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Course ObjectivesCourse Objectives

•• CMOS integrated circuit design techniquesCMOS integrated circuit design techniques

 Hi h f d iHi h f d i High performance designHigh performance design

 LowLow‐‐power power –– lowlow‐‐voltage designvoltage design

 Design for testabilityDesign for testability

Introduction 3

CSECSE Dept. Dept. –– Courses on Electronics DesignCourses on Electronics Design

Computer Architecture IComputer Architecture I Computer Architecture IIComputer Architecture II

Digital Design IDigital Design I

Digital Design IIDigital Design II

Digital Systems DesignDigital Systems Design Testing & Design for TestabilityTesting & Design for Testability

CMOSCMOS Circuit Design TechniquesCircuit Design Techniques
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VLSI CircuitsVLSI CircuitsBasic Circuit TheoryBasic Circuit Theory ElectronicsElectronics
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MOS TransistorMOS Transistor

Si3N4

spacers

Poly-Si
or

Metal 
Gate

SiON

SiO2
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SiO2Ta2O5 + TiN

ST‐Microelectronics

Integrated Circuits’ InterconnectsIntegrated Circuits’ Interconnects

3D 3D ‐‐ChipsChips

Introduction 6



4

1992  1994 

CMOS Technology Evolution CMOS Technology Evolution (Ι)(Ι)

Node: 1.5μm Node: 0.8μm

Pentium, 0.65μm
BiCMOS 

1993 
POLY

Ti

SiO2

Node: 0.8μm

Introduction 7

80386 – 16b – 16MHz, 1.1μm
BiCMOS

275Κ Xtors

3.1Μ Xtors

Pentium P54C, 0.45μm, 4m Al
BiCMOS 

1996 
1998 

CMOS Technology Evolution CMOS Technology Evolution (ΙΙ)(ΙΙ)

Node: 0.6μm

Node: 0.25μm

Node: 0.25μm

Pentium Pro – 200MHz, 0.35μm, 4m Al
BiCMOS

5.5Μ Xtors 

1997 
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Pentium II – 32b – 266MHz, 0.25μm, 4m Al
CMOS

7.5Μ Xtors (Klamath) 

Pentium II –333MHz, 0.20μm, 5m Al
CMOS

(Deschutes) 
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1999 
1999 

CMOS Technology Evolution CMOS Technology Evolution (ΙΙΙ)(ΙΙΙ)

Node: 0.18μm Node: 0.13μm

Co

Co

LDD
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Pentium III – 550MHz, 0.13μm, 5m Al
CMOS

9.5Μ Xtors 
Pentium III – 650MHz, 0.08μm, 6m Al

CMOS
(Coppermine)

LDD

2001  Cu 2004 

CMOS Technology Evolution CMOS Technology Evolution (Ι(ΙVV))

Node: 0.13μm Node: 90nm

Ni

Ni

Introduction 10

Pentium III – 1.2GHz, 0.07μm, 6m Cu
CMOS

44Μ Xtors

Pentium 4 – 2.8GHz, 0.045μm, 7m Cu
CMOS

(Prescott)
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2006 

CMOS Technology Evolution CMOS Technology Evolution ((VV))

2008 
Node: 65nm Node: 45nm

NiSi

NMOS
Zr, Ti, Al, W, Hf, 

ZrAl, Ti3Al

PMOS
Ru, Pa, Pt, Co, 
Ni, ZrAl, TiAlN

Ta, Ti, Al, W, Hf, Co, TiN

?

?

?
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Dual Core D920 – 2.8GHz, 0.038μm, 8m Cu
CMOS
(Presler)

SiGe

Core 2 Quad – 3GHz, 0.030μm, 9m Cu
CMOS

820Μ Xtors
(Penryn)

HfO2 ή (HfSiO)
, 3

?

CMOS Technology Evolution CMOS Technology Evolution ((VVΙ)Ι)
Node: 45nm 2009  Node: 32nm 2011 

Xeon X7560 – 2.27 GHz 
CMOS 45nm high K metal gate

Xeon E7‐8870 – 2.4 GHz 
CMOS 32nm

Introduction 12

CMOS 45nm high K metal gate
2.3B Xtors

8 cores – 24MB L3
18 PLLs – 8 DLLs

Nehalem microarchitecture (Becton)

Cores: 0.85V – 1.1V, Cash: 0.9V
Clock gating + Power gating

Gate leakage: 25X nMOS, 1000 pMOS (w.r. 65nm)

CMOS 32nm
10 cores – 30MB L3

Max memory size 4096 GB
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CMOS Technology Evolution CMOS Technology Evolution ((VVΙΙII))
Node: 14nm 2016 

