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Abstract’

A new compact physics-based Alpha-Power Law
MOSFET Model is introduced to enable projections of
low power circuit performance for future generations of
technology by linking the simple mathematical
expressions of the original Alpha-Power Law M odel
with their physical origins. The new model, verified by
HSPICE smulations and measured data, includes: 1) a
subthreshold region of operation for evaluating the
on/off current trade-off that becomes a dominant low
power design issue as technology scales, 2) the effects of
vertical and lateral high field mobility degradation and
velocity saturation, and 3) threshold voltage roll-off.
Model projections for MOSFET CV/I indicate a 2X-
performance opportunity compared to NTRS
extrapolations for the 250, 180, and 150nm generations
subject to maximum leakage current estimates of the
roadmap. NTRS and model calculations converge at
the 70nm technology generation, which exhibits
pronounced on/off current interdependence for low
power gigascaleintegration (GSl).

1. Introduction

The Alpha-Power Law MOSFET Model [1] is the
most widely utilized compact drain current model due to its
simple mathematical form and high degree of accuracy.
The model has been used to derive many expressions for
evaluating circuit performance. However, due to its
empirica nature, the parameters of the model are measured
values, which largely precludes projections of circuit
performance for future generations of technology.
Moreover, the model does not describe the subthreshold
region and therefore on/off drain current trade-offs cannot
be thoroughly analyzed. The Low Power Transregional
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MOSFET Model [2] describes all regions of operation
(subthreshold, triode, and saturation). The drain current
equations are rigorously derived and provide insight into
the physical basis of MOSFET behavior. Therefore, the
Low Power Transregional Model is an advantageous choice
for predicting performance of future technology
generations and in particular for analyzing on/off drain
current trade-offs. The disadvantage of the Low Power
Transregional Model is its relatively complex drain current
equations. Coupling the Alpha-Power Law and Low Power
Transregiona models enables a new compact physics-
based Alpha-Power Law MOSFET Model. Salient features
of this new model include: 1) extension into the
subthreshold region of operation, 2) the effects of vertical
and lateral high field mobility degradation and velocity
saturation, and 3) threshold voltage roll-off. Therefore, the
new Physical Alpha-Power Law Model enables compact
projections and physical insight into future circuit
performance for low power GSI.

2. Model Derivation

The new Physical Alpha-Power Law Model is
derived by coupling the simple empirical Alpha-Power Law
MOSFET Model [1] and the more complex physics-based
Low Power Transregional MOSFET Modd [2]. The
derivation of the new modd begins by equating the
saturation drain current of the Alpha-Power Law Model [1],
(1), and the Low Power Transregional Model [2], (2).
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where Ip (5) is a modified drive current that includes an
effective mobility dependence on Vgs. Neglecting the
small weak inversion contribution and performing a three
term binomial expansion of the bulk charge termsin I,
the Low Power Transregiona Model's saturation drain
current [2] may be simplified as
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where (W/L) is the channel width-to-length ratio, Cox isthe
gate oxide capacitance per unit area, my is the effective
mobility including vertical [3] and lateral [4] high field
degradation effects given as
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(Note: Figure 2 defines all parameters used in (2)-(4).)
Combining (1) and (2) for Vgs=Vpp
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Substituting (2) and (5) into (7) gives
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Equation (9) expresses the parameter a as a function of
Vgs. Given V1=0.4V and Vpp=1, 2, and 3V for a=1.96,
1.91, and 1.89, respectively, Figure 1(a) plots both sides of
(8) as log(l,,,, /IDo)versus log(Ves-V7) to demonstrate the

power law relationship of o, with respect to Vgs-Vr.

Figure 1(a) exhibits excellent agreement between the
Alpha-Power Law and Low Power Transregional saturation
drain current models for a constant value of a. Applying
L’ Hospital’s Rule to (9) verifies that the expression has a
removable singularity at the point Vgs=Vpp. Therefore
from Figure 1(a), (9) will provide an accurate solution to a
for any vaue of Vgs between Vi and Vpp (region of
saturation assuming Vps=Vpp). A simplified and accurate
expression of a is determined by selecting Vs equal to the
middle value between the end points (Vpp, V1) such that
Vs =0Vop + Vi (/2. Substituting Vs =[Vyy +V; (/2
into (9) gives

a=a
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For added verification of (10), Figure 1(b) plots the
percent difference between a|V (9) and a (10) normalized

by a versus Vgs-V1. The parameter a|V varies less than

L=200nm
tox=4.5nm
V;=0.4V
Slopeza; -
a° Constant for each Vg

Ves - Vr ’ba
VDD - V‘r
VDsSM [VGS - VT - Ihh/zgvosw]
VEI)OI:VDD - VT - Uh/ngoo]

10°
107 10° 10'
VGs'VT (V)
50 ()
oL 2V Vo Vo /2, ]} L=2000m

In2 VDa[\/DD -V - hVDa] tox=4.5nm
- V=2V
&\o’ 25} V.=0.4V
8 AN a=1.91
c \\\
g S
0 '~
£ ~——
o 00} — S —_—
S~ 2 et N
e -
T a‘v -a

GS ’
£ | _Yes 100
5 -25 a .
-4
IDSATea‘VGSJ - leSATbag, 100
5.0 o -
0.0 0.4 0.8 12 16

Ves—Vr (V)
(b)

Figure 1. Vadidation of a’s constant behavior
againgt Ves. (a) log(l, _/lp,) Vversus log(Ves-
V1) demonstrates the power law relationship of
o, » equation (8), against Vgs-Vr for Vpp=1, 2,
and 3V. (b) Percent normalized difference versus
Vgs-V7 indicates that a|VGS, equation (9), varies
less than 3% from a, equation (10), and the effect
of this difference on I, equation (1), is less
than 1%.

