmav
w071 L
-
= N
<2 [ ’
10_3 i 1 I T R IR AT LN
0.0 0.5 1. 1.5
L oif (jam)

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

2.0
Markers: Exp.
| Lines: Made
1.5 Devicae B, Vgg=-3V
— L Device A, Vgg=-3V
= 10 L
= i Device €, Vag=0V
> Bvica BS
0.5 -
L Qpen Markers: Vgg=0.05V
Solid Marker: Vzgg=3V
0.0 e L
0.0 0.5 1.0 1.5

L eff (um)

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

2.1.4 Narrow Channel Effect

The actual depletion region in the channel is always larger than what is
usually assumed under the one-dimensional analysis due to the existence of
fringing fields [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 isan increasein V. Itisshownin [2] that this

increase can be modeled as:

(2.1.23)
quadeax2 TO
21 a damx = XF
2C, W Pw ke
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

The right hand side of Eq. (2.1.23) represents the additional voltage
increase. This changein Vy, ismodeled 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, Kz, and W, are introduced as

(2.1.248)

TOX

(K, + K3bvbs)m s
eff 0

W' is the effective channel width (with no bias dependencies), which

will be defined in Section 2.8. In addition, we must consider the narrow

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

following:

(2.1.24b)

Wt Leffy 4 2 exp(- Dy Lerf)g(Vbi CFo)

Dw0wgeexp(- Dvriw

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

complete V;;, expression implemented in SPICE is as follows:
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(2.1.25)

Vi = Viroox T Kloxx'\’ F s~ Vosert = KooaVosett
+K & +N—'X-1— (kK vbseﬁ)TiF
Le eff +V\{)

V\éff Leff

& & V\éff Les
D/TONéeXFg I:l/'llw +2€XF§' D/le ﬁvbl s

Leff Leff
%gxpg D" 2expg Dt *(vb. Fo)

t ﬂ

§@<F§- D5 toz Zengf D, LEﬁ gE[ao +E.M bseff)‘/ds

where T,, dependence is introduced in the model parameters K, and K, to
improve the scalibility of V,,, model with respect to T.,. Vi oo Kiox @ Ko,

are modeled as

th(bx Kl ﬁ/ﬁ

and
TOX
Klox = Kl xﬁ
T
Koox = Ky %=2-
20x 2 T

Toxm 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 Vo expression
asshownin Eq. (2.1.26). Thisisdonein 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 detailg.

2-14
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Mobility Model

(2.1.26)
Vbsett = Ve + 0.9 Vbs- Vi - d1+ \/(Vbs- Vi - d1)? - 4d1Vhe ]

where d; = 0.001V. The parameter V. is the maximum alowable Vg
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 equa to:

K ¢

a4K,? 5

L
Vi = O.9§F .

2.2 Mobility Modé

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 is defined by

(2.2.1)
_ Qe +(Q/2)

€s

Eut

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

mobility is then given by
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Mobility Model

Mo

Mt

"1+ (Bt [E)"

(2.2.2)

Valuesfor my, E,, and n werereported by Liang et al. [15] and Toh et al . [16] to be

the following for e ectrons and holes

Parameter Electron (surface) Hole (surface)
m, (cm?/Vsed) 670 160
E, (MV/cm) 0.67 0.7
n 1.6 1.0

Table 2-1. Typical mobility valuesfor electronsand holes.

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

in amore useful form that explicitly relates E to the device parameters [14]

(2.2.3)
Vgs +Vih

el 6Tox
Eqg. (2.2.2) fits experimental data very well [15], but it involves a very time
consuming power functionin 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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(mobMod=1) (2.24)
Mo

Mt = ( gst +2Vlh
Tox

( gst +2Vth

Tox

1+ (Ua+UcVos) ) +Us )?

where Vyg=VgsVin. To account for depletion mode devices, another mobility

model option is given by the following

(mobMod=2) (2.2.5)
Mo

V. V,
1+ (Ua + UeViseit ) (—25) + Up (=252
Tox Tox

Mt =

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)

Mo
Mt =

1+[Ua (—QT—M) +Up(ast 20214 4 Uiier)

(04 OX

2.3 Carrier Drift Veocity

Carrier drift velocity is aso one of the most important parameters. The following
velocity saturation equation [17] is used in the model
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Bulk Charge Effect

2.4

(2.3.1)
Wt E
= L, E < Egy
1+(E/Esat)
= Vsat s E > Egat

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

Eqty Esr Must satisfy:

(2.3.2)

Bulk Charge Effect

When the drain voltage is large and/or when the channel length is long, the
depletion "thickness' of the channel is non-uniform along the channel length. This
will cause Vi, to vary along the channel. This effect is called bulk charge effect
[14].

The parameter, A, IS used to take into account the bulk charge effect. Severa
extracted parameters such as Ag, By, B; 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 A, expression is given by

(2.4.1)

®

Ko & Ay & & L, 0%

0
C - 1
A= - AY, N x
Ik~ (:’ 21/F Vbseff 8Leﬁ +2\/x xdepél gSteﬁgLEff 2\/)( Xdepﬂ a

. By
LB, = 1+Ketay
m

@

B,

2-18

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley



Strong Inversion Drain Current (Linear Regime)

where Ag, Ay, By, B 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 Ay,

increases as channel length increases.

2.5 Strong Inversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (Ry=0)

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

along the channel is given by

(2.5.1)
| =WC, (Vg - AnuV (n)V(y)

The parameter Vgg = (Vgs- Vin), W isthe device channel width, Coy isthe
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 pointy, v(y) isthe velocity of carriers at pointy.

With Eqg. (2.3.1) (i.e. before carrier velocity saturates), the drain current
can be expressed as

(2.5.2)
Mg E)

Ids :V\(:G>< (Vgs - \/th - AbulkV(y))m

Eqg. (2.5.2) can be rewritten asfollows
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(25.3)
| g _ dVy)

My WC,, (Vgst - AV ) - 1 o/Eg dy

Ew=

By integrating Eq. (2.5.2) fromy=0toy= L and V(y) = O to V(y) = Vg

we arrive at the following

(2.5.4)
w1

_— -V, - AoV /2)V.
[0 L1+V$/Esatl_(vgﬁ th Ik ds/ ) ds

Ids:rneffc

The drain current model in Eq. (2.5.4) isvalid 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 (Vygy) and the lateral
electrical is equal to Eg;;. After the onset of saturation, we can substitute v
= Vggt aNd Vg = Vgt iNt0 Eq. (2.5.1) to get the saturation current:

(255)
l & = V\Cax (\/gst - AbUIkawt)Vsai

By equating egs. (2.5.4) and (2.5.5) at E = Egy and Vg = Vgegt, We Can
solve for saturation voltage Vysat

(2.5.6)

V _ EsaI L(Vgs - Vth)
S AE G L+ (Ve - V)
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2.5.2 Extrinsic Case (Ry>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 aresult,
Rys Will have a more significant impact on device characteristics. Model ing
of parasitic resistance in adirect 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
lgs = Vs - Vds
Riot  Ren + Rgs
B w 1 (Vgst - Abuk Vds/2)Vds
= Mg Cox

e C W (Vg - Abuk Vds/2)
o L 14 Ve /(Es L)

L 1+Vds/(E§at L) 1+ Rds

Due to the parasitic resistance, the saturation voltage Vgt Will be larger
than that predicted by Eq. (2.5.6). Let Eq. (2.5.5) be equa to Eq. (2.5.9).

Vysat With parasitic resistance Ryg becomes

(2.5.10)

-b- 4/b% - 4ac

2a

Vdsat =

The following are the expression for the variables a, b, and c:
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(2.5.11)
a= Abzulk RﬁsCmV\Nsat + (l1 - 1)AbU|k
2
b=- (Vgﬁ (|_ - 1) + AbquEsat L+ 3'Abulk I%lscoxv\A/sathst)

— 2
C = Egt L Vst *+ 2RysCoxVWat Vigst
| = AtVgs + A2

Thelast expression for | isintroduced to account for non-saturation effect

of the device. The parasitic resistance is modeled as:

(2.5.11)

- Rdsw(1+ Prwgvgsteff + Prwb('\l F s Vbseff - ’\/F_s))

fow, )"

S

The variable Ry, isthe resistance per unit width, W, is afitting parameter,

Prwp and Py,q arethe 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 thedrain 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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curve can be clearly divided into four regions with distinct Ryt vS. Vys

dependences.

The first region is the triode (or linear) region in which carrier velocity is not
saturated. The output resistanceis 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.
30 14
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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 afunction 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].

(2.6.2)
Ids(VgsVds) = |ds(Vgs’ Visat) +ngs,\/dS)(Vds' Visat)
gy (14~
where
(2.6.2)
ldsat = Ids(Vgs;,Vdsat) = WrgntCox (Vgst - ApuikVdsat)
and
(2.6.3)
DL

The parameter V, is called the Early voltage and is introduced for the analysis of
the output resistance in the saturation region. Only thefirst order term iskept 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
(2.6.9)
v - (ﬂlds L )_1=AbquEsat|—+Vgst ﬂDL)_l
ACEM deat L 9 Ve ApulkEsat T Vas

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

approximation, Ve v €an be derived as the following

(2.6.5)
_ ApuikEsatL + Vg

o
V = Vi - V.
'ACLM Ao Ecd (Vds - Vdsat)

where Vac v is the Early Voltage due to channel length modulation

aone.

The parameter Py, is introduced into the Ve v €xpression 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 Xjsince I u /X

and the junction depth X5 can not generally be determined very accurately.

Thus, the Vac v became

(2.6.6)
1 ApulkEsatl + Vgst

I:)cl m AbuI kEsat I

VacLm = (Vas - Vdsat)
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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 EqQ. (2.6.3), the Early voltage
due to the DIBL effect can be calculated as.

(2.6.7)
Ml TVinya
\Y, =y (e———
ADIBLC™ | dsat TV, 1V,
(Voster +21) AouikVeisat 0
VaoiaLc = g- :
Gat(1+PoeceVhs) € AoikVesat + Vet +2u9

During the derivation of Eq. (2.6.7), the parasitic resistance is assumed to
be equal to 0. As expected, Vap s c ISastrong function of L as shown in Eq.
(2.6.7). As channel length decreases, Vapipic 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 resistance in the saturation region requires that the coefficient
Gk (L) be replaced by g, (L). Both g,(L) and g, (L) have the same

channel length dependencies but different coefficients. The expression for

C1rout( L) is

(2.6.8)

qrout (L) = Pypal€XP(- Do L/ 21,) +2€Xp(- Dy L/ 1)] + Pyieo

rout

Parameters Pgipic1: Pdiblc2s Pdibich @d Dy oyt are introduced to correct for

DIBL effect in the strong inversion region. The reason why D,q IS not
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2.6.3

equal to Pgjpic1 @d Dyt is not equal to Dy gt IS because the gate voltage
modul ates 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 model ed, the gate voltage is much larger than
the threshold voltage. Drain induced barrier lowering may not be the same
at different gate bias. Pyjpjco is usually very small (may be as small as
8.0E-3). If Pgjipic2 is placed into the threshold voltage model, it will not
cause any significant change. However it is an important parameter in
VapigL for long channel devices, because Pgjpic2 Will be dominant in Eq.
(2.6.8) if the channel islong.

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
Vasat Parameter is introduced into the Early voltage expression. Vg, is

the Early Voltage at Vg = Vgt and is asfollows:

(2.6.9)
Vv _ Esatl + Visat + 2RgsVsatCoxW (Vgst = ApulkVds/ 2)
Asat ~
> 1+ ApuikRasVsat CoxW
Total Early voltage, V,, can be written as
(2.6.10)

1,1

ACLM VADI BL

)—l

V, =Vasa +(
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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)
V. - V,
ldso = V\Nsal Cox (Vgst - A\)ulkvdsat)(l-k%)
A
Furthermore, another parameter, P,,q, 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)

Puag, 1 1
Va = Vasat + (1 ——8—)(——+ B

Esatlett ©~ Vacim  VabieLe

Current Expression with Substrate Current Induced Body
Effect

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

lsup Model [20] isgiven as:

(2.6.13)

_A e Bl 0
., =—1,.(V, -V WL LI
sub BI ds( ds dsat)expg Vds' \/dSat B
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The parameters A; and B; are determined from extraction. I g, will affect
the drain current in two ways. Thetotal 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] asfollows

(2.6.14)

exp(s—o )

u
u
Bi Bil u
— u
A Vds- Vusat” U

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

(2.6.15)
- Vd t Vds- Vdsat
s sal 1+
o) )

A Vascee

V
las = W, Co, (Vgst = A Vo) (1 + <

where Vascge Can aso be called as the Early voltage due to the substrate

current induced body effect. Its expression is the following

(2.6.16)
Bil

Vascee = B eXp(———
Ai Vs - Vdsat

From Eg. (2.6.16), we can see that Vascge 1S @ strong function of Vys. In
addition, we also observe that Vascge is small only when Vg islarge. This
iswhy SCBE is important for devices with high drain voltage bias. The
channel length and gate oxide dependence of Vascge comes from Vyggt and
I. We replace Bi with PSCBE2 and Ai/Bi with PSCBEL/L to yield the

following expression for Vagege
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(2.6.17)
1 _Pscee2 exp(- Pscaed! )
VAsCBE L Vds - Vdsat

The variables Py paq and Pgpeo are determined experimentally.

2.7 Subthreshold Drain Current

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

27.1)
o = (L exp(- \Q—f))exp(\%)
27.2)
o= e

S

Here the parameter V; is the thermal voltage and is given by KgT/qg. V4 is the
offset voltage, as discussed in Jeng's dissertation [18]. Vg is an important
parameter which determines the drain current at Vg = 0. In Eq. (2.7.1), the
parameter n isthe 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)
Let Lt O
(Cate + GtV + Cotco Vot )@p(- Dvii—) +2ex(- Dvii—)2
Ca 2l L8 G
N =1+ Nagor— + +—
Cux Cux Cux
wherethe term
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L e Let O
(Cusc + CuscdVds + Coisch Vbseft )?Xp(- DVTlE) +2exp(- DVHT)!Z

represents the coupling capacitance between the drain or source to the channel.
The parametersCgyg., Cyscq aNd Cygpy are extracted. The parameter Cj;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 errorsin
the depletion width capacitance calculation. Nfactor is determined experimentally

and isusually very closeto 1.

