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Quantum Computing 2!




The quantum technology ecosystem in

Summary of Quantum Technology Monitor findings

&)

/ Quantum communications

estimated market size by 2040

Quantum computing $ 1 O 6 B $1.0B 72
invested start-ups

—_— as of Dec 2022 as of Dec 2022
potential quantum technology market

estimated market size by 2040 size by 2040 P
$5.4B 223 3 50 \
invested start-ups .

as of Dec 2022 as of Dec 2022 ———— Quantum sensin

start-ups in the ecosystem?®

estimated market size by 2040

A total government $0.4B 23
AT $3 4B investment announced i start-ups

as of Dec 2022 as of Dec 2022

‘ Quantum-capable talent Scientific progress

Potential economic value from

quantum computing —
50 180 1,589 44,155
across four industries by 2035: chemicals, QT master's degree universitias with COT-related patents OT-related

life sciences, finance, and automaotive® programs QT research groups granted in 2022 publications in 2022




Applications in the future

Medical and Health
Material Science
Logistics and Traffic
Finance
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Example from Quantum Chemistry

Nitrogen fixation

Low efficiency
High energy consumption

Fe protein MoFe protein

Phycobilisome Thylakoid
membrane

\ Ribosomes
[ AN

Nudeoid
DNA ring

Cellwall = : Cyanobacteria (and many other life forms)

Cell membrane

Peptdoglycan aye l( = = can produce ammonia at room temperature!! ‘ . , }fi“
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Only this can be simulated classically
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Technology Eras - Computing
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How we did, do or will compute
Big Picture

Abacus (2500 BCQ) Classical computer (1950)
i '

analog digital
deterministic deterministic
sequential sequential
usefull really usefull !
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Quantum computer (20xy)

o -
somehow digital, but it's complicated

,probabilistic’
parallel

not yet usefull, but HUGE potential !

(for specific problems)
Simulation, optimization, machine learning, finance...
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Quantum Computing ?

entanglement
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Quantum Computing (!)
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Photonic quantum system



State of Play



The Qubit level: different platforms

7 NISQ energetic

2022 EXPERTS' ( advantage is
IMPLEMENTATIOcqsier to obtain

Y

Experts were asked to and estimate ,/ @ o “] A ,,(g/. .
implementations for re o S 5y
logical qubits in the nerhan with FTQC __J,./’ (

electron superconducting loops & controlled spin m

super-

Mioewaves

Majorana

qubit type trappedions cold atoms o i silicon NV centers fermions photons
Superconducting cryogeny <300W N/A 16 kW Table CEQIP-23 Gate-Based Quantum Computing Status Summary
systems B
) 1 ultra-vacuum Qubit tvpe Quantum velume, | Qubit | Qubit 2-qubit gate | Quantum Qubit System
Trapped lons —vacuum pumps vacuum 100w vacuum {circuit size) count | connectivity | depth teleportation Jfunction scalability
Cold atoms _ 5.8 kW Superconducting 512 (9x9) 127 325 667 | 0.42m fair fair
Quantum optics ) _ . s k\.‘_\.-' atoms heater, T ed i 12 10 = 100000 | v fair fair
(including integrated 8 ions heating, from 20 mw | lI3pped ion 4096 (10x10) ves
photonics) qubits gate lasers, micro- e depending on 1 1
Quantum spin 0 ’ ) (SLM, etc) and . Quantum dot - 4 1 104 ) - -_ﬁ“-r fa-‘-"‘-
systems in silicon 2 controls aves generation, readout image  Mcro-wave ge - :
CMOS readout 8 insidet | Photonic - 4 1400 km - fair
Quantum spin _ 05 reac o _ _ o — 1 _
systems not in silicon electronics ke s 2-qubit gate depth: ratio of coherence time divided by 2-qubit gate time (T2%/t24)
Topological t 13
opological systems _ computing 1 kW 1kw 1kW 1 kW <1 KW 1KW 700 W
Other . 3 # qubits used 24 100-1000 53-433 415 N/A N/A 20
0 $ 8 total 2kW (4) 7-20 kW (1) 26 kW (2) 21 kW N/A N/A 4 kW (3)

L: fixed energetic cost, for preping stage

Figure 18: quantum computing experts trust on
ions qubits. A few are trusting photonic and spi

typical configurations for Pasqal (1), Google Sycamore with 53 gubits (2), Quandela/QuiX (3), AQT (4) rough estimates for others

Figure 30: existing QPU typical power drain and their source. Caveat: none of these systems provide a quantum

Global Risk Institute . advantage at this point in time (2023). Source: (cc) Olivier Ezratty, 2023.
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Which Qubit platform ,,wins” ?

