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e CMOS devices

e CMOS technology

e CMOS logic structures

e CMOS sequential circuits
e CMOS regular structures
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“The world is digital...”

* Analogue loses terrain:
— Computing
— Instrumentation
— Control systems
— Telecommunications
— Consumer electronics

Trieste, 9-13 November 1998 Introduction



“...analogue will survive”

 Amplification of very week signals
 A/D and D/A conversion

e Very high frequency amplification

e Very high frequency signal processing

e As digital systems become faster and
faster and circuits densities increase:
— Analogue phenomena are “creeping’ in digital

systems
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“Moore’s Law”

he number of tranSIStors that
.can be integrated on a single C |

grows exponentlally with time

(integration complexity doubles
every three years)
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Trends in

|IC complexity
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Trends in transistor count

Doubling time of fitted line is 2.0 years.
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Trends in clock frequency
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2001 and beyond 7

1997 Semiconductor Industry Association (SIA) Road Map
1997 2001 2012

Technology (nm) 250 150 50
Minimum mask count 22 23 28
Wafer diameter (mm) 200 300 450
Memory 256M  1G 256G
Transistors/cm? 3.7M  10M 180M
Wiring levels (maximum) 6 7 9
Clock, local (MHz) 750 1500 10000
Chip size: DRAM (mm?) 280 445 1580
Chip size: uP (mm@) 300 385 750
Power supply (V) 1.8-25 1.2-1.5 0.5-0.6
Maximum Power (W) 70 110 175
Number of pins 600 900 2700
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How to cope with complexity?

* By applying:
— Rigid design
methodologies
— Design automation

Trieste, 9-13 November 1998 Introduction
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Design abstraction levels

High
A System Specification >

System >
c
2
§ Functional Modulé ce———p
g
<
©
o | Gate > =
3
Circuit > «Dé»
G
V Device >
Low
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e CMOS technology
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CMQOS devices

e CMOS devices

e pn-Junction diodes

e MOSFET equations

e What causes delay?

e MOSFET capacitances
e CMOS device hazards
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CMOS devices

NMOS PMOS
1 1
STl It

Polysilicon sio
Gate i Al Gate I
P \

------

T T p-substrate

Substrate Source Drain Drain Source n-well
contact contact
Trieste, 9-13 November 1398 CMOS devices

Al

e

-



CMOS devices

In a CMOS process the devices are:
e PMOS FET's

e NMOS FET’s

+ unwanted (but ubiquitous):
e pn-Junction diodes

e parasitic capacitance

and

e parasitic bipolars

e parasitic inductance

Trieste, 9-13 November 1998 CMOS devices

a2~



pn-Junctions diodes

* Any pn-junction in the
|C forms a diode

» Majority carriers diffuse
from regions of high to
regions of low
concentration

e The electric field of the
depletion region
counteracts diffusion

e |n equilibrium there is

_ _ Cathode h p
no net flow of carriers in
the diode
Trieste, 9-13 November 1998 CMOS devices 5
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pn-Junction diodes

» Under zero bias there is a built-in
potential across the junction

e The built-in potential is:

Nao-Np
Hy
Or =E£§26 mV @ 300°K

n; =15 10'% cm™ for silicon @ 300°K
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pn-Junction diodes

e |deal diode equation

v/ Y
ID:IS‘(e q)T“‘l) 10_4
10
e For V>¢; (forward bias) ¢ ¢’
=
<10
IF =] .eV/¢T + -10] Reverse bias
d 2 1912 leakage current
e For V<O (reversed bias) S 1° | X
Ip=—I 2 1916
: . 10 1 4 |deal
e |n practical diodes due  ;* ; : : -
. -0.2 0 0.2 04 0.6 0.8
to thermal generation Bias voltage (V)

Ip = 100 to 1000 (- 1)

Trieste, 9-13 November 1998 CMOS devices 7
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Outline

e Introduction

¢ CMOS devicesl

e CMOS technology

e CMOS logic structures

e CMOS sequential circuits
e CMOS regular structures
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CMOS devices

e CMOS devices

e pn-Junction diodes

e MOSFET equations
 What causes delay?

e MOSFET capacitances
e CMOS device hazards
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CMOQOS devices

NMOS PMOS
1 1
.J_I_L. »JTL.

Polysilicon
Gate Al \ Gate

X *

T p-substrate T

Substrate  gource Drain Drain Source
contact

n-well
contact
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CMOS devices

In a CMOS process the devices are:
e PMOS FET’s

e NMOS FET’s

+ unwanted (but ubiquitous):

e pn-Junction diodes

e parasitic capacitance

and

e parasitic bipolars

e parasitic inductance

Trieste, 9-13 November 1998 CMOS devices

29



pn-Junctions diodes

e Any pn-junction in the
|C forms a diode

» Majority carriers diffuse
from regions of high to
regions of low
concentration

e The electric field of the
depletion region
counteracts diffusion

e |n equilibrium there is

no net flow of carriers in
the diode

Trieste, 9-13 November 1998
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pn-Junction diodes

e Under zero bias there is a built-in
potential across the junction

e The built-in potential is:

N 4N
¢O:¢T'ln( A2 D]
n;
oy =5 L =26 mv @ 300°K
g

n; =1.5X% 10'% cm™ for silicon @ 300°K
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pn-Junction diodes

» |deal diode equation

Vi y
Ip=1I,-(e or—1) 10 1
10 [
e For V>0, (forward bias) & 1o |
j_ b
10 |
IF =] -eV/¢T + 10| Reverse bias
S o 1012 leakage current
. 3 n
e For V<O (reversed bias) ¢ ', X
©
Ip=-1I 8 1916 '
, : 0| 2 Ideal |
e In practical diodes due " ' l - -
. -0.2 0 0.2 0.4 0.6 0.8
to thermal generation Bias voltage (V)

Ip = 100 to 1000 (- )
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Depletion capacitance

* The depletion, the n-
and the p-type regions
form a capacitor

1)

- Cyo= 0.5 fF/um?
L ¢p=064V
| m = 0.33 (linear junction)

2
* This capacitor is bias £ 1o
dependent: L 14
g 1.
C- — CJO *g 1F
J m § 0.8}
(1_‘/] § 0.6
£ 0.4
I
e Simplification: for V<0 9
C] - k : C]O
Trieste, 9-13 November 1998 CMOS devices
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The NMOS

e Substrate: lightly doped (p-)

e Source and drain: heavily doped (n+)

e (ate: polysilicon

e Thin oxide separates the gate and the “channel’
e Field oxide and field implant isolate the devices

NMOS Transistor

Polysilicon

Gate

Source W

Field oxide
(Si02)

