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CHAPTER 1: Introduction

1.1 General Information

BSIM3v3 is the latest industry-standard MOSFET model for deep-submicron
digital and analog circuit designs from the BSIM Group at the University of
California at Berkeley. BSIM3v3.2.2 is based on its predecessor, BSIM3v3.2, with

the following changes:

* A bias-independent Vib is used in the capacitance models, capMod=1 and 2 to
eliminate small negative capacitance of Cgs and 091 in the accumulation-
depletion regions.

* A version number checking is added; a warning message will be given if user-
specified version number is different from its default value of 3.2.2.

* Known bugs are fixed.

1.2 Organization of This Manual
This manual describes the BSIM3v3.2.2 model in the following manner:

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

* Chapter 3 highlights a single-equation I-V model for all operating regimes.

* Chapter 4 presents C-V modeling and focuses on the charge thickness model.
¢ Chapter 5 describes in detail the restrutured NQS (Non-Quasi-Static) Model.

» Chapter 6 discusses model] parameter extraction.

* Chapter 7 provides some benchmark test results to demonstrate the accuracy

and performance of the model.
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Organization of This Manual

e Chapter 8 presents the noise model.
¢ Chapter 9 describes the MOS diode I-V and C-V models.

» The Appendices list 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 gradual channel
approximation and coherent quasi 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 due to vertical field.

* Bulk charge effect.

* Velocity saturation.

* Drain-induced barrier lowering (DIBL).

e Channel length modulation (CLM).

* Substrate current induced body effect (SCBE).

* Subthreshold conduction.

* Source/drain parasitic resistances.

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

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

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

First, if the gate voltage is greater than the threshold voltage, the inversion charge
density is larger than the substrate doping concentration and MOSFET is operating
in the strong inversion region and drift current is dominant. Second, if the gate
voltage is smaller than Vy, the inversion charge density is smaller than the
substrate doping concentration. The transistor is considered to be operating in the
weak inversion (or subthreshold) region. Diffusion current is now dominant [2].
Lastly, if the gate voltage is very close to Vg, the inversion charge density is close
to the doping concentration and the MOSFET is operating in the transition region.

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

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

concentration, V,, is given by [2]:

(2.1.1)
Vth =Vl"‘B +(D.c +YV (I).v _Vbx =";’ideal+7(\‘ (I)s _Vbs —\/ar)

where Vpp is the flat band voltage, Vyg, is the threshold voltage of the long
channel device at zero substrate bias, and y is the body bias coefficient and is given

by:

(2.1.2)

V2E5igN,

COX

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

(2.1.3)

q |\ n

!

D, =2 ks ln(N“ ]
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

Equation (2.1.1) assumes that the channel is uniform and makes use of the one
dimensional Poisson equation in the vertical direction of the channel. This model
is valid only when the substrate doping concentration is constant and the channel
length is long. Under these conditions, the potential is uniform along the channel.
Modifications have to be made when the substrate doping concentration is not

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

2.1.1 Vertical Non-Uniform Doping Effect

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

shown in Figure 2-1.

N,
-

<« Approximation

/ Distribution
Nsub
f .

4
X
1  sSubstrate Depth

Substrate Doping Concentration

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

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

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

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

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

following Vy, model is proposed:

(2.1.4)

‘/th =VTideal + Kl (\/ (D.r _Vhs - "/qu)— K2Vbs

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

(2.1.5)
K, =v7,-2K,\j® -V,

(2.1.6)
K. = (yl _yzxvq):_va —\/Fv)
: 2\/‘D—r-('\/q).\‘ - me - '\/q)_s)+ me

where 7y, and v, are body bias coefficients when the substrate doping

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

(2.1.7)

- \/ zqs.n'Nch

T C

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

2.1.2

(2.1.8)

‘\lzqssiNsub

Y2 =
Cox

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

satisfies;

(2.1.9)

chhth
2¢..

St

= (Ds —Vbx

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

Lateral Non-Uniform Doping Effect

For some technologies, the doping concentration near the source/drain is
higher than that in the middle of the channel. This is referred to as lateral
non-uniform doping and is shown in Figure 2-2. As the channel length
becomes shorter, lateral non-uniform doping will cause Vy, 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‘)ﬁ - Na (L_2Lr)+NP0CkEt2L_( =Nu +2Lt . NpOCkéf—N“ )
; 1 I N_a }
E}Vﬂ (H.E]_x)
L

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

(2.1.11)

Vl'.'l(l + K V(I) V J_

R

Eq. (2.1.11) can be derived by setting V,,; = 0, and using K e (N,»)". The

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

the lateral non-uniform doping effect. This effect gets stronger at a lower

body bias. Examination of Eq. (2.1.11) shows that the threshold voltage

will increase as channel length decreases [3].

N(x)

I
[
|
» L, & HLXH-
1 1 1 1 b_

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

2.1.3 Short Channel Effect

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

Vi, model as:

(2.1.12)

V, =V + K, (J®, —V,, —/@, )-K,V,,

+K[ N ’Jd) -AV,

where AV, is the threshold voltage reduction due to the short channel

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

along the channel. This quasi-2D model concluded that:
(2.1.13)
Avth = eth (L)(Z(Vb: - q).r )+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)

N_N
Vbi = KBT ll'l( ch2 d)
q n;

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

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

given by:
(2.1.15)
6., (L) = [exp(—L/2l,) + 2 exp(-L/},)]
Iy is referred to as the characteristic length and is given by
(2.1.16)
I = Esi Todeep
N e
Xep 18 the depletion width in the substrate and is given by
(2.1.17)
2e (. -V,
X = i s bs
dep qul

Xep 1s larger near the drain than in the middle of the channel due to the
drain voltage. X,,, / 1| represents the average depletion width along the

channel.

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

the model fit different technologies, several parameters such as D, D,,,,

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)

0, w = D, lexp(-D,,,L/2l,)+2exp(-D,,L/1)]
(2.1.19)

AV, (L)=6,(L)V, —@,)
, (2.1.20)
’8 T .X
l, = M_de_P(l +Dyy2 V)
£0X

(2.1.21)

0 i (1) =[exp(=D,,, L1214) +2exp(-D,, L/1,)]
(2.1.22)

AVinVasy = Quint( LY Era0 + Eiab Vs )Vis

where / is calculated by Eq. (2.1.20) at zero body-bias. D,,; is basically
equal to 1/(n)"2 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). D,
D,,,D,p, Eta0, Etab and Dsub, which are determined experimentally, can
improve accuracy greatly. Even though Egs. (2.1.18), (2.1.21) and (2.1.15)
have different coefficients, they all still have the same functional forms.
Thus the device physics represented by Egs. (2.1.18), (2.1.21) and (2.1.15)

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

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

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

The term:

A

idea:

1+K1 (D.\' _Vb.t —KZVb.v

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

the changes in

Vi,

idea

1+K| (I).c —Vbs —KZVbs

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

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

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

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

lengths under various bias conditions.

1.2
1.0 —
=
s
> .
08 —
;’:b_..vg._ﬁ_,_*,_:ym_,__ OV
\*o-__“’%-"‘""_?\-‘*‘\w:“
O | 6 | l e .il,
0 ! : 3

Vgs (V)

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

101
Markers: Exp.
Linas: Made
100 |
= .t
1071 L
] F
= C
<1p-2 [
1(}'3_.1..:...;.1....
0.0 0.5 1.0 1.5

L off (um)

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: Mode
1.5 L Device B, Vgg=-3V
Z 1.0 |
= I
=
0.5
B = Open Markers: Vpg=0.05V
‘ Solid Marker: Vpg=3V
0.0 —————
0.0 0.5 1.0 1.5

L eff (um)

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

2.1.4 Narrow Channel Effect

The actual depletion region in the channel is always larger than what is
usually assumed under the one-dimensional analysis due to the existence of
fringing fields [2]. This effect becomes very substantial as the channel
width decreases and the depletion region underneath the fringing field
becomes comparable to the "classical" depletion layer formed from the
vertical field. The net result is an increase in Vy, It is shown in [2] that this

increase can be modeled as:

(2.1.23)

-2
MNadeax =37L.T;nx¢)‘
2C, W 4

ox
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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 volfage
increase. This change in Vy, is modeled by Eq. (2.1.24a). This formulation
includes but is not limited to the inverse of channel width due to the fact
that the overall narrow width effect is dependent on process (i.e. isolation

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

(2.1.24a)

T
K, +K,V, | —Z&—
( 3 3b b.s)Weﬁ,_'_Wo

o

s

Weﬁ’ 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)

' ‘L
Dvrow| exp(—Dvriw Wer Ley )+ 2exp(—Dvriw M))( Vi — @s)
2w Iw
When all of the above considerations for non-uniform doping, short and
narrow channel effects on threshold voltage are considered, the final

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

(2.1.25)

VI V lox b.\‘e_ﬂ' 20x b\'tﬂ

,,,x[ 1+—— }/(D +\K, + KV, Tox D,
+W

- me(ex —me Ly )+2ex -D,,,—LZL W“; Ly DV,,,.—(DS)

w

_Dvm[ex({— D —2ng]+ 26)({— D, 5;1 )}Vb: "d’,)
—(CX{— D.mbIQJILZ )+ 28)([{— sub lm J} a0t th.\‘eﬁ' M-V

where T, dependence is introduced in the model parameters K, and K, to
improve the scalibility of V,, model with respect to T,,,. Vjy0.x Kj,x and Ky,

are modeled as

Viioor =Vao —Ki \/‘E

and
Klox = Kl : Tox
Taxm
T
KZox = K2 : ]-:::n

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

default value of 7,,,.

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

this expression is not introduced (see Section 3.8 for details).
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(2.1.26)
Viser = Ve + 0.5[Vis = Ve = 81 + o/ (Vs — Vie — 01)% — 461Voe ]

where 6, = 0.001V. The parameter V,, is the maximum allowable V,,
value and is calculated from the condition of dV,/dV,=0 for the V,,
expression of 2.1.4, 2.1.5, and 2.1.6, and is equal to:

K2 A
1
4K,’

V, = o.9[q>, -

/

2.2 Mobility Model

A good Amobility 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, 4 is defined by

(2.2.1)

+ 2
By = 2l

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

mobility is then given by
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Ho

ueﬂ' =

1+(Eyg [ Eg)¥

(2.2.2)

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

the following for electrons and holes

Parameter Electron (surface) Hole (surface)
Lo (cm*/Vsec) 670 160
Ey (MV/cm) 0.67 0.7
\Y 1.6 1.0

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

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

in a more useful form that explicitly relates E, 4 to the device parameters [14]

E .= Vgs + Vth
o =" 61,

(2.2.3)

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

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

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

obtained by fitting the unified formulation. Thus, we have
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(mobMod=1) 22.4)
My = - Ho .
1 +(Ua+ Uch.reﬂ‘)(—g%m)_f_Ub( gStT"' 2Vlh)2
ox 0x

where Vo=V, Vi To account for depletion mode devices, another mobility

model option is given by the following

(mobMod=2) (2.2.5)
Ho
Uetp =
1+ Ua+ UCVM)(Y&) + U,,(‘—/gﬂ—)2
Tox Tox

The unified mobility expressions in subthreshold and strong inversion regions will

be discussed in Section 3.2.

To consider the body bias dependence of Eq. 2.2.4 further, we have introduced the

following expression:

(For mobMod=3) (2.2.6)
Ho
Tox

ey =
1+ [V (L83t 2V

)21( + UcViser)

ox

2.3 Carrier Drift Velocity

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

velocity saturation equation [17] is used in the model
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24

(2.3.1)
E
y= .&‘ﬁ'__, E < Esat
1+(E/Egq)
= Vsar» E>Eg,,

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

(2.3.2)

2Vsar

Hegr

sat

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 Vy, to vary along the channel. This effect is called bulk charge effect
[14].

The parameter, A,,y, is used to take into account the bulk charge effect. Several
extracted parameters such as Ay, 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 Ay, expression is given by

(2.4.1)

s
-+

2
K, Al L ) & 1
=(l+—=le | ——L_—|1-AV,, 4 o |]
Ao [ 20, -V, [ L, +;/x,x,,,,,[ 5 L,ﬁ+2\[x,x,,,p] J W,'+B, || 1+KetaY,,
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2.5

where Ag, Ags, By, By and Keta are determined by experimental data. Eq. (2.4.1)
shows that A, is very close to unity if the channel length is small, and Apun

increases as channel length increases.

Strong Inversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (Rg=0)

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

along the channel is given by

(2.5.1)
1, =WC, (V. — AsuV (5)vy)

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

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

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

can be expressed as

(2.5.2)
Uz Em
1+ E(y)/E

sat

ox

1, =WC, (V, -V, - AuVy)

Eq. (2.5.2) can be rewritten as follows
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(2.5.3)
Id‘ _ dV(y)

Ey= =
K WC,, (Vgst —AV)=1,/E, dy

By integrating Eq. (2.5.2) fromy =0toy = Land V(y) = 0to V(3) = V4,

we arrive at the following

2.5.4)

w 1
Id.\- = ,ueﬂ'cnx IW/E_L(V‘H _V:h - Abulkas/Z)Vd\.

sat

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

For instances when the drain voltage is high (and thus the lateral electrical
field is high at the drain side), the carrier velocity near the drain saturates.
The channel region can now be divided into two portions: one adjacent to
the source where the carrier velocity is field-dependent and the second
where the velocity saturates. At the boundary between these two portions,
the channel voltage is the saturation voltage (V,,) and the lateral
electrical is equal to E,,. After the onset of saturation, we can substitute v

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

| (2.5.5)
I, =WC,

ox

(Vo — AV, Jv

sat

By equating eqgs. (2.5.4) and (2.5.5) at E = Eg;, and v g = V,,,, We can

solve for saturation voltage V.,

(2.5.6)
V - E.mr L(Vgs —Vlh)
“ AwkE ,, L+ (V,, ~V,,)

sat
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2.5.2 Extrinsic Case (R#>0)

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

linear region can be calculateed [3] as

(2.5.9)
Vs _ Vs
Rioy  Rep + Rys
_ c w 1 (Vest = Abuix Vs /2) Vs
Hef “or T T Vg /(B W (Vest — Abutk Vs /2)
L 1+ Vg (EyL)

Iys =

L
) T+ RysHer Cox

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

V sqr With parasitic resistance R ;; becomes

(2.5.10)

—b-b% -4ac

Visat = 2a

The following are the expression for the variables a, b, and c:
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(2.5.11)
a=Al.R,C, Wy, + (% — 1) Abunk

ox

b= _( Vgﬂ(% - 1) + Abulk ExalL + 3Abulk Rd.rC val Vgsl)
2
€= EgqLVgs + 2R 4sCoxWvggy Vgst
2, = AlVg.rl + AZ

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

of the device. The parasitic resistance is modeled as:

(2.5.11)

_ Rdm(l + angvgsreﬁ' + leb (\I (I): —Vb:eﬂ - \/Es))

ds W,

(10w,

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

Py,pand ng are the body bias and the gate bias coeffecients, repectively.

