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INTRODUCTION

Since the invention of the bipolar transistor in 1947, there has been an unprece-
dented growth of the semiconductor industry, with an enormous impact on the
way people work and live. In the last twenty years or so, by far, the strongest
growth area of the semiconductor industry has been in silicon very-large-scale-
integration (VLSI) technology. The sustained growth in VLSI technology is fueled
by the continued shrinking of transistors to ever smaller dimensions. The benefits of
miniaturization — higher packing densities, higher circuit speeds, and lower power
dissipation — have been key in the evolutionary progress leading to today’s com-
puters and communication systems that offer superior performance, dramatically
reduced cost per function, and much reduced physical size, in comparison with
their predecessors. On the economic side, the integrated-circuit (IC) business has
grown worldwide in sales from $1 billion in 1970 to $20 billion in 1984 and is
projected to reach $185 billion in 1997. The electronics industry is now among the
largest industries in terms of output as well as employment in many nations. The
importance of microelectronics in the economic, social, and even political develop-
ment throughout the world will no doubt continue to ascend. The large worldwide
investment in VLSI technology constitutes a formidable driving force that will all
but guarantee the continued progress in IC integration density and speed, for as
long as physical principles will allow.

1.1 EVOLUTION OF VLSI
DEVICE TECHNOLOGY

Anexcellent account of the evolution of the metal-oxide—semiconductor field-effect
transistor (MOSFET), from its initial concept to VLSI applications in the mid-
1980s, can be found in the paper by Sah (Sah, 1988). Figure 1.1 gives a chronology
of the major milestone events in the development of VLSI technology. The bipolar
transistor technology was developed early on and was applied to the first integrated-
circuit memory in mainframe computers in the 1960s. Bipolar transistors have been
used all along where raw circuit speed is most important, for bipolar circuits remain
the fastest at the individual-circuit level. However, the large power dissipation of
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FIGURE 1.1. A brief chronology of the major milestones in the development of VLSI,

bipolar circuits hag severely limited their integration level, to about 104

chip. This integration level is quite low by today’s VISI standard.
The idea of modulating the surface conductance of

application of an electric field was first reported in 1930,

circuits per

a semiconductor by the

The major breakthrough in the Ievel of integration came in 1963 with the in-
i vention of CMOS (complementary MOS) (Wanlass and Sah, 1963), in which
i both n-channel and p-channel MOSFETSs are constructed simultaneously on the
same substrate. A CMOS circuit typically consists of an n-channel MOSFET and a
I p-channel MOSFET connected in series between the power-supply terminals, so
g\ that there is negligible standby power dissipation. Significant power is dissipated
only during switching of the circuit (i.e., only when the circuits are active.) By cley-
erly designing the “switch activities” of the circuits on 3 chip to minimize active
» engineers have been able to integrate hundreds of millions of
CMOS transistors on a single chip and still have the chip readily air-coolable. Unti]
recently, the integration level of CMOS was not limited by chip-level power dis-
sipation, but by chip fabrication technology. Another advantage of CMOS circuits
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comes from the ratioless, full rail-to-rail logic swing, which improves the noise
margin and makes a CMOS chip easier to design.

As linear dimensions reached the 0.5-pum level in the eatly 1990s, the perfor-
mance advantage of bipolar transistors was outweighed by the significantly greater
circuit density of CMOS devices. The system performance benefit of integrated
functionality superseded that of raw transistor performance, and practically all the
VLSI chips in production today are based on CMOS technology. Bipolar transistors
are used only where raw circuit speed makes an important difference. Consequently,
bipolar transistors are usually used in small-size bipolar-only chips, or in so-called

BiCMOS chips where most of the functions are implemented using CMOS transis-’

tors and only a relatively small number are implemented using bipolar transistors.

Advances in lithography and etching technologies have enabled the industry
to scale down transistors in physical dimensions, and to pack more transistors
in the same chip area. Such progress, combined with a steady growth in chip
size, resulted in an exponential growth in the number of transistors and mem-
ory bits per chip. The recent trends and future projections in these areas are
illustrated in Fig. 1.2. Dynamic random-access memories (DRAMSs) have char-
acteristically contained the highest component count of any IC chips. This has
been so because of the small size of the one-transistor memory cell (Dennard,
1968) and because of the large and often insatiable demand for more memory in
computing systems. It is interesting to note that the entire content of this book can be
stored in one 64-Mb DRAM chip, which is in volume production in 1997 and has
an area equivalent to a square of about 1.2 x 1.2 cm?,

One remarkable feature of silicon devices that fuels the rapid growth of the
information technology industry is that their speed increases and their cost decreases
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FIGURE 1.2. Trends in lithographic feature size, and number of transistors per
chip for DRAM and microprocessor chips.
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as their size is reduced. The transistors manufactured today are 20 times faster and
occupy less than 1% of the area of those built 20 years ago. This is illustrated in
the trend of microprocessor units (MPUs) in Fig. 1.2. The increase in the clock
frequency of microprocessors is the result of a combination of improvements in
microprocessor architecture and improvements in transistor speed.

1.2 MODERN VLS| DEVICES

Itis clear from Fig. 1.2 that modern transistors of practical interest have feature sizes
of 0.5 pm and smaller. Although the basic operation principles of large and small
transistors are the same, the relative importance of the various device parameters and
performance factors for the small-dimension modern transistors is quite different
from that for the transistors of the early 1980s or earlier. It is our intention to focus
our discussion in this book on the fundamentals of silicon devices of sub-0.5-pm
generations.

1.2.1 NODERN CMVOS TRANSISTORS

A schematic cross section of modern CMOS transistors, consisting of an n-channel
MOSFET and a p-channel MOSFET integrated on the same chip, is shown in
Fig. 1.3. A generic process flow for fabricating the CMOS transistors is outlined
in Appendix 1. The key physical features of the modern CMOS technology, as
illustrated in Fig. 1.3, include: p-type polysilicon gate for the p-channel MOSFET
and n-type polysilicon gate for the n-channel MOSFET, refractory metal silicide
on the polysilicon gate as well as on the source and drain diffusion regions, and
shallow-trench oxide isolation. -

In the electrical design of the modern CMOS transistor, the power-supply voltage
is reduced with the physical dimensions in some coordinated manner. A great deal
of design detail goes into determining the channel length, or separation between
the source and drain, accurately, maximizing the on current of the transistor while

nMOSFET PMOSFET

n-well

p-type substrate

FIGURE 1.3. Schematic device cross section for an advanced CMOS technology.
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FIGURE 1.4. Schematic cross section of a modern n—p-n
bipolar transistor,

maintaining an adequately low off current, minimizing variation of the transistor
characteristics with process tolerances, and minimizing the parasitic resistances
and parasitic capacitances.

1.2.2 NMODERN BIPOLAR TRANSISTORS

The schematic cross section of a modern silicon bipolar transistor is shown in
Fig. 1.4. The process outline for fabricating this transistor is shown in Appendix 2.
The salient features of this transistor include: shallow-trench field oxide and deep-
trench isolation, polysilicon emitter, polysilicon base contact which is self-aligned
to the emitter contact, and a pedestal collector which is doped to the desired level
only directly underneath the emitter.

Unlike CMOS, the power-supply voltage for a bipolar transistor is usually kept
constant as the transistor physical dimensions are reduced. Without the ability to
reduce the operating voltage, electrical breakdown is a severe concern in the design
of modern bipolar transistors. In designing a modern bipolar transistor, a lot of
effort is spent tailoring the doping profile of the various device regions in order to
maintain adequate breakdown-voltage margins while maximizing the device per-
formance. At the same time, unlike the bipolar transistors before the early 1980s
when the device performance was mostly limited by the device physical dimensions
practical at the time, a modern bipolar transistor often has its performance limited
by its current-density capability and not by its physical dimensions. Attempts to
improve the current-density capability of a transistor usually lead to reduced break-
down voltages.

1.8 SCOPE AND BRIEF DESCRIPTION
OF THE BOOK

In writing this book, it is our goal to address the factors governing the perfor-
mance of modern VLSI devices in depth. This is carried out by first discussing the
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design of the various device parameters individually, and then discussing the relative
importance of the individual device parameters in determining the performance of
small-dimension modern transistors. A substantial part of the book is devoted to
in-depth discussions on the subtle tradeoffs in the design of modern CMOS and
bipolar transistors.

This book contains sufficient background tutorials to be used as a textbook for
students taking a graduate or advanced undergraduate course in microelectronics.
The prerequisite will be one semester of either solid-state physics or semiconductor
physics. For the practicing engineer, this book provides an extensive source of
reference material that covers the fundamentals of CMOS and bipolar technology,
devices, and circuits. It should be useful to VLSI process engineers interested in
learning basic device principles, and to device design or characterization engineers
who desire more in-depth knowledge in their specialized areas. Below is a bricf
description of each chapter.

CHAPTER 2: BASIC DEVICE PHYSICS

Chapter 2 is devoted to introducing just the right level of basic device physics
to make the book self-contained, and to prepare the reader with the necessary
background on device operation and material physics to follow the discussion in
the rest of the book. It is assumed that the reader has the basic knowledge equivalent
to one semester of upper-level undergraduate or graduate-level solid-state physics
or semiconductor physics. From there, the device concepts or device physics needed
to understand the subsequent chapters are introduced.

Starting with the energy bands in silicon, Chapter 2 first introduces the basic con-
cepts of Fermi level, carrier concentration, drift and diffusion current transport, and
Poisson’s equation. The next two sections focus on the most elementary building
blocks of silicon devices: the p—n junction and the MOS capacitor. Basic knowl-
edge of their characteristics is a prerequisite to further understand the operation
of the VLSI devices they lead into: bipolar and MOSFET transistors. The rest of
Chapter 2 covers high-field effects, Si-SiO; systems, hot carriers, and the physics
of tunneling and breakdown relevant to VLSI device reliability. The purpose here
is to introduce to the reader the basic physical concepts needed to follow the dis-
cussion in this book. The details on the recent advances in each of these areas are
beyond the scope of this book.

CHAPTER 3: MIOSFET DEVICES

Chapter 3 describes the basic characteristics of MOSFET devices, using the
n-channel MOSFET as an example for most of the discussions. It is divided into
two parts. The first part deals with the more elementary long-channel MOSFETsS, in-
cluding subsections on drain current models, IV characteristics, subthreshold cur-
rents, channel mobility, and intrinsic capacitances. These serve as a foundation for
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understanding the more important but more complex short-channel MOSFETs,
which have lower capacitances and carry higher currents per gate voltage swing.
The second part of Chapter 3 covers the specific features of short-channel
MOSFETs important for device design purposes. The subsections include short-
channel effects, velocity saturation and overshoot, channel-length modulation, and
source—drain series resistance.

CHAPTER 4: CMOS DEVICE DESIGN

Chapter 4 considers the major device design issues in a CMOS technology. It begins
with the concept of MOSFET scaling — the most important guiding principle for
achieving density, speed, and power improvements in VLSI evolution. Several non-
scaling factors are addressed, notably, the thermal voltage and the silicon bandgap,
which have significant implications on the deviation of the CMOS evolution path
from ideal scaling. Two key CMOS device design parameters — threshold voltage
and channel length — are then discussed in detail. Subsections on threshold voltage
include off-current requirement, nonuniform channel doping, gate work-function
effects, channel profile design, and quantum-mechanical and discrete dopant effects
on threshold voltage. Subsections on channel length include the definition of effec-
tive channel length, its extraction by the conventional method and the shift-and-ratio
method, and the physical interpretation of effective channel length.

CHAPTER 5: CVIOS PERFORMARNCE FACTORS

Chapter 5 examines the key factors that govern the switching performance and
power dissipation of basic digital CMOS circuits which form the building blocks
of a VLSI chip. Starting with a brief description of static CMOS logic gates and their
layout, we examine the parasitic resistances and capacitances that may adversely
affect the delay of a CMOS circuit. These include source and drain series resistance,
Jjunction capacitance, overlap capacitance, gate resistance, and interconnect capac-
itance and resistance. Next, we formulate a delay equation and use it to study the
sensitivity of CMOS delay performance to a variety of device and circuit parameters
such as wire loading, device width and length, gate oxide thickness, power-supply
voltage, threshold voltage, parasitic components, and substrate sensitivity in stacked
circuits. The last section of Chapter 5 further extends the delay equation to project
the performance factors of several advanced CMOS materials and device structures.
These include SOI CMOS, high-mobility Si-SiGe CMOS, and low-temperature
CMOS. The unique advantage of each approach is discussed in depth.

CHAPTER 6: BIPOLAR DEVICES

The basic components of a bipolar transistor are described in Chapter 6. The discus-
sionis based entirely on the vertical n—p-n transistor, since practically all high-speed
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bipolar transistors used in digital circuits are of the vertical n—p-n type. However,
the basic device operation concept and device physics can be readily extended
to other types of bipolar transistors, such as p-n—p bipolar transistors and lateral
bipolar transistors.

The basic operation of a bipolar transistor is described in terms of two p-n
diodes connected back to back. The basic theory of a p-n diode is modified and
applied to derive the current equations for a bipolar transistor. From these cur-
rent equations, other important device parameters and phenomena, such as current
gain, Early voltage, base—collector junction avalanche, emitter—collector punch-
through, base widening, and diffusion capacitance, are examined. Finally, the basic
equivalent-circuit models relating the device parameters to circuit parametess are
developed. These equivalent-circuit models form the starting point for discussing
the performance of a bipolar transistor in circuit applications.

CHAPTER 7: BIPOLAR DEVICE DESIGN

Chapter 7 covers the basic design of a bipolar transistor. The design of the individual
device regions, namely the emitter, the base, and the collector, are discussed sepat-
ately. Since the detailed characteristics of a bipolar transistor depend on its operating
point, the focus of this chapter is on optimizing the device design according to ifs
intended operating condition and environment, and on the trade-offs that must be
made in the optimization process. The sections include an examination of the ef-
fect of grading the base doping profile to enhance the drift field in the intrinsic
base, and a derivation of the collector-current equations when there is significant
heavy doping effect in the base and when Ge is used to engineer the intrinsic-base
bandgap. The chapter concludes with a discussion of the salient features of the most
commonly used modern bipolar device structure.

CHAPTER 8: BIPOLAR PERFORMANCE FACTORS

The major factors governing the performance of bipolar transistors in circuit appli-
cations are discussed in Chapter 8. Several of the commonly used figures of merit,
namely, cutoff frequency, maximum oscillation frequency, and logic gate delay, are
examined, and how a bipolar transistor can be optimized for a given figure of merit
is discussed. Sections are devoted to examining the important delay components of
alogic gate, and how these components can be minimized. The power—delay trade-
offs in the design of a bipolar transistor under various circuit loading conditions
are also examined. Finally, the scaling properties of bipolar transistors, and how
the large standby power dissipation of bipolar circuits limits the integration level
of bipolar circuit chips, are discussed.
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'MOSFET DEVICES

The metal—-oxide—semiconductor field-effect transistor (MOSFET) is the building
block of VLSI circuits in microprocessors and dynamic memories. Because the
current in a MOSFET is transported predominantly by carriers of one polarity only
(e.g., electrons in an n-channel device), the MOSFET is usually referred to as a
unipolar or majority-carrier device. Throughout this chapter, n-channel MOSFETSs
are used as an example to illustrate device operation and derive drain-current equa-
tions. The results can easily be extended to p-channel MOSFETSs by exchanging
the dopant types and reversing the voltage polarities.

The basic structure of a MOSFET is shown in Fig. 3.1. It is a four-terminal
device with the terminals designated as gate (subscript g), source (subscript s),
drain (subscript d), and substrate or body (subscript b). An n-channel MOSFET,
or nMOSFET, consists of a p-type silicon substrate into which two n* regions,
the source and the drain, are formed (e.g., by ion implantation). The gate elec-
trode is usually made of metal or heavily doped polysilicon and is separated
from the substrate by a thin silicon dioxide film, the gate oxide. The gate oxide
is usually formed by thermal oxidation of silicon. In VLSI circuits, a MOSFET
is surrounded by a thick oxide called the field oxide to isolate it from the ad-
jacent devices. The surface region under the gate oxide between the source and

drain is called the channel region and is critical for current conduction in a MOS- -

FET. The basic operation of a MOSFET device can be easily understood from
the MOS capacitor discussed in Section 2.3. When there is no voltage applied
to the gate or when the gate voltage is zero, the p-type silicon surface is either
in accumulation or in depletion and there is no current flow between the source
and drain. The MOSFET device acts like two back-to-back p—n junction diodes
with only low-level leakage currents present. When a sufficiently large positive
voltage is applied to the gate, the silicon surface is inverted to n-type, which
forms a conducting channel between the n™ source and drain. If there is a volt-
age difference between them, an electron current will flow from the source to
the drain. A MOSFET device therefore operates like a switch ideally suited for
digital circuits. Since the gate electrode is electrically insulated from the sub-
strate, there is effectively no dc gate current, and the channel is capacitively
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FIGURE 3.1. Three-dimensional view of basic MOSFET device structure. (After Arora, 1993.)

coupled to the gate via the electric field in the oxide (hence the name field-effect
transistor).

3.1 LONG-CHANNEL MOSFETs

This section describes the basic characteristics of a long-channel MOSFET, which
will serve as the foundation for understanding the more important but more comp-
lex short-channel MOSFETs in Section 3.2. First, a general MOSFET current
model based on the gradual channel approximation (GCA) is formulated in
Section 3.1.1. The GCA is valid for most regions of MOSFET operation except
beyond the pinch-off or saturation point. A charge-sheet approximation is then in-
troduced in Section 3.1.2 to obtain analytical expressions for the source—drain cur-
rent in the linear and saturation regions. Current characteristics in the subthreshold
region are discussed in Section 3.1.3. Section 3.1.4 addresses the threshold-voltage
dependence on substrate bias and temperature. Section 3.1.5 presents an empiri-
cal model for electron and hole mobilities in a MOSFET channel. Lastly, intrinsic
MOSFET capacitances and inversion-layer capacitance effects (neglected in the
charge sheet approximation) are covered in Section 3.1.6.
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3.1.1 DRAIN-CURRENT MODEL

In this subsection, we formulate a general drain-current model for a long-channel
MOSFET. The model will then be simplified usin

current. Figure 3.2 shows the schematic cross section of an n-channel MOSFET
in which the source is the n+ region on the left, and the drain is the n* region on
the right. A thin oxide film separates the gate from the channe] region between the
source and drain. We choose an X—y coordinate system consistent with Section 2.3
on MOS capacitors, namely, the x-axis is perpendicular to the gate electrode and
Is pointing into the p-type substrate with x =0 at the silicon surface. The y-axis
is parallel to the channel or the current flow direction, with y =0 at the source

field oxide.

Conventionally, the source voltage is defined as the ground potential. The drain
voltage is Vy,, the gate voltage is Ve, and the p-type substrate is biased at —Vis.
Initially, we assume Vs = 0, i.e., the substrate contact is grounded to the so
potential. Later on, we will discuss the effect of substrate bias on MOSFET charac-
teristics. The p-type substrate is assumed to be uniformly doped with an acceptor
concentration N,. o

As defined in Section 2.3, ¥(x, y) is the band bending, or intrinsic potential,
at (x, y) with respect to the bulk intrinsic potential. We further assume that V(y)
is the electron quasi-Fermj potential at a point y along the channel with respect
to the Fermi potential of the o+ source. Since there is no bias between the source
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and the substrate, the Fermi potential of the source is the same as that of the bulk
substrate. Therefore, in terms of the channel-to-substrate diode, V(y) plays the
same role as the reverse bias Vg in Section 2.3.5 on MOS capacitors under
nonequilibrium. As was discussed in Section 2.2.3, the quasi-Fermi potential stays
essentially constant across the depletion region, i.e.,V(y) does not change with
x in the direction perpendicular to the surface. At the drain end of the channel,
V(y=L)= V.

3.1.1.1 INVERSION CHARGE DENSITY AS A FUNCTION
OF QUASI-FERMI POTENTIAL

From Eq. (2.150) and Eq. (2.187), the electron concentration at any point (x, y) is
given by

2
ns

n(x,y) = ]—Vl—eqﬂ”—V)/"T. (3.1)
a

Following the same approach as in Section 2.3.2, one obtains an expression for the
electric field similar to that of Eq. (2.153):

2
F2(x,y) = (%) = ———ZkgT,Na [(e—’“”/” - % - 1) (3.2)

ny 1% qy
i f ,=qV/ET (Lq¥/kT _ 1y _ 27
+ Nz (e 4 (eq 1) kT)]'

The condition for surface inversion, Eq. (2.190), becomes

v(0,y) = V() +2¢s, (3.3)

which is a function of y. From Eq. (2.191), the maximum depletion layer width is

24V 2
de@):f esil g’z)v“L Vel (3.4)

which is also a function of y.

3.1.1.2 GRADUAL-CHANNEL APPROXIMATION

One of the key assumptions in any 1-D MOSFET model is the gradual channel
approximation (GCA), which assumes that the variation of the electric field in the
y-direction (along the channel) is much less than the corresponding variation in
the x-direction (perpendicular to the channel) (Pao and Sah, 1966). This allows us
to reduce Poisson’s equation to the 1-D form (x-component only) as in Eq. (2.147).
The GCA is valid for most of the channel regions except beyond the pinch-off point,
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which will be discussed later. One further assumes that both the hole current and the
generation and recombination current are negligible, so that the current continuity
equation can be applied to the electron current in the y-direction. In other words,
the total drain-to-source current Iz is the same at any point along the channel. From
Eq. (2.45), the electron current density at a point (x, y) is

dv
Tn(x, y) = —q pan(x, y)—d%, (3.5)

where n(x, y) is the electron density, and p, is the electron mobility in the channel.
The carrier mobility in the channel is generally much lower than the mobility in
the bulk, due to additional surface scattering mechanisms, as will be addressed in
Section 3.1.5. With V(y) defined as the quasi-Fermi potential, i.e., playing the role
of ¢, in Eq. (2.45), Eq. (3.5) includes both the drift and diffusion currents. The
total current at a point y along the channel is obtained by multiplying Eq. (3.5)
with the channel width W and integrating over the depth of the inversion layer. The
integration is carried out from x = 0 to x;, the bottom of the inversion layer where

Y = Yp:
i av
L) = qW / pane, Do dx. (3.6)
0 y

There is a sign change, as we define I;; > O to be the drain-to-source current in
the —y direction. Since V is a function of y only, dV/dy can be taken outside
the integral. We also assume that u, can be taken outside the integral by defining
an effective mobility, [L., at some average gate and drain fields. What remains in
the integral is the electron concentration, n(x, y). Its integration over the inversion
layer gives the inversion charge per unit gate area, Q;:

Qi(y) = —q/O n(x,y)dx. (3.7
Equation (3.6) then becomes
av av
s = —Ue¢ — U/ — — e W—— i V . .
Las(y) MﬁWdyQ()’) Ieff dyQ( ) (3.3)

In the last step, Q; is expressed as a function of V'; V is interchangeable with y,
since V is a function of y only. Multiplying both sides of Eq. (3.8) by dy and
integrating from O to L (source to drain) yield

L Vds
/ Lisdy = g W fo —Q:i(VY]dV. (3.9)
0
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Current continuity requires that Iz, be a constant, independent of y. Therefore, the
drain-to-source current is

W[V |
T = e /0 [—0:(V)]dV. (3.10)

3.1.1.3 PAD AND SAH’S DOUBLE INTEGRAL

An alternative form of Q;(V) can be derived if n(x, y) is expressed as a function
of (¥, V) using Eq. (3.1), 1.e.,

2
ne-

n(x,y) =n(y, V)= - edW=N/KT (3.11)
a

and substituted into Eq. (3.7):

7] d
0:(V) = —q / n V) dy (3.12)

Vs ay
U (n2 [ N,)ed W=k
- /w &, V)

Here, 1, is the surface potential at x = 0 and &(y, V) = —d/dx is given by the
square root of Eq. (3.2). Substituting Eq. (3.12) into Eq. (3.10) yields

W (Ve [ (¥ (n2)N)edW=VIET
L= queg 7 fo (/w STy e (3.13)

This is referred to as Pao and Sah’s double integral (Pao and Sah, 1966). The
boundary value v/, is determined by two coupled equations: Eq. (2.180) and Q; =
—&51 65 (Ws) or Gauss’s law, where & (/) is obtained by letting ¢ = 1, in Eq. (3.2).
In inversion, only two of the terms in Eq. (3.2) are significant and need to be kept.
The merged equation is then

di.

Vo= Vo + ¥ — CQ (3.14)
ox .
R 1/2
= Vo + ¥ + 285ikTNa | s + ﬁeq(l/fs—V)/kT
Cox Lk " N2 ’

which is an implicit equation for (V). Equations (3.14) and (3.13) can only be
solved numerically.

3.1.2 MOSFET /-V CHARACTERISTICS

In this subsection, we derive the basic expressions for long-channel current in the
linear and saturation regions.

£122
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3.1.2.1 CHARGE-SHEET APPROXIMATION wher:
In order to derive an analytical solution for the drain current, we simplify the
general model using the charge-sheet approximation (Brews, 1978) in which the
inversion-layer thickness is treated as zero. It assumes that all the inversion charges
are located at the silicon surface like a sheet of charge and that there is no poten- ‘
tial drop or band bending across the inversion layer. Furthermore, the depletion Comy
approximation is applied to the bulk depletion region. After the onset of inversion, simpl
the surface potential is pinned at ¥, = 243 + V(y), as indicated by Eq. (3.3). From ' and t
Eq. (3.4), the bulk depletion charge density is for ti

. cally
Q4 = —qNWam = —/265gNa@¥ + V). (3.15) MOS
The total charge density in the silicon is given by Eq. (2.180), a?“elji
Qs = ~Cor(Ve = Vip = ¥5) = —Cor(Vg = Vp =205 = V). (3.16) gate
' V, at
The inversion charge density is then the difference of the above two equations, linear
of V;
Qi = Qs — Qua (3.17) highe
= —Cor(Vy — Vi = 295 — V) +/23q Na@5 + V). gl
Substituting Eq. (3.17) into Eq. (3.10) and carrying out the integration, we obtain Eq.
the drain current as a function of the gate and drain voltages: alsou
Chap
w Va
Iy = ,ueﬁfcoxz‘ [(Vg - Vfb —2yp — _2£) Vis (3.18)
: 1E
24/2¢85iq N,
- ——:;Cf’—q—ﬁ[(zwg + Va2 = <2w3>3/2]].
ox
. o 11
Equation (3.18) represents the basic -V characteristics of a MOSFET device based g
on the charge-sheet model. It indicates that, for a given Vg, the drain current I g 11
first increases linearly with the drain voltage V (called the linear or triode region), s
<
then gradually levels off to a saturated value (saturation region). These two distinct ~
regions are further examined below. ?i
Q
3.1.2.2 CHARACTERISTICS IN THE LINEAR (TRIODE) REGION
When V is small, one can expand Eq. (3.18) into a power series in Vs and keep
only the lowest-order (first-order) terms:
w X N4esigNa VB
Ly = //Leﬂcoxf (Vg — Vg — 2Yp — ‘_%;_— Vis (3.19) FIGUF
W Voltag
- The d
= MeﬁCoxf(Vg — ViV, thregh. :
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where V; is the threshold voltage given by

A Aesig Ny B

Vi=Vp +2¥p +
Cox

(3.20)

Comparing this equation with Eq. (2.175) and Eq. (2.180), one can see that V; is
simply the gate voltage when the surface potential or band bending reaches 21y
and the silicon charge (the square root) is equal to the bulk depletion charge
for that potential. As a reminder, 2¥p = (2kT/q)In(N,/n;), which is typi-
cally 0.6-0.9 V. When V, is below V;, there is very little current flow and the
MOSFET is said to be in the subthreshold region, to be discussed in Section 3.1.3.
Equation (3.19) indicates that, in the linear region, the MOSFET simply acts like
a resistor with a sheet resistivity, py, =1/[ ueffCOx( V, — Vi), modulated by the
gate voltage. The threshold voltage V; can be determined by plotting I versus
V, at low drain voltages, as shown in Fig. 3.3. The extrapolated intercept of the
linear portion of the I(V,) curve with the Vg-axis gives the approximate value
of V;. In reality, such a linearly extrapolated threshold voltage (V,,) is slightly
higher than the “2v3” V; due to inversion-layer capacitance and other effects, as
will be addressed in Section 3.1.6. Notice that the I55(V,) curve is not linear near
the threshold voltage. This is because the charge-sheet approximation, on which
Eg. (3.19) is based, is no longer valid in that regime. Low-drain I5(V,) curves are
also used to extract the effective channel length of aMOSFET, as will be discussed in
Chapter 4.

