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1. Introduction

MULTIPLIERS
Value Name Standard
Notation
10° PETA P
107 EXA E
10° TERA T
10° GIGA G
10° MEGA M
10° KILO K
107 - -
10° MILLI m
107 MICRO u
107 NANO n
1077 PICO p
107 FEMTO f
107 ATTO a
10~ ZEPTO z

PHYSICAL CONSTANTS & PARAMETERS

<verify all >

Name Value Description

€0 8.85 ¢ Farad/m Vacuum dielectric constant

g S10, 39-42 Relative dielectric constant of S10,

g Si 11.8 Relative dielectric constant of silicon

€, ceramic 12 Relative dielectric constant of ceramic

k 1.381¢° J/°K Bolztmann’s constant

q 1.6e"” Coulomb Electron charge

Uy 600 V.cm™ Mobility of electrons in silicon

Uy 270 V.cm® Mobility of holes in silicon

Yal 36.5 10° S/m Aluminum conductivity

Ysi 4x10™ S/m Silicon conductivity

n; 1.02x10"cm™ g%t(r)insic carrier concentration in silicon at
°K

Dal 0.0277 Q.um Aluminum resistivity

Yeu 58x10° S/m Copper conductivity

D 0.0172 Q.um Copper resistivity

D ungsténe (W) 0.0530 Q.um Tungsten resistivity

D or (Ae) 0.0220 Q.um Gold resistivity

Lo 1.257¢° H/m Vacuum permeability

T 300°K (27°C) Operating temperature
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Preface

The present book introduces the design and simulation of CMOS integrated circuits, in an attractive way thanks to

user-friendly PC tool Microwind2 given in the companion CD-ROM of this book.

The chapters of this book have been summarized below. Chapter One describes the technology scale down and the
major improvements allowed by deep sub-micron technologies. Chapter Two is dedicated to the presentation of the
single MOS device, with details on simulation at logic and layout levels. The modeling of the MOS devices is
introduced in Chapter Three. Chapter Four presents the CMOS Inverter, the 2D and 3D views, the comparative design
in micron and deep-submicron technologies. Chapter Five deals specifically with interconnects, with information on
the propagation delay and several parasitic effects. Chapter Six deals with the basic logic gates (AND, OR, XOR,
complex gates), Chapter Seven the arithmetic functions (Adder, comparator, multiplier, ALU). The latches and
counters are detailed in Chapter Eight, while Chapter Nine introduces the basic concepts of Field programmable Gate

Arrays.

As for Chapter Ten, static, dynamic, non-volatile and magnetic memories are described. In Chapter Eleven, analog
cells are presented, including voltage references, current mirrors, and the basic architecture of operational amplifiers.
Chapter Twelve is dedicated to radio-frequency analog cells, with details on mixers, voltage-controlled oscillators, fast
phase-lock-loops and power amplifiers. Chapter Thirteen focuses on analog-to-digital and digital to analog converter
principles. The input/output interfacing principles are illustrated in Chapter Fourteen. The last chapter includes an
introduction to silicon-insulator technology, before a prospective and a conclusion.

The detailed explanation of the design rules is in appendix A. The details of all commands are given in appendix B for
the tool Microwind, and in appendix C for the tool Dsch. Appendix D includes a quick reference sheet for Microwind
and Dsch, and Appendix E gives some abstract information about each technology generation, from 0.7um down to

90nm.

Sonia DELMAS-BENDHIA, Etienne SICARD
Toulouse, Sept 2003
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DEEP SUBMICRON CMOS DESIGN 1. The technology scale down
1 Introduction

The evolution of integrated circuit (IC) fabrication techniques is a unique fact in the history of modern industry.
There have been steady improvements in terms of speed, density and cost for more than 30 years. In this chapter,

we present some information illustrating the technology scale down.

1. GENERAL TRENDS

Inside general purpose electronics systems such as personal computers or cellular phones, we may find
numerous integrated circuits (IC), placed together with discrete components on a printed circuit board (PCB), as
shown in figure 1-1. The integrated circuits appearing in this figure have various sizes and complexity. The main
core consists of a microprocessor, considered as the heart of the system, that includes several millions of
transistors on a single chip. The push for smaller size, reduced power supply consumption and enhancement of

services, has resulted in continuous technological advances, with possibility for ever higher integration.

Figure 1-1: Photograph of the internal parts of a cellular phone <Etienne: Or automotive>

1-1 E. Sicard, S. Delmas-Bendhia 20/12/03
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Integrated
circuit (Silicon)

Package (FR4)

~Main printed
circuit board

Rallc
Dalls 1or

interconnection
X Silicon die (350um Soldure bumps to
Active part of the IC thick, 1em width) link the IC to the
package (Narrow
pitch)
FR4 package
» L -
I |- [ TR ] I
{ { [ : l] [ (. - | [u | [ |
L] | : [ 7 1] [
Metal interconnects
Soldure bumps to
N - link the package to
Printed circuit board the printed circuit
board (Large pitch)

Figure 1-2: Typical structure of an integrated circuit

The integrated circuit consists of a silicon die <Glossary>, with a size usually around 1cmx1lcm in the case of
microprocessors and memories. The integrated circuit is mounted on a package (Figure 1-2), which is placed on
a printed circuit board. The active part of the integrated circuit is only a very thin portion of the silicon die. At
the border of the chip, small solder bumps serve as electrical connections between the integrated circuit and the
package. The package itself is a sandwich of metal and insulator materials, that convey the electrical signals to

large solder bumps, which interface with the printed circuit board.

1-2 E. Sicard, S. Delmas-Bendhia 20/12/03
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50 nm

10 pm 1pum 100nm

10nm

Figure 1-3: Patterns representative of each scale decade from 10cm to 10nm (Courtesy IBM, Fujitsu)

Around eight decades separate the user's equipment (Such as a mobile phone in figure 1-3) and the basic

electrical phenomenon, consisting in the attraction of electrons through an oxide. Inside the electronic

equipment, we may see integrated circuits and passive elements sharing the same printed circuit board (1 cm

scale), wire connections between package and the die (1mm scale), input/output structures of the integrated

circuit (100um scale), the integrated circuit layout (10um), a vertical cross-section of the process, revealing a

complex stack of layers and insulators (1um scale), the active device itself, called MOS transistor (which stands

for Metal oxide semiconductor<glossary>).

Figure 1-4 describes the evolution of the complexity of Intel ® microprocessors in terms of number of devices

on the chip [Intel]. The Pentium IV processor produced in 2003 included about 50,000,000 MOS devices

integrated on a single piece of silicon no larger than 2x2 cm.

Nbr of devices
1 GIGA —
Itanium
Pentium 4
M Pentium III
Pentium I1 ‘
1OMEG T pentium 64 bits

80486
1 MEG —
100 K —
8086 16 bits 32 bits
10K —

82 85 89 92 95 98 01 04

Year

Figure 1-4: Evolution of microprocessors [Intel]

1-3 E. Sicard, S. Delmas-Bendhia
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DEEP SUBMICRON CMOS DESIGN 1. The technology scale down

Since the 1 Kilo-byte (Kb) memory produced by Intel in 1971, semiconductor memories have improved both in
density and performances, with the production of the 256 Mega-bit (Mb) dynamic memories (DRAM) in 2000,
and 1Giga-bit (Gb) memories in 2004 (Figure 1-5). In other words, within around 30 years, the number of
memory cells integrated on a single die has been increased by 1,000,000. An other type of memory chip called
Flash memory has become very popular, due to its capabilities to retain the information without supply voltage
(Non voltaile memories are described in chapter 9). According to the international technology roadmap for

semiconductors [Itrs], the DRAM memory complexity is expected to increase up to 16 Giga-byte (Gb) in 2008.

Memory size (bit)

10 GIGA —  Moore's law: 44
complexity multiplied S19M lG 2G|:|"
by 2 every 18 months

LGIGA 256M

) )

100 MEG —

DRam
10 MEG 4M
M @)
1 MEG — 256K \
Flash
100K —

I I I I I I I I I
83 86 &9 92 95 98 01 04 07

Year

Fig. 1-5: Evolution of Dynamic RAM and Flash semiconductor memories [Itrs] [Itoh01]

'l'—u e e B el il o B o B B B e LS

R %i..;;ii_jjui l_.j_aj_n_ﬁ_a__'l;i —F

ki
32K Flrh EEPROM
| -

ira. i

32K I'I’!shlPRUM

4K RAM
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Figure 1-6: Bird's view of a micro-controller die (Courtesy of Motorola Semiconductors)

The layout aspect of the die of an industrial micro-controller is shown in figure 1-6 [Motorola]. This circuit is
fabricated in several millions of samples for automotive applications. The micro-controller core is the central
process unit (CPU), which uses several types of memory: the Electrically erasable Read-Only Memory
(EEPROM), the FLASH memory (Rapidaly erasable Read-Only Memory) and the RAM memory (Random
Access Memory). Some controllers are also embedded in the same die: the Control Area Network (MSCAN), the
debug interface (MSI), and other functionnal cores (ATD, ETD <Etienne: ask for details to Motorola>).

2. THE DEVICE SCALE DOWN

We consider four main generations of integrated circuit technologies: micron, submicron, deep submicron and
ultra deep submicron technologies., as illustrated in figure 1-7. The sub-micron era started in 1990 with the
0.8um technology. The deep submicron technology started in 1995 with the introduction of lithography better
than 0.3pm. Ultra deep submicron technology concerns lithography below 0.1um. In figure 1-7, it is shown that
research has always kept around 5 years ahead of mass production. It can also be seen that the trend towards
smaller dimensions has been accelerated since 1996. In 2007, the lithography is expected to decrease down to
0.07um. The lithography expressed in pm corresponds to the smallest patterns that can be implemented on the

surface of the integrated circuit.

Micron Submicron Deep Ultra deep

Lithography (um) submicron  submicron

2.0

80286

16MHz
':'\ 80386
1.0 0. 33MHz 486

(IAIRA0NN0N

120MHz--- Industry
0.3 \.\ N

“Peritivi TIT

v 07GHz ...
0.2 Pentium IV
3GHz
0.1 _|  Research 3
0.05 \ &
o

83 8 8 92 95 98 01 04 07

Year

Figure 1-7: Evolution of lithography
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3. FREQUENCY IMPROVEMENT

Figure 1-8 illustrates the clock frequency increase for high-performance microprocessors and industrial micro-
controllers with the technology scale down. The microprocessor roadmap is based on Intel processors used for
personal computers [Intel], while the micro-controllers roadmap is based on Motorola micro-controllers
[Motorola] used for high performance automotive industry applications. The PC industry requires
microprocessors running at the highest frequencies, which entails very high power consumption (30 Watts for
the Pentium IV generation). The automotive industry requires embedded controllers with more and more
sophisticated on-chip functionalities, larger embedded memories and interfacing protocols. The operating

frequency follows a similar trend to that of PC processors, but with a significant shift.

Operating frequency
10GHz
Pentium lIX.
1 GHz — Pentium II1 C 765

Microprocesw
Pentiu;

(Intel)
\PAenti

486

MPC 555

100 MHz
68HC16

Microcontrolers
(Motorola)

10 MHz

Year

Figure 1-8: Increased operating frequency of microprocessors and micro-controllers

4. LAYERS

The table below lists a set of key parameters, and their evolution with the technology. Worth of interest is the
increased number of metal interconnects, the reduction of the power supply VDD and the reduction of the gate
oxide down to atomic scale values. Notice also the increase of the size of the die and the increasing number of

input/output pads available on a single die.

Lithography | Year |Metal Core Core Oxide | Chip size | Input/output | Microwind2
layers supply (nm) (mm) pads rule file
)
1.2um 1986 |2 5.0 25 5x5 250 Cmos12.rul
1-6 E. Sicard, S. Delmas-Bendhia 20/12/03
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0.7pm 1988 (2 5.0 20 X7 350 Cmos08.rul

0.5pm 1992 |3 3.3 12 10x10 600 Cmos06.rul

0.35pm 1994 (5 33 7 15x15 800 Cmos035.rul
0.25um 1996 |6 2.5 5 17x17 1000 Cmos025.rul
0.18um 1998 (6 1.8 3 20x20 1500 Cmos018.rul
0.12pum 2001 |6-8 1.2 2 22x20 1800 Cmos012.rul
90nm 2003 |6-10 1.0 1.8 25x20 2000 Cmos90n.rul
65nm 2005 |6-12 0.8 1.6 25x20 3000 Cmos70n.rul

Table 1-1: Evolution of key parameters with the technology scale down [ITRS]

The 1.2pm CMOS process features n-channel and p-channel MOS devices with a minimum channel length of
0.8um. The Microwind tool may be configured in CMOS 1.2um technology using the command File— Select
Foundry, and choosing cmos12.rul in the list. Metal interconnects are 2um wide. The MOS diffusions are

around 1pm deep. The two dimensional aspect of this technology is shown in figure 1-9.

. 1™ level of metal
2" level of metal
Deposited (
layers /
<
\
e
Diffusion
layers
<
NMOS device
\
Low doping P- substrate PMOS device — lpm
(350um thick)

Figure 1-9: Cross-section of the 1.2um CMOS technology (CMOS.MSK)

The 0.35um CMOS technology is a five-metal layer process with a minimal MOS device length of 0.35um. The
MOS device includes lateral drain diffusions, with shallow trench oxide isolations. The Microwind tool may be
configured in CMOS 0.35pm technology using the command File— Select Foundry, and choosing
"cmos035.rul" in the list. Metal interconnects are less than 1pum wide. The MOS diffusions are less than 0.5um

deep. The two dimensional aspect of this technology is shown in figure 1-10, using the layout INV3.MSK.

1-7 E. Sicard, S. Delmas-Bendhia 20/12/03
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— 3"Ilevel of metal

Deposited <

layers LA LR AL AN L7 P77 f A P Al T LS IR SRS SIS SRS IS LS AL
A R R A A R A
A e o o o

1™ level of
metal

Diffusion
layers

PMOS device NMOS device
Trench isolation |—| Tpum

Figure 1-10: Cross-section of the 0.35um CMOS technology (INV3.MSK)

The Microwind and Dsch tools are configured by default in a CMOS 0.12pm six-metal layer process with a
minimal MOS device length of 0.12pm. The metal interconnects are very narrow, around 0.2pum, separated by
0.2um (Figure 1-11). The MOS device appears very small, below the stacked layers of metal sandwiched

between oxides.

6th level of metal
Deposited <
layers
1™ level of
S / metal
Diffusion
layers

|

PMOS device NMOS device

Figure 1-11: 2D View of the 0.12um process

5. DENSITY

The main consequence of improved lithography is the ability to implement an identical function in an ever

smaller silicon area. Consequently, more functions can be integrated in the same space. Moreover, the number

1-8 E. Sicard, S. Delmas-Bendhia 20/12/03



DEEP SUBMICRON CMOS DESIGN 1. The technology scale down

of metal layers used for interconnects has been continuously increasing in the course of the past ten years. More
layers for routing means a more efficient use of the silicon surface, as for printed circuit boards. Active areas, i.e
MOS devices can be placed closer to each other if many routing layers are provided (Figure 1-12).

The increased density provides two significant improvements: the reduction of the silicon area goes together
with a decrease of parasitic capacitance of junctions and interconnects, thus increasing the switching speed of
cells. Secondly, the shorter dimensions of the device itself speeds up the switching, which leads to further

operating clock improvements.

(a) 1.2pm

(b) 0.35um

(¢) 0.12pm (d) 90nm

100 pm?

Figure 1-12: The evolution of the silicon area used to implement a NAND gate, which represents 20% of

logic gates used in application specific integrated circuits

Meanwhile, the silicon wafer, on which the chips are manufactured, has constantly increased in size, with the
technological advances. A larger diameter means more chips fabricated at the same time, but requires ultra-high
cost equipments able to manipulate and process these wafers with an atomic-scale precision. This trend is
illustrated in figure 1-13. The wafer diameter for 0.12pum technology is 8 inches or 20cm (One inch is equal to
2.54 cm). Twelve inches wafers (30cm) have been introduced for the 90nm technology generation. The

thickness of the wafer varies from 300 to 600um.

1-9 E. Sicard, S. Delmas-Bendhia 20/12/03
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12 inches (30.5cm)
(90nm, 65nm)

8 inches (20cm)
5 inches wafer (12.7 cm) 6 inches (15.2 cm) (0.18pm, 0.12um)
used for 0.6pum, 0.5um (0.35um, 0.25pum)
technologies

? 300 to 600 um
thickness

Figure 1-13: The silicon wafer used for patterning the integrated circuits

6. Design Trends

Originally, integrated circuits were designed at layout level, with the help of logic design tools, to achieve design
complexities of around 10,000 transistors. The Microwind layout tool works at the lowest level of design, while

DSCH operates at logic level.

Complexity
(Millions transistors)

System level

A
1000 rmemmemmmmm e description (SystemC)
Technology
L T N L o
High level description
10 (VHDL, Verilog)
e ——” Logic design
o1 <« (Dsch)
Layout design
0.01 | . Microwind)
| | | | | | | v
1988 1991 1994 1997 2000 2003 2006 car

Figure 1-14: The evolution of integrated circuit design techniques, from layout level to system level

The introduction of high level description languages such as VHDL and Verilog [Verilog] have made possible
the design of complete systems on a chip (SoC), with complexities ranging from lmillion to 10 million
transistors (Figure 1-14). Recently, languages for specifying circuit behavior such as SystemC [SystemC] have

been made available, which correspond to design complexity between 100 and 1000 million transistors. Notice

1-10 E. Sicard, S. Delmas-Bendhia 20/12/03
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that the technology has always been ahead of design capabilities, thanks to tremendous advances in process

integration and circuit performances.

7. Market

Since the early days of microelectronics, the market has grown exponentially, representing more than 100 billion
€ in the beginning of the 21 century. The average growth in a long term trend is approximately 15%. Recently,
two periods of negative growth have been observed: one in 1997-1999, the second one in 2002. Cycles of very

high profits (1993-1995) have been followed by violent recession periods.

Market growth (%)

1905

40%

20%

-20% Year

1 1 1 1 1 1 T T l
83 8 8 92 95 98 01 04 07

Figure 1-15: The percentage of market growth over the recent years shows a long term growth of 15%

Conclusion

This chapter has briefly illustrated the technology scale down, the evolution of the microprocessor and micro-
controller complexity, as well as some general information about CMOS technology, trends and market. The

position of the Microwind layout design tool and Dsch logic design tool has been also described.
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EXERCISES

1. Plot the frequency improvement versus the technology for the CMOSxx technology family, using the 3-

inverter ring oscillator. Can you guess the performances of the 35nm technology?

2. Does the 3-inverter frequency performance represent the microprocessor frequency correctly? Use date of

figure 1-3 to build your answer.

3. From the 2D comparative aspect of 0.8uum and 0.25um technologies (Figure 6), what may be the rising

problems of using multiple metallization layers?
4. With the technology scale down, the silicon area decreases for the same device (see figure 1.8), but the chip

size increases ( table 1.1). Can you explain this contradiction?

Partial answers are provided in Appendix F.
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2. The MOS devices

The MOS devices
and technology

This chapter presents the MOS transistors, their layout, static characteristics and dynamic characteristics.

Details on the materials used to build the devices are provided. The vertical aspect of the devices and the

three dimensional sketch of the fabrication are also described.

1. Properties of Silicon

1A 0
H1 IIA 1l IVA VA VIA. VIA |[He2
Hydro Heliu
gen m
Li3 Be 4 B 5|C6 N7 08 F9 Ne 10
Lithiu | Berylli Boron | Carbo | Nitrog | Oxyg | Fluori | Neon
m um n en en ne
Na11 | Mg12 | llIB IVB VB VB VIB VIl Vil Vil 1B 1B Al13 P15 |S16 |Cl 17 | Ar18
Sodiu | Magn Alumi Phos | Sulfur | Chlori | Argon
m esium num phoru ne
S
K19 |Ca20 |Sc21 |Ti22 |V23 |[Cr24 [Mn25|Fe26 |Co27 |Ni28 |Cu29 |Zn30 |Ga31|Ge32|As33 |Se24 |Br 35|Kr 36
Potas | Calciu | Scan | Titani | Vana | Chro | Mang | Iron Cobal | Nickel | Copp | Zinc | Galliu | Germ | Arsen | Seleni | Bromi | Krypt
sium | m dium | um dium | mium | anese t er m anium | ic um ne on
Rb37 |Sr38 | Y39 |Ze40 | Nb41 [ Mo42 | Tc43 |Ru44 |Rh45 | Pd46 | Ag 47 |Cd48 |In 49|Sn50 |Sb51 | Te52 [ 153 | Xeb54
Silver | Cadm | Indiu | Tin
ium m
Cs55 |Bab56 |La57 |Hf72 |Ta73 |W74 |Re75 |[Os76 |Ir77 |Pt78 |Au79 |Hg80 [TI81 [Pb82 |Bi83 |Po84 | At85 |Rn86
Tantal | Tungs Gold Lead
um ten
Figure 2-1: periodic table of elements and position of silicon

The table of figure 2-1 illustrates the table of elements. In CMOS integrated circuits, we mainly focus on

Silicon, situated in the column IVA, as the basic material (Also called substrate <glossary>) for all our

designs.

2-1
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The silicon atom has 14 electrons, 2 electrons situated in the first energy level, 8 in the second and 4 in

the third. The four electrons in the third energy level are called valence electrons, which are shared with
other atoms.

Electrons repel - --—~-~___

one anothér RS
7 ~7 N
g /” AN

Incomplete 3rd 7 . .

. . 4 - N\
level (Missing 4 / e \
/ \

other electrons) / Th\e Si nucleus
/ .
A includes 14 protons
\

\
1
1
|
|
|
]

| 2 electrons in 1*

1
! level
1
/
//
\ /
4 valence electrons J/
in 3 level, shared Y //
with other atoms AN e .
R 8 electrons in 2™
N

>
e level

Figure 2-2: The structure of the silicon atom

One valence electron
to be shared with
other atoms

Figure 2-3: The 3D symbol of the silicon atom

The silicon atom has 4 valence electrons, which tend to repel each another. The 3™ level would be
completed with 8 electrons. The four missing electrons will be shared with other atoms. The position of
electrons which minimizes the mutual repulsion is shown in figure 2-3: each valence electron is
represented by a line with an angle of 109.5°. In order to complete its valence shell, the silicon atom tends

to share its valence electrons with 4 other electrons, by pairs. Each line between Si atoms in figure 2-3

E. Sicard, S. Delmas-Bendhia 20/12/03



DEeP SUBMICRON CMOS DESIGN 2. The MOS devices

represents a pair of shared valence electrons. The distance between two Si nucleus is 0.235 nm (10 m),

equivalent to 2.35 Angstrom (10" m, also represented by the letter A).

Simple link between 2
Si atoms, distance
0.235 nm

The central Si atoms
has completed its
valence shell with 8
electrons

Other Si atoms linked
Q < to the central Si atom

Figure 2- 4: The Si atom has four links, usually to other Si atoms

Figure 2-5: The atom arrangement is based on a 6 atom pattern

The Silicon lattice exhibits particular properties in terms of atom arrangements. The crystalline silicon is
based on a 6-atom pattern shown in figure 2-5. The structure is repeated infinitely in all directions to form
the silicon substrate as used for integrated circuit design. The pure silicon crystal is mechanically very
strong and hard, and electrically a very poor conductor, as all valence electrons are shared within the
structure (Figure 2-6). The atomic density of a silicon crystal is about 5x10? atoms per cubic centimeter

(cm™).
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Figure 2-6: The chain of 6 atom pattern creates the silicon lattice

However, the random vibration of the silicon lattice due to thermal agitation may transmit enough energy
to some electrons valence for them to leave their position. The electron moves freely within the lattice,
and thus participate to the conduction of electricity. The lack of electron is called a hole (Figure 2-6). This
is why silicon is not an insulator, nor a good conductor. It is called a semi-conductor <glossary> due to its
intermediate electrical properties. The number of electrons which participate to the conduction are called
intrinsic carriers <gloss>. The concentration of intrinsic carriers per cubic centimeter, namely ni, is
around 1.45x10" cm™. When the temperature increases, the intrinsic carrier density also increases. The

concentration of free electrons is equal to the concentration of free holes.

2. N-type and P-type Silicon

To increase the conductivity of silicon, materials called dopant are introduced into the silicon lattice. To
add more electrons in the lattice artificially, phosphorus or arsenic atoms (Group VA) are inserted in
small proportions in the silicon crystal (Figure 2-7). As only four valence electrons find room in the
lattice, one electron is released and participates to electrical conduction. Consequently, Phosphorus and
arsenic are named "electron donors", with an N-type symbol. A very high concentration of donors is
coded N++ (Around 1 N-type atom per 10,000 silicon atoms, corresponding to 10'® atoms per cm™). A
high concentration of donor is coded N+ (1 N-type atom per 1,000,000 silicon atom, that is 10'® atoms per
cm™), while a low concentration of donors is called N- (1 N-type atom per 100,000,000 silicon atom, or

10'* atoms per cm’).

I IVA VA

Acceptor Donor

Add holes Add electrons
P-type N-Type
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B 5 Boron C6

Carbon

Al13
Aluminium

Ga 31 Gallium 32

Ge

Germanium

Figure 2-7: Boron, Phosphorus and Arsenic are used as acceptors and donors of electrons to change the

electrical properties of silicon

The missing valence
electron creates a hole Boron atom
inserted in

\ / the lattice

5" valence electron
of phosphorus

released {n the lattice
\ @ Phosphorus atom

inserted in the lattice

Figure 2-8: Boron added to the lattice creates a hole (P-type property), phosphorus creates a free

electron (N-type property)

To increase artificially the number of holes in silicon, boron is injected into the lattice, as shown in figure
2-8. The missing valence link is due to the fact that boron only shares three valence electrons. The
electron vacancy creates a hole, which gives the lattice a P-type property. A very high concentration of
acceptors is coded P++ (10'® atoms per cm™) , a high concentration of acceptors is coded P+(10'° atoms
per cm™), a low concentration of acceptors is called P-(10"* atoms per cm™). The silicon substrate used to

manufacture CMOS integrated circuits is lightly doped with boron, characterized by the P- symbol. The
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aspect of a small portion of silicon substrate is shown in 3d in figure 2-9. It usually consists of very thick
substrate (350um) lightly doped P-. Close from the upper surface, a buried layer saturated with P-type
acceptors is usually created, to form a good conductor beneath the active region, connected to the ground

voltage.

Around 2pm

Burried P++ layer

Main P- substrate

About 350um thick

Figure 2-9: 3D aspect of a portion of silicon substrate used to manufacture CMOS integrated circuits.

The substrate is based on a P- substrate with a buried P++ layer

3. Silicon Dioxide

The natural and most convenient insulator is silicon dioxide, noted SiO,. Its molecular aspect is shown in
figure 2-10. Notice that the distance between Si and O atoms is smaller than for Si-Si, which leads to
some interface regularity problems. Silicon dioxide is grown on the silicon lattice by high temperature
contact with oxygen gas. Oxygen molecules not only combine with surface atoms, but also with
underlying atoms. Silicon dioxide has an g, permittivity equal to 3.9. This number quantifies the
capacitance effect of the insulator. The permittivity of air is equal to 1, which is the minimum value. The
Si02 material is a very high quality insulator that is used extensively in CMOS circuits, both for devices

and interconnections between devices. The "O" of CMOS corresponds to "oxide", and refers to SiO2.
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Silicon atom

0.191nm between Si
and O atoms

Figure 2- 10: Slicon is linked to Oxygen to form the SiO2 molecular structure

4. Metal materials

2. The MOS devices

Integrated circuits also use several metal materials to build interconnects. Aluminum (III), Tungsten

(IVB), Gold (IB), and Copper (IB) are commonly used in the manufacturing of microelectronic circuits.

VIB VIIB Vil Vil Vil 1B 1B Al13
Aluminum

Cr24 Mn 25 Fe 26 Co 27 Ni 28 Cu29 Copper | Zn 30 Ga 31 Gallium

Chromium Manganese Iron Cobalt Nickel Zinc

Mo 42 Tc 43 Ru 44 Rh 45 Pd 46 Ag 47 Silver | Cd 48 In 49 Indium
Cadmium

W74 Re 75 Os 76 Ir77 Pt 78 Au79 Hg 80 Tl 81

Tungsten Gold

Table 2-1: Metal materials used in CMOS integrated circuit manufacturing

Metal layers are characterized by their resistivity (s). We notice that copper is the best conductor as its

resistivity is very low, followed by gold and aluminium (Table 2-2). A highly doped silicon crystal does

not exhibit a low resistivity, while the intrinsic silicon crystal is half way between a conductor and an

insulator [Hastings].

Material

Symbol

Resistivity o (Q.cm)

Copper

Cu

1.72x10°°
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Gold Au 2.4x10°
Aluminium Al 2.7x10°
Tungsten 4 5.3x10°
Silicon, N+ doped | N+ 0.25

Silicon, intrinsic | Si 2.5x10°

2. The MOS devices

Table 2-2: Conductivity of the most common materials used in CMOS integrated

Conductivity is sometimes used instead of resistivity. In that case, the formulation is as follows:

p:_
(o2

with

(Equ. 2-1)

p= conductivity (Q.cm)”

o = Resistivity (2.cm)

5. The MOS switch

The MOS transistor (MOS for metal-oxide-semiconductor)<gloss> is by far the most important basic

element of the integrated circuit. The MOS transistor is the integrated version of the electrical switch.

When it is on, it allows current to flow, and when it is off, it stops current from flowing. The MOS switch

is turned on and off by electricity. Two types of MOS device exist in CMOS technology (Complementary

Metal Oxide Semiconductor)<gloss>: the n-channel MOS device (also called nMOS <gloss>)and the p-

channel MOS device (also called pMOS <gloss>).

Logic Levels

Three logic levels 0,1 and X are defined as follows:

Logical value Voltage Name Symbol in DSCH Symbol in Microwind
0 0.0V VSS o
77;77 (Green in analog
(Green in logic simulation)
simulation)
1 1.2V in cmos | VDD .:..
0.12pum L%
(Red in analog simulation)
(Red in logic
simulation)
X Undefined X (Gray in simulation) (Gray in simulation)

Table 2-3: the logic levels and their corresponding symbols in Dsch and Microwind tools
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The n-channel MOS switch

Despite its extremely small size (less than 1pm square), the current that the MOS transistor may switch is
sufficient to turn on and off a led, for example. The MOS device consists of two electrical regions called
drain and source, separated by a channel. A channel of electrons may exist or not in this channel,
depending on a voltage applied to the gate. The gate is a conductor placed on the top of the channel, and
electrically isolated by an ultra thin oxide. The MOS is basically a switch between drain and source. A
schematic cross-section of the MOS device is given in figure 2-11. Theoretically, the source is the origin
of channel impurities. In the case of this nMOS device, the channel impurities are the electrons.

Therefore, the source is the diffusion area with the lowest voltage.
Gate
i
d

5

Source Drain

nMOS device

High voltage

Source (N- Source

doped) —Gate _ Ultra thin oxide Gate Ultra thin oxide
\ / Drain \ E A / Drain
o ) o [fed ~ o
O~o | © 0O SR i NCAE
6 2
P doped No electrical connection ? {il:c:?em;}:if?riﬁzlzw
region between drain and source chafnel’
Substrate (0V) Substrate (0V)
0 1
Souy Drain Source , , , Drain
NMOS off NMOS on

Figure 2-11: Basic principles of a MOS device

When used in logic cell design, it can be on or off. As illustrated in figure 2-xxx, the n-channel MOS
device requires a high supply voltage to be on. When on, a current can flow between drain and source.
When the MOS device is on, the link between the source and drain is equivalent to a resistor. The

resistance may vary from less than 0.1Q to several hundred KQ. Low resistance MOS devices are used
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for power application, while high resistance MOS devices are widely used in analog low power designs.
In logic gate, the Ron resistance is around 1 KQ.

The ‘off” resistance is considered infinite at first order, but its value is several MQ. When off, almost no
current flow between drain and source. The device is equivalent to an open switch, and the voltage of the
floating node (The drain in the case of table 2-xxx) is undetermined. The n-channel MOS logic table can

be described as follows.

Gate Source Drain
0 0 X

0 1 X

1 0 0

1 1 1

Table 2-5: the n-channel MOS switch truth-table

The p-channel MOS switch

In contrast, the p-channel MOS device requires a zero voltage supply to be on. The p-channel MOS
symbol differs from the n-channel device with a small circle near the gate. The channel carriers for pMOS

are holes.

0 1

g Source W Drain Source Drain

O
4 L

Figure 2-12: the MOS symbol and switch

pMOS

The p-channel MOS logic table can be described as follows.

Gate Source Drain
0 0 0

0 1 1

1 0 X

1 1 X

Table 2-6: the p-channel MOS switch truth-table

For the p-channel MOS, a high voltage disables the channel. Almost no current flows between the source
and drain. A zero voltage VDD on the gate, attracts holes below the gate, creates a hole channel and

enables current to flow, as shown below.
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Source

Drain

Source

2. The MOS devices

Drain

0

Metal
Contact IE
. . SRR

Diffusions P+ ) P+

<4
Current flow
N well
Substrate

N well

Figure 2-13. The channel generation below the gate in a pMOS device.

6. The MOS aspect

The bird's view of the layout including one n-channel MOS device and one p-channel MOS devices

placed at the minimum distance is given in figure 2-xxx A two-dimensional zoom at micron scale in the

active region of an integrated circuit designed in 0.12um technology is reported in figure 2-15. This view

corresponds to a vertical cross-section of the silicon wafer, in location X-X' in figure 2-14. The

Microwind tool has been used to build the layout of the MOS devices (The corresponding file is

allMosDevices.MSK), and to visualize its cross-section, using the command Simulate —2D vertical

cross-section.

N+ Diffusion

Cross-section X

Channel region at the

intersection of N+ diff and poly

Gate of the n-channel

MOS device

P+ Diffusion

N well region
underneath pMOS
devices

Gate of the p-channel
MOS device

Figure 2-14: Bird's view of the n-channel and p-channel MOS device layout (allMosDevices. MSK)
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/
Si02 oxide
<
Metallisation < n-channel
area MOS device
p-channel
Nmos Gate MOS device
N\~
= Gate of the p-

channel device

Diffusion
area Isolation

...... oxide

o EETTTTR TR TP
N+ diffusion s
p+ diffusion

Channel for lightly doped

nMOS Channel for N-well
pMOS

Figure 2-15: Vertical cross-section of an n-channel and p-channel MOS devices in 0.12um technology

(allMosDevices.MSK)

The layout of the nMOS and pMOS devices, seen from the top of the circuit, is shown in figure 2-xxx.
The MOS is built using a set of layers that are summarized below. CMOS circuits are fabricated on a

piece of silicon called wafer, <gloss> usually lightly doped with boron, that gives a p-type property to the

material.

PMOS device

NMOS device

p-doped
substrate

Figure 2-16: 3D view of the n-channel and p-channel MOS devices (AllMosDevices. MSK)

Zoom at Atomic Scale

When zooming on the gate structure, we distinguish the thin oxide beneath the gate, the low doped
diffusion regions on both sides of the channel, the metal deposit on the diffusion surface, and the spacers

on each side of the gate, as shown in figure 2-17.
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» T Si3N4 spacers
Polysilicon gate (insulators)

Silicon dioxide SiO2 W\
insulator \

Metal on the diffusion

surface \

2nm gate oxide

Highly doped :
N+diffusion Channel area

Low doped diffusion
(LDD)

Fig. 2-17: Zoom at the gate oxide for a 0.12um n-channel MOS device (AlIMosDevices. MSK)

When zooming at maximum scale, we see the atomic structure of the transistor. The gate oxide
accumulates between 5 and 20 atoms of silicon dioxide. In 0.12pm , the oxide thickness is around 2nm
for the core logic, which is equivalent to 8 atoms of SiO2.

Regular structure of
the polysilicon gate

Around 8 atoms of

Silicon dioxide SiO2 for the gate

(Unregular structure)

Channel area

Silicon atoms
(Regular structure)
oping appears in
some locations

Fig. 2-18: Zoom at atomic scale near the gate oxide for a 0.12um n-channel MOS device

(AllMosDevices. MSK)

7. MOS layout

The objective of this paragraph is to draw the n-channel and p-channel MOS devices according to the
design rules and usual design practices. The Microwind tool provided in the companion CD-Rom is used

to draw the MOS layout and simulate its behavior.
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The Microwind main screen shown in figure 2-19 includes two windows: one for the main menu and the
layout display, the other for the icon menu and the layer palette. The main layout window features a grid,
scaled in lambda () units. The size of the grid constantly adapts to the layout. In figure 2-19, the grid is 5
lambda. The lambda unit is fixed to half of the minimum available lithography of the technology L,,. For

example, the default technology is a CMOS 6-metal layers 0.12um technology, consequently lambda is
0.06pum.

2 (Equ. 2-2)

“x Microwind 2 - example

File View Edit Smulate Compile Analysis Help
CH LPT 0SSl R ATERE (2 TERER
One dot on the R . o L e -
grid is 5 lambda, e Layout 22 i}{w@
or 0.30 um library | optio -
Access to ) %I . & |-
Regular grid simulation 2D, 3D views o C Views B |-
Metal4 [ [~
' Editing icons o - ' o | petals : -
R . . . . . N - .
\ Simulation properties wea1 |
Editing window . | poysiicon 2 Hl |
—> Palette of layers Contact B
) ) ) pPoysiicon [l |
P+ Diffusion [l |+
" Active layer — usion [ | -
. .| Mwel =
Current technology \
\Welcome to Microwind 2.6f - Mar 23, 2003 Mo Error CMOS 0.12pm - 6 Metal

Figure 2-19 The MICROWIND?2 window as it appears at the initialization stage

The palette is located in the right corner of the screen. A red color indicates the current layer. Initially the

selected layer in the palette is polysilicon.

n-channel MOS layout

By using the following procedure, you can create a manual design of the n-channel MOS device. The n-
channel MOS device consists of a polysilicon gate and a heavily doped diffusion area. Select the

"polysilicon" layer in the palette window.

1) Fix the first corner of the box with the mouse. While keeping the mouse button pressed, move the
mouse to the opposite corner of the box. Release the button. This creates a narrow box in polysilicon
layer as shown in Figure 2-20. The box width should not be inferior to 2 A, which is the minimum

and optimal thickness of the polysilicon gate.
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2) Change the current layer into N+ diffusion by a click on the palette of the N+ Diffusion button. Make
sure that the red layer is now the N+ Diffusion. Draw a n-diffusion box at the bottom of the drawing
as in Figure 2-20. The N+ diffusion should have a minimum of 4 lambda on both sides of the
polysilicon gate. The intersection between diffusion and polysilicon creates the channel of the nMOS

device.

o nMOS ﬁw.lth contacts . Gate contact from poly
to metal

Optimal poly thickness: 2A - - - - —— .. .. ..

Minimum 4 between
two metal interconnects

Minimum 44

""" \ Source contact from

L

N+ diffusion
e e ce e e e e oo [RHANLY I o 0 00000 N+ diffusion to metal
- beedeedeS palysilion
/ gate
Minimum extra Drain contact from
poly: 3 A N+ diffusion to

metal

Figure 2-20. Creating the N-channel MOS transistor and adding contacts (AllMosDevices.MSK)

Now, we add the metal contacts to enable an electrical access to the source and drain regions. In the
palette, such contacts are ready to instantiate on the layout (Figure 2-21). Click on the appropriate icon,
and then the appropriate location in the left N+ diffusion. Repeat the process and add an other contact on

the right part of the N+ diffusion. The layout aspect should correspond to the layout shown in figure 2-21.
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....... contact

Poly/metal
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Metal 1 B
Polyziicon 2 [l
Contact

Polysilicon .
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Figure 2-21. Access to the n-diffusion/metal and poly/metal contacts

Basic layers

2. The MOS devices

The wafer serves as the substrate (or bulk) to N-channel MOS, which can be implemented directly on the

p-type substrate. The n-channel MOS device is based on a polysilicon gate, deposited on the surface of

the substrate, isolated by an ultra thin oxide (called gate oxide), and an N+ implantation that forms two

electrically separated diffusions, on both side of the gate. The list of layers commonly used for the design

of MOS devices is given in table 2-6.

substrate. All p-channel MOS are located within N well

areas.

Layer name Code Description Color in Microwind

Polysilicon Poly Gate of the n-channel and p-channel MOS devices Red

N+ diffusion Diffn Delimits the active part of the n-channel device. Also used | Dark green
to polarize the N-well

P+ diffusion Diffn Delimits the active part of the p-channel device. Also used | Maroon
to polarize the bulk

Contact Contact Makes the connection between diffusions and metal for | White cross
routing. The contact plug is fabricated by drilling a hole in
the oxide and filling the hole with metal.

First level of | Metall Used to rout devices together, in order to create the logic | Blue

metal or analog function

N well Nwell Low doped diffusion used to invert the doping of the | Dotted green

Table 2-6: Materials used to build n-channel and p-channel MOS devices
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p-channel MOS layout

The p-channel MOS is built using polysilicon as the gate material and P+ diffusion to build the source
and drain. The pMOS device requires the addition of the n-well layer, into which the P+ implant is
completely included, in order to work properly (Figure 2-22). By using the following procedure, you can

create manually the layout of the p-channel MOS device.
e  Select the "polysilicon" layer in the palette window.

e Create a narrow polysilicon box to create the p-channel MOS gate (The minimum value 2

lambda is often used ). The material is the samel as for the n-channel MOS.

e Change the layer into P+ diffusion. Draw a p-diffusion box at the bottom of the drawing as in
Figure 2-22. The P+ diffusion should have a minimum of 4 A on both sides of the polysilicon
gate.

e Select the n-well layer. Add an n-well region that completely includes the P+ diffusion, with a

border of 6 A, as illustrated in figure 2-22.

