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Preface

We are fortunate to live in an age in which microelectronics still enjoy an accelerating
growth in performance and complexity. Fortunate, since we are experiencing a remark-
able progress in science, in communication technology, in our ability to acquire new
knowledge, and in the many other wonderful amenities of modern society, all of which
are permeated by and made possible by modern microelectronics. This exponential evolu-
tionary trend, as described by Moore’s Law, has now lasted for more than three decades,
and is still on track, fueled by a seemingly unending demand for ever better performance
and by fierce global competition.

A driving force behind this fantastic progress is the long-term commitment to a steady
downscaling of MOSFET/CMOS technology needed to meet the requirements on speed,
complexity, circuit density, and power consumption posed by the many advanced appli-
cations relying on this technology. The degree of scaling is measured in terms of the
half-pitch size of the first-level interconnect in DRAM technology, also termed the “tech-
nology node” by the International Technology Roadmap for Semiconductors. At the time
of the 2001 ITRS update, the technology node had reached 130 nm, while the smallest
features, the MOSFET gate lengths, were a mere 65 nm. Within a decade, these numbers
are expected to be close to 40nm and 15 nm, respectively.

Very important issues in this development are the increasing levels of complexity of
the fabrication process and the many subtle mechanisms that govern the properties of deep
submicrometer FETs. These mechanisms, dictated by device physics, have to be described
and implemented into circuit design tools to empower the circuit designers with the ability
to fully utilize the potential of existing and future technologies.

Hence, circuit designers are faced with the relentless challenge of staying updated on
the properties, potentials, and the limitations of the latest device technology and device
models. This is especially true for designers of analog and radio frequency (RF) integrated
circuits, where the sensitivity to the modeling details and the interplay between individual
devices is more acute than for digital electronics. A deeper insight into these issues is
therefore crucial for gaining the competitive edge needed to ensure first-time-right silicon
and to reduce time-to-market for new products.

Existing textbooks on analog and RF CMOS circuit design traditionally lack a thorough
treatment of the device modeling challenges outlined above. Our primary objectives with
the present book is to bridge the gap between device modeling and analog circuit design
by presenting the state-of-the-art MOSFET models that are available in analog and SPICE-
type circuit simulators today, together with related modeling issues of importance to both
circuit designers and students, now and in the future.



xii PREFACE

This book is intended as a main or supplementary text for senior and graduate-level
courses in analog integrated circuit design, as well as a reference and a text for self
or group studies by practicing design engineers. Especially in student design projects,
we foresee that this book will be a valuable handbook as well as a reference, both on
basic modeling issues and on specific MOSFET models encountered in circuit simulators.
Likewise, practicing engineers can use the book to enhance their insight into the principles
of MOSFET operation and modeling, thereby improving their design skills.

We assume that the reader already has a basic knowledge of common electronic
devices and circuits, and fundamental concepts such as small-signal operation and equiv-
alent circuits.

The book is organized into twelve chapters. In Chapter 1, the reader is introduced
to the basic physics, the principles of operation, and the modeling of MOS structures
and MOSFETs. This chapter also discusses many of the issues that are important in the
modeling of modern-day MOSFETs. Chapter 2 walks the reader through the fabrication
steps of modern MOSFET and CMOS technology. In Chapter 3, the special concerns
and the challenges of accurate modeling of MOSFETs operating at radio frequencies
are discussed. Chapter 4 deals with modeling of noise in MOSFETSs. Distortion analysis,
discussed in Chapter 5, is of special concern for analog MOSFET circuit design. In
Chapters 6, 7, and 8, we present the state-of-the-art MOSFET models that are commonly
used by the analog design community today. The models covered are BSIM4, EKV, MOS
Model 9 and MOSAL. These chapters are written in a reference style to provide quick
lookup when the book is used like a handbook. Chapters 9 and 10 are devoted to the
modeling of other devices that are of importance in typical analog CMOS circuits, such
as bipolar transistors (Chapter 9) and passive devices, including resistors, capacitors, and
inductors (Chapter 10). The remaining two chapters deal with essential industry-related
issues of circuit design. Chapter 11 discusses the important topic of modeling of process
variations and device mismatch effects and Chapter 12 deals with the quality assurance
of the device models used by the design houses.

