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Abstract

A robust deep-submicron Short-Channel MOS transistor model (S-CMOS) is developed.
All operation regions of MOSFET can be simulated with unified expression of S-CMOS
model including the triode, saturation, subthreshold, weak and strong inversion regions.
Temperature dependency on threshold voltage and effective mobility was investigated and
efficient model was developed. Simple noise model was developed to describe the behav-
ior of the noise in MOSFET devices. The effective mobility expression includes the
effects of lateral and vertical electric fields in the channel efficient degradation factor
which simplifies the expression and reduce the computation time. The unified drain cur-
rent and terminal charge expressions, which provides a highly continuous behavior for the
conductances and capacitances in all regions of operation are developed and the robust-
ness was verified by simulating every mathematical components. The charge model uses
the better expression of conductance degradation coefficient to model the channel charge
density. The unified expressions of charge densities are valid for all operation regions,
including the accumulation region. Non-quasi-static charge capacitance analysis is devel-
oped for radio frequency application and a unified first-order non-quasi-static expression

including time constants for long-channel transistor and high frequency are derived. The

XVi



characteristics of time constants in all geometric regions are simulated and analyzed for
high frequency Very large Scale Integration (VLSI) application. Efficient parameter
extraction procedure was developed by using multiple-objective function which is able to
include not only drain current but also conductance and transcoductance characteristic of
the transistor and the extraction procedure of the S-CMOS model was implemented in
MATLAB software. The accurate parameter values are extracted in accordance with the
measurement data of 0.35um technology transistors from MOSIS Service. The S-CMOS
model is implemented into SPICE3f3 from U.C. Berkley successfully under SUN Solaris
2.6. and the performance comparison of S-CMOS, MOS Level2, Level3, BSIM, and
BSIM3v3 models in circuits simulation including folded-cascode Op-Amp, analog multi-
plier, comparator, 8-bit carry-save adder, and 8-bitx8-bit carry-save multiplier are demon-
strated. Detailed design and simulation results on efficient 8-bitx8bit divider design and
simulation results are also included. The estimation methods of dc power dissipation of

basic CMOS digital circuit blocks are also presented.
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Chapter 1

Introduction

The idea of complementary MOSFET (Metal Oxide Semiconductor Field Effect transis-
tor) was introduced in early 1960’s. With the benefit of improvements in the Integrated
Circuits(IC) fabrication technology in 1980's, Complementary Metal Oxide Semiconduc-
tor (CMOS) technology was widely accepted and used for VLSI system implementation.
This acceptance was because of the unique advantages of CMOS circuits over nMOS and
Bipolar junction transistor counterparts. CMOS technology consumes less power than
other technologies and it is very suitable for battery-operated systems. Also, low cost,
high-package density, large design margin (easy to design,) high noise margin, easy to
scaling, wider temperature and voltage operation range make CMOS technology unique
and promising for Very large-scale integration (VLSI) and Ultra large-scale integration
(ULSI). VLSI circuits fabricated by metal-oxide-semiconductor (MOS) technologies are
widely used in industry to implement high-performance computing, signal processing,
multimedia, and telecommunication systems [1]. As the integrated-circuit industry contin-
ues its tremendous growth, a urgent concern is the industrial standard MOSFET models
that can be commonly used in integrated-circuit simulation. MOSFET models are taken as

representing the electrical behavior of a particular transistor fabrication technology and



provide the critical link, the “communication vehicle” between a foundry and its fabless
customers. The emergence of CMOS as the main fabrication technology over the past

decade has been accompanied by a reduction in feature size from 2.5um to (.18 um. an

increase in chip area from 50mm? to 300mm?2, and an increase in the number of transistors
from 100,000 to 1 billion for memories and from 60,000 to over 7 million for micropro-
cessors [2], the further newest multi-chip-module (MCM) package technology can bind
several chips in a single substrate with more than 20 million transistors, a drop in the on-
chip gate delay from 1 nano-second to 10 pico-second and an increase in the chip clock
frequency from 10 MHz to over 1 GHz [3]. In the competitive industrial environment,
efficient design automation is invaluable in ensuring that high-quality products developed
within a short period of time. In such an environment, circuit and system designs can take
place simultaneously with continuous technology improvement. This requires closer rela-
tionship in the vertical integration from the device-level simulation through the circuit-
level design to the system-level simulation. In recent years, concurrent engineering has
been replacing traditional isolated design and manufacture approaches.

The level of circuit integration on a single chip has been greatly increased by new lithog-
raphy and etching techniques. The increased use of deep-submicron technologies has cre-
ated new challenges for researchers in mixed-signal VLSI hardware design, high-
performance circuit simulation, and microelectronic system design. At the transistor level,
detailed investigation of small-geometry effects on the behavior of transistors is required.
Effects of coupling between interconnections and neighboring devices can be more signit-

icant due to compactness of the circuit. The degradation of device behavior with time of



operation can be more significant due to higher electrical stresses in the channel region of
MOS transistors. At the circuit design level, accurate modeling of transistors is urgently
needed so that special features of advanced technologies can be exploited to the greatest
extent. Desirable features of the model include a compact set of parameters, continuity of
the drain current and its derivatives across different regions of operation, and the ability to
use a single parameter set over a large geometric design space. At the system design level,
new architectures are required in order to utilize advanced technologies effectively and
extend boundaries of achievable performance. Advanced computer architectures are likely
to use superpipelined multiprocessors with distributed memories and optical interconnec-
tions. Nowadays, the integrated media systems combine all the advanced audio/video,
teiecommunication, and memory technologies to structure the information super-highway.
Simultaneous efforts at the device, circuit, and system levels are essential in order to
achieve the high performance computing and communication.

The main flowchart of mixed-signal VLSI circuit and system design is shown in Fig 1.1.
Application is the first and most important issue, such as multimedia, telecommunication,
microprocessor, hard disk drive, etc., which determines the aspect of the VLSI design.
After that, the design methodology and algorithm should be determined to optimize the
design cost and expected performance. During the circuit implementation period, simula-
tion and verification are needed for each step to ensure the correction of the function and
operation. In order to achieve the new generation of VLSI design which involves a very

complex design procedure, the advanced computer-aided design (CAD) tools are required.
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Figure 1.1: The main flowchart of mixed-signal VLSI circuit and system design

Fi;g.l.z. shows the main component of an advanced VLSI design environment. In the
design and synthesis portion, the CAD tools for the digital domain are fairly well devel-
oped. However, the design of the analog sections often remains a bottleneck. To increase
the efficiency of the design process, and reduce the design time for the mixed-signal
VLSI, the analog CAD should be paid a lot of attention. Due to short prototype develop-
ment time, device/process simulators such as SUPREM[9], SAMPLE and PISCES[1()]

from Stanford University can be used to analyze the effects of adjusting process variables,



and to predict detailed device behavior. Device simulators can be used to generate circuit-
level parameters so that simulation can be performed for prediction of circuit perfor-
mance. This link between device and circuit simulators enables optimization of fabrication
processes based on circuit performance. The core of VLSI simulation environment con-
tains circuit simulators such as SPICE from U.C. Berkeley [4], which use models of
devices such as transistors to predict the detailed electrical behavior of analog and digital

circuits.
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Figure 1.2: An advanced VLSI design environment



