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Nanoscale MOSFETSs and beyond
CMOS devices

@ Beyond CMOS Introduction
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Outline

- Introduction to future electronic technologies in the Zettabyte era

- The New Ecosystem of Digital Transformation in Zettabyte Era

- 2022

- Energy efficiency: from devices to architectures

- Cloud and Quantum Computing
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- Edge Artifical Inteligence and Neuromorphic Computing
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- Digital Twins
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INTRODUCTION

1 billion terabytes =

* Introduction to future electronic technologies in the 1 zettabyte
Zettabyte era

- 2022
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WP 1 millon terabytes = 1 exabyte
T et 1,000 terabytes = 1 petabyte

1,000 gigabytes = 1 terabyte
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Iphone & Edge technologies....

- First wireless computer with sensors - Edge of the cloud technologies...

MANAGER
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... for a smarter life: people want it...

- 2017: 500 million edge IoT devices
- 2018: more edge 10T devices than Mobile phones

-2022: 18 billion edge 10T

.2025: 50 Billion Edge 10T devices

11% of the world economy
20% of energy use?!
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Edge-to-Cloud Information Processing
CLOUD

EDGE

- 2022
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What 1s required to compute AI?!

ImageNet 1-k benchmark: gy Audio Analysis: {

FT(1024) ~ 10° operations (5 N log2(N)) ;

90 epochs — with ResNet-50 F 1 i
. Audio Spectrogram /s: ~ 2 x 10% Ops. j

— 108 single precision ops
— NVIDIA M40 GPU = 14 days!

!

The Cloud Wearable
. . Devices
Raw compute power is one thing,

Computational efficiency, i.e.
(Fl)ops per Watt is equally important! g Q

?

~x 10°
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~ 10" FLOPS ~ 108 IPS

Moving data is very expensive!

Source: J. Weiss, IBM.




The Zettabyte Era.. started in 2010!

i One zet#{ébyte 1S -g et{uwalent of 36 OOO;yea. 0 hlgh o )
¥ deflmtion video. ( Ifaas Barnett Jr. Clsco)

o T ’

‘
. "..-

1%’: r'-"-:p
\.%J ‘

- 2022

d CMOS Introduction

! ‘"
, ‘

h ‘\( g
it ‘

Ad
{ %
.

J
%
s
A

@ Beyon

'
)

zettabyté‘f'——{i‘tlﬁ()zl bytes '

A.M. Ionescu




The Zettabyte Era

Storage 277EB

2007 Coms 537EB1

Comp 195PIPS

- 2022

(=)
o
o=
=
S
=
=l
3
o
~
]
(=)
—
n
=
@)
el
(=)
)
=
s
B

Storage 140 ZB
Coms 272 ZB

- 202() Comp 2590 ZIPS

Edge IoT >50 ZB
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Gap: energy crisis in the Zettabyte and loT Era

Global Data via loT Sensors

Global Data Creation is About to Explode 10 LS

[
Actual and forecast amount of data created worldwide 2010-2035 (in zettabytes) ** ‘ \\%
10 \

*
W
102 * \\\\\\\\\\\X\\
10
1 zettabyte is equal to w # Total Data Acquisition by Sensors
1 billion terabytes. ) ¢ Total Human Data Consumption
1 L | |

2010 2013 2016 2019 2022 2025 2028 2031 2034
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Zettabytes

Year

+ 1 trillion loT devices by 2035
with annual growth >20% (© ARM)

Unsustainable
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Sustainable loT deployment

.. Massive reduction of loT sensory node power by ~1000x

. Massive reduction in data proliferation
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Expectations

 Connected Home

( | Deep Learning

: Machine Learning
Autonomous Vehicles
Nanotube Electronics
Cognitive Computing
Blockchain

Virtual Assistants -

|oT Platform B
Smart Rabots . N

s

/

Edge Computing \'\ .
Augmented Data \\‘ e
Discovery

Commercial UAVS (Drones)
Smart Workspace ( )

Conversational
User Interfaces

Volumetric
Displays

Brain-Computer Cognitive Expert Advisors

Interface

Quantum ——
Computing Digital Twin
Serverless
PaaS

56

Human
Augmentation

Neuromorphic

Enterprise Taxonomy
Hardware

and Ontology Management

Deep Reinforcement
Learning Software-Defined
Artificial General Security

4D Printing /N Intelligence

Augmented
Reality

Smart Dust

Peak of
Inflated
Expectations

Innovation
Trigger

Trough of
Disillusionment

Plateau will be reached in:
less than 2 years
@ 2to5years

@ 5to10years

/\ more than 10 years

IoT & Edge Computing
New digital platforms
Human Augmentation
Digital Twins

Virtual Reality

As of July 2017

Plateau of

Slope of Enlightenment S
lope of Enlightenment Productivity

Time

2022
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Incremental reduction of loT sensory node
power with traditional technologies

Industrial loT node size and power consumption: mm3 to cm3 with 100’s uW to 10’s mW.

Silicon = only solution for all IoT Node Devices?  E=| B
» Sensing

»  Processing

«  Communications

Supply Unit

A 4
Traffic Module
- <
g (=}
o 3
B =}
=

mnd CMOS Intrc

o 2

Eody Area

Energy problems @ node level:

Network Ne Network . . .
NFC | Buctooth |80215.4( 80211 802.11ah|802.15.4g LewaN| SBLTE| 456 LIE * No dlgltal data reduction
@ vpo- & @@ Lk p&  Expensive ADC and digital processing

20 @ W e » Expensive data communication

- 2022
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Massive reduction in loT data prollferatlon .

* bio-inspiration ot
* no digital, no ADC - time-domain sp1'
* no sensed bits transmitted - event/ta@@ﬁﬁ 11”’||1'lﬂ1w'-.'

Number of detection events during the day

18

aaaaaaaaaaaaa

t\ - A.M. Tonescu @ Beyond




The most energy efficient loT node

) ) The honeybee
Are Bigger Brains Better?
The brain of a honey bee has 960 000 neurons and is 1 mm? in size.

1 Pomoise _Blue Whal Oce
10000 " Fan \Elephant, ™\, e
Australopithicing | ™~
1 Baboon:\ » C
100 - Crow il S ! i k S
... Opossum . &
_ Vampire Bat_ Rat_ =™y «  Alligator 2y
& 14 Hummin gbird, = = “Coelacanth c p
2 "u,_Mole = < ;
A
E 0.01 -Honeyb%e Coneh u \1‘;:06
2 B
@ 1E-4 Locust
1E-6 -
L]
™ Desert Ant
1E-8 T T T T T T T T T T T 1
1E-6 1E-4 0.01 1 100 10000 Mandibles
Body mass “(g) Current Biology

Current Biclogy

Lars Chittka and Jeremy Niven, Current biology, 2009.

