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With the pandemic finally behind us, 2022 could have been the year 
when things got back to “normal.” But, with evidence of global 
warming more tangible than ever, geopolitical tensions, and the 
war in Ukraine, 2022 taught us once again just how quickly and 
unexpectedly our environment can change.  

The global semiconductor industry—and the tech industry in general—
has been significantly impacted. The materials, energy, gases, and even 
the water our foundries depend on were affected by rising prices and 
supply chain issues. On the regulatory front, tighter US export controls 
are disrupting a global semiconductor value chain already weakened by 
the pandemic.

Semiconductors now occupy a strategic position on political agendas 
around the world. The US and European Chips Acts and similar policy 
initiatives in Asia will bring hundreds of billions in investments to the 
industry in the coming years, including in R&D.

French physicist Alain Aspect, laureate of the Nobel Prize in Physics 
2022 recently said, “It is with science—not against it—that we will solve 
the problems facing our planet.” This has never been truer than now. 
Whether it is gearing up for 6G telecommunications, developing new 
photonic solutions, building an operable quantum computer, or inventing 
breakthrough bio-inspired computing architectures with a wide range of 
applications, research and development are more important than ever in 
today’s uncertain climate.

The 2022 CEA-Leti Scientific Report highlights the major advances 
we have made over the past year—advances that would not have 
been possible without our scientists and staff. It is their unwavering 
commitment to our groundbreaking work that fuels our belief that 
science is the way of the future.
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If we are to collectively tackle the huge challenges facing our 
economy, society, and planet, we must work together. Partnerships 
with top academic research labs in France and internationally made 
2022 a standout year at CEA-Leti. As you will read in the following 
pages, we made a number of breakthroughs, many of which were 
the results of our strong partnerships. 

Semiconductors are at the heart of the transition to a greener economy. 
And power electronics, one of CEA-Leti’s historic strengths, will play a 
key role in renewable energy and green mobility. We made advances 
with partners like CEA-Liten, and automotive supplier Valeo. Memory 
is another important component, one that will play an increasing role 
in Edge IoT applications. We broke new ground in emerging memory 
concepts capable of supporting very-low-power embedded artificial 
intelligence.

It is no secret that data and, specifically, the transfer of data between 
memory and processor, is a huge energy consumer in any digital system. 
We made headway on wireless transmission systems that offer much 
greater energy efficiency, including through R&D with leading global 
manufacturers. And, as the amount of data sent to and received by a 
wider and wider variety of IoT devices increases, security is a growing 
concern. We worked on secure-by-design hardware approaches, 
including post-quantum cryptography.

As vehicles become more autonomous, more and more efficient sensors 
will be needed. We made advances in obstacle detection technologies for 
vehicles and other human-machine interactions. We also demonstrated 
the potential of multispectral imaging techniques for space exploration 
and environmental monitoring at the planetary scale.

Finally, the One Health approach gained a foothold in our R&D, and our 
expertise in miniaturization and integration will enable a new generation 
of devices to better understand our environment and more effectively 
monitor, diagnose, and treat human and animal disease. We anticipate 
an unprecedented convergence between e-health and microelectronics.

Our scientists share my belief that we are stronger together. Many of the 
achievements of the past year are the direct result of their excellence, 
commitment, and exemplary cooperation with academic and industrial 
partners worldwide. I hope you enjoy this year’s report.
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600 
publications per year

IS0 9001 
certified since 2000

114 
European projects

Founded in 

1967
Based in 

France (Grenoble) 
with offices in the 

US (San Francisco) and  

Japan (Tokyo)

300 
industrial partners

1,900
researchers

3,200 patents  
in portfolio

11,000 
sq. meters of cleanrooms 
100-200-300 mm wafers

76 
startups created

CEA-Leti, a CEA Research and Technology 
Organization (RTO), is a global leader in 
miniaturization technologies enabling smart, 
energy-efficient and secure solutions for industry. 
Founded in 1967, CEA-Leti pioneers micro and 
nanotechnologies, developing differentiating 
solutions for global companies, SMEs and 
startups. CEA-Leti tackles critical challenges in 
healthcare, energy and digital transformation. 
From sensors to data processing and computing 
solutions, CEA-Leti’s multidisciplinary teams 
deliver solid expertise, leveraging world-class 
prototyping and scaleup facilities. With a staff of 
more than 1,900, a portfolio of 3,200 patents, 
11,000 sq. meters of cleanroom space and a clear 
IP policy, the institute is based in Grenoble, France, 
and has offices in Silicon Valley and Tokyo. CEA-
Leti has launched 76 startups and is a member of 
the Carnot Network of research institutes.

Follow us on www.leti-cea.com 
and @CEA_Leti.    

TECHNOLOGICAL EXPERTISE
CEA has a key role in transferring scientific 
knowledge and innovation from research 
to industry. This high-level technological 
research is carried out in particular in 
electronic and integrated systems, from 
microscale to nanoscale. It has a wide 
range of industrial applications in the 
fields of transport, health, safety and 
telecommunications, contributing to the 
creation of high-quality and competitive 
products.

COMMITTED TO INNOVATION, 
CEA-LETI CREATES DIFFERENTIATING  
SOLUTIONS WITH ITS PARTNERS
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CEA-Leti is a member of the Carnot Network, France’s largest government-
funded research force committed to industrial innovation. The network’s 
35,000 R&D professionals co-develop differentiating technologies with and 
for businesses worldwide to support their development strategies. Each year, 
the Carnot institutes sign over 10,000 direct contracts with companies in all 
economic sectors, be it startups, SMEs or corporations, and help put new 
products on the market that benefit society as a whole. The Carnot institutes 
have the capacity of working together to respond with comprehensive and 
interdisciplinary solutions to the major R&D challenges faced by industry today.

The French Ministry of Higher Education and Research created the Carnot 
label in 2006 to recognize public R&D institutes that successfully transfer the 
results of their research to industry. To obtain the Carnot label, institutes must 
actively cultivate both their scientific excellence and their professionalism 
when engaging in R&D partnerships with businessess. The label comes 
with government funding aimed at preparing the next round of disruptive 
technologies for industry. CEA-Leti uses these funds to finance a bi-yearly call 
for proposals that stimulates the upsurge of new ideas from researchers and 
to carry out multidisciplinary top-down projects that generate demonstrators 
aimed at maturing technological concepts into tangible and transferable results. 

THE FRENCH CARNOT INSTITUTES:  
R&D PARTNERS OF CHOICE 
FOR INNOVATING COMPANIES

Some remarkable results produced by 
Carnot projects in 2022 include:
• Characterization techniques of GaN 

material defects for µLED efficiency 
improvement

• Embedded neural network accelerators 
for low power smart image sensors

• Silicon photonics based optical phased 
arrays for chip-scale LiDAR systems

• Inductorless DC-DC piezoelectric flyback 
converters 

• Cryptography solutions that resist 
quantum computer attacks

• Cryogenic treatment protocols to 
control epileptic crises in real time 

• Bovine respiratory disease diagnosis 
using air quality sensors

In 2022, Carnot projects opened new avenues 
of research in areas like eco-innovation, 
high performance computing, advanced 
CMOS architectures, 5 and 6G enabling 
technologies,  classic and quantum photonics, 
cyber-physical systems and cybersecurity, 
power electronics and energy management 
systems, medical devices, connected health 
and personalized medicine. Many of these 
projects benefitted from collaborations with 
national and international academic partners 
that help strengthen our scientific excellence 
and professionalism, while reinforcing our 
open mindset and sharpening our vision of 
the future.

Find out more about the Carnot institutes at http://www.instituts-carnot.eu

Susana Bonnetier
VP of the Carnot
Network and Carnot
Program Manager
for the CEA-Leti
Scientific Reserach 
Division
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Silicon photonics based optical phased 
arrays for chip-scale LiDAR systems.

State-of-the-art technology thanks to the  
co-development of photonics, electronics  
and embedded algorithms.
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The year 2022 was one of the hottest and driest on 
record. Climate events, water shortages, geopolitical 
crisis, and rising energy prices underscored how 
precious our planet’s resources are—and how far  
we are stretching them. 

MAKING TECHNOLOGY 
MORE SUSTAINABLE 
THROUGH ECO-INNOVATION

The semiconductor industry depends not only 
on resources like energy and water, but also on 
strategic metals. Semiconductor manufacturing 
is a significant contributor to greenhouse gas 
emissions, at 100 Mt CO2eq per year (1). And 
greenhouse gas emissions continue after 
manufacturing, with communication networks, 
terminals, and digital services responsible for 
3% to 4% of global greenhouse gas emissions in 
2019 (2). Today, the Semi Climate Consortium is 
working to reduce these impacts.

As an RTO, CEA-Leti is developing technologies 
that will be manufactured in the future. We 
are using two methods, Life Cycle Inventory 
(LCI) and Life Cycle Analysis (LCA), to make 
our technologies and our R&D activities more 
sustainable.

In 2022 we collected LCI and LCA data on our 
cleanroom equipment and processes and are 
targeting:
1. Lower energy consumption, more 

decarbonized energy, energy monitoring to 
boost equipment efficiency, and future ISO 
50001 certification 

2. PFC gas abatement and substitutes for 
hydrofluorocarbon (HFC) used in plasma 
etching to lower GWP (global warming 
potential)

3. Reducing material usage (especially for critical 
materials), limiting waste during deposition, 
and recycling waste

4. Choosing the most sustainable technologies 
among the available options (3-7) 

Beyond our cleanrooms, we are also applying 
our LCI and LCA methods to the devices and 
systems we develop and will soon be able to 
integrated the circular economy into our design 
projects. 

We have eight publications on our eco-
innovation activities forthcoming in journals in 
2023 and have put out an eco-innovation white 
paper, downloadable on our website.

We are now equipped to eco-innovate and 
support our partners in their eco-innovation 
efforts.

CEA-Leti 2022 Scientific Report    

Léa Di Cioccio  
Eco-innovation Program 
Director, CEA-Leti
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Fig. 1 LCSA of CEA-Leti cleanrooms (impacts normalized at 100%)

9

LCA of our cleanrooms 

CEA-Leti’s Life Cycle Sustainability Assessment (LCSA) method was 
used to make improvements to our cleanrooms: 
• 60% of electricity consumption is due to infrastructure operation, 

for 80% of the overall environmental impact (Fig. 1) [1] 
• Optimization of air recyclers reduced electricity consumption by 

15% without any performance loss
• At CEA-Leti, ultra-pure water is responsible for 40% of the total 

impact in the water use category. Recycling reduced ultra-pure 
water consumption by 20% in 2021

These improvements will help map out more sustainable roadmaps 
for the IC industry.

João Lopes-Barbosa
PhD candidate, 
CEA-Leti
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Isabelle Servin  
Eco-innovation 
Engineer, CEA-Leti
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Fig. 2 LCA comparison based on a lot of 25 Si wafers (200 mm size) 
 Conventional resist   Bio-based resist (chitosan).
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LCA of bio-sourced resist for lithography 

Photolithography is one of the main processes in nanofabrication. 
Unfortunately, it involves large quantities of organic solvents and alkali-
based solutions. 

• Water-based bio-sourced resists are promising alternatives to 
petroleum-derived photoresists for DUV lithography [2] 

• Chitosan films produced from seafood-industry waste enable 
patterning processes free of solvents and developers 

• A comparative LCA of the bio-based process revealed an average 
environmental impact of ~40% of that of the oil-based resist for the 
six main impact factors (Fig. 2)

CEA-Leti 2022 Scientific Report    
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LCA of microLED, IRT Nanoelec, Aledia,  
and CEA-Leti

A “cradle to gate” LCA of a microLED technology for active displays was 
completed as part of the IRT Nanoelec Displed project. 

Cradle to gate covers all stages from raw materials extraction through 
manufacturing. CEA-Leti cleanroom data was extrapolated to volume 
production environments. CMOS data was gathered from the literature.

The LCA confirmed the environmental disadvantages of the high-carbon 
energy mix used in CMOS production (Fig.3).

Fig. 3 LCA a 3D integrated CMOS with active GaN on silicon LED module

1 IEA Global Energy Review 2021, SEMI.
2 The environmental footprint of the digital world 2019 GreenIT.fr, F Bordage.
3 J. Lopes Barbosa et al. “environnemental impacts of a clean room infrastructure.” Journal of cleaner production (2023) To be 
published.
4 I. Servin, et al., J. Micro and Nano Engineering (2022) submitted.
5 A. Holo, et al. “MicroLED Display Life Cycle Assessment“ to be presented at  Display week (2023).
6 J. Guérid, J. -B. Doré, J. Reverdy, B. Reig, A. Clemente and L. Di Cioccio, “Toward Eco-Design of a 5G mmWave Transmitarray 
Antenna Based on Life Cycle Assessment,“ 2022 Joint European Conference on Networks and Communications & 6G Summit 
(EuCNC/6G Summit), Grenoble, France, 2022, pp. 440-445, doi: 10.1109/EuCNC/6GSummit54941.2022.9815659.
7 Y Rivoira , et al. “Environmental Impact Comparison Between OxRAM And MRAM Component Based On Life Cycle Assessment“ To 
be submitted to Journal of Cleaner Production 2023.
8 G. Guillemaud, L.Vauche, et al. “ Empreinte environnementale d’un composant de puissance à base de GaN”submitted to GIE 2023
6 T. Ernst “Vers une électronique soutenable dans un monde digital Enjeux et perspectives, Revue d’Electronique et d’Electricité“ n°5, 
2023.
7 T. Ernst & JP Raskin  “Towards circular ICT: from materials to components”, Hipeac vision 2023, https://www.hipeac.net/

Antonin HOLO 
LCA Engineer 
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Startups form one of the pillars of CEA-Leti’s 
technology transfer strategy. When it comes  
to helping breakthrough innovations gain  
a foothold in nascent markets, there is no 
better vehicle than a tech startup.  
A CEA-wide startup accelerator called 
Magellan is helping transform more great 
ideas—including great ideas from CEA-Leti 
labs—into viable businesses. 

The year 2022 saw five new CEA-Leti startups get off the ground for 
a total of 76 to date. These companies are bringing our patented 
technologies to exciting markets like mobility (SteerLight, see page 
84), quantum computing (Siquance, see page 19), medtech (Admir 
see page 82) and Baio-DX.

These ventures are, to a large extent, deep tech startups addressing 
industrial markets. Bridging the gap between lab and factory 
requires funding—lots of it. And investors support our startups to 
the tune of a collective €100 million in fresh capital each year.

CEA-Leti startups are catalysts for economic growth, whether it’s 
through direct jobs (estimated at more than 4,000 in the Grenoble 
area to date) or through the acquisitions that are vital to our 
European leaders like STMicroelectronics (which acquired Exagan 
and BeSpoon), Biosynex (Avalun), Getinge (Fluoptics), and, more 
recently, Bic (AMI). Here are a few of the startups that left their mark 
on the year 2022 at CEA-Leti.

CEA-LETI 
STARTUPS
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MATERIALS AND DEVICES FOR ENERGY EFFICIENT COMPUTING

01
MATERIALS AND  

DEVICES FOR ENERGY  
EFFICIENT COMPUTING

Jean-Paul Barnes 
Scientific Advisor to  
the Technology Platform Division
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2022 was an exciting year in terms of materials and 
device development for energy efficient computing. 
The strong partnership between CEA-Leti and CNRS 
resulted in the creation of a quantum startup and 
the presentation of an important milestone at the 
International Electronic Devices Meeting (IEDM). 
This strategic activity also relies on research and 
innovation by CEA-Leti scientists working on aspects 
such as advanced electrical characterization of 
cryogenic circuits, supported by the ERC Qucube 
synergy project but also on materials processing. 
The use of DNA origami techniques for nanoscale 
pattering and nanosecond laser annealing for 
producing superconducting boron-doped silicon are 
just two of the innovative approaches that aspire to 
enable quantum silicon devices. Following the award 
of an ERC project to work on bio-inspired nanoscale 
memory devices in 2021, Elisa Vianello and her team 
at CEA-Leti have already made significant progress 
with three publications in nature portfolio journals. 
In addition, the teams working on phase change 
and ferroelectric memory technology have made 
major advances in understanding the fundamental 
mechanisms at play as well as improving device 
performance and integration. Finally, while  
remaining a major player at the international level, 
we are increasing our involvement in national 
and European strategic projects and roadmaps.



16

CEA-Leti 2022 Scientific Report    
©

 s
ak

km
es

te
rk

e 
- A

do
be

 S
to

ck



Quantum computing continued to make headlines 
around the world in 2022, with CEA-Leti diving deeper 
into its technology of choice—silicon—through its own 
research and through multidisciplinary partnerships  
as part of European projects and active participation 
in Grenoble’s growing quantum ecosystem, including 
the creation of a quantum startup. 
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Maud Vinet
Quantum Program 
Director

QUANTUM COMPUTING

CEA-Leti’s quantum computing program in 2022

CEA-Leti was pioneering the exploration of quantum devices with CEA-Irig long 
before today’s massive interest in the field. CEA-Leti’s quantum computing program 
brings a long track record and extensive experience with cryogenic engineering 
to semiconductor-based qubits that are scalable for future quantum architectures 
embedded in post-quantum accelerators. 

Well-orchestrated cooperation spanning the quantum and solid-state physics, 
electrical engineering, and computer science communities is the best way to address 
the scalability challenge. Our objective is also to propose a complete silicon-based 
quantum processing unit from hardware to quantum software. Our partnerships with 
academic research labs, semiconductor industry stakeholders, and startups will be a 
key enabler to ensure viable technical and economic choices. Even with many years 
of experience with collective fabrication on silicon, scaling up a quantum processor 
involves complex, challenging transdisciplinary tasks for which a common language, 
long-term roadmaps, and investments will be needed. In Grenoble, these efforts 
are being coordinated through the QuantAlpes Network in close collaboration with 
Université Grenoble Alpes.

Over the past year, we have continued to play an active role coordinating the four-
year European QLSI (Quantum Large-Scale Integration with Silicon) consortium, 
which kicked off in 2021 to shape the worldwide state-of-the-art in silicon spin qubits. 
In 2022, single qubit gates were demonstrated through a wide variety of hardware 
options. The first demonstration of three entangled qubits was achieved in a six-
qubit array. Long-distance quantum information transfer by shuttling and spin-photon 
coupling were also demonstrated. 

The six-year ERC Synergy Grant for Qucube also supports ambitious research 
collaborations to make a decisive step toward an operable silicon quantum 
computer. After the installation of a 300 mm cryo-probe station, in 2022 we validated 
measurement on standard 300 mm wafers down to 2 K. Lowering prober noise allowed 
us to now detect the last electron within quantum dots and arrays of quantum dots.

17
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Main scientific results of 2021-22

CEA-Leti scientists presented a plethora of papers at the APS (American Physical 
Society) March Meeting 2022 and at the 2022 IEEE International Electron Devices 
Meeting (IEDM) and published an article in Nature Nanotechnology. 

During the 2022 APS March Meeting coherence times as high as 100 μs were 
demonstrated in silicon. Researchers also developed simulation tools and devices 
and new circuit characterization methodologies to pave the way toward fast and high-
fidelity industrial grade silicon qubits. 

The three papers presented at IEDM covered progress toward a fault-tolerant quantum 
computing framework (plenary paper, see sidebar); a new protocol for characterizing 
industrial-grade silicon qubit devices at wafer level, important for process-and-
layout optimization and improved qubit performance, was developed; and a third 
paper on a new modelling-based electrical characterization strategy to develop 
low-temperature FD-SOI cryoelectronics, with applications not only in quantum, but 
also in high-performance computing, low-temperature sensor electronics, and more, 
was presented. Finally, in December 2021, Maud Vinet published a Comment article 
in Nature Nanotechnology, highlighting the need for the quantum computing and 
electrical engineering communities to find new ways to work together to bring proven 
semiconductor-industry know-how, knowledge of the physics of nanostructures, and 
advanced quantum engineering to a future silicon-based quantum computer.

CEA-Leti’s Maud Vinet presents plenary paper at 
IEDM

The paper, entitled “Enabling full fault-tolerant quantum computing with 
silicon based VLSI technologies,” was the result of a demonstration by 
CEA-Leti and partners that FD-SOI with VLSI (very large scale integration) 
enables full fault-tolerant quantum computing. One of the reasons these 
results are significant is because quantum error correction (QEC) was 
integrated. Although this is only a demonstration, it does mark a step toward 
the integration of QEC, for which there are several promising candidates, 
into practical systems. 
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Further reading: 
• 6N. Piot et al., “A single hole spin with enhanced coherence in natural silicon” APS March Meeting 2022
• B. Martinez Diaz et al., “Electron and Hole Spin Qubits Variability in Si MOS Devices”, APS March Meeting 2022
• B. C. Paz et al., “Electrostatic coupling control of two-gate metal levels CMOS-based quantum dots”, APS March Meeting 
2022
• M. Vinet, “The path to scalable quantum computing with silicon spin qubits,” Nature Nanotechnology 16: 2021. DOI:10.1038/
s41565-021-01037-5
• M. Vinet, “Enabling full fault tolerant quantum computing with silicon based VLSI technologies,” IEEE International Electron 
Devices Meeting 2022
• L.C. Contamin et al., “ Methodology for an efficient characterization flow of industrial grade Si-based qubit devices,” IEEE 
International Electron Devices Meeting 2022
• M. Cassé et al., “FD-SOI for cryoCMOS electronics: device characterization towards compact model,” IEEE International 
Electron Devices Meeting 2022

SiQuance, France’s silicon CMOS quantum startup, the 
fruit of nearly two decades of multi-partner research

“The quantum computer will revolutionize entire sectors of the economy, 
speeding up the development of new therapeutic drugs, improving the 
management of energy production for a faster transition to more sustainable 
energy systems, and smoothing out the flow of traffic in cities to save time 
and reduce pollution,” said SiQuance cofounder and CEO Maud Vinet, formerly of 
CEA-Leti. The startup, founded in late 2022 by Vinet with Tristan Meunier, formerly of 
Institut Néel-CNRS, and François Perruchot, strategic marketing expert at CEA-Leti, 
is banking on silicon qubits and proven CMOS processes—key to reliability, a high 
level of integration, and manufacturability—to rapidly develop an operable quantum 
computer that can be deployed on a large scale, bringing the quantum revolution 
to numerous industries and, more broadly, society. CTO Tristan Meunier said, 
“SiQuance, born from the CEA-CNRS QCosmos project, will leverage French 
and European semiconductor manufacturing capabilities to scale up a quantum 
processor. CNRS has a strong innovation strategy that includes supporting deep 
tech startups like SiQuance.” With SiQuance, France has a strong contender in the 
race to the quantum computer.
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CEA-Leti’s AI program continued to build on advances 
in emerging memory concepts and novel circuit 
architectures in 2022. The year was a particularly busy 
one for Elisa Vianello, who heads the Edge AI program 
at CEA-Leti. She won a competitive €3 million European 
Research Council grant to pursue her groundbreaking 
bio-inspired nanoscale memory devices in 2021 and 
co-authored no fewer than three publications in Nature 
Portfolio journals in 2022—a first for CEA-Leti. Here’s 
her take on the year’s results.
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Elisa Vianello 
AI Program Director

ARTIFICIAL
INTELLIGENCE

You have been interested in bio-
inspired memory for some time now. 
In 2021, you won an ERC grant to 
develop nanoscale memory devices 
inspired by insect nervous systems. 
What results did your ERC-funded 
research produce in 2022?
Some of the computing that happens in the brain 
is done by the synapses (the memory), so that 
data does not have to be transmitted between 
the memory and the processor. This is extremely 
energy efficient. Utilizing memristor physics to 
create new functions is similar and could make 
machine learning on classical computers much 
less power-hungry. My bio-inspired memory 
research is tackling the problem holistically, 
simultaneously optimizing process development, 
integration, circuit design, system architecture, 
and algorithms to relax hardware requirements. 
Like the brain—be it human or insect—these 
future learning and inference engines will be 
reliable, energy-efficient, uncertainty-aware, and 
adaptable. The ERC-supported research resulted 
in an advance toward a compact, low-latency, low-
power computing system in the form of a hybrid 

memristive CMOS neuromorphic architecture 
directly connected to ultrasound sensors 
(pMUT), ideal for its in-memory event-driven 
computing ability. We focused on an acoustic-
based object localization task—a problem owls 
solve very efficiently in nature. We extrapolated 
the computational principles of the owl’s prey 
tracking strategy into our system. This research, 
which CEA-Leti conducted with academic labs 
at the Universities of Zurich (Dr. Melika Payvand) 
and Tours (Prof. Jérôme Casas), was significant in 
that it confirms the potential of this approach to 
outperform microcontrollers in terms of energy 
efficiency.

