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rents. For instance, the model equation for a single linear resistor is i(t) v(t)IR, 
and for a single linear capacitor, i(t) C dV!dt. Model equations for transistors are 
much more complex, because these devices exhibit nonlinear resistive and capaci­
tive characteristics. Second, we must have practical means for determining numer­
ical values applying to each device, for instance, Rand C for the examples just cited. 

The next few chapters devote much attention to the models used to represent 
integrated circuit devices, including the simplifications and approximations that are 
a practical necessity in the development of these models. Also described are means 
of measuring or calculating device parameters in forms suitable for hand analysis 
and computer simulation. By working carefully, one can usually obtain simulation 
results that are within ± 20% of measurements for propagation delays and other 
transient characteristics. 

Shortly after learning how to use a computer circuit simulator, many students 
develop the mistaken idea that skill in hand analysis is no longer necessary. Com­
puter simulation appears to be much quicker and more accurate than hand analysis, 
especially for complex circuits with many nonlinearities. However, even when a 
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26 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS 

fully defined circuit is under study, hand analysis before starting computer simula­
tion is mandatory. For instance, hand analysis is the best means for determining an 
appropriate simulation time interval, as well as driving pulse duration and rise time, 
before first simulation of a given circuit. It makes no sense to use a driving pulse 
100 ns wide for simulation of a circuit that has a 100 ps rise time! Hand analysis also 
helps focus attention on possible model limitations and parasitic elements that may 
require special care in the parameter determination phase before circuit simulation. 

Throughout this text, hand analysis will be used for a quick first-order approx­
imation in which allowable errors may occasionally be as much as :t 50%. One 
important aim is to develop some skill at making good engineering approximations. 
These approximations can lead to results that have much more acceptable accuracy, 
as will be seen in the chapters to follow. Choices of circuit configuration and initial 
values of circuit parameters will be determined by hand. A scientific calculator is an 
essential tool in the hand-analysis phase. 

Simulation will be used to improve on the accuracy of hand analyses and to 
refine the choice of device parameters in design work. Note that simulation should 
not be used to design circuits but rather validate results and intuition, If hand analy­
sis and simulation are wildly different, then either the analysis is wrong or the input 
to the simulator is wrong, or both. In order to guarantee the proper results from 
the simulator, we will need to examine transistor models that are suitable for this 
purpose. The emphasis in our study of simulation techniques is on developing 
familiarity with commonly used device models and on determining the model 
parameters needed for analysis and design of modern digital integrated circuits. 

There is much emphasis in the circuit design literature on the creation of new 
circuits that are "better" in some context than previous circuits. Many new design­
ers would like to invent a clever circuit that demonstrates their insight and abilities. 
However, there is a lot to be said for using well-known and well-understood circuit 
topologies because the CAD tools are readily available for mainstream design tech­
niques. Furthermore, getting a working chip to market quickly is perhaps the most 
important design specification today. In industry, the focus is on getting circuits to 
work reliably across large process variations, supply variations, temperature varia­
tions, in the presence of signal integrity issues, and over the lifetime of the chip. 
Tools like SPICE prove to be extremely useful for this purpose. 

*1.6 The Challenges Ahead 
Many of the issues in deep submicron remain unresolved today. There are a num­
ber of significant challenges in the years ahead in process technology, design tech­
nology, and computer-aided design tools to continue scaling according to Moore's 
Law. This section describes some of the key issues to provide the reader with a per­
spective on what design challenges exist today, and what lies ahead. The issues are 
quite advanced and many of the terms used will not be elaborated further in this 
section. However, it is intended to familiarize the reader with the issues and to moti­
vate the topics in the rest of the book. 
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Table 1.2 
Technology roadmap based on the ITRS 

Techttolpgy 
.Year Node (nm) 

1995 350 3.3 0.6 75 10M 

1997 250 2.5 0.55 so 20M 

1999 180 1.8 0.5 35 40M 

2001 130 1.2 0.4 22 100M 

2004 90 1.0 0.35 20 250M 

2007 65 0.7 0.3 14 SOOM 

2010 45 0.6 0.25 11 18 

2013 32 0.5 0.22 10 28 

2016 22 0.4 0.2 9 48 

We begin with the semiconductor technology roadmap shown in Table 1.2. 
This is based on the International Technology Roadmap for Semiconductors (ITRS) 
but has been simplified to convey the key messages.7 In this table, the values for the 
technology node, supply voltage, threshold voltage, oxide thickness, and expected 
number of transistors on the chip are reported. Each technology node, representing 
the minimum line width, is scaled by a factor of 0.7 relative to the previous node. 
In order to maintain constant fields and low-power dissipation, the supply voltage 
is also reduced. The threshold voltage is reduced but not at the same rate as the 
other factors. The same is true for the oxide thickness. In the final column, the num­
ber of useful transistors that can be integrated on one chip are reported. According 
to this projection, we will see a billion (IB) transistor chip before the decade is out! 

Unfortunately, the path to 1B transistor chips is not straightforward. The first 
major problem is to generate the fine line widths that are projected in the technol­
ogy node column. The limits of techniques such as optical proximity correction 
(OPC) and phase-shift masks (PSM) may soon be reached. A new generation of 
photolithographic equipment will be necessary. The table also reports that the oxide 
thickness beyond 2010 is roughly 10 A, an extremely small value. The oxide is sup­
posed to act as an insulator, but current tunneling through oxide occurs at much 
higher oxide thicknesses. This gives rise to a gate current that is not permitted in the 
classical operation of the MOS transistor. High-k dielectrics are under development 
to replace oxide as the gate insulator. 

A second major issue facing the industry is the rapid increase in the subthresh­
old current. This is the current flowing through the transistor when it is nominally 
off, often called the J0 ff current. In this context, the current when the transistor is on 
is referred to as the J

00 
current. Ideally, we would like to have a high J011 and a very 

7 Complete documentation on the ITRS may be found at the website http://public.itrs.net. 
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28 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS 

low Joff· If I0 ff is large for a single transistor, then having a few hundred million 
devices leaking current would produce an unacceptably large static power dissipa­
tion. There is a tradeoff between these two requirements, since both of these cur­
rents depend on (Vcs - Vy), If this value is large, both I0 n and I

0
ff are large. How­

ever, if it is small, both currents are small. As we scale Vvv, it is not possible to scale 
Vyas quickly since the I

0
ffcurrent reaches unacceptable levels. On the other hand, a 

larger VT makes I0 n smaller. 
Further problems exist in terms of mobility degradation, dopant profile control 

in the channel region, substrate currents, and device reliability, both short term and 
long term. Another set of issues surround interconnect. The switch to copper and 
low-k dielectrics is continuing to encounter problems. Achieving low-k dielectrics 
in the range of 2 will be difficult. Reliability issues of copper vias, self-heating 
effects, the thickness of the barrier layer versus the copper material, and antenna 
effects are still under investigation. Technology advances are necessary with new 
materials and device structures, such as high-k dielectrics, fin-Jets ( dual-gate Jets), 
vertical transistors, strained-silicon, and silicon-on-insulator (SOI) to address these 
problems. 

In the design arena, there are a number of thrust areas in the near future. As 
supply voltages shrink, designing digital circuits and mixed analog/digital circuits 
with very small values of Vvv presents a challenge. This is especially true in dynamic 
circuits, where logic values are determined by the amount of charge on a capacitor. 
As the supply voltage is reduced, the stored charge will be small. With larger sub­
threshold leakage currents, coupling noise, etc., it will be a challenge to get these cir­
cuits to operate properly. In addition, standard CMOS designs will continue to deal 
with process variations, capacitive and inductive coupling issues, supply fluctua­
tions due to IR and Ldi! dt effects, and chip-wide timing synchronization. 

As mentioned earlier, dynamic power is continuing to increase with each gen­
eration of technology. The reason for this is shown in Figure 1.21. The supply volt­
age is decreasing with each technology node. However, increases in performance 
can only be achieved with a corresponding increase in current. This results in an 
increase in the overall power. Furthermore, subthreshold current must be reduced 
using circuit design techniques in the near term, such as source degeneration or 
multi-Vy CMOS. Note that the historical rate of power increase can not be followed 
after 2005 due to economic, thermal, and packaging considerations. Today, per­
formance is still the most important design objective. Over the next few years, low­
power design methods will become more important than performance. 

Another looming issue is the recurring problem of design productivity. While 
the ITRS forecasts 1B transistors by 2010, the design of chips with this staggering 
number of gates will take more time and more resources than in previous genera­
tions. A major productivity gap exists today due to the unprecedented levels of 
integration possible, and continues to widen as technology shrinks. One view of this 
productivity gap is shown in Figure 1.22 from ITRS. It shows the growth of logic 
transistors on a chip in the upper graph (58%) and the increase in productivity in 
the lower graph (21 %). The difference between the two lines is known as the pro­
ductivity gap. 
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Figure 1.21 
Supply voltage and current, chip power trends from ITRS. 
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30 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS 

Below the graph is a rough estimate of the cost to design a SOM transistor chip 
in the year 2003. The total is roughly $10M-$15M U.S. If we are to make use of all 
of the available transistors on a chip and deliver products within a given market 
window, new design methodologies and tools are needed to carry out these large 
designs. The semiconductor industry is promoting a new approach to design that is 
dubbed "system-on-a-chip with intellectual property" (SOC/IP). 

The key idea in SOC/IP design is that chips can be constructed rapidly by using 
third-party and internal IP blocks. The term IP refers to predesigned, reusable 
behavioral or physical descriptions of standard components. They are also referred 
to as IP cores or virtual components, or simply cores. Productivity improvements are 
accomplished through re-use methodologies. This is yet another paradigm shift 
from logic-level design in the 1970s, VLSI design in the 1980s, and block-based 
design of the 1990s. Figure 1.23 illustrates the SOC design process in a simplified 
form. The SOC is constructed using a combination of existing IP and user-defined 
logic (UDL). The user-defined logic can itself be comprised of newly designed 
blocks and some reusable blocks, as well as memory. The memory is generated with 
a memory compiler so it is considered to be a "reusable" block. Using this approach, 
designs can be assembled hierarchically with a much greater productivity level than 
before. 

An example of an SOC design is shown in Figure 1.24. It contains a processor 
core (MCU), a number of digital signal processing cores (DSP), user-defined logic 
(UDL), some compiled memories (ROM, RAM), and an analog IP core. Since the 
cores are predesigned blocks, and the logic and memory portions are synthesized 
automatically, this design can be constructed with greater productivity than in pre­
vious generations. 

Of course, any new methodology must have a new set of CAD tools, standards, 
and design flows associated with it. Designers must adopt this new way of design­
ing chips. There are business issues of "make versus buy," licensing, learning curves, 
and costs, to name a few, that are barriers to the success of SOC design. These issues 

Newly designed portion 

Figure 1.23 
System-on-chip design hierarchy 
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Figure 1.24 
Example of SOC design. 
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will require time to resolve, but this is the direction that the industry has aggres­
sively undertaken. In one form or another, this SOC design philosophy will emerge 
to propel the semiconductor industry forward to fully utilize the billion transistors 
available on a chip in the future. 

1.7 Summary 
Back in the 1970s, gate-level design techniques allowed the designer to start think­
ing of digital circuits at a higher level. In the VLSI era, the chip designer became a 
system-level designer and made use of ASIC design flows to implement chips (typ­
ically using a third party). As technology continued to scale, the problems of deep 
submicron emerged that required close interaction between the system-level design 
and the physical design teams to produce working circuits. With the advent of system­
on-chip technologies, the chip designer continues to move to higher and higher lev­
els of abstraction. However, the issues of deep submicron that have been overviewed 
in this chapter are forcing designers back to the silicon level. The designers of 
tomorrow must be able to design working chips in the presence of all the issues 
described above in a cost-effective and timely manner. A design gap exists today 
because of the trend to move to higher and higher levels of abstraction, while the 
problems actually lie at the lower levels. As such, this textbook serves to bridge 
the design gap by going back to the fundamentals of circuit design. It is hoped that 
the integrated circuit designers of tomorrow are well-equipped for the upcoming 
challenges upon reading and studying this material. 
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PROBLEMS 
Pl. 1. Simplify the following functions and express each (a) as a sum of prod- · 

ucts and (b) as a product of sums: 
- - -

(i) F = CBA + CBA + CBA + CBA 

(ii) F = DCA + DCA + DCA + i5CA 

Pl. 2. A light in a long hallway is to be controlled by three switches A, B, and 
C. If the switch is up, its logic value is 1. If an odd number of switches 
are up, the light is on; if an even number, the light is off. Design the logic 
circuit for F (F = 1 for light on) from A, B, and C (a) as an all-NAND 
circuit and (b) as an all-NOR circuit. 

Pl. 3. Implement the following functions using only NAND, NOR, and INV: 

(a) F =AB+ BC 

(b) F = A EB B EB C 

Pl. 4. A "half adder" has the following truth table: 

0 1 

0 1 

0 

Table P1.4 

0 

0 

(a) Using Karnaugh Map (K-Map) techniques, transform this table 
into two Boolean expressions, one for Sum and one for Carry. 

(b) Sketch the associated gate equivalent for (a). 

Pl. 5. Design the "full adder" truth table and repeat steps (a) and (b) as in 
Problem P 1.4. 

Pl. 6. Find the complement of the following functions by applying DeMor­
gan's Law: 

(a) F = ABC+ ABC+ ABC 

(b) F = ABC + ABC 
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Pl. 7. An inverter has a measured delay of 2 ns. 

(a) If five identical inverters are connected in series as shown in Figure 
Pl.7a, what is the delay from a to b? 

a b 

Figure Pl.7a 

(b) If the a and bare now connected as shown in Figure Pl.7b, such 
that the voltage at a will now oscillate like a clock, 

a b 

Figure Pl.7b 

(i) What is the period of oscillation? 

(ii) What is the frequency of oscillation? 

Pl. 8. A step input from O V to 1.2 V is applied to the RC circuit as shown in 
Figure Pl.8. Calculate the time required for the voltage across the capac­
itor to: (a) reach 0.6 V, (b) reach 1.2 V, (c) go from 10% to 90% of 1.2 V. 

12.5 kQ 

+ 
lOOfF 

Figure Pl.8 

Pl. 9. A switch is used to control a capacitor's connection to either V00 or Gnd 
through a resistor as shown in Figure Pl.9. The resistor connected to 
VDD has a resistance of 30 kO while the resister connected to Gnd has a 
resistance of 12.5 kO. 

(a) If the switch has been connected to R2 for a long time, so that the 
capacitor's voltage is O V, and the switch is then connected to RI at 
t 0, calculate the time it takes for the capacitor's voltage to reach 
0.6 V (V0DJ2). 

(b) If the switch has been connected to Rl for a long time, so that the 
capacitor's voltage is 1.2 V, and the switch is then connected to R2 
at t = 0, calculate the time it takes for the capacitor's voltage to 
reach 0.6 V (Vv0 12). 

