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CHAPTER 1: Introduction

1.1

1.2

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 Vfb is used in the capacitance models, capMod=1 and 2 to
eliminate small negative capacitance of Cgs and Cgq 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.

Organization of ThisManual

Thismanual describesthe BSIM3v3.2.2 model in the following manner:

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

Chapter 3 highlights a single-equation 1-V model for all operating regimes.
Chapter 4 presents C-V modeling and focuses on the charge thickness model.
Chapter 5 describesin detail the restrutured NQS (Non-Quasi-Static) Model.
Chapter 6 discusses model parameter extraction.

Chapter 7 provides some benchmark test results to demonstrate the accuracy

and performance of the model.
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Organization of This Manual

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

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

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 dueto vertical field.

* Bulk charge effect.

» Velocity saturation.

* Drain-induced barrier lowering (DIBL).

* Channel length modulation (CLM).

» Substrate current induced body effect (SCBE).

» Subthreshold conduction.

e Source/drain parasitic resistances.

2.1 Non-Uniform Doping and Small Channel
Effectson Threshold Voltage

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

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

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

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

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

concentration, Vy, isgiven by [2]:
(2.1.1)

Vth =VFB +ch +y ch _Vbs =Vl'idaal-'_ \ ch _Vbs _\/asj

where Vg is the flat band voltage, Vq4e 1S 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)

1[253 C]Na

c:OX

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

o =2kBT|nEN7aE
q n;

(2.1.3)
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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
— o

<«— Approximation

/ Distribution
Nab
»

X Ll
1 substrate Depth

Substrate Doping Concentration

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

The substrate doping concentration is usualy higher near the Si/SIO,
interface (due to Vi, 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 Xt as shown in Figure 2-1, Ny in Eq. (2.1.2) is equal to
N otherwiseit isequal to Ng p

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

following Vi model is proposed:

(2.1.4)

Vin =Vridea + Kl(\/cbs ~Vis _\/C’Ts)_ K Mos

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
Vs 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)
Kl = y2 - 2K2 ch _me

(2.1.6)

K. = (yl_,yz)(\/q)s_va_\/‘gs)
’ 2@(\/¢s_vbm_@)+vbm

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

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

(2.1.7)

_ V2064 N,

Y1 C

0oXx

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

(2.1.8)

_ V295 Nauo.

Y2 =
COX

Vi« IS the body bias when the depletion width is equal to X;. Therefore, V,,
satisfies:
(2.1.9)
qN ch th —

2¢€.

S

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

2.1.2 Lateral Non-Uniform Doping Effect

For some technologies, the doping concentration near the source/drain is
higher than that in the middle of the channel. Thisis referred to as lateral
non-uniform doping and is shown in Figure 2-2. As the channel length
becomes shorter, lateral non-uniform doping will cause Vi to increase in
magnitude because the average doping concentration in the channel is
larger. The average channel doping concentration can be calculated as

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

(2.1.10)
_ N, (L-2L,)+Npockef2L, _ 2L, NpocketN,
Ny = - =N, H+=% N
.
= Na [B_+N7|XH
O LD

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

(2.1.11)

Vin =Vino + Ky \/q) ~Vis — \/_)

+K B/1+N—IX —1H/

Eq. (2.1.11) can be derived by setting V,,c = 0, and using K; [0 (Ng)®°. 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].

| Noodet Npodket |
_
x | |
prd I |
| Na |
» Ly e » Ly -

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

2.1.3 Short Channdl Effect

The threshold voltage of along channel device isindependent of the chan-
nel length and the drain voltage. Its dependence on the body biasis given by
Eq. (2.1.4). However, as the channel length becomes shorter, the threshold
voltage shows a greater dependence on the channel length and the drain
voltage. The dependence of the threshold voltage on the body bias becomes
weaker as channel length becomes shorter, because the body bias has less
control of the depletion region. The short-channel effect isincluded in the
Vih model as:

(2.1.12)

Vth VthO + K V CD Vbs \/_) K Vbs

+K H/1+N—IX —1H/q> -AV,

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

2.1.13)
AV, =6, (L)(Z(Vbi - CDS) +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)
Vbi =

K.,T, N,N
B |n( ch2 d)
q n;

where N, in is the source/drain doping concentration with atypical value of
around 1x10%° cmS. The expression 8,(L) is a short channel effect
coefficient, which has a strong dependence on the channel length and is

given by:

(2.1.15)
Oin (L) = [exp(-L/2l;) +2exp(-L/I)]

|t is referred to as the characteristic length and is given by

= €5 Tox Xdep
(= | ZS lox”dep
Eox'

Xaep 1S the depletion width in the substrate and is given by

EACEA)
X g = B b
ch

Xaep IS larger near the drain than in the middle of the channel due to the

(2.1.16)

(2.1.17)

drain voltage. Xy, / N represents the average depletion width along the

channel.

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

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

2-8
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

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

account for charge sharing and DIBL effects separately.

(2.1.18)
B1n(1) = Dol @Xp(~D, L /21,) +2exp(-Dyy L /1,)]
(2.1.19)
AV, (L) =06, (L)(Vbi - CDS)
(2.1.20)
Eg Ty X
l; = w(1+ Dyt2Vhs)
\ Eox
(2.1.21)
04 (L) =[eXP(—Dg,, L/ 21,5) +2€xp(—Dgy L/ 115)]
(2.1.22)

AVinMs) = it (1)( B0 + Bao\Vis) Vs

where |, is calculated by Eq. (2.1.20) at zero body-bias. D, is basicaly
equal to 1/(n)*? 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 (Ng,). Dyos
Dyi1,Duio, 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, Ny in Eq. (2.1.14) is the
doping concentration in the lightly doped region. V,; in a LDD-MOSFET
will be smaller as compared to conventional MOSFET's, therefore the
threshold voltage reduction due to the short channel effect will be smaller
in LDD-MOSFET's.

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

Theterm:

VTideal + Kl ¢’s _Vbs - szbs

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

the changesin

VTideaI + Kl ch _Vbs - KZVbs

and in AV, will compensate for each other and make V,;, less sensitive to
Vs This compensation is more significant as the channel length is
shortened. Hence, the V,, of short channel MOSFET’s is less sensitive to
body bias as compared to a long channel MOSFET. For the same reason,
the DIBL effect and the channel length dependence of V,, are stronger as
Vs 1S 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, alinear 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
; 10 —
[
=
-]
08 —
e LoV
0 ! ° 3

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

101 .
- Markers: Exp.
i Linas: Madsli
109
=
1071
=
= C
52 _
1{}_37““\“v‘\““
0.0 0.5 1.0 1.5
L gt (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.
L Lines: Model
Device B, Vgg=-3V
15 — NN
,>_\ - Deivi{:e A, Vgg=-3V
—— 1_0 L
-~ .
-— L a Device C, Vgg=0V
= -
0.5 /
L - Open Markers: Vpg=0.05V
‘ Solid Marker: V\pg=3V
0.0 I 1 I | I I I I | I I I
0.0 0.5 1.0 1.5

L eff (um)

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

2.1.4 Narrow Channel Effect

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

increase can be modeled as:

(2.1.23)

2
nqNadeax :37.[To>< CDS
2C, W W
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

The right hand side of Eq. (2.1.23) represents the additional voltage
increase. This change in Vi, 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) aswell. Hence, parameters K5, K5, and W, are introduced as

(2.1.249)
T
(K3 + KSbes)¢ch
Weff I-'-WO
Wgs' 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)

Wit Left West Leff)ﬁvbi o)

) + 2exp(—Dvriw
2w ltw

wa;%exp(— Dvriw

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

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

(2.1.25)
Vin

=V + Kioe /P ~Voegt = Koo Vhces

' Kmx%/@‘ —1E/$s+ (Ka * KMo )\/\éﬂTW\é ,
el omon <
oo
_E.y%_%;eﬂw%w%%ﬁ@waw A

where T,, dependence is introduced in the model parameters K; and K, to

improve the scalibility of V,;, model with respect to T,,. Vinoow Kiox @Nd Kooy

are modeled as

Vi =Viro ~ Ky D,
and
K10x = K1 BTA
Toxm
Koo = K; ElToix
s

oxm

Tom IS the gate oxide thickness at which parameters are extracted with a
default value of T,.

In Eq. (2.1.25), all Vs terms have been substituted with a Vg expression
asshownin Eq. (2.1.26). Thisisdonein order to set an upper bound for the
body bias value during simulations since unreasonable values can occur if

this expression is not introduced (see Section 3.8 for details).

2-14
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Mobility Model

(2.1.26)
Vst = Ve + 0.5 Vbs = Vioc —01 +\/ (Vos Ve =01)° —4&Vee ]

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

K2 [
Vbc=0-9E®s— L
4K, 1

2.2 Mobility Mode

A good mobility model is critical to the accuracy of a MOSFET model. The
scattering mechanisms responsible for surface mobility basically include phonons,
coulombic scattering, and surface roughness [11, 12]. For good quality interfaces,
phonon scattering is generally the dominant scattering mechanism at room
temperature. In general, mobility depends on many process parameters and bias
conditions. For example, mobility depends on the gate oxide thickness, substrate
doping concentration, threshold voltage, gate and substrate voltages, etc. Sabnis
and Clemens [13] proposed an empirical unified formulation based on the concept
of an effective field E4; which lumps many process parameters and bias conditions
together. E4 is defined by

(2.2.1)
— Qg +(Qn/2)

€y

Eeft

The physical meaning of E4 can be interpreted as the average electrica field
experienced by the carriersin the inversion layer [14]. The unified formulation of

mobility isthen given by
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(2.2.2)

Hetf =

Ho
1+ (Egt /Eo)”

Valuesfor g, Eg, 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)
Mo (cm?/Vsec) 670 160
Eo (MV/cm) 0.67 0.7
\Y 16 10

Table 2-1. Typical mobility valuesfor electronsand holes.

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

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

(2.2.3)
0 Vgs + Vth

E
o BTy

Eqg. (2.2.2) fits experimental data very well [15], but it involves a very time
consuming power function in SPICE simulation. Taylor expansion Eqg. (2.2.2) is
used, and the coefficients are left to be determined by experimental data or to be
obtained by fitting the unified formulation. Thus, we have
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(mobMod=1) (2.2.49)
Ho
Hett = V, V,
1+ (Ua +UcVoser) (w) + Ub(w)z
OX OX

where Vgg=VsVin To account for depletion mode devices, another mobility
model option is given by the following

(mobMod=2) (2.2.5)
Mo
1+ (Ua +ucvbseﬁ)(VT£) + ub(VTi)2

Heit =

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
1+ [ua(\i@ﬁ;ﬂ) ¥ ub(ﬁﬂ;ﬂ)z] (1+ UeVoost)
OX OX

Heit =

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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Bulk Charge Effect

2.4

(2.3.2)
E
V= L, E< Esat
1+ (E/Esat)
= Vst » E>Ex

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

(2.3.2)

Bulk Charge Effect

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

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

(2.4.1)
i g B 1
gweﬁ +B, T Ketal,_

H « B AL H
&ulk _E-l- é_ A_)s\/gs(eﬁ‘H_Eﬂ + XJ Xdep

ch Vot ﬁ-eﬂ +2\/ X, Xdep
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Strong Inversion Drain Current (Linear Regime)

where Ag, Ags Bo. B1 and Keta are determined by experimental data. Eq. (2.4.1)
shows that A, IS very close to unity if the channel length is small, and A,

increases as channel length increases.

2.5 StrongInversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (Rg=0)

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

aong the channel is given by

(2.5.1)
I ds — V\Cox (Vgs[ - AbU|kV(Y))V(Y)

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

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

With Eq. (2.3.1) (i.e. before carrier velocity saturates), the drain current
can be expressed as
(25.2)
Het Em
. =WC =V, = AV (y)) —————
o x (Vgs o V) 1+ E/ Ea

Eq. (2.5.2) can be rewritten as follows
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(25.3)
| _dVy
.ueffV\Cox (VgSI - AbquV(y)) - lds/Esat dy

Ey=

By integrating Eqg. (2.5.2) fromy = 0toy= L and V(y) = 0to V(y) = Vys

we arrive at the following

(2.5.4)

W 1
lgs = Mg C,

x fm(\/ s~ Vin ~ AV, /2)Vy
ds sat

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

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

= Vggt and Vs = Vysat iNto Eq. (2.5.1) to get the saturation current:

(2.5.5)
I =WC,, (V, o AbukV o )Wy

By equating egs. (2.5.4) and (2.5.5) at E = Egy; and Vg = Vgt We can

solve for saturation voltage Vgt

(2.5.6)
V. = Ew L(Vgs _Vth)
S AmE L+ Vg =Vin)
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2.5.2 Extrinsic Case (Rg>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 aresullt,
RgsWill have amore 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
ds
Rtot Rch + Rds
w 1 (Vgst ~ Avuik Vds /2) Vg
= Hett C ’ i >

L W (Vgst =~ Apuik Vds/2)
ab)yy RasHeff Cox ~— ; >
L 1+ Vgs/(Ega L)

L 1+ Vs /(E

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

Vgsat With parasitic resistance Ryg becomes

(2.5.10)

~b-b? -4ac

V. =
dsat 2a

The following are the expression for the variables a, b, and c:
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(2.5.11)
a= Alfulk RdsCox\M/sat + (% _1) Apuik
2
b= _(Vgst(x _1) + Abulk Esat L +3Abu|k Rdscoxvvvsatvgst)
— 2
C = Egat LVgst *+2RysCoxWeat Vst

A = AlVgs + A2

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

of the device. The parasitic resistance is modeled as:

(2.5.11)

_ Rdwv(l+ Prwgvgsteff + Prvs/o (\/ ch _Vbseff _\/C’TS»

Re (o, )"

The variable Rygyyis the resistance per unit width, W is afitting parameter,
Prwpand Pragare the body bias and the gate bias coeffecients, repectively.