Introduction 13

Xeon E7‐8890 v4 – 2.2‐3.4 GHz 
FinFET technology 14nm
24 cores – 60MB L3

Broadwell‐EX (Brickland platform)
Max memory size 3.07 TB DDR4

Power 165W

Introduction 14
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CMOS Technology Evolution CMOS Technology Evolution ((VVΙ)Ι)
D
ie
  s
iz
e
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Intel

Technology / Year

Nanometer Technologies StructuresNanometer Technologies Structures
Node: 22nm

FinFin‐‐FETFET or 3D or 3D FETFET or Trior Tri‐‐Gate Gate FETFET

(d)

Introduction 16

Hitachi



9

Nanometer Technologies StructuresNanometer Technologies Structures

Vertical 
MOS

Introduction 17

Carbon Carbon NanotubesNanotubes

• Harder than Steel
• Lighter than Aluminum
• More conductive than Copper

Carbon Nanotubes

Introduction 18

Variable conductance
Semiconductors  Metals
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Carbon Carbon NanotubeNanotube FETFET

2nd generation

Si Gate Insulator

Carbon nanotube

Introduction 19

Development of p‐type and n‐type FETs

ΙΒΜ

M6

M5

CMOS Technology ScalingCMOS Technology Scaling

M5

M4

M3

M2

Cu

Low k

Introduction 20

M1

Nanometer Technologies

Tungsten
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Very Large Scale Integration Very Large Scale Integration –– VLSIVLSI

Introduction 21

ASIC FPGA

SystemsSystems‐‐onon‐‐ChipChip

Introduction 22

Texas Instruments
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22nm CMOS65nm CMOS

SystemSystem‐‐onon‐‐aa‐‐Chip (Chip (SoCSoC))

??

22nm CMOS65nm CMOS

eDRAM

ROM

DSP

Fl h

μC

Analogue

BISTBIST

Introduction 23

eSRAM RF

eFlash

The The Moore’s LawMoore’s Law

The number of transistors in a die is 
duplicated every 24 months !

T
ra

ns
is

to
r 

co
un

t
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Date of Introduction
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FrequencyFrequency

Introduction 25

PerformancePerformance

Introduction 26
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Power Consumption/DensityPower Consumption/Density

Introduction 27

Dark Silicon !

ICT ‐ Energy Concepts for Energy Efficiency and Sustainability, Fagas, et al, 2017

Dynamic & Static Power ConsumptionDynamic & Static Power Consumption

dynamic power

static power

Introduction 28
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Power Supply ScalingPower Supply Scaling

Introduction 29

Power Supply (VPower Supply (VDDDD) ) & & Threshold Voltage (Threshold Voltage (VVtt))

VDD

VDD

VDD

Vt
Vt

Vt

Introduction 30

t
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Transistor’s Switch EnergyTransistor’s Switch Energy

Introduction 31

Bit Line
SAC  BLC Oxide

Transistor
and trench
capacitor
aspect

DesignDesign‐‐Manufacturing ConstraintsManufacturing Constraints

P ‐Well

Buried N ‐Well

Deep
Trench
up to
40:1 A.R.

ON Dielectric

STI ratio in
180 nm
technology

Folded Array Layout

Introduction 32

Cell AreaWL Pitch

B
L 
P
it
ch



17

Process Variations (I)Process Variations (I)

Transistor (and in general device) manufacturing parameters are varying from wafer to
wafer and from die to die. These variations are called process variations, they are
random and not correlated and they are due to:

• variations in the oxide thickness, in the depth of the diffusion area, in the dopant
concentration e.t.c.

• geometric variations, like the transistor W/L ratio or the width of the
interconnect metal lines.

Process variations result in positive or negative deviations from the expected circuit
operation. Aiming to support the design phase, semiconductor companies provide “fast”
and “slow” device models that correspond to ± 3σ parameter deviations with respect to
th i l l ll t ti ti l d l i d t b bl t di t th i it

Introduction 33

the nominal values, as well as statistical models in order to be able to predict the circuit
response through simulations or Monte‐Carlo analysis respectively.

Process variations tend to increase with technology evolution!

Process Variations (II)Process Variations (II)

Introduction 34
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Contact aspect ratio: L/D = 7/1
0.18μm Technology

d = defect size

Manufacturing DefectsManufacturing Defects

D L

d

Introduction 35

STI

Nanometer Technologies

Secondary 
Cosmic Ray

Transient FaultsTransient Faults

Burst of Electronic Charge
1M electrons/μm Si

Checker

Circuit Under
Monitoring

Feedback Error

Inputs Outputs

Correction
Action

+
++

+

––
––+ ++ –––Si

Introduction 36

CheckerFeedback Error
Detection

Error Detection & Correction Circuitry
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Year

Technology node

Physical gate length (high perform.)