Gate oxide
/ Drain

p-substrate <«— p+ field implant
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MOSFET equations

e Cut-off region

I, =0 for Vgs -Vr <0

* Linear region

2

11,7 V
lgs =t Cox (VgS—VT)-VdS—-gi (L+2-Vgg) for 0<Vgg <Vyg ~Vp
e Saturation
p-C, . w 2
1y = ZOX-Z-(VgS—VT) (144 -Vgg) for Vg >Veg —Vp

e Oxide capacitance
C,, =% (F/mz)

Lox
e Process “transconductance”
- Cox = H fox (A/Vz)

tO)C

Trieste, 9-13 November 1998 CMOS devices 10
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Mobility
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MOS output characteristics

* Linear region: V<V -V

-~ Voltage controlled tolio
resistor Ybs 7 osVr -
. . 1o S il Yes— V1 _
 Saturation region: V>V -V Poso V1
— Voltage controlled N
current source ber == Voso— V7 57
. ‘ Saturation region
e Curves deviate from the - A -
ideal current source behavior " Voo 77"
due to:
R R ' e V;r
— Channel modulation 025 = AN A
effeCtS Cutoff region Yas = 1 =0
0 0.5 1.0 L5 20 ypf¥ego— Vi)
Trieste, 9-13 November 1998 CMOS devices 12
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Bulk effect

e The threshold depends
on the:
— Doping levels
— Source-to-bulk voltage 0
— Gate oxide thickness

Vr=Yrotr [\/le b‘"\AmF’]

_ I
Vro=0ms=20p~ C—M"{QbO+Q0x+QI]

vsp =0 Vsgy vops Vep3

vgps > Vsg2 > Vsmr - 0

Vps = VoS T

Y= \/quSi NA Veo ¥1i Y2 Vi res
COX
N A
¢f = ¢ In| —= | for p - substrate
no
l

Trieste, 9-13 November 1998 CMOS devices 13
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Bulk effect

 When the semiconductor
surface inverts to n-type
the channel is in “strong
inversion”

e V, =0 = strong inversion
for:
— surface potential > -2¢,
* V>0 = strong inversion
for:
— surface potential > -2¢., V,

I

o

Trieste, 9-13 November 1998 CMOS devices
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Weak inversion

* Is1=0when V <V;?

* For V <V; the drain
current depends Vi
exponentially on V

e |n week inversion and /

saturation: /

qVes

Id E_‘Y..Ido.en‘k‘T

IJ. b ‘Weal_(

e Used in very low power joooof-  Inersion
deSignS 100.0
e Slow operation oo}

1.0

Strong
inversion
region

Vr o Von YGS
Trieste, 9-13 November 1998 CMOS devices 15

(o BV



What causes delay?

Trieste, 9-13 November 1998

In MOS circuits
capacitive loading is the
main cause

Due to:

— Device capacitance
— Interconnect capacitance

AV C L

Ar=C-2Y = -
1 2-4-CoxVag W

+——I|deal MOS ——

VIN l<(Vas-VT)?|C
@ VaGs (D o
b
VIN

Vdd
O+ t’

VQUT .

v delay | 509 level
ddT /
0 \ >

34

CMOS devices
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MOSFET capacitances

e MOS capacitances have three origins:
— The basic MOS structure
— The channel charge
— The pn-junctions depletion regions

Source

9 RUEEE 3
¥ E ~"

Trieste, 9-13 November 1998 CMOS devices 17
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MOS structure capacitances

* Source/drain diffusion
extend below the gate
oxide by:

X4 - the lateral diffusion

* This gives origin to the
source/drain overlap
capacitances:

Coso = Codo = Cop XW
C, (F/m)

e Gate-bulk overlap

capacitance:

Copo=C XL, C (F/m)

Trieste, 9-13 November 1998

A Gate-bulk
overlap

A
b 4

G/D overlap

gso
G/S overlap

72 /- 4% //

| '
| \ Cgbclz /
Overlap Overlap
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Channel capacitance

e The channel capacitance is nonlinear

e lts value depends on the operation region
e |ts formed of three components:

C,, - gate-to-bulk capacitance

C,, - gate-to-source capacitance
C,q - gate-to-drain capacitance

Operation region |Cgy, Cys C.a

Cutoff CoxWL {0 0

Linear 0 (1/2) Cox WL |(1/2) Cox WL
Saturation 0 (2/3) Cox WL |0

Trieste, 9-13 November 1998
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Channel capacitance

Capacitance

4

Cg + Cgbo

R
23C,+C,,

1/2C, + Cy,

gdo * “gso

Gate-to-bulk

Cg = Weff X Leff X Cox

gbo

Trieste, 9-13 November 1998

Gate-to-source

CG § CG D

"DS= constant
Vgs = 0

Gate-to-drain

Saturated

= Ves

3&

CMOS devices

Active or linear —

20

g



Junction capacitances

« Cg and C,, and diffusion capacitances composed of:
— Bottom-plate capacitance:
Cbottom = Cj -W- L
— Side-wall capacitance:
C =stw'(2Ls+W)

SW

Side wall Bottom plate

Channel-stop
implant

D

¥~ Channel

X] N R
7|i <

Trieste, 9-13 November 1998 CMOS devices 21
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Source/drain resistance

» Scaled down devices = higher source/drain
resistance:

L g
Rs,d — ‘; 'qu'f'RC

e |n sub-u processes silicidation is used to reduce the
source, drain and gate parasitic resistance

Drain Source
contact contact

Trieste, 9-13 November 1998 CMOS devices 22
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MOSFET model

t———{—
Cas Css

1
1
Cce
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CMOS parasitic bipolar

substrate
contact Drain

Gate

Source

n-weli
contact

Trieste, 9-13 November 1998
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CMOS device hazards

CMOS latchup origin

<
=

dd

n-well

e

il

p-subs

| oa—
—_

§}
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CMOQOS device hazards

e Sources of latchup:
— Electrical disturbance
— Transient on power and ground buses
— Improper power sequencing
— Radiation
— ESD

e How to avoid it:

— Technological methods (beta reduction, substrate resistance
reduction, trench isolation)

— Layout rules:
e Spacing rules
e Contact distribution
e Guard rings

Trieste, 9-13 November 1998 CMOS devices 26
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CMOS device hazards

ESD protection
VDD VDD

A

Trieste, 9-13 November 1998 CMOS devices
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CMOQOS fabrication sequence

3. Active area definition:
— Active area:
¢ planar section of the surface where transistors are build
 defines the gate region (thin oxide)
» defines the n+ or p+ regions
— A thin layer of SiO, is grown over the active region and covered
with silicon nitride

Stress-relief oxide Silicon Nitride  Active mask ~

e HE

p-type

Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

4. Isolation:

— Parasitic (unwanted) FET’s exist between unrelated transistors
(Field Oxide FET’s)

