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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 Silicon Technologies Division carries out innovative 
process engineering solution and research, operates 24/7 year 
round, 7,500m2 of state-of-the-art cleanroom space divided 
into three 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 Moore’s 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 40 one-page research summaries 
covering advances in the focus areas of our Silicon Devices 
and Technologies Divisions, highlighting new results obtained 
during the year 2016. 
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Dear Reader, 
We are proud to release our seventh Silicon 
Components and Technologies Annual 
Scientific Research Report, for the year 2016. 
This booklet contains 40 one-page research
summaries covering advances in the focus 
areas of our Silicon Components and 
Technologies Divisions, highlighting new results 
during the year. 
The year 2016 illustrates the continuing 
innovation of our Si technologies divisions to 
contribute from a hardware point of view to the 
big data and artificial intelligence area, Internet 
of Things (IOT), automotive, energy and health 
monitoring. 
In 2016, the Silicon Divisions produced 460 
publications, achieving impact factors as high as 
40. 
Today, the extension of artificial intelligence and 
deep learning in everyday life is based on 
possibilities offered by extremely powerful 
processing and storages capabilities thanks to 
fifty years of continuing miniaturization. This 
pace continues beyond miniaturization thanks to 
effective implementation of new data treatment 

paradigms including at the hardware level. This 
trend can be illustrated by Alan Kay well-known 
citation "People who are really serious about 
software should make their own hardware". 
according to this vision, multi-disciplinarily is a 
major request for the future. 
In this annual report, such a trend is illustrated 
by 3 type of achievements 
- The first Q-bit implementation in FD-SOI 
technology, in collaboration with teams in 
physical science from CEA-DRF and CNRS. 
- Proposal of implementation of new neuronal 
architecture using RRAM in collaboration with 
teams in computer science (CEA-LIST) and 
neuronal science (INSERM, Clinatec) 
- The continuing path toward 3D architectures  

THOMAS ERNST 
CHIEF SCIENTIST 
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using RRAM in collaboration with teams in 
computer science (CEA-LIST) and neuronal 
science (INSERM, Clinatec).  

- The continuing path toward 3D architectures 
through different means including ultra-dense 
monolithic integration. 
 
Some projections estimate that 40 % of all data 
will be generated by transducers in 2020. Our 
sensor research activities were established 
more than 25 years ago with a first startup 
creation in 1997. Since then, we have 
transferred several technologies to established 
companies and startups. The combination of 
new materials and architectures, and our activity 
ranging from emerging materials to systems 
enable us to propose competitive solutions for 
emerging applications.  
Our research on future IoT sensing systems 
includes new transducers, embedded RF 
functionalities, embedded intelligence on 
sensors, dedicated packaging, energy 
harvesters and micro-batteries. Let us mention 
new in depth understanding of noise in NEMS 
devices are reported in chapter 4.  
We thank our industrial partners for their 
continuing confidence in us. We are committed 
to ensuring the transfer of the most advanced 
research to industry. Strong industrial 
partnerships are the foundation of our culture of 
innovation.  
We are very proud of our valuable 
collaborations with several French universities, 
CNRS laboratories and research institutes 
involved in nanotechnologies for electronics. 
We are very grateful to our international 
academia collaborators including teams at 
Jülich (Germany), Fraunhofer (Germany), 
Stanford University (USA), Caltech (USA), , 
Rutgers University (USA), Tokyo Institute of 
Technology (Japan), the University of California 
(USA), University of Cambridge (GB), École 
Polytechnique Fédérale de Lausanne 
(Switzerland), ETH Zurich (Switzerland), CNR 
(Italy), Sherbrooke University (Canada), 

Albany-Nanotech (USA) and IMB-CNM (Spain)
and by our participation in major international 
conferences through technical program 
committees, boards of governors and evaluation 
committees.  
Underlying all these efforts is the cooperation of 
all our researchers and management, as well as 
the Silicon Technologies and Components 
Divisions and CEA-LETI’s scientific advisory 
boards. 
I also wish to extend my appreciation to the 8 
chapters editors and authors of the 2016 
Scientific Report, who spared no effort to 
prepare this document.  
 
 Thomas Ernst 
 Chief Scientist 
 Silicon Technologies and Components 
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Dear Reader  
These last years, the maturation of the 
semiconductor industry is confirmed with an 
average growth 2.1% since 2010. Today, the 
global semiconductor industry reached record 
sales at $337.6 billion in 2016 (representing 
only 0.16% over 2015) but the semiconductor 
market is projected to be near $600 billion in 
2025! The growth of the semiconductor market 
in both the short term and long term is 
dependent on a stable global economic 
environment. Many areas of growth potential 
are identified (big data infrastructure, 5G, 
storage systems, IoT, image processing, 
ADAS,…) but new technologies are needed. In 
this context, considering our Silicon Component 
Division, the challenges are numerous with 
significant impacts : 
- To take into account the co-existence of 
technological roadmaps (FDSOI / FinFET, 
300/450mm, heterogeneous integration/3D, 
….), and to highlight the good tradeoff of FDSOI 
technologies taking into account PPAC (power, 
performance, area and cost) for a wide range of 
future applications 
- To reinforce our partnerships and alliances 
although keenly aware of the moving economic 

environment 
- To be a pioneer on disruptive technologies for 
the future markets 
In this evolving context, the Silicon Component 
Division of LETI achieved significant commercial 
and technical successes in 2016. We reaffirm our 
world leading position in the Micro & Nano-
electronic arena. Let me highlighting some major 
breakthroughs below :-  
 
More Moore – CMOS and beyond CMOS  
- After supporting STMicroelectronics on  28nm
FDSOI, we have engaged a strong partnership 
with GlobalFoundries to support the development 
and the industrialization of the 22FDX  
- For the first time, a full 3D CMOS over CMOS  

JEAN RENE LEQUEPEYS 
HEAD OF SILICON COMPONENTS 
DIVISION 
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CoolCubeTM integration has been demonstrated 
with a top level compatible with state of the art 
high performance FDSOI process requirements 
- In collaboration with STMicroelectronics, the 
fabrication, characterization and modeling of 
vertically stacked-nanowires MOSFETs have 
been successfully fabricated for building a 
competitive 5nm node  
- Recent progress are presented towards the 
implementation of scalable quantum processor 
based on FDSOI technology for the future Nano 
electronics technologies. 

Power Electronics and Energy  
- The development of the CMOS compatible 
200mm GaN on silicon substrate has been 
continued. A high voltage, high current 
transistor based on GaN/Si N-off has been
designed and fabricated targeting automotive 
application  
- From the CEA Tech / Fraunhofer ISE 
collaboration, a new kind of solar cell has been 
designed and fabricated. These cells combined 
III-V multi-junction Solar cells and through 
semiconductors vias.  
- A thin solid-state lithium battery on glass 
and/or ceramic substrate has been developed. 
This concept based on flexible support opens 
some perspectives for future wearable and 
flexible electronics products and for IOT 
products. 
 
More Moore and Microsystems  
- In Nature review, we explore a new generation 
of NEMS. Several orders of magnitude can be 
gained in limit of detection and frequency 
stability for our Silicon Nanoresonators for a 
wide range of applications  
- With  an industrial transfer to IPDIA for nano 
porous alumina capacitor, a new concept of 
high performance microphone based on 
piezoelectric detection and a thin film packaging 
adapted for RF MEMS switches, we 
demonstrated our capacity to support our 

partners and our startups in the microsystem field.  
- The demand for microsystems is always 
booming in consumer market. Many OEM see the 
integration of new functionalities based on MEMS 
or NEMS as a major distinguished feature a 
possible driver. Leti remains a world-leading R & D 
institute and increased its international 
partnerships in this field  
- Packaging plays a central role in Heterogeneous 
integration and More than Moore. We have 
developed a wide range of expertise in 3D 
integration and Fan out Wafer Level Packaging for 
building possibly heterogeneous sub-systems.  
- RF resonators or filters allowing tunable RF 
filters thanks to LNO materials have been 
developed 
 
All these results were obtained due to the 
sustained efforts of our team, and, I would like to 
sincerely thank them all. This report provides you 
with an overview of their achievements. 

 
 Jean René LEQUEPEYS 
 Head of Silicon Components Division 
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Dear Reader, 
The mission of our division is to provide our 
internal and external customers with the best 
innovative engineering solutions, so they can 
perform world-leading research on next-
generation technology nodes. To achieve this, 
we provide 7,500m² of advanced research 
facilities, 3,000m² of nano characterization 
platform and the best human competencies. 
In 2016, we invested €29.9M investment in new 
manufacturing equipment. This figure includes 
€6.5M dedicated to upgrading our installed 
base.  
This internal investment is complemented by a 
strong policy of collaboration with tool 
manufacturers. The idea is to build win-win 
partnerships. Leti takes advantage of innovative 
tools or materials to develop next-generation 
technologies. In return, our partners gain insight
into the requirements needed for future market 
positioning : 
- Two new collaborations with EVG, first  
concerning ultra precise bonding equipment 
GEMINI technology for direct hybrid bonding 
application. The equipment has been installed in 

our facilities and we are targeting overlay > 
100nm for our most aggressive applications. 
Second collaboration concerns the nano imprint 
plateform HERCULES and allowing to address 
new lithography markets. 
- Two new collaborations to develop  unique low 
temperature modules for our “CoolCube” 
program allowing innovative 3D sequential 
integration. In this context we have established 
two strategic collaborations with AMAT 
concerning the development of low temperature 
epitaxy processes (Si and SiGe RSD) as well as 
with SCREEN concerning Laser annealing
technology for dopant activation, both 
technologies are required to manufacture the 
top transistor at limited thermal budget. 

FABRICE GEIGER 
HEAD OF SILICON TECHNOLOGIES 
DIVISION 
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- We have also renewed our multi-years 
collaboration contracts with Entegris concerning 
wafer foup contamination studies as well as with 
Mapper Lithography for the introduction of their 
multi-beam eBeam lithography technology 
which as made great progress specifically 
concerning the blanker module performance. 
 
The year also was rich in scientific results for 
our division with a record number of more than 
246 scientific papers published. The 
international recognition we received (seven 
distinctions and awards obtained in 2016) 
underscores the excellence of our teams and 
their accumulated skills and expertise. We have 
also generated 46 patents. 
 
Our teams are focusing on key challenges 
around advanced CMOS, 3D, photonics and 
advanced memories. We are also addressing 
key 200mm challenges around MEMS, power 
electronics, RF, magnetic materials and other 
fields. Examples of our achievements include 
- Development of a plasma etching process of 
materials used for MEMS/WLP technologies. A 
specific focus has been made on piezo electric 
module (PZT) through a 3 years collaboration 
with LAM Research to provide an industrial dry 
etching solution to the market.  
-- Development of an innovative method for 
sample preparation by plasma FIB for X 
tomography. A new elliptic pattern has been 
introduce for sample etching improving the 
success rate to 100% and reducing the 
execution time by 50%. This innovative method 
has been transferred to our strategic partner FEI 
through our common lab.    
- Development of a new plasma doping  implant 
process for homojunction solar cell using 
Pulsion solar equipment from IBS installed at 
INES center. This new process simplifies the 
manufacturing flow and reduces the cost of 
homojunction solar cell. We have also qualified 
a new Hetero-junction pilot line using PVD and 
PECVD equipments from Meyer Burger our 

strategic partner for this new generation solar 
cell. 
- Development of an innovative multi-layer 
GaN/Si epitaxy process for power diode 
application with characteristics > 1200V , 
vertical leak current < 10µA/mm2. The limited 
bow (<50µm) obtain with this innovative stack 
allows the process of those substrates on 
standard semiconductor equipments. 
 
This scientific annual report includes additional 
details about all these key achievements, which 
were made possible by the work of our 
researchers and technicians. I would like to take 
this opportunity to thank all of them for their 
constant commitment.  
 
 Fabrice Geiger  
 Head of Silicon Technologies Division 
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445 Permanent staff 
135 Industrial residents 
135 PhD students 
28 Post-docs 
 

200 & 300mm  Platforms for CMOS and MEMS
7500 m² Clean rooms

500 Process tools, non-stop operation

133 Patents filed in 2016 
460 Scientific papers produced 

19 Common laboratories
8 Startup created since 2010
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TECHNOLOGICAL PLATFORMS 
 

The silicon divisions operate 7,500m² of state-of-the-art cleanroom space 
divided into three platforms, gathering 500 process tools and a combined staff of 
more than 450; they run industry-like operations, 24 hours a day, 7 days a week, 
all year round.  

� The Nanotech200&300 platform provides 200mm and 300mm CMOS 
wafer processing, which can be applied to both semiconductor and 
microsystem devices. 

� 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.   

� The third platform 3D Integration 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.  

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, magnetic resonance, scanning probe, 
surface analysis and sample preparation.  
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ORGANIZATION 
 
Silicon Technologies Division is organized according to six departments.  

� Three Process Departments whose missions are to realize generic 
process steps for all projects and to develop innovative processes to 
provide state-of-the-art solutions to internal and external customers. Those 
departments are focused on patterning, deposition, and surface 
treatments. Their research activities in collaboration with key universities 
will support Leti’s advanced position in the future. 

� A Characterization Department whose mission is to perform off-line 
observations to characterize process steps, materials or components. This 
department also has a research activity to maintain its level of excellence.  

� Two Support Departments: one is in charge of the planning, the interface 
with internal divisions or external customers as well as methods, training 
and clean-concepts. The other is responsible for facilities operations and 
engineering. 

 
Silicon Components Division is organized around three departments with 
clear objectives and market focus.  

� The MOS Department’s mission is to simulate, model, develop, 
demonstrate and test new generations of circuits and modules for sub-
20nm CMOS, digital and memory.   

� The MEMS Department designs and develops innovative microsystem 
components (sensors, actuators and RF) and the associated toolbox 
(packaging, heterogeneous integration, reliability).  

� The Power and Energy Department develops and demonstrates 
technology modules and components for power and energy (photovoltaic, 
power electronics, integrated storage) 
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Publications 
- In 2016, 460 publications 
- Ratio “A grade published items/ Publishing researchers”> 1.00 (including grade A conferences, 

journals and international extended patents) 
 
Distinctions and Awards 
11 distinctions and awards received in 2016 

- Best Young Scientist award – E-MRS Fall meeting 2016 – A. Bonnevialle 
- Best student paper award – ECS 2016 - V. Lumineau et al. 
- Best student paper award – UCPSS 2016 – M. Croisy et al. 
- Best student paper award – ECS Fall meeting 2016 – M. Billaud 
- Best paper award – DPS 2016 – O. Pollet et al. 
- Best paper award – ECS 2016 - V. Larrey et al. 
- Best paper award – 12th Soleil User’s meeting 2016 – M. Kazar-Mendes 
- Best paper award – 2nd MRS Id meeting 2016 – N. Istiqomah Khamidy 
- Best paper award -6th ESTC 2016 – O. Castany et al.  
- Best paper award - 23nd IDW 2016 – F. Templier et al. 
- European SEMI Award 2016 Recognition – Gilles Poupon 

 
Expertise and recognitions 
- 82 Leti experts: 3 Research Directors, 8 International Experts 
- 22 researchers with habilitation qualification “HDR” (to independently supervise doctoral candidates) 
- 3 IEEE Seniors 
 
Scientific Committees 
- 3 journal editors: IEEE TED, European Physical Journal-Applied Physics, Science China-Information 
Sciences 
- 7 researchers involved in ITRS (International Technology Roadmap for Semiconductors) 
- 1 researcher involved in the HIR (IEEE Heterogeneous Integration Roadmap) 
- 43 members of Technical Programs and Steering Committees at major conferences: IEDM, VLSI 
Technology Symposium, IRPS, ESSDERC, SSDM, ECTC, ECS, Imaps DPC, ESTC, … 
- Awards committees: IEEE Cledo Brunetti Award, IEEE Paul Rappaport Award, SEE & IEEE Brillouin- 
Glavieux Award, European Research Council Panel 
- Boards of Governors: Nanosciences Foundation Board, IEEE CPMT, SFV 
 
International Collaborations 
Collaborations with more than 50 universities and institutes worldwide : Jülich (Germany), Fraunhofer 
(Germany), Stanford University (USA), Caltech (USA), , Rutgers University (USA), Tokyo Institute of 
Technology (Japan), the University of California (USA), University of Cambridge (GB), École 
Polytechnique Fédérale de Lausanne (Switzerland), ETH Zurich (Switzerland), CNR (Italy), Sherbrooke 
University (Canada), Albany-Nanotech (USA), IMB-CNM (Spain), … 
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1. 
 

• SOI Technology for Quantum 

Information Processing 

• Vertically Stacked-Nanowires Mofsets : 

from Technology to Compact Modeling 

(LETI-NSP) 

• First Predictive 14nm Design Platform 

Dedicated to COOLCUBE TM Integration  

• First Demonstration of a CMOS over 

CMOS 3D VLSI COOLCUBE TM Integration  

on 300mm Wafers Integration 

• Advanced FDSOI CMOS : from 28, 

22nm Towards 12nm and Below 

• Extending the Functionality of FDSOI 

NFET & PFET Transistors to Light 

Sensing  

C O R E  &  B E Y O N D  
C M O S  
 

19



 
L E T I  S C I E N T I F I C  R E P O R T  2 0 1 6  

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESEARCH TOPIC:  
Quantum information, qubits, spin, silicon, CMOS, SOI 

AUTHORS:  
L. Hutin, S. De Franceschi, R. Maurand, Y.-M. Niquet, 
S. Barraud, X. Jehl, M. Sanquer, M. Vinet 

 

ABSTRACT:   
We present recent progress towards the implementation of a scalable quantum processor based on fully-depleted silicon-on-
insulator (FDSOI) technology. In particular, we present an approach where the elementary bits of quantum information – so-called 
qubits – are encoded in the spin degree of freedom of gate-confined holes in p-type devices. We show how a hole-spin can be 
efficiently manipulated by means of a microwave excitation applied to the corresponding confining gate. The hole spin state can be 
read out and reinitialized through a Pauli blockade mechanism. The studied devices are derived from silicon nanowire field-effect 
transistors. We discuss their prospects for scalability and, more broadly, the potential advantages of FDSOI technology. 
SCIENTIFIC COLLABORATIONS: CEA-Leti, CEA-INAC 

Context and Challenges 
Built-in parallelism, stemming from the quantum mechanical 
principles of superposition and entanglement of quantum bits 
(qubits), is a key asset of the quantum computation paradigm. 
Over the past four years, having shown outstanding performance 
in terms of quantum coherence and fidelity, silicon spin qubits 
have emerged as promising building blocks for quantum logic. 
Simultaneously, the extreme downscaling in gate sizes and 
pitches in advanced CMOS technology nodes makes it possible 
to realize arrays of closely spaced quantum dots with nearest-
neighbor coupling, offering a unique opportunity to bridge the 
worlds of fundamental physics and IC engineering towards novel 
quantum circuits.  

Main Results 
Using SOI field-effect transistors to confine elementary carriers 
(holes), we have shown [1, 2] that a localized hole-spin can be 
efficiently manipulated by an electric-field mediated microwave 
(MW) excitation applied to the confining transistor gate. This has 
led to the first demonstration of an electrically-driven hole spin 
qubit issued from Si CMOS technology. The figure below shows 
the device, and the controlled oscillations of the current flowing
across it, linked to changes in the spin state of the qubit.  

 

(a) Schematic of the two-Gate device. A high-frequency modulation is 
applied on G1. (b) SEM top view of the device (scale bar, 75 nm). (c) 
TEM cross-section of the two-gate device along (scale bar, 50 nm) 

(Right panel) Rabi oscillations for different MW powers. 
 

Splitting the single Gate into two face-to-face Gates enables 
independent electrostatic control of two corner dots. The inter-dot 
coupling, mediated by tunneling and Coulomb interaction, can be 
further tuned by means of a back-gate voltage applied to the 
silicon beneath the buried oxide. We provided experimental 
evidence of this tunability, and a simulated projections of the 
influence of the back-gate potential on the inter-dot tunneling 
rates for a given device geometry.   

Perspectives 
The figure below shows a preliminary test device with two pairs of 
face-to-face gates. FDSOI technology offers the additional 
possibility of gate control from beneath the buried oxide. In 
particular it would be desirable and perhaps necessary to 
implement locally tunable tunnel couplings between adjacent 
QDs. This could in principle be achieved with the aid of locally 
defined back-gates, with the benefits of a limited cross-
capacitance with the Dot-defining front-gates (cf. right panel).  

 

(Left) Tilted top view SEM of two pairs of split-gates on an SOI 
NanoWire. (Right) 1-Dimensional array of qubits along a Si NanoWire, 

using split-gate devices in series. Local Back-Gates formed in the 
Inter-dots spacings may provide selected tunability of nearest 

neighbor coupling. 
One of the two Quantum Dots in a face-to-face pair could be 
used to encode a qubit ("manipulation" side), and the other one to 
perform readout through rf gate reflectometry. Connecting an LC 
resonator to the readout gate, and analyzing the reflected rf 
signal can provide information enabling fast single-shot readout
of the qubit on the other side. The linear geometry shown on the 
right panel would provide a useful starting ground for the 
development of two-dimensional qubit architectures, a necessary 
requirement for surface-code quantum error correction.  

RELATED PUBLICATIONS: 
[1] R. Maurand et al., "A CMOS silicon spin qubit", Nature Communications, 7:13575, 2016 
[2] L. Hutin et al., "Si-CMOS platform for quantum information processing", IEEE VLSI Technology Symposium 2016 
[3] S. De Franceschi et al., "SOI Technology for Quantum Information Processing", IEEE International Electron Devices Meeting (IEDM) 2016 
 

SOI Technology for Quantum Information 
Processing 
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RESEARCH TOPIC:  
MOSFET, Nanowire/nanosheet, sidewall image transfer, inner 
spacer, replacement metal gate process, strain, compact model, 
effective surface potential, Verilog-A. 
 

AUTHORS:  
S. Barraud, O. Rozeau, V. Lapras, S. Martinie, M.P. Samson (ST 
Microelectronics), T Poiroux, F. Triozon, J. Lacord, B. Previtali, N. 
Rambal, J.C. Barbé, M. Vinet 

 

Vertically Stacked-Nanowires Mosfets: from 
Technology to Compact Modeling (LETI-NSP) 
 

RELATED PUBLICATIONS: 
1] S. Barraud et al., “Vertically stacked-nanowires MOSFETs in a replacement metal gate process with inner spacer and SiGe source/drain”, Electron Devices 
Meeting (IEDM), 2016 
[2] O. Rozeau et al., “NSP: Physical compact model for stacked-planar and vertical gate-all-around MOSFETs”, Electron Devices Meeting (IEDM), 2016 

Context and Challenges 
The vertically stacked wires MOSFET architecture pushes 
further the scaling limits of CMOS technology. It offers multiple 
benefits. A low IOFF current is expected with a high current 
drivability due to 3D vertically stacked channels. Major 
roadblocks still remain to reach higher performance in particular 
the introduction of stress boosters and the reduction of parasitic 
capacitances.  

Main Results 
We have successfully fabricated vertically stacked wires 
MOSFETs with inner spacer and SiGe:B source/drain (S/D) 
with a replacement metal gate (RMG) process [1].After the 
epitaxial growth of (SiGe/Si) multilayers, dense arrays of fins 
were patterned by using a sidewall image transfer process in 
order to have 40nm-pitch fins. After that, dummy gate and inner 
spacer were defined. The Si wires were released during the 
RMG module (figure 1). On the other hand, strain engineering 
being one of the most important challenge for GAA stacked-
NWs FETs, strain fields were imaged at different stages of our 
fabrication process. We show that SiGe(B) raised-S/Ds can be 
used to inject a significant amount of compressive strain in Si 
channels. This suggests that an optimized engineering of 
process-induced stress technique such as SiGe S/Ds can be 
efficient in 3D stacked-NWs devices. Then electrical 
characterization of 25nm gate length devices shows high 
performance in term of subthreshold slope (80mV/dev), DIBL 
(50mV/V) and ION current (400µA/µm at VDD=0.9V). In the early 
stages of technology's development, a design/technology co-
optimization requires a physics based compact model to ensure 
a predictive extrapolation from hardware data.  
 

 

Fig. 1: TEM images showing a Fin pitch of 40nm, inner spacer 
integration and vertically stacked wires field effect transistors. 

This is why we developed a physical compact model 
(LETI-NSP) mandatory for the design of integrated circuits. 
Based on a novel methodology for the calculation of the surface 
potential, this model is able to handle arbitrary nanowire cross-
section shape of vertically stacked-nanowires MOSFETs 
(figure 2). The model accounts for quantization effects induced 
by small NW cross-section as well as additional physical 
features like electrical field dependence on mobility, SCE/DIBL, 
channel length modulation, access resistances with bias 
dependence, velocity saturation, gate current, GIDL/GISL, self-
heating effect and parasitic capacitances. The model was 
validated on both numerical simulation and experimental data 
(figure 2). The physical compact model developed for horizontal 
but also for vertical nanowire MOSFETs is demonstrated to be 
very efficient in all operation regimes. The good agreement 
shown between the model and experimental data highlights that 
LETI-NSP is able to provide a credible quantitative estimate of 
nanowire GAA MOSFETs operation. It is implemented in 
Verilog-A language respecting requirements related to 
simulation robustness. The model is now ready for the design of 
first circuits based on nanowires GAA MOSFETs. 

Perspectives 
Further developments are still ongoing in order to improve 
process integration and predictability of compact modeling for 
stacked-nanowire devices. 
 

 

Fig. 2 (Top) Schematic of GAA stacked-nanowires with different 
shapes. (Bottom) IDS and its derivative vs VGS in saturation 

regime.  An excellent agreement is achieved between LETI-
NSP model and experiment. 

 

ABSTRACT:   
In this work, fabrication, characterization and modeling of vertically stacked-nanowires MOSFETs are presented for building a 
competitive 5nm node. Functional devices are successfully demonstrated with SiGe source and drain to induce a compressive 
strain in the channel and inner spacer to reduce parasitic capacitance. Furthermore, for a future design/technology co-optimization, 
a predictive and physical compact model for gate-all-around (GAA) stacked nanowires MOSFETs was developed and 
implemented in Verilog-A language.  This model, accounting for quantum confinement and additional physical features, is able to 
handle arbitrary shape of stacked nanowires (circular, square, and rectangular). The LETI-NSP model, validated on numerical 
simulation and experimental data, is now ready for the design of first circuits based on horizontal or vertical nanowire MOSFETs.  
 

SCIENTIFIC COLLABORATIONS: IBM, STMicroelectronics, AMAT, H2020-SUPERAID7 

21



 
L E T I  S C I E N T I F I C  R E P O R T  2 0 1 6  

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First Predictive 14nm Design Platform 
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ABSTRACT:   
3D sequential integration known as Monolithic 3D (M3D) is considered as an alternative solution to CMOS scaling. CEA-Leti 
worked on an innovative methodology migrating a 2D Process Design Kit (PDK) and its associated standard cells libraries to a M3D 
CoolCube™ design platform. This methodology exhibits a significant migration runtime reduction almost regardless of the number 
of design rules and standard cells layout complexity (multi-patterning) in advanced CMOS nodes. This migration allows gate level 
evaluation through a Power Performance Area (PPA) analysis. 
 

SCIENTIFIC COLLABORATION: STMicroelectronics 
 

Context and Challenges 
According to Moore's law, transistor size is reduced periodically, 
thus increasing process complexity for advanced CMOS nodes. 
Considering IC design activities, this complexity is reflected in 
Process Design Kit (PDK) development with an exponential 
number of design rules to check but also in digital libraries
implementation (layout) due to multiple patterning techniques.
This complexity is intensified with the M3D CoolCubeTM

integration leading to layers duplication (Bottom and Top tiers).
From this general observation, the development of a M3D design 
platform is becoming extremely complex and time-consuming.  

Main Results 
CEA-Leti has implemented a "M3D Design Platform Generator" 
based on a TCL Application Programming Interface (API) to 
address the 14nm node [1]. This generator embeds two tools:  

- The first one, called "M3D PDK Generator", allows the 
automatic generation of PDK files addressing the technological 
library but also the physical verification modules. This approach 
relies on describing a planar 14nm FDSOI PDK based on high-
level eXtensible Markup Language (XML) which is the best 
choice to unify information and to create interoperability between 
heterogeneous environments. Next, the full M3D CoolCube™
stack as illustrated in Fig.1 [2] was defined including CAD layers, 
connectivity and design rules but also M3D specificities such as 
intermediate metal layers and 3D inter-tier contacts. Thanks to 
this approach, a 14nm M3D CoolCube™ PDK has been 
generated offering a full custom design flow. 