2.8 Effective Channdl Length and Width

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

below
(2.8.1)
Left = Lorawn - 2dL
(2.8.29)
Wett = Warann - 2dW
(2.8.2b)

Wefflz Wrawn - Zd\/\/I

The only difference between Eg. (2.8.2a) and (2.8.2b) is that the former includes
bias dependencies. The parametersdW and dL are modeled by the following
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(283)
dw = dW'+deVgsteff + de (’\’F s~ Vbseff - A F s)
. W W, W,
dW =W, + Lwlm +WWWn LWIn\NIWWn
(2.84)

db = Ly + Llflm +WLCI\\fvn + LLIrI:\\;\VI/Lwn
These complicated formulations require some explanation. From Eq. (2.8.3), the
variable W;,,; models represents the tradition manner from which "delta W" is
extracted (from the intercepts of straights lines on a YRy vS. Wy, awn PIOt). The
parameters dW; and dW, have been added to account for the contribution of both
front gate and back side (substrate) biasing effects. For dL, the parameter L,
represents the traditional manner from which "delta L" is extracted (mainly from

the intercepts of lines from a Ryg Vs. Ly, g PlO).

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
Wrawns Ldrawn @nd their associated product terms. In addition, the freedom to
model these dependencies as other than just smpleinverse functionsof Wand L is
also provided for the user. For dW, they are Win and Wwn. For dL they are LInand

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 0.1nmm 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

gate
concentration in the substrateis N, . The gate oxide thicknessis 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

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

In redlity, 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 afinite
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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Figure 2-7. Chargedistribution in aMOSFET with the poly gate depletion effect.

Thedeviceisin 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
(Vpay) can be calculated as

(2.9.1)

2
1 Ngate: X poly

> XpolyE poly =

V =
poly =5

Zesi

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

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

(2.9.2)

€oxEox = €5 Epoly = \/ 20eg Ngate_ V poly
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where E,, isthe electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)

Vgs_ VFB - Fs =V, +Vox

poly

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

(2.9.4)
-V

gs FB

- I:s-Voly)z-V =0

p poly —

where (2.9.5)

2
€

0X

" 2ge,N,_ T, 2

gate ' ox

a

By solving the equation (2.9.4), we get the effective gate voltage (V o) Which is
equal to:

(2.9.6)

N, J28 22V -V,-F) 9
\/gs i =V|:B+FS +CES| gezlt;rox (; 1+ ox \'gs FB . s) -1
- eox e qesi Ngat;rox

2

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

current with and without poly gate depletion is equal to:

(2.9.7)

Figure 2-9 shows | (Vs ) / 14(Vye) Versusthe gate voltage using Eq. (2.9.7). The

drain current can be reduced by several percent due to gate depletion.
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CHAPTER 3: Unified |-V Mode

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 thisissue, 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 BSIM3v3.2.1 . As a result, convergence and simulation efficiency

are much improved.

This chapter will describe the unified 1-V model equations. While most of the parameter
symbolsin 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
EXxpression

Separate expressions for channel charge density are shown below for subthreshold
(Eg. (3.1.18) and (3.1.1b)) and strong inversion (Eg. (3.1.2)). Both expressions are
valid for small V.
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(3.1.19)

QchsubsO = QO eXp(VgS - Vlh)

nvt
where Q,is

(3.1.1b)

Qo= q&siNcth exp(- Voff)

2f s nve

(3.1.2)

QchsO = Cox(Vgs - Vth)

In both Egs. (3.1.18) and (3.1.2), the parameters Q. ngnso aNd Qgpgo are the channel
charge densities at the source for very small Vds. To form aunified expression, an
effective (VgVip) function named Vg is introduced to describe the channel

charge characteristics from subthreshold to strong inversion

(3.1.3)
e s - u
2nwind+ exp(Vg Vth)g
é nvt
Vosteft =
1+2n COX 2Fs eXp(- Vgs- Vth— 2\/off)
gesiNen 2Nv

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

inversion region can therefore be written as

(3.1.4)
Qchso = CoxVguteft

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

sections of this chapter to model the drain current.
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O Vvgsteff Function I

Vgsteif (V)

{ {(Vvgs-Vth)

-1.5 r T v v
-1.0 -0.5 0.0

0.5 1
VgsVin (V)

.0 1.5 2.0

Figure 3-1. The Vyqq function vs. (VgeVyp) in linear scale.

{(Vgs-VvVth)

Log(Vgsteff)

—— exp[(Vgs-Vth)n>*v ]

—Vgs=Vih

-1.0 -0.5 0.0 0. 1.5 2.0 2.5

Vgs' th (V)

Figure 3-2. Vgt function vs. (Vgs-Vip) 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 Vg function
must keep track of the change in channel potential from the source to the drain. In
other words, Eq. (3.1.4) will have to include a y dependence. To initiate this
formulation, consider first the re-formulation of channel charge density for the

case of strong inversion

(3.15)
Quns(y) = Cox(Vos- Vih - Auik\VE(y)

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

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

(3.1.6)
Qus(y) = Quso + DQuns(y)

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

(3.2.7)
DQehs(y) = - COXAbukVF (y)

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

channel from source to drain can be written as

(3.1.8)
Vos- Vih - AouikVi
Qchsubs(y) =Q09(p( gs th ulk F(y))
= QensubsoeXp(- —AbUIr:\\:F(y))
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Unified Channel Charge Density Expression

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)

AouVF(y)

Qusis(y) = Qehaubso(1L - )

Analogousto Eq. (3.1.6), Eq. (3.1.9) can also be written as

(3.1.10)

Quraix(y) = Qiratxo + DQrain(y)

The parameter DQ.ps,n4Y) is the incremental channel charge density induced by

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

(3.1.11)

AouikVF (y)

DQenabs(y) = - Qensubso

Note that Eq. (3.1.9) is valid only when Vg(y) is very small, which is maintained
fortunately, due to the fact that Eq. (3.1.9) isonly used in the linear regime (i.e. Vs
£2vy).

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

expression along the channel, we first assume

(3.1.12)
DQehs(y) DQehsubs(y)
DQers(y) + DQchsuvs(y)

DQen(y) =

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

(3.1.13)
DQen(y) =

V\;g) QchsO

where Vi, = (Vggert + M Vi)/Apyii- [N order to remove any association between the
variable n and bias dependencies Vy.r) as well as to ensure more precise
modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), nis
replaced by 2. The expression for V|, now becomes

(3.1.14)
_ Vystett + 2\t
Abuik

Vb

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

now at hand

(3.1.15)
VE(y)

Qeny) = Qonso(1 - v

)

The variable Q. IS given by Eqg. (3.1.4).

3.2 Unified Mobility Expression
Unified mobility model based on the Vi expression of Eq. 3.1.3 is described in
the following.
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Unified Linear Current Expression

(mobMod = 1) (3.21)
Mo
Mt = Vet + 2Vin Vet +2Vin
1+ (Ua+UcVosett) (————) + Ub(—)2
Tox Tox

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

the following
(mobMod = 2) (3.2.2
M = Mo
14 (Un + UeVoosr ) (220 (Y8 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

Mo

off + +
1+[Ua (Vgst ff 2\/th) + Ub(Vgsteff 2V
Tox T

Mes =

12T+ UcViser)

OX

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Ry=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)
dvi
laty) = WQeh(y) Me(y) ——2
dy
where the parameter u,,(y) can be written as
(3.3.2)
Me(y) = [eff
y) =
1+E
sat
Substituting Eqg. (3.3.2) in Eq. (3.3.1) we get
(3.3.3)
loty) = Wkreo(l.- VF(y)) rTefIfE dVe)
Vb 1+ _y dy
Esa

Eqg. (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 Vyg isvery small (Vy<2v;).
Eqg. (3.3.3) can now be integrated from the source to drain to get the

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

from the subthreshold regime to the strong inversion regime

(3.3.4)

V.0
Wmeff QchsOVds - = :
pAY b @

Vi O

Lgu—f

IdsO -

EsatLﬂ
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Unified Vdsat Expression

3.3.2 Extrinsic Case (Ry > 0)

The current expression when Ry > 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 inversionis:

(3.35)

|dso

Rds| dso

Vds

las =

1+

3.4 Unified Vgt EXpression

3.4.1 Intrinsic case (Rys=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. Theresultis

asfollows

(3.4.1)

|dso

|dso)2 ) 2 lasoWQehsomst y
Esat Vb

Ey =
\/ (WQchsomasr -

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

(34.2)
Wieit Qchso Esat L Vb

2L (EstL +Wb)

ldsat =
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Unified Vdsat Expression

Let Vys=Vyer iN EQ. (3.3.4) and set this equal to Eq. (3.4.2), we get the
following expression for Vyg,:

(3.43)
Esal (Vosert +2\t)

AburEsall + Vgstert + 2wt

Vdsat =

3.4.2 Extrinsic Case (Rys>0)

The V4 €xpression for the extrinsic case is formulated from Eq. (3.4.3)
and Eqg. (2.5.10) to be the following

(3.4.43)
Ve = b- vb? - 4ac
dsat —
t 2a
where
(3.4.4b)
a = Abuik"WeiNsatCoxRos + (I1 - 1) Abuik
(3.4.40)

2 I
b=- g?\/gsterf + 2\/t)(|_' 1) + AbukEsatleft + 3Abuk (Vostert + 2Vt)VVeffnsatCoxRDS%

(3.4.4d)
C = (Voset + 2Vt) Esatlet + 2(Vostert + 2Vt) > WettNsatCoxRbs

(3.4.4¢)
| = AiVgseit + Az
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Unified Saturation Current Expression

The parameter | 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 Vg function into Eg.

(2.6.15). The resulting equations are the following

(35.1)
_ | dso(vdsat) Vis- Vst Vs - Vdsat §§
oo = 1+ Rusl dso(vasat) §'+ Va b§+ Vascee @
Vasat
where
(352)
VA :VAsat + ( 1 4 Pvangsteff 1 4 1 -1
Esatllet * Vacim  VapisLc
(35.3)
Esal_ot + Vit + 2 R0 CoMiVar[ 1- — KV
— 2(Vosett + 2\t)
Vasat =
2/1 - 1+ RosnatCox\\tAbuik
(35.4)
AvukEsatl_eit + V.
Vaciu = el T Voset (Vs - Visat)

PomAvukEs litl
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Single Current Expression for All Operating Regimes of Vgs and Vds

(3.5.5)
v a (Vostett +2\1) g AbuikVasat 0
ADIBLC = - :
Qrout (1 + PoibLos Vbserr) AbuikVdsat + Vgsett + 2Vt 9
(3.5.6)
Gout = PoisLc1 gexp(— Drour %) +2exp(- DROUTII_TT)§+ PoieLc2
(35.7)

1  Pswer Pswe1 litl g

\ascee Lert Vs - Vdsat 9

3.6 Single Current Expression for All

Operating Regimes of Vysand Vg

The Vggett function introduced in Chapter 2 gave aunified 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 Vg 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)

las =

| dso(Vdseft) ? N Vs - Vdseft ¢ N Vs - Vst §
1+ Rusl dso(vaseff) Va @ Vascee 9

Vseff

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

substituted with the Vg function. For example, Eq. (3.5.4) now becomes

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

(3.6.2)
AvuiEsatlet +V,
Vacim =t g,serf (Vads- Vesett )
PomAvukEst litl
Similarly, Eq. (3.5.7) now becomes
(3.6.3)
1 Psbez 3@ Pswer litl 6
= expg -
Vascee et Vis- Vst 9
The Vyses €Xpression is written as
(3.6.9)

Veser = Vst - %(vm- Vis- A+ (Vi - Vio- ) +dcVix

The expression for Vyey iS that given under Section 3.4. The parameter d in the
unit of volts can be extracted. The dependence of Vs 0N Vs iSgiven in Figure 3-
3. The Vg function follows Vg in the linear region and tends to Vg in the
saturation region. Figure 3-4 shows the effect of d on the transition region between

linear and saturation regimes.
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Single Current Expression for All Operating Regimes of Vgs and Vds

Vdsef at/ - Vdseff=Vds

Vdseff (V)

o I o o e e ke i e i S

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. Vyesr VS Vs for d=0.01 and different Vg

Vdadseff=Vdsat

2.0 *

/= vdseff=vds

Vdseft (V)

L B e e e B I e m e e e e LA N
00 0.5 1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0

vds (V)

Figure 3-4. Vyer Vs Vgsfor V=3V and different d values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2.1 is modeled by

(3.7.2)

a, +a >4-e x b O | V, s~ V se O

sub = u (\/ds - Vdseff )expg_ 0 : ds)l ?_'_ d dseff :
[ Vs = Vasets {al_l_ Ras! s Va @

dseff

where parameters a, and b, are impact ionization coefficients;, parameter a,

improvesthe Iy, scalability.

3.8 A Noteon Vg

All V5 terms have been substituted with a Vi expression as shown in Eq.
(3.8.1). Thisisdonein 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)

Vot = Vi + 0.5 Vs - Vie - d1+J(Vm- Vie - d1)? - 4d1Vie ]
where d;=0.001V.

Parameter V,,. is the maximum allowable V|4 value and is obtained based on the

condition of dV,/dV,,s= O for the V,;, 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 BSIM3v3.3. 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

BSIM3v3.3 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 eguations.
capMod=2 and 3 are smooth and single equation models; therefore both charge and
capacitance are continous and smooth over all regions.

* 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.

* 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.
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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
capMod Flag for capacitance models 3 (True)
vfbecv the flat-band voltage for capMod = 0 -1.0 V)

acde Exponential coefficient for X, for accumulation and deple- 1 (m/V)
tion regions
moin Coefficient for the surface potential 15 (Vo9
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
CGsl1 Lightly-doped source to gate overlap capacitance 0 (F/m)
CGD1 Lightly-doped drain to gate overlap capacitance 0 (F/m)
CKAPPA Coefficient for lightly-doped overlap capacitance 0.6
CF Fringing field capacitance equation (F/m)
(45.1)
CLC Constant term for short channel model 0.1 nm
CLE Exponential term for short channel model 0.6
DwWC Long channel gate capacitance width offset Wint nm
DLC Long channel gate capacitance length offset Lint mm

Table 4-1. Model parametersin 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

4-2
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Geometry Definition for C-V Modeling

(Lactive) @nd width (Wqeive) When the gate to S/D region is at flat band voltage.
L active@nd W,iive are defined by Egs. (4.2.1) through (4.2.4).

