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Moore’s Law

• In 1965, Gordon Moore noted that the number of 

components on a chip doubled every 18 to 24 months.

• He made a prediction that  semiconductor technology 

will double its effectiveness every 18 months

5
Electronics, April 19, 1965.



May 24, 2020© Adam Teman, 

Moore’s Law
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Computersciencezone.org
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The Scale of Moore’s Law

• Imagine what would happen if other industries experienced 

innovation at the rate of Moore’s Law, 

i.e., a doubling of capability every two years.

• Car mileage would be so efficient by now that a car could 

drive the equivalent distance between the earth and the sun 

on a single gallon of gas. 

• Agriculture productivity would be improved to a level that 

we could feed the planet on a square kilometer of land. 

• As for space travel – by now we could be zooming at 300 

times the speed of light.

Stacy Smith, VP Intel, March 2017
7
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Reports of my death were greatly exaggerated
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"In my 34 years in the semiconductor industry, I 

have witnessed the advertised death of Moore’s 

Law no less than four times. As we progress from 

14 nanometer technology to 10 nanometer and 

plan for 7 nanometer and 5 nanometer and 

even beyond, our plans are proof that Moore’s 

Law is alive and well“

Bryan Krzanich, CEO Intel, April 2016

“Moore’s Law won’t be dead for at least another 30 years or so.”
Jim Keller, Senior VP, Intel, Dec. 2019
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Technology supporting Moore’s Law

9

Courtesy: Intel

"Yes, someday we may reach a 

physical limit. But we don’t see that 

point on our horizon. I remember in 

1990, when the features on the 

wafer were the same size as the 

wavelength of the light we used to 

print them: 193 nm. Physics was very 
clear. We couldn’t go any further. “

Stacy Smith, VP Intel, March 2017
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Moore’s Law Today (2020)

10

• 14nm “Comet Lake-H”

• 8 Cores / 16 Threads

• 2.4-5.3 GHz

• 12MB Cache

• Many Billion Transistors

• Introduced April, 2020

Intel Core i9-10980HK

Intel Roadmap – Sep. 2019
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Evolution in Memory Complexity

11
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Die Size Growth
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~7% growth per year

~2X growth in 10 years

Die size grows by 14% to satisfy Moore’s Law

Courtesy, Intel

Apparently, that doesn’t 
apply anymore…
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Moore was not always accurate 

13 Source: Tech Design Forums
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Teman’s Law
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Cost per Transistor
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Source: Intel

Source: neogaf.com



May 24, 2020© Adam Teman, 

Scaling…

16

Source: Richard Straub

5 MB IBM 350 Disk file (1956)

1 TB USB Flash Drive (2015)
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Goals of Technology Scaling

• Make things cheaper:

• Want to sell more functions (transistors) 

per chip for the same money

• Build same products cheaper, sell the 

same part for less money

• Price of a transistor has to be reduced

• But also want to be faster, smaller, lower power

17
Rabaey’s Law of Playstations

Source: Peter Diamandis



May 24, 2020© Adam Teman, 

Technology Scaling – Dennard’s Law

• Benefits of scaling the dimensions by 30% (Dennard):

• Double transistor density

• Reduce gate delay by 30%

(increase operating frequency by 43%)

• Reduce energy per transition by 65%

(50% power savings 

@ 43% increase in frequency

• Die size used to increase by 14% per generation

• Technology generation spans 2-3 years

18



The Computer Hall of Fame

• So yes, we all have a smartphone. But thanks 

to scaling, 20 years ago, the real techies all had a

• Known as a “PDA” – Personal Digital Assistant

Introduced in 1996, sold for $299

• Ran on a 16 MHz Motorola DragonBall

processor, 128K kB memory, 

160 x 160 pixel monochrome screen

• The Pilot 1000 could store 750 addresses, 

one year of appointments, 100 to-do items 

and 100 memos.

Source: computerhistory.org

Source: palminfocenter.com
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Dennard (Constant Field) Scaling

• In 1974, Robert Dennard of IBM described the MOS scaling 

principles that accompanied us for almost forty years.

