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ABSTRACT

A simulation system is described for linking two-dimension-
al simulators for process and device to a paramcier
cxtraction program, for the purposc of generating artificial
parameters for the circuit analysis program, NASPICE. A
key feature of the system is that it operates under the
control of a shell program which offers a simplc and casy
to use interface to the user. Results of an initial develop-
ment using the program scquence

SUPRA = > PISCES = > CADPET = > NASPICE

are described. Good correlation was obtained between
system generated drain characteristics and silicon for both
N and P-channe! MOS transistors, and similarly for CMOS
DC transfer characleristics.

[. INTRODUCTION

The industry has long needed a simulation tool for predict-
ing electrical behaviour of the final product directly from
the process flow. Enabling the process development and
circuit design to procced in paralicl would have a major
impact on time to market, and quality of the final product.
Delays caused by long development process cycles would
be shortened substantially. Silicon runs would be required
primarily to maintain calibration of the simulator, rather
than exploring all possible process combinations, with a
considcrable saving of both time and resources. A tool of
this kind would also be applicable to process line monitor-
ing, and to examining the cffects of introducing novel or
undeveloped fabrication technologies.

One approach to this problem [I] has becn to sct up a
linked system of analytical simulators. However, in recent
years a number of powerful onc and two-dimensional proc-
ess and device simulators have become available and some-
what standardized. It would be desirable to integrate these
programs into a system for simulating the entire product
development sequence from process specification to circuit
design and evaluation. The industry has been studying
methods [2] of standardizing output data from the various
process and device simulators in order to facilitate commu-
nication between them. This paper, however, is concerned
with a particular solution to the problemn of simulating tech-
nology development.

Examples of process simulators are the one-dimensional
SUPREMS-3 {3}, and the two-dimensional SUPRA [4] and
SUPREM-4, all from Stanford University. Device simula-
tors include PISCES [S)6] from Stanford, and MINIMOS

{7] from the University of Vienna. For simulating real non-
planar devices two-dimensional simulators are-of primary
interest, although SUPREM-3 cannot be disregarded as it
is the most accurate of the available process simulators.
However using SUPREM-3 to supply device structures to
PISCES or MINIMOS is awkward because of the nced to
supply multiple one-dimensional SUPREM-3 simulations
for different regions of the structure, and the need to
provide fateral diffusions at the boundarics of the one-di-
mensional regions. SUPREM-4, though two-dimensional, is
al an carly stage of devclopment, is limited in the simu-
lation features provided, and nol really ready for general
use. MINIMOS is specialized to handling MOS devices,
but does this well, including such advanced features as
avalanche [8] and energy balance [9]. PISCES, alternative-
Iy, can be used for hoth MOS and bipolar, but is not as
advanced as MINIMOS in the areas described. Therefore,
for simulating real non-planar devices it is best to use
SUPRA, or SUPRA and SUPREM-3 in combination to
generate the device structure from process flow; and PISC-
ES or MINIMOS to analyze the device structure.

The sophisticated two-dimensional numecrical simulators
discussed here use large amounts of computer time and
memory capacily, and can only be used for analyzing
single devices. Thercfore, while offering a great deal more
potential for simulation accuracy and predictive ability than
the simple analytic modcls used in Berkeley SPICE and its
derivatives, they are not directly suvitable for circuit simu-
lation where hundred’s and thousand’s of devices may be
run in a single simulation. This limitation can be overcome
by integrating the two-dimensional simulators into an over-
all system as described, that is by using them in place of
processed silicon wafers to generale device I-V character-
istics from which modcl parameters for SPICE can be
cxtracted. Because wafer fabrication is expensive and cycle
times are long, this has the potential both of speeding
development times for new lechnology, and reducing dcvel-
opment costs. lFurthermore, circuit and process design can
procced in parallel since numerical simulators can be used
to gencrate usable circuit model paramecters for the latest
process itcration without waiting for confirming silicon
runs.

NASFLOW accomplishes this by linking together process,
device, parameter extraclion, and circuit simulation
programs in a single system. For the initial investigation the
linking scquence was

SUPRA = > PISCES = > CADPET = > NASPICE

where CADPET is a parameler extraction program, and
NASPICE a circuit simulator derived from Berkeley

27th ACM/IEEE Design Automation Conference®

© 1990 |IEEE 0738-100X/90/0006/0333 $1.00

Paper 19.3
333


http://crossmark.crossref.org/dialog/?doi=10.1145%2F123186.123296&domain=pdf&date_stamp=1991-01-03

SPICE. CADPET and NASPICE are proprictary to
Nationa! Semiconductor. A key feature of the NASFL.OW
system is that it runs under the control of a shcll program
which lakes care of details such as writing the input files
and controlling the linking sequence. The system presents a
vser-friendly interface lo the user and is simple, quick, and
convenient to operate.