(c) Calculate the ratio of delays between (a) and (b). 
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Vvv = l.2 V 

+V 

RI 
30kQ 

R2 f 12.5 kQ -= 

Switch 

+ Cload I JµF 

Figure Pl.9 

Pl. IO.In a 0.18 µ.,m technology, a chip is designed with 1 cm by 1 cm dimen­
sions containing 50 million transistors. At 0.13 µ.,m, how many transis­
tors can be integrated on the same chip according to Moore's Law? 

Pl. 11. If the current high-speed desktop processors run at 2 GHz (109 Hz), and 
if the processor speeds doubles every technology node, how many tech­
nology nodes will it take for processors speeds to reach 30 GHz? If the 
time between each technology node is 3 years, how long will this take? 

Pl. 12. A capacitor C with an initial voltage of O V is suddenly connected to a 
current source I as shown in Figure Pl.12. If the capacitor has a value of 
25 fF, how large must the current source be so that the voltage across the 
capacitor reaches 0.6 V in 30 ps? Express the answer in mA. 

Figure Pl.12 
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CHAPTER OUTLINE 

2.1 Introduction 
2.2 Structu.re and Operation of the MOS Transi.s)or 
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*2.6 · Alpha-Power Law Model 
2.7 . subthreshold Conduction 
2.8 Capadtances.of.the MOSTransistor 

• ·2.9 Summary 

. References · 
Problems 

2.1 Introduction 
This chapter focuses on the semiconductor devices used in mainstream integrated 
circuits. MOS devices, pn junctions, and device capacitances are all covered here. We 
will spend much of this chapter examining basic physics and modeling of MOS 
transistors. It is an important chapter in that it lays the foundation for many of the 
design equations to be used throughout the book. Of course, it is difficult to have 
complete coverage of the background needed to grasp the device physics in one 
chapter. Readers who are unfamiliar with the terms and concepts presented here 
should consult the references for the prerequisite material. It is expected that many 
students embarking upon a study of this text will have had a course in semicon­
ductor devices, including the MOS transistor. However, even these students should 
study this subject matter because the emphasis is on the specific characteristics of 
MOS devices that are important to VLSI digital circuit design. 

CHAPTER 

2 

35 
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We begin with MOS device characteristics that lead to the derivation of the 
threshold voltage equation, current equations, and capacitance models. MOS tech­
nology is the basis for most of the very large-scale integrated (VLSI) digital mem­
ory and microprocessor circuits. Jt is the dominant technology in the IC industry 
today, with bipolar technology a distant second. The most important advantage of 
MOS circuits over bipolar circuits for VLSI is that more transistors and more circuit 
functions may be successfully integrated on a single d1ip with MOS technology. An 
individual MOS transistor occupies less chip area and transistor scaling continues 
to increase the chip density by a factor of two with each new generation. As a result, 
MOS VLSI circuits are significantly cheaper to manufacture than bipolar circuits of 
equivalent function and, consequently, MOS VLSI circuits make up a dominant 
percentage of the total market for digital ICs. 

The first MOS circuits, made in metal-gate p-channel (PMOS) technology in 
the early 1970s, required special supply voltages and fun ctioned only at very low 
digital data rates. The change to n-channel (NMOS) silicon-gate technology and 
other improvements resulted in LSI circuits that required only a single standard 
supply and operated at much higher data rates. In NMOS technology, all gates on 
the chip were constructed from two types of n-channel transistors. One type of 
device had a turn-on voltage above0 V This device was referred to as an enhancement­
mode device. The other type of device had a turn-on voltage that was less than 0 V, 
which implied that it ,,vas always on. This was the depletion-mode device that played 
a supporting role on the chip since it could be used as a load resistor for the logic 
gates. Many chips were designed in NMOS technology and, in fact, this technology 
dominated the decade of the l970s. 

Since the early 1980s, complementary MOS (CMOS) ha~ been the most preva­
lent MOS technology. This technology provides bolh 11- and p diannel devices in 
one chip at the expense of some increast· in fol>rirn1 iou 1..urnplexity and chip area 
compared to basic NMOS. The great advantage of CMOS digital circuits is that they 
may be designed with low static power consumption in the steady-state condition. 
Power is consumed prin1arily when circuits switch between the two logic states; the 
average CMOS power consumption is much smaller than for NMOS circuits. In 
fact, the power consumption problems of NMOS led to a wholesale conversion of 
the industry from NMOS to CMOS. Today, CMOS is widely used in almost every 
type of microelectronic application including personal computers, personal digital 
assistants, cell phones, Internet applications, and a variety of other communication 
equipment. 

The analysis and design of integrated circujts depends heavily on the use of 
suitable mathematical models for the devices. This is true in hand calculations, 
where fairly simple models are generally used, and in computer analysis, where 
much more complex models are utilized for high accuracy. The importance of 
"back-of-the-envelope" or hand calculations cannot be overemphasized. Designers 
must be able to gain quick insight into a new circuit configuration in terms of 
speed, power, and area, as well as many other important characteristics. If a simple 
model is not available, then design becomes an iterative process witl1 a CAD tool. 

Since any analysis or design is only as accurate as the models, it is essential that 
the circuit designer have a thorough understanding of the models commonly used 
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MOS TRANSISTORS 37 

and the degree of approximation involved in each. If we know the detailed models, 
and the approximations used to derive the simple models, we can safely use the sim­
plified models and gain a tremendous insight into the behavior of complex devices. 
Keep this in mind as you work your way through the material in this chapter. 

2.2 Structure and Operation of the MOS Transistor 
A simplified view of an n-channel polysilicon-gate MOS transistor is shown in Fig­
ure 2.1. In simple terms, there are two operating modes for this transistor: on and 
off. This is true of all transistors. We must use the terminals provided on the device 
to place it in these two possible conditions. The four terminals are the gate, drain, 
source, and bulk (or body, or substrate). The schematic symbol for the NMOS device 
is shown with these four terminals labeled as G, D, S, and B, respectively. In the on 
condition, electron current flows from source to drain. In the off condition, no 
current flows in the device. To turn it on, a voltage is applied to the gate node to set 
up an electric field that creates a conductive channel between heavily doped n-type 
(n+) source and drain regions,1 and current flows when a potential difference exists 
between these two nodes. 

Poly gate 

Source i 

L 

p substrate 

Bulk 

Figure 2.1 
NMOS transistor structure and symbol. 

Drain NMOS 

D 

s 

1 The notation n+ implies doping >1018/c:m3, n- implies doping <10 15/cm3
1 and n is not specific, The same 

convention applies for designations of p~type material. 
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38 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS 

Since it is based on the use of an electric field, the device is one form of field­
effect transistor (FET). Note that the gate is completely insulated from the other 
electrodes. This fact leads to the designation insulated-gate field-effect transistor 
(IGFET). Another name, although much older, is unipolar transistor. This name 
arises from the fact that only a single type of charge carrier (electrons in NMOS) is 
necessary for device operation. The mobile holes in the p-type substrate of an 
NMOS transistor are not involved in normal transistor operation. A variety of 
terms have been used to reference th.is device including FET, IGFET, MOS1~ and 
MOSFET. We will use the more recent terms, MOS transistor or MOS device, NMOS 
device, and n-channel transistor, when referring to the device in Figure 2.1. 

As mentioned in Chapter 1, the acronym MOS is derived from the metal-ox:ide­
semiconductor structure that forms the gate of the device. ln the early days of 
PMOS technology, a metal gate was used but it was difficult to align the metal over 
the channel precisely. An offset in one direction or the other would create a non­
functioning transistor (either a shmt or an open). To overcome these alignment 
problems, a polycrystalline silicon material was introdL1ced to serve as the gate. This 
so-called poly gate would be deposited before the source and drain material. When 
the source and drain diffusions were created, they would align with the gate, rather 
than the other way around. The yield of such devices went up significantly com­
pared to metal-gate technology, and today, polysilicon is used almost exclusively as 
the gate material. It is heavily doped to keep its resistance low since it is supposed to 
behave like a metal material. 

The device structure shown in Figure 2.1 is formed by a complex sequence of 
steps including oxidation, pattern definition, diffusion, ion implantation, and mate­
rial deposition and removal processes. In the fabrication process, horizontal device 
dimensions are made as small as possible with the available technology .in order to 
maximize both circuit density and high-speed performance. A corresponding 
reduction in the vertical dimensions is also necessary to maintain field levels. A 
description of the processing sequence is presented in Chapter 3. 

The final sh·11ch1re has a n umber of features that deserve mention. The most 
important horizontal dimension is channel length L, shown in the figure. Typical 
values of L today are in the range of 350 nm to 90 nm. This dimension will continue 
to scale according to Moore's Law in the years ahead. Perpendicular to the plane of 
the figure is the channel ·width w: typically much larger than the minimum length, 
depending on the desired current-handling capability. Gate oxide thickness tax, the 
most important vertical dimension, is typically less than 5 nm (SO A). Today it is 
below 25 A. As we shall see, gate length and width and gate oxide thickness are 
major parameters in determining the electrical characteristics of the MOS transis­
tor. The other vertical parameter shown is the junction depth, xj, which is of the 
order of 70 nm to 150 nm today. 

The body, or substrate, is a single-crystal silicon wafer that is the starting mate­
rial for circuit fab1icaL-ion and provides physical support for the final circuit. The 
p-type substrate doping density is a factor in device electrical behavior, as described 
in the next section. The silicon surface is comprised of active and field regions. The 
active region contains the transistor, while the field region serves to isolate transis-
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MOS TRANSISTORS 39 

tors. The main requirement on the field regions is that they should never permit 
conduction between separate active regions. In NMOS, all conduction is via elec­
trons, so the field region fulfills its purpose if electrons can never pass through it. In 
addition, a thick layer of silicon dioxide over the field regions is used to minimize 
unwanted capacitance from interconnecting metal to the body. 

The transistor regions in the body comprise n+ source and n+ drain regions 
separated by p-type material in the channel region. Typical devices are symmetrical, 
just as the one shown in Figure 2.1; source and drain are interchangeable. Strictly 
speaking, the source o~d drain can be only identified after the polarities of applied volt­
ages are established. In NMOS, the more positive node is defined as the drain. With 
no external voltages applied, the path from drain to source has two pn+ junction 
diodes in series, back to back, with the body as a p region common to them. These 
junctions should never be forward-biased. In fact, the subtrate should be connected 
to the lowest possible potential in the circuit, typically a ground potential, called V55 
or Gnd. The only current that is permitted to flow across the junctions is diode 
reverse leakage current. 

Now consider the result when source, drain, and body are all tied to ground and 
a positive voltage is applied to the gate. From simple concepts of electrostatics, a 
positive gate voltage will tend to draw electrons from the substrate into the channel 
region. The n+ source and drain regions also provide nearby copious sources of 
electrons. Once electrons are present in the channel region, a conducting path is 
present between drain and source. Current will flow from drain to source if there is 
a voltage difference between them. That is, electrons will flow from source to drain 
in this condition. 

To first-order, the conducting channel does not form for very small positive 
gate voltages. The electrostatic potential at the surface of the p-type material in the 
channel region must be made positive by application of a larger gate-source voltage. 
The gate voltage needed to initiate formation of a conducting channel is termed 
the threshold voltage VT. This important device parameter is analyzed in the next 
section. 

Now consider the structure of the device in Figure 2.2, called the p-channel or 
PMOS device. It has complementary characteristics to the NMOS device. While the 
structure is the same as the NMOS device, the doping is opposite. The heavily doped 
regions in the body comprise p+ source and p+ drain regions separated by lightly 
doped n-type material in the channel region. Again, the source and drain are inter­
changeable and can be identified only after the polarities of applied voltages are estab­
lished. In PMOS, the more positive nnde is defined ns the sourrc This is represented in 
the schematic of Figure 2.2 by reversing the positions of the source and drain. 

The substrate is an n-type material that must be created in advance of placing 
the source and drain regions. It is often referred to as an n-well or n-tub, especially 
if it is created in a silicon wafer that is initially doped with a p-type background 
material. In this case, it would be called an n-well process. If both n-channel and 
p-channel devices are created in their own wells, it is referred to as a double-well 
or twin-tub process. Again, the path from drain to source has two p+n junction 
diodes in series, back to back, with the body as an n region common to them. The 
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Figure 2.2 
PMOS transistor structure and symbol. 
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only current that can flow is diode reverse leakage. They should never be forward­
biased. Therefore, th.: 11-well must be tied to the highest voltage in the system, called 
VDD· In a twin-tub process, the p-well must be tied to Gnd or V55 for the same rea­
son. These co;nnections of the wells to V 0 0 or Gnd are sometimes referred to as tub­
ties or well-plugs. 

Consider the p-cbannel device when source, drain, and body are all tied to VoD· 
If a low voltage is applied to the gate, it will tend to draw holes into the channel 
region. Once holes are present in the channel region, a conducting path is present 
between drain and source. Current will flow from source to drain if there is a volt­
age difference between them. That is, holes will flow from the source to the drain if 
the drain has a lower potential than the source. By definition, the source is the ter­
minal with the higher potential in PMOS devices. In effect, the PMOS device has a 
negative threshold since the gate must be at a lower voltage than the source to invert 
the channel. 

The fact that the p-channel device has a negative threshold, and is therefore 
opposite to the NMOS device, is captured in the symbol for the device by placing a 
circle on the gate input. Many books use a slightly different symbol for thjs device, 
but we will use this one consistently throughout the book. 

NMOS and PMOS transistors that have no conducting channel at zero gate­
source voltage are termed enhancement-mode devices, meaning that gate-source 
voltage of the same polarity as drain-source voltage (positive for NMOS, negative 
for PMOS) is required to initiate conduction. NMOS depletion-mode devices have 
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Figure 2.3 
CMOS transistors structure. 

negative thresholds, but in CMOS designs, we rarely (if ever) use depletion-mode 
devices today. 

Figure 2.3 shows a cross-sectional view of a modern silicon-gate CMOS struc­
ture. While it is not drawn to scale, it represents the typical profile after fabrication 
of a twin-tub CMOS process, the details of which are left to Chapter 3. We now 
know that the PMOS devices are symmetrical but opposite to NMOS devices in 
terms of doping and voltage polarities. In CMOS circuits, all devices are assumed to 
be enhancement-mode devices. They are separated by oxide regions using a method 
called shallow-trench isolation (ST!). The NMOS device has a positive threshold 
voltage while the PMOS device has a negative threshold voltage. The equations to 
be derived in the sections to follow are based on the NMOS device, but apply 
equally to the PMOS device after the appropriate sign changes. 

