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This book describes the device physics and IC technology of CMOS that is 
currently the dominant technology for VLSI. It emphasizes the means of 
applying device physics to technology and the impact of this technology on 
VLSI circuits. This book is a device technology book that bridges physics 
and circuits in VLSI. It will focus on device physics, yet also include process 
technology. Details on the interactions between device design, device mo­
delling and process technology will be provided. 

The audience of this book will include senior and graduate sfudents in 
Electrical Engineering, Material Sciences, and perhaps Computer Science. 
The book should also be useful for professional engineers in the semiconductor 
and computer industries. It will teach semiconductor device engineers and 
process engineers/technicians how to design devices and develop CMOS proc­
esses. It will also help circuit designers to understand technology implications 
when implementing circuits with CMOS technology. Unlike some existing 
books that address the design and system aspects of CMOS circuits, this book 
concentrates on the device physics and process technology needed for imple­
menting VLSI circuits and systems. 

Chapter 1 Introduction to CMOS, the VLSI Technology-The material 
in this chapter originated from a tutorial paper titled, ''CMOS-the emerging 
VLSI technology." I have deleted the word "emerging" from the title of 

xi 
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xii Preface 

this chapter for the obvious reason that CMOS is now indeed the VLSI 
technology. This chapter basically describes why this statement is true, and 
compares CMOS to NMOS, which was formerly the mainstream technology 
in the IC industry. Because it is only an introduction, the chapter states the 
facts that have made CMOS for VLSI and leaves the causes and the associated 
physics for the following chapters. 

Chapter 2 CMOS Device Physics-This chapter reviews MOS physics 
to provide a background for CMOS devices and technology. The chapter's 
simple description follows a logical development beginning with semicon­
ductor physics to MOS capacitors, MOS transistors, and finally discusses some 
effects as transistors are shrunk for VLSI. Emphases are placed on the 
differences between electrons and holes for the understanding of their effects 
on n-channel and p-channel transistors. Ideal and non-ideal MOS capacitors 
are introduced and threshold voltage is defined. A MOS transistor is de­
scribed as two p-n junctions added to both sides of a MOS capacitor. The 
simple I-V relations in a MOS field-effect transistor (MOSFET) are also 
described. Buried-channel behaviors as well as short and narrow channel 
effects are considered as well. Much of the material used in this chapter is 
extracted from two books: Physics of Semiconductor Devices by S. M. Sze 
in1981 and Physics and Technology of Semiconductor Devices by A. S. Grove 
in 1967. Both books are published by John Wiley & Son, Inc. 

Chapter 3 MOS Modelling-This chapter describes the use of modelling 
tools for CMOS device design and process integration. The chapter first 
reviews the important models available to date. Process models such as 
SUPREM and SUPRA, and device models such as GEMINI, MINIMOS and 
PISCES are described. The basic principles, assumptions, and limitations of 
these models are discussed. Ways to use these models as design tools are 
introduced and examples are presented. Models developed to extract MOS­
FET parameters for circuit simulation are included. Relations among SUXES, 
CISM, BSIM and SPICE are discussed. 

Chapter 4 CMOS Operation-CMOS operation is introduced through 
the description of simple CMOS circuit components. The objective of this 
chapter is to provide some ideas about how circuit operation is affected by 
the technology used. Although the emphasis is on CMOS circuits, compar­
isons to typical NMOS circuits are made. Basic components including in­
verters, buffers and transmission gates are presented first. Then, simple 
components for logic and memory circuits are discussed. 

Chapter 5 CMOS Process Technology-This chapter discusses overall 
CMOS process integration. It first introduces the relationship between a 
circuit layout and a device cross-section at key processing steps, then describes 
various CMOS process technologies: p-well, n-well, twin-tub and retrograde 
well processes. Comparisons are made among these processes and their 
impacts on circuit performance are discussed. CMOS technologies for silicon 
on sapphire or other insulators are also described. Bipolar and CMOS in­
tegration (BiCMOS) is described extensively in the last section. 
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Preface xiii 

Chapter 6 CMOS Transistor Design-This chapter discusses transistor 
design for both n- and p- channel MOSFETs in a CMOS IC. For the sake 
of VLSI technology, it focuses on the design of transistors with micrometer 
and submicrometer channel lengths. Introduction of MOSFET scaling and 
non-scalable parameters are followed by the design of short-channel PETs. 
Hot carrier effects are examined and drain engineering is described for de­
signing reliable nMOS transistors. Buried-channel characteristics are dis­
cussed for pMOS transistor design. Lastly, pMOS long-term reliability is 
studied for transistors scaled to submicrometer dimensions. 

Chapter 7 CMOS Isolation-This chapter starts with the physics and 
techniques of field isolation in MOS technologies. What is unique in CMOS 
circuits is the isolation among opposite-type transistors as well as the isolation 
among similar-type transistors. CMOS isolation including physical and elec­
trical isolation, failure mechanisms, and dependence on process technology 
are discussed and associated design rules are derived. New isolation tech­
niques for future CMOS are also presented. 

Chapter 8 Latchup in CMOS-A major problem in CMOS, known as 
latchup, is a strong function of circuit density, nMOS to pMOS separation in 
particular. Both device technologists and circuit designers should have 
knowledge of this subject for developing CMOS. This chapter covers the 
physics and modelling of latchup, its characterization in steady state and 
transient, and various methods of avoiding latchup. The author would like 
to acknowledge that much of the material presented here is borrowed from 
the journal articles and internal reports published by Mr. Alan Lewis et al. 
Discussions with Mr. Alan Lewis and Dr. Ron Troutman are also acknowl­
edged. 

Chapter 9 CMOS Design Rules-In this last chapter, design rules as­
sociated with current and future CMOS technologies are discussed. Because 
design rules are derived from device characteristics and process capabilities, 
it is adequate to summarize the device parameters discussed in the previous 
chapters, then to discuss the effect of particular process( es) on individual 
design rules. Lambda-based design rules and the limitation of the rules are 
discussed. Modification of lambda rules to accommodate technology needs 
are also presented. Examples are given for one-to-two micrometer CMOS 
design rules. Extending to submicrometer rules and related issues are de­
scribed. 

This book originated from my lecture notes for a graduate course, "CMOS 
for VLSI," taught at the Electrical Engineering Department ·at Santa Clara 
University in 1985 and 1986. I would like to thank Professor Cary Yang for 
accommodating my working schedule by allowing me to teach this course at 
the "early bird" program. Even before this opportunity, I was motivated to 
start this project by the overwhelming response of the CMOS short courses 
organized by Prof. C. R. Viswanathan and myself through UCLA in 1984. 
My knowledge and understanding of this topic have certainly improved by 
giving lectures and participating in other lectures offered by distinguished 
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speakers such as Dr. Tony Alvarez, Dr. Pallab Chatterjee, Dr. Wolfgang 
Fichtner, Dr. Ken Martin, Dr. Lou Parrillo, Dr. Ranjeet Pancholy, Dr. 
Charles Sodini, Dr. Ron Troutman and Dr. Ken Yu. I was also encouraged 
by receiving the Outstanding Paper Award for my review paper on "CMOS­
the emerging VLSI technology," given at the International Conference on 
Computer Design: VLSI in Computer. I thank Drs. Lou Parrillo and Jim 
Clemens for inviting me to give the paper. 

I am deeply indebted to Dr. S. T. Chang at HP Lab for his critical 
reading of Chapter 2, Prof. Ping Ko at U.C. Berkeley for his comments on 
Chapter 3, Prof. Charles Sodini at MIT for his suggestions on Chapter 4, 
Prof. Bruce Wooley at Stanford Univ. for his reading and comments on 
Chapter 5, especially the BiCMOS section, Prof. Chenming Hu at U.C. 
Berkeley for his review on Chapter 6, Dr. Chi Chang at AMD for discussions 
in Chapter 7, Dr. Ron Troutman at IBM and Mr. Alan Lewis at Xerox for 
their assistance in Chapter 8, and Dr. George Lewicki at ISIIMOSIS for 
looking over Chapter 9. Comments provided by the reviewers through my 
publisher were also extremely useful. Finally, I would like to thank Prof. 
David Hodges at U.C. Berkeley who has always encouraged me in my writing 
and teaching. 

In addition, I thank my secretary, Judy Quinn, and my wife, Heather 
who helped a great deal in polishing the final manuscript. At my publisher, 
Prentice-Hall, I want to acknowledge Mr. Bernard Goodwin and Mr. Dan 
Joraanstad who encouraged me to undertake this project, and Ms. Barbara 
Marttine who handled the production of this book. Lastly, I wish to thank 
my parents Chiang-Ho and Pei-Hwan Chen, and my wife, Heather for their 
continuous encouragement and support. 

JOHN Y. CHEN 
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Dr. John Y. Chen has 13 years of experience in IC technology and eight years 
in CMOS. He was a Howard Hughes Doctoral Fellow and received a Ph.D. 
from UCLA in Electrical Engineering. At Hughes Research Laboratories 
(HRL), he has worked on various VLSI technologies for radiation-hard CMOS. 
He received the HRL Outstanding Paper award and several invention Awards. 
At Xerox Palo Alto Research Center, he led a team in developing and trans­
ferring 1.2 micron CMOS technology for custom ICs. He received Xerox 
Team Excellence award and Xerox Achievement award in 1985. Dr. Chen 
is currently at the Microelectronics Laboratory of Boeing High Technology 
Center and leads projects such as BiCMOS and GaAs CMES. He also gives 
CMOS lectures at the EE department of University of Washington, Seattle. 

Dr. Chen served as a technical program committe~ member at the In­
ternational Electron Device Meeting (IEDM) for three years and chaired the 
Solid-State Device Sub-Committee in 1986. He has also been the committee 
member for the Symposium on VLSI Technology since 1986. He served as 
the Technical Program Chairman for the 1989 International VLSI Symposium 
on Technology, Systems and Applications. 

He has organized and lectured several shoFt courses on CMOS at UCLA 
and the University of Maryland. He taught a course on CMOS Device and 
Technology at the EE department of Santa Clara University. He has given 
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graduate-level seminar lectures at the University of California-Berkeley and 
Stanford University. He has authored and presented 80 technical papers of 
which more than half related to CMOS. He has also written a chapter for 
the book, Advanced MOS Device Physics, published by Academic Press in 
1988. He has several patents on CMOS devices and technology. His invited 
paper, "CMOS-The Emerging VLSI Technology," won Outstanding Paper 
Award at the 1985 International Conference on Computer Design: VLSI in 
Computer. 
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Although CMOS logic was introduced in the early 1960s, 1 its applications 
were limited to special circuits, such as watches and calculators, which have 
very low standby power or radiation-hard circuits that require very high noise 
margin. In the 1960s and 1970s, CMOS in general compared unfavorably 
with NMOS because of its lower speed and poorer packing density. It also 
required more complicated fabrication processes and special layout attention 
for latchup prevention. 

The 1980s is known as the decade of VLSI. VLSI is the integration of 
many small transistors on a single chip. With transistor counts of about a 
million or more, power dissipation becomes a fundamental limitation. Con­
sequently, CMOS technology is gaining a great deal of attention in VLSI 
because of its inherent low power characteristics. Shrinking transistor size 
for VLSI implementation is another driving force for CMOS because, as 
transistor dimensions are reduced; the current delivered by a p-channel tran­
sistor approaches the current provided by an n-channel device of the same 
size. As a result, small CMOS devices are not much slower than their NMOS 
counterparts. VLSI speed depends more on the actual circuit design rather 
than the moderate difference in device driving ability. Indeed, some CMOS 
circuits have shown comparable or better speed than corresponding NMOS 
circuits due to relaxed power limitation. For example, the 64K CMOS DRAM 

1 
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2 Introduction to CMOS, the VSLI Technology Chap. 1 

made by Intel Corporation has 70 ns access time and a standby power of 25 
mW,2 whereas Intel's DRAM made using NMOS technology has approxi­
mately the same column access time, but much higher power dissipation. 3 

In the early days, the CMOS process had more masking steps and was 
more complicated than NMOS because two different devices must be made 
on the same chip. Again, as MOS technology was scaled down to one 
micrometer, NMOS processes evolved to more complexity because of the 
need for punchthrough protection, multiple threshold voltages, buried con­
tacts and/or polysilicon resistors. On the other hand, CMOS complexity has 
remained basically unchanged or improved slightly due to various process 
innovations. The net result is that the difference of process complexity be­
tween CMOS and NMOS is marginal. Moreover, as the design cost increases 
rapidly for VLSI, process complexity makes much less impact on total cost. 
The turnaround time, however, may be a much more important aspect. This 
feature is especially critical for ASICs (Application Specific Integrated Cir­
cuits). 4 

A CMOS logic gate uses more silicon layout area than the equivalent 
NMOS gate because a larger p-channel transistor is required for the load to 
compensate for its lower mobility. Additionally, more isolation space is 
needed between the two different types of transistors to avoid field leakage 
and latchup. To date, CMOS has lower packing density than does NMOS. 
However, as the integration level increases, a larger portion of chip are.a is 
dedicated to interconnects. This ratio is particularly apparent in random 
logic design, in which chip area is not strongly affected by the gate size. Even 
in SRAMs, where memory cells represent roughly 70% of total chip area, 
new CMOS technologies such as retrograde well, epitaxy and trench isolation 
have demonstrated very dense circuits. 5 

From the standpoint of circuit design, CMOS technology is easy for 
both digital and analog applications. With the p-channel transistor as a 
dynamic load device, the static operation of a CMOS inverter does not depend 
on transistor width ratio, thereby providing high noise immunity. This type 
of ratio less logic is extremely important when designing gate arrays and stand­
ard cells that must be flexible because transistors are laid out with no precise 
definition of the actual circuit. Although pure-static CMOS requires multiple 
input gates, dynamic circuit designs such as Domino CMOS6 eliminate this 
problem. Dynamic circuit designs can also be used to maximize speed and 
minimize transistor counts with minimum effect on power dissipation. Fur­
thermore, CMOS shows an advantage in clock generation because it can be 
implemented by a simple inverter chain. The number of clocks can be re­
duced. For example, in Intel's DRAM address buffer circuit, clocks and 
transistor counts have been reduced by a factor of two by replacing NMOS 
witp CMOS. 2 In the analog world, CMOS outperforms NMOS because its 
high noise immunity and low power are essential to designing high-gain op­
erational amplifiers and other analog building blocks. Bilateral switches also 
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Chap. 1 References 3 

work much better with CMOS transmission gates because n- and p-channel 
FET's can be paired to eliminate body effect as observed in NMOS. 

CMOS can enhance circuit reliability in various aspects. It has been 
shown that the soft error rate (SER) in a DRAM can be reduced dramatically 
when memory arrays are made inside a well, with opposite polarity to the 
substrate. 3 The reason is that a reversely biased p-n junction (well-substrate 
in CMOS) provides a potential barrier against carriers generated in the sub­
strate. This configuration is inherent in CMOS technology. 

It is known that the high electrical field in short n-channel transistors 
generates hot electrons which then cause high substrate current and long­
term threshold shift. 7 CMOS can ease this problem by several means. First, 
because hole impact ionization is very low, p-channel load transistors in a 
CMOS logic suffer much less from hot-carrier induced degradation than n­
channel depletion devices in NMOS circuits do. Second, CMOS circuits do 
not draw static current thereby reducing hot-carrier induced device degra­
dation. Third, unlike NMOS circuits, CMOS does not often use bootstrap­
ping or a substrate-bias technique which increases the electrical field in a 
device and may further aggravate the hot-electron problem. Finally, when 
CMOS is used for DRAMs, p-channel devices can be placed in memory arrays 
to avoid impact ionization current, thus maintaining charge storage. 2 Elec­
tromigration is another major concern in VLSI reliability; it is expected that 
CMOS suffers less from electromigration because no static current flows in 
metal lines. 

In summary, CMOS, when compared with NMOS, has much lower 
power, comparable speed, slightly poorer density but better reliability. The 
major advantage to using CMOS is power dissipation. In a VLSI circuit, 
too many devices exist and they run very fast. As a result, more power is 
dissipated from each device and even more power is dissipated from a chip. 
Current packaging technology limits power dissipation at a few watts per chip 
to avoid high temperature induced reliability problems. Sophisticated pack­
ages are being developed, but at great expense. CMOS, with its inherent 
low power characteristics may be the only VLSI technology which can live 
up to thermal packaging limitations. 
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CMOS DEVICE 
HYSICS 

This chapter reviews MOS physics. It should form the basis necessary for 
CMOS device design and technology. This chapter uses a simple description 
and follows the logical development from semiconductor physics to MOS 
capacitors, MOS transistors, and finally some important effectsas transistors 
are shrunk for VLSI. Emphasis is placed on the differences between electrons 
and holes for the understanding of n-channel and p-channel transistors, which 
will be discussed in later chapters. 

This chapter starts with a discussion of mobility and impact ionization 
for electrons and holes because these two basic phenomena determine CMOS 
transistor performance such as current driving ability and ~ubstrate current. 
Ideal and non-ideal MOS capacitors are introduced and the definition of 
threshold voltage is presented. Next, aMOS transistor is described by con­
sidering two p-n junctions added to both sides of a MOS capacitor. The 
simple I-V relation in a, M OS field-effect transistor (M OSFET) is described 
and a discussion of its operations in linear, saturation and subthreshold regions 
follows. In addition, buried-channel behaviors are discussed because one of 
the two devices in a typical CMOS IC behaves this way. Short and narrow 
channel effects associated with small devices are also considered. 

5 
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6 CMOS Device Physics Chap.2 

2.1 ELECTRONS AND HOlES 

In semiconductors, current c;onduction is caused by the movement of charged 
carriers. In an absolutely pure (intrinsic) semiconductor, say silicon (Si), 
electrons are negatively charged carriers which are created due to Si bond 
breakage caused by thermal vibration of the Si atoms. When an Si bond is 
broken, a free electron results, thus leaving a vacancy in the original bond 
(Fig. 2.1a). The vacancy is positively charged, and is referred to as a "hole". 
An electron can hop from one neighboring bond into the hole and cause 
another hole to occur. This current can be viewed as the movement of 
positively charged holes in the opposite direction. The free carrier (electron 
or hole) density in an intrinsic Si is defined as ni which is 1.45 x 1010 em 3 

at room temperature. 1 

Some bonds are broken: 
few conduction electrons 
and holes result 
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Figure 2.1 Schematic atomic structures and energy bands of: (a) intrinsic; and 
(b) extrinsic Si (Ref. 1). 

Micron Ex. 1024, p. 22 
Micron v. YMTC 
IPR2024-00909



Sec. 2.1 Electrons and Holes 7 

In a doped (extrinsic) semiconductor, electrons or holes can be gener­
ated by introducing impurity atoms such as phosphorus or boron into Si. The 
doped Si is then called n- or p-type respectively. Compared to Si, phosphorus 
or arsenic has one extra valence electron; this type of atom is called a donor 
impurity. Boron has one less valence electron, i.e., one hole in the Si lattice; 
this type of atom is called an acceptor impurity. The extra electron or hole 
can easily escape from the Si bond and become a free carrier responsible for 
current conduction. It leaves the impurity atom ionized (Fig. 2.1b) in this 
situation. 

Sufficient thermal energy exists at room temperature to ionize all the 
donor or acceptor impurity atoms in Si. As a result, the electron density (n) 
in ann-type Si is the same as the donor impurity concentration (N0 ), and 
the hole density (p) in a p-type Si is equal to the acceptor impurity concen­
tration (N A). Another way to create free electrons or holes is by applying 
a voltag~ to Si to bend the Si band to a degree that electrons or holes can 
be locally generated. It can be shown1 in any case, that np = n'f for semi­
conductors at equilibrium. 

For CMOS devices, the two most important properties of electrons and 
holes are carrier mobility and impact ionization. In a MOSFET, mobility 
affects the drain current and impact ionization determines the substrate cur­
rent. Moreover, these two properties are quite different for electrons and 
holes. 

2.1.1 Mobility 

When an electrical field is applied to a semiconductor, carriers (electrons 
or holes) are accelerated and also scattered by lattice vibration and impurity 
collision. Consequently, a constant carrier velocity defined as drift velocity 
results. The drift velocities for electrons and holes in Si are dependent on 
the electrical field as shown in Fig. 2.2. At a low field, the velocities are 
proportional to the electrical field, hence constant mobilities (t-t) can be de­
fined as the average velocities per unit electrical field (vi E). Notice that in 
Fig. 2.2a the electron mobility is about 3-4 times higher than the hole mobility 
at low field, i.e., E < 104 V/cm. This phenomenon has resulted in more 
drain current in ann-channel MOSFET than that in a correspondingp-channel 
device. However, at a large field (about 105 V/cm or above), electron and 
hole velocities approach a common asymptote as shown in Fig. 2.2b. 2 Thus, 
for short-channel MOSFETs in which carriers experience high electric field 
and approach saturated velocities, the difference in current between an n­
and a p-channel device decreases greatly. 

Although carrier mobility in bulk Si is a function of impurity doping 
concentration,1 mobility of charges in a MOSFET channel is not dependent 
on impurity concentration unless the concentration is very large, NA > 1.0 
x 1017 em - 3 . 3 Experiments have verified this observation and shown only 
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Figure 2.2 Carrier drift velocities for Si in: (a) low electric fields (Ref. 1); and 
(b) a wide range of electric fields (Ref. 2). 

<5% difference in mobility values among a large range of doping levels. For 
commonly used channel doping levels, channel mobility fJ-ch is mainly a func­
tion of the effective electric field normal to the Si surface. 3 ..+ It can be 
described empirically as5 

IJ-ch = JJ.oC£crit/£eff)UEXP (2.1) 

where fJ- 0 is the mobility at the electric field of Ecrit or lower. UEXP and 
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Ecrit are constants obtained empirically. Channel mobility decreases as the 
effective electric field (Een) exceeds the critical field (Ecrit). Eerr is described 
in the discussion of MOSFET operation (see Section 2.3.2). 

2. 1.2 Impact Ionization 

When the electric field in a semiconductor is increased to 105 V/cm or 
above, electrons or holes gain enough energy to excite and generate electron­
hole pairs by impact ionization. The generation rate is given by 

(2.2) 

where <X11 is the electron ionization rate defined as the number of electron­
hole pairs generated by an electron per unit distance traveled; aP is the hole 
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Figure 2.3 Measured ionization coefficient for avalanche multiplication vs. electric 
field for Si (Ref. 2). 
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ionization rate defined similarly; n and p are the electron and hole concen­
trations; and V 11 and vP are the thermal velocities for electrons and holes, 
respectively. The ionization rates in Si are strongly dependent on the elec­
trical field and can be defined as: 

3.8 X 106 exp ( -1.75 X 106/ £) 

2.25 x 107 exp ( -3.26 x 106/E) 

(2.3a) 

(2.3b) 

The ionization rates are shown in Fig. 2.3 for electrons and holes in Si at 
room temperature. 2

·
6 They are known to decrease as the temperature in­

creases. 7 The ionization rate for electrons is higher than that for holes by 
one-to-two orders of magnitude. This difference causes the substrate current 
in ann-channel MOSFET to be several orders of magnitudes higher than that 
in a p-channel device. 

2.2 MOS CAPACITORS 

The simplest device in MOS technology is the MOS capacitor, consisting of 
Metal (or other conductors such as doped polysilicon), Oxide and a Semi­
conductor as shown in Fig. 2.4. It is different from the capacitor made by 
two conducting parallel plates because the MOS capacitance is strongly de­
pendent on the voltage applied on the gate. Electron energy band diagrams 

Si substrate 

MOS Capacitor 

Figure 2.4 A MOS (Metal Oxide Silicon) capacitor. 
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Sec. 2.2 MOS Capacitors 11 

of MOS capacitors with a p-type and an n-type semiconductor are shown in 
Fig. 2.5 for three gate bias conditions. Ec and Ev are the conduction and 
valence band edges. Eh the intrinsic level, is at the middle of the energy 
band gap, i.e., Ei = (Ec + Ev)/2. It corresponds to the Fermi level of an 
intrinsic-type (i.e., undoped) semiconductor. For a doped semiconductor, 
the Fermi level is closer to the conduction band for an n-type semiconductor, 
but closer to the valence band for a p-type semiconductor. In equilibrium, 
the Fermi level (EF) is constant in all cases because no current conducts. 

Consider the p-type semiconductor first. If a negative voltage is applied 
on the gate (Fig. 2.5a), the band bends up causing majority carriers (holes 
in this case) to accumulate near the semiconductor surface. In this accu­
mulation mode, the MOS capacitor behaves just like a parallel-plate capacitor 

p- TYPE 

~--.;;.._Ec 

-------E· 
k-----E~ 

+ + + • Ev 

- Ec 

------Ei 
t--------E F 

+ + + + + Ev 

;..-------...;;..-- Ec 

-----E1 
~----EF 

+ + + + + Ev 

(b) 

(c) 

n -TYPE 

::.--;;...;;;......;;....;;;...._ E c 
1'-----EF 
,......-----E, 

+ + Ev 

~-+~--:-+-E v 

~----....;-;... Ec 
~----EF 
---- -E, 

Figure 2.5 Energy band diagrams for ideal MOS capacitors for: (a) accumulation; 
(b) depletion; and (c) inversion (Ref. 2). 
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with a constant capacitance per unit area (cox) 

(2.4) 

where Eox and fox are the dielectric constant and thickness of the oxide. If 
a small positive gate voltage is applied (Fig. 2.5b), the band bends downward 
and the holes are pushed away from the surface, leaving a depletion region 
consisting of negatively charged acceptor ions. In this depletion mode, the 
MOS capacitor has two capacitances in series, the oxide capacitance (Cox) 
and the depletion capacitance( Cd). While Cox is constant 

(2.5) 

where d, the depletion width, increases as the gate voltage (Va) is increased. 
C> 

The corresponding bands are bent downward more and eventually the intrinsic 
level Ei at the surface crosses over the Fermi level E F (Fig. 2.5c). At this 
point, the semiconductor surface is inverted from p-type ton-type. Further 
increase of Vg will pull the bands down continuously until the Ei at the Si 
surface is one <P13 below Ep, where <P8 , bulk potential, is defined as (Ei - EF) 
in bulk Si. This condition is referred to as strong inversion and the corre­
sponding band diagram is shown in Fig. 2.6. 

Additional gate voltage will attract more electrons to the surface but 
will not widen the depletion region significantly. This instance holds true 
because once the onset of strong inversion has occurred, a marginal increase 
in a band bending due to the expansion of the depletion width results in a 
very large increase in the number of electrons within the inversion layer. 2 

Because the depletion region remains more or less unchanged after strong 
inversion is reached, a maximum depletion width (dmaJ can be defined. As 
shown in Fig. 2.6, the potential <Pis measured as the amount of band bending 
with respect to the intrinsic level (Ei) in bulk Si. At the semiconductor 
surface, <P = <Ps, and <Psis called the surface potential. Notice <Ps = 2<1> 13 

at strong inversion. Electron and hole concentrations can be expressed as 

n = ni exp(Ep - E)kT) 

p = ni exp(Ei - Ep/kT) 

(2.6a) 

(2.6b) 

Note that np = n? was previously described. At strong inversion, the elec­
tron concentration at the surface is equal to the hole (majority carrier) con­
centration in the bulk. In the strong inversion mode, the positive charges 
on the gate (Om) must be balanced out by the electrons at the inversion layer 
(012 ) and the negative charges in the depletion region (Q 13 ) 

(2.7) 

where Q8 = - qNAdmax· The total capacitance is the oxide capacitance in 
series with the depletion capacitance at the maximum depletion width in 
equilibrium, i.e. cdmax = Ejdmax· The above discussion is for a p-type 
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INSULATOR 

SEMICONDUCTOR 
SURFACE 

------------------------~------Ec 

---Ei 

Figure 2.6 Energy band diagram at the surface for a p-type semiconductor (Ref. 
2). 

13 

semiconductor. Similar results can be obtained for ann-type semiconductor, 
however the polarity of the voltages and charges must be reversed. 

Fig. 2.7 shows the C-V characteristics of aMOS capacitor with a p-type 
substrate. The capacitance at negative voltages is constant and is equal to Cox 
because the device is in the accumulation mode. As the gate voltage (l/.,) 
approaches zero and becomes positive, three curves represent low-frequency 
(curve a), high-frequency (curve b) and pulse measurements (curve c). 

Consider the high frequency case first, i.e., curve (b). When a positive 
voltage is applied, holes are pushed away leaving a negatively charged de­
pletion region. At high enough frequencies, charge increment only occurs 
at the depletion edge. Thus, the depletion capacitor is in series with the 
oxide capacitor forming the MOS capacitance per unit area as 

(2.8) 

The higher the Vg, the larger the depletion width. And, from Eq. 2.5, C 
from Cd reduces as Vg is increased. Thus, the total capacitance, C, finally 
levels off because the maximum depletion width is reached. When the meas­
urement frequency is low (curve a), the generation-recombination rate can 
keep pace with the small AC signal variation. Hence, the minority carriers 
(electrons, in this example) can modulate the inversion charges at the sem­
iconductor surface. Consequently, the capacitance measured at inversion 
mode will be the oxide capacitance. 
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Figure 2. 7 MOS capacitance-voltage curves. (a) Low frequency; (b) high fre­
quency; and (c) deep depletion (Ref. 2). 

For both low- and high-frequency cases, the DC-bias of the MOS system 
is swept at sufficiently low rates so that at least a quasi-equilibrium condition 
is maintained. However, if a voltage pulse is suddenly applied to the gate 
. (curve c), holes are pushed away immediately and all incremental charge 
appears at the edge of the depletion region. Sufficient time does not exist 
for the generation-recombination process to create minority carriers ( elec­
trons) at the surface and supply holes to neutralize ionized acceptors at the 
depletion edge. This condition is non-equilibrium and is often referred to 
as deep depletion, which is the operational condition for charge-coupled 
devices (CCDs). In this case, maximum depletion width cannot be defined. 

The gate voltage, however can be given as 

(2.9) 

where the first term corresponds to the voltage across the oxide and the 
second term represents the voltage drop in the semiconductor. At the onset 
of strong inversion 

(2.10a) 

(2.10b) 

And the gate voltage (Vg) at this condition is defined as the threshold voltage, 
Vt. From the above two equations, V1 can be expressed as 

(2.11) 

This equation describes the threshold voltage for an ideal MOS capacitor, 
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defined as aMOS capacitor that gives no band bending at zero gate voltage. 
However, it is often unrealistic in a non-ideal MOS capacitor. The difference 
between the work functions of a gate and a semiconductor can lead band 
bending at Vg = 0 V. The work function is defined as the minimum energy 
needed for an electron to escape from its Fermi level into vacuum. 

X; 

AI 

VACUUM LEVEL 

AI 

1x --------r--
V9 = 0 I 

¢se 

Eg/2 
1--...l--+-------l-- Ec 

p-type si 

(a) 

VACUUM LEVEL 

4>se 

p-Type Si 

(b) 

Figure 2.8 Energy band diagrams for: (a) an ideal MOS, i.e., no work function 
difference; and (b) a non-ideal MOS, i.e., with work function difference (Ref. 1). 
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To avoid band bending so that a flat-band condition can be achieved, 
an additional gate voltage must be applied to counterbalance the difference 
in work functions. Fig. 2.8 shows the energy band diagrams for an ideal 
MOS capacitor and an MOS capacitor with a work function difference bal­
anced by a non-zero flat-band voltage. <l>m is the work function of the metal 
gate and the work function for the· semiconductor is <~>se, which is equal to 
x + Eg/2 + <I> s for a p-type semiconductor. X is the electron affinity, defined 
as the energy difference between the conduction bend and the vacuum level. 
The charges in the oxide can induce an image charge in the semiconductor. 
Again, to obtain a flat-band condition, an opposite voltage must be applied 
to the gate. The total gate voltage needed to offset the work function dif­
ference and the oxide charge is called flat-band voltage and is given as 

(2.12) 

where <~>ms = <l>m - <l>m <l>m and <~>se are the work functions for the gate and 
the semiconductor, respectively, and Q1c is the fixed charge density of the 
oxide. 

The threshold voltage for a non-ideal MOS capacitor is then written as 

(2.13) 

In practical device design and fabrication, a thin layer of charges is commonly 
introduced at the silicon surface to ad just threshold voltage in a way similar 
to the effect of Q1c in Eq. 2.13. This introduction is normally accomplished 
with ion implantation of boron or arsenic at a very low energy level. The 
ion implantation process is described in Chapter 3. 

2.3 MOS TRANSISTORS 

The MOS capacitor discussed previously can be made into a transistor if two 
pin junctions are added at both.sides of the capacitor. Fig. 2.9 shows the 
schematic of an n-channel MOS field-effect transistor consisting of a MOS 
capacitor and two n + regions in a p-type Si substrate. It has four terminals: 
gate for the capacitor, source and drain for the two n +, and substrate (or 
body) for the p-substrate. 

The gate can be made by a layer of metal (aluminum is most common) 
or heavily-doped polysilicon. Today, polysilicon gates are commonly used 
because they allow the alignment of the two n + regions (source and drain) 
to the edges of the gate. This self-aligned feature cannot be achieved with 
an aluminum gate because of process incompatibility during fabrication. 

The two n + regions are isolated by the p-type substrate and no current 
can flow unless the surface of p-substrate is inverted by an adequate voltage 
being applied on the gate. At this point, an n-type inversion layer is formed, 
called an n-channel, connecting source and drain so that a positive voltage 
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Source ~ +--Drain 

P-Sub 

0 

MOSFET 

Figure 2.9 AMOS Field Effect Transistor (FET). 

on the drain can attract electrons to flow from source to drain. The current 
starts to increase linearly with the drain voltage, but eventually saturates at 
a large drain voltage. 

2.3.1 Band Structure in Non-equilibrium 

Consider the band structure near the drain junction under the gate. At 
zero drain voltage (Vc~ = 0), only a built-in potential (VbJ exists between the 
p-n junction to counter-balance the diffusion force; the p-n junction is in 
equilibrium and the Fermi level is constant through the channel direction, 
i.e. y-axis. When a gate voltage (Vg) is applied with Vg > V,, the band 
bends 2<I>B (i.e., <I>s = 2<I>B) making the conduction band (Ec) closer to EF, 
resulting in surface inversion as described earlier. This instance is shown in 
Fig. 2.10a. 

Now, if a positive Vc~ is applied at then+ of the p-n junction, the reverse 
bias will create a larger potential barrier (Vbi + Vc~) across the p-n junction, 
thus lowering the quasi-Fermi level for electrons (EFn) by Vct and placing the 
system in non-equilibrium. Therefore the band bending is not enough to 
bring Ec near EFn to cause inversion (Fig. 2.10b ). Higher Vg must be applied 
to bend the band by (2<I>B + Vc~) and lower the Ec under the gate closer to 
E Fw Fig. 2.10( c) shows this condition. The gate voltage for inversion to 
occur in a MOSFET channel is now a function of Vc~. 
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(b) 

c/Js == vd + 2c~Ja (p-type) 

~ 
(c) 

Figure 2.10 Energy band diagrams near the drain of a MOSFET with different 
gate and drain bias conditions; (a) Vg > V, Vd = 0, (b) Vg < V, (Vd), Vd > 0; 
and (c) Vg > V, (Vd), Vd > 0 (Ref. 1). 
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2.3.2 MOSFET Operation 

When a voltage greater than V1 is applied to a gate, the semiconductor 
surface is inverted ton-type and a MOSFET channel is formed, as shown in 
Fig. 2.11. For small drain voltages, the entire channel is inverted and channel 
conductance is proportional to the inversion charges. This area is the linear 
region in which the drain current Ic~ is proportional to Vc~ and the FET acts 
as a resistor. As Vc~ increases and reaches a point such that (Vc~ + 2<1>8 ) is 
just larger than the band bending produced by the gate voltage, the inversion 
disappears at point X near the drain (Fig. 2.11b ). The channel is then pinched 
off at this point and the corresponding drain voltage is defined as Vdsat because 
for Vc~ > Vc~sau Ic~ remains essentially constant. As shown in Fig. 2.11(c), 
the additional voltage above Vdsat is consumed for widening the depletion 
region and the potential at Point X remains constant. Point X moves toward 
the source as Vd exceeds Vdsau but the movement is very slight; hence, Ic~ 

increases very little. The drain current basically remains at a constant level, 
lc~san for Vc~ > Vc~sat· However, for a device with very short channel length, 
a slight movement of the pinchoff point can be a significant portion of the 
entire channel length, thereby causing significant increase of Idsat· Other 
short channel effects will be discussed in Sec. 2.5. 

Linear and saturation regions. This section derives the basic MOS~ 
FET characteristics. If a MOSFET is biased with sufficient gate voltage to 
cause surface inversion, the free charge in the inversion layer at a distance y 
from the source is 

(2.14) 

where Qs(Y) is the charge induced in the semiconductor per unit area at Point 
y. Because 

(2.15) 

= 

p p p 

(a) (b) (c) 

Figure 2.11 Illustration of the operation of a MOSFET for V
8 

> V,: (a) Vd << 
Vdsat; (b) Vd = Vdsat; and (c) Vd > Vdsat (Ref. 1). 
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where Vg' = vg - v FB' and 

OB(Y) = -qNAdmax = -Y2EsqNA[V(y) + 2<PB] 

Eq. 2.14 can also be written as 

Qn(Y) = - Cox[Vg' - 2<PB - V(y)] + Y2EsqNA[V(y) + 2<PB] 

(2.16) 

(2.17) 

The voltage drop across an element, dy, along the channel is given by 

(2.18) 

Using the boundary condition of V = 0 at y = 0 and V = Vd at y = L, and 
Eqs. (2.17) and (2.18), the following I-V characteristics can be obtained 

w 
ld = L f-1n Cox 

{ ( Vg'- 2<l>s- ~d) Vr zv;~o:NA [(Vd + 2<1>s)312 - (2<I>e)312
]} (2.19) 

Eq. (2.19) indicates that Id increases linearly with V{h then gradually levels 
off approaching saturation. The mobility f.A-11 in the above equation is not a 
constant, rather it is a function of the effective electric field as described in 
~ec. 2.1.1. The effective electric field (Eerr) is the electric field averaged 
over the electron distribution in the channel. It can also be expressed as 

Eeff = (QB + Q,/2)/Es 

= Cox(Vg - Vr]1(2Es) 

Substituting Eq. (2.20) into Eq. (2.1), the following is obtained 

f-A-n = f.lo{EsUcrit/ [Cox(Vg - Vr)]}UEXP 

(2.20) 

(2.21) 

where· Ucrit is 2Ecrit· It is obvious that f.ln decreases as Vg is increased. Mo­
bility modelling for device and circuit simulation will be discussed in Chapter 
3, and the effect of scaling on mobility in Chapter 6. 

I-V curves with various Vgs are shown in Fig. 2.12, calculated based on 
Eq. 2.19 for Vd < Vdsat· The dashed line marks the locus of the saturation 
drain voltage (Vdsat), beyond which Id reaches its maximum and remains 
constant. For Vd < Vdsat' Eq. (2.19) can be approximated by 

ld = f.ln(WIL)Cox[(Vg - Vr) Vd/2]Vc~ (2.22) 

where V0 the threshold voltage, is given by 

vt = v FB + 2<PB + 'V2EsqNA(2<PB)/Cox 

For small Vc~s, Eq. (2.22) can be further reduced to 

ld = f.ln(W/L)Cox(Vg - Vr)Vd for Vd << (Vg - Vr) 

(2.23), 

(2.24) 
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Figure 2.12 Idealized drain current vs. drain voltage of a MOSFET (Ref. 2). 

This equation can then be rearranged as 

WLCa.JVt:- VJ 
ld = Ll[ (V 1 )] for V,1 << (Vg - VJ 

JJ-n d L 

21 

(2.25) 

where the numerator represents the total charge stored in the MOS capacitor 
and the denominator corresponds to the charge transit time, which is equal 
to the channel length divided by the carrier velocity v,p where V11 = fJ- 11 £ = 

fJ-
11 
Vc~l L. The M OSFET is now operated in the linear region and acts like a 

linear resistor. From Eq. 2.24, the threshold voltage can be approximated 

Micron Ex. 1024, p. 37 
Micron v. YMTC 
IPR2024-00909



22 

75.00 

7.500 
/div Slope cc J.l.n 

CMOS Device Physics Chap. 2 

vd = 0.1 v 

.oooo~~---L~~--~--L-~---L--~--~~ 
.0000 2.500 

V9 .2500/div ( V) 

Figure 2.13 A typical experimental result of drain current (/d) vs. gate voltage 
(Vg) at a drain voltage (Vd) of 0.1 V. 

as the intercept of the ld vs. Vg plot for a small Vd (e.g., 0.1 V). A typical 
experimental result of an ld- Vg relation is shown in Fig. 2.13. The threshold 
voltage (Vr) is commonly measured by extrapolating the linear portion of the 
curve to the horizontal axis and the channel mobility (J.tn) is obtained from 
the slope of the dashed line. Notice a small but finite amount of current 
exists for Vgs which are slightly less V0 due to weak inversion. At strong 
inversion, i.e., Vg > V0 current is approximately linearly proportional to Vg. 
At a large Vd, the MOSFET is in a saturation region and Eq. 2.22 does not 
apply. Another way of obtaining threshold voltage is to define Vr as a gate 
voltage at which a significant current (normally 1 J.tA) is observed. This 
definition is obviously less rigorous but offers a convenient method to get a 
rough estimate. 

The channel conductance gd and the transconductance gm are given as 

gd = (oJd!(JVd)Vg=const = (W/L)J.tnCox(Vg - Vr) 

gm = (old!(JVg)Vd=const = (W/L)J.tnCoxVd 

(2.26) 

(2.27) 

For large Vds, ld saturates due to the pinchoff effect described earlier. From 
the locus of the saturation voltage in Fig. 2.12, V dsat is approximately 

(2.28) 

A more rigorous derivation can lead to similar approximation1 by setting 
Q11(L) = 0 at V(L) = Vd = Vdsat in Eq. (2.17). Substituting Eq. (2.28) into 
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Eq. (2.22) yields the value of saturation current as 

ldsat ~ [W/(2L)]r.tnCox(Vg - Vr) 2 

The transconductance in the saturation region is then 

gm = (fJJd/iJVg)Vd=const = (W/L)r.tnCox(Vg - Vt) 

23 

(2.29) 

(2.30) 

In the above discussion, the series resistances associated with source and 
drain, were not considered. These series resistances impose ohmic drops 
between source and drain contacts and the channel. In the linear region, 
the effect of the series resistances can be realized by noting that1 

(2.31) 

where gd(mea) is the measured channel conductance, gd is the intrinsic channel 
conductance, and Rs and Rd are the source and drain series resistance, re­
spectively. In the saturation region, the effective gate voltage is the applied 
gate voltage minus the source voltage, i.e. Vg = Vg(app) - Vs. Thus, the 
measured transconductance is 

(2.32) 

The drain resistance Rd does not appear in. Eq. (2.32) because the change of 
Vd caused by IR drop has no effect on saturation current. The saturation 
voltage Vdsat will, however be increased. The transconductance in the linear 
region is now more complicated because current depends on both gate voltage 
and drain voltage as follows 

(2.33) 

The mathematics of deriving measured transconductance in the linear region 
is complicated and can be found elsewhere. 8 However, note that Id and gm 
in the linear region are degraded by both Rs and Rd. 

Subthreshold region. A previous section described the operation 
and basic characteristics of a MOSFET when its gate voltage exceeded the 
threshold voltage and the device was completely turned on. Another mode 
of operation is the weak inversion mode in which the Si surface has changed 
ton-type, but is not strongly inverted, meaning minority carrier concentration 
is still lower than the bulk doping concentration. Unlike in the linear region 
in which the onset of strong inversion occurs and the minority charge density 
increases linearly with Vg, in the subthreshold mode, minority carrier con­
centration is too low to change the band bending significantly, thereby re­
sulting in a low electrical field along the channel. Both the low carrier 
concentration and the low field region make the drift current much less than 
the diffusion current, hence subthreshold current is dominated by the diffusion 
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component and is given as9 

ld = AqD11dn(y)!dy ~ Wdinv(qDnns)IL (2.34) 

where A is the cross-sectional area of the electron flow, dinv is the inversion 
layer thickness, Dn is the electron diffusion constant, and n(y) and ns are the 
minority carrier densities at Pointy and at the source, respectively. Fig. 2.14 
is a cross-sectional schematic that illustrates the notation used in Eq. 2.34. 
The minority carrier density at the drain is negligible for drain voltages larger 
than a few kT/q (e.g., Vd > 0.1 Vat room temperature). The carrier density 
(ns) is equal to (n}INA)e(q<I>5 /kT), and <I>s is the surface potential at the source. 
Since n5 is exponentially dependent on the channel potential, the majority of 
the inversion charges are within the distance at which the potential drops by 
kT/q. Therefore, the inversion thickness (dinv) is in the range of kTI(qEs) 
where Es is the weak-inversion surface field given by V2qNA<l>Je 5 • Thus, 
Id can be approximated as 

(2.35) 

Eq. 2.35 indicates that Id is independent of Vd. However, for short-channel 
devices, higher Vd causes <I>s to increase, giving larger Id. This change is due 
to the increase of V1 and it causes an expansion of the depletion layer as­
sociated with the reversely-biased drain-substrate junction. This depletion 
encroachment tends to lower the potential barrier, which prevents electrons 
from diffusing from source to drain. As a result, additional current is ob-

L 

n +source n+ drain 

n(y) 
n(L) = 0 

r---------------------~------~Y 
y=O y=L 

Figure 2.14 A cross-sectional schematic of a transistor illustrating subthreshold 
conduction. 
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served at zero or a few-tenths volt Vg. This Vc~ induced current is often 
referred to as punchthrough current because it is due to the drain depletion 
region punching through the channel. This punchthrough phenomenon is 
explained in Chapters 3 and 6. 

Because <I>s is roughly proportional to Vg in the subthresh()ld region,2 

Ic~ is also exponentially dependent on Vg. An important device parameter 
in the subthreshold region is the slope of the log Ic~ vs. Vg. The inverse of 
the slope is defined as the subthreshold swing (Sr) 

Sr = ln10(dlnld/dVg)- 1 = 2.3(kT/q)(1 + Cc~!Cox) (2.36) 
= 2.3 (kT/q) [1 + EsJo)(Eoxd)] 

Sr is defined in units of m V per decade. Ideally, an abrupt change in current 
should occur as the voltage varies; this change would indicate a small Sr. If 
the Sr is small, current can be turned off effectively by reducing Vg. For 
example, at an Sr value of 100 mY/dec, current drops from 1 J-tA to 1 pA for 
a 0.6 V decrease in Vg. If Vr is > 0.6 V, where Vr roughly corresponds to 
1 J-tA current, then at Vg = 0 V, current is less than 1 pA. 

On the other hand, a large Sr (meaning a gradual slope in log I - Vg) 
often results in a significant amount of current at the off state. From Eq. 
(2.36), the value of an Sr can be made smaller by using a thinner oxide (t0 x) 
or a lower doping concentration for a larger depletion width (d). Also, the 
value of Sr increases linearly with temperature. Typical experimental 
subthreshold characteristics are shown in Fig. 2.15 for various substrate bias 
voltages. 

1 o-3 

L = 15.5 J.Lm 
Vd=1 OV 

10-4 

1 o-5 

10-6 

~ 
-" 1 o-7 

10-8 

10-9 

1 o-10 

1 o-11 
2 3 

V
9
(V) 

Figure 4 . .JS Experimental subthreshold characteristics for a long-channel MOS­
FET, 51 is the subthreshold swing and Vsub is the substrate bias (Ref. 2). 
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Because the depletion width increases when a substrate bias is applied, 
the subthreshold swing decreases according to Eq. (2.36). Meanwhile, the 
threshold voltage increases. In ann-channel case, Vsub is normally negative 
with respect to the source voltage. This substrate effect (also referred to as 
body effect) can be understood by examining the threshold expression in Eq. 
2.23. With a substrate bias (Vsub), the depletion width in the semiconductor 
is enlarged and 2<I>B in the bulk charge term is replaced by (2<I>B + IVsubl) as 

vt = VFB + 2<I>B + Y2esiqNA(2<I>B + IVsubi)/Cox (2.37) 

A threshold increase due to a substrate bias can be written as 

avt = 'Y [Y(2<I>B + IVsubl)-~] 

where 'Y defined as the following body effect coefficient: 

(2.38) 

'Y = Y2esiqNA/Cox = Y2esiqNA l0 .,)£0 x (2.39) 

Fig. 2.16 shows delta Vr as a function of YV:;: with different values of 'Y. 
Eq. 2.39 shows that 'Y can be reduced with lower doping concentration and/ 
or thinner oxide. 

The significance of the body effect is the change of the threshold voltage 
and the decrease of drain current at a given gate voltage. In an NMOS 
circuit, this effect often occurs due to the increase of an FET source voltage 
during circuit operation. As a result, Vsub is negative with respect to the 
source voltage, thereby causing Vr to increase and ld to decrease. Conse­
quently, the circuit runs at a lower speed and may not even function properly. 
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Figure 2.16 Threshold voltage shift vs. substrate reverse bias for various 'Y values 
(Ref. 2). 
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The discussion of an inverter circuit in Chapter 4 will illustrate the significance 
of the body effect on circuit performance. 

MOSFET types. All derivations previously mentioned use n-channel 
transistors as an example. Similar results can be obtained for p-channel 
devices with reverse polarity for all terminal voltages and threshold voltage. 
Table 2.1 summarizes important equations for n- and p-channel MOSFETs. 
In both cases, the devices are off unless a sufficient gate voltage is applied. 
This type of device (normally-off) is called an enhancement mode device. 
Another type of transistor is normally on unless reverse-polarity Vg (e.g., 
negative Vg for an n-channel) is applied to turn it off. These devices (nor­
mally-on) are called depletion mode devices. 

For an n-channel depletion device, the threshold voltage is made neg­
ative by adding an arsenic ion implantation during device fabrication. A 
total of four different types of MOSFETs result, as shown in Fig. 2.17. The 
corresponding I-V characteristics are also shown. Inn-channel cases, a pos­
itive Vg must be applied to turn on an enhancement-mode device. But, a 
negative Vg must be applied to turn a depletion-mode device off. A deple­
tion-mode device delivers current at Vg = 0 and is often used as the load 
device in NMOS logic circuits. In p-channel cases, one applies a negative 
vg to turn on an enhancement-mode device, but a positive vg to turn off a 
depletion-mode device. However, depletion-mode p-channel devices are 
normally not used in present MOS technologies. In a CMOS circuit, en­
hancement mode p-channel MOSFETs are often used as load devices. A 
depletion-mode device is commonly made by forming a thin n-type surface 
layer in the p-substrate for n-channel cases or a thin p-type surface layer in 
the n-substrate for p-channel cases. Thus, source and drain are connected 
with the same type of semiconductor layer unless this layer is fully depleted 
by applying the appropriate gate voltage. The presence of this surface layer 
however changes normal MOSFET operation from surface-channel conduc­
tion to buried-channel conduction. 

2.4 BURIED CHANNEL DEVICES 

Discussions so far have covered device operations in su~face-channel MOS­
FETs in which carriers propagate at the semiconductor surface. However, 
in some devices such as depletion-mode devices, carriers propagate slightly 
under the semiconductor surface. This type of device is called a buried­
channel device. Fig. 2.18 shows the cross-section of a buried-channel nMOS 
device. Notice then-type layer with the doping concentration N 0 and junc­
tion depth xj. The device has two depletion regions. The bottom region 
originated from the p-n junction, and the top region is associated with the 
MOS capacitor. The depletion width is not uniform because, under the bias 
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Figure 2.17 Four different MOSFET types and I-V characteristics: (a) enhance­
ment nMOS; (b) depletion nMOS; (c) enhancep1ent pMOS, and (d) depletion 
pMOS (Ref. 2). 
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X 

Figure 2.18 A typical buried-channel nMOS; the cross-hatched areas represent 
depletion regions (Ref. 2). 

Chap.2 

of drain voltage, the potential along the channel is different. When the two 
depietion regions near the drain meet, the device is pinched off, thus causing 
the device to saturate. This situation is similar to a Junction FET (JFET) 
operation. 

A buried-channel MOSFET can be an enhancement-mode or a deple­
tion-mode device, depending on the doping level and the depth of the thin 
surface layer. A cross-sectional view through the region near the source of 
the FET is shown in Fig. 2.19a. The cross-hatched areas correspond to 
depletion regions. The corresponding electrical field, channel potential and 
free mobile carriers (electrons in this case) are also shown in the figure. For 
a depletion mode buried-channel FET, the undepleted n-type surface layer 
decreases as the gate voltage becomes more and more negative and eventually 
then-layer is completely depleted at a sufficiently negative gate voltage. This 
voltage is the device's threshold voltage and can be obtained2 ,10 by solving 
Poisson's equation 

vt - VFs = -qNrril!Cox + 1/2CD) 

(2.40) 

where Vbi is the built-in voltage of the p-n junction and CD is equal to E5 )x1. 

Notice that Vt is a function of N D, xi and fox- If N D and/or xi is very large, 
as the magnitude of Vg increases, surface inversion occurs before then-layer 
is completely depleted. In fact, this instance occurs if the maximum depletion 
width (dmax) is smaller than then-layer thickness (xi), i.e., 

dmax = Y2esl2<f>s)l(qN D) = Y 4EsikTln(N D/ni)/(q2N D) < Xi (2.41) 
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Under this condition, the depletion-mode device cannot be turned off re­
gardless of the negative voltage applied on the gate. 

For an enhancement-mode, buried-channel FET, then-layer is completely 
depleted at zero gate voltage. A positive gate voltage must be applied such 
that the top depletion width (x1 in Fig. 2.19a) is reduced to (xj- x2 ). Further 
increases in gate voltage would then open an undepleted channel for the 
current to conduct. This positive gate voltage is the threshold voltage and 
can be expressed as11 

(2.42) 

The buried-channel MOSFET shown in Fig. 2.19, has two depletion capac­
itances in addition to the oxide capacitance. The potential minimum (<I> min), 

and hence the free carriers are in the bulk Si rather than at the Si-Si02 
interface as in the case of a surface-channel device. It is then expected that 
the carriers, because they are now farther away from the surface, are harder 
to modulate by gate voltage. The turn-off characteristic is normally less 
sharp in this type of device due to the larger subthreshold swing (Sr) which 
again can be given by the capacitive divider ratio as in Eq. 2.36 

Sr = (2.3 kT/q)(1 + C2/C1) 

= (2.3 kT/q)[1 + (E 0 xX1 + EsJox)/(E0 xX2 + t 0 xX3)] (2.43) 

where cl is the oxide capacitance( cox) in series with the depletion capacitance 
from the surface ( cs/x1) and C2 is the depletion capacitance from the p-n· 
junction. As shown in Fig. 2.19, <I> min is the potential at the position between 
these two capacitors. Compared to Eq. (2.36), C1 in Eq. (2.43) is less than 
Cox and C2 ( C2 = Es)(x2 + X3) = Es)X3) is normally COmparable With Cd. 
Experimental results have shown that the subthreshold swing is worse in 
buried-channel devices especially when the channel length (L) is short (see 
Fig. 2.20). 12- 14 

Buried-channel FETs, however, have some advantages. The corre­
sponding mobility is higher because mobile carriers propagate away from the 
Si surface, thereby suffering less surface scattering. As a result, transcon­
ductance (gm) can be higher even though gm <X f.LclzCg and Cg, the effective 
gate capacitance, is somewhat reduced in a buried channel. 

The short-channel effect, commonly expressed as Vr reduction due to 
channel shortening, is another concern in buried-channel devices. Threshold 
lowering measured in the saturation region (Vd = 5 V) always shows that 
buried-channel devices are more susceptible to the short-channel effect due 
to increased drain-induced barrier lowering. 15 Threshold roll-off in the linear 
region of a buried-channel could be better, 11 or worse, 13 •14 depending on a 
particular device's design. 

The behavior of an enhancement-mode buried-channel device is a strong 
function of gate voltage. At high Vg, i.e., Vg >> V 0 the energy bands at the 
Si surface are lowered sufficiently to cause the device to operate in a surface-
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Figure 2.19 (a) Doping profile and depletion regions; (b) electric field; (c) electron 
potential; (d) mobile carriers; and (e) equivalent capacitances in sub-pinchoff con­
dition of a buried-channel MOSFET. 
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Figure 2.20 Experimental subthreshold characteristics of buried-channel (dashed 
lines) and surface-channel (solid lines) MOSFETs (Ref. 12, © 1981 IEEE). 

33 

channel mode. Under this condition, the device no longer exhibits buried­
channel characteristics such as high mobility. At Vg < Vr, buried-channel 
behaviors such as subthreshold swing and Vr lowering, are preserved. In 
CMOS, one type of FET is normally buried-channel due to a constraint in 
the standard fabrication process. Chapter 6 contains more details on this 
constraint. 