 

Fig.1: M3D CoolCube™ process 
- The second one, called "M3D Standard cells Generator", is 

based on a script allowing automatic migration of 2D standard 
cells libraries into 3D ones for both top and bottom tier, 
customizing front-end, middle-end and back-end in order to fit the 
3D specifications. From a representative subset of 37 relevants 
standard cells implemented by CEA-Leti in planar 14nm (12 
Tracks, multi-VT), this generator migrated 2D libraries to M3D 
CoolCube™ libraries. As a result, we obtained two libraries (Top 
& Bottom tiers) for each VT option with the same characteristics 
(width, height, etc.). Fig.2 illustrates this layout migration on an 
inverter cell. 

 

Fig.2: Layout Migration of 14nm FDSOI Inverter                      
to 14nm CoolCube™ (Bottom and Top tier) 

 

This methodology allows to significantly reduce the development 
time of a M3D CoolCube™ design platform for the same 
complexity as 2D (mask layers and number of design rules), 
avoiding possible discrepancies between 2D sources and 3D 
files. The 2D vs. 3D benchmark could be quickly processed 
giving relevant results and guidelines for 3D IC design [3].  

Perspectives 
For the purpose of digital design evaluation, next step will focus 
on the characterization of digital libraries to generate .lib files 
enabling logical synthesis. Finally, for benchmark results on 
complex digital circuits, physical views of M3D CoolCube™ 
standard cells will be required for the Place&Route step. 

RELATED PUBLICATIONS: 
[1] G. Cibrario, N. Ben Salem, J. Lacord, K. Azizi-Mourier, O. Rozeau, O. Billoint et al. "From 2D to Monolithic 3D Predictive Design Platform: An Innovative Migration 
Methodology for Benchmark Purpose" 3DIC, San Francisco, 2016 
[2] L. Brunet, P. Batude, C. Fenouillet-Beranger et al., “First demonstration of a CMOS over CMOS 3D VLSI CoolCube™ integration on 300mm wafers”; IEEE 
Symposium on VLSI Technology, Pages: 1 - 2, DOI: 10.1109/VLSIT.2016.7573428, 2016  
[3] M. Brocard, O. Billoint, S. Thuries, P. Batude, J. Lacord, G. Cibrario et al. “Impact of Intermediate BEOL Technology on Standard Cell Performances of 3D VLSI” 
ESSDERC, Lausanne, 2016 
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First Demonstration of a CMOS over CMOS 
3D VLSI CoolCube Integration on 300mm 
Wafers 
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ABSTRACT:   
For the first time, a full 3D CMOS over CMOS CoolCubeTM integration is demonstrated with a top level compatible with state of 

the art high performance FDSOI (Fully-Depleted Silicon On Insulator) process requirements such as High-k/metal gate or raised 
source and drain. Functional 3D inverters with either PMOS or NMOS on the top level are highlighted. In parallel the bottom 
transistor stability has been studied to improve the thermal stability. That is why an alternative salicidation process of Ni0.9Co0.1-
based metal is being developed to achieve both main properties: low contact resistance and extended thermal stability. 
 

SCIENTIFIC COLLABORATIONS: STMicroelectronics, Qualcomm 

Context and Challenges 
3D sequential technologies such as CoolCubeTM appears to be 
an alternative to planar scaling for the next generation nodes [1]. 
With its high alignment accuracy depending only on the 
lithography stepper performance, stacking CMOS over CMOS 
and even transistors above transistors becomes possible. A gain 
through the reduction in interconnect delay can be obtained 
thanks to the optimization of device partitioning and global 
routing. In 2016, we demonstrated for the first time a full CMOS 
over CMOS 3D VLSI CoolCubeTM integration with two levels, 
compatible with FDSOI process high performance requirements. 
The different technological achievements and electrical results on 
3D inverters are highlighted. In addition, an important work has 
been done in order to improve the bottom transistor silicide 
stability through the development of a novel Ni0.9Co0.1 silicide.  

 Main Results 

First of all, it is worth noticing that all the 3D VLSI process has 
been realized within an ultra-clean environment respecting hard 
contamination constraints imposed by an industrial clean room. 
Fig.2a) shows the TEM cross section of the 3D sequential 
contacted structure with a focus on two stacked transistors. It 
confirms the very high alignment precision across the wafer 
(µ+3σ<20nm) in line with the lithography stepper specification. 
This high alignment accuracy is also the key for high 3D vias 
density. In this study, a via density of 2.107/mm² have been 
reached with a 90nm back-end technology. Such high via density 
can only be obtained using 3D sequential technologies as 3D 
packaging technology are usually limited by the alignment 
accuracy of the bonding stepper. In addition, no consumption of 
the bonding interface is observed during the 3D contacts 
realization as shown on Fig.1a) highlighting the high bonding 
quality even with a 300°C bonding anneal. The Id-VG 
characteristics for both NMOS & PMOS transistors on the top 
level are presented on Fig.1b). Finally, for the first time the 
voltage transfer characteristics of 3D sequential inverters with 
either NMOS or PMOS on the top level, on 300mm wafer, were 
demonstrated. 

a)  

b)  

Fig.1: a) TEM cross-section of the 3D sequential structure b) ID-VG 
characteristics of both top level NMOS and PMOS transistors. 

W=10µm Lg=60nm. 
 

In parallel, It has been highlighted that Ni0.85Pt0.15 bottom 
silicide source/drain (S&D) contact remains the most 
sensitive element to the top thermal budget, especially on 
raised Si0.7Ge0.3:B S&D for PMOS transistors. In this context, 
a novel Co-based silicide, the Ni0.9Co0.1 has been studied 
providing a better stability on unpatterned 300 mm wafers [2-
4]. This stability has been further improved when combined 
with epitaxial silicon capping layer (5nm Si-Cap) and Ge Pre-
Amorphization Implant (PAI). 

Perspectives 
For this first 300mm wafers 3D VLSI CoolCubeTM integration 
within an industrial environment [2], top level was realized 
integrating a low temperature process flow below 650°C. Low 
temperature process modules are under study in order to realize 
a full 500°C top transistors flow for future 3D CoolCubeTM

demonstrations. Bottom stability can also be improved by 
introducing a novel Ni0.9Co0.1 silicide. 
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RELATED PUBLICATIONS : 
[1] L. Brunet, et al., "First demonstration of CMOS over CMOS 3D VLSI CoolCubeTM integration on 300mm wafers", IEEE VLSI technology Symposium 2016 
[2] F. Nemouchi, et al., "SiGe metallization challenges and developments in context of FD-SOI and CoolcubeTM integrations", 8th International SiGe Technology and 
Device Meeting (ISTDM), 2016 
[3] F. Deprat, et al., "Technological enhancers effect on Ni0.9Co0.1 silicide stability for 3D sequential integration", Phys. Status Solidi C 13, No. 10–12, 760–765 (2016)
[4] P. Rodriguez et al., "Contacts for Monolithic 3D architecture: Study of Ni0.9Co0.1 Silicide Formation", Joint Interconnect Technology Conference/Advanced 
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Advanced FDSOI CMOS:  from 28, 22 nm 
Towards 12 nm and Below 
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ABSTRACT:   
LETI supports the development of FDSOI devices and circuits since more than 15 years. After the FDSOI adoption by 
STMicroelectronics (28FDSOI), Global Foundries made the decision to propose the 22FDX technology (co-developed by LETI 
teams). But the race is not over: next FDSOI generations (14nm, 12nm) are already targeted and the LETI's expertise in this 
domain is well recognized as illustrated by collaborations with these companies. 
 
SCIENTIFIC COLLABORATIONS: STMicroelectronics, Global Foundries, CEMES-CNRS, IMEP-LAHC-CNRS  

Context and Challenges 
After the STMicroelectronics collaboration on 28nm FDSOI (and 
on 14nmFDSOI, 14+FDSOI), LETI experts have engaged with
Global Foundries (GF) to support the development (in Malta, US) 
and industrialization (in Dresden, Germany) of 22FDX. In 
addition, Leti continues to explore new techniques and modules 
to help the IC makers to shape the next technology nodes
(12FDX for GF, 28FDSOI ULP for STM). 

Main Results 
Since 2014, GF with LETI teams is developing 22FDX. The 
results of this collaboration are detailed in [1] which presents the 
process architecture, baseline device and yield performance, the 
benefits of back-bias in power management, as well as key 
platform features of this new FDSOI technology based on 22nm 
design rules (Fig. 1). Large fT/fmax values (375/290 GHz for 
nFETs) are demonstrated, which make 22FDX capable of 
spanning the fullsuite of RF applications including 5G and 
mmWave, a domain that FinFET is extremely challenged to meet. 

 

Fig.1: Global Foundries 22FDX technology illustration (with pFET 
TEM, RF performance and process flow). 

FDSOI was proven to be of high-performance at the 22 and 
14nm node, and competitive with FinFETs. This is mainly due to 
the integration of a SiGe channel for pMOSFETs. It results in a 
high compressive stress, thus in a high hole mobility and in turn in 
high pMOSFETs drive currents [1]. But such intrinsically strained 
channels exhibit strong layout dependence. That is why LETI and 
ST teams proposed in 2016 a unified technological solution to co-
optimize both the stress and the back-biasing efficiency for sub 
14nm FDSOI nodes, using a so-called Dual Isolation by Trenches 
and Oxidation (DITO). By maintaining the longitudinal stress, we 
achieve (as detailed in [2]) +51% on hole mobility and +36% 
effective current compared to single-STI reference. 

Consequently, ring-oscillators of 1-finger inverters delay is 
reduced by -23% at Vdd=0.8V. Moreover, DITO enables a 
bidirectional back-biasing on nMOS and pMOS independently, in 
order to take full benefit of the FDSOI technology. 

LETI is also exploring other solutions to further engineer the 
strain in the channels of n and pMOSFETs of future FDSOI 
CMOS devices [3]. Beyond DITO, other techniques are evaluated 
and assessed to provide robust solutions for LETI's customers. 
“STRASS” and “BOX creep” techniques (for tensily and 
compressively stressed channels, respectively) have been for the 
first time integrated in a localized manner on a state-of-the-art 
FDSOI route. STRASS enables to achieve +1.6 GPa in SOI 
active regions (w.r.t. +1.3 GPa for sSOI wafers): expected +60% 
electron mobility gain. BOX creep process leads to +8 to 10% in 
hole mobility and +6% in Ieff(Ioff) plots at 14nm ground rules. The 
layout local effects (device dimensions dependence) of BOX 
creep efficiency are analyzed with a mobility model validated by 
electrical data, opening path for further process optimizations. 

Leti has also improved UTSOI2 compact model which allows for 
an accurate back interface inversion description: RF add-ons, 
better extraction flow… 

 

Fig.2: Example of new strain technique currently evaluated by LETI to 
further increase the carrier mobility in 20nm gate length FDSOI CMOS

[3]. 

Perspectives 
LETI continues to bring a strong and effective support to its 
customers (STM, GF) in their FDSOI technology development 
and industrialization, even for the next nodes to come (12FDX). 

RELATED PUBLICATIONS: 
[1] R. Carter, J. Mazurier, L. Pirro, J-U. Sachse, P. Baars, J. Faul, C. Grass, G. Grasshoff, P. Javorka, T. Kammler, A. Preusse, S. Nielsen, T. Heller, J. Schmidt, H. 
Niebojewski, et al., “22nm FDSOI Technology for Emerging Mobile, Internet-of-Things, and RF Applications”, IEDM, pp. 27-30, 2016 
[2] R. Berthelon, F. Andrieu, P. Perreau, D. Cooper, F. Roze, O. Gourhant, P. Rivallin, N. Bernier, A. Cros, C. Ndiaye, E. Baylac, E. Souchier, D. Dutartre, A. Claverie, 
O. Weber, E. Josse, M. Vinet, M. Haond, “A novel dual isolation scheme for stress and back-bias maximum efficiency in FDSOI Technology”, IEDM, pp. 468-471, 2016 
[3] A. Bonnevialle, C. Le Royer, Y. Morand, S. Reboh, C. Plantier, N. Rambal, J.-M. Pédini, S. Kerdiles, P. Besson, J.-M. Hartmann, D. Marseilhan, B. Mathieu, R. 
Berthelon, M. Cassé, F. Andrieu, D. Rouchon, O. Weber, F. Boeuf, M. Haond, A. Claverie, M. Vinet, “Smart Solutions for Efficient Dual Strain Integration for Future 
FDSOI Generations”, VLSI Tech. Symp., pp. 132-133, 2016 
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ABSTRACT:   
FDSOI transistors co-integrated with a diode implemented below BOX are demonstrated to become strongly sensitive to visible 
light. The carriers photogenerated in the diode create a Light-Induced VT Shift (LIVS) in both NFET & PFET by means of capacitive 
coupling. The experimental results of this optical back-biasing are supported by TCAD simulations, suggesting that the proposed 
FDSOI/photodiode co-integration scheme can be used for efficient photodetectors. Transient effects are studied, and a reset 
mechanism is proposed. Finally, for the first time SRAM cells smaller than 0.2µm2 are shown to have electrical characteristics 
modified by light illumination using this approach. 
 

Context and Challenges 
FDSOI technology is an attractive technology not only in the 
context of More Moore scaling, but also for More than Moore
applications, such as IoT. Here we propose and demonstrate that 
we can leverage the silicon volume beneath the buried oxide to 
integrate light sensing functionality into the FDSOI technology.  

Main Results 
A photodiode is monolithically integrated below FDSOI transistors 
by means of ion implantation. The lower part of the diode is 
grounded, while the upper part is kept floating. When visible light 
shines on the photodiode, photo-generated carriers tend to 
reduce the built-in electric field in the diode, which lifts the floating 
region band structure upward or downward, depending on the 
diode polarity [1].  

It is shown both experimentally and by TCAD simulation that this 
optical back-biasing effect under illumination shifts the VT of both 
NFET and PFET FDSOI transistors (Fig.1). 

Fig.1: PFET & NFET FDSOI IDS-VGS characteristics exhibit a 
Light-Induced VT shift (LIVS) when a photodiode is co-integrated 

below the buried oxide (experimental) [2]. 
 

For a given light flux, light-Induced VT Shift amplitude depends on 

the body factor, as well as the diode parameters. LIVS increases 
monotonously when light flux is varied over 7 orders of magnitude 
(Fig.2), which can be interesting for light sensing applications 
(high dynamic range).  

A reset mechanism of that 1 Transistor "pixel" is also proposed 
[2].  

 

Fig.2: NFET Light-Induced VT shift (LIVS) for different gate oxide 
and BOX thicknesses when light flux is varied (front side 

illumination) [2]. 
More generally it is thought that this approach can be used to
build more complex light sensitive logic functions. To illustrate 
that, for the first time SRAM cells smaller than 0.2µm2 are shown 
to have electrical characteristics modified by light illumination
when photodiodes are co-integrated below the BOX of pull-up 
and pull-down transistors [2].  

Perspectives 
After the demonstration of this concept at the device level, both 
experimentally and by TCAD simulation, a model is now under 
development to be able to build more complex functions where 
light sensing is involved, such as imaging or light-sensitive logic. 
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• Assessment of MRAM Data Retention 

• MAD: a Unique Test Vehicle for Backend 

Memories Assessment  
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Data 
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ABSTRACT:   
Resistive memory devices are excellent candidates to emulate synaptic plasticity, the capability of synapses to enhance or diminish 
their connectivity between neurons, which is widely believed to be the cellular basis for learning and memory. Neural systems 
exhibit various types and time periods of plasticity, e.g. synaptic modifications can last anywhere from seconds to days or months. 
We proposed an architecture that implements both short- and long-term plasticity rules (STP and LTP) using RRAM devices. We 
showed that LTP allows the neural network to learn patterns, and STP makes the learning process very robust against noise. 
 

SCIENTIFIC COLLABORATIONS: INSERM, Clinatec, CEA-LIST 
 

Context and Challenges 
In the last decade machine learning algorithms have 
revolutionized the field of autonomous machine learning by 
achieving unprecedented performance to solve many real-world 
learning tasks for example in image or speech recognition. 
Despite these advances, there are still some deficits. First, most 
machine leaning algorithms need to be trained with huge data 
sets (supervised learning). Second, these algorithms require 
significant memory access intensity thus ruling out an 
implementation of the algorithm using standard platforms for 
embedded applications. In this work, we will focus on the role that 
non-volatile resistive memory (RRAM) technologies can play to 
enable unsupervised learning for embedded neuromorphic 
systems.  

Main Results 
In brain, memory is stored in synapses, which are the 
connections between neurons. Synapses do not only transmit 
information from one neuron to another, but also modify their 
strength in response of experience. This adaptation is known as 
synaptic plasticity and it is considered to be the biological 
substrate for learning and memory of the brain. Recent 
developments in the neuroscience community evidence that 
biological synapses exhibit different kind of plasticity rules. In this 
work we will focus on the co-implementation of both short-term 
plasticity (STP) and long-term plasticity (LTP). LTP produces 
stable modifications of the synapses according to the timing of 
pre- and postsynaptic spike events, also known as spike-timing-
dependent plasticity. LTP is fundamental for the learning process. 
Along with LTP, cortical synapses undergo STP which is the 
dynamic modulation of the synaptic strength as a function of input 
stimulations (presynaptic activity) and it shows retrievable 
dynamics in short time scales. STP makes the learning process 
very robust against noise. Fig. 1 presents the circuit proposed to 
implement both LTP and STP using two RRAM based synaptic 
compounds yi(t) and wij for the two kind of plasticity. 
The impact of the short term plasticity has been demonstrate on a 
prototype application: a network for decoding of neural signals
(distinguish action potentials (=spikes) from background noise). 
This application requires real-time detecting and has no training 
data. Therefore on-line unsupervised learning is required. On the 

top of Fig.2, the metrics to evaluate the network performances 
(the detection rate and the false positive rates) are presented. As 
shown on the bottom of Fig.2, If the signal-noise-ratio (SNR) is 
high, the network without STP achieves good performances. 
However, the SNR for real biological data is typically much lower, 
the network performance without STP decreases significantly and 
the introduction of STP is mandatory. 

 

Figure 1: Circuit proposed to reproduce both the STP (yi(t)) and the 
LTP (wij) rules.  

 

Figure 2: Metrics to evaluate the network (top) and performances of a 
neural network for decoding neural signals (bottom).  

Perspectives 
We proposed a bio-inspired system with non-volatile RRAM 
synapses to reproduce both Long and Short Term Plasticity 
learning rules for reliable unsupervised learning in Spiking Neural 
Networks. We demonstrated the impact of this approach in a 
prototype application, a network for decoding complex brain 
signals. This approach coupled with Brain-Machine Interfaces 
(BMIs) may enable the design of autonomous implantable 
devices for rehabilitation purposes. 

RELATED PUBLICATIONS: 
[1] T. Werner, E. Vianello, O. Bichler, A. Grossi, E. Nowak, J. -F. Nodin, B. Yvert, B. De Salvo, L. Perniola “Experimental demonstration of short and long term synaptic 
plasticity using OxRAM multi k-bit arrays for reliable detection in highly noisy input data”, IEDM Technical Digest, p. 16.6, 2016 
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Universal Rules for RRAM: Endurance, 
Retention and Window Margin Tradeoffs 
Finally Explained 
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ABSTRACT:   
In this report we clarify the correlation between endurance, window margin and retention of Resistive RAM. To this aim, various 
classes of RRAM (OXRAM and CBRAM) are investigated, showing high window margin up to 1010 cycles or high 300°C retention. 
From first principle calculations, we analyze the conducting filament composition for the various RRAM technologies, and extract 
the key filament features. We then propose an analytical model to calculate the dependence between endurance, window margin 
and retention, linking material parameters (in particular the microscopic parameters of the conductive filament) to memory 
characteristics. 
SCIENTIFIC COLLABORATIONS: IMEP LAHC CNRS, LTM CNRS, WD San Jose 

Context and Challenges 
RRAM are strong candidates to replace Flash for both stand 
alone, storage class applications and embedded products, thanks 
to their high density, high speed, good endurance and integration 
in the BEOL. However, combining all these features, such as 
good cycling and stable retention at high temperature, is very 
challenging. In this work, we elucidate the correlation between 
RRAM performances characterizing 4 classes of RRAM devices.  

Main Results 
Based on experimental data published in the literature, we 
extracted three memory features: the window margin (WM), 
defined as the ROFF/RON ratio, the maximum number of 
achievable cycles Ncmax, and the maximum temperature Tmax the 
memory can sustain for ~1 day without resistance change. A 
general trend shows that improving WM degrades endurance.
Then, high endurance and large WM can be combined but to the 
detriment of degraded retention (Fig.1).  

 

Fig 1:Top - Endurance as a function of the stability T° for RRAM 
reported in the literature, symbol size proportional to the WM.  

Bot:- WM as function of endurance. For each RRAM family, various 
WM were achieved changing the SET RESET conditions.  
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Fig 2:Radar plot of the performance trade-off for the various RRAM 
classes reported in this work, and critical key parameters (microscopic 

and operation) 
 

In our RRAM devices, we confirmed this correlation; good 
WM/endurance trade-off being at the price of degraded retention
(Fig.1 bottom). 

To investigate the features of the conductive filament at the 
atomic level for the various RRAM classes we used ab initio 
calculations. It allowed to compute the ion migration energy 
during filament formation. We demonstrate that high migration 
energy improves retention, but degrades endurance, elucidating 
the retention endurance trade off. Then we developed a device 
model to describe the filament formation in the memory device. 
Based on this, we demonstrate that increasing the window 
margin decreases endurance, due to a higher energy provided to 
the system that progressively degrades the materials, clarifying 
the link between the memory features. 

Finally, based on the combination of experimental and theoretical 
work, fig.2 summarizes retention, WM and endurance 
performances of various RRAM. Due to various key parameters 
(filament microscopic features Ed and dh, and RRAM operating 
conditions to change the WM), each RRAM class will be more 
adapted to a given application.  

Perspectives 
This work allowed to give guidelines to identify the best RRAM 
stacks for a given application. More efforts are currently given to 
improve the device model and make it more predictive. 

 
RELATED PUBLICATIONS : 
[1] C. Nail, G. Molas, P. Blaise et al., "Understanding RRAM endurance, retention and window margin trade-off using experimental results and simulations", IEDM 2016 
[2] G. Molas, G. Piccolboni, M. Barci et al., “Opportunities for resistive RAM (RRAM) for non-volatile memory applications”, invited, proc. of NVMTS 2016 
[3] L. Perniola, G. Molas, G. Navarro, “Universal signatures from non-universal memories: clues for the future…”, invited, proc. of IMW 2016 
[4] G. Molas, M. Harrand, “Breaking the Memory Bottleneck in Computing Applications with Emerging Memory Technologies: a Design and Technology Perspective, 
Part 2: Device level”, Short course, IEDM 2016 
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ABSTRACT:   
While perpendicular STT-MRAM are seen as a promising next-generation memory, retention becomes critical and must be 
characterized precisely. LETI has been pursuing the development of practical while accurate electrical characterization. This
collaboration with Spintec is done in order to assess the full potential of this emerging memory. 
 
 
 

SCIENTIFIC COLLABORATION: CEA - DRF 

Context and Challenges 
Perpendicular STT-MRAM is seen as the next technology for non 
volatile memory embedded applications and especially high 
performance applications due to its very high cycling capability, 
very high speed and low voltage operation while keeping non-
volatility. However the fact that MRAM is a bi-stable NVM makes 
the retention time extraction procedure drastically long compared 
to other NVM such as Flash, PCRAM and RRAM.  

Main Results 
Perpendicular STT-MRAM technology has been integrated on 
130nm CMOS logic. On top of Cu Metal 4, a TiN bottom 
electrode is defined. The process is then completed as described 
in Fig.1. The memory points of several sizes down to 50 nm 
diameter mesa have been integrated in arrays of up to 4kbit 

Fig.1: (a) CMOS-integration p-STT-MRAM process flow (b) SEM 
image of a 4kbit arrray, (c) SEM image (d) HAADF-TEM of the MRAM 

stack 
 

We compared four methods of extraction. Precision and accuracy 
of each of them are evaluated on single cells and kbit arrays as 
function of temperature and diameter. Their respective 
advantages and drawbacks have been assessed. 

The first method is a direct measurement based on switching 
Time Probability (STP) that is the most direct but unpractical. The 
different method are based on switching current density (SCD), 
switching pulse width (SPW) or switching Field density (SFD) 

In order to compare the different models, their accuracy and 
precision have been evaluated with Monte-Carlo simulations. 
Stability extraction measurement has been done on devices with 

diameters ranging from 50 nm to 250 nm.  

The switching current density methods is found to be the most 
practical and accurate method for retention extraction of this bi-
stable memory. 

The slight increase in thermal stability (Fig.2) is observed for 
larger diameters in accordance with the domain wall propagation 
switching behavior. 

 

Fig. 2: Thermal Stability extracted at different temperatures with the 
different methods together with a Macrospin model (MS) and a 

Domain-Wall propagation model (DW) 
 

However it can be seen that the temperature dependence of ∆
with temperature is not following the different models as the 
switching mechanism is changing with temperature.  

Perspectives 
We compared four different retention extraction methods for p-
STT-MRAM from single cell to kb-array, from 50 to 250 nm 
diameter cells and up to 235°C.  

We show that the retention extrapolation over temperature does 
not follow the uniform reversal and domain-wall propagation 
mechanism models and should be handle with extra care, 
confirming the complementarity of the different methods. 

This work will allows more accurate retention extraction and as 
such ease the optimization of this parameter for perpendicular 
STT-MRAM. 

RELATED PUBLICATIONS: 
[1] L. Tillie, E. Nowak, R. C. Sousa, M.-C. Cyrille, B. Delaet, T. Magis1, A. Persico, J. Langer ,B. Ocker, I-L Prejbeanu and L. Perniola, " Data Retention Extraction 
Methodology for perpendicular STT-MRAM", IEDM proc., pp 667-670, 2016. 
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ABSTRACT:   
In LETI, a French research center, has developed during the past 20 years a strong expertise on Non-Volatile Memory Devices, 
covering disruptive Backend Of Line Non-Volatile Memories (BEOL NVM) like Phase-Change PCM, Oxide-based RAM OxRAM, 
Conductive-Bridge RAM CBRAM, Magnetic STT-MRAM. Main LETI expertise concerns material science, memory module 
integration, physico-chemical analyses, device electrical characterization, physical modeling and simulation up to circuit design, to 
exploit at best the memory performances of each of the aforementioned technologies. The Memory Advanced Demonstrators 
(MAD) test vehicle insured 3 IEDM papers [1-2-3], a value for science and the assessment of such disruptive technologies. 

Context and Challenges 
In the frame of bilateral projects with companies, LETI has 
developed and transferred competitive innovative memory 
solutions, handling critical developments and thus solving 
problems and delays related with direct introduction of new 
materials in industrial pilot lines in 200 mm and 300 mm. The 
MAD test vehicle is the right paradigm to explore the new physics 
related to major BEOL NVM technologies, like PCM, RRAM and 
MRAM: an immense value for science as well…    

Main Results 
In order to develop an optimized memory stack and accelerate 
the adoption of these new technologies, LETI offers a so-called 
Memory Advanced Demonstrators (MAD) that is today based on 
130 nm ground rules with 4 copper metal lines. The memory 
module that can consist of PCM, or OxRAM, or CBRAM or 
MRAM technology is fabricated in the BEOL before pad level. 
This versatile test vehicle offers the possibility to have on the 
same silicon test structures spanning from simple resistors (1R), 
resistors with its selector transistor (1T1R), memory arrays (1kb 
cuts) up to complex designs that enable such disruptive memory 
technologies for special or non-conventional (ie non storage) 
functions. This complex design is allowed by the routing placed 
on the 4 metal levels. Such design may come from academic & 
industrial designers using DK plus memory add-on provided by 
LETI. 