The book is accompanied by two software application tools, AIM-Spice and MOSCalc.
AIM-Spice is a version of SPICE with standard SPICE parameters, very familiar to many
electrical engineers and electrical engineering students. Running under the Microsoft Win-
dows family of operating systems, it takes full advantage of the available graphics user
interface. The AIM-Spice software will run on all PCs equipped with Windows 95, 98,
ME, NT 4, 2000, or XP. In addition to all the models included into Berkeley SPICE
(Version 3e.1), AIM-Spice incorporates BSIM4, EKV, and MOSAI1, which were cov-
ered in Chapters 6, 7, and 8. A limited version of AIM-Spice can be downloaded from
www.aimspice.com. The second tool, MOSCalc, is a Web-based calculator for rapid esti-
mates of MOSFET large- and small-signal parameters. The designer enters the gate length
and width, and a range of biasing voltages and/or the transistor currents, whereupon quan-
tities such as gate overdrive voltage, effective threshold voltage, drain-source saturation
voltage, all terminal currents, transconductance, channel conductance, and all small signal
intrinsic capacitances are calculated. MOSCalc is available at ngl.fysel.ntnu.no.

These dedicated software tools allow students to solve real engineering problems, which
brings semiconductor device physics and modeling home to the user at a very practical
level, bridging the gap between theory and practice. AIM-Spice and MOSCalc can be used
routinely by practicing engineers during the design phase of analog integrated circuits.
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1

MOSFET Device Physics
and Operation

1.1 INTRODUCTION

A field effect transistor (FET) operates as a conducting semiconductor channel with two
ohmic contacts — the source and the drain — where the number of charge carriers in the
channel is controlled by a third contact — the gate. In the vertical direction, the gate-
channel-substrate structure (gate junction) can be regarded as an orthogonal two-terminal
device, which is either a MOS structure or a reverse-biased rectifying device that controls
the mobile charge in the channel by capacitive coupling (field effect). Examples of FETs
based on these principles are metal-oxide-semiconductor FET (MOSFET), junction FET
(JFET), metal-semiconductor FET (MESFET), and heterostructure FET (HFETS). In all
cases, the stationary gate-channel impedance is very large at normal operating conditions.
The basic FET structure is shown schematically in Figure 1.1.

The most important FET is the MOSFET. In a silicon MOSFET, the gate contact
is separated from the channel by an insulating silicon dioxide (SiO;) layer. The charge
carriers of the conducting channel constitute an inversion charge, that is, electrons in the
case of a p-type substrate (n-channel device) or holes in the case of an n-type substrate
(p-channel device), induced in the semiconductor at the silicon-insulator interface by the
voltage applied to the gate electrode. The electrons enter and exit the channel at nt source
and drain contacts in the case of an n-channel MOSFET, and at p™ contacts in the case
of a p-channel MOSFET.

MOSFETs are used both as discrete devices and as active elements in digital and
analog monolithic integrated circuits (ICs). In recent years, the device feature size of
such circuits has been scaled down into the deep submicrometer range. Presently, the
0.13-pum technology node for complementary MOSFET (CMOS) is used for very large
scale ICs (VLSIs) and, within a few years, sub-0.1-pm technology will be available,
with a commensurate increase in speed and in integration scale. Hundreds of millions of
transistors on a single chip are used in microprocessors and in memory ICs today.

CMOS technology combines both n-channel and p-channel MOSFETs to provide very
low power consumption along with high speed. New silicon-on-insulator (SOI) technology
may help achieve three-dimensional integration, that is, packing of devices into many

Device Modeling for Analog and RF CMOS Circuit Design. T. Ytterdal, Y. Cheng and T. A. Fjeldly
© 2003 John Wiley & Sons, Ltd ISBN: 0-471-49869-6



2 MOSFET DEVICE PHYSICS AND OPERATION

Insulator Gate junction

Gate

| Substrate contact
1

¢

Figure 1.1 Schematic illustration of a generic field effect transistor. This device can be viewed
as a combination of two orthogonal two-terminal devices

layers, with a dramatic increase in integration density. New improved device structures
and the combination of bipolar and field effect technologies (BiCMOS) may lead to
further advances, yet unforeseen. One of the rapidly growing areas of CMOS is in analog
circuits, spanning a variety of applications from audio circuits operating at the kilohertz
(kHz) range to modern wireless applications operating at gigahertz (GHz) frequencies.

1.2 THE MOS CAPACITOR

To understand the MOSFET, we first have to analyze the MOS capacitor, which consti-
tutes the important gate-channel-substrate structure of the MOSFET. The MOS capacitor
is a two-terminal semiconductor device of practical interest in its own right. As indi-
cated in Figure 1.2, it consists of a metal contact separated from the semiconductor by
a dielectric insulator. An additional ohmic contact is provided at the semiconductor sub-
strate. Almost universally, the MOS structure utilizes doped silicon as the substrate and
its native oxide, silicon dioxide, as the insulator. In the silicon—silicon dioxide system,
the density of surface states at the oxide—semiconductor interface is very low compared
to the typical channel carrier density in a MOSFET. Also, the insulating quality of the
oxide is quite good.