Neural network analyses show that cognitive features found in insects, such as numerosit

attention and categorisation-like processes, may require only very limited neuron numbe

- 2022

A.M. Tonescu @ Beyond CMOS Introduction



Silicon technology @ end of nano-scaling

- Moore’s Law, Dennard’s happy scaling

- Silicon 1s mainstream: 14nm, 7nm, 5nm, ... Inm?

1E-03 "\\0. o Landauer 1988
1E-05 \\ eese kT(300)
~ N Y
‘;: 1E-07 o e % Intel
- *
S 1E09 "N o MRS
c %%, | Rapid Vreduction
; 1E-11 .x..t l Slower V reduction
.E 1E-13 '}\. l Clock freq. plateaus
2 1615 % Vs
2 117 %%
1E-19 1988 extrapolation ——3»
~
]Eiz] AL L A A AL RS EEEEEELE LR} ’.......’1..'.‘.\".......0'..

1940 1960 1980 2000 2020 2040
Year

Theis & Wong, Computing in Sci. & Eng., 2017.

Koomey’s law:

computations per killowatt hour

&
e‘b‘
1.E+16 (9‘% L
aplops
4;\,’ (ng :cgeena
1.E+15 1 46& Dell Dimension 2400
.
QJ . Dell

O

L d
1E+14 1 QeGalawayP:s,TBMHz .8 .
O

£ 1E+13 QO_;'- b’o
E ’ Q % 1BM PS/2 E high * Dell Optiplex GXI
§_ (oﬂ) QCJ efficiency desktop ¢
£ 1 Q(\ c.}
3 ix 486/25 and 486/33
é‘ Q)&. Desktops
8 1.E+11

1.E+10 1

Apple il

Regression results:

N=34

Adjusted R-squared = 0.970

Comps/kKWh = exp(0.4564139 x Year - 881.61658)
Average doubling time (1975 to 2009) = 1.52 years

Altair 8800

1.E+08 T
1975 1980 1985 1990 1995 2000 2005 2010

Koomey et al., IEEE Ann. of History of Comp., 2011.
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Nanoelectronics: ~10nm 3D transistors

Today: 14 nm:
U 40 millions
transistors/mm?

direction - tH i < 10 nm:
U 100 millions
transistors/mm?

TEM image of Si(110),

schematic not to scale
al4

—0 0O 00—
al® O O 0
’—\

a= 5-43A 1*_>| seen as
a/4=1.36A a2 hite spot
ai2=3.84A on TEM img

.|

| <€

1076:‘3 Ir?r_:p\'..."'-_-r.

Virus

Negatively stained Influenza Virus,

usually spherical or ovoid in shape,
80 to 150 nm.

el . pd
SEM HV: 30.0 kV WD: 4.50 mm
SEM MAG: 278 kx Det: STEM BF

View field: 0.994 ym | SM: RESOLUTION
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Stacked nanosheet transistors down to 2nm?

source

Charge can leak through the channel
region and waste power.

FinFET

Surrounding the channel region on
three sides with the gate gives better
control and prevents current leakage.

The gate controls the flow of current
through the channel region.

o———— [Drain

Dielectric

Planar FET

Up untilabout 2011, planar
transistors were the best
devices available.

Stacked nanosheet FET

The gate completely surrounds the
channel regions to give even better
control thanthe FinFET.

oJSilicon OJ Silicon

Silicon
germanium ’
~ g

A superlattice of silicon and silicon Achemical that etches away silicon
germanium are grown atop the germanium reveals the silicon
silicon substrate. . channelregions.

Gate
dielectric |«
o— Metal gate

Atomic layer deposition builds a Atomic layer deposition builds the
thin layer of dielectric on the silicon metal gate sothatit completely
channels, includingontheunderside. . surroundsthe channel regions.

From IEEE
Spectrum,
2021.
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Dark silicon era? Is this so bad?

- We get more transistors, we just can’t afford to turn them all!
Greg Yeric, ARM @ IEDM 2015

One or two walls?

S
N

Power Wall ! é

S5nm 80% Immmm oo ~§
7nm 75% . E
[Onm 56% g §
[4/16nm 45% = ! =7 ©
2 1@, 3

20nm  33% o & 4
| =

I © S

28nm: 0 L= =
(reference) : =

Number of cores




Future kilo-core processors?

- UC Davis’ Kilocore: Bohnenstiehl at al., 5.8 pJ/Op 115 Billion Ops/sec to 1.78 Trillion Ops/sec

1000 cores execute 1 trillion instructions/sec while

dissipating 13.1 W!
1ssipating More cores? What else?

N
N
S
Amdahl’s Law -
20.00 — g
o]
P E
. 18.00 — =
@ / Parallel Portion o
& 16.00 - ———50% <
/ —75% —
14.00 ——90% é
/ —95% 2
12.00 )
5 / e
Processor '§ 10.00 — e
0.055 mm -3 / 1 5;
Transistors |575.000 8.00 = =
Technology gﬂ;é? EMOS Instruction Momoryi 128 x 40-bit / S
T Data Mamory | 256 x 16-bit 6.00 v =)
i Coven {1990 FIFO(0/1) Siz 32 x 16-0i ’ / @
1 m " D
2 Mum, Mams |12 e [I ]‘l = ;?21 o %
SRAM Macro Num. Oscs. 12012 aeTcTon yom 400 v — =
Dia Area B4 mm? Independent Momory // o
Trans 621 M T‘ia Area 0.164 mrm 2.00 j
Cd Bumps  |564 (162 1/0) | [SRAM Macro Size |64 KB <
1676 Pad {VoJFIFO{D/ ) Size |32 x 16-bit 000 f——1—1—F - X — —
| T = o = o = =
446 ym Package |y chip BGA | [FIFO2 Size 16 x 2-b0 82 8 3 8§88 38 8 8 8 é g 8
- (] = -] @ g £

Fig. 1: Die photo of the KiloCore array, and annotated layout plots
of a single processor tile and a single independent memory tile.

Number of Processors




A dark biological brain?

* only about 3% of the neurons in the
brain can be highly active at one time

* visual processing accounts for 44% of
the brain’s energy consumption
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 The brain works with 20 Watts. This is enough to cover our entire thinking ability.
« IBM’s Watson? About 20,000 Watts.




Information processing @ [RiiEitshidomsohli s
100mV?