2.6 Strong Inversion Current and Output

Resistance (Saturation Regime)

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

resistance (which is the reciprocal of the first order derivative of the I-V curve)
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curve can be clearly divided into four regions with distinct Royr vs. Vg

dependences.

The first region is the triode (or linear) region in which carrier velocity is not
saturated. The output resistance is very small because the drain current has a strong
dependence on the drain voltage. The other three regions belong to the saturation
region. As will be discussed later, there are three physical mechanisms which
affect the output resistance in the saturation region: channel length modulation
(CLM) [4, 14], drain-induced barrier lowering (DIBL) [4, 6, 14], and the substrate
current induced body effect (SCBE) [14, 18, 19]. All three mechanisms affect the
output resistance in the saturation range, but each of them dominates in only a
single region. It will be shown next that channel length modulation (CLM)
dominates in the second region, DIBL in the third region, and SCBE in the fourth

region.

3.0 ] 14

DIBL | SCBE

-1 12
251

o— =10

20~
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15~

(swyoxy) "
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| ° 44
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I
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Figure 2-6. General behavior of MOSFET output resistance.
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Generally, drain current is a function of the gate voltage and the drain voltage. But
the drain current depends on the drain voltage very weakly in the saturation region.

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

(2.6.1)
Ol ys (Vo5 Vi)
145 (Vgs» Vis) = 145 (Vs Vigsar ) + +(Vds = Visar)
ds
-V
= Ty, (14 Vs — Vdsar )
Va
where
(2.6.2)
Lysar = 1as(Vgs, Viasar) = W Cox (Vest = Apuik Vdsar)
and
(2.6.3)
9145 \-1
Va=1 £

The parameter V4 is called the Early voltage and is introduced for the analysis of
the output resistance in the saturation region. Only the first order term is kept in the
Taylor series. We also assume that the contributions to the Early voltage from all

three mechanisms are independent and can be calculated separately.
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2.6.1 Channel Length Modulation (CLM)

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

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

calculated by
(2.6.4)
Vacim =14 (alds L )—1 _ Aput Esar L+ Vest aAL)_l
= ; =
oL 9 Vas Aputk Esar d Vis

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

approximation, V4cypscan be derived as the following

(2.6.5)
- Apuik EgyL+ Vgst

Vacim (Vs = Visar)

Abulk Esatl

where V1 is the Early Voltage due to channel length modulation

alone.

The parameter P, is introduced into the V47 €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 X since i« /X,

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

Thus, the Vg psbecame

(2.6.6)
1 AputkEsqr L+ Vgst

Vacim = P (Vs — Vdsar)

eim AbutkEsarl
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2.6.2 Drain-Induced Barrier Lowering (DIBL)

As discussed above, threshold voltage can be approximated as a linear
function of the drain voltage. According to Eq. (2.6.3), the Early voltage
due to the DIBL effect can be calculated as:

(2.6.7)
vV — (a Id.\' a ‘/lh -1
ADIBLC dsat a V,,, a de
(Viseg +2w1) AvitVisa
Vaoisic = 1-
Guuit(1+ PoisicaVeser)\. AvukVitsr + Vegwer +20

During the derivation of Eq. (2.6.7), the parasitic resistance is assumed to
be equal to 0. As expected, V,ppcis a strong function of L as shown in Eq.
(2.6.7). As channel length decreases, V,pp; - 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
0,,(L) be replaced by 6,,,,L). Both 8,,(L) and 6,,,,(L) have the same

channel length dependencies but different coefficients. The expression for

OrourL) is

(2.6.8)

emut (L) = Pdihlcl [exp(—DmutL / 21!) +2 exp(—D L/ lt )] + Pdiblcz

rout

Parameters P ;11> Pgipic2 Pdiblch and D,,,,,, are introduced to correct for

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

equal to Py;p;-1 and D, is not equal to D, is because the gate voltage
modulates the DIBL effect. When the threshold voltage is determined, the
gate voltage is equal to the threshold voltage. But in the saturation region
where the output resistance is modeled, the gate voltage is much larger than
the threshold voltage. Drain induced barrier lowering may not be the same
at different gate bias. Py;p;.5 is usually very small (may be as small as
8.0E-3). If P ;3.2 is placed into the threshold voltage model, it will not
cause any significant change. However it is an important parameter in
Vapipy for long channel devices, because P ;.- will be dominant in Eq.

(2.6.8) if the channel is long.

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
VAsqr parameter is introduced into the Early voltage expression. Vg, is

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

(2.6.9)
Vi = Esar L+ Visar + 2RysVsarCox W (Vosr — Apu Vs 1 2)
Asat =
s 1+ Apyit RisVsar Cox W
Total Early voltage, V4, can be written as
(2.6.10)

1
+
actu  Vabie

V, = Vawr+( )™
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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
faso = stal Cax (‘/g.ﬂ - Abulk Vd.\'al )(1 + %)
A

Furthermore, another parameter, Py, is introduced in Vj to account for
the gate bias dependence of V, more accurately. The final expression for

Early voltage becomes

(2.6.12)
Pvangg )( 1 1 )_|

Va = Vasar + (1 +
Esaler = Vacm  Vabisrc

Current Expression with Substrate Current Induced Body
Effect

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

I, model [20] is given as:

(2.6.13)

| >

i Bl
I.\‘ub = I ds (Vd.‘ - Vd.m: )CXP(— { }

Vds - Va

sat

=]

1
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The parameters A; and B; are determined from extraction. I, will affect
the drain current in two ways. The total drain current will change because it
is the sum of the channel current from the source as well as the substrate

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

(2.6.14)

I(Lr =Id.w+l_mb

= L1+ (Vias — Viasar)
Bi exp( Bil )
Ai P Vias — Vidsar

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

(2.6.15)
V - V - at
Id.r = Wv:a: Cox(vgn - Abulk Vdsar )(1 + g dsat )(] + Vs — Vas )
. Vi Vascse

where V5cpr can also be called as the Early voltage due to the substrate

current induced body effect. Its expression is the following

(2.6.16)
Vascse = %exp(-———vds fii/dml)
From Eq. (2.6.16), we can see that V,scp is a strong function of V. In
addition, we also observe that V- is small only when Vi is large. This
is why SCBE is important for devices with high drain voltage bias. The
channel length and gate oxide dependence of V,scpg comes from Vi, and
l. We replace Bi with PSCBE2 and Ai/Bi with PSCBE1/L to yield the

following expression for V,scpe
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2.7

(2.6.17)
1 P ' P )
= PscBEd oy _FscaEl )
VaScBE L Vs = Visar

The variables Pg.,; and P.p,o are determined experimentally.

Subthreshold Drain Current

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

(2.7.1)

V.-V, -V
I, =I:o(1—exp(—ﬁ-))exp( L nv‘” 7y

H

(2.7.2)
q Si C 2
I.\' —u — —s.‘l’v'

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

These two mechanisms are modeled by the following

(2.7.3)

(Case + CutsedVts + Cutse quf)(exp(—Dm ﬁ) +2 exp(—Dvrlﬁ))

_ 26 A Cu
n=1+ Mmor— + + —_—
Cor Cox Cax

where the term
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(Cusc + CuscdVas + Cuseh Vbxeﬁ)(exp(—DVTl %) + 2 exp(—Dvni —L;—ﬁ))

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

and is usually very close to 1.

2.8 Effective Channel Length and Width

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

below
2.8.1)
Leﬁ‘ = Ldrawn — 2dL
(2.8.2a)
ufeﬂr = Wirawn — 2dW
(2.8.2b)

We_ﬂ' l = Wirawn — 2d W'

The only difference between Eq. (2.8.2a) and (2.8.2b) is that the former includes

bias dependencies. The parameters dW and dL are modeled by the following
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(2.8.3)
AW = dW+dW,V,.,o +dW,([®, =V, [
AW'=W,, + z?”," Wv‘;”wn Lw,vnvv‘;}’w%

(2.8.4)

L L, L,

dL = Lim + LLln + WLwn + LLanLwn

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

the intercepts of lines from a R vs. Ly, plot).

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

Lwn.

By default all of the above geometrical dependencies for both dW and dL are
turned off. Again, these equations are provided for the convenience of the user. As
such, it is up to the user to adopt the correct extraction strategy to ensure proper

use.
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2.9 Poly Gate Dep]etion Effect

When a gate voltage is applied to a heavily doped poly-silicon gate, e.g. NMOS
with n* poly-silicon gate, a thin depletion layer will be formed at the interface
between the poly-silicon and gate oxide. Although this depletion layer is very thin
due to the high doping concentration of the poly-Si gate, its effect cannot be
ignored in the 0.1um regime since the gate oxide thickness will also be very small,

possibly 50A or thinner.

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

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

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

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

Inversion Charge  Depletion in Substrate (Width Xd)

B

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

The device is in the strong inversion region.

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

(2.9.1)

2
Vpoly = lX olyE poly = qNgatg Xpoly

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)

EoxEox = EGE poly = \/ 2q£SiNgat€ VPOI}’
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where E,,, is the electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)
V=V =®, =V, +V,

poly ox

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

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

(2.9.4)
a(Vgs —VFB —(I)s _V;mly VY poly =O
where (2.9.5)
enxz
a= 3
2q8.\'iN gateTox

By solving the equation (2.9.4), we get the effective gate voltage (Vegs_e) Which is

equal to:

(2.9.6)

qesiN gat. axz ‘/ 1+ 2£ox2 (Vgs _VFB -(Ds ) 1

V., s =Vep+® + -
gs_eff FB s 2 2
£ qssiNgalJ;x

0x

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

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

current with and without poly gate depletion is equal to:

(2.9.7)
Ids(Vgs_eﬁ' ) - (Vgs_ejf Vi)
Ids(Vgs) (Vgs ~Vin)

Figure 2-9 shows 1,(V,, .5 / 1,(V,,) versus the gate voltage using Eq. (2.9.7). The

drain current can be reduced by several percent due to gate depletion.
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Figure 2-9. Ratio of linear region current with poly gate depletion effect and that

without.
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CHAPTER 3: Unified I-V Model

The development of separate model expressions for such device operation regimes as
subthreshold and strong inversion were discussed in Chapter 2. Although these
expressions can accurately describe device behavior within their own respective region of
operation, problems are likely to occur between two well-described regions or within
transition regions. In order to circumvent this issue, a unified model should be synthesized
to not only preserve region-specific expressions but also to ensure the continuities of
current and conductance and their derivatives in all transition regions as well. Such high
standards are kept in BSIM3v3.2.1 . As a result, convergence and simulation efficiency

are much improved.

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

V model parameters can be found in Appendix A.

3.1 Unified Channel Charge Density
Expression

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

(3.1.1a)

Qctsubso = Qoexp( Vo =Var

nw
where Q is

(3.1.1b)

QO = q&iNch " exp(_ Voﬂ)

s nwe

(3.1.2)

Qch.ro = Cox(Vg.\' - Vlh)

In both Egs. (3.1.1a) and (3.1.2), the parameters Q.50 and Q.50 are the channel
charge densities at the source for very small Vds. To form a unified expression, an
effective (Vgs-Vypy) function named Vggegr is introduced to describe the channel

charge characteristics from subthreshold to strong inversion

(3.1.3)

nv:

2nw ln[l + exp( V;x Vi ):I

Vosar = 20 V.
1+2n Cox — exp(- ——— =% —Va- 2Voﬁ)
q&EsiNeh 2nw

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

inversion region can therefore be written as

3.14)
QchsO = Cox‘/gsteﬁ

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

sections of this chapter to model the drain current.

3-2
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Unified Channel Charge Density Expression
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Figure 3-1. The VMfunction VvS. (Vgs'Vth) in linear scale.
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Figure 3-2. Vggggfunction vs. (Vgr-Vyp) 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 Vg5 To account for the influence of Vg, the Vgggfunction
must keep track of the change in channel potential from the source to the drain. In
other words, Eq. (3.1.4) will have to include a y dependence. To initiate this
formulation, consider first the re-formulation of channel charge density for the

case of strong inversion

(3.1.5)
QOens(y) = Cox(Vgs — Vin — Avui V)

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

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

(3.1.6)
Qchs(y) = Qehso + AQchs(y)

The term AQy,(») is the incremental channel charge density induced by the drain

voltage at point y. It can be expressed as

(3.1.7)
AQchs(y) = —CoxAbuikVr(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)

Ochsubs(y) = Qoexp(vg'v —Vin— AvaVr(y) )

nv
ulk Vi
= Qduubsoexp(——'Ab * F(y))
nwv

34 BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



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

Oty = Qs+ AQhaibs(y)

The parameter AQ ,q,4(») is the incremental channel charge density induced by

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

(3.1.11)

AQchsubs(y) = — AbirVe) Qchsubs0

nw:

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

Sth).