(4.2.1)
Lcmtive = I-drawn - Z:"—eff
(4.2.2)
Wactive :V\érawn - 2:Nveff
(4.2.3)
Llic Lwc Lwic
dLEff = DLC+ LLIn +WLwn + LLInVVLwn
(4.2.4)

_ Wic Wwc  Wwic
dWeff =DWC+ LWIn +Wan + LWInV\/an

The meanings of DWC and DLC are different from those of Wint and Lintin the |-
V modd. L,gie ad W, are the effective length and width of the intrinsic
device for capacitance calculations. Unlike the case with 1-V, we assumed that
these dimensions have no voltage bias dependence. The parameter dL;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 [-V measurement.

Traditionally, the L extracted during [-V model characterization is used to gauge
atechnology. However this L does not necessarily carry aphysical meaning. Itis
just a parameter used in the -V formulation. ThisLg; is therefore very sensitive to

the -V equations used and aso 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 L and a small
parasitic resistance can have a similar current drive as another with a smaller Ly
but larger Rys. 1IN some cases L can be larger than the polysilicon gate length

giving L a dubious physical meaning.

The L,gve 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, t0 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, Wivc and WwiIc) are not
specified in technology files, BSIM3v3.3 assumes that the DC bias-independent
L and Wy (Egs. (2.8.1) - (2.8.4)) will be used for C-V modeling, and DWC,
DLC,LIc, Lwc, Lwic, WIc, Wwc 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 Qg, Q,, Qs and
Qg 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 (Qy,,)-

4-4
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Methodology for Intrinsic Capacitance Modeling

The accumulation charge and the substrate charge are associated with the

substrate while the channel charge comes from the source and drain

terminals
(4.3.2)
.}. Qg =- (qub Tt acc)
|' Qb = Qacc + sub
%Qinv = Qs + Qd

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 adrain bias (dQy,,). Q, now becomes

(43.2)
Qg =- (Qinv + Qacc + qubO +dqub)

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
Vin (Y) =Vi (0) + (Ahllk - 1)\/y

(4.3.4)

L

\l active LaClI
| Qc :Wactive 0 q:dy = _VvactiveCox gvgt - Abulkvy)dy
] 0 0

Lactive

I Lactiye
} Qg :Vvactive 0 quy :Vvactivecox dvgt +\/th - VFB -F s~ Vy)dy
| 0 0

L Lacti

I active
-I- Qb :Wactive o quy =- V\éctivecox
0

* o= Vio - F o +(Auc - 1V, )y

0
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Methodology for Intrinsic Capacitance Modeling

Substituting the following

and

(4.3.5)

Vvac ivm Cox u Q
l ds — t 4 @gt - Aélkvds §/ds :\A/activmff Cox 6/9'[ - A)ullyy )Ey

ctive e

into EqQ. (4.3.4), we have the following upon integration

(4.36)
i 89 0
I 2, 2 -
) Q =-W_ L C (}V _ Abulk V. + Abulk Vds —
i c active —active ~ ox Q gt 2 ds % Abu|k 6%
| g 12 (;. gt = VdS -+
i e e 2 29
I e )
! &V AuVe'  C
1 Qg = - qubo +Wactive Lactivecox gvgt - ;S + ks :
| ¢ 12 éa%/gt Abulk Vds 9_
|
i e e a9
T Qb =- Qg - Qc = qub + qubO + Qacc
i
i
!
t

where
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4.3.2

(4.3.7)
I qubo = actlve actlve '\/ze qN sub (2F V )
t & :
| dqub = actlve I-a(:tiveC gl ?ju'k V + Abulk (Ah"kAo l)vds _
! ¢ 123?/ LRVAEH
t é 2 29

The inversion charges are supplied from the source and drain electrodes
such that Q,,, = Q. + Qg Theratio of Q4 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 Q, to Q, 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 atogether 16
components. For each component

(4.3.8)
_1Q
v,

wherei and j denote the transistor terminals. In addition

é G = é C; =
i j
Short Channel M odel

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in saturation region
(Vys® Vysar)s 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 < 2 mm. If we define adrain bias,
Visat cvs 1N Which the channel charge becomes a constant, we will find that
Vasat ov 1N general islarger than Vye,; but smaller than the long channel Vg,
given by Vg/Ayuk. However, in old long channel charge models, Vgt oy IS
set to Vg Apuk independent of channel length. Consequently, Gj/L has no
channel length dependence (Egs. (4.3.6), (4.37)). A pseudo short channel
modification from the long channel has been used in the past. It involved
the parameter Ay in the capacitance model which was redefined to be
equal to Vg/Vysar, thereby equating Vst ov and Visa. 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
chargein 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)
Vv

V _ U gsteff cv

dsat jv Lactive® ¥ 'A‘0 K
Ui

Y/

dsat jv

<V

dsat,cv <

and Vet oy 1S modeled by the following

4-8
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Methodology for Intrinsic Capacitance Modeling

(4.3.109)
V _ Vgsteff oV
dsat,cv - L) &LC 6CLE O
1+ =T
AbUIk g g Lactive ] a
(4.3.10b)

- Vin - Voffowd
noff>ny 5

& =/
V,geitor = NOFENY | rgHexpg 2

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

(4.3.11)
® @CLCO 9
= 1+ + T
A Abulkoé mﬁ :
(4.3.119)

Ay - %4_ Klox ée A)Leff + BO 99y 1
ulk [ =
g 2\/Fs - Vbseff 8Leff + 2\/XJ Xdep V\éff +Blm 1+ Keta\(seff

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 model s 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 chargeis
a constant, the substrate capacitance drops abruptly to O at threshold
voltage. Both of these effects can cause oscillation during circuit
simulation. Experimentally, capacitance starts to increase amost
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 Vg With Vgt o, @ in the following

(4.3.12)
Q(Vgt) = Qb/gsteff,cv)

Capacitance now becomes

4-10
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(4.3.13)

NVaste
C(\/gt) = C(Vgsteftcv) Vgst ficv

gsdsbs

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)

VFBeff = vib- 05{\/3 + V32 + 4d3Vfb} WhereVS =vfb- Vgs +Vbseff - d3; d3 =0.02/

(4.3.15)

VI:b:Vth- Fs- KDX\/FS_Vbseff

In BSIM3v3.3, a bias-independent Vy, is used to calculate vfb for capMod = 1, 2

and 3. For capMod = 0, Vfbcv is used instead (refer to the appendices).

(4.3.16)
ro =" \Aédivel-aaiveccx (VFBdf - vib )
(4.3.17)
208 -~ Veger- Voseroy - V] 0
Qulﬂ) :_V\éctiv!"dctiv ox XKI.?XE- 1+‘jl+ - FBeﬁKio iSt = = —
% 2
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(c) Transition from linear to saturation region

An effective Vg, Ve 1S Used to smooth out the transition between linear

and saturation regions. It affects the inversion charge.

(4.3.18)
cheff :Vdsatcv - O5f/4 +\] ;42 +4d4vdsatcv} Wheré\/4 :Vdsatcv - Vds- d4; d4 =00
(4.3.19)
o 0
g@ Amkl 0 ijklzvcveﬁz :
an = _V\édiveLadiveCong ggeff ov Vwe\‘f = : .
20 % Ay O
& & e Ty od gy
(4.3.20)
ae 0
o A A)An Vo
d%b =V\éctive|1ctivecoxc %k cheff - : lku o _
(;' 2 . A\)ulk V 9:
8 gsteff ,Cv 2 ovef 55

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.
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(4.3.21)

oz .

' 1 2V -

Qs — Qd :OSQW V\éalve ac‘uve X g\/gieﬂ _ Ab.jlk cheff + Aﬂk —
2 ¢ 2 1 Abulk o~

& 23 ey Voot

(it) The 40/60 channel-charge partition

Thisis the most physical model of the three partitioning schemes in which
the channel charges are alocated to the source and drain terminals by

assuming alinear dependence on the position y.

(4.3.22)
N L ‘ ..
i Qs = Wagine o g gl . de
: _ N y
}Qd _Wactive O qC L _ dy
(4.3.23)
ClivE—active~ox 4 " 2 ! 2 O
Qs=- 2@ Wb A;g: (,jz lga%sta‘fcv3 } 3Vgsta‘fCV2A11lk Vovett +§Vgaerfcv(Auk \/cveff)2 } 1_5('%11Iklvcveff)3;
Ik
Dhikyy 2
osteffov ™
2 g
(4.3.24)

Q=- Vs ane o 02 g/gsdfws ) _:Vgﬁéfwz(pmk o/aT) O’(Ahjk - _é(Ath' Vom)sg

(iii) The 0/100 Charge Partition

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

to artificially suppress the drain current spike by assigning al inversion

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley 4-13



Charge-Thickness Capacitance Model

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)
3 . oy 2
Q = - W, Lo C rvgsteff,c+ A’ Vorerr } (A)ulk Vwa‘f) _
ive —active “~ox 2 4 24%, ] Am“(' N z
8 gsteff,c _2 ‘oveff %
(4.3.26)
e , 6
Q ' 'V -
Q, =-W,_.Loin.C Vgsteff,c _ 3Anu Vouer " (Aaulk cveff) -
d active —active ™~ ox 2 4 % Abulk' V O_
é 8% gsteff,c T cveff BE,

(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 effects, such as body bias, DIBL and short-channel effects
are all explicitly considered in capacitance modeling. In deriving the
capacitances additional differentiations are needed to account for the

dependence of threshold voltage on drain and substrate biases.

4.4 Charge-Thickness Capacitance M odel

Current MOSFET models in SPICE generally overestimate the intrinsic

capacitance and usually are not smooth at Vy, and Vy,. 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(Ey)-reduction model of quantum effect [31] improves the F, 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 thicknessin all regions of the CV curves|[32].

This section describes the concepts used in the charge-thichness model (CTM).
Appendix B listsal charge equations. A full report and anaylsis of the CTM model

can befound in[32].

0.15

0.104

- 3 2 -1 0 1 2
Vgs (V)
Tox=30A

Nsub=5e17cm’®

Normalized Charge Distribution

0 20 40 60
Depth (A)

Figure 4-1. Chargedistribution from numerical quantum simulations show significant
chargethickness at various bias conditions shown in the inset.

CTM is a charge-based model and therefore starts with the DC charge thicknss,
Xoc- 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 X, models have been developed. C,, Can be expressed as
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(4.4.2)
C.C
C - ox™cen
oreft COX +Ccen
where
e.
C = %
cen XDC
Vgs (P
Vose —» <« Poly depl.
—— Cox
Fs —d
| 1
Cacc Cdep Cinv
|
O B

Figure 4-2. Charge-thickness capacitance concept in CTM. Vg accountsfor the poly
depletion effect.

(i) Xpc. for accumulation and depletion

The DC charge thickness in the accumulation and depletion regions can be
expressed by [32]

(4.4.2)

Nsub 9:0.25 ngs - Vbs - Vfb 8
&2 10°g T. §

(04

1 é
Xpc == Ldebyea(péaCd
3 8
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where X isin the unit of cm and (Vgs - Vps - VD) / Ty has a unit of MV/em The
model parameter acde is introduced for better fitting with a default value of 1. For
numerical stathility, (4.4.2) isreplaced by (4.4.3)

(4.4.3)

XDC = xmax - %(XO+VX()2+4dmeax)

where
onxmax' XDC' d

X

and xmax:Ldebye/'B; CX :10_3TOX'

(i) Xpc.of inversion charge
Theinversion charge layer thichness [32] can be formulated as

(4.4.9)
19 10
a7
1+(§ygsteff+4(vth - vib Z:B)Q
g 7, 2

Xoc= [cnd

Through vfb in (4.3.30), this equation is found to be applicable to N* or P* poly-Si
gatesaswell asother future gate materials. Figure 4-3illustrates 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.

70

O Tox=20A © Tox=50A
A Tox=70A 7 Tox=90A
Solid - Nsub=2e16¢cm*
Open - Nsub=2e17cm?

60

50 -

3
+ - Nsub=2el8cm
404 —

30 * Model

201

104

Inversion Charge Thickness (A)

05 00 05 10 1.5 20 25 3.0
(Vgsteff+4(Vth-Vfb-2 Ff))/Tox (MV/cm)

Figure 4-3. For all T, and Ng,,, modeled inversion chargethickness agreeswith numerical
quantum simulations.

(iii) Body chargethichnessin inversion

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

including the deviation of the surface potential F, from 2F ; [32]

(4.4.5)

d s B -
moi nd<10,[1t g

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)
Q= Coxeff>( \/ d)
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Figure 4-4 illustrates the universality of CTM model by compariing C,, of a SION/
Ta,0Os/TIN gate stack structure with an equivalent T,, of 1.8nm between data,

numerical quantum simulation and modeling [32].

10.0

O Measured ——— Q.M. simulation
18A equivalent SiO, thickness

CT™

754

5.0 TiN

60A Ta,0,

Cag (pF)

254

8A SION

p-Si

0.01

Figure 4-4. Universality of CTM isdemonstrated by modeling the Cy, of 1.8nm equivalent
Tox NMOSFET with SiION/Ta,O¢/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)
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45.2

wheret,,, isequal to 4” 107 m. CFisamodel parameter.

Overlap Capacitance

An accurate model for the overlap capacitance is essential. This is
especialy 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 asingle drain structure or the heavily doped S/D to gate overlap
region in aLDD 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 MOSFETSs 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 Vg overiap @Nd Vyq overiap fOr the source
and drain side, respectively. Unlike the case with the intrinsic capacitance,

the overlap capacitances are reciprocal. In other words, Cysoveriap =

ng,overlap and ng,overlap = Cdg,overlap-

(i) Source Overlap Charge

(45.2)
& a 0
Qocris CGSOW/, +CGSIV, - Vo, g i - CKAPPAC 1+1f1- powlEp
Wactive g 2 8 CKAPPA %
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(4.5.3)

Vv,

gs,overlap

—g%'gs +d,- v+, +4dl% d, = 0.0/
where CKAPPA is a model parameter. CKAPPA is related to the average
doping of LDD region by

CKAPPA - 28s,iql\iLDD

Thetypical vauefor N pp iss” 10" cm?.
(if) Drain Overlap Charge

(4.5.4)

& e | &0
Qoverlapd - CGDONgd +CGD1(}ng _ ngyove”ap' CKAPPA(;_ 1+.[1- 4ng,overlap :
W, ciive g 2 8 CKAPPA p

(4.5.5)

1 )
ng,overlap :E gd +dl- \/(\/gd +d1)2 +4d19d d1 =0.02v

(iif) Gate Overlap Charge

(4.5.6)
Qoverlap,g =- (Qoverlapd + Qoverlaps + (CGBO ><Lactive) >Vgb)

In the above expressions, if CGS0 and CGDO (the overlap capacitances
between the gate and the heavily doped source/drain regions, respectively)

are not given, they are calculated according to the following

CGSD = (DLC*C,) - CGSL  (if DLC isgiven and DLC > 0)
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CGS0 =0 (if the previoudy calculated CGS0 is less than 0)

CGS0 = 0.6 Xj*C,, (otherwise)

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

CGDO0 = 0.6 Xj*C,, (otherwise).

