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Preface

The microelectronics industry has witnessed an explosive progress in the capability to integrate
components on a silicon chip with CMOS as the predominant technology. The present day
System-on-Chip (SOC) contains billions of devices with the Metal–Oxide–Semiconductor
(MOS) transistor forming the basic building block. The successful design of such a complex
integrated system requires extensive computer simulation where an accurate and faithful mathe-
matical description of the MOS transistor is an essential prerequisite. MOS characteristics,
therefore, are described by a set of mathematical equations producing a compact model for
the device. These models are ported into a SPICE circuit simulator for faithful representation
of MOSFET characteristics. Models provide the communicating interface between design and
manufacturing.

As the complexity and application domains of silicon chips continue to enlarge, the chal-
lenge to satisfy apparently conflicting conditions of precision and simplicity is demanding
and formidable. The litmus test of a compact model describing the MOS transistor lies in its
capability to describe the device characteristics in a way that it is computationally efficient
and reliable to handle simulation of ever increasing complex circuits of an electronic system
ensuring cost effectiveness and fast turn around time. Further, the model needs to be scal-
able, predictive for the generations of technology nodes to follow, and capable of addressing
statistical process variations. With such multidimensional requirements, different approaches
have emerged which can be broadly categorized as Engineering models, Physical models, and
Application Specific hybrid models.

Historically, development of the threshold voltage, VT , based compact MOSFET model
was pioneered by the University of California, Berkeley (UCB) and placed in the public
domain. MOSIS (MOS Implementation Service) provides to the customers parameters for
UCB models for a specified technology. The pedagogical approach, interfacing design with
technology, has consequently been exclusively through VT based models. However, there have
been developments in recent years which have led to a paradigm shift. Apart from the threshold
voltage based method, new approaches using inversion charge and surface potential as state
variables have emerged, providing a new perspective in the field of compact models. PSP is
already recognized as an alternative standard for the compact MOSFET model.

The measured characteristics reflecting various phenomena related to the device is the ulti-
mate physical reality as far as users are concerned. The perceived model representations for the
same phenomena, however, may be altogether different depending on the framework on which
the model is structured. In the VLSI community, technologists use the model parameters to
project the most optimistic limit of the MOSFET performance, making parameter extraction
as important as model development. Designers, on the other hand, judge the model parameters
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from the perspective of technological details revealed, and their compliance to simulation
requirements such as convergence, etc.

Scaling of feature size of MOSFETs is associated with ever increasing number of model
parameters. Thus, VLSI designers are confronted with a complex situation which forces them
to handle a large number of parameters for a given model. Further, they need to make a judicious
choice from a multiplicity of competing models. The formation of the Compact Model Council
(CMC), more of an industry response, has been a natural and inevitable development for
providing benchmarks and standards for compact models. As there is very little possibility that
a single model will be able to meet the requirements of a wide range of application domains,
the diversity of models has to be accepted as a reality. Thus, VLSI designers need to be better
informed and broadly educated with inclusive coverage of various compact MOSFET models,
as against the prevailing practice of training on a specific or an exclusive model. However, the
emerging pattern in the field of the compact MOSFET model rarely gets reflected in VLSI
education in undergraduate and postgraduate courses. On the other hand, cutting edge insights
of new perceptions can stimulate the students and model users to a deeper understanding of
the models. This will lead to a class of educated model consumers capable of exploiting the
models judiciously.

The objective of the author is to create awareness regarding the different approaches prevalent
in compact MOSFET modeling in a single text at an introductory level. The present text is the
outcome of a project initiated by the author over the last six years in organizing broad-based
courses on compact MOSFET models supporting VLSI design at both the undergraduate and
postgraduate levels. Selected topics from the material given in this text have also formed the
basis for customized modular courses on VLSI design for industry professionals. The author
received encouragement from both the academic and industry communities for preparing a
text that highlights the core concepts of different models, which can prepare the foundation
for further model-specific specialization.

