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Abstract: A simple analytical model derived from
a quasi-two-dimensional analysis with a non-
vanishing E-field derivative at the pinchoff point
and a continuous output conductance at the tran-
sition point for short-channel MOSFETs is pre-
sented. This model also covers mobility reduction,
carrier velocity saturation, body, channel-length
modulation, source-drain series resistance and
short-channel effects for an accurate determi-
nation of the pinchoff point location without
internal numerical iterations as compared to
other models. This model can be used to describe
the channel-length modulation effects more
accurately in circuit simulation with short-channel
MOSFETs.

1 Introduction

The growing applications of MOS analogue and digital
circuits for VLSI systems have triggered a strong demand
in accurate circuit simulation, which depends on accurate
and efficient MOS device models. The existing MOS
device models intensively used are based on a quasi-two-
dimensional analysis (QTDA) [1], which has been used
to estimate the lateral electric field near the drain region
successfully by assuming a negligible field derivative at
the pinchoff point [2]. However, the derived output con-
ductance is discontinuous at the transition point. As a
result, for a large gate voltage the accuracy of the pre-
dicted drain current is not sufficient for accurate circuit
simulation. Despite a proposed modified model [3], sub-
stantial internal iterations are required to solve for the
drain saturation voltage and the length of the post-
velocity-saturation region. Although another better ana-
lytical model was developed to improve the QTDA
model [4], the source-drain series resistance and short-
channel effects were not considered.

In this paper, a simple analytical MOS transistor
model suitable for circuit simulation, including mobility
reduction, carrier velocity saturation, body, channel-
length modulation, source-drain series resistance and
short-channel effects, is presented. The model is based on
a two-section approach; i.e. the channel region is divided
into two sections. In the source section, gradual channel
approximation (GCA) is used [5], whereas in the drain
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section QTDA is applied accounting for the two-
dimensional field distribution. Instead of assuming a zero
E-field derivative at the pinchoff point, as in the unified
model [2], the proposed model assumes that the E-field
derivative at the pinchoff point is nonvanishing and the
output conductance is continuous at the transition point
by introducing a source-drain series resistance dependent
scaling factor. Furthermore, owing to the inclusion of the
source-drain series resistance and short-channel effects,
the location of the pinchoff point is more accurately
determined as compared to the other model [4], espe-
cially for large gate and drain voltages.

2 Simple model

2.1 Linear region
For an MOS transistor biased in the linear region, the
drift drain current is

Ip, = W(@u(Mw,(y) M

where y is the direction along the channel; W is the
channel width; v(y) is the electron drift velocity; and
Q.(y) is the inversion layer charge density per unit
surface area. To include the source-drain series resistance,
we insert both the source resistance, R, and the drain
resistance, R,, in series with the source and the drain ter-
minals, respectively. In this model, R,=R;=R is
assumed for simplicity. By modifying Reference 3, Q,(y)
is given below
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where V,(y) is the channel potential; F is a geometrical
factor accounting for short-channel effects [6]; d is intro-
duced as a correction factor compensating for the Taylor
series expansion error [14]; and the other symbols have
their conventional meanings.
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As for v(y), a simple two-region piecewise empirical « where [, is the drain current at thé onset of saturation.

velocity-field model is used [7]:
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where E(y) is the lateral electric field; E, is the critical
field; v, is the saturated velocity; and g, is the effective
mobility given by the following expression which satisfies
both simplicity and accuracy:
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where p, is the low field mobility; 8, is the mobility
reduction factor due to the transverse field [8]; and 6y
represents the substrate bias effect [15].

Assuming no velocity saturation in channel, and integ-
rating the drift drain current equation over the whole
channel length L with the source-drain series resistance
effect, the drain current in the linear region is expressed
as
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2.2 Drain saturation voltage

As the internal drain voltage (the applied terminal
voltage less the voltage drops across the source and the
drain resistances) is increased, the lateral electric field in
the channel close to drain will reach the critical field E,
and the carriers will travel with the saturated velocity.
Using a similar approach to that of Reference 9, the
internal drain saturation voltage, V,,,, which is defined
as the channel potential where carriers reach the satur-
ated velocity, can be obtained:

— Ay + /(43 + 44, 45)

View = 2 (14
where

Ay = aoWp,s; CoRE, (15)

Ay = Vgs — Vp + 2ao LE, (16)
and

As = LE(Vgs — V1) (17)

For the external drain saturation voltage, Vpg,r, it is
given by the relation below:

Vpsar = Vs + 2RIps
406

(18)

As compared to the other saturation voltage modél [9],
the new model has included the source-drain series resist-
ance and short-channel effects.

