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Close-up of ATLAS pixel detector. installed in 2007
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A standard future collider detectors talk in 5 slides
(mostly stolen from recent talk by Petra Merkel)

Meanwhile, the CHIPS act and the end of Moore’s Law
* And generative Al, which is closely connected

What is co-design? (in the context of CHIPS)
Changing our design paradigm

What will you do with new technology?
Conclusions

(Shameless plug of NIM volume on Microelectronics in HEP)
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@?82%’1‘&2?2? Future Collider Tracking Needs :_%

Tracking Detectors

TRACKING e | cuic | Fcc-ee | FCC-hh | MuC |

Detector ReqUirementS: spatial precision

low mass

low power

* driven by low mass and high rates
h|gh gl’anU|al’ity ultrafast timing
requirements

GAS TRACKERS ILC | CLIC | FCC-ee | FCC-hh | MuC

* increasingly moving to 4D low X0
tracking (throughout, or ion backflow (TPC)
dedicated timing layer) high granularity

dE/dx

February 29th, 2024 Detectors for Future Colliders — Petra Merkel (Fermilab)
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State-of-the-art: ALICE ITS3

A truly cylindrical vertex detector

300mm wafer-scale MAPS fabricated from smaller
chips using stitching

* Silicon thinned down to <50um making them flexible; bent to
target radii

* mechanically held in place by carbon foam ribs

Silican
- Water = mean = 0.05 %
Em Carbon

Extremely low material budget: 0.05% X, <0

EEm Kapton

homogeneous material distribution E ' - e

Silicon

cksin|pg| <1

X{Xq (9] for tra

Planning to use air cooling (~8m/s)

To be installed during CERN LS3

30
Azimuthal angle [“]

February 29th, 2024 Detectors for Future Colliders — Petra Merkel (Fermilab)
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@ 2753505 Everyone can make use of fast timing  eereer

4D Tracking

100-1000 ps ILC, CLIC

* 4D tracking: assign spatial and temporal 10-100 ps FCC-ee, MuC
coordinate to a hit

<10 ps

Many time coordinates per track yield better
performance, but require much more

complex readout systems (=power)

Some applications will be ok with limited set
of timing points

Power and cooling will determine 4D
architecture (how many layers?), pixel size
and temporal precision

February 29th, 2024 Detectors for Future Colliders — Petra Merkel (Fermilab)
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Calorimeter Choices

Solid state Scintilling Crystals Fibre based r/lo Gaseous Liquid Noble
tiles/strips (including DR) Gas

HL-LHC (>LS4) 2030 v v

SuperKEKb 2030
(>2030)

ILC 2035
CLIC 2045
CEPC 2035
FCC-ee 2045
EiC 2030
FCC-hh (eh) >2050
Muon Collider > 2050

Fixed target “continous”
Neutrino Exp. 2030

iIn most cases, final choices still to be made

February 29, 2024 Detectors for Future Colliders — Petra Merkel (Fermilab)
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BE An official website of the United States government Here's how you know v

a :
280B for manufacturing

CHIPS FOR AMERICA 13B for semiconductor research
174B for public sector research

(authorized, not appropriated)

CHIPS

for AMERICA

Learn more about a funding Find out abo
opportunity for the CHIPS NAPMP opportunity Find Funding & Apply v Manage Your Award v
Materials and Substrates R&D supply chain

Funding Updates

R&D Funding +
Opportunities

Inerantivar Cundinea

“ ENERGY.GOV SCIENCE & INNOVATION

ENERGY ECONOMY

CHIPS and Science

Department of Energ)y [ . .
On August 9, 2022, President Joe Biden signed into law the "CHIPS and Science Act of
2022." The act authorizes historic investments in curiosity-driven, exploratory research and
use-inspired, translational research. These investments will advance the most innovative

The CHIPS and Science Act: A Game- | ‘ e e et
Changer in its First Year Cotaions o oy chalenges and tomorronrs — o speea amtseter

AUGUST 10, 2023

(P5 report referenced)

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 9
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@ FORPHYSICS Context for where we fit in Q

TSMC yearly wafer production (50% of the global production)

For HEP

For healthcare

R

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 10



ASPEN CENTER ' #
@FOQ PHYSICS Let’s take a poll 5;—’%

What technology applications outside of HEP do you work on?

https://wall.sli.do/event/4tXP5F8BRPMAarzUoCfMfCx?section=ba952af7-e655-43f8-b31c-0a5022720aac