— Source and drains are existing source and drains of wanted
devices

— Gates are metal and polysilicon interconnects

— The threshold voltage of FOX FET’s are higher than for normal
FET's

Parasitic FOX device

p-substrate (bulk)

Trieste, 9-13 November 1998 CMOQOS technoliogy 15



CMOS fabrication sequence

— FOX FET’s threshold is made high by:

 introducing a channel-stop diffusion that raises the impurity
concentration in the substrate in areas where transistors are not

required
* making the FOX thick

4.1 Channel-stop implant

— The silicon nitride (over n-active) and the photoresist (over n-well)
act as masks for the channel-stop implant

Implant (Boron) channel stop mask = ~(n-well mask)

™

‘\/+ channel-stop implant[

p-type P

Trieste, 9-13 November 1998 CMOS technology 16
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CMOS fabrication sequence

4.2 Local oxidation of silicon (LOCOS)

The photoresist mask is removed
The SiO,/SiN layers will now act as a masks

The thick field oxide is then grown by:
» exposing the surface of the wafer to a flow of oxygen-rich gas

The oxide grows in both the vertical and lateral directions
This results in a active area smaller than patterned

patterned active area

i
.
|l a o |l
| % »1
1 1
1 1

1
]
| -
1%
1

active area after LOCOS

Trieste, 9-13 November 1998 CMOS technology
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CMQOS fabrication sequence

e Silicon oxidation is obtained by:

— Heating the wafer in a oxidizing atmosphere:

» Wet oxidation: water vapor, T = 900 to 1000°C (rapid process)

» Dry oxidation: Pure oxygen, T = 1200°C (high temperature required to

achieve an acceptable growth rate)
e Oxidation consumes silicon
~ 8i0, has approximately twice the volume of silicon
—~ The FOX is recedes below the silicon surface by 0.46Xcy

Field oxide

N

<O\

Silicon wafer

/

Silicon surface

Trieste, 9-13 November 1998
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Qutline

e Introduction

e CMOS devices

. \CMOS technologyl

« CMOS logic structures

e CMOS sequential circuits
e CMOS regular structures
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CMOS technology

e Lithography

e Physical structure

e CMOS fabrication sequence
 Yield

e Design rules

e Other processes

e Process enhancements

e Scaling

Trieste, 9-13 November 1998 CMOS technology
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CMOS technology

* An Integrated Circuit is an
electronic network fabricated in
a single piece of a
semiconductor material

» The semiconductor surface is
subjected to various processing
steps in which impurities and
other materials are added with
specific geometrical patterns

» The fabrication steps are
sequenced to form three
dimensional regions that act as
transistors and interconnects
that form the switching or
amplification network

Trieste, 9-13 November 1998 CMOS technology 3



Lithography

Lithography: process used to transfer patterns to each
layer of the IC

Lithography sequence steps:
* Designer:
— Drawing the layer patterns on a layout editor

e Silicon Foundry:

— Masks generation from the layer patterns in the design data
base
— Printing: transfer the mask pattern to the wafer surface

— Process the wafer to physically pattern each layer of the IC

Trieste, 9-13 November 1998 CMOS technology
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Lithography

Basic sequence —__
« The surface to be patterned is: A
— spin-coated with photoresist S0 sm;tr;te\
— the photoresist is dehydrated in an > Exposure
oven (photo resist: light-sensitive Opaque__Ultra violet light
organic polymer)
e The photoresist is exposed to ultra Mask,,
VIOIB'[ ||ght Unexposed xposed

— For a positive photoresist exposed
areas become soluble and non
. N A
exposed areas remain hard Substrate

* The soluble photoresist is chemically 3. Development
removed (development). ye
— The patterned photoresist will now =
serve as an etching mask for the SiO, Substrate

Trieste, 9-13 November 1998 CMOS technology



Lithography

 The SiO, is etched away leaving
the substrate exposed:
— the patterned resist is used as
the etching mask
* |on Implantation:

— the substrate is subjected to
highly energized donor or
acceptor atoms

— The atoms impinge on the
surface and travel below it

Substrate

5. lon implant

AR NN

4. Etchin
T SR (T s
o LS
” "i’:‘:’% e f ,J"h o
DM AR

. Substrate
— The patterned silicon SiO, serves
as an implantation mask 6. After doping
* The doping is further driven into
the bulk by a thermal cycle
diffusion ,,/S'u bstrate
Trieste, 9-13 November 1998 CMOS technology
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Lithography

* The lithographic sequence is repeated for
each physical layer used to construct the IC.
The sequence is always the same:

— Photoresist application
— Printing (exposure)

— Development

— Etching

Trieste, 9-13 November 1998 CMOS technology
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Lithography

Patterning a layer above the silicon surface

1. Polysilicon deposition
Polysilicon.

Sio >

Substrate
2. Photoresist coating

photores:st\‘
Substrate
3. Exposure UV light

4. Photoresist development

Substrate

5. Polysilicon etching

ANNIIMUNNANINNINING

Substrate

6. Final polysilicon pattern

e A
/e
Tl B #

(it ?%&f;tm’ Pl

Substrate

ASTIIRIIIT TN

Substrate

Trieste, 9-13 November 1998
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Lithography

* Etching: anisotropic etch (ideal)

/reSIst

— Process of removing
unprotected material

— Etching occurs in all directions ayor 2
— Horizontal etching causes an
under cut
— “preferential” etching can be isotropic etch |
used to minimize the undercut undercut—s +— _fesist

» Etching techniques:

— Wet etching: uses chemicals to layer 2
remove the unprotected
materials

— Dry or plasma etching: uses preferential etch |
ionized gases rendered underout—4e— _resist
chemically active by an rf-
generated plasma

layer 2

Trieste, 9-13 November 1998 CMOS technology




Physical structure

NMOS physical structure:

Trieste, 9-13 November 1998

Physical structure Layout representation Schematic representation

CVD oxide

Poly gate Metal 1

Source Lyraur Drain G

drawn
— — Leffective B
Gate oxide

p-substrate (bulk)

p-substrate * Implicit layers:

n+ source/drain — oxide layers

gate oxide (SiO,) —~ substrate (bulk)
polysilicon gate e Drawn layers:

CVD oxide — N+ regions

metal 1 — polysilicon gate
Lei<Larawn (lateral doping effects) — oxide contact cuts

— metal layers
CMOS technology

£o

NMOS layout representation:
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Physical structure

PMOS physical structure:

s

Physical structure

Source

CVD oxide

Poly gate

drawn

—»

Gate oxide

n-well (bulk)

Layout representation

Metal 1

Drain

oo

e
S iiw?g%«

G

effective

Schematic representation

1

e
1

B

p-substrate

p-substrate
n-well (bulk)

p+ source/drain
gate oxide (SiOy)
polysilicon gate
CVD oxide

metal 1

Trieste, 9-13 November 1998

CMOS technology

PMOS layout representation:
o [mplicit layers:

oxide layers

 Drawn layers:

