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Within CEA Tech and Leti, silicon technologies and components 

research activities are shared between two divisions gathering 

together around 600 researchers: 

 

The Technology Platform Division carries out innovative process 

engineering, materials research and development as well as 

advanced nano-characterization. It operates 24/6 year round, and has 

1100 m2 of state-of-the-art cleanroom space divided into four different 

technology platforms.  

 

The Silicon Components Division carries out research on 

nanoelectronics and heterogeneous integration on silicon and is 

focusing on two mains areas: on-going shrinking of CMOS devices to 

extend Mooreôs Law for faster, less-expensive computing power, and 

the integration of new capabilities into CMOS, such as sensors, 

power devices, imaging technology, and new types of memory, to 

enable new applications. 

 

This booklet contains 39 one-page research summaries covering 

advances in the focus areas of our Silicon Devices and Technologies 

Divisions, highlighting new results obtained over the course of 2021. 
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Technological Platforms 

The silicon divisions operate 11000 m² of state-of-the-art cleanroom space divided into 

three platforms, gathering 700 process tools and a combined staff of more than 520; they 

run industry-like operations, 24 hours a day, 6 days a week, all year round. 

 

1 The Nanotech200&300 platform provides 200mm and 300mm CMOS wafer 

processing, which can be applied to both semiconductor and microsystem 

devices. 

 

2 The MEMS200 platform produces non-CMOS Micro-ElectroMechanical 

Systems (MEMS) 

Both platforms are focused on the More than Moore initiative to develop new 

semiconductor capabilities. An innovative cleanroom shuttle system links the 

two platforms to add process flexibility and faster processing. 

 

3 The 3D Integration platform aims to integrate various microelectronics 

objects together in order to juxtapose complementary functions, such as 

sensing, storing, processing, actuation, communication and energy 

scavenging. This provides advanced system solutions in three dimensions. 

This line is open to our customers for prototyping through the Open3D 

service.  

 

4 The fourth platform that was recently added is dedicated to photonics. It 

covers conception, III-V and II-VI semiconductor technology fabrication and 

packaging capability. Applications as diverse as lighting, micro-screens, 

visible and infrared detectors and devices for astrophysics é 

 

All research carried out in our cleanrooms benefits from the Nano-Characterization 

Platform, which is located on the MINATEC campus. This platform, unique in Europe, 

covers eight domains of competencies, including electron microscopy, X-ray diffraction, 

ion beam analysis, optics, scanning probe, surface analysis and sample preparation, 

magnetic resonance.  

 

 
 

 

© CEA-Leti 
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Laurent Clavelier, 
Head of the CEA-Leti 

Technology Platform Division 

Dear Reader, 

 

The ambition of the CEA-Leti technology platforms is two-fold: to 

serve the research and development needs of the silicon components 

and optoelectronics divisions in a ñtop-downò approach but also to 

carry out exploratory research in a ñbottom-upò approach. Year after 

year, our scientific reports highlight the diversity of scientific activity of 

the technology platforms both in terms of exploratory bottom-up 

studies that are essential for maintaining our platforms at the cutting 

edge, and in terms of top-down activity that enables the technology of 

both internal and external partners. 

2021 is no different, the results that were obtained in research 

domains such as substrates, advanced lithography, phase change 

memories, and nano-characterization are testimony to the vibrancy 

and excellence of our research culture.   

 

One of our unique founding principles is that we carry out our 

research on the same tools as our industrial partners. In this scientific 

report, you will find not only many examples of results obtained on 

industrial tools, but also illustrations of how this model enables us to 

increase the range of applications of our tools by working in close 

collaboration with tool suppliers in the framework of joint development 

programs.  

 

2021 was also a remarkable year as it marked the creation of the 

national research network (GdR) on chalcogenide materials of which 

we are a founding member and member of the steering committee. 

This is a sign of recognition of our world-class scientific expertise and 

tool set in this area that has enabled us to develop chalcogenide 

glasses for non-volatile memory applications with STMicroelectronics 

over recent years. Following on from these achievement, and with 

efficiency in mind, we are currently exploring other potential 

applications for these chalcogenide glasses such as OTS selectors 

for non-volatile memory, RF switches, optical layers, another pillar of 

our model that we have chosen to highlight in this scientific report.  

 

Lastly, a thank you to all my colleagues on our technology platforms 

for their contributions that enable us to maintain an exceptional 

scientific and technological output. I would also like to take this 

opportunity to hand over to Anne ROULE who will succeed me as 

head of the technology platforms from the 1st of June 2022. 

 

Laurent CLAVELIER 

Anne ROULE, 
Head of the CEA-Leti 

Technology Platform Division 

© CEA-Leti / P. Jayet 

© CEA-Leti / P. Jayet 
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Dear Reader, 

 

2021 was a year where things returned to normal In terms of way of 

operation, except for International relationships and conferences.  

With the numerical transition that was accelerated by the COVID 

crisis, the need of Power efficient and smarter technologies has 

become even more obvious than it was before. As the Silicon 

Components Division has been working towards such solutions for 

many years, our role is becoming even more central for our partners. 

Our job is not only to design new technologies, but also to analyze 

and understand our developments through the coupling of 

technology, simulation, characterization, modeling, design 

environment and circuit design. Our technical expertise is the heart of 

our organization and we need to continue to develop it as much as 

possible.  

A good way to evaluate our expertise and our positioning versus 

international competition is to publish our work at highly rated 

international conferences and journals. Even if the numbers of 

publications has decreased over the past few years, our publications 

are still well positioned and well rated as you can see through the few 

highlights listed below:  

Á 2 papers on Quantum technologies published in Nature 

Technology, with the following titles: 'Coherent control of 

individual electron spins in a two-dimensional quantum dot 

array' and 'The path to scalable quantum computing with 

silicon spin qubits'. 

Á 1 paper on Neuromorphic computing published In Nature 

Communication, untitled 'Self-organization of an 

inhomogeneous memristive hardware for sequence 

learning'.  

Á One best presentation award to Nghoc-Ann Nguyen at ECS 

on óElaboration and characterization of CMOS Compatible, 

Pico-Joule Energy Consumption, Electrochemical Synaptic 

transistors for Neuromorphic computingô. 

Á One Best paper award to I. Bertrand (SOITEC) on 

'Development Of High Resistivity FD-SOI Substrates for 

mmWave Applications'.  

 

I would like to thank the whole DCOS teams for the excellent job that 

has been carried out and for their strong involvement in those 

achievements. I hope you will enjoy reading the overview. 

Olivier Faynot, 
Head of Silicon Components Division  

© CEA-Leti / L. Godart 
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We are excited to share with you our twelfth Silicon Technologies and 

Components Annual Scientific Research Report. This report contains 

39 one-page research highlights from the Silicon Components and 

Technology Platforms Divisions that are based on work published in 

2021. 

2021 saw scientists from the Silicon divisions participate in the 

creation of 2 national research networks (GDRs) on ñImaging mass 

spectrometryò and ñChalcogenide materialsò that will reinforce our 

interactions with academia on these strategic subjects. The number of 

scientific publications is less than in 2020, mainly due to a reduction 

in conference papers due to the limited number of in-person events 

and the fact that many conferences chose to shift their events from 

2021 to 2022. A few examples amongst these illustrate some of our 

major topics that are currently being developed.  

Our international collaborative contributions to the rapid progress in 

the field of Silicon based Quantum technology continue this year with 

two high impact publications in Nature Nanotechnology. 

In the field of Phase Change Memory materials and devices our 

published work in Advanced Materials and Physical Status Solidi 

illustrate some of the more fundamental research we are performing 

on that is enabling us to innovate more effectively in this domain.  

Two Advanced Electronic Materials articles showcase our innovative 

proposal to use emerging nonvolatile memory technology not only for 

data storage but also for energy storage. We are also proud to have 

our work on advanced characterization of organic light emitting diode 

devices highlighted on the cover of the journal. 

Lastly, the recent advances in compressed sensing that is making the 

3-D chemical analysis of devices a reality in the TEM was published 

in Ultra Microscopy. 

2021 was an improvement on 2020 but still a difficult year for in-

person international conferences. Despite this restriction, several of 

our students received awards. Although many of our PhD students 

had their contracts extended and their vivas delayed, they have the 

advantage of a very buoyant job market in the technology sector.   

We would also like to take this opportunity to congratulate Elisa 

Vianello who was successful in obtaining an ERC grant for her project 

on bioinspired new nanosystems to enable learning from a very 

limited volume of noisy data, taking inspiration from insectsô nervous 

system. 

Finally, a big thankyou to the editorial team and all the authors of the 

2021 Scientific Report. We hope you enjoy reading this report. 

Jean-Charles Barbé and Jean-Paul Barnes  
Chief Scientists for the Silicon Components Division 

and the Technology Platforms Division 

© CEA-Leti / J. C. Barbé © L. Barnes-Davin 
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© interne (Leti DSYS) 

 

481 researchers 

239 Industrial residents 

155 PhD students in 2020 

15 Post-docs in 2020 

 
 

11000 m² of cleanrooms 

24/6 operation 

700 tools 

3650 m² Nanocharacterization platform 

50 advanced instruments 

3 CEA institutes (LETI, LITEN, IRIG) working together 

© CEA-Leti / F. Ardito 

24 Joint Research Agreements with Industry 

150 patents filed in 2021 

1450 patents in portfolio 

261 Scientific communications in 2021 

 
 
 

© CEA-Leti / P. Jayet 

© CEA-Leti / A. Aubert 

© CEA-Leti / P. Avavian 
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Publications 
261 publications in 2021 (WoS, SCOPUS) 
124 international conference communications in 
2021. 
 

Prize and awards 
E\PCOS Best Oral and Poster Presentation, 
IWJT2021 Best contributed Presentation, E-MRS 
poster award 
SMART SYSTEMS INTEGRATION (SSI) 2021, 
B. Fain et al., óBest Paper Awardô 
IEEE MEMS 2021, T. Miani et al., Outstanding 
student paper  
IRPS 2021, L. Gerrer et al., óBest poster of IRPS 
2021ô 
ECTC 2021, P. Tissier, óBest Interactive 
Presentation Paper Awardô 
 

Experts 
¶ 10 Fellows  

¶ 39 Senior Experts 

¶ 56 Experts 

¶ 30 HDRs 
 

Scientific committees 
¶ National Research Agency committee. 

¶ Technical Program committees of:  

IEEE IEDM, IEEE VLSI Technology and Circuits, 
IEEE IRPS, IEEE TRANSDUCERS, IEEE IMW, 
IEEE ECTC, IEEE ESSDERC/ESSIRC, IEEE 
SISPAD, IEEE 3DIC, IEEE ISSCC, IEEE SSDM, 
IEEE Transducers, VLSI-TSA, IEEE S3S, IEEE 
IITC, AMC, ICSI/ISTDM, ECS Transactions 
AIMES, JNTE, AVS, SPIE Advanced 
Lithography, FCMN, EMRS Spring, lôE\PCOS, 
CIMTEC, MRS spring 2021 (symposium BEOL), 
Plathinium 2021, RAFALD, MAM-2020, 
European FIB Network Workshop. 
 