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

expression along the channel, we first assume
(3.1.12)

AQ chs( y)AQchsub.\'( )
AQdu(y) + AQch:ub.r(y)

AQch(y) =

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

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 35



Unified Mobility Expression

(3.1.13)
VFrn

A ch(y) =
QOcn(y) b

chuo

where Vp, = (Vgsggff + n*v)/Apyie In order to remove any association between the
variable n and bias dependencies (Vggg) as well as to ensure more precise
modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), 7 is

replaced by 2. The expression for Vj now becomes

3.1.149)
_ Vgsleﬁ' +2w
Abulk

Vb

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

now at hand

(3.1.15)
VFrw
Vb

Qch(y) = Qenso(1— )

The variable Q4 is given by Eq. (3.1.4).

3.2 Unified Mobility Expression

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

the following.
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Unified Linear Current Expression

(mobMod = 1) 3.2.1)
Ho
Her =
1+ (Ua+ UcViser) (W) + Us( Vesier + 2Vm)2
X ox

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

the following
(mobMod = 2) (3.2.2)
Mo
Her =
14 (Ua + UcVisegr)( VM) + U,,(V‘L"f’)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)
e = ko
1+ (U ET 2V G Vet t 2V Ui
Tox Tox

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Rz=0)

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

diffusion current
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Unified Linear Current Expression

(3.3.1)
Luyy = WQch(y) Lnecy) dVro)
dy
where the parameter u,,/(y) can be written as
3.3.2)
Hre(y) = ‘llcﬁE‘
1+—=
E.\'llf
Substituting Eq. (3.3.2) in Eq. (3.3.1) we get
(3.3.3)

VEy ‘
Luiy)y = WQenso(1 — Fo )) ﬂ‘ﬁl:? dVEy)
Vo 1422 dy

sat

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

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

from the subthreshold regime to the strong inversion regime
(3.34)

\%
W, V,|1-—%
l«l eff Qch.cO ds ( 2Vb )

Ill.\'O =

sat

3-8
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Unified Vdsat Expression

3.3.2 Extrinsic Case (Rg > 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 inversion is:

3.3.5)
Id.m
Ruslaso

1+
Vds

lus =

3.4 Unified Vg Expression

3.4.1 Intrinsic case (Rz=0)

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

as follows

34.1
Id.m

Tuso );' — 2LusoWQchofleg y
Esal Vb

Ey

\/ (WQchso legr —

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

following expression for I joz

(34.2)
WﬂeﬂQchJOEsatLVb

2L(Esal + Vb)

Idrat =
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Unified Vdsat Expression

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

following expression for V gy

(34.3)
EsatL( Vg.rreﬁ" + 2Vt)

AvukEsall + Vesiey + 21

deat S

3.4.2 Extrinsic Case (R>0)

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

(3.4.4a)
—b—b* —4ac
Vd:at =
2a
where
(3.4.4b)
a = Abutk*WegVsarCoxRs + (% — 1) Abui
(3.4.4¢)

b= —((Vgsteﬁ’ + 21’1)(% —1) + AvuEsarLeg + 3 Abuik(Vgsier + 2Vl)VV¢fwa¢CaxRDS)

(3.4.4d)
c= (Vg.mﬁ‘ + 2V1)EsatLejf + 2(Vg.sreﬂ” + 2Vt)2 WeﬂVsarCox.RDS

(3.4.4¢)
A = A1Vesier + A2
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Unified Saturation Current Expression

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

Parameters A, and A, can be extracted.

3.5 Unified Saturation Current Expression

A unified expression for the saturation current from the subthreshold to the strong

inversion regime can be formulated by introducing the Vot function into Eq.

(2.6.15). The resulting equations are the following

(35.DH
Ids = Idso(Vd.\'at) (1 + Vds - Vdsat )(1 + Vd: - Vdsa:)
1 Rdsl dso(Vdsat) VA VA SCBE
—
Vd.ml
where
(352
PragViste 1 1
Va=Vasa+ (1+ — 2y~ 4 )™
EsatLey = Vacin  Vabisic
(3.5.3)
AbutkVisa
E.theﬁ' + Visat + 2 Rps \&mCox“’eﬂ'Vg:teﬂ' [1 - _ika_t
V. ‘ Z(ngﬁ + 2V1)
Asat =
2/ A =14 RosViatCoxWegA buik
(3.54)
ulkLvsatleff + Vgste,
Vacim = AviEsal o Vg.‘ﬁ (Vis = Visar)
PcimAbuikEsar Litl
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Single Current Expression for All Operating Regimes of Vgs and Vds

3.6

(3.5.5)
(Vistegr + 2wr) (1 _ AbutkVisar )
Grout (1 + PpisLcBViser) AbuikVisar + Vgstegy + 2v1

VabisLe =

(3.5.6)
Leg Loy
Gour = PpisLct | exp(—Drour -él—) + 2 exp(—Drour —l———) + PoipLc2
t0

t0

(3.5.7)

l _ Pscch ex (-Pscbel lltl)
Vascese ~ Leg Vs — Visar

Single Current Expression for All
Operating Regimes of Vgs and Vg

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

saturation current now becomes

(3.6.1)

o= Laso(visegr) (1 N Vs — Vmg‘)(l + Vs — Vdscﬂ')

+ Roaslisovdsegr) Va Vascse

1
Vd:eﬂ

Most of the previous equations which contain Vg and V4, dependencies are now

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

3-12

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



Single Current Expression for All Operating Regimes of Vgs and Vds

(3.6.2)
AbulkExaLe +V €]
Vacm = s gftﬁ (Vas = Vaser)
P cLMA butk Esat lit]
Similarly, Eq. (3.5.7) now becomes
(3.6.3)
1 Psbe . ( — Pscber lit]
Vascee  Leg Vs — Vasegr
The Vggegrexpression is written as
3.6.4)

Vitsey = VM—%(VM-V&—E'F\/(VM'—VJJ—&Z +4Wm)

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

linear and saturation regimes.
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Single Current Expression for All Operating Regimes of Vgs and Vds
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Figure 3-3. Vjgevs. Vg for 6=0.01 and different Ves.
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Figure 3-4. Vggprvs. Vg for Vg=3V and different § values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2.1 is modeled by

(3.7.1)
o, +a, L, 1 v, -V
sub = u(vdx -Vduﬁ )CXP - ﬁO Rd :01 (1 + = ol
Leﬁ' Vi —Vdseﬂ‘ 14 —ds_ds0 l Va

dseff

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

improves the Iy, scalability.

3.8 A NoteonV,,

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

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

(3.8.1)

Visegr = Vinc +0.5[Vis = Vi — 81 + 4 (Vis = Vi — 81)? — 461Vie ]
where §;=0.001V.

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

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

Accurate modeling of MOSFET capacitance plays equally important role as that of the
DC model. This chapter describes the methodology and device physics considered in both
intrinsic and extrinsic capacitance modeling in BSIM3v3.2.2. Detailed model equations
are given in Appendix B. One of the important features of BSIM3v3.2 is introduction of a
new intrinsic capacitance model (capMod=3 as the default model), considering the finite
charge thickness determined by quantum effect, which becomes more important for
thinner T, CMOS technologies. This model is smooth, continuous and accurate

throughout all operating regions.

4.1 General Description of Capacitance
Modeling

BSIM3v3.2.2 models capacitance with the following general features:

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

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

* 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)
vibev the flat-band voltage for capMod = 0 -1.0 )

acde Exponential coefficient for X, for accumulation and deple- 1 (m/V)
tion regions
moin Coefficient for the surface potential 15 (Vo3)
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
CGSli Lightly-doped source to gate overlap capacitance 0 (F/m)
CGD1 Lightly-doped drain to gate overlap capacitance 0 (F/m)
CKAPPA Coefficient for lightly-doped overlap capacitance 0.6
CF Fringing field capacitance equation (F/m)
4.5.1)
CLC Constant term for short channel model 0.1 Mm
CLE Exponential term for short channel model 0.6
DWC Long channel gate capacitance width offset Wint Hm
DLC Long channel gate capacitance length offset Lint Mm

Table 4-1. Model parameters in capacitance models.

4.2 Geometry Definition for C-V Modeling

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

metallurgical source and drain junction, which is defined by the effective length
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Geometry Definition for C-V Modeling

(Lgciive) and width (W,.;,.) when the gate to S/D region is at flat band voltage.
Lgciiveand W, ;. are defined by Egs. (4.2.1) through (4.2.4).

(4.2.1)
Lacrive = Ldrawn - 2&’13_0'

4.2.2)
u/active = “’drawn - mﬁ'

(4.2.3)

Lic Lwc Lwic
&fﬁ =DLC+ LLln + WLwn + LLInwLwn
(4.2.4)

Wic Wwe Wwic
5We.tf =DWC+ Lwnn +Wan + meWan

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

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

Traditionally, the Lggextracted during I-V model characterization is used to gauge
a technology. However this Lq7rdoes not necessarily carry a physical meaning. It is
just a parameter used in the I-V formulation. This Legis therefore very sensitive to

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

4.3

region relative to the channel region. A device with a large qur and a small
parasitic resistance can have a similar current drive as another with a smaller Lgy
but larger Ry In some cases Lggcan be larger than the polysilicon gate length

giving Lggra dubious physical meaning.

The L,.,. parameter extracted from the capacitance method is a closer
representation of the metallurgical junction length (physical length). Due to the
graded source/ drain junction profile the source to drain length can have a very
strong bias dependence. We therefore define L,,;,, to be that measured at gate to
source/drain flat band voltage. If DWC, DLC and the newly-introduced length/
width dependence parameters (Llc, Lwc, Lwic, Wic, Wwc and Wwic) are not
specified in technology files, BSIM3v3.2.2 assumes that the DC bias-independent
Legrand Wegr (Egs. (2.8.1) - (2.8.4)) will be used for C-V modeling, and DWC,
DLC,Lic, Lwc, Lwlc, 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 Qe» Op» Oy, and
Q, are the charges associated with the gate, bulk, source, and drain
termianls, respectively. The gate charge is comprised of mirror charges
from these components: the channel inversion charge (Q;,,), accumulation

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

4.3.1)
0, =~(Qus + Ciny + Qo)
Q= Qe + s
Q. =0, +0,

The substrate charge can be divided into two components - the substrate
charge at zero source-drain bias (Q,,4), Which is a function of gate to
substrate bias, and the additional non-uniform substrate charge in the

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

43.2)
Qg = _(Qinv + Qacc + Q.\'ubO + 5qub)

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)
Va ()’ ) =V (O) + (Abulk - l)vy

(4.3.4)

f Locsive Locive
Qc = “{mi\'c J qtdy = —Wacn'vccox J(‘/gl - Almlkvy yy
0 0

ctive

Loctive L,
i Qg = ‘Vacliw J‘ quy = ‘Vac!ivecox J‘(Vgl + v;h —VFB _q).l _Vy yy
0 0

Loctive

Locive
Qb = “/aclive j qbdy = _“/acu'vecnx J(Vlh - VFB _q).r + (Abulk - lyy }ly
( 0 0

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 4-5



Methodology for Intrinsic Capacitance Modeling

Substituting the following

and

(4.3.5)

“/ac ivdue C:”X U
I o= 'L 2 [Vg, - Ab L ‘/d: }{7{: = vv:zclivaueﬁ Cox (Vgl _Abulkv;' )'E)‘

‘active 2
into Eq. (4.3.4), we have the following upon integration

(4.3.6)

2 2
Abulk Vd.v

o[, An,)

A
_ Bpun v, +

Qc = —Waclive Laclive Cnx Vgt

2
J Qg = _Q.\-uho + Wam've Lacu’ve Cm’ VR' - 1/2& + Ab"lk st
12(Vg, -V ]

Qh = —Qg - Qc = Q.\'ub + quho + Qacc

where
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Methodology for Intrinsic Capacitance Modeling

4.3.2

4.3.7)

qub 0 = _waw'vr Lacrive 'Jze.n’qN sub (Zq) B~ Vb.r )

) 1- Abulk

2
6Q:ub = Wacn've Lam'vr Cnx ——de + AMk(A_bulkA_l)‘id’_
oA

The inversion charges are supplied from the source and drain electrodes
such that Q,,, = Q; + Q,. The ratio of Q, 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 altogether 16
components. For each component

(4.3.8)
aQ,.
C;i= e ;

where i and j denote the transistor terminals. In addition

Z Cy= Z C;=0
Short Channel Model

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in saturation region
(V42V45a), the carrier density at the drain end is zero. Since no channel
length modulation is assumed, the channel charge will remain a constant

throughout the saturation region. In essence, the channel charge in the
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saturation region is assumed to be zero. This is a good approximation for
long channel devices but fails when L,z < 2 pm. If we define a drain bias,
Vsas,c in Which the channel charge becomes a constant, we will find that
Visar,cv In general is larger than V4, but smaller than the long channel V,,,
given by V, /A, However, in old long channel charge models, V,,, ., is
set to V, /A,y independent of channel length. Consequently, C;/L,has no
channel length dependence (Eqgs. (4.3.6), (4.37)). A pseudo short channel
modification from the long channel has been used in the past. It involved
the parameter A, in the capacitance model which was redefined to be
equal to V,/V,,, thereby equating V,,, ., and V.. This overestimated the

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

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

decrease with drain bias. Experimentally,

4.3.9)
Vv
— _ &steff cv
dear.iv < Vd.fat.cv < Vd.\'al.fv Lortive = - A
e bulk

and V,, ., is modeled by the following

4-8
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(4.3.102)
1% - Vxﬂdf .V

dsat, =
sat,cv A I . CLC CLE
et anlive

(4.3.10b)

V.. =V, —voffcv
Vestegren = 1OfF 11V, l[{l"'ex{ e ]]
| noff-nv,

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

channel equation by

CLE
, CLC
Apuie =Abulk0[1+(L _ ] J

active

(4.3.11)

(4.3.11a)

I(lox AOLF + B 0 ., 1
2\/(1)5 - v;>s¢ﬁ' Leﬁ' + Z\IX J X dep vvfﬂ .+B| l + Keta ‘{“ﬁ

Abulk=[]+

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

length modulation.
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4.3.3 Single Equation Formulation

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

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

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

capacitance model around the threshold voltage is very important.