Color centers

-

-~

R L g T

Coherence time Scalebility
Fidelity
Ease of integration

Ability to control
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Current status for NISQ (more detaied)

15
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too noisy 433
N to be useful at scale

interesting
(currently
empty)

NISQ zone

narrow window
of potential NISQ

127
100

65

usefulness
. - 40
erigetti -
0 ‘ - 27
(=]
r:; - 20
g QUANTINULUM | 15
& €L °
e Alibaba =
: o * . ORC 10
o -7
N ® Alibaba i s
o ® Google B
.\ ® IBM -4
| () M ® Iom
J - ® IonQ
can be easily emulated on ® 0QC
a laptop (<20 qubits), server (<30) © Origin Quantum
or server cluster (<40 qubits) S T
I | i L e A | ¥ L Rl | v e 1

0.01% 0.10% 1.00% 10.00% 100,00%
good average two-qubit gate error rates m

Source: Olivier Ezratty, Kordzanganeh et al wand vendors two-qubit
gate fidelities data obtained with randomized benchmarking

number of qubits




From NISQ to FTQC

needed for chemical simulations, financial portfolio
optimizations, break RSA 2048 keys

> 4000 logical qubits - - -z~ F -~~~ -o oo @
zone enabling
=5tob or:ders ‘_}f fault-tolerant
ma.gmtude'm quantum
physical qubits computing
= 100 logical qubits - - | - T=========== unusable zone
zone enabling due to qubit
= 3 orders of error correction noise
magnitude in
physical qubits
useful NISQ ®

T4 |

0.01% 0.10% 1.00% 10.00%
average two-qubit gate error rates

16 © Fraunhofer IPMS Source: Olivier Ezratty, and vendor data, 2023
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Quantum Computing in the Gartner Hypecycle

17

Expectations

. ) Autonomous Vehicles
Advanced Analytics With | ( r Internet of Things

Self-Service Delivery
“" Speech-to-Speech Translation
@ Machine Learning
Smart Advisors ) @ Wearables

.

Cryptocurrencies
Micro Data Centers . P

Digital Dexterity .

Software-Defined Security @) @ Consumer 3D Printing

. Natural-Language Question Answering

Neurobusiness @@
Citizen Data Science @
Biochips .
IoT Platform @
Connected Home @
Affective Computing @
Smart Robots
3D Bioprinting Systems '. @ Hybrid Cloud Computing
for Organ Transplant ..
Volumetric Displays @
Human Augmentation @@
Brain-Computer Interface '

Quantum Computing ‘ @~ d Reali
ugmented Reality

. Bioacoustic Sensing
/ L Cryptocurrency

. People-Literate Technology
. Digital Security
. Virtual Personal Assistants
. Smart Dust

Emerging Technology Hype Cycle

/ L Enterprise 3D Printing

~ ¢
. L Gesture Control

i L
_/ L Virtual Reality
. Autonomous Field Vehicles

Exchange

7 As of July 2015
Innovation Peak of Trough of Slope of Plateau of
Tri Inflated Disillusi t Enlight t Productivi
rigger Expectations isillusionmen nlightenmen roductivity
—

Time

Years to mainstream adoption:

less than 2 years @ 2to5 years @ 5o 10years

@ more than 10 years

#3¢ obsolete before plateau



Challenges and

Microelectronics




Plenty of challenges

Algorithms

Language & Error
Instructions Correction

Quantum Classical
Interface

19 © Fraunhofer IPMS

Table CEQIP-25 Difficult Challenges for QIP

Near-Term Challenges: 2022-2028

Summary of Issues and Opportunities

Physical qubits

Design and fabrication of qubit devices with enhanced qubit coherence
times and gate fidelities

Logical qubits

Implementation of fully error-corrected logical qubits and protected gate
operations

Readout of qubits

Development of scalable, cryogenic qubit readout hardware

Interconnects. cryogenic to room temperature

Development of low thermal conductance and high bandwidth
interconnects between different temperature stages of cryogenic- and
room-temperature electronics




Algorithms

Challenges with Qubit Fabrication
e.g.for superconducting qubits

- Sensitivity to noise and losses H Oz _ adsorbates

- Material and process imperfections Atomie tnnelngsysians

/residuals
Ay O /contaminants

electrode (Al) 9 . \

- Well defined, uniform and tight junction properties

, substrate ¥
- explore new material and better process structural damage

capabilities, beyond the labs

20 © Fraunhofer IPMS



Algorithms

Quantum-Classical Interface: the problem of Interconnects 0

rchitecture

« £=:=ntum Classical

Interface

Incoming ,wiring apocalypse’

a) State of the art b) Future perspective

300 K Electronic 300 K
interface

processors. Microprocess. Microsystems, 66, 90-

Dijk, J.P., Charbon, E., & Sebastiano, F. (2019).
107.