2.6 Strong Inversion Current and Output

Resistance (Saturation Regime)

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

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

curve can be clearly divided into four regions with distinct Ryt vs. Vgg

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 physica 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.
: ‘ ‘ ‘ 14
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Figure 2-6. General behavior of MOSFET output resistance.
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Strong Inversion Current and Output Resistance (Saturation Regime)

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

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

(2.6.1)
IdS(VgS’VdS) = |ds(Vgs'Vdsat) +Mdss’vdS)(Vds ~Vdsat)
where
(2.6.2)
lgsat = lds(Vgs, Vasat) = Weat Cox (Vgst ~ Apuik Vdsat )
and
(2.6.3)
Va = la (550

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

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

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

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

calculated by
(2.6.4)
Vv = (dIdS oL )—1=AbquE%1tL+VgSt dAL)—l
ACLM deat oL 0 Vds AbquEsat J Vds

where AL is the length of the velocity saturation region; the effective
channel length is L-AL. Based on the quasi-two dimensiona
approximation, Vaq \can be derived as the following

(2.6.5)

ApuikEsatL + Vgst
V = Vi =V,
ACLM Po i Ea (Vds — Vdsat)

where Vo v IS the Early Voltage due to channel length modulation

aone.

The parameter Py, is introduced into the Vo v expression not only to
compensate for the error caused by the Taylor expansion in the Early

voltage model, but also to compensate for the error in Xy since 1 0 /X

and the junction depth X can not generally be determined very accurately.
Thus, the Vaq v became

(2.6.6)
1 ApulkEsatl +Vggt
I:)cl m Abul k EsatI

Vacim = (Vas — Vdsat )
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2.6.2 Drain-Induced Barrier Lowering (DIBL)

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

(2.6.7)

Al AV, ..
VADIBLC: Idwt (ﬁ#) ' /
th ds

(Ve +2u) @ AoukVost @
VapieLe = -
ot (1+ Poi.osViss) PoirVest + Vit +2\

During the derivation of Eg. (2.6.7), the parasitic resistance is assumed to
be equal to 0. Asexpected, Vap g c ISastrong function of L asshown in Eq.
(2.6.7). As channel length decreases, Vap g c decreases very quickly. The
combination of the CLM and DIBL effects determines the output resistance

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

Despite the formulation of these two effects, accurate modeling of the
output resistance in the saturation region requires that the coefficient
Bth(L) be replaced by 6,5,t(L). Both 6;4(L) and B,q:(L) have the same

channel length dependencies but different coefficients. The expression for

(2.6.8)

0 0ut (L) = Py [€XP(=D o L 1 21,) +2€Xp( =D, L /1)] +Pyiyico

rout

Parameters Pipic1: Pdiblc2: Pdbdy @nd Dygyt @€ introduced to correct for

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

equal to Pgjp)c1 and Dyyq is not equal to Dyt 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. Pgjpc2 is usualy very small (may be as small as
8.0E-3). If Pyjpic2 is placed into the threshold voltage model, it will not
cause any significant change. However it is an important parameter in
VapigL for long channel devices, because Pjpc2 Will be dominant in Eq.
(2.6.8) if the channel islong.

Current Expression without Substrate Current Induced
Body Effect

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

the Early Voltage at Viyg= Vgt and is asfollows:

(2.6.9)
Vae = Esatl + Vgsat + 2|:"’dsVsatCoxVV(Vgst ~ ApuikVas ! 2)
(=
1+ Anuik RasVsat CoxW
Total Early voltage, V,, can be written as
(2.6.10)

1+1)_1

VA =VAsat+(

ACLM VADI BL
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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
laso = wat Cox (Vgst - Abulkvdsat )(1 + %

A
Furthermore, another parameter, Pygg 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)
PvagVs 1 N 1 ) 1
Estlet = Vacim  VabisLe

Va=Vasa +(1+

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 Ig,, thus created during impact
ionization will increase exponentially with the drain voltage. A well known

| sup Model [20] isgiven as:

(2.6.13)

Bl
Isub = 2 I ds(vds _det)exp% : %

ds Vdeat
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The parameters Aj and B;j are determined from extraction. Ig,, will affect
the drain current in two ways. Thetotal drain current will change because it
is the sum of the channel current from the source as well as the substrate

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

(2.6.14)

| = oo+ 1,

[]
_ g (Vs — Vasat)
- |dso|j. + E Bll

[l exp(——
0 A p(Vds—VdsaI)

[

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

(2.6.15)
V. =V Vs — Vusat
Ids :V\Nsatcox(vgst _Abulkvdsat)(1+ : V : t)(:I'-i- V
A ASCBE

where Vag-ge Can also be caled as the Early voltage due to the substrate

current induced body effect. Its expression is the following

(2.6.16)

Bi Bil
V = —eXp(———
ASERE AI p( Vds - Vdsat)

From Eq. (2.6.16), we can see that Vagge IS a strong function of Vyg. In
addition, we also observe that Vag-ge is small only when Vg is large. This
is why SCBE is important for devices with high drain voltage bias. The
channel length and gate oxide dependence of Vpg-ge cOmMes from Vg, and
|. We replace Bi with PSCBE2 and Ai/Bi with PSCBEL/L to yield the

following expression for Vagege
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(2.6.17)
1 PooBE2 g Pcaetl )
Vascee L Vs ~ Vdsat

The variables Pgpeq and Py are determined experimentally.

2.7 Subthreshold Drain Current

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

2.7.1)
o= Lol-e0(—\") (= )
2.7.2)
lo = uovﬁl qus"(p'jm v

Here the parameter vt is the thermal voltage and is given by KgT/q. Vi is the
offset voltage, as discussed in Jeng's dissertation [18]. Vg is an important
parameter which determines the drain current at Vg = 0. In Eq. (2.7.1), the
parameter n 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)
(G + CusmVis +Cdstbseff)%<p(—D/T1|;ﬁ) +2exp( —Dlee")ﬁ .
Cox "

n:1+NactorE+
Cux

where theterm

2-30 BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



Effective Channel Length and Width

Lt Lest
(Casc + CascdVas + Casco Vbseff)%(p( —Dvux) +2exp( _DWIT)E

represents the coupling capacitance between the drain or source to the channel.
The parameters Cye., Cyerg @nd Cygyp, are extracted. The parameter Cj¢ in Eq. (2.7.3)
is the capacitance due to interface states. From Eq. (2.7.3), it can be seen that
subthreshold swing shares the same exponential dependence on channel length as
the DIBL effect. The parameter Nfactor is introduced to compensate for errorsin
the depletion width capacitance calculation. Nfactor is determined experimentally

and isusually very closeto 1.

2.8 Effective Channel Length and Width

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

below
(2.8.1)
Lett = Ldramn —2dL
(2.8.23)
Wett = Wrawn — 2dW
(2.8.2b)

WeffI = Warawn — ZdWI

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

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 2-31



Effective Channel Length and Width

(2.8.3)
AW = AW AW,V o + AW, (@, Vi — /@)
AW =W, + b e
(2.8.4)
dL = Ly + Llljn "‘WLCN\,\m + L|_|r|1_VWVILwn

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

the intercepts of linesfrom a RgVs. Lgganplot).

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
Wagrann Larann @nd their associated product terms. In addition, the freedom to
model these dependencies as other than just smple inverse functionsof Wand L is
also provided for the user. For dW, they are WIn and Wwn. For dL they are LIn and

Lwn.

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

use.
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2.9 Poly Gate Depletion Effect

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

possibly 50A or thinner.

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

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

In 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 afinite
depletion region with thickness X;. In the presence of the depletion region, the
voltage drop across the gate oxide and the substrate will be reduced, because part
of the gate voltage will be dropped across the depletion region in the gate. That

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

n"' /

"\ ]
CICIOIONOIOIO)

Tox

o

Inversion Charge  Depletion in Substrate (Width Xd)

B

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

Thedeviceisin the strong inversion region.

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

2.9.1)
2
ol :lxol EOl :M
paly — o “*poly =poly 24

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

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

(2.9.2)

EoxEox = €5 Epaly = \/qusi NggteV poly
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where E,, isthe electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)

Vo~V =@, =V, +V.

+
poly [o4

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)
2 —
a(Vgs _VFB - ch _Vpoly) _Vpoly =0

where (2.9.5)

2
gox

296 N, T, 2

gate ' ox

a

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

(2.9.6)

NI 2HL 25,2V Vg -
Vgs_eﬁ :VFB +CDS + qgs ga;te ox H l+ ox \'gs FB 2 s) _ E
& q‘gsi NgateTox [

0X

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

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,,(Vys - Vin). Theratio of the linear drain

current with and without poly gate depletion is equal to:

(2.9.7)
Ids(Vgs_eff ) _ (Vgs_eff _Vth)
lds (Vgs) (Vgs ~Vin)

Figure 2-9 shows | 4(Vys er) / 14s(Vgs) 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.

without.

Ratio of linear region current with poly gate depletion effect and that
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CHAPTER 3: Unified |-V Mode

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

are much improved.

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

V model parameters can be found in Appendix A.

3.1 Unified Channel Charge Density
EXxpression
Separate expressions for channel charge density are shown below for subthreshold

(Eg. (3.1.18) and (3.1.1b)) and strong inversion (Eq. (3.1.2)). Both expressions are
valid for small Vg
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Unified Channel Charge Density Expression

(3.1.18)

Qensubso = Qo eXp(VgS _ Vth)
NVt
where Qg is

(3.1.1b)

Qo= quchth exp(_Voff )
A\
(31.2)

QchsO = Cox(Vgs - Vth)

In both Egs. (3.1.18) and (3.1.2), the parameters Qg ns0 @Nd Qg are the channel
charge densities at the source for very small Vds. To form a unified expression, an
effective (Vgs'Viy) function named Vg is introduced to describe the channel

charge characteristics from subthreshold to strong inversion
(3.1.3)

s —Vin, [
2NV In%ﬁ exp(Vg Vth)D
] 2nwv [

1+2n Cox 2 eXp(_Vgs —Vih - 2Voff )
(&sNch 2N W

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

Voseft =

inversion region can therefore be written as

(3.1.4)
Qdﬁso = CoxVgsteft

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

sections of this chapter to model the drain current.

3-2
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-1.0
1 (Vgs-Vth)

-1.5 — —
-1.0 -0.5 0.0 0.5

VesVih (V)

Figure 3-1. The Vgdffunction vs. (VgsVi) in linear scale.

4 7
2_' J =] Log(VVgsteff) !
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Tl
7 |
[e>]
= 67
= |
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. T . . T . .
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Figure 3-2. Vgdffunction vs. (VgsVih) 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 Vg To account for the influence of Vg the Vgt function
must keep track of the change in channel potential from the source to the drain. In
other words, Eg. (3.1.4) will have to include a y dependence. To initiate this
formulation, consider first the re-formulation of channel charge density for the

case of strong inversion

(3.1.5)
Qens(y) = Cod( Vs —Vih — AV (y))

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

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

(3.1.6)
Qens(y) = Qenso + AQens(y)

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

(3.1.7)
AQcehs(y) = —COoXAbukVF(y)

For the subthreshold region (Vgs<<Vth)’ the channel charge density along the

channel from source to drain can be written as

(3.1.8)
Ottty = Qoexp(vgs —Vih — AbquVF(y))
NV
= Quatsoexp(~ AbquVF(y))
NVt

3-4
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A Taylor series expansion of the right-hand side of Eq. (3.1.8) yields the following
(keeping only the first two terms)

(3.1.9)

Qesisty) = Qenapso(1~ AbUIr:VF(Y)

)

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

(3.1.10)

Qraby) = Qraso +AQtutxy)

The parameter AQgg dY) is the incremental channel charge density induced by

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

(3.1.11)

3 AoukVF(y)

AQenabs(y) = Qenanso

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

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

expression along the channel, we first assume

(3.1.12)
AQchs( y) AQchsubs( y)
AQchs(y) + AQchsubs(y)

AQcn(y) =

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

(3.1.13)
VE(y)

AQen(y) = Vb

Qchso

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

replaced by 2. The expression for Vynow becomes

(3.1.14)
_ Vst + 2\t
Abuik

Vb

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

now at hand

(3.1.15)
VEwy)

= 1-
Qen(y) = Qenso( Ve

)

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

3.2 Unified Mobility Expression
Unified mobility model based on the Ve expression of Eq. 3.1.3 isdescribed in
the following.
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Unified Linear Current Expression

(mobMod = 1) (3.2.1)
_ Ho
Hett = Vst + 2Vin Vgseit + 2V
1+ (Ua+UcVoseit ) (———) + Ub(i)2
ox Tox

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

the following
(mobMod = 2) (3.2.2
Ho
Heit =
1+ (U + UoVisa ) (V590 4 (V51 )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)

Lo

Het = + +
1+ [Ua(VgsteffT 2Vth) 4 Ub(Vgstef-fr 2Vth)2](1+ UVt

OX OX

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case (Rg=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)
dv
la(y) = WQen(y) Lnety) i
dy
where the parameter updy) can be written as
(3.3.2
Hre(y) =
1 + E
t
Substituting Eg. (3.3.2) in Eq. (3.3.1) we get
(3.3.3)
laty) = WQehso(1 — VF(y)) HETE dVee)
Esat

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
characteristicsin the subthreshold regime when Vgis very small (Vg<2v).
Eqg. (3.3.3) can now be integrated from the source to drain to get the

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

from the subthreshold regime to the strong inversion regime

(3.3.4)

IdsO -

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 Eg. (2.5.9)
and Eq. (3.3.4). The expression for linear drain current from subthreshold

to strong inversion is.

(3.3.5)

_ |dso

lds = ——=———

1 " Rds| dso
Vds

3.4 Unified Vg EXpression

3.4.1 Intrinsic case (Rg=0)

To get an expression for the electric field as a function of y along the
channel, weintegrate EqQ. (3.3.1) from 0 to an arbitrary point y. Theresult is

as follows

(3.4.1)

|dso

l dso )2 - 21 asoWQchso Uest Y
Esat Vb

Ey =
\/ (WQchso et —

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

(34.2)
_ WteitQehso Esatl. Vb

et =
L (Eal +Wb)
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Let Vo=Vt In Eq. (3.3.4) and set this equal to Eq. (3.4.2), we get the
following expression for Ve
(34.3)

Esatl (Vostett + 2\t)
AoukEsatl + Vgsert + 2\

Visat =

3.4.2 Extrinsic Case (Rg>0)

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

(3.4.49)
_ -b-+b* -4ac
Vst =
2a
where
(3.4.4b)
a = Abuk“Weir Vst CoxRos + (/\1 —1) Abuik
(3.4.4¢)

b= _Q\/gsteff +2Vt)(§ =1) + AvukEsail et +3 Abuk (Voset +2Vt)WeffV§1tCoxRDS§

(3.4.4d)
C = (Vgstet + 2Wt) Esatlest + 2(Vgstett + 2Vt) *Whtt Vst CoxRos

(3.4.4¢)
A = AilVgsert + 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 Ve function into Eq.