2.3 Threshold Voltage of the MOS Transistor 
In order to fully understand the mechanisms behind the threshold voltage deriva­
tion, we must examine the energy-band diagram of a material as shown in Figure 
2.4. This diagram is a representation of the allowable energy states for electrons. 
Two distinct levels are defined: the conduction band, E0 and the valence band, EV' 
In order to have electrical conduction, an electron must move from the valence 
band to the conduction band and, in doing so, must surmount the bandgap associ­
ated with the material. In metals, the two energy levels overlap making the bandgap 
effectively zero; electrons can freely move from one band to another. In insulators, 
the energy levels are very far apart aud the barrier is insurmountable. In semicon­
ductors, the gap is relatively small, 1.1 eV for silicon. Since there are no allowed states 
in the bandgap region, electrons must have enough energy to jump from the valence 
band to the conduction band. However, since the gap is relatively small, energetic 

ST! 
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Figure 2.4 
Energy-band diagram for doped p-type silicon. 

electrons are able to surmount this barrier from time to time due to thermal exci­
tation. 

In an undoped semiconductor, the total number of electrons that are able to 
surmount this barrier is termed the intrinsic carrier concentration, n;, This depends 
on the number of available states in the conduction band and the probability of 
occupancy of these states, which depends on the temperature. For example, n; at 
room temperature is 

n; = 1.45 X 1010/cm' (2.1) 

The relationship between the intrinsic carrier concentration and the holes and elec­
trons at equilibrium is given by the mass action law: 

np = n; (2.2) 

where n is the mobile electron concentration and p is the mobile hole concentra­
tion. This equation tells us that the mobile electrons and mobile holes must have 
equal concentration in undoped silicon at equilibrium. To represent this on the 
energy band diagram, we define the intrinsic Fermi level as a line where the proba­
bility of electron occupancy of an empty state is 50%. This is denoted E; in Figure 
2.4 and is located roughly midway between the conduction baud and the valence 
band. 

More generally, the probability of electron occupancy of an allowable state is 
based on the doping level in the semiconductor. As we increase the doping level, NA' 
of silicon with p-type acceptor impurities such as boron, the probability of electrons 
in the conduction band is reduced and the actual Fermi level (50% probability 
point) shifts below the intrinsic Fermi level. This is because we are adding holes to 
the semiconductor and reducing the likelihood that an electron will surmount the 
barrier. The mass action law can be used to support this fact. If p = NA > > n;, then 
the mobile electron concentration is reduced to 

n' , 
n=-

NA 
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which is much smaller than n;, Since there are fewer mobile electrons, the probabil­
ity that the empty states in the conduction band will be occupied decreases. 

The amount of shift in the Fermi level due to the doping is called the electro­
static potential. Conventionally, the equilibrium electrostatic potential c/>r in a semi­
conductor is defined as the difference between the intrinsic Fermi level and the 
actual Fermi level in the p-type or n-type doped semiconductor:' 

or 

,1. = kT In n; 
'l'Fp q p (2.3a) 

kT n 
c/>r,, = - ln - (2.3b) 

q n; 

where the equilibrium majority mobile carrier concentration is assumed to be equal 
to the doping concentration p = NA for p-type material, or n = N0 for n-type 
material. 

The kTI q term is called the thermal voltage, V, 11 , which is'approximately 26 m V 
at room temperature. (Do not confuse this with the threshold voltage, Vy, which is 
a completely different quantity!) By convention, q>p is negative for p-type semi­
conductor material and positive for n-type material. For example, in a p-type mate­
rial, we would have: 

kT n; 
¢Fp = -ln-N 

q A 
(2.4) 

Since NA is the doping level in the p-substrate, and the value of NA > > n;, the elec­
trostatic potential is negative. 

Now that the energy band diagram has been reviewed, its application to the 
threshold voltage derivation can be described. Recall that the MOS structure is 
comprised of a metal material (polysilicon), a gate oxide, and the silicon body. The 
gate and body of the MOS transistor form the plates of a capacitor with silicon diox­
ide, SiO2, as a dielectric. The gate-oxide capacitance per unit area is defined as: 

(2.5) 

where s,x is the permittivity of oxide and t"" is the oxide thickness. 
The threshold voltage for a long-channel enhancement-mode NMOS device 

can be derived using the transistor cross-section shown in Figure 2.5. Consider the 
body, source, and drain connected to ground and a voltage VGs (initially zero) 
applied to the gate. As V GS changes from zero to a positive value, positive charge 
accumulates on top of the gate and negative charge accumulates as electrons in the 
substrate under the gate. This actually happens gradually as the gate voltage moves 

i p~type silicon is obtained by adding acceptor impurities such as boron, n~type silicon is obtained by adding 
donor impurities such as phosphorus or arsenic. 
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Idealized NMOS device cross section with positive voltage applied showing depletion regions and 
the induced channel. 

from O V to the threshold voltage. Initially, the negative charge in the p-type body is 
manifested by creation of a depletion region3 in which mobile holes are pushe<l 
down under the gate, leaving behind negatively charged immobile acceptor ious. 

As the gate voltage continues to increase, the depletion-layer thickness increases 
and eventually an initial layer of mobile electrons appears at the surface of the sili­
con in the so-called weak inversion condition. Further increases in the gate voltage 
increases the concentration of the mobile carriers in the channel until the con­
centration of electrons at the surface equals the concentration of holes in the sub­
strate, a condition known as strong inversion.4 For gate voltages above this point, the 
depletion-layer thickness remains approximately constant while the additional 
charge on the gate is matched by additional mobile carriers in the channel region 
that are drawn from the source and drain regions-where an abundant supply of 
such carriers exists. 

The value of gate voltage V0s required to produce strong inversion is called the 
threshold voltage, Vy. We will present the main components of this voltage and then 
go back and describe the origin of each component. There are three main terms: 

1. A voltage term, ¢cc, represents the difference in work functions between the 
gate ( G) material and the silicon substrate on the channel ( C) side. The work 
function for a material is the amount of energy needed to move an electron 

3 This is the same type of depletion region that appears in a p11 junction. 
4 This is a somewhat arbitrary but important definition of strong inversion. The surfuce is inverted relative to 
the substrate since the carrier concentrations are equal and opposite. 
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from the Fermi level to free space level E0, as shown in Figure 2.6. When two 
materials with different Fermi levels are brought together into one system, 
the Fermi levels are aligned at equilibrium. The work function difference 
tells us how "misaligned" they are to begin with. When equilibrium is 
reached, the conduction and valence bands will bend to accommodate the 
work function difference. For silicon-gate devices 

¢Ge = cp G (polysi/icon gme) - cp C ($11bstrnte) 

2. There is always an undesired positive charge Q,., present in the oxide and at 
the interface between the oxide and the bulk silicon. This charge is due to 
impurities and/or imperfections such as sodium ions in the oxide, QN,'' and 
dangling bonds at the interface, Q55• We combine these two terms into one 
term called Q"" and place the equivalent charge at the oxide-silicon interface 
as in Figure 2.6. Since there is positive charge effectively on the bottom plate 
of the MOS capacitor, the top plate must provide negative charge to com­
pensate for it. Therefore, it contributes a negative quantity to the threshold 
voltage of - Q,) C,x· 

3. A gate voltage (-2</>p - Q8/C"") is needed to change the surface potential to 
tbe strong inversion condition and to offset the induced depletion-layer 
charge Qn, This is shown in Figure 2. 7. 

Now that the terms are defined, we explain the inversion process in detail. Consider 
what happens when the MOS system is first brought together. At equilibrium, there 
is a certain amount of band-bending that occurs to make the Fermi levels constant 
throughout the entire system. We need to know exactly how much band-bending has 
taken place in order to provide a meaningful reference point for the strong inversion 
condition. Tberefore, the bands are first flattened by a f1ot-lw1rl voltage, Vn,· The 
name comes from the fact that application of this voltage at the gate produces flat 

M 0 s --------------------Eo 
q<J>c 

ErG -·- ·-·-·-·-
Qox Ee 

+ 1--------l---....;:.. 
+ 
+ I- - - - - - - - - - - - .. - - - - - - - - ... - £. + ' -----'---I---'-+-·-·-·-·-·--·-·-·-·· Epp 
+ 

Ev + 
+ -

Figure 2.6 
Flat-band condition in the MOS system. 
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energy bands in the metal-oxide-semiconductor system, as shown in Figure 2.6. This 
figure shows the MOS energy band diagrams depicting the conduction band, E0 

valence band, Ev, the intrinsic Fermi level, E;, and the actual Fermi level in the p-type 
semiconductor, EFp· The work functions associated with the gate, q<I> a, and the semi­
conductor, q<I> c, are also shown here. The Fermi level in the gate material, EFG> 

depends on the doping level in the polysilicon gate material. If the gate is heavily 
doped with n+ material, the position of EFG is near Ee, However, if it is heavily doped 
with p+ material, E,-a is near Ev, For an NMOS device, usually an n+ doping is used 
in the poly gate whereas a p+ doping is used for PMOS devices. This polarity of dop­
ing is consistent with the doping of the drain and source regions, so they can be 
doped at the same time. 

The amount of band "unbending" that is needed to reach this flat-band condi­
tion is given by 

Q,x 
VFn = </>cc - -C ~, 

(2.6) 

That is, if we apply the difference between the work functions, and we compensate 
for the oxide charges, we will achieve the flat-band condition shown in Figure 2.6. 
We now have a known reference point from which to operate. 

Next, we need to bend the bands in the channel region by 2[</>Fl relative to the 
substrate,5 as shown in Figure 2.7. That is, the surface potential <f>s must be made 
equal to <f,p This will achieve the desired strong inversion condition. Then, we need 
to compensate for the exposed depletion-layer charge, Qn, due to the band-bending 
itself. The fact that we bent the bands means that the fixed charge is exposed in the 
depletion layer of thickness, Xd. 

5 We drop the electronic charge q for convenience in Figure 2.7, 

! 
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A simple analysis can be applied to find tbe depletion-layer charge by first 
determining the thickness X,i of the depletion region between the channel and the 
substrate as a function of the electrostatic potential ¢sat the silicon surface. To cre­
ate the shaded depletion region shown in Figure 2.7, mobile holes must be pushed 
back into the substrate. The thickness of the depletion layer in the p-type material 
is given by 

(2.7) 

The doping density in the p-type substrate is denoted as NA> and e,1 is the permit­
tivity of silicon. The immobile charge per unit area due to acceptor ions that have 
been stripped of their mobile holes is given by 

In order to invert the surface of the p-type semiconductor, the voltage VGs is 
used to attract mobile electrons to the channel region. As V cs is increased in the 
positive direction,6 the potential cf,5 at the silicon surface increases from its original 
(negative) equilibrium value of ¢Fp> through zero, until ¢s = -cf,Fp• Under this con­
dition the density of mobile electrons at the surface is equal to the density of mobile 
holes in the original substrate or body. The surface potential has changed by -2cf,Fp 

relative to the substrate. 
The value of V Gs needed to cause this -2¢ Fp change in surface potential is 

defined as the threshold voltage Vy for a MOS transistor. This condition is known as 
strong inversion. In essence, the semiconductor surface that is normally p-type 
becomes n-type. Further increases in gate voltage produce only slight changes in cf>s 
and the depletion-layer thickness. However, it increases the electric field across the 
gate oxide and increases the electron concentration in the channel. The additional 
electrons are drawn into the inversion layer from the strongly n-type source for 
drain, with the positive surface potential as the attractive force . 

fr '.W f • 
Band-bending at Strong Inversion 

Problem: 

A 130 nm technology employs carrier concentrations in the p-well in the range of 
3 x 1017 cm-3. Estimate the degree of band-bending required for strong inversion 
at room temperature, relative to the flat-band condition. 

6 The positive direction for the gate voltage is actually pointing downward in the energy band diagram of Fig~ 
ure 2.7, lt bends the bands downwards. The flat-band voltage is negative since it will "unbend" the bands from 
its equilibrium condition. 

Example 2.1 
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Example2.2 

Solution': 

2l<t,,PI = - In- = 2(0.026) In 17 "'0.88 V 2kTI n; I I 1.45 x 10
101 

q p 3 X 10 

As long as there is only a small voltage difference between drain and source, the 
induced layer of electrons extends continuously from sonrce to drain, producing a 
continuous region with mobile electrons. The conductivity of the channel thus 
formed can be increased or decreased ( modulated) by increasing or decreasing the 
gate voltage. In the presence of an inversion layer, and with no body bias (Vsn = O), 
the depletion region contains a fixed negative charge that may be found by using 
(2.8) together with the fact that <f,8 = -<l>r-

Q00 = -V2qNAe,; I -2</.i rl (2.9a) 

If there is a voltage \158 between source and body ( \1,,11 is normally positive for 
n-channel and negative for p-channel devices), a slight modification is required. 
The surface potential required to proJuce inversion becomes 1-2</>r + \1581 and the 
charge stored in the depletion region in this case is 

Depletion Layer Fixed Charge Calculation 

Problem: 

(2.96) 

A p-type well in a 130 nm technology has NA= 3 X1017 cm-3• Find the limiting 
value of depletion-layer width and the total charge contained in the depleted 
region. 

Solution: 

From Example 2.1, we already know that 

2kTI n;I 2l<t,,PI = q lnp = 0.88 V 

= l<t,, - <t,,I 

From Equation (2.7), 
---------
2 (11.7)8,85 X 10- 14 (0.88) _ 

Xd = 
1

_
6

(
10

_,,) x 
3

(10,,) = 6 x 10 
6

cm = 60nm 

7 Note that ¢Fp is negative for tHhannel devices and o/n, is positive for p-channel devices, This can be con~ 
fusing so we usually take the absolute value of this quantity, 
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From Equation (2.9a), 

Oeo = -(2 X 1.6 X 10-19 X (3)1017 X 1.0 X 10-12 X l-0.881 )1/2 

~ -3 x 10-1 c/cm2 

The complete expression for the threshold voltage Vy is given by 

QB 
Vy= VFB - 2</>F - -c 

ox 

Expanding VFB and rearranging, we obtain 

Vy= <f>Gc- 2<f>p 
QB _ Qox 

Cox Cox 
QBO Qox ---

= Vyo + y(Vv.: + 124>~ - ~) 

(2.10) 

(2.11) 

where Equation (2.9a) has been used to simplify the expression and Vro is the 
threshold voltage with V58 = 0 called the zero-bias threshold voltage. The parameter 
y (gamma) is termed the body-effect coefficient or body factor. Comparing Equation 
(2.9) to Equation (2.11), we see that y is given by 

Computation of c,, and y 

Problem: 

Determine values of Cox and y, if tox = 22 A and N, = 3 X 1017 cm·3
• 

Solution: 

To compute c,, we use Equation (2.5): 

Box = 4&0 

(4)(8.85 X 10-14
) 

:. Cox= = --'--'-'--~--'- = 1.6 X 10-6 F/cm2 

tox 22 A 

Apply this value to the equation for -y: 

')' = y2q;;7i,;cox 
r = V (2)(1.6 x 10-")(11.?) (s.s5 x 10-1

•) {3 x 10")/1.6 x 10·• 

~ 0.2 V11' 

(2.12) 

Example2,3 
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Example 2,4 

Table 2.1 
Signs in threshold voltage equation 

Parameter NMOS PMOS 

Substrate p•type n-type 

Vro + 
cpGC; 

n+ polysilicon gate 
p+ polysllicon gate + + 

cJ)F + 
Oao,Oa + 
a,, + + 
y + 
Xd, Cox + + 
Vs, + 

It is easy to become confused about the signs of the various terms in the threshold 
voltage equations (if not the terms themselves!). Equations (2.10-2.12) give correct 
results for NMOS aud PMOS if the signs shown in Table 2.1 are used. 