EOT: Equiv. oxide thickness

ITRSITRS –– High Performance (I)High Performance (I)
Process Integration Process Integration ‐‐ DevicesDevices

Max. gate leakage current density

VDD: power supply

Vtsat: Saturation threshold voltage

ITRS

International 
Technology
Roadmap

for

Introduction 37

Ioff: S/D subthreshold leakage current

IDsat: NMOS drive current 

Mobility enhancement factor

Semiconductors

ITRSITRS –– High Performance (II)High Performance (II)

Year

Technology node

Physical gate length (high perform.)

EOT: Equiv. oxide thickness

Process Integration Process Integration ‐‐ DevicesDevices

Max. gate leakage current density

VDD: power supply

Vtsat: Saturation threshold voltage

Introduction 38

Vtsat: Saturation threshold voltage

Ioff: S/D subthreshold leakage current

IDsat: NMOS drive current 
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ITRSITRS –– Low Leakage (I)Low Leakage (I)

Year

Technology node

Process Integration Process Integration ‐‐ DevicesDevices

Physical gate length (low static power)

EOT: Equiv. oxide thickness

VDD: power supply

Vtsat: Saturation threshold voltage

Introduction 39

Ioff: S/D subthreshold leakage current

IDsat: NMOS drive current 

ITRSITRS –– Low Leakage (II)Low Leakage (II)

Year

Technology node

Physical gate length (low static power)

Process Integration Process Integration ‐‐ DevicesDevices

EOT: Equiv. oxide thickness

VDD: power supply

Vtsat: Saturation threshold voltage

Ioff: S/D subthreshold leakage current

Introduction 40

IDsat: NMOS drive current 
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Year

Technology node

Physical gate length (low dynamic power)

ITRSITRS –– Low Dynamic Power (I)Low Dynamic Power (I)
Process Integration Process Integration ‐‐ DevicesDevices

EOT: Equiv. oxide thickness

VDD: power supply

Vtsat: Saturation threshold voltage

I : S/D subthreshold leakage current

Introduction 41

Ioff: S/D subthreshold leakage current

IDsat: NMOS drive current 

ITRSITRS –– Low Dynamic Power (II)Low Dynamic Power (II)

Year

Technology node

Physical gate length (low dynamic power)

EOT: Equiv oxide thickness

Process Integration Process Integration ‐‐ DevicesDevices

EOT: Equiv. oxide thickness

VDD: power supply

Vtsat: Saturation threshold voltage

Ioff: S/D subthreshold leakage current

Introduction 42

IDsat: NMOS drive current 
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ITRSITRS –– Memory TechnologyMemory Technology

Year
DRAM pitch

DRAM capacitor voltage

EOT: Capacitor equiv. oxide thickness

Process Integration Process Integration ‐‐ DevicesDevices

p g

Max. worline level

DRAM soft error rate
DRAM retention time

Year
DRAM pitch

Introduction 43

DRAM capacitor voltage

EOT: Capacitor equiv. oxide thickness

Max. worline level

DRAM soft error rate

DRAM retention time

Year

DRAM pitch

Physical gate length

ITRSITRS –– ReliabilityReliability
Process Integration Process Integration ‐‐ DevicesDevices

Early failures

Soft error rate

Long term failures

y g g

Year

DRAM pitch

Introduction 44

Early failures

Soft error rate

Long term failures

Physical gate length



23

ITRSITRS –– Design Challenges (I)Design Challenges (I)
DesignDesign

Year

Design Reuse

High Level Synthesis

Reconfigurability

Analog/Mixed‐Signal

Introduction 45

ITRSITRS –– Design Challenges (II)Design Challenges (II)

Year

Design Reuse

DesignDesign

High Level Synthesis

Reconfigurability

Analog/Mixed‐Signal

Introduction 46
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ITRSITRS –– Design ChallengesDesign Challenges ((ΙΙΙΙΙΙ))

Year

Asynchronous global signaling

DesignDesign

MTTF – Reliability factor

Circuit families

Analog content synthesized

Year

Asynchronous global signaling

Introduction 47

MTTF – Reliability factor

Circuit families

Analog content synthesized

ITRSITRS –– Design for Test (I)Design for Test (I)

Year

Analog/Mixed‐Signal/RF

All digital DFT for analog/mixed‐signal/RF

DesignDesign

MPU/DSP

Memories

SOC/SIP

Availability of fault/defect models for AMS/RF

DFT coverage

Critical paths delay fault coverage

Blocks with DFT for fault tolerance

DFT support for logic repair

DFT for yield improvement

Introduction 48

DFT support for logic repair

DFT reuse for performance calibration

DFT impact on system performance

Test volume reduction 

DFT – ATE interface standardization
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ITRSITRS –– Design for Test (II)Design for Test (II)