The year 2022 also saw a notable 
advance on self-organizing memory 
for sequence learning tasks. What 
does this mean?
Learning is fundamental to creating smart 
machines. In collaboration with University of Zurich 
(Dr. Melika Payvand), we developed a Memristive 
Self-organizing Spiking Recurrent Neural Network 
(MEMSORN) based on plasticity rules derived 
directly from the statistical measurements of our 
fabricated RRAM-based neurons and synapses 

CEA-Leti 2022 Scientific Report    
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and that exploit the devices’ intrinsic variability 
to improve the accuracy of the network on a 
sequence learning task by 30%. 

There is neuroscientific evidence that neuronal 
systems in the brain dynamically store and 
organize incoming information into a web of 
memory representations, which is essential 
for the generation of complex behaviors. This 
memory formation is the result of a combination 
of learning rules at different time scales. 
MEMSORN, inspired by these mechanisms, takes 
advantage of the spatial and temporal noise of the 
substrate’s physics to self-organize its structure to 
the incoming input and learn a sequence. Here, 
we used the noise inherent to resistive memory, 
an emerging memory technology, to learn the 
structure of a sequence without any supervision.

MEMSORN outperformed a randomly-set-up 
spiking recurrent network on the same task by 
more than 15%. When it comes to brain-inspired 
computing, this research shows that addressing 
the device, circuit, and algorithms holistically is 
crucial.

You also contributed to an advance 
that could help overcome the 
so-called “memory wall.” Can you 
tell us more?
Deep neural networks (DNN) bump up against 
an obstacle known as the “memory wall,” a 
bottleneck that occurs due to the sheer size of 
the memory required for training as data and 

model sizes continue to grow. The capacity 
of on-chip memory creates barriers in terms 
of energy and execution times. And the more 
DNNs needed for an application, the worse the 
bottleneck. In collaboration with Prof. Subhasish 
Mitra of Stanford University, we developed a 
DNN inference system (we called “Illusion”) that 
offers excellent energy and execution times for 
different DNN types and sizes. Although it was 
developed for on-chip non-volatile memory, it 
can be applied to different memory technologies. 
This could provide the much-needed on-chip 
memory capacity DNN systems need to access 
high bandwidths at low power budgets.

On a more personal level, you 
were included in a list of inspiring 
engineers in Communications 
Engineering on International Women 
in Engineering Day. What did this 
mean to you as a woman in science?
I am an engineer who just happens to be female. 
I am privileged to live in a time and place where 
women are free to follow their dreams. I hope 
that simply being a woman and doing what I love 
will encourage other girls to join the community.

Further reading: 
• Filippo Moro et al., “Neuromorphic object 
localization using resistive
memories and ultrasonic transducers,” Nature 
Communications: 2022. 
https://doi.org/10.1038/s41467-022-31157-y 
• Melika Payvand et al., “Self-organization 
of an inhomogeneous memristive 
hardware for sequence learning,
” Nature Communications: 2022. 
https://doi.org/10.1038/s41467-022-33476-6
• Robert M. Radway et al., “Illusion of large 
on-chip memory by networked
computing chips for neural network 
inference,” Nature Electronics: 2021. 
https://doi.org/10.1038/s41928-020-00515-3
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The owl’s prey-capture mechanism 
combines auditory and visual search.  
The ultralow power consumption auditory 
search is always active and when a specific 
auditory neuron fires, the owl has the 
information it needs to start the visual 
search, which is more precise but more 
costly in terms of energy consumption. 
Our system mimics the owl’s extremely 
energy efficient auditory search.
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BEOL selector advance could 
respond to new computing 
paradigms in tomorrow’s 
embedded architectures

BEOL-compatible materials and 
devices urgently needed 
Today’s microcontrollers must pack in as 
many functionalities as possible and remain 
stable under high temperatures, especially for 
automotive applications. As technology nodes 
shrink, this creates new integration challenges 
that will require materials and devices compatible 
with Back-end-of-Line (BEOL) process conditions. 
CEA-Leti, a leader in memory, is bringing its 
world-class knowledge of Ovonic Threshold 
Switching (OTS) chalcogenide materials to 
innovative memory device architectures and 

integration scenarios. The objective is 
to support new embedded computing 
paradigms like neural networks that 
will be in demand for automotive and 
other high-performance use cases. 

Groundbreaking integration 
of innovative Ovonic 
Threshold Switching 
selector
In this research, conducted with 
STMicroelectronics, a Ge rich (GeSbTe) 

Phase Change Memory (PCM) was successfully 
integrated with a GeSbSeN Ovonic Threshold 
Switching (OTS) alloy in a “Wall”-architecture 1S1R 
device—the first integration of this type to CEA-
Leti’s knowledge. This advance, demonstrated on 
a 28-nm test vehicle, could create pathways to the 

BEOL integration of Crossbar arrays, a type of in-
memory computing architecture that offers high 
densities, independence from CMOS integration, 
and 3D stackability—all advantages for new 
computing paradigms like neural networks that 
require massive parallelism and an ability to 
support multiply accumulate (MAC), a critical 
chip-level operation in artificial intelligence. In 
parallel, innovative OTS Multilayer (ML) selector 
materials have been demonstrated to withstand 
an extremely high thermal budget of three hours 
at 400°C, confirming that OTS technology is 
compatible with BEOL processes.

Toward a “Fully-BEOL” memory in 
future advanced embedded CMOS 
technologies
This successful demonstration that OTS-ML 
materials can withstand BEOL process conditions 
will pave the way for future exploration of the 
multilayer strategy with other OTS materials, 
widening the potential range of working voltages. 
Assessing the reliability of Crossbar arrays based 
on this new OTS selector family will also be a 
crucial next step in bringing low voltage, low 
power in memory computing solutions to future 
CMOS technology nodes. CEA Leti is now 
exploring new memory mechanisms observed in 
amorphous chalcogenides to store information at 
low voltages to gain a deeper understanding of 
the physics so that engineering and optimization 
can be addressed. 

Gabriele Navarro 
CEA-Leti scientist 

Today’s cars have dozens of microcontrollers, and 
that number will only grow as electric and autonomous 
vehicles gain traction. In addition to being powerful and 
compact, the electronics inside these systems must 
be able to withstand higher temperatures than normal 
consumer-grade electronics. CEA-Leti is developing new 
materials and new devices to respond to the industry’s 
need for high-performance, energy-efficient embedded 
computing solutions.

Further reading: 
• Y. Moustapha-Rabault et al., 52nd IEEE Semiconductor Interface Specialists 
Conference (SISC), n. 10.1, conference proceedings (2021)
• C. Laguna et al., “Multilayer OTS Selectors Engineering for High Temperature 
Stability, Scalability and High Endurance,” 2021 IEEE International Memory Workshop 
(IMW), 2021, pp. 1-4, doi: 10.1109/IMW51353.2021.9439590

STMicroelectronics.

Research partners: 

Impact
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Successful demonstration of 
a one selector one memory 

(1S1R) device based on 
Ge rich PCM, marking a 

new advance in CEA-Leti’s 
groundbreaking in-memory 

computing research and 
the latest achievement 

with long-standing partner 
STMicroelectronics.

©
 C

EA
-L

et
i



  23

First 1S1R device based on Wall PCM 
structure integrated in 300 mm LETI test 
vehicle based on 28 nm technology node. 
Towards the integration of innovative 
materials and BackEnd selectors under 
development in LETI, such as the innovative 
“OTS Multilayer” (OTS-ML) selector.

MATERIALS AND DEVICES FOR ENERGY EFFICIENT COMPUTING

Standard 
“bulk” OTS 

Innovative
“Multilayer” 

OTS
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Nanocomposites could enable better 
thermal management and lower power 
consumption
Almost 70% of energy produced is wasted in 
the form of heat—including in microelectronic 
devices. Until now, efforts to reduce heat loss 
during programming have focused on memory cell architectures. However, 
given the limitations of this approach and the emergence of new brain-inspired 
applications and—increasingly—very low-power devices, efforts are now shifting 
to innovations in memory materials themselves. Phase-change nanocomposites, 
with their unique and controllable nanostructure, are promising candidates 
for low-power phase-change memory (PCM). CEA-Leti developed and tested 
nanocomposite PCMs built on [(GeTe) 4 nm / C1 nm] 10 multilayer (ML) films, 
which performed better than the commonly-used phase-change alloy Ge2Sb2Te5, 
with around a 55% reduction in RESET current.

A decrease in out-of-plane lattice thermal 
conductivity in the multilayer material due to 
increased phonon scattering
The performance improvement over standard polycrystalline phase-
change thin films appears to be due to lower out-of-plane lattice 
thermal conductivity in the ML resulting from increased phonon 
scattering. The high density of GeTe-C interfaces (two materials with 
very different vibrational properties) could explain this phenomenon. 
These novel nanocomposites, made of crystalline GeTe nano-
inclusions separated by an amorphous C matrix, have also recently 
been found to effectively reduce thermal conductivity, also promising 
in terms of thermoelectric potential. 

Further study of thermal transport in these new 
nanocomposites is needed
For a real breakthrough in memory or thermoelectric device optimization, a 
better understanding of thermal transport in these composites at the microscopic 
level is needed. The microscopic approach that failed to fully explain the 
unexpected behavior observed in these nanocomposites must now be extended 
to investigate how the nanostructure and heterogeneities affect macroscopic 
thermal transport. In addition, further study of the phonons responsible for 
thermal transport in these nanocomposites will provide invaluable insights into 
the physical mechanisms behind the materials’ unique properties—essential to 
engineering innovative, high-performance composites in the future.

Innovative multilayer 
nanocomposites obtained 
by intertwining a germanium 
telluride (GeTe) alloy with 
a chalcogenide (C) at the 
nanometric scale can contribute 
to improving the control 
of thermal transport and, 
therefore, lowering the power 
consumption of phase-change 
memory devices.

Impact

New materials such as the 
nanocomposites studied here 

for phase-change memory 
applications will help solve 

thermal management issues 
in the microelectronics 

industry, opening the door to 
more energy-efficient memory 

and thermoelectric devices.

Pierre Noé 
CEA-Leti  
senior scientist 
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Chalcogenide nanocomposites,  
a path toward low-power nonvolatile  
phase-change memory
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CEA-Leti and CELIA driving 
advances in chalcogenide 
materials from basic 
research to industrial 
use cases

CEA-Leti has been working with 
Dr. Jérôme Gaudin (Bordeaux 
University) and his team at CELIA* 
(a leading international center for 
research in the field of ultrafast physics 
using high-fluence and very-short-
timescale laser sources) since 2016. 
The partners bring complementary 
expertise in chalcogenide materials 
to the table. “Not only does CEA-Leti 
provide us with samples made from 
materials that are complex to work 
with, but the institute’s advanced 
characterization capabilities ensure 
that we know the exact composition 
of the samples. That’s important 
to the quality of our research,” 
said Dr. Gaudin. “CELIA’s unique 
expertise probing the change 
occurring in materials upon laser-
induced optical excitation helped 
us understand a highly-debated 
physical mechanism in the 
amorphous phase of chalcogenide 
upon application of an electrical 
field,” said CEA-Leti’s Pierre Noé. 
“This proved to be instrumental 
to our subsequent developments 
in phase-change memories (PCM) 
and Ovonic Threshold Switching 
(OTS) selectors,” said Noé.

The initial collaboration between 
CELIA and CEA-Leti resulted in 
findings that could help improve 
the properties of chalcogenides 
for applications exploiting their 
unique nonlinear behavior under 
optical or electrical excitation—
such as neuromorphic devices 
that mimic the signal processing 
of biological neurons. In 2022 this 
successful partnership gave rise to 
a multi-stakeholder French research 
consortium on chalcogenide 
materials, called CHALCO**, set up 
to create a vertical ecosystem around 
chalcogenide materials, from basic 
science to industrial applications. 
“As an academic research lab, 
a partner like CEA-Leti can 
help orient our investigations 
toward materials with industrial 
potential,” said Dr. Gaudin.

Current research is focusing on 
the experimental demonstration 
of the switching mechanism in 
amorphous chalcogenide triggered 
by a static electric field in PCM and 
OTS selectors, both of which are 
key devices in new 3D cross point 
memory architectures. The CHALCO 
consortium and new research 
funded through an ERC grant at 
CELIA will undoubtedly create future 
opportunities for the partners to 
develop innovative materials for 
tomorrow’s more energy-efficient 
devices.  

Further reading: 
• Damien Térébénec et al., “Innovative 
Nanocomposites for Low Power 
Phase-Change Memory: GeTe/C 
Multilayers,” Physica Status Solidi 
(RRL) – Rapid Research Letters: 2022 
DOI: 202200054
• Rebecca Chahine et al., 
“Nanocomposites of Chalcogenide 
Phase-Change Materials: from C 
doping of Thin Films to Advanced 
Multilayers,” J. Mater. Chem. C: 2022. 
doi: 10.1039/D2TC03567G
• Damien Terebenec (Grenoble-Alpes 
University PhD candidate conducting 
research at CEA-Leti), “Innovative 
GeTeC Nanocomposites for Low 
Power Phase-Change Memory,” Best 
Poster Presentation, E\PCOS2021 
conference: 2021

Transmission Electron Microscopy 
image of a Phase-Change 
Memory cell programmed in the 
RESET state. The cell is made 
of a nanocomposite material 
consisting of a GeTe/C multilayer 
fabricated by stacking of  4 nm 
thick GeTe layers and 1 nm thick 
C layers. Upon the high RESET 
current pulse application, the 
volume of nanocomposite phase-
change material amorphized 
thanks to the melting-quenching 
process induced by Joule heating 
effect is strictly confined very 
close to the bottom electrode 
contact, namely the heater with a 
L shape, owing to the improved 
thermal confinement of heat. The 
multilayer structure is responsible 
of an increased phonon 
scattering due to the multiple 
GeTe/C interfaces and thus of 
reduction of the heat waste.

CNRS and Lyon Uni-
versity labs ILM and 
CETHIL (under the 
MAPS project financed 
by the French national 
research agency), Lyon 
University lab ILM and 
Institut Néel under the 
NanoCHARME project 
financed by the Au-
vergne Rhône Alpes 
regional government.

Research partners: 

*CELIA is a joint research unit founded by the CNRS, France’s national center for scientific research, and the University 
of Bordeaux in 1999.
**CHALCO is a CNRS-funded research consortium set up to create a vertical ecosystem around chalcogenide 
materials, from basic science to industrial applications.

As an academic research lab, 
a partner like CEA-Leti can 
help orient our investigations 
toward materials with 
industrial potential.

COLLABORATION
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The chip shortage and other geopolitical events of the 
past few years have highlighted the strategic nature 
of the semiconductor industry in Europe’s economy. 
France is making electronics a priority with a national 
research program that will ultimately drive growth 
and bring certain electronics manufacturing activities 
back to France and other European countries. Isabelle 

Sagnes
Research 
Director, 
CNRS
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CEA and CNRS drive major early-stage 
research program uniting academic 
labs around tomorrow’s electronic 
components 

Specifically, the French government hopes 
to build on the momentum created by the 
European Chips Act1 by launching its own 
massive industrial revitalization program, France 
2030. The early-stage electronics research 
program (PEPR2) co-coordinated by the CEA and 
CNRS, the French national center for scientific 
research, is part of this broader initiative. The 
electronics accelerator program will focus on four 
topics: digital perception, power conversion 
devices, telecommunications components, 
and electronics for computing, and will engage 
the academic community around the future of 
electronic components.

A part of the program will focus on upgrading 
academic research tools—enabling the CNRS 
and its national Renatech network of micro and 

nanofabrication platforms, as well as  the CEA’s 
nanocharacterization platform, to continue 
offering the cutting-edge equipment and know-
how required to develop tomorrow’s electronics. 
Another part of the program will fund research 
projects involving hundreds of scientists across 
the country. 

Isabelle Sagnes, research director at CNRS, 
who oversees the Renatech network, said, “This 
project is significant in that it will transform 
academic research, previously isolated in 
individual laboratories, into a nationwide 
coordinated effort to bring new technology 
concepts of market interest to higher TRLs. 
CEA, with its vast experience transferring 
new technologies to industrial stakeholders, is 
an obvious partner for this.”
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Thomas Ernst, research and scientific director at 
CEA-Leti, said “We are very enthusiastic about 
boosting our historical collaboration with 
CNRS and French universities. Our common 
goal will be to develop advanced electronic 
devices that require upstream research on 
emerging materials and concepts for the 
future needs of our society.”

With the electronics accelerator program, France’s 
research and technology communities will cover 
the entire value chain, from new materials, to 
components, to complete systems and access 
the cutting-edge R&D equipment needed to 
build a revitalized domestic electronics industry.  

1 https://www.european-chips-act.com/
2 PEPR Electronics Accelerator (Programme et Equipement 
Prioritaire de Recherche Electronique)

THE FUTURE 
OF ELECTRONICS 
MANUFACTURING 

IN FRANCE...

Low-power, efficient 
components to make 
telecommunications, 

embedded computing,  
transportation, and 

the energy transition 
sustainable.
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CEA-Leti and NaMLab combined their expertise and 
know-how in CMOS back-end-of-line (BEOL) integration 
and ferroelectric hafnium oxides to demonstrate the 
functionality of hafnia-based ferroelectric random-access 
memories (FeRAM), currently the most energy-efficient 
non-volatile memory technology that also offers good 
potential for manufacturability. Ferroelectric tunnel 
junctions (FTJ), an earlier-stage technology that could 
serve as artificial synapses, were also investigated. 

Impact

Laurent Grenouillet 
CEA-Leti senior scientist
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HfO2-based ferroelectric memories 
could make IoT microcontrollers  
more energy-efficient

Toward scalable FeRAM at smaller 
technology nodes
FeRAM (ferroelectric random-access memory) is 
a type of non-volatile memory which, although 
attractive for its energy-efficiency and reliability, 
has not been widely deployed due to CMOS 
compatibility and scalability issues induced by 
the use of perosvkite ferroelectric materials. 
There is now a clear path to a manufacturable 
solution at advanced technology nodes, with 
the first-ever demonstration of a functional 
1-transistor-1-capacitor (1T-1C) FeRAM array 
where HfO2-based ferroelectric capacitors under 
0.36 µm² were integrated using 130 nm CMOS 
back end of line (BEOL) processes. “This is an 
important first step towards the scalability 
of these memories at more advanced nodes, 
where perovskite-based industrial FeRAM 
cannot be integrated due to a lack of Si 
CMOS combability and poor scalability,” said 

CEA-Leti senior scientist Laurent 
Grenouillet. “We can now say with 
certainty that ferroelectric hafnium 
oxides, CMOS-compatible materials 
pioneered by our partner NaMLab, 
show strong potential for fast, ultra-
low-power non-volatile memories 
for IoT device microcontrollers.” 

Integration of ferroelectric 
hafnium oxide into 130 nm CMOS 
BEOL processes
NNaMLab, a TU Dresden company, is a public-
private nanoelectronic materials laboratory 
that has been driving advances in ferroelectric 
hafnium oxide field effect transistors since 
2009—expertise that was instrumental to this 
advance. CEA-Leti and NaMLab first started 
working together in 2018 under the 42-month 
EU 3 FERRO project to develop an energy-
efficient embedded non-volatile memory 
and logic based on ferroelectric materials. 
It was during this project that they gained 
a first joint experience fabricating BEOL 
FeRAM and capacitor arrays. Uwe Schroeder, 
a senior scientist at NaMLab, is an expert in 
these materials and their thin-layer deposition. 
“The ability to fine-tune the properties of 

Dr. Uwe Schroeder 
Senior Scientist, Deputy 
Scientific Director, NaMLab
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New, low-power memory 
technologies for Edge 

computing applications 
are in high demand amid 
exponential growth in the 

number of IoT devices. This 
first-ever demonstration of a 

functional 1T-1C FeRAM array 
fabricated using standard 

CMOS BEOL processes marks 
a step toward a volume- 
manufacturable FeRAM 

solution.

Scanning electron microscope 
view of HfO2-based ferroelectric 
devices integrated in the  
Back-End Of Line of 130 nm  
node CMOS.
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Up next: exploration of more 
advanced nodes
In addition to more systematic studies to thoroughly 
assess data retention and endurance at lower 
voltages, additional material engineering will also 
be needed—an area where NaMLab’s expertise 
will prove invaluable. “Further investigation of the 
ferroelectric properties and BEOL compatibility 
of hafnia-based films thinner than 10 nm will be 
required to achieve lower operating voltages,” 
said Grenouillet. Progress on these issues will 
enable larger arrays at more advanced nodes. 
New research funded by the French and German 
national research agencies (ANR and DFG) is 
already addressing these issues with a view to 
improving reliability at higher temperatures to 
meet industrial specifications.

ferroelectric materials will pave the way toward 
new memory devices. The EU project gave us 
the opportunity to combine resources from 
both institutions. Advances on the materials 
side could be directly integrated into test 
structures by CEA-Leti,” said Schroeder. 
With high reliability (zero failed bits), operation 
down to 2.5 V, switching speed under 10 ns, 
and solder reflow compatibility, the 16 kbit co-
integrated Si:HfO2 FeRAM arrays fabricated in this 
research performed well. In addition, the BEOL 
compatibility of ferroelectric Si:HfO2 in which 
Si-doping is performed by ion implantation was 
used to demonstrate scaled BEOL Si:HfO2/Al2O3 
bilayer ferroelectric tunnel junctions (FTJs)—
resistive memory devices that could effectively 
mimic synapse behavior. Careful engineering of 
the programming pulses enabled the device’s 
multilevel capabilities demonstrated here. 