 

 
All such structures are essential for a deep analysis of the 

memory functionality: from bulk material (with its interfaces) 
screening, obtained by the 1R and 1T1R; passing through 
statistical analysis of extrinsic bits, obtained by memory arrays; 
up to first validation of complex functions obtained by specific 
designs. We demonstrated this in our 3 IEDM papers, resumed in 
the memory section of this scientific report. 
MAD offers also a benchmark opportunity between different 
technologies with the same test vehicle in order to extract 
benefits and drawback from each of them. 

 

Beyond 200 mm, LETI offers the opportunity to move to 300 mm 
exporting the memory module on the partner basewafers, 
featuring aggressive nodes. This last step is typically made 
through wafer exchange: partner (or the acting foundry) incoming 
wafers, with suitable CMOS process and the appropriate number 
of metal lines, are sent to LETI that can plug the optimized 
memory module. Prior to this phase, all the LETI expertise is 
used to modify the partner design kit and add the appropriate kit 
add-on required for a successful design & integration.  

Perspectives 
As a conclusion, within this value chain, MAD is an immense 
value for science and memory market. It offers to LETI academic 
& industrial partners the opportunity to ramp up in the technology 
maturity & in the design maturity, being both of them closely 
entangled for a success of each disruptive technology 
assessment & associated industrialization 

RELATED PUBLICATIONS: 
[1] T. Werner, E. Vianello, O. Bichler, A. Grossi, E. Nowak, J. -F. Nodin, B. Yvert, B. De Salvo, L. Perniola “Experimental demonstration of short and long term synaptic 
plasticity using OxRAM multi k-bit arrays for reliable detection in highly noisy input data”, IEDM Technical Digest, p. 16.6, 2016 
[2] L. Tillie, E. Nowak, R. C. Sousa, M.-C. Cyrille, B. Delaet, T. Magis, A. Persico, J. Langer ,B. Ocker, I-L Prejbeanu and L. Perniola, " Data Retention Extraction 
Methodology for perpendicular STT-MRAM", IEDM proc., pp 667-670, 2016 
[3] A.Grossi, E. Nowak, C. Zambelli, C. Pellissier, S. Bernasconi, G. Cibrario, K. El Hajjam, R. Crochemore, J.F. Nodin, P. Olivo and L. Perniola  "Fundamental 
Variability Limits of Filament-based RRAM", IEDM Technical Digest, p. 4.5, 2016 
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3. 
 

P A T T E R N I N G  

• Development of Massively Parallel 

Electron Beam Direct Write 

• Full Wafer Scale Imprint Lithography 

• DSA Integration Challenges for Contact 

Hole & Via Patterning 

• DSA Integration for Line / Space 

Patterning 

• III-V Etch Studies for Photonic 

Applications  
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Development of Massively Parallel Electron Beam 
Direct Write 

 

ABSTRACT:   
Massively parallel direct write E-Beam lithography technique is without any doubt an attractive alternative lithography technology. It 
offers a huge panel of competitive advantages, such as cost of ownership benefit, full writing flexibility opportunity and high-
resolution potential. On this field, MAPPER Lithography remains the leading company pushing the insertion of this technology 
solution up to the industrial maturity. Through a joint partnership initiated in 2008 with MAPPER and in the frame of the open 
consortium IMAGINE, LETI works to demonstrate the capability of the MAPPER technology.  
 
SCIENTIFIC COLLABORATIONS: Mapper Lithography BV, Mapper France, Imagine program (Mapper-LETI) 

Context and Challenges 
Massively Parallel Electron Beam Direct Write (MP-EBDW) 
offers a large intrinsic flexibility at a low cost of ownership in 
comparison to conventional optical lithography tools [1]. 
MAPPER Lithography is the leading company pursuing the 
technological maturity necessary for industrial insertion.
Through a joint partnership initiated in 2008 with MAPPER and 
in the frame of program IMAGINE, LETI supports the 
development and the ramp-up of the pre-production platform 
FLX1200 installed with the LETI pilot line. 

Main Results 
The program covered activities from tool assessment, process 
integration development and data treatment validation.   
Platform development 
On its path to improve tool performance, the work is focused on 
the assessment of the tool with respect to wafer alignment. 
Waiting for a full demonstration scheduled in 2017, an 
extensive work was done on the evaluation of the alignment 
system capability and the stage performances: stability, 
repeatability, alignment mark reading… To achieve the 
specification of 10nm overlay (single machine), stage stability 
needs to be below 3.5nm [1]. This level of performance has 
been verified on the FLX-1200 platform installed in LETI. The 
work is now on-going to finalize this full overlay demonstration 
capability once the MAPPER platform is set-up in its complete 
final configuration.  
Process integration  
The work was focused on the reduction of LWR through 
process and resist evaluations with chemically or not amplified 
resist (CAR or non-CAR). The targeted technology node was 
28nm .  LWR was improved by 30% by playing with stack or 
resist film thickness without pattern collapse appearance [2,3]. 
Non-CAR systems alternatives to amplified systems showed
LWR gain of 25% versus CAR after exposure at 50kV as 
reported in figure 1. Dose-to-size and EL were aligned with 
targets. Etch transfer into trilayer was successfully proven both 
with CAR and non-CAR (figure 2). 

 

Fig1: Top-view CD-SEM 28nm node target. with P-CAR and non-
CAR e beam resist on trilayer stack with and w/o bias - beam 

 

 

Fig 2: Post-litho and post-etch SEM top-views and cross-sections of 
42nm hp L/S patterns exposed with 5 kV FLX-1200 

Data treatment 
While the MP-EBDW tools have currently entered an advanced 
stage of development, a focus was done on the data 
preparation side of the work for specifically the MAPPER 
Lithography FLX-1200 tool, using the ASELTA Nanographics 
Inscale® software. A complete flow with a reasonable CPU time
has been qualified [4]. Layout used for Data Prep evaluation 
was a 28nm technology node Metal1 test chip with a field size 
of 26x33mm². Proximity Effect Corrections (PEC) were applied 
to the entire field, which was then exported as a single file to 
machine format, containing fractured shapes and dose 
assignments. Verification flow was included as part of the 
overall data preparation cycle time. 

 

Perspectives 
The common objectives of Mapper and CEA LETI are to secure 
the take-off of this technology up to its industrial demonstration 
and follow its adoption by the industry community. For 2017, the 
goals will be to demonstrate that all assembled modules are 
functional including a successful achievement of the overlay 
milestone. 

 P-CAR e-beam resist Non-CAR e-beam resist (FTH80nm) 

 

   

LWR (3σ) 5.6 
POR 

(FTH37nm) 

4.0 
       FTH 80nm 

7.9 
(without bias) 

4.4 
(sizing -25%) 

3.5 
(sizing -40%) 

EL (%/nm) 1.2 1.7 0.9 1.8 2.3 

Post-litho 

   

Post-etch 
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ABSTRACT:   
Nanoimprint techniques stick out from other more conventional lithography processes for two mains reasons: although for many 
decades significant efforts have been made to overcome the contact between the photomask and the resist coated wafer, NIL 
technology required the conformal contact between the working stamp and the resist to be shaped; the fundamental mechanism 
involved to create structure is no more chemical but related to resist flow within master cavities. To boost the wafer scale imprint 
technology adoption CEA-LETI and EV Group initiated mid 2015 the industrial collaborative program INSPIRE together the full 
ecosystem required for a complete adoption by industrial end-users.  
 

SCIENTIFIC COLLABORATIONS: EVG, Inspire program 

 

Context and Challenges 
After twenty years of developments, nanoimprint lithography 
(NIL) starts now to be introduced in high volume manufacturing. 
Two well established options are now available: the full wafer 
imprint and the step and flash imprint. One of the challenges for 
a definitive NIL adoption is to provide to the potential customers 
quantitative assessment of this technology. End of 2015, CEA-
LETI in partnership with EV Group launched the INSPIRE 
program that intends to assess and value the full wafer scale 
imprint lithography, an attractive low cost patterning strategy.  

Main Results 
The first phase of this program consisted to perform a 
preliminary assessment of the technology through several 
demonstrations performed on a HERCULES® platform at EVG 
site (Austria). All the wafers were then fully characterized at 
CEA-LETI site using the inline metrology toolset of the pilot line. 
Extensive results were analyzed relative to the Critical 
Dimension Uniformity of printed wafers at wafer scale. CEA-
LETI developed this year methodologies to evaluate the impact 
of NIL process and the influence of working stamp materials, 
and master designs on the final printed pattern dimensions (fig.
1). 

 

Figure1: Evolution of the statistical data of the CDU with respect to 
the imprint number in a case of 100 consecutive imprints The print 
number ‘zero’ correspond to the data issued from the master. By 

working on the process and working stamp material, the drifts in the 
CDU evolution has been reduced between the master and first print, 

but also for the progressive CD increase. 
 

More than a metrology tool box qualifying a process and 
evaluating the stamp lifetime, this work starts to put in place the 
path to set-up the first master design rules guidelines for this 
technology [1].  
Collecting data for defectivity assessment on patterned resists 
was more challenging as the defects may come from many 
sources: in-film defectivity, filling issues during imprinting step, 
working stamp aging effect, defect transfer from working stamp 
into the resist, resist peeling off during working stamp 
detachment. Already a significant data collection about the 
relative number of defect evolution with respect to the number 
of imprint, the impact of the cleaning process of master after 
working stamp manufacturing has been collected. Further 
analysis are under investigation mainly related to resist material 
optimization. The last assessment performed of this remote
demo work was focused on the evaluation of the alignment 
performances [2]. The key point remains in the SmartNIL 
process using a transparent polymer working stamp on a 
flexible backplane to enable conformal contact with the 
substrate surface. This flexibility of the working allows to print 
large surface using mainly capillary forces to completely fill the 
stamp. However this characteristic has to be carefully 
considered when talking about wafer scale alignment and map 
distortion. By tuning the materials for the working stamp 
manufacturing and also the imprint process we were able to 
reach alignment accuracy below 2µm on a 200mm diameter 
wafer. The next step will be to clearly identify and decrease the 
contributions from the tool, the working stamp and the process 
in order to push the alignment performances in the range of 
100nm. 

Perspectives  
The end of year was crowned by installation of the Hercules® 
platform our clean room. This new step in the INSPIRE program
will undoubtedly strengthen the NIL industrial value chain under 
construction around the LETI pilot line and in relationship with 
our partner ecosystem. This second phase of the program will 
speed up the development of the EVG NIL technology and 
open the opportunity to qualify in industry-like environment the 
manufacturing of prototype circuit patterned by NIL. 

RELATED PUBLICATIONS: 
[1] H. Teyssedre ; S. Landis ; C. Thanner ; V. Schauer ; M. Laure ; W. Zorbach ; L. Pain ; S. Bos ; M. Eibelhuber ; M. Wimplinger; "Critical dimension uniformity 
characterization of nanoimprinted trenches for high volume manufacturing qualification", Proc. SPIE 10032, 2016 
[2]H. Teyssèdre, S. Landis, S. Bos, L. Pain, M. Eibelhuber, W. Zorbach, C. Thanner, M. Laure, G. Mittendorfer, M. Wimplinger, "Assessment of the HERCULES 
platform through metrology, defectivity and overlay analysis", Invited Talk, 15th NNT International Conference, Braga, Portugal, September 2016 
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DSA Integration Challenges for Contact Hole & Via 
Patterning 
 

 

ABSTRACT:   
Directed-Self Assembly (DSA) patterning is a promising solution for advanced lithography as a complementary technique to 
standard and future lithographic technologies. In this topic, we focused on DSA graphoepitaxy process-flow dedicated for contact 
hole (CH) applications using dedicated block copolymers. The DSA-related defectivity investigation performed by SEM-review CPI
enabled us to achieve a dense (i.e., pitch 120nm) contact area superior to 0.01mm² free of DSA-related defects and CMOS 
compatible. This result represents more than 6x105 SEM inspected valid contacts, attesting the progress achieved over the last 
years and witnessing the maturity of the DSA in the case of contact hole shrink applications. 
 
SCIENTIFIC COLLABORATIONS: Arkema, STMicroelectronics, Screen, Brewer Sciences Industry, Tel, Mentor 

 

Context and Challenges 
Directed-Self Assembly (DSA) technology appears as a very 
attractive patterning approach for the fabrication of sub-10nm 
integrated circuits. This technique has established itself as a
cost effective process, able of generating size-controlled 
patterns compatible with current CMOS manufacturing 
processes. Prior to its potential transfer to the industrial mass 
production, the DSA needs to fully meet the specifications 
required by the IRDS roadmap for the advanced nodes
(uniformity, roughness, misalignment and defectivity). CEA-Leti 
and Arkema in association with the IDeAL multi-partnership 
program joined their forces to demonstrate the technological 
maturity of the DSA approach for contact hole applications. 

Main Results 
We investigated the DSA process stability and defectivity within 
our 300mm pilot line. The work is focused on CH application, 
using polystyrene-b-polymethyl-methacrylate (PS-b-PMMA) 
block copolymers (BCPs) based on a grapho-epitaxy process 
strategy. The pattern-densities-related defects usually 
encountered were overcome by employing the unique DSA 
planarization process patented by CEA-Leti and Arkema. We 
evaluated the performance of this innovative flow in terms of 
CD uniformity (CDU), misalignment (PE) and DSA-related 
defectivity (HOY) [1-4]. A dedicated methodology was 
implemented specifically for defectivity measurements. 
Therefore the evaluation of defectivity level was carried out on 
a 3 step process according to the detection sensitivity (related 
to the size of the defect) of the characterization technique and 
its speed of inspection (figure 1). 

 

Fig 1: Methodology implemented to evaluate DSA-related defects 
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Different defect types were identified (e.g. particle, missing 
contact, cluster of missing guide contacts, etc.). These defects 
can be related to the performance of guiding pattern lithography 
(figure 2), to the DSA process (self-assembly kinetics, surface
affinity controls of the guiding patterns) or also to the properties 
of the block copolymer itself (molecular weight, composition, 
etc.). 
After optimization, the best DSA process performances (CDU-
3σ = 2.6nm and PE-3σ = 1.3nm) were achieved with a CD 
equal to 17nm with a short annealing time of 2 minutes (figure 
3). In addition, the DSA-related defectivity monitored by SEM-
review tool enabled us to optimize the integration process in 
order to achieve a defectivity level below 0.01mm². This result 
represents more than 6.105 contacts, attesting the progress 
achieved over the last years and witnessing the DSA maturity 
for CH applications [5-6]. 

 

Fig 3: DSA process performances and associated top & cross 
section SEM views of CH shrink structure obtained with cylinder-

forming PS-b-PMMA BCP. 

Perspectives  
To be fully adopted by IC manufacturing, DSA technology 
needs to demonstrate a very low defectivity level at different 
steps of the process (DSA and etching). In a future work, DSA-
related defectivity will be evaluated at larger scale using 
dedicated tools (high speed, nanoscale sensitivity and 
inspected area up to square centimeters). We will also evaluate 
the performance of the process after transfer of the DSA 
patterns to the adjacent sublayers. 

RELATED PUBLICATIONS : 
[1] A. Gharbi et al., "Process highlights to enhance DSA contact patterning performances", Proc. SPIE 9777, Alternative Lithographic Technologies. VIII, 2016 
[2] A. Gharbi et al., "Process highlights to enhance directed self-assembly contact patterning performances", J. Micro/Nanolith. MEMS MOEMS. 15(4), 2016 
[3] S. Bouanani et al., "Placement error in directed self-assembly of block copolymers for contact hole application", J. Micro/Nanolith. MEMS MOEMS. 15(2), 2016 
[4] M. Argoud et al., "Graphoepitaxy DSA Process Versatility: Template Affinity Role", 33rd Int. Conference of Photopolymer Science and Tech., Japan, 2016  
[5] F. Delachat et al., "Defectivity monitoring for DSA contact hole application", DSA Symposium, Grenoble, France, 2016 
[6] R. Tiron et al., "Surface Affinity Control by Polymer Brushes for Direct Self-Assembly" AVS 63rd International Symposium and Exhibition, Nashville, US, 2016 
 

36



 
S I L I C O N  T E C H N O L O G I E S  A N D  C O M P O N E N T S  

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

DSA Integration for Line/Space Patterning 
 

RESEARCH TOPIC:  
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ABSTRACT:   
Directed-self-assembly of block-copolymers is one of the most promising solution for advanced patterning in sub-10nm technology 
nodes. For its high-resolution capability, cost effectiveness and process compatibility, DSA continues to attract the semiconductor 
industry. Using the 300mm pilot line available in Leti and the Arkema’s advanced materials, this work investigated DSA process 
development for line/space patterning of a 19 nm half pitch PS-b-PMMA through graphoepitaxy and chemoepitaxy processes. 
 
 
SCIENTIFIC COLLABORATIONS: Arkema, Screen, IMB-CNM, Fraunhofer-IISB, FP7- PLACYD and COLISA  

 

Context and Challenges 
Directed-self-assembly (DSA) of block-copolymers (BCPs) is 
one of the most promising solution for advanced patterning in 
sub-10nm technology nodes. For its high-resolution capability, 
cost effectiveness and process compatibility, DSA continues to 
attract the semiconductor industry. In this context, Leti and 
Arkema are working together in the frame of a multi-partnership 
program named IDeAL 

Main Results 
Using the 300mm pilot line available in Leti and the Arkema’s
advanced materials, this work investigated DSA process 
development for line/space patterning of a 38nm lamellar 
period PS-b-PMMA BCP (L38) through graphoepitaxy and 
chemoepitaxy processes.  
Defect analysis coupled with the fine tuning of process 
parameters (annealing, materials properties) provided the 
optimum conditions for the L38 self-assembly by graphoepitaxy 
process. Lithographic performances of the best selected 
process have been extensively evaluated (Fig. 1) with the 
comparison of process windows function of either 
commensurability, morphology or LWR [1-3]. This work served 
as a guideline for the optimization of both materials and the 
graphoepitaxy process baseline implemented within the 
300mm pilot line. 
 

 

Fig 1: DSA by graphoepitaxy of a 19 nm half pitch PS-b-PMMA. 
Top: CDSEM top view. Bottom: SEM cross section 

 
In addition, graphoepitaxy experimental results have been faced 
to simulation [4]. A model from guiding pattern lithography to 
DSA lithography has been calibrated and developed showing a 
good level of correlation (Fig. 2). This work opens promising 
ways for DSA process optimization and deeper understanding. 
 

 

Fig 2: DSA by graphoepitaxy of a 19nm half pitch PS-b-PMMA. 
CDSEM top view versus simulation 

Moreover, a chemoepitaxy DSA process has been also 
implemented at Leti through collaboration with the IMB-CNM
[5]. The chemical pre-patterns were generated by using electron 
beam lithography followed by an O2 plasma exposure in order 
to locally chemically modify materials towards neutral affinity. 
Multiplication factors ranging from 2 to 5 have been 
demonstrated for a L38 BCP (Fig. 3). 

 

Fig 3: DSA by chemoepitaxy of a 19 nm half pitch PS-b-PMMA 
depending on different guiding stripe pitches 

Perspectives  
Leti will continue to work on chemical affinity control and collect 
more statistical data in order to pursue its optimization of DSA 
process baselines (grapho & chemo)s. The developments will 
be even intensified around the chemoepitaxy process flow to 
push it in the range of the sub-10nm resolution with the high-chi
platform BCP materials. 

RELATED PUBLICATIONS: 
[1] G. Claveau et al., "Surface affinity role in graphoepitaxy of lamellar block copolymers", J. Micro/Nanolith. MEMS MOEMS, 15(3), 031604, 2016 
[2] G. Claveau et al., "The 300mm evaluation of a lamellar PS-b-PMMA for L/S applications with graphoepitaxy", EMRS Fall Meeting, Warsaw, Poland, 2016 
[3] G. Claveau et al., "The 300mm evaluation of a lamellar PS-b-PMMA for L/S applications with graphoepitaxy", DSA symposium, Grenoble, France, 2016 
[4] A. Erdmann et al., "Modeling study of 3D morphologies for a line multiplication process", DSA symposium, Grenoble, France, 2016 
[5] L. Evangelio et al., "Control of interface energies for implementing directed self-assembly of block copolymers in a 300mm pilot line", DSA symposium, 
Grenoble, France, 2016 
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Context and Challenges 
Hybrid III-V on silicon lasers for photonic integrated circuits 
paves the way to large bandwidth and high data rates needed 
for new communication requirements. This approach exploits 
the high benefits of silicon for the passive parts of circuits but 
also the highly efficient light emission properties of direct gap 
III-V semiconductors as InP or InGaAs. One of the challenge of 
this integration is the development of III-V dry etching 
processes compatible with CMOS technology [1].  

Main Results 
To satisfy CMOS integration requirements, the plasma process 
has to present: high III-V etch rate (>500 nm.min-1), anisotropic 
profiles, smooth bottom and sidewalls surfaces, high III-V 
selectivity versus SiN (used as hard mask) and SiO2 (used as 
bonding layer which protects the passive components).   
Several studies have been conducted to understand the III-V 
etching mechanisms on small size samples. High-temperatures 
are required to achieve good throughputs since the volatility of 
etch byproducts is enhanced above 150-200°C. Then two high 
temperature cathode ICP rectors (200mm and 300mm) have 
been embedded on the LETI platforms to conduct process 
development taking into account the state of the art. A 300mm 
III-V reactor has been then qualified. First developments 
investigated the Cl2/CH4/Ar plasma chemistry. The resulting 
pattern is shown in figure 1. he process window is so narrow 
that the process robustness is not sufficient for a suitable
industrialization strategy. 

 

Figure1: (a) FIB-SEM image of a typical III-V functional stack for 
LASER patterned in Cl2/CH4/Ar plasma. 

We investigated the Cl2/CH4/Ar plasma chemistry to better 
understand how it would be possible to enlarge this process 
window [2]. It has been demonstrated that the CH4 flow drives 
the process performance. For low CH4 flow, the III-V/SiO2 

selectivity is bad and the SiOx etch byproducts coming from the 
SiO2 bonding layer redeposit on III-V surfaces. This is favorable 
for the process anisotropy since it leads to SiOC passivation 
layers on the III-V sidewalls that prevent from lateral etching but 
it generates micro-masking on horizontal surfaces at the origin 
of the formation of pillars and surface roughness. By increasing 
the CH4 flow, the SiO2 etch rate is reduced and the SiOx 
redeposition on the III-V surfaces is decreased. For higher flow, 
the surface remains smooth but the III-V patterns start to be 
laterally etched. The passivation layers that form on the III-V 
sidewalls change from a SiOC to hydrocarbon like chemical 
nature, and the carbon polymer on the III-V sidewalls is 
permeable and cannot prevent from lateral etching. 
Other gas precursors have been also evaluated. HBr has been 
chosen since the volatility of InBr3 byproducts is higher than 
InClx, which leads to higher etch rates. Despite a higher etch 
rate and a better selectivity, the highly chemical character of 
HBr leads to lateral etching. Experiments have shown that CH4 
was the best candidate.  
The HBr/CH4 process has thus been optimized and can fulfill all 
the specifications of photonic III-V etching (straight sidewalls, 
etch rate 740 nm.min-1 and high selectivity). Figure 2 shows 
that the BKM HBr/CH4 process was successfully transferred to 
the functional stack. 

 

                        (a)                                          (b) 
Figure2: Optimized HBr/CH4 process on (a) InP bulk chip; (b) 

transferred on a functional stack chip 

Perspectives  
The supply of III-V reported on 300mm wafers planned in 2017 
will allow to validate the process on product wafers but also to 
evaluate its repeatability.  Furthermore, studies are in progress 
to better understand the etching mechanisms. 

III-V Etch Studies for Photonic Applications 
 

RESEARCH TOPIC:  
Research topic: III-V Materials, Hybrid III-V on Si LASER, Plasma 
etching 
 

AUTHORS:  
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ABSTRACT:   
Lorem ipsum dolor sit amet, consectetur adipiscing elit. Sed non risus. Suspendisse lectus tortor, dignissim sit amet, adipiscing 
nec, ultricies sed, dolor. Cras elementum ultrices diam. Maecenas ligula massa, varius a, semper congue, euismod non, mi. Proin 
porttitor, orci nec nonummy molestie, enim est eleifend mi, non fermentum diam nisl sit amet erat. Duis semper. Duis arcu massa, 
scelerisque vitae, consequat in, pretium a, enim. Pellentesque congue. Ut in risus volutpat libero pharetra tempor. Cras vestibulum 
bibendum augue. Praesent egestas leo in pede. Praesent blandit odio eu enim. Pellentesque sed dui ut augue blandit sodales. 
Vestibulum ante ipsum primis in faucibus orci luctus. 
 
SCIENTIFIC COLLABORATIONS: ultricies sed, dolor. Cras elementum ultrices diam. Maec 

RELATED PUBLICATIONS: 
[1] E. Ghegin,et al. “Challenges of contacts integration for III-V/Silicon heterogeneous Photonics architectures”, CSW, 2016 
[2] G. Gay et al.“Plasma etching of InP using Cl2/CH4/Ar for hybrid photonic integration on silicon”, PESM, 2016 
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Context and Challenges 
Nano-electro-mechanical systems (NEMS) have demonstrated 
record limits of detection in high-performance force and mass 
sensing. The limit-of-detection in resonating sensors is 
proportional to the measurement uncertainty of the resonance 
frequency. It is commonly accepted that this frequency stability 
is mainly affected by noise added to the signal amplitude 
(hereafter additive phase noise), ultimately by 
thermomechanical noise. It can also be affected by fluctuations 
in the device's overall mechanical response, inducing 
resonance frequency fluctuations (hereafter frequency 
fluctuations).  

Main Results 
In Figure 1 we plot the Allan deviation of published results that 
provide measurements for the frequency stability against the 
total mass of the different devices studied. The articles 
reviewed encompass a large range of dimensions (over 15 
orders of magnitude in device mass) and technologies. The 
reported frequency stabilities are compared with the limit 
imposed by the theoretical thermomechanical noise. 

  

Fig. 1 The frequency stability of resonators measured in the 
literature is on average 2.1 orders of magnitude greater than the 

thermomechanical noise-limited stability 
 

Despite the considerable experimental variety, Figure 1 shows 
a very clear picture: none of the studies reviewed attained the 
frequency stability limit set by thermomechanical noise. The 
experimental results were always at least an order of 
magnitude greater than the theoretical limit, and on average 2.1 

orders of magnitude greater. 
We investigated this discrepancy with our monocrystalline 
silicon nanoresonators. Using a novel correlation method, we 
showed that the new limit in frequency stability was due to the 
presence of resonance frequency (in the mechanical domain) 
fluctuations. We also showed that none of the sources of 
frequency fluctuations investigated so far theoretically can 
explain the level of the discrepancy (instrumentation noise, 
temperature effects, adsorption-desorption, duffing-Induced 
fluctuations, non-linear mode coupling, charge fluctuations).  
We have also showed that defects do not explain these 
fluctuations by using our new method with polysilicon 
resonators and different doping levels.  
 

 

Fig. 2 The frequency stability of our monocrystalline silicon NEMS 
resonators is limited by a source of frequency fluctuations. Allan 

deviation as a function of integration time. Dashed lines indicate the 
expected stability from the DR. The red line highlights the 

experimentally measured lower bound for frequency stability. Inset: 
SEM image of the NEMS resonator. 

 

Perspectives 
This study shows that several orders of magnitude can be 
gained in limit of detection and frequency stability of silicon 
resonators, for a wide range of applications. We will investigate 
further the physical origin of these fluctuations, by studying 
material, bulk and surface effects.  

