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2030 will be “post Moore’s Law”

I Faith no Moore
Selected predictions for the end of Moore’s Law

§ Prediction Predicted
Cited reason: issued end date
M Economic limits Ml Technical limits [ Ll |

1995 2000 2005 2010 2015 2020 2025 2030

|
995

1
Gordon Moore, Intel k— === = ——2005 ‘

1
G. Dan Hutcheson, VLSI Research @ -t = = = [l 2003

| 2000
Isaac Chuang, IBM Research l‘ ------- —-———=———2020
\ 2003 I
Paolo Gargani, Intel‘ e ———————— 2021
Lawrence Krauss, Case Western, 4 ‘
and Glenn Starkman, CERN NS fypp— e M o e e e e

approx. 2600

\ |
Gordon Moore, Intel 2—%\— ——— AZOM-ZS

) 2011 3
Michio Kaku, City College of N ‘— - -‘- - —— = 21-22
Neoss|
Robert Colwell, DARPA; (fmr) Intel @ — = = = = 20o-22
015
Sources: Press reports; The Economist Gordon Moore, Intel @= = = = = = —

Economist.com

Yeric, 2015 I[EDM
(figure from The Economist) ‘\

Moore’s Law ends: 2029
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Internet Hosts Count
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AWS Graviton2 processor
4x the vCPUs
7x CPU performance

~2x performance/vCPU

& Max Loffler . _
' ~30 Billion transistors

’ The data economy ‘

Special report

Feb 20th 2020 edition > A deluge Of data iS giVing rise tO a
The new economy

Economist

© Arm 2020



How to stop data centres from gobbling up the
world’s electricity

The energy-efficiency drive at the information factories that serve us Facebook,

Google and Bitcoin.

9,000 terawatt hours (TWh)

—  ENERGY FORECAST 20.9% of projected
Widely cited forecasts suggest that the electricity demand

_ total electricity demand of information and
communications technology (ICT) will

@ CLIMATE HOME NEWS

accelerate in the 2020s, and that data

centres will take a larger slice. Home Politics Finance Land Tech Science Comment Sponsored

M Networks (wireless and wired)
M Production of ICT

Consumer devices (televisions,
computers, mobile phones)

M Data centres

Renewables  Fossil Fuels  Nuclear energy  Efficiency

‘Tsunami of data’ could consume one fifth
of global electricity by 2025

Published on 11/12/2017, 10:57am

Billions of internet-connected devices could produce 3.5% of global emissions within

0
2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2 vy g
oo 20 g 06 2018 2020 20 0 026 2028 2030 ten years and 14% by 2040, new research will find
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YouTube: 500 hours uplo

1 billi

watched per day

aded every minute

(e

4GIFS.com

on hours

2020 spirit animal

© Arm 2020

2.5 minutes of video
= 2 AA batteries




Photos: Inside Apple, Facebook, Google, IBM's frozen Nordic datacenters
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There are now >500 hyperscale data centers

Home security camera
footage alone will require
100 more near term

(yes, most of the video
triggers will be cats)

Growth of Hyperscale Data Centers

(42
o
o

Number of Data Centers (Worldwide)
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. 26B+ loT
int & Business i
Sprint %2 Business connections

1 would like to... Solutions Why Sprint Network

New Ideas = 5G will make true M2M possible >50% Connections
machine-to-machine

by Lyle Paczkowski

5G will make true M2M possible 5 A

This is the third post in a series exploring 5G and what it means for the enterprise.

Huawei to ship 600,000 5G AAUs \/
5G: 1M devices / km? 175 ZB
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2010 201 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Source: Data Age 2025, sponsored by Seagate with data from IDC Global DataSphere, Nov 2018
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Data poised to dominate

9,000 terawatt hours (TWh)

—  ENERGY FORECAST 20.9% of projected
Widely cited forecasts suggest that the electricity demand

_ total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

M Networks (wireless and wired)
M Production of ICT

Consumer devices (televisions,
computers, mobile phones)

M Data centres

0- : ; - '
2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

https://www.nature.com/articles/d41586-018-06610-y

© Arm 2020

2015:
Fixed Access networks: 167 TWh
Wireless networks: 50 TWh

https://www.cfr.org/blog/what-5g-means-energy

2018: Data centers 200 TWh



https://www.cfr.org/blog/what-5g-means-energy
https://www.nature.com/articles/d41586-018-06610-y
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S
EUV: Extreme Ultra-Violet
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High-NA EUV: a bargain at S255M