Further reading: 
• Justine Barbot et al., “Interplay Between Charge Trapping 
and Polarization Switching in MFDM Stacks Evidenced by 
Frequency-Dependent Measurements,” ESSDERC: 2022
• Justine Barbot et al., “Electrical Assessment of Scaled HfO2-
Based BEOL-Integrated FTJs Leading to Multi-Level Capability 
Demonstration,” Extended Abstracts of the 2022 International 
Conference on Solid State Devices and Materials (SSDM): 2022
• Terry François et al., “16kbit HfO2:Si-based 1T-1C FeRAM 
Arrays Demonstrating High Performance Operation 
and Solder Reflow Compatibility,” IEEE International 
Electron Devices Meeting (IEDM): 2021, DOI:10.1109/
IEDM19574.2021.9720640
• Ruben Alcala et al., “The Role of Interface Dynamics on the 
Reliability performance of BEOL Integrated Ferroelectric HfO2 
Capacitors,” IEEE International Electron Devices Meeting 
(IEDM): 2022

NaMLab.

Research partners: 

MATERIALS AND DEVICES FOR ENERGY EFFICIENT COMPUTING



Bio-inspired self-assembled 
nanostructures could open 
up new possibilities in 
nanopatterning

Demand for smaller features will require alternatives to 
conventional lithography
According to Moore’s Law, increasingly high-resolution patterning will be needed 
for tomorrow’s advanced logic, memory, quantum and devices. One possible 
solution to the local variability and roughness that plague traditional top-down 
lithography techniques is leveraging self-assembling smart materials. CEA-Leti 
is extending previous research on block copolymer lithography towards proteins 
and DNA origamis, which enable more complex nanoscale patterns due to their 
chemistry. Moreover, DNA origamis can be functionalized and embellished with 
biomolecules such as proteins or with nanoparticles.

Programmable nanostructures require cross-disciplinary 
expertise
In CEA-Leti’s research, the DNA origamis were aligned on a substrate using 

state-of-the-art patterning techniques. Specifically, the immersion 
lithography, nanoimprint, and electron beam lithography equipment 
at CEA-Leti’s 200 mm and 300 mm silicon facilities were leveraged. 
The DNA origamis were deposited onto substrate samples with guides 
at the CEA-Irig BioMade lab. For substrate samples without guides, 
patterns were etched by HF vapor-etched and HBr/O2 reactive ion 
etched using equipment at the CEA PTA cleanroom. 

Toward a functional memory device based on bio-
inspired DNA origami nanostructures
The research led to a project called Inforigami that is being funded by France’s 
national research agency (ANR). The purpose of the project, which runs from 2022 
to 2025, is to create a functional memory device using DNA origami patterning. 
This multi-partner project (with Centre for Structural Biology Montpellier, École 
Centrale Lyon, and Institut des Biomolécules Max Mousseron) will deepen our 
understanding of self-organization on the substrate’s surface as well as DNA-
surface and DNA-DNA interactions. In the longer term, 3D structures could be 
assembled for biosensors and other advanced devices.

Guido Rademaker 
CEA-Leti scientist

Raluca Tiron
CEA-Leti scientist

A method called DNA origamis allows for designed, 
precisely controlled self-assembled nanostructures. 
CEA-Leti is developing this technology for use in 
high-resolution and high-fidelity patterning. DNA 
origamis can be functionalized, paving the way to new 
applications such as memory and biosensors.

Impact

DNA origamis can be used 
for high-resolution patterning, 

potentially paving the way 
toward new applications at 
the intersection of CMOS 
devices and biochemistry. 
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CD-SEM image 
of a realization of 
such origamis.

Further reading: 
• L. Rotsen, “Substrate-assisted self-assembly of DNA origamis for 
lithographic applications,” DNA Nanotech Breakthrough award, 5th Functional 
DNA Nanotechnology Workshop (FDN 2022), Rome 25-27 May 2022  
https://pubs.acs.org/doi/full/10.1021/acsami.0c10211
• R.Tiron “Bio-inspired directed self assembly as patterning solution: when 
Top-down meets Bottom-up”, invited paper,  EMLC Leuven 20-22 June 2022

Centre de Biochimie Structurale 
(CBS), CEA-Irig BioMade, 
Applied Materials – Process 
Development & Control.

Research partners: 
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Concept of hierarchical, on-surface, 
self-assembly of DNA origamis into  
a 2D lattice.
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ADVANCE IN DNA NANOTECHNOLOGY BRINGS 
FABRICATION OF 2D ARRAYS OF QUBITS  
ON SILICON CLOSER

After earning a degree in engineering from Polytech’ Montpellier in 
2019, Ludwig Rotsen, who originally hails from Martinique, went on 
to pursue a PhD in materials engineering at Grenoble-Alpes University, 
conducting his research at CEA-Leti—research that won him a DNA 
Nanotech Breakthrough Award at the 5th Functional DNA Nanotechnology 

Workshop held in Rome on May 25 to 27, 2022. The award-winning paper* 
presented the development of nanostructures that can self-assemble into 

2D arrays by exploiting weak interactions naturally present in DNA molecules. 
“The main objective is to control the DNA-surface interactions to allow 
better reorganization and optimal assembly quality. I am proud to have 
earned the recognition of the scientific community for all the hard work 
I put in during the three years of my PhD,” said Ludwig. The research also 
included the development of several analysis methods to measure the quality 
of the assemblies, which could one day be used as etching masks for 2D 
arrays of qubits on silicon for quantum computers. Ludwig will complete his 
PhD in early 2023.

* L. Rotsen, G. Bellot, G. Rademaker, R. Tiron, “Substrate-assisted self-assembly of 
DNA origamis for lithographic applications,” Fifth Functional DNA Nanotechnology 
Workshop (FDN 2022), Rome.



32   

Advanced electrical 
characterization of CMOS 
on FD-SOI cryogenic circuits 

CEA-Leti quantum computing 
program banking on silicon
CEA-Leti’s multidisciplinary quantum program 
is banking on silicon not only for tomorrow’s 
qubits, but also for the cryogenic circuits that 
will be needed to make a many-qubit quantum 
computer operable. MOSFET operating 
temperatures will have to go to 4.2 K and beyond to be implemented close to 
the qubits in these future machines. Although CMOS on FD-SOI offers several 
benefits, there is currently no compact model for the technology at these very 

low temperatures. CEA-Leti is building on its expertise in the physics 
of advanced CMOS devices to develop ultra-low-temperature (ULT) 
circuit models.

Updating CEA-Leti’s mature L-UTSOI model
The institute’s mature L-UTSOI model, which is already in use in 
industry, will be updated with the data and physical models produced 
in this research, which leveraged CEA-Leti’s device characterization 
equipment, including a cryogenic manual prober that can measure 
dies under probes down to 4.2 K. Different versions of this compact 
model will be delivered to CEA-Leti partner STMicroelectronics. This 
research also resulted in new insights into transport and thermal 
effects in transistors operating at cryogenic temperatures.

Next step: RF characterization and reliability testing
Reliable RF measurements at low temperatures are still very challenging. 
Reliability studies and the corresponding models will also need to be investigated 
at low temperatures.

Mikaël Cassé  
CEA-Leti scientist 

Further reading: 
• M. Cassé, B. C. Paz, G. Ghibaudo and M. Vinet, “Electrical 
characterization and modeling of FD-SOI MOSFETs for Cryo-
Electronics,” 2022 IEEE 15th Workshop on Low Temperature 
Electronics (WOLTE), 2022, pp. 1-4, doi: 10.1109/
WOLTE55422.2022.9882859

Cryogenic probe 
station used to 
perform low-
temperature 
characterization 
of CMOS devices 
down to 4.2 K.

The advent of the quantum 
computer has renewed 
interest in cryogenic CMOS 
electronics. But these ultra-
low-temperature components 
are also sought after in fields 
ranging from space and high-
performance computing to 
high-energy physics. Low-
power, versatile CMOS on FD-
SOI is a good candidate for 
cryogenic circuits—one that 
is also compatible with silicon 
spin qubits. CEA-Leti is laying 
the groundwork for tomorrow’s 
compact cryogenic electronics.
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CEA-Irig, Institut Néel, IMEP, 
STMicroelectronics.

Research partners: 
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Impact

A compact model for 
commercial cryogenic CMOS 

on FD-SOI will depend 
on extensive electrical 

characterization to support 
optimized ULT circuit design. 

CEA-Leti has made major 
strides toward this objective 

for the design of circuits down 
to <4.2 K.
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New active junction profile 
extraction method for 3D 
sequential integration of 
low-temperature FD-SOI devices

New method based on electrical measurements
The technique developed effectively extracted the active dopant junction 
profile in FD-SOI devices, something that had not previously been possible 
even using complex and costly physico-chemical characterization methods such 
as SSRM, which only provide the junction resistance profile. In addition, other 
methods used to determine active dopant levels involve 1D samples, which are 
not representative of the junction profiles in actual devices. Here, in tests on 
devices processed at low temperatures (500 °C) for 3D sequential integration, 
the method revealed a high active dopant level, outperforming the current state 
of the art.

Information could enable performance 
enhancements
The active profile extraction will also support future guidelines for 
device performance enhancements. Here, a scaled 5.5 nm SiCO 
spacer effectively circumvented the negligible dopant diffusion at 
500 °C. There is still much to be learned about activation levels and 
junction abruptness in real devices and about the impact of innovative 
activation techniques like SPER and laser ns annealing. Further 
research on CEA-Leti-developed devices such as low-temperature 
transistors for 3D sequential integration will undoubtedly yield 
interesting results to drive future performance enhancements.

Tadeo Mota Frutuoso 
CEA-Leti PhD candidate 

Identifying performance drivers in FD-SOI devices 
used to require extensive measurements using 
expensive equipment. In a world-first, CEA-Leti 
developed a non-destructive electrical measurement 
method to rapidly and cost-effectively obtain dopant 
concentration and activation levels in real devices 
processed at low temperatures.

Further reading: 
• T. M. Frutuoso et al., “Methodology for Active Junction Profile Extraction in thin film FD-SOI 
Enabling performance driver identification in 500°C devices for 3D sequential integration,” 2022 
IEEE Symposium on VLSI Technology and Circuits (VLSI Technology and Circuits), 2022, pp. 332-333, 
doi: 10.1109/VLSITechnologyandCir46769.2022.9830504

CEA-Leti is driving 
improvements in FD-SOI 
devices for 3D integration 
with a new non-destructive 

active dopant junction profile 
extraction method that leaves 
the wafer intact and does not 
require expensive equipment 
such as scanning spreading 

resistance microscopes (SSRM). 

Junction active profile 
extraction in FD-SOI 
devices using new 
methodology based on 
electrical measurements.
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Nanosecond pulsed laser 
annealing research leads  
to two new process modules

Active research program keeps process development 
pipeline full
The past year has been a busy one for pulsed laser annealing research at 
CEA-Leti, with multiple basic research projects that led not only to numerous 
publications, but also to the rather unexpected development of two new generic 
process modules utilizing nanosecond pulsed laser annealing. 

An industrial path to superconducting silicon 
The first process, which enables the formation of superconducting silicon, was 
discovered by a postdoc fellow conducting research funded by the Carnot 
Network. The superconducting material is formed through high boron dose 
implantation and subsequent laser annealing—a departure from GILD, or gas 
immersion laser doping, the only existing method to date, which involves 
exposing silicon surfaces to boron trichloride under ultra-high vacuum and 

applying a long series of laser pulses to incorporate around 3% of 
the dopant in the silicon lattice. The process discovered at CEA-Leti, 
carried out at atmospheric pressure using a single laser pulse with 
proven industrial tools, offers a clearer path to manufacturability than 
GILD. It could potentially be used to fabricate superconducting silicon 
qubits or bolometers for astrophysics applications.

Solid-phase epitaxial regrowth (SPER)  
of amorphized silicon layers 
The second process, SPER, utilizes laser pulses whose energy densities 
are just below the melt threshold at the same location to recrystallize 
the silicon’s amorphous layer, nanometer by nanometer. This process 
could be particularly well-suited to the fabrication of doped regions 
in structures with strong thermal budget limitations, as it can be used 
for stacks with embedded structures that cannot withstand process 

temperatures above 400 °C. This is because only the initially amorphous layer’s 
temperature increases beyond this threshold—the underlying layers remain 
relatively cool. The process could create new possibilities in 3D integration.

Sébastien Kerdilès 
CEA-Leti scientist,  
head of thermal 
treatment engineering 

Recent research on the behavior of 
semiconductor surfaces exposed to 
nanosecond pulsed laser annealing at 
CEA-Leti has unexpectedly led to the 
development of two generic process 
modules—one of which marks a major 
technical leap toward the volume 
manufacturability of silicon qubits for 
tomorrow’s quantum computers.  

CEA-Leti 2022 Scientific Report    

Impact

CEA-Leti now has two new 
generic process modules 

utilizing pulsed nanosecond 
laser annealing: SPER, 

which is particularly relevant 
for 3D integration, and 

superconducting silicon, 
which will pave the way for 

new devices compatible with 
large-scale integration for 

applications like silicon-based 
quantum computing. 
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Further reading: 
• R. Monflier, T. Tabata, H. Rizk, J. Roul, K. Huet, F. Mazzamuto, P. Acosta Alba, S. Kerdilès, S. Boninelli, A. La Magna, 
E. Scheid, F. Cristiano, E. Bedel-Pereira, “Investigation of oxygen penetration during UV nanosecond laser annealing 
of silicon at high energy densities,” Applied Surface Science 546, 2021. https://doi.org/10.1016/j.apsusc.2021.149071
• I. Karmous, F. Roze, P.E. Raynal, K. Huet, P. Acosta Alba, T. Tabata, S. Kerdilès, “Wrinkles Emerging in SiO2/Si Stack 
during UV Nanosecond Laser Anneal,” 2021 ECS Transactions 102 125
• R. Daubriac, P. Acosta Alba, C. Marcenat, S. Lequien, T. Vethaak, F. Nemouchi, Lefloch, S. Kerdilès. “Superconducting 
Polycrystalline Silicon Layer Obtained by Boron Implantation and Nanosecond Laser Annealing,” ECS Journal of Solid 
State Science and Technology. 10. 10.1149/2162-8777/abdc41
• P. Acosta Alba, J. Aubin, S. Perrot, F. Mazzamuto, A. Grenier, S. Kerdilès,
“Solid phase recrystallization induced by multi-pulse nanosecond laser annealing,” Applied Surface Science Advances 3, 
2021, 100053. https://doi.org/10.1016/j.apsadv.2020.100053

CEA-Irig, SCREEN, CNRS-LAAS.

Research partners: 

MATERIALS AND DEVICES FOR ENERGY EFFICIENT COMPUTING

SCREEN LT-3100 nanosecond 
laser annealing platform in  
CEA-Leti’s cleanrooms.
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CEA-LETI & INTEL REPORT DIE-TO-WAFER SELF-
ASSEMBLY BREAKTHROUGH TARGETING HIGH 
ALIGNMENT ACCURACY AND THROUGHPUT

Paper at ECTC Presents Success With Self-Assembly Process 
That Uses Capillary Forces Of Water to Align Dies on Target 
Devices for Possible Memory, HPC and Photonic Applications.

San Diego – June 2, 2022. In a breakthrough for the future of die-to-wafer 
(D2W) bonding, CEA-Leti and Intel have optimized a hybrid direct-bonding, self-
assembly process that has the potential to increase the alignment accuracy as 
well as fabrication throughput by several thousand dies per hour. The approach 
uses capillary forces of a water droplet to align dies on a target wafer. 

Sébastien Dauvé, CEA-Leti’s 
Chief Executive Officer, presents 
a wafer to Robert Chau, director 
of Components Research 
organization in Technology 
Development and a Senior 
Fellow at Intel Corporation,  
at Leti Innovation Days 2022.

https://urlz.fr/ki2S
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Tom Caulfield, CEO of GlobalFoundries said:

“We look forward to deepening our partnership with the leading French 
and European stakeholders across the full semiconductor value chain and 
in particular to build on our highly differentiated FD-SOI-based solutions 
together to address the rapid growth of chips requiring low power, 
connectivity, and security in automotive, IoT and smart mobile devices.”

LEADING SEMICONDUCTOR PLAYERS TO ADVANCE  
NEXT GENERATION FD-SOI ROADMAP FOR AUTOMOTIVE, 
IOT AND MOBILE APPLICATIONS

CEA, Soitec, GlobalFoundries and STMicroelectronics working 
together to define technology and ecosystem roadmap.

Grenoble – April 8, 2022. CEA, Soitec, GlobalFoundries and STMicroelectronics 
have announced a new collaboration in which they intend to jointly define the 
industry’s next generation roadmap for FD-SOI (fully depleted silicon-on-insulator) 
technology. Semiconductors and FD-SOI innovation are of strategic value to 
France and the EU as well as to customers globally. FD-SOI offers substantial 
benefits for designers and customer systems including lower power consumption 
as well as easier integration of additional features such as connectivity and 
security, a key feature for automotive, IoT and mobile applications.       

https://urlz.fr/jw74
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SMART POWER DEVICES

02
SMART POWER DEVICES

Gaël Pillonnet 
Scientific Advisor to  
the Silicon Components Division
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The massive electrification of our 
economy is reshaping the power 
electronics industry. GaN- and 
SiC-based power devices are 
now competing with silicon IGBTs 
and MOSFETs for various power 
applications, and new market leaders 
are emerging. At CEA-Leti, we are 
helping our industrial partners 
strengthen their market positions in 
these times of change by developing 
new proof-of-concept prototypes at 
process, device, and system levels.  
In 2022 we made notable advances  
on innovative SiC substrate processes  
for better-performing components, 
low on-state normally-off GaN 
transistors, and successful GaN 
integration in power converters. 
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200mm GaN 
on Si wafer 
after transistor 
processing  
(CEA-Leti).

First-ever large-scale 
electrical analysis of 
recessed-gate GaN-on-Si 
MOSc-HEMTs confirms new 
architecture’s potential

The path to normally-OFF GaN 
HEMTs for next-generation power 
converters
Normally-OFF power devices offer greater 
operating safety than their normally-ON 
counterparts. Plus, their design flexibility opens 

the door to increased energy efficiency. 
Gallium nitride (GaN), a wide-bandgap 
material that outperforms silicon, has 
already made its way into commercial 
power devices. However, conventional 
GaN transistors are normally-ON. 
Currently, two main approaches have 
been used to achieve normally-OFF 
operation in these devices: the pGaN 
gate, already on the market, and the 
recessed gate—the focus of significant 
research at CEA-Leti in recent years.

First-ever broad investigation of 
new architecture
In research that builds on more than a decade 
of cooperation with STMicroelectronics, CEA-
Leti leveraged its world-class characterization 
equipment and semiconductor process know-
how to study the fully-recessed-gate architecture 
from all angles: process, integration, advanced 

wafer-level characterization, and package-
level analysis of parameters like gate charge 
and switching, comparing the typical figures of 
merit to the state of the art. The study produced 
extensive performance data on AlGaN/GaN MOS 
channel High Electron Mobility Transistors (MOSc 
HEMTs) with a fully-recessed-gate architecture 
on 8" (200 mm) silicon. On-state resistance 
(RON), a particularly important feature for power 
applications, was widely investigated, with results 
showing that this architecture delivers a better 
RON(T)/RON(25 °C) ratio than pGaN architecture. 
The results—very low IGSS leakage even at 150 °C 
and better switching performance—demonstrate 
the substantial advantages of the technology for 
650 V applications.

Transfer to STMicroelectronics  
pilot line
The technology is currently being transferred 
to STMicroelectronics’ pilot line in Tours, 
France. CEA-Leti will continue to build on the 
significant improvements in RON performance, 
capacitances, and Vth in recent years to move 
forward on gate-related issues like Vth stability—
an area in which huge progress has been made 
and must now be consolidated.

Cyrille Le Royer 
CEA-Leti scientist 

Further reading: 
• R. Gwoziecki et al., “Recent Advances in GaN Power Devices Development 
at CEA-Leti,” forthcoming in Future and prospects of GaN Power, RF and 
optoelectronic devices: Proceedings of GaN Marathon 2022, a special issue of 
Power Electronic Devices and Components
• R. Kom Kammeugne et al., “Thorough Investigation of Low Frequency Noise 
Mechanisms in AlGaN/GaN and Al2O3/GaN HEMTs,” 2021 IEEE International 
Electron Devices Meeting (IEDM), 2021, pp. 39.4.1-39.4.4, doi: 10.1109/
IEDM19574.2021.9720522

Structure of Power GaN transistor (CEA-
Leti): Vertical cross-section (from TCAD 
simulation) with device on top of the GaN 
stack and its interconnections (back-end), 
and TEM image of gate cavity.

With climate change top of mind, technologies for the energy 
transition are gaining traction. Power devices will play a key role, 
whether they’re integrated in energy harvesters or in electric vehicle 
converters. A large-scale electrical analysis of a fully-recessed-gate 
architecture for normally-OFF GaN power transistors has confirmed 
state-of-the art performance and beyond, bringing the devices one 
step closer to the market.  

STMicroelectronics, Applied Materials, CEA Tech regional 
tech-transfer platform in Toulouse.

Research partners: 

Impact

CEA-Leti 2022 Scientific Report    

The first-ever electrical 
demonstration of a new fully-
recessed-gate architecture for 
MOSc-HEMTs confirmed that 

the technology can enable 
more efficient and compact 

next-generation power systems 
for applications like renewable 
energy and electric vehicles. 
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Advances in engineered SiC 
substrates for tomorrow’s  
high-voltage power devices 

New SiC power components needed to bring electric vehicle 
costs down
For electric vehicles to truly become mainstream, they will have to be more 
affordable. The batteries that fuel electric vehicles are expensive, but so are the 
power circuits needed to run them. In terms of compactness and performance, 
silicon carbide (SiC) is currently the most promising material on the market 
for EV power chips. A SiC wafer, however, costs up to 50 times more than a 
conventional silicon wafer, mainly due to the process (physical vapor transport, 
or PVT) used to make them. CEA-Leti and Soitec innovated a higher-throughput 
and greener chemical vapor deposition (CVD) process for cheaper, 
more environmentally-friendly engineered substrates that perform 
better than their standard bulk SiC counterparts. These innovative 
wafers for automotive chip makers are commercialized by Soitec 
under the SmartSiC™ brand. 

A breakthrough alternative to bulk silicon carbide
The innovative SiC substrates developed at CEA-Leti consist 
of a standard bulk SiC substrate of which a thin layer (less than  
1 µm) is bonded onto an ultra-high-conductivity polycrystalline 
SiC handle substrate. This single-crystal SiC layer—the donor 
wafer—is reused multiple times, yielding at least ten SmartSiC™ 
wafers per standard bulk SiC wafer. In addition to being faster and 
more environmentally-friendly than PVT, the CVD process used 
to fabricate the polySiC can be more heavily doped, reducing the substrate’s 
overall electrical resistivity for higher conductivity that boosts the current density 
of power deivces by more than 20%. 

New combinations of materials for emerging applications
While this R&D focused on automotive applications, SiC’s advantages 
are also sought after on the renewable energy and data center 
markets. The insights gained into SiC in 
its mono- and polycrystalline forms will 
also position CEA-Leti to explore new 
combinations of materials and scenarios 
like integrated photonics and quantum.

CEA-Leti and Soitec have been pioneering substrates  
for the semiconductor industry for three decades. 
Today, amid growing demand for power electronics from 
the electric vehicle and other industries, the partners are 
heading off a potential silicon carbide wafer shortage 
with a high-performance engineered solution that turns 
a single crystalline SiC wafer into ten—good news in 
terms of costs and environmental impacts. 