2.5 SHORT- AND NARROW-CHANNEL EFFECTS 

When MOS transistors are made smaller (shorter or narrower) for a VLSI 
circuit, two-dimensional effects near the edges of the smaller transistor be­
come significant. In a short-channel MOSFET, the dep"Ietion c. ,.-ges near 
the ends of the channel are generated by the field lines from the source and 
drain. The bulk charge (Q~) depleted by voltage on the gate is then signif­
icantly reduced because of the charge sharing phenomenon. As shown in 
Fig. 2.21, the total charge Q~ is now the charge in the cross-hatched trape­
zoid16 

Q~ qNA WmW(L + L')/2 (2.44) 
qNAWmWL[l- (Yl + 2Wmlxj- l)x/L] 
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Figure 2.21 Charge sharing in a short-channel MOSFET (Ref. 2). 

The threshold lowering is then 

Ll Vt = VlQB) - V/Qk) 
,.....-------:-

= qNA Wmxj(Yl + 2WnJxj - 1)/(CaxL) 

Chap.2 

(2.45) 

where wm is the maximum depletion width, COX is the oxide capacitance per 
unit area, and xj is the junction depth. Equation (2.44) is derived with both 
the source and the drain grounded. To minimize AV11 a designer should use 
shallower source/drain junctions, thinner oxide thickness and increased chan­
nellength. Threshold lowering effect is more pronounced when a large drain 
voltage (Vd = 5 V) is applied because more depletion charge is contributed 
by the drain junction. 

Another short-channel effect is the degradation of subthreshold char­
acteristics. Figure 2.22 shows current-voltage characteristics in the subthres­
hold region for devices with various channel lengths. Both punchthrough 
current per unit channel width (1/W) and subthreshold swing (S1) increase as 
the channel length (L) is decreased. The result is higher off-state leakage 
current which is undesirable for VLSI. Also, the subthreshold characteristics 
in a buried-channel device can be worse than that in a surface-channel device. 
These short-channel effects must be taken into account when designing CMOS 
transistors. These effects are discussed in Chapter 6. 

The narrow-channel effect, though less critical, should also be consid­
ered. The threshold of a narrow-channel device is increased as the channel 
width is reduced. This threshold increase is due to the lateral extension of 
the depletion region along the channel width direction. The bulk charge, 
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Figure 2.22 Subthreshold characteristics for MOSFETs with various channel lengths: 
(a) drain current vs. drain voltage at V~ = 0 V (Ref. 15, © 1979 IEEE); (b) drain 
current vs. gate voltage at V,1 = 1 V (Ref. 2). 
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0~ term in the threshold expression, increases significantly as the channel 
width is decreased. In other words, one must now apply more gate voltage 
to invert the entire surface because of the field lines from the gate that 
terminate outside the channel. 
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EXERCISES 

1. In an n-type Si with an impurity concentration of 1 x 1017 em -3, calculate the 
impact ionization rate at an electrical field of 5 x 104 V/cm. If the Si is doped 
top-type at 1 x 1017 em - 3 , calculate the impact ionization rate again at the same 
electrical field level. 

2. Write a threshold expression for an ideal MOS capacitor, then modify it to account 
for oxide charges and work functions. 

3. Assuming VFs = 0, for aMOS capacitor with a 250 A gate oxide and a 5 x 1016 

cm- 3 substrate doping concentration, calculate the threshold voltages for ann- and 
a p-channel MOS device. 

4. Supposing that an oxide charge density of 5 x 1010 em -z exists in a MOS gate 
oxide close to the Si-Si02 interface and the MOS gate is made of aluminum with 
a work function of 4.3 V, calculate the threshold voltages for ann- and p-channel 
MOS device. The electron affinity for'Si is 4.05 V. 

5. For ann-channel MOSFET with 250 A oxide, 1 J.tm channel length, 10 f.tm channel 
width, and 1 V threshold voltage, operated at Vg = 5 V and Vd = 0.1 V, calculate 
the total electron charges in the channel and the electron transit time, and show 
that the charge divided by the transit time is equal to the current calculated at the 
linear region. 

6. Describe how the saturation voltage (Vdsat) is defined and derive vdsat = vg - VI 
as a first order approximation. 

7. Both Rs and Rd are parasitic resistances. Discuss why Rs more importantly affects 
transistor performance in the saturation region. Also, derive the analytic expres­
sion for measured gm in the linear region as a function of Rs and R1• 

8. If a circuit designer wants no more than 1 pA off-state leakage and also wants V1 

= 0.9 V (V1 is defined as the gate voltage giving 1 f.lA current), what S1 value 
should you achieve? 

9. Using Eq. (2.43), calculate the buried-channel sl value for xl = 500 A, fox = 250 
A, x2 << x3 = 3000 A and compare it with the S1 value calculated for a surface­
channel MOSFET with the same fox and a depletion width of d =x3 • 
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ELL I 

This chapter describes the use of modelling tools for CMOS device design 
and process integration. The chapter will first describe important process 
modules, then review the process and device models available to date. The 
basic principles, assumptions, approximations and limitations of these models 
are discussed. Ways to use these models as design tools are introduced and 
examples are presented. The last section presents models that have been 
developed to extract MOSFET parameters for circuit simulation. 

3.1 MODELLING FOR CMOS TECHNOLOGY 
DEVELOPMENT 

A device technologist generally sits in the box located in the middle of Fig. 
3 .1. This person designs devices for circuit applications and develops proc­
esses to fabricate these devices. On one hand, he or she has to know a 
circuit's needs to satisfy customers; on the other hand, this person must also 
know process capabilities and constraints to establish a realistic IC process. 
The person should have knowledge of all available process modules and be 
able to integrate them to make devices that meet the customer's (who is often 
the circuit designer) specifications. 

38 
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Sec. 3.1 Modelling for CMOS Technology Development 39 

The goal of process integration is to build a process architecture rather 
than develop individual processes. To perform these duties, process and 
device modelling are important because a trial-and-error approach by exper­
imentation is expensive and time-consuming. Also, an in-depth understand­
ing of device operation often cannot be gained by performing experiments. 
As illustrated in Fig. 3.1, modelling tools must be in place to support process 
simulation and device design. It is necessary, however, to verify the modeling 
results through experimentation and testing using a set of test structures often 
designed with various dimensions. Device parameters and design rules can 
then be generated and supplied to IC designers for circuit design and simu­
lation. 

The need for process and device modelling has become more concrete 
as the IC industry has moved into the VLSI era. Operations in small-ge­
ometry devices can no longer be completely governed by straightforward, 
one-dimensional analytic solutions.The equations discussed in Chapter 2 are 

Ckt/system 
needs Process 

Definition 

Process 
Capability 

Modeling 
Tool 
Development 

Process/Device 
Simulation & 
Design 

Test Structure 
Design 

Experiment 
& 

Testing 

Ckt Design 
& Simulation 

J...o(.------l Device Parameters 
Design Rules 

Figure 3.1 The use of modelling tools for process and device design in technology 
development. 
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necessary but not sufficient for designing VLSI devices. Complex two- or 
even three-dimensional effects in realistic situations however can be numer­
ically simulated with reasonable accuracy. Meanwhile, IC processes for VLSI 
are becoming more complicated and requiring more time. to complete. As 
a result, an empirical approach through experiment iteration is no longer a 
sensible way to establish a VLSI process. 

Computer-aideJ modelling has become a powerful design tool because 
. it allows many initial experiments to be performed through computer itera­
tions instead of silicon cycling. Fewer experiments are needed to verify 
modelling results and fine-tune the final process. 

Another benefit of modelling is a better understanding of device physics, 
which may not be obtainable otherwise. For example, device phenomena 
such as the high electrical field in short-channel transistors cannot be measured 
directly. 

· Lastly, stringent control in VLSI processes requires the understanding 
of the sensitivities of. device characteristics on individual process variations. 
Through modelling,,process-induced statistical fluctuations in device and cir­
cuit performance can be understood, then minimized. 

Fig. 3.2 shows the modelling tools needed at all the different levels of 
developing a technology. The names within parentheses represent simulators 
and models currently available publicly. A bottom-up technique first spec­
ifies models for all individual process modules, then integrates them through 
the use of one-dimensional (1-D) and two-dimensional (2-D) process models. 
After the process parameters such as oxide thickness and impurity profiles 
have been obtained, these parameters are input into a device model, often 
two-dimensional, to gain device characteristics such as threshold voltage, 
mobility, body effect coefficient, etc. Process simulation and device modelling 
are closely coupled and exercised iteratively so that an adequate process cari~ 
be obtained and the desired device parameters can be reached. Device 
characteristics are modified by comparing them with current-voltage relations 
measured from fabricated devices. This exercise is referred to as parameter 
extraction because the final device parameters are essentially extracted from 
real devices. These extracted device parameters are then used in a circuit 
simulator to analyze circuit performance. SPICE is the most commonly used 
circuit simulator. 

Models for individual process modules have been described extensively 
in other books1- 4 ; this chapter will only describe them briefly. Emphasis 
will be placed on mo.dels for process integration and device design. Because 
using these models for device design is the main objective, the physics and 
the assumptions that the models are based on will be outlined so that their 
limitations will be clear. The numerical techniques employed in developing 
these models are of interest to tool builders, but are not as important for 
model users and hence will not be discussed in detail. 
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Modeling Tools 

Circuit simulation (SPICE) 

Parameter extraction 
(SUXES/BSIM) 

Device modeling 
1-D, 2-D and 3-D 

(GEMINI, MINIMOS, PISCES) 

Process simulation 
1-D: (SUPREM Ill) 
2-D: (SUPRA) 

Individual process modules 

I 1 I I 
I on 

Diffusion Oxidation Epitaxy 
Lithography 

implantation and etch 

Figure 3.2 Modelling tools in various levels: process, device and circuit. 

3.2 MODELS FOR INDIVIDUAL PROCESS MODULES 

3.2. 1 lon Implantation 

Ion implantation is a process by which ionized atoms are accelerated 
into a semiconductor substrate through high electrical field. The resultant 
profile, in first approximation, follows a Gaussian distribution 

(3.1) 

where the two moments RP and rr P are the peak (range) and the standard 
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deviation (straggle) of the Gaussian distribution. The range and the straggle 
depend on the ion energy and the substrate material. The peak concentra­
tion, n(Rp) is approximately 0.4 x dose/<TP. Mathematically, n(x) drops by 
two orders of magnitude at 3 rr P, three orders of magnitude at 3. 7 rr P and 
four orders of magnitude at 4.3 up· 

Experimental results from many ions such as boron and arsenic are 
found to be asymmetrical, hence a double half-Gaussian profile1 including 
three moments provides a better approximation. The profile is 

n(x) 

n(x) 

n(Rp)exp[- (x 

n(Rp)exp[- (x 

RP)21(2rr~1 )] for x < RP 

Rp)2/(2rr~2)] for x > RP 

(3.2a) 

(3.2b) 

A more accurate analysis uses four moments. In addition to the range 
and the straggle, there are "skew" describing the asymmetry of the profile 
and "kurtosis" corresponding to the tail of the profile. This analysis leads 
to Pearson IV distribution5 which fits experimental data much better than a 
symmetrical Gaussian distribution. 

Fig. 3.3 shows the comparison for boron atoms implanted into amor­
phous silicon. 5 Implanting to an amorphous substrate avoids the channeling 
effect that produces an extended tail in the profile. The first two moments 
for the most commonly-used impurities in silicon substrates are shown in Fig. 
3.4. 6 The others can be obtained through lookup tables1 and the use of 
interpolation. 

In a typical IC process, ions are implanted into selected areas by using 
masking materials such as a layer of polysilicon, oxide, nitride, or photoresist. 
The masking material with the proper thickness blocks ions, hence protecting 
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Figure 3.3 The distributions of boron atoms implanted into amorphous Si at 
different implant energies without annealing (Ref. 5). 
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Figure 3.4 (a) Projected ranges; and (b) standard deviations of boron, phospho­
rus, arsenic and an~imony (Ref. 6). 
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the underlying substrate. The "stopping powers" of different masking ma­
terials for commonly used impurities are illustrated by the ranges and straggles 
for various implant energies summarized in Table 3 .1. 7 Interpolation and 
extrapolation can be used for other energies. Another option fits simple 
polynomials (aiEi) to the RP(E) and O"P (E) data shown in Fig. 3.4 for Si. 
Once the coefficients (a/s) of the polynomial are extracted, RP and O"P can 
be readily calculated for any given implant energy. Depending on the ap­
plication, the thickness of a masking layer in general needs to be RP + 
(3-4) O" p· This method however does not account for the area near the mask 
edge which is not fully protected due ·to the lateral straggle caused by ion 
scattering in the substrate. 

This scattering effect is important because the source and drain of a 
MOSFET is commonly formed using a polysilicon gate as a self-aligned mask. 
The lateral extension of the source and drain results in a shortening of the 
electric channel length and an increase of the gate-to-drain and gate-to-source 
overlap capacitance. The lateral straggle has been modelled by a comple­
mentary error function in the proximity of the mask edge. 8 For a silicon 
substrate, the lateral straggle for boron is similar to its vertical straggle, but 
the lateral straggle for phosphorus or arsenic is approximately 80% of its 
vertical straggle. 4 

The implanted species must be activated through a high temperature 
anneal. During this process, impurities move to substitutional sites and be­
come electrically active and lattice damage is also removed. Meanwhile, 
impurity atoms diffuse during the high temperature anneal. The diffusion 
process causes the as-implanted impurity profile to be more relaxed, resulting 
in a final profile with a larger straggle and a longer tail. 

3.2.2 Diffusion 

Diffusion is a physical phenomenon where particles such as impurity 
atoms in a semiconductor tend to flow from high concentration to low con­
centration. Diffusion models are based on modified Fick's laws. The first 
Fick's law in one-dimension is 

F(x) = - DfJn(x )!fJx (3.3) 

When F(x) is the diffusion flux, n(x) is the impurity concentration, and the 
proportional constant Dis the diffusivity. The second Fick's law is basically 
derived by using the continuity equation stating that particle generation is 
equal to the divergence of particle flux. This law leads to the following 
diffusion equation: 

fJn!fJt = D( iJ2n!fJx2 ) 

and D depends on temperature as 

D = D 0 exp(- EalkT) 

(3.4) 

(3.5) 
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TABLE 3.1 Projected Ranges (Rp) and Standard Deviations (ap) of As, B, 
and P Ions Implanted into Four Different Substrates with Various Energies 

(Ref. 7) 

Ion As 

Sub. Si Si02 Si3N4 AZ 111 

Energy Rp (J"p Rp (J"p Rp (J"p Rp (J"p 

(keY) (A) (A) (A) (A) (A) (A) (A) (A) 

10 97 36 77 26 60 20 412 78 
50 322 118 260 85 202 66 1343 244 

100 582 207 473 151 367 118 2375. 415 
150 845 292 690 214 534 167 3397 575 
200 1114 374 913 275 706 214 4430 727 
260 1445 470 1187 347 918 270 5688 904 
300 1671 533 1374 394 1063 307 6539 1018 
360 2015 624 1659 462 1283 360 7829 i183 
400 2247 684 1851 506 1431 394 8698 1290 

Ion B 

Sub. Si Si02 Si3N4 AZ 111 

Energy Rp O"p Rp O"p Rp (J"p Rp (J"p 

(keY) (A) (A) (A) (A) (A) (A) (A) (A) 

10 333 171 298 143 230 111 1086 270 
50 1608 504 1606 483 1239 377 5683 868 

100 2994 710 3104 710 2396 555 10564 1202 
150 4205 834 4434 851 3424 666 14738 1391 
200 5297 921 5643 951 4358 744 18445 1518 
260 6496 999 6977 1040 5390 815 22476 1628 
300 7245 1040 7812 1087 6037 852 24976 1685 
360 8309 1092 9001 1147 6957 900 28515 1757 
400 8987 1121 9759 1181 7544 926 30759 1797 

Ion p 

Sub. Si Si02 Si3N4 AZ 111 

Energy Rp (J"p Rp (J"p Rp (J"p Rp O"p 

(keY) (A) (A) (A) (A) (A) (A) (A) (A) 

10 139 69 108 48 84 37 480 114 
50 607 256 486 185 376 143 2060 427 

100 1238 456 1002 333 774 259 4182 765 
150 1888 628 1537 461 1188 358 6365 1052 
200 2539 775 2073 571 1602 444 8544 1296 
260 3309 928 2709 685 2094 533 11110 1543 
300 3812 1017 3125 751 2415 584 12783 1685 
360 4549 1136 3735 839 2887 653 15227 1871 
400 5029 1206 4133 891 3194 694 16813 1980 
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where Ea is the activation energy which is roughly 3-4 times of the silicon 
energy gap for both donors and acceptors in silicon. 3 The diffusivity is pro­
portional to mobility through the well-known Einstein's relationship: D = 

J.tkT/q. Solving Eq. (3.4) with the boundary conditions on!Oxl(or) = 0 and 
n(oo,t) = 0, and the initial pre-deposited profile approximated by a delta 
function with the total dose of impurities in the substrate equal to 0, the 
diffusion profile is 

n(x, t) = [Q/vSDt]exp( -x2/4Dt). (3.6) 

Again, the profile is a Gaussian distribution with the peak at the Si surface 
and the standard deviation at v'2l5i below the surface. 

This simple theory holds true for intrinsic Si in which impurities exist 
at a concentration less than nl T), the Si intrinsic concentration at the process 
temperature. n/T) varies from 5 to 9 x 1018 em - 3 as the process temperature 
is changed from 900 to 1100°C. The above model fails when Si becomes 
extrinsic. One explanation is that ionized donors or acceptors result in a 
built-in electric field that can affect the motion of charged diffusant. How­
ever, attempts to include the electric field effect for explaining observed 
diffusivity enhancement in extrinsic Si9 have not been fully successful. 10 Dif­
fusivity enhancement is presently believed to be due to the interaction with 
lattice point defects such as vacancies and interstitials. Simplified forms for 
boron and arsenic in Si have been obtained from computer simulations and 
are10 

D = D/1+3n)n)/4 

D = D/1 + 100n!nJ!101 

for boron 

for arsenic 

(3.7) 

(3.8) 

where Di is the intrinsic diffusivity and n is the carrier concentration. The 
situation is more involved for phosphorus because its diffusivity strongly de­
pends on doping concentration due to vacancy enhancement. D increases 
proportionally to (n)nf until the concentration reaches to 3 - 4 x 1020 em - 3 

due to Si band gap narrowing. 10 Intrinsic (doping less than 1018 - 19 em - 3) 

diffusivities for common impurities in Si have been obtained and are shown 
in Fig. 3.5. 6 

Another important consideration for process modelling is the effect of 
oxidation enhanced diffusion. Due to the enhancement of point defects 
during oxidation, enhanced diffusion is observed for all commonly used im­
purities in Si. For example, phosphorus diffusion is enhanced by a factor of 
1.8 in dry oxidation and 3.3 in wet oxidation. 10' 11 

Since diffusion is basically an isotropic phenomenon, the lateral diffusion 
is essentially identical to its vertical diffusion. The diffusion equation in two­
dimensional form is 

(3.9) 
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Figure 3.5 Intrinsic diffusion coefficient of boron, phosphorus, arsenic and an­
timony in Si versus temperature (Ref. 6). 

The corresponding solution is 

47 

n(x,y, t) = [Q/( -rrDt) ]exp(- x2/4Dt)exp(- y2!4Dt) (3.10) 

Diffusion occurs for any non-uniform impurity doping profile at high 
(>800°C) temperatures. As a result, impurity atoms, whether originally 
introduced by implantation, deposition, or epitaxy, diffuse during any high 
temperature steps in an IC process. The diffusion rate primarily depends 
on Dt product, and it depends secondly on doping concentration and oxi­
dation. 

3.2.3 Oxidation 

Oxidation is a process in which a layer of silicon dioxide is thermally 
grown on a silicon wafer. At an elevated temperature, a gas containing 
oxygen or water vapor flows through a furnace and onto a silicon surface 
causing a chemical reaction. In the growth of an oxide, the thickness of the 
silicon layer that is consumed is 45% of the total oxide thickness. The 
oxidation rate is described by the following well-known expression11

: 

t';x + Atox = B(t+rr) (3.11) 
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where fox is the oxide thickness, t is time, '1' is related to the initial oxide 
thickness by '1' = (t~xi +A taxi)/ B, and A and B correspond to the following 
linear and parabolic growth rates: 

A 

B 

(3.12a) 

(3.12b) 

where K1 and KP are the linear and parabolic growth coefficients and P 02 is 
the normalized partial pressure of 0 2 . In general, K1 and KP are functions 
of silicon crystal orientation, oxidizing ambient, and temperature. Both the 
values of K1 and KP are larger for wet oxidation containing H20 and smaller 
for dry oxidation with 0 2. Each depends exponentially on temperature through 
a single activation energy. 12 The solution ofEq. (3.11) is plotted in Fig. 3.6 
and compares well with a large number of experimental results obtained under 
various conditions. 12 

Impurity segregation during oxidation is crucial in changing impurity 
profiles in silicon. Impurity redistribution during oxidation is governed by 
impurity diffusivity in oxide and the moving rate of the silicon/oxide boundary. 
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Figure 3.6 The general relationship for Si oxidation and its two limiting forms. 
A and B are the linear and parabolic constants and X 0 = tax, the oxide thickness 
(Ref. 3). 

Micron Ex. 1024, p. 64 
Micron v. YMTC 
IPR2024-00909



Sec. 3.2 Models for Individual Process Modules 49 

In equilibrium, the ratio of the impurity concentration in silicon to that in 
oxide i$ a constant and-can be defined as the segregation coefficient, m. For 
boron in silicon, the effective m values are13 

m 

m 

13.4 exp(- 0.33e V/kT) 

104 exp( -0.66eV/kT) 

in dry oxidation 

in wet oxidation 

(3.13a) 

(3.13b) 

For wet oxidation, m decreases by a factor of 0.6 if the silicon orientation is 
altered from (100) to (111). misorientation-independent for dry oxidation. 
m values of boron are less than one under ordinary oxidation temperatures. 
The result is a depletion of boron concentration at the silicon surface due to 
the oxide consuming boron atoms. For phosphorus, m values are greater 
than one (quoted around 10) implying a pile-up of phosphorus at the silicon 
surface. 14 The exact solution for the impurity distribution in silicon and oxide 
is complicated, but the impurity concentration at the silicon surface ( Cs) has 
been obtained3 and is a function of several parameters: 

(3.14) 

where Dox and Dsi are the impurity diffusivities in oxide and silicon, respec­
tively, and B is the parabolic oxidation rate. Because these parameters 
depend on oxidation conditions, it is expected that Cs is a function of the 
oxidation temperature and ambient as shown in Fig. 3.7a and 3.7b for boron 
and phosphorus. Increasing the oxidation rate by using wet rather than dry 
ambient results in more impurity segregation. Also, lower temperatures 
enhance impurity segregation. 

3.2.4 Epitaxy 

Epitaxy is the growth of a single crystal semiconductor film on a single 
crystal substrate of the same semiconductor. Techniques of growing semi­
conductor layers on substrates of different types have also been recently 
developed, and ·are referred to as hetero-epitaxy. Conventional epitaxial 
growth is called homo-epitaxy. This section will discuss the growth of single 
crystal silicon on a silicon substrate. This process is important for bipolar 
or CMOS IC fabrication because it is the only way to form a lightly-doped 
layer on a heavily-doped substrate. l Other processes such as implantation or 
diffusion normally result in a heavily-doped layer on a lightly-doped substrate. 
The kinetics of epitaxial growth and the associated mass-transfer models are 
clearly discussed elsewhere. 3 However, it is worthwhile to discuss impurity 
redistribution during epitaxy because it affects device characteristics such as 
latchup in CMOS. -

An epitaxial film is normally grown at elevated temperatures between 
1000 to 1200°C. Although it is desirable to have a sharp gradient for the 
doping concentration between epi-film and substrate, impurity diffusion dur-
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Figure 3. 7 Normalized surface concentrations of: (a) boron; and (b) phosphorus 
in silicon after thermal oxidation. Cs and C8 are the surface and bulk concentra­
tions, respectively (Ref. 3). 
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Figure 3.8 Impurity distribution in epitaxial growth (Ref. 3). 
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ing the high-temperature epi process always smooths out the doping profile 
at the epi/substrate interface. Impurity atoms in the heavily-doped substrate 
diffuses into the epi film resulting in a smeared epi/substrate interface shown 
as C1 in Fig. 3.8. 3 Although the external doping impurity introduced during 
epi growth also diffuses from the epi film into the substrate, the effect is 
negligible because the substrate is already heavily doped. The actual impurity 
redistribution is complicated because of the moving boundary during epi 
growth. However, for cases where the epi growth rate is more than 5 times 
the impurity diffusion rate, impurity distributions can be approximated as 
complementary error functions by15 

(3.15) 

where Csub is the substrate concentration. This approximation is reasonable 
for conventional epi growth process. As an example, Fig. 3.9 shows the 
boron impurity distribution in a p-on-p + epi film grown for a CMOS appli­
cation. 16 Even though a 4 1-1m epi film is grown, the actual lightly-doped epi 
layer is reduced due to the out-diffusion of boron from the heavily-doped 
substrate into the lightly-doped epi layer. The out-diffusion occurs during 
high-temperature epi growth, n-well diffusion and other high-temperature 
steps in the entire CMOS process. As shown in the figure, the final lightly­
doped ( < 5 x 1017 em - 3) thickness is only 2 v-m. This effect must be taken 
into account when designing well depth in building CMOS on an epi film. 
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Figure 3.9 A p-on-p+ epi doping profile and diffused n-well profile measured 
after the entire CMOS processing. The as-grown epi thickness is 4 fLID and the 
final lightly-doped epi thickness is about 2 fLID (Ref. 16, © 1987 IEEE). 

3.2.5 Lithography and Etching 

In IC fabrication, lithography and etching are two processes by which 
IC patterns are transferred from a set of masks to silicon wafers. The li­
thography process involves transferring an IC pattern from a mask to a pho­
tosensitive polymer film, called photoresist. The etching process replic;ates 
the photoresist pattern onto the underlying layer of a silicon surface. The 
photoresist layer can also be used as a masking layer to restrict ion implan­
tation in certain areas of a silicon substrate. In either case, photoresist is 
stripped afterward and is not a part of the finished silicon wafer. 

lithography. The lithography process can be divided into two parts: 
mask making and photoresist operation. The mask making process starts 
after an integrated circuit is designed. Geometries of various IC components 
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(such as gates and contacts) and interconnects are drawn and displayed using 
CAD (Computer-Aided Design) tools. A composite drawing (often referred 
to as layout) of an IC is broken into levels for IC processing. These are 
called masking levels with 'each level correspondinR to a group of components 
made by a spec.ific IC processing: polysilicon gates for one level, contact holes 
for another, and so on. The multi-level IC layout is then digitized to drive 
a computer-controlled pattern generator- which is often an electron beam 
machine. It can transfer all the geometries of a particular level onto a glass 
plate covered with hard-surface material such as chromium. After masking 
plates for all the levels are made, the whole set of plates is transferred to a 
photoresist room for pattern transfer. 

· The photoresist room contains an exposure tool to transfer patterns 
from the masking plate onto a silicon wafer. This exposure tool also aligns 
the mask and the wafer so that the mask pattern, when transferred to the 
wafer, can be aligned with the previous pattern already defined on the wafer. 
The expos,ure tool is often characterized by pattern resolution and alignment 
accuracy. Resolution is the minimum line or spacing that can be resolved. 
A state-of-the-art exposure tool using UV, light has 1 v-m resolution, i.e., 
1 v-m lines spaced by 1 v-m in a reasonably thick (about 1 v-m) photoresist. 
Its alignment accura~y is approximately ± 0.5 v-m at the 3rr point where rr 
is the standard deviation of the statistical distribution of alignment errors . 

. As shown in Fig. 3.10, wafers are first spin-coated by photoresist and 
pre-baked before loading onto the exposure tool. The wafers are then aligned 
and exposed by UV light, one by one. The light goes through a mask before 
it reaches the wafer. After exposure, the wafer is soaked in a solution (called 
developer), which dissolves either exposed area or unexposed parts. This 

, development process is very similar to photographic development. 
There are two types of photoresists: positive resist and negative resist. 

If a positive resist is used, the exposed portion of the resist is dissolved in 
the developer; whereas for a negative resist, it is the unexposed portion that 
is dissolved. At present, positive resists are most commonly used for high 
resolution lithography. After development, wafers are post-baked for better 
adhesion during subsequent processes such as etching or implantation. An 
inspection procedure is normally included to ensure acceptable resolution and 
alignment accuracy. 

Etching. Resist patterns printed by lithography must be transferred 
onto the layers that comprise the integrated circuit. A common process is 
to selectively etch away the layer material not covered by the resist. The 
etching process can be used to etch contact holes in an oxide layer or etch 
most polysilicon material away to leave narrow islands for MOSFET gates. 
Conventional etching processes use a chemical solution to dissolve unmasked 
portions of the layer in a way similar to the photoresist development process. 
The chemical etchant should not attack the photoresist mask, nor should it 
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Figure 3.10 Processing steps in lithography and etching. 

etch the material under the layer to be etched. The nature of this type of 
wet etching is isotropic so that etching occurs laterally as well as vertically. 
As a result, etched layers undercut the resist mask as shown in Fig. 3.11. 
Notice that the sidewall of the etched polysilicon gate is not vertical and its 
dimension is not well defined. This undercut problem becomes more severe 
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Figure 3.11 Undercut profiles due to etching: (a) contact hole etching profile; 
(b) polysilicon gate etching profile. 
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if overetching occurs because etching is not stopped according to time. To 
alleviate this problem, dry etching has been introduced to avoid the use of 
wet chemical etchant. 

Different types of dry etching are known as sputtering etching, plasma 
etching, reactive ion etching and reactive ion beam etching with all of them 
using plasmas in the form of low-pressure gaseous discharge. They are now 
commonly used in IC processing because of their ability to precisely transfer 
high resolution patterns from a photoresist image to an underlying layer. 

For a high quality etching, anisotropy and selectivity are the two most 
important factors. An anisotropic etching can often be achieved by physically 
removing material using energetic ions. The resultant profile of the etched 
material has vertical sidewalls with minimum undercut. Sputtering etching, 
using 500-e V argon ions, is in this category. Ar ions are accelerated to a 
cathode on which a sample is clamped. These ions bombard the sample at 
normal incidence resulting in etching occurring in a vertical direction only. 
In this case, a high degree of anisotropy is inherent, but etching selectivity 
for different materials is poor. Unless etching can be stopped in time pre­
cisely, etching continues to the underlying material after the layer needed to 
be etched has already been removed. To avoid this problem, a chemical 
reaction is introduced during dry etching. Plasma etching is an example by 
which molecular gas discharges serve as reactive species which react with the 
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material of the layer to be etched. Once this layer is removed, reaction with 
the underlying material is minimal due to the high selectivity inherent in the 
nature of chemical etching. Reactive ion etching (RIE) also uses a molecular 
gas discharge, but in an apparatus similar to a sputtering etcher. 

Both chemical and physical reactions occur during etching. With an 
appropriate gas flow rate, relatively low pressure, and adequate machine 
configuration, a high degree of anisotropy and selectivity can be obtained 
during RIE. Other important issues are etching throughput, sample load 
effects, uniformity of the etch rate across a wafer, and radiation damage. 
The CMOS gate oxide and the silicon/oxide interface are susceptible to ra­
diation damage caused by the energetic particles present in plasma. For­
tunately, most damage can be removed by a high-temperature anneal. How­
ever, introducing this anneal after aluminum deposition and patterning must 
be limited to temperatures below 500°C to avoid aluminum-silicon interac­
tion. The energy of the particles must be kept low enough so that etching­
induced damage can be annealed at a lower temperature ( 400-500°C). 

Models have been developed for lithography and etching. A computer 
program for Simulation And Modelling of Profiles for Lithography and Etch­
ing (SAMPLE) was designed 17 ·18 to simulate line-edge profiles at key stages 
of IC processing. The simulation includes resist profiles produced by optical 
lithography, and polysilicon or other CVD-deposited film profiles etched by 
plasma etching or RIE. This user-oriented program is a useful tool for 
developing lithographic and etching processes. 

3.3 MODELS FOR PROCESS INTEGRATION 

3.3.1 One-dimensional Model 

In VLSI, impurity profiles in the channel region are complicated due 
to shallow and multiple implants. A one-dimensional process integration 
program, SUPREM9 •10 has been developed and is widely used in the IC 
industry. This program primarily calculates impurity distributions but also 
computes oxide thickness and other process parameters. It accounts for any 
high temperature-induced diffusion. Impurity redistribution at oxidation, 
annealing, and diffusion are taken into account. The primary output of the 
program is the one-dimensional impurity distribution at various positions, 
e.g., the channel region and source/drain regions of a device. The program 
was designed to simulate process steps individually or sequentially just as 
they occur in an actual IC fabrication process. The individual process models 
previously described are employed and integrated in this program. 

The third version, SUP REM III, 19 is capable of modeling multilayer 
structures up to five layers. The additional layers above the bulk and/or 
oxide are nitride and polysilicon. The thickness, dopant profile, and resis-
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tivity in the case of polysilicon are calculated. Upgraded diffusion, oxidation, 
ion implantation and other individual process models are incorporated. For 
example, a Si vacancy model is included to simulate the enhanced oxidation 
rate above n + and p + material. SUP REM III also produces better prediction 
for the thin-oxide region. Moreover, polysilicon modeling, including dep­
osition, oxidation, doping segregation and the resulting resistivity, is included 
in the revised program. To expedite the understanding between process 
sequence and device characteristics, SUPREM III calculates net charge, con­
ductivity ,and sheet resistance associated with electrical layers. It also uses 
a one-dimensional Poisson's equation to obtain device parameters such as 
threshold voltage. 

A typical example, shown in Fig. 3.12(a), is the input file for simulating 
a p-channel FET formed in the n-well of a CMOS IC. The comment state­
ments are for the users only. After specifying the substrate type and resis­
tivity, the user sets up grids and grid size. Numerical solutions in general 
become more accurate with denser grids, but require more computing time. 
SUPREM allows variable grids, meaning denser grids can be applied to the 
region where significant variation is expected. SUPREM contains built-in 
oxidation models, wet or dry, with various pressures. However, these models 
can be modified by users as needed. The outp~t can be tabulated or plotted 
normally as impurity versus vertical location from Si surface to substrate (Fig. 
3 .12b). n-Type, p-type or net impurity profiles can be calculated and dis­
played. Notice the net impurity concentration changes from p- to n-type, 
indicating a p-type layer in this buried-channel FET. The profile can be 
stored in a file for plotting or for use as the input file for device models such 
as GEMINI and MINIMOS which will be subsequently discussed. Because 
the required computation can be done rapidly, the user can experiment with 
different processes by changing one or two process step(s) to examine the 
effects on the entire process. 

3.3.2 Two-dimensional Model 

For small sized MOS transistors, two-dimensional effects in the impurity 
distribution play an important role in device modelling. Several two-dimen­
sional (2-D) IC process models have been proposed and 2-D impurity profiles 
have been simulated. 20- 22 Among them, a 2-D process model, SUPRA,22 

has become commercially available and has been widely adapted. SUPRA 
is a process simulator similar to SUPREM in many ways, but incorporates a 
2-D model. The 2-D diffusion equations discussed previously form the basis 
of this model. It can handle local oxidation, non planar surfaces, implantation 
through a mask, and enhanced diffusion. A combination of analytical and 
numerical methods is used in this model. Both ion implantation and diffusion 
with low concentrations are modelled analytically as described by the 2-D 
equations derived in the last section. At high concentration levels, impurity 
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Figure 3.12 The SUPREM (a) input file; and (b) the output plot of an example 
on the p-channel profile in an n-well CMOS process. 
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Figure 3.12 Continued. 

diffusivity is no longer constant and the corresponding 2-D diffusion equation 
is solved numerically. Concentration-enhanced diffusion is modelled through 
interaction with vacancies and clustering effects. 23 Figure 3.13 shows an 
example in which impurity profiles under the field oxide as well as the ones 
in the channel region are simulated. Notice that the relatively low-concen­
tration boron profiles under the semi-recessed field oxide are calculated an­
alytically whereas the arsenic profile associated with the SID n + region is 
calculated numerically due to its high concentration. 

The simulation of a 2-D impurity concentration in the region between 
n +ton-well in a CMOS structure24 provides another example. Figure 3.14(a) 
and (b) shows the SUPRA input file and the simulated 2-D equi-concentration 

FIELD OXIDE 

3.2 X 10 16 

3.2 x 10 15 

~ 
ANALYTICAL CALCULATION 

Figure 3.13 A SUPRA simulated 2-D profile of a cross-section of the test structure 
(Ref. 22). 
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Figure 3.14 (a) The SUPRA inpul. tile; and (b) the resulting 2-D output plot of 
a test structure examining the n + to n-well isolation problem (Ref. 24, © 1987 
IEEE). 
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Figure 3.14 Continued. 

contours, respectively. In this example, boron ions are implanted under the 
entire field oxide to form a channel stop for nMOSFETs. The p-type field 
region inside the well is compensated for by the phosphorus implants used 
during prior well formation. Also, notice the simulated bird's beak at the 
edge of the LOCOS field oxide. 

3.4 TWO-DIMENSIONAL DEVICE MODELS 

The impurity profiles, obtained from the 1-D or 2-D process model, do not 
provide device characteristics. Although 1-D MOS dev_ice physics are known 
as described in Chapter 2, 2-D effects must be modelled accurately in small­
geometry devices. Again, numerical simulation is a powerful tool in gaining 
insights to a device in two dimensions. 

3.4. 1 Electrostatic Models 

Various electrostatic models based on Poisson's equations have been 
developed. 25 - 27 Among them, the most popular has been the 2-D Poisson's 
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solver for nonplanar devices, known as GEMINI. 27 It provides electrostatic 
solutions assuming potential is not affected by current. Thus, potential (<I>) 
can be solved electrostatically using Poisson's equation alone: 

(3.16) 

where p is charge density and Esi is the dielectric constant of silicon. This 
approximation is valid for linear and subthreshold regions in which only small 
amounts of current exist. It can also be applied to simulate punchthrough 
effects where current just starts to flow. After the electrostatic potential is 
obtained, currents are then calculated based on dependence to potential. 

The current in the linear or subthreshold region is calculated as 

where gd is given as 

gd = (W din) L )[ (p)] - 1 = (W dinv)[ L(p)] - 1 

(Wd;"v) [f (o-(x))- 1dx J -
1 

w [f (r"· o-(x,y)dy) -

1

dx J 
1 

qW [f (r"' JL,(x,y)n(x,y)dy) -

1

dx r 
. (3.18) 

where dinv is the inversion layer thickness, p and a are the resistivity and 
conductivity, and ( ) means average value. n(x ,y) is the minority carrier 
concentration, and its value is based on the channel potential. 

The punchthrough current calculation in GEMINI is much more in­
volved. The model is based on the concept of drain-induced barrier low­
ering.27 The current path can be at the surface or in the bulk depending on 
device structure and gate voltage. An extreme point P can be found along 
the current path as shown in Fig. 3.15. The calculated potential distribution 
around this point suggests that the potential at Pis minimum along the r axis 
and maximum along the 6 axis. Because the longitudinal electric field van­
ishes at P, the current is due entirely to minority carrier diffusion, and can 
be expressed as 

(3.19) 

where <I>Fn(r) is the quasi-Fermi potential for the minority carriers, assuming 
electrons are here. The electron concentration at (r,6) is 

n(r,6) = (nriNA)exp(q<P*IkT)exp{q[h(r,e) - <PFn(r)]/kT} (3.20) 
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Figm·e 3.15 Cross-section of a MOSFET with a bulk current path showing the r 
and 6 axes used to calculate the current. The points defining the approximate 
effective length L* and effective width Z"' are shown (Ref. 27, © 1980 IEEE). 
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where <P* is the potential at P and h(r,6) is the potential variation from <P*, 
i.e. h(r,6) = <P(r,6) - <P*. Substituting Eq. 3.20 into Eq. 3.19, and sep­
arating r- and 6-dependent terms, the finalld expression is 

ld = -qDnW(Z*IL*)(n;?INA)exp[q(<P* - Vs)/kT] 

X {1 - exp - [ q(Vd - V5 )/kT]} (3.21) 

where L* and Z* are the effective length and width of the electron path near 
the point P, which controls current. Although the detailed derivations of 
L* and Z* are described elsewhere,27 their approximation is shown in Fig. 
3.15. L * is the distance along the r axis between points A and B where <P 
= <P* + 7rkT/4q and Z* is the dist~.nce along the 6 axis between C and D 
where <P = <P* - 7rkT/4q. In the case of the current path at the surface, 
Z* = kTI(qiEsl), where Es is the vertical electric fiel~ at P, L* remains 
unchanged. The approximation in GEMINI is justified by comparing its 
results favorably with CADDET,29 which solves Poisson's and current con­
tinuity equations simultaneously. The calculated results also compare well 
with experimental data as shown in Fig. 3.16(a) and (b). Those calculations 
are for W/L = 10 J.tm/0.89 J.tm, tax = 500 A, xj = 0.45 J.tm, and NA = 2.8 
x 1015 em - 3 . The primary advantage of applying this Poisson's solver rather 
than current continuity equations is the significant reduction of computation 
time, hence extensive simulations can be done for device design and process 
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Figure 3.16 Measured and GEMINI simulated subthreshold currents for a short­
channel MOSFET: (a) current vs. V cs at V Ds = 0.1 V; and (b) current vs. V Ds at 
V cs = 0 V. V 85 = Vsub, the substrate bias voltage (Ref. 27, © 1980 IEEE). 

refinements. Numerically, GEMINI uses a 5-point approximation in solving 
finite difference equations in potential distribution. The program requires 
only a limited memory for execution and leaves the entire grid array matrix 
on a storage unit such as magnetic disc or tape. This implementation allows 
the simulation to be done with a minicomputer. 
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The GEMINI program tak~s impurity profiles from SUPREM, SUPRA 
or other sources and inputs them together with a device structure definition. 
In a device structure definition, oxide thickness, device geometry, gate elec­
trode type and source/drain contacts are all specified. 

Similar to SUPRA, the program sets up variable grids in two dimensions. 
Although the program is basically designed for simulating MOSFETs along 
the direction of channel length, it can also be applied for channel width 
simulation, parasitic field-oxide FETs, and other nonplanar structures such 
as a tapered oxide DRAM cell. The immediate output is the potential dis­
tribution in two dimensions, which is generally plotted out as 2-D equi-po­
tential contours. Current <;:an then be computed using the calculated poten­
tials. 

Using the example described in Sec. 3.3.2, a 2-D potential distribution 
can be calculated with the gate, source and drain electrodes defined and biases 
applied. Fig. 3.17 shows the input file and the corresponding 2-D equi­
potential contours. The depletion edge is also shown. The IN.GEM file 
used for DATA.INP in the GEMINI input file is from the file saved from 
running SUPRA (see last statement in Fig. 3.14a). 

3.4.2 Current Continuity Models 

As described above, Poisson's solvers in GEMINI can only predict de­
vice operation at low current level. MOSFETs in saturation that have larger 
currents cannot be simulated by these models. Two-dimensional current 
continuity models coupled with Poisson's equation have been proposed. Re­
strictions in program application and computation time have limited their 
usage in device design. Recently, a user-oriented model, MINIM OS, has 
been widely used for the 2-D simulation of planar MOSFET's. 30 

MINIM OS solves current continuity equations and Poisson's equation 
iteratively, hence predicting current-voltage relations in the saturation region 
as well as in the linear and subthreshold regions. A finite difference method 
is applied for the following basic transport equations: 

V·(Vcl>) = -q(p- n + ND- NA) (Poisson'sEq.) 
/ 

V·Jn- qan/at = qR (ContinuityEq. for Electrons) 

V·Jp + qap!at = -qR 

Jn = - q(J.tnnVci>·- DnVn) 

JP = - q(J.tppVci>- DP Vp) 

(Continuity Eq. for Holes) 

(Electron Current Eq.) 

(Hole Current Eq.) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

The basic assumptions are: homogeneity of the dielectric constants, full ion­
ization of all impurities, no bandgap narrowing, constant temperature over 
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Figure 3.17 (a) The GEMINI input file; and (b) the corresponding 2-D output 
potential plot of an example examining the n + to n-well isolation problem (Ref. 
24, © 1987 IEEE). 

the device, only minority carriers contributing to current (Jp = 0 for n­
channel, and Jn = 0 for p-channel) and no recombination and generation, 
i.e., R = 0. Substrate current can be modelled using an ionization integral. 31 

The features of the model include the calculation of impurity profiles 
and the modelling of channel mobility. Impurity profiles are calculated an-

Micron Ex. 1024, p. 82 
Micron v. YMTC 
IPR2024-00909



Sec. 3.4 Two-dimensional Device Models 67 

alytically within the model using process parameters such as implant condi­
tions and temperature cycles. Profiles can also be input from SUPREM for 
vertical direction and can be fitted in the lateral dimension as well. The 
mobility model takes into account electrical field, impurity concentrations, 
temperature and the distance to the silicon/oxide interface. MINIMOS cal­
culations can predict results for potential profiles, carrier distributions, and 
current densities, all in two dimensions. 

PISCES32 is a 2-D, two-carrier device model that simulates device char­
acteristics in steady-state or transient conditions. It solves coupled Poisson's 
equation and current continuity equations. Thus, on-state devices such as a 
MOSFET under saturation can be modelled successfully. The program can 
handle arbitrary physical structures and general doping profiles obtained from 
SUPREM or analytic functions. 

The basic transport equations used in PISCES are Equations (3.22) to 
(3.26). However, Eq. (3.25) and Eq. (3.26) co-exist because the 2-carrier 
model takes both electron and hole current into account. Also, physical 
models are more comprehensive and accurate. Additionally, Fermi- Dirac 
statistics, incomplete impurity ionization, bandgap narrowing, and Schottky 
barrier lowering associated with gate material are included. The mobility is 
modelled by30 

1/13' 

!'-(E) ~ 1'-o [ 1 + (1'-0~/v,,.)W] (3.27) 

where Vsat is the saturation velocity, f.to is the low-field mobility, and (3' is a 
constant between 1 and 2. The recombination rate is modelled by both 
Shockley-Read-Hall33 and Auger band-to-band recombination. 34 Moreover, 
PISCES supports surface recombination using surface velocity. Dirichlet 
boundary conditions are applied on ohmic, Schottky and insulator contacts. 
On an ohmic contact, the minority and majority carrier quasi-Fermi potentials 
are equal and are set to the terminal bias. Schottky or insulator contacts are 
defined by the work function of the electrode. Surface recombination ve­
locity and barrier lowering are taken into account for Schottky contacts. 
Electron and hole concentrations are forced to zero for insulator contacts. 
Neumann boundary conditions are applied on the outer edges rather than 
the contacts. There, the normal component of the electric field is either zero 
or equal to surface charge density, if it is present. 

Because the primary limitation of using a 2-D model for design is com­
puter time, non-uniform triangular grids are used. Furthermore, the initial 
coarse grids defined based on a device's structure can be refined before or 
during the solution process according to the doping profile or any other 
physical variable. As an example, Fig. 3.18 shows the coarse and fine grids 
defined for ann-well CMOS device with trench isolation. 35 PISCES is coded 
in finite differences on irregular grids using generalized box discretization. 
However, in the box method, each partial differential equation is integrated 
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MOS Modelling Chap.3 

Figure 3.18 PISCES simulation on a 
trench isolated CMOS process. (a) 
Cross-section; (b) initial grid; and (c) 
refined working grid (Ref. 35, © 1985 
IEEE). 

over a small polygon enclosing each node. PISCES uses a finite element 
approach to sum equations on. an element-by-element basis. 35 

The numerical method used in PISCES is based on the Gummel and 
Newton methods. The Gummel method36 decouples Poisson's equation and 
current continuity equations and solves them sequentially and iteratively. 
This method is preferred for zero/reverse bias and low-current conditions such 
as the subthreshold region in a MOSFET. However, at high-current injec­
tion, especially high drift current in which the equations are strongly coupled, 
convergence is slow. The Newton method37 is more suitable in this case 
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Sec. 3.4 Two-dimensional Device Models 

Title 

$ ..... 
mesh 

$ ..... 
*symb 
method 

$ ..... 
mater 
contac 

$ ..... 
models 

HMOS FET- drain characteristics 

Load mesh 
infile = hmesh 

Symbolic factorization 
gum mel carriers= 1 electrons 
iccg damped 

Materials/contacts 
num=2 g.surf=0.75 
num = 1 n.poly 

Models 
conmob temp= 300 fldmob print 

$*************************************************** 
$ ..... 
load 

$ .... 
solve 

$ ..... 
log 

$ ..... 
solve 

$ ..... 
*symb 
method 

$ .... . 
$ .... . 

Load initial solution from houtO 
infile = houtO 

Increment gate voltage (VGS = 1.2) 
v1 = 1 vstep = 1 nsteps =I electrode= 1 

Setup IV log file 
cutfile = IV.drain 

Solve for VGS = 3 volts. save in hout3 
vi= 3 outfile = hout3 

Switch methods 
newton carriers= 1 electrons 
autonr 

Step VDS from 0.2 to 3.0 volts (VGS = 3 volts) and 
output solutions to houtdx 

solve v4 = 0.2 vstep = 0.2 nsteps = 14 electrode= 4 outfile = houtda 

$ Plot ID vs VDS 
plot. 1 d x.axis = v4 y .axis= 14 

end 

1.6E-4 

1.4E-4 

~ 1.2E-4 
E 
::1. ._ 1.0E-4 "' 0.. 
E S.OE-5 
~ 
:::! 6.0E-5 

4.0E-5 

2.0E-5 

0.00 0.50 

(a) 

1.00 

(b) 

1.50 

V4(Volts) 

2.00 2.50 3.00 

Figure 3.19 (a) PISCES input file; and (b) the resulting I-V curves at V c = 3 V 
for three different mobilitymodels (Ref. 32). 
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because all the coupling variables are taken into account through a ninefold 
increase in matrix size. Inverting this large matrix however takes a large 
amount of computer memory and time. This method is chosen for a MOS­
FET after turn-on, particularly in the saturation region; it is also required for 
transient and ac analyses. 32 Figure 3.19 shows an example of a PISCES 
simulation for a MOSFET biased into saturation region. Notice the switch 
to the Newton method when the drain voltage steps from 0.2 to 3 volts. The 
I-V curves correspond to three different mobility models all for V 0 = 3 V. 

3.5 DEVICE PARAMETER EXTRACTION FOR CIRCUIT 
SIMULATION 

All models discussed so far are based on physical principles. There are, 
however, parameters such as mobility which have a strong empirical de­
pendence, and their values cannot be accurately derived from first-principle 
physics. Therefore, it is more adequate to extract these values from transistor 
measurements. 

3.5. 1 Parameter Extraction Algorithm 

In a typical transistor test, parameters such as threshold, transconduct­
ance, punchthrough voltage, etc., are measured sequentially and separately. 
The danger is that the values of these parameters are assumed constant and 
accurate for obtaining subsequent parameters. For example, it is inappro­
priate to use the mobility measured in a linear region to obtain the saturation 
current in a short-channel MOSFET. A computer-aided parameter extrac­
tion program, SUXES (Stanford University eXtractor of modEl parameterS), 
which extracts a complete set of parameters simultaneously by a single op­
eration, has been developed. 38 The Laverberg-Marquart39 algorithm is used 
to extract the complete parameter set by performing a least-square fit of the 
model to measured data. Rather than extracting a single parameter at a 
time, the method extracts a vector (p) which represents a set of parameters 
through an optimization algorithm. The objective function to be optimized 
is f(p) and it is expressed as40 

[ ]

2 
2 _ 

2 
_ h(p) - 1 t . 

llf(p) II - Ikfip) - Ik max(J* 1 . ) 
k' mm 

(3.28) 

where h and It are the calculated and the measured drain current at the 
kth data points, respectively. /min is the user-defined current used to nor­
malize the error between the calculated and measured values. A block dia­
gram of the optimization program is shown in Fig. 3.20.41 This general-
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Sec. 3.5 Device Parameter Extraction for Circuit Simulation 

MODEL 

OPTIMIZER 

Figure 3.20 Block diagram for the SUXES parameter extraction algorithm (Ref. 
41, © 1983 IEEE). 

71 

purpose optimization method is independent of the MOSFET model used. 
Thus, new models can be incorporated conveniently. 

The results of a typical example using this extraction method are shown 
in Fig. 3.21 in which measured data are compared with the calculated I-V 
curve. Notice that the optimized result (solid curves) shows a good fit with 
the measured data (crosses) although the initial calculations (dashed curves) 
substantially depart from the data. 

3.5.2 MOSFET Models for Extraction 

The SPICE circuit simulator contains several MOSFET models. Table 
3.2 shows the simplest, LEVEL 1 model,-+2 .43 which includes various capac­
itances (to be subsequently discussed) as well as DC parameters. Redundant 
parameters are included for providing flexibility to users. For example, the 
transconductance parameter (KP) depends on channel mobility, which is a 
function of the bias voltages because they determine the electric field. This 

-- INITIAL 

2.5 -OPTIMIZED • MEASURED 

2.0 

~ 1.5 
E 
(I) 

_9 
1.0 

0.5 

0 
0 2 

Figure 3.21 Drain characteristics of a 5-v-m nMOSFET, showing good fit pro­
duced by optimized parameter extraction (Ref. 40, © 1982 IEEE). 
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74 MOS Modelling Chap. 3 

field-dependent mobility is not explicitly expressed in LEVEL 1. In LEVEL 
2, the mobility is modelled based on the derivation described in Chapter 2. 
The mobility equation (Eq. 2.21) can be modified to 

(3.29) 

where the Vd term is added to account for the inversion charge loss due to 
pinchoff at high Vd. UTRA can be chosen between 0 and 0.5. 44 

More sophisticated MOS models have been developed to account for 
short channel effects in a MOSFET. The CSIM (Compact Short-channel 
IgFET Model),45 later modified to BSIM (Berkeley Short-channel IgFET 
Model),46 is an example of parameter extraction. The model is based on the 
device physics of small IviOSFETs. Short-channel effects such as field-de­
pendent mobility, drain-induced barrier lowering, charge sharing, and non­
uniform doping are included. The original CSIM (CSIM1) is modelled using 
eight parameters: 

VFs, the flat-band voltage 
<I>s, the surface potential 
'Y, the body effect coefficient 
K, the source/drain depletion charge-sharing coefficient 
11, the drain-induced barrier lowering coefficient 
flo, the intrinsic conductance 
U0 , the mobility degradation coefficient 
U1 , the velocity saturation coefficient 

The first five parameters model the threshold voltage and the remaining three 
parameters model the drain current. The associated equations can be found 
in Appendix 3.1. 

The last four parameters (11, f3 0 , U01 and U1) depend on bias voltages 
(V d and Vsub). They are expanded to 13 parameters in the CSIM2 model as 
described in Appendix 3.2. 

The CSIM2 model is further improved and renamed as BSIM. In 
addition to the 17 parameters, three new parameters are added to model the 
subthreshold region in which Vg < Vr· As shown in Eq. (2.36), the subthresh­
old swing st is expressed as 

Sr = (2.3kT/q)n = (2.3kT/q)(l + Cd/Cox) (3.30) 

where n is the subthreshold slope coefficient. As discussed in Chapter 2 and 
shown in Fig. 2.15 and Fig. 2.22, the subthreshold swing is a function of 
substrate and drain biases. In BSIM, this bias dependence is modelled by a 
linear relation using three parameters48 

(3.31) 
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Sec. 3.5 Device Parameter Extraction for Circuit Simulation 

... BSIM EXTRACTION STATUS*** 

PROCESS=CMOS2 
LOT=182 
WAFER=17 
DATE=4/18/85 
OPERATOR=BW 
OUTPUT FILE=W17 _N2 
PROBER FILE=SINGLE DEVICE OPERATION 

VDD=5.00 VOLTS 
TEMP-25.00 DEG C 
TOX-285.00 ANGSTROMS 
XPOS-127 YPOS-127 
DEVICE=NCHANNEL 
WIDTH-20.00 MICRONS 
LENGTH=2.00 MICRONS 

MINUTES TO DIE COMPLETION=0.1 MINUTES TO WAFER COMPLETION=0.1 

75 

DEVICE EXTRACTION LOCATION XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX FINISHED 
PRESENT DEVICE BSIM PARAMETERS 
VFB=-0.799 
PHIF2=0.698 
K1=1.316 
K2=0.289 
ETA=-0.001 
BETA0=0.000637 
U0=0.084 
U1 =0.300 
NO= 
XZNB= 

X2U0=-0.000857 
X2U 1 =-0.0 10352 
X3U 1 =0.029285 
X2BETAO=O.OOOOOO 
X2ETA=0.005606 
X3ETA=0.001180 
BETAOSAT=0.001178 
X2BETAOSAT=-0.00001 0 
X3BETAOSAT=0.000063 
X3ND= 

Are you interested in subthreshold region measurements and extraction?(Y /N) > 

en 
0. 

