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Leti is an institute of CEA, a French research -and-technology organization
with activities in energy, IT, healthcare, defence and security.

By creating innovation and transferring it to industry, Leti is the bridge
between basic research and production of micro - and nanotechnologies that
improve the lives of people around the world.

Backed by its portfolio of 2,200 patents, Leti part ners with large industrials,
SMEs and startups to tailor advanced solutions that strengthen their
competitive positions. It has launched more than 50 startups. Its 8,000m? of

new -generation cleanroom space feature 200mm and 300mm wafer
processing of micro  and nano solutions for applications ranging from space to
smart devices. Letidos staff of more thart
partner companies. Leti is based in Grenoble, France, and has offices in Silicon

Valley, Calif., and Tokyo.

Visit www.leti .fr for more information

Within CEA -Leti, Silicon Technologies and Components research activities are
shared between two divisions gathering together around 6 00 researchers.

The Silicon Technologies Division operates 24 hours a day, 7 days a week,
all ye ar round, 7,500m ? of state -of-the -art cleanroom space divided into three
different technological 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 ext:¢
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 applicati ons.



Annual Research Report 2014 - Leti

Silicon Technologies and Components



@%%H8 Annual Research Report 2014 « Leti

Silicon Technologies and Components

Edito Simon Deleonibus 4
Chief Scientist, CEA Research Director

Edito Jean-René Léquepeys 6
Head of Silicon Components Division

Edito Fabrice Geiger 8
Head of Silicon Technologies Division

201 4 Key Figures 11
Silicon Divisions & Platforms 12
Scientific Activity  Indicators 14
PhD Degrees Awarded in 201 4 15
Core & Beyond CMOS 23
Memories 31
Patterning 37
Energy 45
Modeling & Simulation ol
Passive & RF Components 57
MEMS Actuators & Sensors

& Reliability 63
3D Integration & Packaging 71

Physical - Chemical Characterization
& Metrology 79

Emerging Process 89



Annual Research Report 2014 - leti

Silicon Technologies and Components

Simon Deleonibus
Chief Scientist, CEA Research Director

Dear Reader

We are proud to release our fifth annual Silicon Components and Technologies Annual

Scientific Research Report, for the year 2014. This booklet contains 56 one -page research
summaries covering advances in the focus areas of our Silicon Divisions, highlight ing new
results which have achieved at least two publications during the year.

In 2014, the Silicon Divisions produced 413 publications, including 85 in peer -reviewed
journals, achieving Impact Factors as high as 21. We published 435 grade -A items, which

include peer -reviewed presentations at international technical conferences sponsored by
scientific organizations, peer  -reviewed journal papers, and internationally awarded patents.

| am particularly proud to highlight our 17 oral presentations at the 201 4 International
Electron Device Meeting (IEDM), held in San Francisco last December, which included four

invited talks [1  -4]. This is an exceptional accomplishment for the Silicon Divisions, placing
CEA-Leti in the top tier of institutions worldwide at the major flagship conference on
electron device research. It is even more exceptional because we demonstrated the

maturity reached by FDSOI and its ability to foster future 2D and 3D applications, as well as

the co -integration and achievements of More Moore and More than Moore devices.

More specifically, at nodes below 10nm, active device architecture will be strongly
dependent on the control of channel electrostatics and geometric variability. In this
dimensional range, we need to envision a reduction of in trinsic variability towards zero. To
this end, 1D nanowires and atom -thick 2D materials are good candidates for co -integration
in an augmented 3D Si  -based Diversified CMOS platform [1].

Power consumption at the system level can be reduced to zero thanks t 0 opportunities in
materials engineering, device architecture, heterogeneous combinations of More Moore and
More than Moore devices, and packaging [1,2]. Energy supply and storage can be

implemented by incorporating adapted harvesters and thin -film batteri es [1].

The heterogeneous co -integration of Nano -Electro -Mechanical Systems (NEMS) and CMOS
enables high -resolution gas sensing with better figures of merit (signal -to - noise ratio,
speed, power consumption) compared to standalone solutions [2]. Nanowire t echnology can
be leveraged to achieve NEMS cantilever multi -gas sensor gauges.