Poly/metal
N well . 2hisoptimalforpMOS  contact
:;:::::" Metal/P+
o S IEEREE ;4 min pe_twee_n_ diffusion contact
6 A minimum i - -metal : o
<>
P+ diffusion i
|
SESEEEN Lo
3% required. . <I> ! Metal/N+ diffusion
oY - n-well Bocaao L to polarize the n-
. polarization LI well
through n+-
diffusion

PMOS © " plMDS with contacts and polarization

Polysilicon gate

Figure 2-22. Creating the P-channel MOS transistor (AllMosDevices.MSK)

Moreover, the n-well region cannot be kept floating. A specific contact, that can be seen on the right side
of the n-well, serves as a permanent connection to high voltage. Why high voltage? Let us consider the
two cross sections in figure 2-23. On the left side, the n-well is floating. The risk is that the n-well
potential decreases enough to turn on the P+/Nwell diode. This case corresponds to a parasitic PNP
device. The consequence may be the generation of a direct path from the VDD supply of the drain to the

ground supply of the substrate. In many cases the circuit can be damaged.

2-17 E. Sicard, S. Delmas-Bendhia 20/12/03



DEeP SUBMICRON CMOS DESIGN
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2. The MOS devices

1 1

H

P+ ‘ ‘ P+ ‘ ‘ N+
| A
N-at VDD Good contact N+
to N-well
P+/N- diode in safe
reverse mode, equivalent
P- substrate

Polarized at VSS

to junction capacitance

Fig. 2-23: Incorrect and correct polarization of the N-well

”r

Polarization to VDD

The correct approach is indicated in the right part of figure 2-24. A polarization contact carries the VDD

supply down to the n-well region, thanks to an N+ diffusion. A direct contact to n-well would generate

parasitic electrical effects, consequently, the N+ region embedded in the n-well area is mandatory. There

is no more fear of parasitic PNP device effect as the P+/Nwell junctions are in inverted mode, and thus

may be considered as junction capacitance.

Useful Editing Tools

Editing layout is rarely a simple task at the beginning, when cumulating the discovery of the editor user's

interface and the application of new microelectronics concepts. The following commands may help you in

the layout design and verification processes.

Command Icon/Short cut Menu Description

UNDO CTRL+U Edit menu Cancel the last editing operation

DELETE ?"‘ Edit menu Erase some layout included in the given
CTRLAX area or pointed by the mouse.

STRETCH &;, Edit menu Changes the size of one box, or moves the

layout included in the given area.

COPY il Edit Menu Copy of the layout included in the given

CTRLAC area.

Table 2-7: A set of useful editing tools

Vertical aspect of the MOS
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i
=

Click on this icon to access process simulation (Command Simulate = Process section in 2D). The
cross-section is given by a click of the mouse at the first point and the release of the mouse at the second
point.

Low permittivity
dielectric (SiLK)

First level of

metal
Interlayer
oxide (SiO2) \ Contact

MOS

isolation

oxide

. Source
Drain

Figure 2-23. The cross-section of the nMOS devices (AllMosDevices. MSK)

In the example of Figure 2-23, three nodes appear in the cross-section of the n-channel MOS device: the
gate (red), the left diffusion called source (green) and the right diffusion called drain (green), over a
substrate (gray). A thin oxide called the gate oxide isolates the gate. Various steps of oxidation have led

to stacked oxides on the top of the gate.

The lateral drain diffusion (LDD) is a small region of lightly doped diffusion, at the interface between the
drain/source and the channel. A light doping reduces the local electrical field at the corner of the
drain/source and gate. Electrons accelerated below the gate at maximum electrical field, such as in
figure2-24 acquire sufficient energy to create a pair of electrons and holes in the drain region. Such

electrons are called "hot electrons" <gloss>.
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Source Drain Source Drain
Metal
Parasitic Spacers for N-
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Diffusions = )
7 7 2
N+ \ N+
Impact N-
Substrate Parasitic holes
N well ' N well

No lateral drain diffusion

Lateral drain diffusion
Hot electron effects

No hot electron

Figure 2-24. Lateral drain diffusion reduces the hot electron effect.

Consequently, parasitic currents are generated in the drain region. One part of the current flows down to
the substrate, an other part is collected at the drain contact. The lateral drain diffusion <gloss> efficiently

reduces this parasitic effect. This technique has been introduced since the 0.5pm process generation.

8. Dynamic MOS behavior

In this paragraph, we stimulate the MOS device with variable voltages in order to verify by analog
simulation their correct behavior as switches. The proposed simulation setup (Figure 2-25) consists in

applying 0 and 1 to the gate and the source, and see the effect on the drain, as outlined in the schematic

diagram below.
Clock on m Clockon [ 1 [}
the Gate the Gate
Vg Vg
il 1

Fast clock on ._,—I_. Obs?rve the Fast clock on ._,—l_. Observe the
the Source - " Drain the Source Ve yq Drain
JUUUI JWUUT

nMOS pMOS
Fig. 2-25. Verification of the MOS switching properties using clocks
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n-channel MOS behavior

The expected behavior of the n-channel MOS device is summarized in figure 2-26. The 0 on the gate

should leave the drain floating. The 1 on the gate should link the drain to the source, via a resistive path.

Drain floating Drain connected to
source
i
0 1
I s
5 d
nMOS device Channel off Channel on
0 Ron 0 1 Ron 1
Pass 0 Pass 1

Fig. 2-26. Expected n-channel MOS switching characteristics(MosExplain.SCH)

The most convenient way to operate the MOS is to apply a clock property to the gate, another to the
source and to observe the drain. The summary of available properties that can be applied to the layout is

reported below.

VDD property t J-L J.II.III I:E'

High voltage property / \ x Node visible
Sinusoidal wave

VSS property

Clock property Pulse property

Fig. 2-27. Simulation properties used to conduct the simulation from layout

A clock should be applied to the source, which is situated on the green diffusion area at the left side of the
gate. Click on the Clock icon and then, click on the polysilicon gate. The clock menu appears again.
Change the name into « Vdrain» and click on OK to apply a clock with Ins period (0.225ns at 0, 25ps
rise, 0.225ns at 1, 25ps fall). The label « Vdrain» appears at the desired location in italic, meaning that the

waveform of this node will appear at the next simulation.
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Add a clock
Change the default Label name : |""E|Faiﬂ|
clock name
— | DC Supply CloTkTro se] Sinus ] Variable] Ground] F'ien:e—‘.".fisel
Parameters
High Level vy [1 20 valt

Low level (V) |0.00

Time low () Risetimetr)  Timehigh {th)  Fall time (tf)
[0.225 j0.025 |0.225 0025 ns

Then assign to the
desired layout JU slower | JUY Faster | | 1d ~LastCIock‘

location
Wn ‘ ¥ cancel ‘ a Visible in simu

Fig. 2-28. Details on the clock parameters and clock menu.

Now, to apply a clock to the gate, click again on the Clock icon, and click on the polysilicon gate. The
Clock menu appears. Notice that the clock parameters "Time low" and "Time high" has been
automatically increased by 2, to create a clock with a period twice slower than previously. Change the
name into « Vclock» and click on OK. The Clock property is sent to the gate and appears at the right hand
side of the label « Vgate ».

Clock assigned to

the gate \

Source region is

/ made visible for

simulation

Clock assigned to
the drain region of
the n-channel

MOS T

R R

Fig.2- 29. Properties added to the layout for controlling the analog simulation (mosN.MSK)

In order to see the source, click on the eye ("Node Visible") property situated in the palette menu (See fig.
2-30) and click on the right diffusion. Change the label name into "Vout". Click OK. The visible property
is then sent to the node. The associated text « Vout » is in italic, meaning that the waveform of this node

will appear at the next simulation.
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The layout should then appear as illustrated in figure 2-31. The clock properties are situated on the gate

and the left N+ diffusion, the "node visible" property is located on the right part of the N+ diffusion. The

layout is now ready for analog simulation.

Ydrain

Yiate

Wout

i—1 20—

o}

H
H .20____5:________.
'Vl

]

I

!

I Gate is off

i . -

] ]

i H

| / ii

: i L Vout follows

: ' !l Vdrain

M2

. ' " ’

! | ¥ ! \

! t ! o

| N ! 2.000ns

| ' :i 10,506

: ! i H Vout remains at Vout only

! ; i ru Ei its last value reaches 0.8V

100, 1'_. A I )
i i § i 1 3 ¥ o0
00 05 1.0 15 20 '25 a0 "y Timet

Fig.2- 31. Analog simulation of the n-channel MOS device (MosN.MSK)

Click on Simulate 2 Run Simulation = Voltage vs. Time (Or CTRL+S, or the icon "Run Simulation"

in the main iucon menu). The timing diagrams of the nMOS device appear, as shown in Figure 2-31.

Most of the logic and analog behavior of the MOS device are summarized in this single figure.

The upper waveform correspond to Vdrain, with a clock from 0 to 1.2V (VDD is 1.2V in 0.12pm),

exhibiting a Ins period. Below is the gate voltage. The n-channel MOS is off when Vgate is zero, and on

if Vgate is 1.2V. The third waveform concerns Vout. Its aspect is very interesting: from 0 to 1ns, its value

is zero,

which is the default voltage value of all nodes in the layout. The channel is off, consequently

nothing happens to the drain. When the gate is on, the channel enables Vout to copy the value of Vdrain
(Time 1.0 to 2.0ns).
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If Vp<Vn
N+

junction is
in reverse

mode

| er. |
-

P-well

Fig.2- 32. The P/N junction in reverse mode is equivalent to a capacitor that memorizes s the voltage

when the channel is off (MosN.MSK)

Then, when the gate is off again (Time 2.0 to 3.0), the voltage remains almost at its last value. The reason
is illustrated in figure 2-xxx: the junction P-well/N+ diffusion is in reverse mode and can be considered as
a capacitor. The charges are stored in this junction capactor while the channel is off, xwhich keep its

voltage stable, indepedantly of the source fluctuations.

Notice a very small decrease of the voltage, due to parasitic leakage effect <gloss> between source and

drain. Click More in order to perform more simulations. Click on Close to return to the editor.

Threshold Voltage

You probably noticed that the voltage Vout never reaches 1.2V. It "saturates" to around 0.8V. The reason
is the parasitic effect called threshold voltage, which is around 0.4V in the default technology 0.12um. In
summary, the n-channel MOS device behaves as a switch, but when on, it do not passes correctly the high
voltages. A zero on one side leads to a good zero, a logic 1 on one side leads to a poor 1. The main

reason is the threshold voltage of the MOS.

P
I L o e

S d
nMOS device Channel off Channel on
0 Ron 0 1 Ron 1
Good 0 Poor 1

(Vdd-Vt)

Fig.2- 33. The nMOS device behavior summar (MosExplain.SCH)
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p-channel MOS behavior

The expected behavior of the n-channel MOS device is summarized in figure 2-34. The 0 on the gate
should link the drain to the source, via a resistive path. The 1 on the gate should leave the drain floating.
In other words, the p-channel transistor simulation features the same functions as the n-channel device,

but with opposite voltage control of the gate.

&
I L o L

5 d

pMOS device Channel on Channel off

1] Raon 0 1 Raon 1

Fig. 2-34. Expected p-channel MOS switching characteristics(MosExplain.SCH)

Again, we operate the p-channel MOS device by using two clocks, one to the gate, another to the source

and to observe the drain. Be sure to add the polarization contact inside the n-well region, and add a

supplementary VDD property on top of the contact.

2-25 E. Sicard, S. Delmas-Bendhia 20/12/03



DEeP SUBMICRON CMOS DESIGN 2. The MOS devices

Clock assigned to
the gate

Source region is
" made visible for

i -//simulation

Clock assigned to P
the drain region of / :
the n-channel i : Polarization

MOS L0l contact with VDD
- n-well voltage

Fig.2- 35. Properties added to the layout for controlling the analog simulation of the p-channel device

(Mosp.MSK)

Click on Simulate & Run Simulation 2 Voltage vs. Time. The timing diagrams of the pMOS device
appear, as shown in Figure 2-36. The upper waveform correspond to Vdrain, with a clock from 0 to 1.2V
(VDD is 1.2V in 0.12um), exhibiting a Ins period. Below is the gate voltage. The p-channel MOS is on
when Vgate is zero, and off when Vgate is 1.2V. When the gate is on, the channel enables Vout to copy
the value of Vdrain (Time 0 to 1.0ns). Then, when the gate is off again, the voltage remains almost at its
last value. The reason why Vout kept around 1.0V from 1.0 to 2.0ns is that the channel turned off

synchronously with a change in the value of Vdrain.

¢ Wdrain

| wout

Vout remains at
its last value

I4.Time(ns

o

Vout follows
Vdrain Vout follows

Vdrain

Vout only
reaches 0.3V

Fig. 2-36. Time domain simulation of the p-channel MOS (Mosp.MSK)
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Notice that for the p-channel MOS, the voltage Vout never reaches 0.0V. It "saturates" to around 0.3V,
due to the threshold voltage of the device. In summary (Figure 2-37), the p-channel MOS device behaves
as a switch, but when on, it do not passes correctly the low voltages. A zero on one side leads to a poor

zero, a logic 1 on one side leads to a good 1.

&
I L - i

5 d
pMOS device Channel an Channel off
AN Avavs
0 Raon 0 1 Ron 1
Poor 0 Good 1
0+V1)

Fig. 2-37. Summary of the performances of a pMOS device

9. The Perfect switch

Both NMOS devices and PMOS devices exhibit poor performances when transmitting one particular
logic information. The nMOS degrades the logic level 1, the pMOS degrades the logic level 0. Thus, a
perfect pass gate can be constructed from the combination of nMOS and pMOS devices working in a
complementary way, leading to improved switching performances. Such a circuit, presented in figure 2-
38, is called the transmission gate <gloss>. In DSCH2, the symbol may be found in the "advance" menu

in the palette. The main drawback of the transmission gate is the need for two control signals Enable and

3 Ow B %

DataOut

/Enable, thus an inverter is required.

Enable

D Dataln

—

tyate

in out
tyate
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Fig. 2-38. Schematic diagram of the transmission gate (Tgate.SCH)

The transmission gate let a signal flow if en=1 and ~en=0. In that case both the n-channel and p-channel
devices are on. The n-channel MOS transmits low voltage signals, while the p-channel device preferably

transmits high voltage signals (Figure 2-39).

0 1
1 0
transmission gate
Ron |_ Ron
0 Good 0 1 LM/\J Good 1
Ron Ron

Fig. 2-39. The transmission gate used to pass logic signals(Tgate.SCH)

Implementation
We need to create an electrical connection between the N+ and P+ regions, in order to comply with the

schematic diagram shown in figure 2-39. The most efficient solution consists in using metal and contacts

to create a bridge from the N+ region to the P+ region. Figure 2-40 shows the cross-section of the bridge.
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Contact
here

Metal bridge

N

Contact
here

(X

P+ diffusion
region

N+ Diffusion
region

N-well
limit

Metal

2. The MOS devices

Contact is always 2x2 A

i P+ :

! diff 4

! minimum

i

~ 6 H

: - |
—>| 4h 6n
\l/ N+
/[\ ! minimum

I

Fig. 2-40. Principles for metal bridge between N+ diffusion and P+ diffusion regions, and associated

design rules.

Fig. 2-41: Layout of the transmission gate (TGATE.MSK)
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Bridge with
metall

Contacts in
parallel to
reduce the
resistance

PMOS
NMOS area

area

Fig. 2-42. Cross-section at location Y-Y' showing the metal bridge and contacts to N+ diffusion and P+

diffusion regions

The layout of the transmission gate is reported in figure 2-41. The n-channel MOS is situated arbitrarily
on the bottom, and the p-channel MOS on the top. Notice that the gate controls are not connected, as
~FEnable is the opposite of Enable. The operation of the transmission gate is illustrated in figure 2-43. A
sinusoidal wave with a frequency of 2GHz is assigned to Dataln. The sinusoidal property may be found
in the palette of Microwind2, near the clock and pulse properties. With a zero on Enable (And a 1 on
~FEnable), the switch is off, and no signal is transferred. When Enable is asserted, the sinusoidal wave

appears nearly identical to the output.

I

2GHz input

VAV

Dataln

: NMOS device is off : 7\
Enable! . . : : H
o / ; i NMOS device is on
Reom i i i . . . 0.00
; ; ; ; : : 120
: : i PMOS device is on
~Enablp : 0 H H !
o0 i PMOS device is off
1120 ; .
DataOL.it Silent
E 00
i i i i i i i i i i 0.00
0.0 5/4 10 15 2.0 25 20 25 40 4.Time(ns)
Perfect copy of
dataln

Fig. 2-43. Simulation of the transmission gate (TGATE.MSK)
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Layout considerations

MOS generation

The safest way to create a MOS device is to use the MOS generator. In the palette, click the MOS
generator icon. A window appears as reported below. The mains parameters are the MOS type (either n-
channel or p-channel), the width and the length. By default, the proposed MOS is a n-channel device,
with a width 0.6um and minimum length 0.12pm. The maximum current that can flow in the MOS
channel is given for information (0.262mA in that case). The units for width and length are in um by

default. You may change the units and use lambda values instead.

- Palette
Access to MOS |;| E E @
generator o
‘ L e

tiF LYy

- Layout Generator E| @| rg\
Pads 1 Indur:tor] Contacts

I Fath ] Logo ] Bus ] Res ] Dinde} Capa}

Mos Parameters

Width MOS 0.600 um L source
Length MOs  |0.120 m

Mbr offingers |1 ' M

nM33 pMOS double gate

Options Units
'n_":: ?JO":I ﬁ[{ ~ low leakage * in micron (pm})

" high speed " inlambda
Imax:0.390mA " high voltage [~ Add polarization
; Generate Device | x Cancel

Fig.2-44. Access to the MOS generator menu

Starting 0.18um technology, three types of MOS devices have been made available: low leakage, high
speed and high voltage devices. Those concepts will be developed in the next chapter.

If we increase the width of the MOS device to 2pm, the layout generated by Microwind?2 takes the aspect
of figure 2-45. Notice the length equal to 2 A, that is 0.12um in the default technology, the width equal to
2pum.

2-31 E. Sicard, S. Delmas-Bendhia 20/12/03



DEeP SUBMICRON CMOS DESIGN 2. The MOS devices
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Fig.2-45. A n-channel MOS with 2um width generated by Microwind2(MosLayout. MSK)

Multiple contacts

In the layout of figure 2-45, the surprise comes from the multiple contacts on the drain and source
regions. The reason for this addition of contacts is due to the intrinsic current limitation of each
elementary contact plug, as well as the high resistance of one single contact. One single contact can suffer
less than 1mA current without any reliability problem. When the current is stronger 1mA, the contact can
be damaged (Figure 2-46). The effect is called electromigration: if too much current flows within the
contact, the metal structure starts to change as atoms move inside the conductor. A very strong current

such as 10mA would even destroy one lonely contact.

Poly Poly
Possible AAR~—— —
destruction of
the contact due
to over-current \\ ‘
o S R
™~
N+ N+
i diff
o - I~ —]
—
Poor design Correct design

Fig.2-46. A strong current through a single contact could damage the metal structure.
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¥ — Correct design: the
l&—— current is shared

/ between contacts

Poor design: the
contacts can be

damaged by the
current flow

~

Fig.2-47. A single contact cannot handle more that ImA. A series of contacts is preferred

(MosLayout. MSK)

The illustration of this important limitation is given in figure 2-48. Basic rules for contact design are also

reported in the figure. The contact is 2x2 A, and the separation is 4 A.

Poor _ _ Acceptable

Three contacts in
parrallel lead to a
small access
resistance and a very
good reliability

One single contact is
not sufficient to -
handle the MOS
current

Access contact Access contact

: Access contact
resistance: 10 Q resistance: 5 Q

resistance: 3 Q

Fig.2-48. A series of contacts also reduced the serial access resistance(MosContacts. MSK)

Adding as many contacts as the design rules permit also limits the contact resistance. The equivalent

resistance of the access to drain and source regions is reduced proportionally to the number of contacts.

Multiple gates

The use of MOS devices with long width is very common, for example in analog design and buffer design

such as clocks and interface structures. Let us try to design a SmA MOS switch., which can be found in a
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standard output buffer structure. A rapid investigation using the maximum current evaluation in the MOS
generator menu leads to the need of a MOS device with W=12um, L=0.12pm. The corresponding layout
is reported in figure 2-49. The two main drawbacks of this layout are the very unpractical shape of the
structure, and the important parasitic resistance along the polysilicon gate, that delays the propagation of

the control voltage, thus slows down the switching of the device.
Gate

Gate

Large R Very small R

e Lo @ oL T LT LT

Poor design : very
tall structure and
huge propagation
delay within the
gate

Source

Correct design :
regular structure,
reduced propagation
delay thanks to

«— parrallel gates

oy |1

Fig.2-49. MOS devices with large with must be designed with parallel gates to reduce the delay
(MosLayout. MSK)

The most efficient solution is to connect MOS devices in parallel. Firstly, the polysilicon gate length is
divided by four in the case of figure 2-49, secondly, the structures becomes regular, easing the future
interconnections. Notice how drains and sources are interleaved to create an equivalent device with the

same channel with and length, and consequently the same current ability.

CMOS process

The process <gloss> steps to fabricate the integrated circuit are illustrated in this paragraph. The starting
material is an extremely pure silicon substrate, entering in the foundry as a thin circular wafer. The wafer

diameter for 0.12pm technology is 8 inches. Most CMOS processes use lightly doped p-type wafers.
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Masks

2. The MOS devices

The complete fabrication includes a series of chemical steps in order to diffuse doping materials (n-well,

N+ and P+ diffusions), or to deposit materials (polysilicon, contacts and metals). The chemical attack is

driven by optical masks <gloss> on which the patterns are drawn. The masks are listen in figure 2-50.

) el
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'F//'/////'////////'/////'////////'/4'
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{10) matal 3
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COO0CD Cocm | O dfsion

© [2) M+ diffusion-

o m o [+] o a o [+] =] o o
[+] o [+] o oo [+] =] o o
=] =] ] 15} B
H(S)_con_tacts (B) metal

W w3 osciliste %

) "(1_1) Properties and text (not used) :P\II masks

Fig. 2-50: Splitting the layers of the INVS circuit into separate masks (Inv5Steps.MSK)

In deep submicron technologies, the price of these mask accouts for a significant percentage of the total

cost of the chip fabrication. The reason is the extreme precision of each mask, which must have no defect

at all, in order to succeed in fabrication the chip correctly. The complete set of masks in 0.12pm is around

100,000 euro. This price should rise significantly in nano-scale technologies (90nm and below), and

become the primary limiting factor.

CMOS process steps

Let us load first the ring oscillator used in Chapter 1 to illustrate the operating frequency increase with the

scale down (INV5.MSK). The masks can be split into 11 layers as described in figure 2-50. The
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illustration of the process steps piloted by these masks is included in Microwind2. The access command is

Simulate >Process steps in 3D.

IF Substratel

Fig. 2-51: The fabrication of the nwell (Inv5.MSK)

A portion of the substrate is shown in figure 2-51. The substrate is a p-type wafer, with a resistivity
around 10 Qcm. A P++ layer is situated some microns below the surface of the wafer. Due to its very low
resistivity, it serves as a ground plane. Not all CMOS processes use this P++ layer, mainly for cost

reasons. In the 3D process window, click "Next step" to skip to the next technological step.

p-channel
MOS

Channel of the
n-MOS device Trench isolation
using SiO2 oxide

P++ epi

P Substratel

Fig. 2-52: N+ diffusion, P+ diffusion (left) and polysilicon deposit (right) (Inv5.MSK)

The n-well mask is used here to build the n-well area, into which p-channel devices will operate. N-
channel devices use the native p-type substrate, without the need of a P-well. Next, a thick oxide is
created to isolate MOS devices. In 0.12pum this step is called shallow trench isolation <gloss>. Then, a
crucial step consists in growing a very high quality, extremely thin oxide that isolates the gate from the
channel. Extraordinary precautions are taken to create millions of atomic-scale gate oxides, around 18 A
thick in 0.12um, that is 8 atoms of SiO,. On the top of that ultra-thin oxide, the polysilicon gate is
deposited (Figure 2-52).

Then, n-type dopant ions, usually using arsenic of phosphor, are implanted to form the drain and source

regions of the n-channel MOS devices. The polysilicon gates block the ions and prevent the underlying
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channel from any n+ dopant. The gate serve as a mask to separate the implanted area into two electrically
different regions, the source and the drain. Consecutively, p-type boron ions are implanted to form the p-

channel drain and sources.

Fig. 2-53: Fabrication of the metal interconnects (oxide not shown for clarity) (Inv5.MSK)

The next steps are related to metallization. Up to 6 metal layers can be fabricated, on the top of each
other, in 0.12pm. When the contact and metal steps are completed, the chip takes the aspect shown above.
Notice that oxides have been removed for clarity (Figure 2-53). You may see the oxide in the window

showing the process aspect in 2D, accessible from the Simulation menu of Microwind?2.

At the end of the process comes the passivation <gloss>, consisting the growth an oxide, usually Si3N4.
The structure of the oxides that separate the metal layers is not homogeneous. Recent advances in
lithography have generalized the use of low dielectric oxides together with the traditional native oxide
Si02. The combinational use of Si0, and low dielectric oxide will be justified in chapter 5, dedicated to

interconnects.
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Elementary process
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A
1000
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250
Technology scale
down

»
»

1.2pm 0.5pum 0.25um 0.12pm 70nm

Fig. 2-54: Increase of elementary process steps with the technology scale down.

Each process step appearing in the process simulation window of Microwind? is the sum of elementary
chemical, mechanical and optical steps. Consequently, a complete technological process such as 0.12um
is made up with more than 600 elementary steps. The global trend is the increase of technological steps
with the technology scale down, as shown in figure 2-54. Therefore, the cost of fabrication is also

increased accordingly.

Conclusion

In this chapter, we described the atomic structure of silicon, and gave some information about P-type and
N-type materials. The silicon dioxide has also been investigated. Then, we presented the MOS device
from a simple functional point of view, and focused on its switching properties. We presented the two
types of MOS devices: n-channel and p-channel MOS. Though analog simulation, we exhibited the good
and poor performances of these switches, depending on the logical information. We also proposed a good
switch that takes advantage of nMOS and pMOS properties. Finally, we described the MOS layout
editing using Microwind, shown how to conduct analog simulation by adding simulation properties such
as clocks, supplies, and sinusoidal voltages directly on the layout. The final part of this chapter was

dedicated to the CMOS process steps.

REFERENCES

[1]R.J Bakcer, H. W.Li, D. E. Boyce "CMOS design, layout and simulation", IEEE Press, 1998, chapters

3&4, www.ieee.org
[2] M. John, S. Smidth, "Applicaqtion Specific Integrated Circuits", Addison Wesley, 1997, ISBN 0-201-

50022-1, chapter 2, www.awl.com/cseng

2-38 E. Sicard, S. Delmas-Bendhia 20/12/03



DEeP SUBMICRON CMOS DESIGN 2. The MOS devices

[3] B. Razavi "Design of Analog CMOS integrated circuits", McGraw Hill, ISBN 0-07-238032-2, 2001,
www.mhhe.com

[4] C. Y. Chang, S.M. Sze "ULSI technology", McGraw Hill, 1996 ISBN 0-07-063062-3

EXERCISES

2.1 Layout a single gate n-channel MOS with W=1.0pum, L=0.12um. What is the maximum current?

Build the equivalent MOS device with parallel gates.

2.2 Using the current evaluator in the MOS generator menu in Microwind2, find a simple relationship

between the maximum current Imax and the width and length of the device.

2.3 What is the equivalent width and length of the device drawn in the figure below? What is the possible

application of such a design style ?

N+ diffusion

Polysilicon

2.4 What is the width and length of this device? What is the main drawback of this design style?
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2.5 What is the maximum current which can flow within the interconnect without any damage ?

o —‘ I‘HTEFCOHHECT

2.6 Add the appropriate layers to create the biggest MOS you can create with the following structure.
What is the MOS size ?

Find the maximum current which can flow within this MOS without any damage.

2.7 Consider a sample of silicon (at room temperature) doped pType with a boron density around 10'® cm’
3
Find The number of minority carrier in this ptype sample.

Anw: Np=2.2 10* cm™

2.8 For each transistor NMOS and PMOS show the drain and the source.
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out

2.9 Considering each transistor as a perfect switch, find all the combination allowing the connection

between X and Y.

1 x

I

O.

Anw: [ABCD]=[1000], [1010], [1110], [0110], [0010]
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The MOS
modeling

This chapter introduces the CMOS transistor modeling. The static characteristics of n-channel and p-channel
MOS devices are shown, with details on the maximum current and its relationship with the sizing, the
threshold voltage and various 2™ order effects. Three generations of MOS device models are introduced.
Firstly, the original MOS model 1 is presented, as it was proposed in the early versions of SPICE simulator
developed by the University of Berkeley, California. We demonstrate the inaccuracies of this model.
Secondly, we introduce the semi-empirical model 3, which is still in use for MOS device simulation with a
channel length greater than 1pm. Thirdly, we present a simplified version of the BSMI4 models, developed
by the University of Berkeley for MOS devices with channel length down to 90nm.

Details on model parameters are provided for all models. The effects of temperature on the MOS
performances are then presented. Finally, the three different MOS that may be found in 0.12pm are

introduced: low threshold voltage, high speed and high voltage.

Introduction to modeling

Modeling the MOS device consists in writing a set of equations that link voltages and currents, in order to
simulate and predict the behavior of the single device [Shockley] and consequently the behavior of a
complete circuit. A considerable research and development effort has been dedicated in the past years to
modeling MOS devices in an accurate way. Many books have been published over the years about the
semiconductor physics and semiconductor device modeling. The most common references are [Tsividis],
[Sze], [Lee] and recently [Liu]. For MOS devices, one of the key objectives of the model is to evaluate the
current Ids which flows between the drain and the source, depending on the supply voltages Vd,Vg,Vs and
Vb.
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vd

Drain
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- ' H <« Vb Vs i Ids
D_i «4— Bulk
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Source
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Ids = f(Vd, Vg, Vs, Vb) (eq 3-1)
| Ids=f(vd,vs,vg,vg) |
Ids Ids 1ds (log)
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Varymg 88 Varying Vbs A |
Ion %—4—/—"
Vds / Varying Vbs
o loff J
1d of Vd 1dof Ve 1d of Vg (log)

Figure 3-1: Useful representations of the MOS device characteristics

From the equation (3-1), we may represent the variation of the current /ds versus voltages in three different
ways, as illustrated in figure 3-1. The graphs are usually called Id/Vd, 1d/Vg, and Id(log)/Vg. For simplicity's
sake, we consider that the voltage Vs is grounded.

In the 7d/Vd curve, the current Ids is plotted for varying gate voltage Vgs, from 0 to VDD. The parameter
Ion gives the maximum available current, corresponding to maximum voltage Vds and Vgs. lon is a very
important parameter for signal switching, for example in logic gates.

In the 1d/Vg curve, we extract the threshold voltage. In the previous chapter we observed the parasitic effects
due to this threshold. Analog design is much concerned by an accurate prediction of the threshold voltage.
Then, the curve Id(log)/Vg is convenient to illustrate the current /ds for small values of the gate control. One
of the most important parameters is the loff current, when Vg=0, that has a direct impact on standby power

consumption.

A second objective of MOS models is to estimate the value of parasitic capacitances, mainly Cgs, Cgd and
Cgb (Figure 3-2). Those capacitance prove to vary with the voltage Vs, Vd, Vg and Vb. Although not
considered in the static simulations /d/Vd and Id/Vg, the variation of the capacitance must be computed at

each iteration of the analog simulation, for accurate prediction of the switching delay.

Cgs = f1(Vd Vg Vs, Vb) (eq 3-2)
Cgd = f,(Vd, Vg Vs, Vb) (eq 3-3)
Cgb = f3(Vd, Vg, Vs, Vb) (eq 3-4)
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Source Drain
Gate

Cgs
& Cgd

>\\< 7
_/:

Cgb

\‘

P- substrate

Figure 3-2: Capacitance between the gate and the source, drain, or substrate

A long list of MOS models have been developed for analog simulators. We choose to implement in
Microwind2 three of those: the model 1, the model 3 and the model BSIM4. Details on those three models

and their physical basis are provided in the next paragraphs.

The complete set of parameters for a given technology is called the model card. The procedure to build an
accurate MOS model is quite complex, as it is based on a large set of measurements and sophisticated
optimization procedures. The experimental data concerning a MOS device with large width and large length
is used first, to fix basic parameters. Then the MOS model is tuned for small channel device measurements,

and then for several sizes.

MOS Model 1

Equations

Historically, the MOS model 1 was the first to be proposed by Shockley, in 1952 [Shockley]. The equations
of the MOS level 1 are provided in the next paragraphs. The evaluation of the current Ids between the drain
and the source as a function of Vd, Vg and Vs is summarized in equations 3-5,3-6 and 3-7. The model
parameters appearing in the user interface of Microwind2 are written using COURRIER font. The device

operation is divided into three regions: cut-off, linear and saturated.
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Ids .
Equation 3-7

A Linear
Vds<vgs-vt Saturated
Vds>vgs-vt

Equation 3-6 would
do this

Cutt-off

/Vgs< Vt (Eq. 3-5)
>

Vds

Figure 3-3: Two main domains are considered in the model: the linear area and the saturated area.

IF V<0, the device is in cut-off mode.

Ids=0 (3-9)

IF V4<V,s-VTO, the device is in linear mode

V 2
Ids = UO Eob (( —vt).V, — % )) (3-6)
IF qu>Vgg-VTO the device is in saturated mode:
Ids =uo-20%r_ Tox ( —vt)’ (3-7)
With:
vt=VTO+GAMMA(\/(PHI—vbS)—\/PHI) (3-8)

go=8.85 10"'? F/m is the absolute permittivity

g, = relative permittivity, equal to 3.9 in the case of SiO2 (no unit)

Mos Model 1 parameters

Parameter Definition Typical Value 0.12pm
NMOS PMOS

VTO Theshold voltage 0.4V -0.4V

U0 Carrier mobility 0.06m”/V-s 0.02m*/V-s

TOX Gate oxide thickness 2nm 2nm

PHI Surface potential at strong inversion 0.3V 0.3V

GAMMA Bulk threshold parameter 0.4 V*? 0.4 V>

) MOS channel width lum lpum

L MOS channel length 0.12um 0.12pum

Table 3-1: Parameters of MOS level I implemented into Microwind2
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Implementation in Microwind

The static characteristics of the MOS model 1 may be obtained using the command Simulate — Mos

characteristics available in the main menu of Microwind.

Compile  Analysis  Help

= Run simulation ... 4
IUsing model... k
Simulation on Layout

With crosstalk
Simulation parameters...
|V exposure to discharge float. gates

E MOS characteristics
,ﬂ 20 vertical cross-section

ﬂ. Process steps in 3D
Figure 3-4: Access to the static MOS characteristics

™ Nmos Width=10.020, Length=0.120 pm (167x2 lambda)

Idvs. Vd Ild vs_\fg] log(id) vs. Vg ] Threshold vo\tage] Capacwtance] LEVEHI Levelﬂ BSIM4]
S
‘ 120 VT 0.40 =l
NN e
350 st uo |
‘ / Tox  [pooo E
30.0
‘ / PHI 0.20 ﬁ
250 /] cama 040
‘ / 100
00 T e
T
15.T ///
o ////,n"‘“”' 0807 Tempc [27.00 2]
vd Vg Vs Vb
50 < I
0560 { { El I
0.0 000 ][
0.00 0.20 0.40 0.60 0.80 1.00 ELE AN
vas
E|E| vefomoto[120  Forvafomoto[120 stepve. [020 @[ M
o OK | [éDraw ‘ L‘%F\t |MOS size j “UW‘EEKEDE j 40 Nmos| <€ Pmos

Figure 3-5: The screen used to simulate the static characteristics of the MOS with model 1 within

Microwind?2

In the top right part of the window, select the item "Level 1". The variation of Ids versus the voltage Vds, for
varying gate voltage Vgs, is shown by default. The device width is 10um by default, the channel length is
0.12pm. The parameters VTO, U0, TOX, PHI and GAMMA are listed in the right part of the window.
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Mismatch between simulation and measurements
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Figure 3-6: The model 1 predict a current 5 times higher than the measurement in the case of a large

channel MOS device (L=10um).

These old equations (1968, in [Shichman]) are not acceptable in 0.12um. If we consider MOS devices with
very long lengths (L>10um), the mismatch between the simulation and the measurement is of the order of a
factor of five. Let us compare the simulation and the measurement, for a device with a width W=10um, and
a long channel length L=10pm, fabricated in 0.12pm CMOS technology, as presented in figure 3-6. The
measurement NelOx10.MES was downloaded using the button Load Measurement. This measurement
corresponds to an n-channel MOS device with a 10pm channel width and 10um length, fabricated in CMOS

0.12um from ST-microelectronics.
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Figure 3-7: Comparing measured 1d/Vd and level 1 simulations for a 10x10um device result in a surprising

similarity (NelOx10.MES).

Initially, the simulation and measurement do not correspond at all. The mobility UO needs to be decreased
from its initial value 0.06 down to 0.01. The curves are fitted at the price of an unrealistic change in the
mobility parameter.

When dealing with sub-micron technology, the current predicted by model "Level 1" is several times higher
than the real-case measurements. This means that several parasitic effects appeared with the technology
scale down, most of them tending to reduce the effective current compared to the early modeling equations

of model 1.

MOS Model 3

For the evaluation of the current Ids as a function of Vd, Vg and Vs between drain and source, we commonly
use the following equations, close to SPICE model 3 formulations. The formulations are derived from model

1 and take into account a set of physical limitations in a semi-empirical way.
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Model 1 would do this
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/ Ves<Vt
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Figure 3-8: Introduction of the saturation voltage VdSat which truncates the equations issued from

model 1

One of the most important change is the introduction of Vds,r, a saturation voltage from which the current

saturates and do not rise as the LEVEL1 model would do. This saturation effect is significant for small

channel length. The main LEVEL3 equations are listed below.

CUT-OFF MODE. Vgs<0
Ids=0 (3-9)

NORMAL MODE. Vgs>Von

Ids = Keff —— (1 + kAPPA. Vds) Vde((Vas — Vi) - L2 )
Leff 2

with

Von =1.2Vth
Vih = VTO + GAMMA(/PHI — Vbs —+/PHI)
Vde = min(Vds,Vdsat)

Vdsat = Ve +Vsat = Ve’ +Vsat’

Vdsat = Vgs - Vth

Ve = VMAX%

0.06
Leff =L-2LD
3-8

(3-10)
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The formulation of the effective factor Keff' (Equation 3-11) includes a mobility degradation factor THETA,

which tends to reduce the mobility at high Vgs. The consequence is a reduction of the current Ids as

compared to LEVELL.

€, uo
TOX (I+THETA(vEs - vth))

(3-11)

Keff

In sub-threshold mode, that is for a gate voltage less than the threshold voltage, Vds is replaced by Von in
the above equations. An exponential dependence of the current with Vgs is introduced by using the equation
3-12. Notice the temperature effect introduced in the denominator nkT.

Without any voltage applied to the gate, the current is no more equal to zero. The current of Ids for Vgs=0 is
called the Joff current (Figure 3-9). Its value in 0.12pm is around 107" A. In contrast, for Vgs=VDD, the

maximum current /on is of the order of several mA (10'3 A).

Vas -Von
Ids = Ids(Von, Vds)exp(M) (3-12)
nkT
Ids (log)
Von Ion
A Subthreshold \
s<VTO,
103 (Vg ) !
Above threshold
10° model 3 (Vgs>VTO)
does /
this /I
| \ Model 1 would do this
107 ,/
|
/ :
107 Toff | Vgs
"""

>

VTO VDD

Figure 3-9: Introduction of an exponential law to model the sub-threshold behavior of the current

TEMPERATURE EFFECTS

The MOS device is sensitive to temperature. Three main parameters are concerned: the threshold voltage
VTO, the mobility U0 and the slope in sub-threshold mode dependent on k7/g. Both VTO and U0 decrease

when the temperature increases . The physical background is the degradation of the mobility of electrons
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and holes when the temperature increase, due to a higher atomic volume of the crystal underneath the gate,

and consequently less space for the current carriers. The modeling of the temperature effect is as follows:

T+273 5
U0 = U0, 27)( ) (eq. 3-13)
VT = V047, — 0.002(T —300) (eq. 3-14)
| [é E> E> Forvbfrom 0to:[0 E> l_ I E> Tempc [7.00 2]
ldvs. vd Idvs. Vg ]Iog id) vs. Vg] L!E Fit \W=10.02(
Modify
Mos Select 1d/Vg Only one curve Ask for memory temperature
characteristics (Vb=0) effect
lsmay [
4 n
3 5
3 ” For this Vgs, Ids is
I independent of the
temperature

T=167°C

oo 0.20 040

Figure 3-10 The effect of temperature on the MOS characteristics. In 1d/Vg mode, a specific Vds makes

the current independent of the temperature.

To obtain the curve of figure 3-10, click the icon MOS characteristics, select the curve Id/Vg, and enter the
value "0" for the upper limit of Vb, so as to draw only one single curve. Enable the screen memory mode by
a click on the icon Enable Memory. When you change the temperature, the change in the slope and the

temperature-independent point appear, as shown in figure 3-10.

Mos Model 3 parameters
Parameter Definition Typical Value 0.12pum
NMOS pMOS
VTO Theshold voltage of a long channel | 0.4V -0.4V
device, at zero Vbs.
) Carrier mobility 0.06 m*/V.s 0.025 m*/V.s
TOX Gate oxide thickness 3 nm 3nm
PHI Surface potential at strong inversion | 0.3V 0.3V
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LD Lateral diffusion into channel 0.01um 0.01lum
GAMMA Bulk threshold parameter 0.4V* 0.4 V>
KAPPA Saturation field factor 0.01 V' 0.01 V'
VMAX Maximum drift velocity 150Km/s 100Km/s
THETA Mobility degradation factor 03V 03V
NSS Substhreshold factor 0.07 V' 0.07 V'
W MOS channel width 0.5-20um 0.5-40um
L MOS channel length 0.12pm 0.12pum

Table 3-xxx: list of parameters used in the implementation of the LEVEL3 model in Microwind?2

Microwind User's Interface

You may understand the action of each parameter by using the screen reported in figure 3-11. Each

parameter may be changed interactively using cursors, or by entering with the keyboard the appropriate

value.