1E+0 g
~ 1E-2 — @
(&3 E 2]
2 IE4F g
- -
5 3
: 1E-6 & 8
2 £
< 1Esk 3

1E'].0 § | <"’.-'I | 1 | 0

0 0.5 1 1.5 2 2.5 3
Gate voltage V3 (V)
Vo=V

FIGURE 3.3. Typical MOSFET I—V, characteristics at low drain bias
voltages. The same current is plotted on both linear and logarithmic scales.
The dotted line illustrates the determination of the linearly extrapolated
threshold voltage, V.
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3.1.2.3 CHARACTERISTICS IN THE SATURATION REGION

For larger values of Vj, the second-order terms in the power series expansion of
Eq. (3.18) are also important and must be kept. A good approximation to the drain
current is then

w m
las = e Cor ((Vg — V) Vi — Ev;), (3.21)

where

Vesina/4WB — 14+ _Cﬂn_ — 14+ 3tox
Cm Cm W@m

is the body-effect coefficient. Here m typically lies between 1.1 and 1.4 and is
related to the body effect to be discussed in Section 3.1.4. Equation (3.22) shows
several alternative expressions for m. The one in terms of the capacitance
ratio follows from 'Eq. (2.174), where Cg, is the bulk depletion capacitance at
W, = 2vp. Alternatively, m can be expressed in terms of a thickness ratio, since
Cim = €si/ Wam Cox = €ox/tox, and &5;/€ox &~ 3. The threshold voltage, given by
Eq. (3.20), can be expressed in terms of m as V; = Vg, + (2m — 1) 2¢rp. As Vs
increases, Ii; follows a parabolic curve, as shown in Fig. 3.4, until a maximum or
saturation value is reached. This occurs when Vg = Vigar = (Vo —V;)/m, at which

m=1+ (3.22)

W (Vy — Vi)*
Lis = Ljgar = fhegt coxz—iz—n;’—. (3.23)

Equation (3.23) reduces to the well-known expression for the MOSFET

(Vasats Lasar)
A \\lf v
/ 54
T
/ T
1
/
I
/
!
E /
2 L_E
S
=} Y] S
o 7/
8 /
[+ /7 \
= ’
[ K Ver
, .
7
/) Ver
P
- &
Drain voltage

FIGURE 3.4. Long-channel MOSFET I~V characteristics (solid
curves) for several different values of V. The dashed curve shows the
trajectory of drain voltage beyond which the current saturates. The dot-
ted curves help to illustrate the parabolic behavior of the characteristics
before saturation.

Page 19 of 122

3.1 U

saturati

strate d

througt
is valid
Of Vds.

3.1.2.
The sat
Eq. (3.0
power ¢

Qi(V)
tional t
small (

is only |
(forafi
the drai
Atthis
vanish
pinch-c |
pinch-c |
the samr

o0

C (¥, ~V

FIGURE
quasi-Fe
uration,

integrate




JEVICES

nsion of
he drain

(3.21)

(3.22)

4 and is
1) shows
acitance
tance at
10, since
ziven by
CAs Vg
imum or
at which

(3.23)

IOSFET

3.1 LONG-CHANNEL MOSFETs

129

saturation current when the bulk depletion charge is neglected (valid for low sub-
strate doping) so m = 1. The dashed curve in Fig. 3.4 shows the trajectory of Vg,
through the various ;~Vy, curves for different V. Equation (3.21), or Eq. (3.18),

is valid only for Vs < Vijser. Beyond V goqs, L stays constant at Lisas, independent
Of Vds-

3.1.2.4 THE ONSET OF PINCH-OFF AND CURRENT SATURATION
The saturation of drain current can be understood from the inversion charge density,

Eq. (3.17). For V < 2+p, one can expand the square-root term of Eq. (3.17) into a
power series in V and keep only the two lowest terms,

Qi(V)=—Cox(Vy — V; —mV). | (3.24)

Qi(V) 1s plotted in Fig. 3.5. Equation (3.10) states that the drain current is propor-
tional to the area under the —Q;(V) curve between V = 0 and Vj,. When Vs 1s
small (linear region), the inversion charge density at the drain end of the channel
is only slightly lower than that at the source end. As the drain voltage increases
(for a fixed gate voltage), the current increases, but the inversion charge density at
the drain decreases until finally it goes to zero when Vg = Ve = (Vg — Vi)/m.
At this point, I, reaches its maximum value. In other words, the surface channel
vanishes at the drain end of the channel when saturation occurs. This is called
pinch-off and is illustrated in Fig. 3.6. When Vj;, increases beyond saturation, the
pinch-off point moves toward the source, but the drain current remains essentially
the same. This is because for Vy; > Vg4, the voltage at the pinch-off point remains

QA

GV =V N

0 ' Vds Vdml V
Source Drain V.-V,

m

FIGURE 3.5. Inversion charge density as a function of the
quasi-Fermi potential of a point in the channel. Before sat-
uration, the drain current is proportional to the shaded area
integrated from zero to the drain voltage.
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Vs (small)

Depletion region

FIGURE 3.6. (a) MOSFET operated in the linear region (low drain voltage).
(b) MOSFET operated at the onset of saturation. The pinch-off point is indicated

by Y. (c) MOSFET operated beyond saturation where the channel length is reduced
to L', (After Sze, 1981.)
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at Vs and the current, given by

L, Vdmt
fo Ly dy = peg W fo —0:(V)]aV, (3.25)

stays the same apart from a slight decrease in L (to L), as shown in Fig. 3.6.
This phenomenon is called channel length modulation and will be discussed in
association with short-channel MOSFETS in Section 3.2.

Further insight into the MOSFET behavior at pinch-off can be gained by ex-
amining the function V(y). Integrating from O to y after multiplying both sides of
Eq. (3.8) by dy yields

1%
Ly = peg W /O [—0:(V)1dV (3.26)

m. .,
= UeffCox W{ (Vg — V)V — EV .

Substituting I, from Eq. (3.21) into Eq. (3.26), one can solve for V (y):

vV, —V V, — V,\? V,—V
Voy=8" 1 () o (2= My, 4 A2 3a7)
m m L m L %

Both V(y) and —Q;/mCox = (Vg — V;)/m — V(y) are plotted in Fig. 3.7 for several
values of V. Atlow Vyq, V(y) varies almost linearly between the source and drain.
As Vj, increases, the inversion charge density at the drain decreases due to the

V(»h e
vV 2~ Vt
m
0 -
0 L y
Source Drain

FIGURE 3.7. Quasi-Fermi potential versus distance between the source
and the drain for several Vy-values from the linear region to beyond satu-
ration. The dashed curves show the corresponding variation of inversion
charge density along the channel. The dotted curves help visualize the
parabolic behavior of the characteristics.
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lowering of the electron quasi-Fermi level. This is accompanied by a corresponding
increase of dV /dy to maintain current continuity. When Vg reaches Vygor = (V, —
V;)/m, we have Q;(y = L) = 0 and V(y) exhibits a singularity at the drain, where
dV /dy = oo. This implies that the electric field in the y-direction changes more
rapidly than the field in the x-direction and the gradual channel approximation
breaks down. In other words, beyond the pinch-off point, carriers are no longer
confined to the surface channel, and a 2-D Poisson’s equation must be solved for
carrier injection from the pinch-off point into the drain depletion region (El-Mansy
and Boothroyd, 1977).

Strictly speaking, if Vz; > 245, neither Eq. (3.17) nor Eq. (3.18) can be ex-
panded into a power series in Vj;. A more general form of the saturation voltage is
obtained by letting Q; = 0 in Eq. (3.17) and solving for V = Vs [equivalent to
solving d1;/d Vs = 0 by differentiating Eq. (3.18)]:

£5iqNa
Cox

28sina 5sina
— V, -V, .
\/ cz, < »T

The corresponding saturation current can be found by substituting Eq. (3.28) for
Vs in Eq. (3.18). The mathematics is rather tedious (Brews, 1981). A few selected
curves are plotted in Fig. 3.8 and compared with those calculated from Eq. (3.21).
It turns out that Eq. (3.21) serves as a good approximation to the drain current over
a much wider range of voltages than expected. Even for a drain voltage several
times greater than 25, the current is only slightly (/25%) underestimated.

Viasat = Vg — Vi — 2y + (3.28)

0.6
N=5%107 em™ Ves v
05 F 008 T
E o
,\'(B
- V4V
g Y S A
Qo
g 02
& V=3V
0.1
V2V
0 Il
0 1 2 3 4 5

Drain voltage 7, (V)

FIGURE 3.8. I;,—V; curves calculated from the full equation
(3.18) (solid curves), compared with the parabolic approxima-
tion (3.21) (dotted curves).
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3.1.2.5 pMOSFET /-V CHARACTERISTICS

So far we have used an n-channel device as an example to discuss MOSFET op-
eration and /-V characteristics. A p-channel MOSFET operates similarly, except
that it is fabricated inside an n-well with implanted p* source and drain regions
(cf. Fig. 3.2), and that the polarities of all the voltages and currents are reversed.
For example, 1;—V;, characteristics for a pMOSFET (cf. Fig. 3.8) have negative
gate and drain voltages with respect to the source terminal for a hole current to flow
from the source to the drain.

Since the source of a pMOSFET is at the highest potential compared with the
other terminals, it is usually connected to the power supply V,;; in a CMOS circuit so
that all the voltages are positive (or zero). In that case, the device conducts if the gate
voltage is lower than Vyz — V;, where V; (>0) is the magnitude of the threshold
voltage of the pMOSFET. The ohmic contact to the n-well is also connected to
Vaq, in contrast to an nMOSFET, where the p-type substrate is usually tied to the
ground potential. This leaves the n-well-to-p-substrate junction reverse biased as
required. More about nMOSFET and pMOSFET bias conditions in a CMOS circuit
configuration will be given in Section 5.1.

3.1.3 SUBTHRESHOLD CHARACTERISTICS

Depending on the gate and source—drain voltages, a MOSFET device can be biased
in one of the three regions shown in Fig. 3.9. Linear and saturation region character-
istics have been described in the previous subsection. In this subsection, we discuss
the characteristics of a MOSFET device in the subthreshold region where V, < V;.
In Fig. 3.3, the drain current on a linear scale appears to approach zero immedi-
ately below the threshold voltage. On a logarithmic scale, however, the descending
drain current remains at nonnegligible levels for several tenths of a volt below V;.
This is because the inversion charge density does not drop to zero abruptly. Rather,

A
Vds A ; * m

[ ’

| 7/

i /

| ’
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Sub- \ i 4 FIGURE 3.9. Three regions of MOS-
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it follows an exponential dependence on v or V,, as is evident from Eq. (3.11).
Subthreshold behavior is of particular importance in low-voltage, low-power ap-
plications, such as in digital logic and memory circuits, because it describes how a
MOSFET device switches off. The subthreshold region immediately below V;, in
which ¥ < vy < 21rp, is also called the weak inversion region.

3.1.3.1 DRIFT AND DIFFUSION COMPONENTS OF DRAIN CURRENT

Unlike the strong inversion region, in which the drift current dominates, sub-
threshold conduction is dominated by the diffusion current. Both current compo-
nents are included in Pao and Sah’s double integral, Eq. (3.13). In general, current
continuity only applies to the total current, not to its individual components. In
other words, the fractional ratio between the drift and the diffusion components
may vary from one point of the channel to another. At low drain bias voltages,
however, it is possible to separate the drift and diffusion components using the
implicit ¥;(V) relation, Eq. (3.14). When gV /kT <1, only the first-order terms
of V need to be kept. In Eq. (3.8), Q;(V) can be replaced by its zeroth-order value,
Q;(V =0); hence V must vary linearly from the source to the drain, as required
by current continuity. Since the total current is proportional to dV /dy and the drift
current is proportional to the electric field or dvr;/dy, the drift fraction of the cur-
rent is given by the change of surface potential (band bending) with respect to the

quasi-Fermi potential, i-e., di;/d V. This can be evaluated from Eq. (3.14) in the
limitof V — 0:

. (12 3)e 1

AV~ T+ (12 /N2)etT¥ 1 (CZ, [ewgNa)(10s1/ Con)’

(3.29)

where |Q;|/ C,x is the voltage drop across the oxide given by the last term of
Eq. (3.14). It is clear that in weak inversion where V5 < Vs < 245, the numerator
is much less than unity and the diffusion component dominates. Conversely, be-

yond strong inversion, dv;/dV ~ 1 and the drift current dominates. These kinds
of behavior are further illustrated in Fig. 3.10.

3.1.3.2 SUBTHRESHOLD CURRENT EXPRESSICN

To find an expression for the subthreshold current, we start with Eq. (3.2) and apply
Gauss’s law to obtain the total charge density in silicon,

2 1/2

ns

—0; = £, & = +/2e4kTN, [qkr:ﬁrs + —A—;—Qeq(‘““”/ "T] : (3.30)
a

where only the two significant terms are kept in the square bracket. In weak inver-
sion, the second term in the bracket arising from the inversion charge density is
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FIGURE 3.10. Drift and diffusion components of current in an
45—V plot. Their sum is the total current represented by the solid
curve.

much less than the first term from the depletion charge density. Equation (3.30) can
then be expanded into a power series: the zeroth-order term is the depletion charge
density —Q, and the first-order term gives the inversion charge density,

Si N kT 1 2
on [FEE G o
Ry a

The surface potential v is related to the gate voltage through Eq. (3.14). Since the
inversion charge density is small, s can be considered as a function of V, only,
independent of V. This also means that the electric field along the channel direction
is small; hence the drift current is negligible.

Substituting Q; into Eq. (3.10) and carrying out the integration, we obtain the
drain current in the subthreshold region:

W [eaqNg (KT\*( n; \* -
Lis = fe - 2‘;:(7) (F) edVs/KT (1 — =2 Vas/ KTy, (3.32)

Y, can be expressed in terms of V, using Eq. (3.14), where only the depletion
charge term needs to be kept:

N 285q N s

Vo=V, s
o= et T

(3.33)

It is straightforward to solve a quadratic equation for ;. To further simplify the
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result, we consider ¥ as only slightly deviated from the threshold value, 2y
(Swanson and Meindl, 1972). In other words, we assume that |y — 2¢| < 29
and expand the square-root term in Eq. (3.33) around v, = 2v5:

V4eiqNa U
Cox

A €igqNa/4 VB
(1
ox

V= Vi + 295 + (3.34)

)(K[fs - 21["3)-

Using Eq. (3.20) and Eq. (3.22) for V; and m, one can rewrite Eq. (3.34) as
Ve = Vi +m(¥s — 24p). Solving for s and substituting it into Eq. (3.32) yield
the subthreshold current as a function of V,:

W [eaqNy (kT \? ~
Iy = Meﬁf 84‘;}3 (_c_l_) eq(Vg—Vt)/mkr(l _ e—qus/kT), (3.35)

or

w kT \?
Lis = preff Cox-(m — 1>(7> AVemVImKT (1 — =aVa/KTy —(3.36)

3.1.8.3 SUBTHRESHOLD SLOPE
The subthreshold current is independent of the drain voltage once Vy; is larger than
a few kT /q, as would be expected for diffusion-dominated current transport. The

dependence on gate voltage, on the other hand, is exponential with a subthreshold
slope (Fig. 3.10),

d(logo Iss)\ mkT kT ( cdm>
§=(——20 ) 93" =231 , 3.37
( dVy q q + Cox ( )

of typically 70-100 mV/decade. Here m = 1 + (Cgn/ Cox) from Eq. (3.22). If the
Si-Si0, interface trap density is high, the subthreshold slope may be more graded
than that given by Eq. (3.37), since the capacitance associated with the interface
trap is in parallel with the depletion-layer capacitance Cgy,. It should be noted that
for v, substantially below 25, e.g., when V; is a few tenths of a volt below Vi,
Eq. (3.37) tends to underestimate the subthreshold slope by 5-10%. As a result,
the subthreshold current can be 2 to 4 times higher than that given by Eq. (3.36).
For VLSI circuits, a steep subthreshold slope is desirable for the ease of switching
the transistor current off. However, except for a slight dependence on bulk doping
concentration through Cg,, the subthreshold slope is rather insensitive to device
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parameters. It is only a function of temperature. This has significant implications
on device scaling as will be discussed in Chapter 4.

3.1.4 SUBSTRATE BIAS AND TEMIPERATURE
DEPENDENCE OF THRESHOLD VOLTAGE

'The threshold voltage is one of the key parameters of a MOSFET device. In this
subsection, we examine the dependence of threshold voltage on substrate bias and
temperature.

3.1.4.1 SUBSTRATE SENSITIVITY (BODY EFFECT)
The drain-current equation in Section 3.1.2 was derived assuming zero substrate
bias (V). If Vi # 0, one can modify the previously discussed MOSFET equations
by considering that applying — Vj, to the substrate is equivalent to raising all other
voltages (namely, gate, source, and drain voltages) by +V, while keeping the
substrate grounded. This is shown in Fig. 3.11.

Using the charge-sheet model as before, Eq. (3.17) becomes

Qi = —Cox(Vg + Vios — Vi — 205 — V) + /264gNoQyp + V),  (3.38)

where V is the reverse bias voltage between a point in the channel and the substrate.

Vg
GT Vds
[ ate
= i

nt source / \. 10 drain

- Vbs
FIGURE 3.11. Equivalent circuits used to eval-
‘ uate the effect of substrate bias on MOSFET /-V
characteristics. -
Vet Vs
Vs T VastVes

T Gate T
n" source / \ 1 drain
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The current is obtained by integrating Q; from Vs (source) to Vjs + Vy; (drain):

w V,
Iy = ,U'eﬁccox‘i‘ [(Vg - Vfb - ZWB - _Zd_s) Vs (339)
2:\/ 28Squll

3C [Q¥B + Vis + Vis)** — Qyp + Vbs)3/2]].

At low drain voltages (linear region), the current is still given by Eq. (3.19), except
that the threshold voltage is now

V2e4.q N, Q5 + Vis)

Vi=Vp+2¢p+ C

(3.40)

It can be seen from Eq. (3.40) that the effect of (reverse) substrate bias is to widen
the bulk depletion region and raise the threshold voltage. Figure 3.12 plots V; as
a function of V. The slope of the curve,

dVi  V€aqNa/22Y5 + Vi)
d Vs B Cox ’

(3.41)

is referred to as the substrate sensitivity. At Vi, = 0, the slope equals Cgyp/Cox,
orm — 1 [Eq. (3.22)]. The substrate sensitivity is higher for a higher bulk doping
concentration. Itis clear from Fig. 3.12 that the substrate sensitivity decreases as the
substrate (reverse) bias voltage increases. From Eq. (3.37), a (reverse) substrate bias
also makes the subthreshold slope slightly steeper, since it widens the depletion
region and lowers C ;.

1.8
1,=200 A

I N~10" em™
a F oY
= 1.4
&
£12
g
= i N=3x10"° cm™
2 1
=
g I
= 0.8

06 L I f 1 i N 1 L L

0

2 4 6 8 10
Substrate bias voltage Vs (V)

FIGURE 3.12. Threshold-voltage variation with reverse substrate
bias for two uniform substrate doping concentrations.
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3.1.4.2 TEMPERATURE DEPENDENCE OF THRESHOLD VOLTAGE

Next, we examine the temperature dependence of the threshold voltage. The flat-
band voltage of an nMOSFET with n™ polysilicon gate is Vp, = —E,/2g — ¥
[Eq. (2.181)], assuming there is no oxide charge. Substituting it into Eq. (3.20)
yields the threshold voltage,

E «/485,' N,
Vt=—-§+1ﬂ3+———q—d—£

, (3.42)
2q Cox

at zero substrate bias. The temperature dependence of V; is related to the temperature
dependence of E, and v/p:

dv, 1 dE VEsigN, d
dT ~ 2¢dT ' \U Cor dT
1 dE d
S S S 44
2qg dT ar

dyrp/dT stems from the temperature dependence of the intrinsic carrier concen-
tration, which can be evaluated using Eq. (2.37) and Eq. (2.7):

dys  d [kT N,
T “?if[?m(wczvve—%/’l”)] G449

B kln(«/Nch) kT d«/NCNUJr 1 dE,
g N, gvN.N, dT 2g dT

Since both N, and N, are proportional to T3/2, we have d(Nch)l/Z/dT:
3(N:N,)Y/2/T. Substituting Eq. (3.44) into Eq. (3.43) yields

d k VNN 3 ~1dE
—VE:—(Zm—l)—[ln( 2 ”)+ }Lm——g,
q

(3.45)

dT N, 2 g dT’

From Section 2.1.1 and Table 2.1, dE,/dT ~ —2.7 x 10~*eV/K and (N, N,)'/? ~
2.4 % 10" cm™3. For N, ~ 10 cm™3 and m ~ 1.1, dV;/dT is typically —1 mV/K.
Note that the temperature coefficient decreases slightly as N, increases: for N, ~
10" cm~3 and m~ 1.3, dV;/dT is about —0.7 mV/K. These numbers imply
that, at an elevated temperature of, for example, 100°C, the threshold voltage is
55-75 mV lower than at room temperature. Since digital VLSI circuits often op-
erate at elevated temperatures due to heat generation, this effect, plus the degrada-
tion of subthreshold slope with temperature, causes the leakage current at V, =0
to increase considerably over its room-temperature value. Typically, the off-state
leakage current of a MOSFET at 100°C is 30-50 times larger than the leakage cur-
rent at 25°C. These are important design considerations, to be addressed in detail
in Chapter 4.
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3.1.5 MOSFET CHANNEL MOBILITY

The carrier mobility in a MOSFET channel is significantly lower than that in
bulk silicon, due to additional scattering mechanisms. Lattice or phonon scattering
is aggravated by the presence of crystalline discontinuity at the surface bound-
ary, and surface roughness scattering severely degrades mobility at high normal
fields. Channel mobility is also affected by processing conditions that alter the

Si-Si0, interface properties (e.g., oxide charge and interface traps, as discussed in
Section 2.3.6).

3.1.5.1 EFFECTIVE MOBILITY AND EFFECTIVE NORMAL FIELD

*In Section 3.1.1, the channel mobility was treated as a constant by defining an

effective mobility as

o pn(x) dix

Jo n(x)dx (3:40)

Meff =
which is essentially an average value weighted by the carrier concentration in the
inversion layer. Empirically, it has been found that when pi . is plotted against an
effective normal field &g, there exists a universal relationship independent of
the substrate bias, doping concentration, and gate oxide thickness (Sabnis and
Clemens, 1979). The effective normal field is defined as the average electric field
perpendicular to the Si-SiO, interface experienced by the carriers in the channel.

Using Gauss’s law, one can express & in terms of the depletion and inversion
charge densities:

1 1
%eﬁf:;(le'"l’ElQiI)a (3.47)

si

where | Q4| + %IQiI is the total silicon charge inside a Gaussian surface through
the middle of the inversion layer. Using Eq. (2.161) and Eq. (3.20), the depletion
charge can be expressed as

|Qal = V4eaqNavp = Cox(Vi — Vi — 2¢p). (3.48)

Substituting this expression and |Q;| & Cox(V, — V;) into Eq. (3.47) yields

Vi — Vi — 293 _I_Vg—Vz

ge]j‘ N 3tox 610x

, (3.49)
where Coy = €4/ 1, and &y ~ 3¢,, were used. Equation (3.49) can further be sim-
plified if the gate electrode is n* polysilicon (for nMOSFETSs) such that
Vi = —E;/2q — . For submicron CMOS technologies, Y5 = 0.30-0.42V.
Therefore, the effective normal field can be expressed in terms of explicit device
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parameters as
in Vi+02 V.-V,
. = + ) 3.50
I'ng : %eﬁc 3tox 6t0x ( )
1d-
nal Equation (3.50) is valid for low drain voltages. Athigh drain voltages, Q; decreases
the toward the drain end of the channel. To estimate the average effective field in that
lin case, the second term in Eq. (3.50) should be reduced accordingly.
3.1.5.2 ELECTRON MOBILITY DATA
A typical set of data on mobility versus effective normal field for nMOSFETS is
shown in Fig. 3.13 (Takagi et al., 1988). At room temperature, the mobility follows
an a %’6;71/ 3 dependence below 5 x 10° V/cm. A simple, approximate expression for
this case is (Baccarani and Wordeman, 1983)
16) pe 32500 x F 7%, (3.51)
Beyond ¢ = 5 X 10° V/em, p.p decreases much more rapidly with increasing
the &, because of increased surface roughness scattering as carriers are distributed
an, ; closer to the surface under high normal fields. For each doping concentration, there
' og ' exists an effective field below which the mobility falls off the universal curve. This is
n ‘~
eld \
sel. ‘ 10 i T B T T T T ]
ion : Ny (cm™)
B ' 0 3.9x10% h
77K \ @ 2.0x10'
T K O 72x10' 7
47) A B 3.0x107
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FIGURE 3.13. Measured electron mobility at 300 and 77 K versus effective normal field
for several substrate doping concentrations. (After Takagi ez al., 1988).
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FIGURE 3.14. Measured hole mobility at 300 K and 77 K versus ef-
fective normal field (with'a factor %) for several substrate doping con-
centrations. (After Takagi ef al., 1988).

believed to be due to Coulomb (or impurity) scattering, which becomes more impor-
tant when the doping concentration is high and the gate voltage or the normal field
is low. There is less effect of Coulomb scattering on mobility when the inversion
charge density is high because of charge screening effects. At 77 K, (o4 is an even
stronger function of &, and N,. Atlow temperatures, surface scattering is the dom-
inant mechanism at high fields, while Coulomb scattering dominates at low fields.

3.1.5.3 HOLE MOBILITY DATA

Similar mobility—field data for pMOSFETSs are shown in Fig. 3.14. In this case,
however, the effective normal field is defined by

iy = 1-(141+ 5101 ), (352)
which has been found necessary in order for the measured hole mobilities to fall on
a universal curve when plotted against &, (Arora and Gildenblat, 1987). Note that
the factor % is entirely empirical with no physical reasoning behind it. Like electron
mobility, hole mobility is also influenced by Coulomb scattering at low fields,
depending on the doping concentration. The field dependence is also stronger at
77 K, but not quite as strong as in the electron case. It should be noted that the hole
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mobility data were taken from surface-channel pMOSFETs with p* polysilicon
gate. Buried-channel pMOSFETs with n™ polysilicon gate have a higher mobility
(by about 30%) for the same threshold voltage. This is because the normal field in
a buried-channel device, given by Eq. (3.49) with Vy = +E,/2q — v, is much
lower. However, buried-channel MOSFETSs cannot be scaled to as short a channel
length as surface-channel MOSFETs, as will be discussed in Chapter 4.

At higher temperatures, the MOSFET channel mobility decreases because of
increased phonon scattering. The temperature dependence is similar to that of bulk
mobility discussed in Section 2.1.3, i.e., peg o T~/2.

3.1.6 NMOSFET CAPACITANCES AND INVERSION-LAYER
CAPACITANCE EFFECT

In this subsection, we discuss the intrinsic capacitances of a MOSFET device in
different regions of operation and the effect of finite inversion-layer capacitance,
which has been neglected in the charge-sheet model, onlinear 15—V, characteristics.