Memory hierarchy revision gives new opportunities to low -voltage switching embedded non -
volatile resistive memories (RERAMs) [3]; these can be integrated with logic, for

applica tions beyond data storage. Conductive Bridge RAMs and Ox -RAMs are good
candidates for the applications [3]. They will enable drastic new architecture -based

improvements in  power consumption, latency and design through circuits with
reconfigurable, programm  able or neuromorphic architectures [3].

Communication with the outside world wild.l be es
connectivity. SOI substrates, with high resistivity and trap options, have brought major

advantages for optimization of front -end component integration, thanks to the reduction of

parasitic losses in both passive and active devices, as well as superior isolation compared to

bulk [4].



All these subjects have been among our top priorities since | defined the scientific direction

of the Silicon Divisions. | am proud to see CEA -Leti keeping its leadership position with a
clear vision of the advanced SOl roadmap for 2D&3D co -integration of More Moore and
More than Moore devices.

In 2014, Silicon Components and Technologies Divisions members received 76 awards and
distinctions T resounding recognition from their peers serving on high -level committees, at
societies and with the technical programmi ng groups of international conferences. In
addition, our assignees and their co -workers received 12 awards and recognitions of
personal distinction from their peers, at conferences and by selection committees. Our
researchers won eight awards at internatio nal conferences. These honors were earned
through strong collaborative teamwork and commitment, and our senior staff members

were distinguished four times by their peers.

During the past nine years, | have been very happy to establish and oversee the scien tific
direction of the Silicon Components and Technologies Divisions (which included 1013

members at the end of 2014). We have created the necessary tools to manage scientific

objectives, long -term roadmaps, the selection and review of thesis topics (some 35 new
subjects per year and follow up of more than 140 PhD students), internships (about 50 new

subjects each year) and post -doctoral research (15 -20 new subjects annually).

The value of this activity can be measured through scientific performance, such as
publications in highlighted conferences and peer -reviewed journals (a total of more than

400 per year on average), achievement of more than one grade - A publication per potential
publishing researcher, exceptional funding such as ERC Grants (three awarde d to the Silicon
Divisions in the past five years), and international awards and recognitions from our peers.
Because patents are vital to our partnersdé fu
complemented by intellectual property activity T 2014 saw 1 32 patents filed, 123 with
international award.

The special position held by our Silicon Divisions requires committed support of our
development activity and maintainance of top -quality research, while retaining strong
connections to fundamental academic i nvestigation. This commitment is illustrated by our
fostering of long -term efforts through internal CEA Flagship programs, such as ZeroPOVA

and A3DN. This continues a multi -decade Silicon Divisions tradition of offering state -of-the -
art technology platform s to the scientific community, with the support of CEA.

Our visibility and international recognition are made possible by our international
collaborations with major teams at Tokyo Institute of Technology, Caltech, Stanford
University, the University of C alifornia, Berkeley; Ecole Polytechnique Fédérale de
Lausanne, and Albany -Nanotech; and by our participation in major international
conferences through technical program committees, boards of governors, and evaluation
committees. Underlying all these effor ts is the cooperation of all our researchers and
management, as well as the Silicon Division scientific committee that | had the pleasure and

honor to establish and lead.

| wish great luck to my successors and greetings to the entire staff of the Silicon
Components and Technologies Divisions. | also wish to extend my appreciation to the 10
chapter editors and authors of the 2014 Scientific Report, who spared no effort to make it a
valuable reference document.

| advise my dear colleagues to keep in mind the popul ar saying: ABef or
up (sever al decameters span), the seed was there
Technologies and Components Divisions have demonstrated this principle in the past and

have strong assets to continue demo nstrating it into the future.