E 
co 

E 
c 
(j) 

0 

BSIM 1.0 
4/18/85 

3.00 

3.00 

1.00 

IDS versus VDS 

W=20.0 L=2.00 VGS(V) 

5.00 

• • • • • • • • • • 4.00 

• • • • • • • • • • 
3.00 

• • • • • • • • • • 2.00 

0.00 1.00 

0.00 0.50 1.00 1.50 2.00 2.56~ 3.00 3.50 4.00 4.50 5.00 

VBS=O.OO V VDS in volts RMS ERROR-7.07% 

Figure 3.22 Output of the BSIM parameters and the resulting I-V characteristics 
for a 2-~-tm nMOSFET: measured, •: calculated by BSIM. 
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The proposed model results in a smooth drain current from the subthreshold 
to the linear region. Channel shortening (AL) and channel narrowing (A W) 
are modelled through the intrinsic conductance CPa) as 

(3.32) 

where Wm and Lm are mask dimensions and flo is the low-field mobility. By 
measuring a set of MOSFETs with various Wms and Lms on a test chip, one 
can extract A w from Po vs. wnll and AL from p; 1 vs. L,w All Po values 
correspond to flo values based on the relation shown in Eq. 3.32. 

The SPICE LEVEL 4 model is BSIM. The BSIM parameters are shown 
in the following table: 

SPICE 
Name 

VFB 
PHI 
Kl 
K2 
ET 
MUZ 
DL 
DW 
uo 
Ul 
X2UO 
X2U 
X3Ul 
X2E 
X3E 
X2MZ 
MUS 
X2MS 
X3MS 

BSIM 
Name 

VFB 

<l>s 

'Y 
K 
'llz 
I-Lo 
tl.L 
tl.W 

uoz 
ulz 
uob 

ul" 
uld 

'llb 
'lld 
I-Lzb 
1-Ls 
1-Lsb 
!-Lsd 

flat-band voltage 
surface potential 
body effect coefficient 

Parameter Description 

source/drain depletion charge-sharing coefficient 
zero-bias drain-induced barrier lowering coefficient 
zero-bias mobility 
channel shortening 
channel narrowing 
zero substrate bias mobility degradation coefficient 
zero substrate bias velocity saturation coefficient 
sensitivity of mobility degradation to substrate bias 
sensitivity of velocity saturation to substrate bias 
sensitivity of velocity saturation to drain bias at vd = vdd 
sensitivity of drain-induced barrier lowering to substrate bias 
sensitivity of drain-induced barrier lowering to drain bias at vd = v/d 
sensitivity of mobility to substrate bias at Vc~ = 0 
mobility value at zero substrate bias at Vc~ = Vtd 
sensitivity of mobility to substrate bias at Vc~ = Vtct 
sensitivity of mobility to drain bias at Vc~ = Vtd 

To extract the above parameters, it is obvious that temperature at the pa­
rameters that are extracted (TEMP), gate oxide thickness (TOX) and meas­
urement bias range (VDD) must be specified. MOSFET length (L) and 
width (W) should also be input. Figs. 3.22 and 3.23 show the printout of 
the BSIM extraction program for 2 J.Lm n- and p-channel MOSFETs, re­
spectively. The input data, the 17 extracted BSIM parameters, and the 
measured and calculated I-V curves are shown. BETAO, X2BETAO, 
BETAOSAT, X2BETAOSAT, and X3BETAOSAT correspond to MUZ, X2MZ, 
MUS, X2MS, and X3MS, respectively. Subthreshold parameters are not' 
extracted in this example. 
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***BSIM EXTRACTION STATUS*** 

PROCESS=CMOS2 
LOT=182 
WAFER=17 
DATE=4/18/85 
OPERATOR=BW 
OUTPUT FILE=W17_P1 
PROBER FILE=SINGLE DEVICE OPERATION 

VDD=5.00 VOLTS 
TEMP-25.00 DEG C 
TOX-285.00 ANGSTROMS 
XPOS-127 YPOS-127 
DEVICE=PCHANNEL 
WIDTH=20.00 MICRONS 
LENGTH=2.00 MICRONS 

77 

MINUTES TO DIE COMPLETION=0.1 MINUTES TO WAFER COMPLETION=0.1 
DEVICE EXTRACTION LOCATION XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX FINISHED 
PRESENT DEVICE BSIM PARAMETERS 
VFB=-0.189 
PHIF2=0.698 
K 1 =0.476 
K2=0.014 
ETA=-0.007 
BETA0=0.000293 
U0=0.179 
u 1 =0.085 
NO= 
X2NB= 

X2U0=0.005256 
X2U 1 =-0.002813 
X3U 1 =0.001 011 
X2BETA0=0.000009 
X2ETA=0.001248 
X3ETA=0.000094 
BETAOSAT=0.000411 
X2BETAOSAT=0.000009 
X3BETAOSAT=0.000011 
X3ND= 

Are you interested in subthreshold region measurements and extraction?(Y /N) > 

(j) 

0. 

E 
ro 

E 
c 

(f) 

0 

BSIM1.0 
4/18/85 

-0.50 

-1.00 

IDS versus VDS 

W=20.0 L=2.00 

-5.00 -4.50 -4.00 -3.50 -3-00 -2.50 -2.00 -1.50 -1.00 -0.50 

VGS(V) 

-1.00 

-2.00 

-3.00 

-4.00 

VBS=O.OO V VDS in volts RMS ERROR-4.1 0 % 

Figure 3.23 Output of thy BSIM parameters and the resulting I-V characteristics 
for a 2-f.Lm pMOSFET: measured, •: calculated by BSIM. 

Micron Ex. 1024, p. 93 
Micron v. YMTC 
IPR2024-00909



78 MOS Modelling Chap.3 

3.5.3 MOSFET Capacitances for SPICE 

For circuit simulation, accurate capacitances are necessary for predicting 
transient response and speed. Several types of capacitance are important for 
MOS devices and circuits. In SPICE 2G, the total junction capacitance (Citot) 
in a MOSFET is modelled as44 

(3.33) 

where V R is the reverse-biased voltage at the source or drain with respect to 
the substrate, V6 i is the built-in voltage of the p-n junction, and AS and PS 
are the junction bottom area and junction sidewall perimeter, respectively. 
The other terms are SPICE input parameters and are expressed as CJ or C1 , 

the zero-bias junction capacitance per tn2 of junction area; CJSW or Cisw, 
the zero-bias junction capacitance perm of junction sidewall perimeter; MJ, 
the grading coefficient of the junction bottom; and, MJSW, the grading coef­
ficient of the junction sidewall. MJ and MJSW are 112 if a step junction is 
assumed and are 1/3 if a linearly-graded junction is modelled. 3 

In addition to the junction capacitances, the SPICE BSIM model has 
four capacitance parameters with three corresponding to overlap capacitances, 
and one associated with partitioning the channel charge in calculating intrinsic 
capacitances. For short-channel MOSFETs, the capacitance due to physical 
overlap Uov) between gate to source or gate to drain becomes a significant 
portion of the total gate oxide capacitance, and hence cannot be ignored (Fig. 
3.24a). Additionally, the fringing field capacitance from the gate to source 
or drain is not negligible due to the finite thickness associated with the po­
lysilicon gate. Fig. 3.24(b) shows that the proportion of the fringing field 
capacitance ( C1,.) to the total oxide cap;:1citance ( C0 x) increases as the gate 
length is decreased. 49 The analytic solution shown in the figure is derived 
using conformal mapping and Laplace's equation. Therefore, even if a VLSI 
process results in zero lateral diffusion (shown in Fig. 3.24b), the total overlap 
capacitance ( Cov + C1,.) is non-zero due to electrical overlapping originated 
from the fringing field. These overlapping capacitances can also be measured 
from test devices. 50 The three overlap capacitance parameters used in the 
SPICE/BSIM51 are: 

CGDO or Cgdo, gate-drain overlap capacitance per meter channel width, 
CGSO or Cgso' gate-source overlap capacitance per meter channel width, 
CGBO or Cgbo' gate-bulk overlap capacitance per meter channel length. 

The gate-bulk overlap capacitance ( Cgbo) is the field-oxide capacitance re­
sulting from the gate extending beyond the channel to ensure a proper overlap 
of the field oxide. The total gate-bulk overlap capacitance is the Cgbo mul­
tiplied by the channel length (L). The gate-drain and the gate-source overlap 
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Figure 3.24 The eff~ct of finite gate thickness on the gate-to-drain and gate-to-
source capacitance; (a) Cov is the overlapping capacitance and (b) C1r is the fringe­
field capacitance (Ref. 49). 
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capacitances described above are in units of per channel width. Cgdo and 
cgso are the constant portions of the total cgd and cgs' which also contain 
capacitances due to voltage-dependent charges associated with the gate and 
channel. The voltage-dependent charge when differentiated by one of the 
terminal voltages is often referred to as the intrinsic capacitance. 

Intrinsic capacitances are modelled by Ward and Dutton52 based on 
Mayer's model considering capacitance as the variation of charge with a 
terminal voltage. 53 Mathematically, the MOSFET capacitances are defined 
as 

c.. = ()Q.f()V. 
ij 1 J (3.34) 

where i and j denote any two out of the four terminals in a MOSFET. For 
example, Cgd = fJQgiVd while all other terminal voltages are held constant. 
The MOSFET has a total of 12 capacitances, but only 6 out of the 12 are 
independent terms due to charge conservation: 

(3.35) 

These capacitance terms are used to relate the current flowing into the ter­
minal and the charge contained in the associated region. The transient cur­
rent-voltage relation is solved numerically using Newton-Raphson iteration52 

and the algorithm is employed in SPICE 2.G. 44 To a first order approxi­
mation, the intrinsic capacitances from gate to other terminals add to a con­
stant: 

(3.36) 

where Cox is the capacitance of the MOS gate oxide. Cgs' Cgd and Cgb are 
dependent on the distribution of the channel charge at source, drain and bulk. 

In SPICE 2. G, a parameter named XQC indicates the portion of the 
channel charge attributed to drain. XQC is specified between 0-0.5. In 
SPICE 3, BSIM is used to model intrinsic capacitances again through charge 
conservation.46 The model integrates distributed charges over the active 
area. Two methods are used to partition channel charge into drain and source 
components. The source/drain partitioning of channel charge ranges from 
50/50 in the linear region to 100/0 (or 60/40 in the second method) in the 
saturation region. The associated BSIM parameter in SPICE 3 is X part, 
representing the following partitioning factor: 

XPART or Xpart, gate-oxide capacitance charge model flag. 

Xpart = 0 selects a 60/40 source/drain charge partition in saturation, 
while Xpart = 1 sets a 100/0 partition in source/drain. Xpart = 1 is normally 
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Figure 3.25 Intrinsic capacitances in a MOSFET: (a) long-chann~l; and (b) short­
channel (Ref. 46). 
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recommended. Figure 3.25(a) shows the intrinsic capacitances of a long­
channel device versus Vds for sevieral Vgs values. In the saturation region 
where Vds ;:,: Vgs - Vr, Cgd = 0 and Cgs = (2!3)Cox because all the channel 
charges are at source and the drain has no charge due to pinchoff. ·In the 
linear region where Vds << · Vgs - Vr, Cgs and Cgd approach the value of 
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(112)Cox· In the cut-off region where vgs - VI < 0, cgd = cgs = 0 and (r; 
= cgb = COX because there is no channel formed. 

Recently, a charge-based analytical model was developed to include 
short-channel effects such as mobility degradation, channel-length modula­
tion, bias-dependent fringing field effect and source/drain series resistance. 54 

The gate charge 0 g is composed of three components, 

og = Qgl + og2 + Qg3 (3.37) 

where Qa1 is the charge in the source region where gradual-channel approx-
"' imation applies, 0 g2 is the charge in the drain region where carrier velocity 

saturates, and Og3 is the charge corresponding to the channel-side bias-de­
pendent fringing field capacitance. Analytic expressions are derived for all 
three components and capacitances Cgd and Cgs are calculated. Comparisons 
of simulated results to measured values are satisfactory for 1 t-tm devices. A 
typical result is shown in Fig. 3.25(b). Notice that Cgd does not decrease to 
zero in the saturation region because the short channel is not quite pinched 
off. This enhancement will be included in revised versions of BSIM models. 55 

3.5.4 Parasitic Capacitances, Resistances 
and Inductances 

So far, capacitances associated with a MOSFET device have been dis­
cussed. Other parasitic capacitances and resistances are also important in 
circuit simulation. The parasitic capacitances and resistances associated with 
a one-micron MOSFET in a VLSI environment is shown in Fig. 3.26,56 which 
is drawn roughly to scale. Notice the large capacitive coupling between 
interconnects-to-device, and among interconnects themselves. All of these 
capacitances in conjunction with layout areas must be accounted for when 
simulating circuit performance. The inter-wiring capacitance at tight metal 
pitches increases as the metal wire spacing is decreased and eventually be­
comes a dominant component in total wiring capacitance. 

Inductive noise due to current pulse is also important, especially for 
CMOS circuits, because a spike of current occurs during switching. Figure 
3.27 shows the typical line inductance on a chip and the noise caused by an 
inverter. 56 Notice that the line inductance increases as the line width is 
decreased. The parasitic inductance in I/O's that normally switch large cur­
rents should be included in circuit simulation. 

Also worth mentioning is the effect of chip topology on parasitic 
capacitances and resistances. An increase in interlayer capacitance at steps 
is significant and is a function of layer profiles. As shown in Fig. 3.28, the 
capacitance and resistance of a metal line passing over the poly gate increase 
as the underlying topology becomes more severe, 57 due primarily to the PSG 
(Phosphor-Silica-Glass) or AI thinning at the polysilicon sidewall. 
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Figure 3.26 Scale drawing of the parasitic environment in 1 fU11 MOS technology 
(Ref. 56). 
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Figure 3.27 The impact of line inductance on power supply noise. Insert shows 
noise due to a typical switching of a CMOS driver (Ref. 56). 
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Figure 3.28 Simulated profiles of PSG and AI lines over polysilicon gates: (a) 
without reflow, (b) with reflow, and (c) the resulting capacitance and resistance 
values. The polysilicon is 0.4 ~-tm high covered by 0.8-~-tm PSG and then 1.0-~-tm 
AI (Re'f. 57, © 1983 IEEE). 
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Figure 3.28 Continued. 

APPENDIX 3.1 CSIM1 MODEL PARAMETERS 

The CSIMl model consists of eight parameters that describe the characteristics 
of a MOSFET. The first five parameters model the threshold voltage as 

(A3.1) 

V FB' <l\ and -y have been described in Chapter 2. K and 'Yl are the parameters 
that model the threshold lowering effect. 'Yl is roughly inversely proportional 
to the channel length (L). 47 The remaining three parameters (j30 , U0 and 
U1) model the drain current as follows: 

In the cut-off region (Vg < V1) 

(A3.2) 

In the linear region (Vg > VI and vd < vdsat)' carrier mobility can be simplified 
to 

u = uo 
(1 + U1 Vc~)[l + Uo(Vg - Vc)] 

(A3.3) 

and the commonly observed 312J?ower dependence term in the I-V relation 
is approximated numerically. 47 The current can then be written as 

(A3.4) 
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where fl1 = J3o(1 + Uo(Vg - V1)]-
1 (A3.4a) 

and flo = JJ-o(WIL)Cox (A3.4b) 

Also, a = 1 + 'Y [ 1 -
1 

] ( A3 .4c) 
2\I<I>s- vsub 1.744 + 0.8364(<I>s- vsub) 

In the saturation region (Vg > VI, and vd > vdsat): 

where 

Ic~ = 2~~ (Vg - Vrf (A3.5) 

(A3.6) 

APPENDIX 3.2 BIAS-DEPENDENT MODEl 
PARAMETERS IN CSIM2 

The last four parameters in the CSIM model (flo, UO' U1 , 'YJ) are functions 
of drain and substrate voltages and can be expressed by 

U1 = U1z + Ulb Vsub + U1iVc~ - Vc~c~) 

'YJ = 'YJz + 'YJb Vsub + 'YJiVc~ - Vc~c~) 

(A3.7) 

(A3.8) 

(A3.9) 

flo is modelled by quadratic interpolation through three data points, at vd = 

0, Vc~ = Vc~c~, and the slope of flo to Vc~ at Vc~ = Vc~c~. It can be expressed 
as 

where 

flo = flo(at Vc~ = O)(Vc~IVc~c~ - 1)2 + flo(at Vc~ = Vc~c~) 

X (2 - Vd/Vdd)Vd/Vdd + flsdViVd/Vdd - 1) 
(A3.10) 

(A3.11) 

(A3.12) 

(A3.13) 
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vsub in the above equations is the absolute value of substrate voltage, vd is 
the drain voltage and Vdd is the supply voltage. Other parameters are 

U02 , the Uo value at zero substrate bias, 
uob' the sensitivity of uo to substrate bias, 
ulz, the ul value at zero substrate bias, 
ulb' the sensitivity of ul to substrate bias, 
uld' the sensitivity of ul to drain bias at vd = vdd 
1ln the '¥) value at zero substrate bias and vd = vdd' 
'¥Jb, the sensitivity of 1lo to substrate bias, 
'¥Jd, the sensitivity of '¥) to drain bias at vd = vdd 
Pn the Po value at zero substrate and drain biases, 
Pzb, the sensitivity of Po to substrate bias at vd = o, 
Ps, the Po value at zero substrate bias and vd = vdd, 
Psb, the sensitivity of Po to substrate bias at Vc~ = vdd, 
13sd, the sensitivity of Po to drain bias at vd = vdd· 
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EXERCISES 

1. When designing a process for the formation of p-channel source/drain in the n­
well of a CMOS, if the n-well concentration is 5 x 1016 em - 3 and is covered by 
an oxide of 250 A, the lowest boron energy you can operate from your implanter 
is 10 KeV and the total dose is 5 x 1014 cm- 2

. Estimate what will be the as­
implanted source/drain junction depth. 

2. For the boron implant profile obtained in Exercise 1, if the wafers are annealed 
at 1000°C for 112 hour, taking into account boron diffusion in extrinsic Si, calculate 
the new junction depth. 

3. If photoresist mask is used for ann-well implant that uses 8 x 1012 em -z phosphorus 
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ions at 170 Ke V and the p-type substrate is 5 x 10 15 em- 2 , how thick must the 
resist be to serve as a mask? 

4. Based on the example in Fig. 3.14, run SUPRA with boron doses at 1 x 10 12 , 5 
x 1012 and 1 x 1013 em - 2 for the blanket boron field implant and examine the 
resulting 2-D impurity distributions between the n-well and n +. 

5. Using the three output files in Exercise 4, run GEMINI to observe equi-potential 
contours for three different boron doses. 

6. Explain the differences between MINIMOS and PISCES in terms of equations 
used, basic assumptions and limitations. 

7. For a MOSFETwith W = 10 J.Lm, L = 1 J.Lm, tax= 200 A, tpolv (poly-gate thickness) 
= 3000 A, lov (source/drain to gate overlap) = 0.1 J.Lm, an·d a poly gate overlap 
field oxide by 2 J.Lm, calculate the total gate-to-drain ( Cgd), gate-to-source ( Cgs) 
and gate-to-bulk ( Cgb) capacitances (including overlap capacitances) in the linear, 
saturation and cutoff regions. 

8. If a 1 mm-long 1 J.Lm-wide CMOS metal line switches 10 mA in 1 ns, calculate the 
voltage noise caused by the parasitic line inductance (use Fig. 3.27). 
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In this chapter, the CMOS operation is introduced through a description of 
simple CMOS circuit elements. These elements are important components 
in CMOS VLSI circuits. The objective is to provide some ideas about how 
circuit operation is affected by the technology. The emphasis is CMOS 
circuits; however, they will be compared to typical NMOS circuits. The 
chapter starts with an introduction of a CMOS inverter, a CMOS output 
buffer and a CMOS transmission gate because they are the basic components. 
Then, some simple components for logic and memory circuits are described. 

4.1 INVERTERS 

4.1.1 An NMOS Inverter 

An inverter is the mO$t basic element in building logic circuits. A typical 
NMOS technology normally uses an enhancement-mode FET together with 
a depletion-mode FET to form a so-called E-D NMOS inverter as shown in 
Fig. 4.1a. The lower device is the enhancement-mode FET used as a driver, 
whereas the depletion-mode FET serves as a load. Both devices are made 
in a p-type substrate and the substrate is normally grounded or sometimes 
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Figure 4.1 A depletion load NMOS inverter: (a) the schematic; and (b) the I-V 
characteristics (Ref. 2). 
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biased at a negative voltage by a substrate generator. The source and gate 
of the depletion device are connected to give zero Vgs, thereby resulting in a 
nearly constant current source/The load line for the output I-V of theE­
D inverter is shown in Fig. 4.lb. For the load device, its Vc~s (hence, Ic~s) 
increases as Vout is decreased. An ideal load device should act as a constant 
current source. In reality, lower current is normally observed because of the 
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associated body effect. As the vout (i.e. vs of the load) increases, v TD 

(threshold of the depletion-mode device) increases because the substrate-to­
source is negatively biased. As a result, v TD at vsub = 0 is set lower, i.e.' 
more negative, to provide the same logic low level (VoL) as shown in the 
figure. Notice that the load line deviates from an ideal current source as the 
body effect coefficient ('y) changes from 0 to 0.74. Though the logic high 
level at output (V oH) is always at V DD, the VoL value depends on the WI L 
values for both load and driver devices. The low and high noise margins, 
N ML and N MH , are defined as 

NML = VIL - VoL ( 4.1a) 

( 4.1b) 

where VIL and VI.f1 are the input voltages at the unity gain (dVoutldVin = -1) 
points. 

As shown in the transfer curve of Fig. 4.2a, a smaller VoL can be 
obtained by decreasing the Z (load)/Z (driver) ratio, where Z = WIL. How­
ever, a small Z ratio corresponds to a lower ID as shown in Fig. 4.2b, hence 
slower operation. A good choice is to make the inversion voltage (Vinv), 
defined as the input VOltage SUCh that Vout = Vin' half-way between the V DD 

and ground. This situation is met if the enhancement threshold V TE = 0.2 
V DD, V TD = -0.6 V DD, and the Z (load) to Z (driver) ratio is approximately 
1:4.1,2 

4. 1.2 A CMOS Inverter 

The CMOS inverter shown in Fig. 4.3a consists of a p-channel load 
device and an n-channel driver; both are enhancement mode devices. The 
source and substrate of the p-channel are connected to V DD' whereas the 
source and substrate of the n-channel are grounded. This arrangement en­
sures that Vbs = 0 for both devices. Thus, no body effect exists in the CMOS 
inverter. The input of the inverter (Vin) is connected to both p- and n-channel 
gates, and the drain areas of the two devices are. also tied together for output 
(Vout)· If the input is at VDD, then-channel device is on and the p-channel 
is off. When the input is switched to zero, the n-channel device is off and 
the p-channelload device iS On because Vgs in p-channel is nOW at - V DD· 

As shown in Fig 4.3b, the current in the load device varies with the 
input voltage. Notice that vdsn = Vout' but vdsp = vout - v DD' vdsn and 
Vdsp are the drain-to-source voltages for the n- and p-channel devices, re­
spectively. The load line changes when the input switches from zero to V DD, 

resulting in so-called dynamic load logic. Whether the input is at zero or · 
V DD' only one device is on, the other is off. As a result, a CMOS inverter 
offers an excellent noise margin because V0 H = V DD and VoL = 0. 
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Figure 4.2 (a) DC transfer curves; and (b) output current vs. input voltage of 
depletion load NMOS inverters with various Z 1oad/Zdrivcr ratios; where Z = WI L 
(Ref. 2). 

95 

The inverter transfer characteristic is shown in Fig. 4.4a. Notice that 
VoL = 0 and is independent of the K ratio, where K = (W/L)J.1E0 _)to.n and 
the K ratio is 

) Kn J.lnWnLp· 

J.lp WpLn 
(4.2) 
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Figure 4.3 A CMOS inverter: (a) the schematic and (b) the I-V characteristics. 

CMOS logic is therefore referred to as a ratioless logic. For a K ratio of 
unity, Vinv is equal to V vvl2, giving the best result for both noise margins. 
Because 1-Ln ~ 2f.1p, to have K = 1 and allow Lp = Lm wp is set to 2Wll" 
Because one of the two devices is off at either logic state, essentially no 
steady-state current exists. Only a small amount of steady-state current can 
exist due to the leakage current associated with the off-state device. How­
ever, transient current exists when the Vout differs from 0 or Vvv· In fact, 
when vin switches between vtn and v DD - IVrpL neither transistor is off and 
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Figure 4.4 (a) DC transfer curves, and (b) output current vs. input voltage of 
CMOS inverters with various K,/KP ratios, where K = (W!L)JlE 0 )tox (Ref. 3). 
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a current spike flows at output as shown in Fig. 4.4b. Unlike JD in the NMOS 
inverter, the current here only exists during switching. Detailed analyses 
and mathematical expressions are described elsewhere. 3 

4. 1.3 Inverter Delay 

When an inverter input steps from low to high, the amount of time for 
the output to change from V DD to zero is called fall time (t1 ). Because it is 
the time needed to discharge the output node from V DD to 0 with the n­
channel current, t1 can be obtained by 

(4.3) 

where CL is the load capacitance and Idn is the n-channel drain current that 
increases from zero to the saturation current Jdsat· Eq. 4.3 can then be 
approximated as 

CLVDD = tfldsat/2 = tt[fl-nCox(W,JLn)(VDD- vtnf/2]12 (4.4) 

Solving t1, the following is obtained 

4CLVDDLn 
tf = 

fl-nCox Wn(V DD - Vm) 2 ( 4.5a) 

Similarly, the time required for output to charge from 0 to V DD when the 
input steps from high to low can also be derived. This time delay defined 
as rise time Ctr) or charging time because the output node has to be charged 
from 0 to V DD by the p-channel device is 

tr = ( I 1)2 Jl-pcoxwp VDD - vtp 
(4.5b) 

As shown in Fig. 4.5, a more rigorous definition of t1 is the time from the 
input rising edge to 10% of the final output level. tr is the time from the 
input falling edge to 90% of the final output level. If the K ratio is set to 
unity, i.e., fl-nW,JLn = JLpWp!LP, the rise time equals the fall time and sym­
metric output waveform can be expected. Both fall time and rise time are 
proportional to the load capacitance. 

If the output of an inverter drives an identical inverter, then the load 
capacitance is the sum of the n-channel and p-channel gate capacitances 
( Cgn and Cgp): 

(4.6) 

In IC fabrication, it is common to allow Ln = LP = L, and because Jl-;1 is 
approximately 2J-tp, WP = 2W11 can satisfy K = 1. Eq. 4.6 can then be written 
as 

(4.7) 
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Figure 4.5 Input and output waveforms of a CMOS inverter. 

Substituting Eq. 4.7 into Eq. 4.5 and assuming Vrn = - Vrp = 0.2Vvv, the 
following inverter delay time tin can be obtained, defined as (t,. + t1)!2: 

tin = tf = t,. = 18.75 'Te = 9.375 'Th (4.8) 

where 

(4.9) 

'Te and 'T~z are the electron and hole transit times for the n- and p-channel 
devices, respectively. The condition WP = (J-t,/J-tp) Wn indicates identical rise 
time and fall time, but does not offer the minimum delay time. In fact, the 
inverter delay time is minimum if WP = ~Wn. Because the delay time 
is proportional to the load capacitance, if an inverter drives/identical inverters 
as shown in Fig. 4.6, then the total load capacitance to be charged or dis­
charged increases by a factor off. As a result, the inverter delay time becomes 
ftin for a fan-out factor of f. 

Based on Eqs. 4.8 and 4.9, the inverter delay time, when driving another 
identical inverter, depends on a transistor's channel length, but not on its 
channel width. Bqth the load capacitance and transistor current scale up 
proportionally as ch'annel width is increased. Experimental results however 
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Figure 4.6 A CMOS inverter driving several inverters, fan-out = f. 

do not quite reflect this relationship due to the parasitic effects that have not 
yet been considered in the approximation described above. 

In an integrated circuit, capacitances at the inverter output node not 
only include the input capacitance of the gate(s) connected to it but also 
include other parasitic capacitances associated with the node. Figure 4. 7 
shows two significant parasitic capacitances: Miller capacitance (em) and 
stray capacitance ( es). Every MOS transistor has the Miller capacitance, 
which is a capacitance between the drain edge of the gate and the drain node . 

. This capacitance in an inverter string is charged to -em v DD when Vol is low 
and vo2 is high, and is charged to em v DD when Vol switches to high and vo2 
goes lOW. Its effect On the Circuit iS therefore doubled because [em V DD -

(-em v DD)]IV DD = ze,n' The stray capacitance is due to the voltage swing 
of signal paths connected to a node. Signal paths are made of metal or 
polysilicon lines on thick insulator or field oxide as shown in Fig. 3.26. The 
associated line capacitances per unit area are at least an order of magnitude 
less than the gate capacitance per unit area; however, the area covered by 

V. 
In 

,--------------------.---VDD 

v 
ol 

Figure 4.7 Node capacitances associated with a CMOS inverter pair. 
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these lines is often much larger than the gate area, causing a significant total 
line capacitance. In addition, as interconnect lines are packed closely to­
gether in VLSI, the line-to-line coupling capacitance adds another significant 
capacitance. The total stray capacitance of the signal lines may be large. 
Thus, the total node capacitance can be expressed as 

( 4.10a) 

and 

(4.10b) 

where cgda> gate-drain overlap capacitance per channel width, is defined in 
Sec. 3.5.3. If Wn and WP double, Idn and Idp double and so do Cgm Cgp and 
Cm. But because Cs remains basically unchanged, the increase of Ctotai is 
less than a factor of two. Because the transistor current doubles, the delay 
time will decrease and will decrease even more when Cs becomes larger due 
to more or longer interconnect lines. 

4.2 A CMOS OUTPUT BUFFER 

An output buffer is designed to deliver sufficient current to charge or discharge 
a large load capacitance, which consists of output pad, bonding wire, and 
pins of other chips. Figure 4.8 shows an NMOS and a CMOS buffer consisting 
of several stages with the last two being the pre-driver and driver. The NMOS 
driver is implemented by a typical push-pull configuration in which Vaut 
follows input voltage of the pre-driver. In the case of a CMOS buffer, it is 
simply a chain of properly scaled inverters. 

To drive a large load ( C L), a large inverter driver should be used to 
provide sufficient current. Because the internal inverter is small, it seems 
obvious that the internal inverter should drive a larger inverter, which would 
drive an even larger inverter until at some point the inverter is large enough 
to be the driver. Assuming that each inverter in the chain is larger than the 
preceding one by a factor ofF, total delay is then nFtin where n is the number 
of inverters and pn = CL/Cg, cg is the internal capacitance. 

To minimize the total delay, fewer inverters could be used but the delay 
from one inverter to the next would be longer. Or, a smaller F could also 
be used to reduce the individual inverter delay, but more inverters would 
become necessary, thus leading to an increase in total chain delay. It has 
been shown1 that the total delay (nFtin) is minimal if F = e, where e is the 
base of natural logarithms; and the number of stages is ln(CdCg). 

As previously described, scaling-up transistor widths for all inverters 
increases speed but the effect is not great. Figure 4. 9 shows the transition 
of the output driver for different transistor widths. 5 It is clear that even 
doubling the width of the tqmsistors does not substantially speed up the buffer 

' 

Micron Ex. 1024, p. 117 
Micron v. YMTC 
IPR2024-00909



102 CMOS Operation Chap.4 

v 
out 

V. 
In 

~~--r-~ 

t t 
Pre-driver Driver 

.l,. Jr 

[>o-------- v 
out 

Figure 4.8 (a) An NMOS and (b) a CMOS buffer circuit. 

circuit. Meanwhile, the total area increases proportionally, causing a layout 
consideration. 

The following example is the design of a high speed submicron CMOS 
buffer for a capacitive load of 15 pF. 6 The example has five inverter stages, 
each of which is larger than the previous one approximately by a factor of e, 

5.0 

4.0 ---- Wn = 500J.Lm WP = 1 OOOJ.Lm 
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Figure 4.9 Waveforms of a CMOS buffer with various channel widths for the 
drive transistors (Ref. 5). 
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and for each stage, the pMOS channel width is drawn 1.66 times larger than 
the corresponding nMOS channel width. Using a 0.75 v-m CMOS design 
rule, it was found that the maximum clock frequency designed at 100 MHz 
needed about 8 miF (5000 v-m2

) layout area which is about half of the standard 
bonding pad size, therefore making it affordable in CMOS buffer design. 

For high-speed buffers, dynamic power dissipation is another consid­
eration due to large output load and high frequency operation. Assuming 
that a CMOS buffer is operated at a standard 5 V supply, the dynamic power 
per buffer is 

Pd = CV2f = 15pf x (5 V)2 x 100 MHz = 37.5 mW (4.11) 

For a 40 output chip, the total dynamic power due just to the output buffers 
amounts to 1.5 W. Reducing output swing from 5 V to 3.3 V or lower using 
BiCMOS or 0.5 v-m CMOS technology can decrease the total power to <0.65 
W. The BiCMOS technology will be described in Chapter 5, Section 5.10. 

4.3 TRANSMISSION GATE AS A SWITCH 

Another basic element in a logic circuit is the transmission gate. The gate 
uses a transistor as a switch to pass signals. It is therefore also called a pass 
gate or switching transistor. A typical pass transistor in an NMOS circuit is 
shown in Fig. 4.10a. The capacitance CL represents loading effect in the 
circuit. When the clock is on ( <P = v DD) .and vin is high, the capacitance 
can be charged toward Vin· However, as V0 reaches VDD- V1, the transistor 
cuts off because Vgs of the transistor is now at V1• So V0 must stay one V1 

below V DD· Although subthreshold leakage can eventually charge V0 above 
V DD - V11 it would take an unreasonably long time. 

For all practical applications, V0 can only be charged to V DD - V1• As 
the clock is turned off, the capacitor is isolated and V0 remains. When the 
clock is turned on again, and if the vin is low' the capacitor discharges to vss· 
The threshold drop associated with the pass transistor causes a problem in 
passing the full voltage at Vin to V0 • This signal degradation is worse if the 
body effect of the transistor is significant because vt increases as vo approaches 
Vin· For example, if Vt (at Vo = 0) = 1 V, Vo may not rise to more than 3 
v for a 5 v v DD because vt may rise to 2 v due to the body effect. In 
NMOS technology, this effect degrades signal propagation and propagation 
delay. When several pass transistors are connected in series, an inverter is 
often inserted between two sections of pass transistors to restore logic level 
and minimize total delay. 1 This problem can be avoided if a CMOS tech­
nology is used for implementing the transmission gate. 

A CMOS transmission gate consists of a p-channel and an n-channel 
transistor with common source /and drain connections and separate gates as 

/ 
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Figure 4.10 (a) An NMOS and (b) a CMOS transmission gate. 

Chap. 4 

shown in Fig. 4.10(b). Furthermore, the complementary clock (<P) is applied 
to the p-channel gate so that both transistors are on or off simultaneously. 

While the operation of an n-channel pass transistor has been de­
scribed, the p-channel transistor operates differently. The transistor can pass 
V DD from Vin to V0 without any degradation. However, it can only discharge 
V0 to IV1I, at which point the transistor no longer conducts significant current 
because I vgsl < I Vtl· So' contrary to an n-channel pass transistor' the p­
channel transistor suffers from logic degradation during discharging rather 
than charging the capacitance. Because the two types of transistors can be 
paired for a CMOS transmission gate, the p-channel transistor can charge the 
output to v DD and the n-channel tran,sistor can discharge it to vss· Thus, 
logic degradation is observed neither at high nor low levels. The penalty is 
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more transistor counts and additional layout area. In some CMOS circuits 
' like a pseudo-NMOS design in which only n-channel pass transistors are used, 

the body effect of the transistors should be minimized. Because the source 
and drain of a pass transistor can be interchanged during circuit operation, 
any asymmetric or localized effect caused by hot electron effects can be 
important in this device. Hot electron effects will be discussed in Chapter 
6. More complicated CMOS circuits are described in other books. 3 •4 

4.4 CMOS lOGIC GATES 

In an NMOS technology, simple logic circuits such as NAND or NOR gates 
can be implemented by simply adding more transistors in series or in parallel 
with the driver transistor. In a conventional CMOS circuit however, cor­
responding p-channel transistors must be added as pull-up load devices. For 
comparison, Fig. 4.11 (a) and (b) show the schematics of two-input NAND 
and NOR gates respectively. Both CMOS and NMOS circuits are shown 
for comparison. Notice that the multiple inputs in the CMOS cases require 
more transistors and interconnects between the p- and n-channel transistors. 

Layouts of the NAND and NOR gates, again for both CMOS and NMOS 
technologies, are shown in Fig. 4.12. For the NAND gate (AB)', the output 
is low only when both inputs (A and B) are high; and it is implemented by 
having the n-channel devices in serial and the p-channel devices in paralleL 
On the other hand, the NOR gate (A+ B)' requires that the output be high 
if both A and B are low; and it is accomplished by having the n-channel 
devices in parallel and the p-channel devices in serial. 

Fig. 4.13 shows a more complex gate known as the AND-OR-INVERT 
(AOI) gate (AB +CD)', which is just a NOR of a and b, where a = AB and 
b = CD. Both NMOS and CMOS representations are shown. a and bare 
made of series n-devices and parallel p-devices. The complement gate of 
the AOI is [(A+ B)(C+ D)]' known as the OR-AND-INVERT (OAI). As 
shown in Fig. 4.14, it is just a NAND of components consisting of parallel 
n-devices and serial p-devices. Due to the need of multiple p-devices for 
load, additional layout area and interconnects are required for CMOS logic 
circuits. 

Alternatively, one can use pseudo NMOS logic or dynamic logic to avoid 
these disadvantages. In a pseudo NMOS logic, only a single p-channel FET 
with its gate connected to Vss is used as the load for multiple input logic. 
This layout is similar to an NMOS logic design with then-load device changed 
to a p-channel device. As in NMOS logic, this type of design requires ad­
equate K ratio and draws static power when the n-channel input is pulled 
down. The advantage is the elimination of body effect because the pMOS 
source and substrate are fixed at V vv· 
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Figure 4.11 (a) NAND and (b) NOR gates implemented by CMOS and NMOS 
technologies. 

4.5 DYNAMIC CMOS LOGIC 

Dynamic CMOS logic has also been used for reducing multiple p-channel 
load devices. As shown in Fig. 4.15, the output node Z is precharged high 
by the p-channel FET when the clock ( <1>) is low. Z is conditionally discharged 
to low when<!> is high, thus turning on the evaluate nMOSFET. Hence the 
n-channel input logic is evaluated. Cascading this dynamic logic, as shown 
in Fig. 4.16(a), may cause a problem. During the precharge cycle, output 
nodes at both stages (Nl and N2) are charged high. Before completely 
evaluating the first gate, Nl can discharge the output of the following gate 
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Figure 4.12 (a) NAND and (b) NOR gate layouts using CMOS and NMOS technologies. 
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Figure 4.13 An AND-OR-INVERT (AOI) CMOS circuit: (a) logic; (b) NMOS; 
and (c) CMOS. 

(N2 here), resulting in an erroneous state. This problem can be avoided by 
using multiple clocks or incorporating a CMOS inverter at the output of each 
logic gate, also known as domino logic. An example of domino logic is 
shown in Fig. 4.16(b), where the output node PZ is inverted to Z. During 
precharge, PZ is pulled up high, but Z is low. Thus, the input of the sub­
sequent logic gate is always turned off to avoid discharging its output. When 
the first gate is evaluated, PZ conditionally discharges, causing Z to go high 
for evaluating second st,age. This way, a single clock can precharge and 
evaluate all logic gates in a block. Only two p-channel transistors are needed 
for a block of these gates. However, because the inverter buffer can only 
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Figure 4.14 An OR-AND-INVERT (OAI) CMOS circuit: (a) logic; (b) NMOS; 
and (c) CMOS. 

make the output go from low to high, only positive logic is possible. Charge 
redistribution in this type of dynamic logic may also be a problem. 

Cascade voltage switch logic (CVSL) has been pr?posed to generate 
any logic expression. This differential type logic uses a pair of cross-coupled 
p-channelload devices in connection with two complementary n-channel input 
logic structures. As shown in Fig. 4.17(a), when the inputs switch, Q is 
pulled high or low, and Q is then low or high. Positive feedback causes 
output to switch. A dynamic version of the CVSL logic is basically two 
domino gates operating in a complementary mode as shown in Fig. 4.17(c). 
Although this kind of logic can generate all logic functions, it suffers from 
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Figure 4.15 Dynamic CMOS logic (Ref. 3). 

the additional routing that is needed for the complement gates, hence extra 
devices, layout area, and interconnections. 

4.6 CMOS RAMS 

Random access memories (RAMs) have always been the major driving force 
of MOS technology because of their requirements for high density, high speed 
and low power. In addition, because a memory cell is repeated many times 
for a memory array, a high payoff in shrinking chip area is apparent by using 
tight design rules and a compact cell layout. The large marketplace associated 
with RAMs is also another reason for their use. In the past, RAM size has 
doubled roughly every two-to-four years, and the price has dropped 20%-
30% per year. 

There are static and dynamic RAMs. Static memories (SRAMs) use 
a latch to store data and dynamic memories (DRAMs) store charge on a 
capacitor. In CMOS, a latch is commonly formed by two cross-coupled 
inverters, meaning the output of one inverter is connected with the input of 
the other. In addition, two nMOS pass transistors are tied at output nodes 
to read and write data. The schematic and layout of a six-transistor CMOS 
SRAM cell is shown in Fig. 4.18. During the write cycle, data (1 or 0) is 
placed on the bit line. Hence data is on the bit line. Then, when the word 
line is selectively turned on, data are written into the cell. To read data out, 
both bit lines are precharged high. Then, when the word line is selected, 
one of the bit lines is discharged through the corresponding pull-down tran­
sistor. 
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Figure 4.16 (a) Cascaded CMOS dynamic gates; and (b) domino CMOS logic 
(Ref. 3). 
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Voo 

BIT BIT 

GND 

(a) 

I Word 1-+--- n-well 

D Diff 

f2ZI Poly 

BIT 
:---· ___ , 

Metal 

r-· ._.J n-well 

GND 

(b) 

Figure 4.18 Six transistor CMOS SRAM cell: (a) schematic, and (b) layout. 

Once the bit line is pulled low, a differential output signal is generated, 
activating a sense amplifier as shown in Fig. 4.19. The gate of N3 is biased 
slightly above the threshold so that N3 is in saturation and acts as a constant 
current source with a total current Id and Id = Id1 + Id2 • Suppose the BIT 
is the one being pulled slightly lower-/d2 will then decrease to Id2 - ..1; Id1 

must be Id1 + A to maintain the total Id constant. Because the two p-channel 
FETs are load devices, the IR drop across P2 is less than that across Pl, 
yielding a differential output V0 • Two or more of these stages are often 
cascaded to provide fJJrther amplification. This sensing operation can be fast 
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Figure 4.19 A CMOS differential pair 
for the SRAM sense amplifier. 

because one of the BIT lines needs only to be discharged slightly to generate 
a small differential input. The differential amplifier, described here is also 
a necessary component for operational amplifiers, which are essential for 
building analog circuits. 

The pMOS load devices in a CMOS SRAM cell provide low power 
operation, however, at the expense of additional layout area when compared 
with an NMOS SRAM cell using depletion-mode nMOS FETs or megohm 
polysilicon resistors for load devices. The poly resistors can be made by a 
second level of polysilicon on top of the transistors. Enhancements on the 
six-transistor SRAM cell include dual-port SRAM, which is popular in micro­
processors and content addressable memory (CAM). Operations of these 
RAM cells are described elsewhere. 3 •

4 

The most often used memory cell in a DRAM is the one-transistor (1-T) 
cell as shown in Fig. 4.20. Even though other types of DRAM cells use 4-
or 3-transistor cells, the 1-T cell configuration is most attractive for high 
density mega-bit DRAMs. The cell consists of one pass transistor and one 
storage capacitor, forming very compact cell layout and repeating itself nu­
merous times for high density DRAMs. For the state-~f-the-art technology 
in Mbit DRAMs, roughly one million electrons are used to differentiate high 
and low states. For CMOS technology, holes can also store data if cell 
transistors are implemented by pMOSFETs. This scheme offers the advan­
tage of reduced substrate current because the hole impact ionization rate is 
much lower than that of electrons. Details of this advantage will be discussed 
in the next chapter. 

To write a cell, data is first placed on a bit line, then transferred into 
thecapacitor by the pass transistor. To read a cell, a bit line is precharged, 

\ 
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Single Transistor DRAM Cell 

Bit Line Bit Line 

Word- Line Word Line 

Plate I 

Plate 

p-Si 

Cross section Equivalent circuit 

Figure 4.20 One-transistor DRAM cell structure and equivalent circuit. 

then the word line is raised to pass charges from the storage capacitor to the 
bit line. Charge redistribution changes the voltage on the bit line of the 
selected cell. This voltage, when compared with the bit-line voltage from a 
dummy cell, results in a differential signal which in turn activates a sense 
amplifier. The sense amplifier amplifies the voltage difference to a full logic 
swing. In this read operation, the information in the selected cell is de­
stroyed. The information must be written back immediately. Due to the 
limitation of gain bandwidth product in the sense circuit, the stored charge 
level is critical to DRAM design. On the other hand, cell area is also precious 
because of the limited chip size for megabit memories. Innovative technol­
ogies such as the high-C cell, stacked capacitor, and trench capacitor have 
been developed to increase stored charge per unit cell area. 

Another constraint in signal charge is the signal degradation caused by 
alpha particles. These high-energy particles penetrate the silicon substrate 
for roughly 25 J.tm, generating a track of electron-hole pairs. Minority car­
riers, when collected by memory cells, can degrade signal levels, thereby 
resulting in soft errors. Low collection efficiency is therefore important in 
DRAM technology. As mentioned in Chapter 1, collection efficiency de­
creases drastically when DRAM cells are made in the well of a CMOS con­
figuration. Figure 4.2l(a) shows that for a given number of electron-hole 
pairs generated by alpha particle radiation, the probability of collecting mi­
nority carriers in DRAM memory cells is reduced by orders of magnitude 
when an n-well is used in a p-substrate. 7 The reverse biased n-well/p-sub­
strate junction offers a retarded field (Fig. 4.21 b) to stop the minority carriers · 
(holes in this case) from entering into the arrays built in the well. 
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EXERCISES 

1. Prove that CMOS inverter delay time is minimal if Lp = Ln and Wp = 
~wll" 

2. A CMOS inverter has the following dimensions: tax = 200 A; tpoiy = 3000 A; L, 
= Lp = 1 ~J-m; Wp = 2Wn = 10 ~J-m; ,_.,, = 21J-p = 600 cm2/V-sec; lov = 0.1 ~J-m; 
and, Vm = - V,P = 1 V. There are four 2 ~J-m-wide metal lines at the output 
node at a length of 250 !J-ill each. They are 1 !J-ill apart on a field oxide with 1 
!J-ill thickness. Estimate the Miller capacitance ( C"') and stray capacitance ( Cs), 
then calculate total delay time for charging and discharging the output node. 

3. If the p-channel device in the CMOS inverter described in Exercise 2 has a leakage 
current of 1 ~J-A when the gate is off, calculate the output voltage when its input 
is at 5 V. 

4. For a CMOS buffer made of an inverter chain with load capacitance of CL and 
internal inverter input capacitance of Cg, prove that the total delay is minimal if 
each inverter is larger than the preceding one by a factor of e, where e is the base 
of natural logarithms, and the number of inverters is ln(CjCg). 

5. An NMOS pass gate is connected by a 5 V clock voltage, a 5 V input voltage and 
the output load is 5 pF. The transistor. characteristics are: V1 = 0.5 V; W/L = 

10/1; tox=200 A; IJ-11 = 500 cm2/V-sec; and, the body effect coefficient (y) is 0.5 
V112

• What voltage level can the output reach in a reasonable charging time? 
What is the estimated charging time? 

' 6. For the pass gate in Exercise 4, if the subthreshold swing of this transistor is 100 
mV/dec and threshold voltage is defined at 1 ,..,A, and 'Y = 0, estimate the ad­
ditional time to charge the output to 5 V. 

7. What are the advantages and disadvantages of a domino CMOS logic in com­
parison with a static CMOS logic? Is n-or p-well a better technology to implement 
the domino logic? 
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This chapter discusses CMOS process technology, emphasizing process ar­
chitectures, meaning the masking sequences and overall process integrations, 
rather than individual process modules. First introduced is the relationship 
between a circuit layout generated by designers and a device cross-section at 
various key processing steps. Then various CMOS process architectures are 
described: p-well, n-well, twin-tub and retrograde well processes. Compar­
isons will be made between these different processes and their impacts on 
circuit performance will be discussed. Reasons for selecting a particular 
process architecture or process module will be presented in this chapter, and 
further explained in later chapters in conjunction with device design. CMOS 
devices built on sapphire and other insulators are also described. Finally, 
bipolar and CMOS integration, called BiCMOS, is discussed extensively. 
Bipolar device characteristics, BiCMOS operation, BiCMOS process tech­
nology and BiCMOS applications are all included in the discussion. 

5.1 PROCESS ARCHITECTURE 

A standard IC process involves transferring an IC layout to Si wafers. This 
process is normally done by printing IC layers from a set of masks through 
photolithography/ followed by subsequent processing such as etching, Im-

/ 
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plantation, diffusion, etc. The sequence of applying the photolithographic 
masks is important for the fabrication of devices and ICs. In general, a 
bottom-up approach (meaning the layers at the bottom are formed first) is 
used because the layers are stacked during IC processing. However, options 
exist in permutating the masking sequence and even the total number of 
masks. Trade-off commonly occurs between the number of masks and proc­
ess complexity. 

The art of defining mask count and sequence and overall process in­
tegration will hereby be referred to as process architecture. A process ar­
chitect is responsible for fabricating ICs by integrating the necessary process 
modules in the appropriate order. Mask counts, process simplicity and device 
performance are important considerations in establishing a good process ar­
chitecture. 

To establish a process architecture, the correspondence between the IC 
layout and device cross-section at any process step must be fully understood. 
A CAD program, SIMPL-2 (SIMulated Profiles from the Layout-Version 
2), has been developed1 for this purpose. Figure 5.1 shows an example for 
a CMOS process. The layout of a CMOS inverter and its corresponding 
cross-sections are generated by the SIMPL-2 program. The bold horizontal 
line on the layout is the user-specified "cut-line" along which a cross-sectional 
view is generated. 

A CMOS process architecture has to provide both n- and p-channel 
transistors on a Si wafer. As a result, various choices exist in defining the 
process architecture. Forming a p-well in ann-type substrate is one option, 

. or an n-well can be created in a p-substrate. Other alternatives are twin­
tub,2·3 retrograde-well,4 •5 and quad-well technology.6 Which one should be 
chosen for VLSI has been a controversial subject. 

One reason for the CMOS controversy is that two device types used in 
the technology perform differently, and at least one of them must be located 
in a well. As described in Chapter 2, an n-channel transistor delivers more 
drain current because electrons move faster than holes; however, unwanted 
substrate current in an n-channel device is also higher due to higher impact 
ionization. Figure 5.2 shows these two fundamental differences between n­
and p-channel devices. 7 The devices in the well suffer from higher junction 
capacitance and stronger body effect. Substrate current in the well is also 
harder to collect. A device technologist may think that if one type of device 
has to suffer from CMOS integration, it ought to be the better device (n­
channel in this case) to balance the performance between the two devices. 
A circuit designer, on the other hand, may want the better device to be 
maintained or further optimized and choose to avoid using the other type. 
One well-known example is the domino logic (described in Chapter4), which 
uses only one p-channel device for several n-channel transistors. Whether 
CMOS circuits should be made truly complementary depends on the per-
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Figure 5.1 (a) A CMOS inverter layout; and (b) cross-section simulated by SIMPL-
2 (Ref. 1). 
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formance difference between the two device types. The ratio of the p-channel 
saturation current to the n-channel saturation curren·t increases from 1/4 to 
1/2 when the devices are scaled to 1 J.tm [Fig. 5.2a] because electron and hole 
velocities start saturating to a common asymptote. Below that, the p-channel 
current approaches the n-channel current. 8•9 Thus the twin-tub approach, 
which discriminates neither n- nor p-channel devices, would be attractive. 
In the following sections, we will discuss all of these options and compare 
their pros and cons. 
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FUNDAMENTAL DIFFERENCE BETWEEN n-AND 
p-CHANNEL FET's 

tax= 25oA 
~ 

2 

(a) (b) 

Figure 5.5 Cross-sections, masking levels and associated processes of an n-well 
CMOS front-end process. 

5.2 P-WELL PROCESS 

Conventional CMOS was realized by putting n-channel transistors in a p-well 
formed by diffusing boron atoms into ann-type substrate. P-channel devices 
were made outside the well, in then-substrate. Figure 5.3 shows the layout 
masks and the corresponding device cross-sections of a typical p-well CMOS 
process. The first mask defines p-well regions by opening windows in an 
oxide masking layer. Boron atoms are introduced into these windows by a· 
shallow ion implantation followed by a high-temperature diffusion. A p­
type well with a depth of a few microns is then formed (Fig. 5.3a). A layer 
of nitride is then deposited and patterned to cover the active areas in which 
transistors are to be built. LOCOS. (LOCal Oxidation of Si) is used to grow 
a thick (0.5-1.0 ~-tm) field oxide among the active areas (Fig. 5.3b). After 
etching away the nitride layer, a thin gate oxide (200-500 A) is grown on the 
active areas as the gate oxide. A layer of polysilicon material is deposited 
and doped to n-type by phosphorus. The poly-layer is then patterned and 
reactive-ion-etched to form MOS gates for both n- and p-channel FETs (Fig. 
5.3c). To form source/drain (S/D) regions, a layer of photoresist is patterned 
to have large windows opened on one type of FETs, e.g., p-channel FETs. 
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Figure 5.3 Cross-sections and top views of a typical p-well CMOS process at all 
mask levels: (a) p-well mask; (b) active area mask; (c) poly gate mask; (d) p+ 
mask; (e) n + mask; (f)' contact mask; and (g) metal mask. . 
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Boron ions are implanted into the p-channel active areas forming p + source 
and drains (Fig. 5.3d). Poly-gates in the active areas block boron ions going 
to the channel region, resulting in p+ self-aligned to the poly-gates. 

A similar process is applied to form n + source and drains for n-channel 
FETs by implanting arsenic ions through ann+ mask (Fig. 5.3e), which is 
basically the complement of the p + mask. Following the stripping of the 
photoresist layer, a layer of oxide is Chemically Vapor Deposited (CVD) and 
contact holes are patterned and etched on gates, p + region, and n + regions 
to make electric contacts;(Fig. 5.3f). A layer of metal (normally aluminum) 
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n-substrate 

(e) 

n-substrate 

(f) 

p-channel n-channel 

n-su bstrate 

(g) 

Figure 5.3 Continued. 

is deposited and an interconnect pattern is defined. A low-temperature 
anneal ( 450°C) usually completes the CMOS process (Fig. 5 .3g). 

The entire process consists of seven masks in the sequence of: p-well, 
active area, poly, p +, n +, contact and metal. This sequence describes only 
a basic CMOS process. State-of-the-art CMOS technology often requires 
threshold-adjust and punchthrough-stop implants for the reduction of short­
channel effects. One or two more masks are commonly added after the 
definition of the active area. Double-level metal is another add-on for a 
VLSI process. A layer of CVD oxide is deposited on top of the first-level 
metal, then Via holes are patterned and etched. A second-level metal is 
then deposited, patterned, and annealed. It is also common industry practice 
to deposit a passivation layer and open windows over metal pad regions for 
wire bonding. These additional processes add up to a CMOS process with 
approximately a dozen masks. For <1 J.Lm CMOS processes, a lightly 
doped drain structure is often included to reduce electrical field at the 
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expense of more processing steps. Details of this process will be discussed 
in Chapter 6. 

5.3 N-WELL PROCESS 

Recent development has resulted in ann-well technology7•10 with a structure 
identical to Fig. 5.3g if n- and p-labels are interchanged in the figure. The 
idea is to make n-channel FETs in a low-resistivity p-type substrate rather 
than a more heavily doped p-well. N-channel devices formed by this CMOS 
process are equivalent to FETs produced by NMOS technology. Device 
design and process architecture for NMOS technology is therefore transfer­
able to this CMOS process. 

Process architecture is similar to p-well architecture with thy exception 
that phosphorus atoms are used to form n-wells in a lightly doped p-substrate. 
In addition, the field region outside then-wells should be doped to enhance 
isolation for n-channel FETs. This additional doping can be done with boron 
implantation before LOCOS. 11 The boron dose should be sufficiently high 
to offer high field threshold for n-channel transistors, but still low enough so 
that the boron concentration is fully compensated by the n-well dopants under 
the field oxide. Consequently, a reasonable field threshold for p-channel 
devices can be maintained. The finished CMOS device structure is shown 
in Fig. 5.4. 