3.1.6.1 INTRINSIC MOSFET CAPACITANCES

The capacitance of a MOSFET device plays a key role in the switching delay of
a logic gate, since for a given current the capacitance determines how fast the
gate can be charged (or discharged) to a certain potential which turns on (or off) the
source-to-drain current. MOSFET capacitances can be divided into two main
categories: intrinsic capacitances and parasitic capacitances. This sub-subsection
focuses on the intrinsic MOSFET capacitances arising from the inversion and
depletion charges in the channel region. Parasitic capacitances are discussed in
Section 5.2. As in the earlier drain-current discussions, gate capacitances are also
considered separately in the three regions of MOSFET operation: subthreshold
region, linear region, and saturation region, as shown in Fig. 3.9.

® Subthreshold region. In the subthreshold region, the inversion charge is neg-
ligible. Only the depletion charge needs to be supplied when the gate potential
is changed. Therefore, the intrinsic gate-to-source—drain capacitance is essen-
tially zero (the extrinsic gate-to-source—drain overlap capacitance is discussed
in Section 5.2.2), while the gate-to-body capacitance is given by the serial
combination of C,, and Cy; (Fig. 2.28), i.e.,

1
Cox

1\!
Ce = WL< + ~) ~ WLC, (3.53)
Ca
where Cy is the depletion capacitance per unit area given by Eq. (2.174). For
high drain biases, the surface potential and therefore the depletion width at the
drain end of the channel become larger, according to Eq. (3.4). The average
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C; to be used in Eq. (3.53) should then be slightly lower than that evaluated
at the source end.

e Linear region. Once the surface channel forms, there is no more capacitive
coupling between the gate and the body due to screening by the inversion
charge. All the gate capacitances are to the channel, i.e., to the source and drain
terminals. Within the framework of the charge-sheet model, Eq. (3.24), the
inversion charge density Q; atlow drain biases varies linearly from —Cox(Vg —
V,) at the source end to —Cox(Vy — Vi — mVys) at the drain end. The total
inversion charge under the gate is then —WLC (Vg — Vi —mViys/2), and the
gate to channe] capacitance is simply given by the oxide capacitance,

Cy = WLCox. (3.54)

e Saturation region. When Vy is appreciable, the inversion charge density
0;(y) varies parabolically along the channel, as shown in Fig. 3.7. At the
pinch-off condition, Vs = Ve = (Vg —=Vi)/m, and Q; =0 at the drain. In

this case,
0i(3) = —Cox(Vy = VO [1 = 7. (3.55)

from Egs. (3.24) and (3.27). The total inversion charge obtained by integrating
Eq. (3.55) in both the channel length (y) and the channel width directions is
then — % WLCox(Vg—V}), and the gate-to-channel capacitance in the saturation
region 1s

2

Cy = 3 WLCox (3.56)

3.1.6.2 INVERSION-LAYER CAPACITANCE

In Section 3.1.2 and in the discussions above, MOSFET -V relations and capac-
itances were derived based on the charge-sheet approximation that all the inver-
sion charge is located at the silicon surface and the surface potential is pinned at
¥, (inv) = 2yp once the inversion layer forms. In reality, the inversion layer has
a finite thickness (Fig. 2.26), and the surface potential still increases slightly with
V, even beyond 2¢p (Fig. 2.25). In other words, there is a finite inversion-layer
capacitance, C; = —d Q;/d s, In series with the oxide capacitance. As aresult, the
inversion charge density is less than that given by Eq. (3.17). The error is illustrated
in the Q;—V, curves in Fig. 3.15. The dashed line represents |Q;| = Cox(Vy — Vi)
from the charge-sheet model. The solid curve is a more exact solution calculated
numerically from Eq. (3.12) and Eq. (3.14). The discrepancy extends to high gate
voltages but is more serious for low-voltage operation. An approximate expression
for the inversion charge density taking this effect into account can be derived by

A A R A A RS S




VICES

luated

;\,‘%
f
o
1

icitive
ersion
| drain
D), the
:(Vg -
2 total
nd the

(3.54)

ensity
At the
in. In

(3.55)

Tating
lons is
Iration

.
.

|

(3.56)

capac-
inver-
ned at
er has
y with
I-layer
ilt, the
strated
-V |
ulated %
h gate |
ession
red by

Page 36 of 122

3.1 LONG-CHANNEL MOSFETs

137

J——
0.8
N=5x10" cm™
06 =100 A ’
L Vﬂ,ZO Cox(Vg—Vt) .“"
\A‘"‘

o
i
T

Inversion charge density Q, (uClen?)
<o
[

1 {
0 0.5 1 1.5 2 25 3 3.5
Gate voltage 7, (V)

(=]

FIGUBE 3.15. Q;—V, curve (solid line) calculated from Pao
and Sah’s model for zero drain voltage, compared with that of
the charge-sheet approximation (dotted line). V; indicates the
2+ threshold.

considering the small-signal capacitances in Fig. 2.28(b) (Wordeman, 1986),

d(—0i) CoxCi 1
— ~ Cuyl 1— . 3.57
dV, ~ Cuw+Ci+Cy ( 1+Ci/Cox> 37

Here C; = 0 after the onset of strong inversion because of screening by the inversion
charge. From Eq. (2.178), C; =~ |Q;|/(2kT /q). Since | Q;| &~ Cox(V; — V;), one can
write C;/ Cox = (Vy — V1) /(2kT /q). Substituting it into Eq. (3.57) and integrating
with respect to V,, one obtains

L . = _ZE ‘Z(Vg - Vt)
—Q;= Cox[(Vg Vi) 7 ln(l + Y )] (3.58)

which agrees well with the numerically calculated curve in Fig. 3.15.

3.1.6.3 EFFECT OF POLYSILICON-GATE DEPLETION

ON INVERSION CHARGE

Depletion of polysilicon gates, discussed in Section 2.3.4, can also have an effect on
the Q;—V, curve if the gate is not doped highly enough. To first order, the depletion
region in polysilicon acts like a large capacitor in series with the oxide capacitor,
which further degrades inversion charge density for a given applied gate voltage.
In contrast to the inversion-layer capacitance effect, however, the gate depletion
effect becomes more severe at high gate voltages. Assuming an n™ polysilicon gate
on nMOSFET (and vice versa for pMOSFET) and following a similar approach
to that in Eq. (2.185), one can add an additional term to Eq. (3.58) for polysilicon
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depletion effects:

_ _yy = T q(Vs — V1)
—Q; = Cox l:(Vg Vi) p In (1 -+ AT ) (3.59)
_ ng(vg - Vf)z]

2ssinp

Here N, is the electrically active doping concentration of the polysilicon gate,
and the gate charge density O, has been approximated by Cpx(V, — V;) (ignoring
the depletion charge in bulk silicon). Note that the factor of % in the polysilicon
depletion term arises from integrating a gate-voltage-dependent capacitance with
respect to the gate voltage. In order to keep the last degradation term negligible,
N, should be in the range of 10%° cm™3, especially for thin-oxide MOSFETS.

3.1.6.4 LINEAR /gs—Vy CHARACTERISTICS
Given Q;(V,) and per(Vy) [Egs. (3.51) and (3.50)], the low-drain-bias (linear)

I3~V curve is simply

w
La5(Vg) = Meﬁ(Vg)-E Qi (V) Vas. (3.60)

An example is shown in Fig. 3.16, where I is calculated assuming no polysilicon
depletion with Q;(V,) from Fig. 3.15 (solid curve). Both the drain current and the
linear transconductance, defined by g, = dlgs/d Vg, are degraded significantly at
high gate voltages because of the decrease of mobility with increasing normal field.
There is a point of maximum slope or linear transconductance about 0.5 V above
the threshold voltage. It is conventional to define the linearly extrapolated threshold

N~=5x10 cm™
03
—_ =100 A, V=0
< | ‘
~ WiL=1, V=1 mV
T
] 02
(>3
5
£
=
o1
14
0 ! 1 ) I I I
0 0.5 1 1.5 2 2.5 3 3.5

Gate voltage 7, (V)
Von

FIGURE 3.16. Calculated low-drain [g—V, curve with
inversion-layer capacitance and mobility degradation effects.
The dotted line shows the linearly extrapolated threshold vol-
tage Vop.
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voltage, V,,, by the intercept of a tangent through this point. For a second-order
correction in Vy based on Eq. (3.21), V,, is obtained by subtracting m Vy,/2 from
the intercept. Because of the combined inversion-layer capacitance and mobility
degradation effects, the linearly extrapolated threshold voltage, Vo, is typically
(2-4)kT /g higher than the threshold voltage V; at ¥s(inv) = 2¢5. One should
be careful not to mix up V,, with V;, which is used in Eq. (3.36) for estimating
subthreshold currents. At V, = V,,, the extrapolated subthreshold current (along
the same subthreshold slope in a semilog plot) is about 10x of that of Eq. (3.36)
for Vg = V;. This current is rather insensitive to temperature but does depend on
the technology generation.

A commonly used expression for the low-drain, linear I;—V, characteristics
takes the form

w m
Ids(Vg) = M;ﬁ(vg)coxf (Vg — Von — Evds> Vis- (361)

Note that the inversion-layer capacitance effect is lumped into ;L’eﬁ(Vg), which in
general is different from p.5(Vy) in Eq. (3.60) except at high gate voltages.

3.2 SHORT-CHANNEL MOSFETs

It is clear from Section 3.1 that for a given supply voltage, the MOSFET current
increases with decreasing channel length. The intrinsic capacitance of a short-
channel MOSFET is also lower, which makes it easier to switch. However, for a
given process, the channel length cannot be arbitrarily reduced even if allowed by
lithography. Short-channel MOSFETSs differ in many important aspects from long-
channel devices discussed in Section 3.1. This section covers the basic features
of short-channel devices that are important for device design consideration. These
features are: (a) short-channel effect, (b) velocity saturation, (c) channel length
modulation, (d) source—drain series resistance, and () MOSFET breakdown.

3.2.1 SHORT-CHANNEL EFFECT

The short-channel effect (SCE) is the decrease of the MOSFET threshold voltage
as the channel length is reduced. An example is shown in Fig. 3.17 (Taur et al.,
1985). The short-channel effect is especially pronounced when the drain is biased
at a voltage equal to that of the power supply (high drain bias). In a CMOS VLSI
technology, channel length varies statistically from chip to chip, wafer to wafer, and
lot to ot due to process tolerances. The short-channel effect is therefore an important
consideration in device design; one must ensure that the threshold voltage does not
become too low for the minimum-channel-length device on the chip.
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FIGURE 3.17. Short-channel threshold roll-off: Measured low- and
high-drain threshold voltages of n- and p-MOSFETSs versus channel
length. (After Taur et al., 1985.)

3.2.1.1 2-D POTENTIAL CONTOURS
AND THE CHARGE-SHARING MODEL
The key difference between a short-channel and a long-channel MOSFET is that the

- field pattern in the depletion region of a short-channel MOSFET is two-dimensional,

as shown in Fig. 3.18. The constant-potential contours in a long-channel device in
Fig. 3.18(a) are largely parallel to the oxide—silicon interface or along the channel
length direction (y-axis), so that the electric field is one-dimensional (along the
vertical direction or x-axis) over the most part of the device. The constant-potential
contours in a short-channel device in Fig. 3.18(b), however, are more curvilinear,
and the resulting electric field pattern is of a two-dimensional nature. In other
words, both the x- and y-components of the electric field are appreciable in a short-
channel MOSFET. 1t is also important to note that, for a given gate voltage, there
is more band bending (higher /) at the silicon—oxide interface in a short-channel
device than in a long-channel device. Specifically, the maximum surface potential
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FIGURE 3.18. Simulated constant potential contours of (a) a
long-channel and (b) a short-channel nMOSFET. The contours are
labeled by the band bending with respect to the neutral p-type re-
gion. The solid lines indicate the location of the source and drain
junctions (metallurgical). The drain is biased at 3.0 V. Both devices
are biased at the same gate voltage slightly below the threshold.
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is slightly over 0.65 V (the fourth contour from the bottom) in Fig. 3.18(b), but
below 0.65 V in Fig. 3.18(a). The depletion region width, as indicated by the depth
of the first contour (¥ = 0.05 V) from the bottom, is also wider in the short-channel
case. These all point to a lower threshold voltage in the short-channel MOSFET.

The two-dimensional field pattern in a short-channel device arises from the
proximity of source and drain regions. Just like the depletion region under an MOS
gate (Section 2.3), there are also depletion regions surrounding the source and drain
junctions (Section 2.2 and Fig. 2.34). In a long-channel device, the source and drain
are far enough separated that their depletion regions have no effect on the potential
or field pattern in most part of the device. In a short-channel device, however, the
source—drain distance is comparable to the MOS depletion width in the vertical
direction, and the source—drain potential has a strong effect on the band bending
over a significant portion of the device. One way to describe it is to consider
the net charge (ionized acceptors or donors) in the depletion region of the device.
The field lines terminating on these fixed charges originate either from the gate or
from the source and drain. This is referred to as the charge-sharing model (Yau,
1974), as shown in Fig. 3.19. Atalow drain voltage, only the field lines terminating
on the depletion charges within the trapezoidal region are assumed to originate
from the gate. The rest of the field lines originate either from the source or from
the drain. The total charge within the trapezoidal region, Q’B X Wy x (L+L")/2,
is proportionally less than the total gate depletion charge, Qp X W, X L, in the
long-channel case. As a result, it takes a lower gate voltage to reach the threshold
condition of a short-channel device,

/

QB
Vi = Vg +2¢p + , 3.62
! fo 5 VVLCOX ( )

p-type substrate

FIGURE 3.19. Schematic diagram of the charge-sharing model. The
dashed lines indicate the boundary of the gate and source—drain de-
pletion regions. The arrows represent electric field lines that originate
from a positive charge and terminate on a negative charge. The dot-
ted lines partition the depletion charge and form the two sides of the
trapezoid discussed in the text. (After Yau, 1974.)

e SN

M

Surface potential

FIGU
L) fr
MOS
volta

base
volt:
char
mor
in tt

3.2
The
by ¢

the |
Unc
fron
volt
limi -
byt
flat
thec :
pen
bety




"NCES

), but
lepth
annel
ET.

n the
MOS
drain
drain
>ntial
r, the
rtical
vding
sider
wvice.
ite or
(Yau,
ating
inate
from
/2,
n the
shold

3.62)

S

R

3.2 SHORT-CHANNEL MOSFETs

NS 7N/

Curve A:

Surface potential

1 | | L1 [ | I | JIL
01 02 03 04 05 06 07 08 09

FIGURE 3.20. Surface potential versus lateral distance (normalized to the channel length
L) from the source to the drain for (a) a long-channel MOSFET, (b) a short-channel
MOSEET at low drain bias, and (c) a short-channel MOSFET at high drain bias. The gate
voltage is the same for all three cases. (After Troutman, 1979.)

based on Eq. (3.20). Even though a simple, analytical expression for threshold
voltage can be obtained from the charge-sharing model, the division of depletion
charge between the gate and the source and drain is somewhat arbitrary. Further-
more, there is no simple way of dealing with high-drain-bias conditions, especially
in the subthreshold region.

3.2.1.2 DRAIN-INDUCED BARRIER LOWERING

The physics of the short-channel effect can be understood from a different angle
by considering the potential barrier (to electrons for an n-channel MOSFET) at
the surface between the source and drain, as shown in Fig. 3.20 (Troutman, 1979).
Under off conditions, this potential barrier (p-type region) prevents electron current
from flowing to the drain. The surface potential is mainly controlled by the gate
voltage. When the gate voltage is below the threshold voltage, there are only a
limited number of electrons injected from the source over the barrier and collected
by the drain (subthreshold current). In the long-channel case, the potential barrier is
flat over most part of the device. Source and drain fields only affect the very ends of
the channel. As the channel length is shortened, however, the source and drain fields
penetrate deeply into the middle of the channel, which lowers the potential barrier
between the source and drain. This causes a substantial increase of the subthreshold
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FIGURE 3.21. Subthreshold characteristics of long- and short-
channel devices at low and high drain bias.

current. In other words, the threshold voltage becomes lower than the long-channel
value. The region of maximum potential barrier also shrinks to a single point near
the center of the device.

When a high drain voltage is applied to a short-channel device, the barrier
height is lowered even more, resulting in further decrease of the threshold volt-
age. The point of maximum barrier also shifts toward the source end as shown in
Fig. 3.20. This effect is referred to as drain-induced barrier lowering (DIBL). It
explains the experimentally observed increase of subthreshold current with drain
voltage in a short-channel MOSFET. Figure 3.21 shows the subthreshold character-
istics of long- and short-channel devices at different drain bias voltages. For long-
channel devices, the subthreshold current is independent of drain voltage (>2kT /q),
as expected from Eq. (3.36). For short-channel devices, however, there is a paral-
lel shift of the curve to a lower threshold voltage for high drain bias conditions.
At even shorter channel lengths, the subthreshold slope starts to degrade as the
surface potential is more controlled by the drain than by the gate. Eventually, the
device reaches the punch-through condition when the gate totally loses control of
the channel and high drain current persists independent of gate voltage.

3.2.1.3 2-D POISSON'S EQUATION AND LATERAL

FIELD PENETRATION

Further insight into the role of the lateral electric field, &, =—3d1;/0dy, in a short-
channel MOSFET can be gained by examining the two-dimensional Poisson’s
equation,

*y Yy p
—_——— = — 3.63
x2 + 9y? £ (3.63)

In the depletion region of an nMOSFET, mobile carrier densities are negligible.
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Only ionized acceptors need to be considered. For a uniformly doped background
concentration N, Poisson’s equation can be written in terms of the electric fields as

0y d gy 1Y qN,
o + —a;— e T T e | (3.64)
where &, = —d1;/0x is the electric field in the vertical direction. The depletion
charge density, p = —gN,, from ionized acceptors can be considered as being split
into two parts: the first part, £,0 €, /9x, is controlled by the gate field in the vertical
direction; the second part, £,,0 %, /3y, is controlled by the source—drain field in the
lateral direction (Nguyen and Plummer, 1981). In along-channel device, the lateral
field is negligible over most of the channel, and almost all of the depletion charge
is controlled by the gate field. In a short-channel device, the lateral field becomes
appreciable. Figure 3.22(a) shows an example of the magnitude of the lateral field
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100 | | 1 ] | I | 1 I
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(a)
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FIGURE 3.22. Simulated lateral field as a function of lateral distance along a hori-
zontal cut through the gate-depletion layer for (a) long- and short-channel devices and
(b) low and high drain bias voltages. (After Nguyen, 1984.)
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along the channel length direction as obtained from a 2-D numerical simulation.
The lateral field is highest at the source and drain junctions, decreasing exponen-
tially toward the middie of the channel. At low drain voltages, the source and drain
fields cancel each other exactly at the center of the device. When the channel length
becomes shorter, the characteristic length of the exponential decay remains un-
changed, while the magnitude of the lateral field near the middle of the device
increases significantly. This depicts the penetration of source and drain fields
into the channel region of a short-channel MOSFET . Application of a high drain
voltage [Fig. 3.22(b)] does not change the source field but does increase the drain
field. This shifts the zero-field point toward the source, thus making it asymmetric,
and at the same time raises the lateral field intensity even further. The zero-field
point corresponds to the point of the least band bending in Fig. 3.18, as well as the
point of maximum potential barrier in Fig. 3.20.

With the increase of the lateral field strength, the source—drain controlled deple-

tion charge density, &, 9&y/dy, increases as the gate-controlled depletion charge
density,

9 x 3%y
Esio =P —&i—

0x ay
decreases and becomes appreciably less than the ionized impurity charge concen-
tration, p (Nguyen and Plummer, 1981). (For most typical doping profiles, 3 &, /dx
and 9@, /9y have the same sign as p.) Just as in the one-dimensional MOS capaci-
tor discussed in Section 2.3.2, an effectively lower depletion charge concentration
results in reduced surface field and wider depletion width for a given surface poten-

tial, which means a lower threshold voltage for short-channel devices. Figure 3.23

(3.65)
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FIGURE 3.23. Fraction of the gate-controlled depletion charge density versus vertical
distance for several different drain voltages. Under the depletion approximation, the
long-channel curve is a step function that goes from 1 to O at the edge of the depletion region.
(After Nguyen, 1984.)
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shows the fraction of depletion charge controlled by the gate field versus the vert-
ical distance from the surface. As the drain voltage increases, the effective gate-
controlled charge density decreases significantly below the long-channel value.
Even though the depletion region becomes slightly wider, the integrated charge
density (area under the curve), and therefore the threshold voltage, decreases.

3.2.1.4 AN ANALYTICAL EXPRESSION FOR SHORT-CHANNEL

THRESHOLD VOLTAGE

With a few approximations, an analytical solution to the two-dimensional Poisson’s
equation can be obtained using a simplified short-channel MOSFET geometry in
Appendix 6 (Nguyen, 1984). The region of interest is a rectangular box of length
equal to the channel length L defined as the distance between the source and the
drain (Fig. 3.19). In the vertical direction, the box consists of an oxide region of
thickness ,, and a silicon region of depth given by the depletion-layer width Wy
[Eq. (2.160)]. To eliminate the discontinuity of dv;/dx across the silicon—-oxide
boundary, the oxide is replaced by an equivalent region of the same dielectric
constant as silicon, but with a thickness equal to (£;;/€ox)tox = 3t,x. The entire rect-
angular region can then be treated as a homogeneous material of height Wy + 37,y
and dielectric constant &,;. This is a good approximation when the oxide is thin
compared with the depletion depth W, as is the case with most practical CMOS
technologies.

The boundary conditions of the electrostatic potential at the source and drain
boundaries are v; and V¥p; + Vg, respectively, with the potential in the neutral
p-type region defined as zero. Here 3; is the built-in potential of the source-
or drain-to-substrate junction, and Vj; is the drain voltage. For an abrupt n*—p
junction, Yp; = Eg/2q + ¥, where ¥p is given by Eq. (2.37). Typically, ¥; ~
0.8-09 V. '

Under subthreshold conditions, current conduction is dominated by diffusion
and is mainly controlled by the point of highest barrier for electrons along the
channel, as shown in Fig. 3.18(b) and Fig. 3.20. The threshold voltage of a
short-channel device is defined as the gate voltage at which the minimum elec-
trostatic potential (maximum barrier for electrons) at the surface equals 2. It is
shown in Appendix 6 that this occurs at a gate voltage lower than the long-channel
threshold voltage by an amount

24ty

AV; =
de

VUbi(Wpi + Vig)e ™LA Want3le), (3.66)

Here W, is the minimum depletion width at the threshold condition in a short-
channel device, as indicated in Fig. 3.19. In order to distinguish it from Wy, the
depletion width at the threshold condition in a long-channel device will be desig-
nated as ng, as in Appendix 6. If L is not too short, the body-effect coefficient m
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can be approximated by

8si/W‘?m ~ 14 3t0x

m=1+ ) (3.67)
Cox Wam )
and Eq. (3.66) can be expressed as
AV, = 8(n — Dy/PuiU + Vasye ™H2mVan, - (3.68)

Typically, m ~ 1.1-1.4. These analytical short-channel threshold roll-off expres-
sions are good approximations if the source and drain junctions are deeper than the
maximum gate depletion region, i.e., if x; > Wy

Because of the exponential facor, the threshold voltage roll-off with channel
length is very sensitive to the gate depletion width W 4,,. For very short channel
lengths, the minimum depletion width is larger than the long-channel value, as
can be seen from Figs. 3.18 and 3.23. If the short-channel effect is not too severe,
however, Wy, can be approximated to the first order by its long-channel value,

A kT (N, /n;
Wl — \/ sk T In(Na/ ) (3.69)

= 2N,

from Eq. (2.162). ng is plotted in Fig. 3.24 versus N,. To avoid excessive short-
channel effects, the substrate (or well) doping concentration in a CMOS device
design should be chosen such that the minimum channel length, L, is about
2-3 times Wy,,. This is similar to the well-known criterion that the minimum channel
length should be greater than the sum of the source and the drain depletion widths,
i.e., Lmin > Ws + Wp, where Wg and Wp are given by Egs. (A6.7) and (A6.8).
Another observation of Eq. (3.66) is that a reverse substrate bias, — V,, aggravates
short-channel effects, since it changes 3; to a higher value, ¥; + Vps. By the same

10 g
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FIGURE 3.24. Depletion region width at 2¢p threshold condition ver-
sus doping concentration for uniformly doped substrates.
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token, the substrate sensitivity [Eq. (3.41)] of a short-channel MOSFET is less than
that of a long-channel MOSFET. This can be understood from the charge-sharing
model (Fig. 3.19) that as Wy, increases due to a reverse substrate bias, the gate-
controlled depletion charge within the trapezoid region increases in proportion to
W4 in a long-channel device, but less than in proportion to W, in a short-channel
device. More on the short-channel substrate sensitivity can be found in Appendix 6.

It should be noted that Eq. (3.66) is, of course, just an approximation. In general,
short-channel device design should be carried out with a two-dimensional device
simulator for more accurate results. Further details on channel profile and threshold

-design are discussed in Section 4.2.

3.2.2 VELOCITY SATURATION

As discussed in Section 3.1.2, when the drain voltage increases in a long-channel
MOSFET, the drain current first increases, then becomes saturated at a voltage
equal to Vg = (V, — V;)/m with the onset of pinch-off at the drain. In a short-
channel device, the saturation of drain current may occur at a much lower voltage
due to velocity saturation. This causes the saturation current Iy to deviate from
the 1/L dependence depicted in Eq. (3.23) for long-channel devices. Velocity—
field relationships in bulk silicon are plotted in Fig. 2.9. Saturation velocities of
electrons and holes in a MOSFET channel are slightly lower than their bulk values.
Vgt ~ T-8 % 10% cm/s for electrons and vy, & 67 X 10° cm/s for holes have been
reported in the literature (Coen and Muller, 1980; Taur et al., 1993a). Figure 3.25

0.016 T T T
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\ /
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0.012 /
/
- / -| FIGURE 3.25. Experimental [-V
- / 0.25-um curves of a 0.25-um nMOSFET
< nMOSFET (solid lines). The device width is
g 0.008 // \ V=25V | 9.5um. The dashed curve shows
= / the long-channel-like drain current
= / 20v - expected for this channel length if
/ there were no velocity saturation.
0.004 - // 1.5V (After Taur et al., 1993a.)
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shows the experimentally measured I~V curves of a 0.25-pm nMOSFET. The
dashed curve represents the long-channel-like current given by Eq. (3.23) for V, =
2.5 V. Due to velocity saturation, the drain current saturates at a drain voltage

much lower than (V, — V;)/m, thus severely limiting the saturation current of a
short-channel device.

3.2.2.1 VELOCITY-FIELD RELATIONSHIP
Experimental measurements show that the velocity—field relationship for electrons
and holes takes the empirical form (Caughey and Thomas, 1967)

V= /'Leﬁf%
[1+ (& &)m1/m’

where n =2 for electrons and n =1 for holes. n (> 1) is a measure of how rapidly
the carriers approach saturation. The parameter &, is called the critical field. When
the field strength is comparable to or greater than &,, velocity saturation becomes
important. At low fields, v = p.s @, which is simply Ohm’s law. As & — oo, v =
Vsar = Ieff éc. Therefore,

(3.70)

%, = =2t 3.71)
Meeff

It was discussed in Section 3.1.5 that the effective mobility ri.g is a function of
the vertical (or normal) field &,y. Since vy is a constant independent of &g, the
critical field & is a function of &,y as well. More specifically, for a higher vertical
field, the effective mobility is lower, but the critical field for velocity saturation
becomes higher (Sodini et al., 1984). Similarly, holes have a critical field higher
than that of electrons, since hole mobilities are lower.