The electronic interface for quantum

processor

21 © Fraunhofer IPMS



Quantum Memory

d) H Cryogenic Memory |
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Do numbers matter?

Major qubit challenges:

Asymptopia
Full fault-tolerant QC

A) fidelity and coherence - Surface code needs >10¢
physical qubits

Quantum chemistry, Shor

B) number

Now
Small noisy circuits
Proof-of-principle
demos of QEC

Google: crack RSA with
8,000,000 physical qubits in
8 hours based on surface
code architecture

# of

B 2 3 5 6
qubits 101-10 103- 10 106 and beyond

Quantum Motion

»1s there a technology that can reliably create billions of components on a chip and which
is feasible for quantum computing?”

- Microelectronics’ Semiconductor manufacturing

23 © Fraunhofer IPMS



Modern Semiconductor Manufacturing is needed
for (large scale) Quantum Computing !

24

Number of qubits

Error correction, size of quantum algorithms

Variability, process control and yield

Improve qubit uniformity, coherence time and gate fidelity

Interconnects

Spatial limitations, thermal budget, wiring ,apocalypse’

Interface to classical electronics

CMOQOS control electronics, Advanced packaging, variability control, FDSOI, ...
Applicable to most platforms (SC, spin, ion trap, photonics, ...)

Relevant players also focusing on wafer level semiconductor manufacturing

Intel, imec, CEA, PsiQuantum (with Globalfoundries), ...

© Fraunhofer IPMS

L

Superconducting circuits

Paik et.al., Science 2021, Vol. 372, Issue 6539
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Fraunhofer-Gesellschaft
At a Glance

Joseph von Fraunhofer (1787-1826)

» Largest Organization for Applied Research in Europe
» Focusing on key future-relevant technologies
» Commercialization of findings in business and industry

Scientist, inventor and entrepreneur

C0 o
l ¢ \3 € 3.0 billion total funding
€ 2.6 billion contract research

30,800 employees

Base funding from
Germany'’s federal
and state governments

% Industrial contracts 30%
76 institutes and |01 0(55(n and publicly-funded
research units research projects

26 © Fraunhofer IPMS



The Fraunhofer-Gesellschaft

International network

= Eight independent
international Fraunhofer
affiliates

Activities with partners
in approximately
80 countries

Representative offices
and senior advisors
around the world build
bridges to local markets

Leiden  Amsterdam

Delft Enschede
The Hague
B | e Turku
russeils e Stockholm
Glaé owe ® Goteborg
Dubline o
~ London Dibendorf gls;g:;zst
Berkeley EastLansing , ® 4 Brookline Bolzano——— Vienna
Stanford AR e o * Newark Portos Naples & Graz
San Jose A Riverdale Evora Ercolano
Jerusalem & Kiryat Bialik

Bangalore o

C . 580 José dos Campos
ampINas €5 s 50 Paulo
® Pretoria

Santiago de o

. Stellenbosch @ ® Port Elizabeth
Chile

27 © Fraunhofer IPMS

e Sendai
° e Tokyo
Changwons® Ulsan

Beijinge  Seoul

Shanghaie

e Kuala Lumpur
Singapore

Melbourne ®



Silicon Saxony - The heart of European Microelectronics beats in Dresden
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Fraunhofer IPMS

Headquarter Dresden

At a Glance

» 565 employees R&D Focus:

= Photonic microsystems (200mm)

" €56 M annual revenue = Micro- and Nanoelectronic technologies (300mm)

= € 26 M industry contracts (thereof)




.

Fraunhofer IPMS - Center Nanoelectronic Technologies (CNT) =~ ° W = b
s — : : o @la;p =3 l — i

IPMS-CNT’s research focus:
*+ Non-Volatile Memories (NVM)

% Screening Fab Services incl. process development in Back-Enc

Al Fab with focus on Edge Al System Integration and Compu
% Quantum Computing




300mm cleanroom at CNT

Cryo Characterization

FhG-IPMS capabilities for QC

- 300 mm wafer technologies & Cryo-characterization

- -_/

e - - A"

2
dFraunhofer
1P g

31 ' TS T

300 mm UHV cluster PVD

300mm cleanroom at CNT



SOl Ut|OﬂS (or at least ideas !)

with a few examples




A . Neuromophic Error
Building blocks for integrated QC-systems Correctiorﬁ)

