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Abstract

Integration of technology-based design systems is strongly needed for the
manufacturing of very-large-scale integrated circuits. The computer-aided de-
sign program PARGEN which provides accurate and efficient interface be-
tween the device simulator PISCES-IIB and the circuit simulator SPICE-3Cl1
in the technology-based design system is described. Algorithms to calculate
parameter values for the built-in MOSFET and MESFET models have been
developed and incorporated into this interface program. Only six device simu-
lation results are required to extract a complete set of the popular Level-2
MOSFET model parameters and four device simulation results are needed for
the MESFET model in the circuit simulator. This interface program, together
with the process simulator, device simulator, and circuit simulator, form an in-
tegrated simulation environment for computer-integrated manufacturing of mi-
croelectronic chips. Such an integrated simulation environment greatly facili-
tates the designers to examine just how a microscopic fabrication variable,
such as the implantation dose, affects final device and circuit performance and
product yield. A methodology for efficient circuit modeling and simulation in
the integrated simulation environment is also described. A subset of circuit-
level sensitive parameters which have large effects on simulated transistor
output characteristics is used in this methodology. The sensitive model pa-
rameters are identified through a sensitivity analysis. This methodology has
been applied to the temperature dependence modeling of the BSIM (Berkeley
short-channel IGFET model) for MOS transistors in the circuit simulators.
Updating of model parameter values for the sensitive parameter subset is per-
formed prior to circuit simulation at each given temperature. For a 1.2-um
CMOS fabrication process, the sensitive parameter subset for temperature



effects consists of only eight out of the sixty-seven BSIM parameters. Circuit

simulation results using this sensitive model parameter subset approach
agree with experimental data on transistor output characteristics, inverter
transfer characteristics, and oscillation frequency of a 31-stage ring oscillator.



Chapter 1

Introduction

Rapid advances in very-large-scale-integration (VLSI) technology have
resulted in the reduction of minimum feature sizes from several microns to sub-
microns over the past fifteen years. By the year 2000, the feature size can be

reduced to 0.15 um in an advanced CMOS process and a density of 10® tran-
sistors per chip can be achieved for memory devices [1.1]. With such a high
level of integration, a complete electronic system can be fabricated onto a sin-
gle chip. To successfully design complex VLSI circuits, extensive use of com-
puter-aided design (CAD) tools is a necessity. The CAD tools are invaluable
in integrated circuit designs.

Figure 1-1 shows a hierarchical method for VLSI design. The behavioral
description of the system is transformed into an integrated circuit following
several synthesis stages: high level synthesis, structural synthesis, physical
design, and process design. An analysis step is performed after each synthe-
sis stage to verify that the new description is functionally equivalent to the
more abstract input description. If these descriptions do not match, changes
are made in previous descriptions by following the appropriate feedback path
to any of the earlier synthesis stages. In the design sequence, computer simu-
lators are used for the process, device, circuit, logic, and behavioral simula-
tions. Layout, placement, and routing tools are used to aid the physical design
of VLSI circuits. These CAD tools play a critical role in the successful de-
signs of VLSI systems.
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3
The rapid rate of change in process technologies also mandates extensive

uses of CAD tools for new technology development. The development of new
technology traditionally has been guided by the experimental approach. Start-
ing with an existing process, critical steps are modified and this modified pro-
cess is realized by fabricating several lots. Finished test structures are then
evaluated carefully to examine whether the design goals are achieved. This
trial-and-error procedure requires many iterations to optimize a new process.
However, with proper simulation programs, the development time and cost can
be greatly reduced. As shown in Figure 1-2, the process design can be veri-
fied through computer simulations and adequate modifications to the process
design can be made to obtain the desired design.

One key issue in the integrated-circuit fabrication is the yield and perfor-
mance of VLSI circuits. Increasing emphasis on the yield and performance of
VLSI design has driven the semiconductor industry toward automation of man-
ufacturing facilities to fabricate complex integrated circuits with minimum fea-
ture sizes in the submicron range. An important concern in the complete auto-
mation of semiconductor manufacturing environment involves the integration of
CAD tools to provide quick simulation so that the product yield can be opti-
mized prior to fabrication. The integration of CAD tools requires the coupling
between process, device, and circuit simulators.

The particular interest of this dissertation is the integration of technology-
based design systems for VLSI circuits. One contribution of this work is the
development of an efficient approach to coupling the device and circuit simula-
tors. Different approaches have been developed to link the device and circuit
simulators by other researchers [1.2-1.5]. However, their approaches require
hundreds of device simulation runs and the computational cost is very high. In
our approach, only several device simulation runs are required to accomplish
the integration task using the newly developed computer-aided design pro-
gram. The incorporation of this interface program into the simulation environ-
ment makes possible the efficient integration of process, device, and circuit
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simulators. The integrated simulation environment is of fundamental impor-

tance for the technology development and product yield optimization in comput-
er-integrated manufacturing (CIM) systems for VLSI circuits.

The other contribution of this dissertation is the development of a new
methodology for the technology-based design environment. As statistical pro-
cess variations have more significant effects on VLSI device characteristics, a
great number of device and circuit simulations have to be performed in the de-
vice and circuit designs. However, since the parameters of MOS transistor
model do not have uniform influence on the device output characteristics, a set
of sensitive circuit-level model parameters which have large effects on the
transistor output characteristics can be identified for efficient circuit modeling
and simulation. The use of sensitive model parameters facilitates VLSI circuit
designs in the technology-based design environment.

In Chapter 2, the computer-integrated manufacturing systems and technol-
ogy CAD tools are discussed. The need for the integration of technology CAD
tools are discussed in Chapter 3. The interface program for the new approach
is described and its applications are presented in Chapter 4. In Chapter 5, a
new methodology using sensitive parameters is presented for efficient model-
ing in the technology-based design environment. The application of this new
methodology to the temperature dependence modeling of SPICE Level-4 MOS
transistor model parameters is described in Chapter 6. Chapter 7 concludes

this work and suggests the future work along this research direction.



Chapter 2

Computer-Integrated Manufacturing
Systems for VLSI Circuits

Fabrication of VLSI circuits is a very complicated manufacturing process.
Hundreds of processing steps, such as oxidation, ion implantation, etch, lithog-
raphy etc., are involved in the fabrication of VLSI circuits. The process sched-
ule must be tested before it can be applied to real fabrication lines. Adequate
control on the equipment for processing is needed to accomplish the desired
processing steps. In-process measurements are to be made to monitor the
process flow. Large amount of data is collected and analyzed so that feedback
can be provided for the process and equipment control. The data storage, data
analysis, and information exchange between different pieces of equipment are
complicated tasks in the fabrication. The increasing sensitivity of circuit per-
formance to inherent process variations due to decreasing device sizes also re-
quires better process and equipment control to guarantee a high product yield
and good performance of VLSI circuits.

Advanced computer-integrated manufacturing (CIM) systems are crucial
in the reliable production of standard and application-specific VLSI circuits and
systems. In CIM systems, information management, process and equipment
control, testing and measurement, and design verification are all accomplished
through the use of computers. Computers not only maintain control and im-

prove productivity, but also make automation of manufacturing process possi-
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ble. The complete automation of a semiconductor manufacturing facility in-

volves the integration of design, wafer fabrication, assembly, and test with
management information systems. Computer simulations play a vital role in
the integration of design for CIM systems. A VLSI simulator for the manufac-
turing environment enables the prediction of device, circuit, and yield behavior
of a complex VLSI process based on the specification of a process, the charac-
teristics of the fabrication equipment and laboratory environment, and a de-
scription of the geometric pattern information. There is a strong need for the
development of efficient and accurate computer simulation tools in manufactur-
ing environment so that a designer may compare simulated results to mea-
sured data on a real-time basis.

Technology CAD tools have been widely used for VLSI technology devel-
opment and integrated circuit design over the past two decades. These tools
offer a predictive capability and they can be used to evaluate processing op-
tions and performance prior to fabrication. For a particular technology, process
and device simulation tools can be used to optimize product yields and track
variations in production, and circuit simulation tools are used for circuit analy-
sis. These tools prove to be useful for systematic determination of the worst-
case and best-case model parameters and they provide a means of under-
standing the underlying causes for observed variations and problems in the

fabrication process and which parameters should be monitored and adjusted.

2.1. Process-Level CAD Tools

A VLSI fabrication process consists of hundreds of steps. Process level
CAD tools are used to deal with all aspects of VLSI fabrication. Given a de-
scription of the processing steps and layout geometry, the process simulator
determines the details of the resulting device structure, including the bound-
aries of the different material layers of the structure and the distribution of dop-

ing impurities within these layers.
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The analysis capability of process-level CAD tools can be used for several

purposes, including the evaluation of process models, the determination of
physical coefficients and the calculation of electrical parameters. The capabili-
ty of calculating electrical parameters allows a process designer to relate a
process sequence to the electrical performance of devices fabricated using this
process. This capability can provide the basis for optimizing the performance
of individual devices and ultimately the circuits incorporating these devices.

2.1.1. Process Modeling

Integrated-circuit processing steps can be classified into three categories:
thermal processing and doping, pattern definition, and pattern transfer. The
thermal processing and doping steps include ion implantation, oxidation, epi-
taxial growth, and annealing. Various etching processes, such as wet chemi-
cal etching, plasma etching, and reactive ion etching, and deposition process-
es, such as CVD and evaporation, are classified as pattern definition. Pattern
transfer processing includes optical, x-ray, electron-beam, and ion-beam li-
thography methods.

Process simulation involves the solution of physical equations for the pro-
cessing steps needed to fabricate complete device structures. Modeling of the
diffusion process is given here as an example. The problem of calculating the
impurity profiles in semiconductor devices is that of the transport and redistri-
bution of charged particles in the semiconductor crystal lattice. The processing
steps that introduce and redistribute the impurities in selected regions alter
the boundaries of the material layers in the device. The problem of calculating
the change in these boundaries is that of keeping track of various material lay-
ers and their deformations due to the processing steps to which they are sub-
jected.

Let (x,y,t) be the set of two spatial variables and time. Figure 2-1 shows
a sample simulation region where x is the coordinate along the depth direction
and y is the coordinate along a lateral direction. Two different material layers



el mask

/,
7,

2
&

72z

x=B (y, 1)

silicon

Figure 2-1 A selective region for process modeling
and simulation.



10
(oxide and nitride) are depicted on top of the silicon substrate. The nitride lay-

er forms a mask which blocks impurities and retards oxidation locally under

the mask. The silicon-oxide interface is defined by x=B(y,t) and the top sur-

face of the oxide is defined by x=T(y,t). Assume that there are m impurities

present in the silicon. The continuity equation governs the transport of the ith
impurity,

1 .
-aT =div] i
=V(D,;VC;+Z;,; N;E) 2.1)

where C;=C,(x , y) and J; are the concentration and the flux of the ith impurity,

respectively, D; is the concentration-dependent diffusion coefficient, Z, and y;
are the charge state and the mobility of the impurity, respectively, N; is the

electrically active concentration, and E is the electric field.

2.1.2. Simulation Tools

The use of computer programs to calculate the impurity profile in semicon-
ductor devices has become a routine part of IC device design and process de-
velopment since the availability of SUPREM ([2.1-2.4] from Stanford Universi-
ty. Beginning with SUPREM-I and proceeding to SUPREM-II, each version
has drawn from the models and physical understanding of fabrication process-
es then available.

The third generation SUPREM-III substantially upgrades the simulation
capability. New and more accurate models for oxidation, diffusion, epitaxy,
and ion implantation are included. Types of processing steps simulated by SU-
PREM-III include inert ambient drive in, oxidation of silicon and silicon-ni-
tride, ion implantation, epitaxial growth of silicon, and low temperature deposi-
tion or etching of various materials. SUPREM-III simulates in one dimension

the changes in a semiconductor structure as a result of the various processing
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steps. The primary results of interest are the thickness of the structure and

the distribution of impurities within those layers. The program also deter-
mines certain material properties such as polysilicon grain size and the sheet
resistivity of diffused regions in silicon layers.

SUPREM-], -II, and -III are essentially simulators which emphasize one-
dimensional (1D) physical kinetic models. The new SUPREM-IV incorpo-
rates oxidation, ion implantation, and diffusion models in two-dimensional
(2D) format. SUPREM-3.5 [2.5] was recently developed to simulate process-
es used to manufacture ion implanted GaAs devices. The process models in
SUPREM-3.5 include ion implantation, diffusion, and activation.

SUPRA [2.6] is a two-dimensional process simulator which uses approxi-
mations in many cases to keep execution times low. It is therefore more diffi-
cult to obtain quantitative results with SUPRA than with SUPREM. It is
used, however, for modeling structures that can not be treated with SUPREM
and when only qualitative results are required.

BICEPS [2.7] is a comprehensive two-dimensional process simulation pro-
gram developed at AT&T Bell Laboratories. BICEPS can accommodate the
various processing steps of ion implantation, predeposition, oxidation, and epi-
taxy in one or two spatial dimensions as well as etching and deposition of ox-
ide, nitride, photoresist, and polysilicon. One unique feature of BICEPS is that
the boundary variations of the material layers of the device structure are calcu-
lated along with the impurity profiles in a consistent manner.

The simulation of optical lithography was pioneered by the SAMPLE pro-
gram [2.8,2.9] at the University of California, Berkeley. Simulation has been
particularly successfully in the development of proximity effect cormrection tech-
nique in electron-beam lithography. The simulation of etching and deposition
is probably the least developed area in IC process simulation due to the com-
plexity of the chemistry and physics of a variety of continually evolving tech-
niques. The SAMPLE program models some of these steps based on empiri-

cal functions.
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2.2. Device-Level CAD Tools

Numerical device simulators are extensively used to study device electrical
phenomena which can not be easily formulated by analytical expressions.
The simulation results provide a lot of insight into the underlying physics of
the device operations. For MOS transistors, two-dimensional effects, such
as short-channel and narrow-width effects, are significant as the device sizes
scale down. Detailed and accurate analysis of these effects require 2D simula-
tions to help understand the device physics of small-geometry transistors.
CMOS latchup phenomena, hot carrier effects, and bipolar effects such as
base-width modulation and base pushout, are often characterized using 2D
simulators.

A device simulator is quite useful in the VLSI device development. Vari-
ous device design options can be simulated and the design with the desired
electrical characteristics is selected from these options. The process simula-
tion and device simulation can be linked to allow process parameters and lay-

out to be tailored to optimize device performance.

2.2.1. Semiconductor Equations

Device simulations involve the solution of a system of semiconductor equa-
tions over a spatial grid. Basically, there are three fundamental equations in-
volved in the device simulation: Poisson’s equation and continuity equations
for electrons and holes. The Poisson's equation relates the electrostatic po-
tential to the total charge density in the semiconductor,

y=- ep_ . (2.2)
s

The electric field is the gradient of the electrostatic potential,

E=-Vy. 2.3)

The total charge density is expressed as
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p=q(p-n+N) 24)

where N=ND+ - N, is the elecrrically active net impurity concentration, and

p and n are the electron and hole carrier concentrations, respectively.

Jn=qpnnE+anVn. (2.5)
Jp=qpan-quVp 2.6)

where |1, and pp are electron and hole mobilities, respectively, and D, and Dp

are electron and hole diffusivities, respectively. The carrier densities are relat-

ed to the electrostatic potential by the Boltzmann approximation,

n= ni exp[ M} . 2.7)
G — W
P=P; eXP[WF—w] (2.8)

kT

where n; is the intrinsic carrier concentration and O is the Fermi potential in
equilibrium. Under nonequilibrium condition, the carrier concentrations can be

expressed using quasi-Fermi potential ¢n and ¢p as

n=n; expl 1(“%3'1)-1 . 29)
R ) @10

The current continuity equations for electrons and holes are given by

on__1 gy +G-R 2.11
9 __Lly; +G-R. (2.12)
; g Vip+G-R

The term G incorporates generation phenomena, such as impact ionization or
radiation-induced carrier generation and the term R includes Shockley-Read-
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Hall and Auger recombination processes.

Two techniques are used to solve the coupled set of equations (2.2), (2.11)
and (2.12): Newton’s method and Gummel’s method. The Newton’s direct
method applies to the three equations (2.2), (2.11), and (2.12) coupled over all
space. The Gummel’s iterative method applies sequentially to the individual
equations. The flowcharts of these two methods are shown in Figures 2-2
and 2-3, respectively. The Gummel’s method has major storage advantages
and superior execution speeds for bias levels where the equations are not
guaranteed. In contrast, the direct solution of the coupled equations using the
Newton’s method results in more costly solutions at lower biases but guaran-

tees convergence at high bias levels.