Conferences and 
Workshops organizations 
IEDM (European chair), ESSDERC. 
 

International 
Collaborations 
Forschungs Zentrum Juelich (Germany),  
Stanford University (USA),  
Caltech (USA),  
The University of California (USA),  
Fraunhofer institutes (Germany),  
Università degli Studi di Ferrara (Italy)  
University of Cambridge (GB),  
Université Catholique de Louvain (Belgium),  

University of California at Berkeley (USA),  
Politecnico Di Milano (Italy),  
Paul Scherrer Institute (Switzerland),  
École Polytechnique Fédérale de Lausanne 
(Switzerland), 
ETH ï Zürich (Switzerland),  
CNR (Italy),  
University of Chicago (USA),  
Sherbrooke, University (Canada) 
NIMS (Japan), SPring-8 Synchrotron (Japan) 
University of Southern Denmark, 
University Cagliari (Italy),  
Institute for Technical Physics and Materials 
Science (Budapest),  
Hungarian Academy of Sciences (Budapest), 
Korea University (Seoul) 
Centro universitario FEI (Brazil),  
University of Tsukuba (Japan), 
AIST (Japan), 
Herzen University (St Petersburg, Russia). 
IMEC, Leuven (Belgium), EMPA, ETH 
(Switzerland),  
Mons University (Belgium), 
University of Surrey (UK) 
Université de Liège (Be) 
Universitatea Politehnica din Bucuresti (UPB), 
National Physical Laboratory, London (UK), 
Elettra Synchrotron, Trieste (Italy), 
NSLS-II, Brookhaven Nat. Lab. (USA), 
Fondazione Bruno Kessler, Trento (Italy), 
Physikalisch-Technische Bundesansalt, Berlin, 
(Germany), 
Varsaw University, IHPP (Poland). 
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C O R E  &  B E Y O N D  C M O S  

M£T H O D O D E T E C T I O N  

 

O1 
 

¶ A new FDSOI spin qubit platform with 
40nm effective control pitch  

¶ Record DC & RF Performance of 500°C 
Low-Temperature nMOSFETs for 3D 
Sequential Integration 

¶ RF reliability of power amplifier cells in 
RFSOI technology for millimeter wave 
applications 

¶ CryoCMOS Electronics using 28FDSOI: 
from models to circuit 

¶ Advances in the study of local trap-rich-
like solutions using buried pn junctions 
for RFSOI applications 
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Context and Challenges 
Silicon spin qubits are very promising candidates in the quest 
for quantum computing. One of the major advantage Si offers in 
comparison to other platforms is its scalability. Making millions 
of qubits, similarly to making millions of transistors, should 
enable the use of quantum error correction algorithms, resulting 
in error-free quantum computing. However, a high density of 
qubit devices infers that at least as many ways of control over 
those qubits are required, which is challenging from an 
integration perspective. 
 

Main Results 
We investigated the integration of an additional layer of local 
exchange gates (J-gates). In comparison to previous 
integrations using a global top gate, our J-gates design consists 
in metallic trenches that intertwine with front-gates to achieve 
independent tunability between QD charge occupation and 
tunnel barriers (see figure). The resulting structure has an 
effective controllability pitch that is therefore half that of the 
front-gates, while fabrication flow deviates very little from 
standard CMOS technology. The electrostatic control over 2-
gate devices was successfully achieved at 4.2K. As predicted 
by numerical simulations, the use of exchange gates together 
with a positive back biasing enabled to control the coupling 
between 2 QDs formed below each gate. This is the first 
demonstration of electrostatic coupling control over QD 
systems implemented in CMOS SOI devices by means of back 
biasing and the use of exchange gates.  
 

Perspectives 
These results are a first step towards a successful control of 
spins for qubit applications. Room temperature measurements 
showed the low variability of the electrical characteristics of the 
devices fabricated with this platform, which is promising for 
scaling to larger systems. 
 
 
 
 

 

 

Top: Cross-sectional TEM image of a 80nm pitch 4-gates linear array on 

SOI with optimized front-gate stack and intertwined 80nm pitch J-gates. 

Image taken after J-gate patterning. Bottom: Stability diagrams, where 

VEXG2 varies from 0V (single-dot) down to -6V (double-dot regime).  

 

A new FDSOI spin qubit platform  
with 40nm effective control pitch   

 

Operating Si quantum dot (QD) arrays requires homogeneous and ultra-dense structures with aggressive gate 
pitch. Such a density is necessary to separately control the charge occupation of each QD from the tunnel barriers 
between each QD. We present here a novel Si quantum device integration that halves the effective gate pitch and 
provides full controllability in 1D FDSOI QD arrays. The major advantages of this architecture are explored through 
numerical simulations. Functionality of the fabricated structure is validated via 300K statistical electrical 
characterization, while tunnel-coupling control is demonstrated at cryogenic temperature. 
 
SCIENTIFIC COLLABORATIONS: 1Institut Néel (CNRS) 

RESEARCH TOPIC:  
Quantum information, silicon spin qubits, device integration 

AUTHORS:  
T. Bédécarrats, B. Cardoso Paz1, B. Martinez Diaz, 
 H. Niebojewski, C. Comboroure, A. Sarrazin, F. Boulard, E. 
Nowak, M. Vinet, B. Bertrand 
 

RELATED PUBLICATIONS: 
[1] T. Bédécarrats et al., IEEE International Electron Devices Meeting (IEDM), 2021, https://ieeexplore.ieee.org/document/9720708 

https://ieeexplore.ieee.org/document/9720708
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Record DC & RF Performance of 500°C  
Low-Temperature nMOSFETs for  
3D Sequential Integration  

 

 
Fig 1: ION-IOFF performance gain achievement [1] 

 

 

 
Fig 2: RF LT (500°C) performance [2] 

RESEARCH TOPIC:  
Low temperature FDSOI transistors, 3D sequential integration, 
3D monolithic integration 

Context and Challenges 
The high density of 3D contacts and the possible 
heterogeneous material/device integration it allows, makes 3D 
sequential integration very interesting for More Moore and More 
than Moore applications. However, in order to preserve bottom 
levels, a maximal Thermal Budget TB of 500°C for a couple 
hours should be respected. This study highlights major 
improvements on 2D nMOSFETs to fulfill 500°C TB 
requirement. Finally, this 500°C device integration was used to 
evaluate our first generation of Low Temperature LT layer 
transfer module using Smart CutTM. 
 

Main Results 
Record DC performance for LT FDSOI nMOSFETs fabricated 
at 500°C have been demonstrated reaching ION~870µA/µm 
@IOFF=100nA/µm. Thanks to optimization of the access 
resistance, channel mobility, parasitic capacitances and gate 
resistance. NMOS RF devices featured state-of-the-art fT of 
180GHz and fMAX of 240GHz at VDD=0.9V and LG=42nm. 
Moreover, a first generation of Low Temperature layer transfer 
module from Si substrates based on Smart CutTM was 
developed to obtain LTSOI quality compatible with 500°C 
FDSOI process integration: RMS=0.083nm roughness and 
0.4nm SOI uniformity. The nMOSFETs fabricated on these 
LTSOI wafers reached ION-IOFF performances at 88% of 
reference transistors integrated on regular SOI wafers. 
 

Perspectives 
DC (ION/ IOFF) & AC (FT, FMAX) performance of 500°C devices are 
in line with their high temperature device counterpart. Further 
top FET thermal budget reduction down to 450°C would offer a 
safer margin concerning bottom strata thermal stability and thus 
a larger spectrum of applications.  
 

AUTHORS:  
L. Brunet, S. Reboh, T. Mota Frutuoso, X. Garros, C. Fenouillet-
Beranger, J. Lacord, M. Ribotta, B. Sklenard, P. Batude 

 

Record performance for low temperature FDSOI nMOSFETs fabricated at 500°C have been demonstrated. Thanks 
to careful optimization of the access resistance, channel mobility, parasitic capacitances and gate resistance, DC 
performance with ION~870µA/µm @IOFF=100nA/µm have been reached and state-of-the-art RF fT of 180GHz and 
fMAX of 240GHz at VDD=0.9V and LG=42nm was obtained. Finally, LT NMOS devices have been fabricated on low 
temperature SOI substrate using Smart CutTM and encouraging 88% of POR ION-IOFF performance with respect to 
regular SOI have been demonstrated. 
 
SCIENTIFIC COLLABORATIONS: 1SOITEC (FR), 2STMicroelectonics, Crolles (FR) 

 

RELATED PUBLICATIONS: 
[1] L. Brunet et al., IEEE Symposium on VLSI Technology, 2021, https://ieeexplore.ieee.org/document/9508753 
[2] T.Mota Frutoso et al., IEEE Symposium on VLSI Technology, 2021, https://ieeexplore.ieee.org/document/9508743 
 

https://ieeexplore.ieee.org/document/9508753
https://ieeexplore.ieee.org/document/9508743
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RF reliability of power amplifier cells in RFSOI  
technology for millimeter wave applications  

RESEARCH TOPIC:  
65 nm PDSOI, RF, reliability, power amplifier, millimeter-wave 

AUTHORS:  
X. Garros, J. Forest1, V. Knopik1, J. Hai, N. Revil1, E. Vincent1, 
F. Gaillard & A. Divay 

 

 

LETI investigates the RF performance and reliability of Stand-Alone (SA) MOS devices and stacked Power 
Amplifier (PA) cells @28 GHz for 5G application. Through a careful characterization and modeling of RF&DC 
ageing of PA cells, it is highlighted that (1) our PA transistor presents a good reliability when operating under most 
of RF 5G modulations signals (small ageing and good immunity against TDDB) (2) cascaded PA cells offer a better 
trade-off performance vs reliability than Stacked and SA devices. Overall, this study provides useful information for 
reliability modeling in RF/AMS operation and circuit design. 
 
SCIENTIFIC COLLABORATIONS: 1STMicroelectronics 

Context and Challenges 
With the move to 5G, there is a growing interest for frequency 
bands above 28 GHz. Among the technologies suitable for 
Front End Module (FEM) at these frequencies, PD-SOI CMOS 
(Partially Depleted Silicon On Insulator) provides a low cost 
solution for medium to low power applications. In a RF design, 
the Power Amplifier, which handles high power in a small 
footprint, is the most critical component regarding FEM 
performance and reliability. Understanding the reliability of 
these structures is therefore a key concern that must be 
addressed. Yet, evaluating the reliability of power amplifier (PA) 
cells at wafer level is very challenging. It requires a reliable RF 
loadpull test bench and test methodology able to stress at 10-
30 GHz over several hours as well an accurate extended 
SPICE model that allows to link the HCI degradations seen 
under large signal RF stresses on PA cells to DC reliability 
models. 
 