• As long as we scale all dimensions of a MOSFET by the same 

amount (S), we will arrive at better devices and lower cost:

• L – 1/S

• W – 1/S

• tox – 1/S

• Na – S

• VDD – 1/S

• VT – 1/S
21
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Reminder – our simple timing/power models

• Reminder: the unified model for MOS transistor conduction:
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Dennard (Full) Scaling for Long Transistors

23
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Dennard Scaling

• This last slide showed the principal that has led to scaling for the last 50 years.
• Assume that we scale our process 

by 30% every generation.

• Therefore, if the area scales by 1/S2=1/2, 
our die size goes down by 2X every generation! 

• In addition, our speed goes up by 30%!

• And our power also gets cut in half, 
without any increase in power density.

• We have hit one of those rare win-win free lunch situations!

24
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Sorry… I couldn’t resist!



May 24, 2020© Adam Teman, 

But what if we want more speed?

• We saw that 

• We can aggressively increase the speed by keeping the voltage constant.

• This led to the Fixed Voltage Scaling Model,

which was used until the 1990s (VDD=5V)

25
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Moore’s Law in Frequency
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Source: Olukotun 
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Fixed Voltage Scaling
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Fixed Voltage Scaling – Short Channel

• What happens with velocity saturated devices?

• So the on-current doesn’t increase leading to less effective speed increase.

• The power density still increases quadratically! 

28
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Power density (2004 expectation)

29

The Power 

Density Crisis
Patrick Gelsinger, Intel

ISSCC 2001
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What happens as a result of power density…?

30

Let’s remove the CPU fan…

IntelvsAMD.mp4
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What actually happened?

31
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Technology Scaling Models 

• Fixed Voltage Scaling

• Supply voltages have to be similar for all devices (one battery)

• Only device dimensions are scaled.

• 1970s-1990s

• Full “Dennard” Scaling (Constant Electrical Field)

• Scale both device dimensions and voltage by the same factor, S.

• Electrical fields stay constant, eliminates breakdown and many secondary 

effects.

• 1990s-2005

• General Scaling

• Scale device dimensions by S and voltage by U.

32
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How about Leakage Power?

• We saw that the off current is exponentially 

dependent on the threshold voltage.

• In the case of Full Scaling, the leakage current 

increases exponentially as VT is decreased!

• Since the 90nm node, static power is one of 

the major problems in ICs.

33

T

T

V
n

offI e 
−





The NanoScaled Transistor:
Secondary Effects and Solutions
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50 Years of Scaling

• = 50 years of headaches…

• How did brilliant process engineers deal with all the 

problems introduced by pushing physics to the limit?

• Let’s remember some phenomena introduced by

technology scaling and how they’ve (temporarily)

been solved.
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Problem: Mobility Degradation

• Reminder: we have degraded mobility due to: 

• Velocity Saturation

• Surface Scattering

• …and in general, we want more speed!

• There are a number of solutions that are currently

used or are being developed:

• Strained Silicon

• Miller Index

• Different Materials

36
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Problem: Surface Scattering

• The mobility at the surface is vertical field (VG) dependent.

• The stronger the field, the more carriers 

“hit” the interface and scatter. ( )
0
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Solution: Strained Silicon

38

Chang, IEDM 2005
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Solution: Improved Channel Materials
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Solution: Silicon Orientation
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Problem: Serial Resistance

• The resistance of the Source and Drain areas, especially 

with Lightly Doped Drain (LDD), 

can have a large impact (>15%) 

on transistor conductance
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Solution: Salicides

• Salicide = Self Aligned Silicide

• A low resistance contact is formed 

on the diffusion and polysilicon 

surface through annealing.

42

Source: Wikipedia
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Problem: Hot Carrier Effects

• Reminder:

• Carriers in strong electric fields jump over the 

gate energy barrier and get stuck in the oxide.

• This causes VT to change over time.

• Happens mainly close to the drain 

where strong fields exist.

• Solution:

• To solve this, 

Lightly Doped Drains (LDD) are used.

• The N-area reduces the field 

gradient near the drain.

• N+ is needed for ohmic contacts.