Metal Insulator

/

Substrate contact —=

Figure 1.2 Schematic view of a MOS capacitor
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We assume that the insulator layer has infinite resistance, preventing any charge carrier
transport across the dielectric layer when a bias voltage is applied between the metal and
the semiconductor. Instead, the applied voltage will induce charges and counter charges
in the metal and in the interface layer of the semiconductor, similar to what we expect in
the metal plates of a conventional parallel plate capacitor. However, in the MOS capacitor
we may use the applied voltage to control the type of interface charge we induce in the
semiconductor — majority carriers, minority carriers, and depletion charge.

Indeed, the ability to induce and modulate a conducting sheet of minority carriers at
the semiconductor—oxide interface is the basis for the operation of the MOSFET.

1.2.1 Interface Charge

The induced interface charge in the MOS capacitor is closely linked to the shape of
the electron energy bands of the semiconductor near the interface. At zero applied volt-
age, the bending of the energy bands is ideally determined by the difference in the
work functions of the metal and the semiconductor. This band bending changes with the
applied bias and the bands become flat when we apply the so-called flat-band voltage
given by

Vig = (P — 5)/q = (P — Xs — Ec + EF)/q, (1.1)

where ®,, and @ are the work functions of the metal and the semiconductor, respectively,
X, is the electron affinity for the semiconductor, E. is the energy of the conduction band
edge, and Efp is the Fermi level at zero applied voltage. The various energies involved
are indicated in Figure 1.3, where we show typical band diagrams of a MOS capacitor
at zero bias, and with the voltage V = Vg applied to the metal contact relative to the
semiconductor—oxide interface. (Note that in real devices, the flat-band voltage may be

Vacuum level

Oxide

Semiconductor

V= Ve

(b)

Figure 1.3 Band diagrams of MOS capacitor (a) at zero bias and (b) with an applied voltage
equal to the flat-band voltage. The flat-band voltage is negative in this example
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affected by surface states at the semiconductor—oxide interface and by fixed charges in
the insulator layer.)

At stationary conditions, no net current flows in the direction perpendicular to the
interface owing to the very high resistance of the insulator layer (however, this does
not apply to very thin oxides of a few nanometers, where tunneling becomes important,
see Section 1.5). Hence, the Fermi level will remain constant inside the semiconductor,
independent of the biasing conditions. However, between the semiconductor and the metal
contact, the Fermi level is shifted by Ep,, — Ers = gV (see Figure 1.3(b)). Hence, we have
a quasi-equilibrium situation in which the semiconductor can be treated as if in thermal
equilibrium.

A MOS structure with a p-type semiconductor will enter the accumulation regime of
operation when the voltage applied between the metal and the semiconductor is more
negative than the flat-band voltage (Vgg < 0 in Figure 1.3). In the opposite case, when
V > Vgg, the semiconductor—oxide interface first becomes depleted of holes and we
enter the so-called depletion regime. By increasing the applied voltage, the band bending
becomes so large that the energy difference between the Fermi level and the bottom of
the conduction band at the insulator—semiconductor interface becomes smaller than that
between the Fermi level and the top of the valence band. This is the case indicated for
V =0V in Figure 1.3(a). Carrier statistics tells us that the electron concentration then
will exceed the hole concentration near the interface and we enter the inversion regime.
At still larger applied voltage, we finally arrive at a situation in which the electron volume
concentration at the interface exceeds the doping density in the semiconductor. This is
the strong inversion case in which we have a significant conducting sheet of inversion
charge at the interface.

The symbol v is used to signify the potential in the semiconductor measured relative
to the potential at a position x deep inside the semiconductor. Note that Yy becomes
positive when the bands bend down, as in the example of a p-type semiconductor shown
in Figure 1.4. From equilibrium electron statistics, we find that the intrinsic Fermi level
E; in the bulk corresponds to an energy separation g¢;, from the actual Fermi level Eg

of the doped semiconductor,
N
@ = Vinln <—> , (1.2)

1

Depletion region

qv

Oxide Semiconductor

Figure 1.4 Band diagram for MOS capacitor in weak inversion (¢, < ¥s < 2¢;)
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where Vi, is the thermal voltage, N, is the shallow acceptor density in the p-type semicon-
ductor and n; is the intrinsic carrier density of silicon. According to the usual definition,
strong inversion is reached when the total band bending equals 2g¢;, corresponding to the
surface potential ¥; = 2¢,. Values of the surface potential such that 0 < s < 2¢, corre-
spond to the depletion and the weak inversion regimes, s = 0 is the flat-band condition,
and ¥ < 0 corresponds to the accumulation mode.