”~ .

n-well (bulk)

n+ regions
polysilicon gate
oxide contact cuts

metal layers
11



CMQOS fabrication sequence

0. Start:
~ For an n-well process the starting point is a p-type silicon wafer:
— walfer: typically 75 to 230mm in diameter and less than 1mm thick

1. Epitaxial growth:
— A single p-type single crystal film is grown on the surface of the
wafer by:

* subjecting the wafer to high temperature and a source of dopant
material

— The epi layer is used as the base layer to build the devices

p-epitaxial Iayer\l‘ Diameter = 75 to 230mm >

N

A
3
3

P+ -type wafer

Trieste, 9-13 November 1998 CMQOS technology 12
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CMOS fabrication sequence

2. N-well Formation:

PMOS transistors are fabricated in n-well regions

The first mask defines the n-well regions

N-well’s are formed by ion implantation or deposition and diffusion
Lateral diffusion limits the proximity between structures

lon implantation results in shallower wells compatible with today’s
fine-line processes

Physical structure cross section Mask (top view)
n-well mask "

Lateral
diffusion

p-type epitaxial layer

Trieste, 9-13 November 1998 CMQOS technology
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CMQOS fabrication sequence

3. Active area definition:

— Active area:
» planar section of the surface where transistors are build
» defines the gate region (thin oxide)
e defines the n+ or p+ regions
— A thin layer of SiO, is grown over the active region and covered
with silicon nitride

Stress-relief oxide Silicon Nitride  Active mask \

1N N

p-type

Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

4. Isolation:

— Parasitic (unwanted) FET’s exist between unrelated transistors
(Field Oxide FET’s)

— Source and drains are existing source and drains of wanted
devices

— Gates are metal and polysilicon interconnects

— The threshold voltage of FOX FET’s are higher than for normal
FET’s

Parasitic FOX device

§\\\\\\\\\\\\\\\\Q

&\\ ﬂ N T

p-substrate (bulk)

Trieste, 9-13 November 1998 CMOS technology 15
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CMQOS fabrication sequence

— FOX FET's threshold is made high by:

* introducing a channel-stop diffusion that raises the impurity
concentration in the substrate in areas where transistors are not

required
» making the FOX thick

4.1 Channel-stop implant

— The silicon nitride (over n-active) and the photoresist (over n-well)
act as masks for the channel-stop implant

b Jesi

e

AN EY

Implant (Boron

\‘/: channel-stop implantf

p-type P

channel stop mask = ~(n-well mask)

Trieste, 9-13 November 1998

CMOS technology
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CMOS fabrication sequence

4.2 Local oxidation of silicon (LOCOS)
— The photoresist mask is removed
— The SiO,/SiN layers will now act as a masks

— The thick field oxide is then grown by:
 exposing the surface of the wafer to a flow of oxygen-rich gas

— The oxide grows in both the vertical and lateral directions
— This results in a active area smaller than patterned

patterned active area

'
'
o o !
<& ™1
1
1

Field oxide (FOX)

Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

» Silicon oxidation is obtained by:

— Heating the wafer in a oxidizing atmosphere:
» Wet oxidation: water vapor, T = 900 to 1000°C (rapid process)

» Dry oxidation: Pure oxygen, T = 1200°C (high temperature required to
achieve an acceptable growth rate)

o (Oxidation consumes silicon

— SiO, has approximately twice the volume of silicon
— The FOX is recedes below the silicon surface by 0.46Xqy

Field oxide \
Xeox \\\\\ 054X Silicon surface
K 0.46 X,or
Silicon wafer
Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

5. Gate oxide growth

~ The nitride and stress-relief oxide are removed
— The devices threshold voltage is adjusted by:
« adding charge at the silicon/oxide interface
— The well controlled gate oxide is grown with thickness t ,

ND-

NS

p-type

ltox

Gate oxide

N

1

. e
wn-well T g

p-type

Trieste, 9-13 November 1998

CMOS technology
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CMOS fabrication sequence

6. Polysilicon deposition and patterning
— A layer of polysilicon is deposited over the entire wafer surface
— The polysilicon is then patterned by a lithography sequence
— All the MOSFET gates are defined in a single step

— The polysilicon gate can be doped (n+) while is being deposited to
lower its parasitic resistance (important in high speed fine line

processes)

Polysnllcon gate

Polysilicon mask
y “a

n-well
p-type

Trieste, 9-13 November 1998
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CMOS fabrication sequence

7. PMOS formation
— Photoresist is patterned to cover all but the p+ regions
— A boron ion beam creates the p+ source and drain regions
— The polysilicon serves as a mask to the underlying channel
» This is called a self-aligned process
« It allows precise placement of the source and drain regions
— During this process the gate gets doped with p-type impurities

* Since the gate had been doped n-type during deposition, the final type
(n or p) will depend on which dopant is dominant

p+ implant (boron)

A

§m~\ s
Photoresist

p-type

Trieste, 9-13 November 1998 CMOS technology 21



CMOS fabrication sequence

8. NMOS formation

— Photoresist is patterned to define the n+ regions
— Donors (arsenic or phosphorous) are ion-implanted to dope the n+

source and drain regions
— The process is self-aligned
— The gate is n-type doped

n+ implant (arsenic or phosphorous)

Hlllllllllll

Photoresist

p-type

n+ mask o

Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

9. Annealing

— After the implants are completed a thermal annealing cycle is
executed

— This allows the impurities to diffuse further into the bulk

- After thermal annealing, it is important to keep the remaining
process steps at as low temperature as possible

Trieste, 9-13 November 1998 CMOS technology
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CMQOS fabrication sequence

10. Contact cuts

— The surface of the IC is covered by a layer of CVD oxide

* The oxide is deposited at low temperature (LTO) to avoid that
underlying doped regions will undergo diffusive spreading

— Contact cuts are defined by etching SiO, down to the surface to be
contacted

~ These allow metal to contact diffusion and/or polysilicon regions

Contact mask\

) | O,
£ n-well
p+
p-type
Trieste, 9-13 November 1998 CMOQOS technology 24
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CMOS fabrication sequence

11. Metal 1

— A first level of metallization is applied to the wafer surface and
selectively etched to produce the interconnects

metal 1 mask ~

¥ Y YN R
Y 2 L A el
+

n+ D
p-type

Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

12. Metal 2

— Another layer of LTO CVD oxide is added
— Via openings are created
— Metal 2 is deposited and patterned

metal 2
Via /metal1 S

N
mﬁ"&wm —;&mﬁv& \\
Y 7 f 7 newell)
n+ +

p-type

Trieste, 9-13 November 1998 CMOS technology
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CMOS fabrication sequence

13. Over glass and pad openings

— A protective layer is added over the surface:
— The protective layer consists of:

* A layer of SiO,

» Followed by a layer of silicon nitride

— The SiN layer acts as a diffusion barrier against contaminants
(passivation)

— Finally, contact cuts are etched, over metal 2, on the passivation to
allow for wire bonding.