 

Frequency Fluctuations in Silicon Nanoresonators 

RELATED PUBLICATIONS: 
[1] M. Sansa, E. Sage, E.C. Bullard, M. Gély, T. Alava, E. Colinet, A.K. Naik, L.G. Villanueva, L. Duraffourg, M.L. Roukes, G. Jourdan, and S. Hentz, 
“Frequency fluctuations in silicon nanoresonators”, Nature Nanotechnology, vol. 11, no. 6, pp. 552–558, 2016 
[2] M. Sansa, I. Ouerghi, M. Gely, T. Alava, T. Ernst, G. Jourdan, S Hentz, "Frequency fluctuations in mono – and polysilicon nanoresonators", NMC, Delft, 
2016 
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ABSTRACT:   
Frequency stability is key to the performance of nanoresonators. This stability is thought to reach a limit with the resonator’s ability 
to resolve thermally induced vibrations. Although measurements and predictions of resonator stability usually disregard 
fluctuations in the mechanical frequency response, these fluctuations have recently attracted considerable theoretical interest. 
However, their existence is very difficult to demonstrate experimentally. We have shown that all studies of frequency stability report 
values several orders of magnitude larger than the limit imposed by thermomechanical noise. We studied a silicon nanoresonator 
and found a similar discrepancy. We propose a new method to show that this was due to the presence of frequency fluctuations, of 
unexpected level. The fluctuations were not due to the instrumentation system, or to any other of the known sources investigated. 
These results challenge our current understanding of frequency fluctuations and call for a change in practices. 
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Nanoresonator Readout with Optomechanical 
Downmixing 
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ABSTRACT:   
An optomechanical downmixing measurement method, which enables motion readout at frequencies larger than the photodetector 
bandwidth, has been developed for nanomechanical resonators. Thermomechanical noise of a NEMS device can be acquired, 
while keeping the performance at a high level with respect to direct measurement. This technique allows employing low-noise 
photodetectors to readout high frequency motions, despite a lower bandwidth, leading to higher SNR for sensing applications. This 
method can be valuable for mass spectrometry, where both high displacement sensitivity and multi-mode operation are required 
 

SCIENTIFIC COLLABORATIONS: Matériaux et Phénomènes Quantiques, Université Paris Diderot 

Context and Challenges 
Nanomechanical (NEMS) resonators have demonstrated
unprecedented sensitivities for various sensing applications, such 
as Neutral Mass Spectrometry and high-resolution inertial 
imagers. Such performance result from an extreme 
miniaturization of the device, but lead to very high resonance 
frequencies and miniscule readout signals, while requiring the 
resonator to be operated on several modes simultaneously. On-
chip integration of optomechanical resonators, with CMOS-
compatible 200 mm standard silicon photonic process, can to a 
large extent, address these issues. However, high-bandwidth 
photodetectors typically provide a degraded noise floor with 
respect to low frequency ones. We therefore propose an 
optomechanical downmixing technique [1, 2], which allows 
achieving optimal Signal to Noise Ratio (SNR), while transporting 
the measurement signal at arbitrarily low frequencies. 

Main Results 
The device is a crystalline silicon cantilever that interacts with the 
evanescent field of a laser beam that propagates in a ring
resonator (Fig. 1), designed to operate at a wavelength around 
1550 nm. Light power is modulated by the NEMS, which is 
electrostatically actuated, and then fed to a photodetector, 
connected to a lock-in amplifier. Direct optical measurement
scheme consists of keeping constant the optical power 	�� at the 
device input. In the downmixing scheme, this power is modulated 
at a frequency �� close to the mechanical resonance frequency. 

Figure 1: Downmixing measurement scheme. Inset: SEM image of 
the NEMS coupled to a ring optical resonator 

When the mechanical resonator vibrates at	�, the output power is 
the result of the mixing of two signals: the modulated intensity of
the laser beam and the modulated motion of the NEMS 
resonator. The mechanical displacement is then transduced at an 
arbitrary low frequency	Δ� � � � ��, here typically 100 kHz. 

The responses of the first three mechanical modes of the device
shown in Fig. 1 are shown In Fig. 2. Downmixing readout proves 
that the third mechanical mode can be acquired at 278MHz using 
a photodetector with limited bandwidth (125MHz) but excellent
noise detection threshold (Noise Equivalent Power NEP=2.5 
pW/√Hz). As a result, thermomechanical noises can be read for 
the three modes. For such mechanical frequencies, the direct
approach would require a photodetector with higher bandwidth
(typically 1GHz) but with a typical NEP around 20 pW/√Hz. The 
analysis of the two signal conditioning chains has showed that 
the SNR is substantially larger for the downmixing readout 
scheme. This improved SNR is a prerequisite for frequency shift 
based applications.  

Figure 2: Optomechanical downmixing readout of the responses for 
the first three mechanical modes 

Perspectives 
The detection of mechanical modes located above the 
photodetector bandwidth, along with noteworthy SNR, highlights 
the major interest of the downmixing technique applied to 
optomechanical detection. By shifting the signal frequency down 
to an arbitrary bandwidth, this technique makes it possible to 
optimize the signal conditioning chain, besides the photodetection 
component, in the context of on chip integration of signal 
processing unit. For instance, the possibility to investigate very 
high frequency mechanical modes simplifies the way to operate 
multimode resonance frequency tracking required for mass 
spectrometry sensing. 

RELATED PUBLICATIONS: 
 [1] L. Leoncino, et al. "Optomechanical nanoresonator readout with optical downmixing". IEEE International Frequency Control Symposium, IFCS 2016 
[2] L. Leoncino, et al. "Optomechanical downmixing for nanoresonators". Workshop on Nanomechanical Sensing, NMC 2016 
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M&NEMS Technology: from Inertial Sensors  
Towards Acoustic and Pressure SensorS 

RESEARCH TOPIC:  
MEMS, NEMS, microphone, photo-acoustic gas sensor, pressure 
sensor  

Context and Challenges 
CEA-LETI has developed a concept named M&NEMS. The basic 
idea is to combine in a same device, micrometric elements, 
sensitive to external force, with nanometric silicon nanowire strain 
gauges. Very low cost and high performance 3D inertial sensors 
have been achieved based on this concept. Acoustic sensors 
such as microphones or photo-acoustic gas sensors and 
pressure sensors can also be developed according to this 
concept, making the M&NEMS technology an universal platform. 

Main Results 
Modeling, design and technology developments were carried out 
to develop new sensors using the M&NEMS technology: they are 
presented below successively for an acoustic transducer 
embedded in microphones and photo-acoustic gas sensors and
for a pressure sensor. 

On the contrary of most microphones generally constituted of an 
oscillating membrane, the microphone and the photo-acoustic 
gas sensors [1,2] have an original architecture formed of 
mechanical structures moving in the plane of the substrate and
planar nanogauge detection. They have been modeled taking 
into account fluid-structure coupling including thermoviscous 
effects. Sensitivity curves obtained by numerical simulation of the
simplified micro-system are similar to those obtained from the
analytical lumped model. Influence of the geometrical parameters
on the sensitivity was also studied (Fig. 1). 

 

Figure 1. Variation of the pressure sensitivity with the back volume (13 
mm3, 8 mm3 and 3 mm3) 

For the first time, the design of an ultra-compact, highly linear
membrane based pressure sensor [3] with mechanical
amplification and suspended nanogauges has been
experimentally validated (Fig. 2). The nanogauges being
suspended and structurally protected from the external
environment, it can be used in high temperature and harsh
environments. Unidirectional and amplified stress on the
nanogauges allows drastic miniaturization (0.12mm² footprint for 
a 1 bar structure). In addition, the M&NEMS technology used for 
the manufacturing enables its direct co-integration with inertial 
sensors. 

 

Figure 2. Output voltage of a packaged sensor versus pressure and 
its sensitivity variation vs temperature 

Perspectives 
Concerning the acoustic sensors, the microfabrication process 
necessary to build such architecture is now carried out at CEA-
LETI. The developed models have provided a better 
understanding of the physical mechanisms involved and the
important parameters of these new sensors. The experimental
characterization of first prototypes will permit to validate the 
models presented.  

For the three sensors discussed in this sheet, co-integration with 
inertial sensors will be also demonstrated. Moreover, the
photoacoustic cell with acoustic detection is a promising step 
towards full integration of gas sensors into silicon process. 

AUTHORS:  
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ABSTRACT:   
The so-called M&NEMS technology, initially developed for 3D inertial sensors, is enlarged to other sensors such as acoustic and 
pressure sensors. In this sheet, 2016's achievements in the design, modeling, fabrication and test of these sensors are 
summarized, especially thorough vibroacoustic modeling of the acoustic sensors, and first pressure response measurements of the
ultra-compact and highly linear absolute pressure sensor. 
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High Efficiency NEMS Mass Spectrometry 
Architecture 

RESEARCH TOPIC:  
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ABSTRACT:   
We demonstrate the detection of high mass nanoparticles using nano-electromechanical resonators with a transfer efficiency 
significantly higher than previously achieved. Using a surface acoustic wave nebulizer, polystyrene nanoparticles (2.65 MDa) were 
transferred to the NEMs and focused into a 2-4 mm spot with efficiencies in the range 10-90%, and mass spectra generated. As the 
mass resolution of the NEMS is insensitive to the mass of the particles, unlike conventional mass spectrometers, the resolving 
power of the device effectively increases with the analyte mass, which have been measured up to several hundred MDa. 
 

SCIENTIFIC COLLABORATION: CEA-DRF 

Context and Challenges 
Of all analytical techniques, Mass Spectrometry (MS) has 
exhibited the fastest growth over the past two decades and is 
now recognized as an essential tool in a variety of fields of 
modern research. After ionization of the analytes of interest, the 
spectrum generated is interpreted as a function of the mass-to-
charge ratios of the corresponding ions. Routine use of MS in the 
MDa to GDa range remains challenging because, in this mass 
range, MS analysis requires a large number of charges per 
particle. Moreover, it has been estimated that only one analyte 
ion out of 103-105 generated at ambient pressure is generally 
detected. Nano-electromechanical resonators (NEMS) are ideally 
suited for sensing in this mass range, but the possibility to 
efficiently analyze high mass biological species with NEMS-MS 
remains elusive.. 

Main Results 
A system was designed to measure biological particles by 
nebulizing samples from the liquid phase and coupling the 
particle beam to NEMS detectors under vacuum with much 
higher transfer efficiency than previously demonstrated.  
 
Analytes were nebulized using Surface Acoustic Wave 
Nebulization (SAWN) and introduced into the vacuum system 
through a heated capillary. The particle stream was then focused 
using an aerodynamic lens (i.e. a series of apertures) and the 
beam directed to the NEMS detector. The system was 
characterized using 20 nm polystyrene nanoparticles (~2.65 
MDa) and blue dextran colloidal solutions (~2 MDa), with 
observed masses of 2.70 and 2.10 MDa respectively. This 
agreement is an excellent indication that the species were 
nebulized intact, and constitutes the first demonstration of 
nebulization of such high mass analytes by SAWN. As shown in 
Fig 1, particle aggregates were also observed in smaller
abundance, and masses as high as several hundred MDa have 
been detected. The measurement resolution, given by the 
frequency noise, was independent of the measurement range, 
which implies that the resolving power (m/∆m) increased with the 
analyte mass.  
 
In order to increase the effective capture area and hence 

efficiency of the system, frequency addressed arrays of NEMS 
were used. Individual resonators perform with similar mass 
resolution both individually and within the array, however this 
technique is currently limited to 10’s of resonators.

 

Fig 1: Mass spectrum for 20 nm polystyrene nanoparticles 
 

In summary, a system architecture has been designed and 
implemented to measure high mass particles using NEMS in 
combination with nebulization and focusing elements with high 
efficiency, and a measurable mass range of 0.1-500 MDa. 
Measurements of nanoparticles using both single particles and 
arrays have been demonstrated. Measurements on both arrays 
and single resonators show total transfer efficiencies on the order 
of 10% [1,2].   In the future, large CMOS-integrated arrays will be 
demonstrated in the NEMS-MS system. The use of the system to 
image massive biological species is under way 

Perspectives 
A dedicated architecture for the analysis of high mass biological 
particles using arrays of NEMS offers the potential of new 
analytical capabilities and limits-of-detection several orders of 
magnitude lower than today’s technology. These features could 
help elucidate unsolved questions in various fields, such as the 
study of new materials, or easily-dissociated, poorly soluble 
membrane proteins in structural biology. A similar combination 
could also be used to monitor nanoparticle levels in the 
environment and residual diseases in real-time. 

 

RELATED PUBLICATIONS: 
  
[1] S. Dominguez Medina, S. Fostner, et al, "System Architecture for Neutral Mass Spectrometry using nanomechanical Resonators", JFSM, Bordeaux, 2016  
[2] S. Fostner, S. Dominguez Medina, et al, "System architecture for charge-independent mass spectrometry using nanomechanical resonators", ASMS, Orlando, 2016 
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Context and Challenges 
Mass spectrometry based on nanomechanical resonators 
(NEMS-MS) has been proposed as an attractive alternative to 
commercial mass spectrometry techniques, which are limited to 
the analysis of low mass species (typically <1MDa). However, 
the small surface area of the NEMS translates into a small 
number of sensing events, resulting in long analysis times. 
Moreover, we have recently shown that the limit of detection of 
nanoresonators is degraded by several orders of magnitude 
with respect to the theoretical limit.  
The small sensing area of NEMS-MS can be circumvented by 
using arrays: each NEMS then acts as a pixel of the sensor, 
multiplying the sensing area without a loss of performance. 
Currently, the pixel density in this configuration is limited by the 
footprint of the readout electronics for each individual NEMS.  
The limit of detection of NEMS-MS is in general limited by the 
signal-to-noise ratio of the sensor: the best limit of detection is 
attained by operating the NEMS at the limit of their linear 
behavior. The nonlinear regime of the NEMS is generally 
avoided, as it entails a hysteretic behavior, complex to use in 
sensing applications.  

Main Results 
To address the sensing area problematics, we developed a 
novel feedback loop topology, with the objective to reduce the 
footprint of the readout electronics and increase the pixel 
density. This circuit is an evolution of the heterodyne down-
mixing method previously developed in the laboratory, but here 
 

Fig. 1 Left: set-up topology. Right: the novel set-up does not 
degrade the stability of the resonator 

we eliminate a mixer by taking advantage of the quadratic 

voltage-to-force characteristics of electrostatic actuation [1]. We 
implemented this set-up using discrete components, and 
demonstrated that it does not degrade the NEMS' performance 
(Fig. 1). Moreover, we demonstrated time-multiplexed multi-
mode operation of the resonator (required for NEMS-MS 
applications) with a switching time in the order of milliseconds.  
 

Fig. 2 Left: principle of the non-linear measurement. Right: 
measurement of Induced resonance frequency shifts (DW). 

 
In order to improve the limit of detection of NEMS-MS we 
implemented a novel method of detection specifically designed 
to work in the non-linear regime of the resonator, therefore 
increasing the maximum signal level [2]. The method is based 
on a modelling of the hysteretic response of the resonator in 
this regime (Fig. 2). We implemented a proof of concept of the 
technique, and were able to measure shifts in the resonance 
frequency of the resonator while multiplying by three the signal 
level with regards to linear operation.  

Perspectives 
The novel measurement methods described here address two 
of the main obstacles to the commercialization of NEMS-MS: 
their reduced capture area and limit of detection. The reduction 
of the footprint of the readout circuitry will allow to multiply the 
sensing area and reduce the measurement time, while
maintaining the performance of the individual NEMS. Moreover, 
the development of non-linear measurement techniques may 
represent a way to improve the limit of detection of NEMS-MS. 
For this, closed loop topologies adapted to the non-linear 
regime have to be developed.  

 

New Sensing Schemes for NEMS Resonant 
Sensing 

RESEARCH TOPIC:  
NEMS, MEMS, Oscillator, Mass Sensor, Nonlinear sensing, 
Nanoresonator 

AUTHORS:  
M. Sansa, G. Gourlat, G. Jourdan, M. Gely, P. Villard, G. Sicard, 
S. Hentz  

 

ABSTRACT:   
Physical sensors based on nanomechanical resonators, such as force, mass or gas sensors, have the potential to become an 
integrated alternative to conventional techniques. In particular, NEMS hold great promise for Mass Spectrometry of single massive 
species, as well as high resolution gas sensing. We developed two new sensing schemes to improve the performance of NEMS 
mass sensing with respect to more conventional resonant techniques in order to circumvent limitations in resolution or analysis 
time. 

RELATED PUBLICATIONS: 
[1] M. Sansa, G. Gourlat, G. Jourdan, M. Gely, P. Villard, G. Sicard, and S. Hentz, “Compact heterodyne NEMS oscillator for sensing applications”, Solid-
State Electronics, vol. 125, pp. 214–219, 2016 
[2] M. Sansa, V.-N. Nguyen, C.-H. Lamarque, R. Dufour, and S. Hentz, “Real time sensing in the non-linear regime of NEMS resonators”, 2016 IEEE 29th 
International Conference on Micro Electro Mechanical Systems (MEMS), pp. 1050–1053, 2016 
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Non-Conductive Magnetic Nanocomposite 
Films for RF On-Chip Inductors 
 

RESEARCH TOPIC:  
 RF inductors, magnetic materials, nanocomposites  

AUTHORS:  
B. Viala, M. Bertucci, B. Reig, J.L. Pornin, J.H. Tortai (CNRS-
LTM) 

 

ABSTRACT:   
Novel non-conductive magnetic nanocomposite films were developed for 200mm BEOL integration with On-Chip RF spiral 
inductors. Outstanding RF properties were found (isotropic permeability, no-loss at high frequency). We showed an increase of the 
inductance value of 17% with respect to the air-inductor which is a state of art result. Additionally, there was no degradation of the 
quality factor at 2 GHz. This is the decisive advantage of the metal-polymer nanostructure which ensures non-conductive properties 
at high frequency. Finally, the wet deposition technique used with metal-polymer nanocomposite ensured excellent step coverage 
with the spiral inductor. 

 

Context and Challenges 
Metal-polymer magnetic nanocomposites have already shown 
outstanding RF properties with high-frequency permeability and 
no loss. State of art scientific results have been published in [1, 
2]. Beyond this, important pioneering technological progress have 
to be made towards 200mm BEOL integration. Two main 
challenges are to be met with the achievement of stable 
suspension (~1h) and uniform film deposition on 200mm wafers  

Non-conductive magnetic nanocomposite films are very attractive 
for the miniaturization of back-end On-Chip high-Q RF inductors 
as they can directly encapsulate the spiral. Additionally, metal-
polymer nanocomposite are deposited by wet technique which 
allows step coverage (not feasible with using sputtering 
techniques). 

The aim of this work was to achieve thicker films (by a factor 10) 
than those previously produced on laboratory scale and to 
deposit them on 200mm wafers (world premiere). 

Main Results 
Stable suspensions (1 hour) of carbon-coated cobalt 
nanoparticles (Co/C) and polystyrene (PS) have been prepared 
by sonochemistry using PGMEA as a solvent (BEOL compatible). 
PGMEA is currently used for polymer wet deposition. For the first 
time, very large quantities of nanoparticles (grams) have been 
used in order to spin coat 200mm wafers. Conventional spin 
coating techniques of the resins are no longer suitable. Then, the 
technique has been completely revised. Alternative methods
(dynamic dispense, pendular coating, multilayers coating) have 
been developed to increase film-thickness and guaranty good 
wafer-uniformity. 

The results obtained on 200mm flat substrates were very 
encouraging. The achieved thickness was in the range of 15 to 
30 µm. 

Then, the non-conductive magnetic film has been successfully 
deposited on top of BEOL On-Chip RF spiral inductors (from 
ALTIS Semiconductor). We obtained excellent step coverage as 
shown in Fig.1, and the filling of the inter-turns was very good.  

The unique feature of the nanocomposite material (isotropic 
permeability) is perfectly adapted to the encapsulation of spiral 

inductors with a single coating which cannot be realized with 
conventional sputtered magnetic films (highly anisotropic).The 
increase of the inductance value was 17% with respect to the air-
inductor which is a state of art result. 

It is also concluded that there is no degradation of the quality 
factor at 2 GHz. This is the decisive advantage of the metal-
polymer nanostructure which ensures non-conductive properties 
at high frequency. 

Fig.1 MEB cross-section image of Co/C-PS nanocomposite film on 
top of BEOL RF inductors (from ALTIS semiconductor). 

Perspectives 
The prospect now is to facilitate the etching the metal-polymer 
nanocomposite which is a highly heterogeneous material. Two 
routes are investigated. One is the micro-stamping techniques 
based on thermoset polymers (PS), the other is direct UV-laser-
writing based on photo-polymer. Preliminary results by replacing 
PS by SU-8 (negative epoxy based photoresist used for MEMS) 
are very encouraging. 

 

RELATED PUBLICATIONS: 
[1] Takacs, H., Viala, B., Tortai, J. H., Hermán, V., & Duclairoir, F., "Non-conductive ferromagnetic carbon-coated (Co, Ni) metal/polystyrene nanocomposites films",  
Journal of Applied Physics, 119(9), 093907, 2016 
[2] Takacs, H., Viala, B., Hermán, V., Tortai, J. H., Duclairoir, F., Ramos, J. A., & Tallec, G., "Non-conductive ferromagnets based on core double-shell nanoparticles for 
radio-electric applications", Springer Plus, 5 (1), 496, 2016 
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P O W E R  &  E N E R G Y  

• Advances in the Epitaxial Growth of 

GaN Based Layers on 200mm Silicon for 

High Power Transistors 

• Implementation of Vertical Power 

Devices 3D Packaging on 8-Inches Si 

Wafers 

• Homo-Junction Silicon Solar Cells 

Doping : from Diffusion to Plasma 

Immersion Ion Implantation 

• New III-V Multi-Junction Solar Cell 

Prototypes  
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Advances in the Epitaxial Growth of GaN 
Based Layers on 200 mm Silicon for High 
Power Transistors 

RESEARCH TOPIC:  
Development of 200 mm GaN on silicon substrates for high 
power device fabrication 

AUTHORS:  
M. Charles, R. Bouveyron, J. Kanyandekwe, R. Bouis, Y. Baines, 
S. Bos, R. Escoffier, G. Garnier, W. Vandendaele 

 

 

ABSTRACT:   
We have continued the development of our CMOS compatible 200 mm GaN on silicon substrates, with improvements in two areas. 
The first development identified a "killer defect" in layers defined for 600 V applications, with inverted pyramid defects shown to 
severely impact breakdown voltage. Using simulations, we found that the effect was caused by the geometry of the defects 
increasing the electric field peak value. By optimizing our defect detection tool recipes, we were able to link the AlN nucleation layer
growth conditions to the density of these defects. This enabled us to fabricate wafers with excellent vertical leakage characteristics 
with large surface area equivalent to a 100 A discrete device. The second development produced a high quality barrier layer of InAlN 
in order to reduce the channel sheet resistance, with the potential to reduce the on-state resistance of high power components. 

Context and Challenges 
LETI has developed 200 mm diameter GaN on silicon substrates 
in order to produce devices for high power applications in CMOS 
compatible fabrication plants. For both diodes and transistors, we 
require layers with low leakage current and high mobility channel 
regions. Our previous work showed low values of vertical leakage 
current in our substrates, and it is important to ensure this 
performance is maintained over the entire wafer, for large surface 
area devices which are capable of high current switching.  
In parallel, it is important to reduce the device resistance, giving 
the potential to reduce the device size, and therefore the cost of 
components.  

Main Results 
We have identified a specific defect, as shown in the scanning 
electron image in the inset of figure 1 as a "killer defect". This is 
known as an "inverted pyramid" and we have shown that it 
causes a significant degradation of the breakdown voltage of our 
GaN on silicon substrates. Following this analysis, we performed 
simulations of these defects and found that the primary effect was 
caused by the geometry of the electric field, as shown in the main 
image of figure 1, where the right hand image is a zoom of the left 
hand side. In particular we notice that the electric field is 
extremely high at the point of the defect, and this reduces the 
typical breakdown voltage of over 800 V to less than 400 V. 
 

Figure 1: scanning electron microscope image of inverted pyramid 
defect, and simulations of the electric field around these defects. [1] 

 

Following this, the recipe of our defect detection metrology tool
was optimised to allow correlation of the density of these defects 
to the epitaxial growth conditions. 

  

Figure 2: Graph left showing relationship between wafer bow and 
defect density, with the temperature of the nucleation layer shown by 

the color of the data points. Right, vertical current density versus 
vertical voltage measurements of 100 test structures on a 200 mm 

GaN on silicon wafer. [2] 
 

Reducing the temperature of the AlN nucleation layer was shown 
to significantly reduce the density of these defects. Although this 
also made the wafer bow more concave as shown in figure 2, we 
could keep the bow of the 200 mm wafers within the specification 
of ±50 µm with a defect density <10 /mm².  
We then tested an entire wafer to measure the leakage current, 
finding all except one of the test devices had a breakdown 
voltage higher than   700 V (specification 600 V) and a vertical 
leakage current density less than 1 µA/mm² at 600 V for all of 
these points. This is an excellent value for such large area test 
structures (18.7 mm²) and this size would allow the production of 
devices capable of passing a current of 100 A. 
To reduce the channel resistance, we have developed InAlN 
barrier layers without gallium contamination, which are lattice 
matched to GaN, and which give a channel sheet resistance of 
240 Ω/sq, vs 300 Ω/sq for standard AlGaN barrier layers [3]. 

Perspectives 
With these improvements to 200 mm GaN on silicon substrates
and reduced channel resistance, we will be able to further 
improve the current devices, while increasing the yield and 
reliability of devices and enabling the fabrication of large current 
devices. This is a key development to take full advantage of 
working on 200 mm diameter silicon wafers compatible with 
LETI's CMOS cleanroom. 

RELATED PUBLICATIONS: 
[1] Charles M., Bavard A., Baines Y., Bouis R., Escoffier R., "Developments in understanding the nucleation of AlN on silicon by MOCVD and its effects on defects", 
Phys. Status Solidi A, 1 – 6, 2016  
[2] Charles M., Baines Y., Bos S., Escoffier R., Garnier G., Kanyandekwe J., Lebreton J., Vandendaele W., "The effect of AlN nucleation temperature on inverted 
pyramid defects in GaN layers grown on 200 mm silicon wafers",  Journal of Crystal Growth, doi.org/10.1016/j.jcrysgro.2016.11.049, 2016 
[3] R. Bouveyron, M.B. Charles "Growth by MOCVD of In(Ga)AlN alloys, and a study of gallium contamination in these layers under nitrogen and hydrogen carrier gas", 
Journal of Crystal Growth / doi.org/10.1016/j.jcrysgro.2016.11.013, 2016 
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Context and Challenges 
In terms of topologies, interleaved power converters are an 
interesting solution to minimize power losses and to reduce 
significantly the needed filtering elements (for volume and cost). 
In terms of packaging, the 3D solution is interesting because if 
offers best electro-magnetic compatibility (EMC) compared to 
standard planar module (2D) with the same thermal 
performances. The standard module design and manufacturing 
process are based on power devices assembly at chip scale. 
Despite the fact that this standard process is well-known and 
robust, it shows its limits when integrating numerous devices and 
interconnections layers in a 3D integration scheme.  

To fill this gap, we propose a wafer-level 3D packaging approach, 
coupling the power devices design with their associated package. 

Main Results 
Our packaging approach to assemble a true 3D power 
electronics module at wafer level is presented on Fig 1. A thick 
and patterned copper (Cu) leadframe is bonded between a top 8'' 
wafer with diodes and a bottom 8'' wafer with nMOS devices to 
form a switching cell. The entire stack is then diced revealing the 
electrodes on the module edges. The module is ready to be 
soldered onto an electronic circuit like a Printed Circuit Board. 

 

Fig 1: Fabrication process steps of our 3D power module 
 

The benefits of our approach are multiple: 1. to get rid of wire 
bondings and associated reliability issues 2. to minimize the 
parasitic inductances of the switching cell 3. to enhance the EMC 
4. to offer double side cooling at module scale and 5. to maximize 
production yields using collective fabrication techniques. Specific

developments have been achieved to this goal:  

- A 500 µm-thick copper wafer has been precisely patterned to be 
consistent with power devices layout and a specific chemical and 
mechanical polishing (CMP) process has been developed to 
allow the direct wafers bonding. 

- Power devices have been designed and fabricated with a 
specific architecture to make them compatible with a full-wafer-
level 3D assembly. They are designed with large landing surface 
in Cu to ease the leadframe interconnect and to allow the Cu-Cu 
bonding. The device edges are terminated with vertical deep 
trenches to insulate each device on the wafer. Power devices 
were tested and showed electrical characteristics in good 
accordance with state-of-the-art Si-based vertical power devices 
giving us the opportunity to step forward to the 3D packaging. 

 

Fig 2: Left- Polished and patterned 8'' bulk Cu leadframe. Right- 8'' 
Si/Cu/Si wafer sandwich and associated Scanning Acoustic 

Microscopy images at each Cu-Cu bonding interfaces. 
 