Analog Signal
N Subthreshold CMOS
Digital Signal R
N
I_] ﬂ Neuron potential by Na+, K+ ion pumps, g
1s in the order of +40mV to -70mV E
Neuron Spiking Signal 5
PIIng =19 Shols & s W B o R & e 5 W @ 0
) s 5 S
||1|:'tl.?rluu & 'a)‘ 5 2
~1OOII1V s o 8> g E
= 53
a3 V- R et w-iﬂ.}-_'ﬂ U,N"—’.'g LPMAAB AR e A b, ) R Ko} 0 {5
£ g
* The coding principles used to represent sensory S 55 |-Treshod__J faied ;
. . . e nifiations ]
mformation in the cortex are not well understood. ) <
» Neural activity is very costly. . ndershoot

2
Time (ms)




Outline

The New Ecosystem of Digital Transformation in Zettabyte Era

- 2022
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Semicons are the best performing industry over the past five years

Through 20 August 2018

5-year

annualized
Fund /[ ticker return (%)
Aerospace & Defense (XAR) 20
Biotech (XBI) 20.1
US Technology Sector Stocks (XLK) 20.2
Health Care Equipment (XHE) 22.4
Semiconductors (X5D) 23

* The industry is evolving to more of a
portfolio model — selling chips into many
different products, spreading returns
across a greater number of assets.

What’s next?

If you were a financier and had $500M to invest in the
semiconductor industry, what segment/technology would
you invest in?

Memory

E Microprocessors

optimized for
New packaging Al and neural

technology networks

Wide band
gap/compound
semiconductors

Sensors/MEMS optimized
for loT and autonomous vehicles

Source: KPMG Global Semiconductor Survey 2017




Al-related semiconductors will see growth of about 18 percent annually over the
next few years, $67 billion in 2025

5X greater CAGR than non-Al applications!

Artificial-intelligence hardware:
the New opportunity for semiconductors

Growth for semiconductors related to artificial intelligence (Al) is expected
to be five times greater than growth in the remainder of the market.

* Al could allow
semiconductor companies to
capture 40 to 50% of total
value: the best opportunity
in decades!

Al semiconductor total Al semiconductor total Estimated Al semiconductor total
available market,' $ billion available market, % available market CAGR,” 2017-25,
%

A

M Non-Al 18-19

5x
* Semiconductor companies
must undertake a new - |
value-creation strate .
. gy 2017 2020E  2025E* 2017 2020E 2025 Non-Al Al
that focuses On enabllng Total available market includes processors, memory, and storage; excludes discretes, optical, and micro-

electrical-mechanical systems

Compound annual growth rate

'E = estimated

Source: Bernstein; Cisco Systems; Gartner; IC Insights; IHS Markit; Machina Research; McKinsey analysis

customized, end-to-end
solutions for specific
industries, or
“microverticals.”

McKinsey&Company




Anticipating what is the real future optimal computing

The optimal compute architecture will vary by use case.

Example use-case analysis of importance

Vv Hardware Backward Small size; Low cost of
ery interfaces compatibility’ form factor development
Somewhat Processing Processing/ Flexibility Technical
D Less speed watt capabilities

required

Language translation,
speech understanding

Face
detection

Financial risk
stratification

Route planning and
optimization

Dynamic

o @ @
Autonomous

NN o

'Can use interfaces and data from earlier versions of the system.
“Graphics-processing unit.

*Application-specific integrated circuit.

‘Central processing unit.

*Field-programmable gate array.

McKinsey&Company

Processing/

$ spent

Training
GPU?
ASIC?

GPU
FPGA®

GPU

FPGA

GPU

GPU

ASIC

Inference

CcPU*
ASIC

CPU
ASIC

CPU

CPU

CPU
ASIC

GPU
ASIC
FPGA

Decentralizing is next!

This 1s the breathing in
and out of the computer
industry.

Edge computing is a
natural next step from
cloud computing.

EDGE
COMPUTING




Automotive: example of future electronics 1mpact

gt

up to
Increasing Computin Power High
90 ECUs ‘. C . /<1 0 performance

computers

Automotive Sensors

[Na\ngaslon, inertial & ] [ i trr ] [ Environmen tal and ]
motion sensors p ensors
celeormeters * Radar:
es short & long range
Lidar

* Torque * Image
* Proximity * Infrared
* Ultrasonic

Miniaturized smart MEMS sensor technologies - more than
200 individual sensors per fully automated cars.

Technology and packaging - more closely related by
automotive requirements from-transistor-to-housing, which will
include multi-domain co-design (chip, package, system) and
high reliability.

Semiconductor power technologies -Intelligent Power
Devices based on silicon or on post-silicon technology (GaN,
SiC) are expected to offer solutions for engine control devices
and vehicle safety control devices.

ADAS systems -a key enabling technology for the
progression of autonomous driving to levels 4/5.

Holistic Connectivity and Artificial Intelligence at the Edge
- the future car = Al Edge device, where the holistic
connectivity and local intelligence/processing will play
increasingly important roles.




Leakage Power & Estimated
Minimum Power Supply of CMOS

- Leakage power due to

incompressible subthreshold swing of
MOSFET: 60mV/dec @ RT

Estimated minimum power
supply for CMOS ~5kT/q ~ 130mV

* U T r[yrrrrrrrprrrorror T T T T T T T T T T T
- Vdd scaling saturated @ ~0.7-0.8V L ' .
e lon 1 Min. Pwr. Suppl. CMOS (~5kTle)  ___ _______] §
%0 1073 : E
S PR - s 1 I . ;
5 = | ] kT/e 8
= BT/ 5 1074 _8[KCoa .- - 3
8 V. q o i -- s Rl e ——© 3 E
c 1/S = exr{ kT? ) does not O ] el el ey :
= [as}
g q scale! \ kTIC { Ave. Log‘lcé " ®
Vaa-Vr 7% == - ] é
O ] .
0 V V LESEREILEE ILILELN ELILI LN L L G DN E LI E JRNLINNL DN NS DN Ll N I L] L :
T dd 45 32 22 16 11 8
Gate voltage, V,, Technology Node (nm)

Ionescu & Riel, Nature, 2011. Theis & Solomon, IEEE Proc., 2009.
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42 Years of Processor Data Hennessy/Patterson

“A New Golden Age”
! ! ' H. Sutter ! b Transistors
B “Free Lunch is Over” i 1 (1000s)
A & A
“First Reconfigurable Wave” Asd A
In Adaptive Silicon, Elixent, Triscend, ‘& A -
Morphics, Chameleon Systems, A a
Quicksilver Technology, Mathstar A A £ “ Single-Thread
— oy AaaTa ~| Performance
A NT x 10°
N A: (SpecINT x 10%)
. F. Brooks PO, -
“No Silver Bullet” Frequency
‘ (MHz)
i Moore's 1
Law 5 i Scali ‘ Typical Power
s ‘ “ v ¥ | (Watts)
TV%y : Number of
A Logical Cores
| PR 00 v -
A = B
A " v
= ‘ * * . *e =
I T T
1
1970 1980 1990 2000 2010 2020