$1,000,000,000

- $100,000,000
—
-
-
- =
N $10,000,000
- .
- -
- .
$1,000,000
- — $100,000
510,000

Current (smaller) EUV tools
Require three Boeing 737’s to ship

18 © Arm 2020
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High-NA EUV: a bargain at S255M

EUV Exposure Tool

L1817mm

W 2972mm
H(up) 1539mm
H(low) 450
Weight 5ton

$1,000,000,000

o [

$100,000,000 High-NAEUV
L 9860 - = < =2 % KrF ArF immersion
mm » : $10,000,000 0%
W 6600mm Moore’s %o‘ ArF dry
s paper
H 2300mm $1,000,000
Weight 25ton more powerful than the laser on
G- and I-line
the U.S.S. Ponce
. . contact
0,000
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What could come after
high-NA EUV?

EUV information density: more than
30 million UHD TV screens
per wafer
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DNA self-assembly

Design and self-assembly of
two-dimensional DNA crystals

Paul Rothemund

Erik Winfree*, Furong Liut, Lisa A. Wenzler: & Nadrian C. Seemant Bi n d i n g

* Computation and Neural Systems, California Institute of Technology, Pasadena, California 91125, USA .

+ Department of Chemistry, New York University, New York, New York 10003, USA I O Cat I O n
NATURE | VOL 394 |6 AUGUST 1998 J

staple strands

cyclic ssDNA

. __.,-'—'\-.: —

(7239 nt) —~ >~ =

» Folding DNA to create nanoscale shapes
Eric Winfree Nadrian Seeman and patterns

Paul W. K. Rothemund

GATGGCG’X‘CCGTTTAC MTCGAGGAC@A
\GEGCAAATG TQGC’I'CCTGCCTRGCCJ\TAC Nature 440,297-302 (2006) = Download Citation%

L 1L

TGCGGTAT ABATAGCABGCTACTG’I‘C‘I‘TG
CAT'!'CTGGACGCCA‘!'A TCTATCGTCCGATGAC

22 © Arm 2020
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“DNA Origami” tiles

© Arm 2020

3nm transistors




“DNA Origami” tiles

3-5nm precision placement

9.5 nm .
- -
'CGGCTTTLCCCGTCAAGCTCTARATCGY

llllllllllllllllllllllllllll

GCCGAAAGGGGCAGTTCGAGATTTAGCC

~2
3nm transistors

GAGAGAGTTGCAT AGGTOLACGCT

LICTCTCARCGTA TCCACOTGCGA

u"hm TTTTTGGTGGGACCGCGOGGTTATGLGTT




Fractal assembly of DNA origami
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Fractal tiling of DNA origami

$255M

A B
1 Oligonamel ACGTGA TCT AAG TCA AAG TCA
2 Oligoname2 ACG AAGTCATGA TCT AAG TCA
3 Oligoname3 ACGTGA AAG TCA TCT TGA AAG
4 Oligonamed ACGTGA TCT AAG TCA AAG TCA
5 Oligoname5 ACGTGATCT AAG TGA AAG TCA
6 Oligoname6 ACGTGA TGAAAG TCT AAG TCA AAG TCA
7 Oligoname7 ACG TGA TCT AAG TCA TTT TGA AAG
8 Oligopnamed ACGTGATCT AAGTCAGAGTTT
9 0Oligopname9 ACGAAGTGATCT AAG TCA
an

Grigory Philip
Tikhomirov  Petersen

=

il
@ Sl N

http://qianlab.caltech.edu/FracTileCompiler/
26 © Arm 2020
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http://qianlab.caltech.edu/FracTileCompiler/

Fractal tiling of DNA origami

64 cores at 7nm:

2Zmm x 2mm
20mm

10 MC

T ll]ll !!

M‘-’- |[E=| ==

mm ..].. oD DD DD There’s plenty of room at the

lﬁ%‘%ﬁ—:::'ll{ " bottom! (1959)

wwoz

Em=mae

g1
e }ll‘llill ;i

mc 10
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DNA origami doesn’t need to be 2D

DNA bricks with programmable 3D

Self-assembling dodecahedron (90% vyield) pixels (voxels):
TU Munich 2.5x2.5x2.7nm
Harvard

© Arm 2020



2012: DNN wins ImageNet competition

9,000 terawatt hours (TWh)

—  ENERGY FORECAST 20.9% of projected
Widely cited forecasts suggest that the electricity demand
total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

M Networks (wireless and wired)
B Production of ICT

Consumer devices (televisions,
computers, mobile phones)