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 11


https://wall.sli.do/event/4tXP5F8RPMAarzUoCfMfCx?section=ba952af7-e655-43f8-b31c-0a5022720aac

ASPEN CENTER

>

| \
- - rr/r—rr\rrl n
FOR PHYSICS History of computing ’N
BERKELEY LAaB
1“1!
HUMAN
- BRAIN
ELECTROMECHANICAL SOLID- VACUUM  TRANSISTOR INTEGRATED CIRCUIT G
STATE TUBE m— Chat PT
100 b RELAY o
cun.r_nnum‘ MOUSE timing not an
BRAIN ;
g1 ®one 2000 accident
o rhdergel We are at an
3 PENTIUM ll' _ _
g0 |- PENTIUM II S Interesting point
COMPAQ DNA o
-] DESKPRO 386 COMPUTING? In time
S10° |-
o ALTAJRuon PENTIUH
- IBM 1130
& 10+ |-
& — PDP p |su AT-80286
z IBMPC
T
< UNIVAC | Ec APPLE Il
> PDP-10
i‘ 0 L L 1 1 1 1 L 1 A1 L 1 1 1 1 1 1 L 1 1 1
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IBM
L o TABULATOR BM ssec  'OM 704 . :
HOLLERITH This piece is Moore’s Law
TABULATOR ’
= 8‘ BELL
104 ’ NATIONAL CALCULATOR
ELLIS 3000 i © BCA Research 2013
! ANALYTICAL ENGINE
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SOURCE: RAY KURZWEIL, "THE SINGULARITY IS NEAR: WHEN HUMANS TRANSCEND BIOLOGY", P.67, THE VIKING PRESS, 2006. DATAPOINTS BETWEEN 2000 AND
2012 REPRESENT BCA ESTIMATES.
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World's energy production

'‘Market dynamics limited' scenario
1,000 ZIPS max

fun fact, the brain
also consumes 20%
of the body’s power

1a)/bat

Compute Energy in J/year

0.01 ZIPS i
18 | . = . Big technology
s o a‘\.,-\@ shift will happen
e In the time
100a)/bi @6@ frame we'’re
& S talking about
o

2010 2020 2030 2040 2050

Semiconductor Research Corp. Decadal Plan for Semiconductors

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 13
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ASICs ( pplication pecific ntegrated ircuits)
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February 29t, 2024 Detectors for Future Colliders — Petra Merkel (Fermilab)
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= e technology shift

Future Semiconductor R&D

Report of the Office of Science Workshop on Basic Research Needs for Microelectronics, Oct 2018

* A new paradigm is needed to advance computing:

* Innovations in materials, devices & architectures
driven by applications

Co-design &

$ o
il 1 g
co-innovation 22 8 -
3z H
More capable & 3 J
Investment

efficient systems

K Global impact /

& market growth

™ 1 1

Mar. 28, 2024

Collider Detector Challenges — M. Garcia-Sciveres

slideo.com 3393171 15
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Co-design = the technology stack Is

suddenly the problem

Application

]
| \
Frrererer ’m

= S o
'E 5 Programming Language g
r 0o
=E.' - Assembly Language s
S| & @
s| s Machine Code
| 5| 3
How electronics are 5| 5
developed, made, el 2 o
w (7] L1-]
and used. S| 8 =
= 2 : . S
=| = Devices (Transistors) =
¥
Layers of Abstraction
It combines independently optimized pieces instead of performing a global optimization
And that misses opportunities for increased performance
Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 16



@QSEE&.%%T&ER Systems and Interfaces

Subsystem 1 Subsystem 2
: > -~
énhﬁqﬁfg/ ;/\t/g::](s > P— -« B harl]ppily works
| | I : on this system
\éwth(_)lut l;nrO]WInghthe -l R S— without knowing the
etails or the other < = details of the other
T
— 2
—> —>
—> —
-

The interface ensures 1 and 2 will work together
BY IMPOSING CONSTRAINTS

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 17
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CoDesign and Interfaces

If A knew the
detalls they may
make different
choices

.
- E—
- E—

R =
.