Main Results 
We have analyzed in detail the RF performance and reliability 
of Stand-Alone transistors and Stacked PA cells at 14 and 28 
GHz. RF ageing is clearly due to Hot Carriers generated in OFF 
& nearly ON state that induce electron trapping in the gate 
oxide and defect creation in the drain overlap region. To 
reproduce the small and large signal degradations (Gain, PAE) 
due to HCI, a model based on VT & Rd drifts along stress is 
proposed that could be easily integrated in a device spice 
simulator. Finally, we highlight that the cascaded PA cells 
exhibit superior performance and better HCI reliability than to 
Stand-Alone transistor PA cell. 
 

Perspectives 
This work provides useful guidelines to assess the reliability of 
PDSOI power amplifiers in continuous wave and modulated 
large signal operation, for which data is still lacking in the 
literature. 
 
 

 

 

 
Trade-off in Stand Alone and Stacked transistor PA cells - RF large 

signal t0 performance (Gain and Efficiency) vs RF ageing under high 

power 28 GHz stress 
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RELATED PUBLICATIONS: 
[1] A. Divay et al, International Electron Device Meeting (IEDM), 2021, 10.1109/IEDM19574.2021.9720531 
 

https://doi.org/10.1109/IEDM19574.2021.9720531
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CryoCMOS Electronics using 28FDSOI: 
from models to circuit  

28FDSOI at cryogenic temperature [3]. 
A step further has been achieved with the first RF 
characterization of passive devices down to 4.2 K, and up to 20 
Ghz, after the development of an experimental set-up specific to 
our cryogenic environment [4].Higher performance has been 
demonstrated for inductors when decreasing the temperature, 
owing the higher electrical conductivity of the metals lines. The 
first RF figure of merit of transistors have also been extracted 
with the evaluation of fT down to 4.2 K [2].  
 

 

 
Fig. 1: Ratio of fT at 300 K and 4 K vs. L 

 

Perspectives 
Further Self-heating measurements on 28FDSOI technology 
will be held in order to manage thermal effects at deep 
cryogenic temperature. RF electrical characterization of 
transistors are ongoing to extend our newly existing cryogenic 
analytical and compact models. 
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AUTHORS:  
B. Cardoso Paz, G. Ghibaudo1, L. Contamin, Q. Berlingard, 
E. Vincent2, L. Hutin, M. Vinet, S. de Franceschi, T. Meunier3, 
M. Cassé 

Context and Challenges 
The wide range of cryogenic applications, such as spatial, high 
performance computing or high-energy physics, has boosted 
the investigation of CMOS technology performance down to 
cryogenic temperatures. In particular, the readout electronics of 
quantum computers operating at low temperature requires 
larger bandwidth than spatial applications, so that advanced 
CMOS node has to be considered. 28 nm FDSOI technology 
appears as a valuable solution for cryoCMOS electronics due 
to its natural ability to tune the threshold voltage with the back 
gate. In the pursue of design efficient circuit at cryogenic 
temperature, physical based CMOS electrical model, valid 
down to deep temperature, have to be built, either for analog or 
digital applications. 
 

Main Results 
We performed deep electrical characterization of 28 nm FDSOI 
transistors, together with accurate analytical modeling, taking 
into account back bias effect on transport and transfer 
characteristics, thermal effects which are highly nonlinear at low 
temperature, as well as short channel effects [1]. In addition, 1D 
Poisson-Schrödinger calculation down to 4.2 K provides a full 
understanding of the electrostatics. In particular, the onsets of 
front and back channels have to be considered while using FD-
SOI transistors operating at low temperature, since It 
considerably affects the carrier concentration position along the 
Si thickness and the transport properties as well [1,2]. The 
understanding of the device physics down to very low 
temperature makes possible the analytical modeling of 
transistorôs parameters like the subthreshold slope, the 
threshold voltage, the carrier mobilityé and their temperature 
dependence. 
This extensive electrical characterization already allows 
designing efficient cryoCMOS circuits, with for example, a 
quantum integrated circuit, using Vth tuning in ring oscillators to 
manage power consumption and performances and an 
optimized transimpedance amplifier [1], or pseudo-static 
memory bitcells taking advantages of extreme low leakage in 

RELATED PUBLICATIONS: 
[1] M. Cassé, and G. Ghibaudo, "Low Temperature Characterization and Modeling of FDSOI Transistors for Cryo CMOS Applications", IntechOpen, 2021, 
https://doi.org/10.5772/intechopen.98403 
[2] B. Cardoso Paz et al., Solid-State Electronics, 2021, https://doi.org/10.1016/j.sse.2021.108071 
[3] S.S.Teja Nibhanupudi et al., IEEE J. on Exploratory Solid-State Comput. Dev. and Circ., 2021, https://doi.org/10.1109/JXCDC.2021.3130839 
[4] Q. Berlingard et al., Proceedings of EUROSOI-ULIS, 2021, https://doi.org/10.1109/EuroSOI-ULIS53016.2021.9560178 
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As CryoCMOS electronics gains more and more importance, we have demonstrated that FDSOI technology 
provides a key advantage among other technologies at low temperature, due to its threshold voltage tunability 
offered by the back gate and the ultra-thin body and buried oxide. We have performed extensive electrical 
characterization down to 4.2 K, including the first RF measurements, and built the corresponding analytical models, 
paving the way to compact models valid down to deep cryogenic temperature. Demonstration of optimized 
performances and of efficient circuit design have already been achieved. 
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Advances in the study of local trap -rich-like  
solutions using buried pn junctions  
for RFSOI applications 
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CMOS circuits fabricated on standard silicon substrates tend to exhibit poor radiofrequency and electromagnetic 
properties, due to non-linearity and resistive losses. The introduction of High-Resistivity Silicon (HR-Si) substrates is 
critical to counteracting these losses, although the presence of fixed charges in the dielectric stack leads to parasitic 
surface conduction (PSC), ultimately limiting performance gains. A solution based on depleting this PSC layer with 
a series of implanted PN junctions was recently proposed. We characterized CoPlanar Waveguides (CPW) on PN-
implanted HR-Si substrates, monitoring their frequency response in order to quantify the effects of PSC passivation 
through the improvement of RF figures of merit. 
 
SCIENTIFIC COLLABORATIONS: Université catholique de Louvain, SOITEC 

 

Context and Challenges 
With the internet traffic and mobile devices explosion, the 
demand for power efficiency has increased, along with the 
trend of functional diversification on a single chip at a lower 
cost. One solution is to integrate all electronic functions on a 
System on Chip (SoC). SOI CMOS is a mature and efficient 
technology, and there are proven substrate-scale solutions, 
such as Trap-Rich (TR) layers limiting resistive losses via the 
PSC on HR-SOI substrates. Nevertheless, finding alternative 
localizable passivation schemes can enable a greater 
versatility in the separate optimization of active and passive 
components. 
 

Main Results 
We benchmarked several Silicon-based substrate 
configurations, via a Figure of Merit called the effective 
resistivity (ɟeff) extracted from CPW devices. This allows 
probing the frequency-dependent response of the substrate, 
and is indicative of its suitability for RF applications. Small-
signal performance is shown on Fig.1 and compares to TCAD 
simulations. As expected, HR-Si substrates (5 kOhm.cm) 
clearly outperforms silicon substrates with standard resistivity 
(10-20 ohm.cm). However, due to the PSC layer formed at the 
interface between the substrate and the dielectric stack, the 
HR-Si substrate still shows decreasing eff at larger 
frequencies. This trend is corrected with the introduction of 
alternating PN junctions implanted beneath the CPW and 
dielectric stack (HR + PN substrate), maintaining eff at 2 
kɋ.cm up to 10 GHz. Thus, according to this metric, we 
observe a four-fold increase in performance versus HR-Si 
substrates at 6 GHz, which is a key frequency for 5G 
applications [1-2]. 
 

Perspectives 
Buried PN junctions offer a promising local trap-rich-like 
solution to mitigate RF resistive losses in passive components 
on Si substrates. Future work will deal with further exploring 
technology and design dependencies, as well as other 

localizable alternatives. 
 

 
 
Fig. 1: Small-signal measurements performed on standard, HR, HR+PN 
silicon substrates 
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¶ Hardware calibrated learning to compensate 
heterogeneity in analog RRAM-based Spiking 
neural networks 

¶ Experimental demonstration of single-level and 
multi-level cell rram-based in-memory 
computing with up to 16 parallel operations 

¶ Optimization of OxRAM resistive memories with 
OTS back-end selectors for high-density 1S1R 
Crossbar arrays 

¶ 16 kbit 1T-1R OxRAM arrays embedded in 28 nm 
FDSOI technology demonstrating low BER, high 
endurance, and compatibility with core logic 
transistors 

¶ Multilevel Programming in Si-doped GeSbTe 
phase-change memory for storage class 
memory 

¶ Ovonic threshold switching engineering for high 
density crossbar arrays 

¶ High-performance operation and solder reflow 
compatibility demonstrated in BEOL-integrated 
HfO2-based 16 kbit 1T-1C FeRAM arrays 

¶  
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Hardware calibrated learning to compensate  
heterogeneity in analog RRAM-based Spiking  
neural networks 
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Context and Challenges 
Analog RRAM-based computation allows for ultra-low-power 
implementation of Matrix-Vector-multiplication, desirable for 
edge-AI applications. However, conventional mixed analog-
digital RRAM-array based accelerators require Analog-to-
Digital and suffer from large current densities. We propose to 
leverage sparse neuromorphic computation and utilize RRAMs 
for full analog computation. However, analog circuits and 
RRAM devices suffer from variability, lowering the accuracy of 
the circuit. 
 

Main Results 
We develop the Neuromorphic-Hardware-Calibration procedure, 
to train SNNs on analog RRAM-based processors. In the NHC, 
the training procedure works around the defects of the 
hardware, optimizing it for the given task by means of the 
backpropagation algorithm. The training procedure is 
performed off-line and then the synaptic weights are transferred 
to the RRAM array. RRAMs allow for 8 distinct conductance 
level, as demonstrated in [2]. Figure 1 shows the accuracy of 
the NHC procedure compares to Artificial Neural Networks 
(ANNs) and Non-Calibrated SNN (NC SNN) on 3 different task, 
showing the Importance of the calibration procedure. We 
benchmarked the energy consumption of our proposed solution 
against an equivalent network implemented on the Dynap-SE 
processor (called AER-based). We show In Figure 2 the energy 
consumption estimation, highlighting the advantage of analog 
RRAM-based computation. 
 