Grenoble, April 10, 2015,
Simon Deleonibus, Chief Scientist, CEA Research Director, IEEE Fellow

Invited papers at IEDM 2014 , San Francisco, USA, Dec 15 -17, 2014

[1] S. Deleonibus et al. , AFutur e Chal | en g és foraHetdroged@opsoProcessn Tiechnology. Towards the Thin Films, Zero
Intrinsic Variability Devices, Zero Power Erao.

[2] J. Arcamone etal., iNanosystems Monolithically Integrated with CMOS: Emerging Ay
[3] E. Vianello etal . , Registive Memories for Ultra  -Low-Power Embedded Computing Design 0.

[4] C. Raynaud etal. , AiTechnol ogy Pathfinders for Low Cost and Highly Integrated
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Y Jean -René Léquepeys
Head of Silicon Components Division
Dear Reader
The global semiconductor industry achieved record sales of $336 billion in 2014 - but will
that trend continue in years to come? Today t here are many s ignificant uncertaint ies.
Our technological roadmaps are grappling with the po tential end of Moore's law, the
complexity of FinFET, FDSOI  adoption , delays on 450mm and extreme UV lithography , and

other challenges. Our  collaborative models  and alliances are faced with the multiplication of
mergers, changing relationships between fabl ess companies and f oundries, and the growth
of the Chinese ecosystem . And future market development hinges on a wide range of

factors, including the Internet of Things, Big Data, High Performance Computing and
servers, and e-health.

In this evolving context, our division has reaffirmed its world -leading position in
nanoelectronics  research and, once again in 2014, deliver ed cutting -edge technology
solutions to its industrial partners

In particular, the work done by CEA-Leti on FDSOI ha s enabled STMicroelectronics to
convince Samsung and GlobalFoundries of the industrial i mportance of this technology |,
which offers an  excellent alternative to FIinFET thanks to a positive trade -off between
performance (speed, power consumption, etc.) and manufact uring cost. Meanwhile, we

obtained important results on power electronics, which allowed us to establish new
partnerships to advance our GaN-on-silicon technology and help  create a global technology
ecosystem. Finally, we successfully continued the globali zation strateg y of our MEMS
activities . Today, Leti is widely seen as one of the world -leading laboratories in  our field,
and this greater visibility brings us new clients.

Without being exhaustive, | would like to highlight some major breakthroughs from 2014 .

CMOS

Awe demonstrat ed the dynamic performance of 14nm FDSOI devices , demonstrating
their competitive ness with 14 nm FinFET. Also last year, 28nm FDSOI achieved
production maturity at Samsung Electronics Corp., stemming from a process co -

_developed by L eti and STMicroelectronics

Awe proved the implementation of our innovative CoolCube E concept on 300mm wafers
in a production environment. CoolCube E aims at sequential fabrication of vertically
stacked transistors and offers true benefits of going to the ve rtical dimension , because
the stacked layers can be connected at the transistor scale. This new technology has

_attracted interest from Qualcomm and other ~ companies, including  IBM, ST and Altera .

A We recorded notable results on memories , including the first functional demonstrator of
12Mbit PCM memory i ncor pechaageimatgrial L,eahd desongbrationsok
more than 100 million cycles on a OXRAM memory builtusing S TMi cr oel e 28hm o
CMOS technology.



AFinally, we realized the 3D assembly of two 65nm logic chips connected by an
asynchronous network on chip (NoC) T a world first ! This is the result of excellent
collaboration , internal ly between our design and silicon divisions , and external ly with
partners ST and Mentor Graphics.

Power Electronics and Energy

AlInvestments madei n power electronics  have started to bring positive results: realization
of GaN power transistors on Si substrates with  30A current capability and 600V
brea kdown voltage , and strong patent activity (12 patents registered in 2014 on our
innovative Normally - Off architectures).

AThe start -up Exagan , created in April 2014 , fulfills the desire  to establish in France a real
industrial ecosystem around GaN on silicon. The startup has a fab-lite model, keeping
the technological capability to fabricate GaN wafers using GaN epitaxy on 200mm
silicon, but outsourcing power component production to a foundry

AIn collaboration with Soitec and the Fraunho fer ISE , we achieved a new world record in
the field of concentrated photovoltaic s (CPV) with a conversion efficiency of 46.5%
measured by the Fraunhofer (or 46% measured by the AIST ).