43
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Problem: Subthreshold Leakage

• Reminder:

• There is a finite number of free carriers in the channel when VGS<VT.

• The Body-to-Channel Cap limits the gate control over the channel.

• Roll-Off (SCE) and DIBL cause an exponential current increase.

• Solutions:

• Multi Threshold Devices

• Body Biasing

• Shallow Diffusions 

• Thin Oxides

• Multi-gate Transistors
• Silicon on Insulator (SOI)

• FinFET/Tri Gate Transistors

44
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Solution: MTCMOS

• A very common solution, already available in most PDKs for many 

generations is multi-threshold voltage devices.

• High-VT (HVT) devices are slow but have lower leakage

• Low-VT (LVT) devices are fast but very leaky

• Nominal/Standard/Regular-VT (NVT/SVT/RVT) transistors 

are best for most operations.

• This approach provides an easy way to trade off 

high-performance and low leakage.

• Standard cells are often designed with identical footprints in order to 

exchange various VT options seamlessly.

45
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Solution: Body Biasing

• As we have previously seen, the body voltage of the transistor 

affects the threshold voltage of the transistor.

• The body voltage of PMOS devices, residing in a shared NWELL

can be set without the need for special process steps.

• Changing the body voltage of NMOS devices requires the use of an 

isolated PWELL (IPW) inside a Deep NWELL (DNW) area.

• The effectiveness of body biasing has thoroughly degraded with process 

scaling.

• New technologies, such as Fully-depleted Ultra-thin body and buried oxide 

Silicon-on-Insulator (FD-SOI or UTBB-SOI) have given this technique “new life”.

46
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Solution: Body Biasing
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Source: Monfray, Solid State Electronics, 2016
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Solution: Vertical Dimensions

• A better model of VT, taking into account both DIBL and Roll-Off shows a strong 

dependence on the transistor’s vertical dimensions:

• tox – gate thickness

• Wdep – depletion width

• Xj – S/D junction depth

• Reduction of each of these provides a smaller Lmin and other advantages.

• Smaller tox means better transconductance.

• Smaller Xj means lower S/D capacitance

• Smaller Wdep means better drain-channel isolation

48

( )T T-long DS 0.4 d

L

l
V V V e

−

= − + 

3
ox dep jdl t W X

Mobility 
Degradation

Serial Resistance Hot Carriers
Subthreshold 

Leakage
Gate Leakage Punchthrough Latchup



May 24, 2020© Adam Teman, 

Solution: Vertical Dimensions
• Thinner oxide is the most important aspect of scaling, 

as it allows better gate control.

• Shallow junctions are achieved by:

• High Substrate Doping (not wanted)

• Lightly Doped Drains (LDD)

• Metal S/D

• What about Wdep?

49
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Solution: Vertical Dimensions

• Wdep can be reduced by “Retrograde Doping”

• Reduces impurity scattering (improves mobility).

• Wdep does not vary with VSB.

• Causes a linear body effect.

• Reduces punchthrough

50
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Solution: Multi-gate Transistors

• To gain better control of the channel (better subthreshold slope) 

use multiple gates:

51

Double-gate MOSFET
FinFET
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Solution: Multi-gate Transistors

52

A. Planar bulk MOSFET

B. SOI MOSFET

C.Tri-gate SOI nanowire MOSFET

D.Tri-gate Bulk FinFET

E. Tri-gate SOI FinFET

F. Pi-gate SOI nanowire MOSFET

G.Omega-gate SOI nanowire 

MOSFET

H.Horizontal Gate-all-around (GAA) 

nanowire MOSFET

I. Vertical GAA nanowire MOSFET

Source: Ferain, Nature 2011
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Solution: Silicon-On-Insulator

• Silicon on Insulator (SOI) is a better (though more expensive) 

way to make transistors:

• Fixed depletion widths (Wdep, Xj) –

lower Roll-Off/DIBL

• No Punchthrough.

• Junction to substrate parasitic 

capacitance small.

• No latch-up between 

NMOS and PMOS (no substrate)

• Raised Drain/Source for reduced resistivity.