(2.6.15). The resulting equations are the following

(35.1)
| dso(vasat) Vs — Vdsat Vs — Vidsat
las = + +
‘ 1+ Rusl dso(vasat) % Va % \/ASCBE %
Vdsat
where
(35.2)
Va =Vast + ( 1+ Pvangsteff 1 + 1 )_1
Estlet ~ Vacim  VabisLc
(3.5.3)
Esaelett +Vosat + 2 RosVaaColMerVgsett [ 1 — AoV
_ 2(Vgseit +2\t)
Vasat =
2/ A — 1+ RosVesat Cox\WktAbuik
(3.5.4)
AbukEsatl_et + V,
Vacim = =Ll T Vosdt (Vds — Vsat)

PcimAvukEsa litl
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(3.5.5)
(Vostet +2k) @_ AbuikVdsat @
Grout (1 + PoisLcsVoserr) AouikVasat + Vgstert + 2t

VapiBLe =

(35.6)
Bou = Poreics xp(=Drour =) + 2 exp(~Drour =) 2k p
out — DIBLC1 —LJROUT — —LJROUT —— DIBLC2
gx 2lto lto H

(35.7)

1 Pscbez Pscbel ||t|
= ewd, T
Vascee Lest Vs — Vst

3.6 Single Current Expression for All

Oper ating Regimes of Vgsand Vs

The Vggecffunction introduced in Chapter 2 gave aunified expression for the linear
drain current from subthreshold to strong inversion as well as for the saturation
drain current from subthreshold to strong inversion, separately. In order to link the
continuous linear current with that of the continuous saturation current, a smooth
function for Vgis 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)

| dso(Vdsef) Vs — Vdseff Vs — Vaseff

las = + +—

1+ Rusl dso(vasett ) Va V/ASCBE
VVdseff

Most of the previous equations which contain Vggand Vgt dependencies are now

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

3-12
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Single Current Expression for All Operating Regimes of Vgs and Vds

AbukEsatLeff +Vgseft
PcimAvukEsa it

(Vos — Vst )

Vacvw =

Similarly, EqQ. (3.5.7) now becomes

l Pscbez D— Pscbel | | t| D
= e)(p

Vascee Lest ds — Voiseft

The Vgt expression iswritten as

Vostt = Vst —;(Vdsst —Vs =0 +\/(Vdst Vs —0)° +45/dst)

(3.6.2)

(3.6.3)

(3.6.4)

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

unit of volts can be extracted. The dependence of Vgt 0N Vgisgivenin Figure 3-

3. The Vg function follows Vgin the linear region and tends to Vg in the

saturation region. Figure 3-4 shows the effect of d on the transition region between

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

7
Vdseff=Vdsat/ e—Vdseff=Vvds
/

O-O T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

vds (V)

Figure 3-3. Vggf vs. Vgsfor 8=0.01 and different Vg

_ /

T T T T T T T T T
0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
vds (V)

Figure 3-4. Vg Vs Vsfor V=3V and different 8 values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2.1 is modeled by

(3.7.1)
I = m _V )exp ﬁo IdSO %+Vd5 _Vdseff E
sub Leff ds dseff Vds _Vdseﬁ . M VA

dseff

where parameters ap and 3, are impact ionization coefficients, parameter a,

improves the | g, scalability.

3.8 A Noteon V

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

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

(3.8.1)

Vbestt = Vbe + 0.5 Vbs —Vbe =61 +1/(Vbs —Vbe —31)2 —4AVhe |
where 4,=0.001V.

Parameter Vi is the maximum allowable Vig value and is obtained based on the
condition of dVi{dVg= 0 for the Vi, expression of 2.1.4.
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CHAPTER 4: Capacitance M odeling

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 isintroduction 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 Tgx CMOS technologies. This model is smooth, continuous and accurate

throughout all operating regions.

4.1 General Description of Capacitance
M odeling

BSIM3v3.2.2 models capacitance with the following general features:

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

e The intrinsic capacitance models, capMod=0 and 1, use piece-wise eguations.
capMod=2 and 3 are smocth and single equation modedls; 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 Vi, 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
asthe gate and drain.

Name Function Default Unit
capMod Flag for capacitance models 3 (True)
vfbev the flat-band voltage for capMod = 0 -1.0 V)

acde Exponential coefficient for X, for accumulation and deple- 1 (m/V)
tion regions
moin Coefficient for the surface potential 15 (Vo9)
€gso 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
CGsl 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 pm
CLE Exponential term for short channel model 0.6
DwWC Long channel gate capacitance width offset Wint pm
DLC Long channel gate capacitance length offset Lint pm

Table 4-1. Model parametersin capacitance models.

4.2 Geometry Definition for C-V Modeling

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

metallurgical source and drain junction, which is defined by the effective length
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(Lactive a@nd width (Wie) When the gate to /D region is at flat band voltage.
Laiive@nd W,i\e @re defined by Egs. (4.2.1) through (4.2.4).

(4.2.1)
Lactive = I—drawn - 2d—eff
(4.2.2)
Vvac’[ive :V\érawn - 2ANeff
(4.2.3)
Llc Lwc Lwic
d_eff =DLC+ LLIn +WLwn + LLInVVLwn
(4.2.4)

Wc Wwe Wwic
dNeff =DWC+ LWIn +va\/n + me\va\/n

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

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

Traditionally, the Lgf extracted during I-V model characterization is used to gauge
atechnology. However this Lgfdoes not necessarily carry a physical meaning. It is
just a parameter used in the I-V formulation. This Lgtis therefore very sensitive to

the 1-V equations used and also to the conduction characteristics of the LDD
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4.3

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

giving Lgf a dubious physical meaning.

The L.4ve Parameter extracted from the capacitance method is a closer
representation of the metallurgical junction length (physical length). Due to the
graded source/ drain junction profile the source to drain length can have a very
strong bias dependence. We therefore define L, t0 be that measured at gate to
source/drain flat band voltage. If DWC, DLC and the newly-introduced length/
width dependence parameters (Llc, Lwc, Lwlc, Wic, Wwc and Wwic) are not
specified in technology files, BSIM3v3.2.2 assumes that the DC bias-independent
Lgt and Wg (Egs. (2.8.1) - (2.8.4)) will be used for C-V modeling, and DWC,
DLC,Llc, Lwc, Lwic, Wic, Wwc and Wwic will be set equal to the values of their
DC counterparts (default values).

Methodology for Intrinsic Capacitance
M odeling

4.3.1 Basic Formulation

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

charge (Q,.) and the substrate depletion charge (Qgp,)-

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

terminals

(4.3.1)
|:Qg = _(qub + inv + acc)
b = Qacc + sub

BQinv = Qs +Qd

The substrate charge can be divided into two components - the substrate
charge at zero source-drain bias (Qg,0), Which is a function of gate to
substrate bias, and the additional non-uniform substrate charge in the

presence of adrain bias (dQg,). Q; Now becomes

(4.3.2)
Qg = _(Qinv +Qacc +qub0 +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)
Vin (y) =V (0) + (Abulk _l)\/y

(4.3.4)
Lacnve

Laci
Vvactive I chy = _Vvactivecox I@g’( - Abulkvy )dy
0 0

Laclive Lacli
Vvactive ! quy :VvactiveCox !@g’( +Vth _VFB - CDS _Vy)dy

L

active Lagi
=Waaire ‘! Ody = W, Cox vS/th Vg~ P + (Abulk _1)‘/y)dy

DE:E O I:I@%CD I:IO%I:I
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(2]

o

DDDDD%DDD%D:IDDDDEDD
«

Substituting the following

dv
dy = —~
€y
and
(4.3.5)
_V\éc’[iveueffcox Abu _
into Eq. (4.3.4), we have the following upon integration
(4.3.6)
= W _ive Lacive Cox E{/ ) Abu|k V, + Abulk ds 0
= 12 H/QT - 7U|kvds HD
O O 2 DD
= _wao + Wactive Lactive Cox E{/gt - Véis + AbU|k dS
% 12 H/ AbU|k Vds HD
= _Qg B QC = QSUb + QSUbO + Qac(;
where
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4.3.2

(4.3.7)
W = Wiane Lase 1264 0N 0y (295 = V)
Eﬁth = Waaie Lacuvecoxg'l_ g‘w V, + Ao (A =1V” E
5 TR

The inversion charges are supplied from the source and drain electrodes
such that Q;,,, = Qs + Qg The ratio of Q4 and Qs 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 terminas, there are atogether 16
components. For each component

(4.3.8)

wherei and j denote the transistor terminals. In addition

>Ci=YC=0
Short Channel M odéel

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in saturation region
(Vgs2Vysat), 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 Ly < 2 um. If we define adrain bias,
Visatcw 1N Which the channel charge becomes a constant, we will find that
Visatcv iN general islarger than Vg, but smaller than the long channel Vg,
given by Vg/Apk. However, in old long channel charge models, Vg ¢y IS
set to Vig/ Ay independent of channel length. Consequently, C;j/Lg; has no
channel length dependence (Egs. (4.3.6), (4.37)). A pseudo short channel
modification from the long channel has been used in the past. It involved
the parameter A, in the capacitance model which was redefined to be
equal to Vy/Vyey, thereby equating Ve oy @d Ve 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 stipul ates that
the charge density in the saturation region is amost constant, it is difficult
to calculate accurately the length of the saturation region. Moreover, due to
the exponentialy increasing lateral electric field, most of the charge in the
saturation region are not controlled by the gate electrode. However, one
would expect that the total charge in the channel will exponentially

decrease with drain bias. Experimentally,

(4.3.9)
V

—  gsteff cv
< Vdsat ,iV| Lactive — ® - Ab
ulk

\%

dsat ,iv

<V,

dsat ,cv

and Ve o, IS Mmodeled by the following
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(4.3.109)
V _ Vgsteff oV
dsat,cv Ab 0 . OcLC %CLEE
i %l DLactive U E
(4.3.10b)

s~ Vin —Voffc
Vyaeter = NOFF IOV, INFL+EX
’ noff Ly,

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

(4.3.11)
0 pecdf™H
Ak = Abulk()%l'i' E’@% %
(4.3.113)
& = §+ lox H AbLE’ff B0 1

2/, ~Vhost Hort +2/X, X0 W B, [ 1+ Ketaly

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

length modulation.
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4.3.3 Single Equation Formulation

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

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

The biggest discontinuity is the inversion capacitance at threshold voltage.
Conventional models use step functions and the inversion capacitance
changes abruptly from 0 to C,,. Concurrently, since the substrate 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 amost
quadraticaly 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« oy @ in the following

(4.3.12)
Q(Vgt) = QWgsteﬁ,CV)

Capacitance now becomes

4-10
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(4.3.13)

oV,
Célgt) =C gsteff,CV) Vgsteff,CV

gsdsbs

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

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

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

(4.3.14)

Vg = Vib— o.5f/3 + V7 + 463\/fb} whereV, = vib =V +V, —0;; 5, = 0.0V

(4.3.15)

Vfb:\/th _ch - K:IDX\/ ch _\/bseﬁ

In BSIM3v3.2.2, abias-independent Vy, is used to calculate vfb for capMod = 1, 2
and 3. For capMod = 0, Vfbcv is used instead (refer to the appendices).

(4.3.16)
Qau: = _V\édive I%uivecox (VFBe‘f _Vfb )
(4.3.17)
— x2 H gs Vet _Vgst cV _Vbseﬁ) E
Q‘;Jhi) __\/\éCIiV(J."aC'[ng:OX ﬂ% D_1+ 1+ 2 = L
O Ko [
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(c) Transition from linear to saturation region

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

and saturation regions. It affects the inversion charge.

(4.3.18)
Vovett = Vasayov ‘0-5*/4 + \/V42 +454\/dsatcv} wherev, =Vieror ~Vis -9,,9,=00%/
(4.3.19)
] 0
Ahj |2V 2
an = _V\é:tlve If-x:nveCox %gﬁe‘f,cv Aljzk oveff x o D

(4.3.20)
0
i

B Auklv (1 A )Abulk ?
2 K
12 gﬁdf CV A,J V %

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

O
Qs = Wasive Lucive Cox él
H

charge:
(i) The 50/50 charge partition

This is the simplest of al 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)
D

12
Vst
Qs :Qd :05le - WamveLadlveC S/gseﬁcv A)ulk + Abulk

-
O
B’ e i

(if) The 40/60 channel-charge partition

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

assuming alinear dependence on the position y.

(4.3.22)
EQS - Wacnve ! qc @. aCtIVE gu
% = Wactlve I qC
(4.3.23)
QS:_ZB/\Mctle-a;tblve X é gs[eﬁC\/a 4Vgs[eﬁCV Abulkv + VgsteﬁC\(Abulk C\,eﬁ)z (Abulk cveﬁ)3
ulk
0 gsteffCV 2 D
(4.3.24)
ive —edtive ' ! '
Q :-@V\éﬂ Iz:ukcix/ g@m 3 Ve (Ab.lk adf) Vgséf“'(Ahlk Vadf)z _B(Abik Vwr)gﬁ
epteffos 2 oeff

(iii) The 0/100 Charge Partition

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

to artificially suppress the drain current spike by assigning 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)

0 0

osete Au Voar (A Vo) 5
2 4

@ 24 e o Ab“'k Vo %

Qs = _Waclive Lamivecox

(4.3.26)

ED

0
2
gsteff,c _ 3Abulk. cheff + (Abulk cveff ) D
2 4 Aou
8 gsteffc . V @@

Q, = WL C

ctive —active ~ox

[

(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 al explicitly considered in capacitance modeling. In deriving the
capacitances additional differentiations are needed to account for the

dependence of threshold voltage on drain and substrate biases.

4.4 Charge-Thickness Capacitance M odel

Current MOSFET models in SPICE generally overestimate the intrinsic

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

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

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

can befound in [32].