2. DESCRIPTION

Figure 1 shows a dectailed flow sequence for the
NASFLOW systemn. In this figure data flow is shown as a
solid arrow, control flow is shown dotted. Circles arc used
to represent programs; data files are shown as rectangles.
The main linking sequence is shown from left to right down
the center of the diagram. The NASFLOW shelf program
is shown at the top taking data from the input menu, gener-
ating the PISCES input file, and controlling the programs
SUPRA, PISCES, and CADPLT. Oplional graphics
monitors are shown along the bottom row of the diagram.
These can be used to display uscful data from the
programs and monilor the operation as needed.

Using the data from its input file, SUPRA generates a
complete two-dimensional device structure as indicated in
the monitor diagram, and shown as a more detailed exam-
ple in Figure 2 for N-channcl. This N-channel file, and the
P-channel file discussed later in this paper form the two
halves of a CMOS process. The SUPRA input file contains
a complete run description for the process. All process
steps are included, both those which affect the SUPRA
simulation directly, and others such as pholoresist process-
ing, which are included as comments. Masking limits which
define photoresist edges and arc used to position gate,
contacts, dielectric layers, implants and diffusions are
included in the input file. Although the graphics data
contains a complecte descriplion of the device including
dielectric layers, polysilicon, and mectal, only the diffusion
data in bulk silicon is transmitted to the SUPRA output file
for passing on to PISCES.

Figure 2 also shows the As drain and sourcc diffusions, the
polysilicon gate, source and drain mectal, and the ficld and
gate oxide structures for the device. Doping contours
display the doping distribution in the bulk silicon, which is
the only information transmitted when linking o PISCES.
Note the P-well junction indicated by a dotted line, and the
field doping diffusion.

Referring again to Figure 1, the NASFFLOW shell program
interprets the data from the menu, which in the inital
version was simply a file, generates an input file for PISC-
ES, and then initiales the PISCES run. PISCES, as speci-
fied in its input file, calls the two files containing the doping
distribution from SUPRA, sets up its own grid and device
structure, performs an initial sofution, and then solves for
the 1-V characleristics specified in the input file.

Figure 3 shows the device structure gencrated by PISCES
for the minimum nominal channel length of 1.6 micron,
which has an Leff as shown of 1.2 micron. The doping
distribution passed through from SUPRA is shown in the
figure; the gate, source, drain, P-well, and subsirate clec-
trodes have been re-specified in the PISCES input file and
are included.

Figurc 4 shows a vertical doping cross-section through
mid-channel of the N-channcl device generated by PISCES.
In this figure the P-well junction, and the critical surfacc
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doping at the center of the channel which dctermines device
Vith, can bhe clearly scen. There is some loss of definition in
the profile when passing from SUPRA to PISCES but the
clTect on accuracy of the overall simulation is negligible.

For P-channel MOS devices the scquence is similar.
Figure 5 shows the P-channel structure gencrated by PISC-
ES for the minimum 1.6 micron channel leagth device. In
this case the SUPRA masking limils were adjusted (o
maintain Lefl = 1.05 micron, required to match the proc-
essed wafer.

Referring once again to the NASFLOW flow sequence
diagram in Figure 1, we see that in addition to its graphics
monitor output, which can serve as a short foop check on
the accuracy of the SUPRA = > PISCES simulation with
respect to silicon, PISCES generates 1-V data in the exact
format required for input to CADPET. Scparate CADPET
files are gencerated for N and P-channel. Each file contains
1-V data for all the N or P-channel geometries being simu-
lated, which consists of various combinations of gate char-
acteristics Ids vs Vgs, and drain characteristics Ids vs Vds
with Vgs as a parameter, which are required to properly
characterize the device. Normally the IV data for
CADPET is gencrated by direct characlerization of silicon;
in this casc the data comes from PISCES.