The text has been organized in such a way that it is self-contained. It summarizes in Chapter 1
the basic equations of semiconductor physics necessary for understanding phenomena related
to MOS transistors. Chapter 2 deals with an ideal MOS capacitor structure, where the basic
concepts and equations that are required to understand various compact models are developed.
In Chapter 3 non-ideal effects, which are an integral part of real world practical MOS structures,
are considered as add-on phenomena or perturbations over the ideal structure. Keeping in view
the fact that the ITRS projected scaled MOSFET performance targets require intervention of
non-classical structures, the basic MOS capacitor platform has been discussed with potential
gate and channel engineering alternatives requiring the use of an Si–Ge heterostructure and
undoped silicon as the substrate, and the use of a high-k dielectric as a replacement of the
silicon–dioxide gate dielectric. Chapter 4 presents the formulation of four types of compact
models, namely, VT based models, charge based models, and two surface-potential based
models. Chapter 5 deals with the effects of scaling on MOS transistor characteristics, and
discusses how such phenomena are integrated into the various compact models. Chapter 6
presents dynamic MOSFET models in quasistatic and non-quasistatic conditions outlining
approaches of the BSIM, EKV, HiSIM, and PSP models. The noise model has also been
presented briefly. Quantum mechanical effects in nanoscale-MOSFETs have been outlined in
Chapter 7. The final chapter is on emerging non-classical structures which hold the prospect
to replace mainstream conventional bulk CMOS structures. The basic equations for a double
gate MOSFET, which is projected to spearhead nanoscale CMOS, are derived.
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There is modularity in the organization of the chapters which enables the reader to be
selective. The field trials carried out by the author for undergraduate and postgraduate courses
are as follows: at both undergraduate and postgraduate levels the materials which are generic
are discussed as core material. For undergraduates, the course was not for beginners but for
those who opted for the course on compact MOSFET models as an elective for specializing in
VLSI design. The core material prepares the platform on which any particular model can be
launched. At the undergraduate level, the author experimented with threshold voltage based
models for classroom teaching, using the EKV approach for assignments. PSP/HiSIM was
referred only qualitatively. The non-classical structures, quantum effects, and non-quasistatic
models were not part of curriculum. At the postgraduate level, threshold voltage based models
formed the classroom teaching material, and PSP/HiSIM constituted the assignment activity.
EKV was referred qualitatively. The non-classical MOSFET structure, non-quasistatic effect,
quantum phenomena and noise form the core material at the postgraduate level. Modularity
in the presentation of topics, built in the text, allows flexibility to the instructor to mix and
match the content with the requirement of the course. Proficiency in the use of a Computer
Algebra System (CAS) is helpful, as compact model equations can be simulated. Such activity
can form an important component of assignments.

As more than one category of compact models have been presented in the text, it has been
impractical to impose a common list of symbols globally. This would have required mod-
ifications to all compact model equations with symbols that differ from those given in the
corresponding model documentation. As readers are expected to turn to the official docu-
mentation of a specific compact model for details, such a change in symbols would create
unnecessary confusion. Hence, a set of generic symbols, which relate to core material on
MOS physics independent of model framework specifics, has been identified. The symbols of
specific models, by and large, have been kept intact, and have been defined locally wherever
used.

The book discusses model equations for highlighting the conceptual framework, and selects
them based on suitability from a pedagogical viewpoint. Therefore, equations for the latest
version have not necessarily been considered to be the most suitable for introducing a model.
At times, an earlier version happens to be a more convenient entry point to the model. The
selection of model equations in the text has to be viewed from this perspective. The framework
of each class of model being different, the emphasis of the author has been to get the readers
initiated to the core concepts that form the basis of an approach, rather than on evolutionary
improvements in a given approach. The text is neither a handbook, nor a replacement to
the official documentation available for each category of models. Further, as the models are
regularly upgraded, the model equations used in the book do not necessarily reflect the current
status of a model. For some models information was sketchy and restricted. At many places,
the text has used equations suitably truncated to serve the limited objective of pedagogy.
Therefore, the readers are again advised to refer to the official documentation for the selected
model.

In the presentation of models the author has taken the position to be non-judgmental on
the merits, suitability, or otherwise, of a given model, leaving the reader to draw his/her own
conclusions. The extent of coverage of a given model, at times, has been dictated by the
availability of materials rather than assignment of any planned weightage on the coverage.