- Nmos Width=10.020, Length=0.120 pm (167x2 lambda) = [=11E3]
Idvs.Vd | iavs vg | log(id)vs Vg | Thresnold voltage | Capacitance | Level1 {Levei3 | asis |
Ids(mA] a
. — V1O 040 2
105 s a
100 [ I e LD 0.00 =
05 7 un 0.060 §|
g g I TOX 2000 =2

Ji N
? g / 100 PHI CET
o ff /fW cauma [oa0 &
: ; 7 KaPPA  [005 2
55 j/’f THETA [os0 4
50
s f/fi . 080 | yiax  [r2000 2
40 ~
el 11 7 nss  [oos 24
i
25 z}{// Temp'c [2700 2]
f g i 060 vd Vg Vs Vb
98 ﬁ? / = = = =
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00 ooo )|

0.00 020 0.40 0.50 080 100 : L
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E|E| vifom0t:[120  Forvgfiom0to:[120 stepva: [020 @[ M
OK Draw Fit MOS size - | |low leakage «| 1€ Nmos| < Pmos
e i 108 si low leak

Fig. 3-11. The user interface to investigate the effect of each parameter on the current Ids (W=10um,
L=0.12um)

Several screens may be proposed:
e Idvs. Vd, for varying Vg. This is the default screen. Its main interest is the characterization of the

Ion current, the maximum current available in the device, for Vd and Vg set to VDD.

1d vs. Vg, for varying Vb. In this screen, the threshold voltage V¢ (VTO) is characterized, as well as

its dependence on the bulk polarization.

Id vs. Vg, in logarithmic scale. This screen is mandatory to characterize the MOS device in sub-

threshold mode, that is for Vgs<Vt. Two of the important parameters are the slope of the current vs.
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Vgs, and the loff current. The /off current is the standby current appearing between drain and source
for Vgs=0.

e Threshold voltage V't vs. Length. This screen has been added to illustrate advances in the modeling
of deep-submicron effects. With LEVEL 3, V't is constant for varying length, but is impacted by the
bulk voltage.

e Capacitance vs. Vds. This screen illustrates the variation of Cgs and Cgd versus the drain-source

voltage.

Current versus drain-source voltage

Using the display mode Id vs. Vd, you may see the effect of parameters U0, TOX, KAPPA and VMAX.
Basically, the carrier mobility U0 moves the whole curve, as it impacts the current /ds in an almost linear
way. As UO is nearly a physical constant, a significant change of mobility has no physical meaning. The

oxide thickness TOX does the same but in an opposite way.

1gs(may— U0 and TOX modify
1.0 the whole curve L

10.5
" f— gt
10.0 ==t

95

9.0 ‘;{
85

8.0 }1
Adjust S e AR

VMAX tofix &
this point 6.0 1/

Ke—

| ¥

|
C

[ Adjust KAPPA to
change the slope

=

G ¥ 080

-~
[=]
Iy
Y
1

G Ji 0.60_|

0.0 0.00

0.00 0.20 0.40 0.60 080 1.00
vas

Fig. 3-12. Demonstration of the role of U0, KAPPA and VMAX in 1d./Vd (W=10um, L=0.12um)

A TOX increase leads to a less efficient device, with less current. KAPPA changes the slope of the current
when Vds is high, corresponding to the saturation region. Finally, VMAX truncates the curves for low values

of Vds, to fit the transition point between the linear and the saturated region (Figure 3-12).

Current versus gate voltage
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The role of VTO and GAMMA can be observed in the figure 3-13, using the display mode Id vs. Vg. If we use
a long channel device, that is a length much greater than the minimum length, the second order effects are
minimized. Act on VTO cursors in order to shift the curves right or left, and GAMMA to fit the spacing

between curves. Parameters U0 and TOX also have a direct impact on the slope for high Vgs.

Ids(mA) | | |
40 THETA used to account for
mobility saturation ;E ;
35
3.0 A

A7
20 GAMMA / /;ﬁ///{(
& :,/:.//////
o +/ */:i////--h—ono
i
| A AL

0.00 0.20 0.40 0.60 0.80
vgs

Fig. 3-13. The effects of VTO and GAMMA are illustrated in 1d/Vg mode voltage (W=10um, L=0.12um)

Now we focus on a short channel MOS device, for example W=2pm, L=0.12pm. Using the same display
mode Id vs. Vg, we obtain similar curves as for long-channel device. We observe that the shape of the
current is bent. This modification is due to short channel parasitic effects. The parameter THETA is used to
bend the current curves at high Vgs. The MOS model 3 do not provide parameters to account for the VTO

dependence with length.

Current vs Vg in logarithmic scale

We finally illustrate the role of NSS in the display mode Id(log)/Vg (Figure 3-14). The parameter NSS has a

direct impact on the slope in sub-threshold mode, that is for Vgs<Vz.
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Figure 3-14. In sub-threshold region, the Id dependence on Vgs is exponential. The slope is tuned by
parameter NSS. The whole curve is shifted using VTO voltage (W=10um, L=0.12um)

Capacitance vs. Vds

Source Drain
Gate

Cgs

—— Cdb
Csb

P- substrate

Figure 3-15: The MOS capacitance considered in MOS model 3

The five main capacitors considered in our implementation of MOS model 3 are the gate to bulk capacitance
Cgb, the gate to source capacitance Cgs, the gate-to-drain capacitance Cgd, the junction capacitance

between source and bulk Csb and the junction capacitance between drain and bulk Cdb.
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Figure 3-16: The evolution of MOS capacitance with the drain voltage (W=10um, L=0.12um)

The variation of the capacitance must be computed at each iteration of the analog simulation, for accurate
prediction of the switching delay. In our implementation of MOS level 3, we use the following model, based

on the formulations given in [Fjedly]. The parameter V4, Was given by equation 3-10.

2
2 Ve =V, =V
CGS — _Ci 1 _( GS t dsat ) (3_15)
3 2(VGS - Vt) - Vdsat
2
V.-V,
Cep =2Ci 1—[ R J (3-16)
3 2(I/vGS - I/vt) - Vdsat
C.y =0 (3-17)
with
ci =m0 (3-18)
TOX

W = width of the MOS device (m)
L =length of the MOS device (m)

TOX = oxide thickness (m)

The two remaining capacitance Cpp and Cgp are junction capacitance. Their model is given by equations 3-

19 and 3-20.

C,=WrL, — I _ (3-19)

*“drain MJ
1- Vﬂ
PB
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Cy, =W.L cJ

“source MJ
1- @
PB

W is the channel width (m)

(3-20)

where

Lgrain 1s the drain length, according to figure 3-17 (m)
CJ is around 3x10e-4 F/m2
PB is the built-in potential of the junction (around 0.8V)

MJ is the grading coefficient of the junction (around 0.5)

Channel
length L
Location for

source junction
capacitance CSB

Location for Drain
junction \

capacitance CDB A 7

-

Channel
width W

* Drain
- length 24 - - - length

- Lsource - Ldrain

Figure 3-17: The junction capacitance for drain and source contributes significantly to the MOS

capacitance

4. The BSIM4 MOS Model

A family of models has been developed at the University of Berkeley for the accurate simulation of sub-
micron and deep submicron technologies. The Berkeley Short-channel IGFET Model (BSIM) exists in
several versions (BSIM1, BSIM2, BSIM3). The BSIM3v3 version, promoted by the Electronic Industries

Alliance (EIA) is an industry standard for deep-submicron device simulation [Eia].
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A new MOS model, called BSIM4 [Bsim4], was introduced in 2000. A simplified version of this model is
supported by Microwind2, and recommended for ultra-deep submicron technology simulation. The
complete details on BSIM4 are provided in the excellent book [Liu]. BSIM4 still considers the operating
regions described in MOS level 3 (linear for low Vds, saturated for high Vds, subthreshold for Vgs</F?), but
provides a perfect continuity between these regions. BSIM4 introduces a new region where the impact
ionization effect is dominant (Figure 3-18). In that region, Vds is very high, over the nominal supply voltage
VDD. One of the key features of BSIM4 is the use of one single equation to build the current, valid for all

operating modes. Smoothing functions ensure a nice continuity between operating domains.

Ids
A
! 1
! I
' ]
Linear ' : .
i | Impact ionization
(or triode) 1 | Sub
1 Saturated ! (Substrate current
i (Channel length i Induced Bofy Effect or
! modulation CLM) : SCBE)
! !
! I
! 1
! 1
! |
! |
! |
! I
; | _
: | >
0 Vds

VDD

Figure 3-18: The three regions considered in our simplified version of BSIM4

The number of parameters specified in the official release of BSIM4 is as high as 300. A significant portion
of these parameters is unused in our implementation. We concentrate on the most significant parameters, for

educational purposes. The set of parameters is reduced to around 30.
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Figure 3-19: Implementation of BSIM4 within Microwind2, based on [Liu]

Effective Channel Length and Width

Once fabricated, the physical length L.yand width W4 of the MOS device do not correspond exactly to the
initial length L and width W drawn using Microwind2 (Figure 3-20). The parameters LINT and WINT have

been introduced for that purpose, with equations 3-21 and 3-22.

Top view of the
MOS device
pk
N+
diffusion Channel
> length L ¢ Gate
2///
Cross section of ~
the MOS device Lot
—>
LINT

Figure 3-20: Illustration of the effective channel length Leff
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Leff = L—2.LINT (3-21)
Weff =W — 2 WINT (3-22)

Surface potential and junction depth

The surface potential ®s and junction depth are basic parameters taken into account in the evaluation of the

threshold voltage and the global current. The surface potential ®s is defined by equation 3-23.

O =04+t ln(NDI_EP) (3-23)
ni

where vt the thermal voltage given by equation 3-24, NDEP is the channel doping concentration for zero
body bias (Around 10”em™ in practice), and ni is the intrinsic carrier concentration of silicon
(ni=1.02x10"cm™ at 300°K). Consequently, the surface potential ®s in deep-submicron CMOS process is
around 0.85V.

The thermal voltage is

kT
q

kp = Boldzmann constant = 1.38 x 10" J/K

vt (3-24)

T = temperature (300°K by default)
¢q = Electronic charge = 1.60 x 10™"° C

The built-in voltage of the source/drain junctions is given by equation 3-25.

V, = vu i NDEPSD
ni

) (3-25)

where vt the thermal voltage given by equation 3-24, NDEP is the channel doping concentration for zero
body bias (Around 10""cm™ in practice), NSD is the source/drain doping concentration (Around 10*cm™ in
practice), and i is the intrinsic carrier concentration of silicon (ni=1.02x10"°cm™ at 300°K). Consequently,

the built-in voltage V'bi in deep-submicron CMOS process is around 1.0V.

The depletion depth Xdep is computed by equation 3-26. It corresponds to the thickness of the region near

the N+/P- junction interfaces, as illustrated in figure 3-21.

2, ,.£,(D, Vb
Xdep :\/ Epsi 80( s S) (3-26)

q.NDEP
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where & is the dielectric constant of silicon (11.7) g is the permittivity in vacuum (8.854x10™2F/m), ®s is
the surface potential given by equation 3-23, NDEP is the channel doping concentration for zero body bias,
¢ is the electronic charge (1.60 x 107 C), and vbs is the bulk-source potential. The typical value of Xdep is
0.5pum (Figure 3-21).

Gate
N+
diffusion <
_Q\/‘y K
Depletion Xdep
layer

Figure 3-21: Illustration of the depletion depth Xdep

Threshold voltage

The main impact of the threshold voltage V¢ is the Joff parasitic current, that exhibits an exponential
dependence with 7/Vt. A high threshold voltage V't leads to a small Joff current, at the price of a low lon
current. Low threshold MOS devices consume a very high standby current, which impacts the power
consumption of the whole circuit. An accurate prediction of the threshold voltage is a key issue for low

power integrated circuit design. The general equation of the threshold voltage is presented in equation 3-27.

vth=VTHO+ K1./(®, —Vbs —[®,) = K2Vbs+ AVigy + AViyy,, +AVipy — (3-27)

where VTHO is the long channel threshold voltage at V'bs=0 (Around 0.5V), K1 is the first order body bias
coefficient (0.5 V'), ®s is the surface potential given by equation 3-23, Vbs is the bulk-source voltage, K2
is the second order body bias coefficient, AVtscg is the short channel effect (SCE <gloss>) on V¢ (Detailed
in equation 3-28), AVtyyrp is the non-uniform lateral doping effect (NULD <gloss>) explained in equation
3-29, and AVtpp is the drain-induced barrier lowering (DIBL <gloss>) effect of short channel on V¢

(Detailed in equation 3-30).

Short channel effect

The threshold voltage is not the same for all MOS devices. There is a complex dependence between the
threshold voltage and the effective length of the channel. For small channel, the threshold value tends to

decrease. The equation 3-28 is proposed, based on an hyperbolic cosine function.

AVtge, =— 0.5.DVT0 Vbi—-D,) (3-28)

cosh(DVT1 .LZ?[ -1)
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where DVTO is the first coefficient of short-channel effect on the threshold voltage (2.2 by default), DVT1 is
the second coefficient of short-channel effect on the threshold voltage (0.53 by default), Leff is the effective
channel length given in equation 3-21, and It is the characteristic length, approximated in our
implementation to 1/4 of the minimum channel length (0.03 um for a 0.12pm ), Vbi is defined in equation 3-

25, and ®@s is the surface potential given by equation 3-23.
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ﬁ“\’JD 0.06 012 o018 024 030 0.36 042 0.48 0.54 U'ﬁ\ﬁﬂ 0.06 012 018 0.24 030 0.36 042 0.48 0.54
length 1ength
(a) No short channel effect (models 1&3) (b) Short channel effect on Vt (Bsim4)

Fig. 3-22: Short channel effect (SCE) on the threshold voltage

The illustration of the effect of AVtgcg is proposed in figure 3-22. Without taking into account the short-
channel effect, the threshold voltage is only dependent on Vbs. It can be seen that V't increases when Vbs
decreases. There is no dependence on the length. When we add the contribution of the short-channel effect

expressed by equation 3-28, the threshold voltage is decreased significantly for small length values.

Non-uniform lateral doping

The lateral drain diffusion (LDD) is a technique introduced in recent technologies to reduce the peak
channel fields in the MOS channel. The location for high-field parasitic effects is illustrated in the process
section of figure 3-23 (a).
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Fig. 3-23: Effect of non-uniform lateral doping on the threshold dependence with the channel length

In the cross-section of figure 3-23 (b), the doping concentration at the corner of the gate is reduced thanks to
a lightly doped N-type implantation. The Si3N4 spacer is grown over the gate before the N+ highly doped
implantation is performed. Consequently, the high-filed effects are moderated. Unfortunately, the threshold
voltage exhibits a complex dependence on the channel length, as illustrated in figure 3-23 (d), compared to
(c). For a decreasing length, the threshold voltage tends to increase first (due to AVtyuLp), before decreasing
rapidly due to the short channel effect AVtgcg described in formula 3-28.

A simple formulation of the non-uniform lateral doping is AVtyyrp given below:

~1) D, (3-29)

Drain induced barrier lowering
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When we apply a positive voltage on the drain of a long-channel n-MOS device, we observe no significant
change in the value of V'z. When we do the same for a short-channel n-MOS device, we observe a decrease
of the threshold voltage. The physical origin of DIBL is the increase of the depletion layer due to a high

value of Vds that reduces the equivalent channel length, and consequently decreases the threshold voltage

[Liu].
Vsource=0 Low drain voltage Vsource=0 High drain voltage
Vdrain =0.1V Vdrain =1V
Vgate=0.5V Vgate=0.5V
N+ b= 5= N+ L=5=
diffusion g diffusion =
Channel of Channel of

clectrons

Depletion Xdep clectrons
layer Depletion
Layer increase
due to high Vd
Vt= 04V Vt=0.35V

Fig. 3-24: lllustration of the depletion depth Xdep
AVt =—0.5.ETA0Vds (3-30)

A simplified model of the DIBL effect on the threshold voltage is proposed in equation 3-30. The parameter
ETAQ is the DIBL coefficient in sub-threshold region (default value 0.08), and Vds is the drain-source

voltage.

Mobility

In this paragraph, we introduce the formulations for mobility of channel carriers. The generic parameter is
U0, the mobility of electrons and holes. The effective mobility p.gris reduced due to several effects: the bulk
polarization, and the gate voltage. The equation implemented in Microwind?2 is one of the mobility models

proposed in BSIM4 (Equation 3-31).

U0
+2(VITHO-V,, —¢._)

TOXE

Moy = (3-31)
K vgsteff

1+ (UA+UCV, )( )

where

U0 is the low field mobility, in m?/V-s. Its default value is around 0.06 for n-channel MOS and 0.025 for p-
channel MOS.

UA is the first order mobility degradation coefficient, in m/V. Its default value is around 10°"°.

UC is the body-effect coefficient of mobility degradation, in m/V? Its default value is -0.045x10™"%.
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VFB is the flat band voltage, in V. It is computed using equation 3-32, where ®g is derived from equation 3-

23. Its value is around 0.8V.
Vg =VIO—®P, —K1,/D, (3-32)

TOXE is the oxide thickness, in m. A typical value for TOXE in 0.12pm is 2nm (2. 10°m).
Vs s the voltage difference between the bulk and the source (V).

EU is a coefficient equal to 1.67 for n-channel MOS, and 1.0 for p-channel MOS.

The parameter V.;is a smoothing function, to ensure continuity between the subthreshold region and the

linear region.
nvtin(l+ exp(M)
Vgst,; = max(VOFF, n.v ) (3-33)
I + HBXP(M)
n.vt
n=1+NFACTOR (3-34)

A specific parameter VOFF is introduced to account for a specific effect appearing in short-channel device
when Vgs is negative. Conventional models predict that the current decrease with an exponential law down
to zero with decreasing Vgs. For Vgs<0, Ids is supposed to be 0.

Ids (Lo
Log) Ids above VTO
A

107 Ids below
Measurements VTO P

10°°

With VOFF,
current keeps A\

above a limit hfﬂ\

\ 4

VOFF VTO Vs

/S~—__ Without VOFF, the
current would continue
to decrease

Figure 3-25: Illustration of the gate-induced drain leakage GIDL) for negative Vgs

In reality, Ids stops decreasing near zero Vgs, and then tends to increase with negative Vgs (Figure 3-25).

This effect is called gate-induced drain leakage (GIDL). Consequently, the leakage current /off can be
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significant when Vgs is negative (Quite frequent in logic cells). The VOFF parameter stops the Ids at a
certain value, a simplified version of the BSIM4 modeling of the so-called gate-induced leakage current

(More info may be found in [Liu]).
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Figure 3-26: Illustration of the effects of IOFF and NFACTOR in sub-threshold mode

The parameter NFACTOR is usually close to 1, meaning that 7 is close from 2 (Equation 3-34). The effect on

NFACTOR is illustrated in the display mode Id. vs. Vg, in logarithmic scale, as illustrated in figure 3-26.

Esat =2 VS;; (3-39)
ue
Vdsat = Esat.L (Vgsteff +2.v) (3-36)
(Esat.L + VgstEff + 2.vt)

Again, VdsEff'is defined so as to smooth the evolution from Vds to the saturation voltage Vdsat (Equation 3-
37). The parameter DELTA is fixed to 0.01. The effect of DELTA is shown in figure 3-27. With a small
value of DELTA (0.001 for example), the transition between linear and saturated region leads to a
discontinuity. Experimental measurements show a gradual transition, that is well approximated when

DELTA=0.01. A higher value of DELTA would lead to an Ids curve significantly lower than measurements.

Vdseff = Vdssat —0.5(Vdsat —Vds —6 + \/(Vdsat —Vds -8 )° +468.Vdsat (3-37)
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Figure 3-27: The smoothing function between linear and saturated regions can be modulated by DELTA.
In Microwind2, DELTA is fixed to 0.01.

Current Ids

The current Ids is computed using one single equation, as described below.

Ap iV gserr V iser
1ds0 =" gy £ Vg (1~ BV ) el (3-38)
Leff TOXE ‘ 2V gstep +4-V0) 1+ Viaser )
€ sat Leff

In our implementation of BSIM4 in Microwind, the parameter Abulk is fixed to 1. The final current I/ds used

in analog simulation is computed by equation 3-39:

VASAT +V

vV, =V, .
Ids :]ds0(1+( s ~Vaar) )(1+ ! In( AL )) (3-39)

ascbe C clm VASA T

Two new terms appear after /ds0. The second term of the current equation accounts for impact ionization. It
corresponds to a parasitic current at very high Vds, created by hot electrons and generating supplementary
pairs or electrons and holes, when hitting the drain region after acquiring a high energy level inside the
device channel. The parameter V.. is a voltage below which the impact ionization becomes significant. If
Vaseve 18 large, Ids is almost equal to Ids(, meaning that there is no impact ionization effect. If V. 1s small,

the shape of Ids is changed for high Vds, as illustrated in figure 3-28.
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Figure 3-28: Effect of impact ionization at large Vds (W=10um, L=0.12um).

Two parameters affect the shape of the ionization current : PSCBE1 and PSCBE2. The first parameter can

be changed interactively on the screen. The voltage V. is determined thanks to the following equations:

. .
Vo =L exp(pscBEl— 1L (3-40)
: PSCBE2 Vs =Vaser )

with

& .
Litl = /XJLTOXE (3-41)
grsiOZ

XJ is the source/drain junction depth, around 0.1pm (10m)
TOXE is the oxide thickness, in m (Around 3nm in 0.12pm)
&= relative permittivity of silicon (11.7)

& 0= relative permittivity of silicon oxide (3.9)

The third term of equation 3-39 accounts for the channel length modulation. An illustration of this
phenomenon is provided in figure 3-29. It represents the /ds increase with large Vds. Graphically, Vcpa is
equivalent to an Early voltage, i.e. the value for which the Ids slope would cross the horizontal axis for
negative Vds. For long channel devices (L=1um for example), the effect of channel length modulation effect
is small, so Vyczy has a very high value (10V). For very short channels (0.12pum in the case of figure 3-30),

a significant channel length modulation effect is observed, and Vcz),is small.
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Figure 3-29: The channel length modulation is significant for short channel devices, and corresponds to

the Ids increase at high Vds.

Only one new parameter, PCLM, is introduced in the equations. The parameters Vg7 and Vcpy are
detailed below. The original equations from BSIM4 have been significantly simplified, and some fitting

parameters have been ignored. See [Liu] for a description and relevant comments about the original

equations.
1 Vdsat
Cclm = . (Zejf + ) (3'42)
PCIM Il &,
Viem =Coun Vg — Vdsejf') (3-43)
A,V
Visar = € oy +Vpssa 1= P BE ) (3-44)
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Figure 3-30: The channel length modulation effect is significant for short channel devices in 0.12um
technology
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Temperature Effects

Three main parameters are concerned by the sensitivity to temperature: the threshold voltage VTO, the
mobility U0 and the slope in sub-threshold mode. Both VTO and UO decrease when the temperature
increases. The modeling of the temperature effect in BSIM4 is as follows. In Microwind2, TNOM is fixed to
300°K, equivalent to 27°C. UTE is negative, and set to -1.8 in 0.12um CMOS technology, while KT1 is set
to -0.06 by default.

T+273
U0=U0;_,;,(——)"" 3-45
- TNOM ) (-4
T +273
VT =VT0;_y + KTI(————1) (3-46)

TNOM

A higher temperature leads to a reduced mobility, as UTE is negative. Consequently, at a higher
temperature, the current Ids is lowered. This trend is clearly illustrated in figure 3-31. The reduction of the

maximum current is 40% between -30°C and 100°C.
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Figure 3-31: The effect of temperature on the peak Ids current, showing a degradation of current with

rising temperature

For a short channel n-channel MOS device (L=0.12um), the result of the parametric analysis illustrates the
same trend (Figure 3-33).The parametric analysis is conducted as follows: the layout
MosTemperature.MSK is loaded first. The MOS is polarized with a gate always on, the drain at VSS, and
the source at VDD. The parametric analysis is launched. In the new window, select the temperature (Upper
menu) and the maximum current (Lower menu). We observe in figure 3-33 a significant decrease of the Ion
current with the temperature.
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Figure 3-32: Configuring Microwind to display the variations of Ids vs. temperature
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Figure 3-33: The parametric analysis reveals an important decrease of the maximum current lds with

temperature (MosTemperature. MSK)

Meanwhile, in an opposite trend, the threshold voltage is decreased, as KT1 is negative (Figure 3-34).

Therefore, there exists a remarkable operating point where the Ids current is almost constant and

independent of temperature variation. In 0.12um CMOS, the Vds voltage with zero temperature coefficient

(ZTC) <Gloss> is around 0.9V, as shown in figure 3-34.
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Figure 3-34: The effect of temperature on the Ids current, showing a zero temperature coefficient (ZTC)

operating point

o.oo 0.z0 0.40 0.60 0.80 1

Figure 3-35 The effect of temperature on the MOS characteristics.

In the sub-threshold region, the impact of temperature is extremely important, as demonstrated in figure 3-
35. At low temperature the current /ds decreased rapidly down to 10nA, corresponding to a small off
leakage current. In contrast, at high temperature, not only the threshold voltage is reduced but the sub-

threshold slope is flattened, which means an exponential increase of the /off leakage current (figure 3-35).
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Parameter | Description NMOS value | NMOS Name in RUL
in 0.12pm value in | file
0.12pm

DVTO First coefficient of short-channel effect on | 2.2 2.2 B4DOVT
threshold voltage

DVT1 Second coefficient of short-channel effect | 0.53 0.53 B4D1VT
on Vth

ETAQ Drain induced barrier lowering coefficient | 0.08 0.08 B4ETAO

LINT Channel-length offset parameter 0.01°-6pum 0.01°-6pm | B4LINT

LPEO Lateral non-uniform doping parameter at | 2.3°-10 2.3°-10 B4LPE
Vbs =0

NFACTOR | Sub-threshold turn-on swing factor. |1 1 B4NFACTOR
Controls the exponential increase of
current with Vgs.

PSCBE1 First substrate current induced body-effect | 4.24e8 V/m 4.24¢8 V/m | BAPSCBELI
mobility reduction

PSCBE2 Second substrate current induced body- |4.24e8 V/m 4.24¢8 V/m | B4PSCBE2
effect mobility reduction

K1 First-order body bias coefficient 0.45V1/2 0.45V1/2 |B4Kl1

K2 Second-order body bias coefficient 0.1 0.1 B4K2

KT1 Temperature coefficient of the threshold | -0.06V -0.06V B4KTI
voltage.

NDEP Channel doping concentration 1.7°17 cm-3 1.7°17 cm-3 | BANDEP

PCLM Parameter for channel length modulation | 1.2 1.2 B4PCLM

TOX Gate oxide thickness 100nm 100nm B4TOX

UA Coefficient of first-order —mobility | 11.0e-15m/V | 11.0e-15 B4UA
degradation due to vertical field m/V

uc Coefficient of mobility degradation due to | -0.04650e-15 | -0.04650e- | B4UC
body-bias effect V-1 15 V-1

U0 Low-field mobility 0.060 m2/Vs 0.025 B4U0O

m2/Vs

UTE Temperature coefficient for the zero-field | -1.8 -1.8 B4UTE
mobility UOQ.

VFB Flat-band voltage -0.9 -0.9 B4VFB

VOFF Offset voltage in subthreshold region. -0.08V -0.08V B4VOFF

VSAT Saturation velocity 8.0e4 m/s 8.0e4 m/s | BAVSAT

VTHO Long channel threshold voltage at Vbs =| 0.3V 0.3V B4VTHO
ov

WINT Channel-width offset parameter 0.01°-6um 0.01°-6um | BAWINT

XJ Source/Drain junction depth 1.5°-7m 1.5°-7m B4XJ

Table 3-4 List of user-accessible parameters in the BSIM4 implementation in Microwind.

5. Specific MOS devices

New kinds of MOS devices have been introduced in deep submicron technologies, starting the 0.18um

CMOS process generation. These MOS devices have specific characteristics which are described in this

section.

Low leakage MOS
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The main objective of the low leakage MOS is to reduce the loff current significantly, that is the small
current that flows between drain and source with a zero gate voltage. The price to pay is a reduced Ion
current. The designer has the possibility to use high speed MOS devices, which have high /loff leakages but
large Jon drive currents. The symbols of the low leakage MOS and the high speed MOS are given in figure
3-36.

_______

w=10u s o W=1.0u
L=0.12y a L=0.12u

" ths_nmos

Standard nMOS: low leakage High speed nMOS: low Vt, small L

Figure 3-36: The low leakage MOS symbol (left) and the high speed MOS symbol (right)
(MosOptions.SCH)

lds(A) | ‘

Ton=550pA b3 Ton=800pA ———

i e f%

. S A
“_ ;:///////J/ //// Ioff around 100nA

i —— loff around InA 1c?

410, b=-0.20 b=-0.20

il ‘ |

Fig. 3-37: The low leakage MOS offers a low Ioff current (InA) but a reduced Ion current (550uA) as
compared to the high speed MOS

In figure 3-37, the low leakage MOS device (left side) has an /off current reduced nearly by a factor 100,
thanks to a higher threshold voltage (0.4V rather than 0.3V) and larger effective channel length (120nm)
compared to the high speed MOS (100nm, see figure 3-30). By default, the MOS device is in low leakage
option, to encourage low power design. The Jon difference is around 30%. This means that an high speed

MOS device is 30% faster than the low leakage MOS. Its use is justified in circuits where speed is critical.
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204
N+ gate 20A
diffusion oxide N+ gate

diffusion oxide

High substrate 4 < Low substrate 4 <—

doping

Effective channel doping
0.10pm Effective channel
0.12pm
High speed MOS Low leakage MOS

Fig. 3-38: Process section of the high speed (left) and low leakage (right) MOS devices

High speed MOS devices may be found in clock trees, data bus interfaces, central processing units, while
low leakage MOS are used whenever possible, for all nodes where a maximum switching speed is not

mandatory.
Mos options in Microwind

A specific layer, called option layer, is used to configure the MOS device option. The layer is situated in the
upper part of the palette of layers. The bird's view of the standard MOS is identical to the high speed MOS,
except for the added option layer which surrounds the MOS device. The p-channel MOS device includes an
option layer together with the n-well layer, as seen in figure 3-39.

] -~ - - High speed nMOS device

Low leakage nMOS (default) ‘
Option layer used to

configure the MOS option .. Navigator )

Device Ommnsl |r

: . o Mos options

: A ‘ [~ low leakage
[] - NW high speed
& i Py I~ high voltage
mitieE - - g 0

r
[~ Embedded DRAM
r

[~ Remove salicide
toincrease resistance

[~ Extract diode inside box

Low leakage pMOS (defautt) High speed pMOS || —Node Properties— &
CAPA(0.00fF)

Metal Capa:0.00fF

Crosstalk :0.00 fF

.Diffusion :0.00 fF
.Gate :0.00

~

Fig. 3-39: High speed and Low leakage MOS layout. The only difference is the option layer configured
for the low leakage option
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An "Ultra-high speed" MOS has been introduced, together with the 90nm technology. This MOS device has
a very narrow channel, nearly half of the technology, which increases significantly the Ion current at the

price of a very high Joff parasitic leakage current (Figure 3-40).

Ids (Log) High Ion current
A Ultra High speed MOS
3 \\
. 10 —
Ultra high — ,§/
speed Toff N

L ow leakaze MOS Low Ion current
-6
High speed 10 owleatage

Toff \ \\

Low leakage
Toff

High speed MOS

10

v

Ultra High speed VTO
High speed VTO

Vgs

Low leakage VTO

Fig. 3-40: Three types of MOS with different VTO threshold voltage are available in 90nm technology.

High Voltage MOS

Integrated circuits with low voltage internal supply and high voltage I/O interface are getting common in
deep sub-micron technology. The internal logic of the integrated circuit operates at very low voltage
(Typically 1.0V in 0.12um), while the I/O devices operate in standard voltages (2.5, 3.3 or 5V).

Figure 3-41 shows the evolution of the supply voltage with the technology generation. The internal supply
voltage is continuously decreasing. For compatibility reasons, the chip interface is kept at standard voltages,
depending on the target application. Consequently, the input/output structures work at high voltage thanks to
specific MOS devices with thick oxide called "High Voltage MOS", while the internal devices work at low

voltage for optimum performances.
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Power supply (V) U/U SupPy
0.6um 0.5um /
50 Emn ...... mr ﬁ 5V standard
1 Zum 0.8 /

40 -oum Mo.35

| (3 = %Ef\ (— 3.3V standard
3.0 0.25 i‘-

~0.18
& - 2.5V standard

2.0 -';"'0:'1"2”' ==
1.0 Beep “&07\ Core Supply
0o submicron Ultra D. eép

’ submicron

| | [ | | | |
85 &% 92 95 98 01 04

Fig. 3-41: The technology scale down leads to decreased core supply while keeping 1/O interfacing
compatible with 5V, 3.3V and 2.5V standards

Year

For I/Os operating at high voltage, the high voltage MOS devices are commonly used. High-speed or low
leakage devices would be dangerous to use because of their ultra-thin oxide: a 3V voltage applied to the gate
of a core MOS device would damage the poly/substrate oxide. The high voltage MOS is built using a thick
oxide, two to three times thicker than the low voltage MOS, to handle high voltages as required by the I/O
interfaces (Figure 3-42). Furthermore, the length of the channel is 0.25pm minimum, that is twice the
minimum length of core MOS. The cross-section of the three types of MOS (Low leakage, high speed and
high voltage) is given in figure 3-43.

|

20A 70A

N+ gate N+ cate
diffusion oxide diffusion oxide

/
- K
—> < —> .
Effective channel
Effective channel 0.25um

0.10pm

Fig. 3-42: Process section of the high speed and high voltage MOS devices
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Low leakage High speed
MOS MOS

E ]

High voltage
MOS

- B

Enlarged channel,
thicker oxide

Enlarged spacers,
reduced channel

Fig. 3-43. The cross-section of the 3 n-channel MOS options: standard, high speed, and high voltage
(lddExplain.MSK)

e
‘l:: E|

- high speed MOS : : : "IowleakageMOS : : : nhighvortageMOS'

. thin_gate_oxide_{.?nn‘!) . uthin_gate_oxide_{.?nm_) . . nthickgate oxide (7nm)

~Uptot2v ~ Uptot2v Upto25V

nLarge channel Iength
Fig. 3-44: High speed, low leakage and high voltage MOS (MosHighVoltage. MSK)

There is no difference between the high-speed MOS and the low leakage MOS from a layout point of view
(Figure 3-44), expect the option layer for the high-speed option. The High voltage MOS has a significantly
different layout, due to the enlarged channel length and width.
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The I/V Characteristics of the high voltage MOS are plotted in figure 3-45, for Vgs and Vds up to 2.5V. The

channel length is 0.25um and the channel width is 1.2pm. Due to a large channel length, the current drive is

less efficient.

Ids

100

HA)

0.0

wds

Fig. 3-45: Ids/Vds characteristics of the high voltage MOS.

There are two main reasons to keep a low-voltage supply for the core of the integrated circuit. The first one

is low-power consumption, which is of key importance for integrated circuits used in cellular phones or any

portable devices. Low supply strongly reduces power consumption by reducing the amplitude of signals,

thus reducing the charge and discharge of each elementary node of the circuit. The equation 3-xxx gives an

approximation of the power consumption. We deduce that even a small reduction of Vdd has a very positive

impact on the reduction of the power consumption.

P=kCfV,,’

where

P= power consumption (Watts)

K=technology factor, close to 0.5

(3-47)

C= total active capacitance of electrical nodes (F) (Not taking into account decoupling capacitance)

f=operational frequency of the integrated circuit (Hz)

Vdd= supply voltage (V)
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Oxide Breakdown

The second reason for internal low voltage operation is the oxide breakdown. Increased switching
performances have been achieved by a continuous reduction of the gate oxide thickness. In 0.12um
technology, the MOS device has an ultra thin gate oxide, around 0.002um, that is 2nm or 20 A,. Knowing
that the molecular distance of SIO2 oxide is around 2A, 20 A means 10 atoms. The oxide may be destroyed
by a voltage higher than a maximum limit Vcrit, called oxide breakdown voltage. A first order estimation is

0.1V/A [Wang], which is expressed by equation 3-47.

K
Verit = — (3-47)
tox

With
K=breakdown coefficient (Close to 1 V.nm)
Tox = oxide thickness in nm

Vecrit=critical breakdown voltage (V)

Consequently, in 0.12um, the breakdown voltage is around 2.0V, that is less than twice the nominal VDD
(1.2V). An illustration of the breakdown voltage is proposed in figure 3-xxx. If we display the 1d/Vd
characteristics with Vg higher than VDD, (for example 2.5V instead of 1.2V), the oxide damage is
represented by dotted lines (Here for Vg>2.0V). The MOS polarization should always be fixed in such a

way that the gate voltage is lower than the breakdown voltage limit.

\ds(m»\
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200 2
19(1: 230
180 ——— 2107
17.0 g

- E\! o § - "Oxide breakdown
15¢ e 1.707]
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110 ic D N 1.30—
100 - ///;'/ e

9.0 — ,// i 110
80 ; /,/// ] | e
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20 el = o250
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Fig. 3-46. lllustration of the breakdown voltage for a low leakage nMOS device, with a very high voltage
applied on the gate
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The oxide may be damaged by a 2V gate voltage. If the gate voltage is further increased, the physical
destruction of the oxide may be observed, which usually results in a permanent conductive path between the

gate and the source (Figure 3-47).
Vgate>2.0V

Vsource=0 2nm gate

oxide
N+ :
difmsiony \ K
Oxide breakdown

creating a path
between the gate
and the source

Low leakage

MOS

Fig. 3-47: oxide breakdown appears for gate voltage significantly higher than the nominal supply voltage

Microwind Configuration

A set of specific parameters are used for each MOS option to configure the BSIM4 and LEVEL3 models.
The industrial approach usually consists in describing each MOS device in a completely separated set of
model parameters. Consequently, MOS model cards may include several thousands of parameters. We aree
trying to be as practical and didactic as possible, at the cost of a poor matching between measured and
simulated MOS characteristics. In table 3-5, the list of the main varying parameters includes the gate oxide,

the effective channel length parameter, and the threshold voltage.

Parameter Description NMOS value in | NMOS Name in RUL
0.12pum value in | file
0.12um
TOX Gate oxide thickness
(low leakage) 20A 20A B4TOX
(high speed) 20 20 B4T20X
(high voltage) 70 70 B4T30X
LINT Channel-length  offset parameter
(low leakage) 0.0 nm 0.0 nm B4LINT
(high speed) 10 10 B4L2INT
(high voltage) 0.0 0.0 B4L3INT
VTHO Long channel threshold voltage (low
leakage) 040V 040V B4VTHO
(high speed) 0.30 0.30 B4V2THO
(high voltage) 0.50 0.50 B4V3THO

Table 3-5: BSIM4 parameters variation depending on the MOS option
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. Process Variations

The simulated results should not be considered as absolute values. Due to unavoidable process variations
during the hundreds of chemical steps for the fabrication of the integrated circuit, the MOS characteristics
are never exactly identical from one device to another, and from one die to an other. It is very common to
measure 5% to 20% electrical difference within the same die, and up to 30% difference between separate
dies. One varying parameter is the effective channel length. In figure 3-48, although both devices have been
designed with a drawn 2 lambda, the result is a 0.11um length for the MOS situated on the left side, and
0.13um for the MOS situated on the right side.

—> [ E— — > [
0.11um effective 0.13pm effective
channel channel

Fig. 3-48: The same MOS device may be fabricated with an important effective channel variation

Value used in typical
Probability (%) simulations
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\

\
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i
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I
! \

20 — .
N .
l \
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! |
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10 I !
E Effective Channel
I length
]
]
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0.10 0.11 0.12 0.13 0.14
Fig. 3-49: The effective channel length may vary significantly with the process
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If we cumulate several measurements on a wide number of devices, we can plot the probability of
occurrence versus the measured effective length. The curve is usually a normal distribution with a center

close to the default parameter given in the electrical rules (Figure 3-49).

Simulation with Microwind

The menu Simulate — Simulation parameters gives a simple access to minimum/typical/maximum
parameter sets (Figure 3-50). The industrial approach usually consists in providing a separate set of model
parameters for each case, which represents a huge amount of model parameters. In Microwind, the approach
has consisted in altering two main parameters: the threshold voltage (20% variation) and the mobility (20%

variation). All other parameters are supposed to be constant.

Extractor Options

~MOS Model ————  Typical,Min orbax————
© Very simple Level 1 & Typical
& Empirical Level 3 © Min (+20% Wt -20% ul)
" Advanced BSIM4 © Max (-20% W, +20% ul)

" Random (Mormal distrib)

—Simulation Parameter

Supply {v): 1.20

WO Supplyivy: 3.30
Temperature (*C) IT
Simulation length |2 ns -

Redraw layout each |5 step

[~ Add noise on inputs, RMS ¢7: |2-10

Fig. 3-50: Access to minimum, typical, maximum model parameters or Random simulation

A comparative simulation of the /d/Vd curve in typical, maximum and minimum scenarios shows a very
large variation of performances (Figure 3-51). The user may automatically switch from one parameter set to

an other by a press of a key ("M" for maximum, "m" for minimum,"t" for typical).
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Fig. 3-51: The MOS Id/vd curve in Min, Typ, Max modes.