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

substituting Vg, with Vg, ¢, as in the following

(4.3.12)
Q(Vgt ) = Q(Vg.\'le_ﬂ',CV )

Capacitance now becomes

4-10
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(4.3.13)

v,
C(Vgt ) = C(Vg.mﬁ',CV ) -T/M
gy dsbs

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 Vgp,zis used to smooth out the transition
between accumulation and depletion regions. It affects the accumulation

and depletion charges

(4.3.14)

Vegeg = vfb—O.S%’3 + ,/Vsz +453vfb} whereV, =vfb—V, +V, . —0,; 6; = 0.02V

(4.3.15)

Vfb - (I) I{lox\/q) Vbseﬁ’

In BSIM3v3.2.2, a bias-independent V,, 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)
Qe =Wt Line Coe(Vigg =10 )
@.3.17)
4( VFBﬁ' StﬁCV b. _ﬁ")
_1 + 1+ ¢, gste 5€,
QS‘“ acnv]‘acnvpax J K'axz
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(c) Transition from linear to saturation region

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

and saturation regions. It affects the inversion charge.

(4.3.18)

V":"‘ﬁ = Vd-‘“""" _OS{V“ + V V42 +454Vd€at.cv} whereV‘, = Vd:at.cv —Vd.r —64; 54 =00

4.3.19)

, 2
— Ah-d ' A‘)zdk Zvcveﬁ’
Q‘nv _—Waaivel'aaivecm (V,mqf,cT 2k me + AMk.
om0

(4.3.20)

8., =W_.L_C I_Ahdle _(I—Ab:dk')Ahalk,szﬁz

active “active ~ox 2 cveff Ahu! [}
12(1/ —2—"Vmﬁ)

gsteff.cv

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)

2 2
Q Qd onSQm __WamveLacmvCax 1% Abulk Do vy Ab"”‘ VW(U

guteff, o cveff [
2 2 1z(v _ B’y )

gsteff,cv 2 oveff

(ii) The 40/60 channel-charge partition

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

assuming a linear dependence on the position y.

4.3.22)
Lyesive
_ __J
Qs = Wltlil’e £ qc(] Lac,,-,., de
Lyesiy
Qd =Wam’v¢ I 9. Ly dy
(4.3.23)

w:zc ctive~ox 4 ' 2
QOs= —#(szﬁc; 3 xmﬁCVAbullz e T3 3 gmﬂc‘(A’”‘“ cveff )Z (Ab"”‘ r:veﬁ )3]
V 13 V )
axtefiCv cveff
2

(4.3.24)

-{ mﬁc )( o o VoVl Vo) 5 Vo)

(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 developed

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

region and aggravate the source current spike problem.

(4.3.25)
Q. =-W_..L 5 C —S—LV'W <+ Ava’ VM - (Ab"'k.‘f; )
3 Ve Tactive T ox 2 4 )
24(\{:,,%‘.— 7‘"‘”‘ me )

(4.3.26)

2
Visee  3Aoa’ V. A’ Vo,
ch = —Warrlerucllvr Cax e ke + ( s ”')
2 4 8l v Abulk 1%
gsteffic 7 o

(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 Model

Current MOSFET models in SPICE generally overestimate the intrinsic

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

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

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

€ 10 E
0.151 A
-g o8 8 o
g 08
14 0.4 [o3

4 3 2 1 0 1 2 3
Vgs (V)

Tox=30A
Nsub=5e17¢cm”

0.00 -y v . :
0 20 40 60
Depth (A)

Normalized Charge Distribution
(=]
o

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

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

and analytical X, models have been developed. C,,,;can be expressed as
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4.4.1)
C,C

ox—cen

oxeff — Cox +C

cen

where

— Poly depl.
Cox

Figure 4-2. Charge-thickness capacitance concept in CTM. Vse accounts for the poly

depletion effect.
D X f lati 1 depleti

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

expressed by [32]

4.4.2)

2x10'¢ T

ox

-0.25
V,.-V,.-V
Xpc =§Ldeby,eXp{acde.( Nows ] LB NS }

4-16 BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



Charge-Thickness Capacitance Model

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

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

(443)

Xoe =X -%(XO+JX§+46,XM)

where

X,=X_ -X,.—8

max X

and X, =Lyepye/3; 8, =107,
i) Xpc of i ion cl
The inversion charge layer thichness [32] can be formulated as

(4.4.4)
19x10"

Xoc a7
1 +[ng_ﬂ'+ Vi—vfb- 2@,)]

[cm

p/N

ox

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

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

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

70

O Toxs20A O Toxs50A
604 A Toxs70A ¥ ToxsfoA

Solld - Nsub=2e16cm™
Open - Nsubs2e17cm”
+ - Nsub=2et8cm™

504

404

Mode!

30
20+
104

05 00 05 1.0 15 20 25 3.0
(Vgsteff+4(Vth-Vib-20f))/Tox (MV/cm)

Inversion Charge Thickness (A)

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

(iii) Body charge thichness in inversion

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

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

(44.5)

b, =P -20, =v ]
57 5 "{ moinK, v?

lox” ¢

Veseticv” (Vgxreﬂcv + ZKW‘/ZTB) +1 ]

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)

Ginv =_Coxe ) (V v _(DJ)

gsteffc

4-18 BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



Extrinsic Capacitance

Figure 4-4 illustrates the universality of CTM model by compariing C,, of a SiON/
Ta,O4/TiN gate stack structure with an equivalent T, of 1.8nm between data,

numerical quantum simulation and modeling [32].

O Measured ——QM, simutation ——CTM

18A equivalent SiO, thickness

TiIN
60A Ta,0,
8A SION
p-St

Figure 4-4. Universality of CTM is demonstrated by modeling the Cggof 1.8nm equivalent
T, NMOSFET with SiON/Ta,O4/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)

t
CF = 2u 1n(1+—"-"’i]
T

ox
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4.5.2

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

Overlap Capacitance

An accurate mode]l for the overlap capacitance is essential. This is
especially true for the drain side where the effect of the capacitance is
amplified by the transistor gain. In old capacitance models this capacitance
is assumed to be bias independent. However, experimental data show that
the overlap capacitance changes with gate to source ahd gate to drain
biases. In a single drain structure or the heavily doped S/D to gate overlap
region in a LDD structure the bias dependence is the result of depleting the
surface of the source and drain regions. Since the modulation is expected to
be very small, we can model this region with a constant capacitance.
However in LDD MOSFETs a substantial portion of the LDD region can
be depleted, both in the vertical and lateral directions. This can lead to a
large reduction of overlap capacitance. This LDD region can be in
accumulation or depletion. We use a single equation for both regions by
using such smoothing parameters as Vi, ,,.,,, and Ved.overiap fOr the source
and drain side, respectively. Unlike the case with the intrinsic capacitance,

the overlap capacitances are reciprocal. In other words, Cos.overlap

ng.overlap and ng.overlap = Cdg.overlap'
(i) Source Overlap Charge

4.5.2)

4,
Lo _ cGs0. V, + cos{v“ =V ey amertap = &f’é[- 1+,(1- a;% D

active
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4.5.3)
|4 s,overlap = %(Vgs + 61 _'\/(sz + 6])2 +461 ) 51 =0.02V

8

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

CKAPPA = 249N 100

The typical value for Nypp is 5x 10" cm.
(ii) Drain Overlap Charge
4.54)

av
Qoveropa =CGDO-V,, +CGD V,, -V, m,,,,,,-————CKAP PA| 14 1 Zatoverar
' 2 CKAPPA

aclive

(4.5.5)
(ng +8,= [, +5,F +48, } 5, =0.02V

1
gd.overlap — -2-

Vv

(iii) Gate Overlap Charge
(4.5.6)

Qovcrlup. g = —(Qoverlap d + Qovzrlap.s + (CGB 0 ’ Lacu've )' ng)

In the above expressions, if CGSO 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

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

CGS0 = 0.6 Xj*C,, (otherwise)

CGDO0 = (DLC*C,,) - CGD1 (if DLC is given and DLC > CGD1/Cox)
CGDO = 0 (if previously calculated CDGO is less than 0)

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

CGBO in Eqn. (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-Quasi Static Model

5.1

5.2

Background Information

As MOSFET’s become more performance-driven, the need for accurate prediction
of circuit performance near cut-off frequency or under very rapid transient
operation becomes more essential. However, most SPICE MOSFET models are
based on Quasi-Static (QS) assumptions. In other words, the finite charging time
for the inversion layer is ignored. When these models are used with 40/60 charge
partitioning, unrealistically drain current spikes frequently occur [33]. In addition,
the inability of these models to accurately simulate channel charge re-distribution
causes problems in fast switched-capacitor type 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.

The NQS Model

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

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

The channel of a MOSFET is analogous to a bias dependent RC distributed
transmission line (Figure 5-1a). In the Quasi-Static (QS) approach, the gate
capacitor node is lumped with both the external source and drain nodes (Figure 5-
1b). This ignores the finite time for the channel charge to build-up. One Non-
Quasi-Static (NQS) solution is to represent the channel as » 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 Elmore equivalent circuit models channel charge build-up accurately because
it retains the lowest frequency pole of the original RC network (Figure 5-1a). The
NQS model has two parameters as follows. The model flag, ngsMod, is now only
an element (instance) parameter, no longer a model parameter. To turn on the NQS

model, set ngsMod=1 in the instance statement. nqgsMod 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 model and instance parameters.

5-2
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Equivalent RC Network Conventional
\ Quasi-Static Model

Gate

n+ (11} ns Nt ——p
C,.

Substrate sgop ,Qk "CdE

New Elmore
Equwalent Circuit quivalent Model

(©)

Cdg

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

5.3.1 SPICE sub-circuit for NQS model

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

typical value of 1x107) to improve simulation accuracy. 0,.snow becomes

(5.3.1)
Qdef () ‘/def X(l Cfacl)
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oD Ve xS

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

5.3.2 Relaxation time

The relaxation time < is modeled as two components: <, and Ty IN
strong inversion region, t is determined by <, , which, in tum, is
determined by the Elmore resistance R,,,; in subthreshold region, iy
dominates. © is expressed by

(5.3.2)
1 1 1
=
T Tdiﬁ' Tdn’ft

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

(5.3.3)
2 Ty 2
Ly Ly

R, = =
" elm puQ, elm Q..
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where elm is the Elmore constant of the RC channel network with a
theorectical value of 5. The quasi-static (or equilibrium) channel charge
Ocheq(), €qual to O, of capMod=0, 1, 2 and 3, is used to approximate the

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

5.34)
C, WL,
- L Cox Teff eff
Tdrifr - Relm ) Cox“’eﬁ' Leﬂ' ~W
heq
1, has the form of
(5.3.5)
T _ qLeﬁ' :
W 16- u kT

Terminal charging current and charge partitioning

Considering both the transport and charging component, the total current

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

(5.3.6)

an.g,s (t)
ot

ipGs (e)=1 DGS (DO)+

Based on the relaxation time approach, the terminal charge and

corresponding charging current can be formulated by
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(5.3.7)
ity (€)= Quneg 1)~ 0 0)
and
(5.3.8a)
ancf (t ) = anheq (t) _ Qdef (t )
ot ot T
(5.3.8b)
an.g.: (t) = D, G,S - Qdef (t)
ot R 4

where D,G,S,,,, are the NQS channel charge partitioning number for
terminals D, G and S, respectively; D, + Sy, = 1 and Gyparr = -1. It is
important for D,,,,, and S,,,, to be consistent with the quasi-static charge
partitioning number XPART and to be equal (D,,,,,= war) at V=0 (which
is not the case in the previous version), where the transistor operation mode
changes (between forward and reverse modes). Based on this

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

(5.3.9)

Q. Q,

D n = =
i Qd + Q: chxeq

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

easily obtained based on the quasi-static results:

(5.3.10)
daD
—ﬂ=i (Sxpart. Cdi _Dxpan. C\':)
d‘l/ Qheq
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where i represents the four terminals and Cj; and C,; are the intrinsic
capacitances calculated from the quasi-static analysis. The corresponding

values for S,,,,,, can be derived from the fact that D

xpart Sxpart =1

In the accumulation and depletion regions, Eq. (5.3.9) is simplified as

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

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)

G = Cfact
tau
T

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

to NQS at the transistor node D can be derived as

(5.3.12)
dDX art dGau
d\/g : ( tau Vdej )+ D xpart : Vdef ) d‘;d

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

Qs can be derived as

(5.3.13)
D, .-G,

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

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

the group device extraction strategy is adopted for parameter extraction.

6.1 Optimization strategy

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

yield values that are not consistent with their physical intent.

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

parameter’s physical meaning. If properly executed, it should, overall, predict
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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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- -0 -0 --0- -9/
¢
¢
¢
®
Wmin_..
} L

L|'nin

Figure 6-1. Device geometries used for parameter extraction

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

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

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

measured under four, distinct bias conditions.

(1) Igs vs. Vgs @ V4= 0.05V with different V.
(2) Igs vs. Vs @ Vg = OV with different Vg,

(3) Ids vs. Vgs @ Vg = Vggwith different Vi (Vggis the maximum drain
voltage).

(4) I vs. Vs @ Vipg = Vpp with different Vg, (IVpy is the maximum body
bias).

Optimization

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

as shown in Eq. (6.3.1):

(6.3.1)

m) plm) plm, a.s'xm sim sim
ForgRoPoo B0~ L B B, By = i pgim af W_'_af, -

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

parameter values after the mth iteration.

6-4
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Initial Guess of
ParametersP

Model Equations

Linear Least Squsre
Fit Routine

Measured Data —_—

API

V

P™i=p (4 AP

AP no

Figure 6-2. Optimization flow.

To change Eq. (6.3.1) into a form that a linear least-squares fit routine can
be used (i.e. in a form of y = a + bx1 + cx2), both sides of the Eq. (6.3.1)
are divided by 0fg,/ OP,. This gives the change in P;, AP,(™ | for the next

iteration such that:
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(6.3.2)
plm+l) — p(m) o Ap(m)
i

i {

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

been extracted.

6.3.3 Extraction Routine

Before any model parameters can be extracted, some process parameters

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

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

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

The parameters are extracted in the following procedure. These procedures

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

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

for model extraction.)