The surface concentrations of holes and electrons are expressed in terms of the surface
potential as follows using equilibrium statistics,

Ps = Naexp(—v¥s/ V), (1.3)

ns = n/ps = npo exp(¥s/ Vin), (1.4)
where np, = ”12 /N, is the equilibrium concentration of the minority carriers (electrons)
in the bulk.

The potential distribution v (x) in the semiconductor can be determined from a solution
of the one-dimensional Poisson’s equation:

Py p)
dx2 g

(1.5)

where & is the semiconductor permittivity, and the space charge density p(x) is given by

p(x) =q(p—n—N,). (1.6)
The position-dependent hole and electron concentrations may be expressed as

p = Naexp(—/ Van), (1.7)
n = npo exp(¥/ Vin). (1.8)

Note that deep inside the semiconductor, we have 1 (co) = 0.

In general, the above equations do not have an analytical solution for v (x). How-
ever, the following expression can be derived for the electric field F; at the insula-
tor—semiconductor interface, in terms of the surface potential (see, e.g., Fjeldly et al.
1998),

Vth ws
Fo=v2-2fr (22, 1.9
‘ LDpf (Vth) ( )

where the function f is defined by

fu) = :I:\/[exp(—u) +u—1]+ r]lvﬂ[exp(u) —u— 1], (1.10)
and
_ 8svth
Lpp = N, (1.11)

is called the Debye length. In (1.10), a positive sign should be chosen for a positive
and a negative sign corresponds to a negative .
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Using Gauss’ law, we can relate the total charge Qg per unit area (carrier charge and
depletion charge) in the semiconductor to the surface electric field by

Os = —&Fs. (1.12)

At the flat-band condition (V = Vgp), the surface charge is equal to zero. In accumulation
(V < Vgp), the surface charge is positive, and in depletion and inversion (V > Vgg), the
surface charge is negative. In accumulation (when || exceeds a few times Vi) and
in strong inversion, the mobile sheet charge density is proportional to exp[|¥s]/(2Vin)]).
In depletion and weak inversion, the depletion charge is dominant and its sheet density
varies as wsl 2 Figure 1.5 shows |Q;| versus v for p-type silicon with a doping density
of 10'%/cm’.

In order to relate the semiconductor surface potential to the applied voltage V, we
have to investigate how this voltage is divided between the insulator and the semicon-
ductor. Using the condition of continuity of the electric flux density at the semiconduc-
tor—insulator interface, we find

SSFS = 8iFi, (113)

where ¢; is the permittivity of the oxide layer and F; is the constant electric field in the
insulator (assuming no space charge). Hence, with an insulator thickness d;, the voltage
drop across the insulator becomes Fid;. Accounting for the flat-band voltage, the applied
voltage can be written as

V= VFB+¢5+8SFS/Cia (1.14)

where ¢; = €;/d; is the insulator capacitance per unit area.

1000 5
] Strong
Accumulation inversion
100 5
§)5 104 Flat band Weak
S 3 inversion *
. Depletion
] I I
. | |
E | |
. I I
. I I
0] L | L | L | T I| T | LI I| | L
=20 -10 0 10 20 30 40

Ws/ Vth

Figure 1.5 Normalized total semiconductor charge per unit area versus normalized surface potential
for p-type Si with N, = 10'%/cm3. Oy = 28sgNaVin)'/? 2 9.3 x 107° C/cm? and Vy, ~ 0.026 V at
T = 300K. The arrows indicate flat-band condition and onset of strong inversion
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1.2.2 Threshold Voltage

The threshold voltage V = V7, corresponding to the onset of the strong inversion, is one
of the most important parameters characterizing metal-insulator-semiconductor devices.
As discussed above, strong inversion occurs when the surface potential 1 becomes equal
to 2¢,. For this surface potential, the charge of the free carriers induced at the insula-
tor—semiconductor interface is still small compared to the charge in the depletion layer,
which is given by

Qar = —qNodar = —/4e5qg Nagp, (1.15)

where dyr = (4e505/q N,)'/? is the width of the depletion layer at threshold. Accordingly,
the electric field at the semiconductor—insulator interface becomes

Fgr = _QdT/Ss = 4qNa(pb/8s- (116)

Hence, substituting the threshold values of ¥ and F; in (1.14), we obtain the following
expression for the threshold voltage:

Vr = Vs + 20 + /4esq Nagy / ci. (1.17)

Figure 1.6 shows typical calculated dependencies of Vr on doping level and dielec-
tric thickness.