Another alternative is to implant boron atoms only in the n-channel 
field region to avoid boron/phosphorus compensation. However, this process 
would require an extra mask and slightly larger layout area for maintaining 
the separation between then-well and the p-type channel stop. The process 
sequence for this architecture is shown in Fig. 5.5. Notice that then-channel 
field implant mask overlaps the actual n-well edge (Fig. 5.5b), which extends 
beyond the n-well mask edge due to lateral diffusion. Shallow implants for 
adjusting n- and p-channel threshold voltages are also included. 

n-channel 

p-type 
channel 
stop 

p-su bstrate 

p-channel 

Figure 5.4 Cross-section of a finished n-well CMOS structure with self-aligned p-
type channel stop. // 
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Figure 5.5 Cross-sections, masking levels and associated processes of an n-well 
CMOS front-end process. 

As shown in Fig. 5 .5( c), a p-well mask is added when boron ions (B +) 
are implanted to adjust then-channel threshold (V Tn)· The same implant or 
a second B + ion implant (III) increases the channel doping concentration so 
that punchthrough is prevented. This second implantation is often necessary 
for sho,rt-channel nMOS transistors built in a lightly doped substrate. A B + 

or BF2+ implant is also needed to adjust the p-channel threshold (V Tp) with 
or without a mask (the optional n-well mask in Fig. 5.5d). If the V Tp-adjust 
implant dose is less than what is needed for the V Tn to adjust, the V Tp-adjust 
implant can be made to both n- and p-channel areas with no mask needed. 
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The extra dose needed for the n-channel can be fixed at the V y
11
-adjust ion 

implant. The remaining process steps follow conventional MOS process. 

5.4 P-WEll VERSUS N-WEll 

Even though no process clearly wins today in selecting a technology, it is 
useful to know the pros and cons of the two distinct well configurations and 
their impacts on circuit applications. 

Present CMOS technology offers 1-2 J.Lm design rules. At these di­
mensions, n-channel devices, when compared with p-channel devices, provide 
about twice the driving current but almost four orders of magnitude more 
substrate current. 7 These fundamental differences arise from carrier mobility 
and the impact ionization rate (described in Chapter 2), and they affect 
technology selection in many ways. Another fundamental limit is that the 
doping concentration in the well has to be higher than in the starting substrate, 
thus resulting in higher junction capacitance and more body effect for devices 
made in the well. 

Material-related issues and process considerations serve as practical con­
straints. For example, epite1xy material types that have been used to reduce 
latch-up susceptibility have different implications. It has be~n sf!own that 
p-type epi grown on p+ substrate provides a longer (msec) minority lifetime 
than the case of n-epi on n + substrate, due to better intrinsic gettering. 12 

But, out-diffusion of p-on-p + is much more severe than that of n-on-n + 

because boron diffuses much faster than arsenic or antimony. From this 
point of view, DRAMs or other dynamic circuits should be built on p-on-p+ 
epi (meaning n-well technology), whereas static circuits ought to be made in 
n-on-n + epi (p-well) for sharper epi interface, hence better latch-up protec­
tion. 

It is also known that, during oxidation, boron segregates into oxide but 
phosphorus piles up at the silicon surface. This phenomenon and the fact 
that the oxide fixed charge is normally positive make the field region among 
n-channel transistors more sensitive to inversion problems. While a p-well 
process can use the well itself as ann-channel channel stop, ann-well process 
has the burden to produce separate p-type channel stops for n-channel devices. 
Moreover, if ion implantation is used rather than diffusion to form a well (a 
so-called retrograde-well), it is easier to form a p-well than an n-well because 
boron ions penetrate deeper than arsenic or phosphorus ions for a given 
implant energy. 

The choice of well type depends highly on circuit applications. For n­
MOS rich circuits, such as domino logic or cascade voltage switch logic, 13 n­
well technology, which allows n-channel transistors to be built in the substrate, 
should be chosen. On thy/other hand, the p-well approach may be a better 
choice for pure static logic to balance the performance of the two device 
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types. P-well also f<:tvors devices that require an isolated p-region, e.g., n­
channel PETs for analog input. 

In the case of RAMs, if alpha-particle induced SER (Soft Error Rate) 
is a major limitation in RAM scaling, the RAM cells ought to be made inside 
a well. For DRAMs, p-channel arrays in ann-well might be suitable because 
p-channel devices have low substrate current whereas the high substrate cur­
rent inn-channel devices can be easily sunk when they are in substrate. The 
p-channel speed disadvantage does not degrade DRAM performance greatly 
because DRAM sensing is limited primarily by the amount of charge stored. 1-1 

SRAM sensing is, however, different and it depends on current provided by 
the SRAM cell. Hence, high gain n-channel transistors are more desirable 
for pass gates and drivers in a cell. A cell should be put in a p-well for low 
soft error rate as described in Chapter 1. For high voltage applications, such 
as EPROM and EEPROM, ann-well is appropriate because sinking n-channel 
substrate current is critical. 

5.5 TWIN-TUB PROCESS 

The twin-tub approach forms two separate wells for n- and p-channel tran- . 
sistors in a lightly doped substrate. The complete device structure is shown 
in Fig. 5.6 in which the substrate can be either n- or p-type. The original 
claim for this structure was that doping profiles in each well could be set 
independently; hence both device types would be optimized. 2 In a single­
well scheme, the substrate doping concentration must be an order of mag­
nitude lower than the well concentration but meanwhile, must be high enough 
to prevent punchthrough for the devices made in the substrate. This claim 
is not always true, because state-of-the-art MOS technology uses a shallow 
implant to prevent punchthrough without raising the entire substrate doping 

n TUB 

p TUB 

v SUBSTRATE 

Figure 5.6 Twin-tub CMOS structure (Ref. 2). 
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concentration. In terms of lower junction capacitance and less body effect, 
this method acmally produces better devices than those attainable with the 
twin-tub approach. · 

1 ne major advantage of the twin-tub approach is the t1exibility of se­
lecting substrate type (nor p) with no effects on transistor performance; the 
latch up behavior however, will not be identical. This flexibility may be 
important in implementing designs with different applications. In addition, 
self-aligned channel stops can be easily implemented with this approach. 
Consequently, spacing between an n- and a p-channel device can be reduced 
for high density circuits. 

+++++++++++++++ 

n-or p-substrate 

(a) 

8+ 

t 
+ + + + + + + + + + 

Si02 
+++++++++ 

n-well 

n-or p-substrate 

(b) 

p-well n-well 

n-or p-substrate 

(c) 

t p+ 

(1} 
{2) 

{3) 
(4} 

Nitr1de mask 
Phosphorus 1m plant 

Oxidation and stnp nitride 
Boron implant 

(5} Well diffusion and strip oxide 

Figure 5.7 Twin-tub CMOS process. (a) p+ implant for n tub; (b) B+ implant 
for p tub; and (c) well diffusion for both tubs (Ref. 2, © 1980, IEEE). 
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Figure 5.7 shows the process sequence at the front-end of the twin-tub 
process. A layer of patterned nitride is used to mask a phosphorus implant 
for n-tubs. Subsequent to the growth of a masking oxide, the nitride layer 
is removed and the oxide is then used as a mask during boron implantation 
for p-tubs. With this method, n- and p-tubs are formed using only one mask. 
Moreover, the two tubs are mutually self-aligned. The remaining process 
follows active area definition using LOCOS and similar process steps de­
scribed for p-well process architecture. 

As CMOS technology advances to submicron dimensions, the twin-tub 
approach may become more attractive for the following reasons. Because 
the two device types perform similarly in the half-micron regime, it makes 
sense to provide symmetric n- and p-channel devices. 15 Because the doping 
concentration will be scaled up at these dimensions anyway, whether devices 
are made in the well or substrate makes only a marginal difference. Sub­
micron technologies such as trench isolation and epi substrate work well with 
the twin-tub approach. For example, trench sidewall inversion is less likely 
when both sidewalls are butted against highly doped wells. This problem 
will be discussed in Chapter 7. Moreover, when epi is used, this approach 
offers greater flexibility in choosing n-on-n + or p-on-p +, and even n-on-p + 

or p-on-n + if BiCMOS (bipolar/CMOS) chips are implemented. 

5.6 RETROGRADE-WELL PROCESS 

Conventional wells are formed by diffusion, which is an isotropic process, 
meaning impurity atoms diffuse laterally as well as vertically. Lateral dif­
fusion takes up Si area resulting in poorer packing density. High-energy ion 
implantation, when used for -yvell formation, provides minimal lateral spread 
because of the anisotropic nature of the implantation process. In a retro­
grade-well process architecture, wells are formed after active area definition 
and LOCOS. As a result, the lateral spread of the well is further minimized 
because the high-temperature LOCOS process is done prior to well formation. 
Figure 5.8 shows the cross-section of an implanted p-well in comparison with 
a conventional diffused well. 4 In this example, the implanted p-well is formed 
by boron implantation at 400-600 Ke V followed by a brief 30 min. anneal 
at 1000°C instead of a 20 hr. drive-in at 1100°C used for conventional well 
formation. Notice that the lateral spread associated with the p-well is greatly 
reduced. This decrease in spread has led a reduction of p +-to-n+ spacing 
from 12 f.Lm to 9 v-m. As a result, a 4K-bit CMOS SRAM was shrunk by 
25% in all linear dimensions using this process. 4 

Unlike a diffused profile in which peak concentration is always at the 
Si surface, the peak of the implanted profile is buried at a certain depth 
(depending on the implant energy) inside the Si substrate and the impurity 
concentration decreases as it approaches the Si surface. This type of profile 
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Figure 5.8 Formation of (a) conventional and (b) retrograde p-well CMOS struc­
tures (Ref. 4, © 1981, IEEE). 
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Figure 5.9 Comparison of conventional and retrograde p-well profiles (Ref. 4, 
© 1981, IEEE). 

is called retrograde profile, and the implanted well is often referred to as the 
retrograde well. Comparison of conventional and implanted p-well profiles 
are shown in Fig. 5.9. An n-type retn':>grade-well process has also been 
proposed using an even higher implant energy: 700 Ke V phosphorus. 16 As 
shown in Fig. 5.10, the process involves lifting-off a layer of evaporated Si 
film and using a Si/Si3N4 /Si02 multi-layer film as a mask. As a result, the 
p-type channel stop is self-aligned to then-well, but at the expense of process 
complexity. A simpler retrograde n-well process was recently demon­
strated.11 

Figure 5.11 shows the front end of the process. Similar to a standard 
nMOS process, nitride is used as a mask for blanket field boron implant and 
LOCOS. Next, a resist mask is used to implant phosphorus ions for n-well 
formation. Because the phosphorus concentration for the n-well portion 
underneath the field oxide is an order of magnitude higher than the boron 
concentrati<;m there, the resultant net impurity is n-type with 1017 em - 3 con­
centration. Quadruple-well structure6 uses two very shallow wells in the field 
region as channel stops in addition to the two relatively deep wells for active 
transistors. Both deep wells are retrograde. Figure 5.12 shows the process 
architecture in which liftoff is used. However, liftoff can be eliminated by 
using an extra mask. 

Micron Ex. 1024, p. 148 
Micron v. YMTC 
IPR2024-00909



700 KeV p++ 

PHOTO RESIST 

I I 
I n I 
\ ______________ ) 

p 

(a) 

( SILICON 

\ n I 
~-----------.../ 

(b) 

s+ s+ 

D D 
RESIST Si02 

f ( 
RESIST 

1
Si3 

SILICON I 
~-1 n }-< 
P'------------ p 

(c) 

'-;r--
p 

p 

(d) 

BF! 

D 
S. 0 "\__ / s. 0 "'\._.._::::::::::::::::===::.:::/ s i 02 

I 2 /" ~ I 2r ~ 
p ~ I p )\~~-

--\. n 1--
~-----------./ 

p 

(e) 

Figure 5.10 A retrograde n-well CMOS process. (a) High energy p+ + implant to 
form n-well with a resist mask; (b) the same resist is used to lift off Si; (c) the 
remaining Si and another resist mask are used to implant B+ for a p-type channel 
stop; (d) transfer of th.e resist mask to the underlying nitride; and (e) LOCOS and 
strip resist, then BF{ for channel implants (Ref. 16, © 1985, IEEE). 
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Figure 5.11 A simplified retrograde n-well process. (a) Nitride mask for active 
·area and blanket B+ implant for p-type channel stop; (b) photoresist mask for n­

well; and (c) high energy p+ implant and any additional shallow implants in the 
n-well (Ref. 11, © 1986 IEEE). 

The major benefit of retrograde-well processes is high packing density 
through the reduction of p +-to-n+ spacing. This approach is desirable for 
radiation-hard applications because of the need for high field threshold volt­
ages at a small isolation spacing and it is also scalable for half-micron tech­
nology. Other advantages are: 

(1) Providing a retarded electrical field that reduces the current gain of the 
vertical bipolar transistor. 

(2) Increasing conductivity at the bottom of the well, which decreases well 
resistance, hence enhancing latchup resistance. It also increases break­
down voltage of vertical punchthrough between the drain in the well 
and the substrate. 
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Figure 5.12 Fabrication sequence for quadruple well CMOS. (a) Define active 
area by oxide windows; (b) a thick, preferable 2-level photoresist mask for n-well 
implant; (c) evaporate and lift off a layer of AI; (d) implant B+ for p-wells; and 
(e) strip AI and follow standard processes to complete the CMOS structure 
(Ref. 6, © 1984 IEEE). 
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(3) Reducing junction capacitance and body effect if the implant energy is 
sufficiently high (approaching 1 MeV) to move the highly doped region 
away from the channel. · 

(4) Enhancing latchup immunity, because its low thermal cycle is more 
compatible with a shallow epitaxial layer, which is crucial for latch up 
resistance. 

These benefits will be. discussed in Chapter 8. Moreover, for BiCMOS ap­
plications, the highly conductive layer near the bottom of the retrograde well 
can also be used as a buried layer if bipolar devices are made in the well. 

Concerns for retrograde-well processes are the need for thick photoresist 
as a masking material for high energy implant, annealability of Si damage 
caused by high energy ions, and other practical considerations for high-volume 
production. Although the retrograde-well technology has been shown in 
laboratories, it should be mentioned that manufacturability has not been 
established in production due to the need of high-throughput implanters op­
erating at ion energies above 400 Ke V. 

5. 7 CHOICE Of PROCESS ARCHITECTURES 

In addition to considering process simplicity and device performance, the 
choice of a particular CMOS process architecture strongly depends on circuit 
applications. As described above, a p-well process may be desirable for 
SRAM design if alpha particle induced soft error is the main concern. On 
the other hand, for most logic circuits designed with Domino logic, ann-well 
approach is more suitable. The relationship between process choice and 
circuit design is summarized in Table 5.1. For analog circuits, high gain 
nMOS devices are preferred over pMOS devices. In addition, the substrate 
is often connected to the source to avoid body effect; therefore, isolated p­
wells are required. 

Process choice also relies on the historical development of a Si house; 
for example, a well-established NMOS facility may have chosen the n-well 
approach because all of the n-channel processes are portable, whereas an 

I 

established CMOS manufacturer may maintain its original p-well technology 
so that existing designs can be used. Scaling of CMOS to half-micron di­
mensions may make twin-tub or retrograde-well technologies more attractive 
for the reasons previously mentioned. 

5.8 SOS TECHNOLOGY 

All of the process architectures described so far are based on bulk CMOS 
technology from which most CMOS ICs are fabricated. However, another 
CMOS technology involves making circuits on a sapphire instead of a silicon 

\ 
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TABLE 5.1 Relationships Between CMOS Technology Choice and Circuit Design 

Technology Impact 
Consideration on Design p-Well n-Well Twin-Tub 

Optimizing nMOS 
nMOS rich, 

dynamic j 
performance 

circuits 

Balancing nMOS and pMOS 
Static 

1 
j 

performance 

Sinking substrate current 
DRAM and 

caused by impact 
E 2PROM 

j 
ionization 

Collecting a-particle-induced RAM cells in a 
j j j 

carriers well 

Using low (ub FETs for 
DRAM cells j 

memory arrays 

Using high-gain drivers and 
pass gates 

SRAM cells j 

Eliminating body effect Analog input j 

Switching substrate type Design f1exibility j 

Scaling down to submicron Future VLSI j 

Using epi: nln + Latch-up-free j 

pfp+ DRAM j 

Using trench isolation j j 

Using retrograde well High density j 

Integrating bipolar on 
BiCMOS j j 

CMOS chip 

Using well-established 
Existing designs j 

CMOS technology 

Modifying existing nMOS 
j 

nMOS process compatible 

substrate. Sapphire is an insulating material with its lattice sufficiently matched 
to silicon so that silicon can be epitaxially grown on the sapphire substrate. 
This structure, referred to as silicon on sapphire (SOS), offers some unique 
advantages for CMOS technology, especially for military and aerospace ap­
plications. 

Micron Ex. 1024, p. 153 
Micron v. YMTC 
IPR2024-00909



138 CMOS Process Technology Chap.5 

In a CMOS/SOS process, sapphire wafers with a thin (0.3-0.5 11-rri) Si 
epi layer are commonly used as a starting material. Most IC facilities pur­
chase them from SOS wafer suppliers. SOS wafers in general are smaller in 
size (2-3 inches in diameter) and cost much more than bulk Si wafers. Crystal 
defects also exist at or near the Si/sapphire interface and techniques such as 
solid-phase epitaxial re-growth 17 have been attempted to improve SOS ma­
terial quality before IC processing. 

As shown in Fig. 5.13, a CMOS/SOS process normally starts with making 
Si islands by etching grooves down to the sapphire substrate. These islands 
are made on the insulating substrate and separated by air. Using ion im­
plantation with photoresist masks, p- and n-type islands are formed for n-

Island 
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\ ( ) ( 

( B+ 1/1 

t jph,L~l t t 
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'-- p-type ( 
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Figure 5.13 CMOSISOS island process. (a) Island definition by etching Si; (b) 
B+ III for nMOS; (c) p+ III for pMOS; (d) Poly gate definition; (e) As+ III for 
nMOS SID; (f) B+ III for pMOS SID; and (g) contacts and metal to complete the 
process. 
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and p-channel MOSFETs, respectively. Subsequent process steps are similar 
to the bulk CMOS process discussed in Sec. 5.2. An obvious advantage of 
this process is that MOSFETs are nicely isolated with a minimum of isolation 
spacing. However, the corresponding topography has made step coverage 
of poly or metal lines over the island edges difficult. An alternative is to use 
a nitride mask for partial Si etching (Fig. 5.14a) and recessed LOCOS. This 
process results in a planar structure at the expense of the LOCOS-induced 
bird's beak. The remaining process steps again are identical to a standard 
CMOS process. Both process architectures require a minimum of eight masks 
consisting of: active area, p-island, n-island, poly-gate, n +, p +, contacts and 
metal. 

In addition to the advantage of device isolation provided by the insu­
lating substrate, SOS offers several other benefits. First, latchup does not 
exist because there is no pnpn path in SOS. Second, because its SID regions 
are located directly on the sapphire substrate, junction capacitance and soft 
error are minimized. Third, with the thick (300 f.Lm) insulating substrate, 
metal to substrate capacitance is low. Finally, the corresponding process can 
be simpler because neither well nor channel stop is needed. 

Several disadvantages are associated with this technology in addition to 
the wafer size and cost previously mentioned. Crystal defects at the Si/ 
sapphire interface always produce lower electron mobility in SOS, even though 
its hole mobility is comparable to that of bulk Si. Moreover, higher leakage 
current is normally observed in SOS due to the parasitic back-channel FET 

/Locos 
,I oxide 

~''f''''''''''"'"~'f"''"'''''''~ 
Island 

(b) 

Figure 5.14 CMOS/SOS isoplanar process. (a) Nitride mask for active area, then 
etching half of the Si layer away; and (b) LOCOS oxidation to form recessed (i.e., 
planar) field oxide. 
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formed at the Si/sapphire interface. 18 SOS island sidewalls are another source 
of leakage. These leakage problems will be discussed in Chapter 7. Lower 
mobility degrades circuit speed and higher leakage reduces noise margin and 
increases power dissipation. New techniques have been sought to reduce 
SOS defect density; however, difficulty increases with the thinner SOS films 
that are desirable for making short-channel transistors. 
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Figure 5.15 Interconnect capacitance vs. line/space size for bulk and SOS tech­
nologies. co is the metal to substrate capacitance; cl and c2 are the metal line to 
nearest and to next nearest neighboring metal line capacitances, respectively; and 
Cr is the total interconnect capacitance. F is the width of the metal line, and line 
space = line width. 
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Another problem is related to the parasitic capacitance of metal inter­
connects. In spite of the lower metal-to-substrate capacitance (Co) when 
compared with bulk Si, SOS has higher metal-to-metal capacitances ( C1 and 
C2 in Fig. 5 .15) because the high dielectric constant of sapphire (£sapphire = 

11, £oxide = 3.9) provides a stronger capacitive coupling between metal lines. 
This inter-metal capacitance becomes a dominant capacitance as the metal 
lines and spacings are scaled down for VLSI interconnects. Consequently, 
as shown in Fig. 5.15, the total interconnect capacitance in SOS is comparable 
or higher than that of bulk for one-micron CMOS circuits. 19 Additionally, 
because the interconnect capacitance is dominant in total parasitic capacitance 
for VLSI, one-micron SOS circuits do not have a speed advantage over their 
bulk counterparts. Table 5.2 shows a checklist of various considerations for 
VLSI circuits in favor of CMOS/SOS, bulk CMOS or basically no difference. 

TABlE 5.2 Comparison of SOS and Bulk Si Technologies in Various 
Considerations 

Favoring Favoring 
Considerations sos Bulk No Difference 

Density X 

Isolation and latch-up X 

Radiation hardness X 

Capacitance to Sub. X 

Soft error X 

Leakage X 

Noise margins X 

Mobility X 

Substrate defects & floating X 

sub. 

Materials cost/availability X 

Inter-wire capacitance X 

Total parasitic capacitance X 

VLSI speed X 
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5.9 SOl TECHNOlOGY 

Insulating substrates other than sapphire have also been used for fabricating 
CMOS ICs, commonly referred to as silicon-on-insulator (SOI) technology. 
In this technology, a crystalline Si film is grown on a layer of oxide or nitride 
formed on Si wafers. The idea is based on inexpensive and readily available 
substrate. Furthermore, the use of stacked, thin films opens the potential 
of three-dimensional ICs. Many SOI techniques such as dielectric isolation 
with substrate removal, 2° Full Isolation by Porous Oxidized Silicon (FIPOS), 21 

Silicon IMplanted with OXygen (SIMOX),22 Epitaxial Lateral Overgrowth 
(EL0),23- 25 and polysilicon recrystallization26 have been proposed. Those 
that are important for CMOS ICs will be discussed in this chapter. 

5.9. 1 Epitaxy on Insulator 

In the SIMOX process shown in Fig. 5.16, high-dose, low energy oxygen 
or nitrogen atoms are implanted into a Si substrate. At a subsequent high­
temperature anneal, these atoms react with Si forming an Si02 or Si3N4 film 

0 (OR N) 
IMPLANT 

-------'-·-- -----~---

Si-SUBSTRATE 

(a) 

~~~~~~~~~~W_2~--------) SINGLE-CRYSTAL Si 

~~~;;~~ 
(c) 

Figure 5.16 Si Implanted OXygen (SIMOX) process. (a) Implant 0 or N into Si 
substrate; (b) anneal to Si02 or Si3N4 under a thin layer of Si; and (c) grow additional 
epi Si layer. 
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buried in, but near, the surface of the Si substrate. The thin single-crystal 
Si layer above the insulator is then used as a seed for growing a thicker Si 
epi-layer. Good electrical characteristics have been obtained for CMOS 
devices and circuits built on implanted-buried nitride27 and oxide28 wafers 
(Fig. 5 .17). Leakage current is not excessive but still higher than bulk CMOS, 
especially at high drain biases. The throughput of implanting oxygen or 
nitrogen to achieve atomic concentrations at 1018 or 1017 em - 3 has been a 
practical concern. The application of this technology for VLSI was recently 
made possible through the demonstration of a 4 K bit CMOS SRAM. 29 In 
this work, 18 wafers were implanted in 6.5 hours through the use of a high 
current implanter. 

Figure 5.18 shows the process steps for lateral epi growth over oxide. 24 

A Si epitaxial layer is grown around the Si02 island and laterally expanded 
over the island. A conventional epi reactor can be used for this process, 
thus no new equipment is needed. pMOSFETs made with this technique 
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Figure 5.17 Subthreshold characteristics for MOSFETs made by SIMOX proc­
esses. (a) ApMOSFETon buried nitride (Ref. 27, © 1983, IEEE); and (b) CMOS­
FETs on buried oxide (Ref. 28, © 1985, IEEE), channel width is 10 j.l.ffi and V Ds 
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have shown characteristics similar to those in bulk devices. 24
•
25 However, 

minority lifetimes for the ELO materials were found to be an order of mag­
nitude lower than those of bulk control wafers. The process is still in al) 
early stage. I 
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(b) 

Figure 5.18 Process for Epitaxial Lateral Overgrowth (ELO). (a) Define a seed 
pattern by etching window in an oxide layer; (b) vertical epi growth from the seed 
windows; (c) lateral epi overgrowth; and (d) epi growth completed (Ref. 24, 
© 1983, IEEE). 

5.9.2 Recrystallization of Polysilicon 

145 

Another SOl technique that has received considerable attention is the 
recrystallization of polysilicon film. This technique involves recrystallizing, 
or at least enlarging the grains, of a polysilicon film by scanning a heat source 
over the film (Fig. 5.19). 30 Heat sources used for this purpose include lasers, 
electron beams, graphite strip heaters, and incoherent light sources. 

CW laser scanning has been effective in forming larger poly grains. The 
laser scans a small energy spot at a very short (msec) radiation time. The 
advantages are rapid heat dissipation and self-limiting energy absorption. 
Thus, disturbance of devices beneath the SOl layer is minimal. The disad­
vantages are low throughput and difficulty in producing large-area, single­
crystal films. It normally needs a capping layer to control the amount of 
energy absorption and minimize surface-tension effects. 

Electron beam scanning is less sensitive to the capping material and its 
thickness. It also offers higher power density and can emulate a line source 
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Figure 5.19 Schematic of a scanning heat source for large-grain polysilicon growth. 

by scanning the beam rapidly (MHz rates) in the x direction and moving 
slowly (10 em/sec) in they direction. Grains as large as 50 x 120 f-Lm2 have 
been achieved with this techniqueY Higher throughput is expected, but 
commercial equipment is not readily available. Charging of the insulating 
substrate and e-beam radiation damage are other concerns. As shown in 
Table 5.3, CMOSFETs fabricated in laser ore-beam recrystallized films are 
superior compared to those made in as-deposited poly films and their mobility 
values approach those of bulk Si. 30 

Black body radiation from a strip heater has produced large-area single 
crystals in which CMOS devices comparable to bulk devices have been dem­
onstrated.32 A sample is first heated to a high background temperature, then 
a moving line source produced by the strip heater melts poly-Si films and 
provides lateral epitaxial growth (Fig. 5.20) at a high throughput. The cor­
responding high substrate temperature and long radiation time (seconds) 
however tend to destroy the devices in the substrate. Contamination from 
graphite is another consideration. Incoherent light sources such as arc lamps 
are probably cleaner than graphite heaters, but only offer limited power. 

TABLE 5.3 Characteristics of MOSFETs Fabricated in Single-Crystal Si 
and in Poly Si (Ref. 30, © 1982, IEEE). 

n-Channel p-Channel 

Mobility VI Mobility VI 
( cm2/V -sec) (V) ( cm2/V -sec) (V) 

Single-crystal 670 1 180 -1.5 
silicon 

Recrystallized >300 1-2 >120 -2 
polysilicon 

Fine-grain ~10-20 10-20 ~20 -10 to -20 
polysilicon 
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Figure 5.20 Schematic of zone-melting recrystalization technique. 

5.9.3 CMOS/SOI for 3-D Integration 

SOl technology opens up the possibility of fabricating devices in more 
than one layer, leading to three-dimensional (3-D) integration. In principle, 
this integration will overcome the shortcoming of the poor packing density 
associated with CMOS and take the advantage of its low power characteristic, 
which is absolutely needed in a 3-D lC. Combining CMOS with SOl has 
the potential of offering a high-density and low-power technology for fu~ure 
VLSI. However, many technological barriers exist in forming an lC with 
multiple layers. 

As previously discussed, laser or e-beam recrystallization seems more 
likely in making 3-D ICs because this technique does not greatly disturb the 
underlying devices in terms of dopant diffusion and oxide damage. A CMOS 
inverter with one type of FET in the SOl layer and another type in the 
substrate has been demonstrated using laser recrystallization. The CMOS 
inverter has two different configurations. 33 The first employs the idea of 
flipping the p-channel FET on top of then-channel with a two poly gate joint 
(Fig. 5.21a). This Joint-gate MOSFET (JMOS) has been successfully dem­
onstrated. 34 However, the difficulties in making the top MOSFET with self­
aligned SID and forming a good SOl layer on a thin gate oxide have made 
this structure hard to scale for VLSI. The second configuration is to simply 
stack one FET on top of the other with an insulator in between (Fig. 5.2lb ). 
Although one more poly layer is used, the difficulties of JMOS formation do 
not exist. The corresponding process is also more controllable. The stacked 
structure has been realized with laser33 and e-beam recrystallization. 35 
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Figure 5.21 Schematic cross-sections of a 3-D CMOS/SOI inverter: (a) Joint-gate 
(JMOS) type; and (b) stacked type (Ref. 33, © 1983, IEEE). 

To date, a l.lK gate array36 and a 256 bit SRAM37 have been dem­
onstrated for 3-D CMOS)SOI. The 8K bit parallel array multiplier in the 
gate array exhibits complete operation. The 256-bit SRAM is configurated 
with the NMOS memory cells in the bottom layer and the CMOS peripheral 
circuits in the top layer as shown in Fig. 5 .22. Complete memory operation 
including the intralayer and interlayer data transfer has been demonstrated. 
Both these circuits were fabricated with a laser recrystallized SOl layer. An 
even larger circuit, a 64K SRAM, was demonstrated38 using p-channelloads 
made in a non-crystallized polysilicon SOl layer. The as-deposited polysil­
icon was hydrogen passivated rather than beam recrystallized for manufac­
turability. Although the p-channel polysilicon FETs had low mobility, the 
resultant CMOS configuration provided lower static power than that of a 
conventional NMOS RAM with poly load resistors. On the other hand, SOl 
advantages such as latchup free, high density, high alpha-particle immunity 
also existed in this structure. 

Despite the fact that sizable CMOS circuits have been demonstrated in 
two-layer SOl, 3-D VLSI using CMOS/SO! technology has a long way to go 
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Figure 5.22 Circuit diagram of a 3-D static RAM (Ref. 37, © 1986, IEEE). 
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for production. A reliable and high-throughput recrystallization process for 
SOl layers is needed. Intra- and inter-layer interconnection with planari­
zation must be developed. High yield, fast turn-around and redundance 
circuits are other concerns for VLSI fabrication. 

5.10 BIPOLAR/CMOS INTEGRATION-BiCMOS 

As described in Chapter 1, CMOS offers low power which is attractive for 
VLSI, especially in digital applications. However, the speed of CMOS, 
although comparable with NMOS, is slower than what bipolar can provide. 
It is particularly true when heavy-loading or long interconnects need to be 
driven. A bipolar transistor not only can deliver a large current, it also has 
well-controlled turn-on voltage, good noise margin and small logic swing for 
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ECL (Emitter-Coupled Logic). ECL also provides a high speed sense am­
plifier for static RAMs. All these advantages make it suitable for high speed 
circuits and analog applications. Its major disadvantages are: high power, 
poor density and limited circuit options. 

BiCMOS technology is the integration of bipolar and CMOS devices 
on a single chip. The intent is to offer high density, low power CMOS arrays 
with high speed bipolar drivers. It can also provide analog and digital system 
integration on the same chip. With BiCMOS, the advantage of high density 
and low power in CMOS can be combined with the speed advantage offered 
by bipolar. Other improvements include ECL and TTL (Transistor Tran­
sistor Logic) interface, high speed I/Os, less sensitivity to fan-out and output 
load, reduced clock skew and improved internal gate delay. Because bipolar 
devices offer more current driving ability, for high speed applications, Bi­
CMOS does not have to be down-scaled as much as CMOS. One-to-two 
micron BiCMOS can offer circuit speed as high as submicron CMOS. Con­
sequently, the 5 V power supply can be maintained and submicron process 
needs are not as high. The major drawbacks to BiCMOS are higher cost 
and longer fabrication time. 

5.1 0.1 BiCMOS Operation 

Figure 5.23 shows a BiCMOS inverter. When the input (Vin) is low, 
both NO and N1 are off but the p-channel device is on and the base of the 
upper npn bipolar rises to V BE and above, turning the bipolar on and pulling 
the vout up to v DD - v BE· When the input (Vin) is switched to high, Q1 is 
cut off, and so is N2; but N1 is turned on and the base of the lower npn 
bipolar is charged (Vout) to VBE' turning the bipolar on and pulling the output 
voltage (V0 ) down to VBE· 

Because the BiCMOS output does not swing the full rail (V DD to ground), 
the superior noise margin and zero static power dissipation inherent in CMOS 
are not fully maintained. As the output is pulled down, vout goes to v BE; 
although Vout eventually can be discharged below VBE' it would take an 
unreasonably long time. For practical cases, the BiCMOS output does not 
go to ground, noise margin is therefore degraded and when it drives to another 
CMOS input gate, power dissipation for the CMOS gate is slightly increased. 
The amount of power dissipation depends on the threshold of the n-channel 
FET in the CMOS input gate. If 1 f-lA is used to define the threshold voltage 
(Vr11 ), the static current dissipated at then-channel FET of the CMOS gate 
can be approximated as 

(5.1) 

where v Tn is the n-channel FET threshold voltage and st is the FET subthres­
hold factor in mV per decade as described in Chapter 2 (Eq. 2.36). The 
static power dissipation of the CMOS gate, which is proportional to ID, can 
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Figure 5.23 Circuit schematic of a BiCMOS inverter. 

be reduced by increasing the threshold voltage and decreasing subthreshold 
swing. However, too high a threshold voltage results in lower current driving 
ability, hence poorer circuit speed. As an example, if V Tn = 0. 7 V, Sr = 
100 mY/decade, then lv ~ 1 f..lA because V8 E ~ 0.7 V. If Vrn is raised to 
1 V, then I v ~ 1 nA, an improvement of three orders of magnitude in power 
dissipati_on. 

Figure 5.24 shows delay time for the BiCMOS inverter plotted versus load 
capacitances (CL). 39 Notice that the speed improvement is greater as the load 
capacitance becomes larger. This improvement is due to_ the fact that a bipolar 
device normally delivers much more current than a MOS device. Therefore, 
compared to CMOS, bipolar or BiCMOS is less sensitive to the output load 
capacitance. In first order approximation, the slope of the line is roughly 

SL tpd/CL = Q/(hCL) = Vo/JL 

V0 1Iv for the CMOS case (5.2) 

V0 1lc = V0 1((318 ) for the BiCMOS case 
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Figure 5.24 Propagation delay versus load capacitance (Ref. 39). 
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where 0 is the charge stored at the load capacitor, V0 is the output voltage, 
and IL is the output current, which is the drain current (JD) for the CMOS 
case, and is the collector current (Jc) in the BiCMOS case. Although ID and 
Ic are geometry-dependent, i.e., ID cc WI L and Ic cc IE cc A£, the bipolar 
current Ic in general is much larger than the drain current ID of a FET of 
similar size. So, for gates that need to drive a heavy load (>0.5 pF), BiCMOS 
is faster for a factor of two or more. For a very small load ( <0.1 pF in this 
example), the BiCMOS circuit is actually slower because it takes time to 
charge additional bipolar junction capacitances. In integrated circuits, a large 
fan-out normally corresponds to a high load capacitance. Compared to bi­
polar for the same fan-out, CMOS has a larger load capacitance to drive due 
to the higher input capacitance. As shown in Fig. 5.24, delays for CMOS 
inverters increase as 1.28 ns/pF and this loading effect decreases to 0.58 and 
0.36 ns/pF for BiCMOS inverters with two different emitter areas. Notice 
for fan-out greater than 2, the BiCMOS inverters run faster than the CMOS 
inverter. 

Slightly more complex BiCMOS logic such as NAND and NOR gates 
are shown in Fig. 5.25. Again, only two bipolar devices are used in spite of 
the increase in FET counts. With respect to the total device count and extra 
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Figure 5.25 Schematics for: (a) NAND; and (b) NOR BiCMOS circuits. 

layout area, the penalty of adding bipolar drivers on a CMOS logic circuit is 
reduced as the CMOS circuit component becomes larger. 

5.1 0.2 Bipolar Device Characteristics 

In this section, one-dimensional bipolar device operation is discussed. 
Important device characteristics and relevant process parameters are also 
described to provide a background for the discussion of BiCMOS technology. 

Shown in Fig. 5.26 are the cross-sectional view of an npn bipolar tran­
sistor, its corresponding one-dimensional representation and the impurity 
doping distribution. It is a three terminal device with a heavily doped n­
type emitter that emits current, a lightly doped n-type collector that collects 
current and a p-type base region. As shown in Fig. 5 .26(b), it is like two 
p-n junctions connected back-to-back, but the p region is very narrow. Dur­
ing normal operation, the emitter-base pn junction is forward biased and the 
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Figure 5.25 Continued. 

collector-base junction is reverse biased. A transistor biased under this con­
dition operates in the so-called active region. Under forward bias, the emitter 
current (IE) is caused by the diffusion of electrons from then+ emitter to the 
p-type base (INE) and the diffusion of holes from the base to the emitter (IPE)· 
The current components governed by diffusion are 

INE = AEqDns dn~/dx = AEqDns n~(O)!Ws 

IPE = AEqDpE dp~ldx = AEqDpE p~(O)/WE 

IE= INE + IPE 

(5.3a) 

(5.3b) 

(5.3c) 

assuming W 8 and WE are very small so that linear approximation can be 
applied. AE is the emitter area, Dn and Dp are the diffusivities for electrons 
and holes, n~ and p~ are the excess minority carrier concentrations in the 
base and emitter regions due to injection under forward bias at the emitter-
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Figure 5.26 An npn bipolar transistor: (a) cross-section of an npn transistor; (b) 
One-dimensional representation; and (c) Impurity doping distribution in one di­
mension. 
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Figure 5.27 Excessive minority carrier distribution in a one-dimensionalnpn tran­
sistor. 

base junction. They are calculated as 

nk(x) = ns(x) - nso = ns0[exp(qVsEikT) 

p~(x) = PE(x) - PEo = PEo[exp(qVsEikT) 

1] at x 0 

1] atx=O 

(5.4a) 

(5.4b) 

where ns and PE are the minority carrier concentrations, nso and PEo are the 
minority concentrations at equilibrium, and V BE is the forward bias emitter­
base voltage. Figure 5.27 shows the distribution of minority concentrations 
in the base and emitter regions. The slopes of the curves correspond to 
current values. The excess electron concentration reaches zero at the base­
collector junction because the junction is reverse biased and the electric field 
in the depletion region across the junction sweeps carriers away. Notice that 
nk(O) is much larger than p~(O) because pn = n'f and the majority carrier 
concentration (i.e., the doping concentration) in the base is much less than 
that in the emitter. As a result, lp£ << INE· The ratio of the current injected 
into the base to the total emitter current is defined as emitter efficiency ( 'Y e) 
and is expressed as 

'Ye = JNE/(JNE + fp£) - 1 - fp£/JNE 

= 1 - [DPp~(O)Ws]I[WEDnnk(O)] 
(5.5) 

Using Einstein relation (D = ~-tkT/q), the above equation can be written as 
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where Ps and nE are majority carrier densities in the base and the emitter. 
p s W s is the total majority charge in the base and is called the Gummel 
number. The higher the Gummel number, the lower the emitter efficiency. 
RsE and Rss are the sheet resistances for both the emitter and base, respec­
tively. Because typical values of RsE and Rss are tens and thousands re­
spectively' 'Y e is close to but less than unity. 

Not all injected electrons are collected at the collector. Some of them 
are recombined in the base region and the portion which reaches the collector­
base junction is defined as the base transport factor (T): 

INc (dnsldx)x=Ws 
T = - = ---------"' 

INE ( dnsldx)x=O 
(5.7) 

Solving the diffusion equation for ns with boundary conditions, the above 
equation can also be shown as40 

T = (CoshWsiLns) 1 

= 1 - W~/(2L~s) since W R << LnB 
(5.8) 

where L 11 s is the diffusion length of minority carriers in the base. Lns = 

(D 11'T,z)i12 where 'T11 is the minority lifetime. 
Because the collector-base junction is reverse biased, the total collector 

current (Jc) is approximately equal to INc assuming the junction leakage 
current is negligible. The common base current gain (ex) can then be written 
as 

Ic INc INE 
a = - = -- = T'Ye = [1 - W~/(2L~s)](1 - RsEIRss) (5.9) 

IE INE IE 

Again, a is typically slightly less than one. 
Based on Eqs. 5.3a and 5.4a, the current driving ability is 

(5.10) 

The denominator is the Gummel number. The numerator indicates that the 
current of a bipolar transistor is exponentially dependent on the voltage across 
the emitter-base junction. In reality, because of theIR drop from the base 
contact to the emitter-base junction (Figure 5.26a), the_ VsE term in the above 
equation should be replaced by VsE - IsRs. 

The Ic versus VsE curve is known as the Gummel plot. Figure 5.28 
shows experimental data for Ic and Is versus VsE plotted linearly and semi­
logarithmically. Notice that the curve in Figure 5.28(b) is steep and a turn­
on voltage at about 0.7 V can be defined. A larger emitter area, a narrow 
base and/or a lower base doping concentration can increase bipolar current 
driving ability. However, a narrow base or a low base doping concentration 
can cause significant base width modulation, an undesirable effect similar to 
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the short-channel effect in MOSFETs. This base width modulation, known 
as Early effect, leads to increased output conductance for the bipolar tran­
sistor. 

The base doping concentration should be much higher than the collector 
doping concentration so that most of the depletion width extends to the 
coilector region to minimize Early effect and to maintain sufficient collector­
base breakdown voltage (BV cso) and collector-emitter breakdown voltage 
(BV cEo). However, a lightly doped collector gives a high collector resistance 
(Rc), resulting in a reduced current at a given bias condition. A common 
way to accommodate both high breakdown and low collector resistance is to 
use a heavily doped buried layer (Fig. 5.26a) under the lightly doped collector 
region so that Rc can be greatly reduced. 

The common emitter current gain ((3) is defined as Ic/18 and equals 
(Y/(1 - (Y). Depending on (Y, (3 values range from tens to hundreds. The 
higher the (Y, the higher the (3. From Eq. 5.9, it is clear that narrow base 
width, low emitter sheet resistance and low Gummel number in the base can 
all increase the common emitter current gain. Again, the Gummel number 
cannot be too low due to the limitation in output conductance and breakdown 
voltages. 

While current gains are important DC parameters, transit time ( 7t) is 
important for high frequency operation. 7t is the time needed for the carriers 
to travel across the base region. It can be approximated by 

7t = W8 1<v> (5.11) 

where v is carrier velocity and < ) means average value. Because 

lc = AEq<nh)<v> = AEq<v)nk(0)/2 (5.12) 

and 

lc:::::: INE = qDnAEnk(O)IW8 

equating Eq. (5.12) and (5.13), 

(v) = 2Dn/W s 
and 

can be obtained. 

(5.13) 

(5.14) 

(5.15) 

The above derivation, based on the concepts of average velocity and 
average minority carrier concentration, is at best an estimation. 7t is also 
the time required to remove all minority carriers from the base when the 
emitter-base voltage (VsE) switches to zero. It is interesting to note that 
7,Jrr = (3. The reciprocal of the transit time corresponds to the frequency 
limitation for the operation of a bipolar transistor. In reality, even before 
the operating frequency reaches 117n current gain decreases at high frequen-
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cies due to additional RC time constants associated with parasitics. The 
cutoff frequency fr, defined as the frequency at which the common emitter 
current gain is unity, is an important parameter for high frequency operations. 
f r can be expressed as41 

(5.16) 

and 

(5.17) 

where CjE and Cjc are the junction capacitances at emitter and collector 
junctions and gm is the transconductance defined as fJic!aV BE· To obtain 
good high frequency response, the parasitic capacitances and resistances must 
be reduced. In addition, the intrinsic base transit time must be decreased. 
Along with the use of the buried layer, a thinner collector layer (small W) 
and/or a heavily doped collector plug under the collector contact can further 
decrease Rc (Fig. 5.26a). 

The previous discussion assumes that the carrier concentration injected 
to the base is much less than the majority carrier concentration (pB) which 
equals the base doping concentration (NAB)· This assumption is often invalid 
at high current levels in which nB >>NAB· In such cases, the majority carrier 
concentration must increase to maintain charge neutrality in the base. This 
condition is called conductivity modulation. As a consequence, the effective 
base doping concentration becomes higher, resulting in a smaller emitter 
efficiency and a reduced current gain. High level injection also occurs at the 
collector and is known as Kirk effect. 42 For npn devices, it was assumed that 
minority carriers (electrons) that reached the depletion edge of the reversely 
biased collector-base junction were swept across so that electron density (n) 
in the depletion region was negligible. This assumption is not valid at a high 
current density 1 (1 = qnv where vis electron velocity). Because vis limited 
by the saturation velocity due to scattering, a finite amount of n exists when 
1 is large. This electron density J/v adds to the negatively charged ionized 
acceptors in the depletion region at the base side so that the total charge 
density increases. 

At the collector side, where the depletion region was composed of the 
positively charged ionized donors, the injected electrons decreased the charge 
density and even changed the net charge from positive to negative. In fact, 
the concept of the depletion region is not reflected accurately here due to 
the presence of a large number of carriers. It should be described as a space 
charge region. This modulation of charge density, for a constant collector­
base voltage, must be accompanied by a narrowing of the depletion region 
at the base and a widening of the depletion region at the collector side. 
Consequently, the undepleted (or neutral) base widens, resulting in a reduc­
tion of the current gain at high currents and a poorer frequency response. 
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5.1 0.3 BiCMOS Process Technology 

BiCMOS technology can be developed in two basic ways: adding bipolar 
on CMOS or adding CMOS on bipolar. Because the discussion, thus far, 
has been concentrated on CMOS technology, the former method will be used 
to build BiCMOS. This method has been used for several recent BiCMOS 
developments. 43 - 46 It often compromises bipolar performance to be com­
patible with existing CMOS and minimize added process steps. In a BiCMOS 
circui~, vertical npn transistors are needed because they have higher current 
gain compared to a pnp transistor or a lateral device. Furthermore, each 
bipolar transistor should be isolated so that it is not limited to emitter-follower 
type logic only. N-wells are used in CMOS as the isolated collectors for the 
vertical npn transistors. Thus, CMOS with n-well44 or twin-tub on p-substrate46 

is commonly extended to BiCMOS. 
Because buried-layer is normally used for npn bipolars to reduce col­

lector resistance, a buried-layer mask is defined and followed by a shallow 
arsenic implant (Fig. 5.29a). A p-type epi layer is then grown and n-wells 
are formed above then+ buried layer (Fig. 5 .29b). After the standard CMOS 
LOCOS field isolation, another mask and boron implant are then needed to 
form the npn base (Fig. 5.29c). Subsequent to standard gate oxidation, 
polysilicon deposition and gate definition, the n + mask is used to implant 
arsenic for the nMOS SID, the npn emitter and n + contacts for the collector 
and n-wells (Fig. 5.29d). Similarly, p+ mask is used to implant boron for 
the pMOS SID and base contact. Standard contact and metal masks and 
associated process steps finish the entire BiCMOS process (Fig. 5.29e). No­
tice that Masks 1 and 4 are the additional masks needed for making bipolar 
on a CMOS chip. With buried-layer, it is necessary to grow an epi layer, 
which is often already included in CMOS for latch-up prevention. Boron 
base implant is yet another extra process step. The entire process consists 
of 9 masks: buried layer, n-well, active area, npn base, poly, n +, p +, contact 
and metal. This sequence described the basic BiCMOS process in which 
MOSFETs are not scaled to minimize short-channel effects and npn bipolars 
are not high performance devices. 

As discussed in Sees. 5.2 and 5.3, for micron or submicron CMOS, 
additional masks and implants are necessary for FET threshold adjustment 
and punchthrough protection, as well as for the double-level metal. The 
boron implant designed for n-channel punchthrough protection can also be 
used to form the npn base; however, this compromise does not, in general, 
produce a base well suited for the npn bipolar. To incorporate n-well and 
n + buried layer, the BiCMOS substrate must be a lightly-doped p-type. For 
latch up immunity, p + buried-layer can also be included to reduce the substrate 
resistance (shown as a dashed curve in Fig. 5 .24e). The p + layer also creates 
a pip+ hi-low junction which is known to reduce ex-particle induced soft error 
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.Figure 5.29 Ann-well BiCMOS process: (a) buried layer formation; (b) epi growth 
and n-well formation; (c) active area & base formation and poly gate definition; 
(d) n +; and (e) p + and contact & metal. 

as described in Chapter 4. This addition requires one more mask, making 
the BiCMOS process three masks more than the twelve masks commonly 
used for today's CMOS processes. Another significant performance im­
provement is the addition of a polysilicon emitter45 ,46 which is known to 
increase emitter efficiency, hence current gain. Because polysilicon tech­
nology has matured in CMOS, it would not be difficult to add to the bipolar 
devices. In fact, for SRAMs using poly-load resistors, the same polysilicon 
layer can be used for the poly emitters. Trench isolation is very attractive 
for this hybrid technology because several different types of devices need to 
be isolated with tight isolation space. Figure 5.30 shows an example ofthe 
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advanced BiCMOS device structure with trench isolation, n + and p + buried 
layer, and a polysilicon emitter. 

5.1 0.4 BiCMOS Applications 

Static random access memory. BiCMOS is penetrating the CMOS 
market in high speed applications. Because SRAMs are always performance­
sensitive, BiCMOS is attractive for SRAMs requiring higher speed, higher 
density and lower power than what can currently be achieved by either CMOS 
or ECL. While CMOS cannot compete on speed, pure ECL dissipates too 
much power and is very costly. With BiCMOS SRAM, sub-10 ns access time 
and <1 W power dissipation are feasible. These characteristics offer Bi­
CMOS an opportunity in high performance workstation· and superminicom­
puter applications. One example is a second-level cache to the memory 
architecture that serves as a backup for higher system speeds by supporting 
the first-level (CPU) cache on misses and reducing the need to access the 
main memory, which normally consists of DRAMs with much longer (100-
150 ns) access times. This second-level cache is best implemented by large 
(1 Mwords) SRAMs with cache cycle times set at 25 ns. 256K BiCMOS 
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poly emitter 

Base / . 

n-well 

n + buried layer 

Trench p-sub Trench 

Figure 5.30 Schematic cross-section of an advanced BiCMOS device structure 
with trench isolation and polysilicon emitter. 

SRAMs with 10-15 ns access time and low power dissipation are desirable 
for this unique application. 

Most present BiCMOS SRAMs use conventional 6-T CMOS cells or 
4-T resistor-load nMOS cells with bipolar transistors only for sense amplifiers 
and peripheral circuits.The BIT line and the BIT line from a CMOS RAM 
cell are connected to a bipolar differential pair of the sense amplifier for high 
speed sensing. The bipolar differential amplifier is similar to the CMOS 
amplifier discussed in Chapter 4. The two nMOS input FETs are now re-

R2 

v 
0 

BIT ----1 1---- BIT 

Figure 5.31 Circuit schematic of a BiCMOS differential amplifier. 
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placed by the two npn bipolar devices shown in Fig. 5.31. The load resistors 
can be implemented by pMOSFETs. Compared to the CMOS differential 
pair in which the FET drain current was linearly proportional to the gate 
voltage, the bipolar collector current (Jcl or lc 2) is exponentially dependent 
on the base-emitter voltage shown in Eq. 5.10. As a result, the bipolar 
differential amplifier has much higher gain for a very small differential input 
signal, thereby leading to a very fast sense amplifier. 

BiCMOS SRAMs containing CMOS or nMOS cells have been made at 
256 kbit complexity. 47

-
49 Table 5.4 summarizes their characteristics and com­

pares them to high speed ECL RAMs. 5°-52 BiCMOS access times are 10 ± 
2 ns, not much slower than ECL speed, the power dissipation is much less, 
and the cell sizes are much smaller. The Hitachi ECL uses a Ta20 5 capacitor 
and the Fujitsu ECL uses a pnp load cell so that memory cell size can be 
kept around 500 JUn2. BiCMOS technologies for the 256K SRAMs have 
current gain (13) ranging from 80-100 andfy's at 8 ± 1 GHz. For comparison, 
1 Mbit CMOS SRAMs made by ~0.8 J.tm technology have access times of 
15-25 ns,53- 56 with cell sizes of ~60 J.tm2 for 6-T cells. 

BiCMOS SRAM cells have been proposed57
·58 to decrease access time 

while maintaining low power of CMOS memory arrays. Using a bipolar 
transistor to deliver more current can reduce the time to charge BIT line 
capacitance during READ operation, but at the expense of larger cell area 
for the bipolar device. A two-port BiCMOS SRAM cell that combined ECL 
level word-line voltage swings and emitter-follower bit line coupling with a 
static CMOS latch was designed and fabricated. 58 

As shown in Fig. 5.32, CMOS cross-coupled latch is formed by M1, 
M2, M3 and M4. The READ Word Line (RWL) acts as a power supply for 
the CMOS latch, and the WRITE Word Line (WWL) controls the pass 
transistor (M5) just like a CMOS SRAM cell, but with a single-ended WRITE. 
WRITE Bit Lines (WBLs) for unselected columns have to be biased at a safe 
level which does not change the state of the cell residing in the selected row. 
The condition of disturbing the unselected cells is more severe when RWL 
is low because of the reduced noise margin associated with the small supply 
on the CMOS latch. 

The cell is read by raising RWL. The emitter follower (06) and 07 
form a differential pair for the sense amplifier. For a low output, the npn 
bipolar device 06 is off and the bit line current I BL flows through 07. The 
l 8 LR drop results in a low V0 • For high output, the ·increase of RWL is 
coupled to the base of 06 through the pMOS (M2). 06 is then switching 
18 L away from 07 and V0 is at logic high. 

An experimental 4K x 1 bit two-port SRAM58 fabricated by a 1.5 J.tm 
5 GHz BiCMOS process offers a READ access time of 3.8 ns, a power 
dissipation of 550 mW, and the cell area is 650 J.tm2

, approximately 35% 
larger than that of a 6-transistor CMOS cell implemented with the same design 
rules. The memory can offer independent and simultaneous READ and 
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WRITE, making it applicable for the design of video, cache, and other ap­
plication-specific memories. 

Gate array and standard cells. Combining bipolar and CMOS offers 
I/0 flexibility (ECL and TTL compatible) and new architectures, in addition 
to high speed and high density in gate array applications. 59 Bipolar provides 
high driving ability with reduced layout area, making it attractive for high 
density gate arrays. Internal CMOS logic with a bipolar buffer results in 
negligible static power dissipation and low propagation delay under loading. 
Because high density gate arrays normally use fan-out of 3-5 or even larger, 
BiCMOS certainly has an advantage in speed as previously described. For 
large arrays, BiCMOS has less clock skew because of its high driving ability 
per unit area; deep clock trees are not needed in general. Large signal swing 
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in CMOS often results in noise spikes. BiCMOS offers ECL 1/0s with small 
signal swing. Switching noise can then be better controlled. BiCMOS, 
CMOS RAM cells, ECL buffers, macrocells, and analog functions can all be 
integrated in application-specific gate arrays. 

For a standard cell, BiCMOS also offers a large degree of freedom in 
cell design and high speed ECL blocks can be developed and integrated with 
CMOS/BiCMOS logic. Finally, the merge of npn bipolar and CMOS tran­
sistors can offer high speed and low offset operational amplifiers and com­
parators. As previously described, a bipolar differential pair offers high gain 
and more precisely controlled input voltages as compared with its CMOS 
counterparts. Compared to MOS technology in which threshold voltage is 
sensitive to manufacturing process and device dimensions, the bipolar emitter­
base turn-on voltage (V BE) is much more precisely controlled and well-matched 
pairs can be more easily obtained. Offset voltages of MOS operational 
amplifiers are typically an order of magnitude larger than those of bipolar 
circuits60 because closely matched MOS input devices are difficult to make 
and voltage gains are lower. On the other hand, MOS circuits can be made 
with higher packing density. BiCMOS thus offers the low input offsets and 
high gains of bipolar circuit components while maintaining high packing den­
sity and low power. These components are the basic blocks for high speed 
and low power AID and D/A converters. BiCMOS certainly provides more 
opportunities in the integration of digital and analog functions on a single 
VLSI chip. 