2.2.2. Simulation Tools

PISCES-1I [2.10] is a two-dimensional semiconductor device modeling pro-
gram which simulates the electrical behavior of devices under steady-state or
transient conditions. PISCES-II can analyze physical structures with com-
pletely arbitrary geometries (nonplanar as well as planar) with general doping
profiles. A wide variety of materials and physical models are incorporated.

The device simulator MINIMOS [2.11] was developed at the University of
Vienna, Austria. It can be operated in a hierarchy of levels. MINIMOS’s ma-
jor advantages are its speed and user friendliness. It is however limited to

modeling conventional MOS structures.

2.3. Circuit-Level CAD Tools

Integrated circuit design is a complex task as the level of integration in-
creases. Circuit simulation programs are important computer-aided design
tools for the analysis of the electrical performance of integrated circuits. Cir-
cuit designers can verify their new designs simply by computer simulations
and they can modify their designs until the specifications of the circuit perfor-
mance is achieved. Circuit simulation programs can perform a variety of anal-
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yses, including dc, ac, and time-domain transient analyses of circuits contain-
ing a wide range of nonlinear active circuits.

2.3.1. Equation Formulation

Computer simulation of an electronic circuit involves the numerical analysis
of mathematical models of the circuit. The circuit is modeled as an interconnec-
tion of branches. Each circuit element is associated with a branch and is mod-
eled in mathematical expressions. Each branch is connected between two
nodes and characterized by a branch-constituent relation. There are two
types of branches: current-defined branch and voltage-defined branch. A
branch is current-defined if the branch current is defined in terms of circuit pa-
rameters and circuit variables,

I, =f(x) (2.13)

where x is the vector of branch voltages and branch currents. In a voltage-de-
fined branch, the branch voltage is defined in terms of circuit parameters and

circuit variables,
Vb =f(x) (2.14)

where x is the vector of branch voltages and branch currents. Examples of cur-
rent-defined branches include independent and controlled current-sources, ca-
pacitors, and most branches embedded in semiconductor device models. Exam-
ples of voltage-defined branches include independent and controlled voltage
sources, inductors, and transmission lines. The resistor is an element which
can be modeled either as a voltage-defined branch or as a current-defined
branch.

In general, branch-constituent relations are nonlinear, time-dependent, and
may involve the time derivative operation. Therefore, the determination of
node voltages and branch currents of a circuit generally involve solving a sys-

tem of nonlinear, time-dependent differential equations of the form,
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G(x)=0 (2.15)

where x is the vector of unknown circuit variables.

2.3.2, Simulation Tools

The SPICE program [2.12,2.13] is the most widely used circuit simulation
program for IC design. A lot of circuit simulation programs used in the IC in-
dustry and universities are variations of the SPICE program. SPICE is a gen-
eral-purpose circuit simulation program for nonlinear dc, nonlinear transient,
and linear ac analyses. A circuit may contain resistors, capacitors, inductors,
mutual inductors, independent voltage and current sources, four types of de-
pendent sources, transmission lines, switches, and five most common semi-
conductor devices: diodes, BJT’s, MESFET’s, JFET’s, and MOSFET’s.
SPICE has built-in models for the semiconductor devices, and the users need

to specify only the pertinent model parameter values.

2.4. Equipment Modeling

One new class of CAD tools for manufacturing requires fabrication equip-
ment modeling. The equipment models are used to predict the performance of
the factory, such as performance and throughput. Some work has been done
on reactive ion etching, rapid thermal processing, and sputtering. Research in
several universities is being conducted on the physical understanding of the
equipment dynamics. More work on equipment and process modeling and
characterization will lead to improved fundamental understanding, better capa-
bility for closed-loop process control, and improved equipment design.



19

Chapter 3

Integration of Technology CAD Tools

Integrated-circuit technology has progressed with a rapid pace over the
past two decades. In the VLSI era, device feature sizes are scaled down to

the submicron range and IC chips with component counts more than 107 have
been in large-volume production. With increasing integration level and com-
plexity of VLSI circuits, the development time and cost for a new VLSI tech-
nology tend to increase enormously. The huge manpower and cost spent on
the process development for standard circuits are compensated by the large
profits earned from high-volume production. Recently, application-specific in-
tegrated circuits (ASICs) have emerged as a very important type of IC prod-
ucts in the market [3.1]. It is essential for IC manufacturing companies to
adopt new strategies for process development in order to remain highly com-
petitive in this new market.

ASIC designs have several special features. First, very limited manpower
and resources are to be allocated to each product. Second, tight delivery
schedules usually demand a highly efficient design methodology to shorten the
process and circuit development time. Third, circuit performance and product
yield must meet the high standard demanded. These special features imply
the heavy usage of computer-aided design (CAD) tools, careful tuning of the
fabrication process, and the improvement of the device structure. The statisti-

cal nature of microelectronic fabrication is particularly important in VLSI de-
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sign. Large statistical fluctuations in the performance of VLSI circuits will se-

verely cause product yield loss. A good design practice is to employ circuit
techniques to reduce the sensitivity of the final product to such variations, as
well as to feedback pertinent information to process and device engineers for
process optimization.

3.1. The Need

Model parameters are used in SPICE circuit simulation. Conventionally,
model parameters are obtained from measurement of fabricated test devices.
Figure 3-1 shows the flowchart of a conventional IC design approach. A pro-
cess schedule specifies the wafer processing sequence and detailed operation
information for each fabrication step, such as the oxidation temperature and
time, implantation species and doses, and etching conditions. Once the fabri-
cation steps are completed, electrical measurements can be performed on test
devices to obtain transistor dc and capacitance characteristics. General pa-
rameter extraction software, such as TECAP [3.2,3.3], SUXES [3.4], and a
dedicated extraction program, such as BSIM_Extract [3.5,3.6], can be used to
extract the model parameters. These model parameters are employed in
SPICE simulation to investigate circuit large-signal transient, or small-signal
ac performance.

Simulation tools for the discrete design task have been available. At the
process design level, process simulators SUPREM/SUPRA are capable of sim-
ulating fabrication steps such as oxidation, ion implantation, etch and diffu-
sion. The lithography simulator SAMPLE provides information regarding pho-
to-lithography results. At the device design level, the device simulator PI-
SCES solves Poisson’s equation and current continuity equations to provide
detailed internal information of a device and the terminal current characteris-
tics. The device simulator MINIMOS-3 [3.7] also takes into account energy
balance inside the device.

At present, integration of technology-CAD tools is highly needed. Such in-
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tegration can relieve the designer from the cumbersome task of interpreting

the outputs of one program and translating them into the proper input format
for another program. The combined process and device simulation program
FABRICS-II [3.8,3.9] represents one of such efforts. It is organized into two
parts: FAB-1 and FAB-2. FAB-1 performs process simulation. A library of
analytical models of manufacturing operations, as well as libraries of functions
that simulate impurity profiles are used to speed up the simulation execution
time. The results of FAB-1 are transferred to FAB-2, which performs device
simulation. The current version of FABRICS-II provides key parameters for
the SPICE Level-1 model.

Since SUPREM, PISCES, and SPICE have been widely used, it is essential
to integrate these simulation tools. The output format of SUPREM is already
compatible to the input format of PISCES. The link between PISCES and
SPICE is yet to be established. Due to the mismatch between the device sim-
ulator output format and the circuit simulator input format, no circuit simulation
can be directly performed based on the device simulation results in a simple

and efficient way.

3.2. Integration Techniques for Device-to-Circuit Simulation

Several approaches may prove useful to couple a device simulator and a cir-
cuit simulator: table look-up method, conventional parameter extraction meth-
od, mixed-mode simulation method, and smart link method.

3.2.1. Table Look-Up Method

In this method, the I-V data are generated by a device simulator and are
then used to set up three-dimensional tables. Interpolation techniques are
used to obtain I-V characteristics at different bias conditions. In the table
look-up method, the number of device sizes is known and small, and character-
istic curves of some form are available for a wide sampling of the devices of in-
terest. For a given set of bias points and device geometry, the table is
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checked to determine if such a point has been previously measured or simulat-

ed. If not, interpolation is used between known points to generate the new
value. The accuracy of this method can be quite good if enough data exist on
which the interpolation is based. However, extrapolation can be a problem. In
moving outside the known range, new physical effects may dominate that have
not been adequately captured by the data base in use. After the initial accu-
mulation of data, this method is reasonably fast, but has large data storage re-
quirements.

3.2.2. Conventional Parameter Extraction Method

This method also requires a device simulator to generate I-V data. These
data are used by model parameter extraction program, such as TECAP or
SUXES, to obtain model parameter values. In a parameter extraction program,
the parameter values are obtained by optimizing an objective function which
can be expressed as

n I..-1_ .
Er=/\/ : ¥ (——m )2 3.1)
n oo Ini

where n is the number of data points, I is the calculated value, and L, is the

measured data. The expression can be modified to serve different purposes,
such as for optimizing only current characteristics or for optimizing both cur-
rent and output conductance characteristics. Various optimizing methods,
such as steep-descent method, quasi-Newton method, and Levenberg-Mar-
quardt method, can be used for parameter extraction purposes.

3.2.3. Mixed-Mode Simulation Method

In this method, the device simulation capability is embedded into a circuit
sithulator or vice versa. For critical devices which need detailed analyses in a
circuit, numerical device simulations are performed to obtain device character-
istcs. Otherwise, analytical device models incorporated in a circuit simulator
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are used to calculate the device characteristics.

The program CODECS [1.5] is a mixed-level circuit and device simulator
which provides a direct link between technology parameters and circuit perfor-
mance. Detailed and accurate analyses of semiconductor circuits are possible
by use of numerical models for critical devices. This program provides a gener-
al framework for mixed-level circuit and device simulation and supports a wide
variety of analysis capabilities and numerical models. It has been used in the
simulation of high-level injection effects in BICMOS driver circuits, non-quasi-
static MOS operation, switch-induced error in MOS switched-capacitor cir-
cuits, and inductive turn off of p-i-n rectifiers.

3.2.4. Smart Link Method

The detailed device simulation results are directly used to calculate model
parameter values for circuit simulation in the smart link method [3.10].

The table look-up method and the conventional parameter extraction meth-
od suffer from computational inefficiency since hundreds of device simulation
runs are needed. The mixed-mode simulation method needs much more com-
putational time than the table look-up method and the conventional parameter
extraction method when the number of circuit components is large. The smart
link method can efficiently and effectively accomplish the vertical integration

for computer-integrated manufacturing systems.
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Chapter 4

PARGEN: An Interface Program for
PISCES-II and SPICE-3

A new computer-aided design program PARGEN (PARameter GENera-
tion) was developed to accomplish the integration task in the smart link meth-
od. This program links a widely used device simulator, PISCES-IIB, and a cir-
cuit simulator, SPICE-3C1. Circuit-level model parameter values are generat-
ed by PARGEN from the internal device information provided by PISCES.
These parameters are compatible with the transistor models implemented in
SPICE. This interface program, together with SUPREM, PISCES, and SPICE,
form an integrated simulation environment for VLSI technology development
[4.1].

4.1. PARGEN

Figure 4-1 shows an integrated simulation environment with PARGEN
serving as an efficient interface between PISCES and SPICE. The salient fea-
tures of PARGEN are:

o strong device-physics basis,

¢ high computational efficiency,

e generation of the Level-2 MOSFET model parameters (4.2], and
e preliminary GaAs MESFET parameter generation.



- 26
. sdea',::g'a"sitey »@cess sched@

r - —_
| Equipment
I(SUP REM |+ modeling I process level
_== r— - — 34
" NNIVOS |
it ,--—-l————l
s , FABRICS-I T— _
temperature
4 PISCES ——=- device level
:eedback parameter
nformation m —
for process generation
optimization
/ RELY ]

SPICE-3 |—--- circuit level
{} - \

fresh circuit circuit reliablllt)

performance performance

Figure 4-1 Integrated simulation environment which allows a
designer to examine how a microscopic fabrication

variable affects final circuit performance and product
yield. PARGEN Is the interface between PISCES and
SPICE.



27
The PARGEN program consists of two major modules: MOSGEN

(MOSFET parameter GENerator) and MESGEN (MESFET parameter GEN-
erator). The MOSGEN module produces parameters for the SPICE built-in
Level-2 MOSFET model. The MESGEN module generates parameter values
for the SPICE built-in MESFET model {4.3]. The model parameters generat-
ed by PARGEN are completely compatible with the transistor models imple-
mented in SPICE.

Figure 4-2 shows the organization of the PARGEN program. It is parti-
tioned into three major parts:
® preprocessing,
¢ parameter calculation, and
® postprocessing.
The preprocessing part of PARGEN handles data read-in from PISCES output
files. Two key tasks are accomplished in the parameter calculation part: the
generation of linear-region parameters, the generation of saturation-region pa-
rameters. The postprocessing part of PARGEN prepares the model parame-
ters a format for SPICE simulation. The PARGEN program is written in FOR-
TRAN and contains about 1100 lines. It can be ported to various computer

systems.

4.1.1. MOSGEN
PISCES runs at several bias conditions are required to provide adequate in-
formation. For the generation of SPICE Level-2 model parameter values, six
bias conditions are sufficient, as listed in Table 4-1. If a p-channel transistor
is used, polarities of the biasing voltages have to be changed accordingly. The
algorithm can be described as
for i=1 to 6 do
run PISCES at bias condition i;

while there are parameter values to be generated do
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Table 4-1 Biasing conditions for PISCES runs to be
used by MOSGEN.
( An N-channel MOSFET is assumed. )

m Vos W | Vo 0 | Vg @
1 0 0 0
2 0.6 0 0
3 15 0 0
4 3.0 0 0
5 15 0 -4.0
6 1.5 5.0 0
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begin
call prepro;
call parcal,.
call postpro;
end
end
The procedure prepro of MOSGEN handles data read-in from PISCES output
files. Two key tasks are accomplished in the procedure parcal: the generation
of linear-region parameters and the generation of saturation-region parame-
ters. The procedure postpro prepares the model parameters into a SPICE-com-
patible format. Figure 4-3 illustrates the flowchart of MOSGEN for the gener-
ation of Level-2 model parameter values.

The useful information from PISCES includes carrier distribution, impurity
distribution, internal electric field, electrostatic potential, mobility, and internal
current distribution. PISCES results from condition 1, in which the gate, drain,
source, and substrate are at zero potential, are used to determine basic model
parameters. These basic model parameters include the bias-independent pa-
rameters, such as lateral diffusion (L)) and metallurgical junction depth Xy,

and parameters under equilibrium condition, such as the bulk junction potential
(Pg). The results from condition 2 are used to determine the subthreshold pa-

rameter (NFS). The carrier concentration obtained from condition 3 is used to
generate the zero-bias threshold voltage (V). The algorithm to generate
VTO is described in detail in Section 4.2.1. From the carrier distribution and

impurity distribution in condition 3, the total-channel-charge coefficient
(NEgp) can be obtained. Here, the transistor Vpq is assumed to be greater

than 0.6 V and less than 1.5 V. If the transistor VTO is outside the above

range, then the gate biasing voltages in condition 2 and 3 have to be modified
accordingly.
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In condition 4, a large gate bias is applied to obtain the information on mo-

bility under high vertical field, and the results combined with those from condi-
tion 2, in which the vertical field is low, are used to generate mobility-related
parameters, such as the mobility-degradation coefficient (UCRIT) and the crit-

ical field exponent (Ugxp) for the Level-2 model. The body-effect coefficient
(GapmMA) is extracted from the carmier diswributions under two substrate bi-

ases (condition 3 and conditon 5).

The channel-length modulation coefficient (L AMBDA’ is related to the

amount of channel length reduction when the wansistor is biased in the satura-
tion region. In condition 6, a high drain voltage is applied to facilitate the de-
termination of parameter L \\qgpA- In addition, the static feedback coeffi-
cient (Ex,) is obtained by comparing the threshold voltages determined from

condition 3 and condition 6.

4.1.2. MESGEN
The model equation for MESFET drain current in SPICE-3 is given by
B(Vgs - V1o’

v
Ipg = e PSP la+av
DS ™1+ B(Vgs - V10) [0 3 Ja+avpg

3
— 4.1)
for0 < VDS < -

B(Vgs - V1o

3
Ing = (1+AVpe) for Vpyo >— 4.2)
DS "1 +B(Vgs - V10 DS DS~ a

where Vrq is the pinch-off voltage, B is the wansconductance parameter, B is

the doping tail extending parameter, & is the saturation voltage parameter,
and A is the channel-length modulation parameter.