Threshold Voltage Calculation 

Problem: 

Calculate the zero-bias threshold voltage (i.e., V,8 = O) for an NMOS silicon-gate 
transistor that has well doping NA = 3 X 1017 cm-3, gate doping N0 = 1020 cm-3, 
gate-oxide thickness tax= 22 A,and 2 X 1010 cm-2 singly charged positive ions per 
unit area at the oxide-silicon interface. Assume that the gate doping is n+ and 
explain why it is appropriate. 

Solution: 

Oeo a., 
Vro = ¢Ge - 2¢,, - - - -

Cox Cox 

kT n1 1.4 X 1010 

cf,,P = - ln-N = 0.026 In 
3 

0" = -0,44 V 
q A X 1 

¢Ge = ¢Fp - cpG(gote) = - 0.44 - 0.55 = -0,99 V 

e., = 4e0 = 3.5 X 10-13 F/cm 

C,,, = 1.6 X 10-' F/cm' 

Oeo = 3 x 10-7 C/cm' 

Q 3 X 10-7 

_!!!!_ = ----,- = 0.188 V 
C0, 1.6 X 10-• 
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0 0, 2 X 1010 X 1.6 X 70- 19 

-C,-, = 
1 
_
6 

X 
10

_, = 0.002 V 

Vro = -0.99 - (-0.88)- (-0.188)-0.002 = +0.08 V 

In the above solution, we assumed that then• gate doping is so high that the Fermi 
level in the gate is coincident with the conduction band, which implies an electro­
static potential of </>,e19,.,1 = 0.55. If the gate doping were p•, the value for Vro 
would be 1.18 V which is well above the desired levels. Therefore, the doping of the 
poly gate must be n• to keep it below the target value. For the same reason, the 
poly gate for p-channel devices is doped with p+ material. Of course, the value 
computed above is not very satisfactory for an NMOS device. We require a value 
closer to Vro = 0.4 V. 

z' 

The small positive value of threshold voltage calculated above is not desirable for 
use in digital circuits. Although in principal the threshold voltage may be set to any 
value by proper choice of doping concentrations and oxide capacitance, considera­
tions such as breakdown voltage and junction capacitance frequently dictate the 
desirable specifications for these variables. Therefore, the final value of V70 is deter­
mined during circuit fabrication by ion implanting dopant atoms into the channel 
region. 

A p-type threshold implant, using boron for example, will make the threshold 
voltage more positive. On the other hand, an n-type threshold implant, using phos­
phorus for example, makes the threshold voltage more negative. NMOS threshold 
voltages are adjusted using a ,p-type implant until the desired positive value is 
reached. The PMOS thresholds are all adjusted with n-type implants until they are 
at the desired negative value. 

Extra p-type impurities are implanted to make V70N = +0.4 V for n-channel 
enhancement devices in our generic 130nm process. By implanting n-type 
impurities in the channel region of a p-channel device, we try to achieve a VroP = 
-0.4 V. If Q1 is the charge density per unit area in the channel region due to the 
implant, then the threshold voltage, V70, given by (2.10) and (2.11) is shifted by 
Qif Cox. It is assumed that all implanted ions are electrically active. 

Threshold Voltage Implant Dosage Calculation Example 2.5 

Problem: 

Continuing on with the previous example, since the NMOS threshold voltage is not 
close to the desired value, calculate the ion-implant doses N1 needed to achieve a 
threshold voltage of 0.4 V in unit of ions/cm2• 
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Solution: 

We know that Vr will be shifted by Q,IC,x = qN1 I C0,. 

Q1 c0,t v c.,(o.4 - ( +o.os)) 12 ions 
:.N = --- = -- = ------ = 3.2 X 10 -1 q q 1.6 x 10·19 cm' 

The ahove calculations of threshold voltage do not give exact quantitative 
results in practical cases. Reasons for this include the fact that body doping may 
vary near the oxide interface, the oxide thickness and dielectric constant may vary 
due to process variations, and oxide charge is not exactly controlled. Considerations 
such as hot-electron effects, junction breakdown voltages, junction capacitances, 
and punchthrough dictate the desirable specifications of the doping levels in the 
channel region. For our purposes, calculations of threshold voltage are useful for 
predicting how V70 varies as a function of doping levels and dimensions. Further­
more, the values given above are for illustrative purposes only. As a practical matter 
for circuit design, nominal values and statistical variations of the threshold voltage 
and body-effect coefficient must be determined by direct measurements of actual 
devices. 

2.4 First-Order Current-Voltage Characteristics 
The next step is to derive the large-signal characteristics oflong-channel MOS tran­
sistors for de or slowly changing applied signals. We assume an NMOS device with 
source grounded and bias voltages Vas, VDs> and V8s applied as shown in Figure 2.8. 
If Vas is greater than Vy, a conducting channel is present and VDs causes a drift cur­
rent IDS to flow from drain to source. The voltage Vvs causes a larger reverse bias 
from drain to body than that present from source to body, and thus a wider deple­
tion layer exists at the drain. However, for simplicity we assume that the voltage 
drop along the channel is small so that the threshold voltage and depletion-layer 
width are approximately constant along the channel. 

At a distance y along the channel, the voltage with respect to the source is V(y ), 
where O s V(y) s V05 , and the gate-to-channel voltage at that point is Vcs - V(y ). 
In order to have any inversion-layer charge, the gate-to-channel voltage must be 
higher than V 7. The amount of charge induced by a given voltage is Q = CV. We 
assume that this voltage Vas - V(y) exceeds the threshold voltage Vy, and thus the 
induced charge per unit area at the pointy in the channel is the charge density: 

Q,,(y) = Cox [ Vas - V(y) - Vr] (2.13) 

In basic terms, current is simply charge in motion. Since Equation (2.13) deter­
mines how much charge exists in the channel, the drain-source current I0 s is given 
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Figure2,8 
NMOS device with bias voltages applied. 

by the charge density times the carrier velocity, v, times the channel width, W, per­
pendicular to the plane of Figure 2.8. 

10 s = Q,, Xv X W (2.14) 

The carrier velocity in cm/s is determined by the horizontal electric field, E, 
which is in units ofV/cm and is directed from drain to source. For the first-order 
model, we assume that the velocity is linearly proportional to the magnitude of the 
E field: 

dY(y) 
v = µ,E whereE = ~ (2.15) 

andµ, is the carrier mobility which is the ratio of carrier (electron or hole) velocity 
to electric field. Its dimensional units are cm/s over V/cm, or cm2/V-s. 

1b continue with the analysis of MOS transistor conduction, we substitute 
Equation (2.15) into (2.14): 

Ivs = Cox [ (Yes - Y(y)) - Yr] X µ,,,EX W 

Further substitution and minor rearrangement produces: 

10 s dy = Wµ,,,Cox (Yes - Y(y) - Yr) dY 
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For simplicity, a process transconductance parameter k' is defined as: 

k' = C = P.,,l3ax 
/J,11 OX f 

OX 

(2.16) 

We assume that Vr does not vary significantly along the length of the channel, Inte­
grating the left side along the channel from y = 0 to Land the right side from V = 
0 to V05 and substituting: 

rL rV1a 
Ivs), dy = Wk'), (Yes - V - Yr) dV 

0 0 
(2.17a) 

The device transconductance parameter is defined as k = I<( W!L), Substituting this 
in the above yields 

Ivs = Jc. [2(Vas - Yr) Vos - Vl,s] 
2 

(2.17b) 

for the so-called linear region of operation. This equation is an important one since 
it describes the current-voltage (I-V) characteristics of the long channel MOS tran­
sistor, assuming a continuous channel is present from source to drain. 

As the value of V 0s is increased, the induced conducting channel charge Q,, 
decreases near the drain. Equation (2,13) indicates that Q,, at the drain end 
approaches zero as V05 approaches Vas - Vy, When V05 equals or exceeds Vas -
Yr, the channel is said to be pinched off. Increases in Vos above this critical voltage 
produce little change in I0 s, and Equation (2, 17a) no longer applies. In fact, if Equa­
tion (2.17b) is plotted as Ios versus V0 s with different values of Vas> the curves 
would reach a peak and then "roll over" as Vos is increased since it is a quadratic 
equation. This characteristic, shown in Figure 2.9a, is nonphysical and inaccurate, 
It is due to Equation (2.13) reversing its polarity when Y(y) is greater than YGs -
V r This produces positive charge in the channel after the pinch-off point, as shown 
in Figure 2.9b, something that is quite impossible! 

Since the current equation is only valid up to the pinch-off point, we will call 
this the saturation voltage: 

V,,,,,, = Yes - V:r (2, 18) 

Beyond this value, I05 is obtained by substituting V0 s = Vas Vy in Equation 
(2.17b), giving 

Ios = f (Yes - Vr) 2 (2.19) 
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for the MOS transistor operating in this so-called saturation region.8 The word satura­
tion is used because Ivs reaches a limit, or saturates, at the level given by Equation 
(2.19). Figure 2.10 shows the currents in the linear and saturation regions of operation. 

The drain current of an MOS transistor in the saturation region in fact is 
dependent on V0 s, because the depletion layer at the drain widens as Vvs increases, 
shortening the electrically effective value of L. Also, there is significant electrostatic 
coupling between the drain and the mobile charge in the channel, such that increas­
ing the drain voltage increases Q,, above the value given by Equation (2.13). Each of 
these effects acts to increase the drain current as drain voltage increases. An empir­
ical approximation to the actual drain current can be used to model this increase as 

k 
Ivs = 2 (Vos - Vr)2 (1 + A Vvs) (2.20) 

where the channel-length modulation parameter A (lambda) represents the influ­
ence of V0 s 01110s in saturation. T,• Jvoid discontinuities in the 105 - V05 charac­
teristic, the 1 + A 1'0 s term may be included for both saturated and linear regions 
with negligible error. Usually the value of,\ has little effect 011 the operating char­
acteristics of digital MOS circuits. 

8 The consequences of the eadier assumption of Vr constant along the channel may now be understood. In 
fact, Vrincreases with V(y) due to body effect. The result is that saturated drain current J0 is 10 to 40% smaller 
than the value given by Equation (2.19b). However, good accuracy is obtained in circuit design if the value 
used fork' is determined from data taken with the transistor operating in saturation, 

,,+ 
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1/A 

Figure 2.10 
NMOS device 10 -V05 characteristics. 

0 Vos 

We summarize the results thus far using the IDs versus Vvs plot for an NMOS 
transistor shown in Figure 2.10. Below pinch-off the device behaves as a nonlinear 
voltage-controlled resistor. This is termed the linear, resistance, triode, or nonsatura­
tion region of operation. This book will refer to it as the linear region. Above pinch­
off, the device approximates a voltage-controlled current source. The channel-length 
modulation parameter in the figure is much larger than usual, leading to a steeper 
slope for Iv - Vvs in saturation than is usually observed. The slopes of all the curves 
in saturation converge at 1/A along the V05 axis.9 

There is also a noticeable quadratic relationship between the current I05 and 
VGs in the saturation region. This makes sense since there is a ( VGs - Vy)2 term in 
the current expression in saturation, so the current must increase quadratically with 
V Gs· This is an important characteristic associated with long-channel devices in sat­
uration. 

The separation between linear and saturation regions is also plotted in Figure 
2.10. It is defined as the point where V05 is equal to V05 - Vr for all the curves. 
Throughout the study of the material in this book, it will be important to quickly 
ascertain the region of operation of a device. As a rule of thumb, if V05 is large rel­
ative to VGs> then it is probably in saturation. If VGs is large relative to V05 then it is 
probably in the linear region. If the two are equal, then the device is definitely in sat­
uration. This intuitive approach to determining the region of operation is useful as 
an initial guess, but it must be validated using Equation (2.18). 

A similar set of plots can be generated for the PMOS device. As noted before, 
for PMOS devices, all polarities of voltages and current are reversed. When check-

9 Jn bipolar transistors, this is referred to as the Early voltage. 
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ing for the region of operation, it is important to use the proper magnitudes of the 
voltages. Otherwise, incorrect results will be obtained. 

MOS digital circuits are usually designed with MOS transistors as the only cir­
cuit elements. The values of Vrare usually given for the NMOS and PMOS devices 
but can be adjusted with body-bias, Vns· All of the other parameters are process­
dependent. As a consequence, the transistor width Wand length Lare typically the 
only design parameters a, ailable. Since L is usually selected as the minimum value 
possible, the only practical degree of freedom is the selection of W. Therefore, it is 
useful to relate most of the equations for the MOS transistor in terms of W. As we 
proceed through this chapter and subsequent chapters, useful coefficients will be 
computed relative to the W of the device. 

2.5 Derivation of Velocity-Saturated Current Equations 
The quadratic model derived above is valid for long-channel devices ( typically > 
1 µ,m) and has served the IC industry well for many years, especially for hand cal­
culations. However, it is not as suitable for today's deep submicron (DSM) tech­
nologies. The primary reason is that, in modern devices, the transistor channel 
lengths have been scaled to the point where the vertical and horizontal electric fields 
are large and they interact with one another. Furthermore, the assumption that sat­
uration occurs at the pinch-off point is no longer correct. Saturation in DSM 
devices occurs when the carriers reach velocity saturation-that is, when they reach 
the speed limit of the carriers in silic011. 

The effect on the current-voltage characteristics is illustrated in Figure 2.11 for 
a 0.18 µ,m device, for which V0 s and VGs are swept from Oto 1.8 V. Notice that the 
relationship between I0 s and Vas is more linear than quadratic. This can be seen by 
visual inspection of the plot of Ivs versus V05, or directly in the plot of !08 versus 
Vas· This behavior is not predicted by the equations that we have derived thus far. 
As a result, a more suitable model is necessary for hand calculations. 

Another observation is that the saturation voltageis smaller than what is pre­
dicted by the first-order model. The plot of 103 versus Vas indicates that the thresh­
old voltage is around 0.5 V (x-intercept of plot). For the uppermost curve of Ios ver­
sus V05 , with Vas= 1.8 V, the saturation condition of Equation (2.18) requires that 
V08 = Vas - VT= 1.8 V - 0.5 V = 1.3 V. However, the curve saturates well before 
1.3 V. It is closer to 0.6 V by inspection. This early saturation is true for all three 
curves in this plot and is due to velocity saturation. We now revisit the current der­
ivations taking into account the high fields and velocity saturation. 