To superimpose the three curses, click the small brain icon (Enable Memory), and increase the Step Vg to
1.2 to draw only one curve for each mode. Notice the important variation between the minimum Ion and
maximum Jon (From 125pA to 200pA). In reality, the MOS characteristics vary in a normal distribution
around the typical case. Consequently, the Ion current of this MOS device is very likely to reach the typical
value. The min/max simulation is very interesting to validate the design in extreme situations. The min/max
simulation should also consider the temperature: the worst current is obtained at high temperature and with a
minimum set of parameters, while the highest current is obtained at low temperature and with a maximum

set of parameters.

Concluding remarks

The number of parameters required for various MOS models is reported in figure 3-52. It can be seen that
the trend is to increase the number of parameters, in order to take into account various effects linked to the

device scale down.
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Fig. 3-52. Increased number of parameters in the MOS models

Even with advanced models, the resulting models may not fit well in all operating regions, for all device
sizes. This is why the industrial approach for building model parameters is based on optimization
mathematical algorithms. In deep submicron technology, the model parameters have a strong variation with
the device size. For example the threshold voltage and mobility vary significantly with the device length,
and the equations cannot always handle these dependencies properly. One solution is called binning. It
consists in breaking the width-length space into several regions, as illustrated in figure 3-53. In each region,

a specific set of model parameters is setup and optimized.

Width (um)
A

Set Set 5 Set 6

Possible discountinuity
07 / near the boundary

Set Set 2 Set 3
1
0.36
(Minimum >
width) 0.12 0.3 1 Length (um)
(Minimum
length)

Figure 3-53: Using 6 sets of parameters to accurately cover the whole range of width and length

Binning severely complicates the process of parameters extraction. In the case of figure 3-xxx, 6 sets of

parameters are required. Notice that set 1 covers small length and small width. Set n°2 covers a wider length
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interval, while set n°3 is valid for any length greater than 1pm. This is because long length devices are
easier to model than short length devices, where many second order effects appear. Binning is used in
industry to increase the analog simulation accuracy, at the cost of several drawbacks: the simulation time
cost due to model complexity, and discontinuities in the current prediction that may be observed at the
boundary of two sets. These limitations are the fuel for constructing more complex models that fit well for
the whole range of width and length. In the future, nano-scale technologies may require MOS models with

up to 1000 parameters, requiring a degree of expertise never attained up to now.
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EXERCISES

3.1 Configure Microwind in 0.35um technology (File emos035.RUL) using the command File — Select
Foundry. Compare simulation and measurement in 0.35um for a nMOS device, W=10pum, L=0.4um
(File Na10x0,4.MES). Evaluate the mismatch between level 1, level 3 and BSIM4. In which domain is
model 3 poorly fitted?
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Configure Microwind in 0.18um technology (File cmos018.RUL). Compare simulation and
measurement in 0.18um for a nMOS device, W=4pm, L=0.2pm, low leakage option (File
Nc4x0.2.mes). Evaluate Ron, lon, loff, and Vt. Perform the same evaluation for the high speed MOS,
same size (File NcHS4x0.2.mes). Perform the same evaluation for the high voltage MOS, same size
(File NcHV4x0.2.mes).

In low power applications, the n-well can be connected to a voltage Vwell different from VDD. This
non usual polarization aims at modifying the threshold of the p-MOS transistor. Under which condition
for Vwell the threshold of the PMOS transistor (Low Leakage option) is decreased to 0.2V in 0.12um?
Design a MOS device with Jon=10mA, minimum gate length in 0.12pm. What is Zoff? How to obtain a
MOS with Jon=10mA but twice less loff?

Compare the value of Vg 7y (The value of Vgs for which Ids is independent of temperature) between
MOS options in 0.12pum.

Show that four MOS devices (Wn,Ln) connected in parallel have approximately the same lon than a
single MOS device with a width equal to 4 Wn. What is the origin of the mismatch?

What is the channel size of the following MOS device? Does Microwind correctly extract the channel

size of that device?
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In the following picture of a 50nm MOS device, locate the gate, drain, and source, field oxide, gate

oxide .
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50 nm
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4 The

Inverter

The inverter is probably the most important basic logic cell in circuit design. This chapter introduces the logical
concepts of the inverter, its layout implementation, the link between the transistor size and the static and analog
characteristics. The manual design of the inverter is detailed. The performances of the inverter are analyzed in terms of

static transfer function, switching speed, MOS options influence, and power consumption.

1. Logic symbol

Two logic symbols are often used to represent the inverter: the "old style" inverter (Left of figure 4-1), and the IEEE
symbol (right of figure 4-1). In DSCH, we preferably use traditional symbol layout. As the logic truth table of figure 4-

1 shows, the cell inverts the logic value of the input /n into an output Out.

: i 1 aout

In Out
0 1

1 0

X X

Fig. 4-1: Symbols used to represent the logic inverter
In the truth table, the symbol 0 represents 0.0V while 1 represents the logic supply, which is 1.2V in 0.12um. The

symbol X means "undefined". This state is equivalent to an undefined voltage, just like with a floating input node

without any input connection. The undefined state appears in gray in the simulations and chronograms.
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2. CMOS Inverter

The CMOS inverter design is detailed in the figure 4-2. Here one p-channel MOS and one n-channel MOS transistors
are used as switches. Notice that the size of each device is plotted (W accounts for the width, L for the length). The
channel width for pMOS devices is set to twice the channel width for nMOS devices. The reason is described in details

in the next chapters.

|:| int

WW=1.0u

L=0.12u

Fig. 4-2: The CMOS inverter is based on one n-channel and one p-channel MOS device
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W=2.0u

= 1 =p 124
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W=1.0u W=1.0u
S-L=0.12u =-L=0.12u
B E
i 7777

Fig. 4-3: Logic simulation of the CMOS inverter (Cmosinv.sch)

When the input signal is logic 0 (Fig. 4-3 left), the nMOS is switched off while the PMOS passes VDD through the
output, which turns to 1. When the input signal is logic 1 (Fig. 4-3 b), the pMOS is switched off while the nMOS
passes VSS to the output which goes back to 0. In that simulation, the MOS is considered as a simple switch. The n-
channel MOS symbol is a device that allows the current to flow between the source and the drain when the gate voltage

is Hllv

To simulate the inverter at logic level, start the software DSCH2, load the file “CmosInv.SCH”, and launch the
simulation by the command Simulate —Start Simulate. Click inside the button in/. The result is displayed on the

output out!l. The red value indicates logic 1, the black value means a logic 0.

2 E.Sicard, S. Delmas-Bendhia 20/12/03
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Click the button Stop simulation of the simulation menu to return to the schematic editor. Click the chronogram icon
to get access to the chronograms of the previous simulation (Figure 4-4). As seen in the waveform, the value of the

output is the logic opposite of that of the input.

0.0 200 400 60O 800 1000

2 Onsidie
Tt vemm e bennd

bFoem e e e e T F======-==--

& [button] ] 4 : 4 4
né [light1] 0 J . . ] I

Fig. 4-4 Chronograms of the inverter simulation (CmosInv.SCH)

3. Inverter Layout

In this paragraph, details on the layout of a CMOS inverter are provided. The simplest way to create a CMOS
inverter is to generate both n-channel MOS an p-channel MOS devices using the cell generator provided by
Microwind. The advantage of this approach is to avoid any design rule error. The corresponding menu is reported
below. You can generate an n-channel or p-channel device. A double gate device may also be created for EEPROM
memory devices (See chapter 10). By default the proposed length is the minimum length available in the technology
(2 lambda), and the width is 10 lambda. In 0.12pm technology, where lambda is 0.06pum, the corresponding size is
0.12pm for the length and 0.6um for the width.

“* Layout Generator =13

Pads ] Incluctor] Contact: FPath ] Logo ] Bus ] Res ] Diode] Capa]

Mas Parameters

Width MOS  |0.600 um L source
Length Mmos 0120 pm

Mbr of fingers ,1— 1' 2" In

nWMosS pMOS  double gate

QOptions Lnits
'n—”:I 'F'jq[: 'ﬁ”l:: * low leakage é in micron (um)

* high speed " in lambda
Imax:0.635mA ™ high voltage [~ Add polarization
.‘|. Generate Device ‘ x Cancel ‘

Fig. 4-5 Using the MOS generator to add n-channel and p-channel MOS devices on the layout
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Better: pMOS balanced with nMOS

Poor pMOS twice slower
Pmos length 2= - . Double pmos
L Pmos width width
lenath B Nmos width - $ Nmos width
Nmos lengt |224fiE=feed - N EEE e by
L E E ]

Fig. 4-6 The layout of one nMOS and one pMOS to build the CMOS inverter (invSizing. MSK)

The design starts with the implementation of one nMOS and one pMOS, as shown in figure 4-6. Using the same
default channel width (0.6um in CMOS 0.12um) for nMOS and pMOS is not the best idea, as the p-channel MOS
switches half the current of the n-channel MOS. The origin of this mismatch can be seen in the general expression of

the current delivered by n-channel MOS devices (equation 4-1) and p-channel MOS devices (equation 4-2).

Iun WNmos
Ids(Nmos) = ¢,6, —2——""% {(Vd Ve, Vs, Vb Equ. 4-1
(Nmos) = ¢¢, TOX L, Jvd Vg ) (Equ. 4-1)
Ids(Pmos) ~ ¢,¢ o Wonow f(Vd,Vg Vs, Vb) (Equ. 4-2)
" TOX LPmas , y ’

If Wnmos=Wpmos and Lnmos=Lpmos, Ids(Nmos) is proportional to un while Ids(Pmos) is proportional to pp.

Typical mobility values are:

u, =0.068m> /v.s  for electrons

u, = 0.025m> /v.s  for holes

Consequently, the current delivered by the n-channel MOS device is more than twice that of the p-channel MOS.
Usually, the inverter is designed with balanced currents to avoid significant switching discrepancies. In other words,
switching from 0 to 1 should take approximately the same time as switching from 1 to 0. Therefore, balanced current

performances are required.
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el Bestenlarged pMOS width
Poor: enlarged nMOS |ength Better- reduced nMOS width :______________Q___E,:

e} ST L e[
B BT il
[H|== []E EliEie

Fig. 4-7 Three techniques to compensate the poor hole mobility (invSizing. MSK)

There are several techniques to counterbalance the intrinsic mobility difference: increase the nMOS channel length
(left of figure 4-7), decrease the nMOS channel width (middle), or increase the pMOS channel width. The main
drawback of the design of figure 4-7(left) is the spared silicon area. The design in the middle is equivalent, but
consumes less silicon space. However, reducing the nMOS width slows down the switching. The best approach
(right) consists in enlarging the pMOS width. Its Jon current is doubled, and becomes comparable to the nMOS

current. The behavior will be balanced in terms of switching speed.

Connection between Devices

(5) Connexion to

43/ power supply VDD
(1) Bridge

between nMos
(3) Bridge between

and pMos gates |
\ / nMos and pMos

(4) Connexion to

\ output

(2) Contact to
input

Fig. 4-8 Connections required to build the inverter (Cmosinv.SCH)

Within CMOS cells, metal and polysilicon are used as interconnects for signals. Metal is a much better conductor
than polysilicon. Consequently, polysilicon is only used to interconnect gates, such as the bridge (1) between pMOS
and nMOS gates, as described in the schematic diagram of figure 4-8. Polysilicon is rarely used for long

interconnects, except if a huge resistance value is expected.
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In the layout shown in figure 4-9, the polysilicon bridge links the gate of the n-channel MOS with the gate of the p-

4. The inverter

channel MOS device. The polysilicon serves as the gate control and the bridge between MOS gates.

(1) Polysilicon Bridge
between pMOS and

nMOS gates

Useful Editing Tools

2 lambda polysilicon gate
size to achieve fastest

switching

Fig. 4-9 Polysilicon bridge between nMOS and pMOS devices (InvSteps.MSK)

The following commands may help you in the layout design and verification processes.

Command Icon/Short cut Menu Description
UNDO CTRL+U Edit menu Cancels the last editing operation
DELETE ?-l Edit menu Erases some layout included in the
given area or pointed by the mouse.
CTRLA+X
STRETCH i Edit menu Changes the size of one box, or moves
the layout included in the given area.
COPY i Edit Menu Copies the layout included in the
given area.
CTRLAC
VIEW :I_,r_ View Menu Verifies the electrical net connections.
ELECTRICA
L NODE CTRL+N
2D CROSS-| =& Simulate Menu Shows the aspect of the circuit in
SECTION o vertical cross-section.

Table 4-1: A set of useful editing tools
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Metal-to-poly

As polysilicon is a poor conductor, metal is preferred to interconnect signals and supplies. Consequently, the input
connection of the inverter is made with metal. Metal and polysilicon are separated by an oxide which prevents
electrical connections. Therefore, a box of metal drawn across a box of polysilicon does not allow an electrical
connection (Figure 4-10). To build an electrical connection, a physical contact is needed. The corresponding layer is

called "contact". You may insert a metal-to-polysilicon contact in the layout using a direct macro situated in the

palette.
Metal (4 A min) Contact
(2x2 )
Va
/ Enlarged poly area,
Polysilicon (2 A min) (4x4 )

Fig. 4-10 Physical contact between metal and polysilicon

(2) Contact between

polysilicon and the input Polysilicon box between

the contact and the gate

Fig. 4-11 Physical contact between metal and polysilicon (InvSteps. MSK)
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Metal bridge between
nMOS and pMOS

: / gates drains

Metal extension for
future interconnection

Fig. 4-12 Adding a poly contact, poly and metal bridges to construct the CMOS inverter (InvSteps. MSK)

The Process Simulator shows the vertical aspect of the layout, as when fabrication has been completed. This feature
is a significant aid to understand the circuit structure and the way layers are stacked on top of each other. A click of
the mouse on the left side of the n-channel device layout and the release of the mouse at the right side give the cross-

section reported in figure 4-13.

Thick oxide
(Si02)

NMOS gate
(Polysilicon)

Ground
polarization

Source (N+
diffusion)

Fig.4-13 The 2D process section of the inverter circuit near the nMOS device (InvSteps.MSK)

Drain (N+
diffusion)

Supply Connections
The next design step consists in adding supply connections, that is the positive supply VDD and the ground supply

VSS. In figure 4-14, we use the metal2 layer (Second level of metallization) to create horizontal supply connections.

Notice that the metal connections have a large width. This is because a strong current may flow within these supply
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interconnects. Enlarging the supply metal lines reduces the resistance and avoids electrical overstress called

electromigration (More details are given in chapter 5 dedicated to interconnects).

Metal 2 over
metal H =

VDD supply rail
in metal2

T~

Metal 2 over
metal

VSS supply rail in

metal2 : g %

Metal/Metal2 contact o=z

Fig.4-15 The metal/Metal2 contact in the palette
The metal layers are electrically isolated by a SiO2 dielectric. Consequently, the metal2 supply line floats over the

inverter cell and no physical connection exists down to the MOS source region. The simplest way to build the physical

connection is to add a metal/Metal2 contact that may be found in the palette (Figure 4-15).
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- VSS supply line VSS supply line

Metal2 is physically
isolated from metall by
silicon oxide

The via plug
connects metal2
to metall to build
the connection
from VSS to the
nMOS source

' NMOS NMOS

Fig.4-16 2-D view of the connection built near the nMOS region to connect the source to the VSS supply line

As seen in figure 4-16, the connection is created by a plug called "via" between metal2 and metal layers.

The final layout design step consists in adding polarization contacts. These contacts convey the VSS and VDD voltage
supply close to the bulk regions of the device. We have seen that the MOS behavior is influenced by the bulk
polarization. For example, Jon is directly dependent on Vg, which represents the voltage difference between the bulk
and the source (See for example equation 3-31). See also the characteristics /ds versus Vgs for varying bulk voltage
like in figure 3-26. If we ensure a clean supply polarization near each device (VSS for nMOS, VDD for pMOS), we
avoid such variations. Remember that the n-well region should always be polarized to a high voltage to avoid short-

circuit between VDD and VSS.

Via to connect metal2 —
and metal 1

N-+/Nwell contact and
bridge to VDD

P+/Pwell contact and
bridge to VSS

Fig.4-17 Adding polarization contacts

10 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP suBMICRON CMOS DESIGN 4. The inverter

VSS supply

Local P+ polarization of the N+ region
substrate to VSS using

Metal/P+ contact

P substrate

Fig.4-18 2-D view of the VSS polarization built near the nMOS source

More details about the vertical aspect of the VSS polarization is given in figure 4-18. When adding the metal/P+
contact, we create a VSS supply path to the P substrate. Consequently, the surrounding of the n-MOS device is firmly
tied to VSS supply voltage. We also illustrate the VDD polarization near the pMOS channel in figure 4-19. The n-well

region cannot be left without polarization.

T m2

VDD supply

z

N+ diffusion

Possible N-well polarized

parasitic path to VDD thanks to
from VDD to metal/N+ contact
VSS when N-

well is

floating ...................................................

P substrate

Without polarization With polarization
-(forbidden) (Obligatory)

Fig.4-19 2-D view of the VDD polarization built near the pMOS source
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Adding the VDD polarization in the n-well region is a very strict rule. The local polarization built with a metal/N+
diffusion contact, as shown in figure 4-19, is efficient to avoid a floating n-well region, which may result in parasitic
current path from the PMOS source down to the P substrate usually tied to VSS. The current path may be strong

enough to damage the chip. This effect is called latchup <Gloss>.

Process steps to build the Inverter

At that point, it might be interesting to illustrate the steps of fabrication as they would sequence in a foundry.
Microwind includes a 3D process viewer for that purpose. Click Simulate> Process steps in 3D. The simulation of
the CMOS fabrication process is performed, step by step by a click on Next Step. On figure 4-20, the picture on the
left represents the nMOS device, pMOS device, common polysilicon gate and contacts. The picture on the right

represents the same portion of layout with the metal layers stacked on top of the active devices.

Fig.4-20 The step-by-step fabrication of the Inverter circuit (InvSteps.MSK)

4. Inverter Simulation

The inverter simulation is conducted as follows. Firstly, a VDD supply source (1.2V) is fixed to the upper metal2
supply line, and a VSS supply source (0.0V) is fixed to the lower metal2 supply line. The properties are located in the
palette menu. Simply click the desired property , and click on the desired location in the layout. Add a clock on the
inverter input node (The default node name clock! has been changed into Vin)and a visible property on the output

node (The default name out!/ has been changed into Vout).

The expected behavior is shown in figure 4-22. The basic phenomenon is the charge and discharge of the output
parasitic capacitor Cout, which is the sum of junction and wire capacitance. When In! is equal to 0, the pMOS device
is on, and the capacitor Cout is charged until its voltage rises to VDD. When In/ is equal to 1, the nMOS device is

on, and the capacitor Cout is discharged until its voltage reaches VSS.
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Visible node
property

VDD property \

Clock property I

outl = I R = R

VSS property High VDD
vss Clock

inl

Pulse

Fig.4-21 Adding simulation properties (InvSteps.MSK)

) ¢

—
In1 Outl n1 Og Rpon Out rises from V5SS to VDD
ni=

Qut1 drops from VDD to V35

Cout | Cout .
7
Fig.4-22 Expected behavior of the CMOS inverte (InverterLoad.SCH)

Starting Simulation

The command Simulate — Run Simulation gives access to four simulation modes: Voltage vs. time, Voltage and

current vs. Time, Voltage vs. voltage and Frequency vs. time. All these simulation modes are applicable to the

inverter simulation.
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Compile  Analysis Help
> PPN Voo v Tie Gefat) Cols
»

Ising model... Voltage, Current vs. Time
Simulation on Layout Static Voltage vs. Voltage
Frequency vs. Time

With crosstalk
Simulation parameters...
IV exposure to discharge float. gates

Ié MOS characteristics
,'E 20 vertical cross-section

ﬂ. Process steps in 3D
' [----1

Fig.4-23 The four simulation modes in Microwind

Due to the fact that the layout InvSteps.MSK not only includes the inverter correctly polarized, but also several other
mos devices without any simulation properties, a warning window appears prior to the analog simulation, as shown in

figure 4-24. In this case, you may click Simulate as it. In normal cases, all n-well regions should be stuck at VDD.

Well Polarization Warning

A Warning: 9 M-well region(s) floating
Floating n-well can damage either the chip and the software

ﬁ Simulate as it (Risk of damage)

&.; FPolarize Nwell to VDD (Safe) x Cancel simulation

Fig.4-24 Missing polarization in n-well regions provoke a warning prior to simulation (InvSteps. MSK)

Voltage vs. Time

Select the simulation mode Voltage vs. Time. The analog simulation of the circuit is performed. The time domain

waveform, proposed by default, details the evolution of the voltages in/ and out! versus time. This mode is also

called transient simulation, as shown in figure 4-25.
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Fig.4-25 Transient simulation of the CMOS inverter (InvSteps.MSK)

The truth-table is verified as follows. A logic zero corresponds to a zero voltage and a logic 1 to a 1.20V. When the

input rises to 1, the output falls to 0, with a 6 Pico-second delay (6.10™ second).

In Out In (V) Out (V)

0 1 0.0 1.2

1 0 1.2 0.0

Logic table Analog voltage table

Current vs. Time

The inverter consumes power during transitions, due to two separate effects. The first is short circuit power arising
from momentary short-circuit current that flows from VDD to VSS when the transistor functions in the incomplete-
on/off state (Figure 4-26). The second is the charging/discharging power, which depends on the output wire
capacitance. With small loading, the short circuit power loss is dominant. With a huge loading, that is a large output

node capacitance, the loading power is dominant.
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4. The inverter
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Fig. 4-26: Short circuit current in CMOS inverters (InverterLoad.SCH)

The power consumption occurs briefly during transitions of the output, either from 0 to 1 or from 1 to 0 (Fig. 4-27).

The simulation contains the supply currents in the upper window, and all voltage waveforms in the lower window.

The current consumption is important only during

a very short period corresponding to the charge or discharge of the

output node. Without any switching activity, the current is almost equal to zero.
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Fig. 4-27: Simulation of the current peaks appearing between VDD and VSS in the CMOS inverter at each output

transition (InvSteps. MSK)

Inverter Delay

As the number of gates connected to the inverter out

<glossary> corresponds to the number of gates conn

put node increase, the load capacitance increases. The fanout

ected to the cell output. Physically, a large fanout means a large

number of connections (Figure 4-28), that is a large load capacitance.
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Small load (fanout =1)
o Dc
" outt

Large load (fanout =4}

4. The inverter

Fast switching

Qutd ;

J—Small C

Slow switching

Fig. 4-28 One inverter connected either to a single inverter or to 4 inverters in parallel (InverterLoad.SCH)

Inverter connected to 1 inverter

Inverter connected to 4 inverters

e
A AR

Fig. 4-29 One inverter connected either to a single inverter or to 4 inverters in parallel (InvFanout. MSK)

An inverter circuit is simulated using different clock, fanout and supply conditions. The initial configuration is based

on one inverter controlled by a 2GHz clock, with its output connected either to a single inverter or to four inverters

(Fig. 4-30). The supply voltage is 1.2V, with a 0.12um CMOS technology.
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Fig. 4-30: Influence of the output capacitance on the current and switching response (InvFanout. MSK)

Now, we connect 4 inverter circuits to the output node, thus increasing the charge capacitance. In the simulation
chronograms reported in figure 4-30, the inverter delay is significantly increased. When we investigate the delay
variation with the output capacitance load, we observe the curve reported in figure 4-31. It can be seen that the gate
delay variation with the loading capacitance is quite linear. A 100fF load leads to around 300ps delay in CMOS
0.12pm technology.

. Capacitor influence

i Curve vs. spacin
Capacit i\foltage | Temp. | M.Carlo | PR iDEItEI S

Fall delay tiins}

Change Capacitance for node “inv” 0.500 |
0.450
RENTE r(ns)
From: |0.00 fF P
0.350
To: 4100.00 F
0.300
Step - 10.00 fF 0.250
tfins)
0.200 e il
Measurement 0150
Rise delay from in to inv ~
Fall delay from in to inv 0.100 —
Frequency of node inv J,_/
Dissipation 0.050 L
Crosstalk Amplitude 0.000
Final voltage inv d 0 10 20 30 40 50 60 70 80 90 100
- Capacitance (fF)
Measure on:  |inv - )
Change Vertical Scale
E smatier] E Larger Model level 3 11 @ wmemorize
Start Analysis | o OK i

Fig. 4-31: Inverter delay increases with the output capacitance (InvCapa. MSK)

In Microwind2, we may obtain directly this type of screen thanks to the command Parametric Analysis. Load the file
InvCapa.MSK, invoke the command Parametric Analysis, click in the output node, and click Start Analysis. By
default, the capacitance of the output node is increased step by step from its default value Cgyer to Cyer100fF. For each
value of the output capacitance, the analog simulation is performed, and the last computed rise time is plotted,

appearing as one single red dot in the graphs. The complete graph is built once all analog simulations have been
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completed. The memory button enables to store one curve (evaluation of the rise time for example) prior to a new
parametric simulation, for comparison purposes. Three main parameters may vary in the parametric analysis: the
capacitance as in figure 4-31, voltage, or temperature. Several analog parameters may be monitored: rise and fall delay,

oscillating frequency, power consumption, final voltage of a node, crosstalk, etc..

5. Power Consumption

The power consumption P is computed by Microwind as the average product of the supply voltage VDD and the

supply current IDD, computed at each iteration step. In other words:

I,V
pP = z DD " DD
steps

(Equ. 4-3)

Three main factors contribute to the power consumption P: the load capacitance C, the supply voltage VDD and the
clock frequency f. For a CMOS inverter, this relation is usually represented by the first-order approximation below.
The equation 4-4 shows a linear dependence of the power consumption P with the total capacitance C and the operating

frequency f- The power consumption is also proportional to the square of the supply voltage VDD.

1
P = 3 nCv,,' f (Equ. 4-4)

Where:
k: technological factor (close to 1)
C: Output load capacitance (Farad)
VDD: supply voltage (V)
f: Clock frequency (Hz)

1: switching activity factor (Between 0 and 1)

Frequency dependence

We can verify the linear dependence of the power consumption with the operating frequency by simulating a CMOS
inverter circuit. At each time-domain analog simulation, we get a value of the power consumption, which is computed

by Microwind as the average product of the supply voltage VDD and the supply current IDD (Equation 4-3).

D - Typical load in 0.12pm: 10fF

JE—

Capa
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YGHzinput

4. The inverter

auf

"8 typical load of 10fF is added to the output

Fig. 4-32: CMOS inverter setup used to simulate the effect of the clock frequency on the power consumption. A 10fF

load is added to the output to represent a typical loading condition in 0.12um (CmosLoad.MSK)

In the case of figure 4-32, a 1GHz switching of the inverter induces a circuit power dissipation of 15.7uW. When we

change the frequency, we observe a linear increase of P with the clock frequency, as forecast in equation 4-4 (Figure 4-

33).

Inverter consumption (LW)

30.0

20.0

10.0

0.0

A
Slope 15.7uW/GHz
3.5
15.7
Clock frequency
73 (GHz)
>
0.0 0.5 1.0 1.5

Fig. 4-33: Power consumption increase with the clock frequency, for an inverter with a 10fF load, in 0.12um CMOS
technology (CmosLoad.MSK)

As the power consumption is linearly proportional to the clock frequency, a usual metric found in most cell libraries is

the pW/GHz. In the case of the simple inverter and its 10fF load, we get 15.7uW/GHz.

Supply Voltage dependence
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It can be considered, as a first-order approximation that the average power consumption is proportional to VDD?
(Equation 4-4). We use the parametric analysis tool in Microwind to control the incremental change of the supply
voltage, from 0.5 to 2.0V. The supply voltage step is 0.1V. In the measurement window, the item "Dissipation " is
selected. The result plotted in the figure 4-44 shows a non-linear dependence of the power dissipation with VDD. The
square law fits with the experimental data from 0.8 to 1.5V. We notice a very important rise of the power consumption
over 1.5V, due to the avalanche effects in n-channel MOS devices. This simulation demonstrates the interest for a

minimum supply operation to achieve optimum low-power operation.

. Yoltage variation of Vdd

Curve vs. spacin
Capacit. Voltage | Temp. | M.carlo | pacing | Data Array |
Power(mvy)
Voltage of node: |Vdd - 0.156 puwér(mT'\fatl —
0.141
Range )(
0.125
From: |05 Vv /
0.109 /
To: |2 Y 0.004 /
step: |01 v 0.078
0.063
Measurement 0047
Rise delay from clockto Vdd A /
Fall delay from clock? to Vdd 0.031 =
Frequency of node Vdd E 0.018 — T
Crosstalk Amplitude 0.000 -
Final voltage Vdd A2 04 06 08 10 12 14 16 18 20
Wdd
Measure on:  |Vout - )
Change Verical Scale
E smaller] [E Larger Model BSIM4 J & Memorize
L.‘" Start Analysis o 0K ‘

Fig. 4-44: Analysis of the power consumption increase with the supply voltage VDD (CmosLoad.MSK)

Minimum Supply Voltage

The question is: what is the supply voltage below which the inverter does not work anymore? The answer can be given
by the parametric analysis, focusing this time on the inverter delay dependence versus the supply voltage. Load the file
CmosLoad.MSK for this study. Invoke the command Parametric Analysis of the Analysis menu. Click the layout
region corresponding to the node VDD. Verify that the Voltage menu is selected in the parametric analysis window.
Verify that the node "VDD" is selected. Modify the VDD voltage range from 0.5 to 1.5V, step 0.1V. Finally, in the

measurement menu, select the item Rise delay and click Start Analysis.
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Fig. 4-45: Switching delay dependence with the supply voltage VDD (CmosLoad.MSK)

We observe that the delay is significantly increased as we decrease VDD from its nominal value 1.2V down to 0.6V.
Below 0.7V, the inverter delay is higher than the default transient simulation time (10ns) so that the delay evaluator

does not work anymore.

6. Static Characteristics

The static characteristics of the inverter correspond to the variation plot of the output voltage versus the input
voltage. The simulation involves a step by step increase of Vin, and the monitoring of Vout. In the simulation
window, the static characteristics are obtained by a click on the item Voltage vs. Voltage situated in the selection

menu, at the bottom of the chronograms. The curve shown in figure 4-46 appears.

22 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP suBMICRON CMOS DESIGN 4. The inverter

115 . \ A
: H
1.05 ; i
1 il
T N |
,:,.3 \\ : (called Vc), the inverter
L output crosses VDD/2

VDD/2 e e N — e,
055 : : le=0.541V aty=vdds2 !
: : : ye=y : :
0.45 ! : : : : :

=]
Lad
o

ool L 1L TER

0.25
005 | : : o
L : : T :
0.20 0.40 A 0.60 0.50
Ve

Fig. 4-46: The static characteristics of the inverter (Inv.MSK)

When Vin is low, Vout is high, which corresponds to one logic state of the inverter. When Vin increases, Vout starts to
decrease slowly, and suddenly crosses the VDD/2 boundary. At that point, the value of Vin is the commutation point
<Glossary> of the inverter, called Vc. Then, when Vin rises to VDD, Vout reaches 0, which corresponds to the other

logic state of the inverter.

Modify the commutation point

Several theoretical formulations of the commutation voltage versus layout parameters exist. A simple formula derived
from MOS model 1 is reported in equation 4-5 [Baker]. Although based on an obsolete model, this formulation may be

applied for first order hand calculations. The verification must be performed by simulation.

_ KV +Vop =Vip
1+ K

(Equ. 4-5)
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un= mobility of electrons (600 V.cm™)

pp= mobility of holes (270 V.cm?)

Wn = n-channel MOS width (in pm)

Ln = n-channel MOS length (in um)

Wp = p-channel MOS width (in pm)

Lp = p-channel MOS length (in pm)

Vpp = supply voltage (1.2V)

V1 = threshold voltage of n-channel device (0.30V)
V1p = threshold voltage of p-channel device (0.30V)

P+ diff I:l P+ diff I:' P+ diff I:'

N+ diff N+ diff N+ diff

(1) Initial design (2) enlarged gates (3) enlarged diffusions
Figure 4-47: Layout modifications that do not change the commutation point

As predicted by the formulation, the sizing of the n-channel and p-channel MOS devices has a strong influence on the
commutation point Vc. Enlarging both the nMOS and pMOS channels does not change the commutation, nor a
supplementary diffusion area (Figure 4-47). As the ratio between the nMOS and pMOS sizes has an effect on Ve, only
one device should be modified.

In figure 4-48, we have designed three inverters with almost identical characteristics. The only change is the n-channel
or p-channel sizing. The inverter on the left uses the default MOS size, that is Wp=16, Lp=2 lambda, Wn=6, Ln=2
lambda. The large width for the pMOS device compensates the low mobility of holes compared to electrons, in order to
achieve a balanced inverter in terms of switching performances. As a result, the static characteristics are almost
symmetrical. In other words, when Vin is VDD/2, Vout is nearly VDD/2 (Curve inv_1 in figure 4-49).

For the inverter situated in the middle of the layout, the width and length of the n-channel MOS are identical to those
of the p-channel MOS. The result is a lower commutation point, as shown in curve inv_2 of figure 4-49. Thanks to this
modification, the nMOS device can drive stronger currents and moves the whole curve towards lower voltages. Now, if
we enlarge the n-channel MOS channel to reduce its current, the opposite result is achieved, with a commutation point

shifted to higher voltages (Curve inv_3).
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Fig. 4-48: Three different inverter sizing used to investigate its influence on the commutation point Ve (InvSizing. MSK)

ini_2 \
1.00

Inv_1 '\
T \
i

clock?

0.20 0.40 0.60 0.80 1.00

Fig. 4-49: Influence of the inverter sizing on the commutation point (InvSizing. MSK)

Influence of the model
Using the analog simulation with various models, we may obtain significantly different estimations of the switching
characteristics. In figure 4-50, we superimpose the static characteristics of the same inverter using model 3 and BSIM4.
While the simulation with model 3 gives Vc=0.6V, the simulation with BSIM4 gives Vc=0.63V. This difference is not
significant as far as logic behavior is concerned, but may lead to wrong performance estimation in the case of analog

design.
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Fig. 4-50: Influence of the model on the simulation (Inv.MSK)

7. Random simulation

As explained in chapter 3, unavoidable process variations may occur during the integrated circuit fabrication, which
may impact the static and dynamic characteristics of the inverter. In the menu Simulate — Simulation parameters
the default set of parameters corresponds to the "typical" case. We may simulate the inverter in "minimum" or
"maximum" case, as we did for the MOS device. An interesting alternative consists in using the "random" mode, also
called "Monte-Carlo" analysis, where the threshold voltage and the mobility are chosen in a random way, as illustrated
in figure 4-51. There is a high probability that VTO is close to the typical value, and almost no chance that VTO is
higher than 0.44V or lower than 0.36V.

Simulation Parameters, MOS netlist

Extractor Options Models, Parameters

MOS Model Typical Min or Max

" Very simple Level 1 " Typical

" Empirical Level 3 " Min (+20% Vt, -20% ul)
@ Advanced BSIM4: " Max (-20% Vi, +20% u0)

¢ Monte-Carlo (Maormal dist. 20%)

Fig. 4-51: Access to random simulation using an arbitrary set of MOS model parameters (Inv.MSK)

26 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP suBMICRON CMOS DESIGN 4. The inverter

Probability (%) ) )
Value used in typical
A simulations

\\ The probability of occurance is
a normal distribution

20 I

-

éi‘—/’ selected

\ Threshold voltage
X VTO

>

1

1

]

]

1

1

]

1

i
]

i VTO randomly
1
:
1
]
]
1
1
]
1
|

Fig. 4-52: Random selection of Vt, with a normal probability

The simulations of the transient response may be cumulated by a press of the Reset button. A new button Memory
appears in the simulation window, at the right lower corner. Press this button to draw all simulations together without
refreshing the grid. Each time the Reset button is activated, a new set of threshold and mobility parameters is used to

conduct the simulation. The accumulation of ten successive transient simulations is represented in figure 4-53.

+1.20

10 successive simulations
(Memory on)

Jé

oo

The fall delay
fluctuates

1120

<

inv 44ps
The rise delay
| fluctuates
00 02 04 06 0e 10 12 Y4 16 Y8 Timeins!

Fig. 4-53: The Monte-Carlo simulation of the inverter tramsient characteristics, using random VTO and UO

parameters (Inv.MSK).
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The inverter has a strong probability to behave close to the typical value. In some rare cases, the switching
performances vary significantly. The min/max simulation is also very interesting to simulate the inverter in extreme

situations.

8. The Inverter as a library cell

Generally speaking, the integrated circuit design relies on a library of basic cells. In this library, each basic cell is
described in a very detailed way. The layout information and several static and dynamic aspects are usually included.
Such details are important to choose the appropriate cell, to evaluate the circuit size, standby parasitic current and

switching performances.

The data-sheet of the inverter usually looks like figure 4-54. Firstly, the header gives the cell name. The mask level file
and symbol files are also listed. The truth table recalls the logic behavior of the cell. The symbol is also provided. In
the case of complex cells such as latches, where numerous versions and options co-exist beyond the same name, the
truth-table is of key importance. The node capacitance is useful for propagation delay prediction, as the switching

performance is linked with the capacitance load.

The operating point recalls the value of the supply with which the characterization has been conducted. Some

information is also given for low supply voltage (See also the switching characteristics at 0.9V).
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Name: INVERTER Technology: 0.12pm CMOS Layout: INV.MSK Symbol: NOT.SYM
Operating point: VDD=1.2V, Temperature=25°C
TruthTable:
In Out
0 1
1 0
Symbol:

out

Capacitance:

e Input: 0.5fF

e Output 0.5fF
Drive: 1x
Cell Area : 1.26pumx4.3pum (5.14pm?)
Power consumption : 1.02pW/MHz typical
Standby current: 100pA

Inverter Rise time (ps) Fall time (ps)

Input slope 0.01ns (fast) 0.1ns (slow) 0.01ns (fast) 0.1ns (slow)
Load (fF) 10fF 100fF 10fF 100fF 10fF 100fF 10fF 100fF
Delay In—>Out 42 340 61 416 35 288 49 338
Delay In—>Out (VDD=0.9V) 86 65

Delay In—Out (max, -40°) 70 50

Delay In—>Out (min, 120°C) 122 98

Inverter Peak current (LA)

Input slope 0.01ns (fast) 0.1ns (slow)

Load (fF) 10fF 100fF 10fF 100fF

Peak current (typ) 138

Peak current (max, -40°) 189

Peak current (min, 120°C) 105

Peak current (typ,VDD=0.9V) 79

Fig. 4-54: The library information for the basic inverter (Inv.MSK).
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The power consumption is usually described in uyW/MHz. To characterize this value, a IMHz clock is connected to the
input and the total power consumption is computed from the integral of the current. In Microwind, we preferably use a
1GHz clock, and consequently divide the power estimation by 1000. The cell consumption increase linearly with
frequency. The standby current is a key information in low-power circuits, where the standby parasitic current should
be as small as possible. Depending on the MOS option (normal, high-speed, low leakage), the standby current may

vary in a very significant way.

The keyword "1x" refers to the inverter strength. A cell with 1x strength is designed with small output MOS devices,
usually close to the minimum length and width. A cell with 2x has medium size MOS devices, a cell with drive 4x is
used for high speed signals. Cells with 8x drive or even 16x drive may exist, to propagate very fast signals such as
clocks and bus. However, using cells with high drive means a high power consumption and high risks of signal

integrity problems.

The delay between signals in and out is strongly dependant on the slope of the input signal, the capacitance connected
to the output signal, the temperature, the power supply and the process variations. The goal of the switching delay table
is to summarize the delay in typical conditions as well as in extreme conditions. Several design tools such as the timing
analyzer and the power consumption extractor will use these data to guess all possible cases of loading conditions,

temperature variation, etc.

Values in
Delay library
T Maximum
Typical
Delay 2
. Minimum
1
1 q Interpolation performed
' ! by timing analysis tools
Delay 1 !
]
]
i i Capacitance
| |
: : >
Small load (10fF) Large load (100fF)

Fig. 4-55: Delay parameters are used by timing analysis tools to predict the cell switching performances for any

capacitance

The current peak details are used to evaluate the power consumption of the circuit. The value of the current changes

significantly depending on the loading conditions, temperature and supply voltage, as expected.

9. 3-State Inverter
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Until now all the symbols produced the value logic ‘0’ and logic ‘1’. However, if several inverters share the same
node, such as bus structures (Figure 4-56), conflicts will rise. In order to avoid multiple access at the same time,
specific circuits called 3-state inverters are used, featuring the possibility to remain in a ‘high impedance’ state when

access is not required.

Enablel

%>0—;_4<% %%g

Enable3

o T

Poor design: logic conflicts

Good design: one active enable at each time

Figure 4-56: If multiple access is required on a single node, 3-state inverters are used for interfacing (Inv3state.SCH)

The 3-state inverter symbol consists of the logic inverter and an enable control circuit. The output remains in ‘high

impedance’ (Logic symbol 'X'") as long as the enable En is set to level ‘0’. The truth table is reported below.