Aln the field of  thin -film batteries, we supported STMicroelectronics 6ramp-up of En
technology.

Microsystems

Awe demonstrated a  "combo” sensor made of three accelerometers , three gyroscopes
and three magnetometers co-integrated on the same die.

AFirst images were obtained with an ultrasound probe made by VERMON that integrated
our cMUT sensors.

AWe established a new state  -of-the -art benchmark on BAW filters with L ithium Niobate
resonators, which exhibit an exceptional electromechanical coupling coefficient (kt? =

59%). This opens the door to wide -bandwidth filters and new concepts of tunable
acoustic filters.

AWe supplied our spinoff start -up WAVELENS with a functional MEMS autofocus
capability, and they obtained their first prototyping request from big players in the
smartphone industry .

AWe developed a new concept of 60GHz silicon -integrated antennas based on surface
high -impedance ( SHI) reflector s and realized through 3D integration. It combined high
integration and performance .

All these results were obtained due to the sustained effort s of our team members, and I
would like to  sincerely thank all of them. Their excellent scientific work was recognized
again in several papers at major conferences , including IEDM, VLSI, and Transducers. This
report provides an  overview of their many achie vements.

Grenoble, April 13, 2015
Jean-René Léquepeys, Head of Silicon Components Division
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Fabrice Geiger
Head of Silicon Technologies Division

Dear Reader

The mission of our d ivision is to provide our internal and external customers with the best
innovative engineering solutions , so they can perform world -leading research on n ext-
generation technology nodes. To achieve this, we need to provide the most advanced
research facilities in the industry. Therefore, we are continuously investing in n ew buildings
and new process tools.

In 2014, we realized 28.5Mu i nvest ment in new
includes 4. 3MU dediing aour énstalled baseugndy streachlin ing our equipment
portfolio. Tools put into production last year included lat est-generation 300mm as well as

online metrology and offline ¢ haracterization equipment.

Our cleanroom upgrades are continu ing; late last year we added 500m 2 to our 300mm line.
Moreo ver, we have begun building a new cleanroom dedicated to photonic -on-silicon
processes , with a completion date in 2017

This internal investment is complemented by a strong policy of collaboration with tool
manufacturers. The idea is to build win -win partnership s. CEA-Leti takes advantage of
innovative tools or materials to develop next -generation technologies. In return, our
partner s gain insight into the requir ements neede d for future process nodes, enabling them
to execute solutions  well ahead of global semiconductor industry roadmaps. This resulted in

the following achievements:

AWe renewed three common labs: one with ASELTA Nanographics to jointly develop e -
beam proximity effect correction solutions for both mask writing and maskless
lithography (ML2) applications, another with Arkema to address development and
industrialization of lithography based on nanostructured polymers, and a third with FEI
to use holog raphy and nanobeam diffraction techniques to characterize advanced
semiconductor materials for the 22 nm technology node and beyond.

Awe strengthened and extended strategic partnerships with Applied Materials on  the
CoolCube ™ transistor stacking concept  , ne w-generation memories and advanced CMOS  ;
with L am Research on Il -V materials etching ; and with EVG to optimize temporary and
permanent bonding technologies related to 3D TSV integration.

The year also was rich in scientific results for our division with a record number of more
than 200 scientifc papers produced and more than 40 patents filed. The international
recognition we received (six distinctions and awards obtained in 2014) proves the
excellence of our teams and their accumulated skills and experti se.



Our team is 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:

AA team comprised of CEA  -Leti, Debiotech SA, the Swedish Royal Institute of Technology
(KTH) and Mecaplast SA won a silver medal in the 2014 Medical Design Excellence
Awards for a MEMS -based micro -needle that allows pre cise, pain -free injection of up to
0.5ml of vaccines and medications in a few seconds.