PISCES simulations at four bias conditions are required to provide the mod-
eling information. The required bias conditions are listed in Table 4-2. The al-
gorithm can be described as



Table 4-2 Biasing conditions for PISCES

runs to be used by MESGEN.
m Vas M | v w)
1 0 0
2 0.5 0.5
3 -1 1
4 -1 2

33
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fori=1t04do

run PISCES at bias condition i;
while there are parameter values to be generated do
begin
call prepro;
call parcal,
call postpro;
end
end
The procedure prepro of MESGEN handles data read-in from PISCES output
files. The PISCES simulation results are used by procedure parcal to calculate
the parameters. The procedure postpro prepares the model parameters into a
SPICE-compatible format.

In the zero-bias condition, PISCES solves the Poisson’s equation to ob-
tain the initial information of the transistor. The results are used to calculate
the gate junction built-in potential, channel pinch-off voltage, doping tail ex-
tending parameter and transconductance parameter. The doping edge under
the gate is defined in which the mobile carrier density is less than 10% of dop-
ing concentration. The built-in voltage is obtained by taking the spatial aver-
age of surface potential at the depletion edge.

The PISCES results under the bias condition 2 and 3 are used to generate
the parameter for channel-length modulation effect. For GaAs MESFET's,
current saturation occurs when the electrons in the channel reach a saturated
velocity. At this stage, the channel under the gate can be divided into two re-
gions as shown in Figure 4-4. In region I, electrons are transported with con-
stant mobility between the source end of the gate and the velocity saturation
point. In region II, electrons travel at their saturated velocity. At high drain
bias, the velocity saturation point moves toward the source side, and the elec-
tric field near the drain end of the gate increases to accommodate the drain-to-

source potential. In order to satisfy Gauss’ law and current continuity equa-
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tions in the channel, the increase of longitudinal electric field must be accompa-

nied by a reduction in the channel height and by carrier accumulation beyond
the charge-neutral region. The channel length modulation parameter A is ob-
tained by comparing the current density from conditions 2 and 3.

In condition 4, a drain bias is applied to obtain the information on the distri-
bution of current density. The results combined with those from condition 1, 2,

and 3 are used to generate the saturation voltage parameter cr.
4.2. Parameter Calculation

4.2.1. MOSFET Parameter Calculation

Accurate and efficient algorithms to generate the various model parameters
have been developed. '
(A) Zero-Bias Threshold Voltage

The inversion charge can be found by integrating the mobile carrier density
over the channel region [4.4],

(Y
on=-aW 2] nxyy ax gy @3

Here n(x,y) is the mobile carrier density. The integration limits Xp Xy Yo and
Yq define the boundaries of the two-dimensional area of the channel region.

This area is bounded by the source diffusion edge and the drain diffusion edge
in the horizontal direction and by the oxide-silicon interface and the boundary
where the mid-band energy level (E;) equals to the Fermi level (Ep) in the

vertical direction, which is shown in Figure 4-5. The integration can be ap-
proximated by numerical summation with fine-enough grids in the device simu-
lation,

QN =-q9WZ I n(xy) Ax; ij (4.4)
ji
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where n(xi . yj) is the effective carrier concentration in the differential area

When an MOS transistor is biased in the strong-inversion region, the rela-
tionship among the channel inversion charge Qv - the gate voltage V5, and

the threshold voltage Vo is [4.5]

Qnv =-Coxt (VG- V10)" (4.5)
where gate capacitance CoyT equals to C,, W L. Here C,, is the gate-ox-

ide capacitance per unit area, and W and L are the transistor channel width
and length, respectively. By applying a gate bias which results in strong inver-

sion operation the inversion charge Qpyy is obtained. Once Qv is known,
the threshold voltage can be determined from (4.5),

Qnv
CoxT

VTO = + VG . (4.6)

This method has been experimentally verified to be insensitive to the applied
gate bias in (4.6) to determine the threshold voltage.
(B) Body-Effect Coefficient

The threshold voltage can be expressed as

QpD
Voo = Vi + 20 - = @.7n
T = VFB * 2¢p
Coxt
where Vpp is the flat-band voltage between the gate material and the sub-
strate material, and Qpgp is the depletion charge in the substrate. Charge

Qpp consists of two components: the bias independent charge component,

QBDO’ and the substrate-bias induced charge component, Q’BD' In the

SPICE model, the following expression for the transistor threshold voltage is

used,
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Vo= - .
T=V10+Y (N29p+vgg - V20 ) (4.8)
where
Qspo
V10 = VFB * 2F - Z 49)
OXT
and
8D _ Y (N20p+Vgg - V20p ) . (4.10)
CoxT
In general, the body-effect coefficient can be expressed as
Qppo - D
T= 4.11)

CoxT (V20p+Vgg - V20p )
In the extreme case of a long;channel device with constant substrate doping

NSUB , the expression of body-effect coefficient can be simplified to

1
Y= G ‘248 Nsyp . @12

The charge neutrality principle requires the substrate depletion charge to be
balanced by the gate charge Qg, oxide-semiconductor interface charge Qgg:

and the channel inversion charge Qp\y»

Qpp =-(QG +Qss *+ ANy ) - (4.13)
The gate charge is a function of the voltage drop across the gate oxide,
Qg =Coxt (VG- VFB- Vs ) - (4.14)

Here, the flat-band voltage Vg the surface potential yg can be determined
from the PISCES outputs. With the channel inversion charge determined from

(4.4), the depletion charge Q’BD can be calculated by
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Qpp = (Vs - ¥sg) CoxT* ( Quvo - Ay ) " @15)

where ygq and Qquyq are the surface potential and channel inversion charge,

respectively, at the zero substrate bias. Thus the body-effect coefficient can
be determined from (4.11).
(C) Surface Potential

The surface potential parameter PHI can be expressed as

PHI =21 ¢gl (4.16)

where o is the Fermi potential in the substrate and can be easily obtained

from distribution of the electrostatic potential generated by PISCES.
(D) Bulk Junction Potential

The bulk junction potential is the difference between the quasi Fermi poten-
tials in the source/drain and in the substrate, i. e.

PB=0, -0, @.17)

where ¢, and ¢p are the quasi Fermi potentials in the N-type and P-type
semiconductors, respectively, The quasi Fermi potentials can be obtained
from distribution of the electrostatic potential.

(E) Channel Length Modulation

The drain current Ipyg in the saturation region can be expressed as

1 \id 2
Ips =3 HCox T 5, (Vos - V1) (4.18)

where x is the depletion region width at the drain junction. Equation (4.18)

can also be expressed as an empirical formula

1 W 2
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By equating the above two equations A can be expressed as

A ~d
= . 4.20

The depletion region width X4 is determined by examining the charge distribu-
tion at the drain junction. The mobile charge is very small in the depletion re-
gion.

4.2.2. MESFET Parameter Calculation
(A) Threshold Voltage
The channel pinch-off voltage can be found by integrating the doping densi-

ty in the channel,

1 t
Vpo = e jo N(x)x dx 4.21)

where € is the permittivity of the active layer and t is the thickness of the

channel. The transistor threshold voltage is calculated by
Voy = Vpo - Vii (4.22)

where V. is the gate junction built-in potential.

4.3. PARGEN Results
Experimental results obtained from PARGEN are discussed in this section.

4.3.1. MOSGEN Results

The cross section of an N-channel MOS transistor is shown in Figure 4-6.
Channel implant is used to adjust the transistor threshold voltage. In a typical
1.25-um process, the source/drain junction depth is 0.2 um, the gate-oxide
thickness is 25 nm, and the transistor threshold voltage is 0.7 V.

Detailed investigation of the accuracy and computational efficiency of MOS-
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Figure 4-6 Cross section of an N-channel MOS transistor

used in PISCES simulation.
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Figure 4-7 Comparison of |-V characteristics between
SPICE simulation results with MOSGEN-
extracted parameters and the direct PISCES
data for an Leff = 1.1 um transistor. The

Level-2 model is used.
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extracted parameters and the same set

of PISCES data as in Figure 4-7. The
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GEN has been camried out. The comparison reference consists of transistor

drain-current data from 150 PISCES simulations. MOSGEN extracts SPICE
parameters from six PISCES results. Figure 4-7 shows a comparison of I-V
characteristics between SPICE simulation results using MOSGEN-extracted
parameters and the direct PISCES data. Good agreement can be found. Fig-
ure 4-8 shows another comparison of I-V characteristics between the SPICE
simulation results with the TECAP-generated parameters and the direct PI-
SCES data. All the 150 PISCES data were needed by the TECAP program.

Notice that the accuracy of TECAP results is comparable to that of the
MOSGEN results. However, the TECAP program requires hundreds of PI-
SCES data points as the input, while only several PISCES runs are needed by
MOSGEN. Significant saving in CPU-time as well as storage space for data
has been achieved by using MOSGEN.

At present, PISCES does not offer device information along the width di-
mension. Therefore, the width-related SPICE parameters can not be accurate-
ly generated by the current version of the MOSGEN program. Default values
of the width-related parameters are to be used in SPICE simulation. n This
limitation can be eliminated once the 3-dimensional device information is avail-
able from a device simulator.

Table 4-3 lists the MOSGEN-extracted Level-2 parameter values for
three fabrication processes. In process 1, gate-oxide thickness of 25 nm and

2

channel implant dose of 6x10!! cm™2 were used. Notice that VTO of 0.752 V,

Y of 0.23 Vliz, and A of 0.013 V'! were obtained. In process 2, a smaller
channel implant dose is used. The SPICE parameter values change 10 Vi

being 0.683 V, v being 0.22 V1’2, and A being 0.017 V'1. In process 3, a larg-
er gate-oxide thickness is used. The corresponding SPICE parameter values

change 10 V. being 1.03 V,  being 0.576 V12, and & being 0.091 V™.



Table 5-3 MOSGEN-extracted SPICE Level-2

MOSFET model parameters.

process 1 2 3
Tox 25 nm 25 nm 40 nm
dose | 6x10''cm? | 5x10'tcm2 | 6x10'em™
energy 20KeV 30KeV 20KeV
Vro 0.752 0.683 1.03
Kp 8.28x10~5 | 8.28x10°5 | 5.17x107
Lp 2.78x10”7 | 2.78x1077 | 2.78x1077
Y 0.23 022 0.576
A 0.013 0.017 0.091
Nsup 1.0x10'¢ 1.0x10% 1.0x10'¢
X 0.3x1078 0.3x10°6 0.3x10°¢
¢ 0.726 0.726 0.726
208 0.679 0.679 0.679
Js 9.08x10”7 | 9.04x10”7 | 9.13x1077
mn 600 600 600
Nss 1.0x10'° 1.0x10'° 1.0x10'°
VMAX 1.0x10° 1.0x10° 1.0x10°
Ngrr 2.28 2.40 1.44
Ugxp 0.531 0.574 0.449
UcrrT 2288 4178 1250

46
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4.3.2. MESGEN Results

The channel length of the MESFET used in the simulation is 0.8 pm. The
drain and source electrodes are specified as ohmic contacts. The gate elec-
trode is set to be a Schottky barrier contact with appropriate work function and
modeled using the thermionic emission-diffusion theory. Since MESFET’s
are fabricated with highly doped N-type GaAs active layers, the transport
properties of the device are dominated by electrons and the contribution of
holes to the total current flow can be neglected.

The CPU time for PISCES simulations can be tremendously reduced by us-
ing MESGEN for parameter value generation. In the TECAP extraction case,
75 PISCES data are needed to generate the model parameter values, whereas
only four PISCES runs are required by MESGEN. Figure 4-9 shows a com-
parison of I-V characteristics between the MESGEN-SPICE simulation re-
sults and the PISCES data. Good accuracy has been achieved

4.4, Applications

With PARGEN available as efficient and accurate interface between a de-
vice simulator and a circuit simulator, an integrated simulation environment
containing pertinent process, device, and circuit simulation tools is estab-
lished. Example applications of an integrated simulation environment are
shown in Figure 4-10. The capability of offering quick simulation to evaluate
the sensitivity of device model parameters to each process variable highly as-
sists the development of new processes. The direct feedback of circuit re-
sponse to the process engineer can facilitate better refinement of the fabrica-
tion process and device structure. Statistical process variation can also be ef-
ficiently addressed in this integrated simulation environment. In this section,
the applications of PARGEN in the integrated simulation environment are pre-

sented.
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istics between MESGEN-SPICE simulation

results and PISCES data for an L=0.8 um
transistor.



49

Interactive
design

new process circuit
development performance
t%mperaturei optimization VLS|
and geometric
dependences l_'e_li_ai:llil
Integrated

Simulation Environment

Figure 4-10 Potential applléations of the integrated
simulation environment.
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4.4.1. Integrated Simulation Environment

Advanced computer-integrated manufacturing (CIM) systems are crucial in
the competitive production of standard and application-specific VLSI circuits
and systems [4.6,4.7]. Many design-oriented tools, such as SUPREM, FAB-
RICS, and SPICE, have become widely used in the IC industry. To be further
useful in the manufacturing environment, these tools need to be intelligently in-
tegrated so that the manufacturing organization could efficiently examine just
how a microscopic variable, such as diffusion time, affects final device and cir-
cuit performance and product yield.

Several examples are presented to illustrate the applications of PARGEN
in predicting the effect of process variables on device and circuit performance.

(A) Example 1
Impurity distribution after annealing in the channel due to ion implantation

can be approximated by the Gaussian function,

2
N .
S exp[-— D) (4.23)

NK) = ———
\2r AR, 2 ARp2

where Ny is the implant dose, Rp is the projected range, and ARp is the stan-

dard deviation of the impurity distribution. For the case of threshold adjust im-
plant with boron at an implantation energy of 30 KeV, the tabulated Rp and

ARP values are 0.1 um and 0.038 pm, respectively. Figure 4-11 shows the

PISCES-simulated boron doping profiles in a silicon substrate using Gaussian
approximation for two ion implantation cases. The corresponding two-dimen-
sional carrier distributions are shown in Figure 4-12(a) and (b). The sub-

strate concentration is l><1016 cm’3 . The case shown in Figure 4-12(a) has
a larger boron charge in the channel region than the case shown in Figure 4-
12(b). Therefore, its threshold voltage is greater. The threshold voltages de-
termined by MOSGEN are 0.752 V and 0.683 V for the two cases shown in
Figure 4-12(a) and (b), respectively.
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Figure 4-11 Simulated boron doping profiles on a silicon

wafer for two ion implantation cases. The

substrate doping is 1x10'%m™3 .
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Figure 4-12 Two-dimensional carrler distributions from PISCES

simulation. (a) An implantation dose of 6x10 cm

-2

and an energy of 20 KeV. (b) An implantation dose

of 5x1 O"cm'2 and an energy of 30 KeV.
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Figure 4-13 Circuit schematic of the core circuitry
for a single-stage CMOS ampilifier.
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(B) Example 2

Figure 4-13 shows the circuit schematic of a single-stage CMOS amplifier.
The open-loop voltage gain can be expressed as,

&€mil

c— (4.24)
8o1 * 802

Ay =

where g; and g, are the output conductances of transistors M1 and M2, re-
spectively, and g, is the transconductance of transistor M1.

The effect of channel implantation energy on the open-loop voltage gain is
shown in Figure 4-14. In the range of interested implantation energy, the volt-
age gain is a monotonically increasing function of the implantation energy.
This is because the implantation energy determines the detailed impurity dis-
tribution near the drain region, which in tumn affects the magnitude of channel-
length modulation. The PISCES results show that the doping concentrations
along the current path are higher for a larger implantation energy. Hence, the
voltage gain increases with the implantation energy.

(C) Example 3

Figure 4-15 shows a GaAs inverter with four MESFET’s and two level-
shifting diodes. The effects of active-layer thickness on the inverter character-
istics are investigated.  The active-layer thicknesses of 0.15 pm, 0.17 pum,
and 0.19 pm are used. The transient responses are shown in Figure 4-16 and
the transfer characteristics are shown in Figure 4-17. Notice that the distinct
slopes in the transition region of the transfer characteristics for three different
thicknesses.
(D) Example 4

Figure 4-18 shows a single-stage GaAs operational amplifier. The chang-
es in device parameter values due to different implantation doses were ob-
tained from the MESGEN program. The parameter values can then be used
by the circuit simulator SPICE-3 to simulate the open-loop voltage gain. The

effect of implantation dose on the open-loop voltage gain is shown in Figure
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Figure 4-14 Plot of the open-loop voltage gain versus the
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simulation environment is used to produce the
results.
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Figure 4-15 A GaAs inverter circuit with four MESFET’s
and two level-shifting diodes.
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4-19. The sensitivity of the voltage gain to the implantation dose is useful in-

formation for the process optimization to achieve the desired circuit perfor-
mance.