- The copper bonding technique was successfully tested on a 3D 
stack with an unpatterned copper leadframe. The key points are 
to keep the stack symmetric in order to eliminate the deformation 
due to the difference in thermal expansion (Si vs Cu): the 3 
wafers are bonded simultaneously. Very encouraging results, 
with 68% bonded area at the top interface and 95% bonded area 
at the bottom interface, are obtained.  

Perspectives 
Specific power devices compatible with a 3D packaging, 
leadframe preparation and double direct copper bonding were 
successfully developed. The further objective will be to implement 
the 3D original power module in a power converter to 
demonstrate the EMC benefits. 

Implementation of Vertical Power Devices 
3D Packaging on 8-Inch Si Wafers 

RESEARCH TOPIC:  
3D power module, wire-bond-less module, wafer-level packaging, 
metallic leadframe, direct copper bonding 

AUTHORS:  
J. Widiez, B. Letowski, K. Vladimirova, N. Rouger (G2ELab), 
JC. Crébier (G2ELab), M. Rabarot, W. Vandendaele  

 

ABSTRACT:   
We work on a wafer-level fabrication process of 3D power module based on 8-inch Si wafer devices and 8-inch metallic bulk 
leadframe. This approach relies on the intermixing, at design level, of the packaging process with the front-end fabrication of the 
power devices. The specific processes to obtain functional power devices and the metallic bulk leadframe manufacturing are 
essential key enablers of this packaging approach. Specific power devices compatible with the 3D packaging approach, leadframe 
preparation and double direct copper bonding were successfully developed. These developed processes are important 
technological achievements in the realization of innovative 3D power modules at wafer level. 
SCIENTIFIC COLLABORATION: G2ELab 
 

RELATED PUBLICATIONS: 
[1] B. Letowski, J. Widiez, M. Rabarot, W. Vandendaele, B. Imbert, N. Rouger and J-C. Crébier, "Towards vertical power device 3D packaging on 8-inch wafer", 
Proceedings of the 2016 28th ISPSD, p. 136-138, 2016 
[2] B. Letowski, J. Widiez, N. Rouger, M. Rabarot, W. Vandendaele, B. Imbert and J-C. Crébier, "Mise en place d'un packaging 3D collectif de composants de 
puissance à structure verticale", Symp. de Génie Electrique (SGE) 2016 
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Homo-junction Silicon Solar Cells Doping: 
from Diffusion to Plasma Immersion Ion 
Implantation 
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ABSTRACT:   
The doping of n-type silicon solar cells via ion implantation was investigated in order to evaluate the benefits of this technique to 
replace diffusion anneal doping process (INES reference at 20% of efficiency). After optimization of both implantation and
activation process, good yield was reached using beam line ion implantation with a record cell of 20.33% efficiency. Then, we 
investigated the doping by plasma immersion ion implantation. Firstly, hybrid cells were fabricated using both implantation 
techniques and a maximum efficiency of 19.8% was obtained. First cells fully doped by plasma have shown promising results 
with a yield of 18.8%. These results have motivated the installation of a plasma implanter tool dedicated to PV at INES. 
 

SCIENTIFIC COLLABORATION:   CEA-INES 

Context and Challenges 
During the past decades, the main objective of the silicon 
based photovoltaic industry was to reduce the global production 
cost of a solar cell, in order to render it competitive with other 
alternative energies. Such objective can be attained by 
increasing the efficiency of solar cells or by simplifying their 
fabrication process.  
A promising solution is to replace the currently used diffusion 
processes by an ion implantation technique in the doping 
routine. Indeed, the number of process steps related to doping 
can be reduced by 4 steps for ion implantation in comparison to 
the 7 steps needed for doping by diffusion (Fig. 1). 
 

 

 
Figure 1:  Scheme of the process flows used to fabricate n-type Si 

solar cells 

Main Results 
First studies were performed using Beam Line Ion 

Implantation (BLII) to dope both sides of the cell followed by a 
single annealing at 1050°C. 19.7% of efficiency was reached, 
which is slightly lower than maximum efficiency of reference 
cells doped via standard diffusion.  
That was attributed to a too high P diffusion during high 

temperature anneal necessary to achieve a good boron 
activation. To improve surface contact and limit P diffusion, front 
and rear side activations were separated using an adapted 
annealing for each dopant. This optimized process allowed us 
to reach an average of 20.2% efficiency with a record cell at 
20.33% [1-2]. 
Despite promising yield results obtained using BLII, this 
implantation technique is not yet competitive in the PV industry, 
especially in terms of throughput versus cost. Plasma 
immersion ion implantation (PIII) can overcome this issue. 
However, even if plasma implanters are simpler, processes are 
more complex to develop.  
In fact, in PIII a large number of plasma parameters can 
influence the final implanted species profile and dose. We 
developed boron front side using B2H6 as precursor gas [3] and 
phosphorus rear side using PH3.  
 
To switch from the BLII to the PIII doping techniques, we used 
an intermediate step fabricating hybrid cells with boron 
implanted by PIII and phosphorus by BLII.  
Finally, in the aim to only use PIII technique, cells fully doped by 
plasma were fabricated. sums up cell efficiencies obtained with 
different doping techniques.     
 

Process 
Doping technique 

Diffusion BLII BLII+PIII PIII 

η (%) 
20 

(INES reference) 20.2 19.8 18.8 

 
Perspectives 
In the future, the ideal industrial technology for the fabrication of 
n-type PERT silicon solar cells will be to combine PIII doping 
techniques on both sides with one single annealing. For cells 
fully doped by PIII process, 18.8% of efficiency are encouraging 
results. Therefore a PIII semi-production tool dedicated to the 
PV, the PULSION® Solar equipment from IBS (Ion Beam 
Services), has been acquired and runs at INES nowadays. 

 

RELATED PUBLICATIONS: 
[1] Coig M., Milési F., Lerat J.F., Desrues T., Le Perchec J., Lanterne A., Lachal L., Mazen F., "New processes for homojunction silicon solar cells doping: from beam 
line to plasma immersion ion implantation", 16th International Workshop on Junction Technology (IWJT2016), art. no. 7486671, pp. 44-50, 2016 
[2] Milési F., Coig M., Lerat J.F., Desrues T., Le Perchec J., Lanterne A., Lachal L., Mazen F., "Homojunction silicon solar cells doping by ion implantation", 20th Int. 
Conf. on Ion Beam Modification of Materials - IBMM2016, accepted for publication, 2016 
[3] Lerat J.F., Desrues T., Coig M., Milési F., Mazen F., Veschetti Y., Le Perchec J., Michel T., Roux L., Dubois S., "Boron emitter formation by plasma immersion ion 
implantation in n-type PERT silicon solar cells", Energy Procedia 92, p 697-701., 2016 
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New III-V Multi-Junction Solar Cell Prototypes 
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ABSTRACT:   
Within the framework of a french-german collaboration (Virtual Lab) a new kind of solar cell have been designed and realized. 
Based on both partner specific skills and know-how these cells combine III-V Multi-Junction Solar Cells (MJSC) and Through 
Semiconductor Vias (TSV) technologies leading to world-wide first fully functional III-V Metal-Wrap-Through MJSC prototypes. It 
opens now ways to further developments to address more specifically high performance applications such as terrestrial High 
Concentration PhotoVoltaic (HCPV) ones or space power supplies. 
 

SCIENTIFIC COLLABORATION: Fraunhofer - ISE 

Context and Challenges 
Photovoltaic technology is an essential component to transform 
today's carbon-based energy into renewable and sustainable 
energy sources. III-V multi-junction solar cell technologies figure 
as the more efficient to convert light to electricity, especially under 
concentration. But the higher the concentration is the higher is the 
generated photocurrent increasing ohmic resistive losses. Thus 
front side solar cell's metallization design is a key parameter for 
HCPV applications and result from a challenging tradeoff 
between metal contact section maximization and shading 
minimization.  

It has led to the development of Metal Wrap Through (MWT) 
architecture in silicon photovoltaic domain consisting in front side 
contacts transfer on back side through the cell by insulated holes 
filled with metal. However, benefits appeared too weak compared 
to implied over costs. In parallel several conceptual studies 
demonstrated that its application to III-V multi-junction could be 
far more interesting but also very complex. Until now such device 
had never been demonstrated. 

Main Results 
As a full back side contact technology is extremely challenging an 
intermediate cell's architecture have been designed (Fig.1) to 
evaluate the most critical process steps: via holes formation, 
insulation and metallization within III-V epitaxial multilayers, 
layers transfer on a conductive receiver and GaAs substrate 
removal, front side metallization and trenches etching for cell's 
insulation. 

 

Figure 1: III-V MWT prototype cross-section scheme 

Prototypes have been realized in a coordinate way using both 
partner's technological platforms with double junctions         
GaxIn1-xP/AlyGa1-yAs structures [1]. Several specific processes 
have been developed to get first integrated III-V MWT MJSC. 

Electrical characterizations have demonstrate not only devices 
functionality but excellent IV-characteristics (Fig.2). 

 

Figure 2: One-sun I(V) characteristic of III-V MWT cell 

Fill Factors (FF) in the range of 85% indicate high shunt 
resistance meaning none short cut even with tenths of metallized 
vias drilling active junctions. Best cells reach a conversion 
efficiency of 26.3% at one sun and rise up to 28.3% at 176 suns 
[2]. As various vias design were embedded we have also could 
compare experimental results to published simulations to define 
further cells evolution. Finally this work doesn't show exceptional 
conversion performances but clearly makes the proof that 
transferring front side contacts is feasible on III-V MJSC. 

Perspectives 
On the solar cell scale this successful proof of concept is a 
pathway to several development opportunities based on cell's 
structure tuning. We could envisage to improve the power density 
(W/m² or W/kg) or to interconnect cells together at the wafer level 
(Monolithically Integrated Module) depending on the targeted 
application: space, terrestrial high concentration power plant, … 
Moreover new cell architecture means adapted receiver and new 
module to be designed. 

 

RELATED PUBLICATIONS: 
[1] T.Salvetat, E.Oliva et al., "III-V Multi-Junction Solar Cell Using Metal Wrap Through Contacts", AIP Conference Proceeding, 1766, 2016 
[2] E.Oliva, T.Salvetat et al.,"III-V Multi-Junction Metal-Wrap-Through (MWT) Concentrator Solar Cells", Prog. Photovolt. Res. Appl., 2016 

53



 
L E T I  S C I E N T I F I C  R E P O R T  2 0 1 6  

 

 
 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

54



 

SILICON TECHNOLOGIES AND COMPONENTS 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

6. 
 

E M E R G I N G  M A T E R I A L S  
A N D  P R O C E S S E S  

• Interface Water Diffusion in silicon 

Direct Bonding 

• Surface Organometallic Chemistry for 

Molecular Layer Doping and 2D 

Transition Metal Dichalcogenides 

Synthesis 

• DNA for Lithography : a Promising 

Bottom-up Aproach 

• Selective Annealing using Ultraviolet 

Nanosecond Laser 

• PMMA Removal Selectivity to PS Using 

Dry Etch Strategy 

55



 
L E T I  S C I E N T I F I C  R E P O R T  2 0 1 6  

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Interface Water Diffusion in Silicon Direct Bonding 
 

RESEARCH TOPIC:  
Direct bonding fundamental mechanism 
 

AUTHORS:  
M. Tedjini, F. Fournel, H. Moriceau, V. Larrey, D. Landru, O. 
Kononchuk, S. Tardif, F. Rieutord 

 

 

ABSTRACT:   
Water diffusion through the gap formed by direct bonding is showed for the first time. The kinetics of diffusion is studied using two 
different techniques. X-ray reflectivity is able to monitor the interface density changes associated to the water front progression. 
The water intake is also revealed through defect creation upon annealing, creating a rim-like pattern whose extent also gives the 
water diffusion law. At room temperature, the kinetics observed by either techniques are consistent with Lucas-Washburn law for 
diffusion through a gap width smaller than 1 nm, excluding any significant no-slip layer thickness. 
 

SCIENTIFIC COLLABORATION: CEA-INAC 

Context and Challenges 
Direct bonding is nowadays a well-known technique allowing 
innovative structure elaboration for many applications. Due to 
its technological importance, a large number of studies have 
been devoted to establish the direct bonding mechanisms. It is
known that when a hydrophilic silicon surface is involved in the 
bonded structure, during the post bonding annealing, the 
interfacial water is able to cross the native oxide layer, and 
oxidize the silicon, releasing hydrogen gas [1]. When there is 
no layer in which the hydrogen can be completely stored, 
numerous bonding defects appear at the bonding interface. No 
matter the bonding technics used to minimize this effect, we 
have recently put into evidence that additional water could enter 
the bonding interface from the edge of the wafer assembly.  

Main Results 
200mm hydrophilic silicon wafers are chemically prepared and 
bonded using a specific bonding recipe which minimize the 
amount of interfacial water and then the amount of post 
bonding annealing defect [2]. 
After the bonding, to impose constant water saturation 
conditions, the bonding assemblies are then stored directly 
under DI water. To reveal the water front progression, 300 °C 
anneals are performed after given storage times. This 
annealing produces hydrogen molecules in proportion to the 
trapped water at the bonding interface. The defect distribution is 
observed using a scanning acoustic microscope (SAM). 
As shown on fig1, the defects form a ring from the wafer edges, 
whose width dependence with storage time can be measured. 

 

Figure 1: silicon direct bonding after underwater storage, a) 4 hours 
b) 72 hours, c) 260 hours [1]. 

In order to get more insight on the interface phenomena, XRR 

measurements have been performed. This technique allows 
one to measure the electron density profile across the bonding 
interface. The water penetration can then be followed directly at 
certain point of the bonding interface regarding the time of 
penetration as shown on figure 2a. We are then able to plot the 
water front progression by XRR and by SAM. Both 
measurement gives the same results as shown on figure 2b. 
 

  
Figure 2: a) Evolution of reflected intensity (q4R(q)) at 10 mm from 

the intake point. Typical time lag between two curves is 1.5 h.  
b) Dependence of the water front progression (d) as a function of 
time. Points from both defect rim extension (blue solid circles) and 

XRR (black solid squares) are plotted. 
These results are fully consistent with a Lucas-Washburn front 
propagation kinetics [3] where the imbibed length d varies with 
the square root of time t following: d2 = At. The coefficient A 
obtained from both experiments is, within the experimental 
accuracy, Ameas=9 10-9 ±1 10-9 m2/s which is perfectly in 
accordance to the value obtained from the theoretical 

expression: , where γ is the water surface tension, 

R the typical pore radius, θ the contact angle, η the viscosity 
and Κ (=2/3) a constant depending on the pore geometry. 

Perspectives 
Fundamentally, these results prove that water behaves 
classically under such a strong confinement and under the high 
negative pressures necessary to draw the fluid through the 
confined interface [3]. Our results indicate that the amount of 
“frozen” water is restricted to typically less than one monolayer 
which is smaller than what has been previously reported. 

RELATED PUBLICATIONS: 
[[1] M. Tedjini, F. Fournel, V. Larrey, F. Rieutord, WaferBond'15 Conference 2015, Brunswick, 2015 
[2] M. Tedjini, F. Fournel, H. Moriceau, V. Larrey, D. Landru, O. Kononchuk, S. Tardif, F. Rieutord, Appl. Phys. Lett. 109, 111603 , 2016 
[3] M. Tedjini, F. Fournel, V. Larrey, C. Morales, F. Rieutord, B. Imbert, C. Brughera, T. Salvetat, C. Dupre, Conference ISCIS7, 2016 
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Context and Challenges 
The growth of 2D dichalcogenides (MoS2 and others sulfides) 
by up scalable deposition methods, compatible with wafer 
manufacturing, is challenging for the introduction of disruptive 
Nano electronic devices. We have built collaborations with 
chemists (CPE Lyon) aiming to introduce new molecules and 
solutions to introduce "green" chemistry, avoiding toxic and 
corrosive H2S as reacting species. We also tailor molecules for 
N type doping of semiconductor surfaces by Molecular Layer 
Doping to solve the dopant loss issue during annealing. We 
show here the added value of molecular engineering to bring 
new solutions for emerging processes  

Main Results 
Molecular Layer Doping: Dedicated molecules are optimized 
to provide a "self-capping" of the N dopant during drive-in 
annealing. Polyhedral Oligomeric SilSesquioxane (POSS) 
molecule with a silica like environment embedding phosphorus 
atom are grafted on thin hydroxylated silicon dioxide (fig1). 
Thorough physicochemical studies determine the probable 
molecule grafting scenario [1] providing ~1013Ph/cm2 on silica 
by the steric effect of the POSS. Phosphorus protected against 
evaporation by the silica cage only (without added deposited 
silica) is then driven in silicon at 1000°C through the thinnest 
silicon dioxide film (Fig1). The extendibility of the MLD 
technique to the more volatile Sb dopant is also under 
investigation on Germanium [2] 

 

Fig 1:"Grafting of the POSS-P molecule on silica and SIMS profile 
of Phosphorus diffusion from POSS vs interfacial SiO2 thickness" 
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Molecular Layer Deposition: Existing CVD or ALD processes 
for sulfide deposition currently employ highly toxic and corrosive 
H2S as sulfur precursor. Moreover, the process window to 
optimize 2D cristallinity and to avoid byproducts drawbacks is 
critical. We have implemented the Molecular Layer Deposition 
of 2D sulfide at 50°C [3]. The reaction between Mo(N(CH3)2)4

and bifunctional 1,2 ethane dithiol at 50°C provides a 
hydrophobic thiolate which releases organic ligands and 
transforms into a disordered MoS2 at moderate thermal budget 
(Fig2). Surprisingly, a MoS2 monolayer can be further obtained 
from few MLD deposition cycles after high temperature anneal 
on Silica covered by an interfacial buffer layer of Molybdenum 
oxysulfide (Fig2) issued from Mo grafted at the first MLD step 
[3].Theses results open new possibilities to introduce "H2S free" 
process to up-scale 2D dichalcogenides manufacturing for 
future devices  

Fig 2: Left: Thiolate polymer formation by MLD and disordered MoS2 
crystallization after ligands effusion at low temperature followed by 

monolayer MoS2 formation on oxysulfide buffer layer at 800°C (right) 
 

Perspectives 
MLD's techniques are in progress in LETI to upscale new 
chemistries required to grow new 2D materials and to provide 
an alternative, defect free, semiconductor doping method for 
emerging devices. Thorough investigation of 
molecules/surface interactions are continuously on going for 
this purpose 

Surface Organometallic Chemistry for Molecular 
Layer Doping and 2D Transition Metal 
Dichalcogenides Synthesis 
 

RESEARCH TOPIC:  
Molecular Layer Doping; 2D Transition Metal Dichalcogenides 
(TMD); precursors, chemistry, Atomic Layer Deposition 

AUTHORS:  
S. Cadot, T. Alphazan, O. Renault, H. Grampeix, F.Martin 
(H.Okuno, A. Quadrelli, C. Thieuleux, C. Coperet, B. Grandidier 
Durand, M. Dupont (INRIA) 

 

ABSTRACT:   
We propose new chemistries to grow 2D chalcogenides like MoS2 by Molecular Layer Deposition and new results dealing with 
Molecular Layer Doping of N type dopants. Thanks to thorough surface chemistry investigations, we demonstrate the possibility to 
obtain 2D monolayer by a green, H2S free process and introduce smart molecules to dope semiconductor surfaces. The proofs of 
concept shown here open new ways to progress on MLD's techniques for emerging devices. 
 

SCIENTIFIC COLLABORATIONS:CPE Lyon, CEA INAC, ETH Zurich, IEMN Lille, Project "ZeroPova" and "2D Factory 

RELATED PUBLICATIONS: 
[1] T. Alphazan T., L. Mathey M. Schwarzwälder,T.H Lin, A.J. Rossini, R.Wischert, V. Enyedi, H. Fontaine, M. Veillerot, A. Lesage, L. Emsley, L. Veyre, F. Martin, C. Thieuleux, C. 
Copéret;."Monolayer Doping of Silicon through Grafting a Tailored Molecular Phosphorus Precursor onto Oxide-Passivated Silicon Surfaces", Chem. Mater., 28 (11), pp 3634–3640, 2016 
[2] H. Grampeix, T. Alphazan, P. Bajolet, N. Rochat, F. Pierre, C. Scibetta, E. Martinez, J.P Barnes, M.Veillerot, R. Kachtouli, V. Enyedi, V. Beugin, C. Thieuleux, B. Grandidier and F. Martin, 
"Low temperature PEALD SiO2 with NH3 pulse intercalation as efficient cap layer for monolayer doping of germanium with antimony" ALD Meeting, Dublin P02-072, 2016 
[3] S.Cadot, O. Renault, M..Frégnaux, D. Rouchon, E. Nolot, K. Szeto, C. Thieuleux, L. Veyre, H Okuno, F Martin and A Quadrelli "A novel 2-step ALD route to ultra-thin MoS2 films on SiO2 
through a surface organometallic intermediate"; Nanoscale 2016 
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Context and Challenges 
Moore’s law has been consistent in predicting the transistor 
density growth rate on IC and paved the technology roadmap 
toward low dimensions. However, the microelectronics industry 
is facing a huge challenge for sub-10-nm lithography. Today, 
193nm immersion lithography combined with dual patterning 
allows the production down to 10nm technologic node. For the 
lowest nodes, 13.5 nm of extreme ultraviolet light is planned to 
be implemented but still faces process, Infrastructure and cost 
challenges due to source, material and mask difficult 
requirements. Therefore, several alternatives to photo-
lithography have been proposed. Among them, directed self-
assembly (DSA) of block copolymers allows a sub-10-nm 
patterning resolution and offers promising patterning solutions 
for next generation devices. However, one morphology with
one resolution is only addressable for one block copolymer in a 
process step. Besides that, structural DNA nanotechnology 
offers periodical auto-organization in theoretical 2nm resolution 
origami shape with the advantage to address more complex 
pattern, including 3D shapes, with adjustable critical dimension 
(CD) and pitch in the same origami.  

Main Results 
In 2016 work [1-3], we demonstrate the transfer capability of a 
sub-10nm hole from a DNA origami cuboid into an SiO2 layer 
on a Si substrate in a dedicated semiconductor industry etching 
machine. For this demonstration we used a dedicated origami. 
Its design and associated AFM image are reported in figure 1.   

 

Figure1: DNA origami structure and AFM images after origami 
adsorption on SiO2 surface [1] 

The pattern transfer process relies on three main steps as 
depicted in figure 2. First DNA origamis are adsorbed on a Si 
substrate containing 15nm thick layer of hydroxyl-terminated 

SiO2. The the substrate is dried and undergoes an HF vapor 
etching process allowing the pattern transfer from DNA origami 
into SiO2. Finally, the DNA mask is removed from the substrate 
to reveal the SiO2 patterns. 

 

 
Figure 2. Process of pattern transfer from DNA origami into SiO2 [2] 
 
Semiconductor industry HF vapor etching machines use etching 
recipes that could be harshed for DNA nanostructures. We 
show that the resulting SiO2 pattern inherits its shape from the 
DNA structure within a process time ranging from 30 to 60s at 
an etching rate of 0.2 nm/s. Results are reported in fig 3. By 
adjusting the etching and the rinsing conditions, we succeeded 
in transferring a high density of patterns with a final height of 
10nm and with a high lateral resolution (10nm). The pattern 
dimension (morphology, CD and structure) were conserved.   
 

Figure 3. AFM images and associated cross section for DNA pattern 
after transfer into SiO2 and cleaning (step 3) [3] 

 

Perspectives  
This first demonstration of patterning capabilities by using DNA 
origami as a lithographic mask is very encouraging. Next 
challenge will be to control the positioning of the templates at 
wafer scale.  Furthermore, studies are in progress to achieve 
final patterns with event higher form factors. 

RELATED PUBLICATIONS: 
[[1] C.T.Diagne et al., "DNA origami for advanced lithography", DNA21, 21st International Conference on DNA Computing, Harvard University, August 17-21, 2015 
[2] C.T.Diagne, "DNA Origami Mask for Sub-Ten-Nanometer Lithography", ACS Nano, 2016, 10 (7), pp 6458–6463, 2016 
[3] R.Tiron et al., "DNA origami for lithography, a promising bottom up approach", DNA22, 22th International Conference on DNA Computing, Harvard University, 
August 17-21, 2016 
 

DNA for Lithography: a Promising Bottom-Up 
Approach 
 

RESEARCH TOPIC:  
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AUTHORS:  
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ABSTRACT:   
For the first time, we demonstrated a high resolution and high contrast transfer of nano-metric patterns into a silicon substrate from 
DNA origami mask (as negative resist protective). In a first step, DNA origami was used as mask for the pattern transfer into a 15 
nm thick thermal oxide using a high speed of HF vapor etching (60 s of etching time at 0.25 nm.s-1). 
 
SCIENTIFIC COLLABORATIONS: CEA-INAC, Tillibit 
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Context and Challenges 
3D sequential integration, consisting in stacked active layers 
connected at the transistor level is today the only architecture 
enabling the full use of the third dimension. Since the 
transistors are fabricated sequentially, the main challenge lies 
in the processing of a high performance top transistor while 
preserving the bottom transistor characteristics. The thermal 
budget available for the top level processing should not 
exceed 500 °C for a few hours with classical annealing 
techniques. Pulsed laser technology offers the opportunity to 
selectively anneal the top thin layer(s) reaching temperatures 
up to the silicon melting point while keeping the temperature 
of the underlying device structures below the damage 
threshold. 

Main Results 
In 2016, LETI performed a comprehensive study of the different 
regimes encountered when applying 308nm nanosecond laser 
annealing (SCREEN-LASSE system) with increasing laser 
fluence to very thin implanted SOI structures (Fig.1, left). After 
implantation, a thin single crystalline seed layer is kept below 
the amorphized region, as illustrated in Fig.1 (center). Using 
appropriate laser annealing conditions, perfect crystal recovery 
can be reached (Fig.1, right) [1,2]. 
 

 

Figure 1: Thin implanted (BF2, P, As) SOI structure (left) during UV 
laser annealing. TEM observation after As implantation (center) and 

after laser annealing (right) at 0.85 J/cm² illustrating the perfect 
recrystallization. 

As evidenced by the evolution of the SOI layer sheet resistance 
as a function of the laser fluence (Fig.2, left), high dopant 
activation levels have been obtained after laser annealing, 

equivalent or even better than that reached with RTP at 
1050 °C [3]. Between the onset of the amorphized layer 
recrystallization and the full SOI layer melt, a comfortable
process window can be found, with common laser annealing 
conditions for the three dopants tested. 
Thanks to its low in-depth light penetration and heat diffusion, 
UV nanosecond laser annealing applied to a 3D VLSI structure 
leads to a strong thermal gradient between the top transistor 
level and the bottom level with metal Interconnections in 
between (Fig. 2, right). In order to confirm such simulations, Cu 
interconnections based on 28 nm FDSOI BEOL design rules 
have been buried below 120 nm SiO2 and 20 nm a-Si layer 
(simulating the top level) and submitted to UV nanosecond laser 
annealing. The morphological and electrical integrity of the Cu 
interconnections has been preserved [3], even for laser 
annealing conditions leading to the a-Si layer melt. 

 

Figure 2: Top SOI layer sheet resistance (left) vs laser energy 
density for As, P, BF2 doping highlighting the large process window. 

Comparison with 1050 °C spike RTP reference shows that laser 
activation can lead to very good activation levels [3]. Temperature 
depth profile (right) upon laser annealing of a 3D VLSI structure.  

 
2016's results show that UV nanosecond laser annealing 
technology is a very promising candidate not only for dopant 
activation but likely many other technological steps required for 
the processing of structures with strong thermal budget 
limitations, such as the upper level in 3D sequential integration. 

Perspectives 
Beyond the demonstrations with simplified vehicle tests, UV 
nanosecond laser annealing should now be applied to full 3D 
VLSI stacks. Simulations combined to experimental tests will be 
mandatory to overcome the pattern-related challenges. 