The model expressions calculate the terminal voltage and current waveforms of devices
based on model parameters. Several commercial circuit simulators are based upon the
SPICE program including HSPICE from Avant! Corp.[5]. and PSPICE from Microsim
Corp. [6]. The use of macro-models increases the efficiency of these detailed circuit simu-
lators. Some circuit simulators such as SPLICE from U.C. Berkeley [11] and iSPLICE
from Univ. of Illinois, can perform simulation of mixed-signal circuits that contain sub-
stantial analog and digital circuitry. Other circuit simulators such as RELAX from U.C.
Berkeley [12] and AWESIM from Carnegie Mellon University use waveform relaxation
techniques to speed up simulation tasks. In addition to simulation results of the freshly
manufactured circuit, the designer may require information about the degraded perfor-
mance of a circuit after it has operated for some period of time, because the use of
extremely small feature sizes causes concerns of transistor and interconnection reliability.
Reliability simulators such as RELY from University of Southern California [7], BERT
from U.C. Berkeley [14], and iSMILE from Univ. of Illinois, can be used to predict the
lifetime of circuits based on technology-dependent degradation parameters. Reliability
simulation results can be used to modify circuit designs for reliability enhancement before
actually committing the circuit to fabrication. Reliability predictions are also useful in
determining warranties to be given to customers using electronic products. At the highest
level of abstraction in the simulation environment, logic and timing simulators use behav-
ioral models of the circuit to predict and verify the functionality and speed performance of
electronic sub-systems or systems. IC designers moving to deep submicron technologies
face big challenges. Initial design projects have experienced unexpectedly long design

cycles, a larger than expected number of design iterations, problems getting chips to oper-
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ate at target clock speeds and surprises with die size late in the design cycle. The effects of
deep submicron geometries, higher clock speeds, and soaring gate counts all create new
design problems that are not addressed by existing tools and methodologies. The limita-
tions of available tools and methodologies are clear. Logic designers, who once needed to
know little about the physical implementation of their devices to successfully complete
their designs, must now have access to key physical design information early in the design
process. Without this information, timing delays, routability, and power dissipation are not
accurately predicted and the logic designer has no way of knowing if basic design con-
straints such as functionality, cost, power, and speed are being met. The result is often big
surprises late in the design cycle. Results from the circuit simulator affect crucial deci-
sions that are made during architectural specification, circuit design, and chip fabrication.
Accurate and efficient MOS transistor models are keys to the successful operation of such
VLSI simulation environments. As the integrated-circuit industry continues its tremen-
dous growth, an urgent concern is the Industrial Standard MOSFET models that can be
commonly used in integrated-circuit simulation. MOSFE"I‘ models are taken as represent-
ing the electrical behavior of a particular transistor fabrication technology and provide the
critical link-the “communication vehicle” between a foundry and its fabless custom-
ers[16]. In the area of standard model testing, once a particular model is selected it should
be tested using standard test cases. To cope with the urgent industrial demands, Compact
Short-channel MOS Model (S-CMOS) will be completed for industrial application. With
the growing use of portable and wireless electronic systems, reduction in power consump-
tion has become more and more important in today's VLSI circuit and system designs. In

CMOS digital circuits, power dissipation consists of dynamic and static components.
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Since dynamic power is proportional to the square of supply voltage V44 and static power
is proportional to V44, lowering supply voltage is obviously the most effective way to
reduce power consumption. With the scaling of supply voltage, transistor threshold volt-
age (Vth) should also be scaled in order to satisfy the performance requirements. Unfortu-
nately, such scaling leads to an increase in leakage current which becomes an important
concern in low voltage high performance circuit designs. Multiple thresholds can be used
to deal with the leakage problem in low voltage high performance CMOS circuits. This
technique has commonly been used in DRAM chips by raising threshold voltages of the
array devices with a fixed body bias. Besides reducing threshold and supply voltages,
other level of power reduction methodologies, such as; architecture, system or logic/cir-
cuit levels should be used during the design process for optimizing the power dissipation
of digital systems. Because reducing threshold voltage causes in an exponential increase
in the leakage current, DC power consumption of the CMOS circuits becomes more cru-
cial for low-power, low-voltage CMOS circuits. Leakage current related power consump-
tion analysis and optimization of the CMOS digital circuits was reported in the literature
lately[17]. A model for deep-submicron CMOS digital circuits were examined and applied
to basic CMOS digital building blocks. 0.35um CMOS submicron process technology
model parameters and SPICE3f3 circuit simulation program([4] is used.

According to the needs of the advance MOS transistor model for circuit designers and
device engineers, a deep-submicron MOS transistor model for low-power and low-voltage
mixed-signal circuit design is developed. The deep-submicron techniques and some inter-

polation and smoothing functions will be used to achieve accuracy and continuity of the



drain current, output conductance, transconductance, and their derivatives in all regions of
transistor operation. Besides the drain current and charge/capacitance models, temperature
and noise effects on circuit performance will also be considered in the new model. Based
on the SPICE simulator structure, the new model will be designed to increase the accu-
racy, decrease the computational complexity, and avoid the non-convergence problem.

The MOS transistor modeling problem is described in Chapter 2. Literature publications
in this area have been surveyed and significant results area briefly described. In this
Chapter, an overview of MOSFET modeling for circuit simulation is presented. After
discussing some of the implications of analog and low-power applications, the history of
the MOS models commonly used in SPICE-like circuit simulators and the simulators are
presented. In Chapter 3, based on the BSIM, drain current model structure described by
unified expression is introduced. In Chapter 4, a newly developed Charge/Capacitance
MOSFET model and the experimental results are presented. Non-quasi-static approach
for high frequency application is proposed also in this Chapter. In Chapter 5 an efficient
parameter extraction procedure and its strategies are presented. Accurate S-CMOS
parameter values extracted with MOSIS 0.35um tech. are introduced in this chapter. The
implementation of the model in SPICE3f3 simulations are presented in Chapter 6. The
performances comparison of S-CMOS, MOS Level2, Level, BSIM1, and BSIM3v3
models in circuits simulation including folded-cascode Op-Amp, analog multiplier,
comparator, 8-bit carry save adder, and 8-bitx8bit carry save multiplier are presented in
this chapter. Efficient 8-bitx8bit divider design and simulation results are included in this
chapter also. Finally, Chapter 7. presents discussion and conclusion for implementation in

the industrial application.
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Chapter 2