0.15

0.10
cC 4 -3 -2 -1 0 1 2
Vgs (V)
Tox=30A

0.051 Nsub=5e17cm™

Normalized Charge Distribution

0 20 40 60
Depth (A)

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

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

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

— oxcen

COX + Ccen

where

E.
C = %
cen XDC

Vgs 0
Vgse «— Poly depl.
—— Cox
®s 4?_
| —
Cacc Cdep Cinv
|
e

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

0 f lati | depleti
The DC charge thickness in the accumulation and depletion regions can be
expressed by [32]

(4.4.2)

=025 \/ -V,

U ' -V
X oo :}Ldebyeexp]icdetﬁ Na, H 2= ®
3 & B

S

x10° ] T

(04

ImI |y
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where Xpc isin the unit of cm and (Vg - Vi - VD) / To, has a unit of MV/em. The
model parameter acde is introduced for better fitting with a default value of 1. For
numerical statbility, (4.4.2) is replaced by (4.4.3)

(4.4.3)

XDC = Xmax _%(XO + VX(? +45xxmax )

where
xo = Xmax - XDC -0

and Xmax: Ldebye/31 6x :10-3T0X'
i) Xy OF . |
The inversion charge layer thichness [32] can be formulated as

(4.4.4)
19x107

1+ E/g;steff+4(\/th _Vfb_zqas)a

2T

(028

XDC = 7 [Cn}

Through vfb in (4.3.30), this equation is found to be applicable to N* or P* poly-Si
gates aswell 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 Tox=20A O Tox=50A
60+ A Tox=70A Vv Tox=90A

Solid - Nsub=2e16¢m™
Open - Nsub=2e17cm”
+ - Nsub=2e18cm”

501

40

30 1 Model
204

10

Inversion Charge Thickness (A)

05 00 05 10 15 20 25 3.0
(Vgsteff+4(Vth-Vib-2®f))/Tox (MV/cm)

Figure 4-3. For all Tgxand Ng)n, modeled inversion charge thickness agreeswith numerical
guantum simulations.

(iii) Body charge thichnessin inversion

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

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

(4.4.5)

CD CD 2CD —V IrH/gsteffcv [ﬁ/gsteﬁcv+2Klox\/ﬁ) +1E

moi K, v? F

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)
Cinv = _Coxef'f gsteffcv - ch )
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Figure 4-4 illustrates the universality of CTM model by compariing Cy, of a SION/
Ta,Og/TiN gate stack structure with an equivalent T, of 1.8nm between data,

numerical quantum simulation and modeling [32].

10.0

O Measured === Q.M. simulation CT™M

7.5

R

5.0 TiN
60A Ta,0,
8A SION

p-Si

Cgg (pF)

2.5

0.04

Figure 4-4. Universality of CTM isdemonstrated by modeling the Cgyof 1.8nm equivalent
Tox NMOSFET with SION/Ta,O¢/TiN gate stack-

4.5 Extrinsic Capacitance

4.5.1 Fringing Capacitance

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

(4.5.1)

CF = Zoc 4 iy
U Tox
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45.2

wheret,, isequal to 4 x 107 m. CF isamodel parameter.

poly

Overlap Capacitance

An accurate model for the overlap capacitance is essential. This is
especialy true for the drain side where the effect of the capacitance is
amplified by the transistor gain. In old capacitance models this capacitance
is assumed to be bias independent. However, experimental data show that
the overlap capacitance changes with gate to source and gate to drain
biases. In a single drain structure or the heavily doped S/D to gate overlap
regionin aLDD structure the bias dependence is the result of depleting the
surface of the source and drain regions. Since the modulation is expected to
be very small, we can model this region with a constant capacitance.
However in LDD 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 Ve oeriap @ Vgq overiap fOr the source
and drain side, respectively. Unlike the case with the intrinsic capacitance,

the overlap capacitances are reciproca. In other words, Cgyoeriap =

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

(i) Source Overlap Charge

(45.2)
N
Qoverlaps — CGS) Wgs + CG . —Vgsoverlap _ CKAPPAH—1+ 1_ gs,overlap &
active ’ 2 H CKAPPA%

4-20
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(4.5.3)

Vgsoverlap = % @lgs + 51 - \/(Vgs + 51)2 + 451 ﬁ 51 =0.02/

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

ckappA = 2£3Miwo

(028

The typical value for N pp is5x 10" cm.

(ii) Drain Overlap Charge

(4.5.4)
N
Qowiwd _ 5pg WV, +CGD1§/gd =V g4 cvertop — CKAF’F’AH-1+ 1-_ Lo i
W, N ’ 2 { CKAPPA %
(4.5.5)

ng,overlap = ; ﬁ‘/gd + 61 _\/(ng +51)2 + 451 ﬁ 51 =0.02v

(iii) Gate Overlap Charge

(4.5.6)

Qoverlap,g = _(Qoverlap,d + overlap,s + (CGBO |:Lactive)m/gb)

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

are not given, they are calculated according to the following

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

CG = 0.6 Xj* C,, (otherwise)

CGDO = (DLC*C,)) - CGD1 (if DLCisgivenand DLC > CGD1/Cox)
CGDO0 =0 (if previously calculated CDGO isless than 0)

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

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

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

5.1 Background Information

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

simulation time.

5.2 TheNQSMod€

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 mode!.
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5.3 Mode Formulation

The channel of a MOSFET is analogous to a bias dependent RC distributed
transmission line (Figure 5-1a). In the Quas-Static (QS) approach, the gate
capacitor node is lumped with both the external source and drain nodes (Figure 5-
1b). This ignores the finite time for the channel charge to build-up. One Non-
Quasi-Static (NQS) solution is to represent the channel as n transistors in series
(Figure 5-1c). This model, although accurate, comes at the expense of simulation
time. The NQS model in BSIM3v3.2.2 was based on the circuit of Figure 5-1d.
This EImore equivalent circuit models channel charge build-up accurately because
it retains the lowest frequency pole of the origina RC network (Figure 5-1a). The
NQS model has two parameters as follows. The model flag, ngsMod, is how only
an element (instance) parameter, no longer amodel 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. NQSmodel and instance parameters.

5-2
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Equivalent RC Network Conventional
[ e 1\ Quasi-Static Model
n+ | .Ill "l|l| | n+ ’ T
C.J C
Substrate sg dg
o—w #—o
(a) Rs Rout Rd
New Elmore (b)
Equivalent Circuit quivalent Model
T RElnw (d) Elm.
J_[J- ]J- L ..... 1L 1 1 C, C,,
° W——w—o
(C) O—&s R, R,

Figure 5-1. Quas-Static and Non-Quasi-Static modelsfor SPICE analysis.

5.3.1 SPICE sub-circuit for NQS model

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

typical value of 1x10™) to improve simulation accuracy. Q4 Now becomes

(5.3.1)
Qdef (t) =Vdef X (1 E(Dfact)
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Qdef

®

. A BV
wa®() Ve R l

C:]-foact

=

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

5.3.2 Relaxation time

The relaxation time t is modeled as two components: t,, and t . In
strong inversion region, t is determined by t,.., which, in turn, is
determined by the Elmore resistance Ry, in subthreshold region, t
dominates. 1 is expressed by

(5.3.2)
1 1 1

T Tdi ff Tdr ift

Rym in strong inversoin is calculated from the channel resistance as

(5.3.3)
= LEﬁZ = LEﬁZ
elimiQ, emiQ,,

Rim
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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
Qcheq(t), €QUA to Qjy, Of capMod=0, 1, 2 and 3, is used to approximate the

actual channel charge Q1. t,;,, isformulated as

(5.3.9)
Coxvveff I—eﬁ‘3
Trite = Rum [C0, W L :m
0<cheq
14 hasthe form of
(5.3.5)
_ Olg ’
Tdiff PP
16 [l KT

5.3.3 Terminal charging current and charge partitioning

Considering both the transport and charging component, the total current
related to the terminals D, G and S can be written as

(5.3.6)

ipes (t) =lpes (DC

Based on the relaxation time approach, the terminal charge and

corresponding charging current can be formulated by
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(5.3.7)
Ques (t) = Qppeg (t) - Qu (t)
and
(5.3.89)
0Qu (t) _ 0Queqt) Qus(t)
a ot T
(5.3.8b)
an,g,s( ) - D G, Sx t Qdef (t)
ot P

where D,G,S,,: are the NQS channel charge partitioning number for
terminals D, G and S, respectively; Dypar + Sgart = 1 @d Gy = -1. It s
important for Dy, and Sy to be consistent with the quasi-static charge
partitioning number XPART and to be equal (Dygart = Sgart) a 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, Dy, is now formulated as

(5.3.9)

D = Qd = Qd
ot Qd + Qs Qcheq

which is now bias dependent. For example, the derivities of D, can be
easily obtained based on the quasi-static results:

(5.3.10)
deart 1 (
part

[T, — D, [T,
N Qe

Xpart
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5.34

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

valuesfor S, can be derived from the fact that Do + Sipart = 1.
In the accumulation and depletion regions, EqQ. (5.3.9) issimplified as

If XPART < 0.5, Dyt = 0.4;
Elseif XPART > 0.5, Dypq = 0.0;
Else Dypart = 0.5;

Derivation of nodal conductances

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

derived as

(5.3.11)

T isgiven by Eg. (5.3.2). Based on Eq. (5.3.8b), the self-conductance due
to NQS at the transistor node D can be derived as

(5.3.12)

dD,
d\/part tau |N/def )+ D
d

|N/def d d?/au
d

xpart

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

Quer Can be derived as

(5.3.13)

D, [5G

xpart tau
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Other conductances can also be obtained in asimilar 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 isused. A combination of alocal optimization and

the group device extraction strategy is adopted for parameter extraction.

6.1 Optimization strategy

There are two main, different optimization strategies. globa optimization and
local optimization. Global optimization relies on the explicit use of a computer to
find one set of model parameters which will best fit the available experimental
(measured) data. This methodology may give the minimum average error between
measured and ssmulated (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, overal, 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.

6-2
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min

W LargeW and L

Orthogonal Set of W and L

o o o o -6\

min

Figure 6-1. Device geometriesused for parameter extraction

The large-sized device (W = 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 Vq,4e4, @nd the body effect coefficients K, and K, which
depend on the vertical doping concentration distribution. The set of devices
with a fixed large channel width but different channel lengths are used to
extract parameters which are related to the short channel effects. Similarly,
the set of devices with a fixed, long channel length but different channel

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

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

measured under four, distinct bias conditions.

(D lgsVvs Vg @ Vgs= 0.05V with different Vi
(2) IgsVs. Vs @ V= 0V with different Vg

(3) IgsVs. Vgs @ Vs = Vg with different Vig (Vg is the maximum drain
voltage).

(4) lgsVs. Vs @ Vs = Vi with different Vigs (Vi 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 isfirst arranged in aform suitable for Newton-Raphson's iteration
asshownin Eg. (6.3.1):

(6.3.2)

dfg Ofs O
fexp(Ro P20 Po0) ~ frn( A ™, FE™, A™) =on g, A A

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

parameter values after the mth iteration.

6-4
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Initial Guess of
Parameters P

Model Equations

Linear Least Squsre
Fit Routine

Measured Data —_——

AP

P|(m+1): p ‘(m* A P‘

STOP

Figure 6-2. Optimization flow.

To change Eq. (6.3.1) into aform that a linear least-squares fit routine can
beused (i.e. inaformof y = a + bx1 + cx2), both sides of the Eq. (6.3.1)
are divided by dfgy/ 9P;. This givesthe changein Py, AP,(™ | for the next
iteration such that:
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(6.3.2)
pi(m"'l) = Pi(m) +Api(m)

wherei=1, 2, 3 for this example. The (m+1) parameter valuesfor P, and P;
are obtained in an identical fashion. This process is repeated until the
incremental parameter change in parameter values APi(m) 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. Prerequisiteinput parametersprior to extraction process.

The parameters are extracted in the following procedure. These procedures
are based on a physical understanding of the model and based on local
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optimization. (Note: Fitting Target Data refers to measurement data used

for model extraction.)

Sepl
Extracted Parameters & Fitting Target Device & Experimental Data
Data
Vinor K1, Ky Large Size Device (LargeW & L).
lgsVs. Vs @ V= 0.05V at Different Vi
Fitting Target Exp. Data: ViV Extracted Experimental Data ViV
Step 2
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Ho. U g Up Ug Large Size Device (LargeW& L).

lgsVs. Vs @ Vs = 0.05V at Different Vi

Fitting Target Exp. Data: Strong Inver-
sion region |g{Vgs Vi

Step 3
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Lint, Ro(Rasy Wi Vi) One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Strong Inver- | lgsVs. Vgs @ Vs= 0.05V at Different Vi
sion region |g{Vgs Vi)
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Step4
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Wint, Ro(Rasy Wi Vi) One Set of Devices (Large and Fixed L
& Different W).
Fitting Target Exp. Data: Strong Inver- | lasVs. Vgs @ Vgs= 0.05V at Different
sion region |g{Vgs Ve Vs
Step 5
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
ReyPrwb, W Re(Rew Wi Vi)
Fitting Target Exp. Data: Ry Rggyy W
Ve
Step 6
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Do Dytr: Dy, NIX One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Vig{Vig L, W) VinVis L W)
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Step 7

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Dytow D vtaw P vizw
Fitting Target Exp. Data: ViV L, W)

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

Vir(Vips L, W)

Fitting Target Exp. Data: Vi(Vg L, W)

Step 8
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Kz Kap, Wo One Set of Devices (Large and Fixed L &

Different W).
ViVis L. W)

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Vg, Nfactor, Cass Cog
Fitting Target Exp. Data: Subthreshold
region | Ves Vi

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

Step 10

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Extraction Procedure

Cosd
Fitting Target Exp. Data: Subthreshold
region lgdVgs Vi

One Set of Devices (Large and Fixed W &
Different L).
lgsVS. Vs @ Vs = Vi, at Different Vg

Step 11
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
dWb One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Strong Inver-
sion region |g{Vgs Ve

Different L).
lgsVs. Vs @ V= 0.05V at Different Vi

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

Fitting Target Exp. Data: |51(Vgs Vi/W

A, A, (PMOS Only)
Fitting Target Exp. Data Vaset(V@)

Different L).
lgsVs. Vs @ Vs = 0V at Different Vg

Step 13

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

6-10
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Extraction Procedure

BO, B1
Fitting Target Exp. Data: |51(Vgs Vi/W

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

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

Fitting Target Exp. Data: Isi(vgg Vi/W

Different W).
lgsVs. Vs @ Vs = 0V at Different Vg

Step 15
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Payer, Pape One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: Rou(Vgs Vo)

Different L).
lgsVs. Vs @ Vs = 0V at Different Vg

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pdm 9(Draut: Py, Pades L), Pavg