Selective Annealing Using Ultraviolet Nanosecond 
Laser 
 

RESEARCH TOPIC:  
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ABSTRACT:   
n the context of 3D sequential integration, with severe thermal budget limitation for the top transistor processing, UV nanosecond 
laser annealing is reinforced as a promising technology for the different thermal treatments required for the top level processing. 
Thanks to its low in-depth light penetration and heat diffusion, such laser treatment allows selective annealing with a large enough 
process window for a reliable dopant activation. In parallel, using a vehicle test based on 28 nm FDSOI BEOL design rules, it is 
shown that integrity of bottom Cu interconnection levels is preserved upon laser annealing. 
 
SCIENTIFIC COLLABORATION: Screen Lasse 
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PPMA Removal Selectivity to PS Using Dry Etch 
Strategy 
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ABSTRACT:   
Directed self-assembly (DSA) lithography with block copolymers is one of the most promising solutions to reach sub-10 nm 
patterns with a high density. One challenge for DSA integration is the removal of poly (methyl methacrylate) (PMMA) selectively to 
polystyrene (PS). Herein, we have studied the possibility to remove the PMMA block using a full dry etch approach. For this 
purpose, a screening of different plasma etch chemistries has been performed. The etch mechanisms involved in PMMA and PS 
etching have been understood, thanks to X-ray photoelectron spectroscopy analyses. Finally, the best chemistries investigated 
and being able to remove PMMA selectively to PS have been validated on patterned PS-b-PMMA copolymer structures. 
 
SCIENTIFIC COLLABORATIONS: Arkema, CNRS-IMN, IDEAL program 

Context and Challenges 
For the sub-10 nm technologies, the semiconductor industry is 
facing the limits of conventional lithography to achieve narrow 
dimensions. Directed self-assembly (DSA) lithography with
block copolymers (BCPs) is one of the most promising 
solutions for advanced patterning. However, one challenge for 
DSA integration is the removal of poly (methyl-methacrylate) 
(PMMA) selectively to polystyrene (PS). 

Main Results 
We have intensively investigated the possibility to remove 
PMMA block by only dry etching [1-3]. First, a screening of 
several gases has been performed on PS and PMMA blanket 
wafers to determine the selectivity between PS and PMMA 
(Fig.1). Among the several tested gases, CO plasma has 
revealed an interesting behavior leading to a deposit on PS and 
etching for PMMA, but a saturation phenomenon is observed 
on PMMA after a few seconds of process. Xenon and 
dihydrogen plasmas have also been studied. These plasmas 
allow a full PMMA removal in 20s but they consume PS as well. 

 
Fig 1 : a/PS and b/ PMMA consumption as a function of process 

time for H2, Xe and CO plasmas; surface composition of 
respectively PS (c/) and PMMA (d/) films 

XPS analyses have been carried out to understand the 

mechanisms involved by the different chemistries. We have 
confirmed that a CO-like deposit is created on PS blanket when 
using CO plasmas. This layer increases with the process time 
ig.1 b XPS study has also revealed a graphitization of PS when 
using xenon [2]. This phenomenon explains the lower PS 
consumption and its etch stop after 65 s. Finally, a trade-off 
between selectivity and PMMA removal efficiency has been 
obtained by combining CO with H2.  
 
CO-H2 chemistry (1-1) allows a full PMMA removal with a 10:1 
selectivity to PS; whereas a PMMA etch rate saturation is 
observed for CO-Xe (1:1) confirming that physical gas should 
not be privileged for polymer etching (Fig. 2).  

 

Fig 2 : a/PS and b/ PMMA consumption as a function of as 
process time for CO/H2 and CO-Xe plasmas 

The CO-H2 plasma chemistry has been applied to PS-b-PMMA 
film with a cylindrical morphology. The potential of a dry PMMA 
removal is demonstrated for cylindrical PS-b-PMMA copolymers 
but it can be used for lamellar PS-b-PMMA copolymer for which 
wet development can cause collapse issues [3]. 

Perspectives  
The interest of CO-H2 chemistry for PS-b-PMMA film 
applications is confirmed. However, a slight CD increase and 
lower selectivity have been observed on real PS-b-PMMA film. 
We will propose an optimization of the developed chemistry to 
overcome these drawbacks [4]. Etching demonstrations of DSA 
line/space for tri-gate applications are also under development. 

RELATED PUBLICATIONS: 
[1] P. Pimenta Barros et al, "Etch Challenges for DSA implementation in CMOS via patterning", SPIE 9054, Adv Etch Techn. for Nanopatterning III, 90540G, 2014 
[2] A. Sarrazin, N. Posseme, P. Pimenta-Barros et al., "PMMA removal selectivity to polystyrene using dry etch approach", J. Vac. Sci. Technol., B, 2016) 
[[3] A. Sarrazin et al.,"PMMA removal selectivity to PS using dry etch approach: sub-10nm patterning application", Proc. SPIE 9782, Adv. Etch Technology for
Nanopatterning V, 97820G, 2016 
[4] A. Sarrazin et al. ,"Procédé de gravure sélective d'un copolymère à blocs,  Patent FR1558483, 2015 
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• Packaging and Interconnection of 

Flexible Thin Film Batteries 

• Silicon 3D Integration for Small Power 

Devices 

• 3D Fine Pitch Interconnects for HPC 

Applications - Test Platform and 

Electromagnetic Simulations 

• Thermal Management  
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Context and Challenges 
The development of the interconnection technologies has real 
impacts in novel Systems-In-Foil by enabling cost-effective 
integration of functional diversity into electronic systems. Such 
development is especially relevant when foil systems consist of 
diverse array of components and functionality including energy 
harvesting, logic controls, sensing and wireless connectivity. 
This report is particularly focused on the two dimensional (2D) 
and three dimensional (3D) integration technologies of thin film 
batteries (TFBs) developed for flexible micro power modules. 
The flexible TFBs and the developed interconnection 
technologies will be manifested in a foil based energy 
autonomous system. 

Main Results 
Microbatteries were fabricated using sequential PVD
techniques on flexible polyimide substrate (Fig1.a). To date, 
TFB can be deposited on diverse flexible substrates including 
ultrathin glass, ultrathin ceramic or thin mica sheet. The stack
includes titanium oxysulfide (TiOS) cathode, lithium phosphorus 
oxynitride (LiPON) electrolyte and lithium anode. The TFB
requires high level packaging to prevent lithium deterioration 
under exposition to moisture (water vapor transmittance 
rate<10-4 g.m-2.j-1). As potential encapsulation that could meet 
this level, there have been reports describing barrier multilayer 
structures including deposited layers and laminated films [1]. 

 

Fig.1 Optical images of 25mm2 TFB on PI substrate (a), integrated 
TFB on foil (b) being flexed in the hand 

The 2D integration technique [3] refers to the transfer of 
flexible TFBs (Fig1.a) onto copper-metalized foil (Fig1.b) 
using isotropic conductive paste (ICP). The module consists 
of individual TFBs placed in series or in parallel, or in a 

combination of the two on a separate foil. The electrochemical 
performances of single TFBs and integrated structures was 
measured at different current densities (0.01 to 3mA.cm-2), 
before and after concave and convex cycles performed at 
various bending radii (100-6.5mm). The TFB displays a 
capacity discharge of 62µAh.cm-2.µm-1 and excellent cycle life 
with fading rate of -0.05% per cycle during galvanostatic 
cycling at 1mA.cm-2 (1 and 3V). The exhibited discharge 
capacity is close to theoretical values reported in the 
literature. The 3D assembly is related to the foil to foil 
integration of TFB module using the pick and laminated 
approach followed by a via-fill process with jetted isotropic 
conductive adhesive. The potential of TFBs has been 
demonstrated by the realization of a flexible energy 
autonomous system for indoor air quality sensing with radio 
frequency communication capabilities [2, 3]. The working 
principle of the demonstrator shown in Fig.2. 
 

 

Fig.2 Concept of sensing system on foil (a), photograph of flexible 
energy harvesting demonstrator (b) 

The TFB foil with appropriate voltage (2-6V) and dimensions 
(32x25mm2) can provide an autonomy up to 8 hours in dark 
conditions. These results demonstrates the effectiveness of 
flexible TFB as micro power source for wearable 
microelectronics on foil.  

Perspectives 
This research draws a forward-looking vision on the projected 
wearable and flexible electronics products. The advances in 
flexible thin film battery technology can help this vision to be 
realized. However, further work should be done in improvement
the energy density to provide the best balance of storage, 
stability and power delivery using advanced cathode materials 
(e.g. LiCoO2) and alternative substrate (e.g. flexible ceramic) 
 

Packaging and Interconnection of Flexible Thin Film 
Batteries 
 

RESEARCH TOPIC:  
Flexible lithium batteries, system in foil, energy harvesting, 2D 
and 3D integration 

AUTHORS:  
M. Bedjaoui, S. Martin, R. Salot 
 

 

ABSTRACT:   
Thin solid-state lithium batteries on polyimide substrate were developed and characterized in terms of cycle life and flexibility. The 
excellent mechanical flexibility (up to 300 cycles at harsh bending radius 0.65 cm) and stability of capacity values (0.05% per cycle 
at high current discharge) of the lithium-based thin film batteries make them particularly suitable for system-in-foil applications. The
2D and 3D interconnections of flexible batteries were fully validated by the realization of a flexible energy autonomous system for 
indoor air quality sensing with radio frequency communication capabilities.  
 

SCIENTIFIC COLLABORATION: FP7- Interflex 

 

RELATED PUBLICATIONS: 
[1] T. Maindron and M. Bedjaoui, “Encapsulation des diodes organiques luminescentes et microbatteries par ALD“ Techniques de l'ingénieur RE261, Octobre 2016 
[2] M. Bedjaoui, S. Martin and R. Salot, “Interconnection of Flexible Lithium Thin Film Batteries for Systems-in-Foil” Conf IEEE 66th ECTC Conference, 2016 
[3] M. Bedjaoui, “Development of Interconnection Technologies for Smart Systems” MinaPad proceedings, 2015 
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Silicon 3D Integration for Small Power Devices 
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ABSTRACT:   
Electronic power systems follow the general trend of miniaturization and functional density. 3D technologies provide an interesting 
response if adapted to power specifications. A new type of device has been proposed consisting of an H bridge of four power MOS 
transistors (DMOS) assembled to a through silicon via (TSV) last passive silicon (Si) interposer. The full conception to meet power 
specifications of 10A and 600W has been reported from the interposer design strategy to the integration process flow and 
mounting operations. Morphological characterization shows a successful integration of the DMOS transistor to the silicon 
interposer. The good electrical performance of the setup is reflected for example in the fully functional DMOS devices. 
 
SCIENTIFIC COLLABORATIONS: ams, Infineon Tech., ENIAC - EPPL,  FP7 - Athenis 3D 

Context and Challenges 
For power electronics, miniaturization and integration of more 
functionality in smaller volume is an important request. For 
future car electronics including electric or hybrid cars 3D 
integration will become of importance. 3D technologies provide 
short contacts with low parasitic effects, improved energy 
efficiency, as well as excellent possibilities to design improved 
heat dissipation.  

Main Results 
A new complete 3D integrated H bridge device composed of a 
silicon interposer and four DMOS transistors has been 
proposed, designed and processed through the collaboration of 
Infineon, ams and Leti. This device has been designed with 
500µm pitch for the back side solder balls and 250µm pitch for 
TSVs. In order to optimize the integration and density of TSVs, 
pillars, passivation openings on the front side and solder ball on 
the back side, all the patterns have been designed in a 
honeycomb array. Dedicated thick copper process modules 
have then been developed and applied for this power 
application in the kilowatt range to minimize rerouting path 
resistance. Figure 1 introduce the top copper pillar lands on the 
front side RDL which is in contact with three aluminum lines. 
Those lines are in contact with copper at the TSV bottom which 
reroute the signal from the back side of the interposer. It is 
easily possible to confirm the continuity and conformality of the 
copper liner inside the TSV. The good electrical performance of 
the setup is reflected for example in the very low Kelvin TSV 
contact resistance of 2.1mΩ (Fig 1.) lower than previously 
reported studies for the same type of TSVs. Moreover, the test 
confirm the fully functional DMOS and interposer devices on 
the final demonstrators samples (Fig. 2&3).  

Perspectives 
The present H bridge demonstrator is compatible with 10A and 
60V (600W) power signal confirming the path for new types of 
3D applications in the field of small power devices. In the 
meantime, reliability studies, temperature behavior tests and

modelling are currently carried out with prototype operating 
evaluation.  
 

   

Figure 1: Technology global cross section of ams/Leti mixed 
process (left), contact resistance Kelvin TSV 80x200µm for three 

different copper deposition thicknesses. (right) 

 

   
Figure 2: Final demonstrator sample front side (left), and back side 

(right). 

 
 

Figure 3: Comparison of front side and back side H bridge DMOS 
test of Id (Vd) curves for Gate voltage 

RELATED PUBLICATIONS: 
[1] J. Charbonnier, M. Assous, J.P. Bally, A. Plihon, T. Hilt, A. Hassaine, T. Mourier, C. Brunet Manquat, R. Franiatte, J. Guillaume, C. Hartler, J. Siegert, F. 
Schrank, K. Pressel, H. Gruber, "3D Integration for power MOS H bridge power application", 6th ESTC, Grenoble, 2016 
[2] J. Charbonnier, M. Assous, J.P. Bally, A. Plihon, C. Hartler, J. Siegert, F. Schrank, K. Pressel, H. Gruber, "Silicon 3D integration for small power devices", Chip 
Scale Review Vol 20 N°4, July/August 2016 
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3D Fine Pitch Interconnects for HPC Applications – 
Test Platform and Electromagnetic Simulations 
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ABSTRACT:   
In this work, 3D interconnects optimization for High Performance Computer (HPC) is addressed. Silicon and photonic interposers 
are 2 complementary solutions to provide high communication bandwidth between processors and memories. IntAct is a silicon 
active interposer that integrates dense interconnects and an asynchronous Network-on-Chip which manages the communication 
protocol between the processor clusters. This demonstrator offers an innovative cache-coherent many core architecture and is 
embedded in the ITAC 3D integration test platform. Concerning photonic interposer, electrical modelling and electromagnetic 
simulations of 3D interconnects have been performed and results for die-to-interposer and die-to-BGA links are presented. 
 
SCIENTIFIC COLLABORATIONS: IRT 3D, STMicroelectronics, Mentor Graphics, IMEP-LAHC 

 

Context and Challenges 
The continuous requirement of higher communication 
bandwidths for HPC drives the research and development of
innovative technological and architectural options. One 
promising solution, implemented in a demonstrator, is to use 
both advanced fine-pitch 3D interconnects and smart system 
partitioning on an active silicon interposer. Another solution is to 
combine 3D integration and Si-photonic technologies on a 
photonic interposer platform. Potentials of those two solutions 
are considered. 

Main Results 
The 700mm2 65nm CMOS ITAC 3D integration test platform 
has been fabricated to develop high density Cu-pillars 
technology and secure the silicon active interposer [1]. It 
contains a set of “Integrated Technological and Application 
Circuits” for process development, electrical and RF 
characterization, reliability, die stacking, warpage and 
underfilling studies, DC-DC converter and the IntAct chip which 
is the interposer of the final 3D many core chip (Fig. 1). Six 
identical 28nm-FD-SOI 32-bit 16-core multiprocessor chiplets 
are stacked Face-to-Face onto the IntAct interposer using 
20µm-pitch, 10µm diameter Cu-pillars [2]. The 200mm2 IntAct
chip comprises both passive and active links thanks to the 
150,000 existing 3D interconnects with the six chiplets. Chip-to-
chip communications are managed by a robust asynchronous 
3D Network-on-Chip (NoC), and the expected 3D aggregate 
bandwidth is about 370 GBytes/sec. 

 

 (a) (b)  
Fig. 1:  a) ITAC floorplan - b) IntAct interposer and six chiplets 

Perspectives 
The RF test structures implemented in ITAC platform address
several goals: wide bandwidth modelling up to several tens of 
GHz, evaluation of 3D interconnects in severe electromagnetic 
environment, definition of 3D interconnect process and design 
recommendations. Then, a 3D electromagnetic simulation 
platform has been developed [3]. Routing strategies for die-to-
die and die-to-substrate interconnect paths in a photonic 
interposer are studied through. Wide-band models, extracted 
from 3D electromagnetic simulations for each elementary 3D 
interconnect sections are cascaded in order to compare the 
performances of interconnect networks used in the photonic 
interposer. Transmission losses up to 100 GHz are estimated in 
frequency domain for differential propagation modes. Fig. 2 
shows an example of cascaded 3D interconnects transmission 
performance modelled for three different paths. It points out the 
interest of backside paths for low-frequency signal transmission. 
 

    

 (a) (b) 
Fig. 2: a) Simulation results of insertion loss magnitude versus 

transversal line length, b) Description of the three paths going from 
processor to interposer back-side 

Results led to the interconnect network performance 
assessment (eye-diagrams, delays and rising-times) and the 
establishment of design tools to optimize the routing paths. 

Perspectives 
To address more energy efficient high performance computing 
applications, 3D submicron pitch interconnects using hybrid 
bonding, associated to photonic interposer are studied. 

 

RELATED PUBLICATIONS: 
[1] D. Lattard et al., “ITAC: a complete 3D integration test platform”, IEEE 3DIC, San Francisco, Nov. 2016 
[2] F. Bana et al., “Development of fine pitch interconnects for 3D integrated circuits”, 6th ESTC, Grenoble, Sept. 2016 
[3] K. Morot et al, "Wide-band simulations of differential 3D interconnect propagation performances in a photonic interposer," 2016 6th ESTC Grenoble, Sept. 2016 
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RESEARCH TOPIC:  
Heatspreader, hot spot, micro-fluidics, hybrid bonding 

 

AUTHORS:  
J.P. Colonna, P. Coudrain (STM), B. Mathieu, L-M Collin (UdS), 
R. Prieto (G2ELab), J-C Barbé 

 

ABSTRACT:   
A specific 3D thermal test chip based on direct hybrid bonding and dedicated to low power mobile applications has been 
developed.  It has been thermally characterized with different packaging options, including the integration of a graphite
heatspreader. In addition to thermal performances, graphite and copper heatspreaders have been compared from a thermo-
mechanical point of view. For higher power applications, micro-fluidic cooling has been investigated.  
 
 

SCIENTIFIC COLLABORATIONS: STMicroelectronics (STM), Université de Sherbrooke (UdS), G2ELab 

 

Context and Challenges 
Thermal dissipation is a major concern in microelectronics, 
especially for compact packages and 3D circuits where the 
dense stacking of thin silicon layers leads to a significant 
increase of heat densities. Direct hybrid bonding is considered 
as one of the most promising technologies for future 3D-ICs. Its 
face-to-face structure allows significant inter-connection 
capabilities but it also implies increased thermal densities that 
will be reflected in both tiers due to the lack of insulating 
barriers. A specific test vehicle has been designed to 
investigate thermal performances of such 3D stack. 
Furthermore, generic thermal solutions have been developed: 
graphite heatspreaders for compact low power applications and 
microfluidic cooling for higher power applications. 

 Main Results 

A specific test vehicle for 3D hybrid bonding including heaters 
and temperature sensors on each tiers has been designed and 
fabricated as shown in the figure below [1]. The heaters 
configuration allows to mimic hotspot or uniform heating 
scenario. Packaging variables such as silicon thickness, 
substrate thermal design, TIM conductivity and the integration 
of a graphite heatspreader have also been studied. 

  
Hybrid bonding 3D thermal test chip 

 

The best thermal performances were obtained with the graphite 
heatspreader with significant temperature reduction.  

Thermo-mechanical properties of graphite were also 
investigated and compared with copper heatspreaders [2]. 
Graphite not only outperforms copper in terms of thermal 
performance, but its in-plane coefficient of thermal expansion 
is much closer to that of silicon. As a result, mechanical stress 
due to deformation mismatches is reduced during thermal 
cycling. Thus, the thickness of the interface between 
heatspreader and silicon can be reduced, which further 
enhances the thermal performance of graphite compared to 
copper. 

.  

Thermo-Moiré deformation measurements 
 
Concerning microfluidic cooling, our approach is to concentrate 
the cooling in the vicinity of the heat sources to help to 
judiciously use the pumping power and contribute to keep the 
cooling solution thin and easily integrated as an "add-on 
solution". The first experimental results are presented in [3].  

Perspectives 
The next study will be the integration of a two-phase cooling 
system in the same environment. 

 

RELATED PUBLICATIONS: 
[1] R Prieto et al., “Packaging Thermal Solutions for Hybrid Bonded 3D-ICs”, IEEE 3DIC, San Francisco, Nov. 2016 
[2] R Prieto et al., “Thermo-Mechanical Assessment of Copper and Graphite Heat Spreaders for Compact Packages”, 22th THERMINIC, Budapest 2016 
[3] L-M Collin et al., “Thin micro-cold plate for hot-spot aware chip cooling”, 6th ESTC, Grenoble, Sept. 2016 

67



 
L E T I  S C I E N T I F I C  R E P O R T  2 0 1 6  

 

 
 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

68



 

SILICON TECHNOLOGIES AND COMPONENTS 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

• Photoelectron Microscopy as a Versatile 

probe for optimizing 2D Materials and 

Related Devices 

• Small Angle X-Ray Scattering, a Tool for 

in-depth Characterization of Self-

assembly Diblock Copolymers  

• Correlative FIB-TOF-SIMS and X-Ray 

Tomography for 3D Integration 

• In-situ Materials Characterization at CEA 

LETI 

• Fast Chemical Depth Profiling in Clean 

Room Environment  

• Formation of Contacts Studied by 

means of 3D Reciprocal Space Maps : 

Application to the Ni/InGaAs System  

8. 
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Photoelectron Microsocopy as a Versatile Probe for 
Optimizing 2D Materials and Related Devices 
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ABSTRACT:   
We highlight the powerful capabilities of spectroscopic Photoelectron Emission Microscopy (PEEM) as a versatile surface-
sensitive imaging method of interest in the field of 2D materials and related heterostructures, where local quantitative information 
on the chemical and electronic properties are needed to fuel improvement  in processing conditions. It is shown how the technique, 
implemented with a state-of-the-art laboratory instrumentation can provide in a direct way unique insights on key physical 
quantities (from stoichiometry and work function to carrier effective mass and in-plane lattice constant) needed for understanding 
and optimizing 2D materials and related proof-of-concepts devices. 
 
SCIENTIFIC COLLABORATIONS: EPFL, LANES, Rutgers University, Material Science & Engineering 

 

Context and Challenges 
Atomically thin, two-dimensional (2D) materials are of interest 
due to optoelectronic properties different from the bulk 
counterparts. Recently, transition metal di-chalcogenides 
(MoS2, MoSe2, WS2…) were identified as novel 2D 
semiconductors with sizeable bandgaps in the visible region 
and exceptional photoluminescence properties, paving the way 
to flexible electronic devices. Industrially-viable synthesis routes 
of these materials need to be developed and the substrate 
interactions must be understood. Multi-modal surface-sensitive 
characterization tools beyond the current state-of-the-art are 
the key for efficient materials optimization: especially, direct 
insights not only on surface chemistry but also electronic and 
structural properties from band structure measurements are 
needed. Here, we highlight the powerful capabilities of 
laboratory Photoelectron Emission Microscopy (PEEM) as a 
versatile technique to tackle this issue. 

Main Results 
In a first case, we illustrate the versatile character of PEEM with 
the study of crystalline CVD-grown MoS2 transferred onto 
oxidized Si [1]. PEEM images at the photoemission threshold 
(Fig. 1, left) give access to local work function information, 
whereas core-level images (center) provide insights on surface 
chemistry and stoechiometry. When operated in diffraction, 
reciprocal space mode (kPEEM, right), momentum images at a 
given photoelectron energy in the valence band are obtained, 
from which electronic band structure can be derived. 
In a second example [2], we have analyzed monolayer MoS2

grown on sapphire by van-der-Waals epitaxy with the objective 
to investigate the free-standing character of the material, 
expected from the growth mechanisms. A cut along high-
symmetry directions in a series of kPEEM images (where the 
electron energy in the valence band is varied) provides the 
band structure of Fig.2. In the upper valence-band region (close 
to the Fermi energy), the band maximum is found at the K point 
which is consistent with the expected direct band-gap character 
of monolayer MoS2. Overall, the experimental band structure 

agrees well with the predictions from density-functional-theory 
(dashed lines). The measure of the ΓK reciprocal distance 
provides a direct way to access the in-plane lattice constant, 
found here to differ only by 0.1% from the bulk material: this is 
consistent with an unstrained, quasi-free standing material. The 
direct measure, from simple parabolic fitting of the band, of the 
hole effective mass at Γ further confirms this. 

Perspectives 
The PEEM technique can be readily applied to a large variety of 
2D materials and heterostructures, including related proof-of-
concept devices.  
 

Fig. 1 

Fig.2 

 

RELATED PUBLICATIONS: 
[[1] M. Frégnaux, H. Kim, D. Voiry, D. Rouchon, V. Derycke, J. Bleuse, D. Voiry, M. Chhowalla, O. Renault, "Chemistry and electronics of single layer MoS2 
domains from photoelectron spectromicroscopy using laboratory excitation sources", Surf. Interface Anal., 48, 465, 2016 
[2] H. Kim, D. Dumcenco, M. Frégnaux, A. Benayad, M. Chen, Y. Kung, A. Kis, O. Renault, "Free-standing character of monolayer MoS2 domains in van der Waals 
epitaxy", Phys. Rev. B 94, 081401 (R), 2016 
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Small Angle X-Ray Scattering, a Tool for In-Depth 
Characterization of Self-Assembly Diblock 
Copolymers 
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ABSTRACT:   
Self-assembly of diblock copolymers (BCP) into periodic arrays is a promising route to generate templates for the fabrication of 
nanoscopic elements, when one block is selectively removed. In cylindrical morphology polystyrene-block poly(methyl 
methacrylate) (PS-b-PMMA) copolymer (BCP) films, the efficiency of different processes for removing the PMMA from cylinders is 
studied using grazing incidence small angle X-ray scattering (GISAXS), x-ray reflectivity and critical dimension scanning electron 
microscopy. The detailed analysis of the GISAXS patterns leads to the determination of the depth of cylindrical holes left by 
removal of the PMMA. 
 
SCIENTIFIC COLLABORATIONS: SIMAP Grenoble, ESRF BM02 

 

Context and Challenges 
Fabrication of nanostructures by lithography requires new tools 
to characterize their shape, size. The continuous minimization 
of the nanostructure sizes pushes the conventional techniques, 
such as scanning electron microscopy (SEM), atomic force 
microscopy (AFM) or optical methods to their limits. A
technique with this potential requested resolution is SAXS 
(Small Angle X-ray Scattering), and the ITRS identified CD 
(Critical Dimension)-SAXS as one of a next generation 3D
dimensional metrology tool. Within this work, we showed the 
capability of SAXS for determining size and in-depth shape of 
cylindrical holes left by removal of the PMMA in PS/PMMA 
self-assembly diblock copolymers. 
 

Main Results 
To characterize precisely the morphology of self-assembled
BCP films, Grazing Incidence Small-Angle X-ray Scattering
(GISAXS) is indisputably becoming, during the last ten years, a 
well suited technique bringing statistical information about the 
size, shape and spatial arrangement of different blocks. 
Recently we have successfully used this technique to examine 
the guidance effect of a line grating on the self-assembly of 
polystyrene-block-poly (methyl methacrylate) (PS-b-PMMA) 
copolymer (BCP) films, exhibiting two dimensional (2D) 
hexagonal symmetry with perpendicularly oriented PMMA 
cylinders. Here, we take advantage of GISAXS to evaluate the 
efficiencies of different PMMA removal procedures applied to 
BCP thin films prepared on Si full sheets. In the scattered 
intensities, the structure factor describing the 2D hexagonal 
array prevails on the form factor of cylinders. However along 
the crystal truncation rods of the 2D hexagonal array, a 
signature of the efficiency of the PMMA removal treatment can 
be revealed. The GISAXS experiments were carried out on the 
CRG-BM02 beamline at the European Synchrotron Radiation 
Facilities (ESRF) in Grenoble. While the SEM images provide 
only surface information, GISAXS measurements are able to 
bring volume information about the cylindrical hole shape. 

Figure 1: Scheme of GISAXS setup; CD SEM top view of BCP; 
GISAXS patterns evolution with chemical treatment. 