2.5.1 Effect of High Fields 

Consider the following trends in the horizontal and vertical fields. The horizontal 
field occurs in the y-direction which is in the direction of the channel pointing 
from drain to source. The vertical field occurs in the x-direction from the gate to 
the channel. The horizontal field is given by By Vv5!L. Shown in the following 
are estimates of the horizontal field for three different years. We can see that the 
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Figure 2.11 
Current-voltage characteristics of a 0.18 µ.m process. 

horizontal field has increased over the years by an order of magnitude and has 
remained approximately at 105 V /cm since 1995. The horizontal field acts to push 
the carriers to their velocity limit and this causes early saturation, which in turn 
degrades the mobility. The carrier velocity and the electric field no longer have a lin· 
ear relationship as was assumed in the long-channel case. 

1995 2001 

5V 
E = = 104 V/cm 
' sµ.m 

3.3V 4 E = -- = 9.4 X 10 V/cm 
' 0.35µ.m 

1.2V 5 I Ey = -- = 1.2 X 10 V cm 
0.1 µ.m 
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The vertical field can be approximated as Ex= Vv0 itox. Shown in the following 
are estimates of the vertical field for three different years. We can see that the verti­
cal field has also increased by an order of magnitude and has remained approxi­
mately at 5 X 106 V/cm. 

· rnso 1995 

5V 
E = -- =SOX 104 V/cm 
' 1000 A 

3.3V 6 / E = - = 4.4 X 10 V cm 
' 75 A 

1.2V , 
£ = - = 5.5 X 10 V/cm 
' 22 A 

For high gate voltages, a large number of mobile carriers are induced in the 
inversion layer near the interface. The mobility of these carriers decreases due pri­
marily to electron scattering caused by dangling bonds at the Si-SiO2 interface. The 
effect of the vertical field on mobility can be modeled to first-order as follows: 

/Lo JLr:=------

1 + (VGs Vr)" 
e. tox 

(2.21) 

Here, µ,0 is the nominal mobility in the presence of low fields, typically 540 cm2/ 

V-sec for NMOS devices, and 0 and 1/ are empirical values. The equation uses a term 
based on the vertical electric field, (VG5- Vy)ltox, to reduce the nominal mobility 
value. As an example of mobility degradation, let 0 = 3.6 X 106 V/cm and 1/ = 1.85 
in a 0.13 µ,m technology. Then, with tax= 22 A and VGs- VT~ 1.2 V - 0.4 V = 
0.8 V, we find that the mobility,µ,,~ 270 cmYV-sec, is reduced by a factor of 2 rel­
ative to µ,0. This effective value of mobility can be use·d to account for the high ver­
tical field. The effective mobility for PMOS devices is 70 cm2/V-sec which is about 
four times smaller than NMOS devices. 

The horizontal field acts to reduce the mobility even further. We assumed that 
as Ey goes up, the carriers continue to increase in speed. Actually their velocity sat­
urates (or reaches a velocity limit) at approximately vsa, = 107 cm/s. Consider Fig­
ure 2.12, which shows the relationship between the carrier velocity and horizontal 
electric field. Initially, as we increase the Er field, the carrier velocity also increases. 
The linear proportionality constant between the velocity and the electric field is, of 
course, the mobility. Note that as the field increases beyond a certain critical elec­
trical field, E,, the carrier velocity saturates at its limit in silicon. The fields are so 
high in DSM devices that they tend to saturate very quickly as V05 increases. This is 
the basic difference between long- and short-channel devices. 

Figure 2. 13 shows the experimental results for drift velocities, of holes and elec­
trons in silicon. The saturation velocity for both electrons and holes is 8 X 106 

59 
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cm/sec at T = 400° K, and is independent of the doping level. This value is used in 
most of the analysis that follows. From the curves, we estimate the critical field val­
ues to be 

V 
E = 6 X 104 

- for electrons 
ai cm 

V 
E,p = 24 X 104 

- for holes 
cm 

(2.22) 

Dell Ex. 1038
Page 81



MOS TRANSISTORS 61 

As the temperature decreases, the saturation velocity increases. For T = 300° K, 
v,a, ~ 107 cm/s. 

The next step is to somehow incorporate the effects of the high fields on mobil­
ity into a set of equations suitable for hand calculation. We first include the effect of 
the vertical field by using Equation (2.21). To account for the horizontal field, we 
can express the velocity as a piecewise continuous function of the horizontal elec­
tric field, Ey, as follows: 

Ey < E, (2.23a) 

V = VSilt (2.23b) 

That is, the relationship between the carrier velocity and the field is divided into two 
segments with a boundary defined by E,, the critical field. Before the critical field is 
reached, the value of v is given by Equation (2.23a). Beyond E,, the velocity satu­
rates at vm,· This captures the basic behavior of the curve but we should remember 
that it is only a model of the true behavior. 10 In order to ensure continuity at the 
boundary, where Ey = E,, we can plug in this condition (2.23a) and set v = v,"'. 

(2.24) 

, _ 2Vsat 
.. E,-

µ,, 

This sets up the relationship between E, and v,at· Note that this relationship is the 
result of the modeling approach described above as opposed to a fundamental rela­
tionship between the critical field and the saturated velocity. It holds true only in 
the context of Equation (2.23). 

2.5.2 Current Equations for Velocity-Saturated Devices 

To deriYe more suitable MOS current equations, we use Equation (2.14) and set v 
based on the region of operation using the conditions specified in Equations (2.23a) 
and (2.23b ). 

10 This mode! slightly underestimates the velocity below the critical field and slightly overestimates the veloc­
ity above the critical field. But the model leads to simple current equations that are accurate enough for hand 
calculations, 
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In the linear region of operation, 

Ios = wx Q,, XV 

=WXCox(VGs-VT-V(y)) E 
( 

µ,,Er ) 

I+ 2 
E, 

Reorganizing the equation and applying the relationship between field and poten­
tial, we obtain 

dV(y) 
whereEy = --;i;-

Plugging in and re-arranging produces 

IosdY = Wµ,,[ Cox(Vcs - VT - V(y)) :::EJdV(y) 

After integration, we obtain 

W µ,,Cox 

Ios=L (1 + Vos) 
E,L 

( 
Vos) VGs - VT - -2- Vos (2.25) 

This expression for the linear region is very similar to the previously derived equa­
tion except for the extra multiplier in the denominator. This is very convenient since 
we are only required to remember one additional term to obtain a more accurate 
current expression. 

The next step is to determine the expression for the saturation region of oper­
ation. Saturation occurs when the carriers are moving at v snt' 

!05 = W X Q,, X v'"' (2.26) 

Since the current is the same throughout the channel we can set V(y) = V 0 5 and 
write 

(2.27) 

We can further simplify it by equating the expressions of I05 in linear (2.25) and sat­
uration (2.27) regions to obtain V0 ,,,: 

(VGs - Vr) E,L 
V - -'--=---""--''-­

o,,,, - (V05 - Vr) + E,L 
(2.28) 
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The difference between this expression and the first-order expression for V0 ,nr is the 
extra multiplier (recall that V0"' = Yes-Yr in the first-order model). The new fac­
tor EJJ( Yes - VT+ E,,L) < I, so the value of the V0 .,, will always be lower than the 
first-order model. This is the effect of velocity saturation-devices saturate faster 
and deliver less current than the quadratic model would predict, 

If we now substitute this new V0 ,,,, into our saturation current equation of 
(2.27) we obtain 

Ios = Wv.«.,C,., (Yes - Vr) + E,L (2.29) 

Again, this equation is similar to the first-order current equation and will be easy to 
remember. It is different from Equation (2.19) but has a familiar quadratic form in 
the numerator. 

Consider the limiting cases for this equation. What happens if E,L >> Yes VT 
(i.e., a long-channel device)? The equation reduces to our quadratic expression: 

w )2 Ii,s = 
21 

µ,,C,, (Yes - Vr 

Now consider what happens if E,L << Yes - Vy, that is, if we have a very short 
channel. We obtain an equation where the current is linear in Yes - V.r, as we 
would expect for very short-channel devices: 

IDs= Wv,,,,C,x(VGs - VT) 

NMOS and PMOS Saturation Voltages for 0.18 µm Technology 

Problem: 

Consider a 0.18 µm technology. Compute the values of V0,,, for the NMOS and 
PMOS device assuming VGs = 1.8 V, VrN = 0.5 V, Vrp = -0.5 V. Assume the channel 
length is 200 nm for convenience. 

Solution: 

Using (2.22), we find that E'"L" = 6 X 104 (0.2 µ.m) ~ 1.2 V and £,,Lp = 24 x 104 

(0.2 µ.m) ~ 4.8 V. Using (2.28), 

NMOS: 
(7.8 - 0.5)(1.2) 

Vo,ot = (1.B _ 0.5 + 1.2) "" 0.6 V 

PMOS: 
(1.8 - 0.5)(4.8) 

Vo,at = (1.8 - 0.5 + 4.8) ~ 1.0 V 

The value computed for the NMOS device is consistent with the plot shown in Fig­
ure 2.11. 

The results of Example 2.6 are important in device sizing. The fact that the 
PMOS device saturates at a higher voltage implies that it will be able to supply a 

Example2.6 
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Example2.7 

los 
210~----------------------

3XPMOS 

2X PMOS 

IXPMOS 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Drain voltage V vs 

Figure 2.14 
Effect of mobility and velocity saturation on device sizes. 

higher than expected amount of current. To illustrate this, we plot the current for 
both NMOS and PMOS devices with the minimum (W/L) ratio in Figure 2.14. 
These two cases are labeled as IX devices. In addition, we plot a 2X PMOS device 
and a 3X PMOS device. The IX NMOS device and the 3X PMOS device deliver the 
same current in saturation even though mobility difference between the two IX 
devices is 4: 1. The device ratio is only 3: I since the PMOS device saturates at a 
higher voltage. 

To compare with hand analysis, consider the current ratio of the two IX devices 
using Equation (2.29): 

Io,arN WN vm, C,, (Vcs - VrN) 2
/ (Yes - VrN + ECNLN) 

--= 
Io,mP Wp v," C,x (Vcs - Vrp) 2/(Vcs - Vyp + EcpLp) 

Plugging in our nominal values, we obtain 

Io,arN = 2.4 
IDsatP 

Therefore, the required device ratio to deliver the same current in saturation is 
about 2.4X rather than 4X due to the difference in Vo,m· Hand analysis underesti­
mates the current ratio in saturation. 

NMOS and PMOS Currents in Saturation for 0.13 µm Technology 

Problem: 

Compute the saturation currents per micron of width for a 0.13 1-'m technology. 
Assume a channel length of 100 nm, t0x = 22 A, VrN 0.4 V, Vrp = -0.4 V, V00 = 1.2 
V. Use v,,, 8 x 106 cm/s. 
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Solution: 

Using (2.22), we find that E'"L" = 6 X 104 V/cm (0.1 µ,m) ~ 0.6 V and £,,Lp = 24 x 
104 V/cm (0.1 µ,m) ~ 2.4 V. 

Then, for the n-channel device: 

(VGs - Vr)' 
lo,= Wv,or c~ (VGS - Vr) + E,L 

los (VGS - Vr)' 
:. W = v,orCc, (V05 - V7) + E,L 

(1.2 - 0.4)2 

= (8 X 106)(1.6 X 10-6
)( ) = 585 µ,A/µ,m 

1.2 - 0.4 + 0.6 

For the p-channel device, 

, fos = v C (Vcs - Vr)' 
.. W '"' ox (VG, - Vr) + £,L 

(1.2 - 0.4)2 

= (8 X 106)(1.6 X 10-6
)( ) = 256 µ.Ajµ,m 

1.2 - 0.4 + 2.4 

i &--i b 

To summarize the equations for deep submicron devices, we should first decide 
whether a device is in the linear region or saturation using the following inequalities: 

if Vns ;;,: 

if Vns < 

(VGs - Vr) E,L . 
( ) 

~ saturat10n 
Vas - V,. + E,L 

(Vas - V7) E,L . 
------- ~ lmear 
(Vas - V,.) + E,L 

If we are in the saturation region, we should use the equation 

(Vas - Vr)' 
Ivs = Wv,n1C 0, (V: _ V) +EL 

GS T C 

saturation 

Note that there is still a channel length modulation effect, which we can capture as 
we did before. This involves the use of a parameter, A, as follows: 

(Vcs - Vr) 2 
• 

Ivs = Wv,,11 C"' ( _ V ) E (I + A Vvs) saturation 
Vas r + ,L 

The use of this equation is perhaps too cumbersome for hand calculations. There­
fore, we will drop the last term and ensure that the Ivs is computed using the aver­
age value in saturation. For convenience, we set A=O. 
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Example2,8 

If we are in the linear region, we should use the equation 

w 
los = -

L 

Current Ratio for 0.13 µm Process 

Problem: 

Vos) Vr- 2 Vos linear 

Consider a 0.13 µm technology where the channel length is 100 nm. Using (2.22), 
EcnL, = 0.6 V and E,,Lp = 2.4 V,and assuming that V65 = 1.2 V and VrN = 0.4 V, Vr, = 
-0.4 V, compute V0"' and the current ratio of two 1 X devices in saturation. 

Solution: 

Using (2.28) we find that 

(1.2 - 0.4)(0.6) 
NMOS: Vo,or = (l.2 _ 0.4 + 0_6) = 0.34 V 

(1.2 - 0.4)(2.4) 
V =~--~-'-=06V 0

'"' (1.2-0.4+2.4) · 
PMOS: 

The current ratio of the two 1 X devices is 

lo,otN = WNv,otCo, (VGs - VrN)'f(VGs - VrN + ECNLN) 

lo,o<P w,v,.,c,, (VGs - v,,)'/(VGs - Vrp + EcpLp) 

Plugging in our nominal values, we obtain 

lo,atN ~ 
2

_
3 

fosotP 
--ll!W--0,"!l'J'71llllllZ!!lll!I! ___ , Z!:f _________ i~1'f!irnl--W!.1'1i,.4Zlmr,ff\I,JmilW,,i _______ _ 

*2.6 Alpha-Power Law Model 
Another approach for a hand-calculation model is to empirically fit the real data to 
the following form of lvs in saturation: 

lvs = Ks ; (Vas - Vr)" (2.30a) 

In this formulation, we can set K5 and a based on measured data. Clearly, a should 
be set to a value that is closer to 1 than 2. Today, a is approximately 1.25 but it will 
continue to approach 1 as technology scales. 
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J05 versus V05 forNMOS 
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Drain voltage Vos 

Figure 2.15 
Alpha-power law modeling of MOS transistor. 