5.1 0.5 Summary 

In general, about three extra masks and associated processes are re­
quired for adding bipolar transistors on a CMOS IC. Major gains are: faster 
speed, higher current driving ability, ECL I/0 compatibility, and more flex­
ibility in analog design. Longer turn-around time and higher costs are ex­
pected. It is not worth using BiCMOS to replace CMOS for implementing 
digital systems with low or medium performance. For high performance 
digital applications or mixed digital/analog systems, additional values offered 
by BiCMOS justify its extra cost. Moreover, for state-of-the-art CMOS VLSI 
technology, the mask count is about a dozen and the process steps are already 
large; another three masks and additional process steps needed for making 
bipolar devices do not comprise more than 15-20% of the CMOS process 
steps. In addition, as bipolar and CMOS technology approach submicron 
dimensions, they share more processing techniques such as epitaxy, polysil­
icon gate/emitter, trench isolation, and RIE. This technological convergence61 

further justifies the merging of bipolar and CMOS for high performance 
analog/digital system applications. 
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EXERCISES 

1. In a p-well CMOS, the tz-type substrate has a doping concentration of 1 x 10 15 

em - 3 and the p-well concentration is 5 x 1016 em - 3 ; calculate source/drain junction 
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capacitances and body effect coefficients for both n- and p-channel FETs assuming 
the gate oxide is 200 A for both devices. 

2. In a standard CMOS process, specify the necessary masking sequence in correct 
order and also state the number of masks needed for a double-level metal process. 

3. To design a retrograde p-well with a well depth of 1 1-1-m, how high an implant 
energy must be selected for the boron implant and what should be the minimum 
resist thickness if a resist mask is used during the high energy implant? 

4. Repeat Exercise 3 and assume a retrograde n-well is needed. 

5. Describe the major process steps and masking sequence for a CMOS/SOS and 
compare them with a bulk CMOS process. 

6. In an npn bipolar transistor, the emitter sheet resistance is 50 ..fi/0; the intrinsic 
base sheet resistance is 5000 ..fi/0; the base width is 0.1 1-1-m; the electron diffusion 
length in the base region is 10 1-1-m: and, the electron mobility is 1000 cm2/V-sec; 
calculate the common emitter current gain (13) and maximum frequency (1h·J 

7. From the Gummel plot shown in Fig. 5.28, calculate the bipolar transconductance 
(g,) defined as ol)oV8 E and compare it with the transconductance (g, = of) 
oVg) of then-channel MOSFET shown in Fig. 2.13. 

8. Describe the additional masking layers and process steps needed for adding npn 
bipolar transistors to an n-well CMOS process. 
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This chapter discusses transistor design for both n- and p-channel MOSFETs 
in a CMOS I C. Because this book is for VLSI technology, the design of 
transistors with micron and submicron channel lengths will be the aim of this 
chapter. Based on the device physics described in Chapter 2, an understand­
ing of short-channel transistors will be gained by studying MOSFET scaling, 
then discussing non-scalable device parameters. This understanding will help 
to design short -channel FETs. 

To design reliable devices, hot carrier effects must be taken into account. 
These effects are extremely important, especially for nMOS design because 
of the high impact ionization rate of electrons. Several sections will discuss 
this problem and its cure through device design. 

For pMOS design, another problem exists because the pMOS transistors, 
in a CMOS IC commonly pertain to buried-channel characteristics. This 
problem and its remedies will also be discussed. Finally, pMOS long-term 
reliability, which can also be a serious concern at submicron dimensions, will 
be studied. 

174 
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Sec. 6.1 MOSFET Scaling 

TABLE 6.1 MOSFET Constant Electric Field 
Scaling Laws 

Parameter Scaling Factor 

Device dimensions tox' L, W, xj liS 

Doping concentration NA s 

Voltage V liS 

Current I liS 

Capacitance sA/tox liS 

Delay time VCII liS 

Power dissipation VI 1/S2 

Power density VIlA 1 

Power-delay product 1/S3 

6.1 MOSFET SCALING 

175 

For the past decade, MOSFET has been scaled down for higher density and 
higher speed. Based on MOSFET physics, the simple I-V relationships stated 
in Eqs. (2.24) and (2.29) basically remain when all device dimensions are 
scaled down by a common factorS where S > 1. Table 6.1 shows the changes 
in MOSFET dimensions and parameters as constant-field scaling1 is applied. 
In this scaling, carrier behaviors such as velocity and ionization rate are 
m~intained by keeping the electric field constant as device dimensions are 
reduced. Obviously, terminal voltages must also be reduced accordingly. 
To scale depletion width, doping concentration must be increased propor­
tionally to keep a constant electric field. Other parameters are derived from 
Eqs. (2.24). In addition to the obvious area reduction, performance im­
provements are noticed in delay time and power dissipation. The major 
disadvantage of this scaling law is the reduction of supply voltage, which is 
not compatible with circuit requirements such as noise margin, current driving 
ability, and TTL compatibility. 

Maintaining constant voltage while all device dimensions are scaled is 
another means of scaling MOSFET dimensions. Constant-voltage scaling 
solves the circuit incompatibility problem, however at the expense of a higher 
electrical field inside the device. The increasing E-field causes mobility deg­
radation, hot carrier effects, oxide tunneling, and other reliability problems. 
A compromise between circuit performance and device reliability is proposed 
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by the use of quasi constant-voltage scaling.2 This approach scales voltage 
by VS so that oxide field growth is no greater than VS. 

6.2 NON-SCALABLE DEVICE PARAMETERS 

In spite of the success of MOS scaling in the past, scaling limits will soon be 
approached as device dimensions decrease below .one micron. The validity 
of extrapolating simple one-dimensional MOSFET equations to the submicron 
regime is questionable. Certain device parameters do not scale with the 
scaling of dimensions and doping concentration. Examples are threshold 
voltage, Fowler-Nordheim tunneling,3 punchthrough voltage, and high-field 
mobility. 

Threshold voltage. According to Eq. (2.13), the threshold voltage 
of a MOSFET can be written in terms of device dimension such as oxide 
thickness (tax) and doping concentration ( N A): 

Vt = <~>ms - 0fcf0 _.,)E 0 x + 2(t0 _../Eox)[kTNAE)n(NA!nJ)112 

It is clear that Vt is a complex function of fox and N A; thus, the simple scaling 
law does not apply here. Moreover, if the short- and narrow-channel effects 
described in Chapter 2 are considered, the threshold voltage is complicated 
even more through the dependence on channel length (see Eq./2.45) and 
width. 

Fowler-Nordheim tunneling. Fowler-Nordheim tunneling through a 
thin gate oxide depends on electrical field across the oxide (E 0 _,J as follows3 

(6.2) 

Eox is approximately equal to Vgltox and B is proportional to <I>t2 , where <l>b 

is the potential barrier height at silicon/oxide interface. For constant voltage 
scaling, the tunneling current increases rapidly with the electric field, thus 
placing a limit on minimum oxide thickness. 

Subthreshold behavior. In general, subthreshold swing (Sr) does not 
scale down with device dimension. AI nrst-order approximation, the Sr value 
remains more or less constant according to Eq. 2.36. Thus, threshold re­
duction (necessary in constant-field scaling) shifts the ln/c~ vs. Vg curve toward 
a lower Vg, resulting in higher off-state leakage for "scaled" transistors. The 
Ic~ - Vg shift is even larger at higher drain bias due to drain-induced potential 
barrier lowering,4 unless more sophisticated scaling guidelines are applied. 
An empirical relation has been found between various device dimensions for 
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which long-channel subthreshold behavior has been maintained. 5 The pro­
posed relation is 

(6.3) 

where Lmin is the minimum channel length for which long-channel subthresh­
old behavior is maintained. A is a proportionality constant, x1 is junction 
depth, tax is oxide thickness, and W 5 + wd is the sum of source and drain 
depletion widths. 

Punchthrough voltage. Punchthrough current was described for a 
short-channel MOSFET operated under a subthreshold condition. It is often 
convenient to use punchthrough voltage (Vpc) as a device parameter in device 
scaling and device design. Punchthrough voltage is defined as the drain 
voltage at which a small but finite amount of drain current is observed at or 
near zero gate voltage. The amount of drain current used in punchthrough 
definition has not been universal. Depending on circuit requirement, this 
current level may vary from 1 pA for a DRAM circuit to 1 nA for a static 
circuit. As discussed in Chapter 3, Eq. 3.21 gives the following I-V relation 
when punchthrough occurs 

Id = -qD11 W(Z*IL*)(n?INA)exp[q(<P* - Vs)lkT] 

{1 - exp - [ q(Vd - Vs)lkT]} (6.4) 

It is clear that punchthrough voltage is a complicated function of device 
dimensions and doping concentration, hence it does not follow the simple 
scaling laws mentioned above. In general, punchthrough voltage decreases 
during MOS scaling, again because of the drain induced barrier lowering 
effect. 

Mobility degradation. As discussed in Chapters 2 and 3, mobility 
decreases as an electrical field is increased. This mobility degradation ex­
pressed in Eq. (3.29) indicates that mobility decreases with device dimensions 
for constant-voltage or quasi constant-voltage scaling. As a result, transistor 
current is less than expected from simple scaling results. In fact, transistor 
current is even less because parasitic resistances do not scale with device 
dimensions. 

Parasitic resistances. As described in Chapte~ 2, Sec. 2.3.2, both 
transconductance (g111 ) and channel conductance (gc~) suffer from the parasitic 
resistance associated with the source and drain regions. This parasitic resist­
ance consists of then+ or p + Sf D series resistance and the metal-to-Si contact 
resistance. It was pointed out6 that both resistances increased as the junction 
depth was reduced during MOS scaling. In a conventional technology, the 
need for shallower junctions often leads to a lower n + or p + surface con­
centration, hence higher contact resistivity and higher sheet resistance. As 
a result, transconductance can actually decrease as gate length is reduced 
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below one-half micron. However, this instance is not necessarily true when 
new technologies such as RTA (Rapid Thermal Annealing), salicidation (self­
aligned SID silicidation), and/or refractory metallization are used to produce 
shallow junctions with high surface concentration and improved metal-Si met­
allurgy. Supposing silicidation is in place, S/ D sheet resistance as low as 
2-3 .fi/0 can be achieved, allowing MOSFET scaling down to a few tenths­
micron, without suffering from associated parasitic resistance. A theoretical 
limit for contact resistance is around 10-s .fi-cm2 , which is not yet a concern 
for MOSFET scaling. 7 · 

The maximum contact resistivity allowed in MOS scaling8 has been 
analyzed. In the analysis, contact resistance increased by sn for a given 
contact resistivity. The value n varied between 1 and 2 depending on the 
type of contact resistance. 9 

Assuming contact resistance scales at S 2 for the worst-case considera­
tion, the corresponding result is slightly more stringent than what is required 
for actual devices. The intrinsic conductance of a FET (either channel con­
ductance or transconductance) increases by S at most for constant voltage 
scaling, and stays unchanged for constant field scaling. For a fixed contact 
resistivity, the ratio of the contact resistance to the FET intrinsic resistance 
therefore increases to S 2 or S 3 , depending on constant field or constant voltage 
scaling. To maintain negligible parasitic resistance, this ratio, which presents 
the relative contribution of the contact resistance to the device resistance, 
should be kept very small, say 1%. The only way to keep this ratio at a 
fixed low value during constant field or constant voltage scaling is to reduce 
contact resistivity to S 2 or S 3

• 

To illustrate this effect quantitatively, calculate the channel conductance 
of a 4-JJ.,m-long FET assuming 1000-A gate oxide, 4-JJ.,m channel width (W/L 
= 1), 5-V power supply with 1-V threshold voltage (Vt), and 500-cm2/V · sec 
electron mobility (JJ.11). The calculated channel conductance (gd), where gd 
= JJ.nCoxWIL(Vg - Vt), for this device is 0.069 mS. The channel resistance 
Rd is therefore 14.47 k.fi. According to the criterion (RjRd < 1% ), the 
contact resistance Rc must be <144.7 .fi, corresponding to a contact resistivity 
(pc) <2.3 x 10-s .fi · cm2 for a 4 JJ.,m-by-4 JJ.,m contact area. It has been 
commonly accepted that constant voltage (5-V supply) should be used for 
scaling MOSFETs from 4 to 2 JJ.,m. Scaling to 1 JJ.,m and below, a constant 
field scaling is assumed to avoid the high field problems such as mobility 
degradation, hot electrons, and electron tunneling. Using this combined 
scaling method as an example, the maximum contact resistivity for devices 
with 0.25 JJ.,m < L < 4 JJ.m and W/L = 1 were calculated. For a device with 
W/L = 10, Rc was still no more than 10% of Rd assuming the contact size 
was maintained at L 2 • 

The results are shown in Table 6.2. If the contact resistivity is reduced 
below the required value shown in Table 6.2, the associated contact resistance 
does not result in a significant parasitic effect for the MOS device. Contact 
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TABLE 6.2 Maximum Contact Resistivity Allowed in MOSFETs (Ref. 8, © 1983 IEEE). 

FET 
Channel Contact 

Length (L), t Contact Resistivity* 
f.Ll11 Size, f.Ll112 (Pc), D-cm2 

4 4 X 4 2.3 X 10- 5 

2 2 X 2 2.9 X 10- 6 

1 1 X 1 7.3 X 10- 7 

0.5 0.5 X 0.5 1.8 X 10- 7 

0.25 0.25 X 0.25 4.5 X 10-s 

*Maximum Pc values to keep Rc!Rd :5 1% 
where Rc: contact resistance 

Rd: intrinsic device resistance 

tW = L for all the cases, W: channel width 

Power 
Supply Gate Oxide Threshold 

(VDD), V Thickness, A Voltage, V 

5 1000 1 

5 500 1 

2.5 250 0.5 

1.25 125 0.25 

0.63 63 0.13 

resistivity in the order of 10- 7 fl.-cm2 is desirable for micron and submicron 
MOSFETs. 

Similar analysis can be done to estimate the maximum SID sheet resist­
ance. Sheet resistance in the range of 40-100 010 is generally acceptable 
for a one-to-two micron CMOS. This range of resistance values can be 
achieved by using conventional n + and p + junctions. For sub micron devices, 
silicided Sl D junctions with the sheet resistance of only few 010, are desired. 
Consequently, resistance at the contact hole depends on metal-to-silicide 
contact resistivity which is generally an order of magnitude lower than the 
resistivity of a metal-to-Si contact. 

Parasitic capacitances. As discussed in Chapter 3, the parasitic ca­
pacitances existing in a MOSFET are overlapping capacitance ( Cgdo and Cgso) 
and junction capacitance ( Cjrot). Both have been discussed. Even though 
the amount of Sl D-to-gate overlap Uav) should scale with xj and hence with 
channel length (L) in principle, it has not been the case in practice due to 
process constraints. Furthermore, for device reliabilitineeds, a certain fixed 
amount of SID-to-gate overlap is required. The details of this reliability issue 
will be discussed in subsequent sections. Also, the fringing field capacitance 
( C1,.) for SID to gate does not scale. Consequently the ratio of overlapping 
capacitance to total gate capacitance usually increases during MOS scaling. 
Scaling of intrinsic capacitances ( Cgd and Cgs for gate-to-drain and gate-to­
source capacitance) is more complicated. In general, Cgd increases and Cgs 
decreases as MOSFET channel length is reduced.l0 

Micron Ex. 1024, p. 195 
Micron v. YMTC 
IPR2024-00909



180 CMOS Transistor Design Chap.6 

Interconnect scaling. Despite the emphasis on transistor scaling in 
this section, interconnect scaling and its interaction with transistor scaling are 
important too. Interconnect scaling for local interconnects and long-distance 
interconnects has been investigated. 11 Local interconnects deal with inter­
connects between neighboring logic gates and scale with S. Long-distance 
interconnects involve connection from one corner of a die to other corners. 
It is therefore appropriate to define a chip scaling factor of Sc. Table 6.3 
summarizes the results of interconnect scaling for an ideal case, 11 e.g., fringing 
field effects are not considered in capacitance scaling. Notice that the delay 
time expressed by the RC constant remains unchanged for the local inter­
connect scaling or increases by (ScS)2 for the long-distance interconnect. The 

TABLE 6.3 (a) Local and (b) Long Distance 
Interconnect Scaling Rules (Ref. 11) 

"Ideal" 

Length L -> LIS 
Width w ___,. WIS 
Thickness H ___,. HIS 
Spacing z ___,. ZIS 
Insulator thickness D ___,. DIS 
Resistance R ___,. SR 
Capacitance CLs_,. CLsiS 

(line-to-substrate) 
Capacitance eLL--;> CLLIS 

(line-to-line) 
Delay time RC_,. RC 
Voltage drop IR ___,. IR 
Current density J ___,. SJ 
Contact resistance Rc ___,. szRc 

(a) 

"Ideal" 

Length L ___,. LSc 
Width w ___,. WIS 
Thickness H ___,. HIS 
Spacing z ___,. ZIS 
Insulator thickness D ___,. DIS 
Resistance R ___,. S2ScR 
Capacitance CLs_,. ScCLs 

(line-to-substrate) 
Capacitance eLL-;> ScCLL 

(line-to-line) 
Delay time RC_,. S2S~RC 

(b) 
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Figure 6.1 Long distance interconnect 
delay time versus interconnect width for 
three different interconnect materials 
and two transistor types (Ref. 11). 

delay time of a long-distance interconnect driven by a CMOS inverter versus 
interconnect width has been computed for two driver transistor resistances 
(R0 .) and three interconnect materials. As shown in Fig. 6.1, the interconnect 
delay (tint) increases when the interconnect width is reduced below a knee 
point. To stay in the flat region where tint is minimal, the interconnect 
resistance (Ri111) should be kept below 2.3 R1,.. For materials with higher sheet 
resistance such as polysilicon and silicide, the scaling of interconnect width 
is limited. Even for aluminum, scaling interconnect width down to submicron 
range can greatly increase signal propagation delay. 

Electromigration, a current-induced mass transport, has produced a 
reliability limit in transistor and interconnect scaling. The median time to 
failure is 

(6.5) 

where w is metallinewidth, J is current density and Ea is the activation energy. 
Because J increases by S or S3 depending on constant-field or constant-voltage 
scaling, MTTF degrades in the range of s- 3 to s- 7 according to Eq. 6.5. 
This strong dependence certainly places a scaling limitation on device relia­
bility .12 Other device reliability concerns including oxide wear-out and hot 
electron effects. These concerns will be discussed in subsequent sections. 
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6.3 TRANSISTOR DESIGN FOR SHORT-CHANNEl 
MOSFETS 

Chap.6 

As shown in Fig. 3.1, a device designer must have an understanding of the 
need for circuit performance and the limit of process capability. A general 
process architecture, e.g., the choice of well type in CMOS, should also be 
kept in mind. Device physics and device scaling form the necessary knowl­
edge base. Various modelling tools are also required to deal with complex 
2-D effects. Process simulation and device modelling are the core of device 
design. However, calculated results must be verified by experimental data. 
Several iterations are often needed to reach optimum conditions. Test struc­
tures are designed and fabricated to extract device parameters and establish 
electrical design rules. These outputs are used for circuit design and simu­
lation. 

For the past decade, 5 V supply has been the industry standard and will 
continue to be at least down to one-micron MOS technology. It is possible 
that a new standard supply such as 3.3 V or lower will be accepted for 
submicron MOS technology. Anyway, problems caused by the use of a fixed 
5 volt supply on very small devices are discussed. The relevant device pa­
rameters are: threshold voltage, punchthrough voltage, transconductance, 
subthreshold characteristics, and parasitics. Junction capacitance and body 
effect are also important device considerations for circuit performance. This 
section will discuss device design through modelling, realization through proc­
ess, and their impacts on circuit performance. 

Based on simple scaling law, a 1-f.tm MOSFET should have approxi­
mately 200 A of gate oxide, 0.2-0.25 1.1m junctions, and 2-3 x 1016 em - 3 

substrate doping density. These device parameters also agree with the em­
pirical relation expressed in Eq. 6.3. The 1-1.1m mentioned here represents 
the physical gate length on a finished wafer. Due to processing variation at 
lithography and etching, the gate length is commonly drawn slightly larger, 
say 1.2-1.3 1.1m on the mask to guarantee a physical gate length of 1 f.tm. 
The effective (or electric) channel length (Leff), defined as the separation 
between source and drain junctions, is then approximately 0.7-0.8 1.1m due 
to SID lateral diffusion. Reasonably good yield has been established for 200 
A oxide although some manufacturers use a slightly thicker (250 A) oxide for 
higher yield. For n-channel MOSFETs, 0.25 J.tm junctions with sufficiently 
low sheet resistance, such as 50 !l/D, are normally achiev~d by using a slow 
diffuser such as arsenic implanted at 80 KeY for about 5 x 1015 em - 2 . 

For p-channel devices, deeper (0.35 1.1m)junctions with roughly 100 !l/ 
D sheet resistance are commonly observed from a standard CMOS process. 
Using a 50 Ke V BF 2 + (equivalent to 9 Ke V B +) implant followed by rapid 
thermal annealing (RTA) can produce 0.25 1.1m p+, junctions with 80 !l/D 
sheet resistance. 

Scaling up the entire substrate doping density for short-channel devices 
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is inadequate because the higher the substrate doping, the higher the junction 
capacitance and body effect. As a result, circuit performance, including both 
speed and noise margin, suffers. The influence of body effect on circuit 
operation is discussed in Chapter 4. It is therefore desirable to restrict the 
increase of substrate doping only near the Si surface so that short-channel 
effects can be avoided at minimal expense to junction capacitance and body 
effect. The use of a shallow channel implant in a lightly-doped (1-2 x 1015 

em - 3) substrate would provide this selective doping, hence offering adequate 
threshold and punch through voltages and meanwhile maintaining low junction 
capacitance and body effect. 

A single 20 Ke V B + implant at about 9 x 1011 em 2 can produce 
appropriate threshold and punchthrough voltages for MOSFETs with drawn 
gate lengths of 1.3 f.-till nominally operated at a 2.5 V power supply. 13 ·14 A 
similar process has also been applied to 1.25-J..tm NMOS 15 and CMOS16 de­
vices using 5 V supply. Although some short-channel effects are observed, 
threshold and punchthrough voltages are reasonable. Meanwhile the cor­
responding junction capacitance is less than 10% of the gate capacitance and 
the body effect coefficient is only 0.1-0.2 V112 . However, for devices with 
gate lengths drawn at ~1 f.-till (Lett~ 0.55 J..tm), one implant does not suffi­
ciently satisfy all requirements, especially if a high resistivity (> 10 !!-em) 
substrate is used. Another deeper (70 KeY) B+ implant at 6 x 1011 cm- 2 

can be added to further suppress punchthrough current with minimal per­
turbation on threshold. 17 

As-implanted and final boron profiles simulated using SUP REM, a proc­
ess simulator discussed in Chapter 3, are shown in Figure 6.2a. The corre­
sponding subthreshold characteristics shown in Figure 6.2b indicate adequate 
threshold voltage and low punchthrough current at 2.5 V drain bias. Again, 
it is more difficult if a 5 V supply is used. Figure 6.3a shows that punchth­
rough current in an n-channel MOSFET made with the double boron-implant 
scheme increases rapidly as Vd approaches 5 V. 18 This rapid increase is due 
to the expansion of the depletion region as large values of Vd push the punch th­
rough path down to the lightly doped substrate, causing additional punchth­
rough current. Figure 6.3b shows this effect analyzed using the GEMINI 
program, a 2-D device model presented in Chapter 3. This subject will be 
discussed thoroughly when buried p-channel devices are described in Sec. 
6.5. Another limitation which may stop constant-voltage scaling even sooner 
is high-field induced hot-carrier effects. 

6.4 HOT CARRIER EFFECTS AND NMOS DESIGN 

A high electrical field in a short-channel device at 5 V operation causes hot­
carrier generation and impact ionization. This problem is more serious for 
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Figure 6.2 (a) Channel impurity profiles; and (b) the corresponding subthreshold 
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MOSFET. 
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ann-channel MOSFET than for a p-channel device because, as described in 
Chapter 2, the impact ionization rate of electrons is one to two orders of 
magnitude higher than that of holes. In fact, the hot carrier problem essen­
tially does not exist in p-channel devices with Leff ~ 1 J.Lm. Figure 6.4 shows 
that for a 1 J.Lm MOSFET biased at Vd = 5 V, saturation current remains 
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constant for a p-channel device but increases substantially for an n-channel 
device due to impact ionization. Consequently, the device suffers from im­
mediate damage and long-term deterioration. The immediate damage man­
ifested in the form of substrate and gate currents is apparent. The long-term 
degradation arises from oxide instability caused by interface generation and/ 
or hot-carrier trapping. 

6.4.1 Apparent Damage-Substrate 
and Gate Currents 

A MOSFET acts like a resistor in linear operation. Voltage at the drain 
is low and uniformly spread across the channel. During saturated operation, 
the MOSFET channel is pinched-off and the drain voltage is high. Additional 
voltage dropped near the drain produces an exponential increase of channel 
potential as the drain is approached. 19 The channel potential near the drain 
can be approximated as 

V(y) ~ Vdsat + Voexp(y/1) (6.6) 

where Vdsao which was described in Chapter 2, represents the potential at 
the pinch-off or saturation point where y is set to zero (see the schematic in 
Fig. 6.5). V0 is a small constant and I is a characteristic length. The asso­
ciated electric field is therefore 

E(y) = idV/dyi ~ [V(y) - Vdsat]/1 

The maximum electric field is at the drain and can be written as 

Em = (Vd - Vdsat)/1 

(6.7) 

(6.8) 

Empirical relations between I and process parameters has indicated that 

I~ 0.22 t~lxJI2 (6.9) 

where tax is the gate oxide thickness and xj is the source/drain junction depth. 19
•
20 

Vdsat depends on Leff as follows21 

(6.10) 

This expression reduces to Eq. (2.28) for large Leff in a long-channel device. 
For very short-channel devices, V dsat ~ LEsau implying that the £-field for 
the entire channel is at saturation. Between the extremes, for example Leff 

:::::: 1 J.tm, Vdsat is a function of Leff, but is not directly proportional to Left· 

The dependence is weaker than a linear relationship especially at low Vg. 
During constant-voltage scaling, the increase of Em comes directly from tax 
and xj reduction, and indirectly from Leff shortening. 
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Figure 6.5 Schematics of channel potential and horizontal electric field of a 
MOSFET biased at saturation region. 

Under the high field, electrons gain high enough energies and become 
hot. As shown in Fig. 6.6, these hot electrons can inject into the gate oxide, 
resulting in a gate current. They can also cause impact ionization near the 
drain and generate a hole current flowing into the substrate. As shown in 
Fig. 6.7a,21 the measured substrate current, when plotted as a function of 
gate voltage, exhibits a bell-shape curve and increases with drain voltage. It 
peaks roughly at Vg -vt and decreases at lower Vg due to the lack of channel 
electrons for generating electron-hole pairs. It also decreases at higher vg 
because the corresponding higher Vdsat lowers the £-field according to Eq. 
6.8. If the same experimental data are plotted for the peak substrate current 
versus the inverse of (Vc~ - Vdsat), a straight line is obtained in a semi­
logarithmic scale (Fig. 6.7b). Because (Vc~ - Vdsat) is directly proportional 
to electric field based on Eq. (6.8), the experimental observation in Fig. 6.7b 
fits well with the lsub model commonly expressed as19 

(6.11) 

where ~i is the threshold energy for impact ionization, A.e is the hot-electron 
mean free path and C1 is roughly a constant. So, A.eEm is the amountof 
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Hot-electron effects in ann-channel MOSFET 
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Figure 6.6 Schematic of hot-electron effects in ann-channel MOSFET. 
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energy gained by an electron before collision, and exp - [~)(A.eEm)] is the 
probability that an electron will cause impact ionization. The substrate cur­
rent is undesirable because it causes substrate debiasing, snap-back break­
down, and latchup triggering. It also induces photon emission, which gen­
erates minority carriers, which thereby degrade DRAM refresh time. 22 In 
spite of these problems, substrate current is often measured for hot electron 
characterization because it is a good indicator of Em, a very important pa­
rameter in hot electron effects. 

The hot-electron induced gate current can also be modelled in a similar 
manner: 

or (6.12) 

= CiVg, Vd) ld exp - [~b/(kTe)] 

with the threshold energy ~b now corresponding to the Si/Si02 barrier energy, 
and Te being the electron temperature. Under the high field Em, electrons 
with energy greater than ~b can inject into the gate oxide, thus constituting 
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Figure 6.7 Substrate current as a function of: (a) gate voltage; and (b) drain 
voltage (Ref. 21; and© 1985 IEEE). 
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gate current. This simple equation is based on the lucky electron modeF3 •24 

and C2 = 0.002 for Va > Vd. But, C2 is actually a function of bias condition 
0 

because it strongly depends on the electric field across the oxide (Eox). For 
Vg < Vd, C2 decreases rapidly because the corresponding Eox acts as a re­
tarding field to prevent injected electrons from reaching the gate. The Eox 
tends to return electrons emitted into the oxide near the drain to the Si 
substrate. 25

•
26 To illustrate this phenomenon, the two-dimensional electric 

field distribution in the oxide has been calculated. Figure 6.8 shows the 
result obtained by using MINIMOS II. 26

•
27 Notice that the Eox direction is 

reversed in Region 3. As a result, only part of the injected electrons con­
tributes to actual gate current. Especially at low gate voltage, most injected 
electrons do not reach the gate. On the other hand, most ionization-induced 
hot holes, although at a much lower level, reach gate electrode when injecting 
into the oxide due to the aid of the Eox field under the bias condition of Vg 
< Vd. The injection efficiency for holes is lower than that of electrons because 
the corresponding Si/Si 0 2 barrier energy is higher, 4. 8 e V instead of 3 .1 e V 
for electrons.27

•
28 However, the hot holes, when injected into the oxide, 

mostly contribute to hole gate current. Figure 6. 9 shows the calculated gate 
currents and injected currents for both electrons and holes. 27 Notice the 
difference between the total injecting electron current and the electron gate 
current. Despite its use for EPROM programming, excessive gate current 
usually causes gate leakage and oxide breakdown. It can also induce long­
term device degradation. 

r-0.1 /Lm---1 

p-SI LICON 

Figure 6.8 Two-dimensional electric field distribution near the drain of an nMOS. 
vd = 8 V, vg = 7 V, VB = -2.5 v, Leff = 1.3 JLID and tox = 400 A (Ref. 26, 
© 1984 IEEE). 
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Figure 6.9 Calculated total emitted electron and hole current, I. and I,, as a 
function of gate voltage. Ic.e is the electron gate current, and I0 •11 is the hole gate 
current. vd = 8 V, VB = -2.5 V, w = 100 f.Lll, Lcff = 1.8 f.Ll11 and fox = 420 
A (Ref. 26, © 1984 IEEE). 

6.4.2 long-Term Device Reliability 

Hot carriers, when injected into oxide, can be trapped in the oxide or 
can generate interface states. The oxide traps, when occupied by one type 
of hot carrier, e.g., a hole, can subsequently convert themselves to electron 
traps. The hot carrier trapping and/or interface state generation changes 
threshold voltage, transconductance and the I-V relation in general. It is 
still not entirely clear whether electron trapping28 or interface states generation21 

is primarily responsible for device degradation. But, usually a net negative 
charge density is observed after long-time stressing as evidenced by threshold 
increase. Hole trapping has been reported at low Vg,26 but the effect is only. 
secondary. Figure 6.10 shows typical Id - Vd characteristics before and after 
stressing.29 Notice that drain current reduces after stressing and the reduction 
is more if the source and drain terminals are reversed after stressing. This 
reversal occurs because negative charges, when appearing near the source, 

Micron Ex. 1024, p. 208 
Micron v. YMTC 
IPR2024-00909



Sec. 6.4 Hot Carrier Effects and nMOS Design for Reliability 

30~------------------------------~ 

-Before 

----After 

Stressing 

20 

-o:;:{ 
-E 

10 

0 2 4 6 

S/D reversed 

(a) 

30~--------------------------------~ 

-Before 

----After 

Stressing 

20 

10 

0 2 4 6 

normal S/D 

(b) 

Figure 6.10 Degradation characteristics after stressing: (a) source/drain reversed 
during post-stress measurement; (b) source/drain unchanged during post-stress 
measurement (Ref. 29, © 1984 IEEE). 
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Figure 6.11 I-V characteristics before and after stressing (Ref. 21, © 1985 IEEE). 

are more effective in reducing current. This source/drain asymmetric effect 
is important for transistors used as transmission gates described in Chapter 
4. Figures 6.11 and 6.12 show typical Id - Vg characteristics before and 
after stressing.21 Threshold increase, transconductance decrease, and the 
increase of subthreshold swing constitute device degradation after stressing. 
Again the degradation is more severe when the source and drain are reversed 
after stressing. 

Device lifetime ( T) can be defined by threshold voltage (V1) change, 
transconductance (gm) shift, or the variation of subthreshold swing (SJ In 
any case, lifetime follows lsub in the following power-law relationship: 

'1' = a(Isub)-b (6.13) 

where a and b are constants. This relationship, when plotted in a log-log 
scale, is shown in Figs. 6.13 and 6.14 for various devices biased at different 
drain voltages.21 It is not surprising to obtain the straight line relation because 
log(Jsub) is a good indicator of peak electric field. As the field increases, the 
lifetime should decrease. Different symbols on the figure r~present devices 
fabricated by using different technologies. Notice that the slope of the log 
,. vs. log ]sub is roughly independent of technology; the actual lifetime value 
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Figure 6.12 Subthreshold I-V before and after stressing (Ref. 21, © 1985 IEEE). 

at a given /sub may, however, vary by two orders of magnitude depending on 
process technologies. 21

•30 In fact, the lifetime dependence on technology 
shown in Fig. 6.13 is stronger than its dependence on channel length vari­
ation (L). 

Device lifetime in actual circuits. Though most reliability work is 
done under static conditions, transistors in an actual circuit are stressed in a 
dynamic situation. It is therefore important to understand device lifetime 
under dynamic stressing. Modelling and characterization on simple circuits 
such as inverters, source followers, and pass gates has been done. 31 It was 
found that switching speed (slew rate) is the most important parameter when 
generating substrate current. Fast switching of an inverter's input voltage 
raises Vg above Vr when the output voltage is high. This condition favors 
hot electron generation because the driver transistor is biased at vg > vt and 
high Vd. As shown in Fig. 6.15, a significant /sub pulse appears in the input 
rising condition and its magnitude reduces as the rising is slowed. Even at 
the highest slew rate, 100 ns in the experiment, substrate current peak is still 
·lower than that observed in a corresponding static stress measurement. Pulsed 
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Figure 6.13 Lifetime as a function of substrate current, lifetime defined as 10 mV 
shift in threshold voltage (V11,) (Ref. 21, © 1985 IEEE). 

measurements made on an inverter chain has provided the following simple 
correlation between static and dynamic lifetime ( '1'): 

'1'ctynamic = '1'static/(dutycycle) (6.14) 

The experimental result is shown in Fig. 6.16. 32 This result allows extrap­
olation of static device lifetime to the actual device lifetime in a circuit if the 
duty cycle is estimated. 

It was found that Eq. 6.14 needed to be modified when dynamic stress 
was done at high frequencies. Under a 25 MHz pulsed stress and an over­
lapping clocking for Vd and Vg, the transconductance degradation was in­
creased over the corresponding static stress up to an order of magnitude as 
shown in Fig. 6.17.33 This result was explained by a model in which charge 
trapping close to the interface was responsible for this enhanced dynamic 
degradation. Figure 6.18 shows the lifetime defined at 1% drain current 
reduction as a function of average number of (I~~b/1';/- 1)-1, where m = 2.9. 
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Figure 6.15 Typical waveforms measured from an inverter setup. The input 
transition times are 100 ns, 400 ns, 4 p.s and 40 p.s. The narrow pluses correspond 
to substrate currents (Ref. 31, © 1985 IEEE). 
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Figure 6.16 Lifetime versus duty cycle 
measured after dynamic stressing (Ref. 
32, © 1986 IEEE). 

The solid lines are calculated using the following generalized lifetime equa­
tion: 

'T . = CIJm J/'n-1) 1 = C[l/TJT(/'n j]m-1)dt]-1 dynamic \ sub d sub d 
0 

(6.15) 

A circuit reliability simulator, SCALE (Substrate Current And Lifetime Eval­
uator), was developed at the University of California-Berkeley to predict 
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Figure 6.18 Static and dynamic degradation versus werage substrate current with 
a constant or pulsed stress voltage of 8 V at drain. Different gate voltages are 
applied in the static case and the overlap of the gate and drain pulse was varied 
in the dynamic case (Ref. 33, © 1986 IEEE). 
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device lifetime in a circuit environment. 34 This simulator was connected to 
SPICE in a pre- and post-processors configurations. The pre-processor takes 
input deck and BSIM parameters and requests a SPICE run to obtain the 
transient voltage waveforms at the drain, gate, source, and substrate of the 
user-selected device. The post-processor then calculates the transient sub­
strate current based on the transient drain voltage and Eqs. 6.8 to 6.11. The 
drain current is obtained from the BSIM model and the lifetime is calculated 
by Eq. 6.15. Although the simulator is based on DC te.st data, its prediction 
on AC degradation provides a good estimation for most cases. 

6.4.3 Drain Engineering for Reliability 

Because high field near the drain is the main cause of hot carriers, the 
most effective way to mitigate the problem is to reduce the field by tailoring 
the doping profile near the drain. Lowering the doping concentration for 
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the entire source/drain region would not be plausible because the associated 
series resistance would be too high, thus causing performance degradation as 
described in Sec. 6.2. Careful drain engineering must plan to reduce the 
doping level only in the periphery of the drain region. The implementation 
has been either to relax the one-sided abrupt junction profile or insert a 
couple of tenths-micron lightly doped region between the heavily doped drain 
and the channel. 

Double-diffused drain (ODD). A double-diffused drain formed by 
two donor-type implants has been used to provide a graded rather than an 
abrupt junction. For n-channel MOSFETs, phosphorus (P) and arsenic (As) 
atoms are implanted into the source/drain region and subsequently diffused. 
Because phosphorus diffuses faster than arsenic, a graded junction is easily 
formed as shown in Fig. 6.19. Notice the lightly doped n- rings around the 
n + regions. The transition from n + to n- is actually not as abrupt as it 
appears in the figure. Figure 6.20 shows a typical impurity distribution along 
the channel direction of an nMOSFET. 35 The doping level drops by 2-3 
orders of magnitude from the n + to n- drain regions. Doping profiles for 
conventional single-drain structures at two junction depths (xj) are also plotted 
for comparison. The corresponding electric field distributions along the chan­
nel are shown in Fig. 6.21. 35 Notice the significant field reduction in the 
double-diffused case. 

The DDD structure, although easily implemented, does result in a deeper 
junction, hence more short-channel effects and increased overlap capacitance. 
To reach an adequate trade-off between £-field reduction and acceptable 
short-channel effect, device/process optimization is necessary. Figure 6.2235 

~ 

{ rAs n:!: ) c n+ 

p -sub 'f 
(a) 

~ 

:'1 n+ JL=n-~ n+ t Figure 6.19 An nMOSFET with: (a) - r. p -sub 
conventional single drain; and 

(b) 
(b) double-diffused drain structure. 
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shows the procedure used for designing an optimum n-channel DDD transistor 
at Lg = 2 v-m. The requirement for minimal short-channel effects is set at 
<0.3 V threshold shift as Lg is reduced from 4 to 2 v-m. Appropriate pa­
rameters such as oxide thickness, junction depth, and channel doses are then 
determined. If the SID sheet resistance is limited at <40 0/D for maximum 
acceptable series resistance, junction depth set by the As implant is then fixed 
and so is the n- diffusion distance, axj. Process conditions such as As 
annealing and P implant can then be de'cided. Finally, optimal P dose and 
subsequent annealing conditions are selected to minimize electric field at the 
stress voltages that correspond to the worst case. The optimized process/ 
device parameters for a 2 v-m DDD structure are presented in Table 6.4.35 
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Figure 6.21 Lateral electric field distributions associated with the three structures 
shown in Fig. 6.20 (Ref. 35, © 1985 IEEE). 

lightly-doped drain (LDD). The DDD structure can easily be im­
plemented and is effective in reducing hot-carrier effects for 1.5-2.0 J.Lm n­
channel MOSFETs. The extension of this structure to ::Sl J.Lm transistors 
however is not ideal due to the inherently deeper SID junctions, which cause 
increased short-channel effects and more gate-to-source/drain overlap capac­
itance. Alternatively, another type of drain engineering has been developed 
to form an LDD (Lightly-Doped Drain) structure that uses a lightly-doped 

TABLE 6.4 Process and Device Parameters for the 
Optimized Double-Diffused Structure (Ref. 35, © 1985 
IEEE). 

Parameters 

1 Gate length 
2 Gate oxide thickness 
3 Channel implant dose 
4 Drain junction depth 
5 n- diffusion region length 
6 P implant dose 
7 Annealing after P ion 

implantation 
8 Annealing after As ion 

implantation 

Conditions 

2 fl.-ill 
350 A 

5 x 1011 cm- 2 , 70 keY 
0.4 fl.-ill 
0.14 fLill 

1 x 1014 em -z, 100 keY 
22 min at 1000°C 

30 min at 950°C 
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Figure 6.22 Optimization procedure for the double-diffused structure (Ref. 35, 
© 1985 IEEE). 
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buffer zone between the n + drain and the gate. The associated process is 
more complicated than the DDD structure. As shown in Fig. 6.23, a low­
energy (40 KeY) phosphorus at the dose of 5-30 x 1012 cm- 2 is normally 
implanted to form the n- LDD region after polysilicon gate delineation. 
Then, a CVD oxide is deposited and subsequently RIE etched to form a 
spacer at the sidewall of the polysilicon gate. The oxide spacer then serves 
as a mask for the standard n + arsenic implant. 
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Figure 6.23 Process sequence for an 
LDD nMOS transistor. (a) after Poly 
deposition; (b) after Poly etch; (c) LDD 
implant; (d) spacer deposition; (e) 
spacer etch; (f) N+ implant & passiva­
tion. 

The LDD structure and associated Em are shown in Fig. 6.24 and com­
pared with a conventionalFET.36 The Em in Eq. (6.8) is now lowered through 
the increase of the ,characteristic length l' as 

(6.16) 

where l' = l + Ln _, and Ln _ is the lightly doped n- length. Consequently, 
lg and /sub are also reduced. Fig. 6.25 shows typical /sub values for conven-
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tional and LDD devices37 ; the lower then- dose, the more the Jsub reduction. 
However, the n- region results in an extra resistance, giving lower gm and 
!d. As shown in Fig. 6.26,38 a lower n- dose causes more Id reduction. 
Tradeoff between low substrate and high drain currents suggests that the Jsub/ 

Id ratio should be as low as possible. According to Eq. 6.11, this ratio is an 
indicator of the Em value. 

An LDD structure may shift the Em location from under the gate into 
the n- region, although this case is not necessarily true. When this shift 
occurs, negative charges are generated in the oxide above then region during 
stress (Fig. 6.27). These charges tend to deplete then- region, especially 
if it is formed with low n- dose. Hence, series resistance in the n- region 
is further increased, thereby causing additional gm degradation. A small but 
finite drain-to-gate overlap ( =0.1 v-m) should be provided to ensure that the 
Em location stays under the gate electrode. 39 Em location with respect to 
gate edge is therefore very important in LDD device reliability. A quasi-2-
D analytic approximation has been derived as40 

dEy 

dy 
= 

Vg - Vdsat 

[2 
(6.17) 
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Figure 6.25 Substrate currents for: (a) a conventional; and (b) an LDD transistor 
(Ref. 37). 

for the lateral field in the n- region outside the gate. For a high n- dose, 
the corresponding LDD concentration (Nc~) is large. Therefore, dEvfdy (the 
slope of the field) is negative outside the gate, implying the peak field is 
under the gate. This approximation compares well with 2-D numerical sim­
ulation performed using PISCES. Experimental results for LDD devices 
have also confirmed that an n- dose at 1 - 2 x 1013 em- 2 provides a long 
lifetime, even though the corresponding /sub is not minimal at this dose. This 
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relatively high dose also minimizes gm degradation caused by additional series 
resistance. 

Although n- length is an important parameter, it is limited by process 
variations in polysilicon re-oxidation, oxide spacer formation, and subsequent 
n- anneal. In general, a ~0.2 f.-till wide spacer is used in conjunction with 
a 0.3 f.-till thick polysilicon gate for process controllability. In a typical MOS 
process, subsequent to poly etching and n + implant, the gate oxide remaining 
above the S/ D region is etched away because it is likely contaminated during 
RIE etching and damaged during high-dose implant. A fresh oxide is re­
grown on Si substrate as well as on and around the poly gate. This re­
oxidation procedure as extended to an LDD process is commonly performed 
immediately after the n- implant. The procedure has significant implication 
on n- to poly-gate overlap. The schematics in Fig. 6.28 show this problem. 
Due to the increased oxidation rate on heavily-doped n + polysilicon, poly 
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p 

(a) 

p 

(b) 

Figure 6.27 Degradation in: (a) a conventional MOSFET; and (b) an LDD MOS­
FET. 

retreat at the poly sidewall can result in a gap between the poly edge and the 
n- region. Oxidation-induced encroachment at the poly edges also creates 
a thicker oxide there, producing a so-called Graded Oxide Gate (GGO) 
structure. 39 To ensure an adequate overlap, the subsequent n- anneal must 
be sufficient to drive then- under the gate, more favorably beyond the GGO 
region. Because a shallow n- junction is desirable for short-channel MOS­
FETs, poly re-oxidation should be minimized to avoid excessive n anneal 
which would otherwise be needed. A short, dry oxidation is preferable to 
reduce the accelerated oxidation rate on n + polysilicon. 

At present, 1 J.1m nMOS transistors can be made reliably with an ad­
equate LDD structure and process. Figure 6.29 shows the extrapolated 
lifetime37 defined as 10% reduction in linear transconductance. It represents 
the worst case for LDD MOSFETs. The best LDD transistors have an 
extrapolated lifetime of more than 10 years at a 5 V supply. They are 
fabricated with a 40 Ke V phosphorus implant at 2 x 1013 em -l dose, a dry 
re-oxidation to form thin poly oxide and a sufficient n- anneal to ensure 
proper n- to poly overlap. The spacer width is 0.2 ± 0.05 f..tm and the n + 

is formed with standard arsenic S/ D implant. 
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Figure 6.28 Schematics showing poly-gate retreat and graded-gate oxide (GGO). 
(a) after poly etch and N- implant; (b) after reox; (c) after space formation and 
N + implant; and (d) after activation anneal. 
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The reliability problem can also be relaxed by circuit design. Lower 
duty cycle, limited voltage swing, clocked logic and/or NAND gate building 
blocks will ease the hot-electron problem through reducing either the drain 
voltage or the time that the device is under voltage stress. 

The DDD scheme has a simpler process and suffers less transconduct­
ance degradation, but the LDD structure has fewer short-channel effects due 
to shallower SID junctionsY The lightly doped n-region in an LDD device 
is defined by the spacer width rather than by impurity diffusion in the DDD 
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Figure 6.29 Lifetime for 1 p..m LDD transistors fabricated with different processes 
(Ref. 37, © 1987 IEEE). 

case, hence the n- dimension in the LDD can be more tightly controlled. 
These reasons make LDD more extendable to MOSFETs with L - 1 f1.m. 
It can also be applied to submicron p-channel MOSFETs in which an LDD­
like structure may become necessary if 5 V supply is required. Additional 
drain engineering is needed to make reliable submicron MOSFETs operate 
at 5 V. Optimization in device structure such as a combination of LDD and 
DDD in the form of a deeper n- and a shallower n + with spacer has shown 
good, reliable results. 42 The formation of a p-pocket around the S/ D region, 
called the Double-Implant (DI) LDD, is also effective in maximizing allow­
able drain voltage. 43 Buried-channel structure has been considered to reduce 
hot-electron effects because of its lower electric field and deeper current 
path. 44 Key processes such as gate oxide, spacer material and annealing 
condition45 should also be refined to reduce hot carrier trapping and/or in­
terface state generation. 
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6.5 BURIED-CHANNEl EFFECTS AND pMOS DESIGN 

Chapter 2 introduced buried-channel MOSFETs. Because the p-channel 
transistors in a standard CMOS IC are buried-channel devices, it is important 
to understand buried-channel·behavior prior to the discussion of pMOS tran­
sistor design. 

6.5. 1 Buried Channel Behavior 

Threshold scaling problem. A standard MOS process uses heavily 
doped n-type (n +) polysilicon for the gate material. Although p + poly gates 
have been attempted, threshold instability caused by boron penetration has 
always been a problem. The n +-poly is ideal for short nMOSFETs because 
the corresponding work function difference ( <l>ms value) is desirable for scaling 
threshold voltage. As expressed in Eq. 2.13, threshold voltage consists of 
fixed oxide charge density (Q1c), bulk-charge term (Q3 ), and band-bending 
in Si (2 <1>3 ), in addition to the <l>ms term: 

(6.18) 

where Q3 = (2esqNA(2<1>3 ))
112

, <1>3 = (kT!q)ln(NA/ni) and both increase as 
the channel doping level is raised for scaling down FET dimensions. The 
second term (Q1c1Cox) is negligible for state-of-the-art MOS process because 
of low oxide charge density and thin gate oxide. As shown in Fig. 3.30(a) 
for an n-channel device, the <Pms for an n + poly-gate on a p-type substrate 
IS 

(6.19a) 

with its value between -0.9 to -0.95 V for 1016 em - 3 < NA < 1017 em - 3 , 

the appropriate doping range for micron and submicron technologies. This 
negative value compensates the Q3 and the 2 <1>3 terms and lowers the threshold 
to approximately 0.6 V, which is appropriate for VLSI. From Fig. 6.30(b), 
the p-channelr<Pms for an n + poly-gate on an n-type substrate is 

(6.19b) 

with its value between -0.2 to -0.15 V for the same doping range. Because 
all other terms in the Vt expression are negative for pMOS and again, the 
magnitudes of Q3 and 2 <1>3 terms become larger for short-channel FETs, the 
resulting threshold voltage has a large negative value.46,47 Remember, threshold 
voltage with large magnitude is undesirable because it degrades current driving 
ability. Figure 6.31 shows threshold scaling with respect to substrate doping 
and oxide thickness for an n +-poly gate. 48 

Notice Vt(n-ch) = 0.6 V, but Vlp-ch) = -1.7 V for fox = 250 A and 
NA = 5 x 1016 cm- 3 . Physically, the work function difference associated 
with an n + poly-gate has different effects on n- and p-channel FETs. Figure 
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Figure 6.30 Band diagrams and work function differences for n + poly gate MOS 
structures: (a) p-type Si and (b) n-type Si substrate. 

6.32 shows the band diagrams for p- and n-type substrates at equilibrium and 
inversion conditions. Because the Fermi levels in the Si substrate and the 
n +-poly gate must be aligned at thermal equilibrium, resultant band bending 
tends to promote inversion for then-channel MOSFET but opposes inversion 
for the p-channel device. Consequently, the gate voltage needed to invert 
the Si surface is small for then-channel FET, but too large for the p-channel 
case. 
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Figure 6.31 Threshold voltages versus substrate doping for n-and p-channel MOS­
FETs using n + polysilicon gate. 
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Threshold adjust and,buried-channel behavior. Despite the threshold 
instability associated with a p+ poly gate, if one is used in a CMOS process, 
the threshold scaling problem then appears in n-channel devices. If differ­
ently doped poly gates are used for different device types, the associated 
process becomes much more complicated. Refractory metals or metal sili­
cides such as molybdenum have symmetrical <l>ms for nMOS and pMOS, hence 
they can be used to compromise the performance of the two transistor types49 -

51
. 

However, their cqmpatibility with gate oxide and other :MOS processes have 
not yet been fully demonstrated. The present industry practice is to adjust 
the pMOS threshold by introducing a thin sheet of negative charges, such as 
ionized boron impurities, at the Si/Si02 interface. The intent is to introduce 
a negative Q1c term in Eq. 6.18 so that V, can be less negative. This practice 
is commonly performed with a boron implant which however, always results 
in a p-layer with finite thickness, as shown in Fig. 6.33 for two device con­
figurations. As a consequence, the channel potential is modulated; more 
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INVERSION 

Figure 6.32 Band diagrams at thermal equilibrium and inversion conditions for 
both: (a) p- and (b) n-type substrates. 

specifically, the channel potential minimum is moved away from the surface, 
causing buried-channel operation as described in Chapter 2. 

Figure 6.34(a) shows the potential under the gate at the distance from 
the source where the longitudinal electric field vanishes. 52 The solid and 
dashed curves correspond to transistors made in the n-well and n-substrate, 
respectively. The potential profile of a surface-channel nMOS is also sche­
matically plotted for illustration. Notice that the potential minimum is slightly 
away from the Si surface for both buried p-channel devices. Comparing the 
two pMOS devices, the potential valley is closer to the surface and the spread 
is less for the device made in the n-well because of the thinner p-layer and 
the higher background concentration (Fig. 6.34a). 

When compared with a surface-channel device, buried-channel devices 
have poorer subthreshold characteristics due to spread of carriers and deeper 
carrier centroid. 52•53 Carriers, which are located farther away from the gate, 
are more difficult to control by gate voltage. The thinner the p-layer, the 
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Figure 6.33 Simulated doping profiles in pMOS channel regions: dashed lines, 
lightly doped substrate; solid lines, retrograde n-well (Ref. 52, © 1982 IEEE). 

better the subthreshold swing (smaller Sr value). As shown in Fig. 6.34(b), 
finite leakage at zero gate bias is commonly observed for short p-channel 
devices, especially at a high drain bias. Higher background concentration 
can improve this leakage because of the reduction of drain-induced barrier 
lowering (DIBL). 5 The leakage current observed at high V"s and Vg < V, 
is caused by punchthrough phenomenon due to DIBL. Again, the subthres­
hold current of a surface-channel nMOS is plotted for comparison. 

In a CMOS IC, punchthrough is a critical concern for pMOS FETs, 
even when they are made in n-wells, because of their associated buried­
channel behavior and deeper p + Sf D junctions. The punch through current 
modelled by GEMINI is governed by Eq. (6.4) and the equation can be 
simplified for Vds >> kT/q, the only condition with practical interest. The 
logarithmic form of the simplified equation is 

log(11.) = A - q(J)b/kT (6.20a) 

where 
A log[ qDp W(Z*I L*)(n11NA)] (6.20b) 

and 
ipb = ip* - vs ( 6.20c) 

ipb is the potential barrier height, (J)* is the potential peak, and Vs is the 
source potential. As shown in Fig. 6.35, (J)* and hence ipb decrease as Vds 
increases because of drain-induced barrier lowering. Simulated results for 
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Figure 6.34 (a) Channel potential profiles; and (b) associated subthreshold I-V 
curves. Dashed lines: buried-channel pMOS in a lightly-doped substrate, solid 
lines: buried-channel pMOS in a retrograde n-well, dotted lines: surface-channel 
nMOS schematically drawn for comparison (Ref. 52, © 1982 IEEE). 
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Figure 6.35 Potential distributions along the buried-channel of a pMOSFET for 
various drain voltages. 

pMOSFETs in ann-well are shown in Fig. 6.36. It is obvious that the barrier 
lowering is linearly proportional to the increase of drain voltage. Eq. (6.20a) 
can therefore be written as 

log(Is) = A - q(<I>bO - biVc~sl)!kT (6.21a) 

(6.21b) 

where A I = A - q<I>bolkT and ll = kT/bq. <I>bo is the barrier height at vds 
= 0 and b represents the DIBL rate-both can be determined from Fig. 
6.36. A linear relationship is expected between Is in logarithm and Vds· 
Figure 6.37 shows the experimental data for a 0.8 J.tm pMOS transistor made 
in an n-well. 18 The data agrees well with the simulated results. The param­
eter, "ff, ("ff = iJVc~s!Olog(Is)) is the incremental voltage that the drain can 
sustain before Is increases by another order of magnitude. The larger the 
'YJ value, the lower the DIBL rate, hence the better the punchthrough resist­
ance in the MOSFET. From Fig. 6.37, 11 is about - 4..4 V/decade for Vg = 

0 V. This value means that if punch through current is 10 pA at Vds = -1 
V, the current will increase to 1 nA at Vc~s - -10 V. For VLSI devices, 
even a small amount of leakage may not be tolerated due to the large number 
of devices on a chip. Considering a million-device chip, 0.1 1-1A leakage per 
device would generate a total of a few-tenths watt power dissipation. For a 
DRAM with 50 fF charge storage, off-state leakage should be less than 1 
pA, to ensure that the voltage at the storage node shifts less than 20 m V per 
msec. 
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An obvious solution to the punchthrough problem is to make the p-type 
buried layer as thin as possible. The thinner the p-layer, the more the device 
resembles a surface-channel FET. Figure 6.38 shows the reduction of sub­
threshold swing with thinner p-layer thickness (Yj) for two different oxide 
thicknesses. 54 This reduction can be achieved by using a shallow BF{ im­
plant, higher background doping concentration, and/or a reduced thermal 
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Figure 6.37 Subthreshold I-V characteristics versus drain voltage for a submicron 
pMOSFET. 
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Figure 6.38 Simulated subthreshold 
swing versus buried-layer thickness (Yi) 
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processing cycle to restrict boron diffusion. In an n-well or twin-tub archi­
tecture, a retrograde well profile and even a second n-type implant in the 
well54- 57 could be used to squeeze the p-layer closer to the Si surface. All 
of these process methods however, should not significantly upset other device 
parameters such as junction capacitance and body effect. 