3.2.2.2 AN ANALYTICAL SOLUTION FOR n =1

It is more important to treat velocity saturation for electrons. However, the mathe-
matics in solving the n = 2 case are rather tedious (Taylor, 1984). To gain an insight
into the velocity saturation phenomenon in a MOSFET, we will analyze the n = 1
case instead, which has the same basic characteristics although with a different rate
of approaching saturation. Following similar steps to those in Section 3.1.1, one
replaces the low-field drift velocity, — .y dV/dy, in Eq. (3.8) with Eq. (3.70) to
allow for high-field velocity saturation effects (n = 1):

e dv/dy
1+ (/Leﬁ’/vsat) dV/dy .
Here V is the quasi-Fermi potential at a point y in the channel, and Q;(V) is the

integrated (vertically) inversion charge density at that point. Note that dV /dy =
— &> 0. Current continuity requires that Iz, be a constant, independent of y.

lgg = —WQi(V)

(3.72)
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Rearranging Eq. (3.72), one obtains

|22 Id av
Igs = —(ueﬂWme + JL); - (3.73)
Usat dy
Multiplying by dy on both sides and integrating from y = 0 to L and from V =0
to Vys, one solves for I:

o mher(W/D) fy 0i(V)dV
i 1+ (IvLe]f Vds/vsatL) .

The numerator is simply the long-channel current, Eq. (3.10), without velocity
saturation. Itis clear that if the “average” field along the channel, V;;/L,1s much less
than the critical field &, = vgq/ [Lef, the drain current is hardly affected by velocity
saturation. When V;/L becomes comparable to or greater than &,, however, the
drain current is significantly reduced. If one uses the approximate expression (3.24)
in the charge-sheet model for Q;(V),

(3.74)

Qi(V) = —=Cox(Vg = Vi —mV), - (375)
the integration in Eq. (3.74) can be carried out to yield

 BepCox(W/L)[(Vg — Vo) Vi — (m/D)V2]
B 1+ (Meﬁ”vds/vsatL)

Lis (3.76)

3.2.2.3 SATURATION DRAIN VOLTAGE AND CURRENT
For a given V,, I;; increases with V4, until a maximum current is reached. Beyond
this point, the drain current is saturated. The saturation voltage, V4, can be found

- by solving d1;5/d Vg = O:

Z(Vg - Vt)/m
14+ \/1 + Z/Leﬁ(Vg — Vt)/(mvsatL) ‘

Vdsat =

(3.77)

This expression is always less than the long-channel saturation voltage, (Vy, — V;)/m.

Substituting Eq. (3.77) into Eq. (3.76), one finds the saturation current,

\/1 + 2ue (Vg — Vi) /(mugg L) — 1
VIF 211g (Vg = Vo) JmusD) + 1

Example curves of Iz, versus Vg — V; are plotted in Fig. 3.26 for several different
channel lengths. In the long-channel case, the solid curve calculated from Eq. (3.78)
is not too different from the dashed curve representing the drain current without ve-
locity saturation. In fact, it can be shown that Eq. (3.78) reduces to the long-channel
saturation current [Eq. (3.23)],

Lgsar = CoxWUsat(Vg - Vt) (378)

W (V, — Vi)?
Ligar = Meﬁcox‘i‘—‘g_‘_i“s (3.79)
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FIGURE 3.26. Saturation current calculated from Eq. (3.78)
versus V, — V; for several different channel lengths (solid
curves). The dashed curves are the corresponding “long-
channel-like” saturation currents calculated from Eq. (3.79),
i.e., by letting vz, — 0o in Eq. (3.78). The L =0 line rep-
resents the limiting case imposed by velocity saturation,
Eq. (3.80).

when Vg — Vi KmvgL/2{ley. As the channel length becomes shorter, the
velocity-saturated current (solid curves) is significantly less than that of Eq. (3.79)
(dashed curves) over an increasing range of gate voltage. In the limit of L — 0,
Eq. (3.78) becomes the velocity-saturation-limited current,

]dsat = CoxWUsat(Vg - Vo, (3.80)

as indicated by the straight line labeled L = 0 in Fig. 3.26. Note that Eq. (3.80)
is independent of channel length L and varies linearly with V, — V. instead of
quadratically as in the long-channel case. This is consistent with observations of
the experimental curves in Fig. 3.25. For very short channel lengths, the saturation
voltage, Eq. (3.77), can be approximated by

Visar = \/zvsatL(Vg — Vi) /miie, (3.81)

which decreases with channel length.

3.2.2.4 PINCH-OFF POINT AT VELOCITY SATURATION
It is instructive to examine the charge and field behavior at the drain end of the
channel when Vy, = V. From Eq. (3.75),

Qi(y=L)=— ox(Vg — Vi — mVisar)- (3.82)
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Substituting Vs, from Eq. (3.77), one finds

T 205V V) mvga ) — 1
\/1 + Zﬂeff(vg - Vt)/(mvsatL) + 1

Comparison with Eq. (3.78) yields e = — W Q;(y = L), 1.e., the carrier drift
velocity at the drain end of the channel is equal to the saturation velocity. From
Eq. (3.72), this means that the lateral field along the channel, dV /dy, approaches
infinity at the drain. Just as in the long-channel pinch-off situation discussed in
Subsection 3.1.2, such a singularity leads to the breakdown of the gradual-channel
approximation which assumed that the lateral field changes slowly in comparison
with the vertical field. In other words, beyond the satuation point, carriers which
are traveling at satuation velocity are no longer confined to the surface channel.
Their transport must then be described by a 2-D Poisson’s equation to be elaborated
in Section 3.2.3. A key difference between pinch-off in long-channel devices and
velocity saturation in short-channel devices is that in the latter case, the inversion
charge density at the drain, Eq. (3.83), does not vanish.

Qi(y=L)=~Co(Vg — V) (3.83)

3.2.2.5 VELOCITY OVERSHOOT

All the MOSFET current formulations discussed thus far, including the mobility
definition and velocity saturation, are under the realm of the drift—diffusion approx-
imation, which treats carrier transport in some average fashion always in thermal
equilibrium with the silicon lattice. The drift-diffusion model breaks down in
ultrashort-channel devices where high field or rapid spatial variation of poten-
tial is present. In such cases, the scattering events are no longer localized, and some
fraction of the carriers may acquire much higher than thermal energy over a portion
of the device, for example, near the drain. These catriers are not in thermal equi-
librium with the silicon lattice and are generally referred to as kot carriers. Under
these circumstances, it is possible for the carrier velocity to exceed the saturation
velocity. This phenomenon is called velocity overshoot.

A more rigorous treatment of the carrier transport under spatially nonuni-
form high-field conditions has been carried out by a Monte Carlo solution of
the Boltzmann transport equation for the electron distribution function (Laux and
Fischetti, 1988). Figure 3.27 shows the calculated saturation transconductance of
nMOSFETs versus channel length, together with experimental results (Sai-Halasz
et al., 1988). Local velocity overshoot near the drain starts to occur below 0.2-pm
channel length. At channel lengths near 0.05 pm, velocity overshoot takes place
over a substantial portion of the device such that the terminal saturation transcon-
ductance exceeds the velocity saturation limited value,

. dl, dsat

8msat = d—Vg = CoxWugg, (3.84)

from Eq. (3.80).
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FIGURE 3.27. Measured (open symbols) and calculated (solid symbols) satura-
tion transconductance versus channel length. The gate oxide is 45 A thick. Absolute
upper bounds for the transconductance in the absence of velocity overshoot at 300
and 77 K are indicated by the lines labeled C gy vg4¢. (After Laux and Fischetti, 1988.)

It should be noted that while the carrier velocity can reach rather high values
in the high-field region near the drain, MOSFET currents are mainly controlled by
the average carrier velocity near the source end of the channel, where the inversion
charge density Q; is C,x(V, — V;), independent of drain voltage. Carrier velocity
near the source, in turn, is determined by both the thermal velocity as the carriers
are injected from the source and the field and scattering rates (mobility) in the
channel region near the source (Lundstrom, 1997). Velocity overshoot near the
drain helps raise MOSFET currents only to the extent that it increases the field near
the source. Once the device approaches the ballistic limit, the current depends only
on the injection velocity from the source, independent of the field and scattering
parameters. In other words, there is an upper limit on the MOSFET current set
by thermal injection from the source, and velocity overshoot in the channel does
not extend this limit. Such a limiting current takes the same form as Eq. (3.80),
except that the parameter vy, should be interpreted as the source thermal velocity
vr (Lundstrom, 1997), which for electrons can be 1.5-2 times vy, in a heavily
doped degenerate n™ source.

3.2.3 CHANNEL LENGTH MODULATION

In this subsection, we discuss the characteristics of short-channel MOSFETSs bi-
ased beyond saturation. In a long-channel device, the drain current stays constant
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T Vdmt
I N B FIGURE 3.28. Schematic diagram
R S i e ) P Vds> Vdsat . .
] Tl Gate / ) showing channel length modulation
- ] (T when aMOSFET is biased beyond sat-

— P\ ot drain uration. The surface channel collapses
AL at point P, where carriers reach satu-

ration velocity.

Inversion channel | L

when the drain voltage exceeds Vs, as shown in Fig. 3.8. The output conductance,
dI4s/d Vs, 18 zero in the saturation region. In contrast, the drain current of a short-
channel MOSFET can still increase slightly beyond the pinch-off or the velocity
saturation point with a nonzero output conductance, as is evident from the exper-
imental curves in Fig. 3.25. This arises because of two factors: the short-channel
effect and channel length modulation. The short-channel effect was discussed in
Section 3.2.1; when the drain voltage increases beyond saturation in a short-channel
device, the threshold voltage decreases, and therefore the drain current increases.
In this subsection, we focus on channel length modulation.

3.2.3.1 DRAIN CURRENT BEYOND THE SATURATION POINT

According to the one-dimensional model in the preceding subsection, the electric
field along the channel approaches infinity at the saturation point. In practice, the
field remains finite. However, its magnitude becomes comparable to the vertical
field, so that the gradual-channel approximation breaks down and carriers are no
longer confined to the surface channel. As the drain voltage increases beyond the
saturation voltage V zs, the saturation point where the surface channel collapses
begins to move slightly toward the source, as shown in Fig. 3.28. The voltage at
the saturation point remains constant at Vjs,, independent of V. The voltage
difference Vy; — Vysar is dropped across the region between the saturation point
and the drain. Carriers injected from the surface channel into this region travel at
saturation velocity until collected by the drain junction. The distance between the
saturation point and the drain, AL, is referred to as the amount of channel length
modulation by the drain voltage. Since the one-dimensional model is still valid
between the source and the saturation point where the voltage remains at Vi, the
device acts as if its channel length were shortened by AL. The drain current is then
obtained simply by replacing L with L — AL in Eq. (3.78). In the long-channel
limit, this increases the drain current by a factor of (1 — AL/L)7}, i.e.,

I dsat

=T ann

(3.85)

Since AL increases with increasing drain voltage, the drain current continues to
increase in the saturation region.
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Gate

FIGURE 3.29. Schematic diagram of

the velocity saturation region for illus-

trating the pseudo-2-D model. The 2-
1 D Gauss’s law is applied to a vertical
) ~ stripe of width dy bounded by two par-
Fuax Drain % jje] dotted lines. (After Ko, 1989.)

3.2.3.2 A PSEUDO-2-D MODEL FOR THE VELOCITY
SATURATION REGION
To find out AL as a function of Vj; — Vs, We adopt a pseudo-2-D model (Ko
et al., 1981) that yields simple results yet captures the essential physics taking
place beyond the saturation point. Figure 3.29 shows a schematic cross section of
the region of interest. The velocity saturation region is bounded by y = 0 (saturation
point) to y = AL (drain), and x = 0 (surface) to x = x; (drain junction depth).
The mobile carriers are assumed to spread to a depth equal to the drain junction
depth x ;. It is also assumed that the heavily doped drain junction is infinitely abrupt
with a square corner.

Along the surface, the quasi-Fermi level V(y) increases from Vs, at y =0 to
Vs at y = AL. This results in a reduction of the potential drop Vi, across the oxide,
since the total band offset,

Ve — Vip = Vox () + ¥5s(¥) = Vox(9) + 2¢5 + V (1), (3.86)

is constant for a fixed gate voltage. Here the surface potential v, is assumed to be
pinned at 2y + V as given by Eq. (3.3) for strong inversion. This is valid as long
as V(y) < (V; — V;)/m, the long-channel pinch-off voltage. It then follows that
the vertical field at the silicon surface,

2.0, y) = 2 g (y) = S Vo) (3.87)

si Esi tox

also decreases toward the drain, as depicted in Fig. 3.29. The silicon—oxide boundary
condition, Eq. (2.146), was applied here with &,, being the oxide field. At y =0,
all the silicon charges are still controlled by the gate, so that the one-dimensional
Gauss’s law is applicable: V

gNax; + Qi(y = 0)
Esi ,

¢:(0,0) = (3.88)

where Q; (> 0) is the mobile (electron) charge density per unit area. It is assumed
here that the junction depth x; is comparable to the depletion width Wg,. Since
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carriers are already traveling at saturation velocity such that I;; = WQ; vy, the
mobile charge density,

X

J

00 =q [ ntx (3.89)
has to remain constant, i.e., independent of y, toward the drain in order to maintain
current continuity. Therefore, as the vertical field &.(0, y) and the gate-controlled
charge decrease toward the drain, some of the mobile charge spreads deep and
becomes controlled by the drain. The physics is similar to that of the 2-D fields
discussedin Section 3.2.1. The difference is that fixed depletion charges are involved
in the short-channel effect, while mobile charges are involved in the saturation
region. As a result of the drain gradually taking control of the mobile charge, the
electric field, @), originating from the drain increases toward the drain.

Assuming that &, is uniform in the x-direction and neglecting the vertical field
at the bottom boundary (x = x;), one can apply the two-dimensional Gauss’s law
to a thin slice of width dy and length x; located at y (Fig. 3.29):

Nyx;d i d
%00, y)dy — By +dy)x; + By = LMY Qidy g

si

Expanding &,(y + dy) into &,(y) + (d &,/dy) dy and making use of Eq. (3.88),
we obtain
dd,

gy T €:(0,0) — %:(0, y). (3.91)

From Egs. (3.87) and (3.86), the vertical field difference can be expressed as

%.(0,0) — %(0,y) = 8‘;" [Vox(0) — Vox(3)] (3.92)

sitox

SOX

Z[V(y) ~ V(O
Since V(0) = Vyser and &, =—dV/dy, substituting Eq. (3.92) into Eq. (3.91)
yields

d*v Eox

= V() — Visarl, 3.93
dy2 Euitor) V) dsat] ( )

or

dzv V(y) - Vdsat N
= ) 3.94
e B (3.94)

where the characteristic length / is given by

I = ?toxx /Bl (3.95)

ox
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Equation (3.94) is a linear, second-order differential equation which can be solved J 4
with the boundary conditions V (0) = Ve and &,(0) = —[dV/dyly=0 = — Esar: :

V() = Visar + [ @sar sinh <%> (3.96)

Mathematically, there is no unambiguous definition for @sat» the lateral field at
the saturation point, since carriers do not reach saturation velocity until &, = co.In
practice, carriers traveling close to the saturation velocity start moving away from
the surface when the lateral field becomes appreciable compared to the vertical
field. A good choice for &, is a field strength on the order of or several times
the critical field &, defined by Eq. (3.71). For example, & = 28 = 2Vsar/ lheff
which is on the order of 5 x 10* V/cm for electrons, has been used in the literature
(Ko, 1982). This is a reasonable value, since the vertical field in a MOSFET device
typically lies in the range of 10°-10% V/cm.

Field along channel, &, (V/cm)

3.2.3.3 PEAK FIELD AT THE DRAIN
Once V(y) is known, AL can be found by solving V(y = AL) = V!

- Vas — Visat Vis — Visar 2 %
AL =1In T+ (»—l%;—) +1]. (3.97) | ——l
sat sat o
. and d
L 5x1
It is then straightforward to substitute AL into Eq. (3.85) or, more accurately, i
replace L with L — AL in Eq. (3.78), to obtain the source—drain current beyond S :
saturation. From Eq. (3.96), the electric field along the channel is given by gha.n
rait
av y long
%y()’) = ‘“g}j = — &sar cOSh (7), (3.98) with
) ) _ . _ serie
which increases exponentially toward the drain. An example is shown in Fig. 3.30. there
The peak field is reached at the drain, where T
3 regic
Vas — V.
This field can be as high as mid-10° to 10° V/cm and is responsible for a vari-
ety of hot-carrier effects such as impact ionization, substrate current, and oxide "
degradation. rone

the s

3.2.4 SOURCE-DRAIN SERIES RESISTANCE

In the discussion of MOSFET current thus far, it was assumed that the source and
drain regions were perfectly conducting. In reality, as the current flows from the
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FIGURE 3.30. Calculated channel field versus distance between the source
and drain. The velocity saturation region extends from a point where %y ~
5 x 10* V/cm to the drain. (After Ko et al., 1981.)

Channel position y (lLm)

channel to the terminal contact, there is a small voltage drop in the source and
drain regions due to the finite silicon resistivity and metal contact resistance. In a
long-channel device, the source—drain parasitic resistance is negligible compared
with the channel resistance. In a short-channel device, however, the source—drain
series resistance can be an appreciable fraction of the channel resistance and can
therefore cause significant current degradation.

The most severe current degradation by series resistance occurs in the linear
region (low Vj;) when the gate voltage is high. This is because the MOSFET

channel resistance,
Vs L

Royp=—=
" L M;ﬁfcoxW(Vg — Von —mVys/2)

(3.100)
from Eq. (3.61), is the lowest under such bias conditions. It is instructive to estimate
the sheet resistivity of a MOSFET channel,

1 1
z— B :u',eﬁf(gox/tox)(vg — Von — mVys/2) MeffEox Gox .,

pech = Ren (3.101)

Since the maximum oxide field &,, is typically 2-5 MV/cm for most VLSI
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Drain current (mA)

Drain bias (V)

FIGURE 3.31. Example [;,—Vy, curves of a short-channel nMOSFET showing
breakdown at high drain bias voltages. (After Sun et al. 1987.)

technologies, the minimum channel sheet resistivity is about 2000 /] for
nMOSFETs and 7000 2/LJ for pMOSFETS.

The MOSFET current in the saturation region is least affected by the resistance
degradation of source—drain voltage, since I is essentially independent of V;; in
saturation. The saturation current is only affected through gate-voltage degradation
by the voltage drop between the source contact and the source end of the channel
(Fig. 4.20).

The effect of series resistance on linear /;5—V, curves used in channel-length
extraction will be addressed in Section 4.3. Various contributions to the source—

drain series resistance and their effect on circuit performance will be discussed in
detail in Chapter 5.

3.2.5 MOSFET BREAKDOWN

Breakdown occurs in a short-channel MOSFET when the drain voltage exceeds a
certain value, as shown in Fig. 3.31. It was discussed in Section 3.2.3 that the peak
electric field given by Eq. (3.99) in the saturation region can attain large values
at high drain voltages. When the field exceeds mid-10° V/cm, impact ionization
(Section 2.4.1) takes place at the drain, leading to an abrupt increase of drain current.
The breakdown voltage of nMOSFETS is usually lower than that of pMOSFETSs
because electrons have a higher rate of impact ionization (Fig. 2.37) and because
n™ source and drain junctions are more abrupt than p™* junctions. There is also a
weak dependence of the breakdown voltage on channel length; shorter devices have
a lower breakdown voltage. |
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Ve ionization
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Vds >> Vdsat

A g
—— @ -
n* source /Electron j;:% n" drain FIGURE 3.32. Schematic  diagram

current showing impact ionization at the drain.

p-type

substrate

=

The breakdown process in an nMOSFET is shown schematically in Fig. 3.32.
Electrons gain energy from the field as they move down the channel. Before they
lose energy through collisions, they possess high kinetic energy and are capable
of generating secondary electrons and holes by impact ionization. The generated
electrons are attracted to the drain, adding to the drain current, while the holes are
collected by the substrate contact, resulting in a substrate current. The substrate cur-
rentin turn can produce a voltage (/R) drop from the spreading resistance in the bulk,
which tends to forward-bias the source junction. This lowers the threshold voltage
of the MOSFET and triggers a positive feedback effect, which further enhances
the channel current. Substrate current is usually a good indicator of hot carriers
generated by low-level impact ionization before runaway breakdown occurs.

Breakdown often results in permanent damage to the MOSFET as large amounts
of hot carriers are injected into the oxide in the gate-to-drain overlap region.
MOSFET breakdown is particularly a problem for VLSI technology during the
elevated-voltage burn-in process. It can be relieved to some extent by using a
lightly doped drain (LDD) structure (Ogura et al., 1982), which introduces addi-
tional series resistance and reduces the peak field in a MOSFET. However, drain
current and therefore device performance are traded off as a result. Ultimately, the
devices should operate at a power-supply voltage far enough below the breakdown
condition. This is one of the key CMOS design considerations in Chapter 4.

EXERCISES

3.1 It is commonly assumed that the surface potential v, is pinned at 213 once
the inversion layer is formed. In fact, v still rises slightly as the gate voltage
and inversion charge density increase. Use Eq. (3.14) for V =0 to show that a
second-order correction term takes the form

2kT Cox(Vy — Vg — 2w3)>
=2 ] :
w ¢’B * q ! ( 8% 28sikTNa
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3.2

3.3

3.4

3.5

3.6

For V, =5V, t,, =200 A, and N, = 10 cn™>, show that y, is about 8k T /g =
0.2 V over 2vp.

Fill in the steps that lead to Eq. (3.29), the fraction of drift current component
in the limit of V' — 0.

The effective field &, plays an important role in MOSFET channel mobility.
Show that the definition

o :foxi n(x) &x)dx
T [ n(x)dx

leads to Eq. (3.47),1.e., &7 = (1Qal +10;!/2)/es. Note that

|Q,-|=qf’n(x>dx
0

and

85!

1 xi
By = — (iQd| +q f n(x’)dx’)

from Gauss’s law. The inversion-layer depth x; is assumed to be much smaller
than the bulk depletion width. ’

An alternative threshold definition is based on the rate of change of inversion
charge denisty with gate voltage. Equation (3.57) from Fig. 2.28(b) states that
d|Q;|/dV, is given by the serial combination of C,, and C; = d|Q;|/d ;.
Below threshold, C; <« C,, so that d|Q;|/dV, ~ C; and Q; increases expo-
nentially with V,. Above threshold, C; > C,,, so that d|Q;|/dV, ~ C,, and
Q; increases linearly with V,. The change of behavior occurs at an inversion
charge threshold voltage, V™, where C; = C,,. Show that at V, = Vti’w one
has d|Q;|/dV, = C,/2 and Q; ~ (2kT /q)C,. Note that such an inversion
charge threshold is independent of depletion charge and is slightly higher than
the conventional 215 threshold.

From Eq. (3.59) (neglecting the second term from inversion charge capac-
itance), show that the fractional loss of inversion charge due to the poly-
silicon depletion effect is AQ;/Q; ~ Cp/2C,, wWhere C, is the small-signal
polysilicon-depletion capacitance defined in Eq. (2.184). Explain why thereis a
factor-of-two difference between the loss of charge and the loss of capacitance.
Charge-sharing model (Yau, 1974): In Fig. 3.19, assume that both the source
and drain depletion depths are equal to the gate depletion width W, (low-
drain-bias condition) and that the junction curvatures under the gate edges are
cylindrical. Show that

L+l ” W,
L N B LGN
2L L X]'

1
S
:
:

EXE!

3.1
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In the linear region, the threshold voltage is largely determined by the total
integrated depletion charge under the gate, instead of by the highest barrier
in the channel as in the subthreshold regime. Show that the short-channel
threshold roll-off is given by

N,W 2W,, 4
AVt(SCE).—_qC d’"( 1+ xf’ —1)%.
J

oxX

Note the 1/L dependence, in contrast with the exponential dependence in
Eq. (3.66) for AV,(SCE) under subthreshold conditions. -

The small-signal transconductance in the saturation region is defined as
8msat = Alysa/dVy. Derive an expression for gy, using Eq. (3.78) based
on the n = 1 velocity saturation model. Show that g, approaches the
saturation-velocity-limited value, Eq. (3.84), when L — 0. What becomes
of the expression for g, in the long-channel limit when v, — 00?

From Eq. (3.78) based on the n = 1 velocity saturation model, what is the
carrier velocity at the source end of the channel? What are the limiting values
when L — 0 and when vy, — 007

Following a similar approach as in the text for the n = 1 velocity saturation
model, derive an integral equation for the n = 2 velocity saturation model from
which I, can be solved. It is very tedious to carry out the integration analyti-
cally (Taylor, 1984). Interested readers may attempt performing it numerically
on a computer.

Assuming the n = 1 velocity saturation model, show that the total integrated
inversion charge under the gate is '

\/1 + 2Meﬁ‘(Vg - Vt)/(mvsatL) + %
ST+ 20V, — V[ mvgaL) + 1

0;(total) = —WLCou(Vy — Vi)

in the saturation region. Evaluate the intrinsic gate-to-channel capacitance, and
show that it approaches Eq. (3.56) in the long-channel limit.




CMQOS DEVICE DESIGN

This chapter examines the key device design issues in a modern CMOS VLSI
technology. It begins with an extensive review of the concept of MOSFET scaling.
Two important CMOS device design parameters, threshold voltage and channel
length, are then discussed in detail.

4.1 MOSFET SCALING
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CMOS technology evolution in the past twenty years has followed the path of
device scaling for achieving density, speed, and power improvements. MOSFET
scaling was propelled by the rapid advancement of lithographic techniques for
delineating fine lines of 1 pm width and below. In Section 3.2.1, we discussed that
reducing the source-to-drain spacing, i.e., the channel length of a MOSFET, led to
short-channel effects. For digital applications, the most undesirable short-channel
effect is a reduction in the gate threshold voltage at which the device turns on,
especially at high drain voltages. Full realization of the benefits of the new high-
resolution lithographic techniques therefore requires the development of new device
designs, technologies, and structures which can be optimized to keep short-channel
effects under control at very small dimensions. Another necessary technological
advancement for device scaling is in ion implantation, which not only allows the
formation of very shallow source and drain regions but also is capable of accurately

introducing a sharply profiled, low concentration of doping atoms for optimum
channel profile design.

4.1.1 CONSTANT-FIELD SCALING

In constant-field scaling (Dennard et al., 1974), it was proposed that one can keep
short-channel effects under control by scaling down the vertical dimensions (gate
insulator thickness, junction depth, etc.) along with the horizontal dimensions, while
also proportionally decreasing the applied voltages and increasing the substrate
doping concentration (decreasing the depletion width). This is shown schematically
inFig. 4.1. The principle of constant-field scaling lies in scaling the device voltages
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% Original device Scaled device
_?;; _ tox/ K
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\ source P drain S S -7
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M ’ \ / —> L
1 e - - \ WD /7
% RN - l _- 4
§ - Doping «N,
| .
sI
g p substrate, doping N,
el FIGURE 4.1. Principles of MOSFET constant-electric-field scaling. (After Dennard, 1986.)
and the device dimensions (both horizontal and vertical) by the same factor,
k(> 1), so that the electric field remains unchanged. This assures that the reliability
of the scaled device is not worse than that of the original device.
of
T 4.1.1.1 RULES FOR CONSTANT-FIELD SCALING
;r Table 4.1 shows the scaling rules for various device parameters and circuit perfor-
at mance factors. The doping concentration must be increased by the scaling factor
o x in order to keep Poisson’s.equation (3.64) invariant with respect to scaling. The
el
n TABLE 4.1 Scaling of MOSFET Device and Circuit Parameters
™ Multiplicative Factor
-€ MOSFET Device and Circuit Parameters (x > 1)
el
al Scaling assumptions ~ Device dimensions (¢, L, W, x;) 1/k
Doping concentration (N, Ng) K
:e Voltage (V) 1/
y
m Derived scaling Electric field (%) 1
behavior of device  Carrier velocity (v) 1
parameters Depletion-layer width (W) 1/k
Capacitance (C = gA/t) 1/k
Inversion-layer charge density (Q;) 1
Current, drift (1) 1/k
p Channel resistance (R.) 1
te
) Derived scaling Circuit delay time (z ~ CV/I) 1/k
e behavior of circuit  Power dissipation per circuit (P ~ VI) 1/x?
te parameters Power—delay product per circuit (P1) 1/13
ly Circuit density (cc1/A) K2
28 Power density (P/A) 1
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maximum drain depletion width,

Wp — \/ 2e5i(Ypi + Vdd)’

N, (4.1)
from Eq. (2.70) scales down approximately by « provided that the power-supply
voltage V,; is much greater than the built-in potential v;,;. All capacitances (includ-
ing wiring load) scale down by «, since they are proportional to area and inversely
proportional to thickness. The charge per device (~C x V) scales down by «2, while
the inversion-layer charge density (per unit gate area), Q;, remains unchanged after
scaling. Since the electric field at any given point is unchanged, the carrier velocity
(v = @) at any given point is also unehanged (the mobility is the same for the
same vertical field). Therefore, any velocity saturation effects will be similar in the
original and the scaled devices.