3% from the constant value of a. The effect of this
difference between a|v (9) and a (10) is observed in

Figure 1(b) by plotting the percent difference of
IDSAT€a|VGSj and IDSATbaQ from (1) normalized by Ipo.
Figure 1(b) indicates less than a 1% variation for I,
using a|ves compared to the a calculated in (10).
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Figure 2. Physical Alpha-Power Law MOSFET Model.

A feature of the Physical Alpha-Power Law Model is
that the dependence of carrier velocity on Vgs is jointly
described by Ipo, (5), (3), (4) and (6), as well as a (10).
This yields improved accuracy of the model for Vgs near
V1 compared to the original Alpha-Power Law Model [1]
that describes carrier velocity as a function of Vgs solely
through a. Therefore, the values of a calculated by the
Physical Alpha-Power Law Model are dightly larger than
the measured a vaues of the origina Alpha-Power Law
Model [1] for short channel MOSFETS.

For further insight into the a parameter, analyses of
the long channel MOSFET with negligible carrier velocity
saturation (EcL>>Vpp-V+) and the short channel MOSFET
with severe carrier velocity saturation (EcL<<Vpp-V7) are
performed. In the long channel case, the saturation voltage
(4) may be simplified by performing a two term binomial
expansion such that
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Substituting (12) into (10) gives
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Thus, for long channel MOSFETSs with negligible carrier
velocity saturation the exponent a converges to the value
for the classical Shockley square-lav MOSFET model [5].
For the short channel MOSFET with Vs sufficiently larger
than V1, the saturation voltage (4) may be smplified as
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Substituting (14) into (10) gives
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Substituting (14) and (15) as well as (5), (3), (4) and (6)
into the expression for saturation drain current (1) gives
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where vgy is the saturation velocity. Thus, for the short
channel MOSFET with severe carrier velocity saturation
the drain current in the saturation region approaches a
linear dependence of Vgs-Vr [1].

The equations for the triode and subthreshold regions
of operation are simplified versions of the Low Power
Transregionad MOSFET Model [2] such that the complete
Physical Alpha-Power Law MOSFET Modél is defined in
Figure 2. To ensure accurate modeling of sub-micron
MOSFETSs, athreshold voltage roll-off term [6] is included
in the V1 formula. Figure 3 compares the newly derived
model against Level 3 HSPICE simulations [7] for the
0.25mm (L=0.20nm) technology generation in the (a)
superthreshold region (Ip versus Vps) and (b) subthreshold
region (Ip versus Vgs). Excellent agreement is
demonstrated between the Physical Alpha-Power Law
Model and HSPICE simulations. A crucial element of the
Physical Alpha-Power Law Mode is the subthreshold
analysis, which was neglected in the original Alpha-Power
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Figure 3. Verification of the Physical Alpha-
Power Law Model against HSPICE Simulations
[7] for (@) Ip versus Vps and (b) Ip versus Vgs.

Law Modd [1]. Inclusion of the subthreshold region of
operation provides key insight into the on/off current trade-
off for future technology generations. Figure 4
demonstrates that the model is in good agreement with
measured data for submicron technology generations: (@)
L=0.38mm [8] and (b) L=0.18nm [9]. Therefore, the new
Physical Alpha-Power Law Model retains the simplicity of
the original Alpha-Power Law Model while providing a
physical basis for the model parameters that enables circuit
performance projections for future generations of
technology including on/off current interdependence for
low power GSI.

3. Projections using the Physical Alpha-Power
Law Model

Figure 5 compares the MOSFET delay metric CV/I as
projected by the newly derived Physical Alpha-Power Law
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Figure 4. Verification of the Physical Alpha
Power Law Model against measured data for (a)
L=0.38mm [8] and (b) L=0.18nm [9].

Model against the NTRS roadmap [10]. Values for feature
size, oxide thickness, and supply voltage are chosen in the
range of parameters projected by the roadmap. For the
model projections, the threshold voltage is calculated by
equating the subthreshold drain current per unit width to the
maximum off current (Max lo¢) specified by the roadmap.
Figure 5 indicates a 2X-performance advantage for the first
three generations compared to the NTRS calculations,
subject to the maximum allowable leakage current. As
technology scales, the extrapolations of the NTRS converge
to the calculations predicted by the Physical Alpha-Power
Law Model thus indicating a significant on/off current
interdependence.

4. Conclusion
The complete Physical Alpha-Power Law MOSFET
Model is derived to describe al regions of operation
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Figure 5. Comparison of the Physical Alpha-
Power Law and NTRS Projections for CV/I
versus Technology Generation (TG). The
model calculates Vy by equating (I, /W) to

the maximum off current (Max ) determined
in the roadmap.

(subthreshold, triode, and saturation) while providing a
simple mathematical expression for calculations of circuit
performance yet retaining a physical insight of model
parameters. Validated against HSPICE and measured data,
the model includes the effects of 1) vertical and lateral high
field mobility degradation and velocity saturation, and 2)
threshold voltage roll-off. The Physical Alpha-Power Law
MOSFET Model describes the entire range of velocity
saturation from the long channel MOSFET with negligible
velocity saturation to the short channel MOSFET with
severe velocity saturation. Model projections for MOSFET
delay indicate a 2X-performance opportunity compared to
the roadmap extrapolations for the 250, 180, and 150nm
generations subject to the maximum leakage current
estimated by the roadmap. The NTRS and model
calculations converge at a technology generation of 70nm,
which indicates a significant on/off current interdependence
for low power GSI.
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