CADPET performs a parameter extraction and optimiza-
tion on the complete data set for cither N or P-channel,
each sct including all geomectries for that device type. The
extracted parameters are sent to a NASPICE model file as
indicated in Figure 1, and are also used in CADPET’s
internal model cquations, identical 1o those in NASPICE
for the particular model used, to generate a set of drain
and gate characteristics. These CADPET generated charac-
teristics are displayed on the CADPET graphics monitor as
shown, and compared with similar characteristics from
PISCLS. This enables the user to gauge the accuracy of the
CADPET cxtraction and optimization.

As indicated in the flow sequence (see Figure 1) the
NASPICE model file provides the process-refated input to
NASPICIE, which in combination with the circuit
description in the NASPICE circuit file, provides the data
required by NASPICE to perform a circuit simulation.

3. RESULTS

As mentioned previously, 1-V characleristics displayed by
the PISCES graphics monitor, and indicated in the
NASFLOW flow sequence in Figure 1, can be used for
short loop monitoring of the SUPRA = > PISCES combi-
nation, by comparing with measured data from silicon. The
results of such a comparison are shown in Figure 6 which
consists of drain characteristics for a W/L = 37.5/1.6
micron N-channel test device. As indicated in the key, the
PISCES output is shown as a solid linc; the silicon data is
indicated as a series of black dots. Tigure 7 shows similar
results for the fonger N-channel device, W/L = 37.5/5.6
micron. Likewisc for P-channel, Figure 8 shows a drain
characteristics comparison for the short channel W/L =
37.5/1.6 micron; a similar maich was obtained for W/L =
37.5/5.6 micron. It is apparent that the drain character-
istics fit for the short loop comparison (SUPRA =>
PISCES vs silicon) is excellent in all cases.

With the SUPRA = > PISCES combination calibrated
using the short loop comparison, a correctly formatied I-V
file was sent to CADPET for paramcter extraction and



oplimization. A typical graphics monitor outpul from
CADPET is shown in Figure 9 for W/L = 37.5/1.6 micron
N-channel. The CADPET calculated characteristics, equiv-
alent 10 NASPICE generated characteristics and based on
the same model equations, are shown as a solid line and
indicated in the key as "IMOB33” (the name of the model
equations). The PISCES data is indicated as a scries of
aslerisks.

The average error for cach extraction is printed at the
bottom of each graph. For the W/L = 37.5/1.6 N-channcl
extraction plotted in Figure 9, the drain characteristic error
was 4.28%, thc gate characteristic error was 2.50%. The
largest error encountered in this sct of extractions from
PISCES data was 5.07%. In CADPET the crror is calcu-
lated as the rool-mecan-square average over cach set of
characteristics of the ratio “deviation/input”, where “devi-
ation” is the difference between “input” from PISCES and
the “output” from CADPET calculated at cach point and
taken as a percentage. Error as percent of reading is a
severe criterion for measuring quality of fit since smafl devi-
ations at the bottom of the plol will make a large contrib-
ution to the average error.

Once the CADPET extraction had becn completed for
both N-channel and P-channel, it scemed logical to close
the foop around the entire NASFLOW sequence shown in
Figure 1. That is to use the paramcters gencrated by
CADPET, and NASPICE to simulate a single MOS tran-
sistor; then compare the drain characteristics gencrated by
NASPICE with the original silicon values. The results are
shown in Figures 10 and 1l for the same minimum chan-
nel length geomelries used previously; that is W/L =
37.5/1.6 micron N-channel and P-channel. As indicated in
the key the solid lines represent NASPICE output; the
black dots represent the same silicon data shown previously
in Figures 6 and 8, and compared against PISCLS output.
The results are very good, and confirm that all four
elements of the NASFLOW scquence, SUPRA, PISCES,
CADPET, and NASPICE are functioning correctly and
accurately.

As further confirmation, a simple CMOS inverter was sct
up using individual N and P-channel test-pattern transistors
connecied together through a probe card. Obviously an
inverter fabricated in this manner will have excessive shunt-
ing capacitance, and poor AC response. However, the
intention was simply to examine DC behaviour, specifically
the transfer characteristic, and compare with results from
NASPICE. Figure 12 shows a comparison between
NASPICE and silicon for an inverter constructed with W/L
= 37.5/1.6 micron transistors for both N and P-channcl.
Again NASPICE data is shown as a solid line, silicon data
as black dots; and il is apparcnt that agreement between
the two is very good.