M Data centres

Alex Krizhevsky

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

https://www.nature.com/articles/d41586-018-06610-y
29 © Arm 2020



https://www.nature.com/articles/d41586-018-06610-y

2015: ResNet more accurate than people

9,000 terawatt hours (TWh)

—  ENERGY FORECAST 20.9% of projected
Widely cited forecasts suggest that the electricity demand
total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

20T poxNet Error for ImageNet Classification

16.4 Percent --Top 5

M Networks (wireless and wired)

M Production of ICT
Human error ~ 4%

Consumer devices (televisions, 15+ ZENot
- computers, mobile phones) 11' '7”
M Data centres 10

Layers

VGG GooglLe
- I\;e; Net Re;sSI\;et SENet
: 6.7 Layers 154
16 Layers
% 3'I6 3.0 2.3

2012 2013 2014 2014 2015 2016 2017

0 . |
2010 2012 2014 72016 2018 2020 2022 2024 2026 2028 2030 ResNet training: 10,000 PF ®
Htoe. - 29 hours using 8 Tesla P100 GPUs t
ttps://www.nature.com/articles/d41586-018-06610-y (300W each, so 70kWh total) .‘

30 © Arm 2020


https://www.nature.com/articles/d41586-018-06610-y

31

With S25M hardware, you can play 4.9 million games in 3 days

Elo Rating

5000

4000 -

3000 -

2000 -

1000 -

-1000 -

-2000 -

10 15 20

=== AlphaGo Zero 40 blocks

25

ssses AlphaGo Lee

30 35

ssse AlphaGo Master

© Arm 2020
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5000 TPU v1’s
40W each

feeding
64 TPU v2’s
124W each
40 days

=216 MWh
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Tesla S P85

Cambridge to Lisbon to Rome to Warsaw
back to Cambridge

(then 146 more loops)
(or power 23 homes for a year)
(or fly for 1000 hours)
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Petaflop/s-day (Training)

10,000

1,000

100

10

.01

.001

.0001

.00001

AlexNet to AlphaGo Zero: A 300,000x Increase in Compute

e AlphaGo Zero

e AlphaZero

e Neural Machine Translation
e Neural Architecture Search

e Xception o TI7 Dota 1vi

VGG e DeepSpeech2
® Seq2Seq eResNets | ___ .
———————— )
" eGopgiongt——T Moore's Law
e AlexNet - ® Visualizing and Understanding Conv Nets
e Dropout
eDQON
2013 2014 2015 2016 2017 2018 2019
Year

https://openai.com/blog/ai-and-compute/

© Arm 2020

This is 7x/year

(and data are actually beyond linear)

If this were to continue,
a quantum computer
in 2029 would be
competing with
2.8e11 PFs-day

280 Yottaflops-day



https://openai.com/blog/ai-and-compute/
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Progress in aedrermerprte computing

brain inspired

Cockroach Zebra Fish
250K to 500K neurons 1M neurons ~10M neurons

Q42017 Q2 2018 Q3 2018 Q2 2019
Wolf Mountain Nahuku Kapoho Bay Pohoiki Springs
Remote Access Arria10 Expansion Board 1-2 Loihi Remote Access
4 Loihi/Board For cloud & local use DVS interface Up to 768 chips

8-32 Loihi/Board USB host interface (100M neurons)

© Arm 2020




The “connectome”

© Arm 2020

The Blue Brain Project (BBP/EPFL)

Mouse Brain ~70m neurons

But number of synapses in cerebral
cortex 60 trillion

100 - 100,000 inputs per neuron

Lo




‘ Mukesh Khare
Vice President: IBM Systems Research
\ e 4

—l — ]
IBM Systems Research: Al and
Hybrid Cloud Can Advance Only §

as Far as Hardware Can Take
Them

36 © Arm 2020



DNA origami doesn’t need us

nature

biotechnology

Letter = Published: 12 February 2018

Rectangular
origami sheet

M13 DNA Staples

\u National Center for
Nanoscience and Technology

origami sheet

Thrombin-loaded

A DNA nanorobot functions as a cancer
therapeutic in response to a molecular
trigger in vivo

Tubular nanorobot

T

Open state of nanorobot

Massachusetts
Institute of
Technology

/
i

Danmarks
Grundforskningsfond
Danish National
Research Foundation

48 nm




Energy and Delay scaling
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Energy efficient computing and sensing
in the Zettabyte era: from silicon to the cloud