Step1
Extracted Par ameters & Fltting Target Device & Experimental Data
Data
Vinos K1, K Large Size Device (Large W & L).

Fitting Target Exp. Data: Vy(Vpy)

Idsvs. Vgs @ Vgs=0.05V at Different Vi
Extracted Experimental Data VgV

Step 2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Wo Ug Up U, Large Size Device (Large W & L).

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

Idsvs. Vgs @ Vge=0.05V at Different Vg

Step 3

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Lint, Rg(Rasw W, Vi)

Fitting Target Exp. Data: Strong Inver-
sion region 14(Vgs Vi

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

Idsvs. Vgs @ Vgg=0.05V at Different Vi

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley
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Extraction Procedure

Step 4
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Wint, Rg(Rdew W, Vo One Set of Devices (Large and Fixed L
& Different W).
Fitting Target Exp. Data: Strong Inver- | Ids vs. Vg @ Vo= 0.05V at Different
sion region Ig(Vgy Vi) Vis
Step S
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
R oy Prwb, Wr Ri(Riow W, Vo

Fitting Target Exp. Data: R (R, W,

Vi)
Step 6
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Dy Dyyy, Dypy, Nix One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Vyy(Vpo L, W) VilVps L, W)
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Step 7

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Dyyw D yt1w Dviaw
Fitting Target Exp. Data: Vy(Vo L, W)

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

VirkVps L W)

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

Step 8
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
K3, K5, Wy One Set of Devices (Large and Fixed L &

Different W).
VidVips L, W)

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Vo Nfactor, Cgso Csch
Fitting Target Exp. Data: Subthreshold
region Ig(Vgs Vi)

One Set of Devices (Large and Fixed W &
Different L).
Idsvs. 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 Ig(Vgs Vo

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

Idsvs. Vgs @ Vo=V, at Different Vg

Step 11

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

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

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

Step 12
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Vsap Ao» Ags One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Igy(Vgy Vpod/W

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

Different L).
Idsvs. Vs @ Vipg= 0V at Different Vg

Step 13

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

6-10
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B0, Bl
Fitting Target Exp. Data: Igp(Vgy Vpd/W

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

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

Fitting Target Exp. Data: Ig,( Ves Vi/W

Different W).
Igs vs. Vs @ Vo= 0V at Different Vs

Step 15
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Pgchers Pschen One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: R, Vs Vao

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

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pl Do Pdiblcr: Paibico L), Pavg

Fitting Target Exp. Data: Ry (Vgs Vo)

One Set of Devices (Large and Fixed W &
Different L).
Igsvs. Vg @ Vpe= 0V at Different Vs
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Step 17

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Dyows Pdiblic Pdibic2

Fitting Target Exp. Data: 8(D
Pdiblcy» Pdiblc L)

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

ODroug Pdibic1 Pdibicy L)

Fitting Target Exp. Data: 8(D,

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

Different L).
Igsvs. Vgs @ fixed Vg at Different Vi

Pibic1» Pdiblcy L Vi)

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

04ipi(Eta0, Etab, Dsub, L)

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

One Set of Devices (Large and Fixed W &
Different L).
Igs vs. Vgg @ Vg = Vggat Different Vg

6-12
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Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Eta0, Etab, Dsub

Fitting Target Exp. Data: 0 4;,/(Eta0,
Etab, L)

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

Igsvs. Vgs @ Vgg= Vggat Different Vi

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

Fitting Target Exp. Data: I, Vs Vp/W

Different L).
Idsvs. Vg @ Vo= Vi, at Different Ves

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

Fitting Target Exp. Data: I sublVgs Vig/
w

Different L).
Igsvs. Vs @ Vo= Vi, at Different Vg
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Notes on Parameter Extraction

6.4 Notes on Parameter Extraction

6.4.1 Parameters with Special Notes

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

extraction.
Sy::l;c;)liv. éx;ed Description %:f:'eh Unit Notes
VthO Threshold voltage for large W and L device @ | 0.7 (NMOS) v nl-1
Vbs=0V -0.7 (PMOS)
K1 First order body effect coefficient 0.5 vz nl-2
K2 Second order body effect coefficient 0 none nl-2
Vbm Maximum applied body bias -3 v nl-2
Nch Channel doping concentration 1.7E17 Vem3 nl-3
gammal Body-effect coefficient near interface calculated v12 nl-4
gamma2 Body-effect coefficient in the bulk calculated yl2 nl-5
Vbx Vbs at which the depletion width equals xt calculated v nl-6
Cgso Non-LDD source-gate overlap capacitance per calculated F/m nC-1
channel length
Cgdo Non-Ldd drain-gate overlap capacitance per calculated F/m nC-2
channel length
CF Fringing field capacitance calculated F/m nC-3
Table 6-2. Parameters with notes for extraction.
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Notes on Parameter Extraction

6.4.2 Explanation of Notes

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

Viio = Ve + @, +Kn/¢;

where the model parameter Vigp=-1.0. If V,,, is specified, Vi defaults to

Vez =Vino —q)x-Kl\/(Fs

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

K =7,-2K,J®, -V,

-V - [®)
' 20,2,V @, }+Y,

where o _is calculated by

q): = 2‘,Im0 ln{ NCh }
n

i

k Tnam
‘/lm(] =2

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley

6-15



Notes on Parameter Extraction

tm0

o T 1.5 E .
n, =1.45x107| 22— | exp| 21.5565981 — —=
300.15 2V,

-4 2
E,= 1.16_7.02><10 Tom
T +1108

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

2 2
Nch = 71 C(lx

2q£.\'i

If both v, and N, are not given, N, defaults to 1.7¢23 m> and v, is

calculated from N,

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

— \/ 2q£.riN cI;

! C

0ox

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

V zqsst'N sub
nET

ox

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

chhth

= (I)x —Vbx
2€

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

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

else Cgso=0.6 Xj * Cox

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

if (dlc is given and is greater than 0),
Cgdo = dic * Cox - 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=3'8&1n(1+4XI0 J
T Tox
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CHAPTER 7: Benchmark Test Results

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

chapter, the most important ones are demonstrated.

7.1 Benchmark Test Types

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

regions regardless of bias conditions.

Figure
Device Size Bias Conditions Notes Number
W/L=20/5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-1
W/L=20/5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-2
W/L=20/0.5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-3
W/L=20/0.5 Ids vs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-4
W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-5
W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0to -3.3V; W/ | Linear scale 7-6
L=20/5
W/L=20/0.5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-7
W/L=20/0.5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Linear scale 7-8
W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V, 3-3V; Vbs=0V | Linear scale 7-9
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Figure
Device Size Bias Conditions Notes Number

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

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

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

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

W/L=20/5 Ids vs. Vds @Vbs=0V; Vgs=1.15V to0 3.3V Linear scale 7-14
W/L=20/0.5 Ids vs. Vds @Vbs=0V; Vgs=1.084V to 3.3V Linear scale 7-15
W/L=20/0.5 | Rout vs. Vds @ Vbs=0V; Vgs=1.084V to 3.3V | Linear scale 7-16

Table 7-1. Benchmark test information.

7.2 Benchmark Test Results

All of the figures listed in Table 7-1 are shown below. Unless otherwise indicated,
symbols represent measurement data and lines represent the results of the model.
All of these plots serve to demonstrate the robustness and continuous behavior of

the unified model expression for not only I, but G,,, G,/I,,, and R,,, as well.
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1.E-02

1.E-03 + p—
1.E-04 ] Vds=3.3V _
1.E-05 1 Vds=0.05V

—~1 .E-OG T

LiE07 ] '

8.’ Solid lines: Model results
1.E-08 T Symbols: Exp.data
1.E-00 } W/L=20/5
1.E-10 + Tox=9 nm

Vbs=0V
1.E-11 +
1.E-12 ‘ ¥ :
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

1.8E-03 —
1.6E-03 Solid lines: Model result

Symbols: Exp.data
1.4E-03 1w -20/5
1.2E-03 {Tox=9 nm

< 1.0E-03 }Vbs=0V

8 8.0E-04
6.0E-04 1 Vds=3.3V
4.0E-04 1

Vds=0.05V

2.0E-04
0.0E+00

0.0 1.0 2.0 3.0 4.
Vgs (V)

Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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1.0E+00
1.0E-01 }
1.0E-02 + Vds=3.3V
1.0E-03 }
1.0E-04 }
? 1.0E"05 T Vd5=0.05V
+ 1.0E-06 1
u -l -
gbp Solid lines: Model results
1.0E-08 :
1.0E-09 + Symbols: Exp. data
| W/L=20/0.5
1.0E-10
Tox=9 nm
1.0E-11 Tox=a
1.0E-12 4 bs= , .
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

1.0E-02

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

Tox=9 nm
~ 6.0E-03 1
< Vbs=0V —
:-n' 5.0E-03 s=0 p. Vds=3.3V

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

1

Vds=0.05V

0.0 1.0 2.0 3.0 4.0
Vgs (V)

Figure 7-4. Same as Figure 7-2 but for a short channel device.
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1.E-03
1.E-04 1 vbs=0V
1.E-05
1.E-06 Vbs=-3.3V
< 1.E-07
N
2 1.6-08 Solid lines: Model resuits
1.E-09 Symbols: Exp. data
Tox=9 nm
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.

7.E-05 r—————
Solid lines: Model results

6.E-05 1Symbols: Exp. data
W/L=20/5

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

T 4.E-05 -

/1)

B 3.E-05 1
2.E-05 {

1.E-05

0.E+00 -

0.0 1.0 2.0 3.0 4.
Vgs (V)

Figure 7-6. Subthreshold to strong inversion continuity as a function of V,,.
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Ids (A)

1.E-03
1.E-04
1.E-05 |
1.E-06

1.E-07 |

1.E-08 |-
1.E-09
1.E-10
1.E-11
1.E-12

0.0

Vbs=-3.3V

Solid lines: Model results
Symbols: Exp. data
W/L=20/0.5

Tox=9 nm

Vds=0.05V

1.0 2.0 3.0 4.c
Vgs (V)

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

Ids (A)

5.E-04
5.E-04 T \w/L=20/0.5
4.E-04 -+ |Tox=9 nm
4.E-04 + Vds=0.05V
3.E-04 T vbs=ov
3.E-04 - Vbs=-3.3V
2.E-04 -
2.E-04 -
1.E-04
5.E-05 -
0.E+00 - . ;
0.0 1.0 2.0 3.0 4.0

Figure 7-8. Same as Figure 7-6 but for a short channel device.
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(7]
(=]

Vds=3.3V

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

Tox=9 nm

Vbs=0V

]
1
L}
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A
L)
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Qo 3,
Il [l
L} L]

(3}
N
¥

Vds=0.05V

0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

30
25 1 W/L=20/0.5
- Tox=9 nm
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(/2]
=]
§10 J Vds=3.3V
o
51 ' Vds=0.05V
0 ¥ :
0.0 1.0 2.0 3.0 4.0
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Figure 7-10. Same as Figure 7-9 but for a short channel device.
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35
Solid lines: Model results
30 Symbols: Exp. data
W/L=20/5
%‘25 1 Tox=9 nm
'E 20 Vds=0.05V
815 1
£
o0 Vbs=-3.3V
5 4
Vbs=0V
0 +
0.0 1.0 2.0 3.0 4.0

vgs(V)

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

35
Solid lines: Model results
30T Symbols: Exp. data
25 4+ W/L=20/0.5
Tox=9 nm
g 20 + Vds=0.05V
G5 15 +
10 + Vbs=-1.98V
5 -’
Vbs=0V
0
0.0 1.0 2.0 3.0 4.0

Vgs (V)

Figure 7-12. Same as Figure 7-11 but for a short channel device.
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8.E-05
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7.E-05 {|BSIM3v3
Dotted lines:
6.E-05 Tigsimav2
5.E-05 -HW/L=20/0.5
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2E054/ . vz

1E054H/ . -uccenaceacnmeecmamas-=
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Figure 7-13. Comparison of G, with BSIM3v2.
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W/L=20/5 Vgs=3.3V
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4.0E-04 |
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Vds (V)

Figure 7-14. Smooth transitions from linear to saturation regimes.
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9.E-03

W/L=20/0.5 Vgs=3.3V
8.E-03 TTox=9nm A ——
7.E-03 }Vbs=0V

6.E-03
< 5.E-03
8 4.E-03 }
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2.E03 1 J

1.E-03 { ¥

0.E+00 #&

Vgs=1.084V

1 ¢ I Il

00 05 10 15 20 25 30 35
Vds (V)

Figure 7-15. Same as Figure 7-14 but for a short channel device.
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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 . )
used in used in Description Default Unit
equation | SPICE
Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9¢18
Noib noib Noise parameter B (NMOS) 5e4 none
(PMOS) 2.4e3
Noic noic Noise parameter C (NMOS) -1.4e-12 none
(PMOS) 1.4e-12
Em em Saturation field 4.1e7 V/m
Af af Flick noise exponent 1 none
Ef ef Flicker noise frequency 1 none
exponent
Kf kf Flicker noise coefficient 0 none

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

8.1.2 Formulations

1. For SPICE2 model

8.1
k17
Noise density= ——%
CaxLeﬁ' f o
where fis the frequency.
2. For BSIM3 model
IfV,>V,+0.1
8.2)

2 14 .
. . q kT !, . N, +2x10 . Noic(,  ,
Noise density=c=— 717 | V21 198y aocrgr | Vot (o = M)+ = (7 - N7)

Vol AL,  Noia+ Noib- N, + Noic- N,
W, - L' f7 10 (v, +2x104f

where V,, is the thermal voltage, Heg is the effective mobiity at the given
bias condition, and Lgﬂrand quare the effective channel length and width,

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

given by

(8.3)

No = Cax (V;; - Vlh)

The parameter N, is the charge density at the drain end given by
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(8.4)
—min(V,,,V,...))
q

N = ox\' gs th
=

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

given by
(8.5)
‘/fl." -Klsal_'_
" Litl " f
AL, = Litl-log £ (forv, >V, )
0 (otherwisé
E, = 2XVigs
.ueﬁ
where
Litl = 1/3X o
Otherwise
(8.6)
Sticnie XS i
Noise density=—1mi_—wi
timit TS i

Where, Sj;;, is the flicker noise calculated at V,;=V, + 0.1 and S, is given
by
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Channel Thermal Noise

8.7)
Noia-V,

2
tm'Ids

" W,L, - f74x10°

8.2 Channel 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, noiMod.
1. For SPICE2 thermal noise model
(8.8)
8k
_—381 (Gm + Gmbs+ Gd.v)
where G,,, G, and G are the transconductances.
2. For BSIM3v3 thermal noise model [37]
8.9
4k,Tu,
_z—zﬁ-lginv
eff
Q.. is the inversion channel charge computed from the capacitance models
(capMod =0, 1, 2 or 3).
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8.3 Noise Model Flag

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

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

2.
noimod Thermal noise
flag Fl@er noise model model
1 ~ SPICE2 SPICE2
2 BSIM3v3 BSIM3v3
3 BSIM3v3 SPICE2
4 SPICE2 BSIM3v3

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

9.1 Diode IV Model

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

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

9.1.1 Modeling the S/B Diode

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

is used to calculate the S/B diode current I,

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

VS
1. =1 sb{ex{ N:{m J_l)"GmiMu

where NV, = NJ- (KbT)/q; NJ is a model parameter, known as the junction

.1

emission coefficient.