Fitting Target Exp. Data: Rm(vgg Vo

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

Step 17
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Drowt Pdbic Pdbe One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: 6(Dyq, 8(Drout: Pdbict: Pdbc: L)
Pdblc: Pdbdc: L)
Step 18
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
Pdni One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: 6(Dyq, lgs VS Vgs @ fixed Vs at Different Vi
Pdbc Pdbe L Vie
Step 19
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
B4, (Eta0, Etab, Dsub, L) One Set of Devices (Large and Fixed W &
Different L).
Fitting Target Exp. Data: Subthreshold | !dsVS: Vgs @ Vis= V@ Different Vigs
region lgfVgs Ve
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Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Eta0, Etab, Dsub

Fitting Target Exp. Data: 0, (Etao,
Etab, L)

One Set of Devices (Large and Fixed W &
Different L).
lgsVs. Vs @ Vs = Vi at Different Vig

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

Fitting Target Exp. Data: Isi(vgg Vig/W

Different L).
lgsVS. Vs @ Vs = Vi at Different Vg

Step 22
Extracted Parameters & Fitting Target Devices & Experimental Data
Data
O, 01, Bo One Set of Devices (Large and Fixed W &

Fitting Target Exp. Data: 's.b(Vgs Vi
W

Different L).
lgVS. Vs @ Vis= Vi at Different Vg
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6.4 Noteson Parameter Extraction

6.4.1 Parameterswith Special Notes

Below isalist of model parameters which have special notes for parameter

extraction.
S\/Ir:]”nkécglsg;ed Description DVG;?JU: Unit Notes
VthO Threshold voltagefor largeW and L device@ | 0.7(NMOS) Y nl-1
Vbs=0V -0.7 (PMOS)
K1 First order body effect coefficient 05 v12 nl-2
K2 Second order body effect coefficient 0 none ni-2
Vbm Maximum applied body bias -3 Vv nl-2
Nch Channel doping concentration 1.7E17 Yem3 nl-3
gammal Body-effect coefficient near interface calculated v12 nl-4
gamma?2 Body-effect coefficient in the bulk calculated yv12 nl-5
Vbx Vbs at which the depletion width equal s xt calculated Vv nl-6
Cgso Non-L DD source-gate overlap capacitance per calculated F/m nC-1
channel length
Cgdo Non-Ldd drain-gate overlap capacitance per calculated F/m ncC-2
channel length
CF Fringing field capacitance calculated F/m nC-3
Table 6-2. Parameterswith notesfor extraction.
6-14 BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley




Notes on Parameter Extraction

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

Vino = Vi + P + K/ P

where the model parameter Veg=-1.0. If V,,,, is specified, Vg defaults to
Veg = Vino =P~ Kl\/i

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

K1 =Y, - 2K2 (Ds _me

« = P, N @)
220, o, -y, - @, )4y,

where o_is calculated by

@, =2vtmO|nE%%
n

KoT,

nom
tmO
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Notes on Parameter Extraction

5
- E
n =1.45x10" BT—'“H exp21.5565981 - —2°>-
[1300.15] 2V,

tm0

—4 2
£ =116- 7.02x10™T,
T, +1108

where Ey is the energy bandgap at temperature T,
nl-3. If Ny, isnot given and y, isgiven, Ny, is calculated from

N — y12C0x2
ch —
20&4

If both y, and Ng, are not given, Ny, defaults to 1.7623 m= and vy, is
calculated from Ng,.

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

_ V204N,

i= C

(0),6

nl-5. If y, isnot given, it is calculated by

\ 2q‘;’.si Nsub
COR

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

2
chhXt — ch _Vbx
2¢€

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

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

else Cgso = 0.6 Xj * Cox

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

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

else Cgdo = 0.6 Xj * Cox

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

4x107" 0
Tox

2¢ i
CF =—>*In+
woH
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CHAPTER 7: Benchmark Test Results

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

chapter, the most important ones are demonstrated.

7.1 Benchmark Test Types

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

regions regardless of bias conditions.

Figure

Device Size Bias Conditions Notes Number
W/L=20/5 ldsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Logscae 7-1
W/L=20/5 ldsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-2
W/L=20/0.5 Idsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Log scale 7-3
W/L=20/0.5 Idsvs. Vgs @ Vbs=0V; Vds=0.05, 3.3V Linear scale 7-4
W/L=20/5 Idsvs. Vgs @ Vds=0.05V; Vbs=0to -3.3V Log scae 7-5
W/L=20/5 ldsvs. Vgs @ Vds=0.05V; Vbs=01t0-3.3V; W/ | Linear scale 7-6

L=20/5

W/L=20/0.5 Idsvs. Vgs @ Vds=0.05V; Vbs=0t0 -3.3V Logscae 7-7
W/L=20/0.5 ldsvs. Vgs @ Vds=0.05V; Vbs=0to -3.3V Linear scale 7-8
W/L=20/5 Gm/ldsvs. Vgs @ Vds=0.05V, 3-3V; Vhs=0V Linear scale 7-9
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Figure
Device Size Bias Conditions Notes Number

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

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

3.3V
W/L=20/0.5 Gm/ldsvs. Vgs @ Vds=0.05V; Vbs=0V to - Linear scale 7-12
3.3V
W/L=20/0.5 | ldsvs. Vds @Vbs=0V; Vgs=0.5V, 0.55V, 0.6V Linear scale 7-13
W/L=20/5 Idsvs. Vds @Vbs=0V; Vgs=1.15V to 3.3V Linear scale 7-14

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

Table 7-1. Benchmark test infor mation.

7.2 Benchmark Test Results

All of the figureslisted 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 |4 but G, G,/l4, and R, aswell.
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1.E-02
1.E-03
1.E-04 | Vds=3.3V
1.E-05 t
05 Vds=0.05V

~1.E-06 T

<

»1.E-07 1 —

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

Vbs=0V
1.E-11 ¢
1.E-12 ‘ 1
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 {\wy=20/5
1.2E-03 {Tox=9 nm
< 1.0E-03 |Vbs=0v
3 8.0E-04 |
6.0E-04 Vds=3.3V
4.0E-04
2.0E-04 1 Vds=0.05V
0.0E+00 !
0.0 1.0 2.0 3.0 40
Vgs (V)

Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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1.0E+00

1.0E-01 =

oeos Vds=3.3V

1.0E-03 |

1.0E-04 t+
210805 | Vds=0.05V
% 1.0E-06 |
ho} _ _
= 1.0E-07 Solid lines: Model results

1.0E-08

Symbols: Exp. data

1.0E-09 W/L=20/0.5

1.0E-10 Tox:9 nm

1.0E-11 Vbs=0V

1.0E-12 + ‘

0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

1.0E-02

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

Tox=9 nm
< 6.0E-03 | "~ "

~ 5.0E-03 -

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

0.0 1.0 2.0 3.0 4.0

Vgs (V)

Vds=3.3V

Vds=0.05V

Figure 7-4. SameasFigure 7-2 but for a short channel device.
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1.E-03
1.E-04 Vbs=0V
1.E-05
1.E-06 1 Vbs=-3.3V
< 1E-07 |
(72}
1.E-08
= Solid lines: Model results
1.E-09 | Symbols: Exp. data
Tox=9 nm
1.E-11 Vds=0.05V
1.E-12 1
0.0 1.0 2.0 3.0
Vgs (V)

4.0

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

7.E-05

6.E-05

5.E-05

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

< 4.E-05

[2)

T 3.E-05 |
2.E-05

1.E-05

0.E+00 -
0.0

2.0 3.0
Vgs (V)

4.0

Figure 7-6. Subthreshold to strong inversion continuity asa function of V.
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1.E-03
A
1.E-04 YPS
1.E-05
l-E_OG N VbS:'3.3V
< 1.E-07 +
(5]
= 1.E-08 T Solid lines: Model results
1.E-09 - Symbols: Exp. data
W/L=20/0.5
1.E-10 Tox=9 nm
1.E-11 Vds=0.05Vv
1.E-12 ! ‘
0.0 1.0 2.0 3.0 4.0
Vgs (V)

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

5.E-04
5.E-04 T lw/L=20/0.5
4.E-04 4+ |Tox=9 nm
4.E-04 4+ Vds=0.05V
= 3EO04 T vbs=ov
o 3-E-04 1 Vbs=-3.3V
= 2.E-04 -
2.E-04
1.E-04 A
5.E-05 -
0.E+00 - :
0.0 1.0 2.0 3.0 4.0
Vgs (V)

Figure 7-8. SameasFigure 7-6 but for a short channel device.
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30

25 T

gm/Ids (mho/A)

Vds=3.3V

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

Tox=9 nm
Vbs=0V

0.0

2.0 3.0 4.0

Vgs (V)

Figure 7-9. G/l 4 continuity from subthreshold to strong inversion regions.

gm/ldsémh%A)
(6] o

o

Vds=3.3V

W/L=20/0.5
Tox=9 nm
Vbs=0V

Vds=0.05V

2.0 3.0 4.0
Vgs (V)

Figure 7-10. SameasFigure 7-9 but for a short channel device.

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley

-7



Benchmark Test Results

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

Tox=9 nm

Vds=0.05V

Vbs=-3.3V

1.0 2.0 3.0 4.0
Vgs(V)

Figure 7-11. G/l 4 continuity asa function of V.

35
Solid lines: Model results
30T Symbols: Exp. data
o5 4+ W/L=20/0.5
Tox=9 nm
g 20 T Vds=0.05V
O 15 +
10 t Vbs=-1.98V
5 .
Vbs=0V
0
0.0 1.0 2.0 3.0 4.0
Vgs (V)

Figure 7-12. SameasFigure 7-11 but for a short channel device.
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8.E-05
Solid lines:
7.E-05 {/BSIM3v3
Dotted lines:
6.E-05 1l 5imav2
5.E-05 HW/L=20/0.5
<
o 4.E-05
o
3.E-05
2.E-05
1.E-05
0.E+00 . 1
0.0 0.2 0.4 0.6 0.8

vds (V)

Figure 7-13. Comparison of Gy with BSIM 3v2.

1.6E-03

W/L=20/5 Vgs=3.3V
1.4E-03 T |Tox=9 nm

1.2E-03 | |Vbs=0V

__1.0E-03
<
., 8.0E-04 |

=]

~ 6.0E-04 +

4.0E-04

2.0E-04 1 Vgs=1.15V

0.0E+00

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

Figure 7-14. Smooth transitionsfrom linear to saturation regimes.
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9.E-03
W/L=20/0.5 Vgs=3.3V

8.E-03 |Tox=9nm
7.E-03 |Vbs=0V

6.E-03 1
5.E-03
4.E-03
3.E-03
2.E-03
1.E-03
0.E+00

Ids (A)

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

2.0E+05 ——————
1.86+05 | |W/L=20/0.5| Vgs=1.084 "...-

16E+05 | Tox=9 nm

Vbs=0V

_1.4E+05 -
Eq2E+05 |
S1.0E+405 |
328.0E+04 |
™ 6.0E+04
4.0E+04
2.0E+04

0.0E+00

0.0 1.0 2.0 3.0 4.0

Figure 7-16. Continuous and non-negative R, behavior.
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CHAPTER 8: Noise Modeling

8.1 Flicker Noise

8.1.1 Parameters

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

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

Symbols | Symbols o ]
usedin usedin Description Default Unit
equation SPICE
Noia noia Noise parameter A (NMOS) 1e20 none
(PMOS) 9.9¢18
Noib noib Noise parameter B (NMOS) 5e4 none
(PMOS) 2.4€3
Noic noic Noise parameter C (NMOS) -1.4e-12 none
(PMQOS) 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

(8.2)
. : Kf I dsaf
Noisedensity=————
Cole f
where f is the frequency.
2. For BSIM3 model
If V> Vi, + 0.1
(8.2

. . q KT | s +2x10" Noic
Noise density= oialo NoibON, - N +— N, — N,
Y= c, L, ff 0o QEN +2% 1014% [( ( )

N \/tmldsALclm DN0|a+ Noib[N, + Noic[N,?
W, (L’ 00 (N, +2x104f

where V,,, is the thermal voltage, L IS the effective mobiity at the given
bias condition, and Lgf and Wt are the effective channel length and width,

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

(8.3)
Cox gs _Vth )
q

N, =

The parameter N, is the charge density at the drain end given by
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(8.4)

N — Cox(\/gs _\/th - ml r(vds'vdsat))
|
q

AL 4, 1sthe channel length reduction due to channel length modulation and

given by
(8.5)
B B‘fds _\/dsat+
" :Bl_itIEl]ogDiL'tllzsa O (forV,, >V,.,)
Im t
0
(otherwisd
_ 2%V,
e
where
Litl = /3X T,
Otherwise
(8.6)
Xy
Noisedensitsz
Simit+3/vi

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

(8.7)
S, = NoialV, 0,°
"W, L, O @x10%

8.2 Channd Thermal Noise

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

1. For SPICE2 thermal noise model

(8.8)
8T
3 (Gn*Grs* G
where G, G, and G are the transconductances.
2. For BSIM3v3 thermal noise model [37]
(8.9)
4K T U |Q |
2 inv
Leff

Qv is the inversion channel charge computed from the capacitance models

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

A model flag, noiMod, is used to select different combination of flicker and
thermal noise models discussed above with possible optoins described in Table 8-

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

Table 8-2. noiMod flag for differnet noise models.

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 8-5



Noise Model Flag

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



CHAPTER 9: MOS Diode M odeling

9.1 DiodelV Modd

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 /B saturation current | is larger than zero, the following equations
is used to calculate the S/B diode current .

Casel-ijthisequal to zero: A resistance-free diode.

\V4
Ibs = Isbs - 1 ians
%X' EW% E’G‘“

where Nv,,, = NJO(KbT) /q; NJ isamodel parameter, known as the junction

(9.1)

emission coefficient.

Case 2 - ijthisnon-zero: Current limiting feature.
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If Vs < Vjsm

9.2
V
s = Isbs%( :Zm E‘]E‘ GrinVos

otherwise

9.3
s =it DT Lo Vi G
with Vjsm computed by
Vjsm= N\/tmlnE% +1%

The saturation current | 4 is given by

(9.9)

lsbs = A%‘]s + Ps‘]ssm

where J; is the junction saturation current density, Agis the source junction

area, Jg, IS the sidewall junction saturation current density, Pg is the

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

and can be written as

(9.5)

9-2
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(9.6)

Jw = JsOsw eng
] g
The energy band-gap Ey, and E, at the nominal and operating temperatures
are expressed by (9.7a) and (9.7b), repectively:

g\/@ \2+XTI In%rl%
[

(9.79)
-4
£, =116- 7.02x107°T,,,.°
T, +1108
(9.7b)
4712
£ =116 02X107T?
T +1108

In the above derivatoins, Jy isthe saturation current density at T, If I iS
not given, J,, = 1x 107 A/m2 Jyg, isthe sidewall saturation current density

a T, With adefault value of zero.