4.4.2, Determination of Geometric Dependences of Submicron MOS
Transistor Parameters

As MOS transistor dimensions are shrunk to the submicrometer range, de-
vice electrical parameters show significant dependences on the channel length
and width [4.8]). The zero-bias threshold voltage and the body-effect coeffi-
cient decrease with reduced channel length due to the depletion charge sharing
from the source and drain terminals.

A major requirement in constructing MOS transistor models for VLSI cir-
cuit simulation applications is to provide accurate geometric dependences of
the electrical parameters. Inverse-geometry dependences of electrical param-
eters were found to be adequate for devices with conventional structures
[4.9). However, few results have been obtained on the geometric dependenc-
es for advanced VLSI device structures, such as structures with the inclusion
of lightly-doped-drain (LDD) regions [4.10] and multiple channel implants.
Due to the complex two-dimensional small-geometry effects in submicron
transistors, derivation of closed-form expressions for electrical parameters
based on pure device-physics is exwremely difficult. Efficient device-circuit
simulation can be very useful in the design and analysis of new VLSI device

structures.

(A) The Method

The method used was described in Section 4.2.1. No a priori geometric
shape of the bulk depletion region is assumed in the analysis. This makes it
applicable to devices with various source/drain structures since the depletion
charge sharing from source and drain terminals needs not to be calculated to

obtain the electrical parameter values. This method is efficient because no ex-
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tensive I-V data points are needed from the device simulator to extract electri-

cal parameter values.
(B) Experimental Results and Discussion

To determine the extraction resolution for the threshold voltage, six differ-
ent gate biases from 1.3 V to 1.8 V in an increment of 0.1 V were applied to a
conventional transistor with an effective channel length of 1.8 pm. The sensi-
tivity of the extracted threshold voltage to the applied gate bias is less than
3%.

MOS transistors with LDD structure were used in our simulation. The

gate-oxide thickness is 10.0 nm, the substrate doping is 8x1015 cm3 , and
the channel region is implanted by boron with an energy of 10 KeV and a dose

of 3x10!! cm2 . The peak doping concentration of the n” region is 7x1018

3 3

cm™ and that of the n* source/drain regions is 1x1020 cm™3 . The junction

depths of the n” and the n* regions are 0.2 um and 0.25 um, respectively.
Figure 4-20 shows the cross section of an LDD MOS transistor with L ¢ =

0.5 um and the electron concentration contours.

The threshold-voltage reduction (AVTO) is defined as

AV1o = VroLong) - YTO(Shor) - (4.25)

In the simulation, an Lgr = 9.8 pm transistor was used as the reference long-
channel device. The simulated zero-bias threshold voltage of the reference
transistor is 0.72 V. To investigate the channel-length dependence of AV,
threshold voltages of ten transistors were determined. Figure 4-21(a) shows

the plot of AV versus 1/L.¢r . The correlation coefficient for the plot is 0.998.

The threshold-voltage reduction for a channel length in the submicron range
can be well modeled by the inverse-linear function. The inverse-linear depen-
dence was proposed to be clamped at some channel length because the thresh-
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old voltage reduction is zero for long-channel transistors [4.9].

Measured results were obtained from experimental short-channel transis-
tors fabricated by 0.6-um CMOS technology from Hewlett-Packard Company.

016

For N-type transistors, the substrate doping is 1.4x1 cm'3 and the en-

2

hancement implant is 1x1012 cm™2. The n” region is formed by implanting 4 x

1012 cm2 phosphorus at 80 KeV, followed by an n*-implant masked by a 0.3

pm oxide spacer. The gate-oxide thickness is 20.0 nm. Threshold voltages
were determined by the linear extrapolation of Iyg-Vgg characteristics. The

zero-bias threshold voltage of the Lgr = 9.5 um reference transistor is 0.68

V. The plot of measured AVy, versus 1/L ¢ is shown in Figure 4-21(b). The

correlation coefficient for the measured data points is 0.991. These measure-
ment results confirm that the inverse-linear dependence is a good representa-
tion of the threshold-voltage reduction.

The PISCES-extracted and measured body-effect coefficients are plotted
against l/Leff in Figure 4-22(a) and (b), respectively. Extracted body-effect

coefficients were obtained from (8) with VBS = -1 V and measured results

were determined from the plot of Vir against «lzq;F -Vgs - The potential in

the bulk of the silicon ¢ was determined from the substrate doping concentra-

tion. For nonuniformly doped transistors, Vr does not vary linearly with

‘\]2¢F -Vgs - However, a straight line was fitted through the data by the lin-

ear regression with a correlation coefficient better than 0.99.

The solid lines in Figure 4-22 represent a function of exp(-C / Leff)’ where

C is a fitting parameter determined by effective substrate doping concentra-
tion. Notice that this exponential function can be used to model the channel-
length dependence of the body-effect coefficient accurately. Figure 4-23

shows a plot of parameter C versus the peak doping concentration in the chan-
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nel. The data in this plot were obtained from device simulation results for dif-

ferent channel implant doses. The value of parameter C slightly increases with
increasing channel doping concentration. This is due to a larger change in the
body-effect coefficient for higher channel doping concentration.
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Chapter 5

Sensitive SPICE Parameters for
VLSI Design

With PARGEN available as an interface for device and circuit simulators,
technology-based design systems can be integrated for VLSI design. Howev-
er, as device sizes are scaled down to the micron or submicron range, process
variations have significant effects on the circuit performance and a great num-
ber of simulations in the integrated design environment must be performed to
verify the circuit performance. With hundreds of thousands of transistors in a
VLSI circuit and thirty to forty model parameters for each transistor, it is im-
practical for circuit designers to trace the effect of each model parameter on the
circuit performance. Since the parameters of an MOS transistor model do not
have uniform influence on the simulated output characteristics, circuit design-
ers are concerned with the sensitive parameters which have large effects on
the transistor characteristics. = With a set of sensitive parameters, the number
of circuit simulations for statistical design analysis can be reduced and the in-
tegrated simulation environment is more efficient for circuit designers to use.

In this chapter, a methodology using sensitive parameters for efficient cir-
cuit modeling and simulation is discussed. A sensitivity analysis is performed
to identify a set of sensitive SPICE parameters for VLSI circuit design. The
set of sensitive parameters was found to be dependent on the fabrication tech-
nologies (5.1].
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S.1. SPICE Modeling for VLSI Circuit Analysis

Device models developed for the purpose of understanding basic device
physics contain complicated mathematical equations. It may require a comput-
er program just to solve these equations. The device simulator PISCES incor-
porates Poisson’s and current continuity equations in a very detailed format to
provide accurate internal and output device characteristics. These complex
equations are not directly suitable for the circuit analysis purpose due to the
large amount of computational time needed.

The table look-up modeling approach greatly reduces the model evaluation
time by storing measured data in a computer. It requires interpolation formu-
las to obtain the device output characteristics. One major drawback of the ta-
ble look-up approach is the limited number of device sizes that can be accu-
rately simulated. The vast amount of information to be stored for each transis-
tor further limits its applications.

5.1.1. Circuit-Level Modeling Requirements
Three key issues have to be carefully addressed in developing a transistor
model for circuit simulation:
¢ device physics,
® computational efficiency, and
® circuit analysis accuracy.
Figure 5-1 shows the transistor modeling considerations and their associated
features. An MOS transistor model must be not only physically meaningful
and accurate, but also computationally efficient and memory effective to serve
the VLSI circuit analysis needs.
Thorough understanding of device operation provides pertinent information
for the development of a physics-based model which employs simple analyti-

cal expressions and associated parameters to represent the huge amount of
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Automated extraction of physically
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Channel length and width dependences

Device Physics

Accuracy

Figure 5-1 Three key considerations for SPICE
transistor modeling.
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device data. Temperature dependence and process-induced device character-

istics variations can be incorporated by extending the device physics-based
modeling expressions. Such a model is able to predict device and circuit be-
haviors beyond the measurement range.

The dc transfer analysis, large-signal transient analysis, and small-signal
ac analysis are typical features available from a circuit simulator. An MOS
transistor model for the circuit simulation purpose should include expressions
for the drain current at both the strong-inversion region and the weak-inver-
sion region, expressions for the terminal charges and inter-terminal capaci-
tances, as well as expressions for small-signal conductances. Because the
model expressions are to be evaluated thousands of times during each simula-
tion task, complex mathematical expressions such as the logarithmic and hy-
perbolic functions should be avoided to the greatest extent. Continuous ex-
pressions for the drain current and terminal charges must be assured, while

their first derivatives are preferred to be continuous.

5.1.2. SPICE Built-in MOS Transistor Models
At present, there are four MOS transistor models implemented in the
SPICE-2G6B and SPICE-3C1 programs. Each model differs in complexity
and is suitable for different fabrication technologies. The Level-1 model con-
tains fairly simple expressions developed by Shichman et al. [5.2). It is based
on fundamental device physics and exclude detailed second-order effects.
Therefore, it is most suitable for preliminary estimation of circuit performance.
The Level-1 model is equipped with 8 parameters to model the channel-region
characteristics. Additional 16 parameters are associated with the modeling of
the source and drain components, and are shared by the Level-2 and Level-3
models.
The Level-2 model, which was developed by Vladimirescu et al., takes into
account several second-order effects such as velocity saturation, transverse
field induced mobility degradation, and noise. It was designed with 23 parame-
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ters to model the channel-region characteristics. Some effects ar¢ modeled

with different set of equations. When parameter V), is assigned a finite

value, the Baum’s expression of modeling carrier velocity saturation [5.3] is
used; otherwise, an expression corresponding to the pinch-off condition [5.4]

is used. When parameter XQC is assigned a value between 0 and 0.5, the

Ward-Dutton’s charge-based capacitance model [5.5] is used; while the de-
fault capacitance model uses the Meyer’s capacitance model {5.6].

The Level-3 model represents an attempt at pursuing the semi-empirical
modeling approach for short-channel devices. It only approximates device
physics and relies on the proper choice of empirical parameters to accurately
reproduce device characteristics. Twenty-one parameters are needed to mod-
¢l the channel-region characteristics.

The Level-4 model (BSIM) [5.7], which was developed by Sheu et al., can
accurately model transistors fabricated by state-of-the-art 1-pym CMOS tech-
nologies. Both the channel length and width dependences of electrical parame-
ters are incorporated into the model. It requires 67 parameters to model the
channel-region characteristics.

Table 5-1 lists a comparison of important features available from existing
SPICE MOS transistor models. The applicable fabrication technologies for the
SPICE models are around 4 pum for the Level-1 model, 2 pm for the Level-2
and Level-3 models, and approximately 1-um for the Level-4 model. Temper-
ature dependence and noise expression need to be incorporated to make the

Level-4 model more applicable for analog IC designs.

5.2. Parameter Extraction for Different Fabrication Technologies
Process-induced variation directly affect circuit performance and product
yield. The application-specific ICs should be designed with the process-in-
duced variations being carefully considered. In order to accomplish this task,
accurate extraction of device parameter values and identification of a set of
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Table 5-1 Comparison of important features among
various existing SPICE MOSFET models.

MOS
Modesls
LEVEL-1 LEVEL-2 LEVEL-3 LEVEL-4
Features (BSIM)
Shichman Vladimirescu | Vladimirescu| Sheu et al.
Developers
et al.(1968) | et al.(1980) | et al.(1980) (1985)
# Parameters
for 8 23 21 67
Channel Region
_ Emphasize Emphasize | Short-Chan.
Small-Geometry NO Short- Short- & Narrow-
Effects Channel Channel Width
Effect Effect Effects
Noise Modeling NO YES YES NO

Temperature

Charge-based

Capacitance NO YES NO YES
Model

Continuity in
Subthreshold NO YES YES  |Current &
Conduction First Deriv.
Applicable 4 um 2 um 2 um 1 um

Technology
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sensitive parameters are indispensable.

In a typical extraction procedure, parameters are extracted sequentially,
one at a time or in small groups. The value of each parameter is assumed
fixed and accurate for use in extracting further parameters. A small portion of
the model and data from a limited part of a device’s operating range are used
in extracting each parameter. A linear least-square-error fit is often used
over each region. For example, the values of threshold- and mobility- related
parameters are extracted in the linear region of operation, and these values
are used in extracting velocity saturation and channel-length modulation pa-
rameters. These parameter values are usually extracted from the measured
current data. While the simulated current results may compare well with the
measured current data, the simulated output conductance, transconductance,
and back-gate transconductance results can deviate significantly from the
measured data. ’

Global optimization techniques using the Levenberg-Marquardt method,
and the modified Gauss method have been widely used in general-purpose pa-
rameter extraction programs [5.8]. The quantity to be minimized is the mean-
squared error between the calculated and measured resulits,

* %k

Ine - 1 &4 &

_ W DS - ° DS Wy ed" 5 d

E = m Z[ * ]2*"""1.l Z[ * ]2
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where
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and

Zw=1. (5.2)

Here Ing, 84 &1y Emb Cgs' and ng are the calculated drain current, output

conductance, transconductance, back-gate transconductance, gate-to-source

capacitance, and gate-to-drain capacitance, respectively; IDS*’ gd*, gm*,

*

gmb*' Cgs , and ng* are the corresponding measured results. Coefficient w;

is the relative weighting factor and m and n are the numbers of data points in
the summations. The summation spaces A and B contain the bias ranges of

interest. The user inputs Ingq » &40 » €m0 * Emb0 ° Cgs(} , and ngO deter-

mine whether a relative or absolute error is used. By specifying the user input

values, percentage errors of the low-level terms will not be over-emphasized.
Various terms in (5.1) can be emphasized or de-emphasized to meet the

specific design requirements by the use of different w; weightings. In digital

IC design, the current-driving capability is of the primary interest. The weight-
ing factor a is typically chosen to be 1. In analog IC design, the bias current,
output conductance, and transconductance are all important. An equal weight

can be assigned to the various terms in (5.1) with W{SWo=Wa=wWy
=w5=w6=l/6.

The solution obtained by a pure global optimization method is merely a
combination of parameter values that minimize the norm of the error vector,
with very little regard to the physical meaning. A better approach is to com-
bine local extraction with global optimization. Parameters with related physi-
cal meanings are extracted together when the transistor is biased in each op-
eration region with the global optimization techniques being employed to im-
prove the overall fit This hybrid approach relieves the designer from

supplying initial guesses to the parameter optimizer. A good example of the
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hybrid approach is the dedicated extraction program for BSIM.

Test wafers used in the experiments were fabricated by various MOSIS
technologies. = Measurements were also conducted on test wafers from
Hewlett-Packard Laboratories with submicron transistors. Figure 5-2 shows
the plots of two-dimensional wafer mapping information for the threshold volt-
age and body-effect coefficient. The corresponding plots of one-dimensional
across-wafer variations are shown in Figure 5-3. Test devices fabricated by
the 1.2-um technology were used. Very mild variations in the device parame-
ters have been found. Similar plots for gate-oxide thickness, and channel-
length reduction are shown in Figures 5-4 and 5-5, respectively.

Complete characterization of the test dies were conducted by using the TE-
CAP and BSIM_Exwact programs. A comparison of the measured data with
simulated results using the BSIM for a W/L=1.4 um/1.2 pm transistor from

the MOSIS Service and a W/L=4.5 um/0.7 um transistor from Hewlett-Pack-
ward Laboratories is shown in Figure 5-6(a) and (b). The BSIM needs to be
enhanced to more accurately determine the drain current saturation point for

submicron devices.

5.3. Sensitive SPICE Parameter Subset

An MOS tansistor shows nonlinear output characteristics. Therefore,
model parameters do not have a uniform influence on the simulated output
characteristics of a transistor. The sensitivity parameters are those parame-
ters which have large effects on the terminal characteristics of MOS transis-
tors. A sensitivity analysis is performed to identify the sensitive parameters.