MOS Transistor Modeling

2.1 Overview

Rapid progress in VLSI technology have made the implementation of high density chips
possible which contains multi-million transistors. Reducing feature size of the CMOS
devices is the main way to increasing integration density in VLSI. New fabrication tech-
nologies, like CMOS Shallow Junction well FET (SJET) by Toshiba Corp., Twin-tub
CMOS process with Lightly Doped Drain (LDD), and SOI (Silicon on Insulator)[1] have
been developed for producing deep-submicron devices. When MOS transistors are made
smaller (shorter or narrower) for VLSI circuits, several small-geometry effects arise, and
two-dimensional effects near the edges of the smaller transistor become significant.
Therefore, simple one dimensional gradual channel approximation (GCA)[2] no longer
useful for explaining effect took place under the channel of the small geometry MOS
device. Two-dimensional potential distribution in small-geometry MOSFETs, cause in

reduction on threshold and punch-through voltages and cause in degradation on the sub-
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threshold characteristics of the MOS devices. Also, reducing feature size and keeping sup-
ply voltage high, like 5V, cause in hot carrier generation and impact ionization which
degrade device performance and characteristics. In the device design standpoint, proper
design of the sub-micron devices become crucial for avoiding those short-channel eftects.
In the device model standpoint, short-channel effects such as carrier velocity saturation,
carrier mobility degradation, and drain-induced barrier lowering (DIBL), should be
included in the MOS transistor models. This kind of sophisticated models are available in
today's technology and can be found in the literature [1],[2],[3]. Digital CMOS IC's have
been the main driving force behind the VLSI technology for implementation of high-per-
formance computing and other kinds of commercial or scientific applications. It seems
that the demand of high density and high-performance digital CMOS IC's will be continu-
ally increased, because of the unique features of CMOS technology mentioned before.
During last several years, tremendous amount of improvements have been seen in minia-
turization of CMOS devices. Deep sub-micron CMOS devices were introduced and have
become widely used in the market. However, as VLSI technology continuous to develop,
power consumption, interconnection delay, and clock skew of the VLSI chips become cru-
cial design considerations. Also keeping computing capacity high [4] and avoiding hot
carrier effect in deep-submicron CMOS digital circuits, supply voltage of the system
should be scaled down. With reducing V44, for keeping circuit speed the same and increas-
ing the current drive capability of the logic gate or transistor, threshold voltage of the
MOS transistor should be scaled down by keeping the ratio [5]. Three major criteria can

be used to evaluate MOS transistor models for circuit simulation and circuit design: accu-



racy of simulation results, computational efficiency, and convenience of the model to cir-
cuit designers. The accuracy of circuit simulation results depends upon the ability of the
model and the associated parameter set to simulate transistor characteristics including
drain current, conductances, terminal charges and internodal capacitances over useful
ranges of terminal voltages and transistor geometries that are used in the circuits. There is
usually a balance between the accuracy and computational efficiency of a model, and
clever handling of such a balance is an important engineering challenge. The usefulness of
a device model to circuit designers depends upon several factors including the number of
parameters, the different effects and features that are incorporated into the model, and how
well the accuracy/efficiency balance is achieved. Significant results were reported over
the past two decades from research on MOS transistor modeling. The tremendous advance
achieved in improving the performance of these devices demands corresponding amount
of efforts and progress in modeling their behavior. Three main categories of MOS transis-
tor modeling research include:

type-1: investigation and modeling of specific important aspects of transistor behavior
including threshold voltage, mobility, saturation velocity, and subthreshold conduction:
type-2: development of highly accurate and computational complex transistor drain cur-
rent models that include many second-order and higher-order effects which are usetul to
device engineers; and

type-3: development of accurate and computationally efficient transistor models with

compact parameter sets that closely address the needs of VLSI circuit designers.

For historical reasons, it is useful to classify the existing SPICE MOSFET models into

three evolutionary generations[1]. The first-generation models were based on the simple
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intention of physically-based analytical expressions, with all simple geometry dependence
included in the model equations. These models concentrate on the description of the MOS
transistor rather than tile behavior of the model equations in a circuit simulator. This gen-
eration of models is comprised of Level-1, Level-2, and Level-3 models.

The second-generation models represented a major change from the philosophy for the
first-generation ones. In this set of models, analytical equations are subject to extensive
mathematical conditioning, with a clear focus on the circuit simulation usage. The param-
eter structure is twofold; there are individual device parameters, and there are also geome-
try-related (length and width) parameters. The model structure and its parameters take on
considerable empirical character. This has the effect of shifting the challenge in the model
to parameter extraction, which is imposed on a rather systematic formulation. This gener-
ation of models encompasses BSIM [7] and BSIM2, along with HSPICE Level-28 [21]
which is based on BSIM. More recently, third-generation models started to emerge. The
fundamental intent is to return to a simple model structure, possibly with a reduced num-
ber of parameters. These parameters are strongly physically-based, rather than being very
empirical. Mathematical conditioning is also important in these models. However, in con-
trast to the polynomial functions which are heavily used in the second-generation models,
the third-generation models employ more specialized smoothing functions which are
mathematically well behaved. With the use of smoothing functions, the analytical equa-
tions for drain current and terminal charge and their derivatives are continuous and
smooth. A single equation can be used for all regions of transistor operation. An overview
of widely used MOS transistor models is presented here to provide the background of the

new model development effort. The survey includes analytic models such as the MOS
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Level-1, Level-2, Level-3, Level-6, BSIM, and BSIMplus [12] that are implemented in the
SPICES3 circuit simulator, the ASIM model from AT&T Bell Laboratories, table look-up
approach models, and the newest developed models, EKV model [13] from Europe and

aMOS model from TI Inc..

2.2 MOS Transistor Models

The first-generation MOS transistor models were based on simple description of the

device. The main focus is on the analytical description of the MOS transistor.

2.2.1 The First-Generation MOS Transistor Models

2.2.1.1 The Level-1 Model

The Level-1 MOS model is a first-order model that is useful for hand calculations when
designing and analyzing new circuits. Simple expressions are used to describe the drain
current characteristics. The Level-1 model applies well to large devices. The only geomet-
ric dependency is the inclusion of a simple l-expression for channel length modulation.
Also, there is no subthreshold conduction expression.

2.2.1.2 The Level-2 Model

The Level-2 MOS model, reported by Vladimirescu and Liu [5], requires 18 parameters
and includes many second-order effects suitable for in devices with channel length down
to 1.2um. The threshold voltage expression in the Level-2 MOS model included the sub-
strate-bias and narrow-channel effects. The body-effect coefficient due to the depletion

charge at the drain and source terminals was modified by correction factors. Depletion-
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layer widths near the source and drain were calculated from the source and drain voltages.
respectively. A single parameter with inverse-width dependence is used to model the
drain-included barrier-lowering effect as well as the narrow-channel effect on the deple-
tion charge-sharing coefficient. The channel length reduction was calculated from a com-
plex expression that included the depletion layer width, the carrier mobility at the
semiconductor surface, and the maximum carrier drift velocity at velocity saturation. The
transition point between the weak and strong inversion regions was deﬁned to be above
the threshold voltage by a multiple of the thermal voltage value. The multiplication factor
was calculated from the bulk depletion capacitance and a curve-fitting parameter that was
related to the fast surface states at the oxide/silicon interface. A complex expression mod-
eled the drain current in the weak-inversion region as an exponential function of the gate
terminal voltage and the transition voltage. Continuity of drain current expressions was
achieved at the transition point between weak and strong inversion. However, continuity
of the first-order derivative of the drain current expressions was not achieved at this transi-

tion point.

2.2.1.3 The Level-3 Model

The Level-3 MOS model, which was also reported by Vladimirescu and Liu, is a semi-
empirical model and can be used for technologies with feature sizes down to 1.0um. The
Level-3 model requires 18 parameters in the drain-current expressions that were mainly
based on the curve fitting approach. The model took into account the two-dimensional

nature of the potential distribution in the channel region. Geometrically dependent effects
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were included to a limited extent in order to increase the accuracy of the model for tech-
nologies below 1.5um. The threshold voltage in the Level-3 MOS model was calculated
from the flat-band voltage and the surface inversion potential, and included the drain-
induced barrier-lowering effect and the non-uniform substrate-doping effect. The drain-
induced barrier-lowering effect was modeled with an inverse dependency on the cubed
channel length. The non-uniform substrate doping effect included correction terms for
the short-channel and narrow-channel effects. The cormrection factor for short-channel
effects was calculated from the junction depth by using a trapezoidal approximation. The
correction factor of narrow-channel effect was calculated from an inverse-width depen-
dence and modeled the adjustment of depletion charges at the edge of the channel.