Hennessy and Patterson, Turing Lecture 2018, overlaid over “42 Years of Processors Data”
https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/; “First Wave” added by Les Wilson, Frank Schirrmeister
Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2017 by K. Rupp
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Supply voltage scaling limits in CMOS Era

- 2000-2015, Vpp scaled @ 2kzT/q = 50mV/year, saturated now
- Need ~400 mV V4 scaling by 2025

3

= lop = Cgveff(Vdd - Vth) .
Z 2> _ ~Vin/SS S
g a0 do Ioff = 1010 th/ g
> 2 58 Material CF Ss= —24_ > 60mVidec @ RT :
) = Driven g c§ How to dlog(Ig) g
g15 =T\ Scaling s o achieve , %
o 5 2 5 ¥ . o * New physics / boosters 3
E - I Steep Slope Devices: :
E—O.S 0 { SS <60mV/dec @ RT 5

0
1995 2000 2005 2010 2015 2020 2025 2030

Year




Steep slope switches

- Voltage control of an abruptly and fast switching internal state

- Efficient transduction mechanism A
= | Lo
ON & :
forllfr;l) E QS ~ :5
voltage %
= Loge ~ O :
¥ output OFF L VTNO, VDDNO 2
: N”‘~~~ Output o0 4
Input — :Transd, > ,2 g
voltage I -7 :
( ge) 9 | ’ -

Control voltage




The (inverse) subthreshold slope

- Re-engineering the swing of the FET

_oor, or, oy 1+ C. kT
o(logl,) Ay a(logf) C.. 4q
—_——

- Steep (subthermionic) slope:
m < 1 and/or

n<kT/qlni0=60mV/dec @ RT

by new physics and new device architecture.

m>1, n<60
Tunnel FET

m>1, n>60
MOSFET

m<1, n<60
Hybrids:

NC (T)FET,
MIT FET

m<I1, n > 60
Landau FET
(NC FET,
NEM FET)

60
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Quest for a 100 millivolt switch

- Steep slope devices: a 7,00 of Physics and Technology!

A
o
<+~
5 | T
) | :
z ~ Toff, Ton,
- i :
© ; Ion/Ioff,
50 Ao VDD
dpe !
3 i Speed?
S , - Sp
%D i VDD = supply voltage f
—_ !

<>

Gate Voltage



Tunnel FETs: n <kT/q [n2

* Gated diode, energy filter: Band-To-Band-Tunneling offers sub-thermionic current swing!

« CMOS additive technology boosters applicable for improved performance.

]on ~

T WKB _
tunneling ~—

i-channel

Location

Xp

arN2m' EX

i 3qgh(AD+E,)

n-drain

p-source ji-channel n-drain

Location

Drian current

Ideal switch
_* MOSFET

Tunnel FET

Vip

I

|

I .

I drain

|

I

I

| It

! I”“_ gate
| off* o
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Tunnel FET applications in
foreseeable future

- Heterogenous CMOS-Tunnel FET multi-core processor design: better energy efficiency

- IoT sensors nodes based on Tunnel FETSs:
* Analog/RF Tunnel FETs for energy efficient IoT nodes operating @ 100mV
+ Ultra sensitive new tunnel FET sensors for IoT nodes (<10-100microW/node)

=t
o
. . . B
- Neuromorphic design with Tunnel FETs g
S
Homogeneous CMOS multicore Heterogeneous CMOS-TFET multicore E
OOmEnE —TFET no. of cores —CMOS no. of cores % T %
oy (OO EEE gL B s o ) =
#ofactvecores=N1 |HEEE B 2 - N6 N5 EREER Frequenc; 2 @)
Frequency =11 N mmmE § N2 e LT (N1=Na, f1=14) g
T ¢ mmmnn 3
: 2
domain i i [ J N | ~
EEERE Dim silicon Dark silicon - &
| Dim (2) EEEEE - s e W B B| Dim: higher frequency (5) =
d | = = n = 3]
. o #ofactivecores=N2 [HE O OO EROOO # of active cores = N5 (TFET) 2
Frequency = f2 EECOO0 Frequency =5 f:’
EROO |:|‘ o | —TFET poier per core (f5> 2, N5 = N2) S
[RBOO0| 5| —CcMOS power per core [mEma00 o
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Dimmer (3) gEEm 5 ooog Dim: more cores (6)
g e ha | = # af active cores = NG (TFET)
Frequency=f3 |HEEEB| ¢ = P6 ooooo Frequency = 16
(impractical dueto  |g @ @ @ B Dim silicon Dark silicon gooooo Rt qNQ fay-_fg)
extremely low frequency) | EEE 3 f2=f6 f5 f1=f4 ooo (N6 > N2, f6 =

Frequency (f)




Landau switches: m<I

(a) (c) m¢ (d) ug

L—I Gate |
Insulator I y Tunnel-FETs or Classical

Ve Single Well )
-|; 510, 1 ¥a (Stable) I-MOS Boltzmann Switch ,
it L M1 1 s<60mVidec, Hy=0 S>60mV/dec,Hy=0 5
lbs | Vps g’
Y é
(b) Vo 3 z 1(8) %
C. Two Well 8 g A %
ins (Unstable) o s Hv=0 %
| m=0 o S=0 -
Cox 7T 3 Ve C;
— wg Landau Switches g
C: —< " FE-FET or SG-FET E
’ .
Tunneling or Top of the Barrier n i
E—a Impact lonization {Thermionic Emission)

n<60mV/dec n=60mV/dec




Landau switches: m<I

(b) ‘

mova\ble
Vo — Gate |
Si0; VeT o Air-gap I y
S | Channel : y= Si0, $Va
Vs —| 48 Channel D
lps ' (|
) !DS II Vns

DOI:10.1109/TED.2013.2286997
A. Alam, Prospects of Hysteresis-Free Abrupt Switching
(OmV/decade) in Landau Switches
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Negative capacitance as technology
booster for MOSFETSs & Tunnel FETs

Sub-1 body factor by

negative capacitance:

- Ferroelectric gate stack
- Reduced V,,
- Improved overdrive

- Steeper slope

Can be used as additive
technology booster on any
type of Field Effect
Transistor!

Ferroelectric
5S,,<60mV/ def ld, max hysteresis
/""-_&} . —
= | el
e : 2 | I BN
., I g “cC
= l : = S
0 | BN ‘
= SS =60mV/dec ! |® ;
O mim \
= ‘ | :
© : !
= i C " : Ferroelectric
Q - S}Sref. 1 + _m :
| CFE : dO dP

P IR I BN RPN B C=—OC—

| dv — dE
Gate voltage, V \

A. Saeidi et al, IEEE EDL 2017.
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Hybrid steep slope devices...

- Combine multiple principles of switching in a single device architecture.

significantly boost the weak U

performance of Tunnel FET? TunnelEET

oV oV 0 C kT
S=— e e Ws _qy =y g0
o(logl,) oy dllogl,) ~ C, g
—_— Y v V V
m n ¢’ ™
Jz ¢,
m<landn<1 A
< Metal Gate : VSE | i g
< High-K & cll —_lx. £
p+/n+ . S?U-ﬂiﬂ_ ) ‘7: _______ 2
p-channel o S
Q: can negative capacitance f NC-MOSFET MOSFET 2
Z

log Drain Current




When a metal is not a metal!
Beyond metals, insulators & semiconductors

- Mott insulators: Metal that stops conducting under certain conditions (low temperature or high
pressure), despite classical theory predicting conduction. Flaw in central approximation in band
theory: inter-electron forces are not negligible!