Trieste, 9-13 November 1998 CMOQOS technology 27



Yield

e Yield

_ number of good chips on wafer

Y
total number of chips

Yield tendency

100
 Theyield is influenced by: 80 |
— the technology 60
— the chip area 40l R
— the layout s A
» Scribe cut and packaging 7 ol AN
? H 1.0 defects/cm?
also contribute to the final || e
y|e|d — — — 5.0 defects/cm? \\
. . 10 s L .
* Yield can be approximated 2 4 6 10
. _ A Chip edge (Varea in mm)
by, Y — e A-D
A - chip area (cm?)
D - defect density (defects/cm?)
Trieste, 9-13 November 1998 CMOS technology 28
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Design rules

e The limitations of the patterning process give rise to a
set of mask design guidelines called design rules

e Design rules are a set of guidelines that specify the
minimum dimensions and spacings allowed in a
layout drawing

 Violating a design rule might result in a non-functional
circuit or in a highly reduced yield

e The design rules can be expressed as:

— A list of minimum feature sizes and spacings for all the
masks required in a given process

— Based on single parameter A that characterize the linear
feature (e.g. the minimum grid dimension). A base rules
allow simple scaling

Trieste, 9-13 November 1998 CMOS technology 29
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Design rules

e Minimum line-width:

— smallest dimension
permitted for any object in
the layout drawing
(minimum feature size)

* Minimum spacing:
— smallest distance permitted

between the edges of two
objects

e This rules originate from the
resolution of the optical
printing system, the etching
process, or the surface
roughness

Trieste, 9-13 November 1998 CMOS technology
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Design rules

e (Contacts and vias: Contact

— minimum size limited by the
lithography process

— large contacts can result in
cracks and voids

— Dimensions of contact cuts
are restricted to values that

Contact size

—d—

can be reliably | /metal 1
manufactured d | X

— A minimum distance T AT
between the edge of the n+ diffusion
oxide cut and the edge of Registration tolerance
the patterned region must —Xee— o tal 4
be specified to allow for | RV
misalignment tolerances Xt L
(registration errors) ! X + diffusion

Trieste, 9-13 November 1998 CMOS technology
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Design rules

e MOSFET rules

— n+ and p+ regions are
formed in two steps:
 the active area openings
allow the implants to
penetrate into the silicon
substrate

* the nselect or pselect T nselect/
provide photoresist

openings over the active -
, Incorrect mask sizing
areas to be implanted
overlap  active

— Since the formation of the e X
diffusions depend on the

Correct mask sizing
overlap  active
X /

p-substrate

overlap of two masks, the |
nselect and pselect regions X nselect p-substrate
must be larger than the 1
corresponding active areas
to allow for misalignments
Trieste, 3-13 November 1998 CMOS technology 32
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Design rules

e Gate overhang: gate overhang

— <+
— The gate must overlap the ’
active area by a minimum
amount

— This is done to ensure that a

misaligned gate will still no overhang

yield a structure with —r—
separated drain and source
regions
e A modern process has may
hundreds of rules to be no overhang
verified and misalignment

— Programs called Design
Rule Checkers assist the
designer in that task

Short circuit
a

Trieste, 9-13 November 1998 CMOS technology 33
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Other processes

 P-well process
— NMOS devices are build on a implanted p-well
— PMOS devices are build on the substrate

— P-well process moderates the difference between the p- and the n-
transistors since the P devices reside in the native substrate

— Advantages: better balance between p- and n-transistors

I pe—_—

AN NN
% o

t b p-well]

n+
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Other processes

 Twin-well process
— n+ or p+ substrate plus a lightly doped epi-layer (latchup
prevention)
— wells for the n- and p-transistors
~ Advantages, simultaneous optimization of p- and n-transistors:
¢ threshold voltages
* body effect

* gain

Y SITTTIINNNRR §

AN L ak. \“\\\ \

) SN
p wellﬂ‘/" \f n-well

r‘ﬂ, epitaxial layer p+
n+ substrate
Trieste, 9-13 November 1998 CMOS technology
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Other processes

e Silicon On Insulator (SOI)
— |slands of silicon on an insulator form the transistors

 Advantages:
- No wells = denser transistor structures
— Lower substrate capacitances

phosphorus glass or SiO, Sio, polysilicon

S G D\S\G/D
7.

\ N\ N

thinoxide

sapphire (insulator)
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Other processes

— Very low leakage currents

— No FOX FET exists between unrelated devices
— No latchup

— No body-effect:

« However, the absence of a backside substrate can give origin
to the “kink effect”

— Radiation tolerance

e Disadvantages:

— Absence of substrate diodes (hard to implement protection
circuits)

— Higher number of substrate defects = lower gain devices
— More expensive processing

Trieste, 9-13 November 1998 CMOS technology 37
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Other processes

e SOl wafers can also be manufactured by a method called:
Separation by Implantation of Oxygen (SIMOX)

e The starting material is a silicon wafer where heavy doses of
oxygen are implanted

* The wafer is annealed until a thin layer of SOI film is formed

* Once the SOI film is made, the fabrication steps are similar to
those of a bulk CMOS process

Implant Oxygen: Anngal Damage:

L] -
»

02

R | __ SOl
H— QOxide

Ty BE om, Ty R, AW oy B
» *» ™ . # u
s T ® » * A A
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Process enhancements

e Up to five metal levels in modern processes
» Copper for metal level 2 and higher

o Silicided polysilicon (e. g. silicon & tantalum)
 Silicided source and drain

» Stacked contacts and vias

e Chemical Metal Polishing for technologies with
several metal levels

e Shallow trench isolation
 Lightly Doped Drain (LDD) structure

 For analogue applications some processes offer:
— capacitors and resistors structures

Trieste, 9-13 November 1998 CMOQOS technology 39
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Process enhancements

e Lithography:
— Deep UV, A =193nm
— X-rays
— Electron Beam Lithography (EBL)
e Patterns are derived directly from digital data
e The process can be direct: no masks

» Pattern changes can be implemented quickly

e However:
— Equipment cost is high
— Large amount of time required to access all the points on
the wafer

Trieste, 9-13 November 1998 CMOS technology
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Scaling

Parameter constant field constant voltage
length (L) 1/a 1/a
width (W) 1/a 1/a
supply voltage 1/0 1
gate-oxide thickness (t,,) 1/ 1/o
current (I=(W/L)(1/ t,,)V?) 1/0 o
transconductance (g,,) 1 o
junction depth (X)) /o 1/a
Substrate doping (N,) o o
electric field across gate oxide (E) 1 o
depletion layer thickness 1/