The surface carrier mobility was calculated from the intrinsic mobility in the channel
region and an empirical fitting parameter. The effect of the vertical field on the intrinsic
carrier mobility was modeled as a function of the gate voltage. The effective mobility also
included the velocity saturation effect that was dependent upon the horizontal field in the
channel and was calculated using the maximum carrier drift velocity parameter. The
amount of channel-length reduction was calculated from the lateral electric field at the
channel pinch-off point. The coefficient of depletion layer width which was calculated
from the substrate doping concentration, and an empirical fitting parameter, was also used
to determine the amount of channel-length reduction. The drain-current expression
included a Taylor series expansion coefficient of bulk charge and the transconductance
coefficient. The saturation voltage was defined as the drain voltage at which the carrier
velocity approached the value of the maximum carrier drift velocity parameter. If this

parameter was not given, the saturation voltage was determined from the maximum of the
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drain-current equation. The weak-inversion drain current expression was similar to that
used in the Level-2 MOS model. The Level-3 MOS model used a compact set of param-
eters. This was convenient for circuit designers who used the model, and also eased the
parameter extraction task in which device engineers characterized the technology in terms
of the model parameters. Since many model parameters were empirical, integration of the
circuit simulator with device-level simulators that solve Poisson equations is quite ditfi-
cult. Such integration includes determining the transistor parameter values from electronic
quantities that are predicted by the device-level simulators. Empirical parameters are usu-
ally extracted to fit a limited voltage range or geometric space, while circuit designers
could require simulations over a large voltage range and extensive geometric design
space. The use of cubic inverse-length dependence for the drain-induced barrier-lowering
term of the threshold voltage could limit the range of channel lengths over which a single
parameter set is applicable. The use of a square-root dependence on (Vpg-Vpgar) in the
channel length modulation expression could cause discontinuity in derivatives of the
drain-current expressions at the triode/saturation transition point. Such discontinuity could
lead to non-convergence problems in the circuit simulation. The MOS Level-6 model was
a simple model based on the n-th power law. The simulation times using this model were
reported to be considerably better than the Level-3 model. Smooth drain current character-
istics at the transition between the triode and saturation regions of operation improved the
convergence of the circuit simulator. Parameters can be quickly calculated from a small

number of data points. The model is general, and can also be applied to GaAs FETs.
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2.2.2 The Second-Generation MOS Transistor Models

In the second-generation models, the device geometry is excluded in the basic model
equations. In addition, an entirely separate parameter group is used solely to describe the
geometric dependence. Independent parameters are extracted for each device. Then the
geometry parameters are extracted to fit initial set of independent parameters across the
length and width. The goal is to provide an apparatus in which the original independent
device parameters can be reconstituted for any particular choice of channel length and

width.

2.2.2.1 The BSIM Model

The BSIM(Berkeley Short-Channel IGFET Model){7] is based on the device physics of
small-geometry MOSFETS. It was a circuit-level MOS model with strong device physics
emphasis which can accurately describe drain-current characteristics of transistors with
chgnnel lengths down to about 0.8um([7]. The model used a total of 62 parameters in the
drain-current expression. There were 24 electrical parameters, of which 19 were calcu-
lated from nominal, inverse-length and inverse-width coefficients. The simple framework
of geometry dependence was a salient feature of the BSIM model. The parameter values
were calculated by, length-dependent coefficient and width-dependence coefficient of the
parameter respectively. The extracted parameters are in the form of a process file contain-
ing parameters for different layers including the NMOS and PMOS transistors, N-diffu-

sion, P-diffusion, and metal layers showing a fully-integrated approach for computer-
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aided parameter extraction and circuit design. The threshold voltage expression in the
BSIM model included the effect of non-uniform substrate doping on the depletion charge
term. The effect of extra bulk charge at the edge of narrow transistor channels was not
explicitly modeled in the threshold voltage expression. The drain-induced barrier-lower-
ing coefficient was calculated using zero-bias, substrate-voltage and drain-voltage depen-
dence parameters, each of which has geometry dependency. The reduction of carrier
mobility in the triode region due to vertical and horizontal electric fields was modeled by
terms that were dependent upon the drain and gate voltages. The vertical field effect
included only the gate voltage contribution explicitly. A second-order dependence upon
the substrate voltage was included in the parameter that was used to model the vertical
field effect. The parameter that describes the horizontal field effects was dependent upon
the substrate and drain voltages. The drain-current expression in the saturation region
included a body-effect coefficient term and a carrier saturation-velocity term. The drain
current and its first-order derivatives were continuous at the transition between the triode
and saturation regions. The subthreshold conduction expression in the BSIM model was
dominated by the diffusion current component. The subthreshold slope was calculated
using drain-voltage and substrate-voltage dependence coefficients. The diffusion compo-
nent of the subthreshold current was modeled by using an exponential dependence on the
gate and drain terminal voltages. The subthreshold current was limited in the strong-inver-
sion region by clamping. The total drain current in all regions of transistor operations was
expressed as the sum of weak-inversion and strong-inversion drain current components.

The simple geometric dependence framework included in the BSIM model was intended

to increase accuracy of the model over a large geometric range. However, the number of
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parameters that are to be extracted is quite large. As a result, only a small geometric region
can be accurately characterized. Simulation of transistors beyond this characterized region
can result in abnormal simulation results. due to exaggeration of second-order geometry-
dependent effects. The technique used to model the non-uniform substrate doping eftect
can cause non-monotonic threshold voltage variation at high substrate voltages, resulting
in simulation non-convergence problems. This happens because the terminal voltage dur-
ing intermediate circuit simulation iterations sometimes take very high values beyond the
power supply rails of the circuit. The drain current and the first-order derivatives are
continuous at the triode/saturation transition and this is critical for circuit simulation pur-
pose. However, the second derivative of the drain current is not continuous, resulting in
poor output conductance behavior at the triode/saturation transition and in the saturation

region.

2.2.2.2 HSPICE Level-28 Model

HSPICE Level-28 model [21] is a proprietary model which has used HSPICE as a vehicle
to gain rather widespread acceptance. The model structure is based on BSIM, but has been
extensively enhanced. Through extensive mathematical conditioning, HSPICE Level-28
has been made suitable for analog design. It is thus commonly employed in the IC indus-
try. A unique feature of HSPICE Level-28 model is that the model structure is designed to
accommodate model binning. Additional terms are introduced to provide the continuity of
the model parameters at all four corners of a bin. In its structure, HSPICE Level-28 model

enhances the quadratic expressions which appear in BSIM, so that they become less trou-
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blesome. The drain-current expression contains very extensive conditioning of the various
transition points. This foreshadows the structure of the third-generation models, and has
led to very successful results. The saturation voltage model defines a transition region in
addition to the normal use of the linear region and the saturation region, which produces
good results. A similar conditioning approach is used on the subthreshold model, where
several subregions are defined. In particular, the problems introduced in BSIM by the sim-
ple addition of the weak inversion current to the strong inversion current are eliminated.
HSPICE Level-28 model maintains the clear focus of the second-generation models on the
circuit design purpose. However, the model parameter set is very empirical. In addition,
due to its roots, HSPICE Level-28 model carried virtually the entire BSIM mathematical
structure. It can thus be slow in the simulation of large circuits. Due to its suitability for
analog circuit design, HSPICE Level-28 model is commonly employed in the industrial

circuit design environment.