A Through common work with Clinatec Institute, we r ealized a new platform based on
porous silicon , dedicated to versatile and efficient detection of biomarkers

A We transf erred know -how to Toyota on the characterization of dopants in SiC devices.
Awed evelop ed a new 300mm CMP process for 3D integration of imagers

AWe d evelop ed a new directed self -assembly (DSA) proces s. It can, independent of guide
density, properly direct alignment , thus relaxing the resolution requirements of the
lithography process

AWe advanced an innovative TEM characterization technique with a sample holder that
allows in -situ and in -operando use at atomic scale on semiconductor devices.

A We incubated a start -up focused on ultra -sensitive and ultra -fast Raman spectroscopy,
to overcome the limitations of existing analysis techniques (speed, cost, bulky
equipment, etc.).

This scientific annual report includes additional details about all th ese key achievements,
which were made possible by  the work of our researchers and technicians. | would like to
take this opportunity to thank all of them for their constant commitment.

Grenoble, April 14, 2015
Fabrice Geiger, Head of Silicon Technologies Division
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607 Permanent Staff
222 Industrial Residents
147 PhD Students

37 Post -Docs

200 & 300mm Platforms for
CMOS and MEMS

7,500 m2 Clean Rooms
500 Process Tools
Continuous Operation

132 Patents Filed in 201 4
™ 413 Scientific Papers
“"mg,- Produced in 2014

dalipe enerbee

16 Common Laboratories
1 Startup Company
Created in 2014
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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.

A The Nanotech20 08&300 platform provides 200mm and 300mm CMOS wafer processing,
which can be applied to both semiconductor and microsystem devices.

A 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 now links the two platforms to add
process flexibility and faster processing.

A 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) hence providing
advanced system solutions in 3 dimensions. Thi s line is open to our customers for

_ prototyping through the Open3D service.

A 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 8 doma ins of competencies, including electron microscopy, X -ray diffraction, lon
Beam analysis, optics, magnetic resonance, scanning probe, surface analysis and
sample preparation.

: = 3D Integration
—— — S e Nanotec 200&300
: : MEMS 200

Nanoscale
Characterization

12
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Silicon

Divisions

Silicon Technologies division is organized acco rding six departments.
A Three Process Departments: their 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 allow LETI®&s advanced position ir
A A Characterization Department: its mission is to perform off -line observations to

char acterize process steps, materials or components. This department also has a

_ research activity to maintain its level of excellence.

A Two Support Departments: one is in charge of the planning, the interface with internal
divisions or external customers as w ell 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

A MOS Department mission is to simula te, model, develop, demonstrate and test new

_ generations of circuits and modules for sub -20nm CMOS, digital and memory.
A MEMS Department mission is to design and develop innovative microsystem
components (sensors, actuators and RF) and associated toolbox (packaging,

_ heterogeneous integration, reliability).

A Power and Energy Department is to develop and demonstrate technology modules and
components for power and energy (photovoltaic, power electronics, integrated storage).

13
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Scientific

Activity
Indicators

Publications
In 201 4: 413 pub lications produced
Rati o fA ¢ sheditemsp/Publishing researchers 0= 1. 00
(including grade A conferences, journals and international extended patents)
Distinctions and Awards
12,distinctions and awards obtained in 2014
A Best Student/Young  Scientist Award MRS Spring Meeting 2014 (San Francisco) , Manuela Aoukar etal .

A Bronze Medal, 2014 Junior Scientist and Industry Annual Meeting (Grenoble) , Larissa Djomeni etal .
A Outstanding Student Paper Award, 2014 ECS Fall Meeting (Cancun) , Paul Gondcha rton et al.
A Outstanding Student Paper Award, 2014 ECS Fall Meeting (Cancun), Damien Massy etal.

A Best Paper Award, EPTC2014  (Singapore) , Sebastien Mermoz et al.
A Young Scientist Award 2014, EMRS (Lille), Viktoria Gorbenko etal.