NOTIF1

In En Out

0 0 X

0 1 1

1 0 X

1 1 0

X Oorl X
Oorl X X

The internal structure of the 3-state inverter is shown in figure 4-57. The basic CMOS inverter is no more connected to
the supply lines VDD and VSS directly. In contrary, pass nMOS and pMOS devices are inserted to disconnect the

inverter when the cell is disabled.
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E} Datalny DataOut3state

Figure 4-57: Schematic diagram and logic symbol for the 3-state inverter (Cmosinv3State.SCH)
Unfortunately, a supplementary inverter is needed to generate the /enable signal required to control the pMOS device.
The logic simulation reported in figure 4-58 illustrates two basic situations: one where enable is inactive, and the

output is in high-impedance state <glossary> as no path exists to VDD or VSS, the other where the circuit is equivalent

to an inverter, as the upper and lower pass transistors are enabled.

|8 :

J
Tq |
l_{% DataQut3state EIF-DataI
| |
|

l_{% DataCutIstate
|

|

Figure 4-58: Simulation of the 3-state inverter (CmosInv3State.SCH)

Two versions of layout are proposed in figure 4-59, and they correspond to the same design. The cell situated on the

DDatal

left is the direct implementation of the schematic diagram of the 3-state inverter. The layout implementation is not
optimal as we loose some silicon area due to severe diffusion design rules which require a 4 lambda spacing. The new
arrangement, shown on the right of the figure, is significantly more compact, thanks to horizontal flip of the Enable
inverter, and the sharing of the ground and supply contacts, as illustrated in figure 4-60. Continuous diffusions always

lead to more compact and faster designs.
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Figure 4-59: The layout of the 3-state inverter (Inv3State. MSK)
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Figure 4-60: A permutation technique to achieve more compact layout

The analog simulation reported in figure 4-61 gives an interesting view of the high impedance state. From the
chronograms, we see that when Enable=1 the cell acts as a regular CMOS inverter, while when Enable=0 the output
"floats" in an unpredictable voltage value, which tends to fluctuate at the switching of the input, mainly due to parasitic

leakage and couplings.
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Figure 4-61: Analog simulation of the 3-state inverter (INV3STATE.MSK)

10. All nMOS Inverters

Several other circuits exist to build the logic inverter function [Baker]. One popular inverter is shown in figure 4-62. It
consists of a normal n-channel MOS device N/ and of another n-channel MOS device N2 connected as a simple load.
Due to the permanent connection of the gate to VDD, the nMOS device N2 is equivalent to a resistance Ron_N2. When
Clock=0, a path exists to rise the output through the resistance. The final value Vhigh is VDD-Vitn, where Vitn is the
threshold of N2. When clock=1, the circuit is equivalent to a voltage divider where N2 still conducts, and N/ creates a

path to ground. An approximation of Vlow is given by equation 4-7.

R
N2
V,.=VDD s (Equ. 4-7)
R +R
on_N1 on_N2
M2 Invimos Ron_M2  |myNmos rises to Vhigh Ron_N2
Clock |
P —3 — Invimos falls to View
N1 i Ron_N1

Clock=0 | Clack=1

Figure 4-62: An inverter only made with nMOS devices (InvNmos.SCH)
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The simulation waveforms given in figure 4-63 are quite unusual as the low state (Clock=1) of the output leads to a

stand-by current which had not appeared until now in CMOS circuits. This DC power waste is a major drawback for
this kind of design. Furthermore, the logic level 0 corresponds to 0.3V while the logic level 1 corresponds to 0.8V. The
switching is slow, specifically from 0 to 1, due to a weak nMOS device. However, no pMOS device is required, which

simplifies both the design and the process. The device N2 is sized with a large length and a small width to increase the

resistance Ron_N2, to lower the output voltage when clock=1. All n-MOS inverters were used before CMOS

technology was made available.
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(mA)

0.40
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1.00
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Figure 4-63: All n-MOS inverter(INVNMOS.MSK)

11. Ring Oscillator

The ring oscillator made from 5 inverters has the property of oscillating naturally. We observe in the circuit of figure 4-

64 the oscillating outputs and measure their corresponding frequency.

Ring oscillator with 5 inverters

Do T e

0.2V

5.Time(ns
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Figure 4-64: Schematic diagram and layout of the ring oscillator used for simulation (INV5.MSK)

The ring oscillator circuit can be simulated easily at layout level with Microwind using various technologies. The time-
domain waveform of the output is reported in figure 4-65 for 0.8, 0.12pm and 70nm technologies. Although the supply
voltage (VDD) has been reduced (VDD is 5V in 0.8um, 1.2V in 0.12pm, and 0.7V in 70nm), the gain in frequency

improvement is significant.

Technology | Supply | Oscillation Chronograms

0.8 um 5V 0.76GHz e i
: 1 310ns \ i 1 3ons | \ 1 31Dn5
/U?SG /0766 : /U?GG

s5

9 5 Time(ns
0.12 pm 1.2V 32GHz ; [ ﬁ\ fﬂ\ ; [ ﬂi [ ‘ﬁ\ ; f f\ f
. i 6.031ns 003tns | | 003ns! 003tns | | 003ng
732 476 | 32476 | 32666 | 2476 | | 32476] ‘
i i ‘ ‘ i i ‘ i i 00
3000 3020 3040 3080 3080 3100 3120 3140 3180 3.18Time(ns)
90nm 1.0V 41GHz £1.00—fd i - R o

0.024ns  0024ns | 0.024ns | 0024ns  0.024ns  0.024ns

s5 0 H
41.156 40986) | 41.156| | 40.986G! 40.986 41.156

J

1.200 1.220 1.240 1.260 1.280 1.300 1320 1.340

)

Fig. 4-65: Oscillation frequency improvement with the technology scale down (Inv5.MSK)

By default the software is configured with 0.12pum technology. Use the command File — Select Foundry to change
the configuring technology. For example, select cmos08.RUL which corresponds to the CMOS 0.8um technology, or
the file emos90nm.RUL which configures Microwind to the CMOS 90nm technology. When you run again the

simulation, you may observe the change of VDD and the significant change in oscillating frequency.
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High Speed vs. Low leakage
Let us consider the ring oscillator with an enable circuit, where one inverter has been replaced by a NAND gate to
enable or disable oscillation (Inv5SEnable. MSK). The schematic diagram is shown in figure 4-66, as well as its layout
implementation. We analyze the switching performances in high speed and low leakage mode, by changing the

properties of the option layer which surrounds all devices.

Ring oscillator with 4 inv and one nand gate

out1 out2 out3 outd outs

7

Fig. 4-66 The schematic diagram and layout of the ring oscillator used to compare the analog performances in high

speed and low leakage mode (INV5Enable. MSK)
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Fig. 4-67: Simulation of the ring oscillator in high speed mode, using BSIM4 model. The oscillating frequency is fast
but the standby current is high (Inv5Enable. MSK)
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Fig. 4-68: Simulation of the ring oscillator in low voltage mode, using BSIM4 model. The oscillating frequency is

slower but the standby current is very low (Inv5Enable. MSK)

Parameter Low leakage mode High Speed mode
Imax 0.6 mA 1.0mA
I standby <lnA >10nA
Oscillating frequency | 20GHz 26GHz

Table 4-4: Comparative performances of the ring oscillator (Inv5Enable. MSK)

The option layer which surrounds the oscillator is set to high speed mode by a double click inside that box. In high

speed mode, the circuit works fast (26GHz) but consumes a lot of power (1mA) when on, and a significant standby
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current when off (10nA), as shown in the simulation of the voltage and current given figure 4-66. Notice the tick in
front of "Scale I in log" to display the current in logarithmic scale.

In contrast, the low leakage MOS features slower oscillation ( 20GHz in figure 4-67, that is approximately a 25%
speed reduction) , but with 40% less current when ON, and more than one decade less standby current when off (1nA).
In summary, low leakage MOS devices should be used whenever possible. High speed MOS should be used only when

speed is critical, such as communication bus, critical path, etc.. The analog performances are summarized in table 4-4.

Temperature effects

The main consequence of temperature increase is a decreasing mobility of the electrons and holes of the MOS channel,
leading to slower transient performances. Thus, the propagation delay due to the logic gate is increased, as illustrated in
figure 4-68 which concerns the switching characteristics of the 5-inverter ring oscillator. In Microwind2, you can get

access to temperature using the command Simulate — Simulation Parameters. The temperature is given in °C.

i
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453 31356 31.35G |31456 31356 31.45G SQQSG'I n

T=27°C

[ENL
Pl =1

F
:
|
I
i
I
i
ad ,
!
|
I
|
I
|
I
1

T=120°C

shs 0.035ns 0.035ns 0.0350s 0.035ns 0.034ns
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Fig. 4-69. Propagation delay increases with temperature (Inv5Enable. MSK)

In the simulation of figure 4-69, we used the BSIM4 model for a temperature set to 25°C and 120°C. We can observe a
10% decrease of switching speed, which finds its origin in the mobility degradation, which is computed by the

following formulation.

T+273
Uo= UO(T 27)( 300 ) (eq. 4-4)

We may conduct the parametric analysis of the temperature influence on the oscillating frequency, in order to obtain

the results reported in figure 4-70. It may be seen that the frequency variation from -100°C to +100°C is kept below
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15%. The reason for this reduced dependence is that the mobility reduction is compensated by the threshold voltage

decrease, also strongly dependent on the temperature, which tends to limit the overall effects of temperature variations.

. Tem perature Analysis

Curve vs. spacin
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Fig. 4-70: Performances of the ring oscillator versus temperature increase (Inv5SEnable. MSK)

A 2.5GHz ring oscillator

The previous ring oscillator operated around 30GHz, which is of no practical use. In contrast, the 2.5GHz frequency is
widely used for a variety of wireless network applications. In this paragraph, we investigate several possibilities to
slow the oscillator frequency down to 2.5GHz. One immediate idea consists in designing a ring oscillator with more
inverter stages (Around 70). This is a power consuming and silicon area consuming approach. A more attractive
solution consists in the reduction of the MOS current capabilities. Then a new question rises: how should we proceed,
as we may increase the channel length, decrease the channel width, or add parasitic capacitance in each switching node

(Figure 4-70)?

Increase the Add parasitic
length capacitance

7= Decrease the
widh 0w T T—n

Figure 4-71: Reducing the current of the MOS device may be performed by increasing the length or decreasing the
width
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One solution is proposed in figure 4-72. It combines the channel length increase, the width decrease to its minimum
value, and the enlarging of drain areas whenever possible to increase the parasitic junction surface, and consequently
its parasitic capacitance. All these layout modification have a sufficient impact to reduce the oscillating frequency to
around 2.5GHz. Notice that this frequency is very sensitive to process parameters, temperature, and supply voltage
variation.

Ay

Figure 4-72: The 5-inverter oscillator tuned to 2.5GHz (Inv2,5GHz.MSK)

Latch-up effect

The latch-up effect is a parasitic shortcut between VDD and VSS that can lead to the destruction of the integrated
circuits. The origin of latch-up is the activation of a parasitic N/P/N/P device (Also called thyristor) appearing in the

vertical cross-section of the nMOS and pMOS structures as reported in figure 4-73.

VSS
VDD

Possible parasitic path due
to latch-up

Fig. 4-73. Origin of latch-up
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Limiting the latch-up effect

The latch-up effect is almost eliminated if the substrate is locally polarized to ground, and the n-well is locally
polarized to VDD (Figure 4-74). In the upper layout (Figure 4-74a), the situation is extremely dangerous as the n-well
region is floating. If the n-well potential drops around VDD/2 and the local substrate voltage rises to VDD/2, the latch-
up phenomenon is initiated. Most layout tools alert the designer in the case of floating n-well regions. The good
approach consists in inserting a polarization diode N+/N-well and stuck it to the highest possible potential, typically
VDD.

—|:

Floating n-well

Very probable path
from VDD to VSS
(a)

"Latch-up limited by an n-well polarization

N+ contact to n-well, —— |7
connected to VDD

®) The p-substrate voltage
could rise as no polarization
exists locally
Possible path from VDD to VSS ’
up almost elimited by VDD and V55 polarization
: : e Il = : " P+ contact to p-substrate
o Weg connected to VSS
- pry | - ‘
N+ contact to n-well, —] |4 - a p ] g“
connected to VDD o
(c)

Fig. 4-74 Limiting the latch-up effect by polarization diodes

Many designers consider that there exists an « automatic » polarization of the substrate to ground and forget to add a
local P+/P-substrate contact to ground, near the nMOS device (Figure 4-74b). This might be a dangerous assumption
which can cause latch-up: in 0.12pm technologies, several manufacturers use a highly resistive p-doped substrate. In
that case, the electrical link between the physical ground (Back of the IC) and the local nMOS area is equivalent to a
resistor of several Kohm. Consequently, what is supposed to be a good 0V reference is a very weak 0V, that can easily
fluctuate and turn on the N/P/N/P device, which may lead to latch-up and possible destruction. This is why it is highly
recommended to add also a P+/P-substrate polarization to ground, which protects the logic cell from latch-up (Figure

4-74c).
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13. CONCLUSION

This chapter has described the CMOS inverter, from a logic and analog point of view. The mobility difference between
electrons and holes has been counterbalanced at layout level to obtain symmetrical static and dynamic characteristics.
The effect of MOS model and temperature on the simulation results have also been investigated. The 3-state inverter,
all n-MOS inverter and ring-oscillator circuits have been designed and simulated. Finally, we have presented the basic

polarization techniques to avoid the parasitic latchup effect.
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EXERCISES

4.1 Create the layout and compare the static characteristics of the three following inverters:
e Wn<Wp
e Wn=Wp
e Wn>Wp

Which one seems to be well balanced ? Justify your answer.

Answer: The most symmetrical behavior is obtained for Wp~2.Wn

4.2 We consider the two inverters of figure 4-75. We define #p,4; as the delay from a low to high value of the output
invl (Figure 4-75). We define p;, as the delay from a low to high value of the output inv2. Find the relation between

the propagation delays tp;z; and tpy .

W=4.0u W=8.0u
In L=0.12u Invt In L=0.12u Iny2
y kN

W=4_0u W=4_0u

L=0.12u L=0.12u

Figure 4-75: Compared performances of two inverters with different sizing (ch42.sch)

Answer: tPLH2:2/3 * tprmI
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4.3 Using Microwind in 0.12um, draw an inverter (Wppos=2pum, Wymos=1pm) connected to a 100fF capacitor. Find

RON and ROFF of each transistor and calculate zpy;, and tp; . Compare their value to the simulated results.

Answer: RON=, ROFF=, tpy;=, tpry= <Sonia>

4.4 Configure Microwind in 90nm and design a ring oscillator using an odd number of inverters (For example 11).
Based on the analog simulation using BSIM4, find the inverter propagation delay (#,) and the oscillator frequency (fos.).
Extract tpy; and ¢p,; and deduce the theoretical oscillator frequency fosc sieor,- Compare it to the simulation (f,,.). Playing

with the available MOS options in 90nm technology, analyze the variation of f..

Answer: tp=, fosc=, fosc_therory=, fosc_lowleakage=,fosc_highspeed,fosc_ultrahigh= <Sonia>

4.5 Using Microwind, design 2 inverters: INV1 (Lyin, WNpin, WPin), INV2 (Liin, 4 X WNpin 4 X WP, ). What is the
input capacitance of INV1? Simulate the 4 following configurations using the same input clock (clock switching:
tr=tf=10ps) and extract the switching delays. Would the switching delay be different with a larger # and #?

e INVI alone

e INVI connected to INV1

e INVI connected to INV2

e INVI connected to a 10fF load

Answer: Cin_invl=, td1=,td2=,td3=td4=, when tr>xxxps, the delay starts to increase with tr <Sonia>

4.6 Using Microwind in 0.12pum, draw an inverter (L=0.12pum, Wppos=0.6pm, Wynos=0,3um).

e  Simulate the PMOS characteristics to find its /oy current.

e  Use the time domain simulation in mode voltage and current to compare /¢, to Ioy. Extract the power
dissipation.

e Add a capacitor on the inverter output. For the two following values (1fF, 100fF) compare /¢y, and the
power dissipation.

e Design a new inverter (L=0.12pum, Wppos=6pum, Wynmos=3um) with a 100fF load. What is the minimum
number of diffusion contacts necessary to avoid current overstress in the inverter?

Answer: lon=, Iccmax=, pow=,iccmaxlf=,iccmax100f=,contacts=<Sonia>
4.7 Analyze the variation of frequency versus the technological parameter variation, for the 5-inverter ring oscillator

(Inv5.MSK). Use the command Analysis & Parametric analysis for this study.

Answer: The variation is around
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5 Interconnects

1. Introduction

The role of interconnects in integrated circuit performances has considerably increased with the technology scale
down. Figure 5-1 shows the evolution of the aspect of the integrated circuit. In 0.12pm, 6 to 8 metal layers are

available.

(a) 0.7um (b) 0.12um technology

Figure 5-1: Evolution of interconnect between 0.7um technology and 0.12um technology (Inv3.MSK)

2. Metal Layers

In the previous chapter, we designed the CMOS inverter using two layers of metal. However, up to 6 metal layers are
available for signal connection and supply purpose. A significant gap exists between the 0.7um 2-metal layer

technology and the 0.12um technology in terms of interconnect efficiency.

Firstly, the contact size is 6 lambda in 0.7pm technology, and only 4 lambda in 0.12pum. This features a significant
reduction of device connection to metal and metal2, as shown in figure 5-2. Notice that a MOS device generated using
0.7um design rules is still compatible with 0.12um technology. But a MOS device generated using 0.12pm design

rules would violate several rules if checked in 0.7um technology.
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Via size 3x3 A

2A

‘ |4

]

Metal 2 I

Metal

4%

e

2n

—

N+
diff

Secondly, the stacking of contacts is not allowed in micro technologies. This means that a contact from poly to metal2

requires a significant silicon area (Figure 5-3a) as contacts must be drawn in a separate location. In deep-submicron

=] =

A

(a) Contacts in 0.7um technology

5. Interconnects

Via size is still 2x2 A

b
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diff
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(b) Contacts in 0.12pm technology

Figure 5-2: Contacts in 0.7um technology require more area than in 0.12um technology

technology (Starting 0.35um and below), stacked contacts are allowed (Figure 5-3b).

2%

Poly

(a) Poly to metal2 contact in 0.7um technology

Figure 5-3: Stacked vias are allowed in 0.12um technology, which saves a significant amount of silicon area

Metal layers are labeled according to the order in which they are fabricated, from the lower level 1 (metal 1) to the

upper level (metal 6 in 0.12pm). Each layer is embedded into a silicon oxide (SiO2) which isolates layers from each

Via size 3x3 A

4 7‘ X Stacked poly, o
Metal 2 minimum contact, metal, Via size 2x2 A
via and metal2
4%
minimum
Metal \ )
| {8
2 . Metal 2
Contact

Poly

compared to 0.7um design style.

other. A cross-section of a 0.12um CMOS technology is shown in figure 5-4.
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Metal 7

Via from metal 6 to
etal 7

P—
Interlayer oxide

removed by chemical
attack

Via from metal 4 to
metal 5

Metal 6

Metal 5

Metal 4
Metal 3
Metal 2

Metal 1
-
MOS transistor

regions

Figure 5-4: Cross-section of a 0.12um technology (Courtesy Fujitsu)

3. Contact & Vias

The connection material between diffusion and metal is called "contact". The same layer is also used to connect poly to
metal, or poly2 to metal. The connection material between metal and metal2 is called "via". By extension, the material

that connects metal2 to metal3 is "via2", metal3 to metal4 "via3", etc..
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ontact diffn/metal

Diffp/Metal

Contact
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poly/metal i Palette
4\I;I ] w and upper metal
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T = = via/metal
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Selected —_—
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[

P+ Diffusion 1
il

<

<

Figure 5-5: Access to basic contact macros
In Microwind, specific macros are accessible to ease the addition of contacts in the layout. These macros may be found
in the palette, as shown in figure 5-6. As an example, you may instanciate a design-error free poly/metal contact by a

click on the upper left corner icon in the palette. You may obtain the same result by drawing one box of poly (4x4

lambda), one box of metal (4x4 lambda) and one box of contact (2x2 lambda), according to design rules.

Poly/Metal contact macro Poly Metal Contact

Figure 5-6: Access to basic contact macros
Additionally, an access to complex stacked contacts is proposed thanks to the icon "complex contacts" situated in the

palette, second row, second column. The screen reported in figure 5-7 appears. By default you create a contact from

poly to metall, and from metall to metal2. Change the tick to build more complex stacked contacts.
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- Layout Generator
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Between metal Repeat

[~ Metals to MetalG
Rows 1

[~ Metald to Metald

[~ Metal3 to Metald Columns 1

[T Metal2 to Metal3
[ Metal1 to Metal2

to meta
With Poly and diff rows
s Puoly to Metal 1 EE—HE
£ N+ Diffto Metal 1 |:' LI

¢~ P+ Diffto Metal 1 to diff column

" (Mone)
; Generate Contact | x Cancel

Figure 5-7: Access to complex stacked contact generator

Contact
N+diff/metal/metal2
metal3 Contact
metal2/metal3
Contact metal4/metal 5/metal6
poly/metal/metal2
metal3/metal4
Contact
P+diff/metal/metal2
Contact metal3/metal4/metal 5
poly/metal/metal2

Figure 5-8: Examples of layer connection using the complex contact command from Microwind (Contacts.MSK)

DIRECT LAYER CONNECTION

A convenient command exists in Microwind to add the appropriate contact between two layers. Let us imagine that we

need to connect two signals, one routed in polysilicon and an other in metal3. Rather than invoking the complex macro
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command, we may just select the icon "connect layers". As a result a stack of contacts is inserted at the desired location

to connect the lower layer to the upper layer. An illustration of this command is shown in figure 5-9.

"

S v R S I
Eaar }////|
e ---E,'/-/I-
s L P
0 N et
AL [
o~ Metal3 E,U/I
e kel
Py i
E o]
bl

ﬁ / e contacts here. - .. oL : e

.- .- Result after using "Connect layers® -

Figure 5-9: The command "Connect layers" inserts the appropriate stacked contacts to build the connection between

the desired layers (ConnectLayers.MSK)

7 %
Metal3 layer L i,
L L.
A L
s AL
- Vs

m3

Metal2 contact

Low K dielectric
between metal2

Metall contact

Low K dielectric
between metal 1

Polysilicon [ m——!

Figure 5-10: 2-D cross-section of the layout before and after connecting poly and metal3 layers(ConnectLayers.MSK)
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4. Design rules

w=3 A w=8 A
— > <
d=41 =82
Metal 1,2, 3 and 4 Metal 5 and 6

Figure 5-11: Minimum width w and distance d between metal layers

In 0.12um technology, the metal layers 1, 2, 3 and 4 have almost identical characteristics. Concerning the design rules,
the minimum size w of the interconnect is 3 lambda. The minimum spacing is 4 lambda (Figure 5-11). In Microwind,
each interconnect layer is drawn with a different color and pattern. Examples of minimum width and distance

interconnects are reported in figure 5-12.

Width 8, spacing 8 Width 8, spacing &

© Metats - - - - hetat 6 -

:‘u’L'L'L.:Jth 3, s;jaaciing 4

spaciﬁg 4: Wi_dth s:pac:ing:él Mdths_,spacmgél

) t\\\\\\\\\\\\\\\\\\\\\\\\\\\\\lu)

. k\\\\\\\\\\\\-\\\\\\\\\\\\\-\\\\

Metal i 0 Metal2 © Metald - 0 Metald
Figure 5-12: Metal layers, associated rules and patterns as appearing in the Microwind editor

(DesignRulesMetal. MSK)
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These minimum width and spacing are critical dimensions. They define the limit below which the probability of
manufacturing error rises to an unacceptable level. If we draw metal 1 lines with 2 lambda width and 2 lambda spacing,
interconnect interruptions or short-cuts may appear, as illustrated in figure 5-13. Prior to fabrication, the design rules
must be checked to ensure that the whole circuit complies with the width and spacing rules, to avoid unwanted
interruptions or bridges in the final integrated circuit. The Microwind command to get access to the design rule checker
is Analysis — Design Rule Checker. Still, there exists a significant probability of manufacturing error even if the
circuit complies to all design rules. A wafer of 500 integrated circuits has a typical yield of 70% in mature
technologies, which means that 30% of the circuits have a fabrication error and must be rejected. The yield may drop to
a percentage as low as 20%, for example in the case of state-of-the art technologies with all process constraints pushed

to their limits, and very large silicon dies.

4 A width, 4 A spacing Fabricated
(Design error free)

connection > Short-cut
SN
2% width, 2 A spacing Manufacturing error

(Violated design rules)

Figure 5-13: The manufacturing of interconnects which violate the minimum width and distance may result in

interruptions or short-cuts, which may have catastrophic consequences on the behavior of the integrated circuit.

The practical design width for metal interconnects is usually a little higher than the minimum value. In Microwind, the
routing interconnects are drawn in 4 lambda width. The pitch is the usual distance that separates two different
interconnects. In 0.7um, due to severe constraints in the contact size, the pitch has been fixed to 10 lambda. In deep-
submicron technology, improvements in contact sizing may reduce that pitch to 8 lambda. In 0.12pm technology, this

routing pitch is equivalent to 0.48um.
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Technology | Filename Upper metal Lower metal
Width | Thickness |Distance |Width | Thickness | Distance

0.8um cmos08. RUL|1.2 0.70 1.20 3.20 [0.70 6.00
0.6um cmos06. RUL|0.9 0.70 0.90 2.40 [0.70 4.50
0.35 cmos035.RUL [ 0.6 0.70 0.60 1.60 |0.70 3.00
0.25 cmos025.RUL [ 0.38 |0.60 0.50 1.00 |0.70 1.88
0.18 cmos018.RUL[0.30 |0.50 0.40 0.80 |1.00 0.80
0.12 cmos012.RUL | 0.18 |0.40 0.24 0.48 10.80 0.48
90nm cmos90n.RUL [ 0.15 |0.35 0.20 0.40 |1.60 0.40
70nm cmos70n.RUL | 0.10 |0.30 0.14 0.28 |1.00 0.52
50nm cmos50n.RUL[0.08 |0.25 0.10 0.20 |0.50 0.38

Width Width A

- Distance < Distance

Thickness $ M Thickness I
Lower metal Upper metal

Table 5-2: Conductor parameters vs. technology

Integrated circuit manufacturers usually specify this routing pitch in their non-confidential technological descriptions,
as one of the commercial arguments for designing compact (and behind this, low cost) integrated circuits. Common
industrial pitch in 0.12pm CMOS process is around 0.4pm. The design styles in 0.7um and 0.12pum are illustrated in
figure 5-14.

10A  10A  10%

=20

CEFETT

Figure 5-14: Illustration of the routing pitch in 0.7um, set to 10 lambda due to the large size of the contacts
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Figure 5-15: lllustration of the routing pitch in 0.12um, set to 8 lambda thanks to the reduced size of the contact

5. Capacitance associated with interconnects

Interconnect lines exhibit the property of capacitance, as they are able to store charges in the metal interface with
oxide. The capacitance effect is not simple to describe and to modelize. This is due to the fact that interconnects are
routed very close to each other, as shown in the example in figure 5-16. The capacitance effects are represented by a

set of capacitors which link interconnects electrically.

—
—
— ey

Substrate

Figure 5-16: One interconnect is coupled to other conductors in several ways, both lateral and vertical

LARGE PLATES

10 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP suBMICRON CMOS DESIGN 5. Interconnects

Large metal plate
over susbtrate

Findging
capacitance Cf

Surface
capacitance Cs

Substrate

Figure 5-17: Large plate of metal above the substrate

In the case of a large metal area (width w, length 1) separated from the substrate or other metal areas by an oxide with
a thickness e, the formulation 5-1 is quite accurate. We neglect the fringing capacitance Cf'in that case. Large plates

of metal are used in pads (See chapter 15 for input/output pad description) and supply lines.

Cs = &‘O&‘rW—J (5-1)
e

g =8.85 ¢ * Farad/m

g, = 3.9 for SiO,

w= conductor width (m)

1 = conductor length (m)

e = dielectric thickness (m)

CONDUCTOR ABOVE A PLANE

Several formulations have been proposed [Sakurai][Delorme] to compute the capacitance of a conductor when the
width is comparable to the oxide thickness, which is the case with the large majority of conductors used to transport
signals. We give the formulation of the total capacitance which consists in the sum of Cs and twice the fringing

capacitance Cf, from [Delorme].
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Single conductor
over susbtrate

Findging
capacitance Cf

Surface
capacitance Cs

Substrate

Figure 5-18: One conductor above a ground plane

C=C,+2C, = ze, (1,13.% + 1,44.(%)0’“ + 1,46.(2)0’42) (5-2)

C = total capacitance per meter (Farad/m)
Cs= surface capacitance (Farad/meter)
Cf = fringing capacitance (Farad/m)

€ = 8.85 ¢ '? Farad/m

e.= 3.9 for SiO,

w= conductor width (m)

t= conductor thickness (m)

e = dielectric thickness (m)

Interconnect

Configuration

= ===l

wiidth : 018 um
heigth : pm
thickness:  [040 pm
spacing : IW pr
Low K. 210

Wolt1: {120 Valk2 (00

Computs

"Ennductnr woltagy

C1=82 136 tF/mm
Apply | Cplate=5 793 fF/mm
C12 =0.000 {F/mm

L =063 nH /mm
Eﬂl R =0.043 ohm/square

Figure 5-19: 2D simulation of the field lines between the conductor and the ground
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The command Analysis — Interconnect Analysis with FEM gives some interesting information about the electric
coupling between the conductor and the ground (Figure 5-19). The palette of colors indicate the potential in the oxide
region, in volt. The field lines are the white wires which link the conductor to the ground. Some field lines are directly
coupled to the substrate ground, some other field lines go to the free space. In 0.12pm technology, the metal conductor
is 1.2um above the ground plane, which corresponds to the simulation reported in figure 5-19. Its minimum width is
0.18um (Equivalent to 3 lambda), its thickness is 0.4pm. These physical dimensions are listed in the parameter menu
situated on the right side of the window. The formulations given in (5-1) produce an underestimated value for Cplate,

equal to 6fF/mm. The formulations proposed in (5-2) give a more reliable result for C/, equal to 82fF/mm.

Two Conductors above a ground plane

When a conductor is routed close to another conductor, a crosstalk capacitance, defined as C12 is created between the
two conductors (Figure 5-20). In 0.12um technology, a specific dielectric with a low permittivity (This parameter,
called LowK, is approximately 3 instead of 4) is used to fill the gaps between interconnects. This is an efficient
technique to reduce the crosstalk capacitance while keeping the upper and lower capacitance almost unchanged.
Consequently, the oxide stack alternates between high K and low K materials, as shown in the cross-section. Low K
dielectrics were introduced with 0.18um technology. Air gaps are the ultimate low K materials, with a lowest possible
K =1. Intensive research is being conducted on the enclosure of air gaps in between coupled connectors, and could

become a standard in future technologies.

High K dielectric

Two conductors Low K dielectric

over a ground
plane

High K dielectric
Crosstalk

Findging Low K capacitance C12
capacitancg Cf dielectric
High K dielectric
Surfate Crosstalk Ground pl
! plane
capacitance Cs capacitance C12 Ground plane

Figure 5-20: Two conductors above a ground plane

—d

C=C,+C, =26, (1102 +0.79(2 )" +0.46.(L )7 (1-0.87¢" <)) (53
e e e
t d o, ,d -2.22 w.d ~0.64
Coo =t (5 + 125 ) (S + 11577 +0.253I(14 7072 ). (S 0.507°%) (524
e e e

C = conductor capacitance to ground per meter (Farad/m)

Cs= surface capacitance (Farad/meter)
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Cf = fringing capacitance (Farad/m)

C12 = crosstalk capacitance (Farad/m)

g = 8.85 ¢ 2 Farad/m

g.= 3.9 for SiO,

€owk = permittivity of low dielectric material (around 3.0 in 0.12pum)
w= conductor width (m)

t= conductor thickness (m)

e = dielectric thickness (m)

d = conductor distance (m)

In the default 0.12pum technology, two coupled interconnects with the minimum width and distance routed with the
first level of metallization have a cross-section shown in figure 5-21. The benefits of the low permittivity dielectric
appear clearly in the value of the coupling capacitance C12 (75fF/mm), which is comparable to the ground
capacitance C1 (51fF/mm). If we change the parameter Low K to the silicon dioxide permittivity equal to 4, the
coupling capacitance becomes much higher than the ground capacitance. More about the crosstalk effect, including

simulations and measurements, is given at the end of this chapter.

Interconnect ‘Z‘ |§‘ |z|

heigth 1.10 um

thickness ©  |0. i

1

spacing : 0.2 pm

Low K 210

rConductar woltage———————————

Vot 1o [1.200 Valt2: ID.D

[~ Compute

C1=51.367 fF /mm

i Colate=5.793 F/mm

C12 =75.830 fF/mm

L =0.633 rH/mim
ﬁﬂl R =0.043 ohm/square

m Cormpute: Figld | x Clase

Figure 5-20: 2D simulation of the field lines between two conductors and the ground

Real case conductors

In practice, the accurate extraction of the capacitance of each node is based on a 2 dimensional partitioning of the
layout, and the 3D computing of capacitance for each elementary configuration. Even a simple interconnect
configuration, such as the one shown in figure 5-21, is equivalent to a large set of 3D configurations, each of them

requiring the use of a 3D static field solver.
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' ' Y2
Y0 S EE Y3 — Y4

]
g

YO

Y1 Y2

Y3 Y4

Figure 5-21: Example of interconnects routed in metal 1, 2 and 3

Examples of standard configurations that may be found in the layout of figure 5-21 are shown in figure 5-22, with
numerical values corresponding to 0.12pm technology, metal wire width 4 lambda (0.24pm), and wire spacing 4

lambda (0.24pum).

High K dielectric J—

Cci2
High K dielectric Clb
Low K
Low K
C1 High K ci ¢ c2
cI High K —l_ 8 —l_ —l_ —l_
One conductor, one plane One conductor, two planes Two conductors, one plane
One conductor above substrate (Y1-Y1") (Y2-v29 (Y3-Y3")
(Y0-Y0)
s C=CI=120fF/mm C=CI+CIb=150fF/mm C=C1 =90fF/mm
C=CI=70fF/mm ’ C12 = 50fF/mm

Figure 5-22: Basic configurations illustrating the cross-sections of the interconnect network (0.12um)

The extraction of the layout is conducted according to the flow described in figure 5-23. The MOS devices and
interconnects are extracted separately. To compute the crosstalk capacitance, the interconnect network is parsed into
elementary structures, each one having a fixed stack of layers. An iterative procedure permits to locate vertical and
horizontal elementary crosstalk contributions and to compute the sum which appears in the SPICE netlist and the

electrical node properties.
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Load Layout

Technology Extract
parameters Electrical
(cmos012.rul) Network

A 4
Parse the interconnect network
into elementary boxes

A 4
Compute the crosstalk
matrix

A4 A
Update the Update the
SPICE file navigator

Figure 5-23: The crosstalk capacitance extraction steps in Microwind

! H L S S S Lo

J R

> Y coordinates

Elementary
coupling zones

X coordinates

Figure 5-24: Identification of coupling zones in the test case presented in figure 5-21

Figure 5-24 shows where the elementary coupling zones have been detected. Only lateral coupling between identical
layers, close enough to generate a significant crosstalk contribution are considered. The other couplings are neglected
in this extraction phase. In the test case proposed in figure 5-21, couplings occur in metall, metal2 and metal3, as seen
in figure 5-24. Each contribution is very small (less than 1femto-Farad). However, the sum of elementary coupling
contribution may result in hundreds of femto farad, which may be comparable to the ground capacitance, and thus

create significant crosstalk coupling effects.
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Node name

_ _ _ . Mavigator ‘ﬁ| _
Node properties \ sF'rtms | Device | Opti

' ' \ Node " xor21_fa7_digit;= ||
Selected node Total capacitance SPra||::|er1].r: variable

\ | @@ Appearin simu
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\ = 269
Estimation of the
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. S = 54um

¥ 0.03 nH

interconnect length

¥or21_fav_digit21, ~
digit21, visible

H|—Mode Properties—
CAPA(Z2.69F)
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.Crosstalk 011 fF
Diffusion :0.14 fF

P LT

¥ Hide | Unselect

= Details on the
capacitance

i ﬁ ) i
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Figure 5-25: Extraction of a real-case interconnect capacitance using the command "View Electrical Node"

12

The command View —View Electrical Node or the above icon above launches the extraction of ground and
crosstalk capacitance for each electrical net of the layout. The ground capacitance of the node and the crosstalk
capacitance are detailed in the navigator window, as illustrated in figure 5-25. Notice that the global capacitance is

split into metal, crosstalk, gate and diffusion capacitance. The selected net has weak crosstalk coupling as compared

to ground coupling.

6. Resistance associated with interconnects

The resistivity of interconnect materials used in CMOS integrated circuits is listed in table 5-3. Conductors have very
low resistivity, while semiconductor materials such as highly doped silicon have a moderate resistivity. In contrast, the

intrinsic silicon resistivity is very high.

Symbol Description Used for Resistivity at
25°C
P e Copper resistivity Signal 1.72 107°°Q.cm
transport
P a1 Aluminum resistivity Signal 2.77 10°°Q.cm
transport
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P ag Gold resistivity Bonding ‘ 2.20 10°° Q.cm
between chip
and package

P tungsten Tungsten resistivity Contacts 5.30 10°° Q.cm

P naifs Highly doped silicon | N+ diffusions 0.25 Q.cm
resistivity

P Nwell Lightly doped silicon | N well 50 Q.cm
resistivity

P osi Intrinsic silicon | Substrate 2.5 10° Q.cm
resistivity

Table 5-3: Resistivity of several materials used in CMOS circuits

Single conductor
over susbtrate !

Serial resistance R

Substrate

Figure 5-26: Resistance of a conductor

If a conductor with a resistivity has length /, width w, and thickness ¢, then its serial resistance R (Figure 5-26) can be

computed using the following formula:

R= pi (Equ. 5-5)
w.t

where

R=serial resistance (ohm)
p=resistivity (ohm.m)

w= conductor width (m)
t= conductor thickness (m)
1 = conductor length (m)

d = conductor distance (m)

Resistance per square

When designing interconnects, a very useful metric is the "resistance per square". We assume that the width is equal to

the length, that is:

wo_p
R e =P—=—(Equ.5-6)
! P wt ot
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The interconnect material has long been aluminum as it was an easy-to-process material. Unfortunately, the resistivity
of this material is quite high. Recently, copper has replaced aluminum for the manufacturing of interconnects, with a
significant gain in terms of resistance, as the intrinsic resistivity of copper is almost twice lower than that of aluminum
(See table 5-3). Tungsten is used in several CMOS technologies to fabricate contact plugs. Its ability to fill narrow and
deep holes compensates its high resistance. Gold is only used to connect the final chip to its packaging, as described in

chapter 15.

For a copper interconnect (1.72 10°Q.cm) and a 0.4pum thickness, the resistance is around 0.043ohm/square. The
measured square resistance is higher than this theoretical value as the conductor is not homogenous. The titanium
barriers located on both sides of the conductor have an important resistance which reduces the effective section of the
conductor. In the CMOS 0.12um process files, a value of 50mOhm is used.

The square resistance is used to estimate rapidly the equivalent resistance of an interconnect by splitting its layout into
elementary squares. The sum of square is then multiplied by R in order to evaluate the global interconnect
resistance. We illustrate this concept in the layout shown in figure 5-27. We assume a resistance per square Ryqare 0f 50

mQ. The resistance from A to B can be approximated by 10 squares, that is a resistance of 0.5Q.

*q Pl ]afs] e
7
8 1

|}B 90| B

0.05x10=0.5Q

v o AN o b

Figure 5-27: applying the concept of resistance per square to a portion of interconnect

The conductor resistivity is usually considered as a constant value. However, it depends on temperature in a complex
manner [Hastings]. A usual approximation consists in considering the linear temperature coefficient of resistivity
(TCR) expressed in parts per million per degree (ppm/°C). The copper and aluminum materials have similar behaviors,

with a TCR around 4000 ppm/°C. The resistance at a temperature T is given by the following equation:

R, =R, [1+107° TCR(T —T0)] (equ 5-7)

where
RT=serial resistance at temperature T(ohm)

RTO=serial resistance at reference temperature TO (ohm)
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TCR= temperature coefficient of resistivity (ppm/°C)
T=temperature (°C)

TO=reference temperature (Usually 25°C)

Considering a typical 4 lambda wide metal interconnect, we observe that its cross-section is dramatically reduced with
the scale down, due to a decrease of both the lateral and vertical dimensions of the elementary conductors. The
elementary resistance Rsquare is increased at each technology generation, as shown in figure 5-29. The introduction of
copper in high performance CMOS process has lowered almost by 50% the square resistance, but significantly

increased the process complexity and overall fabrication cost.

w=0.6um w= 0.4pm
eO.7um#‘ e=0.5pum ‘

0.35um : Alu 35mSY/ 0.25um : Alu 75mLY77
w=0.24pm w=0.2um
e=0.4pm l e=0.3pm ,
0.12um : Copper 50m<Y/7 90nm : copper 60mLY/]

Figure 5-28: Evolution of interconnect resistance with the technology scale down [ITRS]

Interconnect resistance/mm

150 —

125 —

100 —

75

50—

I I I I I I
1.0pm 0.5 0.35 0.25 0.12 90nm 70nm

Technological generation

Figure 5-29: Evolution of interconnect resistance with the technology scale down

Via Resistance
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Each contact and via has a significant resistance. Typical values for these resistance are given in table 5-4 for three

technologies: 0.7um, 0.12pum and 90nm.

Technology 0.7pm 0.12pm 90nm
Contact resistance |g.5 Q 15 Q 20 Q
Via 0.3 Q 4 Q 8 Q
Upper via - 10 30

Table 5-4: typical resistance of contacts and vias

Globally, the contact resistance and via increase with the technology scale down, due to the continuous reduction of the
contact plug section, resulting in a reduced path for current. The contact resistance from active regions to the first metal
layer is very important due to the thick oxide (Around 1.0pm) that separates the active MOS device altitude from the
metal 1 altitude. A thick oxide is necessary to insert several optional materials such as double gate MOS devices for
EEPROM memories, or large storage capacitance for DRAM memories. The upper via resistance is quite small as the

size of that via is very large compared to the lower via.

