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1. What is Quantum Computing
and why do we care?

2. What is needed to make it 3. What is special about quantum
useful? chip testing?
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What is Quantum Computing and
why do we care?
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The Kurzweil plot — More than Moore

Information processing capability (calculation/(sec $)

o The accelerating pace of change...
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Computer technology, shown
here climbing dramatically
by powers of 10, is now
progressing more each

hour than it did in its

entire first 90 years
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Manipulating quantum systems —

Artificial atoms, e.g., transmons

The Next Quantum Revolution

Quantum
Computing

Material design

Chemical simulation Cryptography

Quantum Technology: The se d quantum revolution Dowling & Milburn, ArXiv:0206091 (2002) -
5 Transmc ‘:m from Dickel Blts onuantum (2017), False-colored image of multi-qubit device from Bultink et al. Sci. Advances (2020)
Scientists uTech working on a quantum computer from Algemeen Dagblad@uantum-lnsgre, Europe's first public quantum compute (]


https://arxiv.org/abs/quant-ph/0206091
https://blog.qutech.nl/index.php/2017/03/14/how-to-make-artificial-atoms-out-of-electrical-circuits/
https://advances.sciencemag.org/content/6/12/eaay3050
https://www.ad.nl/delft/natuurkunde-bij-tu-delft-is-beste-van-nederland%7Ea20d9962/
https://www.quantum-inspire.com/

What is needed to make it
useful?
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First movers in the quantum HW sphere have made consistent
progress & quantum technology is going from lab to fab

2019 - Demonstration of quantum supremacy 2021 - World's first commercial quantum chip
S5 Ty oo 7 ;.»'/

Article | Published: 23 October 2019 \ - ivinigl® lﬂH‘ |

Quantum supremacy using a programmable Google Al :

superconducting processor Quantum

T,
Frank Arute, Kunal Arya, ... John M. Martinis =+ Show authors ‘ ) | -

Nature 574, 505-510 (2019) | Cite this article “.; .

918k Accesses | 2096 Citations | 6193 Altmetric | Metrics

2020 - Europe's first cloud-based quantum computer &
World's first multi-platform quantum computer

18M Quantum

IBM Quantum

Development Roadmap | =3

CUTTING .
THROUGH




But in order to realize a quantum advantage,
more, and better qubits are needed.
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This task cannot be achieved by scientific breakthroughs alone. It requires a
combination of scientific breakthroughs, novel approaches and integrated enabling products




U
Ingredient 1. Transistioning from standard qubit
manufacturing towards foundry-compatibility l.rrl e c

Process steps detailed out in [1]

Current challenges Advantages

Process steps not yet

Extremely uniform tunnel

(opt|m|z[eq fi barrier across the whole
if?j;? DU S SRt wafer can be created

Verified coherence times
still far below coherence
times of SOA qubits

MTJ-inspired BEOL process
flow can be applied

Key advantage over conventional pilot lines:

Improved learning cycles can be implemented through
tighter process control

[1] T. Last, M. Mongillo, Tsvetan Ivanov, Adriaan Rol, Adam Lawrence, Garrelt Alberts, Danny Wan, Anton Potocnik, Kristiaan »
10 de Greeve, "Key ingredients for manufacturing superconducting quantum processors at scale”, Proc. of SPIE 12497, Novel 9-10-2023 ‘:
Patterning Technologies 124970H (2023).



INGREDIENT 2: An aspect of novel test infrastructure is a shift in focus
towards integrated product development alongside R&D activities

Elements to take into account when
controlling, tuning & testing transmon qubits

Section 2. Section 3.
Product Development Required during operation ...to bring up system Product Roadmap
C o Al Knowledge of th i ts (Knowledge of th iment
Applications — A nowledge of the user requirements (Knowledge of the experiment)
algorithm Chip design
e I
L & Compiler and
Calibration & control fanguage Circuit simulator B Assembly of the key hardware components that can be used
framework e ey g " q . .
Control software Charactertzation simulator 2 © HW/SW integration to fulfill the user requirements (control the
aow | (i) clE experiment)
cEl|©
R Calibration £ = £
Control electronics — Hardware 51513
e emulator £l12]§
_.4 “Analog” = =
i lE]e
Cryogenic i/o chain ele K R a..9na
e S Leads to unwanted delays in R&D activities
212
LA % Cabling, filtering mmrlz;:n g E '§
Quantum processor, £ | Chip design g 3 £
§ | [ sample mount Gayout) zl2ls
= simulation <|o
8 = Parametric ‘ Nl o=
amplifiers mimim