2.2.2.3 The BSIM2 Model

The BSIM2 model from U.C. Berkeley [8] was a significant modification of the BSIM
model. Several additional empirical parameters were added to model second-order eftects
of transistor behavior. By increasing the number of parameters, the accuracy of the model
in the submicron region was improved. However, additional problems of complexity in
circuit simulation and parameter extraction were created due to the very large parameter
set. Extrapolating the process file from existing technologies to future technologies for
all parameters that was used in BSIM, was retained in BSIM2. The threshold voltage in

BSIM2 was very similar to that used in BSIM. The drain-voltage dependence of the drain-
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induced barrier-lowering coefficient was removed in order to prevent the occurrence of
negative output resistance at low current levels. The effect of the vertical field on the car-
rier mobility included a quadratic dependence upon the gate voltage in order to model the
effect of large electric fields that occur in devices with thin gate oxides. The velocity satu-
ration effect was modeled using the critical electric field parameter, which was calculated
from a second-order dependence on the drain and saturation voltages. The eftect of
source/drain parasitic resistances were lumped with the mobility term during parameter
extraction. The horizontal and vertical field effects on the mobility were combined as a
summation of terms rather than as a product. The subthreshold drain current was calcu-
lated using the charge-sheet approximation. The depletion-layer capacitance and the sur-
face potential at the channel/oxide interface were calculated as functions of the gate
voltage. A transition region was defined around the threshold voltage and the effective
gate voltage that was used in this region was generated using a cubic spline tunction in
order to improve the transition between the weak-inversion and strong-inversion regions.
The ability to handle analog design requirements is a major feature of BSIM2. In addition,
the drain current model is more accurate, and provides better convergence behavior during
circuit simulation. The main problem with BSIM2 is its complexity as it contains a very

large number of parameters.

2.2.3 The Third-Generation Models

The third-generation MOS transistor models have started to emerge. The original intent

was simplification of the MOS transistor model formulation, a reduction of the number of
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model parameters, and the development of parameters which are physically-based rather
than being empirical, as in the second-generation models. There is also extensive use of
well-behaved mathematical smoothing functions, which allows for smooth and continuous
expressions for model equations and their derivatives. The use of these smoothing func-
tions usually leads to a combined equation which is valid for all regions of device opera-

tion.

2.2.3.1 The BSIM3 Model

The BSIM3 model from U.C. Berkeley [9], at present, has several different versions
released. The original intent of BSIM3 was simplicity, with a simplified model structure
and a small number of physically-based parameters. However, Versions 1 and 2 showed
several shortcomings. An attempt to repair these problems is made in Version 3, but this is
done with large infusion of empirical equations and new model parameters. The model has
evolved into an extremely complex form with a very large number of parameters. This
seems to deviate from the original intent of the third-generation models. In addition, the
complexity of the model and the large number of parameters suggest that parameter
extraction task for BSIM3 could be complicated. The BSIM3v3[24] has several new fea-
tures as compared with BSIM3v2. A single I-V expression describes drain-current and
output-conductance characteristics from the subthreshold to the strong inversion as well as

from the triode to the saturation regions. Such formula guarantees continuities of Ij)g, gds,
gm and their derivatives throughout all Vgg and Vg bias conditions. New width depen-

dencies for bulk charge and source/drain resistance are included. This enhances the accu-

25



racy in modeling the narrow-width devices. The charge/capacitance model is still based on
the BSIM1 structure including more high-order effects in modeling the saturation voltage
and the active channel width and length. Non-quasi-static model expression is an option
for charge/capacitances in BSIM3v3. It is based on the Elmore equivalent circuit to model
the channel charge and channel time constant. However, the RC network and the time con-
stant from gate to source and drain are not considered. The BSIM3v3 was originally
intended for one set of parameter values fitting the whole designing geometry space. It has
about 110 parameters. However, the extraction procedure is very complicated. Many
parameters are difficult to extract and obtain the proper values. Therefore, the’binning” is

still applied on BSIM3v3 and it results the number of parameters to be more than 300.

2.2.3.2 The MOS Model-9

The MOS Model-9 model was developed at Philips Laboratories [25]. Numerical smooth-
ing functions are added to the MOS Model-9 model to allow for the use of a single expres-
sion for device characteristics, e.g. the drain current, conductances, or terminal charges,
over the entire operating range of a transistor. The geometry dependence is included with
an HSPICE-Level-28-like approach. However, unlike the second-generation models, this
method is applied selectively to only certain parameters, and is used in different ways for
different parameters. This makes the model more amenable to "binning". In the threshold-
voltage modeling, besides the non-uniform doping effects, more efforts was spent on
describing the drain-induced-barrier-lowering effect. The effect of static feedback on the

threshold voltage is also considered. This effect is particularly important at large drain
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biases, when the drain depletion region is a major portion of the total device depletion
region. The effective carrier mobility only includes the first-order terms from the vertical
and lateral field effects. The terminal charge is derived with gradual channel approxima-
tion for different operation regions, and the smooth functions are used to unify the expres-
sions. With fewer number of parameters, the unified current and terminal charge
expressions have a simpler format than BSIM3v3. It is easier to perform the "binning"

parameter extraction.

2.2.3.3 The Enz-Krummenacher-Vittoz (EKV) Model

The Enz-Krummenacher-Vittoz (EKV) model [13] is clearly oriented toward use in low
power analog circuit design. While it contains many third-generation features, the EKV
model stands somewhat apart from other models, in that it employs a new and fresh
approach to the study of the analytical modeling of the FET. Rather than use the source
node as the voltage reference point, the substrate node serves this role; this allows the
source and drain to be treated symmetrically, with separate voltages, which is particularly
useful in circuits where the FET is used bi-directionally (a common practice in analog
circuits). The EKV model develops a somewhat more involved and physically detailed
description of the inversion charge. Like the third-generation models and other candidate
models, it also uses one drain current equation and a number of smoothing functions, to
ensure continuity of that drain current equation and its first derivatives. In contrast to the
Power-Lane model and PCIM, which appear to be finished models, the EKV model is a
work in progress, and continues to be improved and extended. Although the EKV model

includes only two parameters for the description of short channel effects, it has
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demonstrated good results using a single parameter set for all geometries for channel

lengths as short as 0.7 um [13].