- Steven C. Erwin (Nature, Vol. 441, 2006) - Materials that owe their insulating nature to
correlations in the motions of different electrons.
A revolutionary material for

aerospace and neuromorphic

. = 3 v

10 Lol e Vanadium dioxide, VO,,

] Sad oo undergoes a structural
T ﬂéﬁ;ﬁ; é‘g phase transition at ~68

: § o

] ’ﬁi’.ﬁﬁ.’ Og o
107 5 6 ®5 . C. ..

E The monoclicic phase:

10 bandgap ~0.6 eV.

iil \ = |—'3d" The tetragonal phase:
104-3
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Sub-unity body factor with with phase
change device architectures...

Phase change materials as steep slope

booster - internal amplication in source config.

IMT material
Insulator Metal = gV
0/ ele Fre 19,9 @ g 4
s b
e n . @ ampliication g™ g 0 ©
4 1 f
elele ¢ orem | :
v

.ocalized electrons  Delocalized electrons

ws«mr#
IMT 102
material Phase Change TFET
VDS =-2V
104 T=55°C
Hyper-FET _ 105 o
L <
| v
% l‘ _o P Vm o
I 10 !
=| I | | 8<<60mV per decade G '_+
8| 1+ 1/ (abrupy) S
o 107 \‘ vo,
[ I S 60 mV/dec
10®
-4 -35 -3 -25 -2 -15 -1 -05 0
Ve W)

N. Shukla et al., Nature Comms., 2015.
W. Vitale et al., Scientific Reps., 2016.

vdW MoS,/VO,

FieldEffect Transistors

GATE

Multilayer MoS,

» Ultra low Ioff hybrid junctions

* N-N junction switchable into Schottky
junctions

» 2D/phase change FET with steep slope

N. Oliva et al., IEDM 2017.
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Sustainability of materials and processes

In the earth’s crust vanadium is a rather abundant e

IMT/MIT materials: It shows a concentration of just under 100 ppm.
choices for the future...

Contents lists available at ScienceDirect

e
Waste Management =
10.- | -VOX 10_4 journal homepage: www.elsevier.com/locate/wasman 2]
B-Cu V,0, o, i
Bmvo B
2 l Li,Ru0, xAF 2 . . e . . . N
10°- ISmNIO, H |:|RN|°3 10 Vanadium sustainability in the context of innovative recycling and )
-E- 1| La, Sr CoO, 5 MFeO, L = sourcing development e
Other oxides
vV 10°- | vsos I L10° E M. Petranikova *, A.H. Tkaczyk ", A. Bartl ©, A. Amato®, V. Lapkovskis , C. Tunsu®
G I TI o Er“lo L *Chalmers University of Technology, Department of Chemistry and Chemical Engineering, Kemivagen 4, 421 96 Gothenburg, Sweden
' | 273 3 LuH.o - c " University of Tarty, Institute of Technology, Ravila Street 140, 50411 Tartw, Estonia
Q \ / 3 — ETU Wien Institute of Chemical Engineering Getreidemarke 9/166. 1060 Vienna, Austria
107 U H PU0 O e b, St tobomiry of o i & e of Ao 5 Kt i 1o 110 108 g, Lt
Table 1
/ Mb@l B S:pply risk of selected critical elements and their concentration in the upper continental crust, Earth’s cust, and seawater.
104 ::: GdNIO, J YNIO Dy loa I] L104 Element Supply risk® Upper continentEC.al crust’ Earth's crust [ppm]”
3 = m) o m]
EUNIO, HoNIO, I 1 | 8 e o
n y A
- NdMnO,'NdNIO, 8-K V,07 Na0s0, » ., 53 ie s
; A H ) . . L A " Ge 19 14 14
0 100 200 300 400 500 600 1100 w 18 19 13
Be 24 21 38
T., metal-insulator transition temperature (K) s - is X
Hf 13 53 1
Nb 31 12 20
Co 16 17 18
Ga 14 17 19
v 16 97 20

" threshold for criticality: =1.0; (EC, 2017a).



Silicon Technology:
a 3D migration into the future?

- High-performance, 3D integrated # technologies

/A Major innovations saturate within a decade...

N
N
S
N

Nanowire devices,
3D multi-chip stacking &
Photonics

3D Devices &

L
: (=]
: 5]
- 5
. —
: g
2 + [ 3D chip stacking :
ﬁ . Adv. Power Mgt E
= : z
@ : :
3| . 5
: g
c . 5
: e m
S Planar CMOS w/ *
E material & memory «
o Planar CMOS innovations .
[ ]
[ ]

A.M. Ionescu @

Bipolar Gate Planar Atomic

Power Oxide Device Dimension
. P Limit oLimit Limit
Bipolar  Limit

B - 1 i
1980 1990 2000 2010 2020 > Source: IBM




3D 1ntegration with ultra-dense
connectivity: N3XT concept

Experimental Demonstrations
(a) 30 RRAM (Massive Storage)

N3XT 3D Nanosystems
Computation Immersed in Memory
000X EDP Benefit

- Computation
Immersed 1n
Memory

I..- e .-." ; ::=
. ]_OOOX EDP [ () STT-MRAM {Quick Access)
benefits m
. C an serve [ [c) Eficient Heat Removal Soluo
abundant future TV Lq
data applications T
- Top active layers: | el |
CNT or 2D FETS [(2) SiFnFET + SiSiGe Nanowire FET

VR

- 2022

(CNT Computing Logic) CNFET Access Logic

Monalithic 30 Integration

* Dense connectivity using nanoacalevias

* Enables >1000X EDP benefits inabundant
data applications (e.g., deep leaming)

Experimental Demonstrations
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N3XT chip with CNT transistors

40 - beyond” CMOS SI-CMOS

high performance
® GpnJ - ®

ITFET @

NCFET o @ VOWFET
® @ EXFET

4 TMDTFET S |-C M OS ® HetJTFET

® low power
® ® nrTFET
PiezoFET s nTrET @ 9

@ & rhintFET CNFET-

HomJTFET =9 > 1x EDP benefit
@ BisFET ® -

oab T [petered
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Outline

Cloud and Quantum Computing

@ 0

Q1
Classical Bit

Qubit
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It’s the 1940s again...