2.3 Saturation region

For an MOS transistor biased in the saturation region,
the channel region can be divided into the source and the
drain sections, where GCA and QTDA have applied,
respectively. Accounting for the channel-length modula-
tion effect, the drain current, Ipg,r, in the saturation
region is now organised as

Ips
toser = — (19)
L.,
where L,,, the equivalent channel length, is defined as
V,
Leq =L1+ = + Wﬂzfj Cox VdsatR (20)
LE,

and (s - Lg,q) is treated as the actual channel-shortening
length in this simple model. s is a source-drain series
resistance dependent scaling factor introduced to ensure
both the continuity of the drain current and the output
conductance at the transition point from linear to satura-
tion. Its value is determined by equating both the output
conductance in the linear region and in the saturation
region at the onset of saturation as given in the Appen-
dix. The saturation region length, Lg,;, is the length of
channel near the drain section where carriers travel with
the saturated velocity. Note that Lg,; becomes zero at
the onset of saturation, ensuring the continuity of the
output conductance at the pinchoff point by introducing
s.

To compute Ls,7 as shown in Fig. 1, we apply QTDA
to the drain region with a selected Gaussian box of width
X ;/n enclosing the mobile and the bulk charges. X is the
drain junction depth and 7 is a fitting parameter 2, 10].
Applying Gauss’s law to the rectangular box area with
four boundary conditions, and differentiating the
resulting equation with respect to the lateral dimension y,
we can obtain a differential equation in terms of E, at the
surface as given below [11]:

X;dE(y) &, 1
== E () ——@N4X; + Qul(y) @y
n dy g g
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Fig. 1 Definition of the drain region
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where ¢,, is the oxide permittivity. Based on GCA, Q,(»)
at the pinchoff point is given by

Qul—Lsar) = Cox{Vigs — Vr — 280 Vyear) 22)
After rearrangement, Q,(— L ,7) is expressed as
Cox(Vos — Vi — 2a4 Vo,
O~ Lgug) = SeVos = Vr — 20 Va) @3

1+0.5u,,,WC,, RE,

Using dE (y)/dy = —d*V,(y)/dy* and eqn. 23, eqn. 21 can
be rearranged as

3 Comparisons with experimental data

In this section, the DC performance of two nMOS
devices with parameters listed in Table 1 [2, 13] is
analysed using the simple analytical model. The I,
against Vg characteristics of the two devices with
channel lengths of L = 1.09 um and 1.45 ym are shown
in Figs. 2 and 3. A good agreement (within 3.5% average
error for device A and 1.6% for device B) between the
model results and the experimental data [2, 13] has been
observed over the whole range of applied gate and drain
voltages. This accuracy is attributed to the accurate esti-
mate of the pinchoff point location resulting from the
inclusion of short-channel effects and the nonvanishing
E-field derivative at the pinchoff point, as well as the
source-drain series resistance effect.

Table 1: Device parameters

d*V(y) V) — Vi . quN,
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Note that the field derivative at the pinchoff point is
nonvanishing. Solving eqn. 24 subject to the boundary
conditions V(—Lg,r) = Vpsar and |E(—Ls,7)| =E.,
we obtain

L
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With the drain voltage V,(0) = V;, Ls, is given as
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where
N, 2
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k, = IE, 31)
and
N, 2
ky=Vopsar = Vi t+ RS (32