5.3.1. Sensitivity Analysis
A basic sensitivity function of a transistor output characteristic variable Q

with respect to a model parameter P; can be determined from [5.9]
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d Q
SQIPi = ( al?l )/ ( P; ). (5.3)
For digital IC design, the key output characteristic variable is the drain cur-
rent; while for analog IC design, it includes the drain current, transconduc-
tance, output conductance, back-gate transconductance, gate-to-source capac-
itance, and gate-to-drain capacitance. The modified sensitivity function for the
drain current over a biasing space A can be expressed as

A 1 1 IDs - Ipspi
8 el ‘ 5.4

where Ing Pi is the simulated drain current with parameter P, being per-

turbed. User input IDSO determines whether a relative or absolute error is

used. Both the linear region and saturation region are included in the biasing
space A with m being the total number of data points. The modified sensitivity
function for the output conductance over a biasing space B is

A 1 1 84- 8dPi
A1 : (5.5)
g4lP; (9P;/P;) /\/ n %l max(g4.840) ]

where g4 Pi is the simulated output conductance with parameter P, being per-

turbed. Only the saturation region is included in the biasing space B because
the transistors are typically biased in this region to achieve large output resis-
tance. Here, n is the total number of data points. Similar sensitivity function
expressions can be constructed for the transconductance, back-gate transcon-
ductance, and gate capacitances.

5.3.2. Sensitivity Analysis Results

The sensitivity analysis results are of fundamental importance to the VLSI
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design because it provides the information to identify a set of sensitive param-

eters for each fabrication technology. The worst/best-case parameter files can
then be established with special emphasis on these sensitive parameters to
conduct statistical design analysis. Expressions for the temperature depen-
dences of these parameters carry the necessary information for predicting cir-
cuit performance at various operating temperatures.

Tables 5-2 and 5-3 list the drain-current and output-conductance sensitivi-

ty results for the Level-2 model with 3-um and 1.2-um technologies. In re-

gard to the drain current, the most sensitive parameters for the 3-um technol-
ogy-are TOX, UO, GAMMA, and VTO. Parameter LD is an additional sensi-

tive parameter for the 1.2-pm technology. In regard to the output conduc-
tance, the most sensitive parameters for the 3-pum technology are TOX,

LAMBDA, UO, VTO, and GAMMA, and those for the 1.2-pum technology are
LD, LAMBDA, TOX, VMAX, VTO, and UO.
Tables 54 and 5-5 list the drain-current and output-conductance sensitivi-

ty results for the Level-4 model with 2-um and 1.2-um technologies. In re-

gard to the drain current, the most sensitive parameters are Ky, pg, TOX, g,

and Vpg. In regard to the output conductance, the most sensitive parameters
for the 2-um technology are Ky, 1, Uz, Ogs Hgqr Upg and TOX, and those

for the 1.2-um technology are pg, Bz, Uy 4 and pog.
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Table 5-2 Sensitivity analysis results for the Level-2
MOSFET model parameters in a 3-um

technology.
Model Dgeigs(i:tm? i Model OUtSpeLgs%ESirt‘?uc'
Parameter S ps:P Parameter Sgd.P
TOX 0.744 (-) TOX 0.873 (-)
uo 0.680 LAMBDA 0.770
GAMMA 0.665 (-) Uo 0.753
VTO 0.621 (=) VTO 0.747 (-)
PHI 0.193 GAMMA 0.630 (-)
LD 0.189 LD 0.280
DELTA 0.088 (-) PHI 0.248
NSUB 0.084 (-) NSUB 0.182 (-)
VMAX 0.076 XJ 0.166
XJ 0.056 VMAX 0.120
LAMBDA 0.052 DELTA 0.111 (-)
NFS < 0.001 NFS 0.004
NEFF < 0.001 NEFF < 0.001
UEXP < 0.001 UEXP < 0.001
UCRIT < 0.001 UCRIT < 0.001

Note: (-) signifies that positive perturbation of the parameter
would have a negative effect on the output characteristics
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Table 5-3 Sensitivity analysis results for the Level-2
MOSFET model parameters in a 1.2-um

technology.
m el T
Parameter Sips,P Parameter Sgqy.P
TOX 0.717 (=) LD 0.999
VTO 0.644 (-) LAMBDA 0.973
uo 0.605 TOX 0.877 (-)
LD 0.527 VMAX 0.613
VMAX 0.272 VTO 0.464 (-)
UEXP 0.172 (-) uo 0.362
PHI 0.083 GAMMA 0.268
GAMMA 0.078 () XJ 0.182
LAMBDA 0.068 NSUB 0.150 (-)
NSUB 0.056 (=) UEXP 0.113 (<)
UCRIT 0.052 PHI 0.088
XJ 0.049 UCRIT 0.025
NFS 0.001 DELTA 0.001 (<)
DELTA 0.001 () NFS 0.001
NEFF < 0.001 NEFF < 0.001

Note: (-) signifies that positive perturbation of the parameter
would have a negative effect on the output characteristics
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Table 5-4 Sensitivity analysis results for the Level-4

MOSFET model parameters in a 2-um

technology.

Parameters SlDS,P Parameters Sgd.P
k1 1.307 (-) ks 2.182
TOX 0.753 (-) Hz 1.808 (-)
Ms 0.752 Usg 0.927 (-)
s 0.600 (-) Msd 0.623
VFB 0.502 TOX 0.502 (-)
k2 0.459 k1 0.458 (-)
> 0.327 Uy, 0.289
Uiz 0.312 (=) Hsb 0.218 (-)
Uz 0.143 (-) p 0.191
Usgq 0.082 s 0.185 (-)
Hsb 0.079 (-) VFB 0.146
Hsd 0.054 (-) k2 0.143
b 0.053 Uz 0.117 ()
Usp 0.029 Mzb 0.093
Mo 0.023 Mo 0.085
Mzb 0.018 (-) g 0.033 (-)
Ugb 0.008 Usp 0.026 (-)
g 0.005 Ugp 0.007
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Table 5-5 Sensitivity analysis results for the Level-4

MOSFET model parameters in a 1.2-um

technology.
vosel | PERCHEN T vocer [ BRGIR
Parameters S ps'P Parameters sgd.P
k1 1.307 (-) ks 2.182
TOX 0.753 (-) Hz 1.808 (-)
s 0.752 Uqg 0.927 (-)
s 0.600 (-) Msd 0.623
VFB 0.502 TOX 0.502 (-)
k2 0.459 ki1 0.458 (-)
He 0.327 Usg 0.289
Uy, 0.312 (-) Msb 0.218 (-)
Uoz 0.143 (-) b 0.191
Uyqg 0.082 s 0.185 (-)
ksb 0.079 (-) VFB 0.146
Hsd 0.054' (-) k2 0.143
b 0.053 Uz 0.117 (=)
Usp 0.029 Mz 0.093
Mo 0.023 Mo 0.085
hzb 0.018 (-) g 0.033 (-)
Uob 0.008 Up 0.026 (-)
g 0.005 Uob 0.007
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Chapter 6

Efficient SPICE Temperature
Dependence Modeling

Computer-aided design tools have become indispensable in design automa-
tion for digital and analog VLSI circuits. Circuit simulation plays an important
role during the initial design and final verification phases of VLSI realization.
Quick and accurate SPICE simulation results can not only assist in achieving
high circuit performance, but also reduce the design time. Since the accuracy of
circuit simulation results depends on the transistor models implemented in a
circuit simulator, efficient yet accurate transistor modeling is essential to VLSI
circuit analysis. Temperamre dependence, noise behavior, and process-in-
duced transistor characteristic variations must all be included in the transistor
models for complete circuit analysis [6.1].

Performance of VLSI circuits has to be verified over a wide temperature

range of 0 to 70 °C for commercial applications and of -55 to 125 °C for mili-
tary applications. With the complexity of hundreds of thousands of active de-
vices in a chip, proper circuit function at various operating temperatures heavi-
ly relies on computer simulation. In order to simulate circuit performance at
different temperatures, the temperature dependences of model parameters
must be included in the circuit simulator. The temperature dependence was in-
corporated in the SPICE Level-2 and -3 models. So far, temperature effects

have not yet been included in the Level-4 model. Since a large number of mod-
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el parameters are used in the Level-4 model, the incorporation of temperature

dependences of model parameters needs to be carefully addressed.

In this chapter, an accurate and efficient semi-empirical temperature depen-
dence modeling method for BSIM using sensitive SPICE parameters is de-
scribed. A sensitive model parameter subset which has large effects on the
transistor output characteristics is first determined from the sensitivity analy-
sis. Instead of tracking temperature dependences of all the model parameters,
only temperature dependences of the sensitive parameters are sufficient to
predict the circuit performance at various operating temperatures.

6.1. Temperature Dependence Modeling

In general, fully physics-based models derived from detailed device physics
are mathematically complicated. When all the governing physical effects are in-
corporated, expensive computational time is required to obtain device I-V
characteristics from device simulators, such as PISCES, MINIMOS, and
BAMBI [6.2]. An MOS transistor model has to be evaluated thousands of
times during each circuit simulation. This renders direct applications of fully
physics-based models computationally inefficient for the circuit analysis pur-
pose.

To achieve good simulation accuracy and computational efficiency, MOS
transistor models widely used in circuit simulators [6.3-6.6] are essentially
semi-empirical in nature. Terms with strong physical meaning are employed
to model the fundamental physical effects while model parameters are judi-
ciously introduced to embrace subtle device characteristics. This approach
serves best for the circuit-analysis purpose especially as two- and three-di-

mensional small-geometry effects become more prominent.

6.1.1. Sensitive BSIM Parameter Subset
The Level-4 model (BSIM) marks a significant progress in the semi-empir-
ical approach. It uses 67 model parameters because the following formula is
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used to describe the geometric dependence of each electrical parameter P, :

Pi: Py
= ~Li Wi (6.1)
T Pt TTw

Here, P is an electrical parameter and POi' PLi’ and Py are the correspond-

ing offset, channel-length sensitivity, and channel-width sensitivity values.
The effective channel length L and channel width W are used in the calcula-

tion. The sensitivity analysis results for an L=1.2 pm transistor using the
BSIM are listed in Table 5-5. The sensitive parameter subset is determined

to be {Kl ’ “’Sv ¢S’ VFB’ K29 qu UlZ’ UOZ]'

6.1.2. The New Approach

In order to precisely model the temperature dependences of VLSI circuits, a
completely updated model parameter set [le. sz,..., PT(T)} is required
when there is a perturbation to circuit performance due to temperature. Here,
Pi(T) is the updated value for the i-th parameter. However, as a large number

of semi-empirical parameters are used in modeling small-geomertry devices, it
is very difficult to include the temperature dependence for every model parame-
ter. An efficient modeling approach for temperature dependence is to make

use of the partially updated parameter set {le. PZ(T),..., Psm, PS+1(0)

yosos PT(O) } instead of the completely updated parameter set. Here, (P,
P,,..., Pg } is the sensitive parameter subset.

The circuit verification procedure using the sensitive SPICE parameter sub-
set approach is shown in Figure 6-1. For a given CMOS fabrication process,
transistor output characteristics of the test wafers are measured and model
parameter values are extracted using TECAP or SUXES general-purpose pa-
rameter extraction programs, or the BSIM_Extract dedicated software. The
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sensitive SPICE parameter subset is identified from the complete SPICE pa-

rameter set through the sensitivity analysis discussed in Section 5.3. To sim-
ulate the temperature dependences of VLSI circuits, the temperature behav-
iors of the sensitive SPICE parameters are incorporated. Figure 6-2 shows
the configuration of a BSIM parameter file. The parameter values shown in
shaded regions are updated through a processing module when the circuit per-
formance at a different temperature is simulated. In circuit simulation, the up-
dating of model parameter values is done prior to the analysis for each given
temperature. Since the number of parameters in the sensitive subset is small,
this semi-empirical temperature dependence modeling approach is highly com-
patible with the computer-integrated manufacturing systems for VLSI and UL-
SI circuits.

6.2. Experimental Results and Discussion
The temperature dependences of sensitive BSIM parameters are presented
in Figure 6-3. The effective channel widths and lengths of the transistors

used in our experiment are W/L = 4.8 um/1.2 pm and 14.4 um/3.6 pm. Values
of model parameters were extracted automatically from measured I-V data us-

ing the BSIM_Extract program. Values of parameters K, K5, Uyz, Vgp, and

¢g were fitted by a linear function of temperature using the least-square-error
method. Values of t7 and pg were fitted by functions of T~ and values of

U,z were fitted by T25 . The temperature coefficients and correlation coeffi-

cients for the curve fitting are listed in Table 6-1. Small temperature coeffi-

cients for K;, K,, and Up7 indicate that these parameters are not very sensi-

tive to temperature variations. Parameters L and jg can be modeled well by

the T'l'sdependence and parameter U, varies with T2, The temperature

coefficients have no significant dependence on transistor geometries.
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Figure 6-3 Measured temperature dependences of sensitive
Level-4 model parameters with W/L = 4.8 um/1.2 um
(x x x) and W/L = 14.4 um/3.6 um (filled A). Room
temperature (298 °K) is indicated by an arrow.



Table 6-1 Temperature dependences of sensitive

BSIM parameters.
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sensitive BSIM temperature correlation
parameter coefficient coefficient

Ky 0.00053 0.769

Hs 1050.4 0.956

$g -0.00085 -0.977

Ves 0.00186 -0.930

K 0.00041 0.907

My 989.9 0.985

Uyz 0.4678 0.939

Uoz 0.00004 0.221
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When circuit simulation is to be performed at a given temperature, a pre-

processor reads in the sensitive parameter values at room temperature, the

temperature coefficients, the temperature-dependence exponents for pg and

Kz, and the new temperature value. It then calculates the sensitive parame-

ter values at the new temperature and outputs the updated parameter file.

Figure 6-4 shows the temperature dependence of the zero-bias threshold
voltage for an N-channel transistor with W/L = 4.5 ym/24 pm. The mea-
sured threshold voltage is determined by extrapolating the linear plot of Ihg

vs. Vg using the least-square-error method. The temperature coefficient of

the threshold voltage was found to be -1.9 mV/ °C. The threshold voitage pre-
dicted by the Level-2 model is also shown in Figure 6-4. The predicted tem-

perature coefficient is -2.2 mV/ °C. The theoretical temperature coefficient val-

ue obtained from (6.4), (6.6) and (6.7) in Section 6.3 is -2.1 mV/ °C over the
interested temperature range.

To illustrate the usage of the sensitive SPICE parameter subset approach,
experiments were made on several test transistors. Figure 6-5(a) shows a
comparison between measured transistor I-V data and SPICE simulated re-
sults at 70 °C. An N-channel MOS twansistor with W/L = 14.4 pum/1.2 um
was used. The SUXES-extracted Level-2 model parameter values were ob-
tained at the room temperature. SPICE simulation results were obtained by
using the temperature control command. The simple SPICE prediction has
moderate discrepancy. In Figure 6-5(b), the simulated transistor I-V charac-
teristics were obtained using sensitive parameter values which were extract-
ed at 70 °C while other parameter values are kept the same as those at the
room temperature. The simulated results are in better agreement with the
measured data. The error between the simulated and measured I-V character-
istics in Figure 6-5(a) and (b) are 13.2% and 4.1%, respectively. A compari-
son of measured I-V data and SPICE simulated results using the BSIM at 77
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in the simulation for an N-channel MOS
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°K is shown in Figure 6-6(a). The simple prediction using the temperature
control command has big discrepancy. In Figure 6-6(b), the simulated results
were obtained using sensitive parameter values at 77 °K while other parame-
ter values were kept the same as those at room temperature. The simulated
results in Figure 6-6(b) are in good agreement with the measured data.

To further demonstrate the temperature-effect prediction capability of the
sensitive subset approach, a comparison between measured I-V data and sim-
ulated results using the BSIM is shown in Figure 6-7. The measured data
were obtained at 70 °C. The sensitive BSIM parameter subset was updated
by the preprocessor using the temperature coefficients from Figure 6-3. Good
agreement has been achieved.

Two circuit examples of using the sensitive parameter subset approach to
model the temperature dependence of circuit performance have been studied.
Figure 6-8 shows the comparison results of two CMOS inverters with differ-
ent geometry aspect ratios. The effective channel length of the transistors is

1.2-um. Voltage wansfer characteristics of the inverters were measured at 70

°C. Simulated results were obtained using the sensitive BSIM parameter val-
ues updated by the preprocessor. The measured transfer characteristics agree
well with the simulated results.

