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Abstract— This paper illustrates the use of an efficient
parameter extraction strategy for MOS Model 9 to per-
form a statistical analysis of sample devices from a 0.18um
CMOS process. The parameter extraction strategy allows
all the parameters for a particular device geometry to be
extracted from just 50 measurements. These parameters
are subsequently used with Principal Component Analysis
to provide best-case or worst-case model sets or as inputs
to a Monte-Carlo experiment to investigate some of the
performance trade-offs of the process.

I. INTRODUCTION

An important factor influencing the yield of modern
integrated circuits is the spread in device characteristics
caused by the variability inherent in every manufactur-
ing process. As power supply voltages are lowered to re-
duce power consumption and allow for mobile computing
this process-induced variability does not scale downwards
with the operating voltages and a reduced design window
for circuit operation results. Thus, as supply voltages
continue to decrease, it is ever more important to provide
accurate characterization of the process variability and to
account for this variability at the design stage to ensure
the best possible product manufacturability. Tradition-
ally, process variations have been characterized by stand-
ard end-of-line measurements including layer resistivities
and first-order device characteristics such as threshold
voltage and the low-field gain factor. While providing
essential information for statistical process control these
first-order parameters do not usually allow the variabil-
ity of the parameters associated with sophisticated mod-
ern MOS models to be determined and provided to the

" design community. To characterize the parameter vari-
ability of sophisticated models it is helpful to perform
parameter extraction as part of the end-of-line tests thus
building up a large database of these parameters and al-
lowing a meaningful statistical analysis to be performed.
This paper presents the use of efficient parameter extrac-
tion techniques which are quick enough to be appended to
the standard end-of-line measurements and applies these
to devices from a 0.18um process. The resulting para-
meters are used to select best-case and worst-case models
for the leakage and maximum drive currents as well as to
investigate the retationships between these quantities in
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a Monte-Carlo analysis.

II. THE PARAMETER EXTRACTION METHOD

The MOS model used for this work is MOS Model 9
(MM9). This public domain model provides accurate
simulation for many process generations down to deep
submicron dimensions and is suitable for digital, ana-
logue and high frequency applications [1],{2]. The conven-
tional approach to parameter extraction for this model is
to measure a large set of I-V data from each region of
device operation and then to optimize the model para-
meters with respect to this data in a pre-defined sequence.
Depending on the device operating voltage, up to sev-
eral hundred datapoints may be measured in this conven-
tional approach and the resulting optimizations can take
a minute or more of computer time. This conventional
approach is too slow for volume data gathering purposes.

A more efficient extraction method based on the meas-
urement of a greatly reduced dataset and analytical ma-
nipulation of the model equations has been proposed. [3].
This method has previously been applied by the authors
to 0.25um CMOS devices for the purpose of statistical
characterization [4]. In the present work the method
has been further fine-tuned for 0.18um CMOS techno-
logy with a lower operating voltage of 1.8V. This fine-
tuning has involved a modification of the linear region
extraction algorithms to include velocity saturation ef-
fects which have been seen to influence the linear region
parameters for the very small device dimensions being
considered. For a single device about 50 measurements
are needed in total for the extraction of the full parameter
set.

III. F1T QUALITY

Simulations using the MM9 parameters obtained with
the efficient extraction method show excellent agreement
with the measurements in all operating regions. Figure
1 shows the fit quality for the output characteristics of
a device with a channel length of 0.18um while figure 2
shows the corresponding fit to the output conductance.
Figure 3 illustrates the fit quality in the subthreshold
region. The quality of fit to other device dimensions is
similar to that shown in figures 1 to 3. The extraction
method also allows the substrate current parameters to
be extracted but at the low operating voltage of 1.8V

98CH36157



128

NMOS 10/0.18

0.005 e
1.8V
0.004 -
. 0.003 1.35V |
g
3
Y 0.002 1
0.9V
0.001 .
YT+0. 1V
O B
L | I— 1 1
0 0.5 1 1.5 2
vds (V)

Fig. 1. Saturationregion of an NMOS 10um/0.18um device. Sym-
bols and lines represent measurements and simulations, respect-

ively.
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Fig. 2. Output conductance of an NMOS 10um/0.18um device.

Symbols and lines represent measurements and simulations, re-
spectively.

substrate current effects are negligible and are thus not
illustrated here.

IV. APPLICATION TO VOLUME DATA GATHERING

MM parameter sets from a range of NMOS device geo-
metries have been extracted from several sites on a test
wafer from the 0.18um process using the efficient extrac-
tion schemes. Figure 4 shows the variation of threshold
voltage (the parameter VTO) with channel length for a
constant width of 10um - in this plot the mean value of
VTO for a given channel length is shown. This figure il-
lustrates that the conventional short channel effect occurs
for gate lengths below 0.3um while for lengths above this
value a reverse short channel effect is apparent. Figure
5 shows the standard deviation of VTO as a function of
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Fig. 3.  Subthreshold region of an NMOS 10pm/0.18um device.
Symbols and lines represent measurements and simulations, re-
spectively.
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Fig. 4. MMS9 threshold voltage as a function of channel length for
the NMOS devices with a channel width of 10um.

channel length. It is seen that for channel lengths below
about 0.4um there is a large increase in the variability of
the devices which has importance for the circuit operating
window and analogue cell performance.