Further reading: 
• S. Rouchier, G. Gaudin, J. Widiez, et al., “150 mm SiC Engineered Substrates for High-voltage 
Power Devices,” Materials Science Forum: 2022. DOI:10.4028/p-mxxdef
• G. Gelineau et al., “Evaluation of crystal quality and dopant activation of Smart Cut™- transferred 
4H-SiC thin film using Raman spectroscopy,” presented at ICSCRM 2022 in Davos, Switzerland, 
proceedings forthcoming

Soitec’s innovative SmartSiC™ 
substrate, developed in 

partnership with CEA-Leti, 
will enable more compact, 
better-performing power 

components, and advances in 
the manufacturing process will 
help speed up the adoption of 
SiC by the electric vehicle and 

smart grid markets.

Julie Widiez
CEA-Leti scientist
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Impact

150 mm SmartSiC 
innovative substrates.

Soitec, CEA-Irig, KDT JU TRANSFORM (Trusted European 
SiC value chain for a greener economy) project.

Research partners: 
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Further reading: 
• V. S. Nguyen et al., “Design, implementation and characterization of an integrated current sensing in GaN HEMT device by using the current-mirroring technique,” 
24th European Conference on Power Electronics and Applications: 2022
• J.Buckley et al., “Gallium Nitride Power Devices for Power Conversion Applications,” 7th International Conference on Electronic Materials and Nanotechnology for 
Green Environment: 2022
• V. S. Nguyen, et al., “GaN based module-integrated, high-efficiency DC/DC optimizer for maximizing the yield of the large photovoltaic power plant,” 8th World 
Conference on Photovoltaic Energy Conversion: 2022
• V. S. Nguyen et al., “A High Precision Dynamic Characterization Bench with a Current Collapse Measurement Circuit for GaN HEMT Operating at 175°C,” International 
Exhibition and Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy Management: 2021
• A. Bier et al., “Control of a two-stage, single-phase grid-tied, GaN based solar micro- inverter,” 22nd European Conference on Power Electronics and Applications 
(EPE'20 ECCE Europe): 2020
• V. S. Nguyen et al., “A compact high-efficiency GaN based 400W solar micro inverter in ZVS operation,” International Exhibition and Conference for Power 
Electronics, Intelligent Motion, Renewable Energy and Energy Management: 2020

High-speed power semiconductors play a key role in 
photovoltaic systems, enabling the design of compact 
switching power converters like solar micro-inverters. 
Improvements in these devices will support the 
development of large-scale solar power plants and 
building-integrated photovoltaics. CEA-Leti and CEA-
Liten have combined their GaN power electronics and 
PV systems know-how to build a micro inverter with a 
power circuit made entirely of CEA-Leti GaN transistors. 

René Escoffier
CEA-Leti scientist
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Solar micro-inverter with CEA-Leti  
GaN transistors, an enabling 
technology for tomorrow’s solar 
energy solutions

Impact

Service continuity and 
pluggability are two of the main 
obstacles to the deployment of 
large-scale solar power plants. 
Directly integrated into solar 

photovoltaic panels, GaN micro-
inverters facilitate paralleling and 
ensure high yields. A technology 
operating at high efficiency with 
a high gravimetric density fully 
integrated into the frame of the 
PV modules should reach the 

market within three to five years.

Power transistors a key enabler of 
solar energy
The widespread adoption of solar energy as a 
source of renewable electricity will depend on 
better overall system efficiency and lower costs. 
PV cell yields are important, of course, but so are 
the electronics that convert and maximize the 
power produced by PV cells. Solar inverters feed 
the AC grid from the DC power produced by the 
PV panels, while MPPT control algorithms ensure 
operation of the PV generator at maximum 
power. CEA-Leti and fellow CEA institute CEA-
Liten joined forces to build a MPPT-controlled 

GaN solar micro-inverter integrating 
metal insulated semiconductor gate 
(MISGate) recess transistors designed 
in CEA-Leti cleanrooms. The solar 
micro-inverter demonstrator operated 
at maximum power for several hours 
at the 2022 Leti Days conference and 
exhibition.

More than a decade of GaN 
component development 
at CEA-Leti applied to PV 
systems
CEA-Leti has been working on high-

performance GaN power transistors for more 
than a decade. The technology and processes 
are now mature enough to be able to produce 
power conversion devices with specific electrical 
properties for a given application. CEA-
Liten possesses expertise across the PV value 
chain. Their combined know-how in power 
semiconductors and power converter design 
enabled them to prototype a micro-inverter that 
delivers excellent power density (1.1kW/l) and 
high efficiency (95%).

Integrating more functions on each 
chip to enable novel solar solutions
In addition to supporting the deployment 
of large solar power plants, PV-integrated 
power conversion can maximize production 
for solar farms operating in variable conditions 
(temperature, irradiation, physical state, shade)—
the case for building-integrated photovoltaic 
(BIPV) systems. Co-integrating the transistors and 
their gate drivers on to a single GaN/Si chip could 
further improve power-converter integration and 
performance.
Additional prototypes will undoubtedly be 
produced in the coming years to demonstrate 
these new capabilities as the technology gets 
closer to manufacturing.
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SMART POWER DEVICES

CEA-Liten, a major center for the 
development of new technologies 
for renewable energy applications, 
leads R&D and innovation at INES, 
France’s national institute for solar 
energy research. In addition to 
strong expertise across the entire 
PV value chain from materials 
and processes to grid-connected, 
large-scale, high-power PV-system 
demonstrators, one of CEA-
Liten’s strengths is its capacity to 
leverage the resources and know-
how of its fellow CEA institute, 
CEA-Leti – especially around 
power components. The partners 
have been working together since 

2018, when the CEA launched 
its multidisciplinary “GaN4PV” 
program to drive advances in GaN 
power components designed 
specifically for PV applications. In 
2022 the partners focused on a 
micro inverter with a power circuit 
made entirely of CEA-Leti GaN 
transistors. 

According to CEA-Liten’s Jérémy 
Martin, “Unlike manufacturers, 
who can only supply standard 
transistors, CEA-Leti was able to 
provide us with a custom device. 
This is a real advantage when it 
comes to developing technologies 

capable of differentiating France’s 
PV industry on the global market.” 
Today, the GaN4PV program is 
90% complete: The final steps 
will be to integrate a driver on the 
GaN die and integrate a control 
monitor into the module. “The 
impact on the careers of the 
CEA-Liten engineers who have 
had the opportunity to work 
with CEA-Leti on this component 
will be significant. They have 
benefitted directly from more 
than a decade of GaN power 
component research from an 
organization at the international 
state of the art.”

GaN4PV, a multidisciplinary 
program designed to bring 
new power components to 
the solar energy market

COLLABORATION

Jérémy Martin
CEA-Liten scientist
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Based on CEA GaN transistors, this micro-inverter allows to efficiently converts 
the 72-cell PV (Photovoltaic) module’s electrical energy into the 230V~50Hz.

DC (44 V)

AC (230 V 50 Hz)

4 GaN HEMT LETI 650V

5 GaN HEMT LETI 100V
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MARKET 
NEWS
FROM OUR R&D PARTNERS

VALEO AND THE CEA TO COLLABORATE  
ON ADVANCED RESEARCH IN POWER 
ELECTRONIC TO PREPARE FOR TOMORROW’S 
ELECTRIC MOBILITY

Valeo and the French Alternative Energies and Atomic Energy 
Commission (CEA) signed an agreement to collaborate on the next 
generations of power electronics, which are at the heart of the 
challenges facing tomorrow's electric mobility.
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SMART POWER DEVICES

Xavier Dupont, President of Valeo's Powertrain 
Systems Business Group, said: 

"The world of mobility is undergoing an unprecedented 
transformation, leading to a significant acceleration in 
electrification. Valeo is at the heart of this transformation, 
and this new collaboration with the CEA in the field of 
power electronics will enable us to further accelerate in 
electrification, offering the best technologies while at the 
same time addressing the challenge of carbon neutrality."
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AND SECURITY FOR A 
CONNECTED SOCIETY

©
 D

R 
C

EA
 /

 M
. J

A
RY

CEA-Leti is supporting the emergence of a 
connected world through research on RF 
semiconductor technologies for wireless 
communications and the protection of 
communications systems from threats. As we 
move from 5G to 6G, we will need to improve 
performance and environmental sustainability. 
We are working on innovative substrates for 
ICs and approaches to achieve higher spectral 
efficiency for better service quality and 
security. We are also investigating energy-
efficient architectures built on power amplifiers, 
antennas, and integrated passive devices. We 
are addressing cybersecurity with tools and 
methods to identify vulnerabilities during design 
and best-in-class testing for high-level product 
certifications. We are also looking ahead to 
how the threats of tomorrow’s sensing and 
computing technologies, including quantum, 
might be mitigated through secure and efficient 
deployment of quantum-safe cryptography and 
other solutions. Strong academic partnerships 
helped drive our results and supported the 
transfer of new technologies for environmental 
sensing, satellite communications, and 5G 
systems to our partner companies in 2022.

Viviane Cattin 
Scientific Advisor to the Smart Devices, 
Telecommunications and Security Division
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CEA-Leti has developed a first demonstrator 
that reaches speeds of up to 100 Gb/s.
This technology meets both high performance, 
low energy and low cost requirements.
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The wireless communications ecosystem is gearing up 
to navigate some major shifts amid geopolitical and 
climate events that have made technological sovereignty 
and environmental sustainability front-page news in 
Europe and around the globe. In this context, CEA-Leti is 
banking on collaboration with academic research labs to 
develop sustainable and sovereign European technologies 
to enable a responsible transition from 5G to 6G. Our 
partnerships with top-notch academic research labs and 
our joint participation in major French and EU research 
and innovation programs allow us to tackle tomorrow’s 
wireless challenges from a position of collective strength. 
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Jean-Baptiste Doré
5G Program Director

FROM 5G TO 6G: 
IT TAKES AN ECOSYSTEM
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Over the past year, 5G rollouts continued on a large scale, bringing significant benefits. 
At the same time, technologies like millimeter wave communications—lacking 
performance-boosting innovations and a clear go-to-market strategy—struggled to 
take off. The integration of satellite communications into the standard created new 
opportunities, but also new technical and technological challenges. With 6G over the 
horizon and societal issues top of mind, innovation saw an uptick during the period, 
as well. According to Jean-Baptiste Doré, who heads CEA-Leti’s 6G program, “We 
believe that today’s KPIs have to address citizens’ expectations around not only 
service quality and security, but also frugality and environmental sustainability.” 
A conviction that is expressed in the institute’s cross-disciplinary approach to 6G, with 
a focus on three main progress drivers.  

The first is to push back today’s spectral horizons through advances in RF 
semiconductor technologies from device to packaging and in RF circuit design and 
the associated signal processing. The 6G program is also investigating new multiple 
antenna solutions (MIMO), reconfigurable intelligent surfaces (RIS), and AI-enabled 
schemes as a path toward higher spectral efficiency and better environmental 

performance. Finally, we are developing new concepts 
like joint sensing and communication and assessing the 
environmental impacts of the technologies being studied 
at the very earliest stages of development.

The road to 6G is still long. “To get there, we believe 
that systems will have to be optimized at all levels, from 
microelectronics and antennas to RF designs and system 
architectures. As we address these challenges, we are 
also making eco-design considerations an integral part 
of our research processes to respond to the demands of 
tomorrow’s world and bring our industrial R&D partners 
new ways to improve their technologies,” said Doré. 
“Our research partnerships with academic labs position 
the entire ecosystem to more effectively address these 
challenges by working together.”©
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Pr. Jean-Pierre Raskin 
UCLouvain 

STRONG COOPERATION  
WITH ACADEMIC PARTNERS  
KEY TO KEEPING CEA-LETI’S 
BEYOND-5G PIPELINE FULL

IEMN is a multi-partner 
academic research 
laboratory specializing in 
micro and nanotechnologies
For a long time IEMN focused on advanced 
III-V devices for THz generation and 
detection and related applications. Beyond 
the high-frequency characterization of 
components, dedicated testbeds will be 
required to move towards 6G. IEMN’s 
objective is to offer a complete range of 
characterization tools up to the THz range. 
The lab characterized CEA-Leti’s flat 300 
GHz antennas and validated them for 
datacom use in the 300 GHz band, for 
example. “A strong community at the 
national level is vital to keeping France 
at the forefront of technologies for 5G 
and beyond,” said IEMN’s Guillaume 
Ducournau.

in brief

5 member 
institutions

450 employees

€28 million  
operating budget

Applications in: 
electronics, photonics,  
telecommunications, 
health, energy, IoT, 
and transportation

UCLouvain’s RF-SOI 
research group provides 
a wide range of electrical 
and electromagnetic 
characterization tools.

The RF-SOI research group at UCLouvain 
provides a unique expertise in advanced 
semiconductor device modelling. It 
also possesses on-wafer electrical 
characterization capabilities in the RF and 
millimeter-wave domains. “Our work with 
CEA-Leti has given me and my team 
access to the state-of-the-art cleanroom 
facilities for building demonstrators 
based on the most advanced SOI CMOS 
nodes and a wide variety of engineered 
Si-based substrates,” said UCLouvain’s 
Jean-Pierre Raskin.

in brief

Staffed by more 
than a dozen 
scientists

Expertise in 
engineered 
semiconductor 
RF substrates

Hundreds 
of publications 
on RF-SOI
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IMS studies the integration 
of hardware, intelligence, 
and knowledge in 
communicating and human 
centered systems

IMS offers expertise in transistor 
S-parameter measurements up to 500 
GHz. The lab also provides robust, precise 
circuit designs, dedicated test structures, 
and the associated compact models and 
parameter value extraction capabilities to 
ensure the final electronic function. “IMS 
and CEA-Leti’s joint lab, just a year old, 
has already identified several common 
strategic topics like analog and mixed-
signal IC design, RF-mmW-THz testing 
methods, compact models for micro 
and nanotechnologies, mmW and THz 
imaging systems, and spiking neural 
networks for energy efficient embedded 
AI,” said IMS’s Cristell Maneux.

TIMA focuses on the 
specification, design, 
verification, and testing  
of integrated systems  
and the associated tools 
and methods
TIMA provides CEA-Leti with expertise 
in the design of RF to millimeter-wave 
front-end components like couplers, 
baluns, transformers, filters, diplexers, 
voltage-controlled oscillators, low-noise 
amplifiers, and power amplifiers for the 
RF front end. “As an academic research 
lab, working with CEA-Leti gives us 
a deeper understanding of the issues 
facing the microelectronics industry 
stakeholders CEA-Leti is in contact with 
and access advanced technologies under 
development,” said TIMA’s Philippe 
Ferrari.

in brief

in brief

Joint research unit 
of CNRS, Bordeaux 
INP, and Bordeaux 
University

Staff of 350

2,000 journal articles 
and conference 
papers and 50 
patents in five years

Joint research unit of 
CNRS, Grenoble INP 
– UGA, and Grenoble 
Alpes University

Large proportion of 
research conducted 
under multi-partner 
regional, national, and 
European projects
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New insights into 
degradation of RF 
power amplifier cells 
will support more 
energy-efficient 
computing

Assessing RF PA cell degradation over time requires unique 
approaches 
PA aging can vary widely across RF use cases, and the usual reliability models, 
based on silicon technology, are not relevant. New methods and models are 
needed to provide RF systems designers with a deeper understanding of how a 
power cell will degrade over time due to phenomena specific to radiofrequency 
power amplifier operation. CEA-Leti is applying its knowledge of device 
physics, reliability, and RF characterization to the phenomena at work in RF PA 
cell degradation so that designers can more effectively determine the optimal 
performance/reliability tradeoff.

Hot-carrier injection a major culprit
CEA-Leti completed a study of the RF performance and reliability 
of stand-alone transistors and stacked power amplifier cells, making 
several significant discoveries. A phenomenon called hot-carrier 
injection (HCI) is known to be a major cause of degradation. The hot 
carriers generated in the off and nearly-on states induce electron 
trapping in the gate oxide and cause defects in the drain overlap 
region. These HCI-induced degradations were successfully modelled, 
and the PA device studied was found to offer excellent RF TDDB (time-
depended gate oxide breakdown) reliability in line with the main RF 
5G modulation signal requirements. The study also revealed that inter-
stacked cells perform better and are more reliable than stand-alone 
transistors and stacked cells at frequencies of 14 GHz and 28 GHz.

Modulated RF signal profiles to be investigated
This study will serve as a foundation for further RF TDDB lifetime estimation 
improvements—a useful tool for product designers. Now that the methodology 
has been tested successfully, it can be applied to analyze performance drift in 
modulated RF signal scenarios. Finally, the methodology and modelling used 
in this study could be adapted to investigate TDDB under a wide RF signal 
bandwidth and, specifically, to quantify the frequency effect that dramatically 
increases time to failure.

Alexis Divay
CEA-Leti engineer

Further reading: 
• J. Hai et al., “Comprehensive Analysis of RF Hot-Carrier Reliability Sensitivity and Design 
Explorations for 28GHz Power Amplifier Applications,” 2022 IEEE International Reliability 
Physics Symposium (IRPS), 2022, pp. 4B.2-1-4B.2-6, doi: 10.1109/IRPS48227.2022.9764535
• A. Divay et al., “65nm RFSOI Power Amplifier Transistor Ageing at mm W frequencies, 
14 GHz and 28 GHz,” 2021 IEEE International Electron Devices Meeting (IEDM), 2021, pp. 
39.3.1-39.3.4, doi: 10.1109/IEDM19574.2021.9720531

The power amplifier, or PA circuit, is one of the most 
critical—and energy-hungry—components in today’s 
mobile phones. As current CMOS technologies 
approach their limits, a deeper understanding of 
the degradation of RF PA cells at millimeter-wave 
frequencies will be essential to making tomorrow’s 
devices, whether they are for phones or other wireless 
communication systems, energy-efficient and reliable.

STMicroelectronics.

Research partners: 

Impact

From smartphones to 
microsatellite constellations, 
radiofrequency devices are 
garnering increased interest 

in a variety of industries. 
CEA-Leti leveraged its device 
characterization and reliability 

expertise to develop new 
testing and modelling protocols, 
which were used to analyze the 
degradation of different RF PA 

cells over time.
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Load-Pull test bench to 
stress the PA at F=28GHz.
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Maxime MOULIN
PhD student

Louis Hutin
CEA-Leti scientist
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Jose Lugo
CEA-Leti scientist

©
 C

EA
-L

et
i 

The effect of buried p–n junctions on 
the RF performance of high-resistivity 
silicon substrates

Foundries are looking to RFSOI, but losses must be reduced
RFSOI substrates are used to manufacture RF devices for phones and other wireless 
communications systems, and the main foundries are competing in the race toward 
better RFSOI technologies amid exponential growth in demand. One challenge 
for high-resistivity (HR) substrates like RFSOI is the parasitic surface conduction 
(PSC) effect—which causes substrate losses and signal distortion detrimental to RF 
performance. Though wafer-scale trap-rich polysilicon on Partially-Depleted SOI 
substrates is a proven solution, localized PSC passivation techniques could be a 
more versatile alternative for the next generations of RF integrated circuits. CEA-Leti 
and UCLouvain investigated the potential of these so-called buried p–n junctions.

Buried p–n junctions neutralize PSC effect in high-resistivity 
Si substrates
UCLouvain, under the direction of Jean-Pierre Raskin, first proposed buried p–n 
junctions as a solution for high-performance RF substrates. In this work, buried p–n 
junctions defined using standard industrial processes under passive RF components 
successfully increased the effective resistivity of a HR substrate suffering from PSC. 

UCLouvain pioneered the p–n junction technique for local passivation, bringing a 
deep overall understanding of the solution and prior experience with fabrication 
and simulation to process optimization work carried out at CEA-Leti. 
The next steps for CEA-Leti are to test this solution integrated into a 
FD-SOI technology, and to study new local passivation techniques.

Innovative substrates are playing a key role in bringing 
high-quality RF integrated circuits to the market. 
Based on UCLouvain’s first-ever demonstration of 
buried p-n junctions, CEA-Leti made a notable advance 
in the performance of high-resistivity substrates using 
180 nm photolithography on 300 mm wafers that 
could help make passive circuits better.

Impact

Based on a UCLouvain 
concept, the implementation 
of buried p–n junctions using 
28 nm ground rules marks a 
step toward the fabrication 

of high-performance RF 
substrates for applications in 
5G+, SoC, and embedded 

RF applications.

Further reading: 
• Maxime Moulin et al., “High-resistivity silicon-based substrate using buried PN 
junctions towards RFSOI applications,” Solid-State Electronics: 2022
• Lucas Nyssens et al., “PN Junctions Interface Passivation in 22 nm FD-SOI for Low-Loss 
Passives,” 2022 24th International Microwave and Radar Conference (MIKON): 2022
• Martin Rack et al., “High-Resistivity Substrates with PN Interface Passivation in 
22 nm FD-SOI,” 2022 International Symposium on VLSI Technology, Systems and 
Applications (VLSI-TSA): 2022. doi: 10.1109/VLSI-TSA54299.2022.9771028

Jean-Pierre Raskin and 
Martin Rack, UCLouvain.

Research partners: 

PN junctions under transmission 
line to counter PSC effect.© CEA-Leti 
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In R&D conducted for Intel Labs, CEA-Leti designed and 
fabricated an energy-efficient multi-Gb/s point-to-point 
wireless link built on CMOS integrated radios and in-
package antennas using low-cost PCB processes. Passive 
electromagnetic lenses implemented using the same low-
cost PCB processes as the radio modules compensate for 
propagation losses—an innovative approach that represents 
an alternative to power-hungry phased-array architectures 
for implementing high-gain antenna systems.

José Luis  
González Jiménez 
CEA-Leti Millimeter-
wave Circuits & 
Systems Research 
Director

CEA-Leti helps Intel Labs bring 
more energy-efficient wireless 
communications solutions  
to the market 

Impact
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More energy-efficient wireless 
communications are part of Intel’s 
European R&D and manufacturing 
expansion strategy 
FeRAM (ferroelectric random-access memory) 
is Intel has been working with CEA-Leti on IoT 

technologies since 2016, and wireless 
communications have been a pillar 
of their joint R&D. The collaboration 
supports Intel’s move to ramp up its 
R&D and manufacturing activities in 
Europe to meet increasing demand for 
chips. In early 2022, Intel announced 
its plans to locate a new European R&D 
hub in France, ultimately making the 
country Intel’s European headquarters 
for high-performance computing 
and artificial intelligence. Intel is 
also accelerating cooperation with 
European research and technology 
organizations—including CEA-Leti. 

“In Intel’s strategy, process scaling and 
integration—both monolithic with SoCs and 
3D heterogenous with advanced packaging 
technologies—are the key enablers for 
circuit design and critical to bring new 
technologies to market. In a world based 
on ever-increasing digital data, where 
everything that computes must connect, 
low-power, high-data rate communication is 
an environmental imperative,” said Stefano 
Pellerano, Principal Engineer and Lab Director 
at Intel Labs. 
“As we create world-changing technology 
that improves the life of every person on 
the planet, I believe that many of these 
disruptive innovations will come from 
advances in circuit design. Enabling low-
cost, low-power and high-data rate wireless 
communication requires innovation in 
the radio architecture, circuit design, and 

antenna interface. The research team 
at CEA-Leti, led by José Luis González 
Jiménez, has a unique mix of skillsets that 
allowed them to bring innovations in all 
three areas.”