Metal

Contact

Polysilicon

Figure 5-30: The contact is equivalent to a resistance (Contacts.MSK)

Substrate

7. Signal Transport

The signal transport from one logic cell to another logic cell uses metal interconnects. Depending on the distance
between the emitting cell and the receiving cell, the interconnect may be considered as a simple parasitic capacitance or
a combination of capacitance and resistance. By default, Microwind only considers the parasitic capacitance. This
assumption is valid for short to medium length interconnects . In 0.12pum, interconnects with a length up to 1000um
can be considered as a pure capacitance load C/ (Figure 5-31). For interconnects larger than 1000um, the serial
resistance R/ should be included into the model. The usual way consists in splitting the capacitance C/ into two

equivalent capacitances and place the serial resistance in between.
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Interconnect model

J—CL J—Cinv

!

e

L

Short interconnect

Interconnect model

A A
J—CL-’Q RL J—(3_-”2 J—CirmI

TRV

L —>

—

Long interconnect

Figure 5-31: C versus RC model for interconnects (RcModels.SCH)

Simulation of the RC effect

The RC delay within interconnects can be simulated using Microwind2 as follows. Consider the circuit shown in figure
5-32. It represents a buffer (Left lower corner) which drives a long interconnect, and then a loading inverter. From a
layout point of view, the interconnect is usually straight, but for simplicity's sake, we use here a serpentine to emulate
the RC effect without the need of a very large silicon area. The 4mm interconnect is obtained by connecting small
portions of metal lines. The layout reported in figure 5-33 is based on 40 bars of metal4, with a length of 100um. The
serial resistance R/ is equal to 820 ohm, and the capacitance CI is around 130fF, divided into two parts, shared on each

side of the virtual resistance.

’_[>{F

T 71 T_T T_T

Zd—/d—f/_#—f&bbbb

Figure 5-32: Emulation of the RC effect in a 4mm interconnect using serpentine (RcEffect.SCH)
Although both the capacitance and resistance of each node are extracted, the simulator considers by default only the

capacitance and ignores the resistance. We add a “virtual” resistance using the resistance icon situated in the palette

(Figure 5-33). This resistance is placed directly in the interconnect, as detailed in the layout of figure 5-34, to force
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Microwind to handle the equivalent resistance of the interconnect. We assign to the resistor the value of the metal

interconnect resistance, appearing as R(metal). This value is updated during the electrical network extraction phase.

PERERR
L = T v
- — —
trALNY ~.~ Virtual R,L,C Parameters L @§|
Options L= o
Metal & & = I,TH H
metals B |
Metals B | Resistance Parameters
lietal 2 :“ " Fixed resistance R(metal)
et B | D|ﬁ,metal,pnly,wa‘.remstance
Polysiicon 2 [l | O
Contact e " Paoly resistance
i [ 17 " Diff resistance
P+ Diffuzion [l | ™
N+ Diffusion [l |
— . o OK | ¥ cancel |

Figure 5-33: Inserting a virtual resistance to take into account the serial resistance of the interconnect

(RcModels.SCH)

Near . . g S
end i}

R —
Resistance symbol
P#1  ompeesss  iDserted here

Figure 5-34 : adding a virtual resistance within the layout to simulate the resistance (RcEffect. MSK)

The RC effect of the interconnect appears very clearly in the analog simulation (figure 5-35). The initial phase runs
from time 0.0 to time 1.0ns, which is not significant. At time t=1.0ns, the input shifts from a high to a low state. The
near end of the line switches within approximately 200ps. The far end of the line reaches VDD/2 after twice this delay.
The same delay effects are observed at the fall edge of the clock (t=1.5ns).

23 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP suBMICRON CMOS DESIGN 5. Interconnects
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(Valt)
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Figure 5-35 : RC delay simulation (RCEffect. MSK)
Volt Near end
— Near end Volt \
3 \ — 2.0 \]
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Far end / /
/ L5
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<>/ 1.0 {
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] W

(a) 10mm, metal 3, 0.35um technology (b) 10mm, metal3, 0.18um technology

Figure 5-36: Measurement of RC effect in a very long interconnect (10mm) in metal 3, experimented in 0.35um and

0.18um technologies [Bendhia]

The RC effect can be measured thanks to an on-chip oscilloscope approach [Bendhia] at the near end and far end of
metal interconnects. In the left part of figure 5-36, the measurement concerns a 10mm interconnect routed in metal3,
fabricated in a 0.35um five metal layer process from ST-Microelectronics [ST]. The observed waveforms confirm the
important impact of the serial resistance, estimated in this particular case at around 300 ohm. The waveform is similar
in 0.18um technology, 6 metal layers, but the near end of the line is prompt to switch within 100ps, while, the far end
of the line needs more than 500ps to pass the VDD/2 limit. Notice the supply voltage difference between these two

technologies.

Limit between C and RC models
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In 0.12um technology, the interconnect length limit above which the resistance should not be neglected is around 1mm.
This limit can be illustrated by implementing one configuration with the capacitance model, and another configuration
with the RC model. To implement a long interconnect, Microwind offers a bus generation command, with an interface
reported in figure 5-37. This menu is accessible by the command Edit — Generate — Metal bus. Rather than drawing
a straight line with a 300, 800 or 2000pum length, we split the metal wire into several portions. This makes the layout
more compact, and is equivalent to the straight line. In the example given in figure 5-37, we split the 2mm line into 10

portions of interconnects with a length of 200um each.

. Layout Generator

Pads | Inductor | Contacts | MOS | Path | Logo Bus | Res | Diode | Capa|

Bus parameters Layer
Length (um) W 1& £ Metal
Width (un) 0.240 il | WL £ Metal 5
Spacing (um) 0.240  — " Metal 4
Bus size 1 slze % o
Split bus into horizontal parts : std zplit ~ Metal 1

n: 10

o Generate Bus ‘ ¥ cancel ‘

Figure 5-37: Generating a long metal interconnect using the bus generator command

In this study, three interconnect lengths are investigated: 300um, 800um and 2mm. Each configuration is implemented

with and without the resistance to compare the simulation with the C model alone or the RC model.

Small length (300pm)

fedium length (S00pm)

Long irterconnect length (2mm)

e B S B S B S

Figure 5-38: Simulation of 3 interconnect configurations to investigate the impact of C/RC models (RcModels.SCH)
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Figure 5-39: Layout of the 3 interconnect configurations (300um, 800um and 2mm) to investigate the impact of C/RC
models (RCModel MSK)

Each wire is implemented twice: one version is used to simulate the capacitor model, the other one includes a small

resistance fixed approximately half way between the near and far end of the interconnect, to force the simulator to take

Figure 5-40: Portion of the layout showing the 2 versions of the 300um configuration, with and without resistance

(RCModel MSK)
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In order to handle the resistance effect of the interconnect, we place a virtual resistance approximately in the middle of
the metal path. In the menu, we choose Metal resistance, which indicates that the extracted metal resistance should be
used as the interconnect resistance. In the layout, the text appearing in the R symbol will be R(metal). The
corresponding value appears after extraction or simulation. When changing the technology, the value of the resistance

will be updated according to the new sheet resistance parameters.

" Virtual R,L,C Parameters E] @ EI
bl I

Resistance Parameters

" Fixed resistance W
" Diff metal poly,via resistance

f+ Metal Resistance

" Poly resistance

" Diff resistance

o OK ‘ x Cancel ‘
Figure 5-41: Configuring the virtual resistance to handle the metal serial resistance effect in simulation
(RCModel MSK)
(a) 300pm N ——
interconnect | 1.20

|
I
C and RC models —_—d e [ S

give identical
results

4 fTimepn.ac

(b) 800um
interconnect

C and RC models
give almost
identical
results

A4.LTimen.oi
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Figure 5-42: Comparative simulation of the C and RC model in signal propagation (RCModel MSK)

The analog simulation of the signal transport with the 300pum, 800pm and 2mm interconnects are given in figure 5-42.
The simulated propagation with C and RC models gives no visible difference below 1mm. Above 1mm, the C model
gives optimistic prediction of the delay compared to the RC model. When we plot the delay vs. interconnect length
(Figure 5-43), we may see that the RC model is preferable for interconnects with a length greater that Imm, while the

C model is sufficient below 1mm.

Delay (ps) A Accurate RC model
valid
100.0
50.0 RC
model Poor C model
valid
> Interconnect
0.0 1.0 2.0 3.0 length (mm)

Figure 5-43: Below Imm, the C model is valid. Above Imm, the RC model should be
considered in 0.12um CMOS technology

8. Improved signal transport

The basic layout techniques to reduce the signal transport within interconnects are detailed in this paragraph. Two
approaches are considered: improving the drive of the switching inverters, and inserting repeaters. We shall also

discuss the crosstalk effect and its possible reduction through technology and design improvements.
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Increased Current Drive

The simplest approach to reduce the gate delay consists in connecting MOS devices in parallel. The equivalent width of
the resulting MOS device is the sum of each elementary gate width. Both nMOS and pMOS devices are designed using
parallel elementary devices. Most cell libraries include so-called x/, x2, x4, x8 inverters. The x/ inverter has the
minimum size, and is targeted for low speed, low power operations. The x2 inverter uses two devices x/ inverters, in
parallel. The resulting circuit is an inverter with twice the current capabilities. The output capacitance may be charge
and discharged twice as fast as with the basic inverter (Figure 5-44), because the Ron resistance of the MOS device is
divided by two. The price to pay is a higher power consumption. The equivalent Ron resistance of the x4 inverter is

divided by four.

AF

Rpon

J—Cluad I Cload

Lo

@E i
T
\_l
7]
1

™ 11
.

o| Rpon/4
High speed, high power %LAL
I Cload
a L cioad o

Figure 5-44: The x1, x2 and x4 inverters (Invx124.SCH)

We may use the parametric analyzer included in Microwind to investigate the delay increase with the capacitance load
on the output node, for the x1, x2 and x4 inverters. In a first approximation, the capacitance increase is similar to the
interconnect length increase. Remember that below 1mm, the interconnect is basically a parasitic capacitance, with a
value of 80fF/mm approximately in 0.12pum. What the tool does during the parametric analysis is to modify the output
node capacitance step by step according to the desired range of study, to perform the simulation, and to plot the desired

delay information.
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iwerter  X2Inverter T dinverter
Figure 5-45: Three sizes of inverters used to investigate the delay vs. capacitance load (Invx124.MSK)
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Figure 5-46: Three sizes of inverters used to investigate the delay vs. capacitance load (Invx124.MSK)

From the simulations of figure 5-46, it can be seen that a standard inverter delay (x1) increases rapidly with the
capacitance. The inverter with a double drive (x2) has a switching delay divided by 2, the inverter with a quadruple
drive (x4) has a switching delay divided by 4. As interconnects may be assimilated to capacitance, driving long
interconnects requires large buffers. High drive buffers keep the propagation delay short, at the price of a

proportionally higher current consumption. The clock signals, bus, ports and long wires with severe time constraints

use such high drive circuits.
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A fixed ratio is maintained between p-channel MOS width and n-Channel MOS width to balance the rise and fall time.
It is much easier and safer to design the logic cells with similar rise and fall time performances, otherwise the timing

analyzer would have to consider rise and fall time cases separately.

9. Repeaters for Improved signal transport

Long distance routing means a huge loading due to a series of RC delays, as shown in figure 5-47. A long line may be
considered as a series of RC element where R is the serial resistance and C the ground capacitance. For example, one
RC cell represents one millimeter of interconnect. If a very long interconnect is implemented between an emitter and a

receiver inverter, the delay is increased according to n’, where n is the number of RC cells, as given in equation 5-6.

1R

e BB e
) il il il

Delay 3Rx3C = 9RC

4‘/ 1R | 1R | /\/1\5\
x4 L1C I/Xd1 J~1C I/Xd1 J~1C

il Il

Delay 3xRC+2xGateDelay

Fig. 5-47 : The propagation delay of a long line with one inverter can be longer than with three inverters

(RcLines.SCH)

In the case of a long line driven by a single inverter, the propagation delay on a line modelized by RC cells is given by:

tyy =loe +nNRNC =1, +n’RC (Equ. 5-6)

gate gate

The propagation delay on a long line is not linearly dependent on the number of cells 7, but proportionally dependent
on the square of n. A good alternative is to use repeaters, by splitting the line into several pieces. Why can this solution
be a better one in terms of delay? Because the gate delay is quite small compared to the RC delay. If two repeaters are

inserted, the delay becomes:

Lay = 3t g +3RC (Equ. 5-7)

gate

Consequently, if the gate delay is much smaller than the RC delay, repeaters improve the switching speed
performances, at the price of a higher power consumption. In the case of very long interconnects (Several mm), it is
interesting to place repeaters on the path of the interconnects to limit the slowing down effect of the interconnect

resistance.
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Fig. 5-48 : Inserting repeaters in long lines

The example given in figure 5-48 corresponds to the propagation of a signal from block 1 to block 2, situated at
opposite corners of the integrated circuit. The associated model is a set of three RC elements. Each portion of

interconnect is several millimeters long.
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Fig. 5-49 : Propagation with and without repeaters (Repeater.MSK)
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Fig. 5-50 Inserting repeaters in long lines (Repeater.MSK)

10. Crosstalk effects in interconnects

Coupling Increased with scale down

The crosstalk coupling represents the parasitic transient voltage induced by a switching interconnect on a neighbor
interconnect. The disturbance may be high enough to create a temporary erroneous state on an interconnect which is
supposed to be constant. Over the past recent years, the crosstalk effect has been the focus of active research, in terms
of modeling and technology. The main reason for this interest is illustrated in Figure 5-51. The aspect of interconnects

has dramatically changed with the technology scale down.

Large Large

ground Small. coupling

capacitance CO“&’/lmg Small ‘K
ground

capacitance

Cx

0.6 um 0.12 um

Fig. 5-51 The scale down tends to increase lateral coupling and decrease vertical coupling
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(a) 0.6pm (b) 0.12pm

Fig. 5-52 The coupling between adjacent interconnects in 0.6um and 0.12um technology showing a very strong

coupling increase with the scale down

Using the command Analysis — Interconnect analysis with FEM, we compare the coupling effects within two
conductors, between the 0.6pum and the 0.12pum technologies. The field lines are computed by a clock on Compute
Field. In figure 5-52-a, the field lines link the left conductor mainly to ground, with about one third of the lines to the
right conductor, which creates the coupling effect. In figure 5-53-b, the number of field lines have been reduced,
because of reduced conductor surfaces. Only 15 field lines couple to ground, which means a very low capacitance to

ground. However, the coupling field lines are still numerous and very short, which means a very high coupling

Some details about the size and electrical properties of the interconnects are reported in table 5-5. The metal width and
spacing are scaled according to the lithography improvement, but the interconnect thickness is not reduced with the
same trend. Starting at 0.18um, copper has been proposed as an alternative to aluminum, for its lower resistivity. To

decrease the crosstalk coupling capacitance, low permittivity (Low K) dielectrics have been introduced, with 0.18pum

technology.
Technology |Metal Lower Metal Thickness |Low K Interconnect Microwind2 file
layers |metal spacing | (pm) material

width (pm)

(am)
1.2pm 2 1.8 2.4 0.8 Al cmosl2.rul
0.7upm 2 1.2 1.6 0.7 Al cmos07.rul
0.6um 3 0.75 1.0 0.7 Al cmos06.rul
0.35um 5 0.6 0.8 0.7 Al cmos035.rul
0.25um 6 0.5 0.6 0.6 Al cmos025.rul
0.18um 6 0.3 0.4 0.5 3.1 Al, Cu cmos018.rul
0.12pum 6-8 0.18 0.24 0.4 2.8 Al, Cu cmos012.rul
90nm 8-10 0.15 0.2 0.35 2.5 Cu cmos90n.rul
70nm 8-12 0.1 0.14 0.3 2.0 Cu cmos70n.rul

Table 5-5: Evolution of interconnect parameters with the technology scale down
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Simulation of the crosstalk effect

The simulation of the crosstalk effect is based on two inverters, one considered as the affecting signal, the other as the
victim signal. The inverters are connected to long interconnects routed with the minimum distance. The victim is
connected to a weak inverter, and surrounded by two aggressor lines connected to a very powerful inverter, to create

the maximum crosstalk effect (Figure 5-53).

Affector

4} >c Victim
-
FarEnd

-

Fig. 5-53 The coupling configuration used to simulate the crosstalk effect (Crosstalk.SCH)

The serpentine shown in the layout of figure 5-54 corresponds to approximately 1mm of interconnect. Virtual
resistance symbols are added in the middle of the interconnect to handle the RC effect in the simulation. Notice the

unbalanced inverter size to create the worst case conditions for parasitic coupling.
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Fig. 5-54 Implementation of strongly coupled lines in worst case configuration (Crosstalk.MSK)
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Fig. 5-54 Simulation of the crosstalk coupling in a Imm interconnect (Crosstalk.MSK)

When the aggressor lines are switching, the coupling is strong enough to increase the voltage at the far end of the
victim line, higher than the switching threshold of logic gates (Which is around VDD/2), which may provoke a
permanent logic fault (Figure 5-54). The noise is quite impressive. Remember that the line is only 1mm long, which is
very common in circuit design. However, the situation where the Imm interconnect is driven by a very low drive

inverter is not usual. Nevertheless, crosstalk is very dangerous and almost uncontrollable when dealing with millions of
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interconnects, as may be found in high complexity designs. One solution to avoid crosstalk is to avoid routing long
interconnects. The critical routing length is the limit above which a crosstalk fault may occur. This metrics has recently
been introduced in design guidelines. In 0.12um CMOS technology, the critical routing length is 1mm. It means that
interconnects longer than 1mm could suffer from crosstalk noise in worst case conditions. In the case of very long

routing, repeaters should be used.

Low K Dielectrics

When investigating the maximum crosstalk amplitude versus the technology for a given interconnect length, we
observe a severe increase of the coupling effect, as a direct consequence of lithography improvements. In ultra-deep
submicron technologies (Lithography lower than 0.18um) the permittivity of the lateral oxide that fills the spacing
between adjacent interconnects is reduced (Low K dielectric with a permittivity of around 3.0), while the oxide that

separates vertical layers is kept with a high permittivity (Around 4.0 for SiO2).

The main effect is the decrease of lateral coupling effects. The introduction of low K materials may reduce the coupling
effect up to a certain limit. Several CMOS compatible materials exist, which must be compatible with the CMOS
process. Low K oxides are usually called SiOLK (For Silicon Oxide Low K<Gloss>). The SiOLK permittivity should
ideally be 1, that is corresponding to an air gap between interconnects, still in a research phase. In practice, for 0.12um

technology, SiOLK ¢, is around 3.0.

Low K inter-
metal oxide

\
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\
\
\

A
\
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m1’

Fig. 5-55: Low dielectric permittivity between lateral metal interconnects reduces the crosstalk effect (Metals. MSK)

37 E.Sicard, S. Delmas-Bendhia 20/12/03



11.

Deep suBMICRON CMOS DESIGN 5. Interconnects
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Fig. 5-56: Air-gap between interconnects to cut by half the crosstalk coupling (Courtesy ST-Microelectronics)

Antenna Effect

During the fabrication of interconnects, charges may accumulate and endanger the MOS gate by forcing current
through the gate oxide [Hastings]. This effect, called antenna effect, appears on long metal interconnects connected to
small gate oxide areas, without any path to diffusion. The antenna effect is particularly important in deep submicron
technology: without any possible discharge path, the interconnect accumulates sufficient charges to rise its potential to
several volts, positive or negative depending on the nature of the chemical process step. Usually, plasma etching
charges the interconnect with electrons, corresponding to a negative charge with respect to the substrate ground

voltage.

Antenna rule

With 0.35pum process, specific antenna design rules have been introduced. If we consider an interconnect with a length
Li, a width Wi, its surface Ai is WixLi. If this interconnect is connected to a MOS device with a length L and width W7,

corresponding to a channel surface A4, the following rule should be verified:

Ai<R (Equ. 5-10)

antenna *

where

A=WxL=MOS channel surface (m?)
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Ai=WixLi=interconnect surface (m?)

RAntenna = antenna ratio (around 100)

Interconnect
Channel Interconnect surface
surface A is Length L width Wi Ai=WixLi

WxL

v r
Poly \\ . Metal

/|\

Diffusion
<>

Width W

Interconnect length Li

Figure 5-56: The antenna rules related to the surface of the interconnect with respect to the surface of the gate

Design example

An example of valid and invalid interconnect design is given in figure 5-57. The upper layout complies with the
antenna rules as the interconnect surface is less than 100 times the gate surface. In contrast, the design (b) is dangerous
as the interconnect surface is more than 100 times larger than the gate surface, which has been designed very small.

The antenna rules are not yet verified by the design rule checker of Microwind.

(a) Correct design

. !(b}.Daﬁgerﬁus ﬂesign: I-arge-mefal area, small géte oxide

]
i

_-(d} Alternative: discontinuity in the interconnect

S ————, | el i e UL {”“

Figure 5-57 Illustration of the antenna design rule (AntennaRules. MSK)
One solution consists in creating a discontinuity by using a bridge with a higher metal, so that when the lower metal is

etched, the main part of the interconnect will not be connected to the gate (Figure 5-57-d). An alternative way to avoid

the antenna effect is to build a discharge path to evacuate the parasitic charges accumulated during fabrication. A
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simple diode is an efficient solution (Figure 5-58). Its parasitic capacitance is quite small, and the diode has no

important electrical effect on the nominal signal transport.

Long interconnect

T
Al b

Gate oxides may be damaged

LT L

Long interconnect ﬁ
d |

Gate oxides protected by the N+/Psub diode

LT L

Figure 5-58 Inserting a diode to discharge the interconnect during plasma etching (AntennaRules.SCH)

Simulation

The N+/P-substrate diode inserted near the gate (Figure 5-57-c) turns on when the interconnect voltage is negative, or
higher than the reverse Zener voltage, as seen in the simulation reported in figure 5-59. Notice that the BSIM4 model
has been used to handle the Zener effect. The Y axis has been changed to -2 to 24V, thanks to the Y scale cursors
situated at the left upper part of the voltage chronograms. By default, Microwind does not extract diodes. This is why

an option layer surrounds the N+ area near the gate, with a tick in front of Extract Diode inside box.

Change the Y
axis scale

Regular logic
levels (0-1.2V)

---------------------------- F Yl N Vdd=2.50 -

A i A g&d:‘wa:%g

""""""""""""""" 08 R T R - 'S 16 18 Time(ﬁs}
\ Diode in direct limits

the negative amplitude

Figure 5-59 The diode clamps the negative charges, an limits the positive amplitudes (AntennaRules. MSK)

The serial resistance used for simulation is very high (10Kohm). Removing that resistance would completely hide the

clamping effect of the diode. In reality, the charging of the interconnect is not equivalent to a perfect voltage source, as
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Microwind does with the sinusoidal property. The high serial resistance accounts for the weak charging process, which

can be counterbalanced by a small discharge diode.

Inductance

The inductance effect is not significant in signal transport because of the high serial resistance of interconnects. This is
why we have not paid a lot of attention to the inductance value and its possible consequence on the delay estimation or
crosstalk amplitude. A lot of research has been dedicated in the recent years to the extraction and handling of
inductance. The inductor is described in details in chapter 13, as a stand-alone passive component for application in
radio-frequency circuits. In that case, the inductance is no more a parasitic effect but a voluntary effect. We give here a

brief evaluation and illustration of the parasitic inductance effect in deep submicron interconnects.

Parasitic inductance formulation

The wire inductance formulation is based on the estimation of a cylinder for which a very simple formulation exists
[Lee]. A well known rule of thumb consists in approximating the serial inductance to 1nH/mm, which is close to reality

in the case of bonding wires. The wire has a cylindrical shape and is situated far from the ground plane.

d

~—

h

Ground plane

uo h
L="—In(4— (Equ. 5-7)
2r ( d)

with
|yt():l.257e'6 H/m for most materials (Al, Cu, Si, Si0, and Si;Ny)
d= wire diameter (m)

h = height of the wire vs. ground (m)

In the case of metal interconnects, the formulation 5-7 is adapted with an approximation of the interconnect diameter,
based on the conductor width and thickness. The serial parasitic inductance of the conductor appears in the navigator
menu, after extraction, together with the capacitance and resistance (Figure 5-60). A metal interconnect exhibits an

inductance of around 0.5nH/mm. Notice that the lineic inductance value is also provided in the interconnect analysis

window, accessible from the Analysis menu.
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Figure 5-60 An evaluation of the parasitic serial inductance is given in the navigator menu (Rlcg.SCH)

Simulation with/without inductance

Let us compare the signal propagation of a logic signal within a 500um interconnect with and without the serial
inductance. In Microwind, the inductance must be added through a virtual inductor symbol that may be found in the
palette. The inductor is placed at the beginning of the line. Handling the simulation of the inductance is not simple in
Microwind, which has been optimized for RC networks. Several problems rise at simulation: the initial ringing is very
high, which is not realistic at all. This numerical instability is due to the initialization of the inductance, which disturbs
the circuit in the early nanoseconds. Secondly, the simulation step by default is not small enough to ensure a correct
simulation. In most cases, keeping the default time step of 0.3pS will create the oscillations of all floating nodes with
several volts of amplitude. The only solution consists in reducing the simulation time step, at least to 0.03ps or even
less. After some nanoseconds, the simulation becomes stable, as displayed in figure 5-61. We see no significant

difference between the RC and RLC models.
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Figure 5-61 Simulation of the signal propagation within a 500um interconnect with using the RC and RLC models
(Inductancelnv.MSK)

To observe the inductance effect, we change the configuration and now drive the same RLC line with strong buffers,
as shown in figure 5-62. Notice the ringing effect due to the combination of inductance and capacitance at the far end
of the interconnect (Figure 5-63). In reality, the resistance, capacitance and inductance are distributed along the wire,

which tend to limit the amplitude of the ringing effect, and fastens the damping of the oscillation to a stable logic value.

Virtual 0.2nH
inductor

Figure 5-62 Layout of the interconnect with and without serial parasitic inductance (Inductance. MSK)
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Figure 5-63 Simulation of the signal propagation with and without inductance. This result was obtained with a

simulation time step decreased to 0.02ps (inductance. MSK)

Although the ringing effect is very important in this new simulation (Figure 5-63), the switching delay is not altered in
a significant way. Consequently, the inductance effect may be neglected in a first order approximation in the analysis

of signal propagation. This assumption is valid if the buffer strength is not too large, and the interconnect not too short.

Conclusion

In this chapter, we have described some layout techniques for designing metal interconnects between devices. We have
given some information regarding the design rules and the electrical parameters for metal interconnects, such as the
resistance, capacitance, and later the inductance. The signal propagation has been analyzed from a point of view of RC
delay, technology scale down, and parasitic crosstalk effect. We have also made a rapid investigation of the role of the

parasitic inductance in the signal transport.
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EXERCISES

5.1 We consider two coupled lines in metall, with a Smm length, in 0.12um technology (Figure 5-64). What is the
equivalent model of the line, in a first order approximation? Calculate the total serial resistance R, ground capacitance
Csub and crosstalk capacitance C12, using the command Analysis —>interconnect analysis with FEM in Microwind.
What is the best technological option for interconnect/oxide material as far as signal integrity is concerned (We

suppose LowK=2)?

0.18 um
-

0.3 pm t

1.2 ym
VSS
Case R C1o Csub
N°1l: Al, SiO02
N°2: Al, Low K
N°3: Cu, SiO02
N°4: Cu, Low K

Figure 5-64: Two coupled lines in metall, 10mm length

Answer: The model is based on coupled RC lines. The best technological option is <Sonia>

5.2 An experimental measurement of the RC effect has been realized in 0.18pum technology (Figure 5-65). Details on
the real case configuration are also provided. Create the corresponding layout for this configuration and compare

the simulation with measurements.
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Figure 5-65: The parameters of the RC propagation test-case in 0.18um technology

Answer: See Appendix F
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6 Basic

Gates

The basic logic gates are described in this chapter. The principles for building combinational logic circuits are developed.

Details on layout implementation are also provided.

1. Introduction

Table 6-1 gives the corresponding symbol to each basic gateas it appears in the logic editor window as well as the logic

description. In this description, the symbol & refers to the logical AND, | to Or, ~to INVERT, and * to XOR.

Name Logic symbol Logic equation
INVERTER Lo Out=~in;

AND T Out=a&b;
NAND e Out=~(a.b);
OR I Out=(alb);
NOR e Out=~(alb);
XOR i Out=a’b;
XNOR i Out=~(a’b);

Table 6-1. The list of basic gates

2. Combinational logic

The construction of logic gates is based on MOS devices connected in series and in parallel. If two n-channel MOS
switches are connected in series (Figure 6-1), the resulting switch connects ports C1 and C2 if both gates A and B are
set to '1". This yields an AND operator, represented by the symbol '&' in equation 6-1, where C12 is the logical variable

which represents the connection between C1 and C2.

C,=A&B (6-1)
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Fig. 6-1. Connecting N-channel devices in series creates a path between C1 and C2 when A and B are set to 'l'

(BaseCmos.SCH)

When two nMOS switches are connected in parallel (Figure 6-2), the resulting switch is ON if either gates A and B

are set to '1". This yields an OR operator (described as '|' in equation 6-2).

C,=4|B (Equ. 6-2)
éx C2 connected to C1 C2 connected to C1 C2 connected to C1
...... F I
Ly o S
iICZ1

Fig. 6-2. Connecting N-channel devices in parallel creates a path between C1 and C2 when either A or B are set to 'l'

(BaseCmos.SCH)
Considering p-channel devices, we observe that two pMOS switches connected in series (Figure 6-3) behave as an

AND between negative logic values: the resulting switch is ON if both gates A and B are set to '0'. The

corresponding Boolean operator is as follows.

C,=A&B (Equ.63)
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C2 Connected to C1

®
®
®

(| ||| o O]

s

4[| T[]l
0 T 1 T

c1 C1 C1 C1

Fig. 6-4. Connecting P-channel devices in series creates a path between C1 and C2 when A and B are set to "0’

(BaseCmos.SCH)

When two pMOS switches are connected in parallel (Figure 6-5), the resulting switch is ON if either gates A and B

are set to '0'. The Boolean operator is described by equation 6-4.

C,=A|B (Equ.64)

C2 Connected to C1 C2 Connected to C1 C2 Connected to C1 X

Fig. 6-5. Connecting P-channel devices in parallel creates a path between C1 and C2 when either A or B are set to '0'
(BaseCmos.SCH)

3. CMOS logic gate concept

The structure of a CMOS logic gate is based on complementary networks of n-channel and p-channel MOS circuits.
Remember that the pMOS switch is good at passing logic signal '1', while nMOS switches are good at passing logic
signal '0". The operation of the gate has two main configurations:

e the nMOS switch network is closed, the output s=0 (figure 6-6 left)

e the pMOS switch network is closed, the output s=1 (figure 6-6 right)
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ZT Supply VDD

-

PMOS network OFF

QOutput s

NMOS network ON

% Supply VSS

j& Supply VDD

PMOS network ON

6. Basic gates

Output s

NMOS network OFF

%7 Supply VSS

Fig. 6-6. General structure of a CMOS basic gate

Using complementary pairs of nMOS and pMOS devices, either the lower nMOS network is active, which ties the
output to the ground, either the upper pMOS network is active, which ties the output to VDD. In conventional CMOS
basic gates, there should exist no combination when both nMOS and pMOS networks are ON. If this case happened,
a resistive path would be created between VDD and VSS supply rails. The situation where neither nMOS and pMOS
networks are OFF should also be avoided, because the output would be undetermined. These illegal situations are

illustrated in figure 6-7.

Zf Supply VDD Supply VDD

1
“L A LA

Qutput s Output s
PMOS network OFF . 10S york
n? WOT floating PMOS network ON determined
= DC curren =
flow betwee
VDD and VSS
NMOS network OFF

7/J7 Supply VSS \‘ % Supply VSS

Fig. 6-7. Network configurations to be avoided: both OFF (left) and both ON (right).

4. The Nand Gate
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Truth-table

The truth-table and logic symbol of the NAND gate with 2 inputs are shown below. The truth tables use 0 for logic
level zero (usually 0V), 1 for logic level 1, (also called VDD, equal to 1.2V in 0.12pum technology) and x for unknown
value. Some books [Uyemura] also include the z state, that is the high impedance value. We shall make no difference

between the unknown and high impedance state in this book.

AB
00
01
10
11
x0
x1
0x
1x

[
pars

a )
b

X P X P ok RO

Mand

Figure 6-8. The truth table and symbol of the NAND gate

In DSCH2, the NAND gate is part of the symbol palette, which appears at initialization on the right side of the main
window. Select the NAND symbol in the palette, keep the mouse pressed and drag the shape to the editing window at
the desired location. Also add two buttons and one lamp as shown in figure 6-9. Add interconnects if necessary to link
the button and lamps to the cell pins. The icon Add a Line is available for this purpose. Notice that the right click with
the mouse enables the editing of an interconnect too. You may verify the logic behavior of the cell by a click on
Simulate — Start Simulation or the icon Run Simulation. The logic level '0' corresponds to a white color, or to dot

lines, and the logic level '1' is drawn in black, or with solid lines.

Symbol libr.... [X]

1 i~ B 1 4

/ Show m- &
chronograms

Add a line -DD -[}D- -[>-

m oo

{2 P

T

» P T

g

D P

Figure 6-9. Editing commands for simulating the NAND gate
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outl

inz

Figure 6-10. The logic simulation of the NAND gate verifies the truth table (NandTruthTable.SCH)

Logic Design of the CMOS nand gate

In CMOS design, the NAND gate consists of two nMOS in series connected to two pMOS in parallel. The schematic
diagram of the CMOS NAND cell is reported below. The nMOS devices in series tie the output to the ground for one
single combination A=1 and B=1. For the three other combinations, the nMOS path is cut, but at least one pMOS ties
the output to the supply VDD. Notice that both nMOS and pMOS devices are used in their best regime: the nMOS
devices let “0” pass, the pMOS let “1” pass.

AB nMOS pMOS Out % %
00 off on 1 j

01 of £ 1 o|

10 off 1

11 off 0

L1
mE

INand2

.

Figure 6-11. Schematic diagram of the CMOS NAND gate (NandCmos.SCH)
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' Mand2

7755 Fr V55

Figure 6-12. The logic simulation of the NAND gate (Nand2Cmos.SCH)

Furthermore, the circuit of figure 6-12 eliminates the static power consumption when A and B are steady by ensuring

that the situation "PMOS ON", "NMOS ON" never happens.

Automatic Generation of the NAND layout

Microwind features a built-in cell compiler that can generate the NAND gate automatically. In Microwind2, click on
Compile—Compile One Line. Either select the line corresponding to the 2-input NAND description (Figure 6-13) or
type the logical expression that describes the link between one output and two inputs. The '~' operator represents the

NOT operator, the '&' symbol represents the AND operator.

.~ CMOS Cell Compiler

Enter equation

B3 compile ‘ X cancel ‘ & Help ‘

Figure 6-13. The CMOS cell compiler is used to generate a NAND gate

6-7 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP SUBMICRON CMOS DESIGN 6. Basic gates

When you click “Compile”, the layout of the NAND gate appears in the screen, as drawn in figure 6-14. The compiler
has fixed the position of the VDD power supply in the upper part of the layout, near the p-channel MOS devices. The
compiler has also fixed the ground VSS in the lower part of the window, near the n-channel MOS devices. The texts 4,
B, are placed in the layout, on the gates, and the text nand?2 is fixed on the output, at the upper location, near the
contact. The layout generation is driven by the default design rules, corresponding in this case to a CMOS 0.12pm
technology. Depending on the design rules and the technology generation the layout may look a little different. The
implantation of the four devices is detailed in the schematic diagram at the right side of figure 6-14. The MOS devices
have been arranged in such a way that the diffusion regions are merged, both for the two nMOS in series and the two
pMOS in parallel. Sharing a common diffusion always leads to more compact designs, which saves silicon area and

minimizes parasitic capacitance.

wild

Cross-section
B-B'
Pmos
devices
NAND2
| .. output
Nmos Cross-section A andZ
devices A-A'
B

i

WSS

Figure 6-14. The layout of the NAND gate generated by the CMOS cell compiler (Nand2.MSK)

Inside the Nand gate

’E

The 2D-process viewer is a useful tool to display the two nMOS in series and the two pMOS in parallel. Select the
corresponding icon and draw a horizontal line in the layout in the middle of the nMOS channels, at location A-A'
shown in figure 6-14. The figure below appears. The path from vss to the output nand2 goes through two transistors
connected in series, one controlled by A, the other controlled by B. In Figure 6-15, the output nand2 may be tied to
VDD either through the pMOS device controlled by A or through the pMOS device controlled by B. Notice the n-well
under the pMOS devices, polarized to VDD.
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(vsS) (nand2)

(a) nMOS devices (b) pMOS devices
Fig. 6-15. The nMOS devices in series and the pMOS devices in parallel (Nand2.MSK)

Adding Simulation properties

The simulation icons add properties to the nodes. Properties are applied to the electric nodes of the circuit in order to
serve as simulation guides. The list of properties required to perform the analog simulation of the NAND gate are

shown in figure 6-16. First of all, the NAND gate should be supplied by a 0V (VSS) and 1.2V (VDD). The VDD and

VSS properties are already placed in the layout by the CMOS cell compiler.

VDD proper
\ vdd

Visible node

/ property
i Palette E

and2

RERR
11 LR
£

U S Visible
77L7- VDD Sinus
/ Vi Pulse

High VDD
VSS Clock

Clock properties

'VSS property

Fig. 6-16. Adding simulation properties to simulate the NAND gate (Nand2.MSK)

Secondly, clocks should be assigned to the input gates 4 and B. The clock icon is the fourth icon from the right in the

palette menu. Simply activate the clock icon, and click in the letter @ in the layout window. The following screen

appears (Figure 6-17).
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Add a clock X]

Label name |EI

DC Supply |
FParameters

High Level (V) [1.20

Low level (V). |0.00

] Pulse | Sinus | variable | Ground | Piece-Wise |

Time low () Rise time {ir) Time high (th) Fall time (if)
0.225 0.025 0.225 0.025 ns

TU Slower | JUY Faster | | & vLastCInck|

o Assign | ¥ cancel | > Visible in simu

Fig. 6-17 Clock property added to node A (Nand2.MSK)

The parameters of the clock are divided as follows : time at low level (#), rise time(zr), time at high level (¢4) and fall
time(zf). All values are expressed in nanosecond (ns). Clock Assign to assign a clock to label a. Click again the clock

icon, and this time click on label b in the layout. As you ask for a second clock, the period is automatically multiplied by

two.
¢ You may alter level 0 and level 1 by entering a new value with the keyboard.
¢ To generate a clock which works in opposite phase, click ~Last Clock.
¢ Use Slower to multiply the clock period by two.
¢ Use Faster to divide the clock period by two.
Visible property added
to 'nand?2’
VDD property __________ nd2:. .- . rcs__< |
already in
place i pEagER
i F T e
iV
Option o
r.|etayé B |~
r.|e174 s W+
Clock added to input 'a' - __ : . igfals B |
] r.'|)é¢a| 3 B |~
. \ . A . . o o ;“ etal 2 . o
: et |-
\ /— . n
Clock added to input ' = | ..,
polyziicon [l |
P+ Diffusion [l |+
b
VSS property N Well o
already in
place

Fig. 6-18 Simulation properties added to the NAND gate (Nand2.MSK)
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Finally, click on the “eye” in the palette, and click on the text nand? in the layout to make the chronograms of the node
appear. Initially, all nodes are invisible. However, the nodes with clocks, impulse and sinus properties are

subsequently made visible.

Electrical structure of the Nand Gate

£

The icon above is useful to get an insight of the electrical node structure of the layout. Select the icon and simply click
inside the layout at the desired location. Information corresponding to the parasitic capacitance, resistance, as well as
simulation properties are also displayed in a separate window, called navigator. In figure 6-19, the ground node and

supply node are illustrated. In the Navigator window, the electrical properties of the node are displayed.

R |—[ﬂ— ) - .~ Navigator F}?| — L. ____D.tpandz _______ .
et =T f Props ]Dewce] opti 4| ¥
Props IDewce] Opti 4| ¥ L ;
7 | wewener =
a 5 . ode
‘ ‘ 0 ‘ |D| o+ Node vss” = Tl ] :
t MocH: | T :
Property: ground + i : Property: 1.200V
O i = Notin simu EF ’ = R Enr
1 I L2 g =
= 039 S1NE | : ! F 182F
O o “y= 106 ohm AN iy 565 ohm
: —
|—— H— = fum i = 10 pm
B B . . PR R PR —— Frra
[ = s 000 nH = 0.01nH
ﬂra ﬁﬁ T
& il il
T vss, ground i vdd, supply -
N o o VR | . . . Flade Propeies— B . N . . . —MNode Properties—
o CAPA:(0.30F) CAPA1.82fF)
a0 Metal Capa:0.35F | . . . . . Metal Capa:0.55fF
. Crosstalk:0.02 fF . . Crosstalk:0.02 fF
E v
Pl . e .Diffusion :0.04 fF . ‘ ‘ K ‘ ‘ K K | . Diffusion :1.27 fF
ez e o] 0 B U Saegnr
-~ F— ¥ Hide | Unselect - — x Hide | Unselect
O [ 3 S [l s ] _

E.ﬂnd_? nd?
| | i
Olgy ) |1
T%@E
e
';J-._. Thku .
Ol 1l

Fig. 6-20. The structure of the input nodes A,B and the output node nand2 (Nand2.MSK)
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The electrical connection of the inputs a,b and the output nand? is revealed in figure 6-20. The inputs correspond to the
nMOS gates, to a small portion of polysilicon between the pMOS and nMOS areas, and to the pMOS gates. The
contacts situated on the lower and upper parts of the cell serve as a simple connection point to upper metal layers. The
output node is quite complex. It consists of a drain area in the n-channel MOS region, connected to the central part of
the pMOS diffusion area. The output is also connected to routing contacts up and down, thanks to a vertical metal bar

in metal2.