MOS Model 9 uses explicit scaling rules for many of the
device parameters as a function of geometry and tem-
perature. For instance, the geometrical scaling rule for
threshold voltage (VTO) is shown in equation 1. Here
WEg and Lg are the effective channel width and length
respectively and can be obtained by plotting the low-field
gain factor (BET) as a function of geometry. Wgg and
Lggr are the effective dimensions of a reference device
(this usually has a large width and a minimum-geometry
gate length) and Vror is the threshold voltage of this ref-
erence device. Sw,vyo is the width scaling factor while
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Fig. 5. Standard deviation of the threshold voltage as a function
of channel length for the NMOS devices with a channel width
of 10pm.
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Fig. 6. MMS9 threshold voltage as a function of effective channel

length for the NMOS devices with a channel width of 10um.

SLvro and Spa.vr, are the first and second order length
sensitivities respectively.
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Figure 6 shows the threshold voltage for approximately
250 NMOS devices ranging in gate length from 10um to
0.18pm and having a constant channel width of 10um
plotted against the inverse of the effective channel length.
The solid line shows a fit of the MM9 threshold voltage
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scaling rule to this data. It is apparent that the scaling
rule accurately follows the observed length dependence.

V. STATISTICAL ANALYSIS
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Fig. 7. Imax as a function of the MM9 gain factor for the NMOS
10pm/0.18um devices.
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Fig. 8. I,g as a function of the MM9 threshold voltage for the

NMOS 10pm/0.18um devices.

In addition to the model parameters other device char-
acteristics such as the maximum current and the leak-
age current have been measured. The maximum cur-
rent (Imqz) is defined as the drain current flowing un-
der the conditions Vg, = Vg, = 1.8V, Vi, = 0V while
the leakage current (lo75) is measured for Vg, = 1.8V,
Vgs = Vs = 0V. The relationships between these quant-
ities and the model parameters may then be investig-
ated. Figure 7 shows the strong correlation which ex-
ists between I, and the low-field gain factor for the
short channel devices while figure 8 illustrates the rela-
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tionship between the leakage current, I,¢, and the device
threshold voltage for the same geometry devices which
shows a slightly less pronounced correlation than the pre-
vious figure.
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Fig. 9. Statistical methodology used for MM9 parameters.

Once parameter sets have been extracted for a large
number of devices these can be analysed using statist-
ical techniques such as Principal Component Analysis and
VARIMAX rotations [5] to provide a reduced number of
independent factors which can subsequently be used in
the creation of best-case and worst-case models or for
Monte-Carlo analysis. The statistical analysis approach
used for MM is illustrated in figure 9. Following the
treatment of [6] the model parameters representing the
reference device and the scaling coefficients are treated
separately. Either nominal or average values of the scal-
ing coefficients are used while the reference parameters
are analysed using PCA and a reduced number of prin-
cipal components produced from these. These principal
components are then used with the scaling coefficients
in factorial or Monte-Carlo experiments to determine the
corner models. To date, statistical analysis has only been
performed for the device with dimensions 104m/0.18um
from the 0.18um process and so the scaling rules have not
been used in the analysis that follows. It has been found
that improved corner models can be obtained by using an
experimental design formulation known as Box-Behnken

as illustrated in figure 10 for the case of 3 independent
factors - in this methodology not all independent factors
are allowed to be at maximum or minimum values simul-
taneously.

Fig. 10. 3 level Box-Behnken factorial design.

Figures 11 and 12 show the measured distribu-
tions of Ijnae and Ioss respectively for sample NMOS
10pm/0.18um devices. MM9 model sets were created by
setting the principal components to £2.50 around their
mean values. The best-case and worst-case predictions
for Inae and Iosy resulting from these parameter sets are
also indicated on the figures. It is seen that these pre-
dictions are in good agreement with the spread in the
measured quantities. The results of using the principal
components for a Monte-Carlo analysis is indicated by
the bold lines on figures 11 and 12. Again it is seen that
the Monte-Carlo results follow the measured character-
istics closely - in particular the leakage current displays a
tail at higher values which is matched by the Monte-Carlo
simulations.

An important task for the design of low-voltage tech-
nology is to achieve the best possible trade-off between
maximum drive current, Ipq,, and leakage current, oy,
and to account for the correlations between these two
quantities during circuit design. Figure 13 shows the re-
lationship between these two quantities from measure-
ments of 10um/0.18um NMOS devices. Figure 14 shows
the results of a Monte-Carlo analysis based on the Prin-
cipal Components already obtained. It can be seen that
the distributions and correlations of these two quantities
predicted by the Monte-Carlo analysis closely match the
measurements obtained. This illustrates that not only
the spreads in the important characteristics but also the
correlations can fully be accounted for in circuit simula-
tion.

V1. CONCLUSIONS

An efficient parameter extraction method has been ad-
apted and fine-tuned for low-power 0.18um CMOS tech-
nology with a supply voltage of 1.8V. The method has
been utilized to perform a statistical analysis of sample
devices from this technology. This analysis demonstrates
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that model parameter spreads and correlations can be
taken into account during circuit simulation. The avail-
ability of this extraction method and simulation proced-
ure in the early stages of process development is of use to
investigate and improve the narrowing design window of

modern CMOS technologies.
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