The drift current per MOSFET width, obtained by integrating the first term of
the electron current density equation (2.43) over the inversion layer thickness, is

Layige

W= Qv = Q;UG,

4.2)
and is unchanged with respect to scaling. This means that the drift current scales
down by k, consistent with the behavior of both the linear and the saturation
MOSEFET currents in Eq. (3.19) and Eq. (3.23). A key implicit assumption is that
the threshold voltage also scales down by «. Note that the velocity saturated cur-
rent, Eq. (3.78), also scales the same way, since both v,, and .y are constants,
independent of scaling. However, the diffusion current per unit MOSFET width,

obtained by integrating the second term of the current density equation (2.43) and
given by

kT dQ;
= fn——"—"—» (4.3)
q dx

Iy i
lag _ p, 49
w dx

scales up by «, since d Q; /dx is inversely proportional to the channel length. There-
fore, the diffusion current does not scale down the same way as the drift current. This

has significant implications in the nonscaling of MOSFET subthreshold currents,
as will be discussed in Section 4.1.3.

4.1.1.2 EFFECT OF SCALING ON CIRCUIT PARAMETERS

With both the voltage and the current scaled down by the same factor, it follows
that the active channel resistance [e.g., Eq. (3.100)] of the scaled-down device re-
mains unchanged. It is further assumed that parasitic resistance is either negligible
or unchanged in scaling. The circuit delay, which is proportional to RC or CV /I,
then scales down by k. This is the most important conclusion of constant-field
scaling: once the device dimensions and the power-supply voltage are scaled
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down, the circuit speeds up by the same factor. Moreover, power dissipation per
circuit, which is proportional to VI, is reduced by ?. Since the circuit density has
increased by k2, the power density, i.e., the active power per chip area, remains un-
changed in the scaled-down device. This has important technological implications
in that, in contrast to bipolar devices (Chapters 6, 7, and 8), packaging of the scaled
CMOS devices does not require more elaborate heat-sinking. The power—delay

product of the scaled CMOS circuit shows a dramatic improvement by a factor of
«? (Table 4.1).

4.1.1.83 THRESHOLD VOLTAGE

It was assumed earlier that the threshold voltage should be decreased by the scaling
factor, x, in proportion to the power-supply voltage. This is examined using the
threshold equation (3.40) for a uniformly doped substrate:

\/%sina(zw'B + Vbs)

Cox

4.4)

where V,, is the substrate bias voltage. In silicon technology, the material-related
parameters (energy gap, work function, etc.) do not change with scaling; hence, in
general, V; does not scale. However, in a conventional process, n™-polysilicon gates
are used for n-channel MOSFETSs, and Vp = —E,/2g — 5 from Eq. (2.181). It
turns out that the first two terms on the RHS of Eq. (4.4) add up to approximately
—0.15 V, which can be neglected. One can then argue (Dennard et al., 1974) that
by adjusting V;, so that 2yrp + V), scales down by «, the last term of Eq. (4.4), and
therefore V;, will also scale down by «. However, at the present level of technology
development, V;, has been reduced to zero for most logic applications, though a
reverse-biased body—source junction is still used for some dynamic memory array
devices. Further reduction of the 2vp + Vjs term with scaling would require a
forward bias on the substrate. This is not commonly used in VLSI technologies,
although it has been attempted in experimental devices (Sai-Halasz et al., 1990).
In practice, nonuniform doping profiles have been employed to tailor the threshold
voltage of scaled devices, as will be discussed in Section 4.2.

p-channel MOSFETSs with p*-polysilicon gates scale similarly to their counter-
parts. However, in buried-channel devices, e.g., when an n™-polysilicon gate is used
for p-channel MOSFETS, the sum of the first two terms in Eq. (4.4) is nearly 1 V
and therefore cannot be neglected. For this reason, it is difficult to scale buried-
channel devices to low threshold voltages. More about threshold voltage design can
be found in Section 4.2.

4.1.2 GENERALIZED SCALING

Even though constant-field scaling provides a basic guideline to the design of
scaled MOSFETS, the requirement of reducing the voltage by the same factor as the
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TABLE 4.2 CMOS VLSI Technology Generations

Feature Power-Supply Gate Oxide Oxide Field
Size (jum) Voltage (V) Thickness (A) (MV/cm)

2 5 350 1.4

1.2 5 250 2.0

0.8 5 180 2.8

0.5 33 120 2.8

0.35 33 100 3.3

0.25 2.5 70 3.6

device physical dimension is too restrictive. Because of subthreshold nonscaling
and reluctance to depart from the standardized voltage levels of the previous gener-
ation, the power-supply voltage was seldom scaled in proportion to channel length.
Table 4.2 lists the supply voltage and device parameters of several generations of
CMOS VLSI technology. It is clear that the oxide field has been increasing over the
generations rather than staying constant. For device design purposes, therefore, it
is necessary to develop a more general set of guidelines that allows the electric field
to increase. In such a generalized scaling (Baccarani ef al., 1984), it is desired that
both the vertical and the lateral electric fields change by the same multiplication
factor so that the shape of the electric field pattern is preserved. This assures that
2-D effects, such as short-channel effects, do not become worse when scaling to a

smaller dimension. Higher fields, however, do cause reliability concerns as men-
tioned in Section 2.4.

4.1.2.1 RULES FOR GENERALIZED SCALING

If we assume that the electric field intensity changes by a factor of o, i.e., € = « &,
while the device physical dimensions (both lateral and vertical) scale down by
« (>1) in generalized scaling, the potential or voltage will change by a factor equal
totheratioa/k. If = 1, it reduces back to constant-field scaling. To keep Poisson’s
equation invariant under the transformation, (x, y) — (x, y)/« and ¢ — v¥/(x/c)
within the depletion region,

0oy /i)  3*(ay/K) _gN,
/) A/ ey

N/, should be scaled to (ak)N,. In other words, the doping concentration must be
scaled up by an extra factor of « to control the depletion-region depth and thus avoid
increased short-channel effects due to the higher electric field. Table 4.3 shows the
generalized scaling rules of other device and circuit parameters.

Since the electric field intensity is usually increased in generalized scaling, the
carrier velocity tends to increase as well. How much the velocity increases depends
on how velocity-saturated the original device is. In the long-channel limit, carrier
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TABLE 4.3 Generalized MOSFET Scaling

Multiplicative Factor
MOSFET Device and Circuit Parameters (< > 1)
Scaling assumptions  Device dimensions (f,x, L, W, x;) 1/x
Doping concentration (N, Ny) oK
Voltage (V) afk
Derived scaling Electric field (%) o
behavior of device Depletion-layer width (Wy) 1/k
parameters Capacitance (C = e€A/t) 1/
Inversion-layer charge density (Q;) o
Long Ch. Vel. Sat.
Carrier velocity (v) o 1
Current, drift (1) o?/k Cajk
Derived scaling Circuit delay time (z ~ CV/I) 1/ak 1/k
behavior of circuit Power dissipation per circuit (P ~ VI) o3 /ic? a?/i?
parameters Power—delay product per circuit (Pt) o? /i3
Circuit density (cc 1/A) K2
Power density (P/A) % a?

velocities are far from saturation and will increase by the same factor, «, as the
electric field. The drift current, which is proportional to W Q;v, will then change
by a factor of a?/k. This is consistent with the scaling behavior of long-channel
currents, Eq. (3.19) and Eq. (3.23). On the other hand, if the original device is fully
velocity-saturated, the carrier velocity cannot increase any more, in spite of the
higher field in the scaled device. The current in this case will change only by a
factor of a/k, consistent with the velocity-saturated current, Eq. (3.80). The circuit
delay scales down by a factor between x and ok, depending on the degree of velocity
saturation. The most serious issue with generalized scaling is the increase of the
power density by a factor of o to &®. This puts a great burden on VLSI packaging
technology to dissipate the extra heat generated on the chip. The power—delay
product is also a factor of o? higher than for constant-field scaling.

4.1.2.2 CONSTANT-VOLTAGE SCALING

Even though Poisson’s equation within the depletion region is invariant under
generalized scaling, the same is not true in the inversion layer when mobile charges
are present. This is because mobile charge densities are exponential functions of
potential which do not scale linearly with either physical dimensions or voltage.
Furthermore, even in the depletion region, not all the boundary conditions scale
consistently under generalized scaling. This is due to the fact that the band bend-
ing at the source junction is given by the built-in potential (Appendix 6), which
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does not scale with voltage. Strictly speaking, the shape of the field pattern is
preserved only if o = K, i.e., constant-voltage scaling. Under constant-voltage
scaling, the electric field scales up by « and the doping concentration N, scales up
by k2. The maximum gate depletion width (long-channel) [Eq. (3.69)],

Wo \/ degkT In(N, /n;) @6

qua 7

then scales down by k. Here In(N, /n;) is a weak function of N, and can be treated
as a constant. This allows the short-channel V; roll-off [Eq. (3.66)],

24¢,
AV, = =2 S Ui(p + Vigg)e ™ B/ X Want3tor), 4.7
de

to remain unchanged, as both #,, and W, are scaled down by the same factor
as the channel length L. Both the power-supply voltage and the threshold voltage
[Eq. (4.4)],

V2e5igNaQRYrp + Vis)

Cox

(4.8)

also remain unchanged. From Eq. (2.166), the inversion-layer charge per unit area
is related to the electron concentration at the silicon surface, n(0), by

0; = /263, Tn(0). (4.9)

Since Q; scales up by « in constant-voltage scaling, n(0) scales up by «2. Therefore,
the mobile charge density scales the same way as the fixed charge density N,. The
inversion-layer thickness, being proportional to Q;/gn(0), scales down by k just
like other linear dimensions. The Debye length, L p = (g5k7/ qua)l/ 2 also scales
down by k under constant-voltage scaling.

Although constant-voltage scaling leaves the solution of Poisson’s equation for
the electrostatic potential unchanged except for a constant multiplicative factor
in the electric field, it cannot be practiced without limit, since the power density
increases by a factor of x? to «3. Higher fields also cause hot-electron and oxide
reliability problems. In reality, CMOS technology evolution has followed mixed
steps of constant-voltage and constant-field scaling, as is evident in Table 4.2.

4.1.3 NONSCALING EFFECTS

4.1.3.1 PRIMARY NONSCALING FACTORS

From the above discussions, it is clear that although constant-field scaling provides
a basic framework for shrinking CMOS devices to gain higher density and speed
without degrading reliability and power, there are several factors that scale neither
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with the physical dimensions nor with the operating voltage. The primary reason
for the nonscaling effects is that neither the thermal voltage kT/q nor the silicon
bandgap E, changes with scaling. The former leads to subthreshold nonscaling;
i.e., the threshold voltage cannot be scaled down like other parameters. The latter
leads to nonscalability of the built-in potential, depletion-layer width, and short-
channel effect.

From Eq. (3.36), the off current of a MOSFET is given by

14 kT\?
Ids(Vg =0, Vas = Vag) = ﬂeﬂcoxf(m -1 (7> e aVi/mkT (4.10)

Because of the exponential dependence, the threshold voltage cannot be scaled
down significantly without causing a substantial increase in the off current. In fact,
even if the threshold voltage is held unchanged, the off current per device still
increases by a factor of « (from the C,, factor) when the physical dimensions are
scaled down by k. This imposes a serious limitation on how low the threshold
voltage can be, especially in dynamic circuits and random-access memories. The
threshold voltage limitation in turn sets a lower limit on the power-supply voltage
Vaa, since the circuit delay increases rapidly with the ratio V;/V,;; when the latter
exceeds about 0.3, as will be discussed in Chapter 5. '

Another nonscaling factor related to kT'/q is the inversion-layer thickness, which
is unchanged in constant-field scaling. Since the inversion-layer capacitance arising
from the finite thickness is in series with the oxide capacitance, the total gate
capacitance per unit area of the scaled device increases by a factor less than «
(Baccarani and Wordeman, 1983). This degrades the inversion charge density and
therefore the current, especially at low gate voltages, as can be seen from Eq. (3.58).

Because both the junction built-in potential [Eq. (2.69)] and the maximum surface
potential [Eq. (2.155)] are in the range of 0.6-1.0 V and do not change significantly
with device scaling, the depletion-region widths, Eq. (4.1) and Eq. (4.6), do not
scale quite as much as other linear dimensions. This results in worse short-channel
effects in the scaled MOSFET, as is evident from Eq. (4.7). To compensate for
these effects, the doping concentration must increase more than that suggested by
constant-field scaling or generalized scaling.

4.1.3.2 SECONDARY NONSCALING FACTORS

Because of subthreshold nonscaling, the voltage level cannot be scaled down as
much as the linear dimensions, and the electric field has increased as a result. This
triggers several secondary nonscaling effects. First, in our discussions so far, it
was implicitly assumed that carrier mobilities are constant, independent of scaling.

However, as discussed in Section 3.1.5, the mobility decreases with increasing
electric field:

Ko ~ 325002, | @.11)
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in units of cm?/V-s for % <5x10° V/ecm. Beyond &p=>5x 10° V/cm,
the mobility decreases even faster due to surface roughness scattering (Fig. 3.13).
Since it is inevitable that the electric field increases with scaling, carrier mobili-
ties are degraded in scaled MOSFETS. As a result, both the current and the delay
improve less than the factors listed in Table 4.3 for generalized scaling. Further-
more, higher fields tend to push device operation more into the velocity-saturated
regime. This means that the current gain and the delay improvement are closer to

the velocity-saturated column of Table 4.3, and there is little to gain by operating ‘

at an even higher field or voltage.

The most serious problems associated with the higher field intensity are relia-
bility and power. The power density increases by a factor of o? to o as discussed
before. Reliability problems arise from higher oxide fields, higher channel fields,
and higher current densities. Even under the fully velocity-saturated condition, the
current density increases by ak. This aggravates the problem of electromigration
in aluminum lines, which is already becoming worse under constant-field scaling
(Dennard et al., 1974). Higher fields also drive gate oxides closer to the break-
down condition, making it difficult to maintain oxide integrity. In fact, in order to
curb the growing oxide field, the gate oxide thickness has been reduced less than
the lateral device dimensions, e.g., the channel length, as is evident in Table 4.2.
This means that the channel doping concentration must be increased more than
called for in Table 4.3 to keep short-channel effects [Eq. (4.7)] under control. In
other words, the maximum gate depletion width W,, must be reduced more than
the oxide thickness #,,. This triggers another set of nonscaling effects, includ-
ing the subthreshold slope ocm = 1 + (3t,/ Wym), and the substrate sensitivity
dV;/dVys = m — 1 [Eq. (3.41)]. These will be discussed in detail in Section 4.2.3.

4.1.3.3 OTHER NONSCALING FACTORS

In practice, there is yet another set of nonscaling factors encountered in CMOS
technology evolution. One kind of nonscaling effects is related to the gate and
source—drain doping levels. If not properly scaled up, they may lead to gate de-
pletion and source—drain series resistance problems. From Eq. (2.185), polysilicon
gate depletion contributes a capacitance C, =59 N,/ Q in series with the oxide
capacitance C,y. As C,, increases by a factor of « while Q, remains unchanged in
constant-field scaling, N, must scale up by « also to keep C}, in step with Cy,. In
generalized scaling, N, must scale up even more (by a«). In reality, this is seldom
done, for process reasons. The total gate capacitance then scales up by less than
Cox, leading to degradation of the inversion charge density and transconductance.
Similarly, it is difficult to scale up the source—drain doping level and make the
profile more abrupt while scaling down the junction depth. In practice, the source—
drain series resistance has not been reduced in proportion to channel resistance,
Eq. (3.100). This causes loss of current drive as the parasitic component becomes
a more significant fraction of the total resistance in the scaled device.
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1, k Another class of nonscaling factors arise from process tolerances. The full benefit
3). of scaling cannot be realized unless all process tolerances are reduced by the same
ili- ,g factor as the device parameters. These include channel length tolerance, oxide
lay § thickness tolerance, threshold voltage tolerance, etc. It is a key requirement and
er- i challenge in VLSI technology development to keep the tolerance to a constant

ted ‘f“ percentage of the device parameter as the dimension is scaled down. This could

- to be a major factor in manufacturing costs as one tries to control a few hundred
ing angstroms of channel length or a few atomic layers of gate oxide.
lia-
sed 4.2 THRESHOLD VOLTAGE
ds, ‘
the This section focuses on a key design parameter in CMOS technology: threshold
ion voltage. Although the threshold voltage was introduced in Chapter 3, the discussions
ing there were restricted to the case of uniform doping. In this section, threshold volt-
ak- ages under nonuniform doping conditions are discussed, leading to the design of
tto MOSFET channel profile.
1an
iazn 4.2.1 THRESHOLD-VOLTAGE REQUIREMENT
In 4.2.1.1 VARIOUS DEFINITIONS OF THRESHOLD VOLTAGE
1an First, we examine the various definitions of threshold voltage and the threshold-
ud- voltage requirement from a technology point of view. There are quite a number of
rity different ways to define the threshold voltage of a MOSFET device. In Chapter 3
2.3, we followed the most commonly used definition [ (inv) = 2+g] of V;. The advan-
tage of this definition lies in its popularity and ease of incorporation into analytical
solutions. However, it is not directly measurable from experimental /—V charac-
OsS teristics (it can be determined from a split C—V measurement; see Exercise 2.6). In
and Section 3.1.6, we introduced the linearly extrapolated threshold voltage, V,,, deter-
de- mined by the intercept of a tangent through the maximum-slope (linear transconduc-
>on tance) point of the low-drain Iz—V, curve. This is easily measured experimentally,
ide but is about 3kT /g higher than the 215 threshold voltage, due to inversion-layer
lin capacitance effects illustrated in Fig. 3.16.
-In Another commonly employed definition of threshold voltage is based on the
om subthreshold current, Eq. (3.36). For Vg > 2kT /q and V, < V,
1an
2
the e ] ) 412)
ce—
Ice, For a given constant current level /o (say, 50 nA/0J), one can define a threshold
nes voltage V:* such that I4(Vy= V)= Iy(W/L). The advantages of such a

threshold-voltage definition are twofold. First, it is easy to extract from

%
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hardware data and is therefore suitable for automated measurement of a large num- 1 M .
ber of devices. Second, the device off current, I,5 = I4(V, =0), can be directly traj
calculated from Iy, V;“”b , and the subthreshold slope. However, there is a serious : are
problem when the definition I(Vy = Vts’”’ ) = Ip(W /L) is used on a short-channel 3.1
device whose exact channel length is not known. Even if the channel length is ing
extracted from the currents in the linear region (Section 4.3.2), it is not neces- Vin
sarily the same channel length needed in Eq. (4.12) for the subthreshold region as 1
(Nguyen, 1984). This is because of the different current conduction mechanisms o sca
involved (diffusion versus drift). In subsequent discussions, we will adhere to the : enc
24 definition of V;. In general, V; depends on temperature (temperature coeffi- sca

cient), substrate bias (body-effect coefficient), channel length, and drain voltage
(short-channel effect, or SCE).

she

AV

me
for -

4.2.1.2 OFF-CUBBENT REQUIREMENT AND MINIMUM o (D¢ !
THRESHOLD VOLTAGE . be-
It is evident from Chapter 3 that the lower the threshold voltage, the higher the apg
current drive, hence the faster the switching speed. From a CMOS performance ' off
point of view, it is desirable to have a threshold voltage as low as possible. This,
of course, is counterbalanced by the off-current requirement that the MOSFET be 4.z
turned off properly at V, = 0. To meet the maximum-off-current requirement, one " Eq -
needs to consider the worst case when the threshold voltage is the lowest. Many : per
tolerance factors must be taken into consideration in the worst-case design of a old
VLSI technology, for example, process tolerances (film thickness, implant dose, dif
etc.), dimension tolerances (lithography, etching, etc.), operating temperature range, ’
and bias conditions. Since the threshold voltage increases with substrate bias and
decreases with temperature as discussed in Section 3.1.4, the worst-case condition
is at zero substrate bias and maximum operating temperature, Tp,x. Depending on
the application, Tp, is typically 100°C or so, driven by both environmental factors
and heat dissipation of the VLSI chip in operation. From Eq. (4.12), the minimum
threshold voltage for a maximum off current I,g at T = Tyay is % an

Vimin = LcTmax 1 (IdS(Vg = V’)), @13 L

q Ioﬁ Z
where % cat
kTmax
Ids(Vg =V)= ,u'eﬁ‘cox (m -1 ( ) (4.14)

is the drain current at threshold Voltage Note that I;5(V, = V) is rather insensitive | me
to temperature, Since (hqg o Tmax/ However it does depend on technology. For . wi
example, 14(V, = V;)/W varies from 10~ A/um for I-um CMOS technology : no
to 107® A/um for 0.1-um CMOS technology. (Note that these numbers are for ‘ Ch
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nMOSFETs; pMOSFET currents are about 3 times lower. Also note that the ex-
trapolated subthreshold currents at the linearly extrapolated threshold voltage V,,
are about 10 times higher than these numbers, as discussed at the end of Section
3.1.6.). Taking the median value of 1077 A/um for I4(V, = V;)/ W and assum-
ing a worst-case off-current requirement of I,z/W = 10~% A/um, one obtains
Vimin & 0.1 V for Tryax = 100°C and m = 1.3. For a given I,/ W, V;nin increases
as the channel length is scaled down. However, this is opposite to the downward
scaling trend of the power-supply voltage. As a result, the device designer often
encounters a tradeoff between the performance and the off-current requirement in
scaled CMOS technologies (Mii et al., 1994).

The above figures are acceptable for CMOS logic technologies. In a dynamic
memory technology, however, the off-current requirement is much more stringent
for the access transistor in the cell: on the order of Iz/W = 10712 A/um or so
(Dennard, 1984). This means V;pin =~ 0.5 V for the DRAM access device. It should
be understood that Eq. (4.12) is an analytical expression based on some simplifying
approximations. It is used here for the purpose of illustration. More exact values of
off current for a particular design should be obtained from numerical simulations.

4.2.1.3 THRESHOLD-VOLTAGE TOLERANCES

Equation (4.13) gives the minimum threshold voltage at the highest operating tem-
perature for the worst-case process conditions. To obtain the nominal design thresh-
old voltage at room temperature, one needs to add AV, due to the temperature
difference as well as the sum of all V; tolerances to V;pin. In other words,

Vi(nominal, 23°C ) = Vimin + A V;(temp.) (4.15)

+ \/ [AVi(SCE)]* + [AV;(process)]?,

where AV,(SCE) and AV;(process) are the 30 tolerances of V; reduction from
short-channel effects and from process variations, respectively. They are added in
an root-mean-square (RMS) fashion, since there are no correlations between them.
AV (temp.) is about 55-75 mV, since dV;/dT ~ —0.7 to —1mV/°C, insensitive
to technology (Section 3.1.4).

An approximate expression for AV;(SCE) is given by Eq. (3.68) for the worst-
case high drain bias:

AV,(SCE) = 8(m — D)\/Wrpi(Wrpi + Vig)e " Lmin/2mWam (4.16)

where m ~ 1 + (3tpx/ Wym), and Ly, is the 30 worst-case channel length of the
manufacturing process. The preexponential factor in Eq. (4.16) does not scale much
with technology, since v; is largely determined by the silicon bandgap and does
not vary significantly with either device dimension or supply voltage. From 1-pum
CMOS technology with v; ~0.7 V and V4 =35V to 0.1-pum CMOS technology
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FIGURE 4.2. Short-channel threshold voltage roll-off, AV;(SCE),
versus Lnin/mMWgm OF Lipin/(Wam + 3toy) for several typical values
of m, based on an approximate analytical expression.

with ¥; 72 0.94 V and V5 = 1.5V, the square-root factor in Eq. (4.16) changes only
slightly, from 2.0 to 1.5 V. Taking an average value of 1.75 V, one can plot A V;(SCE)
as a function of Ly, /m Wy, or equivalently, as a function of Lyin/(Wam + 3fox),
as in Fig. 4.2, for several possible values of m. Because of the exponential fac-
tor in Eq. (4.16), AV,(SCE) is very sensitive t0 Lin/mWgy. A good choice of
Lmin/mW g, is 2, which gives AV,(SCE) ~ 0.2 V for a median value of m = 1.3.
Lower values of Ly,/m Wy, result in too severe a short-channel effect or large
AV;(SCE). Higher values of L i, /m Wy, improve the short-channel effect but also
raise the junction capacitance (smaller Wy, for a given Lp,) or increase the oxide
field (smaller 7, for a given Vj;). The last quantity in Eq. (4.15), AV;(process)
due to t,, and N, variations, can be estimated from the threshold equation (3.20).
In most cases, 30 variations of #,, and N, can be controlled to within 5-10% of
their nominal values. Therefore, AV;(process) should be less than 10% of V;, or
less than about 50 mV, and [A V;(process)]? can be neglected in comparison with
[AV,(SCE)}? in Eq. (4.15). The threshold voltage requirements in above examples
are then V;(nominal, 23°C )~ 0.4 V for logic technologies and ~0.8 V for DRAM
technologies.

Another consideration that may further limit how low the threshold voltage
can be is the burn-in procedure. Burn-in is required in most VLSI technologies
to remove early failures and ensure product reliability. It is usually carried out at
elevated temperatures and overvoltages to accelerate the degradation process. Both
of these conditions further lower the threshold voltage and aggravate the leakage
currents. Ideally, the burn-in procedure should be designed so that it does not require
a compromise on the device performance.
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4.2.2 NONUNIFORM DOPING

When the MOSFET channel is uniformly doped, the maximum gate depletion width
(long-channel),

desiyp
Wy = [ —s 4.
and the threshold voltage,
JAeqqg N,
Vi = Vi + 2y 4 Y24 NaVB (4.18)

’
COX

are coupled through the parameter N, and therefore cannot be varied independently
(for a given Vp, and f,y). It was discussed in the previous subsection that in order
to control short-channel effects, Wy, or ng should be on the order of L, /(2m).
The doping concentration that satisfies this requirement may not give the desired
threshold voltage that satisfies the off-current requirement. Nonuniform channel
doping gives the device designer an additional degree of freedom to tailor the
profile for meeting both requirements. Such an optimization is made possible by
the ion implantation technology.