4>
4>
R

INTERFACE

>

| A
Frrererer ‘m

Mar. 28, 2024

Collider Detector Challenges — M. Garcia-Sciveres
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@?SEE&%T&ER A HEP example from the RD53 chip :l

Architecture development Design implementation
Data compression of | <« | The chip readout with
pixel addressesused % < Pipelined processing
a binary tree: a simple 3 : needed a lookup table,
algorithm a humancan — > <« hotan algorithm.
easily remember and ~
Implement in C++ >
N
47

Given the information that address compression is implemented with a lookup table,

A more efficient compression than the binary tree encoding can be found in an afternoon.
But by then we were stuck with the binary tree codes.

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 19
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= ‘-f“'ﬂ WIKIPEDIA Q_ Search Wikipedia Search T Ay
Yn : The Free Encyclopedia lx}:_‘ ‘_.Q‘
oo o . - . X .
Optics EXpress vol. 18, issue 6, pp.5861-5872 (2010) - https://doi.org/10.1364/0E.18.005861
2.24pm 125MP 112um S0MP 0.56m 200MP
Microlens performance limits in sub-2pm pixel CMOS image
?

sensors

© Samsung Semiconductor
Yijie Huo, Christian C. Fesenmaier, and Peter B. Catrysse ISOCELL HP3 | Mobile Image Sensor ...

Author Information ~  Q, Find other works by these authors ~

1 0.25
gl < Diffraction Limit determines
3 £ minimum useful pixel size.
8l g End of story?
S 07 S
4 “

(@)
0.9 171 1‘3 1.5 1,‘7

Pixel size (um) Pixel size (um)

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 20



@?SE%%T&ER _W_hat If you model th_e sensor and rr/r}l ‘.ﬁ
iIncident light as one single system? SEI |

* (co-design approach)
* Photon absorption is a quantum process.
 Have to consider Hamiltonian of photon field and detector material

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 21
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https://doi.org/10.1038/s42005-023-01193-1 (a)

Nanoscale Architecture for Frequency-Resolving

Single-Photon Detectors

Steve M. Young, Mohan Sarovar, and Francois Léonard*

Sandia National Laboratories. Livermore, CA, 94551, USA

May 2022

concep! Readout analogous
to qubit readout, O
via shelving states {1,/ =TI
that prevent back | | = V=0 B
Cii — 1 =

action on photon

bsorption stat ' Ci = =S

\ apsorpton states E E Cki —
X 0— " 0= i =} 0]
X! Xi X X!

b, e . b

-.<
.~
<
O
g
-

Does not need to be super cold

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 22
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FORPHYSICS single photon sensitivity

Proposed physical implementation

. . : (a) b
Modeling quantum efficiency and spectral resolution /L. ... ®)
w(eV)
1.9 2.4 2.9
0.3 : : -
;;;q 0.2 @
?‘:: 0.1- 004 POOOX
i ) qp (
L) 11 1s;elajeli 38%8%(
Wo = 2.09eV 3 '\ﬁﬁ(—\ﬁr}' _;\hﬁhﬁr‘
0.8 m w,=25leV 4
. w,=2.97eV ~ ZX _
—06 ’ (c) 3 Coated in quantum dots
=
© o4 T
.......... [,
0.2- 8 ) DO e
i ==
0.0 " Oa0e60d Iaanaan] banaaron
DO000000] POOBROO0O(J
pesiesies s seeis issiesle
LT N

Carbon nanotubes

Ongoing project: details beyond scope of this talk

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 23
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Back to the standard FC detectors talk

Tracking

Calorimetry

co-design

>

| A
Frrererer ‘m

Trackorimetry?

Already dE/dX is calorimetry with a tracker, and particle flow is tracking with a calorimeter,
But what opportunities are being missed with separate groups developing separate subdetectors?

Mar. 28, 2024

Collider Detector Challenges — M. Garcia-Sciveres

slideo.com 3393171
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pplication

Unlikely that one person can know all the details
of the full technology stack,
Or of the detector + collider + analysis stack

System Interfaces were invented to allow humans
to work complex designs

...But why does it have to be humans any more?
Generative Al can learn all the details and maybe
identify the co-design opportunities

This is not currently part of our design process

Increasing order of Complexity
Increasing order of Abstraction

Hardware

Devices (TransistorsFa,

Layers of Abstraction

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 25



@?SE%T&%T&ER What will you do with new technology?  ce<===3) p
\

* Generative Al has already arrived
* Many others are just around the corner

 Room temperature superconductivity
(remember LK99? One of those sensational media frenzy items.
The limelight moved away, but LK99 and R.T.S. development are not dead)

* Ultra low power electronics

e Photonic computing
 Metamaterial coatings

* Precision, wafer-scale self-assembly

 POLL:
Which new technology (above ones or others) will have the greatest impact on
future detectors?