Another solution is to use a shallow S/ D junction for reducing punch­
through and other short-channel effects. As shown in Fig. 6.39, both 
subthreshold swing and off-state leakage are significantly reduced when shal­
lower p+ junctions are used for p-channel source/drains. This method can 
be achieved again with BF:f implant and/or rapid thermal annealing (RTA). 
It is difficult however to form a very shallow but still heavily doped p + junction 
even with the RTA technique. The LDD structure, which is commonly used 
to mitigate the hot-electron effect in nMOS,.has been applied to half-micron 
pMOSFETs primarily to decrease punchthrough current at minimum expense 
to SID resistance. Figure 6.40 shows that punch through voltage (V PT ), de­
fined as Vds at Vg = 0 V and Id = 1 v-A, is increased by 2-3 V when LDD 
is used. 55 In other words, for a specified punchthrough voltage, incorporating 
an LDD structure allows a shorter poly gate to be used: The LDD structure 
may result in a decrease in drain current due to the additional series resistance. 
Figure 6.41 (a) and (b) shows punch through voltage and drain current as a 
function of poly gate length (Lg). 58 Notice that the Vpr curve shifts to the 
left indicating that for a given gunchthrough voltage the poly gate can be 
shortened by approximately 0.2 v-m. Meanwhile, the drain current reduces, 
but only marginally at larger Lgs. New device structures other than LDD 
have also been proposed to minimize punchthrough current. For example, 
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Figure 6.39 Simulated subthreshold characteristics: (a) subthreshold swing; and 
(b) off-state leakage current versus junction depth (xj) for various buried-layer 
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a small segment of an n-type region can be inserted between the p-type S/ D 
and the gate as a punch through stopper. This structure is often referred to 
as a halo structure and has been used in suppressing punchthrough current 
for half-micron FETs. 6° Furthermore, the LDD structure is effective in in­
creasing submicron pMOS reliability. 

6.5.2 pMOS Reliability 

Previous discussion has indicated that the hot-carrier problem has not 
been serious in pMOSFETs because of the corresponding lower impact ion­
ization rate. A secondary reason is that the buried-channel behavior asso­
ciated with pMOS transistors results in a deeper current path and possibly a 
lower electric field, both reducing hot carrier effects. However, if constant­
voltage scaling continues to apply down to submicron dimensions, the cor­
responding electric field becomes so high that hot carrier effect can begin to 
cause reliability problems even in a pMOS transistor. Recently, hot-electron 
induced punchthrough has been found important in submicron pMOS long­
term reliability. Punch through voltage is significantly reduced due to hot 
electron injection into the gate oxide near the drain. This problem is serious 
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because, as previously described, high punchthrough voltage is hard to obtain 
for p-channel MOSFETs due to their buried channel nature. Additional 
punch through voltage reduction due to hot carrier injection further aggravates 
the problem. 

The effect of hot carrier injection on p-channel device characteristics differs 
considerably from the hot carrier effects observed in n-channel devices. 61 •62 In 
particular, the transconductance (gm) of a p-channel device increases as a result 
of stress, and the magnitude of the threshold voltage decreases except at very 
high IVgl-59 Figure 6.42(a) and (b) show the stress-induced changes in gm and 
Vt. At low iVgi, the gm of a 0.4 f.-tiD device is similar to that of a stressed device 
with 0.6 f.-tiD Leff· This similarity is in contrast with the decrease in transcon­
ductance and increase in threshold voltage widely reported for n-channel devices. 
In an n-channel transistor, both channel hot electrons and hot holes generated 
by impact ionization are important in hot carrier induced device reliability. 26•63 

However, in a p-channel device, hot holes do not play a significant role unless 
a device is stressed at large magnitudes of Vg , i.e., iVgi > IVJ 

As illustrated in Fig. 6.42(b ),58 threshold voltage shifts to a negative 
direction only at Vg < -10 V. The negative shift has also been observed 
for devices tested under accelerated stress for long periods of time. 64 In 
general, electrons are primarily responsible for the threshold shift because 
they are more likely to inject into the gate oxide than are holes due to their 
lower associated barrier heights, and at low Vg (IVgl < IVdi), the oxide field 
near the drain aids electron injection but retards holes. 
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Figure 6.43 Punchthrough voltage reduction with stressing time (Ref. 59, © 1987 
IEEE). 

Micron Ex. 1024, p. 240 
Micron v. YMTC 
IPR2024-00909



Sec. 6.5 Buried-Channel Effects and pMOS Design 

Punchthrough Voltage Lowering 

Poor Cut-off Characteristic 

Figure 6.44 Schematic diagram illustrating hot-electron injection in a pMOSFET 
(Ref. 59, © 1987 IEEE). 
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In general, gate current measured in pMOS devices reaches a peak at 
low gate bias. The worst stressing condition is at low IVgl (roughly -1.25 
V) because its corresponding oxide field results in a maximum gate current 
and a maximum stress-induced Vr shift, although the maximum substrate 
current is at higher IVgl (roughly -3 V). Again, this condition is opposite 
the results reported for nMOSFETs, in which device degradation is the worst 
at the gate voltage corresponding to the largest substrate current. 

Another observation is the degradation of V PT with stress time as shown 
in Fig. 6.43. For devices with Leff = 0.6 J.tm, punchthrough voltage rapidly 
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for pMOS devices before and after stressing (Ref. 59, © 1987 IEEE). 
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decreases to less than the supply voltage, 5 V. These observations can be 
explained by the schematic in Fig. 6.44. Hot electrons generated by impact 
ionization near the drain are accelerated toward the gate by the aiding oxide 
field and some of them become trapped in the oxide near the drain. The 
trapped electrons invert the Si surface near the drain resulting in an extension 
of the p+ drain region. Consequently, effective channel length decreases, 
resulting in an increase in transconductance, but a degradation in punch­
through and subthreshold characteristics. 

Punchthrough voltages (Vpr) versus Lett before and after stressing are 
shown in Fig. 6.45. Such punchthrough degradation is another outcome of 
the Lett reduction caused by hot electron injection. The degradation cor­
responds to approximately 0.15 J..tffi Lett reduction, which is consistent with 
the approximately 0.2 J..tffi reduction observed from the gm measurement 
shown in Fig. 6.42(a). If the threshold voltage (Vt) is defined as Vg, which 
gives rise to 10 nA or 1 rnA at a Vds = -5 V, it is then sensitive to stress-
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Figure 6.46 Device lifetime versus reciprocal stressing drain voltage for sub micron 
pMOSFETs (Ref. 59,© 1987 IEEE). 
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induced punchthrough current as well as oxide charges, and so is appropriate 
for worst-case evaluation. The lifetimes, defined at 100 m V Vr shift, are 
shown for submicron pMOS devices (Fig. 6.46). Lifetimes defined by 10% 
gm increase are also plotted on the figure. 59 In this example, lifetime is about 
one year for a 0.8 J.tm pMOSFET operating at the worst supply voltage 
(5 V + 10% variation). 

To increase submicron pMOS lifetime, LDD structure is also applied. 
The use of LD D basically increases Lerf, hence compensating for Leff reduction 
induced by hot-electron injection. With a lightly-doped drain, it also reduces 
peak electric field. As a result, punchthrough voltage is considerably im­
proved when LDD is used. Compared with conventionalpMOSFETs, stress­
induced Vr shifts in an LDD device are much smaller. 58 The example shown 
in Fig. 6.47 implies that a lifetime of more than 10 years can be achieved in 
submicron pMOSFETs with an LDD structure. 
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EXERCISES 

1. Derive the change of delay time, power, power density, and power-delay product 
as a result of constant-voltage and quasi constant-voltage scaling of a MOSFET. 

2. How does a MOSFET's threshold change when constant-field scaling rules are 
applied? Does it scale proportionally? 

3. For a 0.5 !J-Ill n-channel MOSFET with tax = 200 A, W = 10 IJ-111, and IJ-11 = 500 
cm2/V-sec, if the source/drain sheet resistance is 100 .fi/0 and the source or drain 
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contact to poly-gate distance is 10 v-m, calculate the intrinsic transistor channel 
conductance (gd), transconductance(g111), and total gd and g"; in which source and 
drain resistances are included (assuming contact resistance is negligible). 

4. Describe punchthrough current and subthreshold current and explain the differ­
ences between them. 

5. An n-channel MOSFET has 200 A f0 x, 1 v-m Lerf? 0.2 v-m xj and V = 0.6 V. If 
the device is biased at vg = 3 v and vd = 5 v' calculate the saturation voltage 
Vdsar and maximum electric field E111 • 

6. (a) Write the Em expression for an LDD nMOSFET and using the Em value 
calculated in Exercise 5, calculate the decrease of Em if the n- LD D length is 0. 2 
v-m. (b) If a FET channel width is 10 v-m and the SID sheet resistance in the LDD 
region is 1000 DID, calculate additional SID resistance due to the LDD insertion 
and compare it with the intrinsic FET resistance. 

7. Describe the process sequence for an LDD CMOS process and state qualitatively 
the advantages and disadvantages of an LDD structure. 

8. If n+ polysilicon is used for both n- and p-channel FET gates in a CMOS chip, 
what are the threshold voltages for the n- and p-channel devices assuming 250 A 
gate oxide, 5 x 1016 em - 3 substrate doping concentration, and a fixed oxide charge 
density of 5 x 1010 em - 2? 

9. For Exercise 8, what are the threshold voltages if p+ polysilicon is used for both 
n- and p-channel devices? 
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The preceding chapter discussed device design for individual n- and p-channel 
transistors. Because as many as hundreds of thousands of transistors are 
used in a CMOS VLSI chip, they must be properly isolated so that the 
conduction state for each transistor can be individually controlled. What is 
unique in a CMOS circuit is the isolation among opposite-type transistors as 
well as among similar-type transistors. This chapter starts with the physics 
and techniques of field isolation in MOS technologies. It then discusses 
isolation in CMOS including physical and electrical isolation, failure mech­
anisms, dependence on process architecture, and new isolation techniques for 
future CMOS. 

7.1 BACKGROUND 

One important aspect of integrated circuit technology is the art of isolation 
among transistors which are all built in a common silicon substrate. The 
state (on or off) and conductance of each transistor can only be controlled if 
proper isolation exists among transistors. If not, leakage current paths occur, 
causing DC power dissipation, noise margin degradation, and voltage shift 
on a dynamic node. Crosstalk among transistors can destroy the logic state 
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of each device. Dynamic RAMs are very sensitive to leakage because it can 
degrade memory holding time, hence requiring more refresh cycles. In a 
CMOS circuit, leakage current in the isolation region can escalate latchup, 
an important phenomenon to be described in the next chapter. 

Device isolation is becoming more critical in VLSI because of increased 
transistor counts and decreased isolation space. For a VLSI chip, a small 
amount of leakage per transistor can induce significant power dissipation for 
the entire chip. For example, if a VLSI chip has one million transistors with 
each transistor producing 1 !J-A leakage, the total power dissipation for the 
entire chip would increase on the order of a few watts. Because the transistors 
are closely packed on a VLSI chip, adequate isolation between neighboring 
devices is more difficult. 

In MOS technologies, isolation is commonly formed using a thick oxide 
and/or a heavily-doped Si layer in the field region among active MOSFETs 
(Fig. 7.1). The thick oxide is often called field oxide and the heavily-doped 
region is often referred to as channel stop. This field isolation works well 
for isolating active MOSFETs if only the Si surface in the active channel 
region is allowed to invert. This inversion occurs when the gate voltage 
reaches the threshold voltage of the active MOSFETs. As described in 
Chapter 2, threshold voltage increases with the increase of oxide thickness 
or substrate doping concentration according to Eq. 2.11. Thus, threshold 
voltage in a field region consisting of a thick oxide and/or heavily doped 
region is normally around 10 V or more, at least an order of magnitude higher 
than the threshold of active MOSFETs. As a result, surface inversion does 
not occur under the field oxide because the polysilicon or metal lines on the 
oxide is normally at 5 V or below. In normal operations, a conducting channel 
is allowed to form only in the active area, not in the field region. 

1 

Field Oxide 

device 

Channel Sto 

Si-substrate 

tfox =(10-20)Xt 0 x 

device 

Figure 7.1 Schematic of field isolation with self-aligned channel stop for MOS 
ICs. 
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7. 1.1 Test Structures 

This section considers NMOS technology only. Shown in Fig. 7.2 is an 
IC structure consisting of an aluminum interconnect line running between 
two active n-channel MOSFETs. Both a top-view layout and a cross-sectional 
view are shown. The aluminum line acts as a gate on the thick field oxide 
and the two n + diffusions adjacent to it act as source and drain, forming a 
parasitic FET. This FET is commonly used as a test structure to detect 
leakage current in the field region under the aluminum interconnect lines. 
Because polysilicon lines are also used for interconnects in an IC, a similar 
structure as shown in Fig. 7.3 is also possible. Notice the subtle difference 
as the n + regions adjacent to the polysilicon gate do not abut to the field 
oxide. This exact structure in general may not exist in an actual IC layout 
because polysilicon lines normally do not extend over the active (thin oxide) 
area (see Fig. 7.4(a)) unless they are also used for the gate electrode of active 
transistors (Fig. 7 .4(b)). Here, the polysilicon line serves as gate electrode 
as well as the interconnect between the two electrodes. In Fig. 7.3, the 

A 

A 

n+ 

(a) 

Alumin1um gate 

I Field oxide 

n+ 

(b) 

Figure 7.2 Aluminum-gate parasitic MOSFET between two active devices in NMOS 
technology: (a) layout; and (b) cross-sectional view. 
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Polysil1con gate 
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n+ 

F1eld oxide 

n+ 

Figure 7.3 Polysilicon-gate parasitic MOSFET between two active devices in NMOS 
technology: (a) layout; and (b) cross-sectional view. 

B 

silicon surface under the thin oxide is normally inverted at a very low gate 
voltage ( <1 V), resulting in ultra shallow "n +" regions. If the silicon surface 
under the field oxide is inverted, the two transistors are basically shortened 
and isolation between the two transistors is completely broken down. Thus, 
the test structure shown in Fig. 7.3 is a good test vehicle for the case shown 
in Fig. 7 .4(b), because leakage current measured from the parasitic FET 
indicates the onset of surface inversion under the field oxide. 

For the layout shown in Fig. 7.4(a), the test structure that has polysilicon 
overlapping the field oxide also tests the worst case because inversion is harder 
to achieve under field oxide that is not covered with a polysilicon line (see 
areas pinpointed by arrows in Fig. 7.4(a)). The configuration in Fig. 7.4(a), 
which is often seen in a real circuit, is unlikely to have an isolation problem 
if the test structure in Fig. 7.3 passes the isolation test. 

Another difference between the aluminum and polysilicon gate parasitic 
FETs is the thicker oxide in the former devices due to an additional oxide 
layer deposited to separate polysilicon and aluminum interconnects. The 
total oxide under the aluminum is typically 1-2 J-1m, while in the polysilicon 
device, the gate oxide is composed of thermally grown oxide only, which is 
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Figure 7.4 Polysilicon lines as transistor gate; and interconnect in real NMOS IC 
layouts. 
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about 0.5-1 JLm. In both cases, the thick field oxide and the doped silicon 
surface underneath inhabit surface inversion unless the gate voltage is raised 
several volts above the 5 V supply. 

7.1.2 Field Threshold Voltage 

Field oxide threshold voltage (V TF), as cited in the literature to evaluate 
the rigorousness of field isolation, has often been defined as the voltage 
required to get 1-JLA current in a parasitic FET. This definition is crude and 
as such V TF of >5 V does not necessarily correspond to an adequate isolation 
for circuits operated at 5 V power supply. Actually, the subthreshold swing 
of the parasitic thick-oxide FET is so large (e.g., Sr = 0.5-0.6 V/DEC) that 
the circuit must operate at 3-4 V below V TF to ensure a <1 pA off-state 
current. In other words, V TF, so defined, must be at least 8-9 V for a 5 V 
circuit operation. This condition must be met for minimum isolation spacing 
in a, given technology, because V TF decreases with isolation spacing in a similar 
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way to the short-channel effect observed in active FETs. 1 Even worse, as 
temperature increases, V TF decreases and the subthreshold swing (V/DEC) 
rises. 2 For example, V TF reductions as much as 2 V were noted as the 
temperature was increased from 25 to 125°C. 1 

Finally, another problem exists if circuits are used in a radiation envi­
ronment, because the threshold shift, caused by radiation-induced oxide charges, 
is proportional to the oxide thickness to a power of between 2 and 3. 3 The 
resulting threshold shift for a field oxide can be 5 to 10 V depending on the 
total dose of radiation. It is therefore essential to provide an additional 
margin for radiation-hard circuits in which field threshold voltage as ,high as 
= 20 V may be necessary. A more stringent measure of isolation will be 
discussed in Sec. 7.3. 

7.2 MOS ISOLATION TECHNIQUES 

An ideal isolation technique must satisfy all of the following requirements. 
First, leakage current must be negligible between active devices. For MOS 
technology, the silicon surface under the field oxide cannot be inverted during 
circuit operation. Second, spacing between active devices should be minimal. 
This requirement is particularly important for VLSI isolation. Third, iso­
lation should not consume a significant portion of the active device area or 
result in significant narrow-channel effect as described in Chapter 2. In other 
words, the transition from an isolation area to the neighboring active area 
should be abrupt. Fourth, the isolation process should not adversely affect 
the process parameters required for fabricating the active device. In this 
way, the performance of an active device can be optimal. Finally, a process 
should not be too complicated to control. For some applications, the low 
leakage requirement should be met in high-temperature or radiation envi­
ronments. 

7.2. 1 Window or Moat Isolation 

This method involves etching windows for the active devices in a uniform 
thick oxide. This technique was used before LOCOS4 was invented and was 
an industrial standard. The process is simple if a channel stop is not incor­
porated. Although sufficiently high field threshold voltage can be achieved 
with a thick enough field oxide alone, step coverage becomes a serious prob­
lem. Metal or polysilicon lines at the sharp edge of the oxide steps tend to 
break, especially when they are narrowed down for VLSI interconnects. 
Techniques such as implanting argon ions near the top portion of the oxide 
have been used to change the etching rate for the formation of a sloped oxide 
edge. This method facilitates step coverage, however, at the expense of a 
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larger layout area to accommodate the gradual transition from the active to 
isolation region. Obviously, reduced oxide thickness is most effective to ease 
the step coverage problem, but then a channel stop must be incorporated to 
produce adequate field threshold voltage. 

For p-channel MOS technology, a window isolation structure with self­
aligned channel stop was developed. 5 In this structure, a phosphorus implant 
over the entire wafer is performed after the windows are etched into the field 
oxide. The phosphorus-doped active region is compensated by a shallow 
boron implant that goes only through windows patterned in the field oxide. 
The phosphorus implant forms ann-type channel stop under the field oxide, 
whereas the boron implant through the windows provides adequate channel 
doping for active devices. This process is similar to the retrograde n-well 
CMOS process as described in Chapter 5. Good device characteristics were 
obtained for MOSFETs with 8-f.,lm channel length. However, the two im­
plant conditions must be controlled precisely to achieve the exact doping 
compensation for threshold control. A 2 rr variation of 0.35 V was found 
in earlier work. 5 This control problem becomes more serious for scaled 
devices, which require higher implant doses and lower threshold voltage. 

Similar window isolation has been done for NMOS technology. Active 
channel regions are first defined by etching windows in a thick field oxide. 
Boron ions are deeply implanted under the oxide to form a p-type channel 
stop. 6 The boron impurities in the active regions are counter doped by a 
shallow phosphorus implant to set a low threshold voltage. Again, this proc­
ess is like a retrograde p-well process. The cross-sectional view of the final 
device structure is shown in Fig. 7.5. Although submicron MOSFETs with 
adequate threshold and punchthrough voltages were made, they had poor 
body effect and high junction capacitance because of excessive boron im­
purities in the channel region. Moreover, a significant 2-D fringing field 
effect existed in the devices with narrow channel widths. Figure 7.6 shows 
the 2-D·contours for potentials and carrier concentrations in a narrow-channel 
device with its gate biased slightly above threshold voltage. Only half of the 
channel is shown due to the symmetry of the structure. The cross-section is 
perpendicular to the direction of current. Even with a precisely-defined field 
oxide edge, both surface potential and electron concentration decrease sig­
nificantly near the edge of the channel, resulting in a reduction of effective 
(or electrical) channel width. This channel-narrowing effect is the origin of 
threshold increase and transconductance decrease as the channel width is 
reduced. 

In spite of the problems previously mentioned, direct window isolation 
provides advantages for isolation in high-density ICs. Compared to LOCOS, 
another isolation technique, direct window (moat) isolation has been shown 
to save 30%-40% of the silicon area. 1 It was pointed out that increasing 
doping concentration in short-channel ( =1 f..lm) MOSFETs relaxed the re­
quirement of NA (channel stop) > NA (channel), where NA represented the 
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Figure 7.5 Cross-sectional view of an nMOS device using window isolation and 
channel stop. 

dopant concentration. 1
'
7 It was therefore possible, using a single boron im­

plant, to form a channel stop under the field oxide and provide punchthrough 
protection in the channel region. 

Another implant was made to adjust threshold voltage after the active 
areas were defined. This technique, however, was not completely satisfactory 
for an optimum NMOS process. Neither channel stop nor channel area can 
have optimized doping distribution by using only one implant. The boron 
implants selected in the work1 may have offered suitable punchthrough pro­
tection, but the boron profile was too deep to provide appropriate body effect 
and junction capacitance for the active devices. Also, the dopant concen­
tration for the channel stop might not have been sufficient. 

Another NMOS process that forms channel stops for device isolation, 
but independently dopes channel regions for active devices, has been pro­
posed. 8 After etching windows into field oxide with a patterned photoresist 
layer, a layer of metal is deposited and the portion above the field oxide is 
subsequently lifted off, leaving metal just inside the windows. The metal 
inside the windows acts as an implant mask to block boron ions while they 
are implanted through the field oxide to form channel stops. The channel 
stops are self-aligned to the thick field oxide for high packing density. Mean­
while, the active devices can have an optimum impurity profile. The asso­
ciated liftoff process is, however difficult for VLSI production. 
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Figure 7.6 Two-dimensional contours of equipotentials and electron concentra­
tions for a non-planar MOS structure in channel width direction (Ref. 13, © 1982 
IEEE). 
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The LOCOS (LOCal Oxidation of Silicon) process4 is commonly used 
for the isolation of active devices in the MOS IC industry. As shown in Fig. 
7. 7, this process uses a patterned nitride layer together with a thin buffer 
oxide underneath to mask the active area. This pad oxide releases stress 
caused by the nitride layer, and is therefore often referred to as SRO for 
Stress-Relief Oxide. The nitride/oxide mask is used to block ions during 
channel stop implantation and the same mask is then used for local oxidation. 
The nitride/oxide masking layer is stripped after LOCOS. The resulting 
isolation structure consists of a semi-recessed field oxide with the channel 
stop naturally self-aligned to the oxide edges. This standard LOCOS process 
can be modified to produce fully recessed field oxide if the Si substrate in 
the isolation region is etched before LOCOS. No;mally, the amount of Si 
etched is roughly half of the desired field oxide thickness so that an isoplanar 
surface is formed after LOCOS. This scheme however adds more processing 
steps and concerns for etch-induced crystal damage and increased oxidation 
encroachment. 
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Figure 7.7 Process steps for LOCOS isolation with self-aligned channel stop. 

Applying LOCOS to VLSI isolation is severely limited by field oxide 
encroachment and lateral diffusion of channel-stop dopants into the active 
device area. Oxidant diffuses through the buffer oxide under the nitride, 
hence inducing oxidation. near the nitride edges. This lateral oxidation en­
croachment makes the edge of the LOCOS oxide resemble a bird's beak. 
The impurity atoms in the channel stop region also diffuse laterally during 
LOCOS and other subsequent high temperature process steps. Figure 7.8 
is an SEM micrograph showing the bird's beak structure due to lateral oxi­
dation. As shown in Fig. 7. 9, the lateral oxidation rate is a function of the 
lateral distance from the nitride edge and depends on buffer oxide thickness. 
Both oxidation encroachment and impurity lateral diffusion overtake the 
active area near the channel edges. Hence, the physical channel width WP 
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Figure 7.8 SEM micrograph showing the cross-section of the bird's beak due to 
oxide encroachment (Ref. 9, © 1981 IEEE). 
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Figure 7.9 Lateral oxidation rate as a function of the lateral distance from nitride 
edge for various buffered oxide thicknesses used in the LOCOS process (Ref. 9, 
© 1981 IEEE). 
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becomes less than the designed channel width Wd. The difference (Wd -
WP) becomes a significant portion of Wd when devices are scaled down for 
VLSI applications. Furthermore, the electrical channel width (We) is even 
less than WP because the 2-D narrow-channel effect applies to LOCOS as 
well as other non-planar isolation schemes, such as window isolation. Both 
physical and electrical channel-nar;rowing effects increase the FET threshold 
voltage and reduce its current driving capability. To maintain the desired 
channel width, the corresponding mask dimensionmust be drawn oversized, 
resulting in wasted layout area. Other considerations are nitride-induced 
crystal defects and step coverage on non-planar surface. 

Several methods have been tried to improve LOCOS isolation in terms 
of reducing the bird's beak. Sealed-Interface Local Oxidation (SIL0)9 uses 
a thin ( <300 A) nitride film directly on Si to seal the interface, shutting off 
lateral oxidant diffusion during local oxidation. As predicted in Fig. 7.9, the 
lateral oxidation rate decreases sharply as the buffer oxide thickness is re­
duced. Consequently, a steeper step angle and reduced bird's beak9 can be 
obtained (Fig. 7.10). A thicker nitride layer can reduce the bird's beak even 
further, but at the expense of generating more stress, more crystal defects, 
and higher leakage. To achieve low stress and a small bird's beak, a sandwich 
masking layer (Fig. 7.11) consisting of a thin nitride (100-200 A), an LPCVD 
(Low-Pressure Chemical Vapor Deposited) oxide (300 A) and a thicker nitride 
(1000 A) has shown basically defect-free field oxide with encroachment of 
only 25% of the oxide thickness (Fig. 7.12). A conventional LOCOS gen­
erally has lateral encroachment of =80-100%. 

Another attempt to improve LOCOS is the use of the SideWAll Masked 
Isolation (SWAMI) process, 10 which offers basically defect-free and near-zero 
bird's beak, but at the expense of process complexity. As shown in Fig. 
7.13, the process starts with forming and patterning a composite masking 
layer with stress relief oxide (SRO I), and nitride (Nitride I) on active regions. 
The Si substrate is then etched with a sloped sidewall and channel stop is 
implanted (Fig. 7.13a). A second composite nitride/oxide layer is then formed 

Figure 7.10 An SEM micrograph 
showing the cross-section of reduced 
bird's beak in a SILO structure (Ref. 9, 
© 1981 IEEE). 
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Figure 7.11 Process steps for a sand­
wiched SILO structure. 
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and an LPCVD oxide is deposited (Fig. 7.13b). After RIE etching of the 
CVD oxide, an oxide sidewall spacer is left (Fig. 7.13c). This sidewall spacer 
is then used as a mask to etch the nitride II, then the mask is stripped (Fig. 
7 .13d). LOCOS is then performed with the Si sidewall protected from lateral 
oxidation encroachment by the thin nitride spacer (Fig. 7 .13e). All masking 
materials are then stripped and gate oxide is grown (Fig. 7 .13f). The process 
employs two nitride masks, anisotropic oxide and nitride etching. The slope 
of the sidewall ( =54°) must be controlled during Si etching. A near isoplanar 
structure is achieved as shown in Fig. 7.14 and good electrical characteristics 
have been obtained. 10 

Figure 7.12 SEM micrograph showing 
the cross-section of minimum encroach­
ment using the sandwich structure 
shown in Fig. 7.11 (Ref. 9, © 1981, 
IEEE). 
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Figure 7.13 The major process steps of SWAMI (SideWAll Masked Isolation) 
(Ref. 10, © 1982 IEEE). 

7 .2.3 lsoplanar Field Oxide 

Another isolation approach involves etching a shallow (several tenths 
of a micron) step in a silicon substrate and filling it with a depositing oxide. 
This isolation has fully recessed isoplanar configuration and is bird's beak­
free. It was introduced as BOX for Buried 0Xide. 11 A liftoff technique 
using aluminum11 or molybdenum12 as a stencil was employed for this ap­
proach. As shown in Fig. 7.15, Si02 was plasma-deposited at 300°C for the 
field oxide. A wet etching before liftoff was done to remove oxide at the 
sidewall of the Si groove. Because the oxide at the sidewall was highly 
stressed, its etch rate was much higher, allowing preferential etching. The 
oxide on the metal stencil was then lifted off by resolving the metal. To fill 
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Figure 7.14 SEM micrograph showing 
the cross-section of a SWAMI structure 
(Ref. 10, © 1982 IEEE). 
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Figure 7.15 Process steps in BOX 
(Buried OXide) technology (Ref. 11, 
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Figure 7.16 SEM micrograph showing the cross-section of isoplanar PHOTOX 
structure (Ref. 13, © 1982 IEEE). 

in the V-grooves at the step, another oxide was deposited and RIE etched 
to form a planar surface. 

A similar technique using photoresist to lift off low-temperature (100°C) 
photo-CVD oxide (Photox) was also proposed for field isolation. 13 The idea 
again is to provide a fully isoplanar structure as shown in Fig. 7 .16. The 
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Figure 7.17 Two-dimensional contours of equipotentials and electron concentra­
tions for a fully-recessed isoplanar MOS structure in channel width direction (Ref. 
13, © 1982 IEEE). 
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planar isolation with fully-recessed field oxide not only eliminates physical 
encroachment and surface topology, but also avoids the electrical2-D fringing 
field effect illustrated in Fig. 7.6. Fig. 7.17 shows the 2-D contours of po­
tential lines and carrier concentrations for the planar isolation structure. No­
tice that both potentials and electron concentrations are uniform across the 
entire channel width, indicating negligible electrical channel-narrowing effect. 

Despite all of the advantages of the isoplanar structure, the associated 
liftoff process is, so far, doubtful for production. The use of preferential 
etching can facilitate liftoff, but even then the process may be too complicated 
for manufacturing VLSI circuits. Other processes, such as trench, are ~eing 
developed for realizing isoplanar isolation. Section 7.4 will discuss these 

. techniques. 
Table 7.1 summarizes the various MOS isolation techniques discussed. 

Key process steps, distinct features, and schematics are included. For the 
present MOS IC fabrication, standard LOCOS or improved LOCOS such as 
SILO, is still the dominant isolation technique, even though scaling isolation 
spacing for VLSI becomes severe. 

7.3 ISOLATION IN CMOS 

Layout density has been a major problem in bulk CMOS because both n­
and p-channel devices must be made on the same chip and the two devices 
must be properly isolated. The two types of devices must be separated 
physically by at least one well, which is normally formed by diffusion. Be­
cause diffusion is an isotropic process, a large layout space is required to 
accommodate lateral diffusion during well formation. Another problem is 
the implementation of channel stop(s) for CMOS devices. In NMOS tech­
nology, the p-type channel stop can be formed easily under the LOCOS oxide 
to raise field threshold voltage well above the 5 V power supply. In the case 
of CMOS, a p-type channel stop is still necessary to provide isolation among 
n-channel transistors. Moreover, it must be spatially restricted to the n­
channel area only. Similar requirements apply for n-type channel stops needed 
in the p-channel area. These additional constraints require extra layout 
spacing between the n- and p-channel areas unless some sort of self-aligned 
structure can be realized. Even worse, the channel-stop_ doping concentration 
at the edge of the well drops substantially due to lateral diffusion and the 
compensation between acceptor and donor impurity atoms. As an example, 
Fig. 7.18 shows this effect through 2-D simulation for the twin-tub process. 14 

The solid curves show the reduction in net impurity concentration at the well 
boundary when both boron and phosphorus implants are used. The dashed 
line represents a case in which only boron implant was used. The doping 
reduction leads to isolation problems associated with the tight spacing between 
an n- and p-channel device. 14 
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TABLE 7.1 Comparison of Various MOS Field Isolation Technologies 

TECHNIQUE 

LOCOS 

NITRIDE 
ON 
OXIDE 

ELIMINATING 
BUFFER OXIDE 

KEY PROCESS STEPS DISTINCTIVE FEATURES 

BIRO'S BEAK 
SEMI-RECESSED 

• REDUCED BIRO'S BEAK 
LENGTH 

• DIFFICULT TO -CONTROL 
DEFECT FORMATION 

• SURFACE NOT COMPLETELY 
IMPROVED FLAT (PLANAR) 

LOCOS r-----------r------------------+----------------------~ 
,. EXCELLENT SURFACE 

PLANARITY 
USING NITRIDE 
PROTECTION 
OF SIDEWALL 

WINDOW 
ISOLATION 

GROOVE 

TRENCH 

BURIED 
OXIDE 

PHOTO X 

( 

Si 3N4 [IItttttl P-OLY-Si 

rrr-rr,.,.,..,.. c:=:J s i 
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• VIRTUALLY NO BIRO'S BEAK 

• DEFECT FORMATION (?) 

• COMPLICATED 

• VIRTUALLY NO BIRO'S BEAK 

• SIMPLICITY OF PROCESS 

• SURFACE NOT FLAT 
(PLANAR) 

• DIFFICULT TO APPLY TO 
SUBMICRON ISOLATION 

• STEP COVERAGE 

• NO BIRO'S BEAK 

• PERFECTLY FLAT (PLANAR) 
SURFACE 

• NO IMPURITY 
REDISTRIBUTION 

• REQUIRE AI MASK AND 
PLANARIZATION BY RIE 

• NO BIRO'S BEAK 
• SUPER-PLANAR 
• NO AI OR RIE 
• NOT MATURE 

• EFFECTIVE FOR BIPOLAR 
OR CMOS WELL ISOLATION 

• INCREASED PARASITIC 
INTERCONNECT CAPACITANCE 

• COMPLICATED 
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Figure 7.18 Impurity surface concentration near the border of the two tubs in 
twin-tub CMOS (Ref. 14, © 1980 IEEE). 
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In a CMOS circuit, proper isolation must be provided a:mong opposite­
type devices as well as between similar devices. 15 The following sections first 
describe isolation among similar devices, followed by the discussion of iso­
lation among opposite-type devices, then the enhancement of isolation by 
using retrograde-well technologies and finally, vertical i-solation between dif­
fusion in the well and the substrate. 

7 .3.1 Isolation Among Similar Transistors 

This section will discuss isolation between two n-channel transistors and 
two p-channel transistors. These similar transistors must be isolated properly 
to avoid leakage current occurring in parasitic FETs. Parasitic FETs are 
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252 CMOS Isolation Chap. 7 

formed by polysilicon or aluminum interconnect lines on relatively thick field 
oxide and adjacent pn junctions. 

Test devices for isolation between two n-channel active transistors were 
described in Sec. 7 .1.1. Problems associated with the conventional definition 
of field threshold voltage were discussed in Sec. 7 .1.2. Instead of defining 
threshold at 1 JJvA, a stringent way to test field isolation is to measure the 
field threshold voltage (V TF), defined as the gate voltage that generates a 
small and acceptable drain current at drain voltage equal to power supply 
voltage, i.e., currently a 5 V V DD· The V TF values measured at drain currents 
of 10 pA, 1 nA and 0.1 fJvA in a 20 J.Lm wide FET are shown in Fig. 7.19. 16 

The test structures used for this measurement are shown in Figs. 7.2 and 7.3. 
The LOCOS field oxide thicknesses for polysilicon and aluminum gate FETs 
are about 0.5 and 1.0 JJvm, respectively in this example. A boron field implant 
of 4 x 1013 em -z at 25 Ke V is used for the channel stop formation before 
the LOCOS oxidation. The higher current (0.1-1.0 J.LA) corresponds to a 
threshold similar to the threshold defined at the onset of strong inversion. 
This definition is suitable for the active MOS transistors but not particularly 
useful for parasitic FETs in which a very low level of leakage current (10 pA 
- 1 nA) is a serious concern for maintaining isolation. Notice that the V rpS 

are higher for the aluminum gate because of the associated thicker field oxide. 
The thicker oxide also gives poorer subthreshold slope, causing V TF curves 
to separate further. The V TF decreases as the channel length (n +-to-n+ 
separation) is reduced in a way that is analogous to the short-channel effect 
commonly observed in active MOSFETs (see Chapter 2, Sec. 2.5). This 
effect should be taken into account when setting n +-to-n+ layout design rules. 
For the example shown in Fig. 7.19, V TF values are 10 V or above even at 1 
fJvm separation between two n-channel active devices. 

Parasitic FETs among p-channel active devices are identical to those 
shown in Figs. 7.2 and 7.3 except that the doping types are reversed. The 
symmetric parasitic pMOSFETs are, in general, harder to turn on because 

'the net oxide charge density ( Ofc term) is commonly positive, making the V rF 

even more negative. As shown in Fig. 7.20,16 the absolute VrF values are 
well above 5 V. The test devices used here are fabricated from the same 
CMOS process which made the devices used for obtaining data in Fig. 7.19. 
The channel stop is formed by a shallow phosphorus implant inside the n­
well. The very high V TF values in the polysilicon gate devices are not always 
measurable due to dielectric breakdown in the thin oxide region between the 
polysilicon gate and the source. Notice that the aluminum gate devices 
exhibit greater short-channel effect, due to thicker oxide. 

Leakage can also be observed in the parasitic FETs if punchthrough 
between 'the two n + (or two p +) regions occurs. Due to the relatively high 
doping concentration in the field region and shallow n + or p + diffusion 
regions, punchthrough usually does not take place unless the separation be­
tween the two diffusion regions is scaled below 1 JJvm. Breakdown is normally 

Micron Ex. 1024, p. 268 
Micron v. YMTC 
IPR2024-00909



Sec. 7.3 Isolation in CMOS 

Threshold voltage (volts) 