Adrian M. Ionescu
"Nanolab, Ecole Polytechnique Fédérale de Lausanne, Switzerland, email: adrian ionescu@epfl ch

IEDM 2017
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O i x l
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Keynote: Semiconductor
Technology: A System
Perspective b

- HS Wong, et al., SISPAD 2009 10,000,000
&; =~ 1000 Koomey’s Law
' 16k B |ntrinsic gate capacitance i o
|| O Overapcapacitance 3 Revision (2016) P
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Z1.2} 1 g | a8
E" 1t § 10:000 /’/ A’;’AAMD peak-output
DR. H. -S. PHILIP WONG 50l - Post-1946 historical frend y Zf;ff;::f::"cy
Chief Scientist .E . :63 1,000 ;r;ﬁouut enegrgy # 2000-2009 trend historical, squares
Taiwan Semiconductor Manufacturing 7 0.6} 1 ;a ever ;’;:f:y":"'f"" are projected)
Company Limited X ] 2 (dotted Tine doublind oy 2.6
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Contact Metal

Ep1 SiGe

Silicon fin

Jacky Huang
coventor.com

https://semiengineering.com/whats-after-finfets/

© Arm 2020
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Multi-layer transistor roadmap

Complex
stacked
CMOS

g
. p v >

FinFET GAA-FET CFET
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lllustration: Emily Cooper

© Arm 2020

Transistors Made From 2-D
Materials Promise New Class of
Electronic Devices

The impact of field-effect transistors made entirely
from 2-D materials begins to take shape

By Dexter Johnson

Il IEEE

| SPECTRUM




Whatever happened to graphene?

OO OO

Ny T . S o S
Andre Geim

2004: 4

Band Gap OV: not a good semiconductor
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//upload.wikimedia.org/wikipedia/commons/9/9e/Graphen.jpg

(he) 5283

51 new 2D semiconductors
from one paper

2018
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Band Gap —

= 0. The materials are ordered according to their LDA direct band gap.

StseE AR nanadadoontACnd,

Figure 12. Slope of the static quasi-2D dielectric function, eﬁf"(q), evaluated at g
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57 new guaternary* 2D
semiconductors

M !
| bl
ke o S
#m .T++ + l T.’ILI MH I
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'V' N N N N R N T S SRS VVV \‘.F Vﬁ"‘? A oy e iy vy sy e il i
2% mgg %% U%gw “7&? DD
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The wave of computational materials

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Eomputational 2D Materials Database: Electronic Structure of
- Dichalcogenides and Oxides

Filip A. Rasmussen and Kristian S. Thygesen*

Center for Atomic-scale Materials Design (CAMD), Department of Physics, and Center for Nanostructured Graphene (CNG),
Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark

.. . . from gpaw.response.gwgeh import *
Promising quaternary chalcogenides as high-band-gap PRI
semiconductors for tandem photoelectrochemical water splitting IR
devices: Alcomputational screeninglapproach structure=['hBN',
Mohnish Pandey and Karsten W. Jacobsen gw?i{g;??{i
Phys. Rev. Materials 2, 105402 — Published 9 October 2018

bands=(3,5),

filename='gwgeh-hBN-graphene',
domegaf=0.1,

omega2=10,

include g@=False

)

qp = GWQEH.calculate qp energies()

1998 Nobel Prize

 DFT: Density Functional Theory (Walter Kohn)

 Computational methods in quantum chemistry
(John Pople)




The wave of computational materials

3 days simulation per point

lectronic Structure of
Oxides

Computational 2D Materials Datab
Transition-mMetal Dichalcogenides

Filip A. Rasmussen and Kristian S. Thygesen™®

Center for Atomic-scale Materials Design (CAMD), Department of Physics, and Center for Nanostructured Graphene (CNG),

Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark

3
Complex =
stacked %g

CMOS

FinFET GAA-FET CFET I - : 0 ey
> materials are ordered according to their LDA direct band gap.

1T-Zr0,
1T-HIO,

11-NIO,
2H-WS,
1T-ZrS,
2H-CrQs
1T-PbO>
2H-MoS.
1T-SnSs5
2H-WQO»
2H-MoOs
1T-PiS»
2H-ZrO»
1T-PdQO»
1T-HfS,
2H-HfO»
2H-GeO»
1T-PtO;
1T-TiO2
1T-Sn0O»
1T-GeO,
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The —ic’s of 20307

GHz / Watt

4 Spintronics

Transmonics

Skyrmionics

Photonics

Twistonics
Valleytronics

i i I I I I >

1971 2010 2015 2020 2025 2030
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Superconducting electronics (SCE)

SFQ Clock A “ A ImV
— ]

P >
SFQ Signal A ‘A Flip-Flop: just 5 JJ's

K . (up to 750GHz)

Demonstration of a 120 GHz single-flux-quantum shift - [Tl
register circuit based on a 10 kA cm™2 Nb process ol | 1

H Akaikel, T Yamada?, A Fujimaki®, S Nagasawa?, K Hinode?, T Satoh?, Y Kitagawa? and M Hidaka?