Note that this model does not account for the behavior of the device in the lin­
ear region. Therefore, a simple model must be developed for the alpha-power law 
that fits both the linear and saturation regions, without a mismatch at the boundary 
between the two regions. An example of such a model for the linear region is to set 

w 
Ivs = KL L (Vcs V,.)Vos (2.30b) 

V0 ,"' can be obtained by equating (2.30a) to (2.30b): 

K 
Vvsa, = Ks (Vos - Yr)"- 1 

L . 
(2.31) 

The current versus voltage plots based on alpha-power law modeling is shown 
in Figure 2.15. The transistor characteristics in the saturation region are described 
by (2.30a) while the linear region is given by (2.30b). The interface between the two 
regions is obtained from (2.31). This model is suitable for hand calculations only 
after curve fitting is performed with the data points in the figure. If a new technol­
ogy is developed, a new set of parameters must be extracted. The model derived ear­
lier based on velocity saturation is a more general model and will be the primary 
model used in the rest of this book. 

Parameters for Alpha-Power Law 

Problem: 

Find K5 and c, based on Figure 2.15 for the NMOS device using the saturation 
region alpha-power law model. Assume (W/L) = 1 and Vr = 0.5 V. 

Example2,9 
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Solution: 

From the plot of Figure 2.15, we first estimate the saturation value of !05 at V65 = 
1.35Vto be 130 µ,A.Then we estimate the value of /05 at VGs= 1.8V at the same value 
of V05 to be 220 µ,A. We can write the current equation for each measurement as 

fos = Ks ~ (VGs - Vr)" 

and take their ratio, as follows: 

220 µ,A Ks(l.8 0.5)" 

130 µ,A K5(1.35 - 0.5)" 

Solving for c,., we obtain roughly 1.25. Applying this value back into the current 
equation, we find that K5 = 160 µ,AN"". It is interesting to note that the exponent 
is close to 1. This is expected since the long-channel device has an exponent of 2 
and a very short-channel device would have an exponent of 1. 

One way to check the results would be to compute the current for the case 
when VGs = 0.9 V: 

µ,A 
I = 160- (1)(09 - 05)1.25 = 50 nA DS V1.25 • ' ,-

This value is dose to the expected value based on Figure 2.15. 

2.7 Subthreshold Conduction 
So far, there has been an implicit assumption that the current 105 in the cutoff region 
is zero. In actual fact, there is appreciable transistor current even if VGs < Vy, espe­
cially for deep submicron transistors. This section explores this previously negligible 
component of current that is increasingly important as technology scales. The mag­
nitude of the current is small compared to the current when Vcs > Vy, However, if 
we have millions of such devices all leaking current, the standby power dissipation 
will be large. This is becoming a big concern for deep submicron technologies. As we 
will see in later chapters, this leakage current will prove to be problematic for 
dynamic logic circuits and dynamic memories, as it will discharge capacitances that 
store logic values. In technologies prior to 0.18 µ,m, this current was considered a 
second-order effect, but it is now a first-order concern and deserves some attention 
in this book. 

In the derivation of the threshold voltage expression, the strong inversion condi­
tion was defined (somewhat arbitrarily) as the point at which the surface potential is 
21,;1,FI below the level in bulk silicon. However, in practice, surface inversion occurs 
well before this point and there are mobile carriers in the channel region capable of 
conducting current. The term subthreshold region is preferred to describe the case 
where VGs < Vy, ratherthan cutoff, since there is current flow.As shown in Figure 2.16, 
IDs is a continuous function of VGs and drops off in a logarithmic fashion in the sub­
threshold region as Vcs is decreased. Figure 2.16 illustrates all three regions of opera­
tion and the associated current characteristics of the NMOS and PMOS devices. 
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Subthreshold drain current 
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Figure2,16 
MOS current versus Vcs. 

The mechanism for subthreshold current flow is due to the diffusion of minor­
ity carriers when the gate voltage is several thermal voltages less than Vr. In the sub­
threshold region, the MOS transistor behaves more like a (lateral) bipolar transistor 
(see Appendix B). The substrate is the base region, while the source and drain act as 
the emitter and collector, respectively. Therefore, modeling of the current can be car­
ried out using a derivation based on bipolar modeling. In particular, the current 
equation in this region takes the form: 

q(VGs- VT- Vo_if,<1) ( -qVp,1) 
Isuh = Ise JJ~T 1 - e kT (2.32) 

where I, represents a current coefficient, V,ffecr is the sum of a number of voltage 
terms and lies in the range -0.1 to 0.1, and the factor 11 is a suhthreshold swing 
parameter, typically ranging from I to 2. We can determine the value of n by con­
sidering how much voltage change in V cs produces an order of magnitude change in 
the subthreshold current: 

101,,,, 

q(v,,, - v,- v,ff,,) ( -qv,") 
le 11kr I-ekT 

$ 

--=---~--------
q(Vr,S,! - Vy- V~lf1,1 ( -qVvs) ]sub 

Ise 11kT 1 - e kT 

e 
q(Vcs1 - Vr- Vvrr,,1) 

11kT 
:. 10 = --,----,- = e 

q(VGsi - Vr- v,,ffkl} 

e 11kT 

11kT 
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Taking the natural logarithm of both sides and solving for!:,. VGs = VGs - VG52, we 
obtain a metric for the quality of the subthreshold region, called the slope factor: 

nkT 
S = !:,. VGs = - ln(I0) 

q 
(2.33) 

which is specified in units of mV/decade. The thermal voltage at room temperature 
is approximately 26 mV. 

In the subthreshold region, it is desirable to have the current drop off signifi­
cantly as we reduce VGs· This implies a small n in Equation (2.33). Ideally, n = I 
which leads to a slope factor of 60 mV/decade at room temperature. However, n is 
usually between 1.5 or 2 making the slope factor about 90-120 mV/decade. The 
proper value of n must be determined from device measurements. 

Example 2.10 Subthreshold Swing Parameter Calculation 

Problem: 

From the plot of log(/05) versus VGs in Figure 2.16 with V05 = 1.8 V, find n and the 
slope factor in the subthreshold region for the PMOS device. 

Solution: 

By measuring the subthreshold current at 10 nA and 100 nA the values for Ves are 

VGs (V) 

10 nA 0.140 
100 nA 0.212 

From these points, n = 1.2 for PMOS. The slope factor is approximately 5 = 
60 mV/decade x 1.2 = 72 mV/decade, which is close to the ideal value. 

2.8 Capacitances of the MOS Transistor 
The switching speed of MOS digital circuits is limited by the time required to charge 
and discharge the capacitances at internal nodes. Within VLSI circuits most of these 
capacitances are so small that they are difficult to measure directly. For circuit analy­
sis, these capacitances must be calculated from device dimensions and dielectric 
constants. The capacitance values are usually specified in femto-Farads per µ,m of 
width (i.e., !Fi µ,m). In the description to follow, the subscripts will be lowercase to 
imply these units. Total capacitance values use uppercase subscripts. 

Figure 2.17 shows the significant capacitances between nodes of an MOS tran­
sistor. There are two basic types of nonlinear or voltage-dependent capacitances in 
the structure: thin-oxide capacitances and junction capacitances. The thin-oxide 
capacitances comprised of Cg,, Cgd> and Cgb are represented by Cg. The junction 

l 
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Figure2.17 
Capacitances of the MOS transistor. 

capacitances are shown as C,b, and Cdb· In addition, there are two overlap capaci­
tances. r,1, which are linear and voltage-independent. Finally, the depletion layer 
capacitance under the channel, Cj,, is associated with Cgb' although a small part of 
this capacitance is associated with the drain and source on either edge. These types 
of capacitances are described in more detail in the sections below. 

2.8.1 Thin-Oxide Capacitance 

The thin-oxide capacitance is perhaps the most important capacitance in the MOS 
system. The two plates of the capacitance are defined as the gate and the channel. 
The dielectric material is the oxide sandwiched between these two plates. The total 
capacitance of the thin-oxide is: 

Box 
CG = WLC,, = WL- = we, 

t,x 
(2.34) 

where Cox is the capacitance per unit area of the gate dielectric as defined in 
Equation 2.5. It is interesting to examine the factor, Cg. In a 5 µ,m technology, the 
oxide thiclmess was approximately l 100 A. Therefore, 

Box (4)(8.85 X 10-14
) c, ~ C,l, = -L = ----- (5 µ,m) =" 1.6 fF/µ,m 

lox 1100 

In a 0.35 µ,m process, with tox = 75A, 

B0x (4)(8,85 X 10- 14) 
C8 = C.,,L = - L = ~~--~ (0.35 µ,m) =" 1.6 fF/µ,m 

lox 75 
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In a 0.13 µ,m process, with L = 0.1 µ,m and t'" = 22A, 

Box (4)(8.85 X 10-14
) 

Cg = C ,,L = -L = -'-'--'---------'- ( 0.1 µ,m) == 1.6 fF / µ,m 
tox 22 

This factor has remained constant for over 25 years! The reason is that both Land 
t"" are scaled at the same rate, and their effects cancel each other out. 

The gate capacitance is decomposed into three capacitances: the gate-to-source 
capacitance, c,,; the gate-to-drain capacitance, Cgd; and, the gate-to-bulk capaci­
tance, C

8
,. The division of c, into its three elements is fairly complex. The compo­

nents vary depending on whether the device is in cutoff, linear, saturation, or accu­
mulation, as shown in Figure 2.18. This a plot of the three capacitances as a function 
of VGs· In the linear region, Cg, and c,d are approximately equal to (l/2)C8 since the 
channel extends from source to drain. In the saturation region, the channel extends 
most of the way from source to drain (recall that the saturation condition is defined 
by the carriers reaching velocity saturation), so most of the gate capacitance can be 
attributed to the source node, and a negligible amount to the drain node. For this 
region, a detailed analysis would show the capacitances to be c,, = (2/3)C, and . 
Cgd = 0. 

When the device is in cutoff, then C3, = c,d = 0. All of the capacitance is attrib­
uted to Cgb> the gate-to-bulk capacitance. However, in this regime, there is a deple­
tion region under the gate and we have Cg in series with Ci< which is the channel 
junction capacitance. As a result, the total capacitance is less than C

8 
(since it is in 

series with Ci,) until we reach the accumulation region. At this point, the channel is 
positively charged while the gate is negatively charged producing a total capacitance 

C 

c, 

Ci:11 
----,,':-----'--"""---'-'-,,=--:-:----,. Vas 

VFn O VDs+Vr 

Cutoff 

Accumulation I Depletion Saturation Linear 

Figure 2.18 
Capacitances based on region of operation. 
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of Cg. In normal operation, we are not usually concerned with the accumulation 
region of operation, but it is included for completeness. Note that when VGs = 0, 
the value of Cc1, is about 1/2 c,. It does not reach Cg until the gate voltage is equal 
to the flat-band voltage. 

Thin-Oxide Capacitance Calculation 

Problem: 

Compute the gate capacitance in the cutoff, linear, and saturation regions for a 
PMOS device with t0, = 22 A and device dimensions of W = 400 nm and L = 

100 nm.Assume that Vcs = O in the cutoff region. 

Solution: 

The total capacitance is C9W = 1.6 fF/µ,m x 0.4 µ,m 0.64 fF. 
In cutoff: CGs = 0, CGD = 0, CGa"' 0.64 fF/2 = 0.32 fF 
In linear: CGs = 0.32 fF, CGo = 0.32 fF, CG8 = 0 
In saturation: CGs = 0.43 fF, Cco = 0, CG8 = 0 

2.8.2 pn Junction Capacitance 

The source and drain regions and the substrate form pn junctions that give rise to 
two additional capacitances. The capacitances C,b and Cdb are n+p source/drain 
junction capacitances for NMOS devices and are readily calculated using layout 
information. For PMOS devices, the capacitances are due to p+n source/drain junc­
tions. In addition, there is a junction capacitance between the inverted channel and 
the substrate, Cj,· Since the pn junction is a diode, it is worth revisiting some of the 
basic physics for this diode circuit element. 

The current-voltage characteristic of a diode is given by 

ID = Is( ev,;v,,, - I) (2.35) 

where Is is the reverse saturation current of the diode, V1 is the voltage drop across 
the diode, and V11, is the thermal voltage. In normal operation, the pn junctions are 
all reverse-biased in a MOS transistor. When specifying the voltages at the source/ 
drain and bulk terminals, we must ensure that the bulk is connected to the lowest 
voltage for NMOS devices. Similarly, for PMOS devices, the bulk voltage must be 
the highest potential in the system. Otherwise, we risk forward-biasing the diode. 

Since Vj < 0, the exponential term in Equation (2.35) is small. In essence, for 
our MOS devices, 

Iv= -Is (2.36) 

This represents the leakage current of the MOS transistor, which is unwanted cur­
rent flow from source/drain regions into the substrate. The actual value of leakage 

Example 2.11 
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C, 
J 

Region of interest 

0 

Figure 2, 19 
Plot of junction capacitance versus applied voltage, 

is relatively small and depends on the area and the doping levels on each side of the 
junction. 

The built-in junction potential for a diode is another important quantity in pn 
junction theory. It is computed using the equation: 

,1,. = kT In NA Nv 
'l'B q 2 n; 

(2.37) 

Now we return to the more important discussion of junction capacitance. The 
depletion region of the diode has a capacitance effect associated with it since the 
modulation of diode voltage V1 changes the charge that is exposed or "covered up" 
in this space-charge region. This is equivalent to the action of a capacitor. The basic 
expression for junction capacitance is given by 

Ci0 A 
(2.38) 

where Cjo is the zero-bias junction capacitance, A is the area of the junction, cj,8 is 
the built-in junction potential, and mis the junction grading coefficient, which is 
approximately 1/2 for abrupt junctions (p+n or n+p).This function is plotted in 
Figure 2.19. The built-in junction potential defi11es the point where Ci asymp­
totically approaches infinity. 11 We can see that Cjo is an important quantity since it 

11 This would not occur in practice. 'The capacitance would reach some level and begin to "roll-over" as V1 
im:reases. In any case, we are mostly interested in the reverse~biased region of operation where v1 < 0. 
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represents the value ·of junction capacitance when the external bias is O V. Its value 
is computed using the equation 

e,1q NAND 

2,j,B NA+ N0 
(2.39) 

For a one-sided step junction, where one region has a much higher doping level 
than the other region, we can simplify the expression. For an n+p junctiou of the 
NMOS device, the equation is 

Cio=~ (2.40) 

Since the junctions in a MOS transistor are normally reverse-biased, the junc­
tion capacitances are usually less than ~ 0• This quantity is in units of fF/ µ,m2 and 
therefore it must be multiplied by the area of the junction to obtain the actual 
capacitance. The. denominator of Equation (2.38) can be viewed as an adjustment 
factor due to the applied voltage. In our case, this is V85 or Vno, which is either zero 
or a negative quantity but never positive (otherwise we would have a forward­
biased source/drain junction). Note that we are operating in the range of V1 = 0 to 

V00 in normal mode for NMOS transistors, as indicated in Figure 2.19. 
In order to compute the capacitance associated with the source and drain, we 

need to examine the transistor layout. Shown in Figure 2.20 is a very simple layout 

G 
Poly gate 

s 

Diffusion 

w 

y 

Sidewall 
capacitance 

,i+. l"j 
ST! STI 

Figure 2.20 
Junction capacitances from layout data. 