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

If Vb.\' < Vjsm
9.2)
V,
] bs = Isb:(exf{ N:; )_ 1 )+ Gmians
m
otherwise
9.3)
.
Ib\‘ = Uth-'-M (va _Vjs”a +Gminv;v
: NV, :
with Vjsm computed by
Vjsm = N",mln(ijl’iﬂ]
I shs
The saturation current I, is given by
9.4)

I.rb.\' = Ast + P.\'J.\'sw

where J, is the junction saturation current density, Ay is the source junction
area, Ji,, is the sidewall junction saturation current density, P is the
perimeter of the source junction. J; and J,,,, are functions of temperature

and can be written as

9.5)

E E
—g“——-£+x:mn(i)
tm0 tm

NJ

J.r = JsO €X
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Diode IV Model

(9.6)

E, E
—”0——‘+XTIln(L]

ex tm0 m

sOsw NJ

J - J nom

&

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

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

(9.7a)
-4 2
Es0=1.16—7'°2’<10 T
T, +1108
(9.7b)
42
E =116 1:02x107T
& T +1108

In the above derivatoins, Jy is the saturation current density at T,,,,. If J, is
not given, J,, = 1x10~ A/m?. J, is the sidewall saturation current density

at T,,,,, with a default value of zero.

If I, is not positive, ,, is calculated by

(9.8)

9.1.2 Modeling the D/B Diode

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

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

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

(9.9)
- Vou
Ly =1, ex NV, —1 [+ GV
Case 2 - ijth is non-zero: Current limiting feature.
If Vbd < Vf]dm
(9.10)
IL,=1,|ex Yoa -1 +G.V,
bd shd NV"” min" bd
otherwise
9.11)
tyy =iith+ L sy _yiim)i G Vi,
with Vjdm computed by
Vidm =NV, ln[”’h +1]
sbd
The saturation current I, is given by
(9.12)

I.\'bd = Ad".\' +Pd]:.rw

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

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

(9.13)

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 9-4



MOS Diode Capacitance Model

9.1.3 Model Parameter Lists

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

Symbols Symbols
used in used in Description Default Unit
equation SPICE
JsO js Saturation current density le4 - A/m?
JsOsw 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 Model

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

such as C;, M;, and P,. The equation of C;, includes the parameters such as

stw' M]rwv Pbsw’ C]cw ’ Miswg? and Pb.rwg'

9.2.1 S/B Junction Capacitance

The S/B junction capacitance can be calculated by

IfP,> W,
(9.14)

Capbs = A,C, + (R -Wy )C ossw T Wegr Ciagong
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MOS Diode Capacitance Model

Otherwise

(9.15)
Capbs = AC,, +PC

s jhs Jbsswg

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

Junction along the gate oxide side.

If C; is larger than zero, Cy, is calculated by

if V,,<0
(9.16)

otherwise
9.17)

Ves
c,.,,,=cj(1+M,.?':]

If Cj;,, is large than zero, Cj, is calculated by

if V,, <0
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MOS Diode Capacitance Model

(9.18)
_M Jow
V,
Cjb.t.rw = C‘jxw(1 —L]
K,
otherwise
(9.19)
Cjb:.\w = Cj.\'w 1 +M Jsw —b
bsw
If Cjowg is larger than zero, Cjy,,, is calculated by
if Vb.v <0
(9.20)
M jos
— bs
bswg
otherwise
9.21)
Vis
Cjbsswg = Clswg(l +M Jswg Pb )
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

IfP d > W/eff
(9.22)
Capbd = A,Cipy+(Py =W, JCppso, + W1 C e
Otherwise
(9.23)

Capbd =A,Cy, +BC

Jbdswg

where C;,, is the unit bottom area capacitance of the D/B junction,
Cibasw 1s the periphery capacitance of the D/B junction along the
field oxide side, and Cjg,, is the periphery capacitance of the D/B

junction along the gate oxide side.

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

if Vbd <0
(9.24)

otherwise
(9.25)

Cj,,,,=Cj(l+Mj%")

b

+ If Gj, is large than zero, C,y, is calculated by

if Vbd <0
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MOS Diode Capacitance Model

(9.26)
Cpu - c[ 1 V_]
bsw
otherwise
(9.27)
Cipasn = Cj,w(l+Mjm Vou ]
bsw
If Cj,ug is larger than zero, Cjy,q,, is calculated by
if V,y<0
(9.28)
o 1|
otherwise
(9.29)

\
Cjbdsws = Cj-wg(l+Mim PM ]

bswg
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MOS Diode Capacitance Model

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 (G, Cs and
Cjswg) and built-in potential of the junction (P,, P,,, and Py,,) are
temperature dependent and modeled in the following.

For zero-bias junction capacitance:

(9.30a)
C,(r)=C,(,..)-(+1j-AT)

(9.30b)

Cian(T)= Co(Trom)- (14 2jsw- AT)

Jsw Jjsw
(9.30c)

ijwg (T) = C'twg (T:mm ) (1 + thSWg : AT)

Ji

For the built-in potential:

(9.31a)
B(T)=R(T,,,)-tpb-AT
(9.31b)
B.(T)=R,(T,,,)~tpbsw AT
(9.31¢)

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

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

(9.32)
AT=T-T,,

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 cj Bottom junction capacitance per Se-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 A"

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 v
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 A%
tion built-in potential

tpb tpb Temperature coefficient of Pb 0.0 V/K
tpbsw tpbsw Temperature coefficient of Pbsw 0.0 V/K
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Symbols | Symbols
used in used in Description Default Unit
equation SPICE
tpbswg tpbswg | Temperature coefficient of Pbswg 0.0 V/K
tcj tcj Temperature coefficient of Cj 0.0 /K
tcjsw tcjsw Temperature coefficient of Cjsw 0.0 /K
tcjswg tcjswg Temperature coefficient of Cjswg 0.0 . UK

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 32 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

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 vthO Threshold voltage @ Vbs=0 for 0.7 v nl-1
Large L. (NMOS)
-0.7
(PMOS)
VFB vib Flat-band voltage Calculated v nl-1
K1 k1 First order body effect coeffi- 0.5 viz 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 VA"
W0 w0 Narrow width parameter ' 2.5¢-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- 22 none
nel effect on Vth
Dvtl dvtl Second coefficient of short- 0.53 none
channel effect on Vth
Dvt2 dvt2 Body-bias coefficient of short- -0.032 /v
channel effect on Vth
DvtOw | dvtOw First coefficient of narrow 0 1/m
width effect on Vth for small
channel length
Dvtlw | dvtwl Second coefficient of narrow 5.3e6 1/m
width effect on Vth for small
channel length
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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
no 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:
-0.046 w
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
B1 bl Bulk charge effect width offset 0.0 m
Keta keta Body-bias coefficient of bulk -0.047 1/vV
charge effect
Al al First non-saturation effect 0.0 IVAY
parameter
A2 a2 Second non-saturation factor 1.0 none
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DC Parameters

Symbols | Symbols

usedin | usedin 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 V-2

Prwg prwg Gate bias effect coefficient of 0 v
Rdsw

Wr wr Width Offset from Weff for 1.0 none
Rds calculation

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

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

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

dWb dwb Coefficient of Weff’s substrate 0.0 m/Vi2
body bias dependence

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

Nfactor | nfactor | Subthreshold swing factor 1.0 none

Eta0 eta0 DIBL coefficient in subthresh- 0.08 none
old region

Etab etab Body-bias coefficient for the -0.07 /v

) subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent in drout none
subthreshold region

Cit cit Interface trap capacitance 0.0 F/m?

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

used in | usedin Description Default Unit | Note

equation | SPICE

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

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

Pclm pclm Channel length modulation 1.3 none
parameter

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/vV | nl-3
effect parameter

Pvag pvag Gate dependence of Early volt- 0.0 none
age

S delta Effective Vds parameter 0.01 \V/

Ngate ngate poly gate doping concentration 0 cm3

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

ol alphal Isub parameter for length scal- 0.0 /v
ing

BO beta0 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
Cj cj Bottom junction capacitance 5.0e-4 F/m?
per unit area at zero bias
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Symbols | Symbols
used in used in Description
equation | SPICE Default Unit | Note
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 Cjsw 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 v
tion built-in potential
Pb pb Bottom built-in potential 1.0 \%
Pbswg pbswg Source/Drain gate side wall Pbsw Vv
Jjunction 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 clc 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 dic Length offset fitting parame- lint m
ter from C-V

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

Vibcv 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 \'% 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

usedin | usedin Description Default Unit | Note
equation | SPICE _

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

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE

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

Win win Power of length dependence of 1.0 none
width offset

Ww ww Coefficient of width depen- 0.0 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 mWwn+Win
cross term for width offset

L1 1l Coefficient of length depen- 0.0 mti®
dence for length offset

Lln lin Power of length dependence for 1.0 none
length offset

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

Lwn Iwn Power of width dependence for 1.0 none
length offset

Lwl Iwl Coefficient of length and width 0.0 mLwn+Lin
cross term for length offset

Lic Lic Coefficient of length depen- Ll mbin
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 ml¥n
dence for CV channel length
offset

Lwic Lwic Coefficient of length and width- | Lwl mbwn+lin
dependence for CV channel
length offset

Wlc Wic Coefficient of length depen- Wi mWYin
dence for CV channel width
offset

Wwc Wwc Coefficient of widthdependence [ ww mWwn
for CV channel width offset

Wwlc Wwlc Coefficient of length and width- [ Wwl [ mWin+Wwn
dependence for CV channel
width offset

A.6 Temperature Parameters

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE _

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

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

Symbols | Symbols

used in | usedin Description Default Unit Note

equation | SPICE

Ktl ktl Temperature coefficient for -0.11 v
threshold voltage

Kt1l 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-pum
Rdsw

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

nj nj Emission coefficient of junc- 1.0 none
tion

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

Symbols | Symbols
used in | 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 1/K
tcjsw tcjsw Temperature coefficient of 0.0 1/K

Cjsw
tcjswg | tcjswg | Temperature coefficient of 0.0 1/K

Cjswg

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

Symbols | Symbols
used in | used in Description Default Unit Note
equation | SPICE
Af af Flicker noise exponent 1 none
Ef ef Flicker noise frequency 1 none
exponent
Kf kf Flicker noise coefficient 0 none
A.8 Process Parameters
Symbols | Symbols
used in | usedin Description Default Unit Note
equation | SPICE
Tox tox Gate oxide thickness 1.5e-8 m
Toxm toxm Tox at which parameters are Tox m nl-3
extracted
Xj Xj Junction Depth 1.5e-7 m
11 gammal | Body-effect coefficient near the | calcu- viz nl-5
surface lated
7 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 l/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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Geometry Range Parameters

A.9 Geometry Range Parameters

Symbols | Symbols

usedin | usedin Description Default Unit Note
equation | SPICE

Lmin Imin Minimum channel length 0.0

Lmax Imax Maximum channel length 1.0

Wmin wmin Minimum channel width 0.0 m

Wmax wmax Maximum channel width 1.0 m

binUnit | binunit | Bin unit scale selector 1.0 none

A.10Model Parameter Notes

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

Vo =V +P, + Kn)q)x

where the model parameter Vg=-1.0. If V,,, is specified, Vg5 defaults to

Ves =V;h0—q)s_l<l\/q_).\'

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

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

K. = (71‘72)(\/(135_"’1,;‘\[(17_‘-)
2o, -V, @, +V,

where @ _is calculated by

q).\' = 2VIm0 ln( Nc’. ]
n

i

k,T,

— B” nom
V;»:O

: 10 T N E 0
n, =1.45x10"[ —22— | exp| 21.5565981 — —=
300.15 2V

tm0

—4 2
E, _116_102x107T,,,
T +1108

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

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

2 2
Nch - YI Cox

zqg.w’
If both v, and N, are not given, N, defaults to 1.7e23 m™ and v, is

calculated from N,

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

_ V29€,N,,

! C

ox

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

- \/ zqesiN sub

V.= C

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

2
chhXt =(I)v—Vbx
2¢ '

&t

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

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

else Cgso = 0.6 Xj * Cox

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

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

Cgdo =dic * 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=2u h{u4><10 ]
1 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 (voffev < -0.5) or (voffev > 0.5), a warning message will be given.
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APPENDIX B: Equation List

B.1 I-V Model

B.1.1 Threshold Voltage

lhOax +K lox ‘J (I) Vb:eﬂ‘ -K 20.va::ﬁ'