 
It is found that the combination of a preliminary UV exposure 
followed by a wet treatment allows to remove totally the 
PMMA blocks. Furthermore, the optimization of both UV 
exposition time and solvent allows to preserve the PS matrix 
and interestingly for nanolithographic applications to decrease 
the process costs. 

 

Figure 2: GISAXS patterns after different UV exposure times 
followed by IPA treatment. 

Perspectives 
With GISAXS setup, the x-ray beam footprint is large and limit 
this setup to blanket films. Moreover, the sensitivity of SAXS 
depends on the electronic contrast density between the 
components of BCP. We recently showed that measurements 
in transmission configuration combined to low X-ray energy 
(close to O or N absorption edge) overcome these limitations 

RELATED PUBLICATIONS: 
[[1] G. Freychet et al, "Removal of poly(methyl methacrylate) in di-block copolymers films studied by grazing incidence small-angle X-ray scattering", Journal of 
Polymers Science, part B-Polymer Physics, 54, 12, p 1137-1144,2016 
[2] G. Freychet et al, "A study of lateral roughness evaluation through critical-dimension small angle x-ray scattering (CD-SAXS), Metrology, Inspection, and 
Process Control for Microlithography", Book Series: Proceedings of SPIE Volume: 9778, 2016 
[3] G. Freychet, "Analyses morphologiques et dimensionnelles de nanostructures organisées par diffusion centrale des rayons X", PhD University Grenoble Alpes,  
2016 
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Correlative FIB-TOF-SIMS and X-ray Tomography 
for 3-D Integration 
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ABSTRACT:   
We have developed a patented experimental method to perform X-ray nanotomography and FIB-TOF-SIMS tomography on the 
same object as well as the algorithms to fuse the data from the two techniques. X-ray nanotomography contributes reliable 
morphological information whilst the FIB-TOF-SIMS tomography adds a complete mass spectra at each voxel enabling both  
major and trace elements to be identified. This approach has been used to visualize Ag rich phases in copper pillars and the 
intricate porous structure and complex chemical composition of solid oxide fuel cells.  
 
SCIENTIFIC COLLABORATION: CEA-LITEN 

 

Context and Challenges 
The characterization of macroscopic heterogeneous or porous 
structures can be particularly challenging. Examples of such 
structures can be found in the through-silicon via (TSV) and 
copper pillars used in 3-D integration and in solid oxide fuel 
cells (SOFC). To measure both morphology and composition at 
this length scale it often necessary to combine several 
characterization techniques on the same sample.  

Main Results 
We have developed a sample preparation method to allow 
samples to be analyzed first by X-ray computed nano-
tomography (CNT) in an SEM and then transferred to a time-of-
flight secondary ion mass spectrometer instrument equipped 
with a gallium focused ion beam (FIB-TOF-SIMS) in which 
serial FIB slicing and TOF-SIMS imaging can be performed to 
build up a 3-D picture of sample composition. As the analyses 
are performed on the same object the morphological 
information from the CNT can be combined with the 
compositional information from the TOF-SIMS, using suitable 
algorithms in one unique multimodal, hyperspectral 3-D 
volume. Figure 1 shows how the combination of the two 
techniques is essential if the morphology and the presence of 
Ag rich phase is to be investigated. 

Figure 1 : (a) X-ray CNT image of a copper pillar. (b), FIB-TOF-
SIMS tomography analysis overlaid with the X-ray CNT data 

showing Ag and Ni rich zones. 

. These Ag rich phases are too small to make a visible 
difference In X-ray absorption but are clearly identified in the 
mass spectra. 
Another example is given in Figure 2 for the case of a SOFC. 
The layer structure and porosity are imaged by X-ray CNT, but 
only after fusion of the two data sets can the presence of small 
Sr and Co rich phases be identified at an interface. The 
presence of a TOF-SIMS mass spectra at each voxel in the 
volume means that both major elements and contaminants can 
be visualized. 
 

 

Figure 2 : 3-D reconstruction of a SOFC sample. The X-ray CNT 
reconstruction is shown in grey scale as a scalar field 

representation. An iso-surface representation of the TOF-SIMS 
data for Sr  (yellow), and Co (pink) is superimposed on the X-ray 

CNT data set. Only half the TOF-SIMS data set is shown 
 
The correlation of the data sets can also be used to identify and 
correct artefacts and improve quantification protocols. 

Perspectives 
We are currently applying this multi-modal data fusion approach
to other materials problems and combinations of 
characterization techniques such as AFM and TOF-SIMS, TEM 
and atom probe tomography. 

RELATED PUBLICATIONS: 
[1] Priebe, G. Goret, P. Bleuet, G. Audoit, J Laurencin, JP Barnes. "3D correlative morphological and elemental characterization of materials at the deep 
submicrometre scale", JOURNAL OF MICROSCOPY 264 2 pp 247-251, 2016 
[2] A. Priebe, P. Bleuet, G. Goret, J. Laurencin, D. Montinaro, J-P Barnes. "State-of-the-Art Three-Dimensional Chemical Characterization of Solid Oxide Fuel Cell 
Using Focused Ion Beam Time-of-Flight Secondary Ion Mass Spectrometry Tomography", Microscopy and Microanalysis 22, 6, pp1261-1269, 2016 
[3] J-P Barnes, L. Djomeni, S. Minoret, T. Mourier, J-M Fabbri, G. Audoit, S. Fadloun,  "Focused ion beam time-of-flight secondary ion mass spectroscopy 
tomography of through-silicon vias for 3D integration" JVST B 34 03H137, 2016 
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In-Situ Materials Characterization at CEA-LETI 
 

RESEARCH TOPIC:  
X-Ray diffraction, transmission electron microscopy, scanning 
force microscopy and photoemission techniques 
 

AUTHORS:  
N. Vaxelaire, Ł. Borowik, P. A. Fernández Garrillo, D. Cooper, R. 
Berthier, E. Martinez, M. Kazar Mendes, O. Renault 

 

 

ABSTRACT:   
CEA-LETI is preparing the future by developing advanced Operando characterization tools and associated know-hows. The 
challenges are high by pushing available techniques at their limits. The originality and the force Grenoble's "Plateforme 
Nanocharacterization" (PFNC) team is to address various length-scale (from the interface to bulk) in various technological devices 
(from batteries to memories) under a large panel of stimuli that mimic system operation. Recent successes concerning 
piezoelectric films, PN junction or photovoltaic films demonstrate the relevance of the endeavor. 
 
SCIENTIFIC COLLABORATIONS: ESRF, ELETTRA, CEA-INAC  

 

Context and Challenges 
Instrumentation can drive innovation by offering new insights 
into materials and devices. Progress in detectors, sample 
environment and probe control technologies offer new 
opportunities in characterization enabling fast measurements of 
systems close to their operational state. CEA LETI is in the 
forefront of these in-situ breakthroughs by developing in 
parallel, several approaches using several probes (X-ray, 
electron, photoelectron or scanning force) under a large panel 
of external stimuli (mechanical or chemical strain, electrical or 
illumination). Many technological applications developed in 
LETI or by partners are addressed such as emerging memories 
(phase change, oxide, resistive or conductive bridge random 
access memories), functional films for actuators, sensors or 
radio-frequency microelectromechanical systems as well as 
energy storage, harvesting or scavenging applications. In each 
of these cases, technological bottlenecks can be removed by a 
better understanding of the device in actual use. State-of-the-
art apparatus or large facilities (ESRF or Elettra synchrotron) 
are available for different types of materials problems. 

Main Results 
X-ray diffraction is a technique of choice to perform Operando
measurements thanks its no destructive aspect, and the large 
penetration of X-ray photons in matter. 

Figure 1: Nano-beam synchrotron diffraction coupled with in-situ 
electrical biasing is used to quantify strain and structural evolution 

in PZT based micro-actuator (see Ref. [1]) 
Nowadays highly brilliant, nano-sized beams are available in 
modern synchrotron sources providing unprecedented 
possibilities to study thin films. Using a unique nano-pencil

configuration (Fig 1), depth resolved heterogeneities have been 
demonstrated in PZT thin films during electrical biasing [1]. This 
original observation suggests that a compositional adjustment
could substantially improve the piezoelectric properties of the 
system.  

Figure 2: Schematic illustration of the setup use to map the 
photocarrier recombination dynamics in nanostructured solar cell 

combining frequency modulated illumination and Kelvin probe 
microscopy (see Ref [2]). 

An original method has been recently proposed to map 
photocarrier dynamics combining advanced Kelvin probe 
microscopy and modulated illumination (Fig. 2).  Another 
example is the use of photoemission spectroscopy obtained on 
an electrically biased p-n junction where the electronic band 
structure was quantified across the junction during operation [3]. 
Finally, in-situ transmission electron microscopy is also under 
development in at the PFNC using dedicated sample holders 
and recently results have been obtained showing the movement 
of oxygen ions in OxRAM type memory devices during 
switching. 

Perspectives 
The understanding of phenomena occurring during the 
operation of a device offers the technologist new opportunities 
and perspectives to optimize their processes to improve device 
efficiency and durability. In addition, a more accurate overview 
of the physics and chemistry during operation can give rise to 
new ideas which in turn lead to the design of the next 
generation of nanoscaled device technology. 

RELATED PUBLICATIONS: 
1] N. Vaxelaire, V. Kovacova, A. Bernasconi, G. Le Rhun, M. Alvarez-Murga, G.B.M. Vaughan, E. Defay, P. Gergaud “Effect of structural in-depth heterogeneities 
on electrical properties of Pb(Zr0.52Ti0.48) O3 thin films as revealed by nano-beam X-ray diffraction’’ J. Appl. Phys.120, 104101, 2016 
[2] P. A. Fernández Garrillo, Ł Borowik, F. Caffy, R. Demadrille, and B. Grévin, ''Photo-Carrier Multi-Dynamical Imaging at the Nanometer Scale in 
Organic and Inorganic Solar Cells'' ACS Appl. Mater. Interfaces 8, 31460, 2016 
[3] N. Barrett, D. M. Gottlob, C. Mathieu, C. Lubin, J. Passicousset, O. Renault, and E. Martinez, ''Operando x-ray photoelectron emission microscopy for studying 
forward and reverse biased silicon p-n junctions'', Rev. Sci. Instrum. 87, 053703, 2016 
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Context and Challenges 
The development and process control of new materials require 
reliable chemical depth profiling of increasingly complex stacks 
to quantify processes such as diffusion, segregation or 
contamination. Among the available depth profiling techniques, 
Secondary Ion Mass Spectrometry (SIMS) is the most 
commonly used for these purposes. SIMS analyses, though, 
still require an expert operator for both data acquisition as 
instrument operation is complex as well as data treatment as 
interpretation of results can sometimes be hampered by 
artefacts such as matrix effects; moreover, instruments are 
costly and often in high demand. The PP-TOFMS is a novel 
technique coupling a plasma source for sample sputtering and 
ionization with a time-of-flight mass spectrometer. The aim of 
this work is to evaluate the potential of this technique as an 
high-throughput and easy to use depth profiling tool 
complementary to more complex analysis such as SIMS. 

Main Results 
Although depth resolution and sensitivity are lower with PP-
TOFMS than with TOF-SIMS [1], very good agreement was 
found on various samples and nanometer scale depth 
resolution was demonstrated [2] (Fig. 1). A very interesting 
aspect of the technique is its ability to provide calibration free 
semi-quantitative analyses. Indeed, in most of the cases, 
elemental ratios estimated by the technique were found to fall 
within 10 rel% of calibrated Wavelength Dispersive X-Ray 
Fluorescence measurements. For more accurate composition 
measurements (Fig. 2), the determination and use of relative 
sensitivity factors has been demonstrated on transparent 
conducting oxides [3]. The technique features a uniform 
sensitivity over the periodic table and only exhibits slight matrix 
effects when compared to SIMS. Typical analysis is performed 
in minutes which is at least ten times faster than TOF-SIMS. 
Instrument operation and data treatment are also simpler and 
don’t require an expert user. 
Unknown contaminant identification and tracking was also 
found to be a strength of the technique as it provides mainly 
elemental information. Unexpected elements in the mass 

spectra are striking when compared with TOF-SIMS. 

 

Figure 1: compared PP-TOFMS and TOF-SIMS depth profiles of 6 
nm NiPt deposited on Silicon after annealing. 

This tool appears to have a place in proximity to deposition 
tools for a maximal reactivity in material development. PP-
TOFMS turns out to be complementary to TOF-SIMS, 
especially when a fast feedback is needed on process 
development prior to more costly and time-consuming analyses. 

 

Figure 2: PP-TOFMS depth profile of a 100 nm 
Ta/PtMn/FeCo/PtMn/Ta stack deposited on Si. Estimated atomic 

concentration falls within 10 rel% of calibrated measurements. 

Perspectives 
Current work focuses on improving the sensitivity to light 
elements such as H, Li or B as these elements are difficult to 
measure with conventional in-line metrology instruments. Then, 
the multi-user self-service operation will be also evaluated. 

Fast Chemical Depth Profiling in Clean Room 
Environment 
 

RESEARCH TOPIC:  
Metrology, elemental depth profiling, mass spectrometry, material 
analysis 
 

AUTHORS:  
Y. Mazel, E. Nolot, J.-P. Barnes 

 

 

ABSTRACT:   
Reliable in-depth elemental profiling of materials is of key importance for the development of new microelectronics devices.
Plasma profiling time-of-flight mass spectrometry (PP-TOFMS) is a novel compositional depth profiling technique which combines 
ease of use and rapidity. In close partnership with the manufacturer, this equipment has been installed in our cleanroom. The
instrument capabilities have been assessed and compared with TOF-SIMS analyses through a collaboration with CEA-LETI. The 
technique showed good performance giving semi-quantitative depth profile in a few minutes and showed potential for fast material 
development as well as quick contaminant diagnosis. Routes for improvement regarding light elements sensitivity are being 
investigated. 
SCIENTIFIC COLLABORATION: Horiba France S.A.S 

RELATED PUBLICATIONS: 
[1] Y. Mazel, J.-P. Barnes, E. Nolot, A. Tempez, S. Legendre, "Plasma Profiling TOFMS for microelectronics applications", SIMS EUROPE, Münster, Germany, 
2016 
[2) A. Tempez, S. Legendre, J.-P. Barnes, E. Nolot, "Combining plasma profiling TOFMS with TOF-SIMS depth profiling for microelectronic applications", J. Vac. 
Sci. Technol. B, 34, 2016 
(3) Y. Mazel, J.-P. Barnes, E. Nolot, A. Tempez, S. Legendre, "Plasma Profiling TOFMS analysis for microelectronics applications", 8th GD Day, Saint Aubin, 
France, 2016 
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Formation of Contacts Studied by Means of 3D 
Reciprocal Space Maps: Application to the 
Ni/InGaAs System 
 

RESEARCH TOPIC:  
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ABSTRACT:   
The solid-state reaction between Ni and In0.53Ga0.47As on an InP substrate was studied by X-ray diffraction (XRD). Due to the 
monocrystalline structural aspect of the so-formed intermetallic, it was necessary to measure by XRD a full 3D reciprocal space 
mapping in order to have a complete overlook over the crystalline structure and texture of the intermetallic. The formation of the 
intermetallic was studied after several different Rapid Thermal Annealing. 
 
SCIENTIFIC COLLABORATIONS: CNRS-LTM, LMGP Grenoble, IM2NP, ESRF BM02 

 

Context and Challenges 
Materials engineering takes a great and important part in the 
course of devices miniaturization since many important 
mechanical and electronic properties of devices are strongly 
dependent on the internal phases and microstructure of the 
materials. Knowledge of microstructure and phases is therefore 
of tremendous importance.  It calls for the development of new 
characterization methodologies. In the published papers we 
introduced a full 3D-Reciprocal Space Mapping (3D RSM)
experiment developed on the BM02 beamline, the French 
Collaborating Research Group (CRG) beamline, at the 
European Synchrotron Radiation Facility (ESRF). This 
technique gives a complete overview of the reciprocal space in 
a large range of Bragg angles to detect and characterize the 
nature and texture (orientation) of all phases present in a 
polycrystalline film. 

Main Results 
One of the most powerful tools to exploit information from the 
nanostructures without damage them is the use of X-ray 
diffraction techniques. For epitaxial single crystal thin film, one 
can benefit pre-knowledge of material natures to easily analyze 
the microstructure by already well-established characterization 
methods. The work becomes more challenging with 
polycrystalline materials since all of phases and microstructures 
(texture, orientation of crystallites, strain…) and eventual 
structural defects have to be characterized. At this end, RSM
are usually measured by XRD to characterize these features in 
nanostructures. So far 3D RSM are measured locally around 
one specific Bragg reflection. Although this technique is well 
suited for quantitative analysis of known phase, one can easily 
overlook the presence of other phases. Taking advantage of 
synchrotron light sources and 2D detectors, larger volume of 
the reciprocal space can be explored by means of a series of 
pole figures in a reasonable time. We illustrated the outcome of 
this technique in the case of the solid-state reaction between Ni 
and In0.53Ga0.47As grown on InP substrate. Due to 
themonocrystalline structural aspect of the so-formed 

intermetallic  Ni-InGaAs and the complex phase transitions, it
was necessary to measure full 3D RSM in order to have a 
complete overlook over the crystalline structure and texture 
evolution of the intermetallic. By this way, we make sure that we 
identify the right space group for the assumed intermetallic 
phase. 

 

Figure 1: Pole figure of the {10-11} planes of the Ni-InGaAs phase 
after the following annealing: (a) 300 °C, (b) 400°C, (c) 450°C, (d) 

550°C. 
 

The formation of the intermetallic was studied upon several 
different Rapid Thermal Annealings.  Pole figures analysis 
shows that the intermetallic features a hexagonal structure 
(P63/mmc) with a NiAs-type (B8) structure. Although only one 
hexagonal structure is highlighted, the intermetallic exhibits two 
different domains characterized by different azimuthal 
orientations, axiotaxial relationship, and lattice parameters. The 
intermetallic phases seem to present a rather wide range of
stoichiometry according to annealing temperature. The texture, 
structure, and stoichiometry of the intermetallic vary along with 
the evolution of lattice parameters of the Ni-InGaAs phase. 

Perspectives 
Unless the strong interest of theses RSM, they are snapshots of 
the solid-state reaction and they don't reveal the growth 
kinetics. To unravel ambiguities linked to the so-formed 
intermetallic phase sequence, we recently succeeded in 
measuring in situ 3D RSM according to annealing temperature 

RELATED PUBLICATIONS: 
[1] C. Perrin et al, "Formation of Ni3InGaAs phase in Ni/InGaAs contact at low temperature", Applied Physics Letters, 109 (13), 2016 
[2] S. Zhiou et al, "Reaction of Ni film with In0.53Ga0.47As: Phase formation and texture", Journal of Applied Physics 120, 135304, 2016 
[3] S. Zhiou et al, "Formation and stability of intermetallics formed by solid-state reaction of Ni on In0:53Ga0:47As", IEEE International Interconnect Technology 
Conference / Advanced Metallization Conference (IITC/AMC), p 136-138, 2016 
[4] S. Zhiou, "Microstructural Analysis of Intermetallic Compounds on III-V substrates - Application to Alloy Contacts for Sub 10 nm Mosfets", PhD Université 
Grenoble Alpes, 2016 
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IThe development of the advanced 
microelectronics requires the manufacturing of 
SOI (Silicon-On-Insulator) wafers with a very 
thin top Si layer and drastic uniformity 
specification. An interesting way to raise this 
challenge would be to integrate, in the Smart
CutTM technology, modified donors substrates in 
order to “force” hydrogen to precipitate, during 
the annealing, in a plane parallel and close to 
the surface. 
We study the potential benefits of the 
incorporation of thin buried layers of boron 
doped silicon (Si:B) or SiGe alloy in the donor 
substrate. The fracture of Si:B is obtained for a 
lower implanted hydrogen dose and for a lower 
thermal budget than when using a SiGe buried 
layer. Moreover, the layer roughness after 
transfer is obviously lower than that obtained 
with the reference process. We have shown that 
the mechanisms leading to hydrogen trapping 
are different. We have studied the hydrogen

redistribution after implantation and annealing 
and the platelets evolution during isothermal 
annealing in the Si/Si:B/Si structure. During 
annealing, the platelets formed outside of the 
Si:B buried layer dissolved in favor of the ones, 
larger, formed in the doped layer, which grow 
and finally form microcracks. This growth results 
in the transfer of implanted hydrogen towards 
the trapping layer. Nevertheless, this diffusion is 
slow and all implanted hydrogen is not finally 
« pumped » by the trapping layer. A simple 
numerical model makes it possible to 
understand then to reproduce qualitatively the 
redistribution phenomenon. 
We show that the incorporation of Si:B buried 
layer in the donor substrate is a very promising 
technique for the manufacturing of ultrathin SOI. 
This process was optimized in an industrial 
environment and transferred films with a post 
fracture roughness a decade lower compared to 
the reference process were obtained. 

In microelectronic, the device's performance 
evolution is limited by the down-scaling. The 
mechanical stresses are a potential mobility 
booster to overcome these limitations. However 
it is essential to properly control their process 
integration and to understand their influence on 
channel transport. The aim of this thesis is to 
study the mechanical stress evolution in CMOS 
technology and its impact on electronic 
transport in sub-20nm realistic technologies. 
This work is based on bidimensional mechanical 
simulations. Different architectures FDSOI and 
TriGate are then studied. The simulated stress 
maps are compared to experimental 
characterization from electron diffraction. 
Several methods of electrical characterization 
and extraction of MOS transistor are used, 
especially the magnetoresistance technique. 
We analyze the mechanical stress impact on 
the mobility variations according to geometrical 
dimensions. Finally, we use the TCAD 

simulation in order to explore the potential of 
new innovative devices under development for 
future generations. Among them, the integration 
of high germanium concentration in source-
drain regions or the impact of relaxations 
induced by dummy gates in process flow. In this 
perspective, electrical simulations based on 
piezoresistive approach become essential. 
 

AURELIE ROYAL  
UNIVERSITE TOULOUSE 3 PAUL SABATIER 
 
Study of the Trapping of Implanted Hydrogen and 
Application to the Transfer of Silicon Thin Layers 

ANOUAR IDRISSI EL OUDRHIRI 
UNIVERSITE GRENOBLE ALPES 
 
Understanding of Mechanical Stress Contribution on the 
Electrical Performances of Advanced Transistors on SOI 
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3D Sequential Integration is a Promising Candidate for 
the Scaling Sustainability for Technological Nodes 
Beyond 

The main challenge is the development of a low 
temperature process for the top transistor level 
that enables to avoid the degradation of the 
bottom transistor level. The most critical process 
step for the top transistor level fabrication is the 
dopant activation that is usually performed at 
temperature higher than 1000 °C. The 
technique chosen for the dopant activation at 
low temperature (below 600 °C) is the solid 
phase epitaxial regrowth. Doping conditions 
have been optimized in terms of activation level 
and process time for low temperatures anneals. 
The obtained conditions have been 
implemented in FDSOI and TriGate devices 
leading to degraded electrical results compared 
to the high temperature process of reference 
(above 1000 °C). By means of TCAD simulation 
and electrical measurements comparison, the 
critical region of the transistor in terms of 
activation appears to be below the offset 
spacer. The extension first integration scheme 

is then shown to be the best candidate to obtain 
high performance low temperature devices. 
Indeed, by performing the doping implantation 
before the raised source and drain epitaxial 
growth, the absence of diffusion at low 
temperature can be compensated. Extension 
first integration scheme has been demonstrated 
for the first time on N and PFETs in 14 nm 
FDSOI technology showing promising results in 
terms of performance. We show that the two 
challenges of this integration are feasible. 
Finally, heated implantation has been 
investigated as a solution to dope thin access 
regions without full amorphization, which is 
particularly critical for FDSOI and FinFET 
devices. The as-implanted activation levels are 
shown to be too low to obtain high performance 
devices and the heated implantation appears a 
promising candidate for low temperature
devices if used in combination with an 
alternative activation mechanism. 

CARLOS AUGUSTO SUAREZ SEGOVIA  
UNIVERSITÉ GRENOBLE ALPES 
 
Electrical and Physicochemical Characterization of Metal 
Gate Processes for Work Function Modulation and 
Reduction of Local VTH Variability in 14FDSOI 
Technologies 

This Ph.D. thesis is focused on the fabrication 
and electrical and physicochemical 
characterization of metal gates in 14 nm high-k 
based FDSOI MOSFET devices. These metal 
gates are composed of TiN, lanthanum and 
aluminum layers, deposited by RF sputtering. 
Test structures and a simplified integration 
scheme allowing C-V measurements, have 
been implemented in order to characterize the 
modulation of the effective work function of TiN 
metal gates with the incorporation of dopants 
such as lanthanum or aluminum. These 
additives are incorporated in a sacrificial gate-
first approach. Furthermore, a new methodology 
based on X-ray fluorescence was proposed and 
validated for accurate in-line characterization of 
the diffusion of dopants. This methodology 
enables to prove that the effective dose of the 
species incorporated into dielectrics after 
diffusion annealing may be modeled as a 
function of the thickness of the pedestal TiN in 

the sacrificial gate and the annealing 
temperature. Moreover, the variation of the 
thickness of the interfacial oxide along the wafer
authorizes the identification of the origin of the 
modulation of the effective work function, which 
is explained by a dipole that evolves with the 
effective dose of the incorporated dopant. 
Accordingly, a model of the diffusion of dopants 
into the gate dielectrics and their impact on the 
effective work function of metal gates has been 
proposed to precisely modulate the threshold 
voltage (VTH) of the 14 nm FDSOI devices. In 
addition, the influence of the high-k oxide on 
both the diffusion of dopants and the modulation 
of the effective work function was highlighted. 
Lastly, an innovative process for metal 
deposition, allowing the modification of the 
microstructure of TiN, was developed in order to 
further improve the local VTH variability in 
FDSOI devices. 
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This thesis focuses on the microstructural 
analysis of intermetallics formed by solid-state 
reaction between a thin layer of Ni (Co) metal 
and an InGaAs substrate and was carried out in 
the framework of contact development for sub-
10 nm MOSFET but have also photonic 
applications. This work includes a part related to 
the development of an X-ray diffraction 
methodology adapted to highly textured 
compounds and two distinct parts in which we 
describe and discuss the experimental results. 
The microstructural study (phase, texture ...) of 
intermetallics obtained by solid-state reaction is 
complicated due to the formation of transient 
metastable, often non-stoichiometric and 
mechanically stressed phases. These phases 
have generally very marked crystalline 
orientations (crystallographic texture). Because 
of this microstructural complexity, these 
intermetallic have often been not fully 
characterized and there is little knowledge 

about their structure and formation. Moreover, 
and to fully characterize the Ni-In-Ga-As system 
without omitting phases or textures, we have 
contributed to the development of a 
comprehensive method of rapid measurement 
by X-ray diffraction to reconstruct large 3D 
maps of the reciprocal space. The collected 
data through this method are reconstructed to 
extract either diffraction diagrams called 
"detextured" diagrams or pole figures ... which 
allows a semi-quantitative analysis of the 
intermetallic microstructure. 
In the first part of the experimental results, we 
focus on the characterization of intermetallic 
formed through Ni / InGaAs / InP stacks and 
annealed ex situ at different temperatures. In 
the second part of this work, we present the 
analysis results of studies performed by in situ 
3D Reciprocal Space Mapping on the ESRF 
synchrotron in Grenoble 

For many years, characterization techniques 
have been used to probe and analyze 
integrated components. Nowadays the critical 
downscaling of transistors and implementation 
of new materials and methods induce the 
necessity of developing innovative metrology to 
monitor the fabrication processes at each step. 
In this context, there is a need for non-
destructive and fast strain characterization 
techniques, capable of in-line analysis of nano-
structures. Within that framework, the 
capabilities of High Resolution X-Ray Diffraction 
(HRXRD) and Raman spectroscopy for strain 
measurements is evaluated and a methodology 
tailored is proposed.  
In this study, we demonstrate the interest and 
capability of Reciprocal Space Mappings (RSM) 
for the characterization of strained structures for 
gratings of pMOS transistors. The benefit of 
using different mechanical models is explored 
and a very good agreement between 

experimental and simulated RSM’s is 
established. Alongside, µ-Raman spectroscopy 
was also identified to be a promising candidate 
due to a sub-micrometers spatial resolution and 
a low detection threshold. The spatial resolution 
of µ-Raman and Tip-enhanced Raman 
Spectroscopy (TERS) techniques is 
investigated by comparing the measurements 
with simulations, highlighting that there is still 
some way to go before fulfilling the demands of 
the microelectronics industry. A HRXRD 
methodology is developed to follow the strain 
field evolution all along process steps in a 
manufacturing environment. Thanks to a 
homemade software (DXtract) the whole 
procedure is automated and is capable to 
follow, detect and localize even the small strain 
variations. We show that the procedure is 
compatible with industrial constraints and the 
use of RSM for in-line monitoring, is a relevant 
technique for industrial metrology. 
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For sub-32nm CMOS technology nodes, size 
reduction proves to be insufficient to increase 
the performance of integrated circuits on bulk 
substrate. New architectures have emerged, 
including FinFET and FDSOI architecture which 
will interest us here. The introduction of 
performance boosters becomes mandatory for 
sub-14 nm nodes. Indeed, mechanical stress in 
the channel allows to improve carrier mobility 
and to increase the switching speed of the logic 
gates. The application of this stress induced by 
the crystal deformation of the channel material 
has become a major issue in the 
microelectronics industry. The ideal CMOS 
architecture would have a tensile strained 
channel and on the other hand a compressively 
strained channel for both n and pMOSFET 
respectively. 