4.2.2.1 INTEGRAL SOLUTION TO POISSON'S EQUATION

In this subsection, the surface potential, electric field, and threshold voltage for
the case of nonuniform channel doping are solved for under the depletion approx-
imation. Mathematically, a general expression can be derived as follows. For a
nonuniform p-type doping profile N (x), the electric field is obtained by integrating
Poisson’s equation once (neglecting mobile carriers in the depletion region):

g [
Zx)= = | N(x)dx, (4.19)

StJ X
where Wy is the depletion-layer width. Integrating again gives the surface potential,

q Wa pWa
Yy = — N(xdx' dx. (4.20)
EsiJO x
Using integration by parts, one can show that Eq. (4.20) is equivalent to (Brews,
1979)
q (M
Yy = — xN(x)dx. (4.21)
&siJo
The maximum depletion-layer width (long-channel) ng is determined by the
condition ¥y, =2vp when Wy = ng. The threshold voltage of a nonuniformly
doped MOSFET is then determined by both the integral (depletion charge density)
and the first moment of N(x) within (0, W5,).
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N(x) A
=
g
g N
g
% FIGURE 4.3. A schematic diagram showing
e the high—low step doping profile. x = 0 denotes
R= the silicon—oxide interface.
& Na
A
1 1 -
0 Xs Wa X

Depth

4.2.2.2 A HIGH-LOW STEP PROFILE

Consider the idealized step doping profile shown in Fig. 4.3 (Rideout ez al., 1975).
It can be formed by making one or more low-dose, shallow implants into a uni-
formly doped substrate of concentration N,. After drive-in, the implanted profile
is approximated by a region of constant doping N; that extends from the surface
to a depth x,. If the entire depletion region at the threshold condition is contained
within x;, the MOSFET can be considered as uniformly doped with a concentration
N;. The case of particular interest analyzed here is when the depletion width Wy
exceeds Xy, so that part of the depletion region has a charge density Ny and part of
it N,. The integratien in Eq. (4.21) can be easily carried out for this profile to yield
the surface potential, or the band bending at the surface,

_ 4N
28si

qN,
2851'

Vs X2+ =2(W) - x2). (4.22)
Inversely, the depletion layer width W, can be found as a function of the surface
potential :

./ _ 2
— \/2_ (1:- M) W)

28 si

This is less than the depletion width in the uniformly doped (N,;) case for the same
surface potential. The electric field at the surface is obtained by evaluating the
integral in Eq. (4.19) with x = O:

— qNsxs + qN.(Wy — Xg)

Esi Esi

&s

(4.24)
From Gauss’s law, the total depleted charge per unit area in silicon is given by
Qs = —&5i &5 = ~qNsxg — qNo(Wg — Xs), (4.25)

as would be expected from Fig. 4.3. The effect of the nonuniform surface doping
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is then to increase the depletion charge within 0 < x < x; by (Ny — N,)x, and, at
the same time, reduce the depletion layer width as indicated by Eq. (4.23).
For an applied gate voltage V,, the quantities v and Oy are related by Eq. (3.14):

s Noxg +gN,(Wy — x4
ngVﬂ,-}—%—Q =Vﬂ;+1/fs+q sXs + qNa(Wy x)' 4.26)
COX COX

Substituting Eq. (4.23) for W, yields
1 N, — N,)x?2
V, = Vi + Vs + =/ 285qNa| ¥s — 4N — NaJxg (4.27)
‘ COX 2851
Q(Ns — Ng)xs
T

By definition, the threshold voltage is the gate voltage at which ¥y = 2, i.e.,

1 N, — N,)x2
Vi = Vo + 205 + —— | 2640 N, (sz 2l = Ny (428)
Cox 25
q(Ng — Na)xs
Cox '

The maximum depletion width (long-channel) at threshold is given by Eq. (4.23)

with ¥y = 2vp:
Qe g(Ny — N,)x2
wo = L (7l MLzt 4.29
" \/ e (2= “2)

There is some ambiguity as to whether 215 is defined in terms of N or N,. We
adopt the convention that 2vp is defined in terms of the p-type concentration at the
depletion-layer edge, i.e., 2¢p = (2kT/q) In(N,/n;). In fact, it makes very little
difference which concentration we use, since 2vp is a rather weak function of the
doping concentration anyway. Further refinement of the threshold condition would
require a numerical simulation of the specific profile.

In Section 3.1.3, we showed that the subthreshold slope is given by 2.3mkT/q,
where m = dV,/ds at ¥, = 2. Here m is also referred to as the body-effect
coefficient, 1 + (Cg/ Cox), defined in Eq. (3.22). In the nonuniformly doped case,
m can be evaluated from Eq. (4.27):

dVg
dys

m =

(Y5 = 2¢B) (4.30)

-1/2
o Y2l (2 yp — 90 = Na)xS) ”

2C0x 28Si
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It can be expressed in terms of ng using Eq. (4.29):

e/ Wam _ |y Com _y, Slor

m=1+ .
Cox Cox W‘?m

(4.31)

These expressions are consistent with Eq. (3.67) for a uniformly doped channel.
Similarly, the threshold voltage in the presence of a substrate bias — Vj; is given
by Eq. (4.28) with the 215 term in the square root replaced by 215 + Vj,. Using
Eq. (4.29), one can show that the substrate sensitivity is

dVi  ei/Wo,  Cam
d Vbs Cox Cox

=m— 1. (4.32)

Therefore, all the previous expressions for the depletion capacitance, subthresh-
old slope, and body-effect coefficient in terms of WY, for the uniformly doped
case remain valid for the nonuniformly doped case. The only difference is that
the maximum depletion layer width ng in the nonuniformly doped case is given
by Eq. (4.29) instead of Eq. (4.17).

4.2.2.3 GRAPHICAL INTERPRETATION
The above solutions of potential, field, and threshold voltage for a nonuniformly
doped channel are best illustrated graphically by plotting the electric field versus
depth as shown in Figs. 4.4 and 4.5. We start with the uniformly doped case in
Fig. 4.4(a), where &(x) is a straight line with a negative slope whose magnitude
is proportional to the substrate doping concentration N,. The x-intercept gives the
depletion-layer width where & = 0. The y-intercept gives the surface electric field
&;, which from Gauss’s law is proportional to the total depletion charge per unit area.
Since & = —dvr/dx, the triangular area under &(x) equals the surface potential,
or the band bending ;. As the gate voltage increases, both W; and &, increase,
and so does v until it reaches 2¢p. At this point, surface inversion occurs and
the depletion-layer width has reached its maximum value. The threshold voltage is
largely determined by the y-intercept or the surface field &; when vy = 24, since
ESi%S‘
Vi=Vg +2¢%p + i (4.33)

ox

and the first two terms on the RHS nearly cancel each other for n*-polysilicon
gates on nMOSFETS and vice versa, as discussed in Section 4.1.1. For a lower N,
the magnitude of the &(x) slope decreases, and therefore V; decreases while ng
increases as depicted in Fig. 4.4(b). The two triangular areas under the different #(x)
lines are approximately the same at the threshold condition, since 2v3 is a rather
weak function of N, and can be considered as a constant for practical purposes.
Figure 4.5(a) shows an &(x) plot for the nonuniformly doped case of a
high-low step profile discussed above. With a higher doping Ny in the surface
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High 7,

Low V,

Narrow Wide x
Wi, Win
(b)
FIGURE 4.4. Graphical interpretation of relationships among
doping concentration, depletion width, surface potential, and
threshold voltage. (a) Uniformly doped case. The shaded area
equals the surface potential . (b) Two uniformly doped cases
at ¥ =2vp, one with a lower doping than the other. Both tri-
angular areas equal 2y at threshold. V; is directly related to the
y-intercept.

region 0 < x < x;, the function &(x), instead of being a straight line, changes slope
atx = x,. At threshold, the shaded area under the two-sloped line &(x) equals 2¢z
just as in the uniformly doped case. In other words, the shaded area in Fig. 4.5(a)
equals the triangular area under the straight line &(x), but the x- and y-intercepts
change quite differently from the uniformly doped cases depicted in Fig. 4.4(b).
How much V; shifts in response to a given change of ng depends on where x;
is. If x, is very close to the surface and Nj is high, it is possible to increase V;
with very little or almost no change in ng. This additional degree of freedom
allows V; and W', to decouple from the uniformly doped relations (4.17) and
(4.18). Mathematically, the threshold shift and the change of depletion width for
the nonuniformly doped case are given by Eq. (4.28) and Eq. (4.29).
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Z Gati
%s N
o Dy=(N,~N,)x, I Slope « N,
Slope < N,
R
=x,/2
(b)
FIGURE 4.5. Graphical interpretation for nonuniformly doped
cases. (a) High—low step profile compared with a uniformly doped
profile (N,). (b) A delta-function profile equivalent to the high~low
profile in (a).
4.2.2.4 GENERALIZATION TO A GAUSSIAN PROFILE e

Using the graphical representation in Fig. 4.5(b), one can show that the nonuniform

step doping profile discussed above is equivalent to the delta-function profile shown .
. ] ) ~ dis
in Fig. 4.6 with an equivalent dose of thr
Dy = (Ng — Ny)xg (4.34)

centered at x. = x,/2. This is because both the area under &(x) and the y-intercept
(i.e., &, or V;) are identical between the two cases. The same result follows from
Eq. (4.19) and Eq. (4.21).

Similar arguments apply to a general Gaussian (or other symmetric) profile with
a dopant distribution,

Sir

. Dy (x — xc)2
N(x) = N exp(—T), (4.35) Fo

the
C h!
as

where o is the implant straggle. The effect of such an implanted profile on threshold
voltage and depletion-layer width is equivalent to that of the step doping profile
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FIGURE 4.6. Schematic diagrams showing (a) an implanted Gaussian profile
and (b) a delta-function profile equivalent to (a). (After Brews, 1979.)

discussed above, independent of o. Substituting Eq. (4.34) and x. = x;/2 into the
threshold voltage equation (4.28) yields

1 Drx D
Vi=Vp +2¢p + C—-\/Zss,-qNa (21&3 _ a7 C) + 1 L (4.36)
ox

Esi Cox

Similarly, the maximum depletion width, Eq. (4.29), becomes

28 qgDrx,
wo = 2 — . 4.37
dm \/7qNa ( ,‘pBA £ ) ( )

For a given implanted dose Dy, the resulting threshold voltage shift depends on
the location of the implant, x.. For shallow surface implants, x. = 0, there is no
change in the depletion width. The V, shift is simply given by qD1/Coy, as with
a sheet of charge at the silicon—oxide interface. All other device parameters, e.g.,
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substrate sensitivity and subthreshold slope, remain unchanged. As x. increases
for a given dose, both the maximum depletion width and the V; shift decrease.
However, if x. is not too large, one can always readjust the background doping N,
to a lower value N, to restore W‘?m to its original value. The threshold voltage, in
the meantime, is shifted by an amount somewhat less than the shallow implant case.

Although the above analysis on nonuniform doping assumes Ny > N, the results
remain equally valid if Ny < N,. Such a profile is referred to as the retrograde
channel doping and will be discussed in detail in the next subsection.

4.2.3 CHANNEL PROFILE DESIGN

4.2.3.1 CMOS DESIGN CONSIDERATIONS

CMOS device design involves choosing a set of parameters that are coupled to
a variety of circuit characteristics to be optimized. The choice of these device
parameters is further subject to technology constraints and system compatibility
requirements. Figure 4.7 shows a schematic diagram of the design process and the
parameters involved. Because various circuit characteristics are interrelated through
the device parameters, tradeoffs among them are often necessary. For example,
reduction of Wy, improves the short-channel effects, but degrades the substrate

Circuit characteristics:
e Delay (Vt/Vd , ™)
@ Active power (V J d)

e Standby power
(¥;, AV/(SCE), )

4

Hot-carrier reliability

]
V)
System (c;mpatibility
dd’
Oxide field
|
v ad It oy)

Design parameters

LVt Wy V)

FIGURE 4.7. A CMOS design flowchart showing device parameters,
technology constraints, and circuit objectives.
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sensitivity; thinner 7,, increases the current drive, but causes reliability concerns,
etc. There is no unique way of designing CMOS devices for a given technology
generation. Nevertheless, we attempt here to give a general guideline of how these
device parameters should be chosen.

It was discussed in Section 4.2.1 that in order to keep short-channel effects
under control, a good choice of the maximum gate depletion width Wy, is such
that Lyin/ MWy, ~ 2, where Ly, is the minimum channel length. Since L, is
some fraction shorter than the nominal channel length L of the technology, this
requirement can be stated as L/mWy,, > 2, or equivalently, as Wyp, + 315, < L/2.
Here the body-effect coefficient is m =1 + (3#,x/ W(gm) ~1 + (3t,x/ Wap) from
Eq. (4.31), for either a uniformly doped or a nonuniformly doped channel. Since
both the subthreshold slope, 2.3mkT /q, and the substrate sensitivity, d V;/d Vp, =
m — 1, degrade with higher m, m should be kept close to 1. A larger m also results
in a lower saturation current in the long-channel limit [Eq. (3.23)]. Typically, one
requires m < 1.5, or 3¢,/ Wym < 1. These design considerations are illustrated in
Fig. 4.8. A lower limit on 7,, imposed by technology constraints is Vz/ @y, where
Zm** is the maximum oxide field. For a given L and 'V 44, the allowable parameter
space in the ty,~W 4, design plane is a triangular area bounded by requirements
on the SCE, oxide field, and subthreshold slope (also substrate sensitivity).

4.2.3.2 TRENDS OF POWER-SUPPLY VOLTAGE

AND THRESHOLD VOLTAGE

Channel profile design is largely dictated by threshold-voltage requirements. The
lower limit of threshold voltage is given by off-current specifications outlined in
Section 4.2.1: V;>0.4 V. The upper limit of threshold voltage is imposed by
circuit delay or performance considerations. It will be shown in Chapter 5 that
CMOS delay degrades rapidly once V; exceeds 25% of V. Therefore, one should
keep V; < Vy1/4 if possible (Mii et al., 1994). Figure 4.9 shows the trends in

§ Vet3=L12 3, /W, =1/2

ox

t

Poor
sub-threshold FIGURE 4.8. The t,~W,, design
slope plane. Some tradeoff among the vari-

Poor SCE ous factors can be made within the pa-
rameter space bounded by SCE, body-
for = Vs /&2 effect, and oxide-field considerations.

High oxide
field
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g - = gate oxide thickness versus channel
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g 021 3100 FE  {50.1 wm. (After Taur ef al., 1995a.)
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MOSFET channel length (pm)

power-supply voltage, threshold voltage, and oxide thickness for CMOS logic
technologies from 1.0- to 0.1-um channel length (Taur et al., 1995a). When V4
is high, there is plenty of design room to choose a threshold voltage that satisfies
both requirements: 0.4 V < V; <V, /4. For example, Vgz = 5 Vand V; = 0.8-
1.0 V for 1-pm CMOS technoiogy; and Vg = 3.3 Vand V; = 0.6-0.7 V for
0.5-pm CMOS technology. When V; is reduced toward shorter channel lengths, it
becomes increasingly difficult to satisfy both the performance and the off-current
requirements. One often faces a tradeoff of leakage current versus circuit speed.
This stems from subthreshold nonscalability. For this reason and for compatibility
with the standardized power-supply voltage of earlier-generation systems, the gen-
eral trend is that V44 has not been scaled down in proportion to L, and V; has
not been scaled down in proportion to V44, as is evident in Fig. 4.9.

A higher value of Vy;/L leads to a precipitous shrinkage of the design space in
Fig. 4.8. If one assumes W, + 31,, =~ L/2.5 for short-channel effects and applies
3tox/ Wam &~ m — 1, the oxide thickness can be expressed as

—1L
b N 2 (4.38)
m 8
and the oxide field as
V. V.
= - g T (4.39)
tox m—1 L

Equation (4.38) implies that an oxide thickness of #,, &~ L /50 to L /30 is desired for
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control of short-channel effects. From Eq. (4.39), the increase of V;;/L inevitably
leads to higher oxide fields. This trend is clearly seen in Table 4.2. Some drain en-
gineering, such as a lightly doped drain (LDD) structure (Ogura et al., 1982) is also
necessary to relieve hot-electron reliability problems at higher voltages. However,
yield and reliability considerations constrain the maximum oxide field to about
5 MV/cm, since oxide breakdown occurs at slightly beyond 10 MV/cm as men-
tioned in Section 2.4. When that limit is reached, the power-supply voltage must be
reduced for thinner oxides and shorter channel lengths. (Another reason for voltage
reduction comes from the active-power consideration to be addressed in Chapter 5.)
When V,;; becomes less than about 2 V, a tradeoff between off current and device
delay is necessary. For example, V;;=1.5 V and V; =0.4 V for 0.1-pum CMOS
devices (Taur et al., 1993¢). More details on this tradeoff will be given in Chapter 5.

4.2.3.3 EFFECT OF GATE WORK FUNCTION
The gate work function has a major effect on channel profile design, since, through
the Vp, term, it has a strong influence on the MOSFET threshold voltage:

Vi = Vi + 205 + 24 (4.40)
COX

When n*-polysilicon gates are used for n-channel MOSFETS, Vy, = —E, /2g —¥rp.
This results in a low threshold veltage. For example, consider a 1-um nMOSFET
with 7,, =250 A. A p-type doping of N, = 106 cm~3, which gives ¥5 = 0.35 V
and a maximum depletion width [Eq. (4.17)] of ng = 0.3 um, is sufficient to con-
trol the short-channel effect. For a uniformly doped channel, —Q; = ¢gN, ng.
Since Vg, = —0.91 V for the n*-polysilicon gate, the threshold voltage calculated
from Eq. (4.40) is V; = 0.14 V. This is not high enough to satisfy the off-current
requirement discussed in Section 4.2.1. A nonuniform high-low channel dop-
ing as described in the last subsection can be used to increase |Q;| and there-
fore the threshold voltage without significantly altering the gate depletion width.
This is usually carried out with a shallow, p-type (!B or ''B '°F,) implant for
nMOSFETs. Since ng remains essentially unchanged, neither the substrate sen-
sitivity, dV; /d Vs = m — 1 = 3t,,/ ng, nor the subthreshold slope, 2.3mkT /q,
is degraded.

Although high-low channel doping allows a higher threshold voltage without
degrading the substrate sensitivity, the surface field at threshold, & = |Qul/&i,
becomes higher due to the increased depletion charge. This results in degrada-
tion of channel mobility, as discussed in Section 3.1.5. Ideally, the threshold volt-
age can be adjusted by choosing a proper gate work function without increased
fields. For example, if a midgap-work-function gate is used in the 1-pum case
above, then Vg =—v3 and V;=0.7 V without additional doping in the chan-
nel. This will result in the same electric field and channel mobility as the uniform,
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10'-cm~3-doped case. A midgap-work-function gate is also symmetrical for
nMOSFETs and pMOSFETs. In reality, however, no midgap-work-function gate
material has been used in VLSI production, although that has been attempted in
research laboratories (Davari et al., 1987). Technology issues such as compatibility
of gate material with thin gate oxides are the main obstacles.

4.2.3.4 BURIED-CHANNEL MOSFETs

Further positive shifts in V, are possible if a pT-polysilicon gate is used for
nMOSFETs, which gives Vg = +Eg/2g — . For the above example, Vg =
+0.21 Vand V, =1.26 V for a uniform, 10'6-cm~3-doped channel. Now the thresh-
old voltage is too high! To reduce V;, the channel must be counterdoped to lower
|Q4l. This means a shallow n-type implant for nMOSFETS, and an n—p junction
is formed near the surface. At zero gate voltage, the n-type region is depleted of
electrons by the gate field so there is no conduction between the source and drain.
The surface field at threshold is lower than in the uniform, 10'®-cm~3-doped case,
since | Q4] is lower. This improves channel mobility. The n-type counterdoping can
be increased to the point that Q; becomes positive and the third term on the RHS
of Eq. (4.40) becomes negative. When this happens, the surface field at threshold
is negative and the MOSFET is called a buried-channel device, as inversion first
takes place at a point of maximum potential below the surface.

In reality, buried-channel nMOSFETs have not been utilized in VLSI manufac-
turing, since p*-polysilicon gates have a higher resistance and are more difficult to
process because of possible boron penetration problems (Sun et al., 1989). How-
ever, their counterparts, nt-polysilicon gated pMOSFETSs, have been employed in
VLSI manufacturing for CMOS technologies of 0.5-pum channel length and above.
In those technologies, n*-polysilicon gates are used for both n- and pMOSFETs,
and boron or BF, channel implants are made for both types of devices (Taur et al.,
1985). Figure 4.10 shows the band diagram of a buried-channel pMOSFET. It can
be seen that at the threshold, the surface field is negative (pushing holes away from
the surface), and the channel for holes is formed at a potential minimum slightly
below the surface. As the gate voltage increases beyond threshold, the field changes
sign and the channel moves to the surface, but the effective field is still lower than
that of a conventional surface-channel device. Although a buried-channel device
offers higher mobilities, its short-channel effect is inherently worse than that of
a surface-channel device (Nguyen and Plummer, 1981). This is because the coun-
terdoping (especially boron) at the surface tends to diffuse deeper into the silicon
during subsequent thermal cycles in the process. As the channel length and power-
supply voltage are scaled down, a lower threshold voltage is required. It becomes
increasingly more difficult to build a buried-channel device, since higher counter-
doping in the channel invariably leads to wider gate depletion widths and poorer
short-channel effects. For CMOS logic technologies of 0.25-pm channel length
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(a) I —
Ef——--- —————————————————
o lb—_
FIGURE 4.10. Band diagram of a buried-channel
pMOSFET with n™-polysilicon gate. A shallow p-type
b E. ... 0 layer is implanted at the surface to lower the magni-
(b) Vf y \__ tude of threshold voltage. The gate voltage is (a) below
=V, |f--mmmmmemmmimo

_3_0 v threshold, (b) at threshold, and (c) above threshold. (Af-
- k ter Taur ez al., 1985.)

Ep----

(c) 7="1.4V x

and below, dual polysilicon gates (n* polysilicon for nMOSFET and p™ polysil-
icon for pMOSFET) are used, so that both types of devices are surface-channel
devices (Wong et al., 1988).

4.2.3.5 RETROGRADE (LOW-HIGH) CHANNEL PROFILE

When the channel length is scaled to 0.15 pm and below, a much higher doping
concentration is needed in the channel to reduce Wy, and control short-channel
effects. If a uniform profile were used, the depletion-charge term would increase
disproportionately and the threshold voltage would become too high even with dual
polysilicon gates. This can be seen by writing the threshold voltage equation (4.18)
for the uniformly doped case as

Vi = Vp +2¢p +2(m — 1) 2y, (4.41)

using Eq. (4.17) and Eq. (4.31). For an n'*-polysilicon-gated nMOSFET, Vs, =
~E;/2q — ¥, and therefore

V; = =056 V+ (4m — 3)yp. (4.42)
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Channel
doping
A
FIGURE 4.11. A schematic diagram showing
the low-high (retrograde) step doping profile.
N, x = 0 denotes the silicon—oxide interface.
NS
1 i »
0 x,  Wp, x

As the channel length scales down, both ng and 1, are reduced. However, #,,
tends not to scale as much as ng because of the desire to limit the increase of
oxide fields and to delay entry into the direct tunneling regime below 30 A. As
a result, m becomes higher. {5 has increased as well because of the higher N,.
Both of these factors tend to raise V;, which is opposite to the V;-reduction trend
required for shorter devices. For example, for 0.1-um-channel CMOS devices, a
channel doping of N, = 10'8 cm™3, which gives ¥ = 0.47 V and W° =350 A,
is needed to control the short-channel effect. If 7,, = 35 A, then m = 1.3 and
V; = 0.47 V, which is too high with respect to the 1.5-V supply voltage for 0.1-pm
devices (Fig. 4.9). The problem is further aggravated by quantum effects, which,
as will be discussed in Section 4.2.4, can raise the threshold voltage by another
0.1-0.2 V at such high fields (van Dort et al., 1994).

To reduce the threshold voltage without significantly increasing the gate deple-
tion width, a retrograde channel profile, i.e., a low—high doping profile as shown
schematically in Fig. 4.11, is required (Sun et al., 1987; Shahidi et al., 1989).
Such a profile is formed using higher-energy implants that peak below the surface.
It is assumed that the maximum gate depletion width extends into the higher-doped
region. All the equations in Section 4.2.2 remain valid for Ny < N,. For simplicity,

we assume an ideal retrograde channel profile for which N; = 0. Equation (4.28)
then becomes

qN, |4esvp qNaxs
Vi=Vg+2 2 - =, 4.43
t = Vg +2¥p + . / N, + x? C.. (4.43)

Similarly, Eq. (4.29) gives the maximum depletion width (long-channel),

[4esiVp
0

The net effect of low-high doping is that the threshold voltage is reduced, but
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191

Slopec N,

FIGURE 4.12. Graphical interpreta-

tion of retrograde doping profiles. (a) A

low—high step profile compared with a

i uniformly doped profile (N,). (b) An

extreme retrograde profile that degener-

zh ates into a ground-plane MOSFET;, the

Uniformly band bending in this case is given by the

doped rectangular area, which equals 2yp at
threshold.

Ground plane

the depletion width has increased, just opposite to that of high-low doping.
Note that Eq. (4.44) has the same form as Eq. (2.76) for a p—i-n diode dis-
cussed in Section 2.2.2. All other expressions, such as those for the subthreshold
slope and the substrate sensitivity, in Section 4.2.2 apply with ng replaced by
Eq. (4.44).

A graphical representation of the retrograde channel profile is shown in
Fig. 4.12(a). As described in Section 4.2.2.3, when the electric field is plotted
against depth at threshold condition, the x-intercept is the maximum depletion
width while the y-intercept is proportional to the depletion charge (third) term of
V; in Eq. (4.40). The area under the &(x) curve equals 2yr5. With a retrograde
doping profile, it is possible to reduce the y-intercept, and hence V;, with only a
slight increase in the depletion width while keeping the area under the curve un-
changed. Note that #(x) is flat within the undoped region, O < x < x,, where there
is no depletion charge.

4.2.3.6 EXTREME RETROGRADE PROFILE

AND GROUND-PLANE MOSFET

Two limiting cases are worth discussing. If x; < (4es¥p/gN,)V/?, then W0 re-
mains essentially unchanged from the uniformly doped value [Eq. (4.44)], while
V; is lowered by a net amount equal to g Nyxs/ Cox [Eq. (4.43)]. To reduce V; even
further, x; must increase, assuming there is no counterdoping of the channel. If N,
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stays the same, it can be seen from Fig. 4.12(a) that W(?m will widen significantly,
which degrades the short-channel effect. To keep ng unchanged, the concentra-
tion (i.e., slope) beyond x; must be raised from N, to N/, while x; is increased. In
the limiting case shown in Fig. 4.12(b), x; = ng, and the entire depletion region
is undoped. All the depletion charge is concentrated at the edge of the depletion re-
gion. In order for this to occur, N, must be high enough that x; > (4e;p /g N, 2,
With N, replaced by N, Eq. (4.43) can be expanded under this limit to yield

gsi/ Xs
Cox

Vi= Vg +2¢p + 2¢p. (4.45)
This result is expected from Fig. 4.12(b), since the y-intercept equals the area
divided by the x-intercept, or &, =2y 5/x,. It is interesting to note that in this
case, the maximum depletion width becomes independent of channel length. In
other words, there is no need to distinguish between Wy, and ng. Using m =
14 3t0x/ Wam = 1 + 3,5/ x5, one can write Eq. (4.45) as

V; = Vﬂ, +2¢p + (m — 1)2¢p. (4.46)

Comparison with Eq. (4.41) shows that, with the extreme retrograde profile, the
depletion-charge term of V; is reduced to half of the uniformly doped value. This is
also clear from Fig. 4.12(b). Substituting Vg = —E, /2q — ¥ in Eq. (4.46) yields

Vi=-0.56 V+ (@2m — Dyrp. (4.47)

For the above 0.1-um MOSFET example, 5 =0.47 V and m = 1.3, which gives
V; =0.19 V. This value is low enough for V;;=1.5 V, even with the quantum
correction of V; (Section 4.2.4) taken into account. If there is a substrate bias — Vj
present, the factor 215 in the last term of Eq. (4.46) is replaced by 2v/5 + Vi, i.e.,

Vi = Vi + 2mp + (m — 1)Vis. (4.48)

Further reduction of V; can be accomplished by either counterdoping the channel or
forward-biasing the substrate. A forward substrate bias also helps improve short-
channel effects, as it effectively reduces the built-in potential, v; in Eq. (3.66),
between the source—drain and the p-type substrate. However, forward substrate bias
also causes source junction leakage, increases the drain-to-substrate capacitance,
and degrades the subthreshold slope and body effect.

Since v¥p is a weak function of N/, the above results are independent of the
exact value of N/ as long as it is high enough to satisfy x; > (4deg¥rp/gN/)'/2. All
the essential device characteristics, such as SCE (W;,,), subthreshold slope (m),
and threshold voltage, are determined by the depth of the undoped layer, x,. The
limiting case of retrograde channel profile therefore degenerates into a ground-

plane MOSFET (Yan et al., 1991). The band diagram and charge distribution of
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S
—————————————————— E,

——————— FIGURE 4.13. Band diagram and
charge distribution of an extreme
retrograde-doped  or  ground-plane
nMOSFET at threshold condition.

n* poly i- p*
layer| region p-substrate

FIGURE 4.14. Schematic cross sec-

tion of a low-high-low, or pulse-
N(x) shaped, or delta-doped MOSFET. The

doping concentration along the dashed

line is depicted in the profile to the right.