Gate electrode litho

Gate Oxides .
| Cryo Device e.g. SUFET DBR Metallization Cryo Memory

/ SC BEOL

— DBR

SC Electrodes Temp. Sensor

Resonator
El. Interface

\SC Interposer/

Weak Link Hallb
OH free ILD SC Bumps anbar interface SC Bumps ML SC Interposer
ML SC Interposer Qbit far

Deep Trench Cap Qbit near High performance ILD

e g
& i

§ ===
€& C [

\ {
S =
= i [+ 2

L [

Advanced Substrates
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Current project engagement for Superconducting Qubits Quantum Computer

in the Solid State

MMATQu

= QSOLID project (FZ Julich): build a large scale German quantum
computer

= MATQ project: Set up European supply chain and eco system for
superconducting QC

= Task IPMS:
Multi target PVD for superconducting devices and qubits,
resonator fabrication, packaging solutions, cryo characterization

"= GlobalFoundries
= Engagement in QuPilot project for superconducting platform >
= R = = ==,

(ifineon ‘umec

34 © Fraunhofer IPMS

300 mm UHYV cluster PVD

300mm cleanroom at CN



New superconducting materials

Calr.,CaRh
FeSe, LaS, CuSc, CuY

MgB., Nb3Sn, NiBi3

PdH, ReM, ScOs2, ScRu?
TaS2, TeGe, ThS, ThSe, UBe13

UPt3

HM, Mo,M, Ta,M
CoSi, Vsi, Mo, Si
MoRu, Mo,Re, , Mo.C, MoJr, Mo,Os. MoC. MoGe,
MNbsAl Mb.Ga, NbyGe, Nb,Ru,. MbC,
MNb.Ta, MNbJZr,

Walr, W50s, WRh,

ZrMi, ZrB, ZN, 2V
Vi3SI, VaGa, VsRug, VN, HAV: RuW, TaRu, Ta(g

TiM, Zrl,

CeCu.Si;

HCI
LuNi.BC
ErNi.B.C
i H.f. CMOS UNizAlL, URW.SI
Ir, Ma FoSe. T
Ru, Ta Eo8us! us

T TbMogS; ZrNCl

TmMi.B.C. TaS,5e
Am, Be, o lé?-EID;i'GE TBa:CaCuy0yg,, SmyaCegsCul,
CCI:I:EG "lul" ’ ’ TBHECU_'ED_' ‘T’li"'thgC ‘T’Pdgazc
. Ga,

La; g5 7Cul:, LaMogS;
Ge:Ga, Hg, Lu LaOyFoFeAs, SnMo.S,
Pa, Pb, Re, Sn, HgBa,Ca,Cu,0. HgBa.Cul.,,
Te, Th, U, Zn Haoli.B.C. PbMo,S,

35
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Research on new SC materials

Deposition

Patterning

36

ZrN serpentines

Resonator
fabrication

Testchip

© Fraunhofer IPMS

Metrology and Analytics
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CONDOR concept

Superconducting spintronic devices for cryogenic electronics

Gate controlled Cryogenic R
superconductivity memory c

L Word line

Bit line

\

~ Fraunhofer

IPMS

&
MAX PLANCK INSTITUTE %‘-5‘ 47y
OF MICROSTRUCTURE PHYSICS ¢

e |
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Applications

Quantum
Computing

QUANTUM COMPUTING

A @,
0
5O X Space
.
0.0
B Power
& Grid

O

X
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Silicon spin qubits

= German 200/300mm QPU line

¢) souch [

= Task IPMS:

Nanopatterning for g-dots and shuttling concepts, integrated
micro magnets and gate dielectrics

N\

Fraunhofer (infineon

fine pitch gate patterning

= 300mm Pilot Line for Quantum Computing (Qu-Pilot
project)

= Developing superconducting BEOL with CMOS compatible
materials

300mm cleanroom at CNT

QuU- TEST & QU-PILOT

© Fraunhofer IPMS



High resolution patterning studies

= eBeam with positive CAR reaching down to 20nm CD
= Stitching possible with <10nm missmatch

= 193nm Litho to eBeam alignment ~ 30nm

= Use in silicon spin qubit manufacturing route with partners

39 © Fraunhofer IPMS



Integration of micro magnets

Deposition of cobalt

!
v waaRIFAD R P

reich 0KV 7L —— 300 nm—

ECD PVD (AMAT “Clover” Endura Il MOCVD (AMAT , Volta”) SEM X-section of Co filled trenches