+K,, 1+&—1 <I>+K+I<3,,)/,,J,4,r Tox D,
,ﬁ+W

£ WE lLC
= Dyry, [CXP[ Dy, gT)"' 2exp[ VT 1w ﬁ; 2

w

L L
= Dwo[exP(‘ Dy, ﬁ]"‘ 2 exl{- Dy, l;ﬁ)}vbi - cI):)
L L
—| €Xp —D.mb o +2exp —D.mb L mo +Erab bseff
21’0 ll(l

Viroor = Vo — K| '\/q)x

T
K, =K ==
Toxm
T
K. =K .-
20x 2 T

]}v,,f -®)

)/d.v
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I-V Model

I = ‘\/ esiXdep / Cox(l + DVTZVbu[f)
Iw = \/8.\'1Xdep / Cox(l + DVT2wa.reﬁ')

lo= \/ EsiXdepo [ Cox

Xiep = ’2&.‘(@: — Viserr)
chh

26D
QN ch

Xdepo =

(81=0.001)
Viser = Ve +0.5[ Vs — Vi — 81+ (Vis — Vie — 1) — 461 Vie |

B.1.2 Effective (V,-V,,)

2nw ln[l + exp( Vs - V'h)]
2nw

Vg.\'teﬂ‘ =
1+2n Cox ‘/ 20: exp(— Vo= Vin-2Ver Zvoﬂ)
qEsiNen 2nw
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I-V Model

(Citse + CutsedVits + Catsctr Vbsqr)(exp(—Dm %) +2exp(—Dvn

Ly
L

)

Il=1+Mm—+
Cox

B.1.3 Mobility

For mobMod=1

Lo

Hefr =
1+ (Ua + UcVbser) (M) + U,,(VL"'sz”')2

ox Tox

For mobMod=2

o

Vgsleﬂ ) + Ub ( Vgsl!ﬁ' )2

Tox Tox

Hey =
1+ (Ua + Uchseﬁ)(

For mobMod=3

Uo

ey =
1 +[Ua(Vgste‘;~+ 2Vth) + Ub(ngﬁ]r:'. 2Vlh

ox ox

21 + UcViser)

+—

G
Cax
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I-V Model

B.1.4 Drain Saturation Voltage

ForR;;>0orA#1:

—b—+b* -4dac

2a

Vdmt =

a = Abutk*WegVsauCoxRos + (% —1) Abuix

b= "'((Vgsteff + 2Vt)(%— 1) + AvulcEsatLefr + 3 Abuik (Vgsteﬂ' + 2Vt)WeﬁV.\'atCoxRDS )

¢ = (Vestegr + 2v1) EsatLegr + 2(Vasterr + 2t)*> WegVsarCosRps

A« = AlVgstcﬂ" + A2

ForR,=0and A= 1:

Esar Leﬁ' (Vgsteﬁ + 2v:)
Avuk Esar Leﬁ' + (Vgsteﬁ + 2Vt)

Vdsat =

e K | Ay [ L, V) a ‘
Abulk—[l > !_(I)‘ -V,',,,g[tt ”+21’X X e [1 Assvsml{ L ”+2JX JXd,,,]‘ Jl “{ﬁ""& ]] 1+Keta¥¢ﬁ
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I-V Model

2Viar
e

E.rat =

B.1.5 Effective V

Visep = Vs —%(Vm—Vds—5+\/(Vdsaz —Vis—6)? +4de:)

B.1.6 Drain Current Expression

I ds =
Vascse

Idsa(Vdse_ﬂ’) (l + Vds - Vdseﬁ' )(1 + Vd.\‘ - Vdsejf)

1 + RdsI dso(Vdseff ) VA

Vd.reﬁ'

Vdse_ﬁ'
“/e OXV S 1 - A u V AT
leffCox Vstefr btk — Vewdr £ 2v‘)) dseff

Leﬁ‘[l + Vdseﬁ‘ / (E:atLeﬁ' )]

liaso =

VA=VA.,,,,+(1+P vag Vs X I + L )

EsalLey = Vacim  Vabisic

Ui Sa €] + ste;
Vacm = AviEsal ey Vg. 2 (Vas = Vaserr)
PcimAvuiEsa litl
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I-V Model

VabisLc =

(Visier +2v1) ( . Atk Vita )
Grout (1 + PpisLcsVeses) AbutcVasar + Visier + 20

Gour = PpisLc [exp(—DRour ?Tﬁ) + 2 exp(—Drour %)] + PoisLc2
10

t0

1 Pscb¢2 (—chbel lltl )
= €X

Vascae Ley P Vs — Vsegr

AbquVdsat
2(Vg.ﬂqﬂ + 2Vt)
2/ A — 1+ RosViarCoxWegA butk

EsatLeﬁ‘” + Vdsat + ZRDS VvalCoxMﬁVgsteﬁ [1 -

VAsal =

titt = |CstoxXi

£0X

B.1.7 Substrate Current

o,+a,-L V=V
=——" (Vd,-Va“ﬂ)exp(— Bo ) lLa (1+ & “"f]

sub . Leﬂ- Vds — de
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I-V Model

B.1.8 Polysilicon Depletion Effect

2
poly
2¢ i

gN, gate X

1
Vpoly =7 X poly E poly =

EoxEox = €5E poly = \/ 2‘18siNgate; Vpoly

Vgs - VFB - (I): = Vpoly +Vox

alV, ~Ve-®, -V, J -V, =0

&s

€ 2

ox

a=—"*——
2qe N T

St gate” ox

P

s

),

1/gs_eﬁ' = VFB +(I): + €

ox

qssiN gule'z;xz 1+ 2£ox2 (Vgs _VFB -
: qesiN ga:];xz

B.1.9 Effective Channel Length and Width
Leﬁ‘ = Ldrawn — ZdL

We_ﬂ' = Wirawn — 2dW

/
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I-V Model

Wzﬁ" = Wirawn — 2dW

AW = dW+dW,V,.., +dW,([©, =V, -.[®,)

dW'=W,_, + W W W,

wi

int LW In Wan LW InWan

L L L,
dL=Lip + 7L WL":m + LLln;,Lwn

B.1.10Source/Drain Resistance

_ Rdsw (1 + ngvgmﬂ +Prwb (\l q)s —Vbseﬂ' —‘/(D—c))

to'w,, )"

ds

B.1.11Temperature Effects

Vinry = Vintormy + (Kr1+ Kot | Legr + Kr2Viseg )T Trorm—1)

_ T
Ho(T) = Ho(Trormi( T,.,,,,)

Vsat(T) = Vsat(Tnorm) — AT(T/ Trnorm — 1)
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Capacitance Model Equations

T

norm

Rd.\'w(T) = Rdsw(Tnorm) +P: l(

_1)

Ua(T) = Uu(Tmmn) + Ual(T/ Tnorm — 1)
Us(ry = Ubnorm) + UsA(T [ Trorm— 1)

Uc(T) = Uc(Tnarm) + Ucl(T/ Tnorm — l)

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence
Lacn‘ve = Ldrawn - 28chf

Wactive = wdrawn - 28weff

&W = DLC+ Llc + Lwe Lwlc

LLln WLwn + LLInWLwn

5Weﬁ - DWCs ch+ Wwe Wwic

LWln Wan + LWanan
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Capacitance Model Equations

B.2.2 Overlap Capacitance

B.2.2.1 Source Overlap Capacitance

(1) for capMod =0

Q(werlap.s = CGSOVgS

active

(2) for capMod = 1

If V,, <0

Lo _ c650. Ve +

active

CKAPPA -CGS1{ || __ 4V
CKAPPA

Else

Covsiors _ (0G50-+ CKAPPA- CGS1). Ve

active

(3) for capMod = 2

W, CKAPPA

active

4V
——Qﬂnmﬂs =CGY- Vg_c + CGSI[ Vg.r _szaverlap - CK/;PP'T_ 1+,]1- —gsoverlap ]]

8

v, s,overlap = %(Vgs + 61 - (V;:s + 61)2 +45| ) 5' =0.02
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Capacitance Model Equations

B.2.2.2 Drain Overlap Capacitance

(1) for capMod = 0

Qovertapd _ CGDOV,,

active

(2) for capMod = 1

If ng <0
. 4
anerlap.d = C Gm . Vgs + CKAP P A CGDI _ 1 + 1_ gd
W crive 2 \J CKAPPA
Else

Qaverlap,d = (CGDO + CKAPPA - CGDI) ng

active

(3) for capMod =2

o, CKAPP. v, '
verlapd __ d overlg,
——=CGI'V,, +CGD[ng Ve m",ap——z-{—l+ l—m ]

active
J

1

ng,overlap = 5 (ng +5l _\/(ng +61 )2 +46] } 61 =0.02

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley B-11



Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

Qoverlap,g = _(Qoverlap.s + Qovcrlnp.d )

B.2.3 Instrinsic Charges
(1) capMod =0

a. Accumulation region (V,, < Vg, + V)
Qg = u,acriveLacliszox (Vg.r - Vb: - ijcv)

Q.mb = -Qg

Qinv =0

b. Subthreshold region (Vs < Vi)

2 V-V, -V
qubo = —W:c!iwLactiveC‘ox : %L[— 1 +J 1 + 4( £ jb;v bS)

lox
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Capacitance Model Equations

O =0
c. Strong inversion (V,; > V,;)
V _ Vgx _Vlh
dvat,ev T s
Abulk

g cLe CLE
Abulk - Ab“’ko[l-’.(l,eff ] ]

L
Ao =| 1+ Kun A + B.0 ) 1
2\/ q)s _Vbse_ﬂ' Le_ﬂ' +2X J X dep W‘.ﬁ' +B] 1+Keta ‘é-"‘ﬁ
V;h = ijcv + (D.\' + Klox ‘\/ d)s - Vb.\'eﬁ"
(1) 50/50 Charge partition
If Vds < deat

1) 2
Qg = C:'!xw/trzctiv ctiv ‘{g.r V=P, "ﬁ + Ab“——lk Vds

cv 5 2 . IV
l{vg,—v,,,—%]
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Capacitance Model Equations

' 12 2
Apu ' Vs + Apuy ' Vs

Qinv = _Wactive Lactive Cox[ Vg.\' - Vin— A 0
12(Vgs — Vin— % Vis)

]

0b = W,esive Lagive Cox[ Vio — Vin + D5 + (1= g Ve __ (1= Apy") A" Vis”
active —active ’
2 12(Ves — Vi~ -Ab;—lkas)

I

' ' 2 2

otherwise

Visar

Qg=W L Cox(Vgs—ij—CDs— 3 )

active ~active

Os=Qd= _é Wactive Laclive Cox(Vgs — Vin)

Op=-W,_. L, . Cox(Vp+®Ps—Vin+ (1 = Apuy " )Vesar

active “active )
3

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

if (VdS < Vdsat)
! 2
Og= CoxWactive Lacrive [Ves—Vp— D — E + At Vd;; IV
12(Vegs = Ve — bulk ds)
2
Apu ' Vs Ay Vas?
Qinv = _Wactive Lactive Cox [ Vgs ~ Vin— +

+—
12(Vgs— Vin— % Vis)

Or=W,.. L. CoefVio—Vir+ @+ 1 Bout Vs (1= Ay VA 'Vas”
active ~active X ; 7
12(Vgs = Vin— -—A";”‘ Viis)

I

Qd = _“,acn've Laclivec"“

' Ay Vi [(vgs = Vi)’ Ay Vas( Vs — Vin) + Ao 'Vas)?
Ves— Vi _ Ay’ 6 8 40
2 (Ves = Vi -—A";”‘ Vis)?

Qr =—(Qe + Ov + Qu)

otherwise

Vidsa
Q= Wacu've Lactive Cox(Vgs -Vp—Ds— 3 t)

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley B-15



Capacitance Model Equations

4
Qd=- E Wactive Lactive Cox(Ves = Vin)

Os=—(Qz+ Qb+ Qu)

L ClJX(Vfb +Ds— Vi + (1 — Abulk )Vd.ﬁ‘w

y=—-W .
Q active 3 )

active

(iii) 0/100 Channel-charge Partition

if Vdc < Vdsal

Vas Abuik ' Vas?
Qg = C""Wactive Laclive [ Vgs - Vﬂ’ -Ds——+ - Ak ’Vds ]
12(Vigs— V- 225
Apu " Vas Apyy"* Vas
Qinv = —Waclive Lacrive Cox[ Vg.\' — V- + ]

12(Ves — Vin— A"—;’*- Vas)

(1 Ay ' Vs __(1-Apu Ay 'Vas

Qb = u{zctive Lactive Cox [ Vfb - ‘/Ih + ¢S + A 7
12(Ves— Vin— % Vis)

)
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Capacitance Model Equations

(Apua'Vas)’
24(Vgs — Vi — A"#"‘ Vis)

Ves—Vu A,
Qd = _WactiveLacliveC"x £ 2 : + b;[k Vs -

s = —(Qg + Qv + Qu)

otherwise

Visat

Qg = Waclive Lactive Cax(Vg.v - V_ﬂz - ‘ps - 3 )

(] - Almlk ')Vdsat

Qb = _WactiveLaclivecox(Vfb +Ds—Vum+ 3 )
Qd =0
os =-(g,+0,)

(2) capMod =1

The flat-band voltage Vy, is calculated from

ij = V;h _q)s - Klox'\/ q)x _‘/bseﬁ'
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Capacitance Model Equations

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

considered in calculating Vj, for capMod = 1.

if (Vg < Vi + Vit Vi)

Qs1 = =Wociive Lucrive Cox (Vgs ~Vfb —Vis— Vg"eﬁ”)
else
2
Q=W L, o Rioc| 14 14 e ~Vo ~Vergcr ~Viug)
gl active —active ™~ ox ) Klox2

Oy =—Qst
1% _ Vgsteﬁ’cv
dsat,cv — .
Abulk

CLE
, CLC
A =Abulk0(l+( L ) ]
eff

dep

L
Apno =| 1+ Koo Aol + B'o ) 1
2\/‘1’, Voo | Lg +2X, X W;'+B, || 1+ KetaVj,,,
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Capacitance Model Equations

noff - nv,

V.-V, -
ngﬁr,w = noff - nv, ln[l + exp[ 8 w — voffcv ]]

if (Vg <=Vyea)

' 2
E + Abulk Vds

A’
12(Vgs,,ﬁcv— "2”‘ de)

Q Qg 1+V, active acnvec |7 gsteff <V

0, = 061+ W0, LyciiveCox I—Abulklv _ (]‘Abutk')Abulk'Vdsz

active “active 2 ds Ab N '
i
1 Z(Vgsteﬁ"cv - 2 Vds)
(1) 50/50 Channel-charge Partition
Q_‘ = Qd -_ Wnclive Lzacn'vc Cax steff €Y~ Ab;lk ' V(l.r + Abulk 2 Xd.vz .
12 ( Vg:reﬁ‘cv - h;"‘ Vds )

(ii) 40/60 Channel-charge partition
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Capacitance Model Equaﬁons

W, csive Lactive C.