Innovative radio architectures for 
the optimal tradeoff between cost, 
power, and speed
“One of our objectives for this research with Intel 
was to come up with a radio architecture with an 
optimal tradeoff between energy efficiency, cost, 
and data rate,” said José Luis González Jiménez, 
who heads millimeter-wave circuit research at 
CEA-Leti. The technology ultimately selected 
(channel bonding architecture with multiple 
up and down conversion stages, including 
high performance on-chip multiple mmW local 
oscillator generation) provides a large signal 
bandwidth over the air at the highest frequency 
by combining smaller bandwidth channels 
at lower frequencies. This lowers the energy 
consumption not only of the digital interfaces, 
but of most of the RF sections, too, because they 
operate at smaller fractional bandwidths. These 
architectures are not only energy efficient; they 
are also flexible, adapting efficiently to changes in 
throughput by turning off some of the channels if 
the required data rate at a given time is less than 
the peak data rate.

“This work has shown the potential of high-
volume, low-cost technologies like CMOS 
to deliver efficient, high-data rate wireless 
communication at sub-THz frequencies. 
It has also demonstrated the benefit of a 
channel-bonding architecture and how the 
latter can be enabled by the proposed 
multi-tone local oscillator generation 
technique. These results are critical for our 
internal research on multi-Gb/s wireless 
communication, since they help us narrow 

This RF system-in-package 
provides a flexible, adaptable 

radio interface for more energy-
efficient next-generation 

wireless communications—
fundamental to social 

acceptance amid exponential 
growth in the number of 

communicating electronic 
devices, the deployment of 

5G+ networks, and, later, new 
computing paradigms.

Stefano 
Pellerano 
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down the exploration space and focus on 
the most promising directions,” said Intel’s 
Pellerano.

System-in-package prototype 
performs well for point-to-point 
sub-THz wireless link applications
The prototype was built on 45 nm RFSOI CMOS 
integrated circuits assembled using low-cost 
laminated PCB technology with an in-package 
antenna. The transmitter-to-receiver link range is 
extended using passive electromagnetic lenses 
implemented in the same PCB technology 
as the radio modules for both energy and 
cost savings. Data-rates up to 84 Gb/s were 
demonstrated for links in the meter range, 
with energy consumption in the tens of pJ/
bit. Current research at LETI is focusing on the 
development of new technologies for adding 
controllability to these electromagneting lenses 
at sub-THz frequencies to add beam steering 
capabilities to them, leveraging the expertise 
developed at lower frequencies (Ka-band). 

Beyond 5G+ toward emerging 
computing paradigms
The prototype developed by CEA-Leti for Intel 
provided new insights into the relationship 
between carrier frequency and power 
consumption and has led to new research 
in other fields. Although the prototype 
developed here was for point-to-point links of 
just a few meters, longer-range applications 
(front-haul or back-haul links) would require 
new solutions such as combining the existing 
CMOS front end with external III-V amplifiers 
to increase signal power and, therefore, range. 
CEA-Leti is investigating this kind of solution 
involving the hybridization of CMOS and III-V 
technologies and developing cost- and yield-
effective assembly procedures to facilitate the 
deployment of these future devices. In terms 
of emerging computing paradigms, CEA-Leti 
is applying multi-carrier frequency generation 
to quantum computer control electronics, 
which require the use of multiplexed frequency 
readout in a single wire to minimize wiring 
between the control electronics layer and the 
qubit layer.

Further reading: 
• Abdelaziz Hamani et al., “A D-Band Multichannel TX System-in-Package Achieving 84.48 Gb/s 
with 64-QAM Based on 45-nm CMOS and Low-Cost PCB Technology,” IEEE Transactions on 
Microwave Theory and Techniques: 2022. doi: 10.1109/TMTT.2022.3162296
• Abdelaziz Hamani, et al., “A 56.32Gb/s 16-QAM D-Band Wireless Link Using RX-TX Systems-in-
Package with Integrated Multi-LO Generators in 45nm RFSOI”, 2022 Radio Frequency Integrated 
Circuits Symposium (RFIC): 2022
• Abdessamad Boulmirat et al., “A High-Order-N Frequency-Multiplier Using Pulsed Oscillator: 
Modeling and Optimization,” 19th IEEE International New Circuits and Systems Conference 
(NEWCAS): 2021. doi: 10.1109/NEWCAS50681.2021.9462793

Intel.

Research partners: 

D-band point-to-point link featuring 64 QAM 
modulation in multi-channel signal based on the 
radio modules developed and the hardware-in-
the loop demonstration platform. A total of 84.48 
Gb/s data rate is being transmitted over the air in 
this wireless link.
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Lithium-based integrated 
passive devices on silicon 
for 5G-and-beyond

Demand for RF integrated passive devices drives 
exploration of new materials
The average smartphone contains hundreds of passive devices, and the number of 
phones in use is growing exponentially. The race to get new IPDs to the market quickly 
is sparking interest in a host of new materials such as high-k dielectrics, magnetic 
materials, scandium-doped aluminum nitride, phase change materials, and—for RF 
IPDs—lithium. Lithium-based materials can bring state-of-the-art performance to RF 
IPDs and be directly integrated onto silicon. CEA-Leti made several advances in 
lithium-based RF IPDs this year.

Lithium-based materials offer good potential for integration 
on silicon for 5G RF components
CEA-Leti has been investigating the integration of a variety of lithium-based materials 
on silicon for different 5G RF components. First, lithium-based POI (piezoelectric-on-
insulator) wafers represent a major advance for 5G filtering applications, with LNO-
based BAW filters potentially extending the use of POI substrates into the upper 
5G frequency bands. Another lithium-based material, lithium phosphorus oxynitride 

(LiPON) thin films, are both a dielectric and an electrolyte, which opens 
up new possibilities like integrating the films onto silicon to create 
potentially ultra-high capacitance densities and local on-chip energy 
storage. CEA-Leti is also investigating the potential of other lithium-
based materials for RF devices like switches, and exploring synergies with 
Li-transistors for neuromorphic computing and with conventional lithium 
microbatteries on silicon. Manufacturability is also being addressed, and 
preventive protocols to mitigate the risks of sensitivity to humidity and Li 
contamination have been developed.

Yann Lamy 
Head of LCRE lab, 
CEA-Leti

Sami Oukassi
CEA-Leti scientist

Further reading: 
• Yann Lamy et al., “Lithium-based components integrated on silicon: Disruptive, promising 
and credible solutions for 5G & beyond,” ECS Meeting Abstracts: 2022
• Sami Oukassi, “Integrated ion capacitors as an innovative high energy/power density 
storage device,” presented at the Integrated Power Conversion and Power Management 
Workshop: 2021

As 5G network rollouts advance and the number 
of electric vehicle adopters grows, demand for 
integrated passive devices—IPDs—is booming. From 
capacitors and inductors to RF filters and switches, 
tomorrow’s IPDs—and the advanced packaging 
techniques used to make them—will need to offer low 
power, high performance, compactness, and ease of 
integration. CEA-Leti made several advances in IPDs 
over the past year. 

Soitec, Murata (see 
opposite).

Research partners: 

Impact

Advances in the integration 
of lithium-based materials on 

silicon could make this disruptive 
solution a real contender to 
respond to the challenges of 

5G-and-beyond devices.
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Capacitors—power components 
that store an electrical charge—
are found in virtually all electronic 
gadgets. The average smartphone 
contains hundreds of them, and 
electric vehicles contain thousands. 
Mobile IoT devices depend on 
them. So, although they are tiny, 
capacitors can have a big impact 
on the end product’s environmental 
and energy performance. A new 
ion capacitor technology could 
help do just that.

Given the exponential growth in the 
number of electronic devices in use—
think smartphones, electric cars, and 
IoT devices like wearables—new 
on-chip energy storage solutions 
will have to be environmentally 
friendly and ultra-low power. To be 
manufacturable and affordable, 
these devices must also be 
compatible with proven integration 
and packaging processes. CEA-Leti 
is active in a wide range of energy 
storage solutions, from thin-film Li-
ion batteries to ultra capacitors and 
on-chip capacitors. The institute’s 
ongoing R&D partnership with 
component manufacturer Murata 
on integrated passive solutions 

produced some noteworthy results 
this year.
CEA-Leti’s multidisciplinary know-
how spanning materials, solid-state 
physics, fabrication processes, and 
characterization was instrumental 
in the research done with Murata. 
The integrated ion capacitor 
developed consists of an ion 
conducting structure in between 
the top and bottom electrodes. 
This broadband all-in-one capacitor 

with ion and dielectric storage 
offers increased capacitance 
density for power decoupling, 
filtering, and energy management 
applications. Fabricated using 
standard 8" processes, the planar 
device is compatible with on-
chip integration, and could be 
further improved through 3D 
integration, ultimately substantially 
outperforming other types of on-
chip energy storage.

Ion capacitors drive advances  
in on-chip energy storage

The future of Lithium based components 
integrated on Silicon for 5G applications.

Lithium based Capacitor

LNO based RF filters

Lithium based 
Transistors
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Integrated ion 
capacitors. 

a. schematic 
illustration and 
b. broadband 
capacitance 
variation with 
frequency .

a.

b.
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New characterization method will 
improve the anechoic chambers  
used to test wireless devices 
In research that won an IEEE AP-S Ulrich L. Rohde 
Best Innovative Paper Award 2021, CEA-Leti scientists 
developed a new process for mapping and minimizing 
echoes inside anechoic chambers so that antenna 
radiation patterns can be more accurately measured 
and mapped in chambers of all sizes. The advance 
will open up real opportunities for wireless and 
telecommunications system stakeholders. 
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Impact

The Matrix Pencil Method was 
used to investigate the out-

of-band behavior of anechoic 
chambers, providing insights 
chamber manufacturers can 

used to upgrade and improve 
their equipment, and users 

with a hardware-plus-software 
tool to extend the range of 

measurements possible without 
physically modifying their 

existing chambers.

Extending anechoic chamber capabilities into very 
low frequency bands
Anechoic chambers are specially designed rooms lined with reflection-
absorbing material that keeps electromagnetic waves from bouncing 
around. The echo-free environment inside these chambers is ideal 
for measuring the electromagnetic waves propagated by antennas. 
Given the short time to market in the wireless and telecommunications 
industries, the ability to rapidly and accurately characterize new devices 
constitutes a major advantage. CEA-Leti is responding to growing 
demand for the measurement and qualification of antennas—especially 
in the very low frequency bands—by developing software and hardware 
which, together, can extend the performance of anechoic chambers 
into these lower frequencies without the need to structurally modify the 
chambers. While the very low bands (below 100 MHz) are of particular 
interest to the defense industry, the research, carried out under the 
Astrid MEASUREMENt project, is also applicable to other bands used 
in civil telecommunications.

Measurement project CEA-Leti team.
From left to right: Serge Bories, Frédéric Munoz,  
Jean-François Pintos, Mathieu Caillet.

Jean-François Pintos
CEA-Leti scientist, antenna and propagation expert,  
Astrid MEASUREMENt project leader
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Further reading: 
• F. Munoz, S. Bories, M. Caillet, J. -F. Pintos, G. L. Fur and A. Bellion, “Anechoic 
Chamber Reflectivity Analyses below its minimal frequency using the Matrix Pencil 
Method,” 2021 IEEE Conference on Antenna Measurements & Applications (CAMA), 
2021, pp. 165-168, doi: 10.1109/CAMA49227.2021.9703583
• F. Munoz, S. Bories, M. Caillet, J-F Pintos, “Amélioration des performances d’une 
chambre anéchoïque en dessous de sa fréquence nominale d’utilisation à l’aide de 
solutions antennaires“, XXIIèmes Journées Nationales Microondes (JNM), 8-10 juin 
2022 – Limoges, France

CNES, DGA.

Research partners: 

Providing state-of-the-art test facilities for CEA-Leti and 
partner research
CEA-Leti has a range of anechoic chambers for its own and for partners’ antenna 
research and development needs and has been developing and improving 
antenna characterization methods for many years. The Astrid MEASUREMENt 
project was set up to push the partners’ measurement capabilities to higher 
levels. Specifically, the project addressed the performance of anechoic chambers 
at low frequencies. In experiments carried out in the anechoic chambers at the 
CEA-Leti Antenna, Propagation, and Inductive Coupling Laboratory (LAPCI) and 
at CNES, RF/optical devices were used with specific microwave measurement 
instruments to prevent parasitic effects from metallic cables, and localization 
algorithms were implemented to identify the frequency at which multipath 
interference—the reflection-induced incoherence of signals arriving via multiple 
pathways—was prevalent. 

Better understanding of multipath interference to drive 
future improvements
In addition to the IEEE AP-S Ulrich L. Rohde Best Innovative Paper Award 
received at CAMA (Conference on Antenna Measurements & Applications), 
which recognized both the nature and the approach of the research, the insights 
gained have already led to the identification of an alternative strategy for 
reducing multipath in anechoic chambers. In addition, more compact, wideband, 
and—possibly—frequency-agile antennas could be developed to cover a 
broader spectrum in terms of directivity. The results are directly applicable by 
CEA-Leti partner CNES (French national center for space studies) and sponsor 
DGA (French defense procurement and technology agency) for the analysis and 
optimization of their own anechoic chambers.
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One multipath illustration.
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Cybersecurity is top of mind for a growing variety 
of stakeholders from the halls of government to 
corporate board rooms. Electronic devices—like 
those that make up the rapidly-expanding Internet 
of Things—present some unique vulnerabilities. And 
emerging technologies like quantum computing will 
create formidable new threats down the road. Read 
on to explore how CEA-Leti is contributing to making 
tomorrow’s devices and systems more secure. 

MULTIDISCIPLINARY 
SOLUTIONS FOR  
UNIVERSAL THREATS 

Awareness of cyber threats and their potential impacts on issues like national 
security, technological sovereignty, data privacy, critical infrastructures, and 
business continuity has never been higher, and the need for new solutions is 
more pressing than ever. CEA-Leti, a leader in integrated circuit research and 
development, is applying its knowledge of device reliability to device security 
to stave off fault attacks, developing Post-Quantum Cryptography solutions to 
counter the quantum threat looming over the horizon, and leveraging long-term 
research partnerships with academic institutions like engineering school Mines 
Saint-Etienne to address the security challenges facing our economy and society. 
The institute’s top priorities are, as always, finding the best possible tradeoffs in 
terms of power, performance, and size for its industrial R&D partners and looking 
ahead to shrinking technology nodes for a more secure future.

Device security and reliability: toward a new convergence
“With a plethora of cutting-edge semiconductor testing equipment at their 
disposal, our security researchers are uniquely positioned to develop new 
security testing techniques,” said CEA-Leti Cybersecurity Program Director 
Jacques Fournier. “In terms of integrated circuits, there are new security 
concerns that must be addressed as the IoT ecosystem continues to grow. 
We are successfully using our proven reliability methods and tools to tackle 
these security issues.” 

Jacques Fournier
Director of research, 
deputy head of 
cybersecurity division
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In one case, a forensic analysis of a particularly 
sophisticated smart-card fraud involving a chip 
from a stolen card and a second “man-in-the-
middle” chip to communicate with the payment 
terminal, CEA-Leti utilized X-ray imaging, 
side-channel analysis, protocol analysis, and 
microscopic optical inspection to understand how 
the forged smart card was made—information 
card manufacturers will be able to use to bolster 
the security of their cards. But forgeries are not the 
only hardware threat. Fault attacks—another kind 
of physical attack where hackers modify a circuit’s 
behavior by injecting faults using laser beams, 
clock and voltage glitches, and electromagnetic 
pulses—can leave data and passwords exposed 
and corrupt memory.

In another project, CEA-Leti confirmed that X-ray fault 
injection effectively corrupted flash memory cells. Semi-
permanent bit erase faults were successfully injected into 
code and data using a laboratory X-ray source less than 3 
microns in diameter, and the research demonstrated that 
non-research-grade X-rays could potentially cause similar 
damage. CEA-Leti engineer Stéphanie Anceau, who was 
shortlisted for the CEFCYS 2021 European Cyberwoman 
Excellence Awards for her contribution to this research, 
said “We were the first to identify this new physical 
attack paradigm. This kind of groundbreaking research 
is important in terms of creating new scientific 
knowledge, but it will also help companies develop 
new countermeasures down the road.”

Helping 
manufacturers 

improve hardware 
security

CEA-Leti is accredited to 
assess the security of a 

variety of hardware up to 
Common Criteria EAL7 for 
manufacturers through an 
Information Technology 

Security Evaluation Facility 
(ITSEF) it has been running 

since 1999.

Stéphanie Anceau
CEA-Leti scientist
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 CEA-Leti, leading the 
way to more secure 
devices by design

CEA-Leti is increasingly looking 
at how to make processors 
resistant to physical attacks 
by design rather than relying 

on patches. The institute is also 
working to secure low-power 
non-volatile memory against 
these attacks. Packaging, an 

IC’s first potential barrier against 
attacks, is also being addressed 
through an integrated smart 

shield concept. 

Schematic and photos of the 
setup to demonstrate the 
possibility of inducing localized 
memory errors using an X-ray 
generator on localized areas.
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Fournier and Assia Tria, formerly of CEA-Leti and now Dean of engineering 
school IMT Mines Alès, were invited to the 2021 IEEE International Electron 
Devices Meeting (IEDM) to present a position paper about what CEA-Leti is 
doing and plans to do in the future to address these concerns. “Reliably secure 
hardware is a requirement for devices that process financial transactions, 
control critical infrastructures, manage sensitive data, and execute critical 
operations,” said Fournier. “Securely reliable and reliably secure devices both 
present tradeoffs we believe will lead to a ‘third way’…a new convergence 
between reliability and security.” 

CEA-Leti has identified several challenges that must be overcome to make 
hardware more secure against physical attacks: sourcing reliable random 
numbers, designing intrinsically fault-resistant processors, securing low power 
non-volatile memories, and strengthening the packaging that encapsulates ICs 
and systems-on-chip.

Assia Tria
Dean, Graduate School  
of Engineering, Mines Alès©
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Mikaël Carmona
CEA-Leti scientist
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What is Post-Quantum Cryptography?

Post-Quantum Cryptography (PQC) is resistant to the so-called 
“quantum threat,” a quantum computer’s ability to crack today’s 

cryptographic codes. NIST in the US is spearheading international efforts 
to establish a post-quantum cryptosystem standard by 2024.  

Although a real quantum threat is decades away, PQC standards  
are needed now to avoid retroactive vulnerabilities (i.e., data encrypted 

using today’s methods will be vulnerable tomorrow).  
An early start is also vital to ensuring manufacturers have time  

to transition their IoT processors, smart card chips, and other devices. 

Mickaël Carmona, CEA-Leti
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Electromagnetic side-channel analysis setup.

Élise Tasso
PhD student 
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The state-of-the-art side-channel 
test bench in Gardanne was used 
to verify the effectiveness of certain 
countermeasures against a type 
of side-channel attack on SIKE, an 
encryption algorithm in NIST’s PQC 
competition, in research conducted 
by PhD student Elise Tasso, who 
was also able to apply fault-injection 
techniques previously developed by 

the joint research team. SIKE had known vulnerabilities to 
differential power analysis, but coordinate randomization was 
thought to be an effective quantum-resistant countermeasure. 
In research done with IBM Research Europe, Mines Saint-
Etienne, EPFL in Switzerland, and CYSEC SA of Switzerland, 
Tasso demonstrated that coordinate randomization alone 
was not enough. “Zero-value attacks, similar to refined 
power analysis in elliptic curve cryptography, led to full 
recovery of the cryptographic keys in our experiments,” 
said Tasso. “Although SIKE was subsequently broken using 
a different, mathematical, attack, this kind of research is 
vital to developing methods for safeguarding future PQC 
implementations.”

Cybersecurity for the quantum age starts now
It is only a matter of time before practical quantum computers large enough to outperform classical 
machines become available. And you can’t talk about all the good things these powerful computers 
will be able to do for society without thinking about the havoc they could wreak when placed in 
the wrong hands. The cryptographic codes that currently underpin many cybersecurity measures 
will, unfortunately, be among the extremely complex problems powerful quantum machines will 
be able crack. In addition to conducting some of the most advanced hardware R&D in the world, 
CEA-Leti is active in Post-Quantum Cryptography (PQC) research, investigating countermeasures 
to protect against a wide range of physical attacks, including side-channel attacks launched by 
quantum computers.

CEA-Leti’s broad, deep expertise in cybersecurity will prove to be increasingly valuable 
assets as our society seeks responses to the vulnerabilities of growing numbers of 
connected devices. “Tomorrow’s electronic components will need to be very- 
low-power and resilient enough to shield the sensitive data and intelligence they contain 
from attacks,” said Fournier. “CEA-Leti is ideally positioned to address these challenges.”

Secure hardware design expert Jean-Max Dutertre, head of the Secure Systems 
and Architectures Department at engineering school Mines Saint-Etienne, has been 
collaborating with CEA-Leti through a joint lab since 2005. Located in Gardanne, 
in southern France, the team leverages the nearby multi-partner Micro-PackS 
technology platform in its research. “Micro-PackS, which my institution and 
CEA-Leti are both stakeholders in, allows us to share investments in advanced 
equipment,” said Dutertre. 

Jean-Max Dutertre
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Laurent Vieira de Mello,  
Astrocast's COO said:

"Terrestrial IoT networks cover only about 15 percent 
of the planet, which leaves vast remote and rural areas 
where our global satellite network provides coverage 
that is crucial for our target markets. Leveraging 
its expertise embedded in a preliminary version of the RF chip, CEA-Leti 
developed its chip and delivered the final prototype to meet our requirements 
and time-to-market goals. They managed the chip technology transfer to our 
industrialization, qualification and production partner."

https://urlz.fr/kiJ6

CEA RF CHIP ENABLES ULTRALOW-POWER IOT 
CONNECTIVITY FOR REMOTE DEVICES VIA  
ASTROCAST’S NANOSATELLITE NETWORK

Accelerated Development for Communication Module Enables Low-Cost 
Connectivity for Devices in Maritime, Oil & Gas, and Transport Sectors.

Grenoble, France and Lausanne, Switzerland – Sept. 20, 2022.
CEA, a technology-research organization, and Astrocast, a leading 
global satellite Internet of Things network operator, have announced 
their successful collaboration on a low-cost, bidirectional communication 
module that enables corporations to communicate with their remote 
assets in areas not covered by terrestrial networks.
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https://urlz.fr/kiES

Jean-Philippe Fournier, 
Spectronite CEO said:

"While our software-defined microwave products allow mobile operators to 
roll-out 5G networks faster and at lower cost compared to fiber connectivity, 
our collaboration with CEA-Leti takes us an order of magnitude further, by 
reaching the highest level of spectral efficiency ever achieved in this industry. 
With this unprecedented level of spectral efficiency, we provide huge savings 
to our customers on the cost of their spectrum rental licenses."

CEA AND SPECTRONITE DEVELOP SOFTWARE RADIO  
FOR SPECTRALLY EFFICIENT BACKHAUL SOLUTIONS

Adapted for Spectronite's X-Series Modem for 5G Systems,  
the Technology Enables Carrier Aggregation that Provides Radio 
Links with 10Gb/s Capacity.