25 

20 

Vos = 5 volts W = 20J:1m 

Drain 
current 

~~~o~ar-€8----~e------~o~------a 1nA 

15 

10 

5 

0 

0 .5 

~.-.. -'.::>-.. -.. -<5.:>--.. -.. -... -.. -l;;:>--.. -.. -... -.. -... -.. -.. -9-:-.. -... -.. -. -.-.. ---'. ~ 6~,~~ 

0 .... o·····o····o·····o·· 
....... 0 ............ o ................ o 10pA 

1.5 

-- Aluminum gate 

.......... Polysilicon gate 

2 2.5 3 3.5 4 

Nominal n + ton + separation (J:lm) 

Figure 7.19 n-Channel field threshold voltages for symmetrical parasitic PETs 
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limited by avalanche breakdown which, in general, occurs at voltages well 
above 5 V. 

7 .3.2 Isolation Among Opposite-Type FETs 

In addition to physical separation and the precise definition of channel 
stops, electrical isolation between n-channel and p-channel active devices is 
just as important. Inadequate isolation leads to leakage between opposite­
type devices. This leakage corresponds to the subthreshold leakage measured 
in parasitic FETs. 

Test structures. Fig. 7.21 shows two parasitic FETs formed at the 
edge of an n-well by aluminum or polysilicon lines. The n + and the n-well 
form source and drain for the parasitic nMOSFET while the p + and p-sub­
strate serve as source and drain for the pMOSFET. Here, the source and 
drain are not symmetrical and the n-well and p-substrate are used as drains 
because a deeper drain junction and a highly conductive source always pro­
duce more subthreshold current, thereby representing a worst case condition 
for isolation. Similar to the test structures described in Sec. 7 .3.1, the two 
structures have two differences between them. The field oxide in the alu­
minum gate structure is thicker than that in the polysilicon gate. Also, the 

aluminium gate 

field oxide 

p-substrate 

n + ton-well p + top-substrate 

MOSFET \ polyslli<on gate j MOSFET 

~~----~----~~ 

field oxide 

n-well 
p-substrate 

Figure 7.21 Asymmetric parasitic FETs formed at n-well edge. 
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n + and p + in the polysilicon gate structure are self-aligned to the polysilicon 
gate instead of butting against the LOCOS edges. This test structure sim­
ulates the real CMOS inverter layout shown in Fig. 7 .22, 17 although the actual 
p + and n + are not along the same direction of the polysilicon gate. When 
the gate is biased at 5 V, the n-channel surface under the polysilicon gate 
(indicated by n-CH) is inverted to n-type but is isolated from the n-well by 
the p-substrate as long as the field region in the p-substrate is not inverted. 
Similarly, as the gate is turned to 0 V, the p-channel surface under the 
polysilicon gate (indicated by p-CH) is inverted to p-type but is isolated to 
the p-substrate unless the field region inside the n-well is inverted. 

The present test structure serves as a good vehicle to test the field 
inversion problem under the polysilicon lines. However, the true source and 
drain diffusions in the polysilicon gate case are kept further apart than in the 
aluminum gate case (Fig. 7.21). This instance tends to inhibit punchthrough 
and hence does not test the worst punchthrough problem. 

As n +-to-n-well or p +-to-p-substrate spacing is reduced, the magnitude 
of the field threshold voltage for either nMOS or pMOS parasitic FET de­
creases, again similarly to the short-channel effect commonly observed in an 
active MOSFET. This threshold roll-off effect in parasitic asymmetric FETs 
is very serious because of the associated deep drain (n-well or p-substrate). 
The deep drain is also more likely to cause drain-to-source punchthrough, 
which is another failure mode in CMOS isolation. Moreover, the two failure 
modes, field inversion and punchthrough, are coupled through 2-D effects. 17 

For worst-case considerations, field inversion must be measured at maximum 
drain bias and punchthrough must be measured at highest gate voltage. 

Modelling. Two-dimensional process and device modelling is carried 
out using the SUPRA and GEMINI programs discussed in Chapter 3. The 
input parameters for the SUPRA program are adjusted to achieve agreement 
with the measured profiles in the vertical direction. The GEMINI program 

Figure 7.22 Layout top view in CMOS 
isolation region between n- and p-chan­
nel active devices (Ref. 17, 
© 1986 IEEE). 
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is basically a Poisson's equation solver, but is quite adequate for isolation 
modelling in which only very low levels of current are concerned. 

Fig. 7 .23( a) and (b) show the 2-D impurity distribution and the corre­
sponding potential contours for the n +-to-n-well aluminum gate asymmetric 
parasitic FET. 18 The device is formed using a conventional diffused n-well 
technology. The nominal separation of n + diffusion from the n-well (that 
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Figure 7.23 2-D simulated impurity doping and potential contours in the n+·to­

n-well parasitic MOSFET (Ref. 18, © 1987 IEEE) 
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is, the separation of the nitride LOCOS mask and the n-well implant resist 
mask) is 2.4 ~-tm; the locations of the mask edges are indicated on Fig. 7.23(a). 18 

Notice the fairly high p-type field doping level between then+ diffusion and 
the well. 

Fig. 7 .23(b) illustrates a solution to Poisson's equation for the structure 
depicted in Fig. 7.23(a). Then-well and parasitic gate are biased to 5 V with 
respect to the p-substrate and n + source; this instance represents the worst 
case for leakage with a 5 V supply. In this case, the parasitic FET is off as 
indicated by the 0 V surface potential in the middle of the channel. The 
suppression of lateral spread of the well-substrate depletion region by the p­
type field dopants can be clearly seen. 

Figs. 7.24(a) and (b) show simulated doping and potential contours, 
respectively for a p+ -to-p-substrate aluminum gate parasitic FET. In this 
case, a device formed using the retrograde n-well technology is taken as an 
example. The nominal separation of p + diffusion from the p-substrate (that 
is, the separation of the nitride LOCOS mask and the n-well implant resist 
mask) is 1.2 ~-tm; the locations of the mask edges are indicated on Fig. 7.24(a). 18 

Note that the retrograde well is shallower under the field oxide than under 
the active area, 19•20 and also that the elimination of an n-well drive-in again 
limits lateral diffusion of the well dopants. The solution to Poisson's equation 
illustrated in Fig. 7 .24(b) is obtained assuming that the p-substrate and par­
asitic gate are biased to - 5 V with respect to the n-well and p + source, again 
representing the worst case for leakage. The potential contours at 0 V or 
below are all well inside the oxide, indicating that the Si surface underneath 
is at positive voltage. This indication means that sufficient voltage margin 
exists before inversion occurs. Also, notice that the depletion region asso­
ciated with the drain junction is mostly extended to the p-substrate rather 
than the n-well, which is much more heavily doped than the p-substrate. 
Because the n-well serves as the channel region in this structure and only a 
small portion is taken by the drain depletion region, lateral punchthrough 
between p +-to-p-substrate is less likely to happen. 

n+-to-n-well parasitic FETs. Fig. 7.25(a) shows field inversion volt­
ages defined by drain currents of 10 pA, 1 nA, and 0.1 JJ..A, measured at a 
5 V drain voltage for both aluminum and polysilicon gate n +-to-n-well par­
asitic FETs. 18 The threshold lowering effect below 2 ~-tm nominal n + to n­
well separation is clear. The n-well in these devices acts like a deep drain, 
and the associated depletion region extends into the substrate toward the n + 
source. This extension causes short-channel threshold lowering and drain­
induced barrier lowering similar to normal active devices. 

The thresholds of the thinner gate oxide of the polysilicon gate parasitic 
MOS transistors are lower than those of the aluminum gate devices, and the 
curves corresponding to the different subthreshold drain currents are closer 
together due to the improved subthreshold swing. As described in Chapter 
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2, the subthreshold swing (51) decreases as the gate oxide is thinned. More­
over, threshold lowering is less for polysilicon gate FETs, which is again due 
to the thinner gate oxide. At the smallest n +-to-n-well separations (1-1.5 
,_.,m ) , the larger threshold reduction in the aluminum gate FETs causes their 
thresholds to be lower than those of polysilicon gate devices. Consequently, 
it is the aluminum gate structures which ultimately limit the minimum sep­
aration. Furthermore, the oxide quality and thickness control of the alu-
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Figure 7.25 (a) Threshold voltages; (b) breakdown voltages for the asymmetric 
n+-to-n-well parasitic FETs (Ref. 18, © 1987 IEEE). 

minum gate oxide often make its threshold less reproducible from run to run, 
and so more safety margin must be given. 

The breakdown voltages of n +-to-n-well parasitic FETs also indicate 
that the aluminum gate FETs ultimately determine minimum separation. Fig. 
7.25(b) shows that at 1.2 J.Lm n + to n-well spacing, the polysilicon gate 

Micron Ex. 1024, p. 276 
Micron v. YMTC 
IPR2024-00909



Sec. 7.3 Isolation in CMOS 

Conventional n-well architecture 

Breakdown voltage (volts) 

100 

90 

80 

70 

60 

so 

40 

30 

20 

10 

0 

Boron field dose: 4x1Q13cm-2 at 25keV 

.5 

0.1J:1A 

1nA ·· 

10pA . 

1.5 2 

Drain 
current 

.----.--:::===='111 0. 111A 
1nA 

10pA 

VGs = 5 volts W = 2011m 

-- Aluminum gate 

.......... Polysilicon gate 

2.5 3 3.5 4 

Nominal n + ton-well separation (llm) 

(b) 

Figure 7.25 Continued. 

punch through voltages measured at 10 pA, 1 nA, and 0~ 1 t-tA, with V cs 

261 

5 V are all about twice the corresponding values for aluminum gate devices. 
At larger separations, breakdown in the polysilicon gate devices is limited by 
the dielectric strength of the thin gate oxide, where the polysilicon overlaps 
the active area in the n-well (indicated as p-CH in Fig. 7.21(b)), and so 
punchthrough or avalanche breakdown cannot be measured. As compared 
with the symmetric parasitic FETs previously described, punchthrough in 
asymmetric FETs is much more severe because of the deeper drains in these 
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N-CHANNEL PARASITIC MOS TRANSISTOR BREAKDOWN VOLTAGES 

Aluminium gate VGs = Svolts lo = 10pA 

80~----------------------------------------~ 

n + to n-well transistor 

n + to n + transistor 

nominal channel length ()lm) 

Figure 7.26 Avalanche and punchthrough breakdown voltages for the symmetric 
(n +-to-n+) and asymmetric (n +-to-n-well) parasitic nMOSFETs (Ref. 21, © 1987 
IEEE). 

devices. Fig. 7.26 shows an obvious difference by comparing an n +-to-n+ 
parasitic PET to an n +-to-n-well device. 21 

p+ -to-p-substrate parasitic FETs. Field inversion voltages for p +­
to-p-substrate parasitic PETs are shown in Fig. 7.27 for both aluminum and 
polysilicon gate devices. 18 Because nominal p +-to-p-substrate separation 
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represents the separation of the nitride LOCOS mask and the n-well resist 
mask, and the actual p + in the polysilicon device is abutted to the polysilicon 
edge rather than the nitride edge, the actual p + top-substrate separation is 
larger than its nominal value by the length of the poly-overlapping thin oxide. 
Threshold values can only be obtained at 0.6 v-m or less, again due to the 
dielectric breakdown in the thin oxide region. At nominal zero separation 
in the polysilicon devices, the actual p + top-substrate separation is about the 
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Figure 7.27 Threshold voltages for the asymmetric p +-to-p-substrate parasitic 
FETs (Ref. 18, © 1987 IEEE). 
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same as the length of the poly-overlapping thin oxide, that is, 1.2 v-m. For 
the aluminum gate case in which the p + is abutted to the LOCOS edge, the 
devices fail to operate. 

p + top-substrate lateral punchthrough is not observed until the nominal 
separation is reduced to 0.6 J.Lm. As previously described, this minimum 
punchthrough is mostly due to the fact that the majority of the drain depletion 
region is extended into the lightly doped p-substrate, which acts as the drain 
in this structure. Vertical punch through between p + to p-substrate can be 
a more serious problem especially when the n-well depth is scaled down for 
CMOS VLSI. In general, vertical punchthrough presents a problem if leak­
age current flows between a p + and p-substrate through ann-well. In normal 
CMOS operation, the n-well is at Vdd, the p-substrate is at Vss and the p + is 
biased between Vc~d and Vss· However, during transient overshoot, the p + 

or p-substrate can become negatively biased, so the condition should be 
considered. 

The problem can be illustrated by using an example of a conventional 
but shallow (about 1 v-m) n-well with its profile shown in Fig. 7.28(a). 22 The 
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corresponding potential distribution is shown in Fig. 7 .28(b), in which the p + 

is biased between + 5 V and - 5 V while the n-well and p-substrate are biased 
at normal operation voltages shown as solid lines. 22 As the p+ is swept from 
5 V to 0 V, the p + /n?well depletion region extends further into the well; 
however, the potential barrier remains even when the well is fully depleted. 
Consequently, no vertical punch through current is present during normal 
operational conditions. The barrier disappears when the p + potential reaches 
-5 V, thus punch through current flows from the suqstrate up to the p +. 

Punchthrough current can also flow from the p+ down to the substrate if it 
is negatively biased (shown as dashed lines). Because most of the well-to­
substrate depletion region is into the lightly-doped substrate rather than into 
the well, the p+ -to-substrate potential barrier cannot be lowered significantly 
until the substrate is at a large negative bias ( < -70 V). The situation is 
altered however if the p-substrate is replaced by a p-epi layer on a p + sub­
strate. Because the heavily-doped substrate prevents the extension of the 
well-substrate depletion region down to the substrate, the depletion region 
is forced up into the well. As a result, the V suB needed to lower the potential 
barrier is reduced, thus making it easier to cause vertical punchthrough. As 
shown in Fig. 7.29,22 the VsuB magnitude at the breakdown of vertical isolation 
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decreases as the epi layer is thinned. At 4 v-m nominal (as-grown) epi 
thickness, isolation breaks down at VsuB of about -5 V. Therefore, vertical 
isolation may limit the use of the thinnest epi layer. 

1.3.3 Retrograde Well Technologies to Improve 
Isolation 

As discussed in Chapter 5, retrograde wells are formed by high-energy 
implantation after the LOCOS oxidation cycle. Lateral diffusion is greatly 
reduced resulting in a significant saving of layout space. Because a well(s) 
is basically used to separate· n- and p-channel transistors, isolation among 
these opposite-type devices are expected to improve. The retrograde p-well 
technology23 was originally proposed to reduce the well depth and corre­
sponding layout area. Although this technology has shown sufficiently high 
field threshold voltages and p +-to-p-well punch through voltages, n-well is 
used as an example to compare the differences between a retrograde and 
conventional well technology in CMOS isolation. 16•18 Moreover, the com­
parison will be restricted to aluminum gate structures. 

To make a fair comparison, conventional n-wells in this comparison are 
formed by minimum diffusion to achieve well depths in the active area as 
shallow as the retrograde wells made by high-energy implantation. The self­
aligned feature of the n-well and field implants is preserved in a conventional 
well to achieve rigorous isolation at minimum n+ top+ spacings. In other 
words, the conventional well technology is optimized to compete with the 
retrograde-well approach. 

The important process steps in forming the n-wells for both technologies 
are shown in Fig. 7 .30. 18•20 Both technologies start with the definition of 
active areas by nitride masking. Next, the n-well is aligned to it. Blanket 
boron field implant is used to form a p-type channel stop for n-channel 
transistors. The boron impurity concentration inside the n-well is compen­
sated by the phosphorus implant used for then-well formation. The major 
difference is that a conventional well is formed prior to LOCOS whereas the 
formation of the retrograde well is done after LOCOS. Because a retrograde 
well is formed by high-energy ions implanting through the field oxide, the 
well depth in the field region is only about half of the well depth in the active 
region. This depth is ideal in the sense of providing a shallow drain for the 
n +-to-n-well parasitic FET, thereby improving isolation. Meanwhile the well 
in the active area is kept relatively deep so that the performance of the active 
transistors in the well are not significantly degraded. Furthermore, in the 
active area, the implanted impurity profile peaks near the bottom of the well, 
which is desirable for vertical isolation. At the same time, the profile peaks 
near the Si surface in the field region, which again is ideal for forming a 
channel stop and for preventing p+ -to-p-substrate lateral punchthrough. 
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Figure 7.30 Process architectures for retrograde and conventional n-well CMOS 
structures (Ref. 16). 
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Figs. 7.31(a) and (b) show measured and modelled aluminum gate field 
inversion voltages and breakdown voltages, all defined at 10 pA drain current, 
for n + to n-well parasitic transistors with two different n-well technologies. 18 

At large n + ton-well separations, avalanche breakdown at the well-substrate 
junction occurs before punchthrough takes place. The lower avalanche 
breakdown voltage observed with retrograde wells is attributed to higher well 
doping. As previously described, shallower retrograde wells should have less 
short-channel effects in terms of threshold lowering and drain-induced barrier 
lowering. These expectations are confirmed from the threshold results (Fig. 
7.3l(a)) and punchthrough data (Fig. 7.3l(b)). 

Fig. 7 .32( a) shows field inversion voltages for lateral p +-to-p-substrate 
parasitic devices. 18 The absolute values are much higher than those for n +­
to-n-well devices. These higher values are due in part to the higher field 
doping needed in the n-well to ensure adequate compensation of the boron. 
They are also partly due to the fixed charge at the Si-Si02 interface, which 
is likely to be positive and therefore increase the magnitude of the threshold 
voltage of p-channel transistors. It is also clear that short-channel effects 

Micron Ex. 1024, p. 283 
Micron v. YMTC 
IPR2024-00909



268 

20 

~ 
16 

0 
> 
<ll 

12 Ol 
ro 
~·· 

0 
> 
-o 

8 0 
..c 
(f) 

~ 
..c 
1- 4 

0 
0 

80 

~ 60 0 
2. 
<ll 
Ol 

~ 
0 40 > 
c 
~ 
0 
-o 
-"' 
ro 
<ll 20 .... 

co 

2 3 

CMOS Isolation 

conventional n-well 

retrograde n-well 

4 5 

Nominal n +ton-well separation (!lm) 

(a) 

conventional n-well 

retrograde n-well 

Nominal n +to n-well separation (11m) 

(b) 

Chap. 7 

6 

Figure 7.31 Comparison of retrograde and conventional well structures for n + to 
n-well parasitic FETs: (a) field threshold voltage; and (b) n+ ton-well breakdown 
voltage. Solid lines: experimental data, dashed lines: modelled results, breakdown 
voltage is modelled by punchthrough only (Ref. 18, © 1987 IEEE). 

Micron Ex. 1024, p. 284 
Micron v. YMTC 
IPR2024-00909



Sec. 7.3 Isolation in CMOS 

Threshold voltage (volts) 

-so 

-60 

-40 

-20 

0 

0 .5 

Breakdown voltage (volts) 

-60 I 1 

conventional n-well 

-----·--------
retrograde n-well 

1.5 2 2.5 

Nominal p + top-substrate separation 
(a) (J:lm) 

:!/conventional n-well. 
'r 

-50 ::Y retrograde n-well 

-40 

-30 

-20 

-10 

0 

I I 

I I 
I I 

.5 

conventional n-well 

retrograde n-well 

1.5 2 L.S 

Nominal p + top-substrate separation 
(J:lm) 

(b) 

Figure 7.32 Comparison of retrograde and conventional well structures for p + to 
p-substrate parasitic FETs: (a) field threshold voltage; and (b) p+ top-substrate 
breakdown voltage. Solid lines: experimental data, dashed lines: modelled results, 
breakdown voltage is modelled by punchthrough only (Ref. 18, © 1987 IEEE). 

269 

Micron Ex. 1024, p. 285 
Micron v. YMTC 
IPR2024-00909



270 CMOS Isolation Chap. 7 

are much less severe in these p-channel parasitic devices, particularly for the 
retrograde structures; the thresholds do not fall until the channel length reaches 
about 0.5 f.-till. This effect is due to the higher channel (n-well) doping in 
these parasitic transistors, and to the drain (substrate) doping being lower 
than the channel (n-well) doping. 

Fig. 7.32(b) shows breakdown voltages obtained with the same p+ to 
p-substrate devices, and comparison with Figs. 7.31(a) and (b) again shows 
the superior performance of these structures. 18 In these types of parasitic 
FETs, the p-substrate, which is regarded as the drain, is not only deep but 
wraps around under the p+ source (Fig. 7.21). Thus, the possibility of both 
lateral and vertical leakage paths between the p + diffusion and the p-substrate 
exists. The limiting values of breakdown voltage for retrograde n-well struc­
tures is set by well to substrate avalanche breakdown, as in the case of the 
n + to n-well transistors. However, with conventional wells, the limit is set 
by p+ -to-p-substrate vertical punchthrough breakdown. Thus, the maximum 
breakdown voltage shown on Fig. 7 .32(b) for these devices is not the same 
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as that shown on Fig. 7 .31(b), even though the drain-channel junction is in 
fact the same in both cases. 

The use of retrograde wells for both n- and p-wells has been applied to 
twin-tub CMOS technology and was called quadruple wells to emphasize the 
fact that for each type (n-or p-well), two wells were needed, one in the active 
area and another, shallower one in the field region. The two shallow wells 
serve as self-aligned channel stops with the n- and p-type impurity concen­
tration tightly restricted on different sides of the well boundary. Fig. 7.33 
shows that the reduction of net impurity concentration occurs only within a 
few tenths of a micron near the mask edge rather than a few microns, as 
observed in a conventional twin-tub structure (Fig. 7 .18). Experimental data 
show that at a 4 J.Lm n +-to-p+ separation, subthreshold leakage in the isolation 
region is <1 pA for gate voltages between -15 V and 20 V (Fig. 7.34). 24 

Modelling results suggest that a 2 v-m n +-to-p+ separation is sufficient for 
providing adequate isolation. 17 

In spite of all the advantages associated with the retrograde well in 
device isolation, specific concerns for this technology have been expressed. 
As discussed in Chapters 5 and 6, the active devices made inside a retrograde 
well generally suffer more from junction capacitance and body effect. The 
former leads to a decrease in speed of about 5-10% in a typical CMOS logic 
circuit. Another major concern is the availability of the high-energy im­
planter and the lack of understanding in using such a machine in a production 
environment. 
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7.4 NEW ISOlATION TECHNIQUES FOR CMOS 

7 .4. 1 Trench Isolation 

Trenches in the Si substrate have been proposed for CMOS isolation. 25 •26 

This isolation technique has several advantages. First, it eliminates oxidation 
encroachment (known as bird's beak) in LOCOS. The associated narrow­
channel effect is then prevented. Second, trenches filled with oxide provide 
a planar surface, thus avoiding a step-coverage problem. Finally, when trenches 
of several microns depth are used in a CMOS chip, they provide a physical 
separation between opposite-type devices. Consequently, isolation can be 
achieved with very narrow n+-to-p+ spacing. Fig. 7.35(a) shows the sche­
matic of an n-well CMOS structure with trenches which can be as narrow as 
1 J,tm separating the n + and p +. Notice that the trenches here are deeper 
than the n-well to effectively isolate the p-channel device. 

Trench isolation also has several problems associated with it, making 
this technology difficult in production. First, fabrication is very complicated 
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Figure 7.35 Trench isolation and potential distribution. (a) Cross- sectional view 
of ann-well CMOS with trench isolation; (b) the corresponding 2-D equipotential 
contours; the simulation is done at Q1c = 5 x 1010 em -z, NA = 6 x 1014 em - 3 , 

Vwcn = 3 V, Va = 0 V, Vsub = -1 V (Ref. 27, © 1983 IEEE). 
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because it involves anisotropic etching, conformal oxide or poly deposition, 
and planarization. All these processes become even harder if trenches with 
variable widths are needed. Second, process-induced damage and deposited 
films always produce fixed charges (Q1c) inside and at the boundary of the 
trenches. Hence, extra leakage appears along trench sidewalls. Finally, 
sidewall inversion is a major problem that can place a limitation in layout. 
Sidewall inversion is caused by the horizontal parasitic MOS device with the 
well acting as a gate electrode and the trench dielectric as MOS gate oxide 
with thickness equal to the trench width. The voltage across this MOS device 
is 5 V under normal CMOS operating conditions. This 5 V gate voltage, 
and the narrow (e.g., 1 v-m) trench width can easily cause inversion at the 
sidewall outside, but facing the well. In the case of n-well technology, the 
situation is worse because both lightly-doped p-substrate and Qfc (normally 
positive) escalate sidewall inversion. The 2-D potential contours in Fig. 
7.35(b) indicate that the surface potential at the sidewall opposite then-well 
exceeds 0.5 V, causing inversion there. 27 Once sidewall inversion occurs, n­
channel devices with n + butted to the same sidewall will short along the 
sidewall. An obvious solution is to leave a separation between the n + and 
the sidewall or to increase trench width; however, both are done at the expense 
of layout space, thereby defeating the purpose of this technology. More 
appropriate approaches would be to reduce Q1c through better control in 
trench etching and filling, and/or to dope the sidewall surface to a higher 
concentration, i.e., forming the channel stop at the sidewall. The former 
approach is difficult because it requires extensive process refinements and 
detail characterization of Q1c at the sidewall. The latter approach is effective 
in preventing sidewall inversion as shown in Fig. 7.36. 

In this example, the Si potential at the sidewall decreases from 0.5 V 
(Fig. 7 .36a) to negative voltages (Fig. 7 .36b) when the sidewall is boron­
doped to 5 x 1017 em - 3 . Low subthreshold leakage has been measured from 
an n-channel MOSFET, with its source and drain abutted to the sidewali.28 

However, it is extremely difficult to implement a CMOS structure in which 
only one side of the trench is doped. In the n-well example shown in Fig. 
7.35a, only the sidewall in the p-substrate needs to be doped to form a p­
type channel stop, the other side of the trench is in the n-well and should not 
be counter-doped by p-type impurity atoms. The payoff for trench isolation 
technology in CMOS may not be worth the extra complexity and associated 
cost29 unless minimum n +-to-p+ separation is absolutely critical to achieve 
very high packing density. 

7 .4.2 Selective Epi Growth 

Selective epitaxial growth (SEG) has recently been developed for CMOS 
isolation. 30•31 In this technology, Si is first etched away from the well areas 
using an oxide mask, then a layer of insulator is formed at the sidewall, and 
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Figure 7.36 2-D potential contours simulated for a trench structure in a p-type 
substrate with NA = 8 x 1016 em - 3 : (a) no sidewall doping; (b) with sidewall 
doping. Dashed lines correspond to the doping contours at the sidewall. 

finally the well is filled by selective epi growth. Fig. 7.37 shows the schematic 
of the processing steps for an n-well CMOS. Here phosphorus ions (P+) 
are implanted after the sidewall oxide is formed. 31 The SEG technique is 
then used to grow Si only on the Si substrate, but not on the oxide surface. 
The n + at the bottom improve vertical isolation and lower well sheet resist­
ance. With this etch-and-regrowth technique, doping sidewalls outside the 
n-well are implemented by depositing a boron-doped film at the sidewall and 
driving boron into the sidewall before the formation of the sidewall insulator. 
It is also advantageous to dope the sidewall inside the n-well to higher n-type 
concentration, but it is not necessary because the n-well is already highly 
doped and, with the positive Q1c, then-type Si next to the trench oxide (see 
arrows in Fig. 7.37d) is less likely to invert. In this process, LOCOS is still 
needed to form field oxide with various isolation widths. 

One way to eliminate LOCOS completely is illustrated in Fig. 7.38.31 

A thick oxide layer is formed and windows are etched in the oxide using the 
active-area mask. Selective epi growth is then applied to fill the windows 
followed by an n-well diffusion. The sidewall doping is difficult to achieve 
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Figure 7.38 SEG process steps for making CMOS with variable isolation widths 
(Ref. 31). 

with this method. A technique to achieve both sidewall doping and variable 
oxide widths can be done by applying SEG twice to form n- and p-wells 
independently. As shown in Fig. 7.39,31 sidewall doping can be added im­
mediately after Step 5 by depositing a boron-doped film, filling p-type SEG 
epi, and driving boron atoms into p-well sidewalls. 

Although the SEG technology appears attractive in CMOS isolation, it 
is still in its infancy. More work needs to be done to understand material 
quality at the sidewall of the SEG growth epi layer. Obviously, good selectivity 
and a clean substrate are key issues in this technology. 
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Figure 7.39 SEG process steps for independent p- and n-well formation (Ref. 
31). 
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7 .4.3 SOS and SOl Isolation 

Silicon-on-insulator (SOl) CMOS structures eliminate all previously­
mentioned isolation problems by building n- and p-type islands on an insu­
lating substrate for p- and n-channel transistors, respectively. The SOS and 
SOl process technologies were discussed in Chapter 5, Sec. 5.8 and Sec. 5.9. 
Similar or opposite type transistors are isolated by insulator and possibly by 
air. Field inversion and punchthrough do not exist in an SOl or SOS tech­
nology, but new parasitic transistors inherent in an SOS or SOl structure can 
produce leakage current. 

As shown in Fig. 7.40(a), a silicon island is formed on an insulator 
substrate such as sapphire or oxide.32 A thin gate oxide is grown and the 
polysilicon line crossing-over the island serves as the gate of the MOS tnin­
sistor. Two parasitic devices can be found in this structure. First, the substrate 
contact, the insulating substrate, and the backside of the island form a Metal­
Insulator-Semiconductor (MIS) FET, referred to as a back-channel MISFET. 
Second, the polysilicon gate over the island sidewall forms a sidewall parasitic 
FET in parallel with the active MOS transistor. Both parasitic devices can 
result in leakage current, although the leakage is intra-device rather than 
inter-device in its nature. Because defect density at the Si island and insulating 
substrate is normally high due to lattice mismatch and film contamination, a 
back channel is easily formed because of inversion. Current flowing in this 
back channel cannot be switched off by applying voltage on the poly gate at 
the front surface. Therefore, a residual off-state leakage current is normally 
observed as shown in Fig. 7 .40(b). 32 Another leakage current, edge leakage, 
is also shown in the figure. This leakage component arises from the parasitic 
sidewall FET. For a (100) SOS or SOl film, crystal orientation at the sidewall 
is (111) which normally results in higher fixed oxide charge (Q1c) after oxide 
growth. Consequently, threshold voltage at the sidewall is lower than at the 
active transistor, thereby resulting in a leakage component in the subthreshold 
characteristics of the active device. Higher leakage reduces noise margin and 
increases power dissipation in CMOS circuits built on SOS or SOl technology. 

7.5 ISOLATION DESIGN RULES IN CMOS 

The results shown in Fig. 7.31 indicate that it is possible to maintain adequate 
isolation between n + diffusions and n-wells at about 1.5 f.Lm nominal sepa­
ration by using conventional wells, and down to 1 f.Lm separation with retro­
grade wells. At the same time, the results in Fig. 7.32 show that p +-to-p­
substrate separations down to 0.6 t-tm can be achieved with either well type. 
Thus it should be possible to realize full CMOS structures with about 2 J.Lm 
n +-to-p+ separation using conventional n-wells, and about 1.6 J.Lm separation 
with a retrograde well technology. However, these results are obtained with 
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Figure 7.40 SOS and typical electrical performance: (a) the 3-D representation 
of an SOS island structure; (b) the corresponding subthreshold characteristics show­
ing edge, and back channel leakage for both nMOS and pMOS (Ref. 32). 
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isolated n +:-to-n-well and p +-to-p-substrate parasitic transistors. To establish 
isolation design rules, it is necessary to demonstrate such small separations 
in full CMOS devices. 

Fig. 7.41 shows supply currents drawn by full CMOS structures with 1.8 
v-m n +-to-p+ separations (1.2 v-m n +-to-n-well edge and 0.6 v-m p +-to-n­
well edge). 18 Fig. 7.41(a) shows the measurement arrangement. The output 
node, connecting the n + and p + diffusions closest to the well edge, is either 
shorted to ground (V ouT = 0) or to the supply line (V ouT = V DD). This 
instance simulates an inverter with its output in either a Low or High state. 
Ideally the supply current drawn by the CMOS device should be zero in both 
cases, but any leakage due to inadequate isolation between the n- and p­
channel devices will be detected as a component of the supply current. 

Fig. 7 .41(b) shows results for conventional well devices. When VouT = 

V DD, no potential difference exists between then+ diffusion and then-well, 
so no leakage current flows between them. The limiting mechanism in this 
case is p + top-substrate breakdown, and according to Fig. 7 .32, no breakdown 
should be observed below 20 volts. Clearly, the worst case for leakage is with 
the output node at ground. Under this condition, the full supply voltage 
appears between then+ diffusion and then-well, and the mechanism limiting 
the maximum operating voltage is n +-to-n-well punch through leakage. The 
results shown in Fig. 7 .41(b) for V ouT = 0 are consistent with the punch­
through breakdown voltages shown in Fig. 7.31(b). Fig 7.41(b) shows that 
significant leakage occurs at V DD = 5 volts or above. The CMOS device 
shown does not provide isolation with sufficient safety margin for 5 V op­
eration. Increasing the n + to n-well spacing to 1.8 v-m (n + top+ separation 

ov 

Vour = 0 Vour = Voo 

p-su bstrate n-well 

(a) 

Figure 7.41 Test structures and I-V curves for a full CMOS isolation structure: 
(a) test structure and measurement arrangement; (b) leakage current for conven­
tional well; and (c) leakage current for retrograde well devices (Ref. 18, © 1987 
IEEE). 
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= 2.4 v-m) gives a maximum operating voltage limited by junction breakdown 
(just over 20 volts, in this case). 

Fig. 7 .41( c) shows results for retrograde well devices with 1.8 v-m n +­
to-p+ separation. In these cases, the leakage current remains below 10 pA 
for supply voltages as high as 10 V, providing a good safety margin for 5 V 
operation. Again, the condition with VouT = 0 sets the lowest breakdown 
voltage, although p +-to-n-well junction avalanche breakdown occurs at only 
a few volts more than the onset of n +-to-n-well punch through leakage. 

In a standard LOCOS-isolated CMOS IC, isolation among similar-type 
transistors can be achieved with 1 v-m isolation spacing. Isolation among 
opposite-type transistors is more involved, however modelling and measure­
ment results show that it is possible to achieve isolation between an n- and 
a p-channel transistor with approximately 2.4 v-m isolation spacing. The use 
of retrograde wells can further reduce this isolation dimension to below 2 
J.tffi. At such small isolation dimensions, latchup becomes a major problem 
and ultimately may be the factor limiting the isolation spacing between an n­
and a p-channel transistor. Latchup in CMOS will be discussed in the next 
chapter. 
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EXERCISES 

1. Suppose the field oxide under an+ polysilicon line is 6000 A and the p-type channel 
stop under the oxide is doped to 1 x 1017 em - 3 , calculate the threshold voltage 
and the subthreshold swing factor if the oxide charge density is 1 x 1011 cm- 2 • 

2. If the measured threshold voltage of an aluminum-gate field oxide test device is 8 
V and the measurement is done at 1 J.tA, what is the leakage current when the 
aluminum line is at 5 V (assuming the subthreshold swing is 0.5 V/dec at room 
temperature)? If the threshold voltage decreases to 6.5 V when temperature is 
increased to 125°C, what is the leakage current at 5 V? 

3. Based on the I-V relation of an MOSFET, measured current is proportional to the 
electric channel width (We). Describe how one can extract We by measuring a series 
of test devices with different drawn channel widths. 

4. Using a planar isolation technology such as fully-recessed LOCOS, assume that 
electrical channel narrowing effect is negligible. Supposing the difference between 
the actual physical channel width and the drawn channel width is 0.8 J.tm and the 
transconductance of a minimum size FET must be at least 0.7 mS, what should be 
the minimum drawn channel width? If the physical separation between two adjacent 
FETs must be 2 J.tm to provide proper isolation, what should be the minimum 
drawn separation? And what is the minimum drawn and actual pitch in the active 
area? (Assume that the FET has fox = 200 A, m, = 500 cm2/V-sec, Lerr = 1 J.tm.) 

5. Based on Figs. 7.19 and 7.20, obtain the subthreshold swing (51) for the parasitic 
n- and p-channel FETs (both AI- and poly-gate devices) with a 2 J.tm separation 
between the two n + or two p + diffusion regions. 
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6. Your circuit designer wants to have no more than 10 pA leakage between the n + 

and n-well in his CMOS design and you have obtained the device and process data 
as shown in Fig. 7.25(a). What design rule should you provide for the minimum 
n + to n-well separation? 

7. In a (p+ diffusion)-(n-well)-(p-on-p + substrate) structure, then-well is uniformly 
doped at 1 x 1016 em - 3 and is 1 f.Lm deep, the p-epi thickness is 4 r.tm, it is 
uniformly doped at 1 x 1015 cm- 3 , and the p + diffusion is 0.4 f.Lm deep. If a 
substrate generator is needed and the p + diffusion and n-well are both biased at 
5 V, what is the maximum (in absolute value) substrate voltage that can be applied 
before punchthrough occurs? 

8. Comparing retrograde well to conventional well, what is the most important dif­
ference in process sequence and finished device structure? How does it affect device 
isolation? 

9. In an SOS structure, how much substrate voltage must one apply at the back of 
the 250 f.Lm-thick wafer to compensate an increase of 1 x 1010 cm- 2 fixed charge 
density at the sapphire-Si interface so that back channel leakage can be avoid? 
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This chapter will present another major problem in CMOS, latchup. This 
problem, like the isolation problem described in the last chapter, is also a 
strong function of circuit density, nMOS-to-pMOS separation in particular. 
Both device technologists and circuit designers should have knowledge of this 
subject to develop CMOS processes and lay out CMOS circuits. 

8.1 INTRODUCTION 

A bulk CMOS structure has inherent pnp and npn parasitic bipolar transistors 
formed by the substrate, the oppositely doped well and an active source/drain 
diffusion in either the well or the substrate. They are different from the ac­
tive bipolar devices in a BiCMOS structure. The collect9r of either parasitic 
transistor is connected to the base of the other, forming a pnpn parasitic 
SCR (Semiconductor Controlled Rectifier). Under certain conditions such 
as terminal overvoltage stress, transient displacement currents or ionizing radia­
tion, lateral currents in the well and substrate can cause sufficient ohmic 
drop, hence forward biasing emitter-base junctions and activating both bipolar 
devices. When the current gain product of the two bipolars is sufficient to 
cause regeneration, the pnpn SCR can be switched to a low impedance, high­
current state. This condition is defined as latchup; and the condition is self-

285 
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sustaining after the original stimulus is removed, provided the power supplies 
are capable of sourcing the excess current. Latch up, when it occurs in CMOS, 
can result in momentary or permanent loss of circuit function. 

As CMOS feature sizes continue to shrink for VLSI circuits, lateral and 
vertical dimensions are scaled, resulting in better parasitic bipolar transistors. 
Consequently, latch up is a problem of increasing concern in VLSI, especially 
for circuits with n- and p-channel MOSFETs tightly packed together. The 
following sections will describe the condition for latchup to occur using a 
simple lumped equivalent circuit model. Then, individual components will 
be examined in the equivalent circuit. Characterization of latchup in both 
triggering and holding conditions will be discussed first in steady state, then 
in transient mode. Various methods of avoiding latchup, including layout 
techniques, will then follow. 

8.2 PHYSICS AND LUMPED CIRCUIT MODEL 

For then-well CMOS shown in Fig. 8.1, the p+, n-well and p-substrate form 
a parasitic vertical pnp bipolar device, whereas the n +, p-substrate and n­
well produce a parasitic lateral npn device. The simplest lumped-element 
equivalent circuit model is illustrated by the bold lines shown in the figure. 

Vss Voo 

Vour 

n-well 

p-substrate 

Figure 8.1 Schematic and equivalent circuit of parasitic bipolar transistors in a 
CMOS. 
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Sec 8.2 Physics and Lumped Circuit Model 287 

When the substrate current (Is) and the well current (Jw) are sufficient to 
cause an ohmic drop of approximately 0.7 V, the base-emitter junctions for 
both transistors are sufficiently forward-biased (V BE ~ 0. 7 V) to provide 
significant current as described in Chapter 5, Sec. 5.10.2. Bipolar devices 
are therefore in the active mode. Because the base of the pnp connects to 
the collector of the npn and conversely, a feedback loop is formed by the 
two bipolar transistors with the loop gain equal to the betaproduct (13pnpf3npn)· 
13pnp and flnpn are the common-emitter current gains for the pnp and npn 
transistors, respectively. If the loop gain is less than one, Ib decays to zero 
as does I. To have positive feedback, the loop gain must be greater than 
one. This condition is necessary for latch up to occur. 1

-
3

. 

Consider the effect of well and substrate resistances. The fact that the 
0. 7 V ohmic drop is produced is due to the finite resistances associated with 
the well and the substrate; they should be included in the circuit model, as 
shown in Fig. 8.2. The npn collector current made of electrons (IbJ3npJ does 
not flow entirely into the pnp base because a part of it is shunted to the n + 

well contact through the well resistor (Rw)· This current is denoted as IRw· 
The remaining current, Ibf3npn - IRw, becomes the pnp base current. Thus, 
the pnp collector current is (hbnpn - IRw)l3pnp by definition. Similarly, a 
portion of the pnp collector current (denoted as IRs) is shunted to the substrate 

Vss Voo 

Vour 

Rs 

p-substrate 

Figure 8.2 Schematic and equivalent circuit of parasitic resistors and bipolar tran­
sistors in a CMOS. 
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contact through the substrate resistance (Rs)· The feedback current flowing 
into the npn base is now the pnp collector current offset by IRs, i.e., (Ibbnpn 
- IRw)bpnp - IRs· To cause positive feedback, this current must be greater 
than the initial npn base current lb. This condition can be written as 

and rearranged as 

fb(PnpnJ3pnp - 1) > IRS + fdwPpnp 

Ib can be expressed in terms of total supply current Idd as 

fdd = IRS + fb (Pnpn + 1) 

which can be rearranged as 

(8.1) 

(8.2) 

(8.3) 

(8.4) 

Substituting Eq. 8.4 into Eq. 8.2, the following condition for latchup to occur 
can be obtained: 

(8.5) 

where IRs and IRw are approximately equal to vben!Rs and vbep!Rw, respec­
tively. vben and vbep are the base-emitter voltages of the npn and the pnp 
transistors, respectively. They are approximately 0.7 V when the transistors 
are forward-biased into conduction. 

The beta product (PnpnPpnp) must now be greater than a value larger 
than one. This value increases as the resistor value (Rs or Rw) is decreased. 
Considering the worst case analysis, a beta product greater than one is indeed 
a necessary, but not sufficient, condition. To make the latch up requirement 
more difficult to meet, the value of the right-hand side of Eq. 8.5 can be 
increased through an increase of IRs and/or IRw by lowering Rw and/or Rs. 
Obviously, reducing Pnpn and/or Ppnp always makes latch up more difficult by 
producing lower loop gain. 

Although the lumped circuit model provides an understanding of the 
physics and condition for latch up to occur, circuit elements such as resistor 
values are difficult to estimate accurately. The following section will discuss 
characteristics of the transistors and values of the resistors. 

8.3 PARASITIC TRANSISTORS AND RESISTORS 

As previously discussed, there are two parasitic bipolar transistors: the vertical 
device and the lateral device. For an n-well CMOS structure, the vertical 
device is a pnp transistor and the lateral device is an npn device. When 
voltage drops caused by the well and substrate currents flowing along the 
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parasitic series resistances Rw and R5 are about 0.7 V, the emitter-base junc­
tions become sufficiently forward-biased, turning the two transistors on. Each 
transistor, once in the active mode, carries considerable current depending 
on the gain of the transistor. Moreover, the current can increase continuously 
due to the strong coupling between the two devices. 

8.3.1 Vertical Bipolar Transistor 

For a vertical bipolar transistor, current gain depends on well depth, 
well concentration and the built-in field in the well. The well depth sets the 
base width and the well concentration determines the Gummel number. For 
a typical 1 v-m CMOS technology, the well is usually 1-2 v-m deep, doped 
to 1 x 1016 em - 3 . For conventional n-well technology, the common-emitter 
current gain (13) of the corresponding pnp transistor with p+ area of 8 v-m 
x 40 v-m is roughly 100. If a high-energy implant is used to form n-wells 
with a retrograde doping profile, a lower gain of approximately 10 is obtained 
due to the associated retarded built-in field and the higher doping concen­
tration in the well. This 13 value is still too high to eliminate latchup sus­
ceptibility. If a p-well or a twin-tub with n-substrate technology is selected, 
the vertical npn transistor has a 13 value 2-3 times higher than the vertical 
pnp 13 due to higher minority carrier mobility in base region. 

Transient response of the bipolar transistor is also important, because 
latchup in a real circuit is normally induced by transient triggering. Based 
on Eq. (5.15), the transit time for minority carriers across the base region 
can be extended to 

(8.6) 

where W B is the base width, D is the minority carrier diffusion coefficient, 
and "iJ = 2 for a uniformly doped base. 4 For a non-uniformly doped base, 
the associated internal built-in field results in an increase or decrease of the 
"iJ value depending on whether it is an aiding or retarding field. The base 
transit time can be experimentally obtained by measuring the maximum fre­
quency response5 as described in Chapter 5. A typical 'Trr value for a 1-v-m 
n-well CMOS technology is a few nanoseconds. The value can double if a 
retrograde well structure is used, due to the inherent retarding field. 

8.3.2 Lateral Bipolar Transistor 

For a lateral bipolar transistor, current gain strongly depends on the 
layout spacing between the diffusion outside the well to the well edge because 
the distance represents transistor base width. Field doping outside the well 
and the well depth are other parameters that also affect the laterall3. Because 
the base width here is generally larger than that of a vertical transistor, and 
the emitter and collector efficiencies are poor, the 13 value is normally an 
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VeE= 5v N + diffusion: 811m x 40llm lc = 1011A 

Current gain, lc/ Is 

5 

4 

3 

2 

0 

0 .5 

Conventional n-well 

Retrograde n-well 

1.5 2 2.5 3 3.5 4 4.5 5 

n + ton-well edge separation (llm) 

Chap.8 

Figure 8.3 Lateral npn bipolar gains versus n + to n-well separation for conven­
tional and retrograde n-wells (Ref. 6). 

order of magnitude lower than that of a vertical bipolar device. Fig. 8.3 
shows the current gain of a lateral npn as a function of the n +-to-n-well 
separation. 6 The base transit time is also much larger due to the longer base 
width. This weak lateral transistor not only reduces latchup susceptibility 
under steady state conditions, but also increases the response time necessary 
for causing transient latchup. However, as the layout spacing decreases for 
high-density VLSI, this lateral bipolar device becomes stronger. 
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8.3.3 Parasitic Resistors 

The two resistor values in the lumped circuit model can be estimated 
by SUPREM simulation or a spreading resistance measurement. The well 
resistance (Rw) is basically the well sheet resistance under the diffusion inside 
the well multiplied by the number of squares in the layout. Typical values 
are a few thousand or a few hundred ohms for conventional or retrograde n­
well test structures. The substrate resistance (R5 ) is more complicated be­
cause of the spreading of the current in the substrate. Two- or even three­
dimensional numerical simulations and transmission line models have been 
developed and used to calculate the substrate resistance based on processing 
parameters and layout configuration. The typical value is a few thousand 
ohms, but can drop to a few tens of ohms if n-on-n + epi is used. The highly­
doped substrate greatly reduces the R5 value. 

8.4 LATCHUP CHARACTERIZATION 

Latchup is often characterized by measuring the total current through the 
pnpn path while overstressing the anode voltage. 7 Typical I-V characteristics 
for avalanche induced latchup are shown in Fig. 8.4. Such an I-V curve is 
always seen when latchup is measured by a curve tracer. Because a trace is 

"ON" STATE 

v 

BLOCKING OR 
"OFF" STATE 

* Vs and Is are the volatge and current at the 
switching point, VH and IH are the voltage and 
current at the holding point 

Figure 8.4 Typical I-V characteristics of avalanche induced latch up. 
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made when the voltage is swept from the maximum voltage to zero as well 
as from zero to the maximum voltage, the negative differential resistance 
region is exhibited. The switching voltage V5 is the maximum voltage below­
which the device is in a blocking or OFF state. At V5 , both bipolar devices 
become active and, if sufficient loop gain is present, the pnpn regeneration 
switches the device to a high-current, low-voltage state, referred to as the 
ON or latched state. The current at this switching point, 15 , is also referred 
to as the critical current for entering a latched state. The voltage required 
to sustain this state, shown as V H in the figure, is usually referred to as the 
holding voltage. This voltage is the one at which the device enters into the 
low-impedance state. The current at this voltage is called the holding current 
(I H)· 

8.4. 1 Steady State Latch up Triggering 

To trigger latchup, one of the two parasitic bipolar transistors must 
become active. In an n-well configuration, this activation can be done by 
forward biasing an n +-to-p-substrate or a p +-to-n-well junction. Two meth­
ods can be used to forward bias the two pn junctions. The first method is 
to overstress one of the emitters by raising the p + voltage above V DD or 
lowering then+ voltage below V55. The second method is to debias one of 
the bases by changing then-well or the p-substrate bias. In the first method, 
the entire voltage across the pnpn SCR is higher than V DD whereas in the 
second method the voltage drop remains at V DD· The higher the voltage 
across the SCR, the larger the current between the supply rails, hence latchup 
is more likely to occur according to Eq. 8.5. Consequently, triggering by 
overvoltage stress is more important because it represents the worst case. 

Triggering by p+ overvoltage. Figure 8.5(a) shows p+ overvoltage 

Vss 
Voo 

Is lp 

(a) 

Figure 8.5 Latch up triggering by p + overvoltage: (a) measurement technique; (b) 
I-V characteristics (Ref. 6). 
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Figure 8.5 Continued. 
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triggering. The p + diffusion is ramped above V DD while the supply is held 
at V DD, which is 5 V. The current forced into the p + just before latch up is 
triggered is the trigger current, and the corresponding supply current is defined 
as the critical current. Figure 8.5(b) shows the I-V characteristics measured 
using a Hewlett Packard HP4145 parameter analyzer. As the voltage at the 
p+ region (Vp) increases, both the current flowing to the p+ region (IP) and 
the supply current Us) increase until the currents are so large that latchup is 
induced, marked as the sharp rise in both currents. IP and Is just before this 
increase occurs are the trigger and critical current, respectively. They can 
be expressed as 

(8.7a) 

(8.7b) 

Notice that IP is larger than Is before the triggering point because IP is the 
emitter current and Is is the collector of the pnp transistor and the npn is not 
yet turned on. 01-pnp is the common base current gain for the vertical pnp 
transistor. As described in Chapter 5, (X, defined as Ic!IE, is less than one 
and is related to (3 as (1 + 1/(3) - 1

. VP at the onset of triggering is defined 
as the trigger voltage. 

Triggering by n+ overvoltage. Figure 8.6 shows n+ overvoltage 
triggering. Then+ diffusion is ramped below Vss while the Vss is grounded. 
Again, the current forced into then+ node (111) just before latch up is triggered 
is the trigger current, and the corresponding supply current (Id) is defined as· 
the critical current. Simple expressions similar to Eq. 8.7 can be written as 

Vss VrRJG<Vss 

I TRIG 

p-substrate 

Voo 

lcRJT 

(8.8a) 

(8.8b) 

Figure 8.6 Latch up triggering by n + overvoltage, i.e., forward-bias n + to p­
substrate junction. 
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Again, the trigger current is larger than the critical current because Ol11P" < 
1, where Ol"P" is the common base current gain for the lateral npn transistor. 
Now the voltage at n + at the onset of triggering is defined as the trigger 
voltage. 

Figure 8. 7 shows the trigger and critical currents versus n +-to-p+ sep­
aration for both p + and n + overvoltage induced triggering. 8 The trigger 
current is always larger than the corresponding critical current as described. 
In the case of n + overvoltage stress, the trigger current increases rapidly as 
n +-to-p+ separation is enlarged. This instance can be explained by referring 

Bulk substrates 

3.0~------------------------------------------------~ 

~ ---- Trigger current 

_§, 2.5 - - - - - Critical current 
V'l -c: 
<lJ ._ ._ 
::l 
1.,) 

-'6 2.0 
._• 
<lJ 
Cl 
Cl 

·;::; 
1-

n + overvoltage 

1.5 

1.0 

0.5 
t
---r---+--------1 

t--r--
p + overvoltage 

0.0~-----L------~----~------~------~----_.----~ 
0 5 10 15 20 25 30 

n + top+ separation (J.lm) 

Figure 8. 7 Latch up critical and trigger currents versus n + to p + separation (Ref. 
8). 
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to Eq. 8.8(a), which shows that the trigger current is inversely proportional 
to «npm and this lateral bipolar gain is strongly dependent on the n +-to-n­
well spacing which is 40% of the n +-to-p+ separation in this example. As 
shown in Fig. 8.3, Pnpn decreases as n + to n-well spacing is increased; hence 
«npn is expected to decrease in a similar rate as the n +-to-p+ separation is 
increased. 

8.4.2 Steady State latchup Holding 

The supply current and voltage required to sustain latchup are defined 
as holding current and holding voltage. To characterize them, a device is 
first triggered into the latched state by a method such as overvoltage stress, 
then the holding conditions are found by removing the triggering stimulus 
and ramping the supply voltage down until the device returns to the high 
impedance state. Fig. 8.8(a) and (b) show the schematic and I-V charac­
teristics in measuring holding conditions. Resistors R52 and Rw2 are now 
added for more accurate analysis. Latch up is first triggered by p + overvol­
tage, then Vvv is ramped down until the power supply current (Iv) suddenly 
drops. The voltage and current at this point are denoted as the holding 
voltage and holding current. 9 Modelling the holding condition is much more 
difficult than off state or triggering modelling3 because at least one bipolar 
transistor is in saturation. Forward bipolar gains characterized in a normal 
manner may not be applicable. As shown in Fig. 8.8a, the total supply current 
at the holding condition is 

(8.9a) 

and 

(8.9b) 

Base current I BP and IBN in general are small. Assuming IBN can be neglected 
in Eq. 8. 9(b), the holding voltage can be approximated as 

(8.9c) 

(8.9d) 

where Veep is the collector emitter voltage of the pnp transistor. The holding 
voltage provides a convenient way to calibrate latch up immunity. If the 
holding voltage is maintained above the supply voltage, then no permanent 
latchup state can be sustained. This condition is, however, difficult to achieve 
in practice and relaxed latchup resistance is often tolerated. 

According to Eq. (8.9d), the holding voltage can be raised by increasing 
R52 through the increase of n +-to-p+ separation, or decreasing Rs 1 with 
decreasing epi thickness. However, the resistors in the lumped circuit model 
are distributed and cannot be modelled accurately by discrete elements. More 
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sophisticated models such as a transmission line modeF0 or 2-D numerical 
simulators11 ,12 should be used to make better predictions. 

8.4.3 Transient latchup 

Although steady-state characterization represents the worst case for 
latch up susceptibility, transient testing provides an understanding of latch up 
behavior at various conditions which may only occur during transient upsets 
in actual circuit operations. 

Figure 8.9(a) and (b) show the testing arrangements for obtaining tran­
sient latchup characteristics. Overvoltage stress is applied by a pulse rather 
than a constant bias on the p + or n + diffusion. For a given pulse height, 
the pulse width is increased until latchup is triggered. 

Figure 8.10 shows the minimum pulse width needed for triggering latchup 
at various pulse heights applied to the p+ diffusion. 6 At large pulse widths, 
pulse height approaches the steady state triggering condition. As the pulse 
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Figure 8.9 Transient latchup measurement setups: (a) p+ overvoltage triggering; 
and (b) n + overvoltage triggering (Ref. 6). 
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width is decreased and becomes comparable with bipolar response time, the 
pulse height required to trigger latchup increases, indicating that latchup is 
more difficult to induce. When the pulse width is further reduced, eventually 
latchup cannot be triggered regardless of pulse height. The bipolar devices 
simply cannot respond quickly enough to enter the latched state before the 
triggering stimulus is removed. The minimum pulse width Tmin for triggering 
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latch up may be approximated by the sum of the vertical and lateral bipolar 
base transit times13 : 

(8.10) 

where w/1 is the lateral npn basewidth, corresponding to the n +-to-n-well 
spacing. It is therefore expected that the curve in Fig. 8.10 will shift down­
ward as the n +-to-p+ separation is reduced. 

8.4.4 Field Inversion Effects 

Field inversion can initiate latchup. Surface leakage induced by para­
sitic FETs has been reported14 to initiate latch up at a lower V DD voltage, 
defined as the critical voltage (V cRrT). This phenomenon is illustrated by 
the p-well CMOS structure as shown in Fig. 8.11. Notice that the two par­
asitic FETs are p +-to-p-well and n +-to-n-substrate FETs. If the field oxide 
gate voltage (V cs) reaches V TFN' threshold of the n +-to-n-substrate parasitic 
FET, electron current injects into the n-substrate, thus forward biasing the 
pnp bipolar. The npn is already on when a FET current is present because 
then+ /p junction is forward-biased at the Si surface near the gate. Therefore, 
the V cRIT needed for latch up decreases sharply as V cs > V TFN· For V cs < 
V TFN, V cs - VeRn is less than V rpp, the threshold of the p +-to-p-well 
parasitic FET, thus turning the p-channel parasitic FET on. The hole current 
injects into the p-well, forward-biasing the npn bipolar. Again, because the 
pnp is already on, latch up is triggered by the hole current initiated at V cs -
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Figure 8.11 Field inversion induced 
latchup. The critical voltage (VcRxT) is 
the V DD at which the device is switched 
into latchup. V cRIT is a function of field 
electrode voltage (V cs) for two p-well 
biases (Ref. 14, © 1982 IEEE). 
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V CRIT = V TFP. So, for - 10 V < V GS < V TFN' V CRIT must increase as V GS 

is increased to turn on the p-channel parasitic FET. As shown in the figure, 
V TFN increases as the substrate voltage (V BP) is applied due to the well-known 
body effect. Moreover, when the p-well is biased at a negative voltage (V BP) 

and the n + in the well is at ground, V cRrT must be raised to supply more 
hole current to forward bias then+ -to-p-well junction. Consequently, higher 
V CRIT values are observed in the case of V BP = - 2 V. 

8.5 AVOIDING lATCHUP 

Based on the lumped circuit model expressed in Eq. 8.5, it is clear that latchup 
can be prevented by either reducing the bipolar gains or lowering the shunting 
resistances. Numerous methods have been proposed to eliminate or reduce 
latch up possibility. However, all of them can be categorized into two classes: 
bipolar spoiling and bipolar decoupling. 15 

8.5.1 Bipolar Spoiling 

In the case of bipolar spoiling, lifetime reduction by gold doping16 and 
neutron radiation17 have been tried. However, this approach introduces 
leakage and is difficult to control. Other methods such as the use of Schottky 
barrier source/drains18•

19 have also been employed to decrease emitter effi­
ciency, but often at the expense of degrading FET performance. 

If the gain product (f3npnl3pnp) can be kept below one, then no latchup 
is possible; however, such a condition cannot usually be met in practice, as 
previously discussed, particularly as lateral and vertical circuit dimensions are 
reduced. Moreover, FET performance often suffers when processing tech­
niques are introduced to damage bipolar devices. 

As previously mentioned, retrograde well technology has been an ef­
fective way to reduce the vertical bipolar gain by providing a high Gummel 
number20 and a retarded electric field. An order of magnitude reduction in 
the vertical bipolar gain can easily be achieved. In addition, the lower resist­
ance associated with the retrograde well is helpful in providing latchup de­
coupling. 

8.5.2 Bipolar Decoupling 

In addition to the use of a retrograde well to reduce well resistance, 
other bipolar decoupling methods include using epitaxial materials on heavily­
doped substrates,21 guard rings1 and dielectric isolation. 22 Because the use 
of guard rings requires additional layout areas, they have often been used 
only for I/0 circuits, so that layout penalty is minimal. Other techniques do 
not need extra layout areas and can be applied to the entire circuit. 
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Retrograde well. A retrograde well provides a higher doping con­
centration at the bottom of the well, hence a low well resistance (Rw) can be 
obtained. The low Rw offers an effective path in shunting the well current, 
decreasing the coupling of the two bipolar devices. Improvement is most 
significant when latch up is triggered by n + overvoltage. As described by 
Eq. 8.8, both trigger and critical currents during n+ overvoltage stress are 
inversely proportional to Rw, the well resistance. With the retrograde-well 
approach, Rw can be reduced by one order of magnitude, which results in 
about a factor of ten increase in trigger current. Experimental results ob­
tained by comparing a retrograde and conventional well are shown in Fig. 
8.12.6 Moreover, the retrograde well approach can improve latchup resist­
ance indirectly because it allows the use of a thinner epitaxial layer, which is 
very effective in latchup protection. 

Epitaxial substrate. As described in Sec. 8.2, the well and substrate 
provide two parasitic resistors (Rw and Rs), which sink a portion of the 
transistor collector currents to the power supply rails (Vss and V DD), thereby 
reducing positive feedback induced by bipolar coupling. This decoupling of 
the bipolar devices becomes more effective as Rs and/or Rw are reduced. 
Rw can be reduced by increasing well doping concentration; but a too heavily­
doped well can result in high junction capacitance and large body effect for 
the active FET devices in the well. Rs can be decreased by using an epitaxial 
layer on a heavily doped substrate. Because the heavily-doped substrate is 
farther away from the active channel region, this method, to first order, does 
not affect the FET performance. As a result, epitaxy has become an effective 
means of latchup decoupling.3 The thinner the epi layer, the smaller the 
value of Rs and the more latchup-resistant the circuit becomes. Not only 
does epi result in a reduction of Rs, it also offers a quasi-ground plane that 
sinks a larger portion of the vertical bipolar collector current into the sub­
strate. With a thin epi layer, the quasi-ground plane offered by the heavily­
doped substrate is near the bottom of the well. The ground plane can then 
more easily sink the collector current of the vertical bipolar into the substrate. 
In general, latchup immunity is improved with a thin epi layer at either a. 
triggering or holding condition. 

Figure 8.13 shows the trigger current and holding voltage as a function 
of n +-to-p+ spacing for various epi thicknesses. 23•24 The epi thicknesses 
specified in the figure are the effective (or final) epi thicknesses. Because 
of out-diffusion of impurity atoms from the heavily-doped substrate, the ef­
fective epi thickness after wafer processing is thinner than the initial as-grown 
epi thickness. Out-diffusion arises from two major sources: high temperature 
epi growth and thermal diffusion during well formation. The effective epi 
thickness here is defined as the thickness of the epi layer with a doping 
concentration less than 1 x 1017 em - 3 . Very thin epi can only be realized 
with a retrograde well, which is formed by a high energy implant rather than 
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diffusion. It is clear from this figure that thin epi improves latchup re'sistance 
by almost one order of magnitude from either a triggering or holding point 
of view. The advantage however diminishes rapidly as the n +-to-p+ sepa­
ration becomes comparable to the epi thickness. 

Scaling epi thickness with n+-to-p+ separation. A systematic scheme 
has been proposed12 to maintain latch up immunity in scaling CMOS to micron 
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Figure 8.13 (a) Latchup trigger current; and (b) holding voltages versus n + to 
p+ separation for epi substrates with different epi thicknesses (Ref. 23, © 1986 
IEEE). 

and submicron technologies. Figure 8.14 shows the critical currents plotted 