Perspectives 
This work proposes a solution to well-known issues related to 
analog neuromorphic hardware and RRAM devices. This work 
considers small recurrently connected SNNs, and it is 
interesting to expand with other architectures, such as 
Convolutional SNN. Furthermore, It Is Interesting to consider 
alternative Non-Volatile-Memories (NVMs) to RRAMs, such as 
MRAMs, FTJs, PCMs. 
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Fig. 1: Table of results 

 

 
Fig. 2: Energy consumption comparison 

 

Spiking Neural Networks (SNNs) can unleash the full power of analog Resistive Random Access Memories (RRAMs) 
based circuits for low power signal processing. Their computational sparsity results in energy efficiency benefits. The 
challenge implementing robust SNNs is the variability of both analog CMOS circuits and RRAM technology. In this 
work, we assessed the performance and variability of RRAM-based neuromorphic circuits that were designed and 
fabricated using a 130 nm technology node. Based on these results, we propose a Neuromorphic Hardware Calibrated 
(NHC) SNN, where the learning circuits are calibrated on the measured data. We show that the NHC calibration in the 
off-chip learning phase allows the SNN to self-correct its hardware non-idealities. 
 
SCIENTIFIC COLLABORATIONS: 1 CNR-IMM, Agrate Brianza, Italy, 2 Institute of Neuroinformatics, University of Zurich and ETH 
Zurich, Switzerland 
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Experimental demonstration of single -level  
and multi -level cell RRAM-based in-memory  
computing with up to 16 parallel operations  
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Context and Challenges 
In todayôs data-intensive applications, data transfer is the main 
contributor to the power consumption of computing systems, a 
phenomenon known as the memory wall. To tackle this issue, 
In-Memory Computing (IMC) is a major lead, especially on 
crossbar architectures, where it could allow massive parallel 
logic operation. However, RRAM variability is a considerable 
challenge for these schemes, and only a few have 
demonstrated experimental results, with limited parallelism. 
Additionally, literature works give up to a major feature of most 
RRAMs, their ability to provide Multi-Level Cell (MLC). To 
overcome this scenario, CEA-Leti reported a new RRAM 
programming method to show experimental IMC results 
resilient to RRAM variability. 
 

Main Results 
Our new solution for Multi-Level Cell is called Full-Correction 
Smart Programming (FC-SP) and enhances RRAM stability 
overtime compared to the traditional Partial-Correction Smart 
Programming (PC-SP) as highlighted by Fig. 1. During 
experiments, the programmed conductance levels with FC-SP 
remain stable for up to 1 month.  
We profit from a RRAM crossbar structure developed in CEA-
Leti to conduct innovating experiments for IMC by applying our 
new programming strategy - which proves to be fundamental 
for both binary and multi-level IMC. 
We show IMC Boolean logic with up to 16 devices (operands) 
in parallel (Fig. 2), a result that had never been obtained 
experimentally. Moreover, by combining MLC programming 
strategy and IMC, we demonstrated experimentally, for the first 
time, an RRAM-based Multi-Level In-Memory 2-bit adder. 
 

Perspectives 
Our research shows important experimental results to highlight 
the potential of RRAM IMC and bring this field beyond purely 
circuit level or architectural studies. 
 

RELATED PUBLICATIONS: 
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CEA-Leti showed, for the first time, a novel programming method for Multi-Level Cell (MLC) Resistive RAM (RRAM) 
resilient to RRAM instability on time. This new programming solution allowed the experimental demonstration of 
new milestones on In-Memory Computing for RRAM arrays. Our study shows the possibility of high-yield arbitrary 
logic operations with up to 16 parallel devices simultaneously. Next, combining MLC programming and parallel 
reading of RRAM devices, an IMC RRAM-based MLC 2-bit adder is shown for the first time. 
 
 
SCIENTIFIC COLLABORATIONS: 1Aix-Marseille Université, IM2NP, Marseille (FR), 2Université Paris-Saclay, CNRS, Palaiseau (FR) 

 

Fig. 1: FC-SP is resilient to RRAM instability. 
 

 

Fig. 2: Experimental IMC with 16 parallel RRAMs. 
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Optimization of OxRAM resistive memories  
with OTS back-end selectors for high-density 
1S1R crossbar arrays 

Context and Challenges 
The memory application paradigm is constantly evolving with 
the major challenges of the big data era we live in, imposing 
severe requirements on memory technologies such as very 
high capacity, low process complexity, low variability, high 
endurance and low power consumption. In this context, to 
increase storage density remains one of the main challenges 
for RRAM memory arrays. One of the most competitive 
solutions to enable high-density crossbar arrays is to replace 
the standard 1T1R structure by a denser (~x10) 1S1R stack, 
where the memory is co-integrated with a back-end selector. 
However, this approach presents several challenges such as 
optimizing the tradeoff between 1S1R voltages and leakage 
currents. 
 

Main Results 
We optimized the 1S1R stack and the applied programming 
conditions to enable high-density 1S1R crossbar integration 
while limiting power consumption and maximizing both 1S1R 
read margin and endurance. On one hand, by scaling down the 
1S1R cell from 350nm to 80nm (in diameter), we optimized the 
tradeoff between 1S1R operating voltages and leakage 
currents on kbit arrays. We estimated 200 Mb bank size with 
80nm OTS cell size and ~2.3V switching voltage, promising 
~x100 capacity improvement with no counterpart in switching 
voltages. On the other hand, we analyzed both OTS and 
OxRAM influence on 1S1R breakdown and developed an 
innovative programming strategy for device read margin and 
endurance maximization. In this context, we demonstrated 107 
endurance characteristics for adjusted SET and RESET 
conditions for the stack of interest. 
 

Perspectives 
1S1R technological development is still ongoing as a major 
brick for high-density crossbar arrays. We consider novel 
materials to boost current performances. We evaluate the 
1S1R potential in emerging applications on CEA-Leti new test 
vehicles, with a special focus on neuromorphic circuits. 

 

 

Fig. 1: 1S1R stack for denser crossbar arrays 

 

Fig. 2: 1S1R voltages and leakage currents tradeoff 
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OxRAM co-integration with OTS back-end selector on crossbar arrays is one of the most promising approaches to 
improve RRAM-based memory array density. However, this approach requires a complex co-design of OxRAM and OTS 
devices to achieve >Gb capacity (demanding very low leakage currents on the devices) while limiting the overall power 
consumption and maximizing the endurance. We provide guidelines on both OTS and OxRAM technological 
development to optimize the tradeoff between 1S1R switching voltages and leakage currents while preserving extended 
device window margin and endurance capabilities. This represents a major step towards OxRAM+OTS exploitation for 
various emerging applications like storage class memories and neuromorphic circuits on advanced nodes. 
 
SCIENTIFIC COLLABORATIONS: 1 INL-CNRS, INSA de Lyon, 2 IM2NP-CNRS, Aix-Marseille Université 
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16 kbit 1T-1R OxRAM arrays embedded  
in 28 nm FDSOI technology demonstrating  
low BER, high endurance, and compatibility  
with core logic transistors  
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We present for the first time Si-doped HfO2-based OxRAM 16 kbit arrays integrated in the BEOL of 28 nm FDSOI 
CMOS, targeting low cost and low power embedded applications. Excellent LRS / HRS raw distributions are 
reported on 1T-1R 16k bit arrays with zero bit-fail up to 105 cycles, using core logic (GO1) selector transistors. The 
OxRAM compatibility with GO1 transistors paves the way to arrays with minimum bitcell area of 0.066 µm² at 125 
µA programming current. We also demonstrate direct correlation between transistor compliance current variability 
within the 1T-1R array, supported by SPICE Monte-Carlo simulations, and the LRS distribution, which shows a path 
to improve even further the LRS distribution and hence the OxRAM memory window. 
 

Context and Challenges 
Conventional embedded Flash memories are facing strong 
challenges in terms of cost, speed and reliability at 28nm node 
and below, for which high-k metal gates are required for CMOS 
scaling. Consequently, for advanced nodes, adopting 
resistance-based BEOL-integrated embedded Non-Volatile 
Memories (eNVM) like OxRAM is appealing since they are 
faster and require only 2-3 additional masks. However so far 
OxRAM integration with Fully Depleted Silicon On Insulator 
(FDSOI) technology, which is perfectly suited for low cost low 
power applications, was not reported yet. In this work, the 
performance of OxRAM memory arrays integrated in the BEOL 
of a 28nm FDSOI CMOS is reported for the first time. 
 

Main Results 
The OxRAM TiN/Ti/Si:HfO2/TiN stack, shown in Fig. 1, 
comprises a 5nm thick Ti layer to scavenge oxygen from a 
HfO2 film implanted with Si ions in order to reduce the pristine 
resistance of the material and obtain a forming voltage below 2 
V. The OxRAM diameter and pitch are 200nm and 600nm, 
respectively. 16kbit 1T-1R arrays without error correction code 
(ECC) are used to assess the OxRAM Low Resistance State 
(LRS) and High Resistance State (HRS) raw distributions and 
their evolution along cycling. 16 kbit 1T-1R arrays demonstrate 
that OxRAM operation is compatible with core logic (GO1) 
transistors, with excellent LRS / HRS raw distributions showing 
no bitfail up to 105 cycles at 270 µA compliance current (Fig. 2) 
[1]. We also highlight that compliance current variability, coming 
from the GO1 transistor in series with the OxRAM, artificially 
broadens the LRS distribution. 
 

Perspectives 
The results pave the way to 28nm FDSOI OxRAM arrays with 

minimum bitcell area of 0.066µm² at 125µA Icc. Data retention 

assessment will be reported in the near future to fully assess 

the potential of this technology.  

 

 

Fig.1: cross section of OxRAM integration in 28 nm FDSOI node 

 

Fig.2: HRS and LRS distributions at 16 kbit OxRAM array level 

RELATED PUBLICATIONS: 
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Multilevel programming in Si-doped GeSbTe 
phase-change memory for storage class memory 
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Phase-Change Memory (PCM) is the most mature among the emerging resistive non-volatile memory (NVM) 
technologies. The intrinsic analog behavior of the PCM programmed resistance values enables a higher storage 
density thanks to the possibility to store more bits in one single cell (i.e. Multi Level Cell or MLC). Thanks to Si-
doping in GeSbTe alloys, we demonstrated the higher reliability of MLC operations in PCM at statistical level in 4kb 
arrays up to more than 105 cycles, in particular showing the possibility to achieve stable intermediate states with one 
single Program-Verify operation. The results are supported by thoughtful electrical characterization at array level 
and physico-chemical analyses. 
 