Published 16 March 2006 « I0P Publishing Ltd
Superconductor Science and Technology, Volume 19, Number b

IB1

IB2
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= home = contact = fags

IARPA

OUR
PROGRAMS N WITH IARPA e NEWSROOM  ABOUT IARPA

Home » Research Programs »  SuperTools

SuperTools

SuperTools seeks to develop a
superconducting circuit design Program Manager Research AI'E&(S]

flow with a comprehensive set Mark Heiligman » Superconducting electronics
of Electronic Design Automation

(EDA) and Technology Computer Prggram

= Advancements/alternatives to
semiconductor-based exo-scale

SUPERTOOLS jided Design (TCAD) tools for Information computing
Very-Large-Scale Integration IARPA-BAA-16-03
(VLSI) design of Superconducting Electronics (SCE). = cryogenic computing
Related Article(s)
Performers (Prime Contractors) If You Build the Tools, Superconducting
University of Southern California; Synopsys Inc. Electronics Will Come &

Press Releases and Statements

IARPA Launches "SuperTools” Program to Develop Superconducting Circuit Design
Tools &

https://www.iarpa.gov/index.php/research-programs/supertools
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Disruptive technology toward 2030
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From Lab to Fab

Research
Corporation

O “mmec

N\

J U M P j: f:: E R I ::Esfl-rn':s%:lg: INITIATIVE

Funding/investment

High Government and
universities

Low

Manufacturing-innovation process

< Lab to Fab >

GAO-14-406SP (2014)
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e - Bulletin
SCIENCE POLICY NEWS FROM AIP &

Lawmakers Propose Multibillion Dollar Semiconductor
R&D Push

SHARE THIS f ’ 8+ @

Publication date: 24 june 2020 Number: 61

A bipartisan group of lawmakers recently
introduced legislation that would channel billions
of dollars into manufacturing incentives and new
R&D streams to bolster U.S. semiconductor
manufacturing in the face of increasing
international competition.

Image credit - Randy Montoya / Sandia National Lab

“Research is critical to advancing
semiconductor innovation in the U.S.
American semiconductor design and
manufacturing companies invest
approximately one-fifth of revenue in
R&D, almost $40 billion in 2019,
representing the second-highest rate of
research investment of any industry.”

American Foundries Act Would Provide Needed Investments in U.S.
Semiconductor Manufacturing, Research

Thursday, Jun 25, 2020, 4:50pm
by Semiconductor Industry Association

Bipartisan legislation would advance domestic production and research of chips critical to America’s economy and national security

WASHINGTON—June 25, 2020—The Semiconductor Industry Association (SIA) today applauded introduction in the Senate of the American Foundries Act of 2020,
legislation that would provide federal investments totaling tens of billions of dollars for semiconductor manufacturing and research to help ensure America's
continued leadership in chip technology, which is fundamental to our country’s economy and national security. The bipartisan bill was introduced today by Sens. Tom
Cotton (R-Ark.), Chuck Schumer (D-N.Y.), Jim Risch (R-Idaho), Jack Reed (D-R.1.), Josh Hawley (R-Mo.), Angus King (I-Maine), Susan Collins (R-Maine), Kirsten
Gillibrand (D-N.Y.), Marco Rubio (R-Fla), and Doug Jones (D-Ala.).

“U.S. companies have led the world in semiconductor technology for decades, but over the years
governments of overseas competitors have offered aggressive incentives for advanced chip manufacturing
to relocate,” said Keith Jackson, President, CEQ, and Director of ON Semiconductor and 2020 SIA chair. “To
reverse that trend and keep America in front in chip technology, we need to invest ambitiously in domestic
semiconductor manufacturing and research. We commend the bipartisan group of bill sponsors for their
leadership in addressing this challenge and urge Congress to move forward with legislation to incentivize
semiconductor manufacturing and expand semiconductor research.”