A 1% Prize Art & Sciences Co ntest, 2014 Int. Conf. On Electron Microscopy (Krakow), Cyril Gued; et al.
A Best Student Paper Award, IMAPS 2014 (San Diego), David Laloum etal.

A Simon D eleonibus , Visiting Professor at Tokyo Institute of Technology, Japan.

A Simon D eleonibus , Chair IEEE Electron Device Society, Region 8 (Europe -Russia, Africa, Middle East)

A Simon D eleonibus , IEEE Transactions on Electron Device, 6 Years Editor Award.

A Simon D eleonibus , IEEE Electron Device Society Board of Governors, 6 Years Elected Member Award.
76 added Awards among which 2005 Grand Prix Académie des Technologies, 2008 IEEE Cledo
Brunetti Award, 2011 French -German Prize for Economy, 2011 Silver Medal ST Microelectronics,
2012 SEE Grand Prix du Général Ferrié, 3 ERC Grants, 4 8 Best Papers Awards.
Expertis e and Recognitions
97 CEA experts: 4 Research Director, 7 International Experts

25 Researchers with  habilitation qualification fi HD R {o independently supervise doctoral
candidates).

1 IEEE Fellow, 3 IEEE Seniors

Scientific Committees

3 Journal Editors: IE EE TED, European Physical Journal -Applied Physics, Science China -
Information Sciences.

7 researchers involved in ITRS (International Technology Roadmap for Semiconductors)
40 members of Technical Programs and Steering Committees in major conferences:
IEDM, VLSI Technology Symposium, IRPS, ESSDERC, SSDM, ECTC, ECSé

Awards committees: IEEE Cledo Brunetti Award, IEEE Paul Rappaport Award, SEE & IEEE
Brillouin -Glavieux Award, European Research Council Panel

Boards of Governors: IEEE ED Society, Nanosciences Foundation Board, IEEE CPMT, SFV IEEE ED
Society Region 8 Vice -Chair

International Collaborations

Collaborations with more than 50 universities and institutes worldwide

Tokyo Institute of Technology , CALTECH, University of Stanford, University of Berkeley,
University of Cambridge, University of Tokyo, EPFL, Albany -NT, é

14



PhD Degrees Awarded in 2014

Metal Gate Work Function  Modulation Mechanisms for 20 -14nm CMOS
Low Thermal Budget | ntegration
Since the 45nm CMOS technological node, the microelectronics industry replaced the historical

SiO,/polysilicon gate stack by the high permittivity oxide (HK)/metal gate (MG) couple. If this choice
solved the problem of undesired leakage currents, other difficulties appeared due to the uncontrolled
interdiffusion and reactivities of the new gate materials. This is the consequence of the h igh thermal

budget required for the CMOS integrated in the gate first fabrication process. To minimize these

difficulties, one option consisted in implementing a new integration scheme with a lower thermal
budgetliketheso -cal |l ed fAgat e I|lmtheframemftloscaepmoach, gate materials are needed
today for the sub  -20nm complementary MOS (CMOS) technological nodes in particular for low -power
mobile applications (smart phone, ebook). To fit the International Technology Roadmap for
Semiconductors r equirements, gate materials deposited on HfO 2 (the chosen high permittivity oxide
that replaced SiO , in microelectronics since 2007) with sub -nm equivalent oxide thickness (EOT)
control and effective work function (EWF) relevant for nMOS and pMOS co -integr ation (CMOS) are
required. TiN was already a well -known pMOS compatible metal electrode for HfO 2. Finding CMOS
compatible gate materials with an n -type character was more challenging. For this, we investigated

layers of reactive materials deposited on TiN. Single metals like Ti and Al and the binary metallic
system TiAl were considered. Then, the case of the ternary TiAIN metal alloy directly deposited on