The highly doped region corresponds to
x the shaded area in the cross section.

Gate

such a device at threshold condition are shown schematically in Fig. 4.13. Note that
the field is constant (no potential curvature) in the undoped region between the sur-
face and x,. There is an abrupt change of field at x = x,, where a delta function of
depletion charge (area = 2¢&,Y 5 /x;)is located. Beyond x;, the bands are essentially
flat. It is desirable not to extend the p™ region under the source and drain junctions,
since that increases the parasitic capacitance. The ideal channel doping profile is

. thenthatof a low-high-low type shown in Fig. 4.14, in which the narrow p*region

is used only to confine the gate depletion width. Such a profile is also referred to
as pulse-shaped doping or delta doping in the literature. The integrated dose of the
pT region must be at least 2&,;9 5 /g x; to provide the gate depletion charge needed.
It is advisable to use somewhat higher than the minimum dose to supply additional
depletion charge for the source—drain fields in short-channel devices. However,
too high a p™ dose or concentration may result in band-to-band tunneling leakage
between the source or drain and the substrate, as mentioned in Section 2.4.2.
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4.2.3.7 LATERALLY NONUNIFORM CHANNEL DOPING

So far we have discussed nonuniform channel doping in the vertical direction. An-
other type of nonuniform doping used in very short-channel devices is in the lateral
direction. For nMOSFETs, more highly p-type-doped regions near the two ends
of the channel are beneficial to the suppression of short-channel effect, since they
help compensate charge-sharing effects from the source—drain fields described
in Section 3.2.1 (Ogura ef al., 1982). This can be implemented by a moderate-dose
p-type implant carried out together with the n™ source—drain implant after gate
patterning. Such a self-aligned, laterally nonuniform channel doping is often re-
ferred to as halo or pocket implants (Taur et al., 1993c). With an optimally designed
2-D nonuniform doping profile called the superhalo, it is possible to counteract the
short-channel effect and achieve nearly identical I, and I for devices of different
channel lengths within the process tolerances (Taur and Nowak, 1997).

4.2.4 QUANTUM EFFECT ON THRESHOLD VOLTAGE

It was discussed in Section 2.3.2 thatin the inversion layer of a MOSFET, carriers are
confined in a potential well very close to the silicon surface. The well is formed by
the oxide barrier (essentially infinite except for tunneling calculations) and the sili-
con conduction band, which bends down severely toward the surface due to the ap-
plied gate field. Because of the confinement of motion in the direction normal to the
surface, inversion-layer electrons must be treated quantum-mechanically as a 2-D
gas (Stern and Howard, 1967), especially at high normal fields. Thus the energy lev-
els of the electrons are grouped in discrete subbands, each of which corresponds to
a quantized level for motion in the normal direction, with a continuum for motion in
the plane parallel to the surface. An example of the quantum-mechanical energy lev-
els and band bending is shown in Fig. 4.15. The electron concentration peaks below
the silicon—oxide interface and goes to nearly zero at the interface, as dictated by the
boundary condition of the electron wave function. This is in contrast to the classical
model in which the electron concentration peaks at the surface, as shown in Fig. 4.16.
Quantum-mechanical behavior of inversion-layer electrons affects MOSFET oper-
ation in two ways. First, at high fields, threshold voltage becomes higher, since
more band bending is required to populate the lowest subband, which is some
energy above the bottom of the conduction band. Second, once the inversion layer
forms below the surface, it takes a higher gate-voltage overdrive to produce a given
level of inversion charge density. In other words, the effective gate oxide thickness
is slightly larger than the physical thickness. This reduces the transconductance and
the current drive of a MOSFET.

4.2.4.1 TRIANGULAR POTENTIAL APPROXIMATION

FOR THE SUBTHRESHOLD BEGION

A full solution of the silicon inversion layer involves numerically solving coupled
Poisson’s and Schrodinger’s equations self-consistently (Stern and Howard, 1967).
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1985

Electron distribution
of the ground state

20 Eo(g=4)
E(g =2) Conduction-
band edge

Eo(g=2)_\y/\—\— —-— >€ - Fermi level
0 , .

1
40 30 120

E Distance from surface (&)
=

=14]
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[na]

-40

[ «— Bottom of the well

FIGURE 4.15. An example of quantum-mechanically calculated
band bending and energy levels of inversion-layer electrons near
the surface of an MOS device. The ground state is about 40 meV
above the bottom of the conduction band at the surface. The dashed
line indicates the Fermi level for 10!2 electrons/cm? in the inversion
layer. (After Stern and Howard, 1967.)

Under subthreshold conditions when the inversion charge density is low, band
bending is solely determined by the depletion charge. It is then possible to decouple
the two equations and obtain some insight into the quantum-mechanical (QM) effect
on the threshold voltage. Since the inversion electrons are located in a narrow
region close to the surface where the electric field is nearly constant (&), it is a
good approximation to consider the potential well as composed of an infinite oxide
barrier for x < 0, and a triangular potential V(x) = ¢ &x due to the depletion
charge for x > 0. The Schrodinger equation is solved with the boundary conditions
that the electron wave function goes to zero at x = 0 and at infinity. The solutions
are Airy functions with eigenvalues E; given by (Stern, 1972)

3hq &, ( 3>]2/3 . '
E; = - , =0,1,2,..., 4.49

where 1 = 6.63 x 10734 J-s is Planck’s constant, and m, is the effective mass of
electrons perpendicular to the surface. Note that MKS units are used throughout this
subsection (i.e., length must be in meters, not centimeters). The average distance
from the surface for electrons in the jth subband is given by
' _2E;
xXj = 395

(4.50)
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FIGURE 4.18. Classical and quantum-mechanical electron density
versus depth for a (100} silicon inversion layer. The dashed curve
shows the electron density distribution for the lowest subband. (After
Stern, 1974.)

For silicon in the (100) direction, there are two groups of subbands, or valleys.
The lower valley has a twofold degeneracy (g = 2) with m, =0.92m, where
mo = 9.1 x 1073! kg is the free-electron mass. These energy levels are desig-
nated as Eg, Eq, E;.... The higher valley has a fourfold degeneracy (g’ =4)

with m/ =0.19mo. The energy levels are designated as E;, E{, E}, .... Note
that
3hqE N7
qgos | . .
E.=| —(i+= , =0,1,2,.... 4.51
77 4 2m;( 4) / “51)

At room temperature, several subbands in both valleys are occupied near thresh-
old, with a majority of the electrons in the lowest subband of energy Eq above the
bottom of the conduction band. From Appendix 7, the total inversion charge per
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unit area is expressed as (Stern and Howard, 1967)

AmqkT ,
oM = ngz (gmd > (1 + eFrmEE/KT) (4.52)
j

+ g'm); Z In(1 + e(Ef—Eé_E})/kT)> ,
J

where m; = 0.19mg and m/; = 0.42m, are the density-of-states effective masses
of the two valleys, and E ¢ — E! is the difference between the Fermi level and the
bottom of the conduction band at the surface. It is shown in Appendix 7 that in the
subthreshold region, Eq. (4.52) can be simplified to

AmqkT
o = ;sz\? ( Ze Ej/T (4.53)

+ 4m), Ze—E}/kT> e?Vs/ kT

J

where N, is the effective density of states in the conduction band.

4.2.4.2 THRESHOLD-VOLTAGE SHIFT DUE TO QUANTUM EFFECT

When &, < 10*~10° V/cm at room temperature, both the lowest energy level Eg and
the spacings between the subbands are comparable to or less than k7. A large number
of subbands are occupied, and Q;QM is essentially the same as the classical inversion
charge density per unit area given by Eq. (3.31) for the subthreshold region,

2
KTy qyosir
gSNa

(The expression has been generalized to cover nonuniformly doped cases where &;
is the electric field at the surface and N, is the doping concentration at the edge
of the depletion layer.) When &; > 10° V/cm, however, the subband spacmgs be-
come greater than k7 and QQM is significantly less than Q;. The Q —dzs curve
[Eq. (4.53)] exhibits a positive parallel shift with respect to the classical Qi)
curve [Eq. (4.54)] on a semilogarithmic scale, which means that additional band
bending is required to achieve the same inversion charge per unit area as the clas-
sical value. The classical threshold condition, ¥y = 25, should therefore be mod-
ified to 1, =25 + AY24, where 02(Yr; = 205 + AY2Y) = 0:(Yy = 293).
Based on the last expression,

020 ) |
A —In| —5/7——— 4.55
=g n(Q,-QM(%:O) 2

(4.54)

i
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FIGURE 4.17. Additional band bending A2 (over the classi-
cal 2yp value) required for reaching the threshold condition as a
function of surface electric field. The dotted curve is calculated by
keeping only the lowest term (twofold degeneracy) in Eq. (4.53.)

can be evaluated from the preexponential factors in Egs. (4.54) and (4.53).
Figure 4.17 shows the calculated Ay2” as a function of &. Beyond 10° V/em,
only the lowest subband is occupied by electrons, and

87Tqmd %s
h:N, )’

Ey kT
AYM ~ =0 ——ln<

(4.56)
q9 .9

as indicated by the dotted curve in Fig. 4.17. Knowing A¢2, one can easily
calculate the threshold voltage shift due to the quantum effect:

AV = aVy AP = m Ay, (4.57)

dys

where m = 1+ (3t,,/ W9, ) as before. For the 0.1-pm MOSFET example discussed
in Section 4.2.3, N, = 10'® cm™2 and m = 1.3: If the channel is uniformly doped,
& = 5.4 x10° Viem, Ay = 0.08 V, and AVAY = 0.10 V, which makes the
threshold voltage (0.57 V) unacceptably high. With an extreme retrograde doping
profile, the surface electric field is reduced by a factor of two to 2.7 x 10° V/em,
for which Ay2” = 0.046 V. This brings AV,2" = 0.06 V and a minimum V; of
0.25 V. It is not very difficult to adjust the retrograde profile to obtain a V; higher
than the extreme value, e.g., 0.4 V, suitable for the 1.5-V power-supply voltage for
such devices (Fig. 4.9). " '

4.2.4.3 GUANTUM EFFECT ON INVERSION-LAYER DEPTH

After strong inversion, the inversion charge density builds up rapidly and the trian-
gular potential-well model is no longer valid. If the field is high enough that only
the lowest subband is populated, a variational approach leads to an approximate
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FIGURE 4.18. Calculated QM and classical inversion-layer depth versus effec-
tive normal field for several uniform doping concentrations. (After Ohkura, 1990.)

expression for the average distance of electrons from the surface (Stern, 1972):

9g,ih? 13
oM __ St
Xy = (167T2meQ*) > (458)

where O* = Q4 + % Q; is a combination of the depletion and inversion charge
per unit area in the channel. For intermediate fields, the solution must be obtained
numerically. Figure 4.18 shows a comparison of the classical and QM inversion-
layer depths versus the effective normal field defined in Eq. (3.47) (Ohkura, 1990).
The QM value is consistently larger than the classical value by about 10-12 A for
a wide range of channel doping (uniform) and effective fields. Since

%=%+%+25%%, (4.59)
Cox COX
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where C,; = £,/ t,x and the band bending at the surface is [Eq. (4.21)]

. Wa
Yy = %xav + i No(x)x dx, (4.60)

Esi Esi JO

the quantum-mechanical effect adds At,, = (€ox/€s5i) DXgy = (x,%M —xGF )/3 or

about 3—4 A to the gate oxide thickness for calculation of the inversion charge

density. This effectively reduces the current drive and the transconductance of
thin-oxide MOSFETs.

4.2.5 DISCRETE DOPANT EFFECTS
ON THRESHOLD VOLTAGE

As CMOS devices are scaled down, the number of dopant atoms in the deple-
tion region of a minimum geometry device decreases. Due to the discreteness of
atoms, there is a statistical random fluctuation of the number of dopants within
a given volume around its average value. For example, in a uniformly doped
W = L = 0.1-um nMOSFET, if N, = 10'® cm™> and W9, = 350 A, the aver-
age number of acceptor atoms in the depletion region is N = NaLWng = 350.
The actual number fluctuates from device to device with a standard deviation
oy = ((AN)?)1/2 = N1/2 =18.7, which s a significant fraction of the average num-
ber N. Since the threshold voltage of a MOSFET depends on the charge of ionized
dopants in the depletion region, this translates into a threshold-voltage fluctuation
which could affect the operation of VLSI circuits.

4.2.5.1 A SIMPLE FIRST-ORDER MODEL

To estimate the effect of depletion charge fluctuation on threshold voltage, we con-
sider a small volume dx dy dz at a point (x, y, z) in the depletion region of a uni-
formly doped (N,) MOSFET. The x-axis is in the depth direction, the y-axis in the
length direction, and the z-axis in the width direction. The average number of dopant
atoms in this small volume is N, dx dy dz. The actual number fluctuates around
this value with a standard deviation of oyy = (N, dx dy dz)'/?. This fluctuation
can be thought of as a small delta function of nonuniform doping (either positive
or negative) at (x, y, z) superimposed on a uniformly doped background N,. Here
we focus on the linearly extrapolated threshold voltage V,,, as defined in Fig. 3.16.
When there is a slight local nonuniformity of doping in either the channel-width or
the channel-length direction, the first-order influence on the linear threshold voltage
is through its effect on the depletion charge density averaged over the entire channel
area (Nguyen, 1984). This is similar to the assumption made in the charge-sharing
model for short-channel effects in Section 3.2.1. The effect of the above doping
fluctuation on the linear threshold voltage is then equivalent to that of a uniform
delta-function implant of dose (number of ions per unit area) AD and depth x,
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where (ADY)/2 =04y /WL=(Ngdx dy dz)Y/?/WL. The threshold-voltage shift
is obtained by substituting D; = AD and x. = x in Eq. (4.36) and retaining only
the first-order terms in AD:

AD N, AD
AV, =122 (1 oy |2 )1 (1— - ) (4.61)
Cox 2851 (sz ) Cox de

The last expression is quite general and is applicable to a nonuniformly doped
background as well. Tt follows directly from Eq. (4.21) or can be seen from the
graphical representation in Fig. 4.5(b). The mean square deviation (variance) of
threshold voltage due to the depletion charge fluctuation in dx dy dz is then

2 2
2y o _4Ne (X
(AVG), . = SNEI (1 ng) dx dy dz. (4.62)
Since dopant number fluctuations at various points are completely random and
uncorrelated, the total mean square fluctuation of the threshold voltage is obtained
by integrating Eq. (4.62) over the entire depletion region:

wo 2
o2 - / f / o ( ) dx dydz. (4.63)
Von ™ C2 L2W2 :

It is straightforward to carry out the integration and obtain

q N, aWa?m
_ 4 |Zadm 4.64
Wor = ¢\ T3LW .64

In the above 0.1-um example, oy,, = 17.5mV if 5, =35 A. This is small compared
with the worst-case short-channel threshold roll-off in Section 4.2.1, but can be
significant in minimum-geometry devices, for example, in an SRAM cell.

In the above analysis, it was assumed that the surface potential is uniform
in both the length and the width directions of the device. In other words, all
the lumpiness due to local fluctuations of the depletion charge is smoothed out and
the surface potential depends only on the average (or total) depletion charge of the

" device. This assumption is not valid in the subthreshold region, where current in-

jection is dominated by the highest potential barrier in the channel rather than by
the average value (Nguyen, 1984). In general, the problem needs to be solved by
3-D numerical simulations (Wong and Taur, 1993). The results indicate that in ad-
dition to the threshold fluctuations of a similar magnitude to that expected from
Eq. (4.64), there is also a negative shift of the average threshold voltage, espe-
cially in the subthreshold region. This is believed to be due to the inhomogeneity
of surface potential resulting from the microscopic random distribution of discrete
dopant atoms in the channel. For the same reason, the source—drain current may
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exhibit some statistical asymmetry under high-drain-bias conditions (Wong and

Taur, 1993). " l
4.2.5.2 DISCRETE DOPANT EFFECTS

IN A RETROGRADE-DOPED CHANNEL

Threshold voltage fluctuations due to discrete dopants are greatly reduced in a
retrograde-doped channel. Consider the profile in Fig. 4.11 with N; = 0, i.e., the
channel is undoped within 0 < x < x; . The average threshold voltage and the maxi-
mum depletion width ng are given by Eq. (4.43) and Eq. (4.44), respectively. For
a small volume of dopants at (x, y, z) where x; < x < Wt?m, Eq. (4.62) still holds.

The x-integral in Eq. (4.63), however, is carried out from x; to W3,,, which results
in

N W, 7
q a'dm Xs
= 1— 4.65
UVon Cox 3LW ( W‘(i)m ) ( )

for a retrograde-doped channel. In the extreme retrograde or ground-plane limit - . -
shown in Fig. 4.12(b), x; =W, , and the threshold voltage fluctuation goes to .
zero. This is also clear from Eq. (4.45), where the threshold voltage is essentially
independent of N, (or N). Of course, the technological challenge is then to control
the tolerance of the undoped-layer thickness x; so that it does not introduce a
different kind of threshold voltage variations.

fro1
: par
4.3 MOSFET CHANNEL LENGTH alla
'~ ele
Channel length is a key parameter in CMOS technology used for performance . an
projection (circuit models), short-channel design, and model-hardware correlation. - ST
This section focuses on MOSFET channel length: its definition, extraction, and the
physical interpretation. ’
anc
anc
4.3.1 VARIOUS DEFINITIONS OF CHANNEL LENGTH dra
A number of quantities, e.g., mask length (L), gate length (L gate)s metallurgical cot
channel length (L), and effective channel length (L), have been used to describe )

the length of a MOSFET. Even though they are all related to each other, their 1n1
relationships are strongly process-dependent. dElf'
Figure 4.19 shows schematically how various channel lengths are defined. Lask v

is the design length on the polysilicon etch mask. It is reproduced on the wafer che
as L gqr through lithography and etching processes. Depending on the lithography aré
and etching biases, L g4, can be either longer or shorter than Lyugsk- There are also i

process tolerances associated with L. For the same Ly design, Lgare may vary
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E FIGURE 4.19. Schematic diagram
-« I . showing the definitions of and rela-
gate i . . . .
tionship among the various notions
of channel length. The physical
interpretation of L.y is examined in
Section 4.3.3.

Gate

from chip to chip, wafer to wafer, and run to run. Although L4, is an important
parameter for process control and monitoring, there is no simple way of making
a large number of measurements of it. Usually, L4 18 measured with a scanning
electron microscope (SEM) and only sporadically across the wafer. There is also
an uncertainty in the precise definition of L4, when the polysilicon etch profile
is not vertical, as to whether L4, refers to the top or to the bottom dimension of
the gate.

L,,.; is defined as the distance between the metallurgical junctions of the source
and drain diffusions at the silicon surface. In a modern CMOS process, the source
and drain regions are self-aligned to the polysilicon gate by performing the source—
drain implant after gate patterning (Kerwin et al., 1969). As a result, there is a close
correlation between Lpne; and Lgare. Usually, Ly, is shorter than L, by a certain
amount due to the lateral implant straggle and the lateral source—drain diffusion
in the process. Accurate physical measurement of L, in actual hardware is very
difficult. Normally, L, is used only in 2-D models for short-channel device design.
Even for that purpose, difficulties arise in defining L., when dealing with a buried-
channel device or a retrograde channel profile with zero surface doping, where there
are no metallurgical junctions at the silicon surface.

The parameter L4 is different from all other channel lengths discussed above
in that it is defined through some electrical characteristics of the MOSFET device
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and is not a physical parameter. Basically, Lo is a measure of how much gate-
controlled current a MOSFET delivers and is therefore most suitable for circuit
models. L.y also allows for a large number of automated measurements, since it
can be extracted from electrically measured terminal currents. The basis of the
L.y definition lies in the fact that the channel resistance of a MOSFET in the
linear or low-drain bias region is proportional to the channel length, as indicated
by Eq. (3.100) (Dennard et al., 1974). Further details of the definition and the
extraction of L.¢ are given in the next subsection. )

For submicron CMOS technologies, it is important to distinguish among the
various notions of channel length. The errors can be significant, since lithography
and etching bias, junction depletion width, and lateral source—drain diffusions are
all becoming an appreciable fraction of the channel length.

4.3.2 EXTRACTION OF THE EFFECTIVE CHANNEL LENGTH

As discussed in the last subsection, the effective channel length L.¢ is defined by
its proportionality to the linear or low-drain channel resistance. That is,

V, L
Ro=-2 = — & (4.66)
L MeﬁcoxW(Vg — Von —mVys/2)

from Eq. (3.61), where V,, is the linearly extrapolated threshold voltage and ,u/eﬁ
is the modified effective mobility, which contains the inversion-layer capacitance
effect. ,u’eﬁc is a weak function of V. For different Ly, Leg differs butis assumed
to be related to L,,,s by a constant channel length bias AL:

Loy = Liask — AL. (4.67)

All the lithography and etch biases as well as the lateral source—drain implant
straggle and diffusion are lumped into A L. The assumption that the channel length
bias is constant is a reasonable one when the channel length is not too short.
However, AL can be linewidth-dependent when L a5k approaches the resolution
limit of the lithography tool used in the process. This issue will be addressed
later.

In the simplest scheme of channel-length extraction (Dennard et al., 1974), Rcn
is measured for a set of devices with different L. Based on Eq. (4.66) and
Eq. (4.67), a plot of Ry, for a given V, versus L, should yield a straight line
whose intercept with the x-axis gives AL and therefore L.g. In practice, however,
two issues must be addressed for short-channel devices. The first one is the source—
drain series resistance. The second one is the short-channel effect (SCE), which
causes V,, in Eq. (4.66) to depend on L 4.
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4.3 MOSFET CHANNEL LENGTH

FIGURE 4.20. Equivalent circuit of MOS-
FET with source and drain series resistance.

l' The intrinsic part of the top circuit is equiva-
lent to the bottom circuit with redefined termi-
nal voltages.

4.3.2.1 CHANNEL-RESISTANCE METHOD

The effect of source—drain resistance is examined using the equivalent circuit in
Fig.4.20. A source resistance R, and a drain resistance R, are assumed to connect an
intrinsic MOSFET to the external terminals where voltages V, and V, are applied.
The internal voltages are V;_and Vé for the intrinsic MOSFET. One can write the
following relations:

Vés = Vis — (Rs + Ra)lys (468)
and
V) =V, — Ryls. (4.69)

As shown in Fig. 4.20, the intrinsic part of an actual device with parasitic re-
sistance is equivalent to an intrinsic MOSFET with a grounded source, with Vg’
and Vés at the gate and the drain terminals, and with a reverse bias —R; 14 on the
substrate. Based on Eq. (4.66), but with redefined voltage symbols on the intrinsic
nodes, the channel resistance of the intrinsic device is given by

_ Ve _ Loy ' (4.70)

R = —_ ’
o L M;ﬁfcoxW(VgI - Vén —m Vés/ 2)

where V/_ is the linear threshold voltage with the reverse bias on the substrate. It
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is related to the zero-substrate-bias threshold voltage V,, by
Vi, = Von+ (m — DRIy, (4.71)

where m — 1 is the substrate sensitivity [Eq. (4.32)]. In a normal CMOS process,
the source and drain regions are symmetrical, and therefore Ry = Ry = Ry/2,
where Rj, is the total source—drain parasitic resistance. Using Eqs. (4.67)—(4.71),
one can write the externally measured total device resistance as

VdS Lmask - AL
Ryt = —= =Ryg+ Rep = Ry -+ . (4.72
T e T T T UL CoxW (Vg — Vor —mVig/2) :

Here all the internal voltages have been replaced by the voltages at the external
terminals, since Vé -V, —mV, /2 = Vg — V,, —mVys/2 from Egs. (4.68), (4.69),
and (4.71). Note that V,, is defined in terms of the intrinsic device, i.e., the one that
would be obtained from linear extrapolation if there were no parasitic resistances.

For a set of devices with different L, but the same W, the parameters Ry, AL,
and C,, are the same within process tolerances. It is also assumed that u;ﬁ does not
change with channel length, an assumption which will be examined later. The linear
threshold voltage V,,, however, does depend on channel length because of short-
channel effects. When comparing R,,; of devices with different L,,,, therefore, it
is important to measure V,, for each device and adjust V, so that the gate overdrive
Ve— V,n is the same from device to device. A plot of Ry (at small V ) versus Lyqgr
for a given Vo —V,, will then yield a straight line that passes through the point
(AL, Ryz). An example is shown in Fig. 4.21. The slope of the line depends on the
specific value of the gate overdrive. AL and R;, are determined by the common

_ intercept of several lines, each for a different V, — V,,, (Chern et al., 1980).

4.3.2.2 SHIFT-AND-RATIO METHOD
Despite the simplicity of the channel-resistance method described above, two main
issues remain. First, it is not always straightforward to find the intrinsic V,,, of short-
channel devices. The presence of R,; adds considerable difficulty in the usual linear
extrapolation of V,, from the measured I4—V, curve (Sun et al., 1986). Typically,
one tends to underestimate V,, in short-channel devices, as the degradation of I
by R,; is more severe at higher currents. This introduces errors in channel-length
extraction. The problem is further aggravated by a strong dependence of mobility
on gate voltage, for example, in low-temperature and/or 0.1-pm MOSFETSs. The
second problem with the resistance method is that the R,,-versus-L,,,q lines for
different gate overdrives may not intersect at a common point. Significant errors
may result if only a limited number of V, — V,, are investigated.

An improved channel-length extraction algorithm, called the shift-and-ratio
(S&R) method, is able to circumvent the above problems (Taur ez al., 1992). This
method is based on the same channel-resistance concept described above. It starts
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FIGURE 4.21. Measured R;,; at a low drain voltage versus L, for sev-
eral different values of Vy — Von. The common intercept determines both
AL and R;g. (After Chern et al., 1980.)

with a generalization of Eq. (4.72) to the form
R (V) = Rua+ Lig f (Ve = Vin)s 4.73)

where f is a general function of gate overdrive common to all the measured devices.
The superscript i denotes the ith device, with an unknown effective channel length
Lf_,ﬁc = Lfmsk — AL and linear threshold voltage V! . The key assumption behind
Eq. (4.73) is that the modified effective mobility pL’eﬁ is a common function of
Vg — Von for all the measured devices. This is a reasonable assumption in view
of Eq. (3.50), Eq. (3.51), Eq. (3.58), and Eq. (3.60). Note that for this argument,
V, and V,, are interchangeable as long as their difference is a constant [~ (2-

3)kT /q], independent of channel length. Strictly speaking, short-channel devices
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have a slightly higher mobility because of the lower threshold voltage, and therefore
a lower vertical field (&) for the same V, — V,,,. Assuming a long-channel V; (or e
Vo) of 0.5 V and a power-supply voltage Vz; of 2.0 V, one can estimate the effect % ‘ _
of SCE on .4 using Eq. (3.50). For a V; (low-drain) roll-off of 100 mV, the vertical 1 <
field is 14% lower at V, = V; and 7% lower at V, = V. Since peg o &, ﬁ,/ from | %“
Eq. (3.51), an average of (14% + 7%)/2 = 10.5% lower & translates into a ,, 1 3
mobility increase of only 3.5%. Such a small error is deemed acceptable for most S
practical purposes of channel-length extraction. éo
The task is to calculate Ry, L' off and V;, in Eq. (4.73) from the measured data on >4
wt(Vg) The S&R algorithm simplifies the procedure by differentiating Eq. (4.73)
with respect to V,. Since the parasitic resistance R, is either independent or a weak
function of V, its derivative can be neglected:
Sl(V ) thlot _ Li df(Vg - VOITL) (4 74) L
v, = 4@ dV, ' ' i FIG
: long
Here df/dV, is also a general function of gate overdrive common to all the devices |~ Viee
measured. An important benefit of working with the derivatives is that Ry drops
completely out of the picture, so it does not matter if Ry varies from device to device
as long as it is constant. S&R extraction is usually carried out with two devices: one ©
long-channel and one short-channel. Equation (4.74) with superscript i represents >
the short-channel device, while superscript O refers to the long-channel device: i”\\
: Ny
0 AR, o 4 (Ve = Von) ,
S(Vy) = av, =1L ﬁc—dvg————. (4.75) i
2
An example is shown in Fig. 4.22 for two devices: SO(V ) for Lmask = 10 wm, and 5

Sl(Vg) for L} mask = 0-25 pm.
It would have been easy if V‘ = ng, in which case S? and S° would be sim-

ilar functions of V, and L’ would be 51mp1y obtamed from the ratio §'/S° =
Lis/ L ~ Ly /Lm s I general however, V! ## VO and the two S-functions

must be shlfted with respect to each other before the ratio is taken. For example, in
Fig. 4.22, we can shift one curve (S?) horizontally to the right by a varying amount

FIG
sus

8 and compute the ratio between the two curves,
6, V) = —e) (4.76) v
, = ——, . 0

878V, - 8)

fou

as a function of V,. The purpose here is to find the §-value for which the ratio 7 is a
constant, independent of V. If § is zero or too small, r is a monotonically decreasing
function of V. On the other hand, if § is too large, » becomes a monotonically
increasing function of V,. These are shown in Fig. 4.23. Only when St is shifted by
an amount § equal to the threshold voltage difference between the two devices,
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FIGURE 4.22. Examples of S(V,) = d Ry»1(Vy)/dV, curves measured from
long-channel (Lygg = 10 pm) and short-channel (Lpygg = 0.25 wm) de-
vices. (After Taur et al., 1992.)