Figure 6-9 shows a comparison of the measured and simulated frequencies
of a 31-stage ring oscillator at various operating temperatures. The ring oscil-
lator was fabricated by a 1.2-pym CMOS technology. The measured frequency
of the ring oscillator was found to decrease with temperature. This is due to
smaller carrier mobility value at a higher temperature which reduces the drain
current and hence increases the switching time. Notice that the original
SPICE built-in BSIM has not included the temperature prediction capability.
The sensitive parameter subset approach provides the adequate BSIM tem-
perature dependence modeling for VLSI circuits [6.7].
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70 °C.
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6.3. Theoretical Basis for BSIM Temperature Dependence

Theoretical basis for the temperature dependences of the sensitive BSIM

parameters is described here. Parameters VEg: ¢S' Ky, and K,, in the sensi-

tive BSIM parameter subset are related to the tramsistor threshold voltage.
The threshold voltage in the BSIM is expressed as [5.7]

Vin = VB + 05 + Ky Vs - Vs - Kp (05 - Vpg) -MVpg  (62)
where VFB is the flat-band voltage, ¢g is the surface potential at strong in-
version, K, is the body-effect coefficient, K, is the source/drain charge shar-

ing coefficient, and n is the drain-induced barrier lowering coefficient. The
temperature sensitivity of the threshold voltage can be determined from the
following partial derivative:

Vv 3V 2. oK K, o0
th _ °VFB S | 1\{_—_\, b——l S
— = *or * ¢s - VBs 2”——4’3"’33 T
oK dds  om
2 (0 -Vpe)-K, =8 Dy . 6.3
7 (% VBs ) -Ka—r - - Vs ©3)

Coefficient K; does not swongly depend on temperatre because K; =

V2 €gj 4 Np/ Ci. Coefficient K, was found to be quite independent of the

operating temperature [6.8]. Coefficient 1 is usually on the order of 102 and
does not change appreciably with temperature. The threshold voltage change
with temperature is contributed by changes of the flat-band voltage and the
surface potential with temperature. Therefore, (6.3) can be simplified to

Vi Ve K
aT aT 2 Vog - Vpg

6.4)
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For N-channel transistors with N¥-poly gates, the flat-band 'voltage is equal
to

VB3 2 T, (©)

where Eg is the energy bandgap and Qgg is the effective surface charge. The

effective surface charge is quite stable in the normal operating temperature

range. The expressions for the differendals asg/ar and d¢g/dT can be ob-

tained from [6.9],
30 1 Egr=0’x A
= = - 05) (6.6)
and
VEB _ 13,104 4] (EQH)QK 3, 6.7
57 = 13X * T 24 5) . .

Parameter |5, which is the zero-bias carrier mobility, and parameter pg,
which is the carrier mobility at zero substrate bias and Vps =Vpp» decrease

with temperature. A commonly used temperature dependence is [6.10]

T ..
by = ¥, () 1.3 (6.8)

where T is absolute temperature and T, is the room temperature in °K. The
velocity saturation coefficient U, is proportional to the ratio of mobility to
saturation velocity. The saturation velocity can be approximated by a linear

function of (T/ T, )'l in the temperature range of interest from the data report-
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ed in [6.11]. Therefore, U, has a temperature dependence of (T/ T, )'2°5 .
The vertical field mobility degradation coefficient, Uy, is related to surface-

roughness scattering and is not very sensitive to temperature variations.
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Chapter 7

Conclusion

7.1. Summary

Integration of technology-based design systems is strongly needed for the
manufacturing of high-performance VLSI circuits and systems. An interface
program PARGEN has been developed to intelligently link the PISCES device
simulator and the SPICE circuit simulator. This interface program together
with SUPREM, PISCES, and SPICE form an integrated simulation environ-
ment for the computer-integrated manufacturing system. Width-related
SPICE parameters can not be produced by the current version of PARGEN be-
cause the PISCES program does not provide device information along the
width dimension. Default values of the width-related SPICE parameters are
to be used before a three-dimensional device simulator becomes available.

Example applications of PARGEN have been demonstrated. In computer
integrated manufacturing, the direct feedback of circuit response to the process
engineer can facilitate better refinement of the fabrication process and device
structures. The capability of offering quick simulation to evaluate the sensitivi-
ty of circuit performance to each process variable highly assists the optimiza-
tion of the manufacturing schedule. The PARGEN program has been used to
determine the geometric dependences of submicron MOS transistor electrical
parameters from device simulation results. No a priori geometric shape of the
bulk depletion region is assumed, which makes this method very useful in the
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design of new device structures and development of new fabrication process-

es. By applying this method to determine the basic electrical parameters of
submicron LDD transistors, the threshold-voltage reduction and body-effect

coefficient show the linear dependence and exponential dependence on Vogs »

respectively, which agree with measured data.

A new methodology for the integrated simulation environment incorporat-
ing PARGEN to investigate statistical modeling and temperature dependence
modeling has been presented. A new sensitivity function is developed for
identifying the sensitive SPICE parameters to assist the design of digital and
analog application-specific ICs. This new sensitivity function, with the capa-
bility of selecting either a relative or an absolute error term, gives a better rep-
resentation over the bias range of interest. Detailed sensitivity analysis with
respect to the drain current and output conductance has been conducted. It can
be directly extended to include the transconductance, back-gate transconduc-
tance, and gate capacitance.

The application of the new methodology to the temperature dependence
modeling of the SPICE Level-4 model for MOS VLSI circuit simulation has
been presented. Updating of the sensitive parameter values at a given tem-
perature is performed by a preprocessor prior to the circuit analysis. Circuit
simulation using the sensitive subset approach to predict temperature effects
has shown good agreement with experimental data on transistor output char-
acteristics, inverter transfer characteristics, and oscillation frequency of a 31-
stage ring oscillator.

7.2. Suggested Future Work

7.2.1. Parameter Calculation for Micron/Submicron MOSFET Models
The current version of the PARGEN program calculates the SPICE Level-2
MOSFET model parameter values. The Level-2 MOSFET model is only ap-

plication to 2-um technology. This work can be enhanced to calculate the Lev-
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el-4 model parameter values, which can be used for 1-um technology. To ex-
tend this work for submicron MOS transistors, detailed device information
from three-dimensional numerical device simulators, instead of from two-di-
mensional device simulators, are needed. New algorithms which use three-di-
mensional device information can be implemented into the PARGEN program
1o extract parameter values for submicron MOSFET models.

7.2.2. Parameter Calculation for Bipolar Transistor Models

Parameter calculation for bipolar transistor models is another area the
PARGEN program can explore. PARGEN can be extended to the generation
of Gummel-Poon model parameter vaiues. The Gummel-Poon model is the
most widely- used model for silicon bipolar transistors and is suitable for dif-
ferent technologies with only minor modificatdons. With the capability of gen-
erating both bipolar and MOS transistor model parameter values, the integrat-
ed simulation environment can be used for advanced BiCMOS technologies.
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Appendix A

PARGEN User Guide

A.1.Introduction

The PARGEN interface program is to link the device simulator PISCES-II
and the circuit simulator SPICE. MOS transistor model and MESFET model
parameter values are produced by the MOSGEN module and the MESGEN
module, respectively, from the internal device information provided by PI-
SCES. These model parameters are compatible with the transistor models im-
plemented in SPICE. This interface program, together with SUPREM, PI-
SCES, and SPICE, form an integrated simulation environment. Such an inte-
grated simulation environment greatly facilitate the designers to examine just
how a microscopic fabrication variable, such as implantation dose, affects final
device and circuit performance and product yield.

In this appendix, Section A.2. is the 'PARGEN program reference’ which
briefly describes the function of each subroutine. Section A.3. is the
"PARGEN user guide’.

A.2, Program Reference

A.2.1. MOSGEN
The MOSGEN module contains the following subroutines:
(A) subroutine INPISC:
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This subroutine reads in data from PISCES output files and stores them in

arrays for subsequent computation.
(B) subroutine CALPAR:

All the parameters for Level-2 MOS transistor model of SPICE-3 are cal-
culated in this subroutine.
(C) subroutine UPCASE:

This subroutine handles the pre-processing of the data files from PISCES.
It converts all lower-case letters in the data files to upper-case letters and re-
moves all spaces between the characters. This facilitates the '/NPISC’ sub-
routine 1o recognize the data portion of the output files from PISCES and to
store them into proper arrays.

(D) subroutine CALQINV:

The amount of charge in an inversion layer is needed for the calculation of
the threshold voltage and the body-effect coefficient. This subroutine deter-
mines the amount of inversion charge.

(E) subroutine AVAG:

Since the doping concentrations may vary in different positions within a de-
vice, some electrical quantities, such as built-in junction potential and mobili-
ty, are functions of the position. The space average is calculated by this sub-
routine as the representative value for the electrical quantity.

(F) subroutine CALDOP:
This subroutine is used for the calculation of the total channel charge coeffi-

cient, Ngpp, which accounts for the fact that in the channel there is both mo-

bile and fixed charge.
(G) subroutine OUTPAR:

This subroutine outputs the model parameters in a format compatible with
SPICE input deck.

A.2.2. MESGEN
The MESGEN module contains corresponding subroutines which perform
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similar tasks as the ones in MOSGEN except that there is no subroutine CAL-

QINV in MESGEN.

A.3. User Guide
The following describes how users should prepare the files for running
PARGEN.

A.3.1. MOSGEN
(A) PISCES Files

MOSGEN requires PISCES results from six biasing conditions, as are list-
ed in Table 4-1 for an N-channel MOS transistors. If a P-channel transistor
is used, polarities of the biasing voltages have to be changed accordingly.

In running PISCES, the following input cards must be included so that the
MOSGEN can get all information needed from PISCES output files. These in-
put cards include:

print solution;
print points;
print material;
print que; and
print current.

Figure A-1 shows a typical PISCES input file. This file is used to simulate
the electrical behavior of an MOS transistor.
(B) File for Running MOSGEN Automatically

In order to run MOSGEN automatically the following information is written
in a file called MOSGEN.IN:
1. output file name
2. output logical unit
3. model name
4, device type

5. number of grid lines in the horizontal direction ( x direction )
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title n-channel mosfet

mesh rect nx=37 ny=26 outf=nmosmesh

x.m n=11=0 r=1

X.m n=4 |=2 r=1

x.mn=121=2.15 r=0.8

X.mn=17 1=2.3 r=1.25

x.m n=19 1=2.5 r=1

x.mn=211=2.7 r=1

x.m n=26 1=2.85 r=0.8

X.m n=34 |=3 r=1.25

x.m n=37 I=5 r=1

y.m n=1 1=0 r=1

y.m n=2 1=0.01 r=1

y.m n=141=0.02 r=1.25

y.m n=20 1=0.2 r=0.8

y.m n=24 1=0.4 r=1.25

y.m n=26 |=1 r=1

region num=1 ix.I=1 ix.h=37 iy.I=1 iy.h=2 oxide
region num=2 ix.I=1 ix.h=37 iy.I=2 iy.h=26 silicon
elect num=1 ix.I=4 ix.h=34 iy.I=1 iy.h=1

elect num=2 ix.I=2 ix.h=3 iy.I=2 iy.h=2

elect num=3 ix.I=35 ix.h=36 iy.I=2 iy.h=2

elect num=4 ix.I=1 ix.h=37 iy.I=26 iy.h=26
doping region=2 p.type conc=8e15 uniform
doping region=2 p.type gaussian conc=4e17 x.l=2.0
+ x.r=3.0 peak=0.015 char=0.02

doping region=2 n.type gaussian conc=1€20 junction=0.25
+ X.I=0 x.r=2.0 peak=0.05

doping region=2 n.type gaussian conc=1e20 junction=0.25
+ x.1=3.0 x.r=5.0 peak=0.05

interface x.min=0 x.max=>5 y.min=0.01 y.max=0.01 qf=1e10
symb gummel carriers=0

method iccg damped

material region=2 g.suf=0.6

contact num=1 n.poly

models conmob fld consrh

solve init outf=ninit

print solu

print points ) .

print ix.I=1 ix.h=37 iy.I=2 iy.h=26 material

print cue

print current

end

Figure A-1 PISCES input deck to generate the data
needed by MOSGEN.
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6. number of grid lines in the vertical direction ( y direction )

7. output file name from condition 1
8. SPICE level number
9. oxide thickness
10. substrate concentration
11. surface state density
12. the grid line which passes the source-channel boundary
13. the grid line which passes the drain-channel boundary
14, the grid line which passes along the oxide-silicon interface
15. output file name from condition 2
16. output file name from condition 3
17. the applied gate voltage in condition 3
18. output file name from condition 4
19. output file name from condition 5
20. the applied substrate voltage in condition 5
21. output file name from condition 6
22. the applied drain voltage in condition 6.
A sample of MOSGEN.IN is show in Figure A-2.

A.3.2. MESGEN
(A) PISCES Files

Four PISCES output files are needed by MESGEN. The bias conditions for
these output files are listed in Table 4-2. The five print cards mentioned in
Section A.3.1. must be also included in the PISCES input files.
(B) File for Running MESGEN Automatically

The following information is stored in a file MESGEN.IN to be used for run-
ning MESGEN in an automatic mode:
1. output file name
2. output logical unit
3. number of grid lines in the horizontal direction ( x direction )
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?odpara
nmos
nmos
37

26

pisc1

2

100
8e15
1e10
4

34

2
pisc2
pisc3
1.5
pisc4
pisch
-4.0
pisct
5.0

Figure A-2 A sample MOSGEN.IN file.



4. number of grid lines in the vertical direction ( y direction )
5. output file name from condition 1

6. gate length in pm

7. active layer thickness in pm

8. the grid line which passes the gate near the source side
9. the grid line which passes the gate near the drain side
10. output file name from condition 2

11. the applied drain voltage in condition 2

12. output file name from condition 3

13. the applied drain voltage in condition 3

14. output file name from condition 4

15. the applied gate voltage in condition 4

16. the applied drain voltage in condition 4.

117
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Appendix B

A New Method to Determine Effective
Channel Widths of MOS Transistors

Electrical characteristics of MOS transistors are strongly dependent on the
channel dimensions. Accurate characterization of effective channel dimensions
is therefore of fundamental importance in the VLSI device design and process
control. As small-geomeury transistors with channel sizes in the micron or
submicron range are widely used on VLSI circuits, it is more critical to accu-
rately determine the effective channel length and width of MOS transistors.

Various methods have been proposed to determine effective channel lengths
of MOS transistors [B.1-B.6]. However, little effort has been devoted to the
extraction method for the effective channel width based on electrical measure-
ment. The method proposed by Ma et al. [B.7] determines the effective chan-
nel width by plotting gpyg versus Wonask for different gate-source voltages at

a fixed low VDS bias. The source/drain series resistance was neglected in

their method. It is not accurate when the source/drain series resistance is
comparable to the intrinsic channel resistance. Sheu et al. [B.8] used a meth-
od to determine channel widths based on capacitance measurement. It re-
quires a high accuracy measurement system to obtain small intrinsic gate ca-
pacitance values on the order of femto Farads.

In this work, a new resistive method is presented to determine the effective
channel widths of MOS transistors. In this method, the series resistance is
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first determined using the channel-length characterization method. A practical

approximation is then used to calculate the series resistance for transistors
with different channel widths. The test structure for this method consists of
two sets of transistors. One set consists of transistors with different channel
lengths and same channel width. The other set contains transistors with dif-
ferent channel widths and same channel length. This method is suitable for
test structures with transistor channel-length in the submicrometer range.

B.1. The Channel-Length Determination Method

The measured resistance from the source to the drain terminals (RM

=Vpg/ Ips) for an MOS rransistor operated in the linear region can be ex-

pressed as
where
1 -1
Rep = Wegr 4 Cox (Vs - VTH- 7~ VDS W Leff . (B.2)

Here Wgr =W o -AW and Lgr = L ask-AL are the effective channel width
and length, respectively, Rqp is the source/drain series resistance, and Rcy

is the channel resistance. (B.1) can be rewritten as

RM =A Lmask+ B (B.S)
where
1 -1
A =[Wegr k Cox (Vgs - VTH -7 VDS )] (B4)

and
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='AAL+RSD. (B°5)

The resistance Ry is measured under a selected set of gate biases for tran-

sistors with different channel lengths and same channel width. Two succes-
sive linear regressions are then performed to determine the effective channel
length, as described in [B.1]. However, for transistors with lightly-doped-
drain (LDD) structures, the method in [B.1] can not be used since Rgpy is a

function of the gate bias and the method in [B.6] can be used.