Bottom 
capacitance 
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of a MOS transistor in plan view and, below it, the corresponding cross-sectional 
view. In the layout view, there is a shaded polysilicon gate on top of a diffusion 
region. The intersection of polysilicon and diffusion forms a transistor. The gate 
(G), drain (D), and source (SJ terminals are shown, along with the W, L, and Y 
dimensions of the transistor. The source/drain junction capacitances we seek are 
associated with the diffusion region, and so it is sometimes called the diffusion 
capacitance. 

There are two types of junction capacitances that need to be computed for the 
NMOS device, namely the bottom capacitance and the sidewall capacitance. In the 
case of the bottom capacitance, we need to compute the area of the bottom region 
and the zero-bias value, Cjb> from the parameters for the n+p junction. Looking at 
the layout, the area calculation for the bottom capacitance is as follows 

Ab= WY 

where W is the device width and Y is the diffusion extension from the poly gate 
edge. The junction is an n+p junction so the numerator of Equation (2.38) would 
be equal to Cj,Ab. 

For the sidewall capacitance, we need to take each edge of the junction and then 
multiply by the junction depth, xj, to obtain the sidewall areas. A total of four faces 
need to be considered. Three edges are associated with the interface of the n+ region 
and the shallow trench isolation,12 and a fourth edge is due to an n+ p junction for 
the sidewall facing the channel. 

Since the three edges that abut the shallow trench isolation have a small capac­
itance in modern technologies, the channel-facing sidewall edge is the only one we 
need to consider, as shown in Figure 2.20. Therefore, we compute the area for the 
channel-facing sidewall as 

Asw = Wxj 

The numerator of Equation (2.38) would be Cj,..,A,,,, where the zero-bias junction 
capacitance for the channel sidewall is Cj,w• Now, the detailed junction capacitance 
equation can be stated 

( v, )"'i"' l-·-
<Pnsw 

(2.41) 

where mjsw and <fa Bsw are the capacitance terms for the channel-facing sidewall. This 
equation reflects the model used in circuit simulators, but we need to simplify the 
equation for use in hand calculations. First we would like to combine the two 
terms together. We will see in the next chapter that the channel-facing edge (i.e., 
the second term) has a very complex doping profile. However, if we consider it to 

12 Shallow-trench isolation will be described in more detail in Chapter 3. 
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be primarily an n+ p junction, then we can combine the two terms together. In fact, 
only a small error is made with this simplification 

(2.42) 

Next, we would like to remove the voltage dependence of the term in the 
denominator of Equation (2.42) to produce a large-signal equivalent value. To do 
this, we can look back at Figure 2.19 and realize that the only region of interest is 
when V

1 
:, 0, since the junctions are normally reverse-biased. If V1 = 0, then the 

denominator of Equation (2.42) is equal to one. If there is a reverse-bias of -V0v, 
the denominator is between 1 and 2. One way to handle the voltage dependence is 
to define a new parameter, K,q, which adjusts the zero-bias capacitance, Gib' based 
on the expected bias voltage across the junction. 

Since the voltage in digital circuits is expected to switch from low-to-high and 
vice-versa, we can use this fact to compute K,,r To this end, we define an equivalent 
voltage-independent capacitance C,q that requires the same change in charge as the 
nonlinear capacitance for a transition between two voltages V1 and V2 applied to the 
junction: 

where 

I
v, Iv, ( v)-"' 

.iQ = C(V)dV = Cib 1 - </>n dV 
Vi Vi 

Thus 

Cib<i>B [( v, )l-m ( V1 )t-ml C = - ---------'"--- 1 - - - 1 - -
'" (V, - V1) (I - m) </>n </>n 

We are now able to define K,q, the dimensionless constant used to relate C,1 to Cib 
for specified values of V1 and V2• In the case of an abrupt junction, m = 1/2, and 
therefore 

K = C,q = - 2<1>V
2 

[ ("' _ V ) 1/2 _ ("' _ V) 1/2] 
,q C V _ V 'f'B 2 'f'B , (2.43) 

jb 2 I 

Fortunately, this complicated equation is required in only one case. Once com­
puted, the simplified equation for hand calculations is as follows: 

C1 = K,q(CibWY+ CibxiW) = K,q(CibY+ Cibxj) W= K,qCjb(Y+ xi)W 

(2.44) 
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Example 2, 12 

All the leading terms of the capacitance can be combined to produce a relatively 
straightforward equation for hand calculations: 

(2.45) 

Note that if the voltage switches from one level to the other, K,q aa 0. 75. However, if 
there is a fixed voltage across the junction then we do not need to use Equation 
(2.43) to determine K,q· In NMOS devices, if a source or drain node is close to Gnd, 
then Vsn = 0 so we can set K,q = 1.0. If a node is close to V00 we should use the 
capacitance value at V1 -V 0 0 • For this case, we should set K,

1
"' 0.5 since there is 

a large voltage drop across the junction. Similar considerations apply for PMOS 
devices with similar capacitance values. 

One final note on junction capacitance: the channel junction capacitance, ½,, 
shown in Figure 2.18 uses the same formulation as given in Equation (2.38). This 
term is associated mainly with the gate-to-bulk capacitance. There is a small portion 
of it that is charged from the source and drain, but it is negligible and usually ignored. 

Junction Capacitance Calculations 

Problem: 

(a) Find ¢8 and C1b for an n+p junction diode with N0 = 1020 cm-3 and NA= 
(3)1017 cm-3• 

Solution: 

From Equation (2.37), 

kT NANo (3 (10
17

)(1 O'°)) 
<J,8 = - In-,-= 0.026 In ( ( 10))' = 1 V 

q n1 1.45 10 

From Equation (2.39) 

= 

Problem: 

e,,{J NANo ~ ~ 
2¢, NA+ No ,/2i; 
11.7 * (8.85)(10- 14

) * 1.6(10-19)(3)(101
) fF 

---'----'-'---~-,--'----'-'--"-'------'-~16--
2(1.0) · !km' 

(b) For a 0.13 /Lm process, W = 400 nm, L = 100 nm, x1 = 50 nm, and the dif­
fusion extension is Y = 300 nm. Using the layout of Figure 2.20, find C1 in 
units offF for and V1 = O and VJ= ~ 1.2 V. 

Solution: 

For VJ= O, the value is obtained by multiplying c1b with (Y+x)W 

c, = c,,(Y + X1)W = 1.6 fF/ /Lm 2 X (0.3fLm + 0.0SfLm) X 0.4fLm ~ 0.22 fF 
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For V1 = -1.2, 

C;b(Y + X;)W 
C1 = (1 - VJ/cf>,)m 

-
_1 __ .6_fF-'-/-'-µ,_m_x__,(o_._3 .:...µ,_m_+_o_.o..,,s .,_µ,_m-'-)_x_o.4.....:...µ,_m 

- =0.16/F 
(1 + 1.2/1.0)112 

Problem: 

(c) Find K,, for v, = -1.2 V, V2 = O and then compute the large-signal effec• 
tive c,. 

Solution: 

From Equation (2.43), 

2(1 )112 

K = ----'-'---- [(1 -0)112 - (1 - (-1.2)) 112] = 0.8 
"'0-(-1.2)· 

To compute Cp we use 

:. C1 = K,,C;b(Y + X1)W 

= 0.8 X 1.6fF/µ,m2 X (0.3µ,m + 0.05µ,rn) x 0.4µ,m = 0.18fF 

2.8.3 Overlap Capacitance 
The overlap capacitance, C,1, shown on both sides of the gate in Figure 2.17 is due 
to lateral diffusion and fringing components. This voltage-independent capacitance 
is connected from gate-to-drain and from gate-to-source. In the older technologies, 
there was significant diffusion of the heavily doped source and drain regions under 
the gate. This gave rise to the overlap capacitance, Cov. However, over the years, the 
fringing capacitance, Gp between the sidewall of the polysilicon and the surface of 
the drain and source has increased and must also be taken into account. It is diffi­
cult to separate out the components due to lateral diffusion and fringing so the 
combination of the two is referred to as C,1• 

C,1 = C,, + Cr (246) 

The two components are shown in Figure 2.21. They should always be included 
in the capacitance calculation to obtain accurate results. We can try to estimate this 
overlap capacitance for hand calculations as follows. The fringing component can 
be approximated by the formulation 

C 2e,, l ( Tp,l)') f=-n l+--
1T tox 

(2.47) 

where Tp,l!' is the thickness of the polysilicon material that sits on the oxide. 
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Example 2.13 

G 

p 

L 

Figure 2.21 
Overlap capacitance components. 

The capacitance dne to lateral diffusion is computed as 

where Lv is a lateral diffusion term illustrated in Figure 2.21. 

Overlap Capacitance Calculations 

Problem: 

Compute the overlap capacitance,C,1, for a 0.13 !-'m technology with TP01/t,,= 100 
and a lateral diffusion of 10 nm. Specify the solution in units of /F//,Lm of width. 

Solution: 

lfwe apply the ratio TP01/t0, to (2.47), then 

2(4)(8.85 X 10-14
) 

C1 = -'-'-'-------'- In (1 + 100) = 0.1 fF/ 1-'m 
3.14 

If L0 10 nm, then C0, = C0J0 ~ 0.15 fF/µ,m. Therefore, for convenience we will use 

C01 = 0.1 IF/µ,m + 0.15 IF/µ,m = 0.25 fF/µ,m 

This value is multiplied by the width of the device to obtain the total overlap 
capacitance. 

l 
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2.9 Summary 
Operating voltages for the NMOS and PMOS devices: 

NMOS Voltage~ PMOS Voltages 

VrN"' 0 V v,,,,; 0 V or IVTPI "'0 V 

Vos;;, 0 V VGs,; 0 V or IVGsl ""0 V 

V05 "'0V V05 ::;;; 0 V or IVo,I "' 0 V 

V85 ,,; 0 V or V58 ;;, 0 V V85 ;a, 0 V 

The NMOS threshold voltage can be computed as follows ( with appropriate 
changes for PMOS device): 

V, = V-ro + 'Y (Vl2¢FI + Vss - ~) 

Q,. + QI 
cox cox 

kT n, 'PF = - ln - (p-type substrate) 
q p 

')' = -1
- V2qs,,NA cox 

For long-channel devices, the current equations are as follows: 

saturation region 
k 

Ios = (Vcs 
2 

V1 )
2 (l + A Vos) 

k 
if Vos < (Vcs - V1) linearregion Ivs = 2 [2(Vcs - Yr) Vos - Vl,s] 

lfVcs<Vr 

subthreshold conduction region 105 = 0 

For the velocity saturated short-channel devices, use 

IfVcs<V1 

( V V )EI 'f V GS T c" 
l DS ;;-::: 

(VGs - V1) + E,L 

if V05 < (Vcs - V1 )E,L 

(Vcs - Vr) + E,L 

saturation region 

linear region 

(Vas Vr)' 
Ios = Wv,.,C,x (Yes_ Vr) + E,L 

w 
Ivs = -

L 
µ,,Cox ( Vos) 

( 1 
+ Vos) Vcs - Vr - 2 Vos 

E,L 
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q(Vo;-V,-V,p") ( -,JV,.) 
subthreshold conduction region IDs = I,e ukT 1 - e kT 

Simple expressions for total MOS capacitances associated with thin oxide: 

Cutoff 

CGs 0 

CGD 0 

CG, C,,WL 

Equations for junction capacitances: 

C-oA 
C - i 

I - ( I - ;~)"' 

Cjb(A, + A,.,) 
C =-----

! ( Vi)"'j )--

'PB 

C1 = K,/1,(Y + xi) W = C}V 

where q = K,0Cjb(Y + xj) 

Linear Saturation 

1 

2C,,WL 
2 
3C,,WL 

1 

2C,,WL 0 

0 0 

Complete table of MOS transistor capacitances (including C,1 and S,) in fF/ µ,m of 
width: 

Cutoff Linear Saturation 

c,, c,, 1 c,, + 2c, 2 c,, + 3c, 

c,, c,, 1 c,, + 2c, c,, 

c,, 1/c, + 1;c,, < c,b < c, 0 0 

c,, CjSB C158 + a: 1C;, C1sa + f3,C1, (a, /3 small) 

(db (jDB cjDB + rx2C1c C1o, + /3,Ci, (a, /3 small) 
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D D 

c,, 

c,, IC' + C 2 g oi 

s Cutoff s Linear 
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PROBLEMS 
P2. l Below is a table of process parameters for a generic 0.13 µ,m technology. 

Table P2.1 
0.13 µ,m Process technology parameters 

TypicalTechnology 
Parameters Symbol 

Gate thickness t,,[Al 
Poly doping level N0 [cm-3] 

Poly doping level N,[cm-3] 

Substrate doping level N,[cm-3] 

N-well doping level N0 [cm-3] 

Number of surface 
state charges N55 [cm-21 

NMOS 

22 
3 X 10'° 

3 X 1017 

6 X 1011 

PMOS 

22 

3 X 10'° 

3 X 1017 

6 X 1011 

D 

s Saturation 
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Using the data in Table P2.l, find the following threshold voltage values: 

(a) Compute Vro, the unimplanted, zero-bias threshold voltages for 
both NMOS and PMOS devices. Assnme that there is no charge in 
the oxide itself, but there does exist a sheet charge at the Si-SiO2 
interface (computed as qN5s), 

(b) Normally, NMOS gates are doped with donors (n+) while PMOS 
gates are doped with acceptors (p+). 

(i) How would Via be affected if we doped the PMOS poly gate 
with donors rather than acceptors? 

(ii) Calculate the new Vro. 

(c) We now want to adjust the threshold voltages ofboth the NMOS and 
PMOS devices so that we achieve the following threshold voltages: 
VroN = 0.4 V and Vy0p = -0.4 V. Calculate the threshold implant 
levels for the two cases in parts (a) and (b). 

(d) Why do modern technologies have an n+ poly gate for NMOS and 
a p+ gate for PMOS devices? 

P2.2 Find the effective mobility, (µ,,), of a PMOS transistor due to the verti-
cal field if t0 , = 22 A and IV cs Vrl = 0.8 V. Let 0 = 4 X 106 V/cm and 
T) = 1.85 in a 0.13 µ,111 technology. Assume that µ,0 = 130 cm2/V-sec. 

P2.3 This problem involves plotting several 1-V characteristics ofNMOS and 
PMOS transistors in a 0.13 µ,m technology. The 0.13 µ,m technology 
uses a 1.2 V power supply. The transistors are unit sized where W = 
100 nm, L = 100 nm. 

(a) Plot 105 versus V05 as a function of Vas= 0, 0.4, 0.8, 1.2 V for both 
NMOS and PMOS devices. 

(b) Plot !05 versus Vas with V05 = 1.2 V for the NMOS device. Does the 
quadratic model hold for 0. 13 µ,m devices, or is it closer to linear 
with Vas? 

P2.4 Find the region of operation for each of the transistors in Figure P2.4. 
Assume V To = 0.4 V. 