Quantum Computing is an immature technology but...

an entirely new category of hardware that has its own strengths, its
own weaknesses, and a huge potential for powerful apps...

N

' 4 4 "ty

" A DISCONTUINITY!

A.M. Ionescu @ Beyond CMOS



Qubits

What is the principle?
a small number of particles in superposition states can carry an
enormous quantity of information:

1,000 particles in superposition 21000 (~103%) numbers
and QC can manipulate these numbers in parallel.

challenge: measure and pick-out one possibility! @milliK!/

What type of computational problems? [¥) = al0) + 5]1)

= factorization or simulations of quantum physics! a superposition of both
How many qubits are needed for a computer? states at the same time
= Tens of thousands to millions

Existing technologies?
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» trapped ions, electron/hole spin in semic., single
dopants in silicon, nitrogen-vac, in diamond




Quantum computer architecture...

Bitlines —> BAA\saae

Word lines —»

Transistors > Tﬂligi r”'F .',u

Floating
gates

Qubit artray —— Qi Qjsy 2

- 2022
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Technologies to read-out qubits

A gate-addressable quantum dot CMOS qubit device on FD SOI
qubit in isotopically engineered
silicon with SET readout a Basee |

a Electron reservoir Quantum dot qubit b

- 2022

Source
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M. Veldhorst et al., Nature Nanotech, 2014. R. Maurand et al., Nature Coms., 2014.




Outline

Edge Artifical Inteligence and Neuromorphic Computing

- 2022
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Energy efficient autonomous sensor nodes
for Internet of Things

100 microWatt — 10 mW Smart hub: 100mW - 10W
/ sensor node (tens of sensors /hub)

HEART RATE

McCU
5%

PM
25%

RESPIRATORY | EMOTION TEMPERATURE

//’_—\\\
] 3
— g RATE ESTIMATION
7 dio g o
DsP - 2 8 el
Senso -
and R- t icro/na op.ower rvester
19% [
Radio
50%

ADC

Source: IMEC
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Key challenges for biosensors

3. Portable (or wearable)
imaging device is used to
interrogate sensor as neededr

- Wearable biosensors: ECG, EEG, EMG

SpO2, blood pressure, pH, glucose, various e
analytes in biofluids, ... e

1. Sensors are injected
using a minimally

invasive technology

V ’f
2 @ Intra- and extra

- Organs on Chip with embedded @

sensors! BRAIN

. Implantable sensors and transducers

- 2022

Requirements

* High quality data - multi-parameter sensing
* Form factor - frictionless

* Autonomy - low power, energy efficiency

* User acceptance - data security, privacy

* Low cost systems — 3D, on foil integration
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Edge Al sensors: from conventional to cross

sensitive sensor arrays & dynamic signatures

Conventional chemical sensors

Chemical Sensor
species array

Interaction e Transduction

A \x\:u > Response
d |

B " *» Response

G E e e »\— Response
D e +(>——— Response
R — »( )——> Response

* 1:1 interaction between analyte and sensor

» Value lies in each specific sensor element

» Challenge: Sensor element development,
cope with interfering analytes

Cross-sensitive sensor array

Chemical Sensor
species array
Interaction Transduction
=, >
B <
Chaetne > Response
<. <
_,«;: e
et

= Analyte interacts with multiple sensor elements
= Value lies in the dynamic response to chemicals

» Challenge: Design and training of sensor array,
pattern recognition / machine learning

Source: J. Weiss, IBM Zurich Resaerch, Tutorial @ Transducers 2019.
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Bilosensing with computing technology

- From metal-gate FInFET to liquid-gate FInFET biosensor

° . 1E-6 I
Liquid gate —pH3 —  Metal FinFET 1% 5L

—PH4 - - r Hf02 N

pH5 1 1E-7 S 16 F of* N

1E-7 b PHG f '__'E I Avth = 57 mV/pH . C\.]

s Jies >Mr » g

< [ _EHQ g 14 \G\JS)(’e é

— ——pH10 {9 8 ] oY g

g 1e8y 3 g 13p ‘{\‘Y‘ E

5 {iE10 312 -‘{ﬁ% z

2 Al % 11 SloZ %

§ ol P Bl AV, =30mVpH o 8

P £ 7l _ &

g0 Jie2 Fogl /J/,./' 3

1E1D'V‘,=?00mV L L . 1 08 - - =

= : — * * 1E-13 ’ [ RRPR TR R . . S

0.5 1.0 15 2.0 25 3 4 5 6 7 2

w0

Reference Electrode Voltage, V,, [V] pH 9]

=}

=

<

S. Rigante et al.,
ACS Nano 2015.




Wearables: bio and environmental co-
monitoring for air and water quality!

. . . &
Environmental related diseases: | e

- RESPIRATORY INFECTIONS: more than 1.5 million deaths annually

from respiratory infections due to environment.

- CANCER: environmental accounts for an estimated 31% of global lung cancer
burden.

- CARDIOVACULAR DISEASES: 2.5 million people die every year from
cardiovascular disease attributable to chemical and air pollution.

- DIARRHOEA: about 1.5 million deaths per year from diarrhoeal diseases; CNT Gas Sensor
88% of all cases of diarrhoea attributable to water, sanitation and hygiene. e

- 2022

- MALARIA, INTESTINAL NEMATODE INFECTIONS, HEPATITIS B
and C, TUBERCULOSIS, etc.
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Context driven wearable technology

- 2022
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Frictionless sweat sensing

- An emerging frontier for wearable biosensors

TABLE II. Typical concentration ranges for common biomarkers in sweat versus blood, plasma, and/or serum with sub-
scripts indicating particular fluid (b—blood; p—plasma; s—serum). Please see appropriate sections for all references

related to each biomarker.