Ioad capacutance (C WL/tox) 1/a

‘curren en31ty

Trieste, 9-13 November 1998 CMOS 'technology
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Outline

* |ntroduction

e CMOS devices

e CMOS technology

. }CMOS logic structures l
e CMOS sequential circuits
e CMOS regular structures
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CMOS logic structures

e CMOS logic: “0” and “1”

e The MOST - a simple switch
e The CMOS inverter

e The CMOS pass gate

e Simple CMOS gates

» Complex CMOS gates

Triest, 9-13 November 1998 CMOS logic structures
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CMOS logic: “0” and “1”

* Logic circuits process

Boolean variables Output Input
_ +V +V
* Logic values are 1I
associated with voltage | vox
|€V€|S: Nois}e{Mhargin
ig
— VIN > VlH — “0” VIH
Tt Undefined
- VIN < VIL = "0 region
: o ViL
* Noise margin: Noise Margin
- NMH=VOH-V|H VoL Low
i NML=V|L-VOL ||0|I
0 0
Triest, 9-13 November 1998 CMOS logic structures 3
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The MOST - a simple switch

p-switch
S B
I A BllY
S
G-——4 A—Aa S 0 0| bad0 (source follower)
‘3 o 1 good 1
I 1 0|2 (high 2)
5 v 1 1|2 (high )
n-switch
D Y
| A B||lY
S
Gh_| Al E 0 oll? (high 2)
¢ o 1|2 (high Z)
l 1 0| goodO
3 B 1 1| bad1 (source follower)

Triest, 9-13 November 1998 CMOS logic structures




MOSFET’s in digital design

* |Important characteristics:

— |t is an unipolar device
» NMOS - charge carrier: electrons
* PMOS - charge carrier: holes

— It is a symmetrical device
e Source =drain
— High input impedance (Ig=0)
e Low standby current in CMOS configuration
— Voltage controlled device with high fan-out

Triest, 9-13 November 1998 CMOS logic structures
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The CMOS inverter

<
g

&
i}

il

I

L
O
3
e
Q.
i
S
2
P
-
l

Vss
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The CMOS inverter

Inverter DC transfer characteristic

2.5 e
2 B -
2.51/0.25
157 )
1 ™~ -
05] o }
o[ . . ,
0 0.5 1 1.5 2.5
V., (V)
Triest, 9-13 November 1998 CMOS logic structures 7
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The CMOS inverter

Regions of operation (balanced inverter):

Vi, n-MOS p-MOS Vout

0 cut-off linear Vg
Von<Vi<Vyd/2 saturation linear ~V 44
V42 saturation saturation V.2
V,IV1pl>V >V /2| saturation linear ~0
Vg linear cut-off 0

Triest, 9-13 November 1998
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The CMOS inverter

Invertgr transient response

Vout! Vin (V)

(mA)

o

Time (ns)

Triest, 9-13 November 1998 CMOS logic structures
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The CMOS inverter

e Propagation delay
— Main origin: load capacitance

— Co-Vaa  __ Co

p 2 :
kp(Vaa =Vepl)”™ KpVaa

R & 207" I Cp

pHL —

kn (Vdd - ‘VTN D2 kn . Vdd

t~1(t )= CL |1,
p =5 \tpr +ipLH L

2V,
— To reduce the delay:

e Reduce C,
* Increase k, and kp. That is, increase W/L

Triest, 9-13 November 1998 CMQOS logic structures
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The CMOS inverter

e CMOS power budget:

— Dynamic power consumption:
e Charging and discharging of capacitors
— Short circuit currents:

e Short circuit path between power rails during
switching

— Leakage
e | eaking diodes and transistors

Triest, 9-13 November 1998 CMOS logic structures 11
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The CMOS inverter

» Dynamic power dissipation
— Function of the transistors size
e Gate and parasitic capacitances
— To reduce dynamic power dissipation

e Reduce: C,
 Reduce: V,, < The most effective action

e Reduce: f

Dynamic power \/pp

all

" 1 y
v. E = Energy / transition = > Cr Vi

/-

vm—\-

mll

7

L
77

P =Power =2 f-E=f-C. Vi

Triest, 9-13 November 1998
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The CMQOS inverter

substrate
contact (p+) n-well

Vi
n+ diffusion P+ diffusion/

metal

n-well

polysilicon \ contact (n+)

Triest, 3-13 November 1998 CMOS logic structures 13
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The CMOS pass gate

1 i
c AllY
SN R S n-switch 0 0 ?
A *—9 [ Y A.—-ﬂ [ o Y 0 1 ?
R T p-switch 1 0 || goodO
T 1 1 1 1 good 1
c C

Triest, 9-13 November 1998 CMOS logic structures




The CMOS pass gate

Regions of ope ration: Pass gate: 0 => 1 transition
“0” to “1” transition Vg
« NMOS: at ml L
— source follower in e . out
~ Vg = Vg always: el
* Vi< VygViy = saturation _T_ 77
_ Equivalent for 0 = > 1 transition
Vin > Vine (bulk effect) Vo, | ]
e PMOS:
— current source _4 l_
— V,t < IV1pl = saturation / : \\- out
- V_.> V. = linear ‘Current”| == "Source
out = “TP source" follower"
7 T
Triest, 9-13 November 1998 CMOS logic structures 15
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The CMOS pass gate

Pass gate transient response

25 fF

V)
|
2

15T

V'nr Voul (V)
T

05 [y,

-0.5
0 2 4 6 8 10

Time (ns)

12

06 [
04 F =
02 [

(mA)

0.2 } N /7

04 I
0.6 [ 1 ) 1 1 1

Ip(nmos), lp(pmos)

Time (ns)

Triest, 9-13 November 1998 CMOS logic structures
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The CMOS pass gate

* Regions of operation: “0” to “1” transition

Vout< IVTPI

NMOS and PMOS saturated

IVpl< Vour < Vg - Vin

NMOS saturated, PMOS linear

Vout > Vg = Vn

NMOS cutoff, PMOS linear

e Regions of operation: “1” to “0” transition

VOUt > Vdd - VTN

NMOS and PMOS saturated

Vag- Vin > Vour > Vel

NMOS linear, PMOS saturated

VTP > Vout

NMOS linear, PMOS cutoff

e Both devices combine to form a good switch

Triest, 9-13 November 1998 CMOS logic structures
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The CMOS pass gate

e Delay of a chain of pass

gates Chain_of transmission gates
Vi Va Vi Vg
td OCCReqN(N+1) in—Egjl%—z—%s %—N—out
2 ov ov ov oV

e Delay proportional to N2
e Avoid N large:

