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Scaling Dimensions & Voltages Results In
Faster, Better and Cheaper ICs
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~100,000,000’s Transistors/IC
Speed ~ 3,000 MHz
1.2 V Power Supply

~0.00005 ¢ / transistor

~100,000’s Transistors/IC
Speed ~ 10’s MHz
5V Power Supply
~0.1 ¢ / transistor
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We Need to Reinvent Microelectronics
To Sustain The Moore’s Law Cycle

Scaling 
into the

Replace Almost 
All of the 

Traditional 
Materials Used 

In ICs

Fundamental 
Physical and 

Material Limits

-Large Power 
Consumption
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into the 
deep 
sub-

micron 
region

New Device 
Structures

Design for 
Manufacturing 
(Litho, Process 
Variability, …)

…..

Consumption

-Harder to 
Achieve  

Performance 
Gains

-Processing, 
Design, 

Reliability & 
Test Issues

????

Scaling Today: Reduce Feature Sizes By 0.7 
But Voltages By Only 0.85

Transistor Speed

Interconnect Speed

Local

Global

# Transistors/IC

Reduce 
Dimensions

By ~0.70
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Active Power/IC

Standby Power/IC

Electric Field

Current Density

Reliability Margin

Noise/Crosstalk

= Gets Better = Stays Same = Gets Worse

Reduce
Voltages

More Slowly,
By 0.85

Subthreshold Leakage

G
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0 V
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• Subthreshold leakage is source to drain current 
when VGATE < VTHRESHOLD.
– Especially interested in current when VGATE=0 since this is a 

major contributor to standby power consumption
• Subthreshold current (standby power) at VGATE=0 

– Increases exponentially if threshold voltage is lowered
– Increases exponentially if temperature is raised
– Increases if doping in channel is raised (needed for scaling)

It Really Should be Called the
“RELATIVELY Short Channel Effect”
Source, Drain and Oxide Scaled Down With Channel Length

NO SHORT CHANNEL EFFECT

S D

G

L
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Source, Drain and/or Oxide Not Scaled Down With Channel
SHORT CHANNEL EFFECT
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Active, and Especially Standby, Power
Has Increased Sharply With Scaling

Active Power
(Scaling down IC voltage more 

slowly than dimensions)

Standby Power Due to

1,000

100

10

1Power
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Gate Length (µm)
1.00.10.01

Standby Power Due to 
Subthreshold Leakage

(Scaling down threshold voltage)

Standby Power Due to
Gate Oxide Tunneling

(Scaling down gate insulator 
thickness)
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g 
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ge

 

(Watts/

cm2)

After, Novak, 
2006 IRPS

Simple Model For IC Speed: Propagation of 
a Signal From Transistor to Transistor

G
DS

Wiring t=0
Turn on p channel 
transistor current

p channel

-V

0V

n channel

I

+ + + Gate on n channel -V
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++++++
+     +      +      +      + t=τ

Gate voltage > 
Threshold

n channel turns on

-V

+VI I

++ starts to charge up
and

wiring charges up

I

Tradeoffs: Performance, Power & Reliability 
Want Different Things

Chip Supply
Voltage

Faster IC
Worse active & 
standby power
Lower reliability

Slower IC
Better Power (active & 

standby)
Higher Reliability

Lower Higher
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Higher Reliability

Transistor 
Threshold 
Voltages

Slightly faster

Exponentially 
higher standby 

power

Slightly slower

Exponentially 
lower standby 

power

Interconnect Is Becoming Increasingly 
Important in Determining Delay Time

45

Delay 
(psec)

(Worse) Transistor 
alone

Total delay

Al/SiO2 
interconnect 
alone
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0
650 500 350 250 180 130 100

(psec)

Technology Generation (nm)

(Better)

Total delay

M. Bohr, 
1995 IEDM

Subwavelength Lithography
Comes At a High Price

10µm

1µm

IC Minimum 
Feature Size

Mask Costs 
(“Million $”)

Less First 
Time Success
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0.1µm

0.01µm

“Above Wavelength”
Optical Litho 
Wavelength

248nm 193nm

1980 1990 2000

Subwavelength 
Lithography

Time Success

Processing Variability Is Becoming Worse
As ICs Are Scaled Down

Increasing variability in 
IC features and 
properties with scaling:

- Transistor drive and 

Harder to 
Control Smaller 

Features

quickstartmicro.com

leakage currents
- Delay in signals along 
interconnect wiring

Negatively impacts yield,  
performance, power and 
first time success with 
new designs

Features more 
sensitive to pattern

(Process-Design 
Interaction)
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Reinventing CMOS With New Materials
and Structures Is Well Under Way

Interconnect 
Insulator

Interconnect 
Conductor

Silicon
Dioxide

Aluminum
& Tungsten

Copper ??

“Low
k”

“Lower
k”
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MOS Gate 
Insulator

Semiconductor
Analytical Solutions, Inc.