Partitioning and sweat rate Concentration range  Concentration range
dependent (SWD) or mainly (mM) in sweat (mM) in blood,
Biomarker independent (SWI) at surface plasma, serum References
Sodium (Na™) Active—SWD 10-100 135-150, 55, 88
Chloride (C17) Active—SWD 10-100 96-106, 55, 89
Potassium (K Passive—SWI 4-24 5-6 1,2,90
Ammonium (NH,™) Passive (amplified)—SWI 0.5-8 20-50x < sweat 1
concentrationy
Ethanol Passive—SWI 2.5-22.5 ~2.5-22.5, 67
Cortisol Passive—likely SWI 221 x107° 124 x 107* 32,69, 72
-3.86 x 107* 4.0 x 107%
Urea Various, not confirmed 2-6 5-7, 1,2,76,77
Lactate Generated by gland—SWD 5-60 1-74 23,25,78,91
Neuropeptide Y (NPY) Various, not confirmed 1.88 x 1071° 1.41 x 1071° 83
-6.82 x 1071° -6.11 x 10719,
Interleukin 6 (IL-6) Various, not confirmed 291 x 10710 215 x 10710 80, 83
—6.54 x 1071° -5.69 x 1077,

Epidermis

Dermis

Subcutis
(hypodermis)

% — Nerve Fiber

y— Sweat Gland

Dermal Papilla
- Sweat Pore

i Sebaceous Gland
Pacinian Corpuscle

Vein

Artery

Hair Follicle

A.M. Tonescu @ Beyond CMOS Introduction -




Real-time sweat analysis with Lab On Skin™

- Embeddable unique Xsensio’s Lab-On-Skin™ electronic stamp technology:
minute by minute non-invasive multi-biomarker sensing

g » Ultra-low power UTB SOI ISFETs:
Lab on Skin T <50nWatts/sensor
SU8 (wafer #2 S\ « 52mV/dec for pH, -37mV/dec for Na+
' =S : | \ & K+, lactate, cortisol
Zero energy microfludics

- 2022

Inlets &
ufluidic channels

\

pfluidic pumps

_____

A.M. Ionescu @ Beyond CMOS Introduction

Electrodes (QRE)

FD SOI (wafer #1

F. Bellando et al., IEDM 2017.



Towards sensitive

Electronic ‘““skin” can monitor heart

An ultra-thin electronic device that attaches to the skin like a stick-on
tattoo can measure electrical activity of the heart, brain waves, and other
vital signs without the bulky electrodes used in current monitoring

Epidermal Strain gauge  EMG: Electromyography
electronic sensor to monitor electrical
system (EES) activity in muscles

Skin

Polyester,
thickness
of single
' human
hair
ECG: Electro-
cardiography
sensor to
monitor heart
activity

Source: Science P
& GRAPHIC NEWS

Body
temperature UVA G Ve Lactate Water
UIVA & UVB dose — intensily sensor  detection getection

SENSOr ]
Sensor

Chioride
— detection

OH
detection

1 — Glucose
— VA dose detection

sensor

VA cose
sensar

UV EXPOSURE & TEMPERATURE PERSPIRATION & BIOCHEMISTRY

1ostamps & tatoos

NFG chip

BLOOD PRESSURE

John A. Rogers, Science, 2011 & IEEE Spectrum. 2015.
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Neuromorphic computing: what is and what 1s not?!

Computational efficiency of
various technologies

Goal: build computers that learn and
generalize in broad variety of tasks, much
as human brains - Todd Hylton

Cognitive computing:
BRAIN = COMPUTER
THINKING = EXECUTION OF ALGORITHMS |

A neuromorphic computer is not a brain but
a brain-like energy efficient system to
do machine learning & Al

|

Power Efficiency Scaling
1OMMAC(sYW —|— 1stDSPs (1978 - 1981) A 4
100MMAC(S)W —— £
%o
IMMAC(/symW —— g §-
| Energy Efficiency wan Y
IOMMACGsYmW (bitiopus) A _
100MMAC(/s)mW —— < E;i
To
IMMAC(/S)uW —— EF !
Y&z
Analog SP
'OMMACUSYOW =1~ . Analog VMIM) [==1 & ”
100MMAC(sYoW —— S8 %
g3
_ | Can Neuromorphic (=1
IMMACUs)aW techniques enable %'8 g
OMMAC(synW —|— ™Provements? | S & | | 2
02 o
3|z
100MMAC(/synW —— § g. %
w Eo
IMMAC({/s)/pW —— (<) Biological Neuron Y
MAC = Multiply-Accumulate Instr.
.J. Hasler, B. Marr, “ Frt. Neurosc., 2013
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Tremendous recent progress in
neuromorphic computers...

* Key feature: fundamental reorganization of memory and

processing (co-location).
* IBM’s TrueNorth (DARPA’s SyNAPSE project)

65 mW real-time neurosynaptic processor, 4°096 neurosynaptic cores
tiled in 2-D array, 1 million digital neurons and 256 million synapses,
with computational energy efficiency = 400 GSOPS/Watt.

* Intel’s Liohi (September 2017)

130°000 neurons, 130 million synapses

- 2022

F. Akopyan et al.,
IEEE TCAD, 2015

Potential future applications:
cognitive prostetics, BMI, wearables,
smart in situ imaging facilities.

A.M. Tonescu @ Beyond CMOS Introduction
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Digital Twins as mainstream technology for digitalisatic

— | e—— | e— ) S—| = - digital replica of an object or a process i
VI ¥ 7 the physical world...

MY DiGITAL TWIN «f

k)

0S Introdué:f;n;h - 2022’@“-




One source of truth...

Three main purposes to implement a DT:

- APRODUCT Digital Twin — to guarantee reliable design in product development and improvements.

- APRODUCTION Digital Twin — to improve production planning and manufacturing.

- APERFORMANCE Digital Twin — to capture, analyse and act on data while an asset is in operation.

Physical Asset

Operational
History

Maintenance
History

Real Time

\. .. Operational Data

FMEA
CAD Model

FEA Model

Fleet Aggregate
Data

Digital Twin

Physics Based Models
+ Statistical Models
+ Machine Learning

Key components:

MODEL

TIME SERIES DATA
UNIQUE IDENTIFIER
MONITORING CAPABILIT

- 2022
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Expected benefits

- Enhances efficiency and productivity:

L Using digital twins, businesses no longer need to fully experiment with physical objects to improve processes.
I Don't need to halt ongoing processes and can simply run simulations in the lab to understand the risks and benefits

- Reduces product quality issues:
[ Digital twins simulate different “what-if” real-world scenarios

- 2022

- Lowers maintenance costs:
U Digital twins predict maintenance failures via simulation models that capture information about various risk factors
L They save costs, improve equipment reliability, reduce downtime, and extend the equipment life span.

- Improves employee training:
LI Employees can be also trained to handle equipment that isn’t physically close or is too costly to be given hands-on training.
[ Digital twins can recreate real-life hazardous situations to train employees.

‘What about Digital Twins and Sustainability
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Can Digital Twins Transform Cities Environment in
_amore Sustalnable way?

i . City= A complex case of systems -of- systems the DT needs to
incorporate the data from the physical twin in real time to model

real worldprocesses g -:;h:if,
/ 2 ' . . Jj i |

- Recentdevefopmentsﬂp sensors wweless communications, and S
F |

j probesserS/enabIed Smart Cities Digital Twins.
ol T e S - - g "‘* -‘-I IEH »r"fl'i,a? -
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Digital twins for smart batteries

« https://www.ge.com/news/reports/scientists-built-a-digital-twin-of-a-car-
battery-to-make-it-last-longer

- shrink the battery size, shave production expenses by 15%, all while
maintaining long-term re. i o . .§
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Battery digital "passport”
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sustainable transition
to a green economy

Digital twin-based
platform for optimal x
use at the end of

ervice

<
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...Batteries are expected to reduce power
and transport sector emission by 30%

w11 million metric tons of batteries will

.

reach the end of their service lives



System-of-Systems need Digital Twins: the F-35

- 200,000 parts made by 1,600
suppliers

- houses 3,500 integrated circuits
- >20,000,000 lines of software code.