The U.S. currently maintains a stable chip manufacturing footprint, but the trend lines are concerning. There

are commercial semiconductor manufacturing facilities, or “fabs,” in 18 states, and semiconductors ranked
iorvs fifth ) i : ‘ - .
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Example from Arm Research

Arm Leads Project to Develop an
Armpit-Sniffing Plastic Al Chip

In a quest for penny-priced plastic sensors, Arm and
its partners are demonstrating a stripped-down form
of machine learning III IEEE
|

| SPECTRUM

By Samuel K. Moore

arm
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Example from Arm Research

Arm Leads Project to Develop an
Armpit-Sniffing Plastic Al Chip
In a quest for penny-priced plastic sensors, Arm and

its partners are demonstrating a stripped-down form
of machine learning

By Samuel K. Moore

“materials to systems”
“atoms to applications”

56

Application

Software

Algorithms

Architecture :>

Microarchitecture a r m

Circuits ;

Device
|:> PragmatIC

Process integration

Materials

The University of Manchester
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Example from Arm Research: CeRAM

100nm

Top Electrode

Applied, ARM to develop CeRAM for neuromorphic
applications Memory in

CeRAM element

July 24,2018 // By Peter Clarke 0 Comments

CEm o 0 e

Bottom
Electrode

Logic Transistor

E R I ELECTRONICS
57 RESURGENCE INITIATIVE

UCCS

Semiconductor manufacturing equipment maker Applied Materials Inc. has been UnlverSlty Of U niversity of Colorado
selected by DARPA to work with ARM Ltd. and research firm Symetrix Corp. to British Columbia Colorado Sprlng S

develop a switch that functions like the neuron and synapses of the human brain,
based on Correlated-Electron RAM (CeRAM) technology.

@l University of Colorado Boulder
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DARPA’s Electronics Resurgence Initiative

£ ',g"li ;
- }
% 2025 — 2030
] NATIONAL ELECTRONICS CAPABILITY

\_—‘

Page 3 Investments

IMATERIALS | ARCHITECTURES DESIGNS

oy o |

| JUMP + Traditional Programs |

https://www.darpa.mil/work-with-us/electronics-resurgence-initiative
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Multi-level cell (MLC) memory

RESET (Left) after SET (Right) with varying compliance current

Typical Vigap

Vg(SET)=1.0V

) | Vg(SET)=0.95V
Q
'% I Vg(SET)=0.9V o 300mm wafers
© i Vg(SET)=0.85V *  Sub-100nm dots
QD —
é : Vg(SET)=0.8V ° Low Power
8 : e Speed: <10nS
E : /Vg(SET)=0.75V o
1 - ts s : S Icell_uA
Vg(SET)=0.7V '
| g(SET) ® ieh
: To
:Low

RST_ALL SET_ALL RST_CKBD

Volts
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Correlated Electrons

A true quantum phase transition is adiabatic

Nevill Mott
1954-1971

Resistance (Ohms)

10°
60K 1.8K
103 -/.\-\-\-/-\I\.
10°
] z
2 €
10 —§ . ‘ ‘ ‘ . ‘ . . gas E 0,0 0.5 1.0
10"
—i— On State
—@— Off State
T R e e e B B
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» Voitage (V) Voltage (V)

Hotplate Temperature (°C)
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New physics, new opportunities

Two-terminal

Gated electronic
electronic switch switch (Mott FET) Optical device
{Section 4.2.1) (Section4.22) (Section4.3.1)

Oscillator Metamaterial device
(Section 4.2.3) (Section 4.3.2)
L @,
C, Oxide MIT
T © devices in
T this review
" I =
2um
Memyristive device Thermal sensor Chemical sensor
(Section 4.2.4) (Section 43.3)

(Section 43.4)

Oxide Electronics Utilizing Ultrafast Metal-Insulator Transitions, Harvard, Ann. Rev. Mat. Rsh (2011)
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NVM MLC example

'U_Ecg' University oT Cnlc_)rado

Colorado Sp

il 1
i

Funding/investment Private
_ sector
High Government and GAP
universities >
LDW —eenT
Manufacturing-innovation process
< Lab to Fab >
Basic RO Production Capacity to Capability in Demonstration
manufacturing concapt in produce production of production
research P laboratory prototype environment rates
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MLC is all about variation control
* Best deposition/cost tradeoff?
* PVD, CVD, ALD ...

* How do you etch it?

RESET (Left) after SET (Right) with varying compliance current

Typical Vieap

Vg(SET)=1.0V
Vg(SET)=0,9V

£T)=0.85V
Vg(SET)=0.8V
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Questions

greg.yeric@arm.com
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