If 14, is not positive, |, is calculated by

(9.8)

9.1.2 Modeling the D/B Diode

If the D/B saturation current | 4 is larger than zero, the following equations

is used to calculate the D/B diode current I

Casel-ijthisequal to zero: A resistance-free diode.
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9.9
log = lgq EEXPE& %1@* G inVig
Case 2 - ijthisnon-zero: Current limiting feature.
If Vipg < Vidm
(9.10)
log = g %xp I:l/\bzm %1@* G, Vo
otherwise
(9.11)
ly =i jth+”t’rl:/"':bd(vbd ~Vjdm)+G, Vi,
with Vjdm computed by
Vidm = NV, In Jth +1E
Isbd
The saturation current | 44 is given by
(9.12)

Isbd = Ad‘]s + Pd‘]ssw

where Ay is the drain junction area and Py is the perimeter of the drain

junction. If 1y, isnot 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
J0 is Saturation current density le-4 A/m?
J0sw 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. MOSdiode model parameters.

9.2 MOS Diode Capacitance M odel

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

Cisw Mijsw Posir Ciswgr Miswg: @Nd Prgyg.

9.2.1 S/B Junction Capacitance

The S/B junction capacitance can be calculated by

If Ps> We
(9.19)
Capbs = AC, + (Ps ~W k:jbssw +W,C

jbsswg
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Otherwise

(9.15)
Capbs = AC,, + P.Cjyeng

where Cyy, is the unit bottom area capacitance of the S/B junction,
Cibssw 1S the periphery capacitance of the S/B junction along the
field oxide side, and Cjy,q IS the periphery capacitance of the S/B

junction along the gate oxide side.

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

if Vps<O
(9.16)

otherwise
(9.17)

If Csy islargethan zero, C, is calculated by

if Vi, <0
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(9.18)
v g
otherwise
(9.19)
Ciesn = stw%"’ Misy Vi E
Rou
If Cisng IS larger than zero, Cjpe,q is calculated by
if Vie<O
(9.20)
“Misug
\V/
Closong = stwg%_ Pbs H
bswg H
otherwise
(9.21)

9.2.2 D/B Junction Capacitance

The D/B junction capacitance can be calculated by
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If Py > W
(9.22)
Capbd = A,Cjy + (Fﬁ ~W )Cjbdsw Wit Cpasng
Otherwise
(9.23)

Capbd = AC,, +P,C

jbdswg

where C;pq 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 Cpys,q i the periphery capacitance of the D/B

junction along the gate oxide side.

If C; islarger than zero, C,q is calculated by

if Vig<O
(9.24)

otherwise
(9.25)

0
QI |
0

(L]

+
Z

Voa
'R

If Csy islarge than zero, Cypg, is calculated by

if Vg < 0

9-8
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(9.26)
v O
Cjbdsw = Cjw%_ P;ME
otherwise
(9.27)
V,
Cjbdsw = CjSNE‘-'- M JSNP7bd E
bsw
If Cisug is larger than zero, Cjpyq,g IS calculated by
if Vig<O
(9.28)
~Mijsug
_ \V4
Coaswg = stwg%_bdg
bswg
otherwise
(9.29

_ V,
C —qw%+M.mE

jbdswg jswg E
I:z)swg
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9.2.3 Temperature Dependence of Junction Capacitance

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

For zero-biasjunction capacitance:

(9.30a)
C,(T)=c,(T.) L+ 1tci (AT)
(9.30b)
CjSN(T) = stw(Tnom) [(ﬂ."‘ th S\Nm-r)
(9.30c)

CjSNg (T) = CjSNg (Tnom)l:ql-'-tcjsvvg mT)

For the built-in potential:

(9.313)
R(T) = R (T,m) ~tob AT
(9.31b)
PbSN(T) = Pbsw(Tnom) _tpr\AMT
(9.31¢)
Pasg(T) = Pang(Trom) ~tPbSWGTAT

In Egs. (9.30) and (9.31), the temperature difference is defined as

9-10 BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley



MOS Diode Capacitance Model

(9.32)
AT=T-T

nom

The six new model parameters in the above equations are described
in Table 9-2.

9.2.4 Junction Capacitance Parameters

The following table give a full description of those model parame-
ters used in the diode junction capacitance modeling.
Symbols
used in

equation

Symbols

used in Description Default

SPICE

Cj o] Bottom junction capacitance per 5e-4
unit area at zero bias

Unit

F/m?
Mj mj Bottom junction capacitance grad-

05
ing coefficient
pb

Bottom junction built-in potential
Cjsw cjsw

none
Pb

1.0
Source/drain sidewall junction

5e-10 F/m
capacitance per unit length at zero
bias

Source/drain sidewall junction 0.33
capacitance grading coefficient

Pbsw pbsw Source/drain side wall junction 1.0
built-in potential
Source/drain gate side wall junc-

Cjsw F/m
tion capacitance per unit length at
zero bias

Mjsw mjsw

none

Cjswg cjswg

Mjswg mjswg Source/drain gate side wall junc- Mjsw none
tion capacitance grading coeffi-
cient

pbswg Source/drain gate side wall junc- Pbsw
tion built-in potential

tpb Temperature coefficient of Pb 0.0

Temperature coefficient of Pbsw 0.0

tpb
tpbsw

tpbsw

V/IK
VIK
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Symbols | Symbols
used in used in Description Default Unit
equation SPICE
tpbswg tpbswg Temperature coefficient of Pbhswg 0.0 VIK
tgj tgj Temperature coefficient of Cj 0.0 UK
tcjsw tcjsw Temperature coefficient of Cjsw 0.0 1K
tcjswg tcjswg Temperature coefficient of Cjswg 0.0 UK

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

A.1 Modd Control Parameters

Symbols | Symbols

usedin usedin Description Default Unit Note

equation | SPICE

None level The model selector 8 none

None version Model version selector 3.2 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 how an element (instance) parameter, no longer a model

parameter.

A.2 DC Parameters
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DC Parameters

Symbols | Symbols

usedin | usedin Description Default Unit Note
equation | SPICE
VthO vthO Threshold voltage @V bs=0 for 0.7 Vv nl-1
LargelL. (NMQYS)
-0.7
(PMQOS)
VFB vib Flat-band voltage Calculated \% nl-1
K1 k1 First order body effect coeffi- 0.5 V2 ni-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 w
WO w0 Narrow width parameter 2.5e-6 m
NIx nix Lateral non-uniform doping 1.74e-7 m
parameter
Vbm vbm Maximum applied body biasin -3.0 Vv
Vth calculation
DvtO dvtO first coefficient of short-chan- 2.2 none
nel effect on Vth
Dvtl dvtl Second coefficient of short- 0.53 none
channel effect on Vth
Dvt2 dvt2 Body-bias coefficient of short- -0.032 w
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 Um
width effect on Vth for small
channel length
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DC Parameters

Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Dvt2w | dvt2w Body-bias coefficient of narrow -0.032 wv
width effect for small channel
length
o uo Mobility at Temp = Thom
NMOSFET 670.0 cm?/V's
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 | 2
dation coefficient =1, 2
-4.65e-11
mobMod
=3 w
-0.046
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 w
BO b0 Bulk charge effect coefficient 0.0 m
for channel width
Bl bl Bulk charge effect width offset 0.0 m
Keta keta Body-bias coefficient of bulk -0.047 w
charge effect
Al al First non-saturation effect 0.0 vV
parameter
A2 a2 Second non-saturation factor 10 none
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Symbols | Symbols

usedin | usedin Description Default Unit Note

equation | SPICE

Rdsw rdsw Parasitic resistance per unit 0.0 Q-pmwr
width

Prwb prwb Body effect coefficient of Rdsw 0 V-2

Prwg prwg Gate bias effect coefficient of 0 wv
Rdsw

Wr wr Width Offset from Weff for 1.0 none
Rds calculation

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

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

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

dwb dwb Coefficient of Weff’s substrate 0.0 m/\V 2
body bias dependence

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

Nfactor | nfactor | Subthreshold swing factor 1.0 none

Eta0 etad DIBL coefficient in subthresh- 0.08 none
old region

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

Dsub dsub DIBL coefficient exponent in drout none
subthreshold region

Cit cit Interface trap capacitance 0.0 F/m?

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

usedin | usedin Description Default Unit Note

equation | SPICE

Cdsch cdsch Body-bias sensitivity of Cdsc 0.0 F/Vm?

Cdscd cdscd Drain-bias sensitivity of Cdsc 0.0 FIVm?

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 wv
DIBL correction parameters

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

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

Pscbe? | psche2 | Second substrate current body- 1.0E-5 mv | nl-3
effect parameter

Pvag pvag Gate dependence of Early volt- 0.0 none
age

o delta Effective Vds parameter 0.01 V

Ngate ngate poly gate doping concentration 0 cm3

o0 aphad | Thefirst parameter of impact 0 m/V
ionization current

al alphal Isub parameter for length scal- 0.0 w
ing

tfo beta0 The second parameter of impact 30 Vv
ionization current
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C-V Model Parameters

Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Rsh rsh Source drain sheet resistance in 0.0 Q/
ohm per square square
J0sw jssw Side wall saturation current 0.0 A/m
density
J0 is Sourcedrain junction saturation 1.0E-4 Alm?
current per unit area
ijth ijth Diode limiting current 0.1 A nl-3
A.3 C-V Mode Parameters
Symbols | Symbols
usedin 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

usedin usedin 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 \%
tion built-in potential

Pb pb Bottom built-in potential 1.0 \%

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

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

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

CKAPPA | ckappa | Coefficient for lightly doped 0.6 \%
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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Symbols | Symbols

usedin usedin 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

Vfbcv vibcv Flat-band voltage parameter -1 Vv
(for capMod=0 only)

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

voffev voffcv | CV parameter in Vgsteff,CV 0.0 \Y; nC-4
for week to strong inversion

acde acde Exponentia coefficient for 1.0 mV | nC-4
chargethicknessin capMod=3
for accumulation and deple-
tion regions

moin moin Coefficient for the gate-hias 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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A5 dW and dL Parameters

Symbols | Symbols

usedin | usedin Description Default Unit Note

equation | SPICE

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

WIin 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 10 none
width offset

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

LI Il Coefficient of length depen- 0.0 m-n
dence for length offset

LIn [In Power of length dependencefor 1.0 none
length offset

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

Lwn lwn Power of width dependence for 10 none
length offset

Lwl lwl Coefficient of length and width 0.0 mtwnLin
cross term for length offset

Lic Lic Coefficient of length depen- LI mtn
dence for CV channel length
offset
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Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE

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

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

Wic Wic Coefficient of length depen- Wi mWin
dence for CV channél width
offset

Wwc Wwc Coefficient of widthdependence | Ww mWwn
for CV channel width offset

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

A.6 Temperature Parameters

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

Tnom | thom Temperature at which param- 27 c
eters are extracted

ute ute Mobility temperature expo- -15 none
nent
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Symbols | Symbols
usedin | usedin Description Default Unit Note

equation | SPICE

Ktl ktl Temperature coefficient for -0.11 \Y,
threshold voltage

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

Kt2 kt2 Body-bias coefficient of Vth 0.022 none
temperature effect

Ual ual Temperature coefficient for 4.31E-9 m/V
Ua

Ubl ubl Temperature coefficient for -7.61E- (M/V)?
Ub 18

Ucl ucl Temperature coefficient for mob- m/\V?2
Uc Mod=1,

2:
-5.6E-11
mob- wv
Mod=3:
-0.056

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

Prt prt Temperature coefficient for 0.0 Q-pm
Rdsw

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

nj nj Emission coefficient of junc- 1.0 none
tion

XTI xti Junction current temperature 3.0 none
exponent coefficient

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




Flicker Noise M odel Parameters

Symbols | Symbols

usedin | usedin Description Default Unit Note

equation | SPICE

tpb tpb Temperature coefficient of Pb 0.0 VIK

tpbsw tpbsw Temperature coefficient of 0.0 VIK
Pbsw

tpbswg | tpbswg | Temperature coefficient of 0.0 VIK
Pbswg

tcj tcj Temperature coefficient of Cj 0.0 UK

tcjsw tcjsw Temperature coefficient of 0.0 UK
Cjsw

tcjswg tcjswg Temperature coefficient of 0.0 UK
Cjswg

A.7 Flicker Noise Model Parameters

Symbols | Symbols

usedin | usedin Description Default Unit Note

equation | SPICE

Noia noia Noise parameter A (NMOS) 1€20 none
(PMOS) 9.9¢18

Noib noib Noise parameter B (NMOS) 5e4 none

(PMOS) 2.4€3
Noic noic Noise parameter C (NMOS) -1.4e- none
12

(PMOS) 1.4e-12

Em em Saturation field 4.1e7 V/m
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Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Af af Flicker noise exponent none
Ef ef Flicker noise frequency 1 none
exponent
Kf kf Flicker noise coefficient 0 none
A.8 Process Parameters
Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Tox tox Gate oxide thickness 1.5e-8 m
Toxm toxm Tox at which parameters are Tox m nl-3
extracted
Xj X Junction Depth 1.5e-7 m
il gammal | Body-effect coefficient near the | calcu- VY2 nl-5
surface lated
Vi gamma2 | Body-effect coefficient in the calcu- V12 ni-6
bulk lated
Nch nch Channel doping concentration 1.7e17 l/cm? nl-4
Nsub nsub Substrate doping concentration 6e16 lcm?
Vbx vbx Vbs at which the depletion calcu- v ni-7
region width equal s xt lated
Xt xt Doping depth 1.55e-7 m
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Geometry Range Par ameters

A.9 Geometry Range Parameters

Symbols | Symbols
usedin | usedin Description Default Unit Note
equation | SPICE
Lmin Imin Minimum channel length 0.0
L max Imax Maximum channel length 1.0 m
Wmin wmin Minimum channel width 0.0 m
Wmax wmax Maximum channel width 1.0 m
binUnit | binunit | Bin unit scale selector 1.0 none

A.10M odel Parameter Notes

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

V,

ho = Ve T P + K/ P

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

Veg = Vi —Ps — Kl\/Es

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

K, =Y, -2K,

ch _me
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- (o - o)
2.0, v, )+,

where o is calculated by

CDS :Nmolng%%
n

KT,

nom

q

V. =

tmO

5
E
n =145x10°0 T o by smgsog1 - Foo
[800.15] N,

-4
£ =116- 702710 Toomr

T, +1108

where E isthe energy bandgap at temperature T,

nl-3.