Context and Challenges 
The maturity of Phase-Change Memory (PCM) technology is 

demonstrated by its commercialization in Storage Class 

Memory (SCM) market and by its recent demonstration in 

both 28 nm and 18 nm as embedded NVM. The Multi Level 

Cell (MLC) capability in PCM has been deeply investigated in 

the last years. However, the drift phenomenon in standard 

PCM remains a roadblock to achieve highly stable 

intermediate resistance states, making mandatory the use of 

complicated design and/or programming solutions. 

 

Main Results 
We demonstrated that Si-doping in a common alloy GeSbTe 

(aGST) can enhance the reliability to achieve target 
intermediate resistance levels already with a single 
programming operation. MLC capability can be preserved up to 
more than 105 cycles (Fig. 1) [1]. Combining electrical results 
with XRD and TEM analyses, we highlighted the important role 
of Si in retarding the ordering in the crystalline structure, 
making possible the high control of MLC operations. Moreover, 
the loss of such control after 106 cycles was investigated finding 
the origin in the substitutional role of Si in the crystalline lattice 
that could enhance elemental segregation phenomena [2]. 
Finally, an optimized Program-Verify (PV) algorithm was 
proposed (Fig. 2) showing the outstanding MLC performances 
with one single PV iteration. 
 

Perspectives 
Si-doped ŬGeSbTe PCM will be co-integrated with optimized 
Back-End-of-Line (BEOL) selectors in order to explore MLC 
capability and reliability, enabled by such material, in 
advanced Crossbar arrays. 
 
 
 
 

 

 

Fig.1 Endurance on Si-doped ŬGeSbTe PCM 

 

 

Fig.2 Multi Level programming in Si-doped ŬGeSbTe PCM 
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Ovonic threshold switching engineering for  
high density crossbar arrays 
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Ovonic Threshold Switching (OTS) selector technology, combined with the reliability and maturity of 
Phase-Change Memory (PCM), is the key enabler for high density 3D stacked Non-Volatile Resistive Memory 
arrays that pave the way towards new embedded computing architectures highly demanding for high data 
bandwidth and throughput such as neuromorphic brain inspired hardware. In Leti we are working on the 
development of OTS selector and we demonstrated its co-integration with state-of-the-art PCM technology 
based on ñWallò structure and Ge-rich GeSbTe alloys, and the possibility to target high temperature stability and 
lower electrical parameters variability thanks to optimized ñMultilayerò OTS stacks. These results open new paths 
for OTS and PCM towards 3D high density memory arrays in embedded computing architecture. 
 
SCIENTIFIC COLLABORATIONS: 1 INL Lyon, 2 LTM, 3 STMicroelectronics 

Context and Challenges 
Ovonic Threshold Switching (OTS) technology, already 

co-integrated with Phase-Change Memory (PCM) in products 

targeting Storage Class Memory market, enables the possibility 

to embed PCM devices in 3D in the Back-End-of-Line (BEOL) 

of advanced embedded computing architectures. This requires 

the co-integration of OTS with the reliable ñWallò PCM cell 

and the improvement of its stability against high thermal 

budget. 

 

Main Results 
We successfully co-integrated for the first time Ge-rich GST 
based ñWallò PCM with GSSN based OTS in 1S1R structures 
in the BEOL process of a 28 nm based test vehicle (Fig. 1) [1]. 
We demonstrated the device functionality and the reading 
window optimization by proper SET and RESET programming. 
Moreover, thanks to an innovative Multilayer (ML) OTS 
structure, we showed the capability for OTS to withstand a 
BEOL thermal budget of 3 hours at 400°C, ensuring a low 
leakage (< 0.1 nA), high endurance up to more than 109 cycles 
and reduced electrical parameters variability (Fig. 2) with 
respect to a standard "bulk" OTS materials [2]. 
 

Perspectives 
The fabrication of Crossbar arrays integrating best OTS and 
PCM technologies available in Leti is ongoing, targeting the 
demonstration of the reliability of this solution and the 
investigation of its suitability for embedded applications, 
opening the door to new memory design paradigms and new 
applications. 

 

Fig.1: TEM analysis of first Wall 1S1R device 
 

 

Fig.2: Bulk versus Multilayer OTS performances. 

RELATED PUBLICATIONS: 
[1] Y. Moustapha-Rabault  et al., 52nd IEEE Semiconductor Interface Specialists Conference (SISC), n. 10.1, conference proceedings (2021). 

[2] C. Laguna et al., IMW 2021, https://doi.org/10.1109/IMW51353.2021.9439590. 
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High-performance operation and  
solder reflow compatibility  
demonstrated in BEOL-integrated  
HfO2-based 16 kbit 1T-1C FeRAM arrays 

RESEARCH TOPIC:  
Ferroelectric HfO2, Ferroelectric memories, Back End of Line 
integration, CMOS compatibility, Non-volatile embedded 
memories 

AUTHORS:  
T. Francois, J. Coignus, A. Makosiej, B. Giraud, C. Carabasse, 
J. Barbot, S. Martin, N. Castellani, U. Schroeder1, E. Nowak, 
 M. Bocquet2, N. Barrett, F. Andrieu, L. Grenouillet 

 

16 kbit 1T-1C FeRAM arrays are demonstrated at 130nm node with TiN/HfO2:Si/TiN ferroelectric capacitors 
integrated in the Back-End-of-Line (BEOL). Zero bit failure is reported at the array level, with memory window fully 
open down to 2.5 V programming voltage, capacitor area down to 0.16 ɛmĮ and switching speed down to 4 ns. 
Promising endurance is reported at the array level up to 107 cycles. For the first time, solder reflow compatibility is 
demonstrated for HfO2-based FeRAM. Furthermore, it is also demonstrated that ferroelectric capacitor area scaling 
significantly improves field cycling endurance. These combined results pave the way to competitive ultra-low power 
(< 100 fJ/bit) embedded non-volatile memories at more advanced nodes. 
 
SCIENTIFIC COLLABORATIONS: 1NaMLab gGmbH, Dresden, Germany, 2Aix Marseille Univ, CNRS, IM2NP, Marseille, France 

 

 Context and Challenges 
Ferroelectric HfO2-based thin films, discovered 10 years ago, 
are changing the paradigm of ferroelectric memories. Indeed 
contrarily to their perovskite-based counterparts, HfO2-based 
ferroelectric random access memories (FeRAMs) offer full 
CMOS compatibility and potential for scaling [1]. After the 
successful demonstration of BEOL-integrated scaled HfO2-
based capacitors in 2019, our group focused on the realization 
of HfO2-based FeRAM arrays to generate statistically relevant 
data and better assess the reliability of these emerging 
memories. 
 

Main Results 
16 kbit 1T-1C FeRAM arrays were successfully designed, 
fabricated and characterized. They consist of TiN/Si:HfO2/TiN 
ferroelectric capacitors (area ranging from 0.36µm² down to 
0.16µm²) integrated in the BEOL of 130nm node CMOS 
technology (cf top view of the chip in Fig. 1). The electrical 
characterization reveals fully functional arrays, with well 
separated '0's and '1's distributions and zero bitfail at the array 
level (Fig. 2).These memories can be written with short voltage 
pulses down to 4 ns and are ultra-low power since they are 
demonstrated to consume less than 100 fJ/bit at 2.5 V 
operating voltages. Moreover, for the first time, this type of 
memories is demonstrated to be solder reflow compliant [2, 3]. 
 

Perspectives 
These results pave the way to the demonstration of larger 1T-
1C FeRAM memory arrays to reach the reliability at the ppm 
level for industrial applications. The next step is also to 
demonstrate similar results on more advanced technology 
nodes, to fully demonstrate the scalability of this technology. 
 

 

 
Fig.1: 130nm node chip with integrated 16 kbit FeRAM arrays 

 

 
Fig.2: (left) distributions of '0's and '1's within 16 kbit FeRAM array. (right) 

CEA-Leti logo written within 16 kbit (128x128) array. 

RELATED PUBLICATIONS: 
[1] T. François et al., Appl. Phys. Lett. 118, 062904 (2021), https://doi.org/10.1063/5.0035650 
[2] T. François et al., IEDM 2021, https://doi.org/10.1109/IEDM19574.2021.9720640 
[3] T. François et al., IEEE Transactions on Electron Devices, 2022, https://doi.org/10.1109/TED.2021.3138360 
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¶ Application of a rigorous model-based 
data-preparation for Grayscale 
lithography to CMOS Image Sensors 

¶ Solutions for AlGaN/GaN degradation 
reduction during plasma etching in 
power devices 

¶ Exploiting computational metrology on 
SEM images for roughness 
measurement of 2D curvilinear patterns 

¶ Bio-inspired self-assembly for 
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Application of a rigorous  
model-based data-preparation for  
Grayscale lithography to CMOS Image Sensors 

AUTHORS:  
F. Tomaso, A. Warsono, A. Fay, U. Palanchoke, R. Coquand, A. 
Tavernier, S. Landis, R. Tiron, G. Claveau1, S. Guerroudj1, C. 
Beylier1, S. Bérard-Bergery 

 

RESEARCH TOPIC:  
Grayscale lithography, data-preparation, 3D modeling, microlens, 
CMOS Image Sensors 

 

 

Grayscale lithography is an alternative lithography technique enabling the patterning of 3D microstructures in a 
photoresist material, covering possibly a large field of applications as microfluidic, optics and MEMS.  Where 
conventional lithography seeks to produce purely vertical structures, grayscale can generate slopes and smooth 
profiles with different heights with a single exposure. While this technique has proven to work for microstructures 
from tens to hundreds of microns, its capability has not been assessed for smaller dimensions. Indeed, at such 
dimensions, resolution issues arise and proximity effects cannot be ignored anymore. To overcome these 
difficulties, CEA-Leti has developed a rigorous lithographic model and specific data-preparation to produce 
grayscale mask targeting Imagers applications. 
 
SCIENTIFIC COLLABORATIONS: 1STMicroelectronics, Crolles (FR) 

 

 

Fig. 1: a) ideal targeted microlenses; b) pixelated grayscale mask after 
optimization; c) on-wafer grayscale microlenses after lithography;  
d) same microlenses on CMOS wafers now gapless after etch transfer. 
 

 

Fig. 2: a) proof of concept of 3D surface texturing by grayscale;  
b) illustration of a unitary step heights array where each step is an active 
pixel; c) corresponding pixelated grayscale mask. 

 

Context and Challenges 
Grayscale lithography consists in a combination between a low 
contrast photoresist and a spatially variable exposure dose that 
controls the resist height after development. Such dose 
variation is generated using a chrome on glass photomask 
designed with sub-resolutions dots. In order to pattern the 
desired 3D microstructure, one has to determine accurately the 
size and position of the dots on the mask. Thus, a mask data-
preparation algorithm capable of optimizing simultaneously 
both of them is required. CEA-Leti has developed such a 
rigorous approach to the modeling of grayscale lithography [1]. 
 