2.3 Future Needs

As the CMOS technologies advance to the deep-submicron for low-voltage/low-power
and high-speed/high-frequency applications, the accuracy and efficiency of MOS transis-
tor models have to be improved. In the past, most of the MOS transistor modeling work
was focusing on the drain current and the terminal charge behavior at the MHz range. Typ-
ically, model development was trying to improve the linkage between the technologies
and the model behavior. However, the parameter extraction was usually not caretully con-
sidered during the model development. This results in a large number of parameters which
can not be easily extracted, and the extracted results are highly user- and program-depen-
dent. On the other hand, the charge/capacitance model was derived associated with the DC
model and also affected by DC model parameters. Once the DC model parameters are
extracted, the charge characteristic is determined accordingly. This leaves little room to
match the charge/capacitance behavior, and the results, typically, may not be as good as
DC model. For the digital circuits, it does not cause significant trouble, once good DC
model behavior is obtained. However in analog circuit design, the charge/capacitance
characteristics are as important as the DC part. For the high-frequency behavior, it is even
more important to achieve accurate charge/capacitance modeling. Especially, in the low-
voltage design, a transistor can be biased near the transition between different operation

regions. Although the DC may have very good accuracy, the improper model of the charge
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behavior may result in a significant error of the capacitance values in the transition region.
Besides the intrinsic capacitance characteristics, as the channel length decreases to the
deep-submicron range, the overlap capacitance and the space charge near the lightly-
doped diffusion (LDD) portion become more important. The overlap capacitance also
shows bias-dependency on the vertical field, as affected by the gate voltage and substrate
voltage related to drain or source [22]. So far, only the BSIM3v3 model includes the
gate-bias dependency on overlap capacitances. On the other hand, almost all the avail-
able MOS transistor model, do not consider the high-speed and high-frequency operation
effects. The quarter-micron CMOS application has been pushed to GHz operation ftre-
quency, e.g. Personal Communication Services (PCS) at 1.9 GHz. Under that frequency
range, the MOS transistor behavior is no longer dominated by the intrinsic behavior. The
terminal resistance, especially the gate resistance, and substrate coupling and loss ettects
play very important roles. The model development can not just be looking to the bias
geometry dependent characteristics of the transistor operation. The frequency effect has to
be included and carefully considered. In either the high-speed large signal circuits or the
high-frequency small-signal operation circuits design, the parasitic effects caused by sub-
strate coupling and terminal resistances can result the error of the signal phase and the
magnitude. The development of advanced MOS transistor model has to be focusing on the
extrinsic components, including the bias-dependent overlap capacitances and the parasit-

ics also. The representative models are compared with S-CMOS model in Table 2.1
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Table 2.1 The representative models comparison with S-CMOS model

MOS Model Level-3 HSPICE Level 28 BSIM3v3 S-CMOS
———
Number of 18 37 109 35
parameters
Model expres- different expres- different expres- | unified expres- unified
sion in sions sions sion expression
different regions
Continuity of discontinuous at continuous at continuous and continuous
conductance transitions transitions smooth and smooth
between different | between different through all though all
operation regions | operation regions operation operation
regions regions
Accuracy of moderate good good good
drain current and
conductances
Charge/capaci- separate equa- separate equa- unified termi- single termi-
tance model tions for different | tions for different nal charge nal charge
region region equations equations
Applicable opera- | 100 MHz range several hundred several hun- up to 10 GHz
tion frequency MHz dred MHz
Applicable circuit Digital VLSI Mixed signal Mixed-signal Mixed-signal
type VLSI * VLSI VLSI
Applicable tech- 1.2 pm 0.7 pm deep-submi- deep-submi-
nology cron cron
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Chapter 3

S-CMOS DC Model

S-CMOS Model solves the continuity problems of the transition regions, and provides a
good differentiable drain current expression. Typically, for the long-channel device, the

channel-length reduction can be easily modeled by a function of drain voltage (Vpyg).

However, in the short-channel behavior, the channel-length reduction can be affected by
the original channel length. This function, combined with the using of two drain-induced
lowering effect parameters, and in threshold voltage prediction can perform the output
conductance in the saturation region very well. In the transition between the triode and sat-
uration regions, a hyperbola function [8] is applied to smooth out the abrupt transition.
Therefore, the continuous drain current behavior in the strong-inversion region, including
the triode and saturation regions, can be described by a single equation without any itera-
tion steps. For the transconductance smoothing effect in the transition between weak- and
strong-inversion regions, instead of the conventional technique, a new approach by using

the interpolation [9] and sigmoid functions [17] to combine the diffusion and drift compo-



nents together is applied on S-CMOS Model. Thus, the Universal Expression of DC MOS
transistor model can be constructed which provides good results of drain current, output
conductance, and transconductance.

This development is based upon finding solutions to Poisson’s equation using Gradual
Channel Approximation (GCA) and Quasi-Static Two Dimensional Approximation
(QTDA)[3]. It includes compact, analytical expressions for the following physical phe-
nomenon observed in present day MOS devices [1]:

* Non—uniform doping effect (in both lateral and vertical directions),
* Short and narrow channel effects on threshold voltage,
* Mobility reduction due to vertical field,
* Bulk charge effect,
* Carrier velocity saturation. (Mobility Effect),
* Drain—induced barrier lowering (DIBL) Effect,
* Channel length modulation (CLM) Effect,
* Subthreshold conduction,
+ * Source/drain parasitic resistances.
*Temperature Dependency, and

* Noise Effects.

3.1 Threshold Voltage

Accurate modeling of threshold voltage (Vyy,) is one of the most important requirements

for the precise description of electrical characteristics of a transistor. In addition, it serves
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as a useful reference point for the evaluation of device operation voltage. The whole
device operation region can be divided into three operational regions [10]. First, if the gate
voltage is greater than the threshold voltage, the inversion charge density is larger than the
substrate doping concentration. The MOSFET operates in the strong inversion region and
drift current is dominant. Second, if the gate voltage is much less than the threshold volt-
age, the inversion charge density is smaller than the substrate doping concentration. The
MOSEFET operates in the weak inversion (or subthreshold) region. Diffusion current oper-
ates dominant. Lastly, if the gate voltage is very close to the threshold voltage, the inver-
sion charge density is close to the doping concentration and the MOSFET is operating in
the transition region. In such a case, both diffusion and drift currents are equally impor-

tant.

3.1.1 Standard Expression
The standard threshold voltage of a MOSFET with long channel length/width and unitorm

substrate doping concentration is given by [3]
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Here, Vg is the flat band voltage, Vyy,, is the threshold voltage of the long channel device
at zero volt substrate bias, yis the substrate bias effect coefficient, N, is the substrate dop-
ing concentration, ¢, is a work function difference between gate and substrate. In
Eq.(3.1), it is assumed that the channel is uniform and makes use of the one dimensional
Poisson’s equation in the vertical direction of the channel. This expression is valid only
when the substrate doping concentration is constant and the channel length is long. Under
these conditions, the potential is uniform along the channel. But in reality, these two con-
ditions are not always satisfied. Modifications have to be made when the substrate doping

concentration is not uniform or and when the channel length is short and/or narrow.

3.1.2 Non-Uniform Doping Effect

The substrate doping level is not constant in the vertical direction. The substrate doping
concentration is usually higher near the silicon to silicon dioxide interface (due to the
threshold voltage adjust implant) than deep into substrate. The distribution of impurity
atoms inside the substrate is approximately a half gaussian distribution [14,10]. This non—
uniformity will make a function of the substrate bias. If the depletion width is less than x,
as shown in Fig.3.1., N, in Eq.3.2 is equal to N,. Otherwise, it is equal to Ng,,. The body

effect coefficients are defined by
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Figure 3.1. Schemetic of non-uniform doping concentration along the channel

3.1.3 Drain-Induced Barrier Lowering (DIBL)

Threshold voltage can be approximated as a linear function of the drain voltage. As the
channel length L decreases, depletion is depleted more in the region under the inversion
layer[3]. The channel layer are more attractive for electrons. As a result, the device can

conduct more current than what would be predicted from long channel theory for a given

Ves.