If psche2 <= 0.0, awarning message will be given.
If ijth < 0.0, afatal error message will occur.
If Toxm< = 0.0, afatal error message will occur.
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nl-4. 1f Ny, isnot given and vy, isgiven, N, is calculated from

ylzcox2

29

ch

If both y, and N, are not given, Ny, defaults to 1.7e23 m3 and v, is
calculated from Ny,

nl-5. 1f y, isnot given, it is calculated by

vV 2qgsi Nch

C

(0),6

Vi

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

\ 2q$si Nsub
OOl

0oX

nl-7. 1f V isnot given, it is calculated by

2
chhXt — ch _Vbx
2¢€

Sl

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

if (dicisgiven and isgreater 0),
Cgso =dic* Cox - Cgsl
if (Cgso<0)
Cgso=0

else Cgso = 0.6 Xj * Cox

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

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

else Cgdo = 0.6 Xj * Cox

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

2¢O 4x1070
+

CF :%Inal Tox

nC-4.

If (acde < 0.4) or (acde > 1.6), awarning message will be given.

If (moin < 5.0) or (moin > 25.0), awarning message will be given.
If (noff < 0.1) or (noff > 4.0), awarning message will be given.

If (voffcv < -0.5) or (voffcv > 0.5), awarning message will be given.
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APPENDI X B: Equation List

B.1 -V Moddl

B.1.1 Threshold Voltage

thOox 1ox q, - K20><Vbseff

10x K + KSbV ) Tox ch
Leﬂ W, "+W,

W, 'L
ww%ﬂp Dvnw%%\/bi - CDS)
D E:Xp DVTl 2| ZeXpE‘ Q/Tl %\/i —CDS)
%Xp% Dab—— ol E’*ZEXPE‘ %Etao + By Vosstt Mo
to

thOox - thO K QI

2exp

T
Klox = Kl M
Toxm

T
K20x = K2 El-l-&
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-V Model

[t = 4/85iXdep/ Cox (1 + DVT2Vbseff)
lw = +/ EsiXdep [ Cox (1 + DVTZWVbseff)

lo = N Es Xdepo | Cox

Xeeo = [264(Ds — Viosetr)
ONeh

2&5Ds
chh

Xdepo =

(51=0.001)
Vst = Vhe +05 Vs —Vhe =01 +/ (Vs “Vbe —01)> ~AAVks ]

K2
V,. =09 -1
" EDS 4K22 E

Vbi = vt In( N°“_'2'°S)

Ni

B.1.2 Effective (VgsVin)

s — U
2nvtln9,+exp(vg Vth)D
M 2nw [
Vosat = 20 Ves = Vin- 2V,
1+2n Cox | exp(——— =Ty
0&sNen 2N\
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-V Model

(G + CsaVes +c@v@f)%<p(—am—) +2ep( D )@

N=1+ Nagao— + C
Cux Cux
Ca= &
Xdep
B.1.3 Mobility
For mobMod=1
Hert = Vystett fDZVh Vystett + 2Vin
1+ (Ua +UcVisetr) (— o -0 + Up (o =112
Tox
For mobMod=2
Ho
Heit =
1+ (Ua +ucvbseﬁ)(vgm) +Ub (VM)
For mobMod=3
Het = Vostett + 2Vin H\O/ steft + 2Vih, 5
14+ [Ua(EH AV | (VT EVN21 9 4 Ulse)
Tox Tox
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-V Model

B.1.4 Drain Saturation Voltage

For Rx>0o0r A #1:

b -+/b* -4ac

2a

Visat =

a = Abuk°Weir Vst CoxRos + (}\1 =1) Abuik

b= —%Vgsteff +2Vt)(§ —1) + AvukEsatleft +3Abuik (Vgstert +2Vt)WefstatC0xRDS§

c= (\/gsteff + 2Vt) Estler + 2(\/gsteff + 2Vt)2WefwatC0xRDS

A = AiVgser + A2

For Rx=0and A = 1:

Esat Left (Vostert + 2Wt)
Abuk Esat Let + (Voset +2\1)

Visat =

K O AL, %_%VB Leﬁx

H
=+
Ab H 2\/¢s_\/l)seffﬁ'e1f+2\/xedep

B-4
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-V Model

Esat = 2V
et

B.1.5 Effective V4

Vot = Vetsat _;(Vdsat Vs —0 +\/(\/dsat Vs —0)° +45/dsat)

B.1.6 Drain Current Expression

| dso(Vdsef) Vs — Vdseff Vs — Vaseff
las = + +
N Rusl dso(vdsert ) Va \/AsCBE

1
Vaseit
Vaseff
Wt LUest CoxVgstett (1 — Abuik )WV aiseft
las = 2(Vgset + 2\t)
Lett[1+ Voseit / (Esatleit )]
V/.\ - VAsat 4 (l + Pvangsteff )( l + l )_1

EstlLet =~ Vacim  VabieLc

Ui SAl +
Vaciy = AbukEstl et Vg.steff (Vis— Vi)
PcouvAoukEsa litl
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-V Model

VapiBLe =

(Vostert + 2\t) Q_ AbukVdsat @
Bout(1+ PoisLcaVose) AoukVasat + Vgseit + 2\t

Bout = PoisLct %Xp( —Drour ﬂ) + 2 exp(—Drourt Li) Oy PoisLc2
2lto 5

|tO

1 Pscbe2 @;Pscbel litl ﬁ
= exp
Vascee Lest ds — Vet

AbuikVasat
2(Voset + 2\t)
2/ A =1+ RosVsat Cox\WkstAbuik

Esatl et +Vusat + 2 RosWat Cox M\t Vgstett [1 =

Vasat =

i = [ Fsiloki

€ (0),8

B.1.7 Substrate Current

+a, [L vV, -V
oo :M&ds ~Visett )eXpE‘ Ao EI a0 %+ s doef E

L Vs = Vet + Ras ! aso Va

Vdseff
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-V Model

B.1.8 Polysilicon Depletion Effect

2
1 INgte X poly

poly =7 X polyEpoly =5

EoxEox = €5 Epoly = \/qusi Negte'V poly

V, ~V, —®, =V

gs

+ VOX

poly
a(vgs _VFB - q)s _Vpoly )2 _Vpoly = O

2
on

a=——">——
2064 N T,

gate ' ox

2
qgsi NgateT ox |:

Oy NgateT o><2 %/1 + 2£ox2 (Vgs Vs _q)s) 1[

B.1.9 Effective Channel Length and Width

Let = Ldramn —2dL

Weit = Werawn — 2dW
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-V Model

Weit™ = Warawn — 2dW

AW = dW+dWV, . + AW ([ -V, — /@, )

Woow, W
dW:VVint + LWI|n +wVWVn + LW|FIV\A\A/V\NVH

Lo, Ly, Ly
LLIn WLwn LLInWLwn

dL = Ling +

B.1.10Source/Drain Resistance

— Rdsw(l+ Prwgvgsteff + Prwb(\/q)s _Vbseff _\/35»
W

foew, )"

Rss

B.1.11Temperature Effects

Vinm) = Vin(rnorm) + (K1 +Kea / Lert +Kr2Vhbeet )(T / Trom =)

T\
(T) = Mo(Trorm{ ——
Po(T) = [T (Tm)

nor

Vet (T) = Vsat(Trorm) — AT(T [ Trorm _1)
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Capacitance Model Equations

T—

norm

Rdsw(T) = Rdsw(Tnorm) + Prt( 1)

Ua(T) = Ua(Tnorm) + Ual(T / Trorm _1)
Ub(T) = Ub(Tnorm) +Ub1(T [ Trorm _1)

Uc(T) = Uc(Tnorm) +U01(T [ Trorm _1)

B.2 Capacitance M odel Equations

B.2.1 Dimension Dependence
Lactive = Ldrawn _26Leff

W

active

= Wdrawn - 26Weff

_ Llic Lwc Lwic
&Eff =DLC+ LLIn +WLwn + LLIn\NLwn

Wic Wwc  Wwic

dNeff =DWC+ LWIn +VVWWn + Ler\va\m
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Capacitance Model Equations

B.2.2 Overlap Capacitance

B.2.2.1 Source Overlap Capacitance

(1) for capMod =0

Qoverlap,s — CGSOVQS

active

(2) for capMod = 1
If Vg <O

CKAPPA [€GSLH ., | V& |
2 A CKAPPA []

Qoverlap,s - CGSO wgs +

active
Else

M = (CG&) + CKAPPAH:GSL) m/gs

active

(3) for capMod = 2

Y
Qoverlaps - CGS)WQS + CGQ.E/QS _Vgsove”ap _ CKAPP@_]-_'_ 1- gsoverlap &
W, 2 CKAPPA%

active D

1
Visovertap = 5@/93 +8,— [ +8.F+40, 5 =002
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Capacitance Model Equations

B.2.2.2 Drain Overlap Capacitance

(2) for capMod =0

Qoverlap,d - CGDOng

active

(2) for capMod =1

If Vgg < O
N
Quetandt _ ~pg v, + CKAPPACGDLH 1 e N E
W, 2 u CKAPPAL
Else

Qo _ (CGD 0 + CKAPPA [CGD1) [V,

active

(3) for capMod = 2

N
Qove”apd - CGmm’Qd +CGU§/§W _ng,overlap_ CKAPP)@_].'*‘ 1_—gd,overlap H
Leive a 2 CKAPPA]

ng,overlap :; od +51 _\/&gd +51)2 +451 ﬁ 51 =0.02
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

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

B.2.3 Instrinsic Charges
(1) capMod =0

a. Accumulation region (Vg < Vipe, + Vi

Qy = WaaivelactiveC: _Vbs_vfbcv)

active —active ~ox \" gs

QIT'IV:o

b. Subthreshold region (Vg < Vi)

? ’ S -V, cv Vi s‘
wa = _V\«/’;lCTiV ctiveCox d%%l-k \/1+ 40/9 K:::(Z : ) E

Qg = _Qb
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Capacitance Model Equations

QII’]V = 0
c. Strong inversion (Vs> Vi)
V, _ Vgs ~Vin
sat,cv [
Abulk

. LC LEE
Abulk - Abulkog‘-'- Leff H P

Ao :Qﬁ Kipe H Aole + By %} 1
g 20 Vi Ho +2/X, Xy Wer By - 1+ Ketal

Vin = Vi T P + Klox\/q)s ~ Viosett

(i) 50/50 Charge partition

If Vds < Vdsat

H 2
QQ = COXV\éctin?ctiv gs _Vfbcv - CDS —\@ + Abulk'\/ds

2 Ui IVS
T Ay

HHA A
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Capacitance Model Equations

'V '2 V 2
Qinv = ~“Wgive L activeCox[ Vos — Vi — a + Ak ZZ - ]
12(Vgs — Vin — % Vs)

Cox[ Vib = Vih + @s +( ~ Abulk' ) Vs _ (1- Abulk' )Abulk'VdSZ |

Q=W ™
12(Vgs — Vin — % Vds)

active aCtI ve

"Vos "2\
k + k
12(Ves— M —A“Z‘k i)

Q=Q,=0Q, = _V\édiveI—aaivecmx[vgS W - ]

otherwise

Vsat

Qo= Wactlve actlveCOX(Vgs Vib = @s = 3

)

1
Qs=Qd = Wegiive L activeCox(Vas —Vin)

1- ")V
Qb = _Wactive LactiveCOX(Vfb + (DS _Vth +( Abl'gk ) dsat

)

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

if (Vs < Vyeat)

' 2
Qg = COXWaCtive I-a(:tive[VQS —Vib — ®s _E + Ao Vd,:b ‘V
12(Vgs —\ih — ulk dS)
'Vd '2 Vas?
Qinv = ~“W,give LaciiveCox[ Vos —Vin — P Vs + A g ]

- ' - ' ' 2
Qb = Wigive LactiveCox[ Vib = Vih +@s +(1 Apir \Vas _ (1~ A" ) Apuii Vs ]

2

Qd = _V\é\ctiveLactiveCOX

12(Vgs = Vin = Ab;'k V)

EV ' Apuk Ve[ (Vos = Vin)® _ Ax’ Vos(Vos — Vin) G Vas)?
E os—Vih Ay Vit ; C A

2 ’ (Vos — Vi — Aok’ Vas)?

; 2

Qs = —(Qg +Qv +Qu)

otherwise

Vdsat

Qu = W,ctive LactiveCOX(VgS —Vib —Ps — 3

)

O
O
O
O
B
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Capacitance Model Equations

Qd=—-—W.

15 active L

Cox(Vgs — Vin)

active

Qs = —=(Qg + Qb +Qu)

Qb = “Wive LaciveCox(Vib + @s —Vin + )

active

(1= Agu" ) Vosat
3

(iii) 0/200 Channel-charge Partition

if Vds < Vdsat

Vs Abuik Vas?