https://wall.sli.do/event/4tXP5F8BRPMAarzUoCfMfCx?section=ba952af7-e655-43f8-b31c-0a5022720aac

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 26


https://wall.sli.do/event/4tXP5F8RPMAarzUoCfMfCx?section=ba952af7-e655-43f8-b31c-0a5022720aac

@?SEE%%TJER Conclusion |

* Alot of work already done on future collider detector designs
* Mostly assuming present technology and design methods

* (example ILC designs predate ALICE ITS3 development and are already
obsolete compared to ITS3 R&D)

* Technology and design methods WILL CHANGE A LOT between now and
detector construction

 Maybe dream about what a physically limited detector can do rather than a
technology limited one...

* PS: very high precision measurements may require something incompatible
with a general purpose detector.

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 27
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et Nuclear Instruments and Methods in
CaE Physics Research Section A: Accelerators,

Bzt Klusnst

. Spectrometers, Detectors and Associated
Equipment

Supports open access

Articles & Issues v About v Publish v Order journal 7 Q. Searchir  Submit your article 7

Microelectronics in High Energy Physics

Edited by
* Alessandro Marchioro Experimental Physics,CERN,Switzerland

* Philippe Farthouat Experimental Physics,CERN,Switzerland
Last update 21 August 2023
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Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Particle physics experiments: From photography to integrated circuits

Erik H.M. Heijne "

IEAP/CTU, Husova 240/5, CZ 110 00 Prague 1, Czech Republic
CERN EP Dept, 1 Esplanade des Particules, CH 1211 Geneva 23, Switzerland
Nikhef, Science Park 105, 1098XG Amsterdam, Netherlands

Front-end electronics for silicon strip trackers: Architectures and evolution
Jan Kaplon

CERN, 1211 Geneva 23, Switzerland

ASICs for LHC intermediate tracking detectors

Hybrid pixel readout integrated circuits G. Hall**, A.A. Grillo"

Maurice Garcia-Sciveres # Blackett Laboratory, Imperial College, London SW7 2AZ, UK

Lawrence Berkeley National Laboratory, Berkeley, USA b Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, CA 95064, USA

Monolithic CMOS Sensors for high energy physics — Challenges and Cryogenic electronics for noble liquid neutrino detectors
perspectives Hucheng Chen , Veljko Radeka

w. Snoeys Brookhaven National Laboratory, Upton, NY, United States of America

CERN, Esplanade des Particules, CH-1211 Geneva 23, Switzerland

Analog-to-digital converters and time-to-digital converters for high-energy

ASIC survival in the radiation environment of the LHC experiments: 30 years : :
physics experiments

of struggle and still tantalizing
Federico Faccio Ping Gui

CERN, EP department, Esplanade des Particules 1, Meyrin, 1211, Switzerland Southern Methodist University, Dallas, TX, USA

Radiation tolerant optoelectronics for high energy physics Radiation-hard ASICs for data transmission and clock distribution in High
Jan Troska *", Frangois Vasey ?, Anthony Weidberg" Energy Physics

@ EP Department, CERN, Esplanade des Particules, Geneva, 1211, Switzerland Paulo Moreira ;', Szymon Kulis

b physics Department, Oxford University, Denys Wilkinson Building, Oxford, OX1 3RH, United Kingdom CERN, European Center for Nuclear Research, Switzerland
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FCC-ee Precision EW

€= - \here systematics
are not dominated
by beam energy or

luminosity

Or theory

Blondel and Janot

Alun Blondel', Patrick Janot®

: FCC.ee overview: new opportunities create new challenges

Table 3. Measurement of selected precision measurements at FCC-ee, compared with present precision. The systematac uncer-
taunties are initial estimates, ;am 1 to improve down to statistical errors. Thas set of measurements, together with those of the
Higgs properties, achieves indirect senmitivity to new physics up to a scale A of TO0TeV in a description with dim 6 operators,

and poambly much hagher in speafic new physics (non-decoupling) models.

Observable

present

value 4

Stat.

FCCoee

FCC-ee
S}‘:L.