3.1.4 Narrow Channel Effect
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The actual depletion region in the channel is always larger than what is usually assumed
under the one-dimensional analysis due to the existence of fringing fields [3]. This eftect
becomes very substantial as the channel width decreases and the depletion region under-
neath the fringing field becomes comparable to the “classical” depletion layer formed
from the vertical field. In addition, we must also consider the narrow width effect for small

channel lengths.

3.1.5 Short Channel Effect

The threshold voltage of a long channel device is independent of the channel length and
the drain voltage. However, as the channel length becomes shorter and shorter, the thresh-
old voltage shows a greater dependence on the channel length and the drain voltage. The
dependence of the threshold voltage on the body bias becomes weaker as channel length
becomes shorter, because the body bias has less control of the depletion region[3]. Short—
channel effects must be included in the threshold voltage in order to model deep-submi-
cron devices correctly. dVth is the threshold voltage reduction due to the short channel
effect,

Ors (3.9)
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In MOSFET devices, the threshold voltage decreases monotonically with decreasing

channel length due to charge-sharing effect by the drain and source terminals with the gate



terminal. This is called short-channel effects on threshold voltage. However, it has been
observed that the threshold voltage in some devices increases with initial decreasing of the
channel length. After it reaches a maximum value, it starts to decrease. Modeling of the
reverse short-channel effects on threshold voltage was originally proposed by N. Arora

and M. Sharma [1],
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Figure 3.2 Reverse Short Channel Effect on Threshold Toltage
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Including all the effects discussed above, Vy, can be expressed as following [4]
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where,
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3.1.6 Temperature dependency

Circuit designers require the ability to predict the variation of circuit performance with
temperature. Typical temperature ranges used for performance verification are 0 °C to 7()
°C for commercial applications and -55 °C to 125°C for military applications. The
changes in temperature predominantly affect the threshold voltage and carrier mobility of
the transistors [3]. The S-CMOS Model uses the parameter By to calculate the tempera-
ture dependence of the threshold voltage. The expression used to calculate the threshold
voltage in the S-CMOS Model is given in Eq.(3.12) [17]. The threshold voltage changes

with temperature because of changes in the energy required to move electrons into the
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conduction band in order to form the channel. In all cases the gates were n-type doped polysilicon.
The components of the threshold voltage expression that are highly sensitive to temperature include
the flat-band voltage and the surface-inversion potential. The expression for the surface inversion

potential of the p-type substrate of NMOS transistors can be rewritten as [16],

2kT \ Nous
104 ~=5 h‘[ ", ] (3.15)

The doping concentration in the substrate is given by Ng,,,, and this is independent of the tempera-

ture. The relationship between the intrinsic carrier concentration and the temperature is given by,

3 _E
noe T e *T . (3.16)

The energy band-gap of silicon as a function of temperature is given by[17],

7.02 % 10_4- T2 (3.17)

Eg(T) = 1.16 - =" 1108

This expression has a negative temperature coefficient. The temperature dependence of the thresh-
old voltage in the S-CMOS Model has been included by calculating the flat-band voltage and sur-

face-inversion potential as temperature-dependent quantities. The nominal temperature, T, is the

temperature at which the drain current parameter values were extracted. From Eq.(3.15) (3.16), we

can write,
¢5(T) . % Nsub
- ! ln[n,.(T)]’ (3.18)
0,(To) 2k [ Noub ] (3.19)
T q ni(To)

Subtracting (3.18) from (3.19) and rearranging terms, we can write,
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o,(T) = ¢,(To)[%)]—%f' 111[,%] (3.20)

Using the temperature dependence of the intrinsic carrier concentration given in Eg.

(3.16), we can write,

3 Eg (T) Eg (Ty)

ni(To) _ [I_]z . e‘ T 2T, 3.21)
ni(To) To ’
which can be written as,
2kT n,(T) 2kT 3 [T T
_ . d = 2= D= - —_ (3.22)
q m["i(To)] g 2 [To:l +E(T) EG(TO)[TO]’
and
0,(T) = ¢S(T0)[£] _ 3’;_7 ‘In [Tl] +Eg(T) - EG(TO)[TT(-)] | (3.23)
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“igure 3.3 Temperature dependency on Vy,: plot of the threshold voltage vs. temperature.
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For an NMOS transistor which has a p-type substrate and an n-type polysilicon gate. the
flat-band voltage is given by,

Eg ¢5 Q

Based upon this expression, the temperature dependence of the flat-band voltage is given

by,

Eq(Ty) . 9s(To) Eg(T) ¢5(T)

The temperature dependence of the threshold voltage can also be simulated by using a
threshold-voltage temperature-coefficient, and the temperature-dependent threshold volt-

age can be calculated from,

V(D) = Vi(To) + By [T-T]. (3.26)

The simulation result of temperature dependency of threshold voltage is shown in Fig. 3.3.

3.2 Mobility Model

3.2.1 Effective Mobility

An accurate model for surface carrier mobility is very critical to the accuracy of a MOS-
FET model. because carrier drift velocity is one of the most important parameters that
affects device characteristics. S-CMOS Model uses a simple and semi-empirical satura-

tion velocity model [17] given by:
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3.27)

The parameter E;, corresponds to the critical electrical field at which the carrier velocity
becomes saturated in order to have a continuous velocity model at E = E_;,. The intrinsic
carrier mobility at the siliccon/gate-oxide interface depends on temperature and can be
considered as a fitting model parameter. During device operation, the mobility of carriers
is reduced due to the transverse and lateral fields. Effective mobility is a function of (Vgs-
Vi), Vs, and Vpg. In S-CMOS Model a mobility reduction factor is used to improve

accuracy of the effective mobility expression[4],

L)

i
oM, (3.28)

where,

Ugst U GSL2
=[1+ (chz + )(Vcs Vi) + (U szt )(Vcs m)

DS(1 _fs

- BS( ’¢S_VBS_,~/(—FS)+UDSVDS ]l:l+_—E I :I (3.29)

crit

The simulation result of mobility reduction factor is shown in Fig. 3.4.
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Figure 3.4 Plot of the mobility degradation factor(M,) versus Vgg with Vpg=3.3V,
VB S= 1V
3.2.2 Unified Expression

By including the continuity factor, unified expression of mobility degradation factor can

be expressed by,

Ugst UgsLa
=[1+ (chz + )(VGSh Vi) + (Uc;szz + )(VGSh Vi)'

Vps(l=fs)
where
! +[(Vos+K
Vesn = 2[VGS +KasnVin+ (Vs + KasnVan) = 4VgsV, ] (3.31)
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Here, parameters Uggy, Ugs ., and Ugg are used to model the reduction of mobility due to
carrier scattering by the transverse electric field. The gate-voltage contribution to trans-
verse field is modeled by Ugg,, while the parameter Uggp is a short-channel correction
parameter. The parameter Upg is used to model the effect by drain voltage. The continuous

velocity saturation effect due to the influence of the lateral field in the channel on the car-

V-1

rier mobility is also included by the term, . Here, the critical field, E_;,, for

crit

velocity saturation is specified as a model parameter.