B.2. The New Channel-Width Determination Method

The channel conductance ( gy =1/Rogy ) is given by

1
ECH™ "n»_ o
RMm - Rsp
\" 1
— B.6
=T££fucox(v08-vm-2vDs). (B.6)
eff
(B.6) can be rewritten as
g = C (Whask - AW) B.7)
where
1 1
C= — uCox (Vgs - V-7 VDS)- B.8)
Leff

In plotting gy versus Wask for a constant C, a straight line is fitted

through the data. The channel-width reduction AW is given by the intercept
of the straight line on the abscissa.
In [B.7], the series resistance Rgpy is neglected so that gy is approxi-

mated by gyq (E1/Ry). The typical ratio of the source/drain series resistance
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to the channel resistance is 20 Q / 150 Q for a conventional MOS transistor

with t, =15 nm, L ¢ = 0.8 pm, W ¢r = 10 um, and a gate bias of 5 V. The se-
ries resistance is comparable to the intrinsic channel resistance for short-
channel and thin-oxide devices and the method in [B.7] is not accurate for the
determination of AW. In our method, the series resistance is taken into ac-
count to calculate g~py. The procedures for the new method are:

(i) Measure RM for a set of transistors with same Lmask and different

w

, .
mask S under a selected set of gate biases.

(ii) Obtain the series resistance RSDI of a transistor with wide channel width

W

mask] from the effective channel length characterization. The method men-

tioned in the previous section is used for the effective channel length character-
ization. Wide channel transistors are used such that W . 1 = Weggy -

(iii) Use an approximate expression to determine the series resistances

associated with different wmask’s'
W
_ mask]1 (B.9)
Rsp2 =Rsp1 :
mask2

(iv) Plot calculated goyy versus Wpoo o for different gate biases. A straight

line is fitted through data for a given gate bias. The channel-width reduction

(AW) is determined from the intercept of all straight lines on the abscissa.

B.3. Experimental Results and Discussion

Two wafers with test transistors fabricated by different technologies were
used. Test transistors on wafer #1 were fabricated by 2-pm technology with
the conventional source/drain structure and the gate-oxide thickness is 40
nm. Transistors on wafer #2 were fabricated by 2-um technology with the
LDD structure and the gate-oxide thickness is 25 nm. In the characterization
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of the effective channel length and the series resistance, the set of transistors

on wafer #1 consists of four devices with wmask = 20 pum, and Lmask = 1.5,

2, 3, and 20 pm, respectively, and the set of transistors on wafer #2 has four

devices with W = 10 pum and L

mask= 13 2, 3, and 5 pm, respectively.

The drain bias Vpg is 0.1 V and the gate drive V5g-Vyy varies from 2 V to
6 V. The threshold voltage was measured for each transistor in the experi-
ment.

For wafer #1, the channel-length reduction (AL) is 0.47 um and the series

resistance for a W . = 20 pm wansistor is $58.5 Q. Figure B-1 shows the

plot of RM versus L. - The correlation coefficients for all straight lines are

mas
better than 0.999. The channel-length reduction and the series resistance for

wafer #2 vary with the gate bias since the transistors on the wafer have LDD
structures. The method in [B.6] was used to determine AL and Rqpy . The
channel-length reduction varies from 0.13 pm at Vgg-Vqg =2V to 0.05 pm
at Vgg - Vo= 6 V., as is shown in Fig. B-2. Figure B-3 shows the series
resistance for a W, = 10 m transistor on wafer #2 under different gate bi-
ases. The series resistance changes from 51.5 Q at Vgg-Vq=2 V t0 45.7
QatVgg-Vry=6V.

The set of transistors used for the determination of AW for wafer #1 con-
sists of four devices with L., =20 pm and W .4 =2, 3, 4, and 20 pm , re-
spectively. The set of transistors on wafer #2 has three devices with L .o =

1.5 um and W . =3, 5, and 10 pm, respectively. The channel-width reduc-

tion for wafer #1 determined by our method is -0.13 pm and that determined

by Ma’s method is -0.12 um, which are shown in Figures B-4 and B-5, re-
spectively. The difference between the results obtained by our method and
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Ma’s method is very small since the channel resistance is dominant over the

series resistance for wafer #1. The channel-width reduction for wafer #2 using
our method is determined to be 0.25 um, which is shown in Figure B-6. No
significant change in AW for different gate biases was observed. The result
obtained by Ma’s method is shown in Figure B-7. The channel-width reduc-
tion is different for different gate biases but it shows no trend with the gate bi-
as. The results in Figures B-6 and B-7 are much different since the series re-
sistance is not negligible compared to the channel resistance for wafer #2.

Figures B-8 and B-9 show the results using capacitance method to deter-
mine AW. The comparison of AW determined by the capacitance method and
our new method is listed in Table B-1. The difference between the results ob-
tained by the two methods can be ascribed to the inherent inaccuracy of the ca-
pacitance method. As shown in Figure B-10, the capacitance value in the
strong inversion region changes with the gate bias.

In conclusion, a new method is presented to determine the effective widths
of MOS transistors. It is based on the resistance measurement made on a se-
ries of transistors with the dimensional dependence of series resistance taken
into account. The experimental results show that this method can be used
with good accuracy when the series resistance is comparable to the channel
resistance. It is suitable for test structures with transistor channel-length in

the submicrometer range.
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Table B-1 Comparison of AW determined by the capa-
citance method and the new resistive method.

#1 #2
method
capacitance
- 0.12 um 0.18 um
method
new resistive -0.13 um 0.25 um
method
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PROGRAM MOSGEN
IMPLICIT INTEGER (I-N)
IMPLICIT DOUBLE PRECISION (A-H,0-2)
DOUBLE PRECISION KP,LAMBDA,IS,MJ,MJSW,JS,
+ NSUB,NSS,NFS,LD,NEFF,KF,COORX,COORY,VOL,NC,
+ PC,QFN,QFPK1,K2
+ DOP,MOBN,MOBP,JSATMOBO
CHARACTER FILIN®20,FILOUT*20,
+ BLANK*'81,MODNAM®*6,DEVTYP*4
INTEGER*2 DEVIN,DEVOUT,DEVIN2
DIMENSION VOL(100,100),NC(100,100),PC(100,100),
QFN(100,100),
QFP(100,100),COORX(100,100),COORY(100,100),
DOP(100,100),MOBN(100,100),MOBP(100,100),E(100,100),
JSAT(100,100)

+ 4+ 4+ +

COMMON /BLOCK1/LEVEL,VTO,KP,GAMMA,PHI,LAMBDA,RD,RS,CBD,CBS,
IS,PB,CGSO,CGDO,CGBO,RSH,CJ,MJ,CISW,MJISW,JS, TOX,NSUB,NSS,NFS,
TPG,XJ,LD,UO,UCRIT,UEXP,UTRA,VMAX NEFF,XQC KF,AF,FC,DELTA,
THETA,ETA KAPPA,ILEVEL,IVTO,IKP,IGAMMA,IPHI,ILAMBDA,IRD,IRS,
ICBD,ICBS,|IS,IPB,ICGSO,ICGDO,ICGBO,IRSH,ICJ,IMJ,ICJSW,IMJSW,
IJS,ITOX,INSUB,INSS,INFS,ITPG,IXJ,ILD,IUQ,IUCRIT JUEXP,IUTRA,
IVMAX INEFF,IXQC,IKF IAF,IFC,IDELTA,ITHETA,IETA, IKAPPA

COMMON /BLOCK3/ DEVIN,DEVOUT,DEVIN2

+ /BLOCK4/ FILIN,FILOUT,MODNAM,DEVTYP

+ /BLOCKE6/ IMAX,JMAX
COMMON /BLOCKS/VOL,NC,PC,QFN,QFP
COMMON /BLOCK7/DOP,E,QINV
COMMON /BLOCK8/MOBN,MOBP,JSAT
COMMON /BLOCK9/COORX,COORY
COMMON /BLOCK11/VSAT MOBO,UDEG
COMMON /BLOCK15UOZ,U1Z,US,UZ K1,K2

+ 4+ +

BLANK=""

DATA ILEVEL,IVTO,IKP IGAMMA,IPHI,ILAMBDA,IRD,IRS,ICBD,ICBS,
1iS,IPB,ICGSO,ICGDO,ICGBO,IRSH,ICJ,IMJ,ICIJSW,IMJSW,IUS,
ITOX,INSUB,INSS,INFS,ITPG,IXJ,ILD,IUQC,IUCRIT,IVEXP,IUTRA,
IVMAX,INEFFIXQC,IKF,IAF,IFC,IDELTA,ITHETA,|IETA,IKAPPA
142°0/

+ 4+ ++

INITIALIZE ALL THE DEFAULT PARAMETERS

LEVEL=1
VT0=0.0
KP=2.0E-5
GAMMA=0.0
PHI=0.6
LAMBDA=0.0
RD=0.0
RS=0.0



10

20
30
40

50

CBD=0.0
CBS=0.0
IS=1.0E-14
PB=0.8
CGS0=0.0
CGDO=0.0
CGBO=0.0
RSH=0.0
CJ=0.0
MJ=0.5
CJSwW=0.0
MJSW=0.33
JS=0.0
TOX=1.0E-7
NSUB=0.0
NSS=0.0
NFS=0.0
TPG=1.0
XJ=0.0
LD=0.0
UO=600
UCRIT=1.0E4
UEXP=0.0
UTRA=0.0
VMAX=0.0
NEFF=1.0
XQC=1.0
KF=0.0
AF=1.0
FC=0.5
DELTA=0.0
THETA=0.0
ETA=0.0
KAPPA=0.2

DEVIN2=3

OPEN(UNIT=DEVIN2,STATUS="UNKNOWN' file="mosgen1.in’)

FORMAT(A20)
READ(DEVIN2,10)FILOUT
READ(DEVIN2,20)DEVOUT
FORMAT(12)
READ(DEVIN2,30)MODNAM
FORMAT(AS)
READ(DEVIN2,40)DEVTYP
FORMAT(A4)
READ(DEVIN2,50)IMAX
FORMAT(I5)
READ(DEVIN2,60)JMAX
FORMAT(I5)
OPEN(UNIT=DEVOUT,STATUS="OLD", FILE=FILOUT)
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CALL INPISC()
CALL CALPAR()
CALL OUTPAR()
CLOSE(DEVIN)
CLOSE(DEVOUT)
STOP

END

SUBROUTINE INPISC

IMPLICIT INTEGER (I-N)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

CHARACTER LINE*81,KOOL*81

INTEGER*2 N,I,J,DEVIN,DEVOUT ,DEVIN2

CHARACTER FILIN*20,FILOUT*20,MODNAM®6,DEVTYP*4
DOUBLE PRECISION VOL,NC,PC,QFN,QFP,COORX,COORY,

+ DOP,MOBN,MOBP,JSAT MOBO

DIMENSION VOL(100,100),NC(100,100),PC(100,100)

+ ,QFN(100,100),QFP(100,100),COORX(100,100),COORY(100,100),

+ DOP(100,100), MOBN(100,100),MOBP{100,100),E(100,100),
+ JSAT(100,100)

20

Cc
c

COMMON /BLOCK3/ DEVIN,DEVOUT,DEVIN2
COMMON /BLOCK4/ FILIN,FILOUT,MODNAM,DEVTYP
COMMON /BLOCKS&/ IMAX,JMAX

COMMON /BLOCKS/ VOL,NC,PC,QFN,QFP

COMMON /BLOCK7/DOP,E,QINV

COMMON /BLOCK8/MOBN,MOBP ,JSAT

COMMON /BLOCK9/COORX,COORY

COMMON /BLOCK11/VSAT,MOBO,UDEG

READ(DEVIN2,1)FILIN
FORMAT(A20)
M=1
K=1
DEVIN=4
OPEN(UNIT=DEVIN,STATUS="0OLD’,FILE=FILIN)
READ(DEVIN,10,END=30)LINE
FORMAT(AB0)
KOOL=""
=1
DO 20 N=1,LEN(LINE)
IF((LINE(N:N).NE." ").AND.(LINE(N:N).NE."  "))THEN
KOOL(l:l)=LINE(N:N)
l=l+1
ENDIF
CONTINUE
CALL UPCASE(KOOL)
OPEN(UNIT=DEVOUT,STATUS="0OLD’,FILE=FILOUT)
WRITE(DEVOUT 40)KOOL
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IF(KOOL(1:13).EQ."NODEVNPQFNQFP')THEN
GO TO 60
ELSE IF(KOOL(1:10).EQ."NODEXCOORD'") THEN
GO TO 920
ELSE IF(KOOL(1:12).EQ."NODEMOBILITY’) THEN
GO TO 150
ELSE IF(KOOL(1:13) .EQ. 'MOBILITYMODEL")THEN
READ(DEVIN,15)UDEG
15 FORMAT(13X,D13.6)
K=K+1
IF(K .NE. 2) M=M-1
GOTO25
ELSE IF(KOOL(1:10) .EQ. 'LOG10(NI)=")THEN
READ(DEVIN,35)MOB0
GOTO25
ELSE IF(KOOL(1:11) .EQ. 'P-MOBILITY=")THEN
READ(DEVIN,35)VSAT
35 FORMAT(16X,D16.2)
WRITE(DEVOUT,35)MOB0,VSAT
GO TO25
ELSE
GOTOS
ENDIF
60 DO 65 I=1,IMAX
DO 65 J=1,JMAX
50 READ(DEVIN,70,END=30)VOL(1,J),NC(!,J),PC(l,J),QFN(}.J),
+ QFP(Y)
70 FORMAT(8X,F10.5,4D12.4)
VOL(1,J)=VOL(l,J)*1.D0
C  WRITE(DEVOUT,80)!,J,VOL(I,J),NC(1,J),QFN(l,J)
80 FORMAT(1H ,3X,'FOR POINT('!5,",",!5,")",'VALUES ARE',F10.5,2E12.4)
65 CONTINUE
GOTO25
40 FORMAT(1H ,A80)
90 READ(DEVIN,85)
85 FORMAT()
100 DO 110 K=1,IMAX
DO 110 L=1,JMAX
120 READ(DEVIN,130) COORX(K,L),COORY(K,L),DOP(K,L)
130 FORMAT(5X,2D11.3,012.3)
o WRITE(DEVOUT,140)K,L,COORX(K,L),COORY(K,L),DOP(K,L)
140 FORMAT(1X,'COORD(.I5,","I5,)=",1P2E11.3,E12.3)
110 CONTINUE
GOTO25
150 READ(DEVIN,155)
155 FORMAT(1X)
DO 160 I=1,IMAX
DO 160 J=2,UJMAX
READ(DEVIN,170)MOBN(l,J),MOBP(l,J)
170 FORMAT(5X,F15.2,F16.2)
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C  WRITE(DEVOUT,170)MOBN(,J),MOBP(I,J)
160 CONTINUE

GO TO25
25  M=M+1

IF(M .NE. 7)GO TO 5
30 CONTINUE

RETURN

END

SUBROUTINE CALPAR()
IMPLICIT INTEGER(I-N)
IMPLICIT DOUBLE PRECISION (A-H,0-2)
INTEGER"2 DEVIN,DEVOUT,DEVIN2
DOUBLE PRECISION VOL,NC,PC,QFN,QFP,COORX,COORY,
+ KP,LAMBDA,IS,MJ MJSW JS,NSUB,NSS,NFS,K1,K2,
+ LDNEFF,KF,DOP,MOBN,MOBP ,AVA,JSAT,NCINV,NCO,MOBO
DIMENSION VOL(100,100),NC(100,100),PC(100,100),QFN(100,100)
,QFP(100,100),COORX(100,100),COORY(100,100),
DOP(100,100),MOBN(100,100),MOBP(100,100),
E(100,100),JNEDGE(100),JPEDGE(100),ISTART(100) /END(100),
JSAT(100,100),NCINV(100,100),NC0{100,100),JPOINT(100)
COMMON /BLOCK1/ LEVEL,VTO,KP,GAMMA,PHI,LAMBDA,RD,RS,CBD,CBS,
1S,PB,CGSO,CGDO,CGBO,RSH,CJ,MJ,CISW,MISW,JS, TOX,NSUB,NSS,NFS,
TPG,XJ,LD,UO,UCRIT,UEXP,UTRA,VMAX NEFF,XQC,KF,AF,FC,DELTA,
THETA,ETA KAPPA,ILEVEL,IVTO,IKP,IGAMMA, IPHI,ILAMBDA,IRD,IRS,
ICBD,ICBS,IIS,IPB,ICGSO,ICGDO,ICGBO,IRSH,ICJ,IMJ,ICJSW,IMJISW,
WS,ITOX,INSUB,INSS,INFS,ITPG,IXJ,ILD,IUQO,IUCRIT,IUEXP,IUTRA,
IVMAX,INEFF,IXQC,IKF,IAF,IFC,IDELTA,ITHETA,IETA,IKAPPA
COMMON /BLOCK5/VOL,NC,PC,QFN,
+ QFP
COMMON /BLOCKB/IMAX,JMAX
COMMON /BLOCK7/D0P,E,QINV
COMMON /BLOCK8/MOBN,MOBP,JSAT
COMMON /BLOCK9/COORX,COORY
COMMON /BLOCK3/DEVIN,DEVOUT,DEVIN2
COMMON /BLOCK10/AVA
COMMON /BLOCK11/VSAT,MOBO,UDEG
COMMON /BLOCK150J0Z,U1Z,US,UZ K1,K2
COMMON /BLOCK12/QDOP
READ(DEVIN2 3)LEVEL
ILEVEL=1
READ(DEVIN2,2)TOX1
2 FORMAT(D11.4)
TOX=TOX1°1.08
ITOX=1
READ(DEVIN2,2)NSUB
INSUB=1
READ(DEVIN2,2)NSS
INSS=1