— Break the chain by e 2 e 3 9 out
inserting buffers L—[

Triest, 9-13 November 1998 CMOS logic structures 18



Simple CMOS gates

o
et

.Y
A BIlY
O O] 1 |
o 1 1 |
1 0] 1
1 1 0 |
Triest, 9-13 November 1998 CMOS logic structures 19
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Simple CMOS gates

NAND 3 inputs "Delay equivalent"” inverter
—— : 4 ?—' A -
o
ool 40 |
i
v \"
: ] —q| Bp
| S
A.— ¢ I [Bn c — 9
O
| 8p)
Be— ® Bn @ ‘—I Bn/3
7 -
4|
Co—se Bn E
=
_1_ va

Triest, 9-13 November 1998 CMOS logic structures
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Simple CMQOS gates

NAND 3 inputs

c{ Bp —ol Bp —4 [EJ
.7.)‘,,_———> Use transistors
close to the output
/ for critical signals
Ae— i [3n
]\ Bulk effect
Be— ‘ iln>§> Stray capacitance

Co—s } Bn =iz ===

Triest, 9-13 November 1998 CMOS logic structures
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Simple CMOS gates

Bad: high stray
capacitance and
large area

<4.i

.. Shared
<] i source/drain
diffusions

Nk
BN
\\‘\ N

%205
7

L i L

Ce—

1

Good: mini

mum

stray capacitace
and small area

Minimum
distance

A
W

Triest, 9-13 November 1998
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Simple CMOS gates

O OO =

Triest, 9-13 November 1998 CMOS logic structures
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Simple CMOS gates

Tri-state inverter ~ VDD

—d[

Triest, 9-13 November 1998 CMOS logic structures
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Complex CMOS gates

Multiplexer

Triest, 9-13 November 1998 CMOS logic structures
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Complex CMOS gates

Exclusive OR

A:
Y
_GI ’Ol [ o A BI|Y
1 | 0 O 0
o 1 1
| - 1 O 1
_‘ ‘___‘ H . 1 1 0
Be
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Complex CMOS gates

Triest, 9-13 November 1998

CMOS logic structures

4102

AO!
4 T
o T - —
gl A=l Jp-s ®B-
O o HETETEE IR B
@ — —m e
5| = ! (A+B)(C+D) -» (AB)(CD) - AB+CD
° o . L
” Ce j D (C+D)
) : : +D)—
O h# }"'
- Y
E— | The NMOS pull-down => inversion
E c ---OC —
o | 3 | (AB)
g |3 j Y» AB+CD > AB + CD
= | 3 .
o | & D (CD)—
w!|] i e .
O
=
Zy
27



Complex CMOS gates

Compound gate j,
+

“-D+ABC ¢+

Ve
Y [Y=D(A+B+0)

>4 D(A+B+C)*

¢

:O AC
>

o

2| g

> %D‘—G[B'—C
S| &

4y]

8

= C9
a

2l e D™
o =

[4}] O

‘cﬁ o

= = o
g QD_A’_I B
)

O

=

Zy

§__¢L.JL_IL_|LJ

AB
vy {00 01 11 10
00 1 11 1]
CD o1 1 0 0 O
11l o o0 o o
orl1 1 1 1
AB
vy |00 01 11 10
o 1 1 1 1
CD o1| 1 [0 {0} o]
1 |lo 0 o) o)
o1 1 1 1 1
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Complex CMOS gates

* Can a compound gate be arbitrarily complex?

— NO, propagation delay is a strong function of fan-

IN:
2

— FO = Fan-out, number of loads connected to the
gate:
e 2 gate capacitances per FO + interconnect

— FI = Fan-in, Number of inputs in the gate:

e Quadratic dependency on FI due to:
— Resistance increase
— Capacitance increase

— Avoid large Fl gates (Typically FI < 4)

Triest, 3-13 November 1298 CMOS logic structures 29
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Complex CMOS gates

Adder

CARRY = (A+B)C + AB

SUM = (A+B+C)CARRY +ABC

O

- A

o-— B

L A r{[

& L

-
a—[ 8-

I

s Hﬁa—lﬂo%a

_—

CARRY

SUM
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Qutline

* |Introduction

e CMOS devices

e CMOS technology

e CMOS logic structures

e |ICMOS sequential circuitsl

e CMOS regular structures
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CMOS sequential circuits

e Sequential circuits
e |Interconnects

e Clock distribution
e DLL'sand PLL's
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Sequential circuits

Combinational Sequential
|
N : | in . out
in Logic out — 1 Logc
L—— 14 Circuit N  Circuit
output = F(input) State ]
(memory) (—
q
output = F(state, input)
Triest, 9-13 November 1998 CMOS sequential circuits 3
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Sequential circuits

RS latch

R

Triest, 9-13 November 1998 CMOS sequential circuits



Sequential circuits

CMOS laich Vop

£

*—

oK i : |
D%ﬁ .Q CK_[?_‘,Z]»

CKe [ / ﬂ [ 4| [ CK=0
D— o Q
I: ] | 1 ,
I CK L
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Sequential circuits

Strong
MOST

-

LOAD —

Weak
MOSTs

_\
Pilis

A

D—[— D"T'—O
_.,<]__

Load =0 => Hold
Load =1 => Transparent

If D = 0, switch = current sink
if D = 1, switch = source follower

Triest, 9-13 November 1998
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Sequential circuits

Positive edge-triggered flip-flop

(sensing) A (storing)

(sensrng)

T

D_/ . [ (storing)‘ .

Triest, 9-13 November 1998 CMOS sequential circuits
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Sequential circuits

Flip-Flop timing
INPUT—|D Q[ —OUT

CLOCK— Q[—

Triest, 9-13 November 1998 CMOS sequential circuits



Sequential circuits

Maximum clock frequency

in . out
———{ Logic
Circuit

N

clock

Tmin > thF + tp,comb + 1:s.etup

foax=T1/T.

max

Triest, 9-13 November 1998 CMOS sequential circuits
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Interconnects

e The previous result assumes that signals
can propagate instantaneously across
interconnects

 |n reality interconnects are metal or
polysilicon structures with associated
resistance and capacitance.

e That, introduces signal propagation delay
that has to be taken into account for reliable
operation of the circuit

Triest, 9-13 November 1998 CMOS sequential circuits
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Interconnects

Passivation

A1 MMM

/' Via —»
Metal 5 i —>

Metal 4




Interconnects

Triest, 9-13 November 1998

CMOS sequential circuits
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Interconnects

Conductor

Film Sheet resistance (/square)
n-well 310

p+, n+ diffusion (salicided) 4

polysilicon (salicided) 4

Metal 1 0.12

Metal 2, 3 and 4 0.09

Metal 5 0.05

(Typical values for an advanced process)

Triest, 9-13 November 1998 CMOS sequential circuits
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Interconnects

Via

Metal 1
\

via

e Via or contact resistance

depends on:

Via/contact

Resistance (Q2)

_ The contacted materials | M1 ton+orp+

— The contact area

Triest, 9-13 November 1998

M1 to Polysilicon
V1,2,3and 4

10
10

v
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Interconnects

Routing capacitance

ITTTTT TTTT

Cross coupling capacitance

Oxide

A A A Substrate

Fringing field capacitance
Parallel-plate capacitance

C=Cf02L+Cp0WL
Cx=Cx0L

Interconnect layer

Parallel-plate (fF/um?)

