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qubit fidelities, connectivity,
gate and readout speed, materials,
crosstalk, 3D stacking, deterministic 

photon source and detectors,
production and testing cycle length

qubit chipset

raw cryogeny cooling power, 
efficiency improvements, space 

capacity, cooling speedup

cryogeny

power drain, signals quality and 
jitter, less cabling and signals 

multiplexing, readout data deluge, 
error correction cycle length and 
classical processing, laser power

electronics

error correction codes efficiency, 
electronics signals data processing 
and bandwidth, cloud operations

architecture

languages abstraction level, 
transpilers and optimizer 

performance, hybrid computing 
drive, data loading performance

compilers and tools

algorithms diversity, provable 
advantage, computing time, data 

frugality, multi-quantum paradigms 
support, hybrid algorithms, 

supporting real world data volumes

algorithms

addressed verticals, use case 
usefulness

applications

qRAM and quantum memory,
QPU interconnect, energetics

other key technologies

hardware stacks software stacks

blue =scientific challenge (« hard tech »)
black: technology challenge (« deep tech »)
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photonics NV centers cryogenycontrol electronics

cold atoms

error correction
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cabling and connectors

photon sources and detectors

laser sources

other
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(cc) Olivier Ezratty, 2023

https://www.oezratty.net/wordpress/2018/comprendre-informatique-quantique-startups/print/
https://www.oezratty.net/wordpress/wp-content/IDQuantique-Logo.jpg
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industry vendors ecosystem
computing software cybersecurity sensing

cryogeny

photonics

electronics

manufacturing materials
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https://www.oezratty.net/wordpress/wp-content/Secure-IC.jpg
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fabs

research fabs
pre-industry 
research fabs

foundry vendors
in-house

vendor fabs

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
0

2
2

-2
02

3

with 300 mm wafers capabilities in many casesmostly small fabs, superconducting electronics and III/V
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alkali metals: used
in trapped ions 
qubits, mostly
strontium and 

calcium

transition metals: 
titanium and niobium, 

used in superconducting
cables, niobium used in 
superconducting qubits

helium: used in 
cryostats at lower

than 10K, and helium
3 to reach <3K 
temperature

silicon: used in wafers 
for electron spins 

qbits and photonics, 
Si28 for silicium qubits 

wafers.

« III-V » elements: 
used for photonic 
semiconductors 
(arsenic, gallium, 

indium)

rare earths: 
ytterbium, europium, 

praseodyme and 
erbium used in 

trapped ions qubits, 
optical memories and 

some lasers. 

nitrogen: used in 
some cryostats, 

mostly for quantum 
sensing

carbon: used in 
nanotubes for silicium 

qubits

copper, silver, gold: used in cryostats for 
cold plates and cabling

iron, cobalt, nickel, 
chrome: used in 

cryostats

rubidium : 
used in cold 
atom qubits 

and in 
quantum 
sensing

cesium : 
used in 
atomic
clocks

germanium: used in 
some CMOS 

components and 
some electron spins 

qubits.

group IIB metals: 
sometimes used in 

trapped ions qubits, 
zinc, cadmium, 

mercury

(cc) Olivier Ezratty, September 2023
elements table: (cc) Wikipedia
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compiler

physics
simulation

optimization
problems

machine learning
and deep learning

…applications

domain specific libraries quantum source code

quantum 
code

hardware

superconducting
and spin qubits

trapped ions 
qubits

neutral 
atoms qubits

code emulator

classical hardware

qubit physics simulator

+QEC (FTQC)

photon 
qubits

transpiler optimizer

qubit drive instructions generation

code

software tool

+QEM (NISQ)

hardware specific quantum source code 
and shots drive (run, results analysis)

native NISQ

laser pulses, SLM, 
AOD & CCD drives

microwaves drives, DC pulses 
drive, FPGA/ASIC, DAC/ADCs

photon sources, nanophotonic
circuits & photon detectors drive
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same level
of abstraction

incl. gate decomposition
into hardware universal gate

set, optimize gate
parallelism, gate scheduling

optimization with high level with modules 
(removing 𝑄𝐹𝑇†+ 𝑄𝐹𝑇) or gate level
(removing H+H, X+X, Y+Y, or CNOT+CNOT)

qubit gates
and readout

CUDA/Nvidia

for efficiency reasons, QEC may need to be
handled at a lower level, closer to 
hardware.

pulses optimization
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quantum computing cloud offerings
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12-20 qubits

hybrid
computing
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80 qubits

32 qubits 32 qubits

5000 qubits (annealing)
5 to 433 qubits

36 qubits
40 qubits

40 qubits30 qubits34-50 qubits

11 qubits

8 qubits

80 qubitsin 2023

hybrid 
quantum

100 qubits (simulation)

…

and also

100 qubits (simulation)
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benchmarking is an enabling technology
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qubit fidelities

speed

qubits number

resources
energetics

low-level algorithms

higher-level algorithms

randomized
benchmarking

QV

CLOPS

BACQ

benchmarks 
repository
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challenges and 
interdependencies

science

technology

economy

FPGA ⇒ ASICqubit transduction laser power

cryogenic yieldsolid state circulators

flexible cables

materials and isotopes

manufacturing scale

cluster photon sources

photon detectors

signals multiplexing

SFQ electronics

software engineering

benchmarking

QEC cloud infrastructure

cost per qubit

energetic footprint

lasers MTBF

make or buy?

hybrid HPC-QPU

geopolitics

materials

exports control
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projets clés

CHIPS Act

grand défi LSQ

i-Demo et al

Proqcima

HQI - EuroHPC

EU Quantum Flagship

Académie des Technologies
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