For the MOS structure shown in Figure 1.2, the application of a bulk bias Vj is simply
equivalent to changing the applied voltage from V to V — Vg. Hence, the threshold

2.0

Threshold voltage (V)

-0.5 T T T T T T T T T
0 2 4 6 8 10
Substrate doping 10'¢/cm?

Figure 1.6 Dependence of MOS threshold voltage on the substrate doping level for different
thicknesses of the dielectric layer. Parameters used in calculation: energy gap, 1.12eV; effec-
tive density of states in the conduction band, 3.22 x 10%/m?; effective density of states in the
valence band, 1.83 x 10%°/m?; semiconductor permittivity, 1.05 x 107'0 F/m; insulator permittivity,
3.45 x 10~" F/m; flat-band voltage, —1 V; temperature: 300 K. Reproduced from Lee K., Shur M.,
Fjeldly T. A., and Ytterdal T. (1993) Semiconductor Device Modeling for VLSI, Prentice Hall,
Englewood Cliffs, NJ
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referred to the ground potential is simply shifted by Vz. However, the situation will be
different in a MOSFET where the conducting layer of mobile electrons may be maintained
at some constant potential. Assuming that the inversion layer is grounded, Vg biases the
effective junction between the inversion layer and the substrate, changing the amount of
charge in the depletion layer. In this case, the threshold voltage becomes

Vi = Vig + 205 + v/26sg Na R, — Vi) /ci. (1.18)

Note that the threshold voltage may also be affected by so-called fast surface states at
the semiconductor—oxide interface and by fixed charges in the insulator layer. However,
this is not a significant concern with modern day fabrication technology.

As discussed above, the threshold voltage separates the subthreshold regime, where
the mobile carrier charge increases exponentially with increasing applied voltage, from
the above-threshold regime, where the mobile carrier charge is linearly dependent on the
applied voltage. However, there is no clear point of transition between the two regimes, so
different definitions and experimental techniques have been used to determine Vp. Some-
times (1.17) and (1.18) are taken to indicate the onset of so-called moderate inversion,
while the onset of strong inversion is defined to be a few thermal voltages higher.

1.2.3 MOS Capacitance

In a MOS capacitor, the metal contact and the neutral region in the doped semiconductor
substrate are separated by the insulator layer, the channel, and the depletion region. Hence,
the capacitance Cy,,s of the MOS structure can be represented as a series connection of
the insulator capacitance C; = Se;/d;, where S is the area of the MOS capacitor, and the
capacitance of the active semiconductor layer Cs,

CiC;
= — . 1.19
mos Cl + CS ( )
The semiconductor capacitance can be calculated as
dQ;
Cs = S‘ 0 , (1.20)
di

where Q) is the total charge density per unit area in the semiconductor and v is the surface
potential. Using (1.9) to (1.12) for Qg and performing the differentiation, we obtain

_ Cso 1//5 I’lpo |: ( Iﬂs ) :I }
Co=—— 11— —_— — — ) =1 . 1.21
V2f () Vi) { exp( Vm> N [P\, (1.21)

Here, Cy, = S¢&,/Lp, is the semiconductor capacitance at the flat-band condition (i.e.,
for ¥y = 0) and Lp, is the Debye length given by (1.11). Equation (1.14) describes the
relationship between the surface potential and the applied bias.

The semiconductor capacitance can formally be represented as the sum of two capaci-
tances — a depletion layer capacitance Cq and a free carrier capacitance Cy.. Cg. together
with a series resistance Rgr describes the delay caused by the generation/recombination
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mechanisms in the buildup and removal of inversion charge in response to changes in the
bias voltage (see following text). The depletion layer capacitance is given by

Cd = Sé‘s/dd, (122)

2e40s
di = 1.23
d V gN, ( )

is the depletion layer width. In strong inversion, a change in the applied voltage will pri-
marily affect the minority carrier charge at the interface, owing to the strong dependence
of this charge on the surface potential. This means that the depletion width reaches
a maximum value with no significant further increase in the depletion charge. This
maximum depletion width d4r can be determined from (1.23) by applying the thresh-
old condition, 1y = 2¢;. The corresponding minimum value of the depletion capacitance
is Cyr = S8s/ddT.