CGBO in Egn. (4.5.6) is a model parameter, which represents the gate-to-

body overlap capacitance per unit channel length.
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CHAPTER 5: Non-Quas Static M odel

5.1 Background Information

AsMOSFET’ 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 circuits. 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 NQSMode

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 Modd Formulation

The channel of a MOSFET is anaogous 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 BSIM3v3.2.2 was based on the circuit of Figure 5-1d.
This EImore equivalent circuit models channel charge build-up accurately because
it retains the lowest frequency pole of the origina RC network (Figure 5-1a). The
NQS model has two parameters as follows. The model flag, ngsMod, is now only
an element (instance) parameter, no longer amodel parameter. To turn on the NQS
model, set nqgsMod=1 in the instance statement. ngsMod defaults to zero with this
model off.

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

Table 5-1. NQS mode and instance parameters.

5-2
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Figure 5-1. Quasi-Static and Non-Quasi-Static modelsfor 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, Qu«(t), 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 (t).
The current source icne(t) results from the equilibrium channel charge,
Qcheq(t)- The capacitor C is multiplied by a scaling factor Ce,, (with a

typical valueof 1- 10™°) to improve simulation accuracy. Qe NOW becomes

(5.3.1)
Qief (t) :Vdef ’ (1>Cfact)
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icheq(t)CD z‘; R l

C:]-, Cfact

=

Figure 5-2. NQSsub-circuit for SPICE implementation.

5.3.2 Relaxation time

The relaxation time ¢t is modeled as two components:. t ., and t,,. In
strong inversion region, t is determined by t,,, which, in turn, is
determined by the Elmore resistance Ry,; in subthreshold region, t
dominates. t isexpressed by

(5.3.2)

Ry, In strong inversoin is calculated from the channel resistance as

(5.3.3)
I
dmmQ,  emmQ,.,

|1Im
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where dm is the EImore constant of the RC channel network with a
theorectical value of 5. The quasi-static (or equilibrium) channel charge
Qcheq(t), €qual to Q,, of capMod=0, 1, 2 and 3, is used to approximate the

actual channel charge Q1. t 4., 1S formulated as

(5.3.4)
CoxWeff Leff3
t ri » m>Co><W L »—_—
drift Rel et Lt elmedm
t 4i¢s Nasthe form of
(5.3.5)
o] I 2
o =—————
16 xmy kT

5.3.3 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)

: —_ ﬂQd,g,s(t)
ID,G,s (t) =1 D,.GS (DC) +T

Based on the relaxation time approach, the terminal charge and

corresponding charging current can be formulated by
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(5.3.7)
Qdef (t) = Qcheq(t) - Qch(t)
and
(5.3.89)
ﬂQdef (t) — ﬂQcheq (t) _ Qdef (t)
qt qt t
(5.3.8b)
Rueslt) o g Qult)

xpart
t

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

terminals D, G and S, respectively; D, + Spoe = 1 and G, = -1. It s

xpart

important for D, .. and S, to be consistent with the quasi-static charge
partitioning number XPART and to be equal (D, = Spar) & V=0 (Which

xpart

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

xpart

(5.3.9)
D = Qd = Qd
xpart Qd + QS Qcheq

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(part __1

= 3Cyi - Dypar’C
2y g S )

xpart “ s
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5.3.4

where i represents the four terminals and Cy and Cg are the intrinsic
capacitances calculated from the quasi-static analysis. The corresponding

valuesfor S, can be derived from the fact that D,y + Sipare = 1.
In the accumulation and depletion regions, Eq. (5.3.9) isssmplified as

If XPART < 0.5, Dy, = 0.4,
Elseif XPART >0.5,D, .. = 0.0;

Else D =0.5;

xpart

xpart

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 t = RC, G, can be

derived as

(5.3.11)

t isgiven by Eqg. (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)
dD dG
xpart au
W "(Gtau R ) + Dt Vot "W

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

Qg Can be derived as

(5.3.13)
D, G

xpart ” tau
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Other conductances can aso be obtained in asimilar way.

5.3.5 The AC Model

Similarly, the small-signal AC charge-deficit NQS model can be turned on
by setting acngsMod = 1 and off by setting acngsMod = 0.

For small signals, by substituting (5.3.7) into (5.3.8b), it is easy to show
that in the frequency domain, Q.(t) can be transformed into

(5.3.14)

DQcheq (t)
1+ jwt

DQ,,(t)=

where w is the angular frequency. Based on (5.3.14), it can be shown that
the transcapacitances Cy;, Cg, and Cy; (i standsfor any of the G, D, Sand B
terminals of the device) and the channel transconductances G,,,, G4, and

Gps @l become complex quantities. For example, now G, have the form

of
(5.3.15)
G e G MWt
Gm - mO + - mO hd
1+w? 2 18 1+w4 2 g
and
(5.3.16)
C :—Cdgjo +i& _Cdgow 0
9 1+w?? 1+wi 2
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Those quantities with sub “0” in the above two equations are known from

OP (operating point) analysis.
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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 isused. A combination of alocal optimization and

the group device extraction strategy is adopted for parameter extraction.

6.1 Optimization strategy

There are two main, different optimization strategies: globa 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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6.2

6.3

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

some physical relevance.

Extraction Strategies

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

length and channel width dependencies can not be determined.

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

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

Extraction Procedure

6.3.1 Parameter Extraction Requirements

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

extract parameters, as shown in Figure 6-1.
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W LargeW and L
\

Orthogonal Set of W and L

/

*—0o—0—0—0

min

min

Figure 6-1. Device geometries used for parameter extraction

The large-sized device (W 3 10mm, L 3 10nm) 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;,4,, @nd 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.

(2) lgs VS. Vgs @ Vs = 0.05V with different V.
(2) lgs VS. Vs @ Vi = OV with different Vs

() lgs VS Vgs @ Vys= Vg With different Vi, (Vyq is the maximum drain
voltage).

(4) lgs VS. Vs @ Vs = Vi, With different Vg, ([Vyp| s 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 isfirst arranged in aform suitable for Newton-Raphson's iteration
as shown in Eq. (6.3.2):

(6.3.)

_Tfs it Mg
fop(RoPoRo) - fam( ™A™, H™) “gR N g DR ;Sm DRy

The variable fg,() is the objective function to be optimized. The variable
fexp() Stands for the experimental data. Py, P,o and P, represent the
desired extracted parameter vaues. P,(M, P,M and P,(™ represent

parameter values after the mth iteration.

6-4
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Initial Guess of
Parameters P i

Model Equations

Linear Least Squsre
Fit Routine

Measured Data _—

DP

Pi(m+1) =p i(m)+ DPI

STOP

Figure 6-2. Optimization flow.

To change Eg. (6.3.1) into aform that a linear least-squares fit routine can
be used (i.e. inaform of y = a + bx1 + cx), both sides of the Eq. (6.3.1)
are divided by ifg,,/ TP,. This gives the changein P,, DP,(™ , for the next
iteration such that:
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(6.3.2)
Pi(m+1) = pl( m) 4 Dp|(m)

wherei=1, 2, 3for thisexample. 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 DP,(™ 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 arelisted below in Table 6-1:

Input Parameters Names Physical Meaning
Tox Gate oxide thickness
Nch Doping concentration in the channel
T Temperature at which the datais taken
L grawn Mask level channel length
W grawn Mask level channel width
X Junction depth

Table 6-1. Prerequisiteinput parametersprior to extraction process.

The parameters are extracted in the following procedure. These procedures
are based on a physical understanding of the model and based on local
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Extraction Procedure

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

for model extraction.)

Step 1
Extracted Parameters & Fitting Target Device & Experimental Data
Data
Vino, K1, Ky Large Size Device (Large W& L).
l4sVS. Vgs @ Vs = 0.05V at Different Vi
Fitting Target Exp. Data: Vip(Vps) Extracted Experimental DataV;(Vy,9
Step 2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
my, U,, U, Ug Large Size Device (Large W& L).

| 4sVS. Vgs @ Vg = 0.05V at Different Vi,

Fitting Target Exp. Data: Strong Inver-
sion region | 4Vgs, Vs)

Step 3
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Lint, RydRysw: Wi Vips) One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Strong Inver- | lgsVs. Vgs @ Vgs = 0.05V at Different Vg
sionregion | 4(Vgs, Viss)
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Extraction Procedure

Step 4
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Wint, RydRysws Wi Vis) One Set of Devices (Large and Fixed L
& Different W).
Fitting Target Exp. Data: Strong Inver- | las VS Vgs @ Vs = 0.05V at Different
sion region l4(Vgs Vis) Vis
Step 5
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Rasw,Prwb, Wr Ras(Rasws Wi Vo)

Fitting Target Exp. Data: Rys(Rygns W,

L
Step 6
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Dutos Dyt1, Dytos NIX One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Vi(Vs L, W) Vi Vps L, W)
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Extraction Procedure

Step 7

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

thOw’ DthW’ th2w
Fitting Target Exp. Data: (Vs L, W)

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

VirlVbs L, W)

Step 8

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

K31 KSb’ WO

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

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

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

VOff’ Nfactor, CdSC’ CdSCb
Fitting Target Exp. Data: Subthreshold
region Ids(Vgs’ Vbs)

One Set of Devices (Large and Fixed W &
Different L).
l4sVS. Vgs @ Vs = 0.05V at Different Vi,

Step 10

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Cascd
Fitting Target Exp. Data: Subthreshold

region Ids(Vgs’ Vbs)

One Set of Devices (Large and Fixed W &
Different L).
l4sVS. Vgs @ Vpps =V, @ Different Vg

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

Fitting Target Exp. Data: Strong Inver-
sion region | gVgs, Vps)

One Set of Devices (Large and Fixed W &
Different L).
l4sVS. Vgs @ Vs = 0.05V at Different Vy,

Step 12
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Vsats Aoy Ags One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: | (V,

gs Voo/ W

A1, A, (PMOS Only)
Fitting Target EXp. Data Vg (Vgs)

Different L).
l4sVS. Vs @ Vs = OV at Different Vg

Step 13

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

6-10

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley
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BO, B1

Fitting Target Exp. Data: | (V,

gs Voo/ W

One Set of Devices (Large and Fixed L &
Different W).
l4sVS. Vs @ Vi = OV 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: | (V,

gs Vbd/W

Different W).
l4sVS. Vs @ Vs = OV at Different Vg

Step 15

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

I:)scbel’ Pscbez

Fitting Target Exp. Data: Ry;(Vgs: Vo)

One Set of Devices (Large and Fixed W &
Different L).
IdSVS' VdS @ VbS =0V a leferenthS

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pams dDrouts Paibicrs Paibiczs L), Pavg

Fitting Target Exp. Data: Ry «(Vgs Vas)

One Set of Devices (Large and Fixed W &
Different L).
IdSVS' VdS @ VbS =0V at leferenthS
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Step 17

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Drouts Pdibl 1c+ Pdibic2

Fitting Target Exp. Data: (Do
Paibict, Paibic2 L)

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

d(Drout: Paibic1 Pdibiczs L)

Fitting Target Exp. Data: q(D, oyt
Paibict Paibicos Ly Vis)

Step 18
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Pgibl1ch One Set of Devices (Large and Fixed W &

Different L).
l4sVS. Vgs @ fixed Vs at Different Vg

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Jgipi (Etao, Etab, Dsub, L)

Fitting Target Exp. Data: Subthreshold
region Ids(Vgs’ Vbs)

One Set of Devices (Large and Fixed W &
Different L).
IdSVS' VgS @ VdS = Vdd at leferentVbS

6-12
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Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Eta0, Etab, Dsub

Fitting Target Exp. Data: qdib|(EtaO,
Etab, L)

One Set of Devices (Large and Fixed W &
Different L).
IdSVS' Vgs @ VdS = Vdd at leferentVbs

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

Fitting Target Exp. Data: 1 (V,

gs Vood/ W

Different L).
IdSVS' VdS @ VbS = Vbb at Different VgS

Step 22

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

ao, a1, by

Fitting Target Exp. Datar Igp(Vgs: Vo)
w

One Set of Devices (Large and Fixed W &
Different L).
IdSVS' VdS @ VbS = Vbb at Different VdS

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley
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Notes on Parameter Extraction

6.4 Noteson Parameter Extraction
6.4.1 Parameterswith Special Notes
Below isalist of model parameters which have special notes for parameter
extraction.
Symbols used . Default .
in SPICE Description Value Unit Notes
VthO Threshold voltagefor largeW and L device@ | 0.7 (NMQOS) \% ni-1
Vbs=0V -0.7 (PMOS)

K1 First order body effect coefficient 05 vy 2 nl-2

K2 Second order body effect coefficient 0 none nl-2
Vbm Maximum applied body bias -3 \% nl-2
Nch Channel doping concentration 1.7E17 1/em3 nl-3
gammal Body-effect coefficient near interface calculated v Y2 nl-4
gamma2 Body-effect coefficient in the bulk calculated v 2 nl-5

V bx Vbs at which the depletion width equals xt calculated \% nl-6
Cgso Non-L DD 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. Parameterswith notesfor extraction.
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Notes on Parameter Extraction

6.4.2 Explanation of Notes
nl-1. If Vy,q is not specified, it is calculated by

VthO :VFB+FS+K1‘VFS

where the model parameter Vz=-1.0. If V,, is specified, Vi defaults to
Veg =Vio - Fs- Kl\/Fs