Metrology and Analytics

1| | Cobalt
2 v cobalt

— 10 pm —

W23_c_Struktur gross_gekippt03 | Mag: 45000x | HV: 10 kV F— 500 nm —
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Further examples for modules which need to be looked at

Indium bumping for superconducting Cryo chacterization of CMOS logic circuits
packaging options for qubit control

= E.g. FDSOI technology based

": GlobalFoundries’
|

41 © Fraunhofer IPMS



European strategy




How to access those capabilities?

modulegnc @ Research Fab Microelectronics Germany

Beyond binary: quantum & neuromorphic computing

» 2 Duisburg
% Fraunhofer IMs

Jiilich

Freiburg

Berlin
77 FMD Headquarters “ “
7 Ferdinand-Braun-Institut gGmbH lI
7 Fraunhofer HHI
72 Fraunhofer IZM

O 2 Halle

@ Fraunhofer IMWS

2 Jena

& Fraunhofer IOF

g Wachtberg
77 Fraunhofer FHR

2 Erlangen
% Fraunhofer Iis

7 Fraunhofer IISB

& Munich

7 Fraunhofer EMFT

% FMD institute

® modulegnc partner

Status at project start 2022: Further technologies will be developed in the process

Pilotlines !

Frankfurt (Oder)

Microelectronic Research Lines:

Enabling the future of computing

Dresden

)/ Forschungsfabrik
/& Mikroelektronik *

Deutschland




HIGHLIGHTS

40 PARTNERS
10 COUNTRIES
23 USE CASES
OPEN CALL
BUDGET OF € 38 MILLIONS
ECOSYSTEM PLATFORM
PILOT PRODUCTION
TESTING & EXPERIMENTATION

European programs Qu-Pilot & Qu-Test

QU-PILOT
SUPERCONDUCTING
PLATFORM
COMPUTING
SENSING
ﬁﬁl — umec
s - ‘umec
@ D(‘ = ™O
= csIC -
“ Fraunhofer VTIT CsIC
‘mmec VTT Z Fraunhofer Z Fraunhofer
e e 1%
QM @ Lu,(@” A e Y @0," LAB ‘féD(atope

SRS
THALES

IYH
CAM

- ( | 'HI CRYOHEMT
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Europeans Chips Act

EU Initiatives building the Quantum Ecosystem

Equity Investments & S
Support to Start-ups =~ : gl |
\ Quantum Flagship — Space Gravimetry

IRIS? (Secure ©
Connectivity)
EuroQCI

TECHNICAL PILLARS (
CROSS-CUTTING ACTIVITIES

SENSING & ENGINEERING /CONTROL
METROLOGY

EDUCATION/TRAINING
SOFTWARE/THEORY

% Y,

,***\7
* e
% * - —
—L_ * | —|
: _***___,

EuroHPC
- Skills &
2 A
€300 - 400 M €& i Education =

,'"”” “*‘\
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Summary quantum computing activities
USP of Fraunhofer IPMS QC

Close collab with foundry and IDM nearby through established contamination and ‘
quality protocols, i.e. foundry- and IDM product wafers can be sent in and out of CNT without further checks |

only semicon R&D site on 300mm in Germany, high visibility on national level

close ties to IMEC; CEA-Leti and others

Strategic commitment from Saxon government for further investments in Quantum Computing technology development
towards large scaled systems

We know how to enable great ideas and scale them on advanced wafer levels in close coop. with industry

&

i =N q
ﬂ\ ...._ll

46 © Fraunhofer IPMS



Take Away Messages

“ Nature isn't classical,
dammit, and if you want
to make a simulation of
Quantum computation sounds weird, but that's just how nature is ALY, you'd better make
it quantum mechanical,
and by golly, it's a wonderful

. . roblem, because it
Real quantum advantage still 5-10 years away, currently might need St easy.”

millions of physical gbits
-Richard P. Feynman

On the road towards FTQC, quality and quantity needs to be improved B == o / = . L

For future larger scaled systems integration on chip/wafer level will be
needed

Microelectronics offers advantages for the whole quantum stack

Cooperation is needed, key factor: the RTO pilotlines

47 © Fraunhofer IPMS



Thank you, Questions?

HOW''S YOUR
QUANTUM COMPUTER
PROTOTYPE COMING

ALONG?

j GREAT!
)

THE PROJECT EXISTS
IN A STMULTANEOUS
STATE OF BEING BOTH
TOTALLY SUCCESSFUL
AND NOT EVEN
STARTED.

CAN I THAT'S
OBSERVE A TRICKY
1T? QUESTION.

Dilbert.com DilbertCartoonist@gmail.com

4-17-12 ©2012 Scott Adams, INC. /Dt by Usiversal Uclick
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