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.
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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
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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].
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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,
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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.
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Figure 2-3. Threshold voltage versusthe drain voltage at different body biases.
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Figure 2-4. Channel length dependence of threshold voltage.
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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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(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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Mobility Model

(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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Carrier Drift Velocity

(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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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.
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Figure 2-6. General behavior of MOSFET output resistance.
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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
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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
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(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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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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