Q —_— active “active ™~ ox
s

A’ Y
Z(Vgsleﬁ’ o= bzlk Vds)

4 , 2 , 2 RN
(Vgsleﬂcv3 - E Vgstefaf g (Abulk Vd.\' ) + } Vgsteﬁ'cv (Abulk Vd.w )2 - E (Abulk Vds) ?)

Qs =—(Qs+ Qb+ 0s)

(iii) 0/100 Channel-charge Partition

Vesigr . Ap'V. (Apu'Vas)”
of 'bul ds
Qs = _“,aaive Lacrivecnx &"‘; = + bldk4 “- k Ahulk '
24 ‘/g:tw' - 2 Vlb

0y =—(Qe+ Qb+ 0s)

if (Vd.c > Vd.cat)

Vidsar
Qg = Qg1+ WactiveLactive Cox(vgsteﬁ o= 3 )

V.r effcv ~ |2 a
Qb = le - WactiveLactiveCox ( £ ‘ﬂh’3 = I)
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Capacitance Model Equations

(1) 50/50 Channel-charge Partition

0.=0Q,= Wacnve Lactwec
5 d 3 gsteff &

(ii) 40/60 Channel-charge Partition

QS —_— ZWacnve ?acuve COX Vgs,eﬁ'cv

Qy =—(Qs+ Qb +0s)

(iii) 0/100 Channel-charge Partition

Q =-W L C 2Vgsrefcv

active “active ™~ ox 3

Qs =—(Qs+ Qv+ Qs)

(3) capMod =2

The flat-band voltage Vy, is calculated from

Vfb vrh Klox \} d).v - Vb.\'eﬁ
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Capacitance Model Equations

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

considered in calculating Vg, for capMod = 2.
Qg = _(Qinv + Qacc + qubo + 8qub)

Qb = Qacc + qubo + 6qub

Qinv = Qs +Qd

Ving =W-03{Vs + (W57 + 8.} where V=V, -5; 6,002

Orve =Wt Lt Coc (Ving — )

active active™ ox K 2
lox

2
Q " ="'W L C A Klox [_ 1 + Jl + 4(Vgs -VFBeﬁ' _Vg.s‘:eﬁ,CV _Vb.\'eﬁ')]
e 2

Vd _ Vgsteﬁ: cv

sat,cv '
A bulk

CLC ]C"E

active

Apuie = Apuiro [1 + (
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Capacitance Model Equations

K,

L
Abul =1+ lox AO e + B'O . 1
zv q).t - ‘/bse_ﬂ' Leﬂ + ZJXJ X dep Wltﬂ +B| 1+ Keta ‘l{-"ﬂ'

V.. =V, —voffev
Vgxteﬁ',cv =n0_ﬁ -nV, ln[l-'-ex{ ) 7 ﬁ )]

noff - nv,

Vi =Vis =03V, + V248 Viwo) where V=V, ~V, ~8,; 8,=002

1-4,,'
5me=w L C #Vweﬁ'

active ~active ™ ox 2

_ (I_Almlk.)Abulk' cheﬁ‘z '
Abulk'

IZ(Vgsreﬂcv - T cheﬁ )
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Capacitance Model Equations

B.2.3.1 50/50 Charge partition

B.2.3.2 40/60 Channel-charge Partition

Q={T:jw%(vm 3 Vestegre (Aw ) 2 M(Am od)z_%(Ahﬂc. Vaqf)s)

/ ive Luctive Coe

)

3 5 2 , . 2 1 , 3
Ve 3yzmﬁ‘c (Aua Vieg )+ Voo Aua Vi) —;(Am V) )

B.2.3.3 0/100 Charge Partition

\
, 2
Q -W L C ‘{zﬂeﬁcv + Abulk' cheﬁ _ (Abulk cheﬂ )
active “active ~ ox 2 4 ( A )
24V, - 2oy
g.mﬂ'cv 2 cveff j

Q WlCll'veLacuveCox ‘/;quﬂ'cv - 3Abulk' cheﬂ- + (Abulk V )
2 4 8( Abulk 174

|
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Capacitance Model Equations

(3) capMod = 3 (Charge-Thickness Model)

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

‘ﬂ = v;h _q).r - Kloxvq)s —Vbseﬁ'

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

Qacc =WLC oxeff 'V ghace

V opace =%o [Vo + ,/Voz +46,V, ]

Vo=V, +V,, -V, -8,

sej gs
Vg =1g‘b—0_${V3 +‘/V32 +453\9‘b} where V, =vfb—V, —8,; 8,=002

C COX CC('I

eﬁ COX + CCC"
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Capacitance Model Equations

q)g = =20, =v In Vg.\'leﬁCV .(Vg-"!ﬂcv +2Klax 2(1)3
A o moin-K,, v,

lox

K 2

lox

K : V‘—V L _V\'C \'_V\'e
O =—WLG, - ;x '[-1+\/1+4( g Fhaf beef 8"5‘"):|

V.. =V‘,m,—-l-V+ V2 +48,V
2 1 1 37 dsat

Vi =Viw -V, —53

- Vg.ueﬂ' o (PJ
dsat — '
Abulk

2 VZ
Qinv =-WLC__-{V 1 V. + Abulk cveff

oxe) gsteffiev ¢6 A Abulk cveff f
2 V
12. (Vgsuﬁ;cv . ¢5 — Abll”l cve_% )
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Capacitance Model Equations
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Capacitance Model Equations
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APPENDIX D: Model Parameter Binning

Below is the information on parameter binning regarding which model parameters can or

cannot be binned. All those parameters which can be binned follow this implementation:

pepsfi P, B
Leﬁ W,ﬁ L,ﬁxW,ﬁ

For example, for the parameter k1: Py = k1, P_ = lkl, Py = wkl, P, = pkl. binUnit is a
bining unit selector. If binUnit = 1, the units of L,z and W, used in the binning equation

above have the units of microns; therwise in meters.

For example, for a device with L,;= 0.5um and W_,= 10um. If binUnit = 1, the parameter
values for vsat are 1e5, le4, 2e4, and 3e4 for vsat, lvsat, wvsat, and pvsat, respectively.

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

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

pvsat would be 1e5, le-2, 2e-2, 3e-8, respectively. Thus,

vsat = 1e5 + 1e-2/0.5e6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * 10e-6) = 1.28¢e5
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Model Control Parameters

D.1 Model Control Parameters

Symbols | Symbols
used in used in Description Can Be
equation | SPICE _ Binned?
None level The model selector NO
None version Model version selector NO
None binUnit | Bining unit selector NO
None param- Parameter value check NO
Chk
mobMod | mobMod | Mobility model selector NO
capMod | capMod | Flag for the short channel NO
capacitance model
ngsMod | ngsMod | Flag for NQS model NO
noiMod [ noiMod | Flag for Noise model NO
D.2 DC Parameters
Symbols | Symbols
usedin | usedin Description Can Be
equation | SPICE Binned?
VthO vthO Threshold voltage @V, =0 for YES
Large L.
VFB vib Flat band voltage YES
K1 k1 First order body effect coeffi- YES
cient
K2 k2 Second order body effect coef- YES
ficient
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DC Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE ___t Binned?

K3 k3 Narrow width coefficient YES

K3b k3b Body effect coefficient of k3 YES

WO w0 Narrow width parameter YES

Nix nlx Lateral non-uniform doping YES
parameter

Dvt0 dvt0 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

1o u0 Mobility at Temp = Tnom
NMOSFET YES
PMOSFET

Ua ua First-order mobility degrada- YES
tion coefficient

Ub ub Second-order mobility degrada- YES
tion coefficient
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DC Parameters

Symbols | Symbols

used in | used in Description Can Be

equation | SPICE Binned?

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

vsat vsat Saturation velocity at Temp = YES
Tnom

A0 a0 Bulk charge effect coefficient YES
for channel length

Ags ags gate bias coefficient of Abulk YES

BO b0 Bulk charge effect coefficient YES
for channel width

B1 bl Bulk charge effect width offset YES

Keta keta Body-bias coefficient of bulk YES
charge effect

Al al First nonOsaturation effect YES
parameter

A2 a2 Second non-saturation factor YES

Rdsw rdsw Parasitic resistance per unit YES
width

Prwb prwb Body effect coefficient of Rdsw YES

Prwg prwg Gate bias effect coefficient of YES
Rdsw

Wr wr Width Offset from Weff for Rds YES
calculation

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

Lint lint Length offset fitting parameter NO

from I-V without bias
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DC Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE Binned?

dWg dwg Coefficient of Weff’s gate YES
dependence

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

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

Nfactor | nfactor | Subthreshold swing factor YES

Eta0 eta0 DIBL coefficient in subthresh- YES
old region

Etab etab Body-bias coefficient for the YES
subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent in YES
subthreshold region

Cit cit Interface trap capacitance YES

Cdsc cdsc Drain/Source to channel cou- YES
pling capacitance

Cdscb cdscb Body-bias sensitivity of Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pclm Channel length modulation YES
parameter

Pdiblcl | pdiblc]l | 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

S delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

o0 alpha0 | The first parameter of impact YES
ionization current

ol alphal Isub parameter for length scal- YES
ing

BO beta0 The second parameter of impact YES
ionization current

Rsh rsh Source drain sheet resistance in NO
ohm per square

JsO js Source drain junction saturation NO
current per unit area

ijth ijth Diode limiting current NO
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AC and Capacitance Parameters

D.3 AC and Capacitance Parameters

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

Xpart xpart Charge partitioning rate flag NO

CGSO cgso Non LDD region source-gate NO
overlap capacitance per
channel length

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

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

Cj cj Bottom junction per unit area NO

M;j mj Bottom junction capacitance NO
grating coefficient

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

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

Pb pb Bottom built-in potential NO

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

CGS1 cgsl Light doped source-gate YES
region overlap capacitance

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

Symbols | Symbols

used in used in Description Can Be

equation | SPICE Binned?

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

Cf cf fringing field capacitance YES

CLC cle Constant term for the short YES
channel model

CLE cle Exponential term for the short YES
channel model

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

DWC dwe Width offset fitting parameter YES
from C-V

Vibcv vibev Flat-band voltage parameter YES
(for capMod = 0 only)

noff noff CV parameter in Vgsteff,CV YES
for weak to strong inversion

voffcv voffcv CV parameter in Vgsteff,CV YES
for weak to strong inversion

acde acde Exponential coefficient for YES
charge thickness in capMod=3
for accumulation and deple-
tion regions

moin moin Coefficient for the gate-bias YES
dependent surface potential
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NQS Parameters

D.4 NQS Parameters

length offset

Symbols | Symbols
used in | used in Description Can Be
equation | SPICE Binned?
Elm elm Elmore constant of the channel YES
D.S dW and dL Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

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

Win win Power of length dependence of NO
width offset

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

Wwn wwn Power of width dependence of NO
width offset

Wwl wwl Coefficient of length and width NO

' cross term for width offset

Ll 1l 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

used in | usedin Description Can Be

equation | SPICE Binned?

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

Lwn lwn Power of width dependence for NO
length offset

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

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

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

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

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

Wwe Wwe Cocfficient of widthdependence NO
for CV channel width offset

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

D.6 Temperature Parameters

Symbols | Symbols |

usedin | usedin Description Can Be

equation | SPICE Binned?

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

Lte ute Mobility temperature expo- YES
nent

Ktl1 ktl Temperature coefficient for YES
threshold voltage

Ktl1l kell 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 at Temperature coefficient for YES
saturation velocity

Prt prt Temperature coefficient for YES
Rdsw

nj nj Emission coefficient YES

XTI Xti Junction current temperature YES
exponent coefficient
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Flicker Noise Model Parameters

Symbols | Symbols
used in | used in 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 tcj Temperature coefficient of Cj NO
tcjsw tcjsw Temperature coefficient of NO
Cjsw
tcjswg | tcjswg | Temperature coefficient of NO
Cjswg
D.7 Flicker Noise Model Parameters
Symbols | Symbols
usedin | used in Description Can Be
equation | SPICE Binned?
Noia noia Noise parameter A NO
Noib noib Noise parameter B NO
Noic noic Noise parameter C NO
Em em Saturation field NO
Af af Flicker noise exponent NO
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Process Parameters

Symbols | Symbols .

used in | used in Description Can Be

equation SPICE Binned?

Ef ef Flicker noise frequency NO
exponent

Kf kf Flicker noise parameter NO

D.8 Process Parameters

Symbols | Symbols

used in | usedin Description Can Be

equation | SPICE _ Binned?

Tox tox Gate oxide thickness NO

Toxm toxm Tox at which parameters are NO
extracted

Xj Xj Junction Depth YES

v1 gammal | Body-effect coefficient near YES
the surface

72 gamma2 | Body-effect coefficient in the YES
bulk

Nch nch Channel doping concentration YES

Nsub nsub Substrate doping concentration YES

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

Vbm vbm Maximum applied body bias in YES
Vth calculation

Xt xt Doping depth YES
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Geometry Range Parameters

D.9 Geometry Range Parameters

Symbols | Symbols

used in | usedin Description Can Be
equation | SPICE Binned?
Lmin Imin Minimum channel length NO
Lmax Imax Maximum channel length NO
Wmin wmin Minimum channel width NO
Wmax | wmax Maximum channel width NO
binUnit | binUnit | Binning unit selector NO
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