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Abstract. In the present communication we have tried to study the substrate current behavior in the sub-
micron devices after solving the second order differential equation using appropriate boundary conditions.
Simple and accurate models for maximum lateral field, drain saturation voltage and for ionization length
have been developed. The simulation result of ionization length shows a good match with the known result.
Analysis also shows that dominant contributor to the error in the ionization length is not only because
of the excess saturated voltage but also due to the channel length and the gate to source voltage. For
sub-micron devices the saturation region shifts towards the source for higher drain voltage and larger gate
oxide thickness.

PACS. 85.30.De Semiconductor-device characterization, design, and modeling – 85.30.Tv Field effect
devices

1 Introduction

In short-channel MOS transistor the velocity saturation
region length (LVSR), where impact ionization occurs
and carrier velocity saturates, is an important parameter
to study because it is related to the device degradation
and device lifetime [1–4]. This region governs the drain-
breakdown voltage [5,6] and hot electron generation [7,8].
In a short channel device due to high electric field, a mea-
surable substrate current flows due to electron-hole pair
generation near the drain [9]. The substrate current is an
important parameter in measuring and investigating the
impact ionization phenomenon in scaled MOSFET’s [10].
The substrate current is highly sensitive to device dimen-
sions, channel doping and temperature. Its accurate pre-
diction provides vital information in both ensuring relia-
bility of the devices and analyzing circuit level reliability
in VLSI/ULSI design. Several analytical models for sub-
strate current behavior have been reported [11–16] but
these models are not very simple and having many fitting
parameters.

In the present work we have derived the relations for
ionization length and substrate current in sub-micron de-
vices. These relations were solved with the help of models
developed by us. Our simulated results show an excellent
match with the experimental as well as established find-
ings. In Sub micron devices the LVSR length is not only
affected by excess drain voltage beyond saturation but
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also due to gate oxide thickness, channel length and gate
to source voltage. The saturation region shifts towards the
source as one increases the drain voltage. The effect of the
gate voltage on the saturation length region is more pro-
nounced as one scales down the length

2 Model formulation

Consider an n-channel MOSFET of length L, operating
in the saturation region. The coordinate system chosen is
Y -axis (perpendicular to the channel length) and X-axis
(along the channel length). The substrate current in an
n-channel MOSFET is given by [13]:

Isub = IdAi

x∫

0

e−Bi/Ei(x)dx (1)

where Id is drain saturation current, Ai and Bi are the
ionization constants, x = (L − ld) gives the velocity satu-
rated channel region.

Assuming the electric field E(x) along the channel is
independent of the junction depth and varies linearly from
zero to Esat [15], one has,

dE(x)
dx

∣∣∣∣
x=L−ld

=
Esat

L − ld
(2)

where Esat is the minimum electric field for velocity
saturation. Solving the second order differential equa-
tion [18] for the boundary condition (2), the channel
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potential V (x) is given by:

V (x) =
λ

L − ld

[
VdsatSinh

(
x − (L − ld)

λ

)

+ λEsatCosh
(

x − (L − ld)
λ

)]
(3)

where λ =
√

εsiXjtox

εox
is characteristics length.

Differentiating (3) w.r.to x and after simplification,
the electric field along the channel is:

E(x) =

√√√√
[

V 2(x)
λ2

+
λ2

(L − ld)2

(
V 2

dsat

λ2
− E2

sat

)]
. (4)

Using relations (1) and (4) and rearranging the terms we
have:

Isub = IdAiλ

Em∫

Esat

e−Bi/Ei(x)√[
E2(x) − d2

]dE(x) (5)

where d2 = (
λ

L − ld
)2[(

Vdsat

λ
)2 − E2

sat] and Em is the

maximum electric field at x = L.
Solving the integral (5), we get

Isub =
(

IdAiλ

Bi

)[
Eme−Bi/Em

− 1
2

(
1 −

(
λ

L − ld

)2
)

Esate
−Bi/Esat

]
. (6)

Here, we have modeled the maximum electric field (Em)
empirically as

Em = δ

(
Vds − Vdsat

ld

)
. (7)

where δ(< 1) is a fitting parameter, which takes care of
temperature variation of Vdsat and voltage drop across the
channel.

For Em � Esat; equation (6) reduces to

Isub ≈
(

IdAiλ

Bi

)
e−

Bi
Em . (8)

To know the value of Ai at given Bi we have used the
empirical formula given by Seah et al. [17] as:

Ai = β1 exp (−β2V gs) (9)

where β1 and β2 are technology dependent parameters.
Expression (8) is similar to expression given in

reference [13]. The first term of equation (6) shows the
exponential dependence on ld whereas second term shows
that the substrate current is inversely proportional to ld.
Since, the first term is dominating over second, therefore,

Fig. 1. Measured and simulated Vdsat values as a function of
gate voltage Vgs.

it is concluded that a little error in the calculation of ion-
ization length can translate into a larger error in Isub. ld
is dependent on the channel length L, characteristics
length λ and excess drain voltage beyond saturation (i.e.
Vds − Vdsat). Following the same procedure as mentioned
in the reference [16], the expression for ld is derived as:

ld = λ ln




(b + c) +
√[

b2 + 2bc + c2
(
a2 − 1

)
+ a2

]

a(c + 1)




(10)

where b =
(Vds − Vdsat)

λ
; a = (

λ

L − ld
) and c = (

Vdsat

λEsat
).