Fringing (fF/um)

Polysilicon to sub.
Metal 1 to sub.
Metal 2 to sub.
Metal 3 to sub.

0.058
0.031
0.015
0.010

0.043
0.044
0.035
0.033

Triest, 9-13 November 1898

CMOS sequential circuits

15



Interconnects

Multiple conductor capacitances

M3

T
T
R

[
11

M2

A
I_

-
JINNNNNANNNN

e Three dimensional field simulators are required to
accurately compute the capacitance of a multi-wire
structure

Triest, 9-13 November 1998 CMOS sequential circuits 16



Interconnects

Interconnect

* Delay depends on:
— Impedance of the driving source
— Distributed resistance/capacitance of the wire
— Load impedance

* Distributed RC delay:

— Can be dominant in long wires

— Important in polysilicon wires (relatively high resistance)
— Important in salicided wires

— Important in heavily loaded wires

i -

Triest, 9-13 November 1998
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Interconnects

Long line t, :}"'Ro .C, J?

Delay optimization

[P N
[y v

/2 L/2

AR
Y

Triest, 9-13 November 1998 CMOS sequential circuits 18




Clock distribution

» Clock signals are “special signals”

» Every data movement in a synchronous
system is referenced to the clock signal

e Clock signals:
— Are typically loaded with high fanout
— Travel over the longest distances in the IC
— Operate at the highest frequencies

Triest, 9-13 November 1998 CMOS sequential circuits
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Clock distribution

Data Path
n |D Q Logic D Q Logic D Q| out
> >
CLK,, CLK, CLK,;

e “Equipotential”’ clocking:
— In a synchronous system all clock signals are derived from a
single clock source (“clock reference”)
— Ideally: clocking events should occur at all registers
simultaneously ... = t(clk. ,) = t(clk) = t(clk;,{) = ...
— In practice: clocking events will occur at slightly different
instants among the different registers in the data path

Triest, 9-13 November 1998 CMOS sequential circuits 20




Clock distribution

Clock skew - tint IL(— — i
Q D Logic Q D '
[ M
> >
CLK CLK.,,
tse!up
..___9 H
thF+tint+tp,oomb+t'int
Data in V
(reg. i+1) A
CLK,
- 1
CLK. +H 144 |
| Negative clock skew
Positive clock skew

Triest, 9-13 November 19398
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Clock distribution

Skew: difference between the clocking

instants of two “sequential” registers:
Skew = t(CLK)- t(CLK,,,)

Maximum operation frequency:

1 .
T . =——— =t T, +t +1, t1

min f p,comb
max

Skew > 0, decreases the operation frequency

Skew < 0, can be used to compensate a
critical data path BUT this results in more
positive skew for the next data path!

+1,

setup skew

Triest, 9-13 November 1998 CMOS sequential circuits 22



Clock distribution

e Different clock paths can have different delays due

to:
— Differences in line lengths from clock source to the clocked
registers

— Differences in delays in the active buffers within the clock
distribution network:

 Differences in passive interconnect parameters (line
resistance/capacitance, line dimensions, ...)

« Differences in active device parameters (threshold voltages,
channel mobility)

* In a well designed and balanced clock distribution
network, the distributed clock buffers are the principal
source of clock skew

Triest, 9-13 November 1998 CMOS sequential circuits 23
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Clock distribution

Clock
source NVV—D—D

]

2

Clocked registers

e (Clock buffers:

— Amplify the clock signal degraded by the interconnect impedance

— Isolate the local clock lines from upstream load impedances

Triest, 9-13 November 1998 CMOS sequential circuits
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Clock distribution

Clock buffer

Clock
source

sio1sibal payooln

Balanced clock tree

AAA b

A AA

Clock
source

—

25
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Delay locked loops

Int. CLK

Ext. CLK | [ Giook oL —{ >} S

Qutput
pad

pad

clock route —

oz

External clock

Internal clock / Phase aligned

f \ /

Output data
i
—
i

L Outpdt data registers delay

Triest, 9-13 November 1998 CMOS sequential circuits
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Delay locked loops

Delay Locked Loop

F. N VCD out(t)=ln(t-td)>
P
Phase | Up/Down | Charge
detector Pump
707
Triest, 9-13 November 1998 CMOS sequential circuits 27
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Delay locked loops

Phase detector

Up/Down

Referenceclock — D Q
VCD output—> RST

Reference

VCD

Up/Down ]

Ig

Phase difference —» .

Triest, 9-13 November 1998 CMOS sequential circuits
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Delay locked loops

<+— Charge pump ——» | < Loop filter >

T

]
]
(D vt ] ;
.

_ToVCDL

—H

==

(D W S o oy S N T M D W S L ey S A S S W B S e S S S S i S A S e S — —
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Delay locked loops

Voitage Controlled Delay Line

j| dF S C C C —C -
1L L B _
—4 — —Q —d
input | _ output
_ _ _ N
Fromthe , |[ B B B B
loop filter l l Ly Ly

Triest, 9-13 November 1998

CMOS sequential circuits

30




Phase Locked Loops

Ext. CLK| | Glock

Int. CLK

24

Output
pad

o >

pad

clock route —

s

External clock

Internal clock

_/

Output data

\

Phase aligned

3

L Outpljt data registers delay

Triest, 9-13 November 1998
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Phase locked loops

Phase Locked Loop

I:in Up -
™ Phase Charge veo Fou=NX Fin»
detector |Down | Pump
707
<N
Triest, 9-13 November 1998 CMOS sequential circuits 32
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Phase locked loops

Phase Frequency Detector

D Q Up

Reference clock = RST

]

—| D Down

Fromthe VCO —P RST

Reference
VCO__ ——_“_|
Up k ) |
Down _l
Phase difference —1 [
Triest, 9-13 November 1998 CMOS sequential circuits
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Phase locked loops

<4— Charge pump ——

| il
oo —>[

<+ Loop filter >

To VCO
>

Down —“I

T G G MR S U S SN S N S Shed ek i e e - s S S SN SN SEEN N N SN NN SR A NN NP SR e s A -
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Phase locked loops

Voltage Controlled Oscillator

o)
E—
[

e

i

al

outpu;

mll

Fromthe , |
loop filter |

-
L,

YT

_l_
P
_l_
I I T

fzazeed oz
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