against the n +-to-p+ spacing normalized by the minimum feature size. 12 

Measurement setup is inserted in the figure. Minimum feature sizes are 1.2 
J.lm and 2 J.lm for the 1.2 J.lm and 2 ~-tm processes, respectively. For the 2 
J.lm process, notice that the critical current, measured when the p + is trig­
gered, is much higher· for the thinner epi case, indicating latchup is more 
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difficult to induce. In addition, the results for the 1.2 J.1m process on 12 fJ.m 
epi is very similar to those for the 2 ,_..m process on 20 ,_..m epi. This similarity 
means that the critical current during latchup triggering can be maintained if 
the epi thickness is scaled with the feature size. 

Latchup scaling also works well for holding voltage. In this scheme, a 
critical separation between n + and p + is defined, which ensures a holding 
voltage at 5 V, the present power supply voltage. If the holding voltage is 
above 5 V, latch up cannot be maintained with the standard 5 V supply, and 
the circuit is latchup immune. Simulated and measured results from various 
CMOS technologies show that the critical n +-to-p+ separation scales linearly 
with epitaxial layer thickness as shown in Fig. 8.15. 12 The simulated results 
were obtained using a numerical model that solves the current continuity 
equation, V · [cr(x,y)V<I>(x,y)] = 0, in two dimensions. 12 Specifically, latchup 
immunity can be maintained if the final epi thickness is about 2/3 of the n +­
to-p+ layout spacing. The actual doping profile in the well (conventional or 
retrograde well) does not significantly affect this result. To act as a ground 
plane, the substrate doping concentration however should be at least two 
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Figure 8.14 Latchup critical currents versus normalized n+ top+ separation for 
two processes with two final epi thicknesses. In both cases, final epi thickness is 
10 times the minimum feature size (Ref. 12, © 1986 IEEE). 

orders of magnitude greater than that in the epitaxial layer. A doping level 
at 1017 em - 3 or above should be used for the substrate. 

Limitation in epi thinning. It has already been pointed out that p­
on-p + epitaxial substrate material is very effective at suppressing latchup. 
However, as then+ -to-p+ separation is reduced, thinner and thinner epitaxial 
layers are required. This requirement presents a problem because of the 
out-diffusion of boron from the substrate during processing. The transition 
from the heavily doped substrate to the lightly doped epitaxial layer occurs 
over several microns, limiting the minimum epitaxial layer thickness that can 
be used. The greatest amount of out-diffusion occurs during then-well drive­
in. By so eliminating this step, as in the case of retrograde well technology, 
thinner epitaxial material can be used. In practice, the thinnest epitaxial 
material that can be used with the conventional well process used in this 
example is about 4 J.1m, while layers as thin as 2 t.tm can be used with 
retrograde well technology. 

Figure 8.16 shows measured latchup holding voltages as a function of 
n +-to-p+ separation for devices on thin epitaxial material. 6 Results are shown 
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for both retrograde and conventional n-well devices fabricated on material 
with a 4 v-m starting epitaxial layer thickness, and for retrograde well devices 
only on material with a 2 v-m starting epi thickness. 

Comparing the curves for the 4 v-m (as grown) 111:aterial in Fig. 8.16, 
conventional structures appear to have better performance in comparison to 
retrograde well devices. The final (or effective) epi layer of conventional 
devices is thinner due to the greater out-diffusion of boron from the heavily 
doped p+ substrate during the well drive-in. Within conventional wells, in­
creasing the n + top+ separation to about 4 v-m gives a latch up holding voltage 
of more than 5 volts, and immunity from permanent latched states. Because 
the thermal budget is reduced for retrograde-well devices, the corresponding 
final (effective) epi layer is thicker than that of conventional well devices, 
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Figure 8.16 Latchup holding voltages for retrograde and conventional n-wells 
made in epi substrates with several as-grown epi thicknesses (Ref. 6, © 1987 IEEE). 
The corresponding test structure and measuring technique are shown in Fig. 8.8. 

the equivalent separation for these devices on the same material is about 6 
J.Lm. 

A better comparison is between devices formed on the thinnest epitaxial 
material allowed by the technology type, that is, retrograde well devices on 
2 J.Lm epitaxial material and conventional devices on 4 J.Lm material. The 
greater latch up immunity achieved using retrograde structures is then clear, 
with the holding voltage reaching 5 volts at only 1.8 J.Lm n +-to-p+ separation. 
This dimension happens to coincide with the minimum separation needed for 
adequate isolation. between opposite-type devices (see Chapter 7). 
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Trench isolation. The trench isolation technique and associated prob­
lems were discussed in Chapter 7. Trench or other dielectric isolation such 
as SEG (Selective Epi Growth) provides a physical decoupling between an 
n- and a p-channel device, thus enhancing latchup protection. The use of 
deep trenches on epi substrate has shown a latchup-free CMOS structure. 25 

The lateral current to and from the well is greatly reduced, if not completely 
eliminated. However, trench isolation alone does not significantly increase 
trigger or holding current. 26 The major advantage of trench isolation alone 
is the increase of latch up response time, resulting in substantial improvement 
in preventing transient upset. 

8.6 LAYOUT CONSIDERATIONS 

Latchup can also be avoided by modifying circuit layout. Two major layout 
considerations are the placement of well and substrate contacts and the in­
clusion of guard bands. Width effects should also be taken into account. 

8.6.1 Well and Substrate Contacts 

To avoid latchup, the well and substrate resistances should be minimized 
for effective bipolar decoupling. The resistance value is the product of the 
sheet resistance (fi per square) and the resistor length in terms of the number 
of squares. As described in the previous section, the well or substrate sheet 
resistance can be reduced by using a retrograde well or an epitaxy layer, 
respectively. The resistor length can be decreased by shortening the distance 
between the well or substrate contact to the FET; that is minimizing the 
distances dn and dP shown in Fig. 8.17. 

Triggering. With n + overvoltage triggering, the npn emitter is already 
forward-biased, so the critical current for latchup to occur is relatively in­
dependent of the location of the substrate contact. As expressed in Eq. 

substrate contact well contact 

1 

p-substrate 
n-well 

Figure 8.17 CMOS inverter structure showing well and substrate contacts. 
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8.8(b ), the critical current only depends on the ohmic drop at the pnp emitter­
base junction and the well resistance, which can be approximated by 

(8.11) 

where XN is defined in Fig. 8.17, W is the FET width, and plV is the well 
sheet resistance. Substituting Eq. 8.11 into Eq. 8.8(b) results in 

IcRIT = vbep Wl[plV 0 (XN + dN)] (8.12) 

Figure 8.18 shows the dependence of critical current on dp and dN when 
latch up is triggered by n + overvoltage stress. 8 The dashed line represents 
the modelled results using a value of 2500 fi/0 for plV. As the well contact 
is placed closer to the pMOSFET source, the critical current increases, sug­
gesting an improvement in latchup immunity. It is also helpful to place 
multiple contacts so that each FET always has a well contact in its proximity. 
Notice that the critical current is relatively independent of dp, meaning the 
layout of the substrate contact is not critical in this case. 

With p + overvoltage triggering, the pnp emitter is already forward­
biased, so the critical current for latchup to occur is relatively independent 
of the location of the well contact. The critical current should depend on 
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the substrate contact location. The dependence, however, is generally very 
weak because the pnp collector current is also collected at the back substrate 
contact. In essence, the placement of the substrate contact in layout is less 
important if a backside contact is provided. 

Holding. The effect of layout on the latchup holding condition has 
also been examined27 using the three test structures A, B and C shown in 
Fig. 8.19(a), (b), and (c), respectively. The well (or substrate) contact to 
the corresponding FET source is 10 t-tm in structure A, 3 t-tm in structure B, 
and 0 t-tm in structure C, because butting contacts are used there. The holding 
voltage and holding current as a function of n + to p + separation (d) are 
shown in Fig. 8.19( d) for the three structures. 27 Both holding current and 

n-WELL 

d 

3/-lm 

(a) 

n-WELL 

d 

(b) 

Figure 8.19 Cross-sections of !atchup test structures: (a) source and contact sep­
arated by 10 r-tm; (b) source and contact separated by 3 r-tm; (c) butted source and 
contact; and (d) holding voltage and holding current as a function of n + to p + 

separation (Ref. 27, © 1984 IEEE). 
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Figure 8.19 Continued. 

holding voltage increase with an increase of n +-to-p+ separation. For any 
given n +-to-p+ separation, both the holding voltage and holding current 
increase as the well and substrate contacts are moved closer to, and eventually 
abut to, the FET sources. 

8.6.2 Guard Bands 

The n + or p + diffusion used for the well or substrate contact can be 
placed between the n- and p-channel FETs, as shown in Fig. 8.20. In this 
configuration, majority carriers are pre-collected by the contact diffusions 
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1 n + top+ separation 1 
n-well 

p-substrate 

p-guard band n-guard band 

Figure 8.20 CMOS inverter structure showing guard bands. 

before they inject to a bipolar base or cause an ohmic drop in the well or 
substrate. These diffusions are referred to as guard bands, which are com­
monly used in input/output circuits, where latchup is more of a problem 
because larger currents often exist and extra current sometimes injects into 
the circuit from the I/0 pads. Another reason is that for just I/0 circuits, 
the penalty due to additional layout area is not great. Figure 8.2l(a) shows 
the n + guard band in an n-well. 3 As shown in the figure, the n + guard band 
serves the purpose of current steering, and it becomes even more effective 

N+ DIFFUSION; 
CURRENT STEERING 

N+ DIFFUSION; 

N-WELL 

p-SUBSTRATE 

(a) 

CURRENT STEERING -----------r----~-.-.--L-,--,----.---------------.---­
ON EPI-CMOS 

p- EPI 

p+sUBSTRATE 

{b) 

N-WELL 

Figure 8.21 Majority carrier guard (N+) in well to steer current away from vertical pnp: 
(a) p-substrate; (b) p-epi on p+ substrate. (After Troutman, Ref. 3.) 

Micron Ex. 1024, p. 329 
Micron v. YMTC 
IPR2024-00909



314 Latchup in CMOS 

when epi is used. This increased effectiveness is due to the built-in field at 
the p- lp + junction. It tends to reflect the electrons injecting downward so 
that they can be collected by the guard band (Fig. 8.21b). 

Similar effects appear for the p +guard band in a p-substrate (Fig. 8.22a). 
The p + guard band steers the hole current away from the n + junction. The 
effect of epi is, however, different. Because the p-Jp+ junction and the 
highly-conductive p+ substrate tend to absorb the most current, it is preferable 
to have a substrate contact p + guard ring, which can further reduce any voltage 
drop near the n + junction. 

The effects of guard bands on latchup triggering are shown in Fig. 8.23.28 

In those experiments, transient triggering was done by debasing the substrate 
or well to forward-bias the npn or pnp emitter/base junction. The total power 
supply across the pnpn parasitic diode structure was maintained at V DD· As 
expected, the pulse height needed to trigger latchup decreased and ap­
proached the steady state value as the pulse width increased. For the npn 
triggering shown in Fig. 8.23(a), then+ guard band is effective in improving 
latch up resistance. For the pnp triggering shown in Fig. 8.23(b ), the use of 
a p + guard band can improve latch up immunity. It is clear that improvement 
is greatest when both n + and p + guard bands are used. 

n + can also be placed in the p-substrate to collect electrons before they 
inject into the well. 3 This n + guard band serves as a minority carrier collector 

P+ DIFFUSION; 
CURRENT STEERING 

p-SUBSTRATE 

(a) 

p+ SUBSTRATE 

(b) 

N-WELL 

Figure 8.22 Majority carrier guard (P+) in substrate to steer current away from lateral npn: 
(a) p-substrate; and (b) p-epi on p+ substrate. (After Troutman, Ref. 3.) 
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Figure 8.23 Emitter/base pulse excitation. (a) npn initiated latchup and npn for­
ward-bias vs. pulse width; and (b) pnp initiated latch up and pnp forward-bias vs. 
pulse width for unguarded and guarded structures (Ref. 28, © 1983 IEEE). 

(Fig. 8.24) rather than a majority carrier collector, as previously described. 
An n-well, which is much deeper than the n +, is often used under the n + to 
increase collection efficiency (Fig. 8.24b ). The current collected by this n­
well guard band (10 ) is shown in Fig. 8.25(b) and is much larger than the 
current injected into the real n-well (/c2). 29 V E is then+ IP junction bias, as 
shown in the measurement schematic (Fig. 8.25(a)). Again, a guard band 
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Figure 8.24 Minority carrier guard in substrate: (a) N+ diffusion guard; (b) N­
well guard; and (c) N-well on epi. (After Troutman, Ref. 3.) 
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is more effective when epi is used (Fig. 8.24c). As shown in Fig. 8.25(c), 
the current escaping from the guard collection and injected to the actual n­
well Uc2) is greatly reduced. 

8.6.3 Three-dimensional Effects 

Three-dimensional layout effects on latchup have been reported. 30 It 
was found that narrow width effects were significant in determining latchup 
immunity, and resulted in a significant deviation from ideal scaling width. 
This deviation is due to the three-dimensional current flow and has been 
modelled numerically by a 3-D current continuity equation, i.e., V · 
(o-V<P(x,y,z)) = 0. Figure 8.26 shows calculated surface potential contours 
for two devices with different diffusion widths. 30 Notice that the potential 
and current flow at the corners of the p + emitter are really three-dimensional. 
For the narrow device, the equipotential contours do not extend as far as the 
wide device due to this corner effect. The potential at the middle of the p +­

to-n-well gap (marked X in the figure) is 0. 7 V for the wide device, but < 

0.5 V for the narrow device. If the n + source is located nearby, the wide 
device may be latched, but not the narrow one. 

Measurements from devices with various widths show that both trig­
gering and holding conditions are dependent on device width. Holding volt­
ages for different epi thicknesses are shown in Fig. 8.27. 30 In general, holding 
voltage increases as diffusion width is reduced. Latchup immunity for nar­
row-width devices may be significantly better than what is predicted by 2-D 
modelling. Conversely, latch up test structures are often not very wide to 
limit current drawn in the latched state, and the latch up susceptibility of wider 
devices in a real circuit layout may be worse. These three-dimensional effects 
should not be ignored in actual circuit layout. 

8.7 SUMMARY 

.ln scaling CMOS for VLSI, latchup has become a major problem due to the 
tight separation between an n- and a p-channel FET. Latchup is normally 
characterized by triggering and holding conditions. Th~ triggering condition 
refers to the current and voltage needed to initiate latchup while the holding 
condition corresponds to the voltage and current required to sustain a latched 
state once it is triggered. The physics and condition for latchup to occur 
have been described using a lumped circuit equivalent model. If the holding 
voltage is above the power supply voltage (5 V, in general), latchup cannot 
be sustained. Although current spreading in a three-dimensional manner is 
difficult to model using discrete components, the lumped circuit model pro­
vides a good basis for seeking solutions to the problem.. Based on the model, 
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Figure 8.25 The effect of n-well guard band on current injected into the real n­
well: (a) measurement setup; (b) I-V for non-epi; and (c) I-V for epi substrate. 
(After Troutman, Ref. 29.) 
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Figure 8.26 Surface potential contours calculated using 3-D current flow model. 
Epi thickness is 6 j.Lm. n + SID diffusiori. is marked by x, lying between p + contact 
and n-well. Diffusion widths are (a) 20 j.Lm, (b) 4 j.Lm. (Ref. 30, © 1986 IEEE). 
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it is easy to see that bipolar spoiling and bipolar decoupling are the two basic 
methods to avoid latchup. 

While spoiling bipolar transistors in a VLSI circuit often has the risk of 
damaging active CMOS FETs, bipolar decoupling has been more effective in 
preventing latchup. The most common way to avoid latchup is to use a 
lightly doped epi layer on a heavily doped substrate, which acts as a ground 
plane to shunt vertical bipolar current to the substrate so that posittve feed­
back can be avoided. The thinner the epi layer, the more effective it is in 
steering the current to the substrate. In fact, latchup immunity can be main­
tained when epi thickness is scaled with n +-to-p+ separation. However, 
dopant out-diffusion during epitaxial growth and subsequent well diffusion 
place a limit on minimum epitaxy thickness. Low temperature epitaxy and 
retrograde wells formed by a high-energy implant instead of diffusion allow 
the use of very thin (2-3 J.Lm) epi layers for latchup immunity. 6 

Careful layout, especially of I/0 circuits, should be exercised to offer 
latchup protection. Substrate and well contacts must be laid out near the 
FET sources and multiple well contacts and a backside substrate contact are 
highly recommended. . Guard bands between n- and p-channel FETs are 
effective in steering current away from the FET sources, thereby reducing 
the likelihood of forward-biasing emitter junctions. Finally, narrow-width 
effects should be taken into account in determining latchup sensitivity in real 
CMOS circuits. 
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Figure 8.27 Latchup holding voltage as a function of diffusion width for various 
epi thicknesses (Ref. 30, © 1986 IEEE). 
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EXERCISES 

1. According to the lumped circuit model, explain why a beta product of greater than 
one is the necessary but not sufficient condition for latchup. Under what special 
case does it become the necessary and sufficient condition? 

2. For a p-well CMOS, draw a lumped equivalent circuit model and derive conditions 
for latch up to occur. 

3. In an n-well CMOS, the well depth is 1 f.Lm and the concentration is 1 x 1016 

cm-3; the p+ diffusion is 0.3 f.Lm deep and it is doped at 1 x 1019 cm- 3 . Estimate 
the vertical pnp transistor common emitter current gain using one-dimensional 
analysis. 

4. Based on Fig. 8.3 for the conventional well case, calculate «npn as a function of 
the n + -to-:n-well spacing, which is 40% of the n +-to-p+ spacing. Assuming well 
resistance (Rw) is 1.4 K.U, calculate n+-overvoltage induced trigger current as a 
function of n +-to-p+ spacing in the range of 5 to 12 f.Lm. 

5. Explain why latchup cannot be sustained if the holding voltage is greater than the 
supply voltage and what is the most effective way to increase the holding voltage. 

6. If the n +-to-n-well is 3 f.Lm, the n-well depth is 1.3 f.Lm, and the p + diffusion is 0.3 
f.Lm, estimate the minimum pulse width needed to trigger latchup. 

7. The use of retrograde well improves latch up immunity in the form of increasing 
trigger current. Explain why such an improvement is most obvious when triggering 
is done at the diffusion outside the well. If a conventional n-well is changed to a 
retrograde n-well with the well resistance decreased by a factor of ten and the 
associated pnp current gain decreased by a factor of 5, calculate how much increase 
can be expected in ~he trigger current if n + overvoltage triggering is applied and 
how much increase if p + overvoltage triggering is used? 

8. Explain why using a lightly-doped epitaxial layer on a heavily..:doped substrate is 
the most effective way to increase latchup resistance. Why is a thinner epi even 
more helpful and what limits the continuous scaling of epi thickness? 
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This last chapter of the book will discuss design rules associated with current 
and future CMOS technologies. A set of design rules is an important output 
produced by a technologist for circuit designers. Because design rules are 
derived from device characteristics and process capabilities, this chapter will 
first summarize the device results discussed in previous chapters, then it will 
discuss the effects of particular process(es) on individual design rules. Next 
introduced will be lambda-based design rules, which are basically technology 
independent. The limitation of the lambda rules will be discussed and fol­
lowed by the method of modification. Examples will be given for 1.2 v-m 
CMOS design rules. Finally, CMOS devices and technologies are summa­
rized and future perspectives are given. 

9.1 DESIGN RULES DERIVATION 

Design rules are a set of numbers that describe the minimum dimension of 
layout geometries for each mask and the relationship, in terms of overlap and 
separation, among these geometries. In a broad view, design rules often 
include the process and electrical parameters that are important in determin­
ing circuit performance. Within this context, design rules are derived from 
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electrical performance and processing capabilities. The electrical perform­
ance at a given dimension depends on the device characteristics of a particular 
technology, CMOS in this case. On the other hand, processing capabilities 
primarily depend on wafer fabrication capability rather than technology type 
(NMOS, CMOS, or bipolar). 

9. 1.1 Electrical Performance 

Intra- and inter-device issues for CMOS technology have been described 
in previous chapters. This chapter will take the opportunity to summarize 
the results relevant to design rules. For example, the design rule of n +-to­
n+ or p +-to-p+ separation not only depends on lithographic capability, but 
also on device physics, as punchthrough occurs between the two diffusions 
when they are located too close. 

Transistor design and the associated parasitics are discussed in Chapter 
6. For 1 v-m nMOSFETs, the LDD structure should be used to alleviate the 
hot-electron effect. As discussed in Chapter 6, a 10-year transistor lifetime 
can be expected using a carefully designed LDD structure. Due to the buried­
channel behavior inpMOSFETs, attention should be paid to the subthreshold 
swing and threshold lowering. Typical electrical parameters for 2 J.tm and 
1.2 J.tm CMOS technologies are shown in Table 9 .1. 

All parameters presented in the table describe individual components: 
transistors, resistors, and capacitors. Electrical characteristics among active 
devices are equally important, especially in setting up inter-device design rules 
such as separations between two transistors. For VLSI circuits, it is desirable 
to have transistors packed closely together, however minimum spacings must 
be used so that adequate isolation among the transistors is accomplished. 
The isolation problem is complicated in CMOS because of two different 
transistor types. Various parasitic FETs exist among active transistors, and 
these FETs must not be turned on due to field inversion or punchthrough. 
As described in the last section of Chapter 7, for a standard LOCOS-isolated 
1.2 J.tm CMOS technology, isolation among similar-type transistors can be 
achieved with 1 J.tlll nominal separation. The separation is 1 J.tm on the 
mask, but ends up being about 2 J.Lm due to approximately 0.5 J.tm LOCOS . 
encroachment (bird's beak) on each side. Isolation among opposite-type 
transistors is more involved, however modelling and measurement results 
show that it is possible to achieve isolation between an n- and a p-channel 
transistor with approximately 2.4 J.tm separation on-mask. The use of re­
trograde wells can further reduce this dimension to below 2 J.tm. At such 
small isolation dimensions, parasitic bipolar devices, and hence latchup, be­
come major problems. 

As discussed in Chapter 8, latchup susceptibility is a strong function of 
n +-to-p+ separation and actual layout. General guidelines for designing 
latch up resistant circuits include large n +-to-p+ separation, multiple well and 

Micron Ex. 1024, p. 340 
Micron v. YMTC 
IPR2024-00909



Sec. 9.1 Design Rules Derivation 

TABLE 9.1 Typical Electrical Parameters for 2 ~-tm and 1.2 ~-tm CMOS 
technologies 
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Electric Parameters 2 f.Lm Technology 1.2 f.Lil1 Technology 

Transistor Parametet·s: 
Gate oxide thickness 
Width/length 
n-channel threshold (Vm) 

gain factor (K, = ,_,.,,CoJ 
subthreshold swing (S,) 
body effect coefficient ( 'Y) 
drain breakdown (V sD) 

p-channel threshold (V,P) 
gain factor (KP = fJ.-pCox) 
subthreshold swing (SJ 
body effect coefficient ( 'Y) 
drain breakdown (V sD) 

Resistance Parameters: 
N+ diffusion sheet resistance 
N- diffusion sheet resistance 
p+ diffusion sheet resistance 
Poly sheet resistance 
Polycide 
N-well sheet resistance 
Metal1 
Metal 2 
Metal to n + contact resistance 
Metal to p + contact resistance 
Metal to n +-poly contact resistance 

Capacitance parameters: 
Gate capacitance in I0- 4 pFI,.,.,m2 

N+ junction area capacitance* in I0- 4 

pF/,.,.,m2 

p+ junction area capacitance* in I0- 4 

pFI,.,.,m2 

N+ junction sidewall capacitance* in I0- 4 

pF/,_,.,m 
p+ junction sidewall capacitance* in 10- 4 

pF/,_,.,m 
Poly over field capacitance in I0- 4 pF/fJ.-1112 

Metal 1 over field capacitance in I0- 4 

pF/fJ.-1112 

Metal 1 over poly or diffusion in I0- 4 

pF/j..tm2 

Metal 2 over field capacitance in 10- 4 

pFI,.,.,m2 

Metal 2 over poly in I0- 4 pF/,_,.,m2 

Metal 2 over metal 1 in 10- 4 pF/,.,.,m2 

*At zero volt bias. 

300 ± 15 A 
20 fJ.-111/2. 0 f-.tll1 
0.9 ± 0.1 y 
55 ± 6 mSIV 
90 ± 10 mY/dec 
0.20 Y 112 

25 y 
-0.9 ± 0.1 y 
20 ± 4 mSIV 
110 ± 10 mY/dec 
0.45 Y 112 

-25 y 

35 ± 5 fl/0 
-(no LDD) 
80 ± 20 DID 
30 ± 5 fl/0 
3.4 ± 0.5 D/0 
2000 ± 300 fl/0 
0.032 ± 0.004 fl/0 
0.039 ± 0.003 fl/0 
3-5 X 10- 7 D-cm2 

7-10 X 10- 7 D,-cm2 

2-4 X 10- 7 D-cm2 

11.8 ± 0.6 
1.0 ± 0.1 

2.1 ± 0.3 

1.7 ± 0.2 

2.5 ± 0.3 

0.63 ± 0.06 
0.31 ± 0.02 

0.46 ± 0.04 

0.20 ± 0.02 

0.29 ± 0.02 
0.68 ± 0.04 

210 ± 10 A 
20 f-.tll1/1.2 fJ.-ID 
0.7 ± 0.1 y 
69 ± 6 111SIV 
90 ± 10 111 Y/dec 
0.24 Y 112 

nY 
-0.8 ± 0.1 y 
27 ± 4 mSIV 
100 ± 10 mY/dec 
0.45 yu2 

-8Y 

32 ± 5 fl/0 
1000 ± 1 00 fl/0 
120 ± 15 fl/0 
22 ± 2 D/0 
3.4 ± 0.5 fl/0 
3000 ± 300 fl/0 

20.2 ± 0.65 
1.5 ± 0.2 

3.7 ± 0.5 

5.6 ± 0.8 

6.0 ± 0.3 

0.77 ± 0.07 
0.35 ± 0.02 

0.49 ± 0.05 

0.22 ± 0.02 

0.30 ± 0.02 
0.68 ± 0.04 
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substrate contacts, guard bands in I/0 circuits, and attention to narrow-width 
effects. However, precise design requirements in avoiding latch up are tech­
nology- and application-dependent. Often, a latchup-free design rule is not 
well defined. The only definite electrical parameter in characterizing latch up 
is the holding voltage, which should be above the supply voltage if absolute 
latchup immunity is sought. This stringent requirement can be met when an 
epitaxial layer is used on a heavily-doped substrate. Furthermore, with an 
epi layer, the n +-to-p+ design rule can be scaled with epi thickness. For a 
typical 1.2 v-m CMOS technology commonly configured with diffused wells, 
a 4 v-m nominal (as grown) epi thickness is about the thinnest achieved. With 
this epi thickness, a 4 v-m n +-to-p+ separation is needed to achieve a holding 
voltage of greater than 5 V. With retrograde-well technology, nominal epi 
thickness and then+ -to-p+ separation can both be reduced to 2 v-m for V HOLD 

> 5 V. Without an epitaxial layer, the condition for latchup immunity (VHoLD 

> 5 V) may not be obtained even with a very large (10-20 v-m) n+-to-p+ 
separation. Depending on specific circuit applications and the use of guard 
bands in I/0 circuits, then+ -to-p+ design rule may be established to provide 
reasonable latch up protection, even though the corresponding V HOLD is 
<5 V. 

9. 1.2 Process Constraints 

Pattern resolution and overlying alignment rely basically on lithographic 
tools. In general, an MOS technology is qualified by the minimum feature 
size (f) that can be imaged on a wafer. For example, the lithographic tool 
for a 2 t-tm (or 1.2 t-tm) CMOS technology is capable of producing 2 t-tm (or 
1.2 t-tm) lines and separations in photoresist. As described in Chapter 3, the 
alignment accuracy of a lithographic tool refers to how accurately one pattern 
can be overlaid on top of the layer previously patterned. 

Overlay errors normally result in a Gaussian distribution with the 3(J 
point (where cr is the standard deviation) indicating the alignment error. For 
most lithographic tools, it is approximately half of the resolution limit, e.g., 
± lt-tm for 2 v-m technology and ±0.6 t-tm for 1.2 t-tm technology. The full 
resolution capability is achieved on a flat wafer. During the middle of the 
process, the wafer topography causes thickness non-uniformity in photoresist 
spun on the wafer, thus reducing the effective resolution. The resolution 
also worsens when imaging is done on a highly reflective layer, such as metal. 
For these two reasons (topography and reflection), the ultimate photoresist 
resolution varies from layer to layer. Furthermore, depending on the pattern 
transferring method, different layers require different resist thicknesses and, 
in general, a thicker resist layer produces poorer resolution. 

Pattern transferring from the imaging (photoresist) layer to the under­
lying material is done by etching or implantation followed by diffusion. Other 
process steps, such as LOCOS or thin film deposition, can also impact design 
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rules directly or indirectly. For example, modified LOCOS oxidation may 
result in a reduced bird's beak, hence tighter design rules for the active area 
definition. A layer of polysilicon deposited with poor uniformity may cause 
larger overetch during poly gate definition, an example of the indirect effect. 
As described in Chapter 5, a typical CMOS process consists of at least 10 
masking layers: well definition, active area, poly gate, p +, n +,contacts, metal 
1, via, metal2, and pad. The process steps for making each layer are different 
and design rules for each layer should be individually derived. 

Well definition. Wells are normally formed by diffusion, which makes 
the actual well larger than what is drawn on the mask and imaged in the 
resist. In fact, the lateral extension of a well at one edge is approximately 
75% of the well's depth. Therefore, minimum well width (Ww) is the sum 
of minimum feature size and twice the lateral extension. The separation 
between two wells at two different potentials is limited by electrical isolation. 
To prevent punchthrough in the lightly-doped substrate between the two 
wells, adequate spacing between them must be used. 

Active area. Active areas are the regions where active transistors are 
built. In a standard MOS process, active area is defined by a layer of nitride 
mask followed by LOCOS oxidation. As discussed in Chapter 7, the actual 
active area is smaller than what appears on the mask due to the oxidation 
encroachment known as bird's beak. In a conventional LOCOS process, 
bird's beak is roughly 80% of field oxide thickness. For a 0.6 11-m field oxide, 
roughly a 0.5 11-m retreat at each edge of the active area exists. 

Poly gate. Poly gates are formed by etching a layer of doped poly­
silicon. Because the poly linewidth corresponds to the FET gate length, its 
dimension is the minimum feature size (f). With an anisotropic RIE (Re­
active Ion Etching) technique, essentially no dimension variation is found 
when the pattern is transferred from resist to the poly layer. The poly gate 
must extend beyond the transistor's active area to avoid short circuit between 
source and drain. 

p + and n +. These two masks are needed to form p- and n-channel 
source/drain regions. Using a photoresist mask and the existing poly gate, 
boron or arsenic ions are implanted only for the p- or n-channel SID areas, 
respectively. To account for alignment error, the resist mask is normally 
designed to overlap the active area so that the entire p- or n-channel SID 
regions are implanted. When an LDD structure is included, n- is formed 
using a phosphorus implant with or without a resist mask. In the case of no 
mask, phosphorus impurities in the p-channel SID region are compensated 
by the much heavier boron implant dose. 
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Contacts. Contacts are openings in the oxide layer down to the poly 
gates or Si substrate. To make them, holes are patterned in a photoresist 
layer and subsequently transferred to the underlying oxide using RIE etching. 
Several process constraints exist. First, minimum size (f x f) contacts are 
normally required for saving layout area. To image a minimum square is 
often much more difficult than printing a line with minimum width. Secondly, 
sloped contacts may be more desirable to ease the step coverage problem 
often encountered during subsequent metal deposition. This requirement 
creates a heavier burden in the etching process. Finally, a finished contact 
must be inside an active area or a poly gate. For this reason, one end of a 
poly gate is always abutted to a poly pad. Moreover, when the contact mask 
is aligned to the active (or poly) mask, the relative mis-alignment between 
contacts to poly (or active area) can be much larger than the overlay alignment 
error. 

Metal 1. Metal lines are used to connect transistors through coiltacts. 
Metal lines are patterned and etched in a similar way to the formation of poly 
lines. Minimum linewidths and separations are desirable for high packing 
density. Metal pitch, defined as the sum of linewidth and separation, is often 
the determining factor in VLSI layout size. Imaging high-resolution metal 
patterns is more difficult because of the high reflecting metal layer. In ad­
dition, metal lines must be wide enough to cover the contacts. Thus, min­
imum metallinewidth is often set by the minimum contact size plus the amount 
of overlap between the metal and th~ contact. 

Via and metal 2. Vias and metal 2 lines are formed similarly to 
contacts and metal 1 lines. Vias are etched down to the first level metal 
instead of Si substrate. Directly contacting Si through vias in general is not 
allowed. Because wafer topology is uneven at this point, resolution for via 
and metal 2 is poorer. As a result, the corresponding design rules are often 
looser than those for contact and metal 1 unless planar techniques are used 
to provide planar surface after metal 1 formation. 

Pad. ICs normally require a layer of dielectric (oxide or nitride) at 
the end of the process for passivation. A pad mask is used to open a large 
hole on bonding pads for probing and bonding. The size (75-100 J.tm on 
each side) is far larger than what can be made, hence no specific issues arise 
relating to minimum design rules. 

9.2 lAMBDA-BASED DESIGN RULES 

As previously described, pattern resolutio"n and alignment accuracy improve 
together as the lithographic tool progresses. Other process techniques such 
as etching also improve with technology advances. For these reasons, design 
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rules have been developed in dimensionless form in terms of the length unit 
lambda (A.), which is a time-varying parameter. 1 These rules assume certain 
linear relationships among various layout elements and greatly ease the design 
changes through A. shrinkage as the technology advances. The assumption 
is that all rules improve at the same rate, hence the design rules themselves 
need not be altered when they are expressed by A.. A. niles have been used 
successfully in designing NMOS ICs. They have also been applied to CMOS,Z- 4 

even though the implementation is less straightforward. The A. reduction 
works fairly well at the 2-to-3 v-m range because the linear relationships more 
or less hold. They can also be stretched to 1.2 v-m design provided tight 
layout is not critical compared to the layout time; examples include gate 
arrays, standard cells, and semi-custom ICs. 

Based on A. rules, the minimum imaging size (f) is usually 2A. and align­
ment accuracy, although dependent on the lithographic machine, is roughly 
the A value. The CMOS layering sequence and corresponding intra-layer A. 
design rules for 1-2 v-m technologies are shown in Table 9 .2. The mask 
alignment sequence, which indicates the previous layer for each layer to align 
to, is also included in the table. Most, but not all of the layers, are aligned 
to the layers that are just one layer preceding them. For example, Layer 3 
(Poly Gate) is aligned to Layer 2 (Active Area), and Layer 2 is aligned to 
Layer 1 (Well), but Layer 6 (Contact) is aligned to Layer 3 (Poly Gate), not 
Layer 5. 

TABlE 9.2 CMOS Layering Sequence and the Corresponding lntralayer 
Lambda Design Rules for the 1-2 Micron Technologies 

Minimum Minimum 
Layer Feature, Separation, 

No./Name A A Alignment Sequence 

1. Well (WE) 6 9 -

2. Active Area (AA) 2 3 Well 

3. Poly Gate (POL) 2 2 Active area 

4. n+ (N +) 3.5 - Active area 

5. p+ (P+) 3.5 - Active area 

6. Contact (CT) 2 2' Poly gate 

7. Metal 1 (MET1) 3 3 Contact 

8. Via (VIA) 2 3 Metal 1 

9. Metal 2 (MET2) 3 4 Via 
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The A values equal1 J.Lffi for a 2 J.-tffi CMOS technology and 0.5 fJ..ffi for 
a 1 f.-till technology. Notice that the minimum features, such as poly gates 
and contacts (or vias), have 2A. size. These features are critical dimensions 
and have to be held precisely. If the poly gates are oversized, the current 
driving ability degrades; if they are undersized, then short-channel effects in 
the form.of threshold lowering and increased punch through current are more 
pronounced. Contacts are made of holes in an insulator layer. If the finished 
contact holes are smaller than the designed ·size, the corresponding contact 
resistance increases, which tends to decrease current and can even cause open 
circuit in extreme cases. An oversized contact hole can cause shorts and 
may not be completely covered by metal lines. With hundreds of thousands 
of contacts in a VLSI circuit, contact failure is a major yield consideration. 
IC designs often use single sized (2A. x 2A. square) multiple contacts instead 
of one large sized contact for a larger S/D diffusion area. Lithographic and 
etching processes can be optimized for the best control of the only one sized 
contact. The minimum well width and separation are much larger for reasons 
described in the last section. Lines or separations for the first-level metal 
(metal 1) are 3A., resulting in a metal 1 pitch of 6A.. Metal 2 lines are also 
3.1\. with 4A. separations between the two lines. Because n + and p + must 
overlap the active area, their minimum feature size is 3.5A.. 

Inter-layer design rules, such as overlaps and separations) depend on 
lithographic misalignment and pattern transfer variation, such as the amount 
of overetch. When each layer is aligned to a previous layer according to the 
mask alignment sequence, the alignment error between the two layers is fixed 
by the lithographic machine. But, the alignment error between any two 
layers is not the same. For example, the Contact-to-Poly misalignment Llcr-PL 

is about the same as the Poly-to-Active misalignment APL-AA, but is different 
from the Contact-to-Active misalignment LlcT-AA due to the accumulation 
of alignment errors. The definition of the misalignment (A) at the 3cr point 
means that 99.73% of the alignment errors fall in ±A. Because the Contact 
layer is aligned to the,Poly-Gate layer, which is aligned to the Active-Area 
layer, the Contact-to-Active misalignment (LlcT-AA) is statistically larger than 
aPL-AA or LlcT-PL· More specifically, because both Poly-to-Active and Con­
tact-to-Poly alignment errors follow Gaussian distribution, the misalignment 
between Contact to Active is also a Gaussian distribution with its 3cr point 
being V2 times the 3cr of the Poly-to-Active or Contact-to-Poly alignment 
errors. If APL-AA = AcT-PL = 0.5 f.-till, AcT-AA = V2 x 0.5 t-tm = 0.7 
J.-tffi, meaning that 99.73% of the alignment errors between Contact to Active 
are within ± 0.7 f.-till. The accumulation of these alignment errors should be 
taken into account when defining overlaps and separations for the inter-layer 
design rules. The linewidth variation during pattern transferring varies de­
pending on the process of each layer and must be obtained ind5vidually. 

Table 9.3 shows typical CMOS A. design rules offered by MOSIS (MOS 
Implementation System). The numbers shown in the table are in units of A.. 
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Features are drawn on a A grid except metals, which stay on a A/2 grid. A 
is 1.5 J.Lm for 3 v-m technology, 1.0 J.Lm for 2 J.Lm technology, and 0.7 v-m 
for 1.2 v-m technology. Process biases (compensations) are done at the mask 
making step. 

For latch up protection, the n +-to-p+ separation is 12A, with the n +-or­
p + source/drain to well edge being 6A. For 1.2 J.tm technology, this rule 
gives a 8.4 J.Lm n +-to-p+ separation, larger than the minimum 4 J.tm separation 
previously discussed. Thus, thicker epi layers or even bulk substrates can 
be used. The minimum separation between similar active areas (n +-to-n+ 
or p +-to-p+) is 3A as drawn, but is reduced on the mask to compensate the 
bird's beak effect during fabrication. The extension of the Poly Gate beyond 
the Active Area is drawn 2A to ensure a finite overlap in finished Si wafers 
at the worst case of misalignment and poly overetch. NSELECT is used for 
n +source/drain regionsandn-well contact. Similar usage applies to PSELECT. 
Again, 2A overlap is established to ensure that the active areas are covered. 
Contacts are divided into contacts to poly and contacts to active so that the 
poly layer or active layer or just the overlap around the contacts can be 
adjusted independently. They are also divided into simpler and denser con­
tacts. Minimum overlaps of active or poly to simpler contacts are 2A whereas 
minimum overlaps of active or poly to denser contacts are 1A. Contacts or 
vias are at least 2A away from the unrelated active or poly layers so that finite 
separations are preserved. Overlaps of metal 1-to-contact and metal 2-to­
via are 1A in both cases. 

9.3 LIMITATION OF LAMBDA RULES AND THEIR 
MODIFICATIONS 

Lambda design rules are convenient for designers dealing with different tech­
nologies from time to time. However, the accuracy in positioning and trans­
ferring patterns does not always scale uniformly for all the layers when tech­
nology evolves. Subtle technology differences may also exist among various 
chip makers. Modifications in A rules may be necessary to accommodate 
these differences. One way to handle this problem so that it is basically 
transparent to the designer is to apply process-depend_ent biases during the 
mask making operation. By doing so, the final dimensions in Si are in 
principle equal to what were drawn by the designer. Features or overlaps 
can be bloated or shrunk by different amounts for different layers. The bloat 
or shrink can also be independent of technology in terms of minimum feature 
size, e.g, 1.2 or 2.0 J.Lm technology. By doing so, the spirit of A rules can 
be extended to 1.2 J.Lm technologies and the same design can be fabricated 
by different chip makers. 6 Table 9.4 shows an example of modified A design 
rules established for a 1.2 J.Lm CMOS technology. 
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9.4 SUBMICRON DESIGN RULES AND THEIR 
IMPACTS 

As IC technology evolves into the submicron regime, /\.-based design rules 
may not be applicable, because the relationships among the various rules 
change significantly. For example, variation in linewidth control for each 
layer improves differently due to different process steps, e.g., LOCOS in the 
active layer versus etching in the poly layer. Therefore, when applying A.­
scaling to layout at submicron dimensions, one layer may reach its process 
limit before the others do resulting in a relaxed layout with low packing 
density. In particular, for memory designs in which every micron counts, I\. 
rules do not apply. Furthermore, design rules established by electrical per­
formance may not scale with A because of enhanced short- and narrow-channel 
effects. Minor modifications of A rules using the above-mentioned bloat and 
shrink may not be sufficient to provide an optimal layout. It is perhaps more 
adequate to work on design rules directly expressed by microns. 

As far as submicron CMOS design rules are concerned, optical rithog­
raphy has pushed the resolution limit to 0.8 v-m or below, allowing a 4-Mbit 
DRAM to be made on a single chip. Using 0.8 v-m design rules, 4 Mb 
DRAM chips have been made with chip sizes around 100 mm2 so that con­
ventional packages can be used. 7 - 9 At 5 V supply, these 4 Mb DRAMs 
have a typical access time of 65-95 ns, 0.8 v-m CMOS design rules have 
also been applied in 1 Mb SRAMs with chip sizes between 80-100, mm2 . 10 - 12 

Address access times for these 1 Mb SRAMs range from 15-25 ns with a 5 
V supply. An LDD structure is used at least for the n-channel transistors. 
Table 9.5 shows the 0.8 v-m design rules and corresponding performances for 
the Hitachi double-poly double-Al 1 Mb CMOS SRAM. 12 The poly-Si and 
Al pitches are approximately 2 v-m with the contact holes at 0.8 v-m. The 
corresponding layout sizes and performances are also shown. 

Design rules are being extended to a 1/2 v-m dimension without being 
limited by performance saturation; again, lambda rules do not apply. As 
0.5 v-m design rules are approached, the electrical fields are so high that hot­
carrier induced degradation occurs even in p-channel transistors. Conse­
quently, LDD may have to be applied to both types of devices unless the 
power supply can be reduced. With a 3.3 V supply voltage, a 16Mb DRAM 
has been demonstrated using 0.7 v-m CMOS design rules, including electron­
beam direct writing. 13 The effective channel lengths are 0.5 and 0.7 v-m for 
nMOS and pMOS transistors, respectively, and the gate oxide is 120 A for 
both types of devices. A cell size of 5 v.m2 is achieved using self-aligned 
silicided interconnection. The total chip size is about 150 mm2 . Similar 
design rules and technology have also been applied in fabricating 0.5 v-m 32b 
CMOS macros. 14 The effective channel lengths are 0.4 and 0.5 v-m for n­
and p-channel FETs, respectively. An ADD speed of 8 ns in the macro-chip 
32b ALU has been measured. 
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TABLE 9.4 Modified Lambda Design Rules for 1.2 Micron CMOS 

As Drawn As Drawn On Mask 
(unit = A.) (unit = f.Lin) (unit = f.un) 

Active Area (AA) (0.4 v-m bloat per side) 
AA 2 1.4 2.2 
AA-AA separation 3 2.1 1.3 
AA (p+-n+) 10 7.0 6.2 
AA beyond POL 3 2.1 2.5 
AA-POL (opposite type) 3 2.1 1.7 

Poly (POL) (no bloat or shrink) 
POL 2 1.4 1.4 
POL-POL 2 1.4 1.4 
POL-AA (unrelated) 1 0.7 0.3 
POL extend beyond AA 2 1.4 1.0 
POL (minimum width FET) 3 2.1 2.9 

Contact (CT) (0.1 v-m shrink per side) 
CT 2 1.4 X 1.4 1.2 X 1.2 
CT -CT separation 2 1.4 1.6 
AA overlap CT 1 0.7 1.2 
POL overlap CT 1 0.7 0.8 
CT (in AA)-POL 2 1.4 1.5 
CT (in POL)-AA 2 1.4 1.1 

Metal 1 (METI) (0.2 v-m bloat per side) 
MET1 3 2.1 2.5 
MET1-MET1 separation 3 2.1 1.7 
METl overlap CT 1 0.7 1.0 
MET1 overlap VIA 1 0.7 1.0 
MET1 Pitch 6 4.2 4.2 

VIA (0.1 v-m shrink per side) 
VIA 2 1.4 X 1.4 1.2 X 1.2 
VIA-VIA 3 2.1 2.3 
VIA-POL 2 1.4 1.5 
VIA-AA 2 1.4 1.1 

Metal MET2 (0.2 v-m bloat per side) 
MET2 3 2.1 2.5. 
MET2-MET2 4 2.8 2.4 
MET2 overlap VIA 1 0.7 1.0 
MET2 Pitch 7 4.9 4.9 

WELL (no bloat or shrink) 
WELL 6 4.;2 4.2 
WELL-WELL 6 4.2 4.2 
WELL overlap p + 6 4.2 4.2 
WELL-n+ 6 4.2 4.2 
p+-n+ 12 8.4 8.4 
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TABLE 9.5 Eight-Tenths Micron CMOS Design 
Rules for 1 Mbit Hitachi SRAM (Ref. 12, © 1988 
IEEE). 

Technology 

Gate length 
Poly-Si (width/space) 
Contact hole 
1st AI (width/space) 
Via hole 

2nd AI (width/space) 
Organization 
Chip size 
Cell size 
Address access time 
Operating current 
Standby current 
Package 
Redundancy 

0.8 f.Lm CMOS 
Double poly-Si, Double AI 
0.8 f.Lm (nMOS and pMOS) 
0.8 f.Lm I 0.8 f.Lm 
0.8 f.Lm 
1.4 f.Lm I 0.8 f.Lm 
0.8 f.Lm 

1.4 f.Lm I 0.8 f.Lm 
256K word X 4 bit 
6.15 x 15.21 mm2 

5.2 X 8.5 f.Lm2 

15 ns 
50 mA at 20 MHz 
2 f.LA 
28 pin, 400 mil SOJ 
1 row and 2 columns 

Chap.9 

Scaling CMOS design rules to <1/4 v-m for VLSI circuits faces more 
challenge due to the diminishing returns on performance improvement, in­
creasing reliability concerns, practical limitations in manufacturing, and even­
tual fundamental limits on device physics. Three-dimensional or hybrid in­
tegration (such as BiCMOS/CMOS or GaAs/Si) and advanced packaging offer 
other opportunities for VLSI circuits and systems. 

9.5 SUMMARY AND FUTURE PERSPECTIVES 

With its inherent low power characteristics and advantages in circuit design, 
CMOS is undoubtedly the dominant VLSI technology. In the next decade, 
most digital designs, including microprocessors and memories, will be switched 
from NMOS to CMOS. More and more analog circuits will be designed in 
CMOS to replace bipolar circuits. In VLSI, only CMOS circuits can run at 
high speed without excessive heat generation. For high density and speed 
VLSI applications and/or mixed analog/digital circuits, Bilv10S (bipolar/CMOS) 
will gain increasing attention. The selection of a particular CMOS technology 
will depend largely on circuit applications and, to a lesser degree, technology 
evolution. For one-to-two micron designs, n-well technology seems more 
appropriate for many VLSI circuits, because n-channel devices perform bet­
ter, and generally more of them are used in a circuit. Moreover, it is natural 
to extend n-well CMOS to BiCMOS. As the transistor gate length shrinks 
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below one micron, twin-tub and retrograde well technology will become more 
attractive. 

The key device issues in CMOS VLSI are hot-electron effects in n­
channel transistors, buried-channel behavior in p-channel transistors, isolation 
between n and p transistors, and latchup. Electrical parameters in setting up 
the design rules are strongly dependent on these key issues. LDD has been 
used to reduce the hot-electron effect. Care must be exercised in LDD design 
and process to achieve desired reliability at a minimal decrease of circuit 
speed. The hot-electron-induced degradation and other reliability concerns, 
such as thin oxide quality and electromigration, may place fundamental limits 
in scaling CMOS devices to the submicron regime. 15 Punchthrough current 
is critical in designing pMOS due to its buried-channel nature. Both low 
threshold and low off-state leakage must be simultaneously obtained. As 
the effective channel length is reduced to half-micron or below, pMOS also 
suffers from hot-carrier degradation unless the 5 V supply can be reduced. 
In CMOS isolation, both parasitic PETs and bipolars must be considered to 
prevent field inversion, punchthrough and latchup. The isolation problem 
is complicated in CMOS because of two different transistor types and many 
p-n junctions. It becomes difficult when devices are packed closely together, 
as required in VLSI circuits. With retrograde wells and epitaxial substrates, 
high density ICs with 2 micron n-to-p-channel separations can be realized 
with good isolation, including latch up immunity. For high-density CMOS 
circuits, such as mega-bit SRAMs, trench isolation or selective-epi growth 
will be ideal. 

For half-micron CMOS technology, parasitic resistance and capacitance 
must be reduced with channel length reduction so that circuits can benefit 
from scaling. For example, new technology, such as self-aligned silicidation, 
is being developed to reduce the parasitic source/drain resistance by covering 
the entire source/drain (SID) area as well as the gate with metal silicide. This 
technology is particularly important for CMOS because p + resistance is high 
for shallow p-channel SID. In VLSI, interconnect technology is another 
important aspect, especially for CMOS, because multiple input gates require 

I 

I more connections and because of the lack of buried contacts commonly used 
in NMOS. Two-level interconnect is necessary and three-level wiring may 
not be far in the future. 

New technologies, such as three-dimensional ICs, may be more effective 
in packing more transistors on a chip or achieving a higher level of integration. 
It has already been seen, for example, that a 64K CMOS SRAM can be 
fabricated by making p-channel load devices in a hydrogen-passivated poly­
Si layer on top of n-channel transistors made in the substrate. 16•17 A double­
layer IC with high performance devices in both layers (Si substrate and a 
laser-recrystallized SOl layer) has been demonstrated via a 256-bit SRAM18 

as the first step to 3-D ICs. CMOS, again due to its low power dissipation, 
will be the dominant technology in 3-D VLSI circuits. 
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"A three dimensional static RAM," in the Dig. of the Sym. on VLSI Technology, 
p. 30, 1985. 

EXERCISES 

1. Why is parasitic capacitance per unit area smaller for the metal 1 on field oxide, 
but much larger for the polysilicon lines on field oxide? Based on Table 9.1, 
calculate field oxide thickness under the polysilicon and the field oxide thickness 
under the metal 1. 

2. It is known that electric (or effective) channel length (Lcff) is different from the 
drawn channel length (Lcirawn). Describe a method that one can extract Lett from 
a series of test devices with different Lcirawn· Explain what are the major processes 
responsible for A.L, where AL = Lcirawn - Le~-r· 

3. If LDD structure is needed for both n- and p-channel FETs in a submicron CMOS 
process, list the CMOS masking sequence and associated major process steps. If 
doping concentration of the p- LDD is an order of magnitude larger than that 
of then- LDD, can some of these mask levels be skipped? 

4. In first order approximation, the overlay alignment error is lithographic machine 
dependent but is independent of a particular pair of layers as long as they are the 
two layers purposely aligned to each other. This is however not necessarily true 
because the actual alignment does depend on the material and the topography of 
the alignment marks on a particular layer. If the alignment errors at 30" point 
for the poly-to-active is 0.7 J.Un and the alignment errors (again at 30") for the 
contact-to-poly is 0.4 J.tm, what is the misalignment between contact to active at 
30" point? 

5. Based on the modified 1.2 J.tm lambda design rules in Table 9.4, lay out a 6-
transistor CMOS SRAM cell with minimum Si area. Convert this layout onto a 
set of CMOS masks using bloat and shrink provided by Table 9.4. 

6. Based on the MOSIS scalable design rules, lay out the CMOS buffer circuit 
described in Chapter 4 and estimate the layout area if 2 J.tl11 CMOS technology 
is used. For the driver of the buffer, include guard bands in the layout to avoid 
latch up. 
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Ll 

Symbol 

ex" 

l3npn 

flpnp 

cox 
cd 
cg 
em 
cs 
CL 
Cgd 

cgs 
cgb 
COY 
cfr 

cj 
D 
D; 
Dn 

F 

Description 

bipolar common base current gain 
electron impact ionization rate 
hole impact ionization rate 
emitter area 
bipolar common emitter current gain 

L 

common emitter current gain for an npn bipolar 
common emitter current gain for a pnp bipolar 
oxide capacitance per unit area 
depletion capacitance per unit area 
gate capacitance per unit area 
Miller capacitance 
stray capacitance 
load capacitance 
gate-to-drain capacitance 
gate-to-source capacitance 
gate-to-bulk capacitance 
overlapping capacitance 
fringing field capacitance 
junction capacitance 
diffusivity 
intrinsic diffusivity 
electron diffusion constant 
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Symbol 

d 

Ea 
Ec 
Ev 
Ei 
EF 
EFn 
EFp 
£ox 

Esi 

Cl>s 
c{>s 

ci>,lS 
Cl>, 
c{>se 

h 
G 
gd 
g, 
IE 
IN£ 
IPB 
Is 
Ic 
INc 
/sub 

Id (!D) 
Ig (!c) 
Is 
/trig 

/hold 

]11 

Jp 
k 
A. 
Ae 
I 
L 
Lcff 

LnB 
NA 
ND 

Description 

depletion width 
maximum depletion width 
inversion layer thickness 
threshold energy for impact ionization 
threshold energy for overcoming Si/Si02 energy barrier 
electric field 
maximum electric field 
effective electric field 
critical electric field 
activation energy 
conduction band edge 
valence band edge 
intrinsic energy level 
Fermi level 
quasi Fermi level for electrons 
quasi Fermi level for holes 
oxide dielectric constant 
silicon dielectric constant 
bulk potential 
surface potential 
work function difference 
work function of a metal 
work function of a semiconductor 
bipolar cutoff frequency 
generation rate due to impact ionization 
MOSFET channel conductance 
MOSFET transconductance 
emitter current 
electron current injected from emitter 
hole current injected from base 
base current 
collector current 
electron current at base-collector junction 
substrate current 
drain current 
gate current 
source current 
latchup trigger current 
latchup holding current 
electron current density 
hole current density 
Boltzman constant 
dimensionless unit for lamda design rules 
hot electron mean free path 
characteristic channel length 
MOSFET channel length 
MOSFET effective channel length 
electron diffusion length in an npn base 
acceptor impurity density 
donor impurity density 
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Symbol 

I 

nB 
nso 
p 

PEo 
.f 

PE 
p 

Pc 
Q, 
Qll 
QB 
Qfc 
R 
Rd 
Rs 
Rs 
Rw 
R,r 
l"(s£ 

RsB 
Rc 
RP 
'Y 
'Ye 
(J'p 

s 
s, 
Te 
lox 

{fox 

{r 

tf 

tin 

'T, 

1-lp 
v 
VB£ 

vben 

vbep 

vbi 

Vs (Vs) 
Vd (Vv) 
Vdd (Vvv) 
vdsat 

vg (Vc) 
vsub 

v, 

Description 

intrinsic free carrier concentration 
free electron concentration 
excess electron density in an npn base 
electron density in an npn base at equilibrium 
free hole concentration 
hole density in an npn emitter at equilibrium 
excess hole density in an npn emitter 
charge density 
contact resistivity 
total charge at MOS gate 
free charge at MOS inversion layer 
total depletion charge 
fixed charge density 
recombination and generation rate 
drain resistance 
source resistance 
substrate resistance for latchup characterization 
well resistance for latchup characterization 
transistor resistance 
emitter sheet resistance 
base sheet resistance 
contact resistance 
projected range in implant profile 
body effect coefficient 
emitter efficiency 
standard deviation (straggle) in an implant profile 
MOSFET scaling factor 
subthreshold swing factor 
electron temperature 
gate oxide thickness 
field oxide thickness 
rise time 
fall time 
inverter delay time 
bipolar base transit time 
mobility 
electron mobility 
hole mobility 
carrier velocity 
base emitter bias voltage 
base-emitter voltage for an npn bipolar 
base-emitter voltage for a pnp bipolar 
p-n junction built-in voltage 
source voltage 
drain voltage 
power supply voltage 
saturation drain voltage 
gate voltage 
substrate voltage 
MOS threshold voltage 

Appendix 
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Symbol 

Vtn (VrJ 
Vtp (Vrp) 
VTE 
VTD 

VTF 
VFB 

vpl (VI'T) 
w 
weJT 

WB 
WE 
xj 

X 

Description 

n-channel threshold voltage 
p-channel threshold voltage 
threshold voltage for an enhancement-mode FET 
threshold voltage for a depletion-mode FET 
threshold voltage for a field oxide FET 
flat-band voltage 
punchthrough voltage 
MOSFET channel width 
MOSFET effective channel width 
bipolar base width 
bipolar emitter width 
junction depth 
electron affinity 
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A 

Active area, 327 
Alignment, 53 
Alignment error, 326 
Alpha particle radiation, 116 
Aluminum lines, 236 
AND-OR-INVERT(AOI), 105 

B 

Back-channel leakage, 277 
Band bending: 

conduction band, 11-13 
valence band, 11-13 

Barrier lowering, 217 
Base transit time, 289 
Beta product, 287 
Bipolar decoupling, 301 
Bipolar spoiling, 301 

Bird's beak, 242 
Bit line, 110, 114 
Body effect: 

coefficient of, 26, 74 
of NMOS inverter, 94 

BOX(Buried Oxide), 246 
Breakdown, 252, 268 
BSIM, 74 
Buffer (see Output buffer) 
Buffer oxide (see SRO) 
Built-in voltage, 17, 78 
Bulk potential, 12 
Buried-channel, 27, 30 
Buried-channel effects, 211, 214 
Butting contact, 311 

c 

Capacitance parameters, 325 
Cascade, .106 
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Cascade Voltage Switch 
Logic(CVSL), 109, 112 

Channel conductance, 22,..... 23 
Channel length modulation, 72, 82 
Channel narrowing, 76 
Channel shortening, 76, 225 
Channel stop, 234 
Characteristic length, 187 
Charging time, 98 
Chip scaling factor, 180 
Clock, 103 
Collection efficiency, 116-17 
Contact resistance, 178 
Contacts, 328 
Content Address Memory( CAM), 

115 
Continuity equations, 65 
Critical current, 294 
Cross-coupled inverter, 109-10 
CSIM, 74 
Current equations, 65 
Current steering, 313 

D 

DDD(Double-Diffused Drain), 
200 

Deep depletion, 14 
Degradation, 194 
Delay time, 99 
Depletion charge, 12 
Depletion load, 94 
Depletion mode, 27, 29 
Depletion width, 12 
Design rules, 333 
DIBL(Drain-Induced Barrier 

Lowering), 215 
DIBL rate, 217 
Dielectric breakdown, 252 
Differential amplifier, 115 
Diffusion, 43 
Diffusivity, 43, 46-47 

Index 

DI LDD(Double-Implant LDD), 
210 

Discharging, 98 
Domino logic, 108-10 
Drain engineering, 199 
Drain saturation voltage, 19 
Driver of a buffer, 102 
Dry etching, 55 
Dual-port SRAM, 115 
Dynamic load, 94 
Dynamic logic, 106 
Dynamic power dissipation, 103 

E 

Edge leakage, 278 
Effective channel length, 182 
Einstein relationship, 46 
Electrical parameters, 325 
Electric channel length, 182 
Electromigration, 181 
Electron affinity, 16 
Electrons, 6 
Electron temperature, 189 
Electron trapping, 192 
Enhancement mode, 27-31 
Epitaxy: 

for latchup, 302 
process of, 49 
scaling, 305 
thickness, 308 

EPROM programming, 191 
Error function, 51 
Etching, 53-56 
Evaluate logic, 106 
Extrinsic semiconductor, 7 

F 

Fall time, 98 
Fan-out, 99 
Fermi level, 11-12 
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Index-

Pick's law, 43 
Field implant, 252 
Field inversion induced latchup, 

300 
Field oxide, 100, 234 
Field threshold voltage, 237, 

253-54, 268 
Flat band, 16 
Flat band voltage, 16, 74 
Fowler-Nordheim tunneling, 176 
Fringing field capacitance, 78-79, 

179 

G 

Gate current, 189-91 
Gaussian distribution, 41 
GEMINI, 62 
GGO(Graded Gate Oxide), 208 
Guard bands, 312 
Gummel number, 301 

H 

Holding voltage, 292 
Holes, 7 
Hot-carrier effects, 183 
Hot-electron induced punch-

through, 221 
Hot-electron trapping, 187 

I 

Impact ionization, 9 
threshold energy for, 188 

Interconnect delay, 181 
Interconnect scaling, 180 
Interface generation, 187 
Intrinsic capacitance, 80-81 
Intrinsic conductance, 74 
Intrinsic level, 11 

Intrinsic semiconductor, 6 
Inversion charge, 12 
Inverter: 

CMOS, 93-97 
NMOS, 92-93 

Inverter delay (see Delay time) 
Ion implantation: 

projected range, 41, 44-45 
stopping power, 43 
straggle, 42-45 

Isolation: 

345 

among opposite-type FETs, 255 
among similar FETs, 251 

Isolation spacing, 237 
Isoplanar field oxide, 246 

J 

Junction capacitance, 78 

L 

Lambda rules, 329 
Latch up: 

retrograde well, 302 
switching point, 292 
3-D, 317 

Lateral bipolar, 287-89 
Lateral diffusion, 242 
Lateral electric field, 202 
Lateral impurity profile, 201 
Layering sequence, 329 
LDD(Lightly Doped Drain), 202 
Leakage current, 252 
Lifetime, 194 
Linear region, 19-20 
Lithography, 52-53 
Load capacitance, 98 
Load device, 93 
LOCOS, 241 
Lumped circuit, 286 
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M 

Mask, 52 
Maximum electric field, 187 
Mean-free path, 188 
Metal layer, 328 
Miller capacitance, 100 
MINIMOS, 65 
Minimum feature size, 326 
Misalignment error, 330 
Moat isolation (see Window 

isolation) 
Mobility, 177 

channel, 8, 67 
degradation coefficient of, 74 
of electrons, 7 
of holes, 7 
measurement of, 22 

Modelling tools, 39 
MOS capacitance, 12 
MOS capacitor: 

ideal, 12-14 
non-ideal, 16 

MOSFET: 
I-V, 19-23 
types, 27 

MTTF(Median Time To Failure), 
181 

N 

n + poly-gate, 211 
n +-to-n+ parasitic FETs, 235 
n +-to-n-well parasitic FETs, 258 
n- dose, 203 
n- region, 208 
NAND gate, 105 
Narrow-channel effects, 24-26, 

239 
N-channel, 27-28 
Newton method, 68-69 
Nitride layer, 241 

Noise margins, 94 
NOR gate, 105 

0 

One-transistor(l-T) DRAM, 

Index 

115-16 
OR-AND-INVERT(OAI), 105 
Out-diffusion, 51 
Output buffer, 101 
Over-etching, 55 
Overlap for Gate-to-S/D, 208 
Overlapping capacitance: 

of gate-bulk, 78 
of gate-drain, 78, 179 
of gate-source, 78-79, 179 

Overlaps, 330 
Overlay error, 326 
Oxidation, 47-49 
Oxide charge density, 16 
Oxide encroachment, 242 
Oxide field, 191 

p 

p+ and n+, 327 
p +-to-p+ parasitic FETs, 252 
p +-to-p-substrate parasitic FETs, 

262 
Pad, 328 
Parameter extraction, 70 
Parasitic capacitances, 82 
Parasitic inductances, 82-83 
Parasitic MOSFETs, 235 

asymmetric FET, 255 
symmetric FET, 252 

Parasitic resistances, 82, 177-79 
Pass gate, 103 
P-channel, 27-28 
Photoresist, 52-53 
Photox(Photo CVD oxide), 248 
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Index 

Pinchoff, 19, 187 
PISCES, 67-69 
Plasma etching, 55 
p-layer, 214 
pMOS: 

LDD, 227 
lifetime, 226 
reliability, 221 
threshold adjust, 213 

pMOS design, 211 
Poisson's equation, 61 
Poly gate, 327 
Polysilicon interconnects, 236 
Polysilicon retreat, 207 
Potential minimum, 214 
p-pocket, 210 
Precharge transistor, 106, 110 
Pre-driver, 102 
Process architecture, 119-20 
Process bias, 331 
Process constraints, 326 
Process integration, 40 
Process modelling, 56-57 
Process modules, 41 
Process simulation, 41 
Pseudo NMOS, 105 
Pulsed measurement, 196 
Punchthrough, 25, 177, 252 
Punchthrough voltage reduction, 

224 

Q 

Quadruple well, 132, 270 
Quasi-Fermi level, 17, 62 

R 

Random access memory(RAM): 
dynamic RAM(DRAM), 

114-15 

static RAM(SRAM), 110-14 
Ratioless logic, 96 

347 

Reactive ion etching(RIE), 55-56 
Read, 110, 116 
Recessed oxide, 241 
Re-oxidation, 207-8 
Resistance parameters, 325 
Resolution, 53 
Retarding field, 289 
Retrograde well isolation, 266 
Rise time, 98 
RTA(Rapid Thermal Annealing), 

178 

s 

Salicidation, 178 
Saturation drain voltage, 187 
Saturation region, 22-23 
Scaling laws: 

constant-field, 175 
constant-voltage, 175 

SCR, 285 
SEG(Selective Epi Growth), 273 
Segregation: 

coefficient, 49 
of impurity, 48 

Separations, 330 
Short-channel effects, 23-24 
Si/Si02 barrier energy, 189 
Sidewall: 

of SOS, 277 
of trench, 273 

Silicidation, 178 
SILO(Sealed ~nterface Local 

Oxide), 244 
Six-transistor (6-T) SRAM cell, 

110-14 
Slew rate, 195 
Soft error rate, 115-16 
SOS/SOI isolation, 277 
Source/drain resistances, 23 

Micron Ex. 1024, p. 363 
Micron v. YMTC 
IPR2024-00909



348 

SPICE: 
level 1 model, 71-73 
level 2 model, 74 
level 4 model, 76 

Sputtering etch, 55 
SRO(Stress-Relief Oxide), 241 
Step coverage, 238 
Stray capacitance, 100 
Stressing: 

dynamic stress, 196, 198 
static stress, 192 

Strong inversion, 12 
Substrate bias, 26 
Substrate contact, 309 
Substrate current, 188, 190, 287 
Substrate effect (see Body effect) 
Substrate resistor, 288 
Subthreshold, 23-24, 176, 219 
Subthreshold swing, 25, 259 
SUPRA, 57-58 
SUPREM, 56-57 
Surface channel, 214 
Surface potential, 12, 74 
SUXES, 70 
SWAMI, 244 

T 

Test structures: 
full CMOS, 292 
parasitic FETs, 235, 255 

Threshold lowering, 34 
Threshold scaling problem, 211 
Threshold shift, 194 

radiation induced, 238 
Threshold voltage: 

definition of, 14-16 
measurement of, 22 
scaling of, 176 

Transconductance, 22 
Transconductance shift, 194 
Transient latchup, 298 
Transistor design, 182 
Transistor parameters, 325 
Transmission gate, 103-4 
Trench isolation, 272 
Triggering: 

by debiasing base, 314 
by over-voltage stress, 292· 

u 

Undercut, 54-55 

v 

Velocity saturation, 7, 74 
Vertical bipolar, 286-89 
Vertical punchthrough, 264 
Via, 328 

w 

Weak inversion, 23-24 
Well contact, 309 
Well current, 287 
Well definition, 327 
Well resistance, 288 
Window isolation, 238 
Word line, 110, 114 
Work function, 15 

Index 

Work function difference, 16, 211 
Write, 110, 116 
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