CONCLUSION

NASFLOW, a system linking two-dimensional simulators
for process and device to a paramcler cextraction program,
and operating under the control of a shell program which
offers a simple interface to the user, provides a powerful,
quick, and convenicnt tool for gencrating artificial parame-
ters for the circuit analysis program NASPICE. Simulated
drain and CMOS DC transfer characteristics generated as
part of an initial development using the program scquence

SUPRA = > PISCES = > CADPET = > NASPICE

showed good corrclation with silicon for both N and
P-channcl.

ACKNOWLEDGEMENTS

This project owes a greal deal to Randy Parker, Jim
Hogan, and Wayne Schwartz who have provided help and
encouragement, and above all an environment in which the
project could succeed. Special thanks go to Scolt Irving for
providing the simulation fifes and experimental data so
esscntial at the beginning of the projcct, and for valuable
help and advice throughout. Also thanks to David Yu for
the device measurements.

REFERENCES

(1] Andrzcj J. Strojwas, Stephen W. Director, "The Proc-
ess FEnginecr’'s Workbench”, IEEE Journal of Solid-
State Circuits, Vol. SC-23, No. 2, April 1988.

2] Steve G. Duvall, "An Interchange Format for Process
and Device Simulation”, IEEE Trans. CAD, Vol.
CAD-7, No. 7, pp. 741-754, July 1988.

{31 C.P. Ho, S.E. Hansen, and P.M. Fahey, "SUPREM
HI - A Program for Integrated Circuit Process Model-
ing and  Simulation”, Technical Report No.
SI'1.84-001, Stanford Electronics Laboralories, Stan-
ford University, Stanford, Calif., July 1984.

{4] D. Chin, M.R. Kump, and R.W. Dutton, "SUPRA:
Stanford University Process Analysis Program”, Stan-
ford University Laboratories, Stanford University,
Stanford, Calif., July 1981.

{s} M.R. Pinto, C.S. Rafferty, H.R. Yeager, and R.W.
Dutton, "PISCES [I: Poisson and Continuity Equation
Solver®, Stanford University Technical Report, Stan-
ford University, Stanford, Calif., Copyright 1984.

[6] M.R. Pinto, C.S. Rafferty, ILR. Yeager, and R.W.
Dutton, "PISCES 1IB Supplementary Report”, Stan-
ford University Technical Report, Stanford University,
Stanford, Calif., Copyright 1985.

{71 S. Sciberherr, A. Schutz, H. Potzl, "MINIMOS - A
Two-Dimensional Transistor Analyzer”, [EEE ED-27,
pp. 1770-1780, (1980)

i8] A. Schutz, S. Selberherr, 1. Potzl, "A Numerical
Modecl of the Avalanche Effect in MOS-Transistors”,
Solid-State Electronics 25, pp. 177-183, (1982)

191 W. Hansch, S. Sclberherr, "MINIMOS 3: A MOSFET
Simulator that Includes [Energy Balance”, IEEE
ED-34, pp. 1074-1078, (1987)

Paper 19.3
335



1.6 MICRON N-CHANNEL - CRTE 1MPURI Y PHOF ILE
2 y

an
nasmcs

T TR TR

I BRI " a X3 N7 2704 1.4
®190mace anicaons:

Figure 1  Flow dtagram for complete NASPFLOW Figure 4  Doping cross-section at center of N-channel
system. device afler simulation by PISCES.
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Figure 2 N-channecl device cross-section gencraled by Iigure 5 P-channel device cross-section generated by
SUPRA. PISCES for minimum 1.6 micron channel

length device. Leff’ = 1.05 micron.
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Figure 7 Drain characteristics generated by PISCES for
W/L = 37.5/5.6 micron N-channel device,
showing comparison with silicon.
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Figure 8  Drain characteristics gencrated by PISCES for

minimum channel length P-channel device,
W/L = 37.5/1.6 micron, showing comparison
with silicon.
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NASPICE generated output for single N-chan-
ncl transistor (W/L = 37.5/1.6 micron) show-
ing comparison with silicon.

P-CHANNEL W=2375 L=16

o3
NASPICE .
SUCON ¢ -
® .
.
)
.
3
L]
L]
2

SO NNe 100en 10068 72.000 9,088 1,000 1 908 . 4tv <. 400 5,008

Vos

NASPICE generated output for single P-chan-
nel transistor (W/L = 37.5/1.6 micron) show-
ing comparison with silicon.
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for CMOS inverter made by combining W/L
= 37.5/1.6 micron N and P-channel devices,
showing comparison with silicon.
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