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

K1:g2- 2K2 I:s-me

K = (gl',gz)(\]Fs' Vbx - «/Es)
2PN oF Py

where Fis calculated by

)
Fs=24mln§'j\°“i
9
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15 A
.. ® E 6
n =145 100 om0 eXp21.5565981- 2
€300.15g tmo @
E —11g. 102 1041 2
© o T m+1108

where E, is the energy bandgap at temperature T,

nl-3. If N, isnot given and ¢, isgiven, N, is calculated from

_9,Cy

N
o qusi

If both ¢, and Ng, are not given, N, defaults to 1.7e23 m™ and ¢, is
calculated from Ny,

nl-4. If ¢, isnot given, it is calculated by

_ V208N

9. = C

0X

ni-5. If ¢, isnot given, it is calculated by

_ /2084 Ng,,
=

(04

nl-6. If V,, isnot given, it is calculated by

chhXt2 -

F.-V,
2e S bx

si
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nC-1. If Cgso isnot given, it is calculated by

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

else Cgso = 0.6 Xj * Cox

nC-2. If Cgdoisnot given, it is calculated by

if (dic isgiven and is greater than 0),
Cgdo =dlc* Cox - Cgdl
if (Cgdo<0)
Cgdo=0

else Cgdo = 0.6 Xj * Cox

nC-3. If CF isnot given then it is calculated usin by

o
CF =28 3,4 1070
p 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 ldsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-1
W/L=20/5 ldsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-2
W/L=20/0.5 Idsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-3
W/L=20/0.5 Idsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-4
W/L=20/5 ldsvs. Vgs @ Vds=0.05V; Vbs=0to -3.3V Log scale 7-5
W/L=20/5 ldsvs. Vgs @ Vds=0.05V; Vbs=0t0-3.3V; W/ | Linear scale 7-6

L=20/5

W/L=20/0.5 ldsvs. Vgs @ Vds=0.05V; Vbs=0to -3.3V Log scale 7-7
W/L=20/0.5 ldsvs. Vgs @ Vds=0.05V; Vbs=0to -3.3V Linear scale 7-8
W/L=20/5 Gm/ldsvs. Vgs @ Vds=0.05V, 3-3V; Vbs=0V | Linear scale 7-9
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Benchmark Test Results

Figure
Device Size Bias Conditions Notes Number

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

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

W/L=20/0.5 Gm/ldsvs. Vgs @ Vds=0.05V; Vbs=0V to - Linear scale 7-12
3.3V

W/L=20/0.5 | Idsvs. Vds @Vbs=0V; Vgs=0.5V, 0.55V, 0.6V | Linear scale 7-13

W/L=20/5 ldsvs. Vds @Vbs=0V; Vgs=1.15V to 3.3V Linear scale 7-14

W/L=20/0.5 Idsvs. Vds @V bs=0V; Vgs=1.084V to 3.3V Linear scale 7-15
W/L=20/0.5 | Routvs. Vds @ Vbs=0V; Vgs=1.084V to 3.3V Linear scale 7-16

Table 7-1. Benchmark test information.

7.2 Benchmark Test Results

All of thefigureslisted 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 | but G,,, G,/l4, ahd R, as well.
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1.E-02
1.E-03 | p—
104 1 Vds=3.3V
1.E-05 |
Vds=0.05VY

~1.E-08 |

<

wl:E-07 T —

] Solid lines: Model results
1.E-08 1 Symbols: Exp.data
1.E-09 + W/L=20/5
1E-10 4 Tox=9nm

Vbhs=0V
1.E-11
1.E-12 t t .
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

1.8E-03

1.6E-03

1.4E-03
1.2E-03
1.0E-03
8.0E-04
6.0E-04
4.0E-04
2.0E-04
0.0E+00

Ids (A)

Solid lines: Model result
Symbols: Exp.data

TwiL=20/5
1Tox=8 nm

Vhs=0V

Vds=3.3V

1.0

Vds=0.05Y

2.0 3.0
Yygs (V)

4.0

Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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1.0E+00
1.0E-01
1.0E-02 1 Vds=3.3Y
1.0E-03 1
1.0E-04 |
E‘1.0E-05 1 Vds=0.05V
ELOE-OS 1
2 1.0E-07
Solid lines: Model results
1.0E-08 1
1.0E-00 1 Symbols: Exp. data
) W/L=20/0.5
1.0E-10
1.0E-11 Tox=9 nm
e Vbs=0V
1.0E-12 4 _—
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

1.0E-02

9.0E-03 {|Solid lines: Model results

8.0E-03 4|Symbols: Exp. data

7.0E-03 1|W/L=20/0.5
gsoeos LI
~5.0E-03 1 Vds=3.3V¥
2 4.0E-03 {

3.0E-03 ¢

2.0E-03 1

1.0E-03 4 Vds=0.05V

0.0E+00 + : :

0.0 1.0 2.0 3.0 4.0

Vgs (V)

Figure 7-4. SameasFigure 7-2 but for a short channel device.
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1.E-03
1.E-04 T vbs-0V

1.E-05 |

1.E-06 T Vbs=-3.3V

g 1.E-07

3 1.E-08 }

- Saolid lines: Model results
1.E-09 Symbols: Exp. data
1E-10 | W/L=20/5

Tox=9nm
1.E-11 Vds=0.05V
1.E-12 : : :
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

T.E-05
Solid lines: Model results

6.E-05 |Symbels: Exp. data
W/L=20/5

5.E-05 {Tox=9 nm
Vds=0.05V
g4.E-05 T

)
D 3.E-05 1
2.E-05

1.E-05

0.E+00 A
0.0 1.0 2.0 3.0 4.0

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

1 E-o4 J{bs:ﬂ\!
1.E-05 |
1E08 1 VYbe=-3.3V
< 1.E-07 T
L]
= 1.E-08 T Salid lihes: Madel resulls
1.E-09 Symbols: Exp. data
wW/L=20/0.5
1.E-10 Tox=9 nm
1.E-11 Vde=0.05V
1.E-12 1 + } } !
0.0 1.0 2.0 3.0 4.0

vgs (V)

Figure 7-7. SameasFigure 7-5 but for a short channel device.

-E-04 T |w/L=20/0.5
E-04 4+ | Tox=9 nm
E-04 + Vd=s=0.05VY

Vhs=0V
VYVbs=-3.3VY

Ids (A)
m =2 NN W W A B oo
)
I
i

0.0 1.0 2.0 3.0 4.0

Figure 7-8. SameasFigure 7-6 but for a short channel device.
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[ 5]
=]

Yds

[
4}
1

[
L=}
1
L)

gm;‘lds_(.m ha/A}
L=} 4}
t t

Vds=0.05V

=3.3V

Solid lines: Model results
Symbols: Exp. data
W/L=20/5

Tox=9nm

VYbs=0V

0.0

1.0 2.0 3.0
Ygs (V)

4.0

Figure 7-9. G,/l4 continuity from subthreshold to strong inversion regions.

30
25 | W/L=20/0.5
_ Tox=9 nm
D0 | Vbs=0V
=
s
L]
D
210 | Vds=3.3V
om
5 1 ‘/ Vds=0.05V
0
0.0 1.0 2.0 3.0
Vgs (V)

4.0

Figure 7-10. SameasFigure 7-9 but for a short channel device.
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35
Solid lines: Model results
30 1 Symbals: Exp. data
W/L=20/5
2‘25 T Tax=9 nm
o Vds=0.05V
.:20 a1
E
515 1
E
™™o 1 Vbhs=-2.3V
5 1
Vhs=0V
0
0.0 1.0 2.0 3.0 4.0

Vgs{V)}

Figure 7-11. G/l ,continuity asa function of V.

35
Salid lines: Madel results
30 T Symbols: Exp. data
o5 4 W/L=20/0.5
Tox=9 nm
220 Vds=0.05V
E
¢ 15 T+
10 71 Vhs=-1.98Y
5 =+
Yhs=0V
0
0.0 1.0 2.0 3.0 4.0

Vgs (V)

Figure 7-12. SameasFigure 7-11 but for a short channel device.
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8.E-05

Solid lines:
7.E-05 {|BSIM3v3
Dotted lines:
BSIM3v2
5.E-05 HW/L=20/0.5

6.E-05

4.E-05

Ids (A)

3.E-05

2.E-05

1.E-05 1

0.E+00

Vds (V)

Figure 7-13. Comparison of G, with BSIM 3v2.

1.6E-03

W/L=20/5 Vgs=3.3V
14E-03 T |Tox=9 nm
1.2€-03 | |Vbs=0V

1.0E-03 T

z

. 8.0E-04 {

k)
6.0E-04 {

S S S A S S S S
4.0E-04 |

Vgs=1.15V

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

2.0E-04 ¢

0.0E+00

Figure 7-14. Smooth transitionsfrom linear to saturation regimes.
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9.E-03
W/L=20/0.5 Vgs=3.3V
8.E-03 {rox=9nm T e

7.E-03 JVbs=0V
6.E-03
5.E-03 ¢
4.E-03
3.E-03
2.E-03 ¢
1.E-03
0.E+00

(A)

L]

Id

Vgs=1.084VY

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

Figure 7-15. SameasFigure 7-14 but for a short channel device.

2 .0E+05
18E+05 | [W/L=20/0.5] Vgs=1.084V ,  »

Tox=9 nm
Vbs=0V

1.6E+05 |
_1.4E+05 |
Ei2e405
S1.0E405 |
o8.0E+04 1
“s.0E404 |
4.0E+04 }
20E+04 |
0.0E+00

0.0 1.0 2.0 3.0 4.0
Vds (V)

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
eguation SPICE
Noia noia Noise parameter A (NMOS) 1e20 none
(PMQS) 9.9¢e18
Noib noib Noise parameter B (NMOS) 5e4 none
(PMOS) 2.4€3
Noic noic Noise parameter C (NMOQOS) -1.4e-12 none
(PMOS) 1.4e-12
Em em Saturation field 4.1e7 Vim
Af af Flick noise exponent 1 none
Ef ef Flicker noise frequency 1 none
exponent
Kf kf Flicker noise coefficient 0 none
LINTNOI | lintnoi Length Reduction Parameter Off- 0.0 m
set

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

8.1.2 Formulations

1. For SPICE2 modd

(8.1
K | af
H ) f ds
Noisedensity= —zfd
ox —eff
where f isthe frequency.
2. For BSIM3 model
If Vo>V, +0.1
(8.2
_ Ko TO" My, 1o ® aN, +2° 1046 NOIC/ > . 2\0
Sl 1) = G T 2LINTNOP A T* AT éNO'MOW{NO'&(N“' N3 - )g
. keTl, DL, NOI A+ NOIB<N, + NOI ON,
W, XLy - 2-LINTNO)? ¥ 40 (N, +N)?

where Vy,, is the thermal voltage, my; is the effective mobiity at the given
bias condition, and L and W are the effective channel length and width,

respectively. The parameter N, is the charge density at the source side
given by

(8.3)

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

8-2 BSIM3v3.3 Manual Copyright © 2005 UC Berkeley



Flicker Noise

(8.4)

N — Cox(vgs - \/th - ml r(\/ds1\/dsat))
{

q

DL, isthe channel length reduction due to channel length modulation and

given by
(8.5)
: alds \/(1$at+Em
_iLit ﬂogQL— (forV, >V,.)
=i Esat :
I o}
to (otherwisg
2 v
Ep=—=
bomy
where
Litl = ,[3X T,
Otherwise
(8.6)
Noisedensity:M
Simit+SNi

Where, it istheflicker noise calculated at V= Vi, + 0.1 and S, isgiven
by
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Channel Thermal Noise

(8.7)
_ Noia®/, ¥ 2
LW, L, xFY 4 10%

8.2 Channd Thermal Noise

There also exist two models for channel thermal noise modeling. One is called
SPICE2 thermal noise model. The other is BSIM3v3 thermal noise model. Each of
these can be toggled through the model flag, noiM od.

1. For SPICE2 thermal noise model

(8.8)
51(G, 4G, +G,)
where G,,, G,,,s and G, are the transconductances.
2. For BSIM3v3 thermal noise model [37]
(8.9)

4k ;T Dfmy
My [Qiny |Res V)+L,®
Qi is the inversion channel charge computed from the capacitance models
(capMod =0, 1, 2 or 3).

|Qinv|

3. New SPICE2 thermal noise model
(8.10)

8 é3 min(Vds,Vdsat)u
—kT + + ~ - p
3 (gm gds gmbs )82 MNdsat H

8-4
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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-

2.
noimod Thermal noise
flag Flicker noise model model

1 SPICE2 SPICE2

2 BSIM3v3 BSIM3v3

3 BSIM3v3 SPICE2

4 SPICE2 BSIM3v3

5 SPICE2 SPICE2new
6 BSIM3v3 SPICE2new

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

9.1 DiodelV 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 /B diode and Vjdmfor

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

9.1.1 Modeling the S/B Diode

If the S/B saturation current Iy islarger than zero, the following equations
isused to calculate the /B diode current |

Case l-ijth isequal to zero: A resistance-free diode.

(9.2)
2 &\ 0

5
s = 2 1+ G M
e

where Nv,,, = NJ>(KbT) tq ; NJ isamodel parameter, known as the junction

emission coefficient.

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

If Vis < Vjsm
9.2
Ibs = Isbaex AL g’ 1%+Gmin\/bs
NVing g
otherwise
(9.3
I, =i jth(\/bs- Visi+G,_ .\,
hm
with Vjsmcomputed by
Vism= NV, Ina@jth +1§;"
os @
The saturation current | 4, is given by
(9.4)

Isbs = A‘s‘]s + Ps‘]ssw

where J, is the junction saturation current density, Ag is the source junction
area, Jg, is the sidewall junction saturation current density, Ps is the
perimeter of the source junction. J; and Jg, are functions of temperature

and can be written as

(9.5)
E &T 00
6€E_90_ —9 +XTlIn T I
_ g tmD tm nomﬂ+
J.=J,eX -
s s0 p(! NJ _
& N
& P
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Diode IV Model

(9.6)
xE 50
o 5y %2
QVtmO Vtm Tnomﬁ?