70 I T T I 1 [ [ 1
N = s0:10 pm |
& §=0.02V §:0.25 um
>°° 60 [~ . -
e )
e \
<l i S |
-~ —H—Bm g g
> 0re 6=0.033V
Yy [T—m——— e 0—O —0—0—0—0—
oL ® ® A—A
o A—
E 40 —‘ A/A/ —
A& 5005V s
30 ] L ] ! L ] | i
0.2 0.3 0.4 0.5 0.6 0.7

Gate voltage Ve )

FIGURE 4.23. Curves of (8, V) (ratio of S-functions after shift) ver-
sus Vj for three different amounts of shift 5. The data are taken from the
device examples in Fig. 4.22.

Ve - me, does r become nearly independent of V4. Once the correct shift is
found, it is a simple matter to find Li,ﬁ from the ratio r evaluated at that shift.
The above procedure can be automated by computing the average r and the mean

square deviation of » from its average value, i.e.,

) fAVg r(8, Vg) dVy
) =
Jav, @V

@.77)
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FIGURE 4.24. Average ratio (r) (open circles) and variance (2 (solid % ‘ This
dots) versus shift §. The data are taken from the device examples in Fig. 4.22 - %
and Fig. 4.23. (After Taur ef al., 1992.) % :
| 43
-
and | CH
- Thi
2 2 2 0 ‘
(%) = (r2) — (), @’
i :
as functions of § for a selected range of gate voltage, AV,. Figure 4.24 plots the o gné
example case where the (o-?)-versus-8 curve exhibits a sharp minimum at the point v
rese

of best match (constant ratio between S° and S*). This occurs at

Smin = Vor, = Vo, (4.79)
and the channel length Liﬁ (or AL) can be obtained from the average ratio (r) at
this point:

L% L0  — AL
(P g = — L = mask : (4.80)
. L eff Lmask — AL

Note that even if AL is different between the long-channel and the short-channel
devices, very little error is introduced, as AL < Ly, and hence LYy ~ L .
insensitive to AL.

Once Smin and (r)s_,. are found, Ry can be calculated from the measured re-
sistances by using Eq. (4.73) and the corresponding equation for the long-channel
device (superscript 0):

<7'>8mianoz(Vg — Smin) — R?O;(Vg)
. <r>8min - 1 '

For a given long-channel reference, the above extraction procedure can be repeated

de -

(4.81)
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for a number of short-channel devices with different Lfn - A by-product of the
process is the low-drain short-channel threshold-voltage roll-off given by &y The
S&R algorithm has been shown to yield consistent results for effective channel
lengths down to the 0.1-pm range (Taur et al., 1992). Although it is not necessary
to assume a constant AL and Ry, for the S&R algorithm to work, comparable AL
and R, results among different devices are a good indication that the channel-length
extraction has been carried out properly.

It is important in the S&R algorithm to choose a proper gate voltage range AV,
for (r) and (0'2) calculations.The subthreshold region should be avoided, where the
current conduction mechanism is different from that in the linear region (Nguyen,
1984). A good choice for AV is from about Vo, + 0.2V all the way up to Vag,
which covers most regions of interest in the 15~V curve. The sensitivity of the
extracted L.y to AV, depends on how abrupt the lateral source—drain profile is.
This is discussed in more detail in the next subsection.

4.3.3 PHYSICAL MEANING OF EFFECTIVE
CHANNEL LENGTH

This subsection examines the physical meaning of L.y extracted from electrically
measured terminal currents. The effective channel length is defined through the
linear channel resistance by Eq. (4.66). This equation is derived for long-channel
devices and is not strictly valid for short-channel devices. By its definition, L .4 rep-
resents a measure of the effective current-carrying capability of the device and is not
associated with any fixed physical quantity. When the channel profile is reasonably
uniform and the source—drain doping is not too graded, L .4 is approximately equal
t0 Lyer (Laux, 1984). In general, however, one cannot take L g = Ly for granted,
especially in very short-channel MOSFETS.

An example is illustrated in Fig. 4.25, where L.z, extracted (by the S&R algo-
rithm) from currents calculated using a 2-D device simulator, is plotted versus Ly
for a variety of source—drain and channel doping conditions (Taur ez al., 1995b). A
2-D Gaussian profile is used to simulate the falloff of the source and drain doping
concentration near the gate edge:

Ny(x,y) = Noe—(x—XO)Z/ZU?/e—(y—yo)z/zaf, (4.82)

where x is in the vertical direction and y is in the lateral direction. The junction
depth x; is mainly determined by the vertical straggle oy. A key parameter for
L. is the lateral source—drain doping gradient characterized by the lateral straggle
or.. For each of the doping cases in Fig. 4.25, L.y varies with L, linearly with
a slope of one. In other words, Lg — Lmer is essentially independent of L,
indicating that the linear relationship between Ry and Lingsk assumed in Fig. 4.21
and Eq. (4.73) can be extended to short-channel devices. However, L — Lier
varies considerably with the doping profile. For an infinitely abrupt source—drain
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FIGURE 4.25. L4 extracted from simulated currents versus Ly, for
four doping cases. Open symbols are for a uniformly doped channel with
different lateral source—drain gradients. Solid dots are for a retrograde-
doped channel. (After Taur ez al., 1995b.)

6(
A(

2(
profile (67, =0), Lef — Lye: is slightly negative. As the lateral straggle o7, increases,

Ly — Lme: becomes increasingly more positive. The difference grows even larger
in the retrograde channel case where L is significantly longer than L. Such a

deviation can be understood in terms of the spatial dependence of channel sheet
resistivity as discussed below.

_ Sheet resistivity (Q/0)

4.3.3.1 SHEET RESISTIVITY IN SHORT-CHANNEL DEVICES

Equation (4.66) implicitly assumes that the sheet resistivity, po, given by
Eq. (3.101), is uniform in both the MOSFET width and length directions. If the
device is wide enough, p.; can be considered uniform in that direction. However,

the variation of p., in the length direction cannot be ignored in a short-channel
device. From Eq. (3.8),

Sheet resistivity (/)

dv
Iy = _,Ufeﬁ”WQi()’)E;a (4.83)

where V() is the quasi-Fermi level at a point y along the channel length direction.
I is a constant independent of y as required by current continuity. One can define
a laterally varying sheet resistivity as

FiGL

diffe

dV/dy 1 of a

pen(y) = = . (4.84) an ir

Lis/ W — e Qi(y) 0.09

sour
Note that Q; < 0fornMOSFETS. This expressionis valid as long as the current flow dash
islargely parallel to the y-direction and the equipotential contours are perpendicular asce

Page 111 of 122




SIGN 4.3 MOSFET CHANNEL LENGTH

eis

to the silicon surface. The total resistance is given by

V. 1
L= — | paldy, (4.85)

lis W sp
where the integration is carried out from the heavily doped source region to the
heavily doped drain region.
Figure 4.26 plots p(y) calculated from the 2-D device simulator versus distance
from the source to the drain for L., = 0.10 pwm at three different gate voltages (Taur
et al., 1995b). The area under each curve gives the total source-to-drain resistance
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k FIGURE 4.26. Simulated channel sheet resistivity at three
different gate voltages versus distance from source to drain
184 of an Ly =0.10-um MOSFET. The curves in (a) are for
84) an infinitely abrupt (laterally) source—drain in which Loy =
0.091 um. The curves in (b) are for a graded (o =165 A)
source~drain in which Lgg=0.124 pm. In both cases, the
flow dashed lines represent the ideal, uniform-sheet resistivity of
cular . a scaled long-channel device. (After Taur ez al., 1995b.)
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as indicated by Eq. (4.85). In Fig. 4.26(a) for an infinitely abrupt (laterally) source—
drain junction, the sheet resistivity is modulated by gate voltage inside the (metallur-
gical) channel and independent of gate voltage outside the (metallurgical) channel.
However, in contrast to a long-channel device, p(y) is highly nonuniform, with a
peak near the middle of the channel and decreasing toward the edges. This is due
to SCEs from the source—drain fields, which help lower the potential barrier near
the junctions and raise the local inversion charge density (Wordeman ef al., 1985).
This effect is more pronounced at low gate voltages near threshold. The resulting
L . extracted by the S&R method is slightly shorter than L.

Figure 4.26(b) shows similar plots for the same L,,.; = 0.10 um, but with a finite
lateral source—drain gradient. p.,(y) again is nonuniform inside the channel, being
modulated by the gate voltage. In this case, however, a nonnegligible portion of the
sheet resistivity outside the metallurgical channel is also gate-voltage-dependent.
This is because of accumulation (Section 2.3.1) or gate modulation of the series re-
sistance associated with the finite source—drain doping gradient. Since, according to
the L definition in Eq. (4.73), any part of the sheet resistivity that is gate-voltage-
dependent contributes to the effective channel length, the extracted L4 is substan-
tially longer than L. At the same time, the extracted Ryq, which represents the
constant part of the resistance in Eq. (4.73), only accounts for a portion of the series
resistance outside the metallurgical channel.

4.3.3.2 GATE-MODULATED ACCUMULATION-LAYER RESISTANCE

Because of the finite lateral gradient of source—drain doping in practical devices,
current injection from the surface inversion layer into the bulk source—drain region
does not occur immediately at the metallurgical junction. When the gate voltage is
high enough to turn on the MOSFET channel, an n™ surface accumulation layer is
also formed in the gate-to-source or -drain overlap region, as shown schematically
in Fig. 4.27 (Ng and Lynch, 1986). Near the metallurgical junction and away from

Gate
| | | Channel FIGURE 4.27. Schematic diagram show-
T ing doping distribution and current flow pat-
x ,’ tern near the end of the channel and the be-
et ¢ |

Metallurgical ~ ginning of the source or drain. The dashed

i junction lines are contours of constant donor concen-
Xj /l/ /I I/ ,’ tration, i.e., constant resistivity. The dark
Doping 17177 region represents the accumulation layer.

gradient A4 7007 (After Ng and Lynch, 1986.)
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the surface, the donor concentration (also compensated by the p-type background)
is low and the conductivity of the accumulation layer is higher than that of the
bulk source—drain. As a result, current flow stays in the accumulation layer near the
surface. This continues until the source—drain doping becomes high enough that
the bulk conductance exceeds that of the accumulation layer. The point or region of
current injection into the bulk depends on the lateral source—drain doping gradient.
The more graded the profile is, the farther away the injection point is from the
metallurgical junction.

The sheet resistivity of the accumulation layer can be estimated by applying
Eq. (2.180) to the gate-to-source—drain overlap region:

Q ac
CO)C

Ve=Vp+ s — ; (4.86)
where Q. <0 is the accumulation charge (electrons) per unit area induced by
the gate field, ¥ is the band bending at the surface with respect to the bulk
n-type region, and Vj, is the flat-band voltage largely determined by the work-
function difference between the gate electrode and the n-type silicon. For an
nt-polysilicon-gated nMOSFET, Vj, = —E;/2q + Y5, where ¥/g is given by Eq.
(2.37) in terms of the local n-type doping concentration. The band bending in ac-
cumulation is approximately given by the distance between the n-type Fermi level
and the conduction-band edge, i.e., ¥s ~ Eg/2q — V. Therefore, Vg, and s in
Eq. (4.86) nearly cancel each other and one obtains V; &~ —Qgc/ Cox. The sheet
resistivity of the accumulation layer is then

11
Macl Qacl MacCoxVy ’

Pac (4.87)

where (14 is the average electron mobility in the accumulation layer. If, for process
reasons (gate reoxidation), the oxide thickness in the gate to source—~drain overlap
region is different from 7, in the channel region, a different C,, should be used in
Eq. (4.87). The electron mobility in the accumulation layer has a similar field depen-
dence to that in the inversion layer (Sun and Plummer, 1980). From Gauss’s law, the
average electric field in the accumulation layer is o5 = |Quacl/28si = Cox Vg /28si.
Knowing &, one can look up pige from Fig. 3.13. Like the channel mobility, 1t4¢
is not limited by the impurity scattering which usually dominates the bulk mobility
(Fig. 2.7) for the moderately high doping levels (Ny & 10'® cm™) at the surface.
This is because of the screening of Coulomb scattering when the carrier concen-
tration in the accumulation layer greatly exceeds the donor concentration at that
point.

4.3.3.3 INTERPRETATION OF L4 IN TERMS OF CURRENT

INJECTION POINTS

The dependence of p,. on V, in Eq. (4.87) is too similar to that of pe, in Eq. (3.101)
to allow separation of the accumulation-layer resistance from the channel resistance.
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FIGURE 4.28. Schematic diagram of a simple 1-D model for
estimating the source-drain doping concentration at the point of
current injection from the surface into the bulk. As far as the
resistance is concerned, the source or drain region is modeled as
uniform stripes of doping concentration Ny (y) and width x; /2.
FIGL
The region where the current flows predominantly in the accumulation layer is tf}f;?l ;
therefore considered as a part of L. To estimate the source—drain doping con- retro
centration at which current injection into the bulk takes place, we consider a simple
1-D current model shown in Fig. 4.28. The donor concentration at the surface I
is assumed to be N;(y), which varies along the direction of current flow as dic- M
tated by the lateral doping gradient. If the bulk resistivity corresponding to N, Vi
is p(Ngz) and the source—drain junction depth is x;, the average sheet resistivity 420
of a thin stripe perpendicular to the current flow is approximately o(Ng)/(x;/2). to M
Here the effective depth of uniform current flow is taken as x;/2, since for any repl ‘
given stripe the n-type conductivity is highest at the surface and drops to zero at bety
x;j. As Ny increases toward the heavily doped source—drain region, o(Ng)/(x; / 2) witl |
decreases accordingly. Current injection into the bulk takes place at Ny = N," q > cha:
where the sheet resistivity o(N; P VT i/2) equals pgc of Eq. (4.87). Since pg de- curt
pends on the gate voltage, so does the point of injection (Hu et al., 1987). At low
gate overdrives, the injection point is closer to the metallurgical junction edge. As |
the gate voltage increases, the injection point moves out toward the more heavily 4.3
doped source—drain region. For reasonably abrupt source—drain doping profiles, The
N4(y) is a strong (exponential) function of y and the injection points do not spread
too far apart. If a Vg-range from slightly above V; to Vy is used in the S&R- roll
algorithm, the resulting L.¢ is, to the first-order approximation, given by the in- dop
jection point corresponding to V, &~ V4;/2 in the middle of the Vg-range. Settmg the
(N, nj )/(x;/2) equal to pgc of Eq (4.87) with V, = V/2, one can then find N Fig
from alor
. . For
p(NM) = — 2L (4.88) dog
Hac Cox Vdd that
where (14 is evaluated at an average normal field of &5 = CoxVya/4es:. pen
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FIGURE 4.29. Same Ly data as in Fig. 4.25, but plotted versus L in
terms of current injection points. Open symbols are for a uniformly doped
channel with different lateral source—drain gradients. Solid dots are for a
retrograde-doped channel.

In general, NTY p increases as the dev1ce dimensions are scaled down. For 1-um
CMOS technology, N2/ 2 10'7 cm™2. For the 0.1-pm devices in Fig. 4.25, with
V=15V, 1,,=30 A, x; =500 A, one obtains &7 = 4.2 x 10° V/em, g =
420 cm?/V-s (Fig. 3.13), and p(N, N ) =0.007 2-cm. The last number corresponds
to Nfin] ~ 8 x 10" cm™> from the n-type resistivity curve in Fig. 2.8. Figure 4.29
replots the simulated Ly data in Fig. 4.25 against Ly, deﬁned as the distance
between the points where the source—drain doping equals N7 4 - All the points lie
within 100 A of the Lg = Linj line, independent of the lateral doping gradient and
channel profile. This supports the physical interpretation of L.y in terms of the
current injection points from the accumulation layer.

4.3.3.4 |MPLICATIONS FOR SHORT-CHANNEL EFFECTS

The fact that L.y can be much longer than L, has significant implications for the
short-channel V; roll-off curves. Figure 4.30 shows the low-drain threshold voltage
roll-off versus L for several different source—drain doping gradients. The abrupt
doping profile has the best short-channel effect. As the lateral straggle increases,
the short-channel effect becomes progressively worse. This can be understood from
Fig. 4.31, where the net doping concentration Ng — N, at the surface is plotted
along the channel length direction for the various source-drain profiles studied.
For a given L.g or Li; (=0.1 pm), the distance between the points where the
doping concentration falls to N (=8 x 10'® cm~3 in this case) is fixed. Itis clear
that the more graded the source—dram profile is, the deeper the n-type doping tail
penetrates into the channel and compensates or reverses the p-type doping inside
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FIGURE 4.30. Simulated short-channel threshold roll-off ver-
sus Ly for three different lateral source-drain doping
gradients. On each curve, the points are for Lpe=
0.05, 0.07, 0.10, 0.15, 0.25, and 0.50 um. (After Taur et al.,

1995b.)
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FIGURE 4.31. Net n-type concentration versus distance from source to
drain at the surface of a 0.1-um (L or Lg) nMOSFET.»The injection
points (N;”) are kept the same for different lateral doping gradients.

the channel. This is detrimental to the short-channel effect, as the edge regions
become more easily depleted and inverted by the source—drain fields (opposite o
the halo effect). It is therefore very important to reduce the width of the ( laterally)
graded source—drain region as the channel length is scaled down.
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4.3.3.5 EFFECTIVE CHANNEL LENGTH OF LDD DEVICES
Lightly-doped-drain (LDD) MOSFETs (Ogura et al., 1982) are designed with an
extended moderately doped (10'7-10'®-cm 3 range) source~drain region to relieve
high electric fields and related hot-electron effects. The presence of such a lightly
doped region poses great difficulties in the interpretation of effective channel length.
Current injection from the surface accumulation layer into the bulk region takes
place over an extended distance with a location dependent on gate voltage. No
matter what kind of L g extraction method is used, L is significantly longer than
Lmer, especially at high gate overdrives (Sun ef al., 1986).

In one approach, channel resistance extraction (Fig. 4.21) is carried out for
a pair of closely spaced Vg-values (Hu et al., 1987). The procedure is repeated
throughout the entire voltage range, allowing both L and Ry to be gate-voltage-
dependent. Similar methods can be implemented in the S&R algorithm as well by
breaking up the full voltage range used in Eq. (4.77) into small intervals of 0.5 or
0.25 V each. A set of (L., Rsq) can be extracted from the current data in each
interval by repeating the S&R algorithm. However, most circuit models do not
accommodate gate-voltage-dependent channel lengths. Furthermore, once Ly and
R4 are allowed to be gate-voltage-dependent, there is no unique way of breaking
up R, and Ry, from the measured R, and the solutions to Eq. (4.72) or Eq. (4.73)
become ambiguous and method-dependent.

There is no consensus on how to define the L .4 of an LDD MOSFET. If the entire
14—V, characteristics can be fitted within acceptable tolerances by a constant L.y
and a constant R,y based on Eq. (4.73), a circuit model can be formulated with
these parameters. Otherwise, one needs to define a constant L., perhaps using the
figure extracted from the current data at low gate overdrives (Sun ef al., 1986), and
leave the rest of the resistance as a gate-voltage-dependent series resistance.

4.3.3.6 EXTRACTION OF CHANNEL LENGTH

BY C-V MEASUREMENTS

In an entirely different approach, another type of channel length has been extracted
from the measured C-V data of a series of MOSFETs with different L, (Sheu
and Ko, 1984). Capacitance measurements in general are more difficult to perform,
as they require specially designed test sites. It is by no means straightforward to
interpret the capacitively measured channel length and apply it to circuit models
for current calculations. :

The capacitive extraction of channel length is based on the fact that when a
MOSFET is turned on, the intrinsic gate-to-channel capacitance is proportional to
the channel length:
zions ; :
ite to i Coo = CoxWLegp (4.89)
‘ally) ~
Here L., is the capacitively defined channel length, which may or may not be
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FIGURE 4.32. Example of measured capacitance from gate to source—"
drain versus gate voltage for MOSFETs of different mask lengths. The
inset shows the split C-V measurement setup. (After Guo ez al., 1994.)

the same as Lgg O Ly The gate-to-channel capacitance is usually measured in
a split C-V setup that separates the majority-cartier response from the minority-
carrier response, as shown in the inset of Fig. 4.32. The total measured capacitance
consists of both the intrinsic gate-to-channel capacitance and a parasitic overlap
capacitance from the gate to source—drain which is independent of channel length:

Coot = Cye + 2Coy = CoxWLegp +2Coy. (4.90)

Here C,, is the overlap capacitance per gate edge (see Fig. 5.16). Typical examples
of C,,—V, curves are shown in Fig. 4.32 (Guo et al., 1994). Using a large-area
MOS capacitor, one can easily calibrate C,,, taking all the polysilicon depletion
and inversion—layer quantum effects into account. To find out Lcgp, it is critical
to determine what 2C,, to subtract from the measured Cy,;. In principle, 2C,, in
Eq. (4.90) is the parasitic capacitance at a gate voltage when the MOSFET is on
and Cg, is given by Eq. (4.89). In practice, 2C,, cannot be separated from Cgc,
since, unlike channel resistance, channel capacitance does not vary significantly
with gate voltage once the device is turned on. What is usually done is to take 2Cov
as the measured capacitance when the MOSFET is off. However, from Fig. 4.321tis
clear that 2C,, varies with the gate voltage (Oh et al., 1990). There is no guarantee
that 2C,, in the off state is the same as 2C,, in the on state. If 2C,, is taken
as the capacitance right below the threshold voltage, it will contain an unwanted
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EXERCISES 221

inner-fringe term that is absent when the conducting channel is formed. If 2C,, is
taken at a negative gate voltage where the substrate is accumulated to eliminate
the inner-fringe component, the lightly doped source—drain in the direct overlap
region will be depleted (Sheu and Ko, 1984). Any such error in 2C,, translates into
a large error in L4, when dealing with short-channel devices having small intrinsic
capacitances.

A better interpretation of the capacitively extracted channel length is in terms
of the gate length, Lgq. (Fig. 4.19), since as the gate voltage varies, the same
amount of charge per unit area is induced at the silicon surface whether it is in the
inversion channel or in the source—~drain overlap region under the gate. In other
words, as far as the capacitance is concerned, the direct overlap length should
be lumped into the channel length. This also circumvents the problem with the
inner-fringe component mentioned above. One still needs to estimate the outer
fringe capacitance and subtract it from the measured capacitance. But this can be
done using a simple formula (Section 5.2.2) and therefore should have less error
associated with it.

4.1

4.2

4.3

4.4

4.5

4.6
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EXERCISES

Apply constant-field scaling rules to the long-channel currents [Eq. (3.19) for
the linear region and Eq. (3.23) for the saturation region], and show that they
behave as indicated in Table 4.1.

Apply constant-field scaling rules to the subthreshold current, Eq. (3.36), and
show that instead of decreasing with scaling (1/«), it actually increases with
scaling (note that V, < V; in subthreshold). What if the temperature is also
scaled down by the same factor (T' = T /«)?

Apply constant-field scaling rules to the saturation current from the n =1
velocity saturation model [Eq. (3.78)] and the fully saturation-velocity limited
current [Eq. (3.80)], and show that they behave as indicated in Table 4.1.
Apply generalized scaling rules to the saturation current from the n = 1 velocity
saturation model [Eq. (3.78)], and show that it behaves as indicated in Table 4.3
(between the two limits).

In Eqgs. (4.59) and (4.60), how should x,, be defined in terms of n(x), the
electron volume concentration as a function of depth? The same definition
applies to x; in Eq. (4.50) and x2" in Eq. (4.58).

Nonuniform V, in the width direction. A MOSFET is nonuniformly doped in
the width direction. Part of the width (W) has a linear threshold voltage V,,.
The other part of the width (W5) has a linear threshold voltage V,n2. Show that
as far as the linear region characteristics [Eq. (3.61)] are concerned, this device
is equivalent to a uniform MOSFET of width W; + W, with a linear threshold
voltage V,,, = (W1 Vout + WaVon2) /(W1 + Wo). Ignore any fringing fields that
may exist near the boundary between the two regions.
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4.7

4.8

4.9

4.10

Nonuniform V, in the length direction. A MOSFET is nonuniformly doped in
the length direction. Part of the length (L) has a linear threshold voltage Vo,1.
The other part of the length (L,) has a linear threshold voltage V2. Assume
Voni & V2, and consider only the first-order terms of Vu1 — Vonz. Show that
as far as the linear region characteristics [Eq. (3.61)] are’concerned, this device
is equivalent to a uniform MOSFET of length L, + L, with a linear threshold
voltage V,, = (L1Von1 + L2Von2)/(L1 + Lo). Ignore any fringing fields that
may exist near the boundary between the two regions.

In the top equivalent circuit of Fig. 4.20, the source—drain current can be con-
sidered either as a function of the internal voltages: I;(V,, V), or as a function

of the external voltages: I(Vy, Vy). The internal voltages are related to the '

external voltages by Eqgs. (4.68) and (4.69). Show that the transconductance of
the intrinsic MOSFET can be expressed as

g = o\ .
" aVé v/ 1- ngs - gds(Rs + Rd)’
ds

()
Em =
oV, Vi

is the extrinsic transconductance, and

(55e)
8ds =
3Vas )y,

is the extrinsic output conductance.

Show that in the subthreshold region and when the drain bias is low, Eq. (3.12)
leads to Eq. (4.54):

where

2
0, = kTni (Vs /KT

& Na
where 1 is the surface potential and &; is the surface electric field. This equa-
tion is more general than Eq. (3.31) since it is valid for nonuniform (vertically)
dopings with N, being the p-type concentration at the edge of the depletion
layer. (Note that the factor N, merely reflects the fact in Fig. 2.24 that the band

bending v, is defined with respect to the bands of the neutral bulk region of

doping N,.)

In a short-channel device or in a nonuniformly doped (laterally) MOSFET,
¥, may vary along the channel length direction from the source to drain.
Generalize the expression in Exercise 4.9 and show that

Vi 1 L dy N,

L
_ _ @ —q¥sW/ET g
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for the subthreshold region at low drain biases. Since @, (y) ~ [Ve — Vg —
V5 (¥)]1/3t.x is not a strong function of v, the exponential factor dominates.
This implies that the subthreshold current is controlled by the point of highest
barrier (lowest ¥;) in the channel. It also implies that the channel length factor
entering the subthreshold current expression is different from the effective
channel length defined by the linear region characteristics, Eq. (4.66).