The text will be supported by a solution manual for instructors, which will be available
from the publisher’s website for the book. The simulation plots given in the text have mostly
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been implemented using MATLAB. The source code for these simulations shall also be
made available. These important and useful supplements can be found at the following URL:
http://www.wiley.com/go/bhattacharyya.

It is believed that the broad pedagogical presentation of various models will bring them out of
the captive domain of the few select industries using them for design and product development.
Increased awareness regarding the various compact models available will hopefully lead to
wider participation in benchmarking the performance and evaluation of the models. The author
believes that such widespread participation from universities, through courses on compact
models, will culminate in foundries providing model parameters for all categories of models.
This will allow VLSI designers to make optimal use of the possibilities provided by the diversity
of compact models.

A. B. Bhattacharyya
Noida, Uttar Pradesh
India
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This is practice, but remember first to set forth the theory.

Leonardo da Vinci

John Wheeler was an advocate of doing more with less. That is how scientific modeling should
be done, rather than heaping on a bunch of parameters to match phenomena—a good model
accomplishes more, explains more than what it contains.

Todd Rowland
Academic Director

NKS Summer School
Wolfram Research, Inc.
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Fc,n = 2.5 × 103 V cm−1 Critical electric field for electron saturation velocity
Fc,p = 2.5 × 103 V cm−1 Critical electric field for hole saturation velocity

Dimensions

LG Mask defined gate length
L = LG − 2LD Channel length
LD Length of lateral diffusion from source/drain under the gate
Le Corrected channel length in saturation
L(S, D) Length of source, drain diffusion region in the direction of

channel
Lb Debye length
�L Length of pinched-off/high field region near drain
Ln Electron diffusion length
Lp Hole diffusion length
l Mean free path
l Characteristic length (context dependent)
W = Wg − 2DW Effective channel width



xxii List of Symbols

Wd Width of depletion region
Wds Depletion width at source
Wdd Depletion region at source
Wdc Channel depletion width
Wdm Maximum width of depletion region at threshold
Wdps Depletion width in polysilicon
Wi Inversion layer thickness
WI Implant depth
WE Equivalent depletion layer depth source/drain
Xj Source/drain junction depth
Tox Gate oxide thickness
Tfox Field oxide thickness
a0 Lattice constant of silicon
x Direction perpendicular to channel
y Direction parallel to channel

Doping and Carrier Concentrations

NB Bulk impurity doping volume concentration
ND Donor impurity doping volume concentration
NA Acceptor impurity doping volume concentration
nn0 Electron concentration in n-type Si at thermal equilibrium
pn0 Hole concentration in n-type Si at thermal equilibrium
NP Polysilicon doping concentration
Nc Effective density of states in conduction band (cm−3)
Nv Effective density of states in valence band (cm−3)
nn Non-equilibrium free electron density in n-type Si
pp Non-equilibrium free hole density in p-type Si
np Non-equilibrium free electron density in p-type Si
pn Non-equilibrium free hole density in n-type Si
ni Instrinsic carrier concentration
nie Effective instrinsic carrier concentration
n+ Highly doped n-region
NI Implant layer doping volume concentration
NE Equivalent transformed doping volume concentration for inhomo-

geneous substrate

Energy

E Energy
Ec Lower edge of the conduction energy band
Ecb Lower edge of the conduction band of the bulk (substrate) material
Ecg Lower edge of the conduction band of the gate material
Ev Upper edge of the valence energy band
Ef Fermi energy level
Eg Energy band gap (eV)
�Eg Energy band gap narrowing
χSi Electron affinity for Si (eV)
Ei Intrinsic Fermi level
Ed Donor energy level
Ea Acceptor energy level



List of Symbols xxiii

Efg Fermi energy level of gate material
Efn Quasi-Fermi energy level for electrons
Efp Quasi-Fermi energy level for holes

Voltages and Currents

φg Potential corresponding to work function of gate material
φSi Potential corresponding to work function of Si
φ Electrostatic potential
φF Fermi potential
φf Bulk potential; the potential difference between Fermi and intrin-

sic energy level
φt Thermal voltage (= kT/q)
φs Surface potential with reference to bulk
φss Surface potential with reference to source
φsS Surface potential at source end of the channel
φsD Surface potential at drain end of the channel
�b Conduction band offset between Si–SiO2