‘Jssw = JsOswe(p(; NJ

oO0
Q-

The energy band-gap E, and E at the nominal and operating temperatures
are expressed by (9.7a) and (9.7b), repectively:

(9.79)
, _ 4 2
£, =116- 102710 oo’
T om T1108
(9.7b)
. -4 2
E =115, 7027 10°°T
9 T +1108

In the above derivatoins, Jy, isthe saturation current density at T, If Jg IS
not given, J, = 1”107 A/m? Jy, isthe sidewall saturation current density

a T,.m, with adefault value of zero.

If 1y IS not positive, |,,is calculated by

(9.9)

9.1.2 Modeling the D/B Diode

If the D/B saturation current | islarger than zero, the following equations

is used to calculate the D/B diode current |,

Case 1l - ijth isequal to zero: A resistance-free diode.
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(9.9
&V, o 0
sbd§@< GmmV
tmﬂ ﬂ
Case 2 - ijth isnon-zero: Current limiting feature.
If Vg < Vjdm
(9.10)
= bdaeex Vi Q. 1 +G,. V,,
é pg tmﬂ g
otherwise
(9.11)
bd:ijth+”thTde(Vbd VJd”)"' in Vi
tm
with Vjdm computed by
. agjth .0
Vjdm= NVmIn§—+13
t Isbd (4]
The saturation current | ,4is given by
(9.12)

od = Agds T Pyd sy

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

junction. If 1,4 is not positive, 1, 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
J0 js Saturation current density le-4 Alrme
Js0sw jssw 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

Table 9-1. MOS diode model parameters.

9.2 MOS Diode Capacitance M odel

Source and drain junction capacitance can be divided into two components:
the junction bottom area capacitance Cj, and the junction periphery
capacitance Cj,. The formula for both the capacitances is similar, but with
different model parameters. The equation of C, includes the parameters
such asC;, M;, and P,,. The equation of C;, includes the parameters such as
Ciswe Mijsws Posws Giswgr Miswg: @ Ppgyg.

9.2.1 S/B Junction Capacitance

The S/B junction capacitance can be calculated by

If P> W,
(9.14)

Capbs= AC, .+ (Ps - W )Cjbssw+Wefijbsswg
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MOS Diode Capacitance Model

Otherwise

(9.15)

Capbs= AC,.+PC

jbs jbsswg

where C;,,; is the unit bottom area capacitance of the S/B junction,
C

jbssw

Is the periphery capacitance of the /B junction along the
field oxide side, and C,qq IS the periphery capacitance of the S/B

junction along the gate oxide side.

If G islarger than zero, Gy, is calculated by

if V, <0
(9.16)

otherwise
(9.17)

If G, islarge than zero, C, is calculated by

if V< 0
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(9.18)
V O MJSW
CJbSSW: jswg[_ Pbs =
bsw @
otherwise
(9.29)
5
Cibssu™ ijvg-'- Mjswki
P 0
bsw @
If Cang iSlarger than zero, Cy,, is calculated by
if Vps<O
(9.20)
® vy 0 Miso
Ciossug = Cjongel™ 51
Fg)swgg
otherwise
(9.21)
x Vi 9
Cibsong :CismggJ’Mjsmg Pb H
bswg

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 Py> W
9.22)
Capbd=A,C,,, +(Pd - W )Cjbdsw+ Wi Cipdswe
Otherwise
(9.23)

Capbd=A,C,;+PRC

jbdswg

where G, is the unit bottom area capacitance of the D/B junction,
C

iasw 1S the periphery capacitance of the D/B junction along the

field oxide side, and Cjys,q is the periphery capacitance of the D/B

junction along the gate oxide side.

If G islarger than zero, G, is calculated by

if Viy<O
(9.24)
e V. g
Ciba = ngl' ﬁz
b @
otherwise
(9.25)
& V,, 0
Ciba = ngl"' M, %;
b

If G, islarge than zero, Cjy, is calculated by

if Vyy< O
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MOS Diode Capacitance Model

otherwise

If Cang IS larger than zero, Ciygsg 1S Calculated by

if Vpg<O
..'Mjswg
& \yv. O
C =C - _bd +
'ibdswg j swi P =
R
otherwise
& v. 0
- bd =
Cdeswg CJS\N9§1+MJS\N9P =
bswg @

(9.26)

(9.27)

(9.28)

(9.29)
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9.2.3 Temperature Dependence of Junction Capacitance

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

For zero-biasjunction capacitance:

(9.30a)

C,(T) = C, (T,om) {1 +1cj >OT)
(9.30b)

CISW(T) = stw( nom) >(1+tCJ SVV)DT)
(9.30c)
CiSWg(T) = szg( m)"(l"‘tC]SVVg@T)
For the built-in potential:
(9.319)
R(T) = R (Tn) - tpb>OT

(9.31b)

( ) bsm( nom) tpr
(9.31¢)

Ft))wvg(T) bswg( m) tprVV Q‘DT

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

(9.32)
DT=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
Cj g Bottom junction capacitance per 5e-4 F/m?
unit area at zero bias
Mj mj Bottom junction capacitance grad- 05 none
ing coefficient

Pb pb Bottom junction built-in potential 1.0 \%

Cjsw cjsw Source/drain sidewall junction 5e-10 F/m
capacitance per unit length at zero
bias
Mjsw mjsw Source/drain sidewall junction 0.33 none
capacitance grading coefficient
Pbsw pbsw Source/drain side wall junction 1.0 \%
built-in potential
Cjswg cjswg Source/drain gate side wall junc- Cjsw F/m
tion capacitance per unit length at
zero bias
Mjswg mjswg Source/drain gate side wall junc- Mjsw none
tion capacitance grading coeffi-
cient
Pbswg pbswg Source/drain gate side wall junc- Pbsw \%
tion built-in potential

tpb tpb Temperature coefficient of Pb 0.0 VIK
tpbsw tpbsw Temperature coefficient of Pbsw 0.0 V/IK
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Symbols | Symbols
used in used in Description Default Unit
eguation SPICE
tpbswg tpbswg Temperature coefficient of Pbswg 0.0 VIK
tgj tgj Temperature coefficient of Cj 0.0 1/K
tcjsw tcjsw Temperature coefficient of Cjsw 0.0 1/K
tcjswg tcjswg Temperature coefficient of Cjswg 0.0 1/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 The model selector 8 none
None version Model version selector 33 none
None binUnit | Bining unit selector 1 none
None param- Parameter value check False none

Chk
mobMod | mobMod | Mobility model selector 1 none
capMod | capMod | Flag for capacitance models 3 none
ngsMod? | ngsMod | Flag for NQS model 0 none
acngs- acngs- Flag for AC NQS model 0 none
Mod Mod Both instance/model param-

eter

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
VthO vth0 Threshold voltage @ Vbs=0 for 0.7 \" nl-1
Large L. (NMOS)
-0.7
(PMOS)
VFB vib Flat-band voltage Calculated \" nl-1
K1 Kkl First order body effect coeffi- 0.5 vi2 nl-2
cient
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 1/vV
WO w0 Narrow width parameter 2.5e-6 m
NIx nlx Lateral non-uniform doping 1.74e-7 m
parameter
Vbm vbm Maximum applied body bias in -3.0 v
Vth calculation
Dvt0 dvt0 first coefficient of short-chan- 2.2 none
nel effect on Vth
Dvtl dvtl Second coefficient of short- 0.53 none
channel effect on Vth
Dvt2 dvt2 Body-bias coefficient of short- -0.032 /v
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 I/m
width effect on Vth for small
channel length
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DC Parameters

Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE
Dvt2w dvt2w Body-bias coefficient of narrow -0.032 /v
width effect for small channel
length
uo u0 Mobility at Temp = Tnom
NMOSFET 670.0 cm?/Vs
PMOSFET 250.0
Ua 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:
-4.65e-11
mobMod
=3:
10.046 v
vsat vsat Saturation velocity at Temp = 8.0E4 m/sec
Tnom
A0 a0 Bulk charge effect coefficient 1.0 none
for channel length
Ags ags gate bias coefficient of Abulk 0.0 /v
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 /v
charge effect
Al al First non-saturation effect 0.0 /v
parameter
A2 a2 Second non-saturation factor 1.0 none
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DC Parameters

Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE

Rdsw rdsw Parasitic resistance per unit 0.0 Q-umWr
width

Prwb prwb Body effect coefficient of Rdsw 0 V172

Prwg prwg Gate bias effect coefficient of 0 /v
Rdsw

Wr wr Width Offset from Weff for Rds 1.0 none
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 Weft’s substrate 0.0 m/V17?2
body bias dependence

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

Nfactor | nfactor | Subthreshold swing factor 1.0 none

Eta0 eta( DIBL coefficient in subthresh- 0.08 none
old region

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

Dsub dsub DIBL coefficient exponent in drout none
subthreshold region

Cit cit Interface trap capacitance 0.0 F/m?

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

pling capacitance
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Symbols | Symbols

used in | used in 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

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

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

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

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

Pscbel | pscbel First substrate current body- 4.24E8 V/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

S delta Effective Vds parameter 0.01 \V4

Ngate ngate poly gate doping concentration 0 cm

a0 alpha0 The first parameter of impact 0 m/V
ionization current

ol alphal Isub parameter for length scal- 0.0 1/vV
ing

B0 beta( The second parameter of impact 30 v
ionization current
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C-V Model Parameters

Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE
Rsh rsh Source drain sheet resistance in 0.0 Q/
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
Gj Cj Bottom junction capacitance 5.0e-4 F/m?
per unit area at zero bias
A-6 BSIM3v3.3 Manual Copyright © 2005 UC Berkeley




C-V Model Parameters

Symbols | Symbols

used in used in Description

equation | SPICE Default Unit Note

Mj mj Bottom junction capacitance 0.5
grating coefficient

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

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

Cjswg 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 \%

Pbswg pbswg Source/Drain gate side wall Pbsw \Y
junction built-in potential

CGS1 cgsl Light doped source-gate 0.0 F/m
region overlap capacitance

CGD1 cgdl Light doped drain-gate region 0.0 F/m
overlap capacitance

CKAPPA | ckappa | Coefficient for lightly doped 0.6 A"
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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NQS Parameters

Symbols | Symbols

used in used in Description

equation | SPICE Default Unit Note

DLC dlc Length offset fitting parame- lint m
ter from C-V

DWC dwc Width offset fitting parameter wint m
from C-V

Vibev vibev Flat-band voltage parameter -1 \%
(for capMod=0 only)

noff noff CV parameter in Vgsteff,CV 1.0 none nC-4
for weak to strong inversion

voffcv voffcv CV parameter in Vgsteff,CV 0.0 A" 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 none nC-4
dependent surface potential

A.4 NQS Parameters

Symbols | Symbols

used in | used in 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 | used in Description Default Unit Note

equation | SPICE

W1 wl Coefficient of length depen- 0.0 m"Win
dence for width offset

Win win Power of length dependence of 1.0 none
width offset

Ww WW Coefficient of width depen- 0.0 mWwn
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 mWVwWin
cross term for width offset

LI 11 Coefficient of length depen- 0.0 m""
dence for length offset

Lin lIn Power of length dependence for 1.0 none
length offset

Lw lw Coefficient of width depen- 0.0 mbvn
dence for length offset

Lwn Iwn Power of width dependence for 1.0 none
length offset

Lwl 1wl Coefficient of length and width 0.0 mbwn+kin
cross term for length offset

Llc Llc Coefficient of length depen- Ll m""
dence for CV channel length
offset
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Temperature Parameters

Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE
Lwc Lwc Coefficient of width depen- Lw mb"n
dence for CV channel length
offset
Lwlc Lwlc Coefficient of length and width- | Lwl mbwntlin
dependence for CV channel
length offset
Wic Wic Coefficient of length depen- Wi mWin
dence for CV channel width
offset
Wwce Wwce Coefficient of widthdependence Ww mWwn
for CV channel width offset
Wwic Wwic Coefficient of length and width- | Wwl mWin+Wwn
dependence for CV channel
width offset
A.6 Temperature Parameters
Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE
Tnom tnom Temperature at which parame- 27 °C
ters are extracted
Lte ute Mobility temperature expo- -1.5 none
nent
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Temperature Parameters

Symbols | Symbols

used in | used in Description Default Unit Note

equation | SPICE

Ktl ktl Temperature coefficient for -0.11 \"
threshold voltage

Ktll ktll Channel length dependence of 0.0 Vm
the temperature coefficient for
threshold voltage

Kt2 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- /v
Mod=3:
-0.056

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

Prt prt Temperature coefficient for 0.0 Q-um
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

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley A-11




Flicker Noise Model Parameters

Symbols | Symbols

used in | used in 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 /K

tcjsw tcjsw Temperature coefficient of 0.0 /K
Cjsw

tcjswg tcjswg Temperature coefficient of 0.0 /K
Cjswg

A.7 Flicker Noise Model Parameters

Symbols | Symbols

used in | used in 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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Symbols | Symbols

used in | used in Description Default Unit Note

equation | SPICE

Af af Flicker noise exponent 1 none

Ef ef Flicker noise frequency 1 none
exponent

Kf kf Flicker noise coefficient 0 none

LINTNOI | lintnoi Length Reduction Parameter 0.0 m
Offset

A.8 Process Parameters

Symbols | Symbols

used in | used in 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 Xj Junction Depth 1.5e-7 m

71 gammal | Body-effect coefficient near the | calcu- A nl-5
surface lated

2 gamma2 | Body-effect coefficient in the calcu- vz nl-6
bulk lated

Nch nch Channel doping concentration 1.7e17 1/cm? nl-4

Nsub nsub Substrate doping concentration 6el6 1/cm?

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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A.9 Geometry Range Parameters

Symbols | Symbols

used in | used in 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 V4 is not specified, it is calculated by

Vio =Vip + P, + K, \/q)s

where the model parameter Vpz=-1.0. If V,, is specified, V5 defaults to
VFB :‘/lhO _CI)S _I(l V (I)s

nl-2. If K, and K, are not given, they are calculated based on
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K =7 - 2K2\/(I)s Vi

o =, - @)
Tofe o, -, @, )+,

where @_is calculated by

q)s = 2‘/tm0 hl[ NCh ]
n.

wof T, " Ego
n, =1.45x10 ﬁ exp| 21.5565981 — ——

tm0

4 2
£ =116 102X10°T,,
& T +1108

nom

where E, is the energy bandgap at temperature 7,
nl-3.

If pscbe2 <= 0.0, a warning message will be given.