AURORE BONNEVIALLE  
CEMES – CNRS TOULOUSE 
 
Study and Integration of Mobility Boosters for Advanced 
FDSOI CMOS Technologies: S train Introduction into 
Channel 

The objective is to evaluate different techniques 
for the deformation of the transistor channel and 
therefore the localized stress created leading to 
sub-14 nm MOSFETS performance 
improvement. Firstly, this thesis aims to 
investigate the interests and disadvantages of 
SOI substrates by analyzing the p / n MOSFETs 
performances which have been fabricated on 14 
nm FD route. Other innovative and localized 
solutions are studied called BOX creep and 
STRASS. The first method consists in the local 
creation of tensile or compressive stress 
through the use of a stressed SiN. STRASS 
allows to induce a localized tensile stress (for n
MOSFETs). The efficiency of these techniques 
is evaluated through deformation 
measurements (Raman) and thanks to electrical 
data, with analysis of the impact of stress 
(depending on the dimensions of the devices). 
Simulations were also used to understand the 
mechanisms involved in these processes. 

MARTIN COUÉ 
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Electrical Characterization & TEM Study of the Physical 
Mechanisms Implied in Reliability Issues of Ge- rich GST 
Phase-Change Memories  

In this thesis we provide a detailed study of the 
mechanisms responsible for data loss in Ge-rich 
Ge2Sb2Te5 Phase-Change Memories, namely 
resistance drift over time and recrystallization of 
the amorphous phase. The context of this work 
is first presented with a rapid overview of the 
semiconductor memory market and a 
comparison of emerging non-volatile memories. 
The working principles of PRAM technology are 
introduced, together with its advantages, its 
drawbacks, and the physics governing the 
crystallization process in phase-change 
materials, before describing the reliability issues 
in which we are interested.  
A full electrical characterization of devices 
integrating germanium-enriched GST alloys is 
then proposed, starting with the characterization 
of the materials used in our PCM cells and 
introducing the benefits of Ge-rich GST alloys 
over standard GST. The electrical performances 
of devices integrating those materials are 

analyzed, with a statistical study of the SET & 
RESET characteristics, programming window, 
endurance and crystallization speed. We then 
focus on the main topic of this thesis by 
analyzing the resistance drift of the SET state of 
our Ge-rich devices, as well as the retention 
performances of the RESET state.  
In the last part, we investigate on the physical 
mechanisms involved in these phenomena by 
providing a detailed study of the cells' structure, 
thanks to Transmission Electron Microscopy 
(TEM). The experimental conditions and setups 
are described before presenting the results 
which allowed us to go deeper into the 
comprehension of the resistance drift and the 
recrystallization of the amorphous phase in Ge-
rich devices. A discussion is finally proposed, 
linking the results of the electrical 
characterizations with the TEM analyses, 
leading to new perspectives for the optimization 
of PRAM devices. 
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In the last decades the exponentially growing 
demand for data storage pushed the memory 
industry to found alternative solutions to 
magnetic storage. Resistive RAM (RRAM) seem 
one of the brightest candidate for this task. Their 
functioning relies on the formation and 
dissolution of a conductive filament in a metal 
oxide. They offer great advantages such as 
reduced power consumption, fast switching 
times, scalability and the possibility to be 
integrated in the back end of line. Although 
RRAM show interesting performances, they still 
have limitations that hinder their entrance in the 
market. Variability is one of the main issues of 
this technology and a better understanding of 
the switching mechanism would be of great 
importance to improve the memory 
performances. 
This work is focused on the scalability aspect of 
RRAM: to increase as much as possible the 
memory density and optimize the used Si area, 

memory cells have to be integrated in a 3D 
geometry, with what is called Vertical RRAM 
(VRRAM) configuration. Several steps were 
made to integrate this memory technology in a 
vertical structure, finally leading to a 2-level 
device with 1 integrated transistor per memory 
cell. VRRAM where then deeply characterized 
to analyze the memory performances and 
identify the key aspects of the vertical 
architecture. Three aspects were also 
investigated: the switching mechanism was 
studied showing the existence of a correlation 
throughout cycling, reducing cycle to cycle 
variability. Design considerations were also 
made, computing the maximum array size 
attainable with our technology. Finally, VRRAM 
were proposed as synapse emulators for neural 
networks. RRAMs have in fact pointed out as 
one of the possible candidates for neuromorphic 
applications thanks to their promising 
performances. 

The demand for novel memory technologies is 
increasing. Promising replacing candidates are 
the  emerging non volatile  technologies such as 
Conductive Bridge Memory (CBRAM).  
CBRAM is based on a simple Metal-Insulator-
Metal (MIM) structure and presents several 
advantages compared to the other technologies 
:it keeps the information when the power is off, it 
is scalable down to 10nm technology node, it 
can be easily integrated into the Back-End-of-
Line (BEOL) and it has high operation speed at 
low voltages and low cost per bit. Nevertheless, 
demands for the industrialization of CBRAM are 
very stringent and issues related to device 
reliability are still to be faced. In this thesis we 
analyze two generations of CBRAM technology 
for two specific application market. The first part 
is dedicated to the electrical study of Cu-
based/GdOx structures. This CBRAM family 
addresses mainly the high temperature 
applications as automotive. To fulfill 
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Electrical Characterization and Technological 
Optimization of CBRAM Devices to Improve 
Performance, Speed and Reliability 

specification requirements, doping of metal-
oxide and bilayers are integrated to decrease 
the forming voltage and increase the 
programming window. Better endurance 
performance is also achieved. The second part 
is dedicated to a new CBRAM technology, with 
a simple MIM structure. In this case, the device 
shows fast operation speed  of 20ns at low 
voltages of 2V, combined with satisfying 
endurance and data retention. This technology 
seems to be compatible with the growing IOT 
market. The objective was to study the reliability 
of the embedded CBRAM devices in terms of 
forming, endurance and data retention. Some 
methodologies were developed, the electrical 
set-up was modified and adapted to specific 
measurements. Physical models were 
developed to explain the experimental results. 
Based on the obtained results, we demonstrate 
that the CBRAM technology is highly promising 
for future NVM applications. 
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Study of the Contact Etching with a Double Patterning 
Strategy for Advanced Technological Nodes 

Due to the reduction of the transistor 
dimensions and the limitations of the lithography 
to define small contact patterns for the sub-
20nm technological nodes, the introduction of 
double patterning strategies is required for 
contact patterning. In such architectures. This 
leads to new challenges for contacts definition, 
especially because of the integration of double 
patterning strategies and TiN hard masks which 
were not present for previous technologies. 
This study addresses the contact etching 
process using a double patterning strategy for 
the 14 nm Fully Depleted Silicon on Insulator 
(FDSOI) technology. More particularly, the main 
goal of this work was to evaluate the impact of 
both TiN and OPL masks on the contact 
patterning process in terms of dimensions and 
profiles control. For this, we have compared two 
different OPL etch processes (N2/H2 and 
COS/O2) and their impact in the contact pattern 
transfer in the dielectric layers. In addition, this 

work was also dedicated to the understanding 
and limitation of metallic residues growth 
occurring after the contact etch process. We 
show that the contact etch profile is influenced 
by the OPL etching process due to the 
interactions between the plasma and the TiN 
hard mask. These interactions may lead to a 
modification of the hard mask profile and are at 
the origin of the metallic contamination 
observed over the patterned wafer or the 
reactor walls. Due to this contamination, the 
contact profiles are deformed and the dielectric 
etch process may be stopped. Finally, we have 
shown that the state-of-art CH4-based post-
etch-treatments introduced to limit the residues 
growth after dielectric patterning with a TiN 
mask can be improved by adding an oxygen-
based reactor cleaning process before the post-
treatment process. 

The development of processes for the 
fabrication of nanoscale devices at low cost and 
greater functionality is a daily challenge for the 
semiconductor industry. The self-organization at 
the nano-meter scale of block copolymers 
(BCPs) thin films has attracted a considerable 
attention as an alternative approach of 
overcoming the feature size limitation of the 
conventional lithography processes used in 
semiconductor industry. A new class of bio-
hybrid BCPs comprising naturally occurring 
oligosaccharides conjugated to synthetic blocks 
have been recently synthesized and have 
revealed, after a solvent annealing step, 
unprecedented sub-nano organizations in thin 
film with 5-10 nm features. A step further 
consisted in designing high-χ BCPs consisting 
of oligosaccharide-b-polydimethylsiloxane which 
could be used as an etch mask for subsequent 
pattern transfer in nano-lithography applications. 
To do this we synthesized a new carbohydrate-

based polymer: a defined mixture of xyloglucan 
oligomers from tamarind seeds (XGO); and an 
inorganic polymer: the poly (dimethylsiloxane) 
(PDMS). These two blocks were linked by click 
chemistry using CuAAC. Thermal annealing-
mediated nanostructured thin-films have been 
developed and well-characterized in terms of 
morphology, pitch. 
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This PhD is part of the development of Gallium 
nitride based power transistors at the CEA-
LETI. These transistors, especially those based 
on AlGaN/GaN hetero-structure, are very 
promising for power electronics applications. 
The oal of this PhD is to increase the knowledge 
of the mechanisms responsible for the ohmic 
contact formation on a AlGaN/GaN structure. 
First, a thermodynamic study of several 
transition metals has been performed, leading 
us to select Ti/Al metallization. Then, the 
multiple physico-chemical reactions of this stack 
with nitride substrates have been studied 
depending on the stack composition and the 
annealing temperature. Finally, several studies 
on AlGaN/GaN structure coupling both physico-
chemical and electrical characterizations reveal 
different decisive parameters for the formation 
of an ohmic contact with a low-resistance and a 
low annealing temperature. 

Performances, efficiency and reliability are 
among the main issues in power electronics. 
Nowadays, 3D packaging solutions increase 
standard planar module (2D) performances, for 
instance EMC. However such integrations are 
based on complex manufacturing, especially 
concerning interconnections. Improvements 
require global and advanced solutions. This 
work lies on two proposed concepts: a coupled 
design of the power devices and their 
associated package and a collective wafer-level 
process fabrication. A Technological offer is 
proposed based on an innovative power 
packaging toolbox. Our approach is materialized 
by the fabrication of a 3D polyphase power 
module which proved to be more efficient and 
reliable. The benefits are more precise process 
manufacturing, lower EMI generation and lower 
inductive interconnections. 
As a matter of fact, this work offers a new and 
advanced technological integration for future 
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power electronics modules, perfectly suitable for 
the wide bandgap semiconductors. 
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Solid Electrolyte for Micro batteries: Elaboration of an 
Ionic Liquid-Based Membrane and Characterization of 
Transport Properties 

New deposition techniques compatible with 
making tridimensional geometries are currently 
being investigated with the aim of improving the 
performances of lithium micro batteries. This 
work focuses on the development of a new 
quasi-solid electrolyte deposited by a “wet 
process”. An ionic liquid-based membrane 
containing a lithium salt was prepared by the 
photo-induced polymerization of a 
dimethacrylate oligomer.  
New methods such as a new type of 
conductivity cell based on planar interdigitated 
electrodes to measure ionic conductivity as well 
as in-situ monitoring of photo-polymerization 
using impedance spectroscopy were used.  
Transport properties of lithium ion were 
measured by PGSE-NMR spectroscopy. 
Interestingly, a significant reduction of lithium 
ion mobility was observed after UV-curing while 
the total ionic conductivity only decreased 
slightly. This phenomenon is due to the 

formation of lithium ion complexes with ethylene 
oxide moieties of the solid matrix, evidenced by 
Raman spectroscopy measurements. 
Additionally, we have shown that the structures 
of the complexes depend on the salt 
concentration and a dual solid/liquid transport 
mechanism was suggested.  
Hence, in order to improve lithium ion diffusion, 
a co-polymer was added in an attempt to 
decrease the cross-linking density of the solid 
matrix thus improving its segmental motion. The 
cycling of the all-solid-state micro batteries was 
indeed improved. Comparable performances 
with the standard solid electrolyte LiPON were 
obtained at room temperature. 
In summary, it was established that 
electrochemical performances of the solid state 
micro batteries depend to a certain extent on 
the structure of the polymer electrolyte. 
Therefore it is possible to find new ways in 
designing these types of electrolytes for further 
improvement. 
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Synthesis and Characterization of Transition Metal 
sulfides as High-Capacity Positive Electrode Materials 
for Lithium Micro batteries 

The over going evolution of the microelectronics 
industry implies new specifications when it 
comes to next generations of lithium micro 
batteries. It is now of utmost importance for 
these devices to increase the volumetric 
capacity of the positive electrode material and 
bring the working potential down to 
approximately 1.5 V. Hence, this work is aimed 
at studying the behavior of transition metal 
sulfides, of formula MSx (M = Fe, Co, Ni ; x = 1, 
2), which react towards lithium through 
conversion reaction mechanism at an adapted 
potential. Thin films of these materials, prepared 
via non-reactive radiofrequency magnetron 
sputtering were structurally, morphologically and 
compositionally characterized prior to their 
integration in micro batteries. In most cases, 
crystallized films were obtained without any 
intentional heating of the substrates. Also, very 
low oxygen incorporation within the deposited 
materials was observed. Thanks to the 

combined use of thin film and all-solid-state 
configuration in the micro batteries, good 
reversibility of the reactions is allowed and 
parasitic reactions generally observed for 
transition metal sulfides electrodes in 
conventionally used liquid electrolytes cells can 
be avoided. Thus, deep electrochemical 
characterizations were successfully conducted 
on the micro batteries. For these materials, it 
was shown that the reversibility of the lithium 
insertion / extraction cycles during operation is 
directly linked to the nature of the transition 
metal cation and to the overall sulfur 
concentration in the electrode material. 
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Mobile devices have recently made a 
breakthrough in our everyday life and new 
generations more powerful are expected to 
come from technologies such as chip stacking. 
These technologies face important challenges 
related to the evacuation of heat where the 
introduction of heat transfer fluids appears 
necessary, considering that the space and the 
cooling powers are limited. This thesis proposes 
methods and tools for the design of 
microchannels for the cooling of chips, stacked 
or not, with hot spots and intended for mobile 
devices. An optimization method is first 
proposed with a simulation experiment to fix the 
optimal design parameters. A manufacturing 
process is then developed and the thermal 
performances of the prototypes obtained are 
evaluated experimentally. 

The evolution of consumer’s habits is constantly 
accelerating the process of data 
dematerialization towards the cloud. As a 
consequence, internet infrastructures require 
more efficient solutions for data processing with 
less power consumption in order to manage the 
exponential increase of data fluxes. The 
heterogeneous integration of microelectronic 
chips on a silicon interposer offers new 
perspectives in the manufacturing of complex 
systems for high bandwidths applications. 
However, the high density vertical assembly of 
several chips on this silicon platform has proven 
to be technologically challenging. This study is 
focused on the thermo-mechanical issues which 
affect the manufacturing of the interposer at 
multiple scales. At macroscopic scale, the high 
curvature of the die, induced by stress in thin 
films, has a negative impact on various 
assembly processes. By using a thermal 
shadow moiré technique, the characterization of 
the thermo-mechanical deformations aims to 
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define and validate a strategy of curvature 
compensation through the deposition of thin 
dielectric layers on the back-side of the die. The 
integration of stress sensors to depict the 
mesoscopic local stress in 3D assemblies is 
then investigated. We demonstrate the ability of 
piezoresistive based sensors to measure 
chip/package interactions in a typical interposer 
assembly flow. Eventually, the thermo-
mechanical stress at microscopic scale induced 
by the copper through silicon vias in a silicon 
interposer are mapped thanks to a 
nanodiffraction technique using synchrotron 
radiation. Corresponding experimental 
investigations allow to validate a predictive 
numerical model and estimate the mobility 
variations of charge carriers in silicon around 
the vias. Eventually, the main barriers to silicon 
interposer adoption have been identified and
several tools were developed to ensure the 
feasibility of future prototypes 
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Synthesis of Group 6 Metal Dichalcogenide Monolayers 
by Surface Organometallic Chemistry 

MoS2, a transition metal dichalcogenide (TMD) 
possessing a mica-like layered structure, has 
been widely used over the past century as solid 
lubricant and hydrotreating catalyst. Since 2010, 
the discovery of new semiconducting (direct 
gap) and photoluminescence properties 
emerging in monolayer MoS2 has attracted 
much interest, with a wide range of potentialities 
for next generation electronics or energy 
storage devices. While exfoliated materials have 
provided a convenient way to demonstrate the 
feasibility of proof-of-concept-devices, the 
development of reliable synthesis methods 
allowing the industrial manufacturing of TMD 
monolayers are still needed. 
In this booming research field, high temperature 
CVD processes based on the reaction between 
sulfur and metal oxide are dominating but 
appear difficult to be scaled up. In this work, we 
investigated the potentiality of a low 
temperature deposition of TMD compounds 

without H2S precursor replaced by a more 
“green” precursor compatible with manufacturing 
environment. We identify suitable metal 
precursors for the CVD and ALD growth of 
amorphous molybdenum and tungsten sulfide 
deposited below 250°C, and point out their ability 
to self-reorganize into crystalline MoS2 and WS2 
monolayers upon thermal annealing. 

Direct bonding is used for many applications in 
microelectronics. This technique consists to the 
assembly of two surfaces without any adhesive 
material. Bonding requires special wafer surface 
conditions and preparations. The surfaces have 
to be cleaned, flat and smooth to obtain a 
spontaneous adhesion. A heat treatment is 
applied to increase the adherence energy. 
During the manufacturing process, bonding 
defects may appear which are due to trapping of 
particles. These bonding defects are essentially 
formed of air. Finally, bonding defects and 
bonding energy are the two main characteristics 
from which is deduced the bonding quality. 
Nowadays, the main technique that is used to 
measure the direct bonding energy is the double 
cantilever beam (DCB). The aim of this work is 
to use the acoustic microscopy to measure the 
bonding energy. In this study, a model based on 
"hybrid matrix method" has been developed for 
bonding with different qualities. The results 

show that the acoustic reflection coefficient of 
the bonded structure is influenced by the quality 
of the interface. Thus, an experimental method 
is proposed to perform measurements of the 
interface quality from the reflection coefficients 
acquired under normal incidence. In parallel, 
silicon wafers have been specifically bonded to 
validate the method. Finally, once the method 
validated, two-dimensional mappings of the 
interface quality are realized. Furthermore the 
technique is improved to increase the lateral 
resolution. For this, a transducer having a lens 
is used to focus the ultrasonic waves on the 
bonded structure. A theoretical study is 
conducted using the model of the "angular 
spectrum" to simulate the diffraction lens. 
Finally, experimental mapping confirm the 
feasibility of measuring bonding energy of high 
resolutions. 
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Noble metals (Au, Ag, Pt, Ir, Pd and Ru) are 
used for the fabrication of microelectronics 
devices or can be brought by manufacturing 
tools (alloy components for example). It is well 
known that these impurities are detrimental to 
the efficiency of the devices. This implies a real 
and present need for control of their introduction 
in clean rooms to diagnose as soon as possible 
a contamination. Yet, there are no industrial 
technique for their follow-up at levels about 
5.109 at.cm-2 – ITRS recommendations. The 
relevance of these recommendations according 
to the electronic device (SPAD in particular) 
could be questioned. At first, this study 
consisted in developing a physicochemical 
technique for the analysis of noble metals on Si 
wafers by VPD-DC-ICPMS. Then, their impact 
on tools and devices was established according 
to their behavior in temperature and the DCR 
generated on SPAD devices. 

The thesis concerns at first the study of the 
kinetics of Smart Cut ™ in silicon wafers after 
hydrogen implantation, for temperatures of 
annealing between 500 °C and 1300 °C. So, the 
kinetics are characterized by considering 
annealings in a thermal oven as well as laser 
annealing. On the basis of this characterization, 
a physical model, based on the behavior of the 
implanted hydrogen during the annealing, is 
proposed. The model leans on characterizations 
as well as on digital simulations. On the basis of 
the model obtained for the splitting, two 
manufacturing processes based on epitaxy in 
liquid phase on implanted silicon wafers are 
proposed in order to elaborate single-crystal 
silicon films on sapphire and glass substrates by 
laser annealing as well as for the elaboration of 
thin single-crystal silicon foils. The study of first 
process proves for the first time the possibility 
for applying the Smart Cut™ process with high 
temperature splitting to implanted silicon 
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substrates. Films are transferred over large 
areas (wafer of 200 mm), what presents a big 
industrial interest. The study proposes various 
characterizations of the films. The second 
process is demonstrated by using silicon 
epitaxy in liquid phase (temperature over 1410 
°C) onto implanted silicon substrates. The 
obtained layers show an epitaxial growth (for 
close to 90 % of the deposited layer as 
measured by EBSD) and are as thin as 100 µm. 
On the other hand, the detachment of films by 
the Smart Cut ™ process is thus demonstrated. 

88



 

SILICON TECHNOLOGIES AND COMPONENTS 
 

 
 

 
 

 

 

 

 

 

  

Electron tomography is a 3D non-destructive 
nano-characterization technique. It is an 
essential technique in the field of 
nanotechnologies to characterize complex 
structures particularly when 2D projections 
using a transmission electron microscope (TEM) 
are inappropriate for understanding the 3D 
sample morphology. During this thesis each one 
of the necessary steps of electron tomography 
have been studied: sample preparation, TEM 
acquisition, projection alignment and inversion 
algorithms. The main contributions of this thesis 
are (i) the development of a new complete 
procedure of automatic “denoising”, alignment 
and reconstruction for a routine use of electron 
tomography (ii) the extension of the technique to 
thicker specimen and specimen being damaged 
during the acquisition and finally (iii) the 
improvement of chemical tomography 
reconstructions using as much information as 
possible. All those contributions are possible 

taking advantage of the use of needle-shaped 
samples to acquire projections on an ideal tilt 
range of 180°. A software has been developed 
during this thesis to allow users to simply apply 
most of the contributions proposed in this work.  
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and the line profile with a sub-nanometer 
resolution. The results obtained by CD-SAXS 
coupled with microscopy techniques lead to a 
precise description of lines both on a local scale 
and on large areas. The GISAXS studies were 
focused on the study if the block copolymer PS-
b-PMMA with perpendicular PMMA cylinders 
using hard x-rays to probe the capabilities of 
different treatments (UV irradiation, chemical 
treatment and coupling of these two methods) 
to remove totally the PMMA blocks. For high Â 
copolymer films, GISAXS measurements using 
hard x-rays led to a precise description of the 
reduced size patterns owing to a marked 
electronic contrast between the two blocks. 
Finally the new contact hole shrink approach 
developed at CEA was studied by GISAXS and 
CD-SAXS. The multiple scattering effects 
occurring in complex layer stacking and 
measured by GISAXS make difficult the 
extraction of the hole sizes. 

In the semiconductor industry, the reduction of 
feature size and separation distance pushes the 
in-line metrology techniques to their resolution 
limits. So in order to cope with demand of the 
industry some needs in terms of metrology are 
appearing. In this context, the capabilities of the 
X-ray techniques were evaluated. To detect 1-
100 nm sized objects X-ray scattering at small 
angle (SAXS), using incident angles ranging 
from 0.1 to 10° was used and a second 
technique GISAXS (Grazing-incidence SAXS) 
was also tested. The aim of the work was to 
implement these techniques on the nano-
characterization platform at the CEA-LETI and 
to demonstrate their ability to control the size 
and morphology of nanostructures present in 
electronic devices. This work was focused on 
two different materials (line gratings and films of 
self-assembled block copolymer). For the study 
of line gratings, we showed the capabilities of 
CD-SAXS to extract the period, the line width 

GUILLAUME FREYCHET  
UNIVERSITÉ GRENOBLE ALPES 
 
Morphological and Dimensional Analysis of Organized 
Nanostructures using Central X-ray Diffraction  
 

89



 
L E T I  S C I E N T I F I C  R E P O R T  2 0 1 6  

 
 
 

 
 

 

In the last decades the exponentially growing 
demand for data storage pushed the memory 
industry to found alternative solutions to 
magnetic storage. Resistive RAM (RRAM) seem 
one of the brightest candidate for this task. Their 
functioning relies on the formation and 
dissolution of a conductive filament in a metal 
oxide. They offer great advantages such as 
reduced power consumption, fast switching 
times, scalability and the possibility to be 
integrated in the back end of line. Although 
RRAM show interesting performances, they still 
have limitations that hinder their entrance in the 
market. Variability is one of the main issues of 
this technology and a better understanding of 
the switching mechanism would be of great 
importance to improve the memory 
performances. 
This work is focused on the scalability aspect of 
RRAM: to increase as much as possible the 
memory density and optimize the used Si area, 

memory cells have to be integrated in a 3D 
geometry, with what is called Vertical RRAM 
(VRRAM) configuration. Several steps were 
made to integrate this memory technology in a 
vertical structure, finally leading to a 2-level 
device with 1 integrated transistor per memory 
cell. VRRAM where then deeply characterized 
to analyze the memory performances and 
identify the key aspects of the vertical 
architecture. Three aspects were also 
investigated: the switching mechanism was 
studied showing the existence of a correlation 
throughout cycling, reducing cycle to cycle 
variability. Design considerations were also 
made, computing the maximum array size 
attainable with our technology. Finally, VRRAM 
were proposed as synapse emulators for neural 
networks. RRAMs have in fact pointed out as 
one of the possible candidates for neuromorphic 
applications thanks to their promising 
performances. 

The micro and nanotechnology field integrates a 
wide range of materials that can be defined a 
“fragile” because of their shape, dimension or 
density. In this work, three materials of this kind, 
at different level of technological and industrial 
maturity are studied by time of flight secondary 
ion mass spectrometry (ToF-SIMS). These 
materials are: mesoporous silicon, thin 
polymethacrylate films deposited by initiated 
Chemical Vapor Deposition and hybrid 
organosilicate dielectric materials (low-k). The 
objective is to verify and validate the ToF-SIMS 
as a reliable characterization technique for 
describing their chemical properties. Indeed, 
because of this intrinsic “fragility”, the 
consistency of the chemical information is 
connected to an appropriate interpretation of the 
specific ion/matter interactions taking place. For 
mesoporous silicon, a systematic analysis is 
carried out considering various sputtering ion 
sources; both sputtering and ionization 
behaviors are examined relatively to the 
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nonporous silicon. Concerning nanometric thick 
polymer films, low damaging analysis conditions 
are applied by the use of argon cluster primary 
ion sources in order to obtain a significant 
molecular secondary ion information. In these 
conditions, a discrimination of quasi-identical 
nanometer thick structures is made possible 
and a quantification method for copolymers is 
proposed. In addition, with the data principal 
component analysis (PCA) an innovative and 
significant correlation is obtained between main 
Principal Component and sample molecular 
weights. The effect of industrial integration 
process applied on low k materials is studied to 
understand their detrimental impact on low-k 
insulating properties. To achieve a depth-
resolved chemical information, low energy 
cesium sputtering is shown to be the most 
adapted and sensitive strategy. In addition, PCA 
is shown to be almost essential to amplify 
differences between samples significantly. 
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