+ + 4+ +

+ + 4+ + 4+ 4+



READ(DEVIN2,3)ISMASK
3 FORMAT(3)
READ(DEVIN2,3)IDMASK
READ(DEVIN2,3)JSTART
JEND=JSTART
DO 5 L=1,JMAX-JSTART+1
4 DO5K=1,IMAX
IF(DOP(K,L+JSTART-1) .GT. 0. .AND. DOP(K+1,L+JSTART-1)
+ .LT.0.)THEN
ISTART(L)<K+1
ELSE IF(DOP(K,L+JSTART-1) .LT. 0. .AND.
+ DOP(K+1,L+JSTART-1) .GT. 0.)THEN
IEND(L)=K
GOTOS
ENDIF
5 CONTINUE
C200 WRITE(DEVOUT,210)(ISTART(J),IEND(J) J=1,JMAX-JSTART+1)
210 FORMAT(1X.215)
CHALEN=(COORX(IEND(1),JEND)-COORX(ISTART(1), JSTART))*1.D-4
C CALCULATE LD
LD=(COORX(ISTART(1),JSTART)-COORX(ISMASK,JSTART))*1.D-6
ILD=1
C  WRITE(DEVOUT,80)COORX(ISTART,JSTART),COORX(IEND,JEND)
C CALCULATE XJ
DO 10 J=JSTART,JMAX
IF(DOP(ISMASK-1,J) .GT. 0. .AND. DOP(ISMASK-1,J+1) .LT.
+ 0.) THEN
XJ=COORY(ISMASK-1,J)*1.D-6
IXJ=1
GOTO 15
ENDIF
10 CONTINUE
C CALCULATE PHI, PB
15 DO 130 1=1,ISMASK
110 DO 130 J=JSTART.JMAX
IF(DOP(I.J) .LT. 0.)GO TO 120
IF((DOP(1,J)-NC(1,J)/DOP(1,J) .GT. 0.1
+ .AND. (DOP(1,J)-NC(1,4))/DOP(1,J) .LT. 1)THEN
JNEDGE(l)=J
ENDIF
GO TO 130
120  IF((ABS(DOP(1,J))-PC(1.J)/ABS(DOP(I,J)) .GT. 0.1
+ .AND. {ABS(DOP(1,J))-PC(l,J)/ABS(DOP(I.J)) .LT. 1)THEN
JPEDGE(l)=J
ENDIF
130 CONTINUE
C CALCUALTE PHIN
ISO=1
CALL AVAG(ISO,ISMASK,JNEDGE,VOL,COORX)
PHIN=AVA
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C CALCULATE PHIP

CALL AVAG(ISO,ISMASK,JPEDGE,VOL,COORX)
PHIP=AVA

PB=PHIN-PHIP

IPB=1

PHI=2*ABS(PHIP)

IPHI=1

DO 60 I=1,IMAX

JPOINT(l)=JSTART

60 CONTINUE
C CALCULATE KP

DO 66 I=1,IMAX
DO 66 J=JSTART,JMAX
MOBN(!,J)=MOBN(1,J)*'UDEG/DSQRT(1+(MOBN(I,J)*"UDEG
*E(1,J)/VSAT)**2)

66 CONTINUE

CALL AVAG(ISTART,IEND,JPOINT,MOBN,COORX)
UO=AVA

UO=1

KP=U0"3.9°8.85D-14/TOX

IKP=1

C CALCULATE VTO

70

75

59
C

CALL INPISC
DO 65 I=1,IMAX
DO 65 J=1,JMAX
NCO(1.J)=NC(1,J).
CONTINUE
CALL INPISC
DO 70 I=1,IMAX
DO 70 J=1,JMAX
NCINV(1.J)=NC(1,J)
CONTINUE
CALL CALQINV(ISTART,JSTART,IEND JEND,COORX,COORY,NCO)
QINVO=QINV
READ{DEVIN2,75)VGS
FORMAT(F11.4)
VTO=VGS-QINV*TOX/3.9/8.85D-14
WRITE(DEVOUT,2)VTO,QINVO
IVTO=1
CALL AVAG(ISTART,IEND,JPOINT,VOL,COORX)
PSIO=AVA
WRITE(DEVOUT,59)VSAT
FORMAT(1X,D16.3)
IF(LEVEL .EQ. 4) GO TO 1000

C CALCULATE GAMMA

CALL INPISC

CALL CALQINV(ISTART,JSTART,IEND,JEND,COORX,COORY,NCO)
READ(DEVIN2,75)VBS

READ(DEVIN2,75)VGS

COX=3.9"8.85E-14/TOX
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SRT=(DSQRT((PHI-VBS))-DSQRT(PHI))
CALL AVAG(ISTART,IEND,JPOINT,VOL,COORX)
PSI=AVA
C QINVO AND QINV ARE POSITIVE IN HERE.
QBD=(QINVO-QINV)/1.6D-19
GAMMAG=((PSIO-PSI)*COX+{QINVO-QINV))/COX/SRT
IGAMMA=1
VT1=VGS-QINV*TOX/3.9/8.85D-14
C PRINTOUT PSIO, PSI, QBD
WRITE(DEVOUT,69) VGS,PSIO
69 FORMAT(1X, SURFACE POTENTIAL AT VGS="F6.3,V IS',
+ F8.4,V")
WRITE(DEVOUT,79) VGS, VBS, PSI
79 FORMAT(1X, 'SURFACE PATENTIAL AT VGS="F6.3,V AND VBS=",
+ F6.3,V IS F8.4,V)
WRITE(DEVOUT,89) QBD
89 FORMAT(1X, 'SUBSTRATE-INDUCED DEPLETION CHARGE IS,
+ D16.3, CM-2)
IF(LEVEL .EQ. 4)GO TO 1000
C CALCULATE JS
C  CALL AVAG(ISO+1,ISMASK,JPEDGE,JSAT,COORX)
C  JS=AVA
C  WS=1
C CALCULATE LAMBDA
C VMAX
IF(LEVEL .NE. 1)THEN
VMAX=VSAT/100.
IVMAX=1
ENDIF
80 FORMAT(1X,3D17.5)
1000 IF(LEVEL .EQ. 4) THEN
CALL INPISC
DO 300 I=1,IMAX
DO 300 J=JSATRT,JMAX
MOBN(I,J)=MOBN(.J)* UDEG/DSQRT(1+(MOBN(1,J)*
+ UDEG'E(1,J)VSAT)**2)
300 CONTINUE
CALL AVAG(ISTART,IEND,JPOINT,MOBN,COORX)
USO=AVA
C CALCULATE UOZ
READ(DEVIN2,75)VGS
UOZ=(UO/USO-1)/(VGS-VTO)
CALL INPISC
DO 320 I=1,IMAX
DO 320 J=JSTART,JMAX
MOBN(l,J)=MOBN(I,J)* UDEG/DSQRT(1+(MOBN(I,J)*
+ UDEG'E(I,J)/VSAT)**2)
320 CONTINUE
CALL AVAG(ISTART,IEND,JPOINT,MOBN,COORX)
USO=AVA

143



READ(DEVIN2,75)VDS
U1Z=(UO/USO-1)*CHALEN/VDS
US=USO"(1+U1Z*VDS/CHALEN)

CALL INPISC

DO 330 |=1,IMAX

DO 330 J=JSTART,JMAX

MOBN(,J)=MOBN(l,J)* UDEG/DSQRT(1 +(MOBN(I,J)*
+  UDEG'E(IJ)/VSAT)**2)

330 CONTINUE
CALL AVAG(ISTART,IEND,JPOINT,MOBN,COORX)
UZ=AVA

C  CALLINPISC

C  READ(DEVIN2,75)VBS1

C  READ(DEVIN2,75)VGS

C  CALL CALQINV(ISTART JSTART,IEND,JEND,COORX,COORY,NCO)

C  VT1=VGS-QINV*TOX/3.9/8.85D-14

C  CALLINPISC

C  READ(DEVIN2,75)VBS2

C  READ(DEVIN2,75)VGS

C  CALL CALQINV(ISTART JSTART,IEND,JEND,COORX,COORY,NC0)

C  VT2=VGS-QINV*TOX/3.9/8.85D-14

C CALCULATE K1,K2

K1=GAMMA
K2=-(VTO-VT1-K1*(DSQRT(PHI)-DSQRT(PHI-VBS)))/VBS
DENOM=DSQRT(PHI-VBS2)*(PHI-VBS1)-DSQRT(PHI-VBS1)*
+ (PHI-VBS2)

XT1=VT1+0.8-PHI

XT2=VT2+0.8-PHI
K1=(XT2*(PHI-VBS1)-XT1*(PHI-VBS2)/DENOM
K2=(XT2°DSQRT(PHI-VBS1)-XT1*DSQRT(PHI-VBS2))/DENOM
ENDIF

WRITE(DEVOUT,75)VT1,VT2,K1,K2

RETURN .

END

OO0

SUBROUTINE OUTPAR()
IMPLICIT INTEGER(I-N)
IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DOUBLE PRECISION KP,LAMBDA IS.MJ,MJSW JS,NSUB,

+ NSS,NFS,LD,NEFF KF,K1,K2
CHARACTER FILIN*20,FILOUT"20,

+ MODNAM*6,DEVTYP*4,PCHAR"9

INTEGER*2 DEVIN,DEVOUT,DEVIN2

COMMON /BLOCK1/LEVEL,VTO,KP,GAMMA,PHI,LAMBDA,RD,RS,CBD,CBS,
IS,PB,CGS0,CGDO,CGBO,RSH,CJ,MJ,CISW,MISW,JS, TOX,NSUB,
NSS,NFS,TPG,XJ,LD,UO,UCRIT,UEXP,UTRA,VMAX NEFF,XQC KF,AF,
FC.DELTA,THETA,ETA KAPPA ILEVEL,IVTO,IKP,IGAMMA, IPHI,
ILAMBDA,IRD,!RS,ICBD,ICBS,!IS,IPB,ICGSO,ICGDO,ICGBO,IRSH,
ICJ,IMJ,ICISW,IMJISW,IJS,ITOX,INSUB, INSS,INFS,ITPG,IXJ,ILD,

+ 4+ 4+ + +
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20
30

IUO,IUCRIT,IUEXP,IUTRA IVMAX,INEFF,IXQC,IKF,IAF,IFC,IDELTA,
ITHETA,IETA,IKAPPA
COMMON /BLOCK3/ DEVIN,DEVOUT,DEVIN2

+ /BLOCK4/ FILIN,FILOUT,MODNAM,DEVTYP
+ /BLOCK&/ IMAX,JMAX

COMMON /BLOCK15/UOZ,U1Z,US,UZ,K1,K2

WRITE(DEVOUT,10)MODNAM,DEVTYP
FORMAT(" ', .MODEL',2X,A6,2X,A4)
FORMAT("','+,2X,A9,2X,1PE15.8)
FORMAT(' "'+".2X A9.2X 12)

IF(ILEVEL.EQ.1)THEN

PCHAR="LEVEL ="'

WRITE(DEVOUT,30)PCHAR,LEVEL

ENDIF

IF(LEVEL .EQ. 4)GO TO 100

IF(IVTO.EQ.1)THEN

PCHAR='VTO ="'

WRITE(DEVOUT,20)PCHAR,VTO

ENDIF

IF(IKP.EQ.1)THEN

PCHAR='KP ="

WRITE(DEVOUT,20)PCHAR,KP

ENDIF

IF(ILD .EQ. 1)THEN

PCHAR=1D ="

WRITE(DEVOUT,20)PCHAR,LD

ENDIF

IF(IXJ .EQ. 1)THEN

PCHAR="XJ ="

WRITE(DEVOUT,20)PCHAR,XJ

ENDIF

IF(IPB .EQ. 1)THEN

PCHAR=PB ="

WRITE(DEVOUT,20)PCHAR,PB

ENDIF

IF(IPHI .EQ. 1)THEN

PCHAR='PHI ="

WRITE(DEVOUT,20)PCHAR,PHI

ENDIF

IF(IGAMMA EQ. 1)THEN

PCHAR="GAMMA ="'

WRITE(DEVOUT,20)PCHAR,GAMMA

ENDIF

IF(JS .EQ. 1)THEN

PCHAR=JS ="'

WRITE(DEVOUT,20)PCHAR,JS

ENDIF

IF{ILAMBDA .EQ. 1)THEN

PCHAR=LAMBDA ="'
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WRITE(DEVOUT,20)PCHAR,LAMBDA
ENDIF
IF(IVO .EQ. 1)THEN
PCHAR="UO ="'
WRITE(DEVOUT,20)PCHAR,UO
ENDIF
IF(ITOX .EQ. 1)THEN
PCHAR=TOX ="
TOX=TOX/100.
WRITE(DEVOUT,20)PCHAR,TOX
ENDIF
IF(INSS .EQ. 1)THEN
PCHAR="NSS ="
WRITE(DEVOUT,20)PCHAR,NSS
ENDIF
IF{INSUB .EQ. 1)THEN
PCHAR="NSUB ="'
WRITE(DEVOUT,20)PCHAR,NSUB
ENDIF
IF(IVMAX .EQ. 1)THEN
PCHAR="VMAX ="'
WRITE(DEVOUT,20}PCHAR,VMAX
ENDIF
IF(INEFF .EQ. 1)THEN
PCHAR='NEFF =’
WRITE(DEVOUT,20)PCHAR,NEFF
ENDIF
IF(WEXP .EQ. 1)THEN
PCHAR="UEXP ="'
WRITE(DEVOUT,20)PCHAR,UEXP
ENDIF
IF(IUCRIT .EQ. 1)THEN
PCHAR='UCRIT ="
WRITE(DEVOUT,20)PCHAR,UCRIT
ENDIF
IF(IETA .EQ. 1)THEN
PCHAR=ETA ="
WRITE(DEVOUT,20)PCHAR,ETA
ENDIF
IF(ITHETA .EQ. 1)THEN
PCHAR="THETA="
WRITE(DEVOUT,20)PCHAR,THET.
ENDIF .
100 PCHAR=PHIS="
WRITE(DEVOUT,20)PCHAR,PHI
PCHAR='US="'
WRITE(DEVOUT,20)PCHAR,US
PCHAR='UZ="'
WRITE(DEVOUT,20)PCHAR,UZ
PCHAR="UOZ="
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WRITE(DEVOUT,20)PCHAR,UOZ
PCHAR="U1Z="
WRITE(DEVOUT,20)PCHAR,U1Z
PCHAR='K1="
WRITE(DEVOUT,20)PCHAR,K1
PCHAR="K2= "
WRITE(DEVOUT,20)PCHAR,K2
RETURN

END

SUBROUTINE UPCASE(LINE)
INTEGER*2 |
CHARACTER LINE*80,A*1
DO 10 I=1,LEN(LINE)
A=LINE(1:1)
IF (ICHAR(A).GE.ICHAR('a’).AND.ICHAR(A).LE.ICHAR('z)) THEN
LINE(1:1)=CHAR(ICHAR(LINE(I:1))-ICHAR('a')}+ICHAR('A’))
ENDIF
CONTINUE
RETURN
END

SUBROUTINE CALQINV(ISTART,JSTART,IEND,JEND,COORX,COORY,NC0)

IMPLICIT INTEGER (I-N)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

INTEGER<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>