Comment and

lesding exp. error

g 11567 e pe scan

Beam energy cabbration

Iy (keV) 2495200 + 2300 4 5 From £ hine shape scan

Beamn energy cabbration

an ow (x107) 231480 + 160 2 24 from Ay at Z peak

Beam energy cabbration

1/agen(mz )( = 107) 128052 + 14 3 small from AHI off peak

QEDLEW errors domunate

R; (x107) 20767 £ 25 0.08 0.2 ratio of hadrons to leptons

acceptance for leptons

a,(my) (x10%) 1196 + 30 0.1 0416 from RS above

Thad (% 107) (nb) 41541 + 37 0.1 1 peak hadronic cross section

luminosity measurement

N, (x10%) 206 + T 0.005 1 Z peak cross sections

Luminosity measurement

Ry (x10%) 216290 + 660 0.3 < 60 ratao of bb to hadrons

stat. extrapol. from SLD

Arg, 0 (x10%) 992 + 16 0.02 1-3 |b-quark asymmetry at 7 pole

from jet charge

AFE” (x10%) 1498 + 49 0.15 <2 T polanzation asymmetry

7 decay physacs

r ldetume (i) 0.3 = 0.5 0.001 0.04 racial alignment

T mass (MeV ) 1770.86 + 012 0,004 U.04 momentum scale

7 leptomc (urue ) B.R. (%) 1738 + 0.04 | 0.0001 0.003 e/ /hadron scpqr'thon
far 1N e - e non L&) LI LT Ty ]

arXiv:2106:13885v2 Dec 2021

,;nl

Frreoeer ‘m

BERKELEY LAaB

Slide from C. Haber at MIT FCC-ee workshop this week .

Mar. 28, 2024
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Observable Best Present value FCC-ee | FCC-ee | Leading
Stat Syst* | error*

R (x 103) 20725 +/-33 +/-20 +/-5 ALEPH 0.06 0.2-1 ;ncceptance for
eptons

R}, (x 109) 216340 +/-670 +/-600 DELPHI 0.3 <60 B tag efficiency?

AZp (x10%) 1000 +/-27 +/- 11 ALEPH 0.02 1-3 Jet charge

T Lifetime (fs) 290.17 +/-0.53 +/-0.33 Belle 0.001 0.04 Radial alignment ~ Asymmetry

+0.10 : ! Momentum

T mass (MEV) 1776.91 +/_ 0.12 i BES 0.004 0.04 i

t leptonic (uv,v; ) B.R. (%) 17.319+/-0.070 +/-0.032  ALEPH 0.0001 0.003 e/u/h Bkg, 1-
separation** selection**

*From Blondel and Janot
» Standard statistical error improves by a factor of ~500
* They assume less than scaling by statistics

» Changed present values from PDG averages to best single value to see also statistical and systematic errors

» Also, to understand how to improve systematics, it seems best to focus on the best single experiment, and
try to understand what systematics they faced

» **all ID’s are equal at ~0.02 contribution to sys error

Slide from C. Haber at MIT FCC-ee workshop this week .

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 32



AP s FCC-ee Precision EW %

Theory systematics

Observables Present value FCC-ee stat. curl:grft-es;st. ultirifai-ee:yst. Theory input (not exhaustive)
i s 100 10? Reltontomessed s
Gl | ugsworaol] | 4 2 1 iint e e
du |t [ oo |
N, (x10°) from 6},4 2996.3 7.4 0.007 1 0.2 Linesha(pﬁvcjlrEf[j):r:folding
e | e | oo | a1 | gimeddeia
as(mz) (x10%) from Ry 1196 £ 30 0.1 ¥ 0.4? Higher order QCD corrections for I'y,q
Qi) | meosss | o3 ? <60 SeRi o I

From: P.Janot talk at FCC theory workshop in June 2022
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R PRYSIeS 100x higher rate and radiation

Cern.ch/rd53

S 3
RD-53 Collaboration Home

RD-53 will design and produce the next generation of readout chips for the
ATLAS and CMS pixel detector upgrades at the HL.-L HC. More details can be
found in the 2018 extension proposal and the original collaboration proposal.
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@gggﬁg@gﬁ Radiation Environments /}' \'/'\'|

1rad 10rad 100rad 1krad 10krad 100

satellites

deep space probes
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@ FOR PHYSICS HEP IC Radlatlon OutIOOk rr/r—rr\rrl ]

BERKELEY LAB

S
o
Future HL-LHC
ALICE Circ. ee Future pp
e - | | | —
10krad 100krad 1Mra 10Mrad 100Mrad 1Grad Grad

Inner Layer Dose Temperature history

Process details
Dose rate
Dose history
Annealing

Mar. 28, 2024
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FOR PHYSICS A future direction ceccee]