φbi Built-in potential barrier across junction
φgs Potential corresponding to work function difference between gate

and substrate
φn Quasi-Fermi potential of electrons
φp Potential drop across polysilicon depletion layer
φsm Surface potential at midpoint of the channel (L/2)
φ0 Surface potential at onset of strong inversion
�φ0 Drain induced barrier lowering w.r.t. source
φi Potential at high–low/low–high transition point in inhomogeneous

substrate
VGB Gate voltage w.r.t. bulk
VDB Drain voltage w.r.t. bulk
VSB Source voltage w.r.t. bulk
Vox Voltage drop across gate oxide
VDS Drain voltage w.r.t. source
VGS Gate voltage w.r.t. source
VCB Channel potential w.r.t. bulk
VDG Drain to gate voltage
VCS Channel potential w.r.t. source
Vfb Flat band voltage
VT Threshold voltage
VT0 Threshold voltage without substrate bias
VTB Threshold voltage w.r.t. bulk
VTS Threshold voltage w.r.t. source
VMI Gate voltage corresponding to φs = 2φF

VWI Gate voltage corresponding to φs = φF

VSI Gate voltage corresponding to φs = (2φF + mφt)
VDSsat Drain current saturation voltage
VP Pinch-off voltage
IDSsat Saturation drain current
IDS Drain to source current
I Current



xxiv List of Symbols

Idiff Diffusion current
Idrift Drift current
IDB Drain to bulk current
Isub Substrate current due to hot electrons
IG Gate current
IGS Gate to source tunneling current
J Current density
Jn,diff Diffusion current density due to electrons
Jp,diff Diffusion current density due to holes
Jn,drift Drift current density due to electrons
Jp,drift Drift current density due to holes
TC Tunneling coefficient
S Supply function

Charges

Q′
b Bulk charge density per unit area

Q′
bm Maximum bulk charge density per unit area

Q′
n Inversion layer charge density per unit area

Q′
g Gate charge density per unit area

Q′
sc Surface space charge density per unit area

Q′
f Fixed oxide charge density per unit area in SiO2

Q′
m Mobile charge density per unit area in SiO2

Q′
it Interface trapped charge density per unit area

Q′
ot Oxide trapped charge density per unit area

Qs Total inversion charge assigned to source
Qd Total inversion charge assigned to drain
ρ Volume space charge density per unit volume

Capacitances

C′
ox Oxide capacitance per unit area

C′
sc Space charge capacitance per unit area

C′
b Depletion layer capacitance per unit area

C′
n Inversion layer capacitance per unit area

C′
eq Equivalent gate–substrate capacitance per unit area

C′
min Minimum gate–bulk capacitance per unit area

C′
dmin Minimum depletion capacitance per unit area

C′
fb Flat band capacitance per unit area

Cdiff Diffusion capacitance
C′

j Junction capacitance per unit area
C′

j0 Zero bias junction capacitance per unit area
Cgs Gate–source intrinsic capacitance
Cgd Gate–drain intrinsic capacitance
Cgb Gate–bulk intrinsic capacitance
Cbs Bulk–source intrinsic capacitance
Cbd Bulk–drain intrinsic capacitance
Cox = C′

oxWL Total oxide capacitance
Cov Total gate to source/drain capacitance
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Semiconductor Physics Review
for MOSFET Modeling