The free carrier contribution to the semiconductor capacitance can be formally ex-
pressed as

where

Ci. = Cs — Cy. (1.24)

As indicated, the variation in the minority carrier charge at the interface comes from the
processes of generation and recombination mechanisms, with the creation and removal of
electron—hole pairs. Once an electron—hole pair is generated, the majority carrier (a hole
in p-type material and an electron in n-type material) is swept from the space charge
region into the substrate by the electric field of this region. The minority carrier is swept
in the opposite direction toward the semiconductor—insulator interface. The variation in
minority carrier charge at the semiconductor—insulator interface therefore proceeds at a
rate limited by the time constants associated with the generation/recombination processes.
This finite rate represents a delay, which may be represented electrically in terms of an
RC product consisting of the capacitance Cy. and the resistance Rgg, as reflected in the
equivalent circuit of the MOS structure shown in Figure 1.7. The capacitance Cy. becomes
important in the inversion regime, especially in strong inversion where the mobile charge
is important. The resistance R in the equivalent circuit is the series resistance of the
neutral semiconductor layer and the contacts.

Figure 1.7 Equivalent circuit of the MOS capacitor. Reproduced from Shur M. (1990) Physics
of Semiconductor Devices, Prentice Hall, Englewood Cliffs, NJ
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This equivalent circuit is clearly frequency-dependent. In the low-frequency limit, we
can neglect the effects of Rgg and R; to obtain (using Cs = Cq + Cy)

CG;
Chre=—"—"1. 1.25
mos CS +C1 ( )

In strong inversion, we have Cs >> Cj, which gives

Coos = Ci (1.26)
at low frequencies.

In the high-frequency limit, the time constant of the generation/recombination mech-
anism will be much longer than the signal period (RgrCyi. > 1/f) and Cy effectively
shunts the lower branch of the parallel section of the equivalent in Figure 1.7. Hence, the
high-frequency, strong inversion capacitance of the equivalent circuit becomes

0 Car G

= 1.27

The calculated dependence of Cpos on the applied voltage for different frequencies is
shown in Figure 1.8. For applied voltages well below threshold, the device is in accumu-
lation and Cy,0s equals Cj. As the voltage approaches threshold, the semiconductor passes
the flat-band condition where Cy,,s has the value Cgg, and then enters the depletion and
the weak inversion regimes where the depletion width increases and the capacitance value
drops steadily until it reaches the minimum value at threshold given by (1.27). The cal-
culated curves clearly demonstrate how the MOS capacitance in the strong inversion
regime depends on the frequency, with a value of C52_ at high frequencies to C; at low
frequencies.

1.0
iy Crp/C; 0 Hz
08 fFmmmm—m—————
9‘ 0.6 —
% i
O 0.4 ( 10 Hz
02 - Car/(Cyr+C) 10 kHz
S S SN U —— r — —
] I Veg | Vo
0.0 | L |
-5 -3 -1 1 3

Applied voltage

Figure 1.8 Calculated dependence of Cy,,s On the applied voltage for different frequencies. Param-
eters used: insulator thickness, 2 x 10~® m; semiconductor doping density, 10'5/cm3; generation
time, 1078 s. Reproduced from Shur M. (1990) Physics of Semiconductor Devices, Prentice Hall,
Englewood Cliffs, NJ
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Contact resistance, 251
Current, 17, 25, 30, 32, 37
leakage, 27, 37
saturation, 17
substrate, 32
subthreshold, 30
Current—voltage characteristics, 17, 25

Debye length, 5
De-embedding techniques, 101, 102, 103
Density of states, effective, 7
Depletion approximation, 23
Depletion charge, 3, 18, 25
Depletion layer, 8
capacitance, 8
width, 9
Depletion regime, 4
DIBL, 29, 31, 35
parameter, 35
fade-out, 35
Diffused resistors, 252
Diffusion, 17
DioMod, 198, 199, 208
Distortion, 141, 142
analysis, 141, 145
calculation, 149
components, 142
Double-gate FET, 37
Drain, 1
current, 17, 19, 20
charge, 40
low-doped, 32
Drain induced barrier lowering, 29, 35
DRAM, 27
Dynamic RAM, 27

Effective area and periphery parameters,
203, 204, 208
Effective gate oxide capacitance, 153,
154, 187
Effective junction perimeter and area,
201
Effective voltage, 39
drain-source, 39
gate overdrive, 39
EKV model, 209
Eldo, 286
Electron, 3, 17
affinity, 3
mobility, 17
trapping, 32
velocity, 17

Electron—hole, 9, 32
pairs, 9
recombination, 32

Electron statistics, 4

Elmore, 42, 43
constant, 43
equivalent, 42
resistance, 42

Energy, 3, 7
band, 3
gap, 7

Exclusion principle, 37

Fermi level, 3
intrinsic, 4
Fermi potential, 30
FET, 1
Field effect, 1, 2, 26, 28, 31, 33, 37
Field effect transistor, 1
FinFET, 37
Flat-band, 3, 5, 24
capacitance, 24
condition, 5, 8, 10, 11
voltage, 3, 23
Flicker noise modeling, 119, 120
Flicker noise models, 122, 123, 125
Floating body effect, 32
Flux density, electric, 6
FMIM capacitors, 63 ,64
FnoiMod, 195
Free carrier capacitance, 8
Frequency dependent nonlinearities,
1148