53
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Problem: Gate Leakage

• Reminder:

• Gate leakage is exponentially dependent on tox.

• A thin oxide reduces Roll-Off.

• A thin oxide provides higher transconductance (Cox)

• A thin oxide reduces the subthreshold swing:

• Major Problem:

• Oxide thickness reached 1.2nm (5 atomic layers) in 65nm.

• Gate leakage is intolerable under tox=1.5nm

• The end of scaling???
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Solution: High-K Dielectrics

• Higher K (ε) means Cox is increased, therefore:

• Transconductance is higher.

• n=1+Cdep/Cox is lower → Better gate control.

• So we can use thicker gates to eliminate 

tunneling without losing control or drive strength.
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Solution: High-K Dielectrics

• HfO2 has a relative dielectric constant (k) of ~24, 

six times larger than that of SiO2. 

• For the same EOT, the HfO2 film presents a much thicker 

(albeit a lower) tunneling barrier to the electrons and holes. 

• Toxe can be further reduced by introducing metal-gate technology 

since the poly-depletion effect is eliminated.

• The difficulties of high-k dielectrics:

• Chemical reactions between them and the silicon substrate and gate

• Lower surface mobility than the Si/SiO2 system

• Too low a VT for pMOS (as if there is positive charge in the high-k dielectric). 

• Long-term reliability
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Problem: Punchthrough Currents

• Reminder:

• Drain and Source depletion regions “connect” 

to each other deep underneath the channel.

• Solutions:

• Halo Implants

• LDD

• Retrograde Doping

• SOI

57
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Solution: Halo Implants

• p+ implants suppress the 

source/drain depletion regions.

• However, they also cause the

Reverse Short Channel Effect.
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Problem: Latch Up

• Reminder:

• A Thyristor is created because of voltage drop 

over the substrate (or well).

• In general, cases of forward biased diodes 

are often called latchup.

• Solutions:

• Body Taps

• SOI
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ITRS

• International Technology Roadmap for Semiconductors

• Started in 1998 to predict the future of the semiconductor industry

61
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ITRS Retired

• Moore’s Law may not yet be dead, but the ITRS has been retired

• Let me introduce the “International Roadmap for Devices and Systems” (IRDS)

• Introduced in 2016 to expand the original focus to include systems

Source: IDRS 2018 Update (published 2019)



May 24, 2020© Adam Teman, 

Foundry Roadmaps

Source: IC Insights
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Technology Strategy Roadmap

64

“More than 

Moore”

“Beyond 

Moore”

Source: IRDS

“More 

Moore”

Quantum 

Computing
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imec View of Technology Scaling

Source: imec
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Next stage CMOS Devices

Source: imec

Complementary FET 

(CFET)

Gate-All-Around NanoSheets

Source: IBM
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Backend Technology Innovations

Buried Power Rails (BPR) Super Vias Barrier-less Ru 

Metalization

Air Gap ILD

Source: imec
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Is Quantum Computing Finally Here?

• YES!!!!

Google “Bristlecone” – 72 qubits

March 5, 2018

research.googleblog.com

IBM Q System– 50 qubits

November, 2017

MIT Technology Review

IBM.com

Google “Sycamore” –

Quantum Supremacy?

October 23, 2019

ai.googleblog.com
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http://www.eecs.berkeley.edu/~hu/Book-Chapters-and-Lecture-Slides-download.html

• Tzividis, et al. “Operation and Modeling of MOS Transistor” New York Press 2011. Chapters 1-5

• E. Alon, Berkeley EE-141, Lecture 2, 9 (Fall 2009) 
http://bwrc.eecs.berkeley.edu/classes/icdesign/ee141_f09/

• M. Alam, Purdue ECE-606 – lectures 32-38 (2009) http://nanohub.org/resources/5749

• A. B. Bhattacharyya “Compact MOSFET models for VLSI design”, 2009, 

• T. Sakurai, “Alpha Power-Law MOS Model” – JSSC Newsletter Oct 2004

• Managing Process Variation in Intel’s 45nm CMOS Technology, 
Intel Technology Journal, Volume 12, Issue 2, 2008
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