BERKELEY LAB
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ASPEN CENTER

~orprvsics  8-Pixel address maps from full sim

L0 central most probable
maps

Number of
Hitmap occurrences |Probability [Cumulative
10000000 112507 0.107 0.107
00000001 112021 0.106 0.213
11000000 72585 0.069 0.282
00000011 71430 0.068 0.350
00000010 41231 0.039 0.389
00001000 41206 0.039 0.428
00000100 41080 0.039 0.467
01000000 40968 0.039 0.506
00010000 39965 0.038 0.544
00100000 39806 0.038 0.581
00001100 39359 0.037 0.619
01100000 39054 0.037 0.656
00000110 39015 0.037 0.693
00011000 37448 0.036 0.728
00110000 37373 0.035 0.764
00000111 33691 0.032 0.796
11100000 33337 0.032 0.827
11110000 17193 0.016 0.844
00001111 17047 0.016 0.860
00001110 16714 0.016 0.876
00011100 16606 0.016 0.891
01110000 16420 0.016 0.907
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@?SEEPNH%ETJER Binary tree vs better lookup tables ~ eee?) p
\

H Bin. Tree [Huffman(LO0) 3-6-14
Data Set (bits) (bits/Imap) | (bits/map) | (bits/map)
LO central 4.69 5.83 4.71 5.13
L3 outer ring 417 5.12 4.47 5.00
L4 inner ring 4.29 5.27 4.50 5.03
H Bin, Tree [Huffman(LO0) 3-6-14
Data Set (bits) (H) (IH) (H)
LO central 4.69 1.24 1.01 1.10 12% missed opportunity
L3 outer ring 4.17 1.23 1.07 1.20 3% missed opportunity
L4 inner ring 4.29 1.23 1.05 1.17 5% missed opportunity

f N

- : Just change the
gc[))ts%ogn aegt;:z)l\?vwnh values on the LUT,

Nothing else
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AR Phvsics Extending Moore’s Law cereer 8

BERKELEY LAB

From 100 billion transistors today to 1 trillion transistors per package in 2030: 30% growth year on year

Wi g Accelerated
—{a} Datacenter & Al O Network & Edge =jot Computing &
=
Graphics

Aspiringto 1 Trillion

transistor in 2030
v RibbonFET

v Powervia

v High NA
v/ 2.5D/3D packaging
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Transistor

intel internal analysis of Intel products. >
Future projections based on products still in design. i n tel
Future transistor counts are projections and are inherently uncertain.

2000 2010 2020
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@) ASPEN SNTER You haven'’t seen big data yet ceeeced]

Proliferation of Data (zettabytes)

Source: Om Nalamasu (Applied Materials), SEMI International Trade Partners Conference, November 2022

1 zettabyte = 1 billion terabytes 157
i AUTOMOTIVE

1 terabyte = 40 min of video (720p) on YouTube B HOMEIOT

92
=3 INDUSTRIAL
10T
55
MACHINE > HUMAN CROSSOVER —_—
l 30
- 13.8
0.1 0.3 0.8 1.6 3.1 il
~==  HUMAN
2015 2016 2017 2018 2019 2020 2021E 022F 2023F 2024F 2025F
< APP-CENTRIC WORLD DATA-CENTRIC WORLD
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@ééﬁ%ﬁ%%?@? New tech development path rereer?] ﬂ

CHIPS for America:

A Vision and Strategy for the National Semiconductor Technology Centek

CHIPS R&D Office, NIST
April 2023
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Manufacturing

Federal science programs USA
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FOR PHYSICS 2022 State of the Art ;}I mn
g

Semiconductor Manufacturing

Source: Om Nalamasu (Applied Materials), SEMI International Trade Partners Conference, November 2022

Manipulating materials
with atomic precision on
an industrial scale

defect — A 4

* A leading-edge
semiconductor

20+ miles of nanoscale copper Inspection equivalent to fabrication plant

wiring in a little more than a spotting a single ant from (fab) costs ....$1 0B

half-inch square outer space, then identifying
its species, in less than 1 sec

-

‘ gate electrode '

= 300 mm wafers

k— Sifins

* >1000 process steps

Fin-shaped transistors with = 100.000 wafers/month

gate insulator layer formed
by atomic layer deposition

Mar. 28, 2024 Collider Detector Challenges — M. Garcia-Sciveres slideo.com 3393171 43