Main Results 
The grayscale mask data-preparation was deployed to produce 
a complete test vehicle. The quality of the approach has been 
demonstrated on a variety of experimental profiles of 2µm 
microstructures, compared to their expected simulated profiles 
[2]. From these results, grayscale was moved to real product 
scale by replicating reference microlenses from 
STMicroelectronics, normally manufactured with a melted 
approach. An optically functional demonstrator has been 
realized on 300mm CMOS processed wafers (Fig. 1), 
demonstrating the compatibility of grayscale with real product 
integration. The very same wafers have been reintroduced into 
the reference production flow. 
 

Perspectives 
The previous wafers sent back to STMicroelectronics will be 
optically characterized at the end of the fabrication flow, and 
compared with conventional ones. In the meantime, CEA-Leti is 
already preparing a new Imagers real case demonstrator for 
2022. Nevertheless, the capability to pattern surface 3D 
texturing in the resist with a single exposure was already 
demonstrated (Fig. 2). Such step heights configurations open 
doors towards multispectral imaging topics, which will be 
investigated in 2022. 
 
 

RELATED PUBLICATIONS: 
[1] P. Chevalier, Etude d'une méthode de micro-fabrication 3D pour des applications microlentilles d'imageurs (2021), https://tel.archives-ouvertes.fr/tel-03291995 
[2] P. Chevalier et al., Journal of Microelectromechanical Systems, vol. 30, no. 3, (2021), 10.1109/JMEMS.2021.3067475 

https://tel.archives-ouvertes.fr/tel-03291995
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Solutions for AlGaN/GaN degradation reduction  
during plasma etching in power devices  

RESEARCH TOPIC:  
AlGaN/GaN dry-etching impact, Rsheet degradation, Atomic 
Layer Etching 
 

AUTHORS:  
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F. Gaucher1, P. Thoueille1, N. Posseme, S. Ruel 
 

 

The gate patterning of GaN-based power devices requires the use of plasma etching. However, plasma etching is 
known to alter the material by creating crystallinity defects or implantation of contaminants, which can reduce the 
final device performances. Thanks to multiple physical and chemical characterizations, the role of each plasma 
parameters enables to better understand the degradation mechanism. In parallel, the development of a new cycling 
etching approach (Atomic Layer Etching) enables a reduction in material damage compared to a conventional 
plasma etching process. 
 
SCIENTIFIC COLLABORATIONS: 1Lam Research, Meylan (FR) 
 

 

 Context and Challenges 
The objective of using GaN and its alloys for High Electron 
Mobility Transistor (HEMT) power devices lies in exploiting high 
conducting properties provided by the formation of a two 
Dimensional Electronic Gas (2DEG) in the device structure. 
However, the patterning of the fully recessed-gate architecture 
requires a step of plasma etching, which can impact the device 
performances with Plasma Induced Damages (PID) 
contributions. Therefore, a better understanding of PID 
mechanisms is needed, as well as new low-damage plasma 
etching approaches such as Atomic Layer Etching (ALE). 
 

Main Results 
Post-etching analysis have been performed by varying plasma 
conditions in order to identify the main contributors to the 
electrical degradations. It appears that the bombardment 
energy (controlled by the Bias voltage parameter) plays a major 
role in the PID mechanism: etching above a 100V-Bias leads to 
GaN surface degradations inducing a loss of crystallinity, 
nitrogen depletion, surface oxidation, and trapping of impurities 
into the cell [1]. The plasma composition is also responsible for 
the electrical degradation. The presence of light elements in the 
plasma, such as He or H leads to deep implantation inside the 
etched material, which enhances the aforementioned 
degradations [2]. Then, a new plasma etching approach was 
developed: Cl2/Ar Atomic Layer Etching. This low-bias cycling 
approach offers a perfect control of the etching while reducing 
material damage, contrary to conventional plasma etching [3]. 
The ALE implementation on real device patterning shows 
significant improvement of the device performances.  
 

Perspectives 
Further studies are now in progress to contribute to the 
understanding of PID mechanisms, as well as their mitigation 
through low-damage etching strategies. 
 

 

Fig. 1: GaN-based HEMT with recessed-gate architecture 

 

 

Fig. 2: Sheet resistance variations for different etching processes 

 

RELATED PUBLICATIONS: 
[1] F. Le Roux et al., Microelectronic Engineering 249,111619 (2021), https://doi.org/10.1016/j.mee.2021.111619 
[2] F. Le Roux et al., J. Vac. Sci. Technol. B 39, 063201 (2021), https://doi.org/10.1116/6.0001130 
[3] S. Ruel et al., J. Vac. Sci. Technol. A 39, 022601 (2021), https://doi.org/10.1116/6.0000830 
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RESEARCH TOPIC:  
Computational metrology, synthetic SEM images, contour 
metrology, roughness, PSD analysis, curvilinear patterns 

 

 

Contour metrology on CD-SEM images is a key element to reach the full potential of photolithography in 
semiconductor manufacturing, especially to improve OPC model accuracy. This work expands the application of 
computational metrology to 2D curvilinear patterns roughness measurement which was successfully achieved by 
the development, in collaboration with Aselta Nanographics, of a robust to noise edge detection algorithm. In 
parallel, to assess the proposed roughness measurement workflow, an experimentally calibrated model has been 
developed to quickly generate synthetic CD-SEM images with controlled parameters. Such synthetic SEM images 
generation opens the path to AI-driven computational metrology and digital twins metrology tools 

 
SCIENTIFIC COLLABORATIONS: 1Aselta Nanographics (FR) 

 

 

 
Fig. 1. Flow used to measure LER on 2D patterns 

 

 
Fig. 2. LER measurement on photonic devices 

 

Exploiting computational metrology on  
SEM images for roughness measurement  
of 2D curvilinear patterns  

AUTHORS:  
E. Sezestre, L. Perraud, M. Abaidi1, A. Fay, J. Pradelles 
 

Context and Challenges 
After a decade of design manhattanization, 2D curvilinear 
patterns are increasingly present in the lithography landscape. 
For such patterns and related devices, line edge roughness 
(LER) is a critical figure of merit. However, new challenges 
arise while trying to measure LER and its power spectrum 
density (PSD) on curvilinear lines. First, the reference used to 
measure critical dimensions has to be determined. The second 
challenge is linked to pixel grid interpolation as both the 
patterns and the reference line has to be sampled along their 
curvilinear coordinates while this sampling does not match the 
pixel grid of the image. 
 

Main Results 
A dedicated edge detection algorithm has been developed 
jointly with Aselta Nanographics to measure LER of 2D 
curvilinear patterns on CD-SEM images. Also, an original 
method has been proposed to validate the algorithm, in the 
context of roughness measurement has been proposed (Fig. 
1). It is based on the generation of realistic synthetic CD-SEM 
images with programmed roughness and a precise PSD 
analysis flow. We show excellent correlation between the input 
roughness parameters and the measured parameters for both 
1D and 2D synthetic images [1]. Using synthetic images with 
different noise level, the contour extraction sensitivity to noise is 
also explored. This methodology is successfully applied to 
experimental CD-SEM images (Fig. 2). Such methodology also 
allows determining the validity domain of roughness 
measurements as a function of CD-SEM acquisition conditions 
[2]. 
 

Perspectives 
This work paves the way for roughness assessment for better 
2D curvilinear patterns and related devices process and 
performances control. Most importantly, the generation of 
controlled synthetic CD-SEM images is a key enabler for AI-
driven computational metrology as it can massively feed the 
machine learning. 

RELATED PUBLICATIONS: 
[1] J. Pradelles et al, Proc. SPIE 11611 (2021); https://doi.org/10.1117/12.2583843 
[2] M. Abaidi et al, Proc. SPIE 11611 (2021); https://doi.org/10.1117/12.2584040  
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Bio-inspired self -assembly for nanopatterning  

AUTHORS:  
R. Dumas1, P-H. Elchinger1, F. Parcy1, D. Mariolle,  
G. Rademaker, R. Tiron 
 

Context and Challenges 
Imitating nature (biomimicry) by bottom-up self-assembly is a 
promising method to achieve desired nanostructures, in 
contrast with expensive classical top-down methods. 
Biologically sourced materials, such as proteins and DNA 
origami, offer great control on the over their self-assembling 
properties, by means of specifically designing their amino-
acid (peptide) or nucleobase pair (DNA) sequence for 
applications as diverse as patterning at the sub-10-
namometric scale to bio-sensing. 
 

Main Results 
The Ginkgo biloba peptide has been shown to organize into a 
well-controlled hexagonal contact pattern with 5 nm diameter 
holes, with a height of the pattern of 40 stacked peptides. In 
the holes, N- and C-terminal extensions have been added for 
ligand specific binding, without changing its self-assembling 
properties (Fig. 1). These sites have been leveraged for 
selective deposition of nickel and gold inside the nano-pores, 
demonstrating the versatility of peptides as a nanotechnology 
platform [1]. 
Using DNA origamis, CEA-Leti demonstrated control over the 
control of design and self-assembly, forming two 10 nm holes 
at 20 nm pitch, as well as a 20-nm hole within the same pattern 
(Fig. 2). These origamis have been deposited on the surface, 
and transferred into the silicon substrate by leveraging HF 
vapor and dry plasma etching. The resulting 40 nm high 
structures have been measured by a CD-SEM to obtain 
information on the uniformity of the patterning process and test 
the tool limits [2]. 
 

Perspectives 
In 2022, the ANR project Inforigami will start, pursuing a 
functional memory device patterned by DNA origamis. Both 
peptides and DNA origamis have chemical sites that can be 
used for decoration by nanoparticles or biologically active 
molecules such as antibodies. 
 

RELATED PUBLICATIONS: 
[1] M. Marmiesse et al., Proc. SPIE, 11324, 11 (2020)  10.1117/12.2552064 
[2] E. Jacquier et al.,ACS Applied Nano Materials, 4:9, 9518 (2021)  10.1021/acsanm.1c01944 
 

RESEARCH TOPIC:  
Bio-inspired nano-patterning, molecular self-assembly, DNA 
origamis, protein oligomers 

 

 

Biomimicry is a promising method to achieve new functionalities. In this case, the self-assembly ability of bio-
sourced materials, namely peptides and DNA origamis, are investigated for lithographic applications. The Gingko 
biloba protein has been shown to form an ultra-high resolution template, and was functionalized for selective 
deposition of metal. DNA origamis were designed, assembled and 40 nm deep etching in silicon has been 
demonstrated. 
 