P2.5 In the circuits of Figure P2.5, determine the voltage across the capacitor 
after the circuit reaches steady state. Assume the capacitor is initially dis­
charged ( Vx = 0 V) and V-ro = 0.4 V. 

P2.6 In the circuits of Figure P2.6, draw V:x versus V;,, for O < V;,, < 1.2. 

P2.7 Calculate the gate and junction capacitance of the transistor shown in 
Figure P2. 7 if L= 100 nm, W 400 nm, Y = 300 nm, K,q = 0.8, Cib = 
1.6 fF/ µ,m2, C,x = 1.6 X 10-6 F/cm2, and xi 65 nm. 
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(a) 1.2 V (b) 1.2 V JV 0.6V 

0.2 V 1.2V 
1.2 V 1.2 V 

y y y y 
Vx Vx 

o.ov I.IV I I 
(c) 0.2 V (d) 1.2V (a) (b) 

Figure P2.5 

1.2 V IV 

y y 

0.0V 0.2 V 

Figure P2.4 

0.7 V 

IV 

y 
= w 

Vx Vx 

I I 
(a) (b) 

L 

Figure P2.7 
Figure P2.6 

P2.8 Calculate the NMOS transistor current in each of the cases in Figure 
P2.8: 

Use the following parameters if needed: Vro = 0.4 V, E, = 6 V/ µ,m, 
L = 100 nm, W = 400 nm, 11'"' = 8•!06 cm/sec, C,x= 1.6 X 10-6 F/cm2

, 

µ,, = 270 cm2/V-sec, ')' 0.2 (V112), 21</>FI = 0.88 V 
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(a) 1.2 V (b) 1.2 V 

0.2 V 1.2V y y 

(c) 

1.2V 

O.OV 

0.2V (d) 

IV 

I.IV 

1.2 V 

y y 

o.ov 0.2 V 

Figure P2.8 

P2.9 Compare IDs versus V0s for the NMOS transistor if Vcs = 1.2 V, V8s = 
0, and O < V0s< 1.2 V for the following two cases. What is the main dif­
ference between the two curves? 

(a) L = 100 nm W= 200 nm 

(b) L= 100nm W= 400nm 

Use the following parameters if needed: 

V'f'o = 0.4 V, E, = 6 V/µ,m, v," = 8 X 106 cm/sec, C"-' = 1.6 X 
10··6 F/cm2, µ,, = 270 cm2/V-sec, 'Y = 0.2 (V112), 21</>F I= 0.88 V 

P2.10 Compared to the velocity saturation model, the alpha-power law is a 
more empirically based model where the 1-V curves are fitted to the 
data. The equation for the saturation region current in the alpha-power 
law model is as follows: 

IDs= K(W!L)(Vcs - Vy)" 
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(a) For the plots in Problem P2.3, compute the values for Kand a for 
the NMOS and PMOS devices. 

(b) For the linear region, develop a model where the current is linearly 
proportional to VDs until the saturation region is reached. Derive a 
formula for VD,"'' 
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Fabrication, Layout, and Simulation 

CHAPTER OUTLINE 

3.1 Introduction 

3.2 IC Fabrication Technology 

3.3 Layout Basics 

3.4 Modeling the MOS Transistor for Circuit Simulation 

3.5 SPICE MOS LEVEL 1 Device Model 

*3.6 BS1M3 Model 

*3.7 Additional Effects in MOS Transistors 

*3.8 Silicon-on-Insulator (SOI) Technology 

*3.9 SPICE Model Summary 

References 

Problems 

3.1 Introduction 
In this chapter we describe the close relationship between fabrication, layout, and 
simulation of integrated circuits. We begin by describing the CMOS fabrication 
process. The purpose is to give the reader some insight into the steps and issues asso­
ciated with the manufacture of integrated circuits. Over the years, IC fabrication has 
become more and more complex. For each technology node, there are multiple 
processes available to the designer, depending on the target application of the chip. 
For example, there may be different processes for digital, memory, mixed-signal, low 
power, and so on. It is not possible to describe all of the pertinent issues in advanced 
CMOS processes in one chapter. The objective here is to present a generic process to 
provide an overview of the key steps of the fabrication process. 

With this knowledge, the issues surrounding IC layout can be described. A lay­
out is the physical description of the transistors and their connections in the IC 
design. The layout precisely defines the chip that will ultimately be fabricated. Every 
transistor and wire in the circuit must be specified in a geometric format in the lay­
out. To ensure that the chip is properly fabricated, the final layout must conform to 

CHAPTER 

89 
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a set of design rules that are based on the resolution limits of the manufacturing 
equipment. The section on IC layout describes transistor layout considerations and 
some of the basic guidelines for digital CMOS layout, including design rules and 
their meaning. Full-chip layout issues are not addressed here. 

Following the overview of layout, the simulation tool SPICE1 is described along 
with the device parameters associated with the LEVEL 1 and BSIM3v3 MOS mod­
els. SPICE is the most widely used simulation tool in the industry for detailed cir­
cuit analysis. When a circuit is described for SPICE simulation, each MOS transis­
tor requires two pieces of information: geometric and parametric. The geometric 
information is obtained directly from the layout. This includes the length, width, 
area, and perimeter information for each transistor. The parametric information is 
captured in the device models that are extracted from the fabrication process. The 
simplest device model is the LEVEL 1 model which is described in detail in this chap­
ter. However, the most popular model in use today is BSIM3v3. The key parameters 
of this model are also described in this chapter. Advanced MOS transistor issues are 
presented in the context of the BSIM3 model. 

The chapter concludes with a brief look at an emerging technology known as 
silicon-on-insulator (SOI). 

For those who are relatively new to silicon integr\ted circuit technology and 
device modeling, the contents of this chapter may not be fully appreciated or under­
stood until later chapters are covered. We recommend that this chapter and Chapter 2 
be reviewed frequently as they contain the fundamental equations and concepts used 
throughout the rest of the book. 

3.2 IC Fabrication Technology 
3.2.1 Overview of IC Fabrication Process 

Silicon transistors and integrated circuits are manufactured on wafers of single­
crystal silicon, 200 to 300 millimeters (mm) in diameter and about 0.35 mm to 
1.25 mm thick. This thickness is determined by the need to provide enough mechan­
ical strength so that the wafer is not easily broken. The wafers are first polished to a 
mirror finish by abrasive lapping with finer and finer gritty material, followed by a 
chemical etch that leaves the surface virtually free of scratches and imperfections. 
Any defects on the wafer may cause a particular chip to fail and render it useless. 
This is very important in terms of the overall yield of the wafer. The chips that do 
not work to specifications are thrown out or must be repaired in some way, and this 
increases the per unit cost of the chips that actually work. 

The fabrication process that forms the devices and circuits involves a sequence 
of pattern definition steps interspersed with other processes such as oxidation, 
etching, diffusion or ion implantation (doping), and material deposition. A variety 
of chemical agents and materials are used in this process. There may be 20 to 30 
major steps in the fabrication process, each one requiring five or more operations. 
Approximately 100 to 200 distinct operations are required to produce complete 

i For those readers not familiar with this simulation tool, a short tutorial on running SPICE is provided in 
Appendix A. 
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integrated circuits. After the processing is complete, each wafer is sawed into hun­
dreds or thousands of identical rectangular chips. Today, a complex IC chip may be 
up to 30 mm on each edge and contain 100 million devices ( transistors, resistors, 
diodes, etc.) or more. 

Brief descriptions of some of the nomenclature in processing are as follows: 

Oxidation: High-temperature exposure of silicon to oxygen to form Si02 
( silicon dioxide). 

Etching: Removal of undesired material from the surface with the use of a 
liquid or ionized gas etchant. 

Diffusion: Doping process to form n-type or p-type material by high­
temperature exposure to donor or acceptor impurities. 

Ion Implantation: High-energy bombardment of silicon with donor or 
acceptor ions from particle accelerators followed by an annealing step to 
activate implants and repair any damage. 

Chemical Vapor Deposition (CVD): Materials such as metal or oxide are 
deposited out of a gaseous mixture. Metals can also be deposited using sput­
tering. 

The basic flow in the IC fabrication process is shown in Figure 3.1. Designers 
convert the circuit schematic into a layout consisting of geometric patterns that 
implement the transistors and interconnections. This geometric information is 
divided into layers such as n+, p+, p-well, n-well, poly, metal 1, metal 2, etc. Each 

Masks 

l_ 
Layout 

-
Wafers r 

Chemicals 

Figure 3.1 
Overview of chip-making process. 
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implantation 

Diffusion 

Chemical 
vapor 

deposition 

Fabrication 

-
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Ill Ill -.• Ill 
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layer corresponds to a major step in the fabrication process. The patterns, which 
convey precisely what designers want to build, are converted to a set of masks, one 
for each major step in the fabrication process. The masks are glass plates with pat­
terns that specify the information that will be printed on the integrated circuit in a 
given step. They have transparent and opaque areas that match the geometric lay­
out data for each separate layer. 

The images on the masks are transferred to silicon wafers using an optical lith­
ography process to simultaneously produce a large number of chips. The masks are 
aligned and exposed separately at each die site ( or clusters of 2-8 die sites) across 
the wafer. This is similar to the use of a negative in photography. Many pictures can 
be produced from one negative. In chip fabrication, a 200 mm wafer may produce 
1000 chips that are 5 mm X 5 mm in size. It is this parallel manufacturing of all 
chips on a wafer that keeps the cost of an integrated circuit relatively low.2 

3.2.2 IC Photolithographic Process 

The process of pattern transfer and pattern definition is repeated many times dur­
ing the fabrication of an IC wafer. Each of these masking steps requires that the wafer 
be coated with a photosensitive emulsion known as photoresist, and then optically 
exposed in desired geometric patterns using a mask: a previously prepared photo­
graphic plate. This glass plate with an image of the pattern etched in chrome is gen­
erated from the design database. The image is optically projected onto the wafer 
using a projection aligner which is very much like an enlarger in photography. It 
projects the image of the mask onto the photoresist on the silicon wafer to develop 
it, that is, make it soluble. 

After developing the photoresist, a specific process such as etching or doping is 
carried out in the exposed areas of the patterned wafer. This entire pattern transfer 
process is known as photolithography, or optical lithography. Steady improvements 
in optical lithography have made it possible to reduce the smallest surface dimen­
sions on an IC chip from about 5 µ.,min 1980 to 130 nm and smaller today.3 The 
cost per logic gate or memory cell is reduced as more devices and circuits are 
formed per unit chip area. Furthermore, smaller devices have smaller capacitances 
and hence can switch faster, leading to better circuit performance. 

Photolithography uses light to develop photosensitive material and create the 
features required in an integrated circuit. The main steps of the processing sequence 
for patterning are as follows: 

1. Place the desired material to be patterned on the surface of the silicon ( or on 
top of the previous material that has already been processed): 

Step 1: Apply material to water 

Material to be patterned 
Wafer 

2 However, the masks themselves are becoming increasingly more expensive and cou~ run >$IM US 
in advanced deep submicron technologies. 
3 As a reference point, a hair from your head is about 50 µm in diameter! 
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2. Spin photoresistive material on top of the first material. Positive photoresist 
is a material that is difficult to remove unless it is exposed to ultraviolet (UV) 
light, and negative photoresist is difficult to remove unless it is not exposed 
to ultraviolet light. Typically positive photoresist is in use today: 

Step 2: Spin on a 
photoresistive material 

Photoresist 

Material to be patterned 

3. Place a glass mask over the wafer and expose the resist material to UV light 
(positive photoresist assumed). The exposed areas are now soluble in a 
chemical agent: 

Step 3: Pattern photoresist with 
UV light through glass mask 

I ---- UV light 

t r:::: Glass mask 

Chrome pattern 

Soluble photoresist 

4. Using the appropriate solvent, remove the resist and expose areas of the 
underlying material to be patterned. Etch away the underlying material to 
form the desired pattern: 

Step 4: Apply specific processing 
step such as etch, implant, 
oxidation, after removing 
soluble photoresist 

~----Etch away 
unwanted material 

5. After the previous step is completed, remove the rest of the photoresist: 

Step 5: Wash off resist 

The steps just described are used repeatedly for every major processing step 
whether it is oxidation, ion implantation, or deposition. However, due to the fine res­
olutions needed today, photolithography is reaching certain physical limits. Mini­
mum feature sizes less than 0.35 µ,m are feasible from the standpoint of device oper­
ation but cannot be achieved with standard optical lithography because the 
wavelength of light is about 0.4 µ,m. To overcome this limitation of optical lithogra­
phy, optical proximity correction (OPC) and phase-shift masks (PSMs) are in com­
mon use. These operations either pre-correct the masks to provide the desired final 
image on the chip, or use masks that phase shift the light to avoid unwanted inter­
ference patterns. Such advanced techniques have been used at 130 nm and below. 

3.2.3 Making Transistors 

Now that the basic photolithographic step has been illustrated, the manner in which 
transistors are made can be described. Deep submicron transistors are fabricated 
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using a number of complex steps. Since our objective here is to highlight the main 
steps in the process, we will only present an overview of transistor fabrication. The 
major steps of a CMOS process are as follows. 

1. Define well areas and transistor regions. The first set of photolithographic 
steps is used to specify the areas in which the transistors will be fabricated. 
NMOS devices are diffused in a p-type well. PMOS devices are diffused into 
an n-type well. In recent technologies, twin tubs are used, meaning that an 
n-well and a p-well are separately diffused into a common substrate. The 
transistor areas defined within the well areas are separated from one another 
using shallow trench isolation (STI). The "trenches" are dug out of the sili­
con in regions between transistors, and oxide is deposited in these trenches 
using a chemical vapor deposition process ( CVD). The density of transistors 
today requires the exclusive use of STI. 

Cross-sectional view Plan view 
p-well n-well 

2. Define gate region. The second set of lithographic steps defines the desired 
patterns for gate electrodes. In a 0.13 µ,m process, a clean thermal oxide 
about 22 A thick is grown in the transistor areas by exposure to oxygen in a 
furnace. This is the gate oxide. This thin oxide is the insulator in the MOS 
structure. Threshold adjustment implants are applied to the two gate regions 
to achieve the desired Vy values for PMOS and NMOS devices, respectively. 

Gate oxide Gate oxide 

3. Define poly gate. Another CVD process deposits a layer of polycrystalline sil­
icon (poly) over the entire wafer. Undesired poly and the underlying thin 
oxide are removed by chemical or plasma (reactive gas) etching thus pro­
ducing a self-aligned4 gate node. The term "self-aligned" refers to the fact 
that the source and drain regions will automatically align with the poly gate 
if the gate is placed down first. 

4 When metal gates were first used, it was difficult to align the gate over the channel region precisely. The use 
of polysilicon as the gate material eliminated this problem since it would be placed down first and the source 
and drain regions created afterwards. The chip yields increased dramatically and led to the exclusive use of this 
approach in MOS technology. 
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