3.2.2 Temperature dependency

The carrier mobility has a logarithmic dependence on temperature and the electron mobil-

ity follows a T2 dependence, while the hole mobility follows a T22 dependence [16].

The effect of temperature on the mobility is calculated by using the parameter B, and By,

In S-CMOS Model, the intrinsic carrier mobility depends upon the temperature as given

by,

W) = u(To)[%)]_B'.n (3.32)

where By, is the slope of the log(ug) vs. log(T) curve.

The saturation velocity has a T-%87 dependence for electrons and a T-%5* dependence for

holes [22]. This can be written as,
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Since the saturation velocity, carrier mobility, and critical field for velocity saturation are

related by,

V 4
ECRITOC I[s—;.’ (3.34)
e

Ecrit and the temperature dependence of the saturation velocity can be incorporated into

the critical field for velocity saturation. In the S-CMOS Model this is. included as,

T]— Bns+ Bm

Ecpp(T) o< Ecpir(T) - [Fo (3.35)

where B, is the S-CMOS Model parameter for the temperature dependence of the satura-

tion velocity. The simulation result of reduction faction mobility is shown in Fig. 3.5.
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Figure 3.5 Graphical illustration of temperature dependency of the mobility.
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3.3 Channel Length Modulation (CLM) Effect

In the saturation region, the effective channel length, L. = L-dL, determined from the
channel-length modulation effect is reduced as the drain voltage increases. Due to this
effect, the drain current is increased by a factor, L/Lgg. Typically, for the long channel
length device, the channel-length reduction, dL, can be modeled by a function of Vy,.
However, for submicron devices, the channel length reduction effect should include the
original channel length. So, instead of looking into the individual dL, the fraction of dL
and L should be taken into account for modeling the channel-length modulation effect. By

applying the Taylor series expansion on it, this factor can be approximated by,

L dL

=1+= (3.36)

Here, the term, dL/L, is a function of (Vgs-Vi), (Vps-Vpsat) and, Vgg [3, 4, 12]. In S-

CMOS Model, the expression for the channel-length modulation effect is described by [3,

4,71

5 =4k _ Ap - [J®p + Vps— Vpsar— J0p]
L — L - 3 (3.37)

5 Ay A
2 B ‘“BS

Here, Ap,Ag,Ap,Ags, and ¢p are model parameters. Vipgary, is used to replace Vpgar to

set fj equal to zero in the triode region and Eq.(3.37) can be modified by
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dL ApLJ0p + Vos— Vpsars = 400
fL = I = 2

5 7\.2 <A (3.38)
2 B " Aps .
L'[(VGSh" th) +)"G:|'|:}~ vV il
B~ Vas

The simulation result of reduction faction mobility is shown in Fig. 3.5
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Figure 3.6 Plot of the f; ( channel length reduction factor) versus Vg with
VDS=3V and VBS=OV

3.4 Parasitic Resistances

The drain current expressions that have been derived in the previous sections are used to
model the drain current within the intrinsic region of the MOS transistor. In deep-micron
transistors, the parasitic source and drain resistances contribute a significant voltage drop
that can affect the performance of the transistor. S-CMOS Model includes expressions to
calculate the effect of these extrinsic parasitic resistances. The different components of the

parasitic resistance in the source/drain region are shown in Fig. 3.7. The components

50



include, Rgq: the contact resistance, Rgy: the diffusion sheet resistance, Rspz the spread-
ing resistance, and R, : the accumulation layer resistance. The contact resistance, Reo, 18
the resistance between the metal contact and the diffusion layer under the contact window.
When the length of the contact window is very small, the contact resistance is inversely
proportional to this length. However, when the length of the contact window is sufficiently
large, the contact resistance saturates at a minimum value which is independent of the

length of the window.
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Figure 3.7 Components of parasitic resistance in source/drain regions [1]
The contact resistance is given by [5,18],
NPshP
Reg="==, (3.39)

where pg, is the sheet resistance per square of the source/drain diffusion layer, and p,. is

the contact resistivity between the metal and diffusion layers. The minimum length of the
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contact window that is required for the contact resistance to be independent of this length
is frequently ensured by the design rules of the technology. The diffusion sheet resistance,

Rgp, of the source/drain diffusion region can be calculated from pg, and S, the spacing

between the contact edge and the channel by [18],

- S
Rsh= p%,v_ . (3.40)

The spreading resistance, Rgps is due to the radially divergent pattern of the current as it

flows from the thin channel region to the thicker source/drain diffusion layer. By assuming
an abrupt doping profile at the edge of the source/drain diffusion layer, the spreading resis-

tance is given by [16],

0.64p,,, 037X,
Ry=—0p -m[ ~ ]

. (341)
where the resistivity and thickness of the source/drain diffusion layer are given by r,; and
X, respectively, and X, is the thickness of the channel. The additional component due to

resistance of the accumulation layer, R,, is significant only in the case of a gradual dop-

ing gradient at the edge of the source/drain diffusion layer and goes to zero under the
assumption of a step junction. Based upon this analysis, the extrinsic parasitic resistances
in the source and drain regions are modeled with a constant term and an inverse width

scaling term. The source and parasitic resistance is given by,

Rsw
Rs = Rso + (3.42)
RDW

(3.43)



3.5 Noise Effect

Noise is caused by the small current and voltage fluctuation generated in the device. The
noise generator may be represented as a voltage source in series with the gate of the tran-
sistor or as a current source in series with the transistor. The noise associated with these
conductances can be represented as voltage sources in series with the conductances or cur-

rent sources in parallel with the conductance

oD No1sc?less DO Noiseless
Transistor Transistor
r— - R e
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oo H [ :
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Figure 3.8: Noise mosel (a) Current source model (b) Voltage source model

3.5.1 Thermal Noise Effects

Thermal noise is a physical phenomenon associated with any conductor. This noise is due
to the random motion of electrons in the conductor and is directly proportional to the abso-
lute temperature of the conductor. The spectral density of thermal noise is independent of
frequency. The thermal noise can be modeled as a current source between source and drain

having a Power spectral density (PSD) and equivalent current source is given by:

W
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H 3
Spr, = 4kT- L—;‘ |va|’ (3.44)

where k is Boltzmann’s constant and of is the bandwidth.
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Figure 3.9: Simulation result of thermal noise equivalent current vs. temperature

3.5.2 Flicker (1/f) Noise Effects

Low-frequency noise due to fluctuation of the carrier density caused by trapping of carri-
ers in traps in the oxide and close to Si-SiO2 interface via tunneling effect and fast surface
states. Two theories have been proposed to explain the source of flicker noise. The Carrier
Number Fluctuation Theory attributes this noise to the random trapping and de-training
processes of charges near the oxide-semiconductor interface. The Mobility Fluctuation

Theory proposes that the flicker noise is due to fluctuation in the bulk mobility of the car-
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riers due to the scattering mechanism. In either case, the flicker noise is associated with
the flow of current. The flicker noise also has an inverse dependence on the oxide capaci-
tance since the time-varying component of the oxide interface charge causes changes in
the threshold voltage that are inversely proportional to the oxide capacitance. The spectral
density of flicker noise is found to have an inverse frequency dependence. Therefore it is

frequently referred to as the 1/f noise.
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