If ijth < 0.0, a fatal error message will occur.
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Model Parameter Notes

If Toxm < = 0.0, a fatal error message will occur.

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

2

7/1 ’ Cox

2q¢,

ch

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

calculated from N,

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

R 2q€,N,,
C

oxX

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

N 2qgsiNsub
=
Cox

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

2
chhXt :q)y_va
2¢, ‘

St

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

if (dlc is given and is greater 0),
Cgso =dlc * Cox - Cgs1
if (Cgso <0)
Cgso=0

else Cgso = 0.6 Xj * Cox
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Model Parameter Notes

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

if (dlc is given and is greater than 0),
Cgdo =dlc * Cox - Cgdl
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 :28—“1n(1+ 4x10 j
T 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 (voffcv < -0.5) or (voffcv > 0.5), a warning message will be given.
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APPENDI X B: Equation List

B.1 |-V Model

B.1.1 Threshold Voltage

Vy, =Vyoo + Kioy %JF 2 - Vi - Koo Vi

20x

Nix O T
+ Ky, 8 /1+— 15 F,+ (Ky + KV J—2—F
S L W, W,

W L W,
- DWOwéeng Dyriv——— 2l _+23Xp DWlw%jvu s)
w @ w 20

—Dwoéexpg— Dm +2ex pg Dy~ _%vb. F.)

) éeng D, —+ Zexp D,, Ieﬁ :('_J(Etao + B Voser )‘/ds

to ﬂ to 20

thOox - thO K SV

Koy = Ky %2
o ' Toxm
 Jox

K20x = K2 TO
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-V Model

It = «/EsiXdep/ Cox(l"‘ DVTZVbseff)
lw = «/EsiXdep / Cox (1 + DVTZWVbseff)

lto = —\/esiXdepO/ Cox

Xeep = ’2651'([:3' Voset )
N

2eiFs
QNen

Xdepo =

(d1=0.001)
Vit = Ve +0F Vbs- Voo Oit/(Vis- Ve - di)? - 4ciVie |

& K’0
Vi = 0GF - —1%
4K, 5
NchNbs
Vbi = Wt In(——5—)
ni

B.1.2 Effective (VyVy)

2nwi Ingl + exp(VQ’S - Vth)z
e 2N u
Ve = oF Vas- Vin- 2V
1+2n Cox > exp(- g V- Off)
gesiNen 2Nnw
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-V Model

G

(G + GV + s Vet (- Dm%) +26xp(- Dvr—)®

Lei
I Q+Gt

N=1+ Nator— +
Cux Cox

B.1.3 Mobility

For mobMod=1

Mo
ms =

Vsett + 2Vth) + Ub(

oX Tox

1+ (Ua+ UcVosert ) (

For mobMod=2

Mo
Vgsteff) +Us (Vgsleff
Tox Tox

Mt =

1+ (Ua+UcVosett )( )2

For mobMod=3

M =

Vet +2Vin

Mo
Vgsteff + 2\/th) + Ub(Vgsteﬁ + 2V

(04 OX

1+[Ua(

)21 (1 + UcVoser)

C
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-V Model

B.1.4 Drain Saturation Voltage

For Rx,>0orl 1 1:

-b- +/b? - 4ac

2a

Vdsat =

a = Abuk"WeiNsatCoxRos + (I1 - 1) Abuik

2 P
b=- ?\/gsteff + 2Vt)(|_ - D) + AvukEsatl et + 3 Aouik (Vosteft + Z\A)WeffnsatCoxRDS%

c= (\/gsteff + 2Vt) Esatlert + 2(Vgs’[eff + 2Vt)2WeﬁnsatCoxRDS

| = AlVgsteff + A2

For Rix=0and| =1:

Esat Lef (Vostett + 2V1t)
Abuk Esit Lei + (Voseit +2\1)

Vdsat =

P
02 g =2

Klox Q '% + B0 T 1
Au= 2\/|: - gLE“ +2JX xdepg S gstEffgLeﬁ +2Jx )(dep‘a V\éﬂ'+aé51+Keta¥9”

B-4
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-V Model

2Nsat
Esa =
st

B.1.5 Effective V4,

Vit =Vt - %-(Vdsat - V- d +\/(Vdsat - Vis- d)? +4Vest

B.1.6 Drain Current Expression

| dso(vdseff) ? N Vs - Vaseit (3 N Vs - Vaseft §
1+ Rusl dso(vaseff) Va @ Vascee 9

Vaseff

las =

Vdsest Wt
2(\/gsteff + 2Vt)
Leit [1+ Vaseit / (Esatleit )]

Wi CoxVgstett (1 - Abuik

ldo =

Pvangsteff 1 + 1 -1

Esatlett ~ Vacim  VapieLe

Va =Vasat + (1+

AvukEsatleft +Vgstest
PcimAbukEsat litl

Vacim =

(Vs - Vaseft )
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-V Model

VabieLC =

(Vostett + 21) g AouikVasat o)
Qrout (1 + PoibLos Vbseir) AvuVast + Vs + 2vi 8

é
Gout = PoiBLc1

Lot )u+ PoisLc2
lo " H

1 _ Pscbeze( a@ Paperlitlg

Vascee Lest ngs- Visett @

AbvuVasat
2(Vgsteff + 2\/t)
2/1 - 1+ RogkatCoxWkitAvuik

Esil et +Vusat + 2 RosbatCox WiV gseet[ 1-
Vasat =

eq4 T, X
lit) = |22
€ox
B.1.7 Substrate Current
| = ay ta, xLeff & | 40 a?[ Vs = Vaserr 0
sub L dseff é R.| + Vv =
eff s dseff g1+ ds_ d0 A %]

dseff
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-V Model

B.1.8 Polysilicon Depletion Effect

2
1 ANgate' X poly

Violy == XnolvE =
2 poly = poly 2eq

poly

€oxEox = €5 Epoly = \/quSi Nyate V poly

V.- Vep- F =V +V,

gs S poly ox
2 -
a6/gs - VFB -F s Vpoly) - Vpoly =0

e 2

a= oX
2
2qesi N gateTox

Vgs_eff :VFB +F s +

2 2
s NgateTox (o 1+ 2eox (Vgs - VFB - Fs)
€ ? e Cpsi Ngat;r ox2

OX

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

Wet = Whrawn - 2dW
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-V Model

Wt = Worawn - 2dW

dw = d\N'"dVVngsteff + dV\é(\/F s~ Vosett = AF s)
. W W, W
dW _\/Vir'lt + LW:n +vam + LWInvv\\A/\NWn

_ L Ly L

B.1.10Sour ce/Drain Resistance

— F\):lsw(1+ Prwgvgsteff + Prwb (‘\' F s~ Vbseff - '\/F—s))

foPw, )"

Ris

B.1.11Temperature Effects

Vinm) = Mnemorm) + (Kr + Kian / Lett + Kr2Vbsett)(T / Trom - 1)

.
m(m = Mnorm(—) ™

norm

Vsat(T) = Veat(Tnorm) - AT(T/ Thorm- 1)

B-8
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Capacitance Model Equations

T

norm

Rdsw(T) = Rdsw(Tnorm) + P t( - l)

Ua(T) = Ua(Tnorm) + Ual(T [ Trorm - 1)
Ubm) = Ub(mnorm) + Upt(T / Trorm - 1)

Uc(T) = Uc(Tnorm) + Ucl(T / Trorm - 1)

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence

_ Llc, Lwc Lwlc
dLeff =DLC+ LLIn +WLwn + LLIn\NLwn

W, :DV\/C+V\AC+\MNC+ Wwic

LWIn Vv\NWn LWInvv\N\Nn
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Capacitance Model Equations

B.2.2 Overlap Capacitance

B.2.2.1 Source Overlap Capacitance

(2) for capMod =0

Qoverlaps - CGSOVQS
W

active

(2) for capMod =1

If Vs <0
& a 0
Q overiap - CGSO W, + CKAPPA >CGS1E | ,1_ e 2
Wcive 2 g CKAPPA =
%)
Else

Qotens _ (CGS0 + CKAPPAXCGSL)

active

(3) for capMod =2

e N 03]
QO"e”aB =CGI >Vgs + CGS'Q\/QS - Vgsoverlap- CKAPP% 1+,/1- gsove”apz
Wactive 8 2 8 CKAPP%

_1 [( jz 5 4 —
Vgsoverlap_ E gs + dl - Vgs +d1 +4d1§ dl =002
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Capacitance Model Equations

B.2.2.2 Drain Overlap Capacitance

(2) for capMod =0

Qover s
~®d = CGDOV,y
active
(2) for capMod =1
If Vg <O
& aq_ 0
Quiertand _ CGDOW,_ + CKAPPA-CGDLE | | fl_ o O
W, e 2 < CKAPPAZ
Else

M = (CGDO + CKAPPA xCGD 1) A 4

active

(3) for capMod = 2

2 7y &
Qeen _ CGDOW,, +CGOIN,, - V.o e CRAPPAE 1+ /1- o
Wieine ¢ | 2 ¢ CKAPPAZ

1

gd,overlap — E

N ?gd +d1 B \/(ng +d1)2 +4d1§ dl =0.02
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

Qoverlap,g =- (Qoverlap,s + Qoverlap,d)

B.2.3 Instrinsic Charges
(1) capMod =0

a Accumulation region (Vg < Vi, + Vi

Q C (V s~ Vbs - Vfbcv)

aCII ve aC'[I ve = ox

qub =- Qg

Qn =0

b. Subthreshold region (Vs < Vi)

4( gs fbcv bs)
-

Q‘S V\éctle-actlveCox x_é 1+ \/1+
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Capacitance Model Equations

Qn =0
c. Strong inversion (Vg > Vi)
Vd t _Vgs_ \/th
Y Abulkl
, ® aico 9
A= Aol + Leff T 2
§ Mo 4
A, _g_l_ K ox é% ALt + B, Qv 1
ulle — ! =
& F s = Voser gLeff +2 X X Wet +B, % 1+KetaV

Vin = Vipey T F st Kigia|[F s = Vosers
(i) 50/50 Charge partition
If Vds < Vdsat
ae 0
¢ v, AV, -
Qg :COX\/VaC'[iVA_aCtiV%\/gS- \/fbcv_ Fs- ?4- S \/ -
Q 1 gs-\/th_ &ulk dsg+
& e 2 oy
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Capacitance Model Equations

Apuik Vs + Abulklz Ves®
2

Qinv = - Wigiive Lactive Cox[ Vs - Vitn - ]

12(Vgs- Vin - L;”(Vds)

- 1 - 1 1 2
Qb = Wgivo L agrive Cox[ Vi - Vin +F s + (1 Ab;”‘ Was (1~ Avuie )AbXL" Vs ]
12(Vgs - Vin- %vds)

Ay Vs + Ak ? Vis*

Q =Qy = 05Qy =~ Wtie LoneCo Ves- V- =42 A
12(\/93' \ih - Tkas)
otherwise
Qg = \Nactive LactiveCOX(VgS - Vib- Fs- Vc;sat)
A~ 1
Qs=Qd =- gwactive L active Cox(Vas - Vin)
1- AV
Qb = - WagiveL activeCox (Vio+Fs- Vin+ ( Abgk ) dsat)

(i) 40/60 channel-charge Partition
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Capacitance Model Equations

|f (Vds < Vdsat)

' 2
Qg = CoWgive Lactive Vas- Vib- Fs- E + s Vd,:b Vi
12(Vgs- Vih - ulk ds)
2
inv = Apui Vs Aok % Vas®
Qinv = - Wactive I-activecox[ Vgs- Vih - +

—]
12(Vgs- Vin - Ab;'k Vas)

(1- A WVes - (1- Ay )Abulk'VdSZ
Q> = Wgive Lagive Cox[ Vib- Vin+Fs+ - .
12(Vgs - Vih- Ab;k Vds)

]

Qd =- V\Llactivel-activeCOX

g Ab "V [ (Vgs- Vth)2 ) Abu”('Vds(Vgs- Vih) + (Abu”('Vds)zl;I
Ve~ Vi A kT 6 8 40\
e - Ves + Ao u
e 2 2 (Ves- Vin- 22k v0)2 g
g 2 B
Qs=-(Qu+ Qo+ Qu)
otherwise

Vdsat

Qg = V\éctiveLactiveCOX(VgS - Vio- Fs- 3 )
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Capacitance Model Equations

Qd:-iW

15 activeL COX(VQS - Vth)

active

Qs = - (Qu+ Qo+ Q)

Qb = - Wive LacriveCox(Vib + F s- Vin +

active —active

(1- A )Vdsat)
3

(iii) 0/200 Channel-charge Partition

if Vds < Vdsat

' 2
Qo= COXVvaCtive l-active[\/gS - Vio- Fs- E + Abuik Vd;b v
lZ(VgS- Vin - ulk dS)
2
inv = Apui Vs Apui % Vas®
va - - Wactive LactiveCOX[VgS' Vih - + ]

12(Vgs- Vin - L;”(Vds)

(1- Abulk')VdS_ (1- Api’ ) A Vas®
2

QO = \NactiveLactiveCOX[ Vio - Vih +Fs + Ab ]
12(Vgs - Vith- % Vds)

]
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Capacitance Model Equations

e u
Vs - Vin ' ( 'Vds)z u
Qu = - Wasive Lactivecoxe > + Abzlk Vs - P Aoy [;|
e 24(Vgs - Vin - —;'k Vas) U
e u

Qs =-(Qo+ Qo+ Qu)

otherwise
Qu = Wagtive Lactive Cox(Vos - Vio - Fs- V‘:’:‘t)
Qb = - Weeiivel activeCox (Vi +Fs - Vin + (1- Abgk' )Vdsat)
Q,=0
Qs=-(Q,+Q))
(2) capMod =1

The flat-band voltage V;, is calculated from

Vio Vi F o= KigxafF s = Visert
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Capacitance Model Equations

where the bias dependences of Vi, given in Section B.1.1 are not
considered in calculating Vy, for capMod = 1.

if (Vgs < Vfb + Vbs+ Vgsteffcv)

le :WactiveLactivecox (Vgs B Vfb B Vbs - Vgsteffcv)

else
2ce 4V -V, -V, -V._.)9
le :Wactive C'[iVeCO>< Klox g- 1+ \/1+ - . gStze“'CV bSEff) :
2 e KLOX Q’
Q1 =- Qa1
V Vgstef‘fcv
dsat \
e Abulk
. > &LCOCLEQ
Api =A bqu0§1+g L., B B
& & L 0
Aniro =g[+ S : A + B:O X :
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Capacitance Model Equations