Qy = CoMW,give Laciive [ Vos = Vib =@ —— = + Avuik Ves
2

act|

12(Vgs = Vth — )

'V '2 V 2
Qinv = “W, e L Cox[ Vgs —Vih — Ppuk Vs + Ak ZZ - ]
12(Vgs — Vin — % Vs)

ive —active

Cox[ Vib = Vih + ®s 3 Ap WVas (1= Ay ) Ay Vs ]

Qo = Wactive I-active Ab '
12(Vgs — Vin — % V)
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Capacitance Model Equations

. O
= Vth ( " Vds) 2 O
Qi = “Wagtive LaciveCox 3 = 2 Ab:,lk Vs - Avuik Ab 0
. 24(Vgs — Vin — ik \ g )D

= 2

Qs = ~(Qq +Qb +Qu)
otherwise
Vsat
Qg = Wactive actlveCOX(VgS Vib —@Ps — 333 )
- " YVdsat
Qb = “Waaive L actlveCOX(Vfb +®s —Vin +( Ablgk ) )

Q=0

Qs =-(Q, +Q,)
(2) capMod =1

The flat-band voltage V;, is calculated from

Vi =V — P~ Klox\/ Dy —Visar

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley B-17



Capacitance Model Equations

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

if (Vgs < Vfb + Vbs+ Vgsteﬁcv)

Qo1 = ~W,giive L activeCox (Vgs Vb —Vbs —Vgsteffcv)

ese

Xz 4 S_Vfb -V, eff ,CV _Vbseff)E
le = VvactiveLactiveCox 120 E_l-'- \/1+ 2 K 952 ’ |:|:|

Jox

le Qo1
V Vgsteffcv
dsat 1
“ Abul k

U cLe
Api = AbulkO%‘-'- O

Auomde Ko B A B H 1
) O m%eﬁ +m Weff""BlEﬂ]l"'Keta\éseﬁ
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Capacitance Model Equations

\Y

-V, —voffcv
t

if (Vas <=Visar)

] ]
Vo "V,.2
Qq = Qo +Wagtive L activeCox EVgsteff o+ Ppuik Vs . U
. 2 15 _ Aok vV %
E gSteﬁ v 2 ds
U
U

.

_Abulklv _ (1_Abu||<')'°‘bu|k'Vds2 0

|:| 2 ds Ab 1
E 12 gsteffov ;k Vds%

Qb = le + Wactive I-activecox

(i) 50/50 Channel-charge Partition

O H
O O
W, ool i C Ao A v
Qs - Qd — _ Vactive 2actlve ox D\/gsteff ov — bulk Vds + bulk Ads ‘ O
Ik
@ 12§\/Qsteffcv - b; Vs %@

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

Wactive I-activecox

2 gsteff &V T Ab;k Vds%2
2

4 2
%/gsteffwg - §Vgstefcvf Z(Abulk' Vds) +§Vgsta‘fcv (Abulk' Vds)2 _1_5(Abu|k' Vds)gé

Qs =-

Qy = ~(Qu+Qp +Qs)

(iii) 0/200 Channel-charge Partition

EEI

. . 2
gstefoy Avuik Vs _ (Abulk Vds)

2 4 24 gsteffov Mvds

Qs = “VWadtive Lactivecox

HSEIDEIEI

[

Qy = ~(Qu +Qb +Qs)

if (Vds > Vdsat)

Vdsat
Qg = Qo1+ Woggive L activeCox gsteff &V 3 E

(Vaseser ~Vesa)
_ gsteffcv dsat
Qb - le - Wactive I-activeCox 3
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Capacitance Model Equations

(i) 50/50 Channel-charge Partition

W,

Q — Qd - _ activel-
S

active Cox

(i) 40/60 Channel-charge Partition

2W,ive L activeC

Q - _ active —active ~ox
S 5 gsteffcv

Qy = ~(Qu +Qo +Qy)

(iii) 0/200 Channel-charge Partition

2V,

gstefev

3

Qs = "VWoctive LactiveCox

Qy = ~(Qu+Qv +Qs)

(3) capMod =2

The flat-band voltage V;, is calculated from

Vb=V, - ®_-K

s Jox

CDS ~ Vit

3 gsteff &V
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Capacitance Model Equations

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

considered in calculating V, for capMod = 2.
Qg = _(Qinv +Qacc +qub0 +6qub)
Qb = Qacc +Q&Jb0 +6qub

Qinv = Qs + Qd
VA :vfb—O.E{V3 +V,2 +463qu where V, =vfb -V, -5, &, =002

anc = _V\éaive Ladivecox (VFBeT ~vib )

Quo=-W._ L C E!Eloxz H_1+ 1+ Vg ~Vegar ~Visarov ™ Vs )E
sub0 active —active ™~ ox 2 0O 2 C
0 K [

lox

_ Vgsteff,cv

dsat,cv '
Abulk

\Y/

CLE

|

@]

—
TO
[

U
A’ = Auiko ﬁl + 1

|

active
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Capacitance Model Equations

Ab §~+ 1ox H AbL BO 1
ulko 2/7_\/ Hﬁ +2 /X 2 Xaep W '+B 1+Keta\éSeff

O, InbL+ —voffcv
= noff (v, In[A+ex
Vst o noff [y,

Vier =Visor —0.5{\/4 + V)7 +40 Vit WhEre V, =V, Vg —0,; 9, =002

H

_V\émve adlve X oaeff &

0 0

% 0

W L C B Abulk _ (1 A )A‘oulk cveff2 0
&gsub active —active ~’ox 2 cveff Ab

@ 12 gsteffev uk cheff %
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Capacitance Model Equations

B.2.3.1 50/50 Charge partition

D
\/\étl\el_aﬂ\e x %/@df(y A-"Jk + lAh,'k'Z V ?

Il
[l
Il
: B

Q=Q,=0R, =

B.2.3.2 40/60 Channel-charge Partition

= Penelune g %lmdfw _3 steftc (Auk wa‘f) A (Abik def)z _%(Auk' Ve )?ﬁ

Z@W Ay,

= @,@\jj\BL;::C g%@eﬁw - gsteff‘c ('Abuk ) Vgae‘fL‘(Athlvwa‘f)z _é(Amk'Vmeﬁ)SE

B.2.3.3 0/100 Charge Partition

0 2 E
QS = _VvaCtiVe Lactive 0X E\‘ég;ﬁ d + AbUIk'4cheﬁ —_ (ADUlk ;V:ff ) D
@ 24 gsetor ~ ;lk Vet %
5 0

2
Q = Vvactlve L aCtlveCox E\/gizeﬁcv _ 3Abulk4'-vcveﬁ N ( Aoulk AC;IEff ) B
@ Sm VA, s RVES %
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Capacitance Model Equations

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

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

Vfb =Vth - ch - Klox\/ CDS _Vbseff

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

Qacc =WLC oyeft Vgbace
1
ngacc = 5 EB\/O + \ VO2 + 453Vfb]
Vo =V, tVosr ~Ves -0,

Ve :vfb—O.E{V3 + V2 +453qu where \, =vib -V, -3,; &, =002

C — Cochen
oxeff —
Cox +Ccen
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Capacitance Model Equations

d. = -2 =y InEvgsteﬁcv vasteﬁcv 2K10X1/2(DBE
5 s B t H molhD<10X t F

1O
qum :_V\/]—Qxeﬁ 10X I:[El_l_\/ 4( FBeﬁ kz)seffs Vgszeff,cv) 0
2 E Klox E
SR RNVETTI
cheff - Vdsat - E YA 453Vdsat
V1 :Vdsat _Vds _53
V - Vgsteff o ¢6
o= Abulk I
[l ]
O 12y /2 ]
1 ' Abulk cheff
va = _\Nl-q)xeff mg/gsteﬁ,cv _¢5 _E A)ulk cheff + AV, 0
12 gsteff,cv ~¢5 MK weV%
H 0% 2
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Capacitance Model Equations

[ﬂ_ Ani IV _ (1_ Avi I) CAnik IVC\Zleff
cveff [}
g 2 12[@/g$eﬁ’w—¢5_Abulk cheffé

H-Hooo

0 0
1 WLG, Ay Vo A
Q :QD =§an:_ 2 i |ﬂlgief‘(cv ¢6 Abulk cveff - = Y, 0
g 12 -¢ _Auk cvef/%
H gsteffov ¥S 2

(i) 40/60 Charge Partition

2 n R_2(n n, )L
Q== ZH/ Abmchv ef/ g @@seﬁw _¢6 5 gsteﬂcv ¢5) AurV. cveff+3(vgsteftv _¢6)(Abulkvcveﬁ) 15('%ulkvcveff) E
gstefk:v s
WL
QD == g;eﬁ g/gsteﬁ:v _¢6)3 _2 gsteftv _¢5)2 ’%ul Ilvcveff+6/gsteﬁ:v _¢6)('%ul |2chef)2 _;('%ul ﬁvwa)SE
2 gstetf:v 5 '%ulkv ?/ é

(iii) 0/200 Charge Partition

1 , Abulklz VC\Z/eff
osteffov ¢5 +— Ak Vot ~ .
2 —h — Ak Vot
12 2 2
O

gsteff,cv

Lo
|||
200

1O

H-Hooo
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Capacitance Model Equations

O a

WLCox U 3 Abu 2 Vc?/ =

Qo =~ > = E%Vgaeﬁ,cv ~ 95 _E Ak Vet T - ':: Y, 0
E 4 [%/gsteff,cv —¢5 — Mk dvef% %
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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:

Ay fy

P:F%+—
Lo W Ly W

For example, for the parameter k1: P, = k1, P, = Ik1, P, = wkl, P, = pkl. binUnit is a
bining unit selector. If binUnit = 1, the units of Ly and W used in the binning equation

above have the units of microns; therwise in meters.

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

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

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

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

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

D.1 Model Control Parameters

Symbols | Symbols

usedin usedin Description Can Be
equation | SPICE Binned?
None level The model selector NO
None version Model version selector NO
None binUnit | Bining unit selector NO
None param- Parameter value check NO

Chk
mobMod | mobMod | Mobility model selector NO
capMod | capMod | Flag for the short channel NO
capacitance model

ngsMod | ngsMod | Flag for NQS model NO
noiMod | noiMod | Flag for Noise model NO

D.2 DC Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

VthO vthO Threshold voltage @V,,=0 for YES
LargelL.

VFB vfb Flat band voltage YES

K1 k1l First order body effect coeffi- YES
cient

K2 k2 Second order body effect coef- YES
ficient
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DC Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

K3 k3 Narrow width coefficient YES

K3b k3b Body effect coefficient of k3 YES

WO w0 Narrow width parameter YES

NIx nix Lateral non-uniform doping YES
parameter

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

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

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

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

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

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

1o uo Mobility at Temp = Thom
NMOSFET YES
PMOSFET

Ua ua First-order mobility degrada- YES
tion coefficient

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

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

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

vsat vsat Saturation velocity at Temp = YES
Tnom

A0 a0 Bulk charge effect coefficient YES
for channel length

Ags ags gate bias coefficient of Abulk YES

BO b0 Bulk charge effect coefficient YES
for channel width

Bl bl Bulk charge effect width offset YES

Keta keta Body-bias coefficient of bulk YES
charge effect

Al al First nonOsaturation effect YES
parameter

A2 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 1-V without bias

Lint lint Length offset fitting parameter NO
from I-V without bias

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley

D-4



DC Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

dWg dwg Coefficient of Weff’'s gate YES
dependence

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

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

Nfactor | nfactor | Subthreshold swing factor YES

Eta0 etad 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 cdsch Body-bias sensitivity of Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pcim Channel length modulation YES
parameter

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

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

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

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

Drout drout L dependence coefficient of the YES
DIBL correction parameter in
Rout

Pscbel | pschel | First substrate current body- YES
effect parameter

Pscbe2 | pscbe2 | Second substrate current body- YES
effect parameter

Pvag pvag Gate dependence of Early volt- YES
age

d delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

00 apha0 | Thefirst parameter of impact YES
ionization current

ol alphal Isub parameter for length scal- YES
ing

tfo beta0 The second parameter of impact YES
ionization current

Rsh rsh Source drain sheet resistance in NO
ohm per square

J0 s 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

usedin usedin 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

Mj mj Bottom junction capacitance NO
grating coefficient

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

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

Pb pb Bottom built-in potential NO

Pbhsw 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 usedin 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 clc Constant term for the short YES
channel model

CLE cle Exponential term for the short YES
channel model

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

DWC dwc Width offset fitting parameter YES
from C-V

Vfbcv vfbev Flat-band voltage parameter YES
(for capMod = 0 only)

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

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

acde acde Exponential coefficient for YES
chargethicknessin capMod=3
for accumulation and deple-
tion regions

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

D.4 NQS Parameters

length offset

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

Elm elm Elmore constant of the channel YES

D.5 dW and dL Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

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

Win win Power of length dependence of NO
width offset

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

Wwn wwn Power of width dependence of NO
width offset

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

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

LIn [In Power of length dependence for NO
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dW and dL Parameters

Symbols | Symbols

usedin | usedin Description Can Be

equation | SPICE Binned?

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

Lwn lwn Power of width dependence for NO
length offset

Lwl [wi Coefficient of length and width NO
cross term for length offset

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

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

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

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

Wwc Wwc Coefficient of widthdependence NO
for CV channel width offset

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

D.6 Temperature Parameters

Symbols | Symbols
usedin | usedin Description Can Be

eguation | SPICE Binned?

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

ute ute Mobility temperature expo- YES
nent

Ktl ktl Temperature coefficient for YES
threshold voltage

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

Kt2 kt2 Body-bias coefficient of Vth YES
temperature effect

Ual ual Temperature coefficient for YES
Ua

Ubl ubl Temperature coefficient for YES
Ub

Ucl ucl Temperature coefficient for YES
Uc

At 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
usedin | usedin Description Can Be
equation | SPICE Binned?
tpb tpb Temperature coefficient of Pb NO
tpbsw tpbsw Temperature coefficient of NO
Pbsw
tpbswg | tpbswg | Temperature coefficient of NO
Pbswg
tcj tgj 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 | usedin Description Can Be
equation | SPICE Binned?
Noia noia Noise parameter A NO
Noib noib Noise parameter B NO
Noic noic Noise parameter C NO
Em em Saturation field NO
Af af Flicker noise exponent NO
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Process Parameters

Symbols | Symbols
usedin | usedin Description Can Be
equation | SPICE Binned?
Ef ef Flicker noise frequency NO
exponent
Kf kf Flicker noise parameter NO
D.8 Process Parameters
Symbols | Symbols
usedin | usedin Description Can Be
equation | SPICE Binned?
Tox tox Gate oxide thickness NO
Toxm toxm Tox at which parameters are NO
extracted
Xj X Junction Depth YES
vl gammal | Body-effect coefficient near YES
the surface
V2 gamma2 | Body-effect coefficient in the YES
bulk
Nch nch Channel doping concentration YES
Nsub nsub Substrate doping concentration YES
Vbx vbx Vbs at which the depletion YES
region width equals xt
Vbm vbm Maximum applied body biasin YES
Vth calculation
Xt xt Doping depth YES
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Geometry Range Parameters

D.9 Geometry Range Parameters

Symbols | Symbols

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

L max Imax Maximum channel length NO
Wmin wmin Minimum channel width NO
Wmax wmax Maximum channel width NO
binUnit | binUnit | Binning unit selector NO
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