Grenoble and Sophia-Antipolis, France – March 1, 2022.
CEA, a French key player in research, development and innovation, 
and Spectronite, a leading innovator in wireless backhaul technology, 
today announced they have adapted and optimized CEA-Leti's spectrally 
efficient waveform with enhanced spectral efficiency for Spectronite's 
X-Series modem for 5G systems.
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04
IMAGING DISPLAYS AND 

SENSORS FOR SMART 
HUMAN ENVIRONMENT & 

MACHINE INTERACTION

Alexei Tchelnokov 
Scientific Advisor to 
the Optics and Photonics Division
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Artificial intelligence is gradually 
making inroads into all kinds of 
human activities. But for AI systems 
to be environmentally sustainable 
and—ultimately—autonomous, they 
will need data from a wide variety of 
physical sensors. And these sensors 
will have to be very-low-power and 
have integrated Edge computing 
capabilities to pre-process data near 
or at the source before sending it to 
the central AI system. At the other 
end of the AI chain, human interaction 
with the system, high-quality displays 
will be required  to provide users 
with an extended reality (Metaverse) 
experience. CEA-Leti’s imaging and 
sensor research merges optics 
and electronics to push physical 
and imaging sensor and display 
technologies to new frontiers and 
beyond.
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Angélique Rascle
Extended Reality 
Program Director

The Metaverse got a lot of press in 2022, making 
Extended Reality (XR) more topical than ever. All major 
manufacturers are now capable of making commercial 
and/or consumer XR devices. Regardless of the use 
case—from virtual, augmented, and mixed reality to the 
Metaverse and X-verses—the XR community agrees 
on what the main challenges to XR device usability and 
acceptability are. And perhaps the biggest is how to 
enable more natural use of human senses to improve 
the immersive experience and users’ well-being. CEA-
Leti made several major advances in this direction in 
2022, a pivotal year for the XR program.

EXTENDED REALITY (XR)

Our first functional proof-of-concept prototypes were in the finalization phase as of 
end-2022 and will be completed in early 2023. The prototype, which includes non-
invasive sensors and a robust signal processing chain, collects psychophysical data 
essential to studying interaction between users and technology and extracting the 
impact and benefits of this interaction. This advance confirms not only our disruptive 
technological positioning, but also our ability to work collectively across the value 
chain on an innovative concept. A second proof-of-concept prototype developed in 
2022 demonstrates our ability to converge towards a highly integrated haptic system 
that gives users a realistic sensation of contact when manually moving virtual objects. 

In terms of partnerships, we began working with INSERM and UGA on earlier-stage 
research on the integration of human cognition. We also prepared for a European 
project on haptics, which was approved for funding. 

CEA-Leti is addressing XR from a human-centered perspective, bringing its 
multidisciplinary expertise in sensor materials, design, and manufacturing; embedded 
systems; and the implementation of new experimental paradigms to pioneering, 
disruptive, and innovative solutions unique in the world of XR applications.

68



Ultrasonic gesture recognition 
system built on spike-based 
beamforming using pMUT arrays

Gesture recognition at a fraction of the usual power budget
The sensor arrays in gesture recognition systems—which use algorithms to recognize 
and interpret human gestures—have a huge impact on the power budgets of 
battery-powered smart sensors. This is due to an architecture that duplicates analog-
front-end full-bandwidth, high-dynamic-range analog-to-digital conversion and 
digital signal processing for each channel. One solution for reducing—by several 
orders of magnitude—the energy consumption of all that processing is to convert 
and process the relevant information in the spiking domain. 

Innovative hardware and processing in an ultra-low-power 
gesture recognition system
The approach used here involved an array of emitting and receiving piezoelectric 
micromachined ultrasonic transducers (pMUT), drivers and sensing electronics, 
a novel spike-based beamforming strategy to extract the distance 
and angle information from incoming echoes without conventional 
ADCs, and a Spiking Recurrent Neural Network (SRNN) for 
gesture recognition. In the lab, the solution delivered classification 
accuracy of 86% on a dataset of five 3D gestures collected on our 
experimental setup.

Future applications to other types of sensors on 
the drawing board
In addition to beyond-state-of-the-art power consumption, the 
spike-based beamforming technique does well in terms of beam 
width, artefacts, and range compared to conventional delay-and-
sum beamforming. The research will now be applied to other 
types of sensors and to other use cases like obstacle detection.

A novel analog-to-information approach could help 
meet strong demand for ultra-low-power, low-cost 
smart sensors for IoT devices, wearables, and 
robotics. CEA-Leti know-how in advanced MEMS 
sensor design and CEA-List’s expertise in artificial 
intelligence were instrumental to the development 
of this ultrasonic gesture recognition system, which 
offers a beyond-state-of-the-art power budget.  

Emmanuel Hardy
CEA-Leti scientist
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This, the first-ever end-to-end 
ultrasonic gesture recognition 
system built on piezoelectric 

micromachined ultrasonic 
transducers and a spiking 

recurrent neural network, can 
be ported to an ASIC to obtain 

an ultra-low-power solution 
for wearables and other 

IoT devices, as well as for 
robotics and other applications 
requiring low power budgets. 

Impact

Further reading: 
• B. Fain, et al., “Beamforming with AlN-based bimorph piezoelectric micromachined 
ultrasonic transducers,” 2021 Smart Systems Integration (SSI): Apr. 2021. doi: 10.1109/
SSI52265.2021.9467016
• E. Hardy, et al., “Spike-based Beamforming using pMUT Arrays for Ultra-Low Power Gesture 
Recognition,” 2022 International Electron Device Meeting (IEDM): Dec. 2022 (forthcoming)

CEA-List.

Research partners: 
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Arrays of pMUT sensors 
manufactured in the 8’’ 
MEMS production line 
at CEA-Leti.

IMAGING DISPLAYS AND SENSORS FOR SMART HUMAN ENVIRONMENT & MACHINE INTERACTION

69



CEA-Leti 2022 Scientific Report    

70

Advances in technology are making vehicles and 
machines of all kinds increasingly autonomous. 3D 
perception systems are and will continue to be vital 
to making the equipment that moves people and 
goods safe, efficient, and reliable. And critical safety 
features like obstacle detection depend on accurate 
3D perception—something that LiDAR can help provide.
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François Simoens
LiDAR Program 
Director

LiDAR 

CEA-Leti’s strategic LiDAR program is addressing the cost, form factor, and reliability 
challenges faced by today’s commercial LiDAR technologies through a disruptive on-
chip LiDAR. This coherent all-silicon sensor has no moving parts. Thanks to silicon 
photonics technology, all optical and electronic functional blocks—infrared laser 
sources, optical phased arrays, and high-performance photodiodes—are integrated 
at chip level. Plus, the chip can be produced using standard semiconductor-industry 
processes, which opens the door to volume manufacturing and the associated price 
scalability. 

The year 2022 saw several exciting LiDAR-related developments at CEA-Leti. New test 
benches allowed us to characterize LiDAR functions at wafer level and in open space. 
These results consolidated our models and will now drive the technology roadmap of 
CEA-Leti spinoff SteerLight, which was founded in July 2022 to bring this disruptive 
miniature and scalable on-chip LiDAR to the market. Beyond cars and factory robots, 
this on-chip LiDAR will ultimately make the devices that power tomorrow’s services, 
homes, and even consumer electronics safer.
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Silicon photonics integrated chip of the 
coherent LiDAR developed within the 
CEA-Leti LiDAR program.
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Scanless FMCW LiDAR advance 
could enable new 3D video analysis 
capabilities for consumer devices

Overcoming the challenges of FMCW LiDAR
Frequency-modulated continuous-wave (FMCW) LiDAR is believed to be the best 
long-term technology for perception systems. It will ultimately outperform time-
of-flight (ToF) LiDAR, but it is not quite there yet. Most FMCW LiDARs operate 
in a scanning mode, where the light is focused on a single spot, enabling long 
ranges. One of the limitations of today’s scanning is the capacity to deliver high-
resolution long-distance imaging at video frame rates. A scanless alternative 
could overcome this limitation.

Flash illumination and an image sensor instead of 
scanning
Competing technologies had previously been proven for 
shorter ranges at higher frame rates, but the devices developed 
required high power lasers and bulky and costly optoelectronic 
components. Here, low power lasers (safe for the eyes) and 
compact off-the-shelf components (to keep costs down) were used 
to build a FMCW LiDAR. A quantitative analysis of the coherent 
optical phenomena at work in this type of system was performed, 
providing an excellent basis for further system enhancements.

Up next for FMCW LiDAR
FMCW LiDAR is immune to ambient light, including light from other systems—
an advantage for multiple-sensor systems that other 3D imaging techniques 
such as structured light or time-of-flight cannot deliver. Plus, with scanless 
FMCW, high-resolution 3D images can be acquired at video rates, making it a 
good candidate not only for the detection of moving objects and people in all 
ambient lighting conditions, but for image analysis as well. One improvement 
to the demonstrator developed here would be to move to in-pixel processing 
instead of post processing to determine distance. This research will help bring 
these capabilties, once reserved for military and scientific applications, one step 
closer to consumers.

Whether it is facial recognition or driver assistance, 
the increasingly sophisticated consumer-grade 
perception systems found inside everything from 
phones to cars will require more and more advanced 
3D imaging solutions—ones that are compatible 
with the cost requirements of consumer electronic 
devices. FMCW LiDAR could provide a response.

Laurent Frey
CEA-Leti scientist
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This demonstration of a low-
power FMCW LiDAR and 
simulation of heterodyne 

contrast throughout the sensor 
will provide data essential 

to further system-level 
optimizations, paving the way 

toward more sophisticated 
image processing systems for 

consumer applications. 

Impact

N/A

Research partners: 
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Three dimensional 
distance image 
of a scene with 
different objects 
placed between 
75 and 180 cm.
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Silicon photonics technology has the potential to enable 
new solutions from health and wellness to the automotive 
industry—but only if a fully silicon-compatible photonic 
platform can be developed. Electrically-pumped lasers 
that can be monolithically integrated into silicon photonic 
chips are a crucial component of such a platform. This 
research marks a major milestone toward this objective.

Vincent Reboud 
CEA-Leti scientist

Jean-Michel Hartmann
CEA-Leti scientist
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Room-temperature optically-
pumped GeSn microdisk lasers 
mark step toward more affordable 
silicon photonic chips

Impact

For the first time ever, lasing 
at emission wavelengths 
promising for IR sensing 

applications was achieved 
in a high-Sn-content GeSn 

heterostructure at temperatures 
up to 300 K under optical 
pumping, marking a step 
toward a fully integrated  

group-IV semiconductor laser 
on silicon. 

Tomorrow’s integrated laser sources will be CMOS-compatible
Demand for laser-based sensors—whether they’re for factories, cars, medical 
devices, or gas or pathogen detection systems—is growing fast. Tomorrow’s 
devices will require a high level of integration and, to keep product costs down, 
must be compatible with standard CMOS processes. Germanium (Ge)-based 
materials, also CMOS-compatible, could be one of the keys to a fully-integrated 
silicon photonics platform that encompasses laser sources, detectors, and 
interconnects.

Expertise in processes plus access to advanced fabrication 
and characterization know-how
CEA-Leti has been pioneering silicon photonics for more than fifteen years and 
has continued to drive advances in processes like chemical vapor deposition 
(CVD), which played an important role in this research. Here, out-of-equilibrium 
GeSn epitaxies were conducted by reduced-pressure CVD on 200 nm Ge 
strained relaxed buffers (SRBs)—another one of CEA-Leti’s historic areas of 
expertise. Together, the heterostructure design, high crystalline quality of the 
GeSn stack, and the precision laser micro-fabrication at the CEA’s PTA platform 
enabled lasing at a high operating temperature. Low-temperature optical 
characterization was completed on a dedicated set-up at CEA-Leti partner CEA-
Irig (see opposite). This successful demonstration of room-temperature lasing 
using GeSn alloys—a first—could lead to fully-integrated group-IV laser sources 
in silicon photonic SWIR and MIR detectors.

Further reading: 
• F. Castioni et al., “Impact of strain on Si and Sn incorporation in (Si)GeSn alloys by 
STEM analyses,” Journal of Applied Physics: 2022
• L. Casiez et al., “Recrystallization of thick implanted GeSn layers with nanosecond laser 
annealing,” Journal of Applied Physics: 2022
• N. Coudurier et al., “Plasma surface treatment of GeSn layers and its subsequent 
impact on Ni / GeSn solid-state reaction,” Microelectronic Engineering: 2022
• J. Chrétien et al., “Room temperature optically pumped GeSn microdisk lasers,” 
Applied Physics Letters: 2022
• A. Bjelajac et al., “Up to 300 K lasing with GeSn-On-Insulator microdisk resonators,” 
Optics Express: 2022
• A. Quintero et al., “Impact of Sn on the Ti/Ge solid-state reaction: Phase formation 
sequence, morphological and electrical properties,” Microelectronic Engineering: 2022.
• M. Bouschet et al., “Photoelectron spectroscopy study of GeSn epitaxial layers for 
photonic applications,” Microelectronic Engineering: 2022
• M. Frauenrath et al., “Advances in In-situ Boron and Phosphorous Doping of SiGeSn,” 
ECS Transactions: 2022
• A. Quintero et al., “Recent Advances in Ni-based GeSn Metallization,” IEEE 
International Interconnect Technology Conference: 2022
• C. Cardoux et al., “Room temperature spectral characterization of direct band gap 
Ge0.85Sn0.15LEDs and photodiodes,” Proceedings of SPIE - The International Society 
for Optical Engineering: 2022
• V. Bonino et al., “Microstructuring to Improve the Thermal Stability of GeSn Layers,” 
ACS Applied Materials and Interfaces: 2022
• Q.M. Thai et al., “Progress in germanium tin (GeSn) photonic crystal lasers,” IEEE 
Journal of Selected Topics in Quantum Electronics: 2022

CEA-Irig; C2N Center for Nanosciences  
and Nanotechnologies, Paris.

Research partners: 
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CEA-Irig, part of the CEA’s basic 
research division, is active in bio-
logy, health, nanoscience, cryoge-
nics, and environmental and 
energy technologies. CEA-Leti 
and CEA-Irig first began wor-
king together in 2013 under the 
CEA’s PHARE Photonics program, 
a partnership that has grown 
through several subsequent aca-
demic research projects. In 2022, 
they reported the first-ever de-
monstration of lasing in high-Sn-
content GeSn heterostructures 
up to 300 K under optical pum-
ping (see opposite)—an achie-
vement that can be attributed to 
their complementary expertise. 

“CEA-Irig’s strong know-how in 
fabrication and low-temperature 
characterization with its deep un-
derstanding in fundamental phy-
sics are keys for our earlier-stage 
developments on GeSn alloys  
at CEA-Leti,” said CEA-Leti’s 
Vincent Reboud. 
“CEA-Leti’s ability to grow and 
process high crystalline Ge-based 
material on 200 mm Si wafers, 
plus its design and characteriza-
tion know-how and capabilities 
make it a partner of choice for 
CEA-Irig,” said CEA-Irig’s Vincent 
Calvo. CEA-Leti’s Jean-Michel 
Hartmann said, “Working with 
CEA-Irig has given me an oppor-

tunity to deepen my knowledge 
of the fundamental physics of se-
miconductors.” 

2022 was a particularly fruitful 
one in terms of publications, with 
twelve articles and proceedings.* 
Based on these results, a Euro-
pean project called LastStep and 
a Carnot project called Eden were 
funded in 2022. They will both 
start in 2023. The partners are 
now working on demonstrating 
electrically-pumped Ge-based 
lasers, to improve performances 
of Ge-based LEDs and photode-
tectors.
*See publications opposite.

CEA-Leti and CEA-Irig,  
a decade of cooperation 
on germanium-based mid-
infrared light emitters

COLLABORATION

Vincent Calvo
Research scientist, CEA-Irig
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Scanning electron microscopy images of 8 µm diameters GeSn microdisks on Ge (upper left) and AlN (upper right) 
pedestals.
L–L curves at different temperatures from 230 up to 280 K for a 15 µm diameter GeSn microdisk on a Ge pedestal (lower 
left). L–L curves for a 15 µm diameter GeSn microdisk resonator on an AlN pedestal from 230 up to 308 K (lower right).
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Loïc Laplatine
CEA-Leti scientist
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Imaging a smell:  
from plasmonics to Mach-Zehnder 
interferometer arrays
Surface plasmon resonance imaging is effective at detecting 
and identifying odors. The technology does have some 
drawbacks, however. A recent advance in silicon photonics 
could make smaller, cheaper, and more manufacturable 
olfactory sensors a reality.

Further reading: 
• L. Laplatine et al., “A silicon photonic olfactory sensor based on an array of 64 biofunctionalized 
Mach-Zehnder interferometers,” Optics Express 2022. https://doi.org/10.1364/OE.461858

Aryballe.
Research partners: 

2-cm-wide silicon photonic die with an array of 64 Mach-Zehnder interferometers for olfactory sensing.
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Overcoming the challenges of SPRi-based olfaction
Artificial nose manufacturer Aryballe and CEA-Irig demonstrated optical odor 
detection and identification using surface plasmon resonance imaging (SPRi) 
in 2018. While it is effective, SPRi does require a bulky optical assembly made 
up of a prism, lens, and pinhole with an adjustment screw. With a form factor 
measuring in the tens of cubic centimeters, and high sensitivity to opto-mechanical 
misalignment and vibrations, there was room for improvement. Meanwhile, on the 
process side, automation remained a challenge. Aryballe and CEA-Leti looked to 
photonic integrated circuits for a solution. 

Silicon photonics a path to smaller,  
volume-manufacturable olfactory sensors
Silicon photonic integrated circuits can be volume manufactured at 
a low cost using proven semiconductor processes. In this research, a 
custom silicon photonic olfactory sensor comprising a silicon nitride 
waveguide operating at λ≈850 nm and 64 biofunctionalized Mach-
Zehnder interferometers (MZI) as sensing elements was developed 
and tested. The sensor, which has no moving parts, performed better 
than SPRi in terms of reproducibility and detection limits. Wafer-
level optical testing, biofunctionalization, and fluidic capping were 
also demonstrated, paving the way towards the complete collective 
packaging of hundreds of devices simultaneously—good news for 
costs.

New product already on the market, further improvements 
underway
This research was conducted for CEA-Leti startup Aryballe, which began 
commercializing this new sensor in 2021. Today, the partners are trying to improve 
the circuit architecture and system packaging so that the die size can be reduced 
substantially. They are also developing on-chip control sensors to mitigate noise 
and make the sensor even faster.

Impact

First-ever silicon photonic 
sensor with universal odor 

detection capabilities will drive 
advances in quality control 

in industries from car sharing 
to food and fragrances and 
support solutions for people 
suffering from anosmia (a loss 

of sense of smell). 
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Demonstration  
of 3D-sequentially-
integrated two-tier-pixel 
back side imager could 
pave the way toward 
smaller pitches

Breaking new ground in 3D sequential integration
CEA-Leti and STMicroelectronics have been working together on 3D sequential 
integration (3DSI) since 2008, when the concept of using the technology to partition 
pixels began to emerge. 3D sequential integration offers a unique opportunity to 
shrink pixels without compromising on electro optical performance. And, with 3D 
contact pitches of 100 nm or less, 3DSI outperforms hybrid bonding technologies 
in terms of interconnect density. For this research, which was presented at IEDM 
2022, STMicroelectronics fabricated a three-tier CMOS imager with 3D sequentially-
integrated two-tier pixels hybrid-bonded to the logic circuitry. The 1.5 Mp, 1.4 µm 
pixel pitch imager demonstrated here offers an attractive dynamic range (106 dB, 
single exposure), confirming the technology’s potential. CEA-Leti’s expertise in direct 
oxide-oxide bonding and deep knowledge of 3DSI devices on FD-SOI contributed 
significantly to this advance.

Thin-film devices on SOI, a CEA-Leti strength
The pixel transistors were fabricated sequentially above the photogate utilizing 
an innovative thin-film SOI device technology that is more scalable than the bulk 
technology published by SONY in 2021 and 2022. Additionally, the architecture 
implemented here lowers parasitic capacitance in the pixel—crucial to 
higher conversion gains. The approach could also be applied to other 
photodiode types like X-ray and infrared imagers.

CEA-Leti has brought its expertise in oxide-oxide 
direct bonding and SOI device fabrication to a new 
3D-sequentially-integrated (3DSI) CMOS imager made 
with novel two-tier stacked pixels instead of the 
conventional planar pixel configuration. This type of 
pixel partitioning provides a path toward smaller pixel 
pitches and smarter pixels. 

STMicroelectronics.

Research partners: 

Further reading: 
• F. Guyader et al., “3-Tier BSI CIS with 3D Sequential & Hybrid Bonding Enabling 
a 1.4um pitch,106dB HDR Flicker Free Pixel,” IEDM 2022 (forthcoming)
• P. Batude et al., “3D sequential integration: applications and associated 
key enabling modules (design & technology),” IEDM 2021. DOI: 10.1109/
IEDM19574.2021.9720671

Impact

This is the first-ever three-tier 
CMOS image sensor fabricated 
using 3D sequential integration 
for the two-tier pixel and hybrid 
bonding to connect the logic 

circuitry. It could provide a path 
toward smarter and more scalable 

pixels for imaging applications. 

Perrine Batude
CEA-Leti scientist

Laurent Brunet
CEA-Leti scientist

Joris Lacord
CEA-Leti scientist
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Two layer pixel TEM cross section extracted from  
F. Guyader et al. IEDM 2022. 
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Versatile in-sensor mixed-precision neural 
networks for image processing at the Edge

Toward more versatile ASICs for near-sensor image 
processing
When it comes to image processing, ASICs, or application-specific integrated 
circuits, have generally been designed to meet the needs of the standard image 
rendering pipeline, including tasks like compressing image data. More recent 
solutions for near-imager ultra-low power AI nodes offer always-on modes 
capable of performing pattern-of-interest detection at a very low power budget, 
bypassing standard full-frame imaging. Whatever the case may be, the ASICs for 
these systems are designed to precise specifications—which means they lack the 
versatility to perform multiple processing tasks. 

An artificial intelligence accelerator ASIC designed for 
multiple tasks opens the door to many applications
CEA-Leti developed a reconfigurable, mixed-precision neural network 

encoder model that takes advantage of proper weight and 
activation quantizations combined with structural pruning and layer 
factorizations. Compatible with both compression and classification 
tasks, this kind of solution could ultimately reshape the entire CMOS 
imaging design flow, in particularly when the sensing node needs 
to be versatile enough to go from low-power always-on to high-end 
image and/or video acquisition. Functions like advanced pattern 
detection could be integrated, possibly without additional hardware, 
making it ideal for webcams, smartphones, machine vision, and 
wireless sensors for security and surveillance, personal alarms for 
assisted living, wildlife monitoring, and more. The next step in this 
early-stage research and development will be to introduce the time 
domain into the processing tasks involved.

Edge computing, a broad term that refers to processing data 
near or directly in devices at the network “edges,” will require 
new processing solutions. Progress on in-imager processing and 
deep learning at CEA-Leti has resulted in a mixed-precision neural 
network image encoder for low-power ASIC design—a versatile 
approach that opens the door to energy-efficient Edge AI for 
image processing applications.