Figure 1 A full-stack quantum computer consists of many different components that need to work
seamlessly together. A simplified version of such a stack, for a quantum computing system based on
superconducting devices, is illustrated in this figure on the left. In Sect. 2 we review the status of the
technology with a focus on those superconducting-based systems and use this, together with the customer
needs, to derive product requirements and specifications. On the right, we show the different products in the
product roadmap and what parts of the stack these products relate to. In Sect. 3, we describe the product
roadmap with the different products that need to be developed to meet the requirements and specifications

1 [11 GJN. Alberts, MA. Rol, T. Last, B.\W. Broer, C.C. Bultink, M.S.C. Rijlaarsdam, A.E. Van Hauwermeiren, 02001 -
"Accelerating quantum computer developments”, EPJ Quantum Technol. 8: 18 (2021). N O :



INGREDIENT 2: An aspect of novel test infrastructure is a shift in focus
towards integrated product development alongside R&D activities

Section 2.

Product Development Required during operation

...to bring up system
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Figure 1 A full-stack quantum computer consists of many different components that need to work

3.1 Product Demonstration Platform
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3.3 Algorithm Development Platform

seamlessly together. A simplified version of such a stack, for a quantum computing system based on

superconducting devices, is illustrated in this figure on the left. In Sect. 2 we review the status of the
technology with a focus on those superconducting-based systems and use this, together with the customer
needs, to derive product requirements and specifications. On the right, we show the different products in the

3.4 Commercially viable Quantum Computer

product roadmap and what parts of the stack these products relate to. In Sect. 3, we describe the product

roadmap with the different products that need to be developed to meet the requirements and specifications

12 [11 GJN. Alberts, MA. Rol, T. Last, B.\W. Broer, C.C. Bultink, M.S.C. Rijlaarsdam, A.E. Van Hauwermeiren,
"Accelerating quantum computer developments’, EPJ Quantum Technol. 8: 18 (2021).

Elements to take into account when
controlling, tuning & testing transmon qubits

A Knowledge of the user requirements (Knowledge of the experiment)

B Assembly of the key hardware components that can be used

@ HW/SW integration to fulfill the user requirements (control the

experiment)

Leads to unwanted delays in R&D activities

Integrated product development will enhance focus
on:

. Interface definition of technology chain

. System integration [elements A, B, & C with same high priority]

]

Leads to extendable and easier to use solutions
and to an acceleration of QPU test and diagnostics
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What is special about quantum
chip testing?
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What do we need to know?

The Quantum Device Engineering Cycle

» Quantum information properties .-
/"- %

®) . Gate fidelities, crosstalk, algorithm /%
performance, etc.

. Measures chip quality

H It Desi . .
amionian Besign Quantum Info. »  Quantum physics properties

“{Quantum Info. ;== == === === == === mm o= Semoe - . Frequencies, coupling strengths,
Metrics Y coherence times, etc.
parameters

. Measures qubit quality
material properties,
dimensions

»  Material properties

Fabrication . Resistances, capacitances, etc.
. Can be a predictor of device
quality
Gao, et al. PRXQ (2021) Relevant work: large-scale JJ testing and statistics
Alberts, Rol, Last, et al. EPJ Quantum (2021), ¢ Muthusubramanian et al. APS MM 2022

* Zhang et al. Sci. Adv. 2022
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But the test tools to go from lab to fab are missing

Expensive: high-tech equipment Slow: manual workflow Difficult: PhD level operator
(2-5 Meuro lab) (1 chip with 5 qubits per month)

15 Photos: DiCarlo Lab at QuTech, Delft. ¢=



To test quantum chips we need to bring the chip to
operating conditions in a quantum environment

Quantum environment: Bring-up to operating conditions
+  Cryogenic (milli-Kelvin) temperatures. * No correlations to room-temperature measurements.
* Intricate dependencies between tune-up protocols.

e - N
« Basic pre-soreening :Basu:d nostos

E
- Resistances, capaciances
- Optical inspactions.

(‘ | 9-10-2023
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Orange QS is developing an integrated and easy

-to-use

high-throughput industry systems for accelerating
quantum chip development

17

The Industry Diagnostics System: optimized for
high-speed qubit testing.

_—9 Optimized for fast

testing of quantum chip
uality.
Speed vty

/@) Turn-key operation:
Fully automated qubit

testing.
Usability
(0}
Over 2 orders of
@ magnitude reduction in
test cost per qubit.
Affordable
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Closing remarks:

* Synergies with foundry-compatible approaches need to be
considered, and distinct differences evaluated.

* Integrated test and measurement equipment wil

lead to an acceleration of QPU development and will, hence, address
the test capacity bottleneck.

18
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