Gate, 1
charge, 40
leakage, 28, 36, 284
polysilicon, 37
Gate dielectric model, 153, 155
Gate resistance model, 84, 192
Gate voltage overdrive, 35
Gate tunneling current model,
176, 198
GCA, 15, 28
Generation mechanisms, 9
Generation time, 10
Geomod, 172, 202, 203
Gradual channel approximation, 15

Harmonic amplitudes, 143
Harmonic balance, 150
Harmonic distortion, 142



HB, 150

HD2, 142

HD3, 142

Heat dissipation, 33

Heterostructure FET, 1

HF noise parameters, 128

HFET, 1, 30

High-field effects, 31
channel length modulation, see CLM
velocity saturation, 212
mobility degradation, 213

Holding time, 30

Hot-carrier effects, 32

Hot electron(s), 32
emission, 32

IC, 1
Ideality factor, 12
Impact ionization, 28, 32
Induced charge, 18
Induced gate noise, 133, 134
Inductors, 260
Injection barrier, 29
Insulator, 6, 7, 37
capacitance, 6
high-k, 37
permittivity, 7
Interface, 32
barrier, 32
states, 32
Integrated circuit, 1
Integrated resistors, 265
Intrinsic capacitance, 21
Integrated inductors, see inductors
Integrated spiral inductor, see spiral
inductor
Intermodulation distortion, 143
Inversion, 4, 8, 11, 13, 19
channel, 13
charge, 11, 19
moderate, 8
regime, 4
strong, 4, 8

JFET, 1
Junction
depth, 34
FET, 1
Junction capacitors, 258
Junction diode capacitance model, 200
Junction diode models, 198

Kirchhoff’s current law, 41

INDEX 289

Latch-up, CMOS, 32

Lateral flux capacitor, 257

LDD, 32

Leakage current, 27, 37

Local oxidation of silicon, 57, 65
LOCOS, 65, 161, 264
Low-doped drain, 32

Majority carriers, 3
MESFET, 1, 30
Meyer model, 18, 25
Meyer capacitances, 22, 23, 26, 38, 40
Metal-insulator-metal capacitors, 256
Metal interconnect, 59, 60
Metal-oxide-semiconductor FET, 1
Metal resistors, 252
Metal-semiconductor FET, 1
Metal silicidation, 59
Metallization, 59, 67
MIM capacitor, 59, 62, 256, 257, 267
Minimum noise figure, 128, 129, 133,
135
Minority carriers, 3
Mismatching model of capacitors, 271
MM9, 223
Mobility, 17, 28, 31, 33, 34, 37
degradation, 213
field-effect, 28, 33, 34, 37
fluctuation model, 121
gate bias dependence, 31, 33
model, 80, 167, 225
Mobmod, 167, 168
Modeling of mismatching of resistors,
271
Moore’s law, 36
MOS capacitance, 8
MOS capacitor, 2, 8
characterization, 11
C-V characteristics, 11
band diagram, 4
MOS Model, 9, 223
MOS varactors, 62
MOSAT1 model, 235
MOSFET, 1, 13, 15, 26, 37, 40
advanced modeling, 27, 37, 42
capacitors, 257
equivalent circuit, 9, 27, 41
LDD, 32
leakage currents, 282
long channel, 14, 16
narrow channel, 35
n-channel, 1, 14
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MOSFET, (continued)
nonlinearites, 145
nonlinearity coefficients, 146
operation, 13
p-channel, 1
simple modeling, 15
small-signal model, 27
SOI, 32
square law model, 145
MOSFET capacitance(s), 21, 22, 26, 37,
40, 257
flat-band, 24
gate-channel, 37
gate-drain, 22, 38
gate-source, 22, 38
gate-substrate, 22
intrinsic, 21
junction, 21
lumped, 21
Meyer, 22, 23, 26, 38, 40
model, 21, 37
oxide, 23
subthreshold, 24
‘Ward Dutton, 22, 40
MOS structure, 1
Multidimensional nonlinear conductance
and transconductance, 143
Multidimensional nonlinear resistance
and transresistance, 143