Analog Simulation of the NAND gate

-

20— : | | : : :
a e e : : : e :
120 : : A—
b ¥ e : ¥ : A
0.0 H ' ; . . ' '
: g : : : . | |

Figure 6-21. Simulation of the NAND gate (NAND2.MSK)

The simulation of figure 6-21 is obtained by the command Simulate — Run simulation, or the above icon. We verify
that nand? is equal to 0 when both a=1 and b=1, according to the truth-table, otherwise the output is at 1. The rise time
and fall time are computed according to the following scenario. The simulator starts computing the delay when the
selected signal, chosen here as a, crosses VDD/2. The simulator stops when the output nand2 also crosses VDD/2
(Figure 6-22). We should not emphasize too much the extremely small switching delay (7ps for the fall edge, 4ps for
the rise edge). There are two reasons for such a high speed: one is the delay computation mode, based on VDD/2 which
is always optimistic compared to a 10%-90% delay evaluation, the second is the absence of any output load, which

gives a best-case estimation of the switching delay.
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The delay counter starts

a when 'a' crosses VDD/2
\—Diaplay—
VDD v Delay
VDD/2 [ Gain
hetween...
0 time IEI TI
Nand2 <> and...
VDD
Fﬁ Inand2 vI
VDD/2 \
0 > time

...and stops when 'nand2'
also crosses VDD/2

Figure 6-22. Delay computation in the simulation menu

1.00 (mA) | | | | | | iddmax=0.292mA~—

(X4 x 2)=0.159mA—

0.80 -jgg Current peak — Small internal _
when nand? is node charge to

060 — charged vbD ~ Maximum VDD

0.40 : current

0.20 \ |
0.00 la e )\ N | ﬂ

140

120

1.00[

jﬂ 80
=l
0.60

0.40

0 0.02

-0.200 02 04 0.6 0.8 1.0 12 14 16 1Time(ns)

Figure 6-23. Current consumption on VDD supply line vs. time (Nand2.MSK)

Let us consider now another simulation mode, Voltage and Currents, accessible through the main menu via the
command Simulate - Run Simulation — Current, Voltage vs. Time. The simulator displays all voltages in the
lower window, and a selection of currents in the upper window (The IDD current, which is the sum of currents flowing
from the supply VDD, and the current of one selected MOS device). The ISS currents can also be displayed. A
transient current peak appears on IDD when the output node nand?2 is charged, as shown in figure 6-23. The current

consumption is important only during a very short period corresponding to the charge of the output node.
Without any switching activity, the current is very small and cannot be seen accurately in linear scale. When looking at

the same diagram in logarithmic scale (Assert Scale I in log in the simulator parameter window), we observe that the

NAND gate consumes around InA of standby current. The default simulation model is Model 3, which does not
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account accurately for leakage currents. The BSIM4 model, accessible by the command Simulate — Using Model —

BSIM4, configures the simulation with BSIM4 model parameters.

4 |[A | | | iddmax=0.215mA |
1071 _ :
102 ] Small Main peak
103 —lddinred————— internal due to output ,
104 I chiirge charge
1073 Standby ) / \ | a|
. | =
07 | | | e

0.0z

04 0.6 0.8 1.0 1.2 14 16 1Time(ns)

Figure 6-24. Current consumption in log scale showing the stand-by current (Nand2.MSK)

At time 0.5ns, the internal node situated in the n-channel MOS area between gates a and gate b is charged with a peak
of current around 1pA. The area consists of a small n+ diffusion which is shown in figure 6-25. This diffusion region
creates a N+/P-substrate junction, polarized in invert, which may be considered as a parasitic capacitance. This
capacitance is charged and discharged under certain conditions. For example, at time 0.75ns, the short-circuit current
resulting from a temporary situation where both n-channel MOS and p-channel MOS devices are ON, produces a

current consumption also around 1pA.
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Figure 6-25. At time 0.5ns, an internal node is charged and induces a 1uA current on VDD supply line (Nand2.MSK)

MOS sizing

In the time-domain chronograms of figure 6-21, we observed a 7ps fall time and a 4ps rise time. This is due to the non-
symmetrical structure of the NAND gate regarding low-to-high and high-to-low output switching. A fall edge of nand?
is provoked by a discharge current IVSS through the two n-channel MOS in series, meaning an equivalent of 2xRN,
where RN is the nMOS resistance when the channel is ON. In the case where both a and b are set to 0, the rise edge of
nand?2 is provoked by the charge current IVDD through the two n-channel MOS in parallel. In this case, the equivalent
resistance of the path is RP/2. Consequently, there is a switching speed difference due to the asymmetry inherent to the

NAND gate structure. This asymmetry can be improved by resizing the nMOS or pMOS devices.

CANEP-AN CANEN AN VAN
wd gd
<RP <RP

?d ivpp
P2
I and2

INand2 Iand2

é ivss xRN ivss

Figure 6-26. The unsymmetrical charge and discharge paths for the currents Ivdd and Ivss lead to a faster rise time of

the output.

Optimization of the Nand Surface
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The main advantage in joining the MOS devices diffusion whenever possible, rather than implementing all devices
separately, is the silicon surface reduction, and consequently cost savings. A second advantage is the speed
improvement. Joint diffusions lead to smaller areas, meaning lower parasitic capacitance, and thus shorter
charge/discharge delays. The origin of the parasitic capacitance is mainly the N+/P-substrate junction capacitance due
as the diode is polarized the other way round (P at low voltage VSS, N at higher voltage). Furthermore, the direct link

between diffusions leaves space for metal routing.

Minimized parasitic

. . capacitance
Large parasitic capacitance

Faof desigr - - -

. Minimized parasitic
Large parasitic capacitance

capacitance

Fig. 6-27: Joined diffusions lead to compact designs and speed improvements (NandComp.MSK)

Optimum pMOS placement

There are two solutions in implementing the pMOS devices, according to the schematic diagram of figure 6-28. One
solution consists in placing the pMOS with two connections to VDD (Left circuit), the second one with two
connections to the output (Right circuit). Both solutions work fine. However, from the simulation of both structures, it
can be seen that the left structure with minimum diffusion and metal connected to the output switches a little faster than

the right structure which includes two diffusion areas.
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Fig. 6-28: A minimum path for the output is preferred for an optimum speed (NandComp.MSK)

Sub-micron vs. Deep sub-micron technology

In 0.8um technology, the design rules concerning the design of a link between polysilicon and metal2 layers lead to
the complicate and area consuming layout displayed on the left side of figure 6-29. The cross-section of this
poly/metal2 contact is shown in figure 6-30. Notice that the via plug between metall and metal2 is slightly larger
(7x7 lambda) than the contact from polysilicon to metal (6x6 lambda). In 0.12um technology, the contacts have the
same small dimensions (4x4 lambda), and can be stacked on top of each other. Consequently, the routing can be

more dense and the cell design can be compacted.
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Fig. 6-29 : Sub-micron via (left) and deep sub-micron stacked vias (right)
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Fig. 6-30 : 2D cross-section of the poly/metall2 contact in 0.8um (4-A' of figure 6-29)
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Fig. 6-31 : 2D cross-section of the poly/metall2 contact in 0.12um (B-B" of figure 6-29)

The benefits of deep sub-micron technology for a complete logic gate are illustrated in figure 6-32. On the left side,
the NAND gate compiled with the 0.8um technology parameters (cmos08.rul) is drawn. On the right side, the same
NAND gate compiled with the 0.12um technology parameters (cmos012.rul) is reported. Although both layout

designs are in lambda scale, the gain in surface is obvious.
12 lambda

7 lambda
contact

Separated
vias

- Stacked
© ¢ vias

Fig. 6- 32: silicon surface improvement in deep-submicron technology (NandCompo.MSK)

The major reasons for this improvement are:
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e asmaller routing pitch: 12 lambda in 0.8um, 10 lambda in 0.35pm, 8 lambda in 0.12pm thanks to more aggressive
rules, specifically for the size of contacts.

e the possibility to stack via: 2 routing pitches are required in 0.8um to connect polysilicon to metal2, one single

pitch is required starting 0.35um technology.

3-input NAND Gate

The schematic diagram of the n-input NAND gate is derived from the architecture of the NAND2 gate, with n-channel
MOS devices in series and p-channel MOS devices in parallel. Using the built-in cell compiler, you can generate the 3

or 4 input NAND gate. The command is Compile—>Compile One Line. Enter the text nand3=~ (a&bé&c) and click

S

b nand3

Compile.

LT LT L]

Fig. 6-33: Symbol and implementation of the 3-input NAND gate (nand3Cmos.SCH)

Add a Pulse X

Label name : |a

DC Supply | Clock | Pulse | Sinus | Variable | Ground Piece-Wise |
Parameters

Level 0 (V) [0.00 £
Level 1(v): [1.20 1
. 2.000 r
Insert sequence in table
Seq: |rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrl 3.000 s
4.000 r b

x=3-gtate, r=randoim X
0=Vss, 1=vdd, 2=Hvag, _sert + '

= Clear after select. ‘

o Assign ‘ X cancel ‘ > Visible in simu

Fig. 6- 34: Editing the pulse properties to generate a random logic signal (Nand3Rand.MSK)

A convenient way to observe the switching performances of the NAND3 gate is to stimulate the inputs using random

patterns and observe the simulation results in eye diagram mode. The way to proceed consists in changing clock
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properties into pulse properties, and to assign the value 'r' in place of '1' or '0', which is understood as a random logic
value. The procedure is as follows: enter an "rrrrrrrrrrrrrrrr” sequence and click insert to transfer these values into the
table. Then click Assign. The result is a series of random logic values each Ins, as shown in the window reported in
figure 6-35. The inputs (Figure 6-35) consist of a random series of logic values. Click Reset and a new and uncorrelated

series of samples will be generated. The output change may be seen in this particular example at time 3ns.
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Fig. 6 35: Random stimulation of the 3-input NAND gate (nand3Rand.MSK)

Eye Diagram Simulation

The eye diagram is created by a press on the "eye diagram" in the choice bar situated in the lower menu of the
simulation window. Each time the input data changes, the simulation chronograms of the output are replaced in the left
corner of the simulation window. This makes it possible to compare the switching delays. What we observe is a
constant fall delay when discharging a 10fF load. Depending on the value of A,B and C, the rise delay may change
significantly, as one, two or three p-channel MOS devices may be put in parallel to charge the 10fF load. Notice that

the case A,B,C "on" simultaneously is a very rare event that has not been observed in the figure 6-36.
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Fig. 6- 36: Eye diagram of the random simulation showing significant variations of the rise delay in the 3-input NAND

gate (nand3Rand SCH)
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Fig. 6- 37: Static characteristics of the 3-input NAND gate (Nand3.MSK)

The switching characteristics of the 3-input nand gate may be improved by reducing the width of the p-mos devices and

increasing the width of n-mos devices. However, the commutation point of the cell is not significantly different from
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VDD/2. As seen in figure 6-37, the transfer characteristics simulated using BSIM4 between input a and the output nand3

exhibit a commutation point Vc near 0.63V which is close to VDD/2.

5. The AND gate

The truth-table of the AND gate is reported in figure 6-38. In CMOS design, the AND gate is the sum of a NAND gate
and an inverter. More generally, the negative gates (NAND, NOR, INV) are simpler to implement in CMOS
technology, than the non-negative gates (AND, OR, Buffer). In the logic simulation at switch level (Figure 6-39), the
NAND output serves as the input of the inverter output stage, and verifies the truth-table.

A B AND2
0 0 0

0 1 0

1 0 0

1 1 1

X 0 0

X 1 X

0 X 0

1 X X

Fig. 6- 38 Truth-table of the AND gate
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Fig. 6- 39 The switching details of the 2-input AND gate (And2Cmos.SCH)
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The layout of the and cell may be compiled using the command Compile - Compile One Line. Notice that a more
compact layout of the AND cell may be found by joining the diffusions of the NAND and the Inverter cells. This leads
to several design rule errors that must be corrected by moving contacts, decreasing polysilicon width, etc... The final

arrangement (Figure 6-40 right) saves one horizontal routing pitch, that is 8 lambda.

Fig. 6-40: Compiled layout of the AND gate (left) and manual arrangement (right) to achieve a more compact cell
(And2.MSK)

The simulation described in figure 6-41 concerns the 2-input AND gate with a 10fF load on the output and. We also
observe the internal node named nand2. We confirm that the and? output reacts with a certain delay, due to a cascade

of two logic cells. However, the major cause of delay is the 10fF load on the output.

i

Fig. 6-41: Simulation of the AND gate with a 10fF load (And2.MSK)
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6. The NOR Gate

AB
00
01
10
11
x0
x1
0x
1x

[
o

OX O X OO or|0O
o

Mar

Figure 6-42. The truth table and symbol of the NOR gate

In CMOS design, the NOR gate consists of two nMOS in parallel connected to two pMOS in series. The schematic
diagram of the CMOS NOR cell is reported below. The nMOS in parallel ties the output to the ground if either A or B
are at 1. When both A and B are at 0, the nMOS path is cut, but the two pMOS devices in series tie the output to the

supply VDD.
AB nMOS pMOS Out AN
00 off 1 vdd
01 off 0 Ci
10 off 0
11 off 0

Br

INor2

AB}%M

Figure 6-43. Schematic diagram of the CMOS NOR gate (NorCmos.SCH)
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Figure 6-44. The logic simulation of the NOR gate verifies the truth table (NorCmos.SCH)

Using the cell compiler we generate the NOR gate from its VERILOG description by entering the equation
Nor2=~ (a|b). The '~ operator represents the NOT operator, the |' symbol represents the OR operator. The compiled
layout of the NOR gate appears in the screen, as drawn in figure 6-45. The compiler has fixed the position of the VDD
power supply in the upper part of the layout, near the p-channel MOS devices. The compiler has also fixed the ground
VSS in the lower part of the window, near the n-channel MOS devices. The texts A4, B, and out have been fixed to the
layout as for the NAND gate.

Virtual load
NOR gate with 10fF load 10fF wild

Pmos 7 (i)
devices
Nor2 output
B
A Mor2
Nmos
devices
fies ]
s
£
Input A
w55

Input B

Figure 6-45. The layout of the NOR gate generated by the CMOS cell compiler (Nor2.MSK)
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The simulation of figure 6-46 is obtained by the command Simulate — Run simulation. We verify that nor2 output
signal is equal to 0 when either a=1 or =1, according to the truth-table. The rise time and fall time are shown for a
nor2 gate without any load connected to its output or with a virtual 10fF load. We see that the 10fF slows down the
switching speed considerably. Furthermore, the rise time is significantly larger than the fall time, due to p-channel

MOS in series.
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Figure 6-46. Simulation of the NOR gate with and without loading capacitance (Nor2.MSK)

The NOR3 Gate

The 3-input NOR gate circuit may be deduced from the 2-input NOR gate design, but a problem rises. The pMOS
devices in series lead to very poor output node charge to VDD, and consequently poor rise time performances, as
shown below. Meanwhile, the nMOS devices in parallel provoke a very efficient path for discharge to ground, meaning
a short fall time. This non-symmetrical behavior can be tolerated up to a certain limit. This is why the n-input NOR
gates (with n=3,4..) are rarely used. NAND gate based designs are preferred because of the pMOS in parallel which

naturally compensate the poor hole mobility of their channel, producing symmetrical switching characteristics.
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Fig. 6-47 : the non-symmetrical behavior of the NOR3 gate (Nor3.MSK)

7. The OR Gate

AB
00
01
10
11
x 0
x1
0x
1x

o
o

R X P X PR R o0
]

OR2 Gate
Figure 6-48. The truth table and symbol of the OR gate
Just like the AND gate, the OR gate is the sum of a NOR gate and an inverter. The implementation of the OR2 gate in

CMOS layout requires 6 transistors. An arrangement may be found to obtain continuous diffusions on n-MOS regions

and pMOS regions, as illustrated in figure 6-49.
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Fig. 6-49 : The schematic diagram of the OR gate and its CMOS structure (Or2.SCH)

The layout generated by the VERILOG compiler (or2=a|b) is shown in figure 6-50. A more compact version of the
OR2 gate is also provided (Figure 6-51 right) where the supply pins VSS and VDD are shared by the NOR2 and

Inverter cells.

. Tmbrovéd O.r2 Cell .

Fig. 6-50 : Layout of the compiled OR2 cell (left) and a more area-efficient manual arrangement (right) (OR2.MSK)

8. The XOR Gate

OR2

Xk P o ol
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X
0
1
1
0
X

6-29 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP SUBMICRON CMOS DESIGN 6. Basic gates
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Fig. 6-51 : Truth table and symbol of the XOR gate

The truth-table and the usual symbol of the CMOS XOR gate are shown in Figure 6-51. There exist many possibilities
to implement the XOR function into CMOS, which are presented in the following paragraphs.

A poor design

The least efficient design, but the most forward, consists in building the XOR logic circuit from its Boolean equation
given by equation 6-4. The direct translation into primitives leads to a very complicated circuit shown in figure 6-52.
The circuit requires two inverters, two AND gates and one OR gate, that is a total of 22 devices. Furthermore, the XOR
gate has a critical path based on 6 stages of CMOS gates, which slows down the XOR switching response

considerably.
xor = AB+BA (Equ. 6-4)

HORZ schematic diagram

m S

R

o

R

Hor2

CMOS implementation of the XOR2 gate
4 Mos 2 Mos

4 Mos
2 Mos

— omee [

worz
Chr— o

L omee

22 Mos devices 4 Mos

2 Mos

Fig. 6-52. The direct translation of the XOR function into CMOS primitives leads to a 22-transistor cell with 5 delay
stages (Xor2.SCH)
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Keeping in mind that negative logic is preferred in CMOS, we can re-arrange the expression of the xor cell in a less
complex circuit, by replacing the AND/OR stage by NAND gates, following the equation 6-5. The total number of

transistors is decreased to 16.

xor = AB+BA = ABBA (Equ. 6-5)

W

2 hda

4 Mos Aorz

4 Mos
O
2 bdos

4 Mos
16 Mos devices

Fig. 6-53. An XOR function based on NAND gates leading to 16 transistors and 3 delay stages (XOR2 _16.SCH)

Compiling a Schematic Diagram

An alternative to the manual design consists in describing the logic circuit of the XOR gate in DSCH, and then in
compiling the schematic diagram into layout using MICROWIND. The design flow is detailed in figure 6-54. The
XOR circuit is created according to the schematic diagram of figure 6-53. The circuit is saved under the name
Xor2_16.SCH, for example. Next, we create the VERILOG description corresponding to the circuit, using the
command File »>Make Verilog File. The text file Xor2_16.TXT, which includes the VERILOG description, serves as
the input of MICROWIND, to drive the automatic compilation of the circuit into layout. In MICROWIND, the

command is Compile >Make Verilog File.
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Figure 6-54: Compiling the XOR circuit from its logic description, through the VERILOG format (Xor2_16.MSK)

The result is a layout dynamically created by MICROWIND which corresponds to the initial circuit defined at logic
level. The simulation works fine, as shown in figure 6-55. Notice that no simulation property is required as it is
inherited from the logic circuit simulation. The VERILOG text file not only includes the structural description of the
circuit but also the list of inputs and the associated simulation parameters. Still, the layout is quite large, and the

switching performances suffer from the three delay stages. . . . .
L1.20— ; ; ; ; : ' ; ;

101ips 101itps

, : , 0.00
0.0 20 40 5.0 8.0 100 120 140 160 1iTime(ns)

Figure 6-55: Simulation of the 3-stage XOR circuit (Xor2_16.MSK)
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A better Design

An interesting design is shown in figure 6-55. The XOR function is built using AND/OR inverted logic (AOI logic
<gloss>). The function created by the n-channel MOS network is equivalent to (A|~B)&(~A|B). The p-channel MOS
network gives the function where all AND functions are transformed into OR, and vice-versa. In other words, the

pMOS network realizes the function (A&~B)|(~A&B).

DADC J

XOR

~B ’_

§_|LJLJ\J\_D
| I

I [ R
=5

XOR 12 Transistors

Figure 6-55: A 12-transistor XOR gate (XorAoi.SCH)

An efficient design

The most efficient solution consists of 2 inverters and 2 pass transistors, that is only 6 MOS. The cell is not a pure
CMOS cell as two MOS devices are used as transmission-gates. The truth table of the XOR can be read as follow: IF
B=0, OUT=A, IF B=1, OUT = ~A. The principle of the circuit presented below is to enable the A signal to flow to
node NI if B=1 and to enable the ~4 signal to flow to node N/ if B=0. The node OUT inverts N1, so that we cover the
truth-table of the XOR operator. Notice that the nMOS and pMOS devices situated in the middle of the gate serve as

pass transistors (Figure 6-56).

O ‘E _ F‘E
1

% L{Gﬁ Xor2

I
I

Os

Fig. 6-56. The schematic diagram of the XOR gate with only 6 MOS devices (Xor2.SCH)
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Fig. 6-57. Simulation of the XOR gate (Xor2Cmos.SCH)

|

The Verilog description of the XOR gate in Microwind is xor=a”b. The layout compiler produces an XOR cell

layout as reported in Figure 6-58.

////////@E
oy
| A,

Fig. 6-58. Layout of the XOR gate. The BSIM4 label configures the simulator with BSIM4 model (XOR2.MSK).

When you add a visible property to the intermediate node xnor which serves as an input of the output stage inverter,

see how the signal is altered by Vtn (when the nMOS is ON) and Vip (when the pMOS is ON).
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H
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38 Time(ns):

Fig. 6-59 Simulation of the XOR gate using BSIM4 model (XOR2.MSK).

The inverter regenerates the signal, but fails to produce clean 0 and 1 levels. This is because the MOS devices used as
pass transistor reduces the voltage amplitude, resulting in dangerous voltage levels, close to the switching point of the

logic. The alternative is to abandon the single pass-gate and use a complete pair of n-channel MOS and p-channel MOS

o FE

Ha}
_

devices, as shown in figure 6-60.

=

ar2

o
g

E} E !

Fig. 6-60: Schematic diagram of the XOR gate with complete transmission gates (XOR2Full. MSK).

About the XNOR gate
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aut

Hnor

The XNOR gate symbol is shown above. The XNOR circuit is usually an exact copy of the XOR gate, except that the
role of the B and ~B signals are opposite in the transmission-gate structures. Removing the last inverter is a poor
alternative as the output signal is no more amplified. Adding a supplementary inverter would increase the propagation

delay of one stage.

9. Complex Gates

Principles

The complex gate design technique applies for any combination of operators AND and OR. The AND operation is
represented in logical equations by the symbol "&". The OR operation is represented by "|" (Table 6-3). The complex
gate technique described below produces compact cells with higher performances, in terms of spacing and speed, than

conventional logic circuits.

Bit operation Verilog symbol used in
complex gates

Not ~

And &

Or |

Table 6-3: Logic operator used to compile complex gates

To illustrate the concept of complex gates, let us take the example of the following Boolean expression (Equation 6-6).

Its truth-table is reported in table 6-4.

F= A& (BI|C) (Equ. 6-6)

& (B|C)

PRRPRRPOOOOIY
PR OOR Rk OoOOo|lw
PO ORrR O ON
i N e N eNe] b=
ek leReNeoNal ]

Table 6-4: Truth-table of the function F= A|(B&C))

A schematic diagram corresponding in a straightforward manner to its equation and truth-table is reported below. The

circuit is built using a 2-input OR and a 2-input AND cell, that is 12 transistors and four delay stages.
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Fig. 6-61: The conventional schematic diagram of the function F (ComplexGate.SCH)

A much more compact design exists in this case (Figure 6-62), consisting in the following steps:
1. For the nMOS network, translate the AND operator ‘&’ into nMOS in series , and the OR operator ‘|” into nMOS
in parallel.

Fn= A series (B parallel C) (Equ. 6-7)

2. For the pMOS network, translate the AND operator ‘&’ into pMOS in parallel, and the OR operator ‘| into pMOS
in series.
Fp= A parallel (B series C) (Equ. 6-8)

3. If the function is non-inverting , as for F, the inverter is mandatory.

= e I

o

A&EIC]
- azzign s=ashlc);

~(A&(B|C))

AN
Fp= A parallel (B series C)

< ¢ —
- [
>_ : E1 %&(Elc:l
s

b H
D

Inverter

Fn= A series(B parallel C)

Fig.6- 62: The complex gate implementation of the function F=A&(B|C) (ComplexGate.SCH)
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Complex Gates in Dsch

Specific symbols exist to handle complex gate description in DSCH. The location of these symbols (3-input complex
gate and 5-input complex gate) is shown in figure 6-63. At a double click inside the symbol, the menu shown in
figure 6-64 appears. You must describe the logical function that links the output s to the inputs a,b,c. The syntax
corresponds to the examples proposed in the previous paragraph (~for NOT, & for AND and | for OR). By using this
behavioral description approach instead of building the function with basic cells, the switching performances of the

gate are improved. Furthermore, the complex gate can be directly compiled into a compact layout using Microwind.

Symbol library

S-input complex gate
symbol

3-input complex gate
symbol

g/hwvvtrv@m
e

Fig. 6-63. Specific symbols proposed for complex gate description at logic level

—Complex gate description

a s=a&(blc);

Complex gate equation conziztz of one output [must be the
b 5 output pin name] , one "'=" zign, and a logical combination of
inputs. % alid logical operators are : & for AMD, [ for OR, ~ for
MNOT, ™ for #0R, ~ for ¥MOR.

Example: s=al(bfc]

C s=a&(blc);

Fig. 6-64. The complex gate symbol and its logic description
Complex Gates in Microwind
Microwind2 is able to generate the CMOS layout corresponding to any description based on the operators AND and
OR, using the command Compile — Compile one line. Using the keyboard, enter the cell equation, or modify the

items proposed in the list of examples. In the equation 6-9, the first parameter AndOr is the output name. The sign '="is

obligatory, and follows the output name. The '~' sign corresponds to the operation NOT and can be used only right
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after the '=' sign. The parenthesis '(' )" are used to build the function, where '&' is the AND operator and '|' is the OR
operator.

Andor=A& (B|C) (Equ. 6-9)

Complex Gate arndor=A&{B|C)

AL(BIC)

i

Fig. 6-65. Compiled complex gate andor=A&(B|C) (ComplexGate.MSK)

The MOS arrangement proposed by Microwind consists of a function ~A&(B|C) and one inverter. Notice that the cell
could be rearranged to avoid the diffusion gap by a horizontal flip of the left structure and the sharing of VDD and
VSS contacts.
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10. Multiplexor
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Generally speaking, a multiplexor is used to transmit a large amount of information through a smaller number of
connections. A digital multiplexor is a circuit that selects binary information from one of many input logic signals and

directs it to a single input line. A behavioral description of the multiplexor is the case statement:

Case (sel)

0 : f=1in0;
1 : f=inl
endcase

Sel InO Inl f
0 X 0 0
0 X 1 1
1 0 X 0
1 1 X 1

Table 6-8: the multiplexor truth-table

The usual symbol for the multiplexor is given in figure 6-67. It consists of the two multiplexed inputs in0 and in/ on

the left side, the command se/ at the bottom of the symbol, and the output f on the right.

in M clk1 in
M mx
i M clk2 i

sel Sel sel

Fig. 6-67. The multiplexor circuit (MUX.SCH)

The simulation of the multiplexor proposed in figure 6-68 uses two different clocks clkl and c/k2. When se/=0, f copies
clkl. When sel=1, f copies clk2.

F copies clkl

F copies clk2

________ I_________I____________
clk1 1] X X
1 1

e | -_—— - e L e d oo
clk2 1] ! !
1 1

J_ L L! L] J UL
f ) 1 1
1 1

'____T____T___I___I___
Sel 0 L I N
1 1 1 1 1
4+ + + 1 ]

Fig. 6-68. Logic simulation of the multiplexor circuit (MUX.SCH)

Design of the Multiplexor
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The most simple schematic diagram of the 2-input multiplexor is based on two MOS devices. The main problem of
using single pass devices is the degradation of voltage levels. In 0.12um, the default MOS devices ("low leakage")
have a high threshold voltage, meaning that / does not reach clean high and low voltages in many cases. Furthermore,
the output is not buffered, so f cannot drive significant loads. Moreover, inputs i0 and i/ are connected to the diffusions
of n-channel and p-channel transistors. Depending on the value of sel, the load may vary, so the cell delay may vary
accordingly. This circuit, appearing as structure (1) in figure 6-69 is rarely found in CMOS design as the signal fis

weak and very sensitive to noise.

Structure (2)
Structure (1)
D ind
o
R
D int
|

IihnD
-

f

Sel=0: f=in0 Sel=1: Finl

Ehm :

Do o B o

Fig. 6-69. Two-transistor and 6-transistor implementation of the multiplexor (MUX.SCH)

A Dbetter circuit, proposed in figure 6-69 as structure (2) is commonly used for low power operations. The threshold
voltage degradation is eliminated by the use of transmission gates. However, the signal f'is not amplified. Two
implementations of the multiplexor are proposed in figure 6-70. The layout on the left has been generated automatically
by placing one inverter and four single MOS devices one after the other. A manual arrangement of the MOS
devices(Figure 6-70 right) leads to a much more compact circuit. When the output is loaded by 10fF, the circuit

behaves quite well in terms of delay. As predicted, no parasitic threshold effect may be seen.
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Layout for one
multiplexor

Interpal ~ J \Z _________
signals I[ 1

INV nMOS pMOS nMOS pMOS Other

Interfacing
signals

t////i’/#/////j@///// e o]

| A /////E} =
: £ £

5
P P

...... | AR 4(//4//@
L

R T 2 R
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Fig. 6-71. Simulation of the 6-transistor multiplexor with a 10fF load (MUX.MSK)

Still, inputs i0 and il are connected to the diffusions of n-channel and p-channel pass transistors, which may lead to
varying switching delays. Adding an output buffer and providing isolation from input signals to drain/sources lead to
the multiplexor structure (3), presented in figure 6-72. This design is safe, easy to modelize at logic level, but requires

many transistors and consumes a lot of power. When a multiplexor with large strength is required, the output inverter
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can be modified by enlarging the output buffer width. The structure (4) also implements the multiplexor function, using

complex gates for the combined OR/AND function, instead of transmission gates.

Structure (4)
Structure (3)

E ind
O] > 3

Complex Gate

T

LT

>

Fig. 6-72. Multiplexor implemented with transmission-gates or with complex gates (MUX.SCH)

n to 1 Multiplexer

The n-to-1 multiplexor performs the selection of a particular input line among n input lines. The selection is controlled
by a set of lines which represent a number sel. Normally, there are 2™ input lines and m selection lines whose bit
combinations determine which input is selected. Figure 6-73 shows one possible implementation of the 8-to-1
multiplexor, based on an elementary multiplexor as described in paragraph 6-69. A behavioral description of the n-to-1

multiplexor is given below:
Case (sel)

: £=in0;

f=inl;

f=in2;

f=in3;

f=in4;

f=in5;

: f=1ino6;

: f=in7;
endcase

oo WNEFE O
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Fig. 6-73 8-to-1 multiplexing based on elementary multiplexor cells(Mux8tol.sch)

Timing Analysis

One important characteristic of the multiplexor cell is the propagation delay between the change of the input and the
corresponding change of the output. The propagation delay is usually named tpp. Another important delay, named tgp is
measured between the change of the selection and the effective setup of the corresponding channel. These delays are

illustrated in figure 6-74.

A
Sel Sel=6 Sel=7 >
In6 .
% tsp
In6
In7 bl
o
| s
v \/ | ] -:"1
f | f £=Iné6 E : f=In7
— > ' NV >
1 »
time time

Fig. 6-74. Definition of the propagation delay tpp and setup delay tsp

The main drawback of the multiplexor design proposed in figure 6-73 is the use of local inverters at each elementary
multiplexor gate, that lead to important power consumption and set-up delay. Figure 6-75 shows the direct transmission
gate implementation of the 8-to-1 multiplexor. The result is simpler than for the multiplexor implementation, it works

faster and requires fewer devices.
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Fig. 6-75. 8-to-1 Multiplexor based on transmission gates (Mux8tolTgate.SCH)

We have implemented the 8-to-1-transmission gate multiplexor by compiling its Verilog description, as shown in
figure 6-77. The layout properties have been changed to consider only the selection of /n0 and /n6 alternatively. In0 is
assigned a fast clock while /n6 is assigned a slow clock. The simulation scenario consists first in multiplexing first the
input /n0 to the output f(Named pmos_f'in the layout), with Sel1=0, Sel2=0, and then in multiplexing the input /n/
with Sell=1, Sel2=1, at time 2.0ns in figure 6-78. The output copies successively /n0 and Inl, as expected. The eye

diagram shows an homogeneous switching delay performance.

el o 3 i i g
nallELEER

A OBl S R

Fig. 6-77. Automatic generation of the 8-to-1 Multiplexor based on transmission gates (Mux8to1Tgate. MSK)
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Fig. 6-78 Analog simulation and eye diagram of the 8-to-1 multiplexor (Mux8to1Tgate. MSK)
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Fig. 6-79 Low voltage operation of the §-to-1 multiplexor (Mux8to1Tgate. MSK)

If we try to perform the same operation with a voltage supply significantly lower than VDD (Here 0.8V, that is 66% of

VDD), the circuit based on transmission gates still operates in a satisfactory way, although significant delays are

observed (Figure 6-79).

All n-MOS multiplexor
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Some authors have proposed multiplexor designs only based on n-channel MOS devices, as reported in figure 6-80.
Although this architecture is easy to implement in a regular way, the waveform is degraded by the parasitic threshold
effect of n-channel MOS devices when passing high signals. Therefore, the output should later be refreshed thanks to a
buffer. Although the gain in silicon area is evident, no improvement in switching speed should be expected, as the

cascaded threshold loss at each pass transistor leads to very slow rise times.

ind
T
L
int |
EJE
LI
e e M
T
L]
O T 10T
— B
D T LI
T
L]
O T 10T
T
L J
s T L]
T
L]
O +—J
LT
[DE[F— E E
A]3]|A|B
Ulg|h|1
0)1c]a

Fig. 6-80. 8-to-1 Multiplexor based on n-channel MOS (Mux8to1Nmos.SCH)
We have implemented the 8-to-1 n-channel MOS multiplexor by compiling its Verilog description, as shown in figure
6-81. The layout properties have been changed in a similar way as for transmission gate design. The layout is much
more compact as expected. Unfortunately, the switching performances are very poor, which is especially visible in the
eye-diagram shown in figure 6-82. When trying to pass the "one", the series of n-channel MOS device degrades the
levels considerably. The signal reaches VDD/2 only after 100ps, that is 3 times slower than the transmission gate

design.
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Fig. 6-81. Automatic generation of the 8-to-1 Multiplexor based on n-channel MOS (Mux8tolNmos.MSK)

1,00 The logic level 1 is
severely degraded by
nMOS pass transistors

MY%’*H

| I | |
oog 0z0 0030 0.040 0.050 060 070 080 0.080 Timefns

Fig. 6-82. Eye-diagram simulation of the 8-to-1 Multiplexor based on n-channel MOS (Mux8to1Nmos.MSK)

When we try to operate the circuit at low supply voltage (0.8V), the circuit does not work anymore as the final voltage

achieved by the output f'is as low as 0.3V (Figure 6-83), still below the switching point of most logic gates.
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Fig. 6-83. The n-channel multiplexor does not operate at low voltage (Here 0.8V) (Mux8to1Nmos.MSK)

Demultiplexor

Probably one of the most well-known demultiplexor is the 74LS138 circuit, which is presented in figure 6-84. If the
enable circuit is active (G1 must be at 1), all outputs O0..07 are at 1 except the one issued from the binary decoding of

the input A,B and C, according to the statements below.

Case (adress)

: 01=0;

. 02=0;
03=0;
04=0;
05=0;
05=0;

: 06=0;
7 : 07=0;
endcase

o U WN PO

Note that the multiplexor can be implemented using NANDA4 cells, to avoid the use of AND logic circuits which
require NAND and Inverter circuits. Details on the demultiplexor layout are given in chapter 10 dealing with memory

design.
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Fig. 6-84. The demultiplexor (741s138.SCH)

11. Shifters

Shifters are very important circuits found in virtually all processor cores. Shifters are able to manipulate data and shift the
bits to the right or to the left. Taking the example of an 8-bit input data A, initially set to 0xB3 in hexadecimal (10110011
in binary), the result of shifting A two bits to the right is 0x3c¢ (00101100 binary), as illustrated in figure 6-85 The
corresponding symbol is >>. Now, the result of shifting A three bits to the left would be 0x98 (10011000 binary). The

corresponding symbol is <<.

Lost bits Lost bits
Reg [7:0] A [fo1iooi1] Reg [7:01 & (M0 11]0011|
Reg [7:0] A |001o|1100| Reg [7:0] A |1001|1ooo|
— H_}
Filled with Filled with
ZEeros Zeros
(a) Shift Right 2 bits (>>2) (b) Shift left 3 bits (<<3)

Figure 6-85: Principles for shifting data to the right and to the left

The rotate circuit is based on the shift mechanism, but has the property to re-inject the lost bits in the place left for

zeros. An illustration of the rotate structure is given in figure 6-86.
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Rotated bits Rotated bits

Reg [7:0] A o110 0T 1 Reg [7:0] A

Reg [7:0] A >|1 11 01100 ]

101.:i§1|0011|

(a) Rotate Right 2 bits (b) Rotate left 3 bits

Figure 6-86: Principles for rotating data to the right and to the left

There are mainly two ways to implement the shift circuits. One [Weste] is based on multiplexor cells, the other
[Uyemura] is based on pass transistors. Pass transistors yield simpler and more regular layout structures. The main
drawback is a slower switching and less predictable timing characteristic. The 4-bit shift right circuit is shown in figure
6-87, while the rotate left circuit is reported in figure 6-88. The shifter based on multiplexor has the same structure,
except that all single pass transistors are replaced by a pair of nMOS and pMOS in parallel. Each gate control must be

inverted, which makes the final circuit significantly more complex than the single MOS shifter.

[

Shift right 3 Shift right 2 Shift right 1 Output is 3
bits bits bit (active) (0011)
NEoo\E_ o\ ® . :
=S ¥=r? ey [
] —1 L
Input is 6 i !EF_ 1 1
(0110) =H

\

Tk

QT?]Q

QT@]QF

P

lJ..
P

s

e
Ha
q

Ha

Figure 6-87: Simulation of the shift right circuit (ShiftRotate4b.SCH)
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Figure 6-88: Simulation of the rotate left circuit (ShiftRotate4b.SCH)

12. Description of basic gates in Verilog

We give in this paragraph a short introduction to Verilog hardware description language (HDL). This language is used
by Microwind and Dsch tools to describe digital logic networks. The description is a text file, which includes a header,
a list of primitive keywords for each elementary gate, and node names specifying how the gates are connected together.

Let us study how the logic network of Figure 6-89 is translated into a Verilog text.

// DSCH 2.5d 1
// 14/04/02 16:52:45 2
// C:\Dsch2\Book on CMOS\Base.sch 3
4
module Base( Enable,A,B,s BUF,s NOT,s NOTIF1l,s AND,s NAND, 5
s_NOR,s OR,s XOR,s XNOR,s PMOS,s NMOS) ; 6
input Enable,A,B; 7
output s BUF,s NOT,s NOTIFl,s AND,s NAND,s NOR,s OR,s XOR; 8
output s XNOR,s PMOS,s NMOS; 9
and #(16) and2(s_AND,A,B); 10
notifl #(13) notifl (s NOTIF1,A,Enable); 11
not #(10) not(s_NOT,A); 12
buf #(13) bufl (s BUF,A); 13
nand #(10) nand2(s_NAND,A,B); 14
nor #(10) nor2(s NOR,B,A); 15
or #(16) or2(s OR,B,A); 16
xor #(16) xor2(s_XOR,B,A); 17
xnor #(16) xnor2 (s XNOR,B,A); 18
nmos # (10) nmos (s _NMOS,A,Enable); // 1.0u 0.12u 19
pmos #(10) pmos(s_PMOS,A,Enable); // 2.0u 0.12u 20
endmodule 21
22
// Simulation parameters 23
// Enable CLK 10 10 24
// A CLK 20 20 25
// B CLK 30 30 26
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Fig. 6-89. The Verilog description of the circuit BASE.SCH (Base.TXT)

The Verilog description is a text file. Double slash characters are used for comments. The rest of the line is ignored.
Consequently, lines 1 to 3 are comments. In line 5, the keyword module defines the start of the description, which will
end after the keyword endmodule (line 21). The name of the module is base. Its parameters are the list of input and
output signals. From line 7 to line 9, signals are declared as input, output, or internal wire. No internal wire exists in
this file. Three input and 11 output signals are listed. Then, from line 10 to 20, the schematic diagram is described as a

list of primitives.

Name Logic Verilog primitive

symbol
INVERTER Lo Not <name>(out,in);
BUFFER I+ Buf <name>(out,in);
TRI-STATE INVERTER -[}c» Notif1 <name>(out,in,enable);
TRI-STATE BUFFER I Bufifi <name>(out,in,enable);
AND T And <name>(out,in1,in2,..);
NAND o Nand <name>(out,in1,in2,..);
OR I Or <name>(out,in1,in2,..);
NOR e Nor <name>(out,in1,in2,..);
XOR ;g Xor <name>(out,in1,in2,..);
XNOR b Xnor <name>(out,in1,in2,..);
NMOs —Hf, Nmos <name>(out,source,gate);
Pmos -4|f, Pmos <name>(out,source,gate);

Table 6-8. The VERILOG primitives supported by DSCH and MICROWIND

The gate delay is described for the accurate simulation of time delays in large structures. The logic delay through each
gate is specified in integer units. One unit corresponds to a single logic simulation cycle. The correspondence between
the elementary cycle and the real time varies depending on the technology. In 0.12um, which is the default directory
used by DSCH, the elementary unit is 0.01ns, that is 10ps. Consequently, the AND gate described in line 10 has a
switching delay 16x0.01ns=0.160ns, or 160ps. This delay is observed between each active transition of A,B and

s AND.

Enable (buttonsy 1

& (hutton3) o

B thuttond) o

s_BUF (ights) 0

s_NOT fight) 1

= _MOTIFT (ight7) 1

=_AMD (light3) 1}

z_MAND (ight2) 1

5_MOR (light10) 1

s ORfighti1) o

s XOR(ight12)y o

s_KNOR (Tght1z) 1 [

5_PMOS (Tght14) = )

s_MMOS (light15) 0
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Fig. 6-90. Illustration of the elementary logic delay in the simulation chronograms (Base.SCH)

In the simulation chronograms, when we zoom strongly on the time scale in order to see each delay step (0.01ns), we
observe the discrete aspect of the delay estimation, as shown in figure 6-90. A series of 10 elementary delay is used for
the NOT cell, and 16 for the OR cell, according to the Verilog description made in figure 6-89.