SCIENTIFIC COLLABORATIONS: 1CNRS, IRIG, Grenoble (FR), 2CEA, IRIG, Grenoble (FR), 3Applied Materials, Rehovot (IL) 

 

 

Fig. 1: Peptide self-assembly 

 

Fig. 2: DNA origami etched in silicon (40 nm) 

https://doi.org/10.1117/12.2552064
https://doi.org/10.1021/acsanm.1c01944
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¶ GaN-on-Si MOS channel fully recessed 
gate HEMT: mobility extraction and 
electron channel formation at Al2O3/GaN 
interface 

¶ GaN-on-Si MOS channel fully recessed 
gate HEMT: In-depth analysis of pBTI 
degradation 

¶ Thin Film transfer of wide bandgap 
semiconductors using the Smart CutÊ 
technology for power electronics 

¶ Integrated ion capacitors as an 
innovative high energy/density storage 
device 
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Context and Challenges 
GaN-on-Silicon HEMT technologies are very attractive for 
medium power applications. Normally-off devices, such as the 
MOS-channel HEMT, are required for power switching 
applications. The threshold voltage (VTH) is therefore a key 
parameter that should be perfectly understood and controlled. 
Since it has been established that the ON-state current is highly 
limited by the mobility at the oxide/GaN interface, measuring 
and analyzing the carrier mobility at this interface is also crucial.   
 

Main Results 
An accurate split-CV technique based on fast and simultaneous 
current and capacitance measurements was developed to 
overcome gate BTI and frequency effects [1]. The low field 
mobility at Al2O3/GaN Interface is obtained as a function of the 
electron sheet density for temperature ranging from 298 K to 
423 K. For this temperatures, the mobility drop by about 17% 
due to phonons. But the main scattering mechanisms limiting 
the mobility are Coulomb scattering and interface roughness 
scattering (Fig. 1). Moreover, using TCAD simulations and 
experimental data, it is demonstrated that the conduction 
band confinement, especially at gate corners, is responsible 
for unexpected VTH behaviors [2,3]: (i) VTH roll-up (Fig. 2), (ii) 
discrepancies between VTH values extracted from ID(VG) 
(VTH_IV) and from CGC(VG) (VTH_CV), (iii) a significant 
dependence of VTH_CV with frequency. This band confinement 
is strengthened by the fully recessed gate configuration 
coupled with the proximity of a back barrier. It depends on 
recessed gate topology and back barrier efficiency. 
 

Perspectives 
This new and reliable split-CV technique paves the way to a 
reliable determination of intrinsic electron transport properties of 
GaN transistors. Moreover, the in-depth VTH study is the first 
step towards its optimization.  
 

 
 

RELATED PUBLICATIONS: 
[1] B. Rrustemi et al. IEEE 51st European Solid-State Device Research Conference (ESSDERC), 2021 https://doi.org/10.1109/ESSDERC53440.2021.9631766 
[2] M.-A. Jaud, et al. IEEE Transactions on Electron Devices, 2022, https://doi.org/10.1109/TED.2021.3136150 
[3] M.-A. Jaud et al. 33rd International Symposium on Power Semiconductor Devices and ICs (ISPSD), 2021, https://doi.org/10.23919/ISPSD50666.2021.9452257 
[4] B. Rrustemi et al. Journal of Applied Physics, 2021 https://doi.org/10.1063/5.0058019 
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For several years, Leti has been actively working on the development and industrialization of an advanced GaN-on-
Silicon technology for power applications with supply voltage at 650 V and below. In collaboration with 
STMicroelectronics, the normally-off MOS-channel fully recessed gate High-Electron-Mobility Transistor (HEMT) is 
specifically studied with regard to two key issues related to the Al2O3/GaN interface. First, a rigorous methodology 
to extract the split-CV mobility as a function of the electron density and the temperature has been developed to 
overcome Bias Temperature Instabilities (BTI) and frequency effects. Secondly, TCAD simulations and 
experimental measurement have been used to explain the unexpected but measured threshold voltage (VTH) 
behaviors. 
 
SCIENTIFIC COLLABORATIONS: STMicroelectronics 

, Padova, Italy  

 

 

 
Fig. 1: Mobility at Al2O3/GaN intreface in linear (top) and log scale 
(bottom) 

 
Fig. 2: VTH_IV shift (a) and VTH_CV shift (b) as a function of LG 

GaN-on-Si MOS channel fully recessed gate  
HEMT: mobility extraction and electron  
channel formation at Al 2O3/GaN interface  

https://doi.org/10.1109/ESSDERC53440.2021.9631766
https://doi.org/10.1109/TED.2021.3136150
https://doi.org/10.23919/ISPSD50666.2021.9452257
https://aip.scitation.org/author/Rrustemi%2C+Bledion
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G. Ghibaudo2, F. Iucolano3, W. Vandendaele 

Context and Challenges 
GaN-on-Silicon HEMT technologies draw significant attention 
for low-cost medium power applications (< 2 kW) due to GaN 
high breakdown electric field and excellent AlGaN/GaN 2DEG 
transport properties. To ensure user safety normally-off devices 
(Vth > 0V) are required for power switching applications. The 
use of a MOS configuration brings outstanding insulation 
properties as well as excellent electrostatic behavior, however 
recent BTI studies on the E-mode MOS gate configuration start 
to show significant Vth instability, which would severely affect 
the dynamic performance of the transistors during operation. 
Therefore having a deep understanding of pBTI degradation is 
mandatory to shape the path of instabilities-free MOS-channel 
HEMT. 
 

Main Results 
A novel ultrafast BTI setup (Fig. 1) has been developed [1] 
which enables the simultaneous monitoring of C(Vg) and Id(Vg) 
to overcome the current and the Vth dependence on the gate 
recess architecture [2]. The pBTI degradation at moderate 
stress value (Vg > 5V) seems to be higher around the corners 
of the gate than at its bottom which is potentially due to a 
difference in oxide growth conditions on the corners during ALD 
gate deposition. Furthermore, temperature and gate voltage 
dependence pBTI measurements showed [3] that as for nBTI, 
pBTI is a combination of two phenomena, a CN acceptor trap 
ionization (G1) occurring in the GaN buffer and a trapping on 
electrons in pre-existing defects of Al2O3 (G2) as depicted in 
Capture Emission Time Map (Fig. 2).  
 

Perspectives 
This novel setup will help in determining the nature of pre-
existing Al2O3 defects as well as the way to minimize it through 
process development and gate profile engineering.  
 

 

Figure 1: a) HAD structure b) Current curves 

RESEARCH TOPIC:  
Power device, GaN-on-Si, HEMT, pBTI, ultrafast CV, threshold 
voltage 

 

 

Fig. 1: Setup for ultrafast IV/CV pBTI 

 

Fig. 2: CET Map of pBTI degradation 

For more than 8 years, STMicroelectronics and Leti successfully develop the E-mode MOS-channel fully recessed 
gate High-Electron-Mobility Transistor (HEMT) architecture targeting industrialization on freshly installed pilot line by 
2023. Still Vth instabilities such as pBTI remain a matter of concern. To solve this issue, a novel ultrafast BTI based 
on simultaneous IV/CV methodology has been developed to understand the influence of the recessed gate 
topology on trapping phenomena. Furthermore, a thorough gate bias and temperature dependent study showed a 
significant impact of the Carbon doped layer on pBTI degradation. 
 
SCIENTIFIC COLLABORATIONS: 1University of Padova, Padova (IT), 2IMEP-LAHC Minatec, Grenoble (FR), 3STMicroelectronics, Catania 
(IT) 

RELATED PUBLICATIONS: 
[1] A.G. Viey, et al. IEEE International Reliability Physics Symposium (IRPS), 2021, https://doi.org/10.1109/IRPS46558.2021.9405221 
[2] M.-A. Jaud, et al. IEEE Transactions on Electron Devices, 2022, https://doi.org/10.1109/TED.2021.3136150 
[3] A. G. Viey et al. IEEE Transactions on Electron Devices, 2021, https://doi.org/10.1109/TED.2021.3050127. 

GaN-on-Si MOS channel fully recessed gate  
HEMT: In-depth analysis of pBTI degradation 
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The market of power electronics ï although being said to skyrocket during the next years ï is currently facing 
several challenges. Among which: the need to mature some highly competitive materials such as diamond, as well 
as to ensure a reliable supply of good quality wafers for more standard technologies as for SiC. In this extent, the 
Smart CutÊ technology offers attractive solutions as it allows to overcome some of those limitations [1]. Expensive 
and small-sized diamond substrates can thus be used as tiles to fabricate more practical larger substrates, and bi-
layer SiC wafers can also be developed by transferring a SiC thin film on a highly conductive SiC handle substrate. 
This work provides an update on recent advances made by CEA-Leti on these two subjects. 
 
SCIENTIFIC COLLABORATIONS: 1SOITEC SA, Others: SOITEC Lab, Applied Materials (FR) 
 

Context and Challenges 
The Smart CutÊ technology offers attractive solutions to key 
issues of the wide bandgap semiconductor industry. Dealing 
with the promising diamond technology, large paved wafers can 
be fabricated using the Smart CutÊ technique. This would be a 
major achievement, considering that the size of diamond 
substrates has hardly increased for decades. In addition, the 
vertical electron transport mechanisms across the SiC/SiC 
bonding interface has to be fully understood, as the use of the 
Smart CutÊ process could significantly improve the Joule 
losses of SiC power devices. 

Main Results 
The main challenge consists in controlling and understanding 
the bonding process and related phenomena. For instance, a 
4x4 mm² monocrystalline diamond substrate can be bonded to 
a Si receiver using a Ti adhesion layer, before reinforcing by 
applying a load at 400°C. Similarly, the top SiC layer and the 
handle substrate are bonded using proprietary bonding 
process, compatible with SiC and Si device fabrication. The 
first demonstration of diamond film transfer using the Smart 
CutÊ technology was done so, as about 10% of the surface 
could be successfully transferred. For SiC bonding, the 
electrical resistivity of the stack was found to be less than 1/5th 
of a standard SiC waferôs, and the transferred film displayed no 
increase of crystalline defects. 

Perspectives 
Innovative solutions for both diamond and SiC technologies 
are being developed using the Smart CutÊ technique. 
Regarding diamond, further improvements of the surface 
preparation and overall control of the process are needed to 
reliably achieve full surface transfer by Smart CutÊ. On the 
other hand, further characterization of the SiC/SiC interface will 
be done in future studies along with numerical simulations to 
thoroughly understand the electron transport mechanisms. 

 

Fig. 1: Transferred diamond thin film on Si. 

 

Fig. 2: Electrical resistance of SiC substrates. 