Narrow channel FET, 35
Noise model(s), 120, 121, 126, 219, 233
Noise parameters, 128, 131, 132, 134
Noise sources, 119, 138, 194, 233
Nonideal effects, 11, 27, 31
Nonlinear capacitance, 144
Nonlinear conductance, 143
Nonlinear distortion, 142
Nonlinear transcapacitance, 144
Nonlinear transconductance, 143
Nonlinear transresistance, 143
Non-quasi-static

behavior, 98

modeling, 42, 218
Non-uniform lateral doping, 157
Non-uniform vertical doping effect, 153
NQS, 42, 190, 218
n-well CMOS process, 56

Ohmic contact, 1
Overlap capacitances, 21, 26, 59, 77, 95,
98, 180, 233

Oxidation process, 57, 58
Oxide-semiconductor interface, 2
Oxide, 23, 32

capacitance, 23

charges, 32
Oxide, effective thickness, 36, 37

Parameter extraction, 74, 75, 78, 83, 148
Parasitic bipolar transistor, 243
device structure, 243
modeling, 243
nonideal effects, 246
Parasitic capacitances, 95, 252, 253
Parasitic resistances, 74, 75, 88, 170,
197, 225
Permittivity, 5, 7
Permod, 202
Philips MOS Model, 9, 223
Photocurrent, 32
Photon, 32
absorption, 32
emission, 32
Pinch-off, 14, 16, 17, 19
pMOS transistor, 56, 121
Poisson’s equation, 5, 15
Poly-poly capacitors, 255
structure, 255
equivalent circuit, 256
Poly resistors, see polysilicon resistors
Polysilicon gate, 37
Polysilicon resistors, 60, 64, 65, 271, 253
model, 253
equivalent circuit, 253, 254
Potential offset parameter, 154, 165
Power dissipation, 33
Process flow, 48, 49
Process variation, 263, 264, 266
Punch-through, 27
p-well CMOS process, 56

Quality assurance of models, 279
Quasi-Fermi potential, 30
Quasi-static assumption, 42

Radio frequency, 26
Rbodymod, 194

RC network, distributed, 42
RCSE, 214

Rdsmod, 170, 171, 172, 175
Recombination mechanisms, 9
Relaxation time, charge, 43
Reliability, 37



Resistivity, 249
Resistors, 249
Reverse short-channel effect, 214
RF, 26

model, 69, 71, 192, 193
Rgatemod, 192, 193
Rgeomod, 172, 204, 205

Saturation, 14, 17, 19
current, 17
field, 19
velocity, 19
voltage, 14, 16, 19, 20
Scaling, 27, 36
CMOS, 27
device, 36
Scattering, 33
SCCM, 11, 16, 25
Second harmonic, 142
Second-order intermodulation products,
143
Second-order nonlinear circuit behavior,
142
Self-alignment, 13
Self-capacitances, 41
Self-heating, 32
Semiconductor-oxide interface, 3
Semiconductor, 5, 7, 8
capacitance, 8
permittivity, 5, 7
Series resistances, 31
Shallow trench isolation, 57, 161, 264
Shooting method, 150
Short-channel effects, 21, 27, 34, 148,
157, 158, 160
Shot noise model, 198
Silicide-blocked resistor, 65
Silicon dioxide, 1, 2, 33, 36, 37
Silicon-on-insulator, 1, 33
Single-frequency excitation, 142
SiO,, 1, 33
Skin depth, 250
Small-signal, MOSFET, 26
model, 26
equivalent circuit, 27, 233
Snapback breakdown, 32
SOl 1, 32
Source, 1
charge, 40
SPICE, 15, 26, 29, 31, 33, 42, 43, 149
example, 214
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Spiral inductors, 260
structure, 261
equivalent circuit, 261
model, 262

Steady state analysis, 150

Strong inversion, 4
onset of, 7

Substrate current, 32
models, 179

Subthreshold, 8, 12, 24
capacitance, 24
current, 30
ideality factor, 12
regime, 8

Surface, 6, 28, 33
electric field, 6
nonuniformities, 33
potential, 5, 8, 23
states, 8

Symbolic methods, 150

Symbolic network analysis programs,

151

TFT, 30
Technology node, 1, 27, 37
Temperature dependence, 33
THD, 142
Thermal
conductivity, 33
resistance, 33
voltage, 5, 16
Thermal noise model, 126, 127, 196,
197, 211
Thermionic emission, 29
Thin film transistor, 30
Third harmonic, 142
Third-order nonlinear circuit behavior,
142
Threshold condition, 9
Threshold voltage, 7, 13, 16, 22, 32, 35
model, 157, 159, 161, 163, 226
temperature dependency, 219
Tnoimod, 196, 197
Total harmonic distortion, 142
Transcapacitances, 40
Transconductance, 18
Trngsmod, 190, 193
Tunneling, 4, 27, 32, 37

UCCM, 12, 30, 35, 235
Unified charge model, 164, 235