N/A

Research partners: Further reading: 
• V. T. Nguyen, W. Guicquero and G. Sicard, “A 1Mb Mixed-Precision Quantized Encoder for Image 
Classification and Patch-Based Compression,” IEEE Transactions on Circuits and Systems for Video 
Technology, 2022. doi: 10.1109/TCSVT.2022.3145024
• A. Verdant et al., “A 3.0μW@5fps QQVGA Self-Controlled Wake-Up Imager with On-Chip Motion 
Detection, Auto-Exposure and Object Recognition,” 2020 IEEE Symposium on VLSI Circuits, 2020. 
doi: 10.1109/VLSICircuits18222.2020.9162854

Impact

These preliminary results will pave 
the way toward near-sensor AI 

nodes compatible with multiple 
processing tasks without the 

need for highly reconfigurable 
or reprogrammable processing 

units, for more affordable, 
energy-efficient embedded 

imaging systems for a variety  
of applications.

William Guicquero
CEA-Leti scientist
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High-impedance surfaces open 
the door to powerful imaging 
for astrophysics research

High-impedance surfaces for tomorrow’s sub-millimeter-
wave astrophysics observations
Electromagnetic structures called high-impedance surfaces (HIS), or metasurfaces, 
are important because they will enable the fabrication of astrophysics detectors 
using an “above-IC” approach—a plus in terms of manufacturability. Standard 
microelectronics-industry processes can be used to fabricate the detectors directly 
on top of standard commercial CMOS foundry readout ICs.

First-ever manufacturability demonstration at 
sub-Kelvin temperatures
In this research, the manufacturability of the HIS structures and their 
optical characteristics in the wavelength range of interest (100 μm to 
600 μm) and at the temperature range of interest (50 mK to 1 K) were 
demonstrated. This is significant because these are the operating 
temperatures of the high-sensitivity detectors used in astrophysics 
observation telescopes. 

Terahertz imaging a growing field
CEA-Leti’s expertise in materials at very low temperatures and in 
microfabrication was crucial to this research. The results will be used by 
CEA-Irfu to make the detectors used in its next astrophysics observation instruments. 
CEA-Leti will integrate the advance into sub-millimeter-wave and terahertz detectors 
for science (with an upgrade to an existing camera on a telescope in Chile), security 
and defense (for solutions to detect objects hidden on people or in packages), and 
industry (non-destructive testing and quality inspection). 

Laurent Dussopt
CEA-Leti scientist

CEA-Leti has been developing high-sensitivity 
detectors for astrophysics for more than twenty 
years in collaboration with the astrophysics 
division of CEA-Irfu. The demonstration of high-
impedance surfaces, or metasurfaces, at sub-
Kelvin temperatures marks a major advance—
one that will ultimately enable high-performance 
terahertz imaging.

CEA-Irfu.

Research partners: 
Further reading: 
• Laurent Dussopt et al., “High-Impedance Surfaces for Above-IC Integration of Cooled Bolometer 
Arrays at the 350-μm Wavelength,” J. of Low Temperature Physics, 2022

Impact

This demonstration of high-
impedance surfaces at sub-Kelvin 
temperatures marks an advance 

toward the high-sensitivity 
detectors that will be required 

for tomorrow’s terahertz imaging 
solutions for astrophysics (cooled 

detectors) and for defense, 
security, and industry (uncooled 

detectors). 
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Prototype of an 
array of absorbers 
above a High-
Impedance 
Surface at 350 μm 
(top view).
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CEA-Leti has been providing advanced technologies to the 
space industry for decades, whether that’s enabling basic 
research with beyond-state-of-the-art scientific payloads 
for satellite and ground missions, developing solutions for 
long-duration human space flight, or helping component 
suppliers accelerate and de-risk innovation. The emerging 
New Space market should create even more opportunities 
CEA-Leti to launch its terrestrial technologies into space.

PUSHING BACK  
THE FRONTIERS 

While CEA-Leti does not have a specific space research program, 
the institute has been serving space stakeholders for decades, 
bringing its broad, deep knowledge of key technologies to 
CNES (France’s national center for space research) and IPGP 
(Institute de Physique du Globe de Paris), and to European-
funded space research projects. And, as a technology-driven 
research organization, CEA-Leti’s technology transfer strategy 
also touches the space industry through startups like LYNRED 
(formerly Sofradir), a provider of advanced infrared sensors to 
the space and other markets. These long-standing partnerships 
have allowed CEA-Leti to keep a finger on the space industry’s 
pulse, detecting and responding to needs for advanced 
technology for space applications.

“Over the years, CEA-Leti scientists and engineers have 
cultivated a particular affinity for the kinds of challenges 
space projects bring, always prepared to go beyond their 
own limits to push back the frontiers of space,” said CEA-Leti 
scientist Jean-Michel Léger. This unique culture enables CEA-Leti 
to work seamlessly with space agencies, occupying a niche that 
instrument manufacturers do not currently address. Companies 
like LYNRED, which sell their products to the space industry, also 
count on CEA-Leti to help them get new and advanced products 
to the space and other demanding markets faster. 

While CEA-Leti has historically focused on developing highly 
advanced “one-off” scientific payloads for research satellites, 
the advent of New Space could expand the institute’s scope 
into recurring needs like communications (antennas) and energy 
management (power electronics) for satellite constellations for 
science and telecommunications. Whatever the case may be, 
CEA-Leti and its scientists and engineers will continue to draw 
on a history of scientific excellence and strong partnerships to 
respond to the demands of space.

Jean-Michel Léger 
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CEA-Leti’s 
space odyssey 

1986: CEA-Leti spinoff Sofradir 
(now LYNRED) founded  
(with Thales and Sagem)

1993: LWIR detector supplied 
for NASA’s Cassini space probe, 
which made its final approach 
to Saturn in 2017

1993–present: Collaboration 
with IPGP (& CNES) on  
high-resolution magnetometry 
(space missions Oersted, 
Swarm, NanoMagSat,  
and ground observatories)

2009: Collaboration with 
Sofradir (now LYNRED)  
on MCT IR detectors MTG  
3rd generation meteorological 
satellite project

2016–present: Collaboration 
with CNES on surface 
biocontamination in the ISS

2021: CEA-Leti develops 
magnetometers for tomorrow’s 
nanosatellite constellations  
(with IPGP)

CEA-Leti 2022 Scientific Report    
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Bringing advanced short 
wave IR technology for 
astronomical imaging 
home to Europe
On a market currently dominated 
by US manufacturers, the EU-
funded ASTEROID project was 
set up to bring the manufacturing of very large high-performance infrared focal plane arrays 
(FPAs) for scientific, astronomical, and Earth observation home to Europe. As members of 
the ASTEROID project consortium, CEA-Leti, its historic partner (and startup) LYNRED, and 
CEA-IRFU (Institute for Research on the Fundamental Laws of the Universe) joined forces 
on the related European Space Agency (ESA) ALFA “Astronomy Large Focal Plane Array” 
scaleup project to demonstrate that the ASTEROID design can be manufactured efficiently 
in Europe.

Astronomical imagers have specific—and very demanding—requirements. HgCdTe (mercury 
cadmium telluride, or MCT) is the material of choice for very large focal plane arrays (FPAs) 
with high sensitivity and very low dark current. CEA-Leti’s MCT photodiode technology, 
originally developed for defense applications, served as the starting point. The result was 
the largest MCT FPA ever manufactured in Europe. Offering outstanding performance, this 
detector will be integrated into the CAGIR IR camera, which will be used on the SVOM 
(Space Variable Objects Monitor) mission to observe gamma bursts.

CEA-Leti scientist Olivier Gravrand explained, “CEA-Leti is one of the happy few 
research centers in the world to master the entire II-VI semiconductor process flow. 
Here, however, the scale was much larger, with a target of 4 million pixels on a 3x3 cm 
chip—roughly ten times the usual IR detector format. So, we had to optimize every 
process step to achieve the desired level of performance. The optimizations were the 
result of a decade of cooperation with CNES, ESA, and support through EU-funded 
research projects.”  

After the SVOM mission, larger arrays and longer wavelengths could open the door to new 
scientific missions requiring this kind of instrument.

IMAGING DISPLAYS AND SENSORS FOR SMART HUMAN ENVIRONMENT & MACHINE INTERACTION

Olivier Gravrand 
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Fully packaged 2048×2048 ALFA array.
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Smart materials for healthier spacecraft and less cleaning
The International Space Station (ISS) Proxima mission led by European Space 
Agency astronaut Thomas Pesquet provided CEA-Leti with yet another 
opportunity to respond to an emerging space-industry need: materials with 
functionalized surfaces to help keep bacteria from growing and reduce cleaning 
during long-duration manned spaceflights. 

The MATISS experiment, run by France’s space agency CNES with academic 
partner ENS Lyon, glass manufacturer Saint-Gobain, and CEA-Leti, led to the 
selection of a solution that consists of applying a fluorinated molecular layer 
(FDTS) to surfaces via a solventless vapor deposition process. CEA-Leti scientist 
Guillaume Nonglaton said, “Our mission was to develop a hydrophobic 
surface that repels water droplets and, thus, bacteria. These kinds of 
surface treatments are non-toxic, compatible with a variety of materials, 
and manufacturable.”

Here, three CEA-Leti processes were 
tested on glass slides placed in racks 
designed by ENS Lyon to protect the 
glass from breakage during takeoff and 
landing and to collect samples from the 
air at three different locations inside the 
International Space Station’s Columbus 
module. Back on Earth, the exposed 
surfaces were analyzed by optical 
microscopy in the confined holder to 
avoid contaminating the surfaces with 
terrestrial flora, and all particles present 
on the surfaces were catalogued so that 
the best process could be selected.

“CEA-Leti’s surface functionalization 
know-how and, specifically, its 
experience with hydrophobic coating 
processes for microfluidic devices, 
played a major role in this research. 

The advances made for space under the MATISS experiment could also lead 
to new bioinspired antimicrobial coatings, already under development, as 
well as novel antimicrobial surfaces for hospitals and public transportation 
here on Earth,” said Nonglaton. 

MATISS, which kicked off in 2016, has been extended three times, with MATISS 
3 underway and MATISS 4 in the works.

Guillaume Nonglaton  
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CEA-Leti and LYNRED,  
a 40-year partnership

LYNRED was formed from the merger of two CEA-Leti startups, Sofradir 
and ULIS, so the two organizations are historically intertwined. The latest 
incarnation of their partnership is a joint lab established in 2006. On the 

ALFA project, CEA-Leti was in charge of growing the crystals and processing 
the sensitive MCT layer. LYNRED provided the Si ROIC design and handled 
the final detector assembly and packaging. The very high performance in 
terms of dark current is specific to scientific applications like astronomical 

imaging, not something a manufacturer like LYNRED would ordinarily 
explore. Collaborating with CEA-Leti opens up new opportunities to take 

technological risks a company might not want to take on its production line.
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Matiss-2 experiment 
on the Space Station.



80 81

IMAGING DISPLAYS AND SENSORS FOR SMART HUMAN ENVIRONMENT & MACHINE INTERACTION

Further reading: 
• Laurence Lemelle et al., “Passive limitation of surface contamination by perFluoroDecylTrichloroSilane coatings in the ISS 
during the MATISS experiments,” npj Microgravity: 2022
• Thibault Pichon et al., “Asteroid and ALFA programs: to equip Europe with high performance IR detectors for space 
applications,” Proceedings of SPIE  Astronomical Telescopes + Instrumentation: 2022
• Titouan LeGoff et al., “A systematic study of persistence characterization protocols on SWIR HgCdTe detectors for 
astronomy applications,” Proceedings of SPIE  Astronomical Telescopes + Instrumentation: 2022
• Olivier Gravrand et al., “Fabrication and characterization of a high performance NIR 2kx2k MCT array at CEA and Lynred 
for astronomy applications,” Proceedings of SPIE Defense + Commercial Sensing: 2022

CNES, France’s space agency, chooses CEA-Leti 
CEA-Leti’s ability to develop robust, manufacturable surface functionalization 
processes makes it a key partner for CNES. The institute is home to a unique 
array of advanced technological equipment for surface chemistry research and 
development. Sébastien Rouquette, who manages the MATISS project at CNES, 
said, “Biocontamination has significant impacts on health, not only on space 
vessels, but on Earth too. CNES aims to develop space experiments dedicated 
to improving our knowledge, to prepare not only space exploration, but also 
new applications on Earth”.

Although there are no reported microbiological events on board spaceflights that 
have had a critical impact on the crew, multiple reported contamination events do 
indicate that the current prevention, monitoring, and mitigation methods have to be 
optimized and new methods need to be considered.

“The MATISS project is a triptych where ENS Lyon provides scientific 
expertise, while CEA-Leti brings deep expertise in preparing the coating of the 
selected surfaces. CNES handles the technical management of scientific space 
experiments. Within this typical French cooperative framework, we wish to 
continue the development undertaken with MATISS to test new materials as 
part of a long-term R&D project,” said Rouquette. 

Sébastien Rouquette 

©
 C

N
ES

 /
 D

. B
ou

co
n

©
 N

A
SA



CEA-Leti 2022 Scientific Report    

START
UP

82

©
 U

to
pi

kP
ho

to
 /

 C
EA

-L
et

i

©
 U

to
pi

kP
ho

to
 /

 C
EA

-L
et

i

Laurent Duraffourg
CEO

Mathieu Dupoy
CTO

START
UP

MARKET 
NEWS
FROM OUR R&D PARTNERS

SPECTROSCOPIC INFRARED  
IMAGING FOR FASTER,  
MORE RELIABLE  
BIOANALYSIS WORKFLOWS

Sending biological samples to a lab and waiting—sometimes days or 
weeks—for the results is a problem the health, food, and other industries 
have been trying to solve for years. And, given the increasing complexity  
of analysis protocols and growing demand for testing, the need for  
novel solutions is urgent. Founded in 2022, deep tech startup ADMIR  
is developing a spectroscopic infrared imaging system and an associated 
machine learning software suite to speed up the analysis workflow. ADMIR’s 
analyzer provides infrared spectral fingerprints for each pixel of the sample 
image, revealing its biochemical content in under a minute. Plus, it does not 
require any chemicals, reagents, stains, or biomarkers.

The novel optical setup, combining a large field of view with lensless 
imaging, as well as the mid-IR high-brilliance quantum cascade laser 
spectroscopy and the machine learning 
algorithms inside the solution all originated 
at CEA-Leti. The technology is protected by 
a dozen CEA patents licensed by ADMIR. 

An initial manufacturing prototype of the 
device has been completed, and two more 
are in the works. The company, which won 
an i-Lab innovation grant from the French 
government, is currently in talks with a 
cancer center for a potential partnership 
around biopsy analysis.
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Tristan Rousselle said:

"There was a pressing need, especially on the part of the aroma 
and fragrance industry, which was seeking odor recognition tools 
that delivered objective information and are lighter, faster and 
cheaper than gas chromatography coupled with mass spectroscopy. 
Other markets have expressed their interest including that of 
household appliances. "For example, manufacturers are imagining 
ovens that switch off automatically when the fodd is cooked."
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https://urlz.fr/jOc6

ARYBALLE OFFERS  
A UNIVERSAL 
ELECTRONIC NOSE

Grenoble – December 9, 2021.
This digital sniffer can recognize thousands 
of smells from the most delicate (flowers, 
perfumes, fruits and monitoring their ripening) to 
the less pleasant (putrefaction, ammonia, etc.).
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MINIATURE, SCALABLE ON-CHIP LIDAR WILL 
HELP DEMOCRATIZE 3D PERCEPTION

LiDAR (Light Detection And Ranging) sensors are laser-based optical 
systems capable of capturing their environment in 3D. When used in 
conjunction with cameras and radar, LiDAR sensors can contribute to 
high-performance obstacle avoidance and situation awareness for motor 
vehicles, industrial robots, and—as costs come down—a wide range 
of consumer electronics and services. Deep tech startup SteerLight 
was founded in July 2022 to commercialize a fully integrated frequency 
modulated continuous wave (FMCW) LiDAR. This breakthrough 
silicon photonic device will deliver accurate and instantaneous depth 
and velocity information while enabling immunity to multi-user and 
environmental interference. Silicon photonics technology is used to co-
integrate the optical and electronic functions on the same silicon chip 
using standard semiconductor manufacturing processes for an ultra-
miniaturized, volume-manufacturable device that meets mass market 
cost requirements.

SteerLight LiDARs draw on CEA-Leti research and patents in the fields 
of silicon photonic circuits, CMOS driver circuits, heterogeneous 
integration, and embedded algorithms. The main LiDAR hardware 
subcomponents were developed and laboratory Proofs of Concept 
validated at CEA-Leti. SteerLight now has the task of maturing the 
technology into an industrial product.

The company won a grant (Grand Prize) through France’s national i-Lab 
competition in 2021 and plans to file two patents by 2024.

François Simoens
CEO & co-founder

MARKET 
NEWS
FROM OUR R&D PARTNERS
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ALEDIA’S MICROLED (LIGHT-EMITTING DIODE) 
DISPLAY TECHNOLOGY IS BASED ON A UNIQUE 3D 
ARCHITECTURE USING GAN-ON-SILICON NANOWIRES 

MicroLEDs will be a game changer in new-generation displays, promising 
higher energy efficiency, brightness, and improved image quality. CEA-Leti 
startup Aledia is hoping to take its WireLED™ technology to the top of the 
microLED display market. 

To respond to the 
volume demand of 
today’s consumer 
electronics, Aledia will 
focus only on the value-
added component of 
its solution, the GaN 
nanowires. The rest of 
the chip manufacturing 
process will be 
outsourced to foundries. This is how Aledia plans to bring the advantages of 
advanced microelectronics manufacturing technology to the world of displays.

Founded in 2011, Aledia was housed at MINATEC Entreprises until 2019. 
The company has a €20 million, 4,000 sq. m R&D center near Grenoble and 
will build its future €50 million Gigafactory in the Grenoble area, as well. 
Production will begin in 2023. 
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TO IMPROVE  
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Pascal Mailley 
Scientific Advisor to the Technology  
for Biology and Health Division
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The One Health approach is emerging 
as a comprehensive response 
to overall human, animal, and 
environmental health and welfare amid 
increasing climate and demographic 
pressures. CEA-Leti is contributing 
new technologies that respond to the 
One Health imperatives of monitoring, 
prevention, and treatment. In 2022 
we made advances on a portable 
MEG headset, portable medical-grade 
physiological monitoring devices, 
instrumented surgical implants,  
the ultrasensitive detection of cancer 
biomarkers, organoids on a chip 
(OoCs) for drug screening for more 
personalized medicine, the digital 
restoration of impaired motricity 
through a brain-spine interface,  
and new quality control methodologies 
for bioproduction.
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Whether it is due to poor access to care or increasing 
dependence on electronics to track and monitor virtually 
every aspect of our day to day lives, Western consumers 
are buying health and wellness wearables in droves. 
These consumer-grade electronics measure physiological 
parameters like heart rate, blood oxygen levels, and 
sleep—but their performance falls far short of what 
medical use would require. The WeCare@Leti program is 
focusing on making the measurement of physiological 
parameters robust and reliable enough for medical-grade 
solutions.
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Pierre Blandin
Human Health 
Program Director

WECARE@LETI

Tomorrow’s healthcare will be increasingly delivered at the point of care—including 
in patients’ homes—and treatments will be optimized and personalized. Remote 
monitoring will also be instrumental to preventing relapses and rehospitalizations. 
At CEA-Leti we are looking at ways to make the measurement of physiological 
parameters more robust and reliable so that doctors will be able to prescribe and 
patients will be able to use wearables with complete confidence. 

In 2022 the WeCare@Leti program made several improvements to the macroscopic, 
multiparamteter, autonomous, connected device under development (see photo). 
The latest version of the device meets regulatory requirements and will allow us to 
collect usable data from healthy volunteers in hospitals during clinical trials that are 
currently underway. We also developed a numerical model to assist with the complex 
task of converting raw sensor data into relevant physiological quantities. We also 
made progress on the sensor technology and flexible integration with the hope 
of integrating our sensors instead of commercial sensors in the next version of our 
device.

IMAGING DEVICES TO IMPROVE HUMAN HEALTH 
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The first demonstration of a CMOS-compatible differential-mode 
sensor and double-gate silicon nanowire FET array sensing 
method for the detection of label-free C-reactive protein marks 
a step toward an integrated FET-based multi-marker sensor 
platform for inflammation diagnosis and monitoring. The 
technology is of interest to the health wearables market.

Sylvain Barraud
CEA-Leti scientist

Label-free c-reactive protein 
detection possible with silicon 
nanowire FET sensor arrays

Impact
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Bio-FETs could make continuous 
monitoring of biomarkers for 
improved diagnostics and 
prognostics a reality 
CEA-Leti’s Dr. Sylvain Barraud, a senior integration 
engineer for advanced CMOS, in-memory 

computing, and biosensors, and 
Dr. Adrian Ionescu’s Nanoelectronic 
Devices Laboratory (NANOLAB) 
at EPFL (Swiss Federal Institute of 
Technology in Lausanne, Switzerland) 
have been working together on 
nanomaterial-based bio-FET sensors 
since 2020. This fruitful partnership 
produced some noteworthy results 
in 2021 and 2022, not least of which 
was the demonstration of a CMOS-
compatible biosensor field-effect 
transistor, or bio-FET. Bio-FETs are 

lightweight, reliable, manufacturable, and offer 
a high level of integration—all advantages for 
health wearables from medical diagnostics to 
patient monitoring. CEA-Leti fabricated the 
demonstrator based on NANOLAB’s research.

“CEA-Leti’s expertise in SOI CMOS mask-
set customization for biosensing together 
with the design, fabrication, and electrical 
characterization of high-k dielectric SiNW 
sensors were crucial to achieving this 
unique research advancement concerning 
protein sensing,” said Dr. Ionescu. “EPFL 
is convinced that the partnership with 
CEA-Leti and Dr. Barraud’s team enabled 
rapid multidisciplinary scientific progress 
with unrivalled performance thanks to the 
technological leadership of our colleagues 
in Grenoble.” 

Label-free detection in the 
physiological range demonstrated
The demonstrator device—a C-Reactive Protein 
(CRP) sensor based on a SiNW array FET 
structure—utilizes reference subtracted methods 
to detect a specific protein and eliminate drift due 
to unwanted events. And, because the sensor 
operates in a pseudo-super-Nernstian mode, 
the signal can be amplified, enabling label-free 
detection of CRP in a high enough range (0.75μg/
mL to 100μg/mL) so that no sample dilution is 
needed. “The challenges of bio-FET operation 
were new to me, and I had to dig deep into the 
specifications to be able to fabricate the device,” 
said CEA-Leti’s Barraud. “Nanotechnology has 
been of great interest for medical applications 
for years now. Si nanowires—and CEA-Leti has 
strong know-how in Si nanowire integration—
could create many opportunities in diagnostics. 
Our collaboration with Professor Adrian Ionescu 
was a great opportunity for us to exploit this 
technology for biosensors. We have been very 
pleased to see that the nanowire-based system 
developed in this project could be a very 
promising candidate for the industrial integration 
of a wearable multi-marker sensing platform on 
CMOS for real-time diagnostics.”

This research marks a step 
toward an integrated wearable 
FET-based multi-marker sensor 

platform for the continuous 
monitoring of inflammation 

biomarkers in serum and 
interstitial fluid, ultimately 

enabling the real-time 
diagnosis and monitoring of 

acute or chronic inflammation.