1.1 Introduction

The idea of controlling electric current through the field effect on a semiconductor surface
dates back to as early as 1930. It was proposed in a patent claim by Lilienfeld which forms
the conceptual framework of present day MOSFET operation [1]. From the account of the
evolution of the MOS transistor, as outlined by Sah [2], it appears that MOS technology did
not emerge primarily as a consequence of a focussed pursuit to realize Lilienfeld’s field effect
concept, but as a by-product of a series of revolutionary developments in the field of solid-state
electronics. These developments include the invention of point contact and junction bipolar
transistors by Bardeen [3], and Shockley [4], innovations in planar technology and selective dif-
fusion through windows etched in oxide as demonstrated by Hoerni [5], integration of passive
and active components by Kilby [6], to name only a few landmark milestones. These tech-
nological capabilities enabled the realization of the Metal–Oxide–Semiconductor Field Effect
Transistor (MOSFET) structure by Kahng and Atalla [7–9], which was considered suitable
for replacement of prevailing bipolar integrated transistor logic circuits. The complementary
PMOS–NMOS inverter structure by Wanlass and Sah [10] provided a defining innovation
which heralded the CMOS digital era. While the realization of MOSFET on silicon took about
as long as thirty years, taking the initial patent as the reference in the time scale, the history
of the subsequent development and scaling phase driven by Moore’s law has been breathtak-
ing [14]. The acronym MOS, originally signifying a Metal–Oxide–Semiconductor structure,
has now become synonymous with Microsystem-On-Silicon [12].

After the initial metal gate form, the polysilicon gate MOS structure has been central to
continuous MOS technology upgradation [11]. Its essential constituents are shown in Figure 1.1
and illustrated below.

(i) A single crystal silicon serves as the substrate at the surface of which the field effect tran-
sistor action is manifested. At the interface of the silicon substrate and the gate dielectric
layer, a channel of mobile carriers is formed by the application of a gate voltage which

Compact MOSFET Models for VLSI Design A.B. Bhattacharyya
© 2009 John Wiley & Sons (Asia) Pte Ltd
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Polycrystalline Si

Crystalline substrate

Silicon contact

n+ n+ n+ n+

Silicon contact
p-Si

GS DG

BB BB

(+VGB) (+VGS) (+VDS)

M
O

(a) (b)

Amorphous SiO2

Figure 1.1 Components of the field effect transistor structure: (a) MOS capacitor and contacts; (b)
composite MOSFET device

controls the conductivity of the channel. For the device to be reproducible and reliable, it
is obligatory that the substrate material be a single crystal where atoms are arranged in
an orderly array.

(ii) A silicon-dioxide layer is integrated with the substrate at the top of the silicon surface
which insulates the silicon substrate from the gate electrode. The insulating film is struc-
turally amorphous where no perceivable long-range crystalline order exists.

(iii) Over the insulating dielectric a polysilicon film is deposited where a relatively small
segment of the film has an ordered crystalline order. The poly-layer at the top serves as
the gate electrode, and is heavily doped to make its conductivity approach that of a metal.
Though high conductivity polycrystalline silicon replaces the original metal electrode on
top of the gate oxide, it continues to be labelled as a metal as a historic continuity of the
nomenclature of MOS for the device structure.

(iv) Finally, ohmic contacts are established with the polysilicon layer at the top and the silicon
substrate at the bottom, for which aluminum has been the most commonly used material.
The stack of the above three layers, with the top and bottom electrodes designated as Gate
and Bulk terminals, respectively, provide the platform for Field Effect characteristics.

(v) The two terminal MOS capacitor described above, provides the platform to observe the
Field Effect phenomenon at the Si–SiO2 interface in the form of a gate controlled space
charge constituted by mobile carriers and fixed bulk charges. The mobile carriers induced
at the silicon substrate under the gate at the interface are connected to the external world
through conducting silicon probes of the same conductivity as that of the mobile carriers
in the channel. The external voltage applied at the two end terminals results in a current
which is controlled by the gate field. The basic four terminal MOSFET structure shown
in Figure 1.1 is formed by integrating the diffusion contacts with the MOS capacitor on
a common substrate. The capacitor under the gate forms the intrinsic part of the MOS
transistor, whereas the contact terminals form the extrinsic part of the device.

MOS technology has undergone unprecedented evolution to keep pace with projection on
scaling as envisaged by Gordon Moore [14]. Unlike the pre-birth history of the MOS transis-
tor, the future has been made almost predictive. The International Technology Roadmap for
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Semiconductor (ITRS) lays down projections for a comprehensive development of MOS tech-
nology which is indicative of the trends, tasks, challenges, and opportunities in the years ahead
in terms of process integration, system development, materials, device architecture, bottle-
necks, etc. The document is dynamically updated. Table 1.1 is an illustrative projection [13].