From the above analysis, an analytical solution for Lg,,
the drain region length, has been obtained. Consequently,
the drain current can be computed directly from the ter-
minal voltages; no iterations are required as they are in
other models [3, 12].
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Parameters Device A Device B Units
Type nMOS nMOS
Substrate doping (N,) 6.63E15 2E15 cm-?
Gate-oxide thickness (t,,) 358 300
Channel length (L) 1.09 1.45 um
Channel width (W) 100 10 um
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Fig. 2 The I-V characteristics of the nMOS device with a channel
length of 1.09 um and a channel width of 100 ym
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Fig. 3  The I-V characteristics of the nMOS transistor with a channel

length of 1.45 um and a channel width of 10um
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Fig. 4 shows the saturation voltage, Vps,r, based on
the simple model and other model [9] for the device with
a channel length of 1.09 um. The V5, derived from the
simple model will substantially deviate from the other
model as the source-drain series resistance increases. In
fact, as the effective channel length shrinks down to the
submicrometre range, the source-drain series resistance
becomes significant. Therefore, to obtain more accurate
circuit simulation results, its effect on both the drain
saturation voltage and the current-voltage characteristics
should be considered.
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Fig. 4 The saturation voltage, Vps,1, for the nMOS device with a
channel length of 1.09 ym
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The output conductance estimated by the simple ana-
lytical model for the device with a 1.45 um channel length
is compared with the experimental data in Fig. 5 [13].
Note that the continuity of the output conductance is
maintained by introducing s. Fig. 6 shows the channel-
shortening length derived from the proposed model and
the other exiting model [4] without an LDD structure
for the nMOS device with a gate-oxide thickness of
358 A and a channel length of 1.09 um. The magnitude of
(s - Ls,r) derived from this model shows a significant dif-
ference from Huang’s results. As the gate-source voltage
increases, the voltage drop across the source-drain series
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Fig. 5 The output conductance of the nMOS device with a channel
length of 1.45 pym
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resistance becomes larger due to a larger drain current.
Consequently, the drain saturation voltage increases and
the effective gate-source voltage becomes less when com-
pared to the case without the source-drain series resist-
ance as in Huang'’s model. The combined effect is that the
channel-shortening length calculated by this model is
much less than that of Reference 4 which overestimates
the drain region length. It is to be noted that to achieve
more accurate results the bias-dependent source-drain
series resistance has to be considered instead of a con-
stant resistor. The advantages of the simple model can be
exploited in very short-channel MOS devices with a
small gate-oxide thickness, owing to a large drain current
density. As a result, the well modelled channel-length
modulation becomes more important for accurate circuit
simulation. Therefore, the simple model is favourable for
circuit simulation of short-channel MOS devices.
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Fig. 8  The channel-shortening length, (s - Lg,y), as defined in Fig. I,
for the nMOS device with a channel length of 1.09 ym
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4 Conclusion

In this paper we have presented a simple analytical short-
channel MOSFET model suitable for circuit simulation.
In the proposed model, both a nonvanishing E-field
derivative at the pinchoff point and a continuous output
conductance at the transition point hold. Second-order
effects, such as mobility reduction, carrier velocity satura-
tion, body, channel-length modulation, source-drain
series resistance and short-channel effects, are also
included. From comparisons, we have observed that the
current-voltage characteristics predicted by this model
shows a satisfactory agreement with the reported experi-
mental data over a wide range of applied voltages. Fur-
thermore, it should be mentioned that for these two
devices biased in saturation the effective channel length
becomes near or less than 1 um. In addition, the calcu-
lated output conductance has been compared with the
experimental data, and the source-drain series resistance
effect on the drain saturation voltage has been discussed.
Finally, we have presented calculated results of the
channel-shortening length and reasons for the difference
from the other existing model have been given. In conclu-
ston, due to the validity of this model and the fact that no
internal numerical iterations are required, accurate and
efficient circuit simulation results of short-channel
MOSFETs can be obtained if this simple analytical
device model is used.
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6 Appendix

The source-drain series resistance dependent scaling
factor, s, is determined by equating both the output con-
ductance in the linear region and in the saturation region
at the onset of saturation, as given below

a da, +£ Oa,
oa, 2 0Vps  ay OV

a,
Gpp = 2| — 2+ (33)
L= T Vs ;(ai + 4&)
a
and
Ips:s
Gps = = L"s 5 (34
(1 - —§ﬂ) L., E,0)
eq
where a; = ALy + (Vos/EN ™, a, = Ay(L.s,
+ (Vps/E.)) and a3 = Ipo(L, s + (Vps/E.)). Therefore,
s = LeaBe Gpr| Vos = Vpsar (35)
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