RELATED PUBLICATIONS: 
[1] S. Rouchier, G. Gaudin, J. Widiez, et al., « 150 mm SiC Engineered Substrates for High-voltage Power Devices », ECSCRM 2021. 
[2] C. Masante et al., « Non-Volatile Photo-Switch Using a Diamond pn Junction », Adv. Electron. Mater., 2022 https://doi.org/10.1002/aelm.202100542 

Thin f ilm t ransfer of wide bandgap semiconductors using the 
Smart CutÊ technology for power electronics  
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Integrated ion capacitors as an innovative  
high energy/density storage device  

Context and Challenges 
The continued miniaturization of electronics has asserted the 
need for highly integrated energy storage devices. On-chip 
energy storage can reduce dissipation from power loss and I/O 
switching noise. Micro-supercapacitors (MSC) are recognized 
as one of the most propitious electrochemical devices to meet 
applicationsô demands. However, most of the work reported at 
this stage has focused on proof of concept without integration 
constraints. 
 

Main Results 
In this work, an innovative integrated ion capacitor has been 
proposed and successfully fabricated to demonstrate a 
broadband behavior from DC to GHz (figure 1). The device 
encompasses concomitantly electrical double layer and 
dielectric capacitance, of 10 and 1 µF/mm² below/above 10 
KHz respectively. An ultra-low nA/mm² electronic current 
density has been measured upon potential application below 3 
V. In addition, a coulombic efficiency around 99.5% has been 
observed for 4 K cylces (figure 2). Furthermore, standard 
microfabrication process flow (8ôô) has been used and should 
ultimately allow for a compatibility with an on chip integration 
approach. Our integrated ion capacitor should be of interest for 
a wide scope of applications, especially in the field of 
nanoenergy storage and processing 
 

Perspectives 
The next device generation will focus on a switching frequency 
around 1 MHz and a 100 µF/mm² for DC range capacitance. 
This target will be addressed following an increase of the ion 
transport properties of the solid state electrolyte and an 
optimisation of the overall device architecture. 
 

RELATED PUBLICATIONS: 
[1] Oukassi, S., Integrated ion capacitors as an innovative high energy/power density storage device, Integrated Power Conversion and Power Management 
Workshop, Philadelphia, USA, 2021. PowerSOC events 21 
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The development of high performance energy storage devices is becoming increasingly important with the 
emergence of novel multifunctional internet of things and wearable electronic devices. Microsupercapacitors 
(MSCs) are known to be one of the most promising candidates to meet these applications' demands. In this context, 
it is expected that integrated ion capacitors would provide opportunities to enhance the device performance and 
widen the scope of possible form factor and integration schemes. Several options have been explored by our group, 
including key enabling technologies such as electrochemical deposition, vapor and atomic layer deposition as well 
as a combination thereof. Our efforts to develop advanced MSCs architectures are discussed hereafter.  
 
SCIENTIFIC COLLABORATIONS: Warm thanks to our partner MURATA Integrated Passive Solutions for the fruitful collaboration on this 

technological topic. 

 

 

Fig. 1: Typical Capacitance/phase variation with frequency (inset: 
equivalent electrical circuit) 

 

Fig. 2: Microsupercapacitors capacitance and coulombic efficiency 
variation with cycle number 

 

http://pwrsocevents.com/wp-content/uploads/2021/11/4.3-Sami-Oukassi-Integrated-Ion-Capacitors-as-an-Innovative-High-EnergyDensity-Storage-Device.pdf
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 E M E R G I N G  M A T E R I A L S  

P R O C E S S E S  &  D E V I C E S  O5 
 

¶ Adhesive bonding for thin film transfer 

¶ Advanced processing of GeSn for 
nanoelectronics and photonics 

¶ Experimental study of the fracture 
mechanisms in the Smart CutTM 
technology 

¶ Understanding the sub-ps dynamics in 
phase-change materials for memory 
applications 

¶ Contact technology on GeSn and III-V 
materials 

¶ Pulsed laser annealing and new 
applications in nanotechnology 

¶ Area selective deposition using 
alternate deposition and etch strategies 
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Adhesive bonding for thin film transfer  
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A scalable manufacturing method is demonstrated for the transfer of aluminum nitride or silicon thin films from a 
200 mm Si wafer onto a flexible and stretchable polymer. This novel transfer method is achieved by first bonding 
the starting silicon wafer to a temporary silicon carrier with an adhesive polymer, then removing the starting wafer 
through some grinding and wet etching. Poly-crystalline AlN thin films 200 nm - 1600 nm thick or monocrystalline 
silicon films 20 - 200 nm thick could be transferred onto 200 µm-thick polymer foils. The resulting thin films on 
polymer could be bent and stretched. Raman spectroscopy and X-Ray diffraction were used to evaluate the strain. 
 
SCIENTIFIC COLLABORATIONS: 1CEA, IRIG, Grenoble (FR) 
 

Context and Challenges 
For the past 20 years, many teams have focused on the 
fabrication of electronic circuits on unconventional substrates 
such as flexible polymers. Many applications are foreseen: 
displays, solar cells, flexible transistors or radio frequency 
devices. Nevertheless, the fabrication of a flexible circuit is 
challenging as main semi-conductor processes are not 
compatible with the polymer organic backbone. An innovative 
method has been implemented at CEA-Leti for the transfer of Si 
or AlN based circuits from a silicon wafer onto a flexible 
polymer. 
 

Main Results 
A schematic of a transfer of AlN onto a flexible polymer is 
shown in Fig. 1. A polycrystalline AlN thin film is first sputtered 
on a 200 mm Si substrate. A temporary bonding of that stack 
onto another 200 mm Si carrier wafer is then performed. The 
substrate is subsequently removed by mechanical grinding and 
chemical etching. Then, the AlN film is bonded onto a metal-
framed adhesive polymer tape. Finally, the carrier is 
dismounted, leaving intact the AlN film on the polymer [1]. 
 

 

Fig. 1: schematics of the transfer of an AlN thin film 

Poly-crystalline AlN films 200 - 1600 nm thick or mono-
crystalline silicon films 20 - 200 nm thick were transferred onto 
200 µm thick polymer foils. Snapshots after such transfers are 
shown in figure 2. No cracks or wrinkles are observed on the 
films. Tensile strain experiments can be conducted on patterned 
samples transferred onto polymer foils. A stretching of the 
flexible structure enabled us to reach uniaxial tensile elastic 
strains of at most 1.5% in Si [2]. 
 

 
 

Fig. 2: pictures of films on polymers and strain in Si samples. 

 

Perspectives 
The present method could be used for other piezoelectric 
materials, such as LiNbO3, LiTaO3 or PZT, or semiconductors 
such as GaN, AlGaN, Ge or GeSn. This process could be used 
to manufacture 3D integrated circuits and flexible electronics 

RELATED PUBLICATIONS: 
[1] E. Azrak et al, ECS Journal of Solid State Science and Technology 10, 064001 (2021); https://iopscience.iop.org/article/10.1149/2162-8777/ac04ff/pdf. 
[2] L.G. Michaud et al, Materials Today Nano 13, 100107 (2021); https://doi.org/10.1016/j.mtnano.2020.100107. 

https://iopscience.iop.org/article/10.1149/2162-8777/ac04ff/pdf
https://doi.org/10.1016/j.mtnano.2020.100107
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Advanced processing of GeSN for  
nanoelectronics and photonics  

 

We have investigated (i) the nanopatterning of horizontal and vertical GeSn nanowires by inductively coupled 
plasma reactive ion etching and (ii) the in-situ n-type and p-type doping of GeSn. We have otherwise used 
synchrotron nano X-ray fluorescence mapping and absorption spectroscopy to probe GeSn layers and micro-disk 
lasers with Sn concentrations ranging from 6 to 16%. We showed that step-graded buffers minimized Sn 
precipitation in such structures. Such a know-how was used to fabricate performant GeSn/Ge vertical gate-all-
around p-type field effet transistors and GeSn-on-insulator mid infra-red lasers. 
 
SCIENTIFIC COLLABORATIONS: 1Univ. Grenoble Alpes, CNRS, LTM, (FR); 2ESRF, Grenoble, (FR); 3Forschungszentrum Jülich, (DE); 
4Université Paris-Saclay, CNRS, C2N, (FR). 

 

 

 

 
Fig. 1: GeSn/Ge NanoWires p-FETs [4] 

 
 

 

Fig. 2: GeSnOI micro-disk lasers [5] 

 

Context and Challenges 
GeSn-based alloys are promising as active media of mid infra-
red lasers or vertical Field Effect Transistors (FETs). Strain and 
chemical composition have a huge impact on the bandgap, 
which can be direct for a tin content above 8% and a strain in 
GeSn layers (grown on Ge virtual substrates) nil or tensile. The 
processing of Sn containing alloys is far from being trivial, 
however. Indeed, the solid solubility of Sn in Ge is low and the 
lattice mismatch between Ge and Sn huge (14.7%). Sn 
precipitation/surface segregation and/or large amounts of misfit 
dislocations might destroy the electronic and optical quality of 
stacks if not properly dealt with. 
 

Main Results 
We have investigated the nanopatterning of horizontal and 
vertical GeSn nanowires by inductively coupled plasma reactive 
ion etching in order to fabricate gate-all-around field effect 
transistors [1]. We have studied the in-situ doping, at 349°C, 
100 Torr, of GeSn. Our aim was to replace the boron and 
phosphorous doped Ge layers used in past pin structures with 
GeSn:B and GeSn:P [2]. Finally, we have used synchrotron 
nano X-ray fluorescence mapping and absorption spectroscopy 
to probe GeSn layers and micro-disk lasers with Sn 
concentrations ranging from 6 to 16%. We have shown that the 
Sn precipitation observed in thick GeSn layers grown directly 
on Ge could be fully suppressed with step-graded buffers [3]. 
Such a know-how was used to fabricate GeSn/Ge vertical gate-
all-around p-type FETs [4] (Fig. 1) and GeSn-on-insulator 
(GeSnOI) micro-disk lasers with stressor layers as dielectric 
optical claddings [5] (Fig. 2). 
 

Perspectives 
In-situ doped GeSn/Ge stacks are being probed to fabricate 
high performance FETs and mid infra-red Light Emitting Diodes 
/ electrically pumped lasers. 
 
 
 

RELATED PUBLICATIONS: 
[1] E. Eustache et al., Semiconductor Science and Technology 36, 065018 (2021); https://iopscience.iop.org/article/10.1088/1361-6641/abfbb5. 
[2] M. Frauenrath et al., ECS Journal of Solid State Science and Technology 10, 085006 (2021); https://iopscience.iop.org/article/10.1149/2162-8777/ac1d27. 
[3] J. Segura-Ruiz et al., Materials Science and Engineering B 264, 114899 (2021); https://www.sciencedirect.com/science/article/pii/S0921510720304062. 
[4] M. Liu et al., ACS Applied Nano Materials 4, 94 (2021); https://doi.org/10.1021/acsanm.0c02368. 
[5] B. Wang et al., Light Science and Applications 10, 232 (2021); https://www.nature.com/articles/s41377-021-00675-7. 
 