MOS Gate 
Conductor

Silicon

Silicon 
Dioxide

Poly
Silicon

2 Metals

“High k”

Strained 
Silicon;
SOI

k = Dielectric Constant

High k and Metal Gate Need To
Be Introduced At the Same Time

n n

n+ Poly Si

n n

High k

Metal 1 with work 
function near 

conduction bandSiO2
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p p

p+ Poly Si

p p

High k

Metal 2 with work 
function near 
valance bandSiO2

- Difficult to find metals with the right work functions.
- Significant process integration and reliability challenge
- Intel is the first company to introduce high k/metal gate into production

Copper

• Copper has a lower 
resistivity than Al
– Cu lines will have less 

resistance than Al lines
– Leads to faster ICs

• Copper has better 

quickstartmicro.com

electromigration lifetimes
• Copper requires new 

processing
– Difficult to etch
– Use Damascene process

• If Cu reaches the Si or the 
transistor gate bad things 
happen

Courtesy of IBM.  Unauthorized use prohibited.

Dielectric
Constant

GOOD NEWS
Electric 

Breakdown 
Strength

Thermal 
ConductivityMechanical 

Strength
Adhesion

BAD NEWS

As The Intermetal Dielectric Constant Is 
Reduced Other Properties Are Degraded

quickstartmicro.com

Improves IC 
Speed & 
Reduces 
Crosstalk

Worse 
Electrical 

Breakdown

Higher On Chip 
Temperature

Worse 
Electromigration

More Mechanical 
Failures (Cracking, 

Delamination)

Worse Electromigration

Unlike copper, Implementation of low k proved to be very difficult

Local Strained Silicon Improves Transistor 
Currents: p Channel Needs Compression

p Channel MOS
Silicon Nitride Cap

Under Compression

quickstartmicro.com

• Channel compressive strain 
– SiGe source/drain
– Compressive nitride cap

• Improves drive current by ~ 50%

SiGeSiGe SiGeSiGe

Increased performance WTHOUT a power penalty

State-of-the-Art Planar MOS Transistor

Raised source/drain

Metal gate
(No polySi depletion)

High k gate insulator
(Reduced tunneling currents)

quickstartmicro.com

Raised source/drain
(Reduced resistance)

Strained Si Channel
(Higher mobility)

Silicon on Insulator (optional)
(S/D Capacitance, Leakage)

Multiple Threshold Voltages
(Power vs. Performance)
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Advantages of Building CMOS Devices 
on Silicon on Insulator (SOI) Wafers

S S

Silicon

D D
GG

S S

Silicon

D D
GG

BOX

CONVENTIONAL SOI

FOX

FOX
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S co Silicon

1. Bottoms of Source (S) and Drain 
(D) touch buried oxide (BOX)
Speed improvement due to reduced 
capacitance to substrate

Power improvement due to reduced 
diode leakage

2. Field Oxide (FOX) 
continuous with BOX 
eliminating  parasitic current 
leakage between transistors 
and latchup failures

3. FOX can be narrower 
leading to slightly smaller, 
less expensive ICs

Gate Dielectric Breakdown Changes
As Transistor Oxide Is Scaled Down

12

Gate

Current

tOX=5nm tOX=10nm

E=13MV/cm • As oxides are 
thinned below 
5nm
– change from 

sudden 
breakdown to a 

quickstartmicro.com

0 160
0

Time (s)

(mA)
tOX=3nm

John Suhle, NIST

more gradual 
degradation

– time to first 
breakdown 
decreases 
sharply

– Changes from 
“hard” to “soft” 
breakdown

Evolving Structure of the IC Industry

PURE PLAY
IDM

(Integrated
Device

FAB “LITE”
IDM

(e.g., AMD)

FABLESS
(e.g., 

Qualcomm)

IC Customer (OEM: Original Equipment Manufacturer)

HYBRID
IDM &

FOUNDRY
(e g IBM)

FOUNDRY
(e.g., Taiwan
Semi. Manuf.
Corp, TSMC)
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Device
Manufacturer)

(e.g., Intel)

Own Designs
Own Fab

Own Designs
Own Fab

+
Use Foundry

Own Designs
No Fab

(e.g., IBM)

Own &
Others’

Designs
Own Fab

Only Others’
Designs
Own Fab

Suppliers of Equipment, Processes, Materials & Software (Applied, Cadence)

Research Consortia (Sematech SRC)

In My Opinion The Foundry/Fabless Model
Is In Flux

FOUNDRY FABLESS
DESIGN

(& FAB-LITE 
IDMs)

- Process 
Integration

- Manufacturing 
Excellence

Leading edge - Design

Complex Design Rules
& Models; Proprietary
Info on Variations

Mask Set
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Equipment
& Processes 

Affordable & On-Time?

Software that 
tries to do OPC 

& variability

- Leading-edge

- More in-house 
R&D

- In-house design 
blocks?

Design 
Expertise

- Much more 
aware of 
process

ICs

2nd Mask Set

2nd ICs

Possible Future Scenarios For Digital ICs

High Density
Digital

“More Than
Moore”

“More
Moore”
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Digital
ICs
(e.g. 

Microprocessors)
“Moore

Matures”
“Moore for
The Rich”

The Best and Most Affordable
Semiconductor Training

Dr. 
Dellin

Micro
Electronics

Opto
Electronics

MEMS
Mi t Reliability

Choose
Format

Choose One Course
Or Integrated Curriculum 

In Person

Live Webinar

Non-Tech

Beginner Tech

Choose
Level

quickstartmicro.com

Microsystems y

History
Microbiology

& More

Get Low Cost and High Quality Training

Narrated E
Learning on DVD

Intermediate
Technical

More Information, Prices, …   quickstartmicro.com
Or Dr. Ted Dellin, 1-505-401-8707
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