The gate delay description is optional. If no delay information has been specified, the logic simulator assigns a default
gate delay, which is a basic parameter of the technology. In 0.12um, the default gate delay is 0.03ns, and each wire
connected to the gate adds a supplementary 0.07ns delay. A more detailed description of the Verilog language may be

found in [Uyemural].

Conclusion

In this chapter, the design of basic cells has been reviewed. We have described in details the NAND, AND, OR and
NOR gates, and the asymmetrical switching problems of multiple-input NOR circuits. The specific design techniques
to design a compact XOR gate has then been reviewed. The techniques for translating AND/OR combinations into an
optimized have also been studied. Finally, we have described the structure of multiplexors, shifters, and given some
information about the VERILOG format used by DSCH and MICROWIND to exchange structural descriptions of

logic circuits.
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Exercises

Exercise 4.1. Give the switching point voltage of the gate shown in figure 6-91. Find its logic function.
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<Sonia: Sizing ? NMOS bizarre?>
Figure 6-91: A logic gate case study

Answer: <Sonia>

Exercise 6.2: Design a CMOS 3-input XOR using CMOS And-OR-Invert logic.
Answer: See appendix F

Exercise 6.3: Design the following function using CMOS And-OR-Invert logic and try to find continuous diffusions.
F= ~(A&B|c&(A[B))

Answer: See appendix F

Exercise 6.4: Using Microwind , compare the switching point voltage of a 3-input NOR gate (minimum size MOS) to

the switching point voltage of a 3 inputs NAND gate (minimum size MOS). Which one is closer to the ideal and why?

Answer: The Nand switching point voltage is closer to VDD/2 because the electron mobility is higher than that of the
hole.

Exercise 6.5: What is the functionality of the circuit shown in figure 6-93 ? Justify with a chronogram using Dsch2.

| —O| ouT
E | 4{

Figure 6-93: logic circuit case study
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Exercise 6.6: What is the functionality of the circuit shown in figure 6-94 ? Justify with a chronogram using DSCH2.

Implement this circuit into layout. What are the conditions to match the logic behavior?

Delay |
”‘-"ﬂ ouT

.

IM

Figure 6-94: A logic gate case study
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7 Arithmetics

This chapter introduces basic concepts concerning the design of arithmetic gates. Firstly, we illustrate data formats.
Secondly, the adder circuit is presented, with its corresponding layout created manually and automatically. Then the
comparator, multiplier and the arithmetic and logic unit are also discussed. This chapter also includes details on a

student project concerning the design of binary-to-decimal addition and display.

1. Data formats

Integer T

Unsigned Signed _ Floating point

= 8 bits = 8 bits = 16 bits = 32 bits
= 16 bits = 16 bits = 24 bits
= 32 bits = 32 bits = 32 bits

Figure 7-1: Most common data formats used in ASIC designs
The two classes of data formats are the integer and real numbers (Figure 7-1). The integer type is separated into two
formats: unsigned format and signed format. The real numbers are also sub-divided into fixed point and floating point

descriptions. Each data is coded in 8,16 or 32 bits. In particular cases, other formats are used, such as the exotic 24 bit

in some optimized applications, such as in application-specific digital signal processors.

Integer Format

Type Size Usual name Range
(bit)
Unsigned integer |8 Byte 0..255
16 Word 0..65535
32 Long word 0..4294967295
Signed integer 8 Short integer -128..+127
16 Integer -32768..+ 32767
32 Long integer -2147483648..+ 2147483647

Table 7-1: Size and range of usual integer formats
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2°=1
2'=2

27 | 96| 95| 24| 23| 02 [ 2! |20 | 2°=4
2°=38
4 _

Unsigned integer, 8 bit §5 ; ;g
2°=64

215 o14f o3| || 24| 232 (gt |20 | 27=128

Unsigned integer, 16 bit 21: =1024
27=32768
2%°=1048576

2% 2% 2| . 2t 23] 222t |20 20— 1073741824

2’'=2147483648
Unsigned integer, 32 bit

Figure 7-2: Unsigned integer format
A summary of integer formats is reported in table 7-1. The signification of each bit is given in figure 7-2. The unsigned

integer format is simply the series of power of 2. As an example, the number 01101011 corresponds to 107, as detailed

in equation 7-1.

01101011=2% 12 +23 +21 420 — 644324 8+2+1=107 (Equ. 7-1)
2°=1
2'=2

”26 25| 24| 23|92 [ gl 20 | 2°=4

2°=8

Signed integer, 8 bit format 24 =16

2°=32

2°=64
”2“ 2B L 2t 222 |20 | 27=128
10 _

Signed integer, 16 bit format 215 =1024
25=32768
2%°=1048576

. 200 2% L2t 22 2|0t 20 | 2°=1073741824

2°1=2147483648
Signed integer, 32 bit format

Figure 7-2: Signed integer format
The signed integer format uses the left-most bit for the sign. The coding of the data works as for the unsigned integer,
except that the left-most bit accounts for a negative number. In 16 bit format, a 1 in the sign bit equals to -32768. As As
an example, the 8-bit signed number 11101011 is detailed in equation 7-2. The sign bit appears in the sum as -128, all

the other bit remaining positive.

11101011=-27 429425 423 121120 = 12841 64432484211=21  (Equ.7-2)
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Real Format

7. Arithmetics

A second important class of numbers is the real format. In digital signal processing, real numbers are often

implemented as fixed point numbers. The key idea is to restrict the real numbers within the range [-1.0..+1.0] and to

use arithmetic hardware that is compatible with integer hardware. More general real numbers are coded in a 32 bit

format. A summary of real formats is reported in table 7-2.

Type Size (bit) Usual name Range
Fixed point 16 Fixed -1.0..+1.0 (Minimum 0.00003)
32 Double -1.0..+1.0 (Minimum
fixed 0.00000000046)
Floating point 32 Real -3.4°38..3.4°38 (Minimum

5.8°-39)

Table 7-2: Size and range of usual real formats

.2-1 22| 93| 94| 55| 56 915
>\ Fixed point, 16 bit
Fixed point
. 21| 22| 23| 2% 27 2¢ 2% 2%

Fixed point, 32 bit

20=1.0
2'=05
22=0.25
23=0.125
24=0.0625
2°=0.03125
26=0.015625

2715=0.000030517578125
231=0.0000000004656

Figure 7-3: Fixed point numbers in 16 and 32 bit format

In the case of fixed point arithmetic, we read bits as fractions in negative power of 2 (Example of equation 7-3). When

the left-most bit is set to 1, it accounts for -1.0 in the addition (Equation 7-4). The main limitation of this format is its

limited range from -1.0 to 1.0. Its main advantage is a hardware compatibility with integer circuits, leading to low

power computing, a particularly attractive feature for embedded electronics. As an example, most digital signal

processing of mobile phones work in fixed point arithmetic.

01100100 =21 +272 1275 —0.540.25+0.03125=0.78125  (Equ. 7-3)
11100100 =29 4271 4272 1 o5 =

Sign bit for

mantissa

7-3

Mantissa (24 bits)

20 2-1

2-2

2-3

2-5

2-22

\

Fixed point
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-1.0+0.5+0.25+0.03125 = -0.21875 (Equ. 7-4)

Exponent (8 bits)

2% | 2! |20

Sign bit for
exponent
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Figure 7-4: Floating point arithmetic format

Finally, floating point data is coded using a mantissa multiplied by an exponent (Figure 7-4). The general formulation

of the real number format is as follows:

data = mantissa.2 """ (Equ. 7-5)

The illustration of this format is given in equation 7-6. Numbers may range from -3.4x10°* to 3.4x10*%.

(0110100... )(0..101) = (2° +27 +27 )x(2* +2°)
=(1.0+0.5+0.125 )x(4+1)

=1.625x2°

=52.0

(Equ. 7-6)

2. The adder circuit

Let's consider two 8-bit unsigned integers A and B. These numbers range from 0 to 255. The arithmetic addition of the

two numbers is given in equation 7-7.

S=A+B (Equ. 7-7)

To obtain the arithmetic addition of these numbers, we build elementary circuits which realize the bit-level arithmetic
addition, as described below. Remember that if a0=1 and b0=1, a carry bit is generated in the next column. We need to
take into account the carry bit ci for each column, by creating a circuit with three logic inputs ai,bi and ci-1 to produce
si and ci. This circuit is called full adder. The adder in column 0 is a more simple circuit, which realizes the addition of
two logic data a0 and b0, which is called the half adder.

Full adders

Ve A ~  Halfadder

Cgi Cs:i Cyqi C3i C2i C1i Co /

ar a a dg a dz ai a
6 45 3 0 ai ad as a4 as a aii ao!

I:> by b@ b5 b4 b3 b2 b]_ bo

B | Dby bs bs by bs b, by by

C S7 Sg Ss S4 S3 S2 S1 S
S 6 ° 4 3 2 ! 0 C S7 S Ss S4 S3 S2 S1 So

Figure 7-5: 8-bit unsigned integer addition principles

From Logic Design to Layout
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s Edit the schematic
diagram using DSCH
D’ Improve
DSCH < Verify the logic behavior the design

d a

Convertinto | €&  Buildsub-
\ Verilog W circuits

Open the Verilog
( descrinti
escription

4

< Compile into layout

4

Verity the analog Improve
\ behavior the design

Microwind

Figure 7-6: Design flow from logic design to layout implementation

When the design starts to be complex, the manual layout is very difficult to conduct, and an automatic approach is
preferred, at the price of a less compact design and more rigid implementation methodology. The steps from logic
design to layout validation are reported in figure 7-6. The schematic diagram constructed using DSCH is validated first
at logic level. At that level, timing analysis is available as well as power consumption estimation. The accuracy of
these predictions is quite fair as accurate layout information is still missing. The designer iterates on his circuit until
the specified performances are achieved. At that point, it is of key importance to build a sub-circuit and feed a cell
library. These sub-circuits may be reused in other designs, if the user provide sufficient information on the

performances of the cells.

A specific command in DSCH creates the Verilog description of the logic design, including the list of primitives and
some stimulation information. This Verilog text file is understood by Microwind to construct the corresponding layout,
with respect to the desired design rules. This means that the layout result will significantly change whether we use
0.8um or 0.12pm design rules. The supply properties and most stimulation information are added to the layout
automatically, according to the logic simulation. Finally, the analog simulation permits to validate the initial design and

verify its switching and power consumption performances.
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3. Adder Cell Design

In this section, we use the design method presented previously to build an 8-bit adder.

Half Adder

The Half-Adder gate truth-table and schematic diagram are shown in Figure 7-7. The SUM function is made with an
XOR gate, the Carry function is a simple AND gate. When both A and B are at 1 (In black in figure 7-7), the carry
output is asserted, and the sum is at zero. The combination of carry and sum is equal to (10), which is equivalent to 2 in

binary format.

A B Carry Sum Result
0 0 0 0 0
0 1 0 1 1
1 0 0 1 1
1 1 1 0 2

;137 ______ Carry Carry

Fig. 7-7. Truth table and schematic diagram of the half-adder gate (halfAdderTest.SCH).

The correct behavior of the adder is proven by the values of the display, which show a result in accordance with the
truth table. The command File - Schema to New Symbol in DSCH enables to create a sub-circuit. This technique is
useful to construct hierarchical designs, by embedding a complete circuit into a single component. The command menu
is reported in figure 7-8. By a click on the OK button, a symbol HaldAdder.SYM is created. This symbol includes the
VERILOG description of the circuit, that is the XOR and AND gate, as seen in the left part of the window. Once

created, the symbol may be instantiated in any logic design.
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Schema to Symbol E|

/0 “enlog l Symbol preview

module halfiAdder( B,A,Carry,Sum),
input B,A;

output Carry, Sum; =] haltAddeS um

and #(16) and? (Carry,B,4);

xor #(16) xor2(Sum,i,B): ) Camy
endmodule _

{F Refresh E ﬂ

Symbol Properties
Mame : |halfdder

Tile:  |halfdder

Savein: |E:\Documents and Settings

Fig. 7-8. Creating a half-adder symbol (HalfAdder.SYM)

IEEE
=3 hattadder Cany . W5 hatadcer [
B ' B

T e LY
Dl'\u A halfadder [ Camy A A halfadder [ Carry E
B B Sum B B —E'S-Ijl:n ------------

Fig. 7-9. Logic validation of the half-adder symbol (halfAdderTest.SCH).

The logic validation of the half adder is provided in the simulation of figure 7-9. When the symbol was created, a
Verilog text was also generated, namely HalfAdder.TXT, In Microwind2, the same Verilog text file is used to

construct the corresponding layout automatically. Just invoke the command Compile — Compile Verilog File, select

the corresponding text file and click Compile.
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- Verilog File
l/DSCH 2.6h ~ Size | Labels Routing |
:U 4/8/2003 9:53:17 AM Routing starte
I C\Documents and Settings\Administratorily Documents\Dsch2\B 9 9
Metal 1,2,3 -
maodule halfAdder( B,A Carry,Sum);
input 8 A& lEE  Ada vertical bus
output Carry,Sum; '_‘
and #{16) and2(Carry,B.A); il_E o Floorplan
Xor #(16) xor2(Sum,A,B); R
endmodule [~ Free placement
v [T Fixed I/Os (IBIS) Load
< b
Iv Limit row width to
2000 um
Compiler Status
Compiled cells : 0/2
Routed wires : 0
Pads:0
Mo error
B3 compile | H Showgrid| " Backto editor | B & Help ‘

Fig. 7-10 Using the half adder VERILOG description to pilot the layout compiling in MICROWIND (halfAdder.TXT)

When the compiling is complete, the resulting layout appears shown below. The XOR gate is routed on the left and the
AND gate is routed on the right. Click on Simulate — Start Simulation. The timing diagrams of figure 7-11 appear
where the truth table of the half-adder can be verified.

1.20
BB BB @B Hos o
e : A 7z &
LB . L
120 0.0c
: 117
B
100
1120
and2_Carry i i i
: g ! T o0C
| ;
twpsi i '
) B i i o
00 s 10 15 20 25 30 35 a0 ‘Time(ns)

Fig. 7-11. Compiling and simulation of the half-adder gate (Hadd.MSK)

Full-Adder Gate

The truth table and schematic diagram for the full-adder are shown in Figure 7-12. The most straightforward
implementation of the CARRY cell is to use a combination of AND, OR gates. Using negative logic equivalence, the
AND,OR combination becomes a series of NAND gates, as suggested by equation 7-8.Concerning the sum, one
common approach consists in using a three-input XOR gate. This 3-input XOR is usually constructed from two stages

of 2-input XOR.
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A B C Carry Sum Result
0 0 0 0 0
0 0 1 1 1
0 1 0 1 1
0 1 1 0 2
1 0 0 1 1
1 0 1 0 2
1 1 0 0 2
1 1 1 1 3
Sum

Y

?

Carry

Fig. 7-12. The truth table and schematic diagram of a full-adder(FADD.SCH)

sum = A BMC
carry =(A& B)| (A& C)|(B&C) (Equ 7-8)
carry=(A& B) & (A& C) & (B & C)

Full-Adder using Complex gate

A more efficient circuit consists in the use of complex gates. We apply this technique for the carry cell: rather than
assembling NAND gates (Total 3x4+6=18 transistors), we assemble MOS devices in AND/OR combinations. The
carry function built using MOS in parallel or in series is presented in figure 7-13. A tiny re-arrangement of the Boolean
expression leads to a 12 transistor complex gate (Equation 7-9) rather than a 14 transistor one, if we include the 2 MOS
devices of the final stage inverter. The carry circuit shown in figure 7-13 is strictly equivalent to the carry circuit of

figure 7-12. We avoid the needs for cascaded NAND gates, and so the number of transistors is lower.

carry =(A& B)|(C & (4| B)) (Equ 7-9)
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—"| A
=i vl
~cany | ﬁ

Carry_ComplexGate
B~ [L_A | EI_{ _{

Fig. 7-13. The carry cell based on a complex gate requires less transistors (Fadd.SCH)

L

|
L

—;e)
B b 5 i omplexgate

D’b """ e L s=(a&b)l(c&(alb))

iE)and

Fig. 7-14. Comparing the switching performances of the carry cells (Carry.SCH)

A switching speed comparison is proposed in figure 7-14: the upper cell is the fastest, as the number of stage is
restricted to the complex gate itself, with short internal connections and small diffusion areas. The cell in the middle is
the slowest due to the four internal stages (The AND is an AND plus an inverter). The lower circuit is a little faster, but

not so. The reason is that DSCH automatically assigns a typical delay (Around 70ps) to each interconnect. At this
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stage, DSCH do not make the difference between a short and a long interconnect. Very probably, the interconnect
between the NAND2 output and the NAND3 input will be very short and the delay is severely overestimated. But it
could happen that the routing is quite large, in that case the supplementary delay is justified.

Full-Adder using Complex gate

The procedure to generate the symbol of the full-adder from its schematic diagram is the same as for the half adder.
When invoking File - Schema to new symbol, the screen of figure 7-15 appears. Simply click OK. The symbol of
the full-adder is created, with the name Fullddder.sym in the current directory. Meanwhile, the Verilog file

fullAdder.txt is generated, which contents is reported in the left part of the window (Item Verilog).

We see that the XOR gates are declared as primitives while the complex gate is declared using the Assign command, as
a combination of AND (&)and OR (]) operators. If we used AND and OR primitives instead, the layout compiler would
implement the function in a series of AND and OR CMOS gates, loosing the benefits of complex gate approach in

terms of cell density and switching speed.

Schema to Symbol

E3

|/0:  Werilog ] Sembal preview

module fullddder( C,B,A,Carry,Sur
input C,B,4:;

D output Carry, Sum;
A ) xor #(16) =or2(wd,L,B):
assign Carry=(R:&B)| (Cs(R|B))
DB—' Sum xor #(16) =or2(Sum,w4,C):
-

full&ddeSum

|

Carry

S

ol

endmodule

a % % £ Refresh E ﬂ

b s Carry Symbol Properties
¢ L s=(a&b)l(c&alb)) Mame :  |fullsdder

Title fullsdder
Save in ; |C\Documents and Settings

Fig. 7-15 Verilog description of the full adder (FullAdder.SYM)

Use the command Insert — User Symbol to include this symbol into a new circuit. For example, the circuit FaddTest
includes the hierarchical symbol and verifies its behavior. Three clocks with 20,40 and 80ns are declared as inputs.
Using such clocks is of particular importance to scan all possible combination of inputs, by following line by line the
truth table. What we observe in the chronograms of figure 7-16 is the addition of three numbers, which follows the
requested result given in the initial truth table. The addition of A,B and C appears in the output sum. For example, at

time t=70ns, A=B=C=1, the output is 3 after a little delay.

7-11 E.Sicard, S. Delmas-Bendhia 20/12/03



DEEP SUBMICRON CMOS DESIGN 7. Arithmetics

: clk1 [ full Adder

LLLI T oo 10.0 20.0 30.0 40.0 50.0 0.0 70.0 30.0
1.0ns/div— | | | | | | | | |
= | = FECEEEREEEREEEEEE e et e e e e e e e e v e e e e e ee e e e e e e e e e e el
| . . .
A S T | """" e —
B 0. T = . . — 1 |
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Sum o :l:uu sl:m 5 01 1 o2 ¥ 01 :l:nz Y oz 103 1 o0
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Fig. 7-16. Testing the new Adder symbol using clocks (FaddTest.SCH)

The Full-Adder Adder

You may create the layout of the full-adder by using the Verilog cell compiler of Microwind. It is recommended to
compile the full-adder symbol which includes the complex gate, for an optimum result. Microwind handles complex
gate descriptions and has the ability to convert AND/OR logic combinations into a compact layout. The full-adder
compiled layout is shown in Figure 7-17. By default, all signals are routed to the left side of the logic cells, for clarity.
In real-case designs, the routing creates connections in all directions, depending on the position of signals inputs and

outputs.
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Fig. 7-17 The compiled full-adder (FullAdder.MSK).

The complex gate implementation includes some interesting design techniques to achieve a compact layout. The layout
and schematic diagram are detailed in figure 7-18. The cell compiler has organized the contacts to ground and metal
bridge in such a way that the n-diffusion and p-diffusion areas are continuous. The MOS arrangement is electrical
equivalent to the schematic diagram of figure 7-13. Notice that the diffusion has been stretched to build an internal
connection, in the n-MOS area. Diffusion is rarely used as an interconnect due to its very huge parasitic resistance. In

that case, however, the role of this diffusion connection is not significant.

R AR TSR T
o e e e e e e
e e o e
L
: Cc A B
Metal bridge
over the pMOS
area
= ~Carry
Metal bridge . m? ° z
over the = JLEEF LS
nMOS area . er /'7 ..............
Diffusion used / Gif|zozsenanaason:
as interconnect ~ 5ag|,
R e i e iy
A R = Ly A . % A E

Fig. 7-17 The carry cell layout and associated structure (CarryCell. MSK).
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There is no need to add the clock properties in the layout as the clock signals properties have been extracted from the
Verilog text, and automatically placed in the compiled layout. The clock description in Verilog format appears after the
keyword "Always". Three clocks are declared: A,B and C. The text signifies that for a given time step, the logic signal

is inverted. For example clock C switches from 0 to 1 at time 1000, from 1 to 0 at time 2000, etc.. There exist a time

scale conversion between DSCH and Microwind. A logic time step of 1000 is transformed into 1.0ns.

module fullAdder( C,B,A,Carry,Sum);
input C,B,A;
output Carry, Sum;
xor #(16) xor2(w4,A,B);
assign Carry=(A&B) | (C& (A|B))
xor #(16) xor2(Sum,wd,C);
endmodule

// Simulation parameters in Verilog Format
always

#1000 C=~C;

#2000 B=~B;

#4000 A=~A;

Fig. 7-18: the declaration of clocks in the Verilog text (FullAdder.TXT)

The simulation of the full-Adder, shown in figure 7-18, complies with the initial truth-table and the logic simulation.

Notice the glitch at time t=6.0ns due to internal transient switching of the logic circuit.

+1.20
A
00
+1.20 0.00
! 1.15
B ]
0.0
11.20 ]
C
0.04
1.14
125ps 113ps
i h
ca(Gate'iACarry
Iho
! ! ! ! ! ! ! ! i ! 0.00
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 Time(ns)

Fig. 7-19: Simulation of a full-adder (File fullAdder.MSK).

4. Ripple Carry Adder

In this section, the design of the adder is addressed in its simplest approach, where the carry of one stage propagates as

an input for the next stage. This type of circuit based on a carry chain is called "ripple carry" adder.
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Structure of the Ripple Carry Adder

The 4-bit ripple-carry adder circuit includes one half adder and 3 full-adders in serial, according to the elementary
addition shown in figure 7-20 [Belaouar]. Each stage produces the Boolean addition of three logical information. For
example, the Boolean output s[1] is the addition of input signals a[1] and b[1], together with the internal carry c[1].

Some examples of 4-bit addition are given in table 7-4. We give the output s in hexadecimal and decimal format.
Full adders

/_H Half

adder
Csyiczicy /
as a; a1 ap i i g g

bs bz b1 bo

:> bs ibs iby bo

Sa4 S3 S» S1 So
S4 S3 S2 S1 So

b[4]  a[3] b[2]  a[2] b[1]  a[l] b[0]  a[0]
Full adder Full adder Full adder Half
adder
‘ ‘ c[3] ‘ c[2] ‘ c[1] ‘
s[4](=c4) s[3] s[2] s[1] s[0]

Fig. 7-20. Structure of the 4-bit ripple-carry adder

al0..3] b[0..3] s[0..4] s[0..4]
(hexa) (Decimal)

0 0 00 0

0 F OF 15

9 7 10 16

6 C 12 18

F F 1E 30

Table 7-3. Adder result examples

The logic circuit shown in figure 7-4 allows a four-bit addition between two numbers a[0..3] and b[0..3]. The user
symbols 'Hadd.sym' and ‘Fadd.sym’ are added to the design using the command Insert — User Symbol. In DSCH2,
the numbers @ and b are generated by keyboard symbols, which produces at the press of a desired key a 4-bit logic
value. In the example shown in figure 7-21, the value of @ is 1 (0001 in binary), and the value of » is F (1111 in binary
form, or 15 in decimal). The result s, which combines s[0], s[1], s[2], s[3] and the last carry bit, is equal to 0x10 in

hexadecimal, or 16 in decimal.
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Fig. 7-21. Schematic diagram of the four-bit adder and some examples of results (Add4.SCH).

The two displays are connected to the identical data, but are configured in different mode: hexadecimal format for the
right-most display, and integer mode for the left-most display. To change the display mode, double click inside the
symbol, and change the format in the symbol property window, as shown in figure 7-22. The default option is the
hexadecimal format. The unsigned integer format is used in the schematic diagram of figure 7-22 for the left display.

Integer and fixed point display formats are used for arithmetic circuits. The ASCII character corresponding to the 8-bit

input data may also be displayed.

Select format

~

"
~
r~
r~

Hexadecimal

Inzigned Integer

integer
Fixed point
ASCI Chara

cter

Fig. 7-22. The display symbol has five format options (Add4.SCH).

Critical Path

The worst case delay of the circuit is calculated in Dsch by the command Simulate— Find critical Path—In the

Diagram. In the ripple carry circuit, the critical path passes through the carry chain. The predicted worst case delay is

0.8ns.
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Fig. 7-23. The critical path of the four-bit adder (ADD4.SCH).

A manual design of the 4-bit Ripple Carry Adder

We described in this paragraph an example of manual design of a 4-bit ripple carry adder. The elementary adder circuit
FullAdder.MSK from figure 7-17 is reused. We tried to compact the interconnect network by rerouting the input
interconnects over the cell, and shortened the carry wires. The modified layout is fadd.MSK. A proposed strategy for
connecting adders together in order to build a ripple carry adder is detailed in figure 7-24. The cell placement, supply
and I/O routing positioning ease the connection between blocks, leading to a compact design and short connections.
Each adder is supplied by VDD and VSS rails that are connected all together on the right side of the bloc. The carry
propagation is realized by a short interconnect flowing from the bottom to the top of each cell. The a and b data are

routed on the left side of the cell, the result on the right side.
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VSS VDD
c[0](Vss)
———=
al0] Full Adder
bl0] 0
s

a[1]

b[1] "
a[2]

b[2] s[2]
a[3]

b[3] S[3]

c[4]=s[4]

Fig. 7-24. The floor planning of the 4-bit ripple carry adder (ADD4.MSK).

Carry out Supply
VSS

leicpeic

Carry in

Fig. 7-25. Arranging the full adder to create a compact layout and to ease further connection (fadd.MSK)

Figure 7-26 details the four-bit adder layout based on the manual cell design of the adder. In Microwind2, the
command Edit — Duplicate X,Y has been used to duplicate the full-adder layout vertically. The input and output
names use brackets with an index (A[0]..A[3], B[0]..B[3] and Sum[0].. Sum [4]), so that Microwind automatically

displays the logic value corresponding to A,B and Sum. For example, at time t=1.5ns (Figure 7-27), A=3,B=1, sum=4.
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Fig. 7-26. Implementation of the four-bit adder (Add4.MSK).
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Fig. 7-27. Simulation of the four-bit adder (Add4.MSK).

A convenient method for characterizing the worst case circuit delay is to use the Eye Diagram simulation. This
simulation mode superimposes output signals at any rise or fall edges of inputs A0..A3 or B0..B3. The cumulative

drawing of the outputs is called the eye diagram. Figure 7-28 gives the eye diagram of the 4-bit ripple carry adder. It
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can be seen that the worst case delay is around 80ps. Remember that the critical delay was 0.8ns in the logic
simulation. How do we explain that difference? First of all, because the layout level simulation to not investigate all
input configurations, specifically the ones where the critical delay is involved. The inputs A2, A3,and B3 are inactive,
and set to 0. Secondly, the logic simulation assigned a default 70ps delay per interconnect. This average delay is

overestimated in our case, as most interconnects are routed very short.

T
A

f A

i

|
i
| Al
w1

0.000 0.020 0.040 0.080 0.080 0.100

1T
g

Fig. 7-28. Eye diagram of the four-bit adder (Add4.MSK).

5. Signed Adder

The signed integer format for a 4-bit input data is specified in table 7-6. The correspondence between unsigned and
signed data for a 4-bit information is also reported. A specific symbol, namely KbdSigned.SYM, is available to
support the generation of 4-bit signed input. The symbol may be loaded using the command Insert — User Symbol.
Select the symbol KbdSigned.SYM in the list, as shown in figure 7-29. The display symbol on the left displays the 4-

bit input data in unsigned integer form. The other symbol displays the same input information as a signed integer.

2°=1
21=2
23 52 ol (20 | 2°=4
2°=38

4 bit signed integer
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I[3]|I[2]|I[1]|I[0] |Unsigned|Signed
integer |integer

0 0 0 0 0 0

0 0 0 1 1 1

0 0 1 0 2 2

0 0 1 1 3 3

0 1 0 0 4 4

0 1 0 1 5 5

0 1 1 0 6 6

0 1 1 1 7 7

1 0 0 0 8 -8

1 0 0 1 9 =7

1 0 1 0 10 -6

1 0 1 1 11 -5

1 1 0 0 12 -4

1 1 0 1 13 -3

1 1 1 0 14 -2

1 1 1 1 15 -1

Table 7-6. Correspondence between signed and unsigned 4-bit data

Insert user symbol
Lok in: |L§ ieee ﬂ E ] &5 EE-
dut.sym fuseCff.sym i0.5ym

eeprom2.5YM interco.sym ISOURCE.SYM latch.sym
eeprom.5YM intercolong..sym Jk.sym Light.sym
filterk.sym inv.sym JofV.sym lut.sym
fpgaCell.sym invBig.sym k.sym IwdsIn.sym
fuse.sym invIfl.sym kbd.sym IvdsOut.sym

3 | >
File name: |kbdsigned.sy1‘n
Files of type: | Symbols { SYM) | Cancel

[ Open as read-only

Fig. 7-29: Inserting the specific keyboard symbol which supports signed input (KbdSigned.SYM)

{Unsigned (It}
U'|ns'sli£|"|n§;) sr %e '
A fadd Carry %ﬂ
NEE 1#—‘ [ B Sum Pl |
0j1{e|3 ¢l ] I K
 SInEEe
ALVB I A fadd Camy |
B B sum TR T
HES
T e e S
IHE jJ B Sum
sl B i ol |
BB s
T A haliAdder|“Carry
"""""" B sum

Fig. 7-30. The signed addition uses the same hardware as for the unsigned addition (ADD4Signed. SCH)
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It can be seen from figure 7-30 that the unsigned adder circuit can be reused without any hardware modification for the

addition of signed integers. The addition of a=-2 with b=-4 gives sum=-6.

6. Fast Adder Circuits

The main drawback of ripple carry adders is the very large computational delay due to the carry chain built in series.

Several techniques have been proposed to speed up the addition, at the cost of more complex and power consuming

circuits. We construct in this paragraph one type of high-speed adder and compare its performances to the ripple carry

adder.
Carry Look Ahead Adder
b[3]  a[3] b[2]  a[2] b[1]  a[l] b[0]  a[0]
Half Half Half Half
adder adder adder adder
& p3 e p2 el pl & po
Carry look ahead logic
s[4] s[3] s[2] s[1] s[0]

Fig. 7-31. The carry look-ahead logic circuit principles

The carry look-ahead adder computes the ¢2 and ¢3 carry functions by an optimized hardware, based on a complex

gates. The start circuit is the elementary half-adder which produces pi and gi at each stage (equations 7-10 and 7-11).

The sign "&" accounts for logical AND operator, "|" for OR and """ for XOR. Then, the complex gate is built for each

carry function, according to the Boolean expressions reported in equations 7-12.

20 =a[0] &b[0]
gl=afl] &b[1]

(Equ 7-10)
g2=af2] &b[2]

g3=af3] &b[3]
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p0=al0]"b[0]
pl=a[l]"b[1]
p2=a[2]"b[2]
p3=a[3]"b[3]

(Equ 7-11)

sf0] = p0 (Equ 7-12)
cl=g0

sfl] =cl”™ pl

c2=gl|(pl & g0)

sf2] =c2" p2

c3=g2[(p2&(gl|(pl & g0)

sf3] =c3" p3

c4=g3|(p3&(g2| p2 &(gl|(p1 & g0))

s[4] =c4

The equations 7-12 can be translated into layout using XOR gates and complex gates. The schematic diagram of the
carry look-ahead adder is given in figure 7-32. Each half-adder circuit produces the gi and pi data. Complex gates

produce the internal carry ci, while XOR gates generate the outputs s/i/.

el

azzign s=a|(b&{cid&(=|(f2g))));

------------------ -

ofetet

" assion s=al(b&(ci(dEeN);
C|IDIE|F
e D_( _______ %
193]k ’—‘7>
IR Op e
B assign s=a|(b&c);
AnEG ||
IEAE ;
e 1 —— i
N HE
A

Fig. 7-32. The logic implementation of the carry look-ahead adder (Add4LookAhead.SCH)
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P
0.160
i —EN - —
0.230 0.470 0.470
i
0-2?0 assign s=a|(b&(cid8(el(f&a))));
0.300
i
} 0.300
0.160 — !
0.370
T
‘ 0.370—
3 i
» 0.230 0.230 —
T 4-’70-' 0,530 0.630
_ !
0.230
i -
0.300 0.470
i
}0.230 __0-35'0 assign s=a|(b&(ci(dde)));
0.370
- |
LIDIE|F I 0aro__| .
f3[A|B ) 0.300 0.300 —
15157 ¥ 06300630
0.300 0.470
| .—2@}_ |
iprfe)s 0.370 0.470
e
B 0.200 0.370 azsign s=al(b&c);
) - 3
0.370 0.370
Iy 0.530 0.530
0.370
CIDIE|F _}0.370
A|T)A|B
4]13[0 |1 ) %
ol 1f{z13 0.160 0.150

A

Fig. 7-33 Evaluation of the critical delay in the carry look-ahead adder (Add4LookAhead.SCH)

The key question is to know to which extend the critical delay has been reduced. The answer is given in figure 7-33.
We notice a reduction of the critical delay from 0.81ns (Previous ripple carry circuit) down to 0.63ns (This look-ahead
circuit). A remarkable point is the homogenous switching delay for most outputs, as compared to the ripple carry result

which increases with the stage number.

Complex Gate Implementation
Most logic cells involved in the construction of the carry look-ahead adder are conventional AND and XOR gates.

However, the internal carry signals C2, C3 and C4 are combinations of AND and OR operators that are perfect

candidates for complex gate implementation.
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C4=G3|(P3&G2|(P2&(G1|(P1&GO))

C3=G2|(P2&(G1|(P1&GO))
C2=G1|(P1&G0) g —

p1_d[ a —q

G1_°| —

- F'1_{ o %

1

@

Fig. 7-34. The complex gates used in the carry look-ahead adder (Add4LookAheadCmos.SCH)

The circuit ¢3 can be generated by the CMOS cell compiler, through the command Compile — Compile One Line.
The complex gate description is shown in figure 7-35. The layout generated from this description appears in figure 7-
36. It is interesting to notice that the cell compiler could not implement the MOS devices using a continuous diffusion.

Three separate p-diffusion areas have been used for implementing the pMOS devices.

~.™ CMOS Cell Compiler

Enter equation

[c3=02I(p28(91(p1890))] |

x Cancel

&> Help |

:}, Compile

Fig. 7-35. Layout of the complex gate C3 (RippleCarryC3.MSK)

Fig. 7-36. Layout of the complex gate C3 (RippleCarryC3.MSK)
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7. Subtractor Circuit

The substractor circuit can be built easily with a full adder structure as for the adder circuit. The main difference is the
needs for a 2's complement circuit which inverts the value of b, and the replacement of the half adder by a full adder, as

the initial carry must be 1 (Figure 7-37). The logic circuit corresponding to the 4-bit substractor is reported in figure 7-

38. Some examples of substractor results are also listed.

al0..3] b[0..3] s[0..4]=a-b |s[0..4]
(hexa) (Decimal)
0 0 00 0
0 1 OF -1
1 0 01 1
7 9 OE -2
C 6 06 6
F F 00 0
Table 7-7. Substractor result examples
Full adders
A Initial
; carry
o P 1/ at 1
a3z daz ai aop
asiaria: aog
— bs b, by by
:> s ib; ib1 ibo
T ==
S4 S3 S2 S1 So
b[3] a[3] b[2]  a[2] b[1]  a[l] b[0] a[0] !
Full adder Full adder Full adder Full adder
C3 ‘ 2 ‘ ci ‘
s[4] s3] s2] s1] s[0]
Fig. 7-36. Structure of the 4-bit substractor
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4-bit substractor circuit 1 (Int} 7]
,_ syb| Hex ]

""""""""" A fadd Cany

[ B [ [ S B Sum
B 9[AE F
U3 DH |

IHEE Ahodd [cany

a B Sum
C

i
>
g
=
&
b=

CIDIE [F — ot B Sum
il A =
NHDE==. —

gl Iic|d

o
!
I
—
&
L
3

Fig. 7-37. Logic simulation of the 4-bit Substractor (Sub4.SCH)

8. Comparator Circuit

One-bit Comparator

The truth table and the schematic diagram of the comparator are given below. The A=B equality is built using an

XNOR gate, and A>B, A<B are operators obtained by using inverters and AND gates.

A B A>B A<B A=B
0 0 0 0 1
0 1 0 1 0
1 0 1 0 0
1 1 0 0 1
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L

Fig. 7-38 The truth table and schematic diagram of the comparator (CompTest.SCH).

Once the logic circuit of the comparator is designed and verified at logic level, the conversion into Verilog is realized
by the command File — Make verilog File. During the conversion, the node name of some signals has been changed.
For example the node A<B has been modified into AiB. This is because some characters have another signification in
Verilog, and cannot be part of a node name. Then, the Verilog text is converted into layout using Microwind. The

layout of the comparator circuit is given in Figure 7-39. The XNOR gate is located at the left side of the design. The

inverter and NOR gates are at the right side.
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And And Inverters Xnor
A>B A>B A=B

I % N A ~—r N

’ :@;///////////////////////////ﬁ

- g.g LSS SIS S S A
it}

N

. _ri/ﬁé///////V/////////////// o et
Ml -

g{/////y//////y//////@

!/‘4_/,4////////////////////////////////
Fall=]

[l
e

Fig. 7-39 The implementation of the comparator (Comp.MSK).

The simulation of the comparator is given in figure 7-40. After the initialization, A=B rises to 1. The clocks A and B

produce the combinations 00,01,10 and 11.

o ———— —
: : : ] : I : 118
A 1 : ; : t :
0.0 i : " . ) 0
+1.20 ': : - : :: : :
0.0 : ] :
:,1_2[; I i 0.03
and2_aiB 0.55
oo :
£1.20
aﬂd2_-:\sEl ' . .' ' . i
.f'“ 0 . : ; . ' : i . .
T g : 3 ' g ! B ; 0.00
i H i E H il H H B
xnor2_heB 1014ps 11u4sps 1014ps %104555; ;
0.0 i i i : :
! : v ; 3 ; v ; 3 ] 0.0
0.0 1.0 2.0 3.0 40 5.0 5.0 7.0 8.0 9 Time(ns)

Fig. 7-40. Simulation of the comparator (COMP.MSK file).

n-bit Comparator

An efficient technique for n-bit comparison is based on the use of adder circuits. In the schematic diagram of figure 7-

41, the adder system is modified into a comparison system, by computing the Boolean function A-B. The ‘equal’
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operator is built using simple AND functions. Consequently, each elementary comparator includes the full-adder

layout, one inverter and one AND gate.

O N 5

.A_ carry BgreaterThanA
B Sum
ﬁFadd AequalB
H : | E—

R e cary
B3: B Sum
|

One bit structure&

|
00—
[= 1]

m
| f
=
|I_LI_ID__|_|
m|m, m
(=1 B )
=]
=
' m
' w
' =8
H a
\

.A_ carry
B Sum )—
*Cin Fadd
i
carry
o Sum N }
tCin Fadd e
5 | I

=2
2|2t
\/VJ
m]'b

l

AL0.3]

B[0..3]

Aequalb

BgreaterThans

Fig. 7-42. Simulation of the 4-bit comparator (COMP4.SCH).

9. Student project: A Decimal Adder

This paragraph details a student project that performs the addition of two Binary Decimal Coded (BCD) numbers X
and Y. The numbers range from 0 to 9, and the result (between 0 and 18) is visualized on hexadecimal displays. The

specification of this project is described in the schematic diagram of figure 7-43.
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o Va3 Example
$4 $4 bit X=9(1001) Y=3 (0011)
Adding module
7 % s Z=X+Y=12 (01100)
Decoding module
LSB=«2»

4 4 MSB=« 1 »
MSB LSB

Fig. 7-43: Structure of the decimal adder project

4-BIT ADDER

Four one-bit adders linked in cascade construct the 4-bit adder. You may use the adder symbol created previously

(Fadd.SYM). The 4-bit adder from figure 7-20 may be regrouped into a new user symbol Add4.SYM, which will be

reused in the project.

Symbol library =) 1 bit adder

!

Adder
Symbol

d

4-bit adder

4

4-bit Adder
Symbol

Filename

Fadd.SCH

Fadd.SYM

ADD4.SCH

ADD4.SYM

Fig. 7-44: Hierarchical construction of the 4-bit adder symbol
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Use the command File -Schema to New Symbol to transfer the 4-bit adder schema into a user symbol. The schematic
diagram is analyzed and a symbol is proposed regrouping all declared inputs and outputs. The button, clock, pulse and
keyboard symbols are considered as inputs. The led and displays are c