- V,, - voffcvoo

\% =
noff »xnv, %

gsteffov = noff NV, |n§1+ expg gs

|f (Vds <= Vdsat)

e o]

¢ Vs A N

Q = Qo1+ Wegive Laciive Cox Qvgsteﬁw - 7 + %/ ik dz % 0:

u

é 12 oo -~ V2

& 0

gl- Ab ' 1_ )Ab [ )Ab |V 2 =

Ik Ik Vd -

Qb Qb1+\Nact|ve activeCoxg 2 Hlk Vds - ( - ) A: [ > _

1 - Dbk, OF

gsteffcv 2 dsﬂ@

(1) 50/50 Channel-charge Partition

ae :
- - _ WactiveLactivecox ¢ _ Abulk' AbulkI ? Vd52 :
Qs =Qq = > GV gstett 5 Vs + " " Aue y o+
é g/gsteffcv 2 ds ﬂg

(i) 40/60 Channel-charge partition
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Capacitance Model Equations

W,

Q - _ active
S

R Abulklv 02
8 gsteff &V © T dsa

I-active Cox

4 2
glgsteffcv?" 3 gstefcvf (Abulk Vds) 3 gsteffcv(Abulk Vds) - (Abulklvds) g

Qy =-(Qut+Q+Qs)

(i) 0/200 Channel-charge Partition

& 0

Y ks

Q =-W. L. C gVQQEfCV +Abulk Vds _ (Abulk Vds) -
S active —active ~ox 2 4 ) % AbuIle O_
é 4% odteffov ~ 2 dSI_ZB

Qi =-(Q+Q+Qs)

|f (Vds > Vdsat)

Vdsat g

Q = Qo1 *+ Wigtive L active Cox gsteff ¢V ~ 3 &

(Vgsta‘fcv - Vd%l)

Q le active actlveCOX 3
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Capacitance Model Equations

() 50/50 Channel-charge Partition

Wil

Q _Q - ive activeCox
s — ~d — gsteff &

3

(i) 40/60 Channel-charge Partition

2W,

Q —_ active Lactivecox
S

gsteffcv

Qy =-(Q+Q+Q)

(iii) 0/100 Channel-charge Partition

2vgstefcv

Qs =- V\(active I-activeCox 3

Qy =-(Qut+Q+Qs)

(3) capMod =2

The flat-band voltage V,, is calculated from

Vfb:vth_ Fs_ K Fs_Vbseff

lox

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley
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Capacitance Model Equations

where the bias dependences of Vi, given in Section B.1.1 are not

considered in calculating Vy, for capMod = 2.
Qg =- (Qinv + Qacc + qubO + dqub)
Qb = Qacc + qubO + dqub

Qinv = Qs + Qd

Ve =V- 05{\/3 +,/v32+4d3vro] where \, =vib- \, - dy; d, =02

Qn: :-\Aéﬁvel-aai\,eccx(VFBe‘f - Vfb)

2 e AV, - Ve - V V)9
— lox s FBeff steff,CV bseff /] =+
qubo - activeLactivC XTE_ 1+\/1+ ? KloQZ =

e~ 0x
X (%)

_ Vgsteff,cv
Vdsat,cv - A 1
bulk

& @CLCo

Ak "= Puko §1+

I—activeg
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Capacitance Model Equations

Ao =S+ K & Al 4B Qv 1
IkO 1 =
g 2F - Vor e +2/X Xy W B o 1 KetaN

V, - voffevgd

&
\Y/ = noff xv, InC1 +ex os - =
gsteffcv t él pg noff mV &

Voer = Vit o 0.4\/4 +,/V2 +4d4V(hat,cv] whee V, =V, - V- d,; d, =002

Am 0,
Q actlve adeech gglgste‘f o « chef‘f Q

ae ('j

1- =

dqub - actlve actlvecox Ql AbU|k cheff - ( Abu”( )AhUIk CVEff -
2 12% Abulk 0_

% gsteffcv 2 cveff Qﬂ
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Capacitance Model Equations

B.2.3.1 50/50 Charge partition

éae 0
L ' 2\, B
-q=05q, = Neebunu Gy Auly P e
2 M 07
8 ™ Vo
B.2.3.2 40/60 Channel-charge Partition
_ WosvelaneCon 2 v V2. 2(p w |0
Q=- A, glgsdfw B 3 gsteffc('AMk weff) é gaeff(pbuk Vo/df) B 1_5('%“( Vwe‘f) g

el ogive 5 , , 2 1 , 30
Q = Tkt B 5 2\ Vo) PV A V) E o) 2
Anic 9]
@W"" 5 Vet
B.2.3.3 0/100 Charge Partition
& . 9
Q _ L g\‘GStEffCV + Abulklvcveff _ (Abulk cveff) :
acnve active ~ox 2 4 ] H
é 24§/gsteﬁcv - Abzlk cheff gg
e . 0
Q - g gsteffcv _ 3'A‘bulk cveff + (Abulk' cveff ) _
d actlve actlve é 4 @ Abulk 0_
gsteffev ~ 2 cveff ﬂﬂ
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Capacitance Model Equations

(3) capMod = 3 (Charge-Thickness M odel)

capMod = 3 also uses the bias-independent V,, to calculate Vi, as in
capMod =1 and 2.

F s Vbseff

lox

vib=V, - F - K

For the finite charge thickness (Xp ) formulations, refer to Chapter 4.

Qacc “WLC oxeff ¥ gbace

1
Vipace = 5 "[Vo *4 ;02 + 4d3Vfb]

V,=V, +V, - V. -d

bseff ~ gs 3

VFBerf =vb- 0-%\/3 +VV32 +4d3Vfb] where V3 =fb- ng B d3; d3 =0@
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Capacitance Model Equations

Eoop o = & ssioy Vsarcy + 2K/ 2F 5 O
d — s ~ B — 1

moin xK, N, 5

QS 0 =- VVLC% . K1ox2 >g:|-+ \/1+ 4(Vgs- VFBeff_ Vbseffs_ Vgstefbv)
u xel 5 A Kjoxz

[co N =]

1 f
Vet = Vasa - E x(\/l + Vl2 + 4d3vdsat )

Vl :Vdsat - Vds - dS

Vdsat _Vgae‘f LoV 'j d

A‘llﬂk I
¢ y
) 2\ 2 G
A . 1 . A\Julk cheff /
Q= WLG X et =) d - > Ay Vevert * Y, -U
e 12 T A Vorest o
8 & gsteffev Zdj
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Capacitance Model Equations

e u
%' 1- u I X u 'VC'S l:I
dQst :WLCoxeff Xgﬂv ( Ab lk) Ab . .eﬁ lil
€ 12@ I A chef/gl;'
: st 2.

(1) 50/50 Charge Partition

é
1 WLG, & A Vet
% :Q) :_an a/ steftv J d” Abulllvcveff-i-
2 2 e 9 . ok Ve
12’”§/gstetcv Ja- - P e%

U
a
U
GJ

DD

(i) 40/60 Charge Partition

V\A-g«eff 2 ' u
Q:' %\/gsleﬂ:v Jd - gsteﬂ:v Jd '%ulk over ™ 2( gsteﬂ:v Jd Abulk cvef - 15( ulk\/cvef)sEI

2 sttty jd '%ulk cv?/

P ANV 1 o)A Vo (mk MF“

Qaz' g\/gsta‘fcv Jd - gsta"k:v Jd
. 'V
gseﬁw iy- '%mk 7/

(iii) 0/200 Charge Partition

é u
WLG,o & o1, A’ Ve d
Q=- - Vet =) d T2 Pouik Vovet - N ;
2 ? 2 12 J Abulk\/cveV
8 gsteftcv d EH
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Capacitance Model Equations

O
I|I
=
O
é) [N

DD D>

oxeff

3
gsteffev Ja- E'Abulk cheff +

N

u

12472 ]
Abulk cheff H
L;I

. 'V 0
4 - - Abulk dvey:
)§/gst ff, J d 2 d
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APPENDIX D: Moddl 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 thisimplementation:

P= Fz) +i +i +L
Leff V\éff Leff V\éff

For example, for the parameter k1: R = k1, B = lk1, Ry = wkl, B = pkl. binUnit is a
bining unit selector. If binUnit = 1, the units of Ly and W; used in the binning equation

above have the units of microns; therwise in meters.

For example, for adevice with L4 = 0.5mm and W,; = 10mm. If binUnit = 1, the parameter
values for vsat are 1€5, 1e4, 2e4, and 3e4 for vsat, Ivsat, wvsat, and pvsat, respectively.

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

To get the same effective value of vsat for binUnit = 0, the values of vsat, lvsat, wvsat, and

pvsat would be 1€5, 1e-2, 2e-2, 3e-8, respectively. Thus,

vsat = 15 + 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 Modd Control Parameters

Symbols | Symbols
usedin usedin 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
usedin | usedin Description Can Be
equation | SPICE Binned?
VthO vthO Threshold voltage @V,.=0 for YES
LargelL.
VFB vfb Flat band voltage YES
K1 k1l First order body effect coeffi- YES
cient
K2 k2 Second order body effect coef- YES
ficient

D-2
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DC Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

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 dvtO first coefficient of short-chan- YES
nel effect on Vth

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

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

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

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

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

no uo 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

usedin | usedin Description Can Be

equation | SPICE Binned?

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

nsat 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 a2 Second non-saturation factor YES

Rdsw rdsw Parasitic resistance per unit YES
width

Prwb prwb Body effect coefficient of Rdsw YES

Prwg prwg Gate bias effect coefficient of YES
Rdsw

Wr wr Width Offset from Weff for YES
Rds calculation

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

Lint lint Length offset fitting parameter NO

from |-V without bias
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DC Parameters

Symbols | Symbols

usedin | 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

Cdschb cdscb Body-bias sensitivity of Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pcim Channel length modulation YES
parameter

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

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

Pdiblcb | pdiblcb | Body effect coefficient of YES
DIBL correction parameters
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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

d delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

a0 aphad | Thefirst parameter of impact YES
ionization current

al alphal Isub parameter for length scal- YES
ing

b0 beta0 The second parameter of impact YES
ionization current

Rsh rsh Source drain sheet resistance in NO
ohm per square

J0 IS 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 usedin Description Can Be

equation | SPICE Binned?

X part xpart Charge partitioning rate flag NO

CGS0 Cgso Non LDD region source-gate NO
overlap capacitance per
channel length

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

CGBO cgbo Gate bulk overlap capaci- NO
tance per unit channel length

g 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

Po pb Bottom built-in potential NO

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

CGS1 cgsl Light doped source-gate YES
region overlap capacitance

CGD1 cgdl Light doped drain-gate region YES
overlap capacitance
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AC and Capacitance Parameters

Symbols | Symbols

usedin used in Description CanBe

equation | SPICE Binned?

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

Cf cf fringing field capacitance YES

CLC clc Constant term for the short YES
channel model

CLE cle Exponential term for the short YES
channel model

DLC dic Length offset fitting parame- YES
ter from C-V

DwWC dwc Width offset fitting parameter YES
from C-V

Vfbcv vfbcv 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
chargethicknessin 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

length offset

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

Elm em Elmore constant of the channel YES

D.5 dW and dL Parameters

Symbols | Symbols

usedin | usedin Description CanBe

equation | SPICE Binned?

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

WIin 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

LI I Coefficient of length depen- NO
dence for length offset

LIn lIn Power of length dependence for NO
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dW and dL Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

Lw Iw 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

Llc Llc Coefficient of length depen- NO
dence for CV channdl length
offset

Lwc Lwc Coefficient of width depen- NO
dence for CV channdl length
offset

Lwlc Lwlc Coefficient of length and width- NO
dependence for CV channel
length offset

Wic Wic Coefficient of length depen- NO
dence for CV channel width
offset

Wwc Wwc Coefficient of widthdependence NO
for CV channel width offset

Wwilc Wwilc Coefficient of length and width- NO
dependence for CV channel
width offset
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Temperature Parameters

D.6 Temperature Parameters

Symbols | Symbols

usedin |usedin Description Can Be

equation | SPICE Binned?

Tnom | thom Temperature at which param- NO
eters are extracted

nte ute Mobility temperature expo- YES
nent

Ktl ktl Temperature coefficient for YES
threshold voltage

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

Kt2 kt2 Body-bias coefficient of Vth YES
temperature effect

Ual ual Temperature coefficient for YES
Ua

Ubl ubl Temperature coefficient for YES
Ub

Ucl ucl Temperature coefficient for YES
Uc

At a 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
usedin |usedin Description Can Be
equation | SPICE Binned?
tpb tpb Temperature coefficient of Pb NO
tpbsw tpbsw Temperature coefficient of NO
Pbsw
tpbswg | tpbswg | Temperature coefficient of NO
Pbswg
tcj tc) Temperature coefficient of Cj NO
tcjsw tcjsw Temperature coefficient of NO
Cjsw
tcjswg tcjswg Temperature coefficient of NO
Cjswg
D.7 Flicker Noise M odel Parameters
Symbols | Symbols
usedin | usedin Description Can Be
equation | SPICE Binned?
Noia noia Noise parameter A NO
Noib noib Noise parameter B NO
Noic noic Noise parameter C NO
Em em Saturation field NO
Af af Flicker noise exponent NO

BSIM3v3.3 Manual Copyright © 2005 UC Berkeley D-12



Process Parameters

Symbols | Symbols
usedin | 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
usedin | usedin Description Can Be
equation | SPICE Binned?
Tox tox Gate oxide thickness NO
Toxm toxm Tox at which parameters are NO
extracted
X] X Junction Depth YES
ol gammal | Body-effect coefficient near the YES
surface
(0% gamma2 | Body-effect coefficient in the YES
bulk
Nch nch Channel doping concentration YES
Nsub nsub Substrate doping concentration YES
Vbx vbx Vbs at which the depletion YES
region width equals xt
Vbm vbm Maximum applied body biasin YES
Vth calculation
Xt xt Doping depth YES
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Geometry Range Parameters

D.9 Geometry Range Parameters

Symbols | Symbols

usedin | usedin Description Can Be
equation | SPICE Binned?
Lmin Imin Minimum channel length NO

L max 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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