From equation (10) it is clear that the term ‘a’ also
depends upon ld, thus this equation is transcendental
in nature. In the present work, for a given tox and Xj ,
an approximation is used for the term a, which is given by

a =
λ

L − ηL(Vds − Vdsat)
(11)

where η (unit 1/volt) is a fitting parameter. To get the
substrate current we need Vdsat, which is modeled as:

Vdsat =

[
LEc

(√(
1 +

γVgs − βVth

LEα
c

))
− 1

]
(12)

where Vgs is gate to source voltage and γ, β and α are fit-
ting parameters. The fitting parameter β is introduced to
account the threshold voltage reduction due to DIBL ef-
fect, temperature variation and Channel length Scaling.
The parameter γ is related to fabrication error. Accord-
ing to Arora et al. [13] α is a term involving body effect.

3 Numerical result

The measured Vdsat for a given channel length (L =
0.25 µm) as a function of Vgs is shown in Figure 1. These
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Fig. 2. Variation of lateral electric field with the distance along
channel. Data in markers (*) are MINIMOS simulation and
curves are analytical results (Eqs. (4) and (12)).

Fig. 3. Plot of maximum lateral field with ionization length ld.

experimental Vdsat points are curve fitted to equation (11)
to extract the values of parameters γ and β. The param-
eters are chosen according to Arora et al. [13].

With the extracted values of γ and β, we have plotted
a graph for lateral field versus distance along the channel
as shown in Figure 2. Our simulated result using equa-
tions (4) and (12) shows an excellent match with the
MINIMOS results.

With the maximum electric field from Figure 2 we have
extracted the value of fitting parameter δ. Figure 3 shows
a plot of maximum electric field as function of saturation
length region. From Figure 3 it is observed that the max-
imum field graph (calculated by using Eq. (7)) shows a
good match with Arora’s et al. [13] model.

Fig. 4. Plot of velocity saturation region length as a func-
tion of excess drain voltage beyond saturation. The symbol (*)
gives Kolhatkar model’s result and curve represents analytical
results.

Fig. 5. Velocity saturation region length variation with Vds

for Vgs = 1 V and Vgs = 2 V.

The simulated results obtained from equation (10) are
plotted as a function of (Vds − Vdast) in Figure 4. The
symbol (*) in Figure 4 shows the simulated results of
Kolhatkar et al. [16]. By matching the two results the fit-
ting parameter η is obtained.

With extracted values of all the fitting parameters a
graph is plotted between saturation length and Vds for two
different values of Vgs(= 1 V, 2 V) as shown in Figure 5.
The ionization length increases with Vds for a given Vgs.
This only shows that the saturation length shifts towards
the source end. The effect of the gate voltage is to reduce
the ionization length for a given Vds.
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Fig. 6. Variation of ionization length with characteristic
length (λ) for Vgs = 1 V and Vgs = 2 V.

Fig. 7. Plot of channel length dependence of the velocity
saturation.

Figure 6 shows a plot of ld as a function of λ for
Vgs = 1 V and Vgs = 2 V. The general trend is that the
saturation length increases linearly with the oxide thick-
ness for fixed junction depth and channel length. It is also
observed that for sub-micron devices the gate voltage has
more effect on the saturation length [17].

Variation of saturation length as a function of channel
length for (Vds −Vdsat) = 2 V and (Vds −Vdsat) = 2.5 V is
shown in Figure 7. The general nature of the curve is same
as shown by Wang et al. [15]. The observation only reflects
the findings of Wang et al. [15] that the change of LVSR

Fig. 8. Gate – bias influence on plots used to compute Ai.

Fig. 9. Substrate current versus gate voltage for n MOSFET
with L = 0.25 µm, Vds = 2.5 V and Vsb = 0 V.

with channel length is more pronounced for sub-micron
devices.

Figure 8 shows the variation of ln(Isub/Id(Vds−Vdsat))
(D1 in Fig. 8) curve as a function of (1/(Vds − Vdsat)) (y
in Fig. 8) for different gate voltages and channel length
of 0.25 µm. With the help of this result the parameter Ai

is obtained.
A plot of Isub as a function of gate voltage Vgs with

drain voltage as a parameter is shown in Figure 9 for
L = 0.25 µm and other parameters are chosen accord-
ingly. As clear from the figure that the substrate current
initially increases with Vgs(Vgs > Vth) and reaches to its
maximum value at a particular gate-source voltage. This
increase in substrate current is due to increase in drain-
saturation current. As discussed by Arora’s et al. [13], a
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Fig. 10. Plot of error with excess drain voltage beyond
saturation.

further increase in Vgs will increase the saturation drain
voltage (see Eq. (12)), which in turn reduces the maximum
electric field, and hence substrate current will reduce. Our
simulated result shows a good match with Seah [17] result
at lower gate voltage whereas for higher gate voltage a
little difference is reported.

We have also solved the transcendental equation (10)
without any approximation in a and compared the result
with approximated result (Eq. (11)) and error between
two results is plotted as a function of (Vds − Vdsat) as
shown in Figure 10. The error reduces with the increase in
excess drain voltage beyond saturation. It is also observed
that the reported error is very less at a given (Vds −Vdsat)
for the channel length 0.30 µm ≤ L < 0.4 µm. So, it is
concluded that the approximation given by equation (11)
holds good for sub-micron devices.
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