Table 1.1 ITRS 2003 roadmap for high-performance logic

Year 2003 2006 2009 2012 2015 2018

Technology node (nm) 100 70 50 35 25 18
MPU gate length (nm) 45 28 20 14 10 7
Vdd (V) 1.2 1.1 1.0 0.9 0.8 0.7
Tox (Å) 13 10 8 7 6 5
Clock frequency (MHz) 2 976 6 783 12 369 20 065 33 403 53 207
Maximum power (W) 149 180 210 240 270 300
Static power (W/μm) 4.0 × 10−7 6.1 × 10−7 7.7 × 10−7 9.9 × 10−7 2.6 × 10−6 3.9 × 10−6

Nominal gate delay (ps) 30.24 18.92 12.06 7.47 4.45 2.81
Power delay product (J/μm) 1.4 × 10−15 9.7 × 10−15 7.7 × 10−16 4.8 × 10−16 3.0 × 10−16 1.7 × 10−16

Transistors per chip (×106) 153 307 614 1227 2454 4908

Though the basic MOS structure remains the core of development forecast, the primitive
Metal–Oxide–Semiconductor has evolved into a significant complex structure which resembles
a stack of multiple layers of varying properties and increasing number of interfaces as shown
in Figure 1.2 due to the requirements of gate, channel, and interface engineering.

.

Polysilicon layer

Interface layer-1 
Gate dielectric

Interface layer-2

Conducting channel

Depletion layer

Si-substrate

G

B

Gate engineering

Channel engineering

Metal–poly contact

Metal–substrate contact

Figure 1.2 Stacked layers and interfaces in the evolving MOS structure
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The channel engineering has resulted in substrate inhomogeneity, stratification, and hetero-
geneity of material near the Si–SiO2 interface as shown by dashed lines. The gate engineering
has lead to stacking of dielectric layers to avoid tunneling through the thin gate insulator. The
transitions at the interfaces are not abrupt, introducing effectively transition layers with graded
material composition. Thus, the device characteristics and modeling are closely linked with the
properties of the materials forming the layers. With miniaturization, the dimensions correspond
to only a few atomic layers, where quantum effects start governing the device physics.

The inputs required for MOSFET modeling are: material properties, device structure and
dimensions, process details, parameters related to carrier statistics, mobility, band gap narrow-
ing, carrier recombination, generation and multiplication, quantization and tunnelling effects,
etc. The present chapter provides a brief summary of the above aspects, more in the form of
statements, for the purpose of ready reference without going to details which are available in
a number of texts on the subject [17–22].

1.2 Crystal Planes

The crystal structure of silicon (Si) is diamond cubic type, where each atom makes covalent
bonds with four neighboring atoms to form a tetrahedral structure. In a MOSFET, the device
characteristics depend on the crystal plane on which the device is fabricated. In a crystal
structure, the orientation of planes is defined by Miller indices, which are expressed by a set of
integer numbers. The procedure to obtain Miller indices of a crystal plane is explained through
an illustration shown in Figure 1.3, where x, y, and z define the directions of the primitive
vectors of the lattice.

� Step1: Find the intercept of the plane under consideration in terms of the axial units along
the axes. In Figure 1.3 the intercepts are A, B, and C where A = 3, B = 2, and C = 2 units.

� Step2: Take reciprocals of the intercepts which, for the present case, are: 1/A, 1/B, and
1/C, i.e. 1/3, 1/2, and 1/2 respectively.

� Step3: Get the common denominator D of the intercepts A, B, and C. Multiplying the
reciprocal numbers by D we get the sets of numbers defining the Miller indices (h, k, l)
where h = D/A, k = D/B, and l = D/C, i.e. (2, 3, 3) for the plane under consideration.

In case a plane is parallel to an axis, the intercept of the plane with the above axis is taken
as infinity and the reciprocal of the intercept becomes 1/∞ = 0.

Figure 1.3 shows the (100) plane in a cubic crystal. The preferred orientation of the plane of a
silicon crystal for fabrication of conventional MOS devices is (100) with SiO2 as the dielectric

(100)

xy

z

y

z

x

(3,0,0)
(0,2,0)

(0,0,2)

Figure 1.3 Crystal plane representation in a lattice