Year

Analog/Mixed‐Signal/RF

All digital DFT for analog/mixed‐signal/RF

DesignDesign

MPU/DSP

Memories

SOC/SIP

Availability of fault/defect models for AMS/RF

DFT coverage

Critical paths delay fault coverage

Blocks with DFT for fault tolerance

DFT support for logic repair

DFT for yield improvement
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DFT support for logic repair

DFT reuse for performance calibration

DFT impact on system performance

Test volume reduction 

DFT – ATE interface standardization

ITRSITRS –– Design for ManufacturabilityDesign for Manufacturability

Year

Mask cost

VDD variability

h i bili

DesignDesign

Vth variability

Circuit performance variability

Circuit power variability

Year

Mask cost

VDD variability

Introduction 50

VDD variability

Vth variability

Circuit performance variability

Circuit power variability
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ITRSITRS –– Additional RequirementsAdditional Requirements
DesignDesign

Year

SOC new design cycle

SOC logic per designer‐year (10)

SOC dynamic power reduction

SOC standby power reduction

Test coverage by BIST

Introduction 51

Integrated Circuits Design FlowIntegrated Circuits Design Flow

Design Verification

Design For Testability

Hardware / 
S ft

Chip
Test

Customer

Behavioural
Design

RTL
Design

RTL
Synthesis

Custom P
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Design Verification
Functionality   Timing
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Software
Partitioning

Layout
Verification

Fabrication
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g
Design

Analog / RF Design

Floorplanning

S

Module
Reuse

Πηγή: ITRS 1997

Customer
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SoCSoC Design AspectsDesign Aspects

Embedded MemoryEmbedded Memory
•• crosstalk
• noise

Embedded MemoryEmbedded Memory
•• crosstalk
• noise

Embedded SoftwareEmbedded Software
•• H/S codesign
Embedded SoftwareEmbedded Software
•• H/S codesign

Data StorageData Storage
•• single/multi port
Data StorageData Storage
•• single/multi port

Global BusGlobal Bus
•• protocol
• bandwidth
• signal propagation

Global BusGlobal Bus
•• protocol
• bandwidth
• signal propagation

System Design AspectsSystem Design Aspects Physical Design AspectsPhysical Design Aspects

IP (reusable core)IP (reusable core)
•• reusability
• standardization
• H/S codesign
• clock synchronization
• clock skew

IP (reusable core)IP (reusable core)
•• reusability
• standardization
• H/S codesign
• clock synchronization
• clock skew

Supply NetworkSupply Network
•• low-power/voltage
• noise
• decoupling
• electromigration

Supply NetworkSupply Network
•• low-power/voltage
• noise
• decoupling
• electromigration

• flexibility• flexibility • high performance• high performance • signal propagation
• crosstalk
• signal propagation
• crosstalk

Clock NetworkClock Network
•• clock gating
• clock domains
• phase synchronisation
• clock skew
• clock tree synthesis
• optimal flip flops

Clock NetworkClock Network
•• clock gating
• clock domains
• phase synchronisation
• clock skew
• clock tree synthesis
• optimal flip flops

Local busesLocal buses
•• high speed
Local busesLocal buses
•• high speed

Introduction 54

• dc-dc conversion
• dual threshold
• triple-well
• SOI

• dc-dc conversion
• dual threshold
• triple-well
• SOI

Supply PadsSupply Pads
•• EMC
• noise
• electromigration

Supply PadsSupply Pads
•• EMC
• noise
• electromigration

Glue LogicGlue LogicGlue LogicGlue Logic

Clock DomainsClock DomainsClock DomainsClock Domains

AnalogAnalog FunctionsFunctions
•• analog interface
• substrait noise

AnalogAnalog FunctionsFunctions
•• analog interface
• substrait noise

•• high speed•• high speed

I/O padsI/O pads
•• EMC
• bandwidth
• standard interfaces
• dI/dt noise

I/O padsI/O pads
•• EMC
• bandwidth
• standard interfaces
• dI/dt noise
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USER’S INTERFACE
System

Levels of AbstractionLevels of Abstraction

COMPILERS

Hard IP Hard IP Hard IP

Soft IP Soft IP Soft IP

APPLICATIONS

CELLS

S/W

System

Introduction 55

Analogue Memory Power RF

SUB‐MICRON CMOS

CELL LIBRARIES

BASIC CMOS
BIPOLAR

Analogue Power
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