- designers face hugely intricate
hardware/software interaction and
interactions at the system level across
multiple domains—mechanical,
electronic, thermal, etc.
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Digital twins of performance

Siemens manufacturers implement the in conjunction with lloT to eliminate the unknowns and make near real-ti
production optimization decisions.

The performance twin involves capturing and sending back live performance data of the production line and of prt
itself, at a customer location. This near real-time data allows engineers to determine if the production line and prog
behave as they were intended. If not, this information will quickly drive actionable insights and informed decision
making back into the product and production line design.

- 2022

Digital twin Digi
production

Closing the loop to optimize

decision making
Insights from performance with MindSphere

 Validation —_—
Ideal Real

production sty product
. .\ Automation
T ISSIOI‘III’]

A.M. Tonescu @ Beyond CMOS Introduction

Continuous improvement

Collaboration platform



Digital Twins of All Humans
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Reactive healthcare is unsustainable
Digital twins will apply to peopletoo
v+ Towards a more sustainable Personalized, Preventive and

“Participatory (P3) Healthcare | P

y /




The missing link...

... for breaking barriers between
Medical Knowledge Creation and
Medical Knowledge Application

... for creating the triangle
Citizen — Human Avatar — Clinical
Professional

... for a sustainable healthcare in 215t
Century

- CLINICIANS, & 2 :
PHARMA. | CLINICAL

PROFESSIONAL @

MEDTECH

MEDICAL KNOWLEDGE MEDICAL KNOWLEDGE

CREATION | APPLICATION

PERSONALIZED
THERAPIES & DRUGS,

PREVENTION, [ SECURITY
M BEHAVIORALSCIENCE  JB PRIVACY.

ETHICS
STANDARDS

CITIZEN - HUMAN AVATAR -
CLINICAL PROFESSIONAL -




Today our technology can predict weather...

SENSORS > BIG DATA > MODELS > COMPUTING > WEATHER FORECAST

» JISTORMTRAC

Name: IRMA
" — Location: 16.9°N, 59.1°W
J n 8:00
g Wind: 185 mph

"-; Movement: W at 14 mph

est IEII Sat 8:00 AM EDT Pressure: 926 mb
4 - 150 mph

- 2022
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Re-thinking the future of P3 healthcare with D

« What's the real opportunity for future Digital Twins in P3 healthcare?

$7.2tr

Diagnosis Prevention .
Creation B — Wholedife The value of NOT being
earlier stages, » tracking,
saving lives and management and

money

The value of being sick




DIGIPREDICT FET Proactive: Digital Twins @ the Edge

o5
ﬁ\/ ] « Early detection: High risk COVID-19 patients can be
"Bed  identified from Digital Fingerprints

- 202¢

 Personalized therapy: Supportive therapy and refer
decisions can be personalized to patients with highes

A new Digital Twin tool for P3 Healthcare: empowe
citizens and medical doctors with a new assistive ang
predictive healtcare tool.

» Build a Digital Twin community in Europe.
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MICRO & MACROVASCULAR DYSFUNCTION

e !

ARRHYTHMIA HEART FAILURE ACUTE CORONARY
SYNDROME

SIsd3s

A.M. Tonescu @ Beyond CMOS Introduction

i 4. MULTI ORGAN DYSFUNCTION




The DIGIPREDICT concept
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DIGIPREDICT biomarker smart patch

Develop sensors co-integrated with MEMS [T T e
needle arrays for collecting ISF and ot 1
detecting biomarkers for cytokine storm : " :
- Multimodal sensing: inflammation proteins

- Dynamics of change/monitoring

- Near real-time monitoring

- Wirelessly connected

- ML algorithm & visualisation interface ' o0
X
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Next generation wearables: re
hormone in biofluids
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Perspective: Sustainable Development Goals

* Possible ON LY Wlth

two key digitalization components:

loT and Digital Twins!

 Sustainable chips & software

nature | .
sustainability

PERSPECTIVE

https://doi.org/10.1038/541893-022-00923-7

Potential and limitations of digital twins to
achieve the Sustainable Development Goals

Asaf Tzachor 2%, Soheil Sabri®3, Catherine E. Richards'#, Abbas Rajabifard® and Michele Acuto®*

Could imulation models drive our ambitions to sustainability in urban and non-urban environments? Digital twins,
defined here as real-time, virtual replicas of physical and biological entities, may do just that. However, despite their touted
potential, digital twins have not been examined critically in urban tainability di t least in the Sustainable
Develop t Goals fi k. Accordingly, in this Perspective, we examine their benefits in promoting the Sustainable
Development Goals. Then, we discuss critical limitations when modelling socio-technical and socic-ecological systems and
go on to discuss measures to treat these limitations and design inclusive, reliable and responsible ¢ ter simulations for
achieving sustainable development.

Target 16.10
Adoption of

open-data principles!

in digital twins and

attributing land tenure’

rights to ensure

Target 14.1

Improve oil and gas and
seabed mining operations
1o prevent marine poliution

Target 13.1

Predictive models for
disaster risk reduction
in criical systems

Target 12.5
Generate scenarios
and strategies for
waste management

Target 10.6
Ensure ICT
resources are
available for
developing
countries

Target 17.9

Improve scientific Target 1.5

and policy Explore climate-

partnerships change-resilient

between diverse pathways in urban

stakeholders infrastructures
and services

17 ronneaons

Target 3b

Digital twins of
vaccine production
processes

Target 4.8 ,

Simulation§as
iy educationghlools
4 Socmon in future lesming

I!_ﬂl environmegs
Digital twins .
for the SDGs
Target 5b
Inform

staketmoide:
on ICT develepment
avwwe;g:mien

Predictive maintenance ai
sustainable refurbishment
of water infrastructures —

Target 8.4

Target 8.4 Develop industrial
Promote circular ecology business

models across
industries
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Conclusions

- Energy efficiency technologies form the next driver in the zettabyte era.

- The future of computing will be hybrid, with CMOS, neuromorphic and
quantum computing serving the edge, fog and cloud.

- 10T, combining computation and sensing is the basis of a new industrial
ecosystem and new business.

- Technology-data-algorithm interactions will generate new innovations and
progress in Al

- A revolution in personalized, preventive and participatory healthcare is
coming via nanotechnology and artificial intelligence.
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