Dr. Adrian 
Ionescu 
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Further reading: 
• L. Capua et al., “Label-Free C-Reactive Protein Si Nanowire FET Sensor Arrays with Super-
Nernstian Back-Gate Operation,” IEEE Transactions on Electron Devices: 2022. doi: 10.1109/
TED.2022.3144108
• L. Capua et al., “Double-Gate Si Nanowire FET Sensor Arrays for Label-Free C-Reactive 
Protein detection enabled by antibodies fragments and pseudo-super-Nernstian back-gate 
operation,” 2021 IEEE International Electron Devices Meeting (IEDM): 2021. doi: 10.1109/
IEDM19574.2021.9720670

EPFL.

Research partners: 

SEM and TEM images of the nanowire FET sensor 
used for label-free C-reactive protein detection.

μfluidic well

Si nanowire

Si nanowire

M1 metal

M1 metal

M1 metal

Oxide M1 metal

<  20nm  >
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Nanotechnology  
“weighs” DNA in viral 
vectors, opening the 
door to advances in gene 
therapy and vaccines

Novel approaches to assessing the functionality of AAV 
vectors
Faster and less labor-intensive than conventional PCR, ELISA, and analytical 
ultracentrifugation, charge-detection mass spectroscopy, static light scattering, 
and mass photometry are among the emerging methods for the characterization 
of adeno-associated viral (AAV) vectors, widely used in in vivo gene therapy. One 
hurdle AAV therapies must overcome is quality and, in particular, impurities like 
“empty capsids” that lack the therapeutic transgene, reducing the potency of the 
product and, possibly, triggering undesired immune responses in patients. CEA-
Leti’s expertise in nanofabrication and implementation of nanosensors in microfluidic 
devices combined with a mathematical model developed by MIT resulted in the 
successful demonstration of an orthogonal method where suspended nanochannel 
resonators (SNR) are used to directly measure AAV mass and aggregation—a 
measurement that could be used during drug manufacturing to boost efficacy and 
reduce costs. 

From individual nanoparticle to nano “cloud”
This research leveraged piezoresistive SNR arrays developed by CEA-
Leti and MIT last year. Here, however, a new measurement method 
was utilized to overcome the attogram resolution limits of individual 
nanoparticle measurement—not sensitive enough to resolve viral 
vector payloads. A “cloud” of nanoparticles flowing through the SNR 
was measured instead, and the mathematical model correlated the 
noise in the signal with the nanoparticle payload in the sample. The 
researchers posited that a resolution of 10 zeptograms (10-20ag), which 
corresponds to 1% of the genome-holding capacity of the AAV capsid, 
could be achieved using this method. Experiments carried out on two 
commercially-available AAVs were consistent with these theoretical 
values. The average AAV mass measured was converted to a ratio of 
light capsids that proved consistent with other orthogonal methods. 
Although this method is faster and requires a smaller sample than AUC, 
it is meant to be used with, and not in place of AUC.

Vincent Agache 
CEA-Leti scientist

Further reading: 
• Katsikis, G., et al. “Weighing the DNA Content of Adeno-Associated Virus Vectors with Zeptogram 
Precision Using Nanomechanical Resonators,” ACS, https://pubs.acs.org/doi/10.1021/acs.
nanolett.1c04092?ref=PDF

Gene therapy has the potential to transform how 
monogenic disorders are treated. CEA-Leti and MIT 
pursued their cooperation on the characterization 
of viral vectors this year, using suspended 
nanochannel resonators (SNRs) to achieve a notable 
advance in the measurement of adeno-associated 
virus (AAV) mass and aggregation, producing 
results within minutes from a tiny sample. 

MIT, BioMarin Pharmaceutical.

Research partners: 

Impact

The ability to quantify the DNA 
payload in inactivated adeno-

associated viral capsids marks an 
advance in the characterization of 
viral vectors that will support the 
development of transformative 
gene therapies and new viral 

vector vaccines. It is now 
possible to measure the ratio of 
empty capsids to full capsids, 
a key challenge to developing 
high-quality AAV therapies at a 

reasonable cost.
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Concept of measuring 
mass of AAVs in 
solution. Schematic of 
SNR featuring a hollow 
cantilever of length  
L = 17.5 μm that vibrates 
at first resonant mode 
with frequency f. Inside 
the cantilever, we flowed 
solutions of AAVs with 
different DNA content 
or genetic constructs 
(denoted by orange 
color).
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New automated microfluidic platform 
could open the door to labs-on-chip for 
complex biological testing outside the lab

Making complex assays more accessible
The idea of a completely miniaturized, portable, and automated testing lab is 
not new. Labs-on-chip (LoCs) have been in the news for decades. These small, 
self-contained devices depend on integrated microfluidic and electronic circuits, 
chemical reagents (in the form of cartridges), and—sometimes—an external 
reader to display the results. They can be used in a wide range of chemical and 
biological hazard and pathogen detection scenarios, making them of interest 
to an equally wide range of stakeholders, including the food industry. CEA-Leti 
developed a microfluidic platform for the integration of multi-step biological 
assays for a food testing scenario.

The advantages of magnetic bead purification in a lab-on-chip
Magnetic bead sample purification offers a high surface-to-volume ratio, allows 
the reaction zone to be moved inside the microfluidic chip, and can be made 
using a simpler fabrication process. Plus, the chips can be reused, eliminating 
the storage problems of single-use solutions. The magnetic bead protocol 
was integrated into a system that uses a novel CEA-Leti process based on 
the pneumatic actuation of a highly elastic Ecoflex® membrane between two 
hemispherical chambers to perform all fluidic operations. The protocol—volume 
calibration, fluid transport, mixing, and washing—is automated. A programmable 
instrument and associated software interface were developed to allow users 
to quickly and easily configure the cartridge for specific biological protocols. 
A colorimetric reaction displays the results. In lab tests, the new microfluidic 
cartridges were used to perform a gluten detection immunoassay in the dynamic 
range of 10 ppm–30 ppm, detecting down to 2 ppm and identifying the specific 
protein within an hour.

Toward multiple targets on a single chip
CEA-Leti is now focusing on demonstrating the versatility of the 
new platform by applying it to other targets. Multiplexing—the 

detection of several targets during 
the same test—is also the focus 
of new developments, including 
integrating silicon-based optical 
sensors. The goal is to make complex 
assays easier and more affordable 
for a wide range of health-related 
applications.

With food allergies and sensitivities on the rise, the 
ability to detect contamination by allergens like gluten 
in food products is a pressing consumer safety and 
public health issue—one that the rapidly-growing food 
testing market is striving to respond to. CEA-Leti 
developed a new microfluidic platform that could enable 
multi-step assays to be automated and integrated onto 
chips, not only for food allergen testing, but for other 
health applications, like diagnostic tests, as well. 

Further reading: 
• C. Parent et al., “A versatile and automated microfluidic platform for a quantitative 
magnetic bead based protocol: application to gluten detection,” Lab on a Chip 22: 2022

Charlotte Parent
CEA-Leti scientist
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Myriam Cubizolles
Project manager
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The microfluidic platform 
developed successfully 

combines the sensitivity and 
robustness of a microwell plate 
immunoassay and the ease-of-
use of a point-of-care device. 

The multi-step assay protocol is 
fully automated and the results 

are displayed on the device.

Impact

Manufacturer (confidential), CEA-Leti labs involved in in-house 
multidisciplinary health and CBRNE programs.

Research partners: 

Microfluidic 
cartridge with 
integrated 
dilutions (diluent 
in yellow and 
calibrant in pink) 
and optical 
detection  
(blue LEDS).
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Yves Fouillet
CEA-Leti scientist
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Microfluidic device for automated 
insulin stimulation and secretion 
monitoring from a single 
pancreatic islet
CEA-Leti developed a thermoplastic microfluidic 
chip that automates dynamic glucose stimulation to 
test pancreatic islets’ ability to secrete insulin, and 
insulin harvesting on a single pancreatic islet using a 
network of deformable microvalves to direct reagents 
and the pancreatic islet to different pathways. The 
device demonstrates the potential of microfluidics for 
the precise manipulation of biological tissues and the 
surrounding fluid flows.

Further reading: 
• Anubhav Bussooa et al., “Real-time monitoring of oxygen levels within thermoplastic Organ-on-
Chip devices,” Biosensors and Bioelectronics, 2022. https://doi.org/10.1016/j.biosx.2022.100198
• Caroline Bissardon et al, “Selective plane illumination microscope dedicated to volumetric 
imaging in microfluidic chambers,” Biomedical Optics Express, 2022. doi: 10.1364/BOE.455377

CEA Basic Research Division, CEA-Irig, DS, BGE 
under the Panache (pancreas-on-chip) project.

Research partners: 
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Microfluidic chip for 
single pancreatic islet 
characterization.

The future of medicine: organs-on-chip
Advances in microphysiological systems, which include organs-on-chip (OoCs), 
are driving demand for more robust and reliable cell culture devices. Microfluidic 
technologies have progressed by leaps and bounds, but further improvements 
are needed. Conventional microfluidic devices are generally not very easy to 
volume manufacture or user friendly enough to be handled by non-specialists. 
Moreover, when used to study pancreatic islets, for example, these microfluidic 
systems offer very limited monitoring of flows since it is so difficult to integrate 
valves to direct the flows within the circuit. CEA-Leti addressed this challenge from 
a uniquely multidisciplinary angle, bringing expertise in biology, chemistry, system 
integration, design, microfabrication, and microfluidics to a chip fabricated in a 
dedicated cleanroom at CEA-Leti.

Manufacturable microfluidics to miniaturize, 
automate, and integrate biological protocols
CEA-Leti integrated a hydrodynamic trap into an original fluidic architecture 
that included microvalves specially designed to avoid any damage to the 
fragile pancreatic islets. The chips studied here were made of a polymer 
and the valves of a hyperelastic membrane. The demonstrator chip, 
made with a polymer technology compatible with volume manufacturing 
processes, successfully automated a complex protocol: the stimulation 
and monitoring of insulin. CEA-Leti is pursuing these developments and 
others, such as parallelizing the traps to obtain multiple organoids on a 

single chip, increasing the number of analyses, studying more complex vascularized 
organoids, and scaling up the technology for future manufacturing.

Impact

A microfluidic chip with 
automated control of fluxes for 
the stimulation and secretion 
monitoring of pancreatic islets 
marks a step forward for organ-
on-chip technologies for drug 
testing, drug screening, and 

personalized medicine. 
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Dr. Kiran Padmanabhan’s lab at IGFL studies the molecular and epigenetic regulation 
of biological clocks. His team turned to CEA-Leti for a lensless microscopy solution 
to deliver quantitative data they could use in their basic scientific research. 

CEA-Leti has been working on lensless microscopy for nearly a decade, and recently 
integrated deep learning algorithms to perform multi-parameter analyses of large 
populations of cells at the single-cell level in just seconds—a boon to biologists. 

Here, molecular analyses revealed the underlying cause of the cell changes 
observed with the lensless microscope: a profound chromatin architecture defect 
due to the absence of cellular circadian clocks. The loss of the core-clock machinery 
led to a depletion of histone variant H2A.Z in the chromatin—which plays a role in 
the development and progression of liver and other cancers. 

The research is ongoing under 
the EU REVEAL neuronal 
microscopy project to develop 
an AI-powered for the 
observation and manipulation 
of cell behavior.

LEARN MORE AT 
http://reveal-h2020.ai

CEA-Leti computational imaging expertise helps IGFL 
(the Functional Genomics Institute of Lyon) gain new 
insights into the behavior of mutant circadian clock 
gene cell lines. Circadian clock genes play a role in 
tumor growth and understanding them better 
could enable new advances in cancer research. 
CEA-Leti’s lensless microscope and artificial intelligence 
technology is delivering new data. 

Cédric Allier
CEA-Leti scientist
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Bringing the latest advances  
in cell imaging and machine 
learning to basic science 

From left to right: Kiran Padmanabha, Francesca Andriani and Kevin Tartour from 
the Institute of Functional Genomics of the Ecole Normale Supérieure de Lyon.

Chronograph of a 
fibroblast cell: the 
angle corresponds 
to the cell age and 
the color code to  
the cell stage. 
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Lens-microscopy 
acquisition of 
culture of fibroblast 
cells. The image is 
about 30 mm2 and 
features thousands 
of cells. The color 
code highlight the 
different cell types 
present in the cell 
population. ©
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LAB-ON-CHIP DETECTS FOOD 
PATHOGENS FOUR TIMES FASTER  
THAN CONVENTIONAL TESTS

Many pathogens fall through the cracks in today’s food microbiology testing solutions, 
resulting in sometimes-fatal infections by bacteria like Listeria, Salmonella, and E. coli. 
Startup Direct Analysis is commercializing a testing system that delivers results in just 
seven hours—that’s one fourth the time of conventional tests. And faster detection of 
pathogens can help food manufacturers avoid costly plant shutdowns and product recalls 
while ensuring that any contaminated products never make it onto supermarket shelves 
or into consumers’ hands. Direct Analysis microfluidic chips will be of particular interest 
to PCR test suppliers and food manufacturing companies.

The company, founded in 2021, has leveraged several CEA-Leti patents 
to develop an innovative chip called Xtralyz capable of concentrating the 
sample and performing DNA extraction. Today, the chip’s performance 
has been confirmed and the technology has been scaled up for 
manufacturing. A robot to automate DNA extraction has also been 
developed.

Direct Analysis has created six jobs (with four more expected soon), filed 
three of its own patents, and raised €2 million in grants, bank loans, 
and capital from angel investors. The company has won several awards, 
including the i-Lab 2021 Grand Prize, a top French innovation award.

START
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From left to right: 
Rémi Toutain (CTO), 
Thomas Bordy (CEO).
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Helium Optically Pumped Magnetometer (OPM).

Adaptable helmet 
with 96 OPM slots, 
for use in research.

START
UP

QUANTUM SENSORS 
DEMOCRATIZE  
MEG BRAIN IMAGING

Widely used in clinical research, magnetoencephalography (MEG) is a high-
performance, non-invasive functional brain imaging technique. Once used 
for imaging before refractory epilepsy and brain tumor surgeries, MEG also 
holds great promise for the diagnosis of concussions, Alzheimer’s disease, 
and multiple sclerosis. Mag4Health is developing a new generation 
MEG machine that operates at room temperature, delivering a number 
of advantages over cryogenic MEG machines: lower maintenance, lighter 
magnetic shields that can be installed anywhere, and a more adaptable 
helmet suitable for children and preclinical studies. Mag4Health’s MEG 
offers improved ergonomics at one-third the 
cost of conventional solutions—overcoming two 
of the hurdles to the broad use of MEG.

The startup was founded in 2021 from the 
transfer of a CEA-Leti quantum technology—the 
optical pumping magnetometer that records the 
magnetic field generated by the brain. 

Mag4Health currently has eight employees 
and is scaling up its first product, a 48-sensor, 
144-channel MEG machine for research 
applications. It was on track to raise €4.5 million 
in grants, loans, and equity in 2022 at the time 
this report went to print. The company has also 
signed a memorandum of understanding with 
a distributor and has won two technology and 
innovation awards in France.

From left to right: Agustin Palacios-Laloy,  
Jaroslaw Rutkowski, Matthieu Le Prado, Rudy Romain, 
Guillemette Barier, Etienne Labyt, Sergey Mitryukovskiy.
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Dave Marver, CEO of Onward said:

"This grant from the EIC validates ONWARD's position as a leader 
in the fast emerging realm of Brain-Spine Interface technologies. In 
combination with the IP rights option obtained from EPFL in March,  
we now have foundational elements in place to develop and pioneer 
the use of BSI technology to help people with spinal cord injuries."
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ONWARD AWARDED 
EUROPEAN INNOVATION COUNCIL GRANT TO 
DEVELOP BRAIN-SPINE INTERFACE TECHNOLOGY

Onward will support development of Brain-Spine Interface 
(BSI) technology to restore mobility and upper limb function 
in people with spinal cord injury.

Eindhoven, the Netherlands & Lausanne, Switzerland — June 16, 2022 - 
Onward Medical N.V. (Euronext: ONWD), the medical technology company 
creating innovative therapies to restore movement, independence, and 
health in people with spinal cord injury (SCI), today announces it has been 
awarded a grant from the European Innovation Council (EIC) to support 
the development of an innovative Brain-Spine Interface technology for 
restoring mobility and upper limb function.
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CES 2022: CEA-LETI TO UNVEIL WORLD’S-FIRST 
MULTI-SENSOR SYSTEM FOR KNEE-IMPLANTS 
THAT IMPROVES SURGERY ACCURACY, DETECTS 
INFECTION EARLY AND ENHANCES REHABILITATION

FollowKnee Technology Also Suited for Hip and Shoulder 
Replacements. 

Grenoble, France – Dec. 16, 2021 – CEA-Leti, a CEA microelectronics 
research institute, will introduce a smart, integrated multi-sensor system 
for knee implants at CES 2022 that can help surgeons more accurately 
position the implant, dramatically reduce risk of follow-up surgery, and 
enhance rehabilitation.

IMAGING DEVICES TO IMPROVE HUMAN HEALTH 
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Dr. Eric Stindel, an orthopedic 
surgeon at Brest Hospital, 
France, and a member of  
the project team said:

"Accuracy is vital in knee-implant surgery.  
By integrating the deformation sensor 
and the accelerometer, this innovative 
architecture gives both the surgeon and 
the patient peace of mind for a successful 
operation and follow-up."
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ADVANCE IN CONTACT TECHNOLOGY FOR 12-INCH 
SILICON PHOTONICS PLATFORM WINS BEST 
CONTRIBUTED PRESENTATION AWARD AT IWJT 2021

Flore Boyer, who earned her PhD from Grenoble Alpes University in 
2020, won a Best Contributed Presentation award at the International 
Workshop on Junction Technology 2021 for her work on Ni2P contacts 
for 12-inch (300 mm) silicon photonics. The research on Ni2P layers 
obtained by magnetron sputtering of a Ni2P target and implemented 

and integrated on III-V-based structures to extract the contact resistivity 
on n-InP and p-InGaAs. “When it comes to contacting n-InP layers, Ni2P 

metallization, with its high thermal stability and low contact resistivities, 
outperformed the Ni-based metallizations studied,” said Flore. “The 
excellent electrical and morphological properties obtained could help 
improve overall device performance.” Flore is now a characterization and 
modelling engineer at STMicroelectronics. 

F. Boyer et al., “Ni2P Contact Technology for 300 mm Si Photonics Platform,” 2021 20th 
International Workshop on Junction Technology (IWJT), 2021, pp. 1-4, doi: 10.23919/
IWJT52818.2021.9609464.

AWARD-WINNING MODEL HELPS SYSTEM  
AND CIRCUIT DESIGNERS OPTIMIZE  
LOCAL OSCILLATOR PERFORMANCE

Before joining STMicroelectronics as an analog/RF IC 
design engineer, Abdessamad Boulmirat completed his PhD 
at Grenoble-Alpes University, an experience that included research at 
CEA-Leti on the design and modelling of millimeter-wave and RF circuits. 
While still working on his PhD, Abdessamad authored a paper* entitled 
“A High-Order-N Frequency-Multiplier Using Pulsed Oscillator: 
Modeling and Optimization,” which won the Best Paper Award at the 
19th IEEE Interregional NEWCAS Conference held in Toulon, France 
in June 2021. According to Abdessamad, “The proposed behavioral 
models of waveforms involved in the multiplication process can be 
used to optimize the overall phase noise and integrated RMS jitter 
at the output of the signal reference. The models can also be used 
to determine the key parameters that directly affect local oscillator 
performance. This will help system and circuit level designers to 
further understand and optimize this kind of architecture. I am thrilled 
to have earned my peers’ recognition for this research and would like 
to thank my former teammates at CEA-Leti for their contributions.”

*A. Boulmirat, J. L. González-Jiménez, C. Jany and A. Siligaris, "A High-Order-N 
Frequency-Multiplier Using Pulsed Oscillator: Modeling and Optimization,"  
2021 19th IEEE International New Circuits and Systems Conference (NEWCAS),  
2021, pp. 1-4, doi: 10.1109/NEWCAS50681.2021.9462793.

Abdessamad Boulmirat 

Flore Boyer
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INNOVATION IN ANTENNA 
TECHNOLOGY WINS YOUNG  
ENGINEER PRIZE AT 24TH 
EUROPEAN MICROWAVE  
WEEK 2021

Orestis Koutsos, who completed his PhD research 
at CEA-Leti in May 2022, won a YEP (for researchers 
under 30) at EuMC for his work* to make the high-gain 
wideband antennas that will be required for 6G sub-
THw wireless communications more manufacturable and 
affordable. These antennas, which are characterized by 
small design features, are made using expensive high-
resolution technologies generally not compatible with 
standard industrial processes. Using a design approach 
based on a new theoretical model, an antenna was 
fabricated with standard PCB technology and tested—
successfully—at 300 GHz. “The award is a significant 
milestone in my life and an honor. It will give me the 
confidence to pursue my research with the highest 
level of dedication,” said Orestis, who is now a post-
doctoral researcher working on antenna design and 
antenna measurements at the Institut d’Électronique 
et des Technologies du numéRique (IETR) in Rennes, 
France. “I want to continue to help pave the way for 
more innovative antenna technologies.” The research 
was supported in part by a grant from ANR, France’s 
national research agency, through the Next5G project.

*O. Koutsos, F. F. Manzillo, A. Clemente and R. Sauleau, 
“Wideband High-Gain Transmitarray Antenna for Point-to-Point 
Communications at 300 GHz,” 2021 51st European Microwave 
Conference (EuMC), 2022, pp. 201-204, doi: 10.23919/
EuMC50147.2022.9784222.

RESEARCH ON PIEZOELECTRIC 
MATERIAL DEPOSITION WINS  
BEST STUDENT POSTER AWARD

After completing a graduate engineering internship 
at CEA-Leti on the magnetron and co-sputtering 
deposition of piezoelectric material aluminum nitride for 
sub-4G radiofrequency applications, Laura Sauze came 
back to the institute to conduct her PhD research. Her 
topic was the deposition of piezoelectric material lithium 
niobate (LiNbO3), for 5G radiofrequency applications 
like filters, using pulsed laser techniques. She was one 
of the authors* of a poster entitled “Homoepitaxial 
growth of LiNbO3 thin films by Pulsed Laser 
Deposition on X-cut, Y-cut and Z-cut monocrystalline 
LiNbO3” that won a Best Student Poster award at the 
European Materials Research Society Spring Session 
2021 symposium on advanced functional films grown 
by pulsed deposition methods. The research also led 
to the publication of an article. Laura, who earned her 
PhD from Université Polytechnique Hauts de France in 

2021, is now at Applied Materials, but still working 
with CEA-Leti through a joint laboratory with the 

company. This was Laura’s first award, and she 
was thrilled to be recognized by her peers for 
this research. “Synthesizing lithium niobate 
as a film is complex, but with pulsed laser 
deposition, the film’s chemical composition 
and piezoelectric properties can be 

controlled. It has the potential to be used 
in the manufacturing of 5G radiofrequency 

devices.”

*Laura C. Sauze, Nicolas Vaxelaire, Nicolas Bernier, Roselyne 
Templier, Denis Rouchon, François Pierre, Denis Remiens, 
Guillaume Rodriguez, Florian Dupont, Alice Joulie and Marie 
Bousquet. 

Laura Sauze

Orestis Koutsos
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