HfO, with different N content was examined. We particularly focused our effort on understanding the

origins of the electrical parameters (EWF and EOT) variations measured after a low thermal budget
process (TO400AC). A systematic investigation of the
the chemical environments was performed by physico -chemical methods (spatially resolved STEM
EDX/EELS, TOF -SIMS and back -side XPS) in addition to thermodynamic considerations. By this way,

we determined the particular behavior of N and O with respect to Ti, Al and the binary TiAl and their

impact on the electrical parameters. The chemical species interdiffusion, in particular their distribution

at HK/MG interface, is correlated to the electrodes EWF modulation. Besides, the EOT variation is

related to the remote oxygen scavenging from the SiO 2 interfacial layer that is always present
between the Si substrate and the HK. This phenomenon induced by the Al, Ti or TiAl metals has been

understood on the basis of an advanced thermodynamic study of these materials behavior with

respect to oxygen including their free energy of oxide formation and oxygen solubility. Results
obtained were helpful to understand the more complex case of the ternary TiAIN metal alloy directly

deposited on HfO ,. By simply varying the N content, this electrode defines the best compromise for a

varia ble EWF compatible for both nMOS and pMOS with a sub -nm EOT. The thermal stability of these
electrodes is shown to be limited to temperatures going from 500°C to 700°C depending on the stack

considered (TiN/Al, TiN/TiAl or TiAIN). Innovate was another aspe ct of our work. Therefore, we
proposed alternative gate materials. Ta and Ni were studied with different configurations and alloyed

with different metals on HfO2 (TaN/Ta, Ta/Ni, Ni/Ti). Here again, the thermodynamic behavior with

respect to oxygen and nitr ~ ogen and the thermal stability of these innovative electrodes is evaluated to
understand their different performances compared to HfO 2ITIN(Al) -based gate stacks. In particular,
Ni/Ti alloying is shown to be very promising for a CMOS co -integration at low t hermal budget
(TO600AC) in gate |l ast approach.

Modeling and Characterization of Electrical  Effects of Ge | ntegration in
Metal/High  -k/SiGe MOS  Structures

Maintaining good threshold voltage (VT) centering is a paramount challenge for CMOS technology. The

SiGe introduction in bulk and FDSOI pFETSs requires VT control for such devices. To this end, we have
to extract accurately electrical parameters and to understand Ge integration effects in SiGe based

pFETs. In this thesis, first, we have proposed extraction methods to determine VT, at band voltage

(VFB) and equivalent oxide thickness (EOT) parameter s in bulk and FDSOI transistors. The extraction
methods have been validated via Poisson -Schrodinger (PS) simulations and successfully applied to
measurements. Second, we have highlighted and explained electric effects of Ge on pMOS gate stack

parameters. E lectrical characterizations compared with PS simulations have evidenced an additional

effective work function increase, induced by Ge, related to interfacial dipoles. STEM, EELS and SIMS
characterizations have demonstrated that dipoles are located at SiGe/ IL interface.
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Conception, Realization and Characterization of | nnovative ESD Devices

for FDSOI  Technologies (28nm and 14nm N odes)

Electrostatic Discharges (ESD) are a recurrent problematic faced by the microelectronic industry,
compromising the reliability of integrated circuits. Moreover, dimensions shrinking of the transistors,

caused by the pursuit of performance enhancements of the CMOS circuits make ESD prote ction design

more and more difficult. FDSOI architecture (Fully Depleted Silicon On Insulator) allows a significant
improvement of the electrostatic behavior of the MOSFETSs transistors for the advanced technologies.
It is industrially employed from the 28n m node. However, the implementation of ESD protections in
these technologies is still a challenge. While the standard approach relies on SOl substrate
hybridization (by etching the BOX (buried oxide)), allowing to fabricate vertical power devices, we
focus here on structures where the current flows laterally, in the silicon film. In this work, several
solution of the literature are first reviewed. Alternative approaches are proposed for the 28nm and
14nm FDSOI technologies. They usieon®nde\aitkE®wand BBD A )N Theirmce
static, quasi -static and transient characteristics are studied, with TCAD simulations and electrical
characterizations. Different optimizations are studied, from the technology and the design point of
view, allowing i mproving the low and high current characteristics of these new protection elements. In
particular, the influences of parameters such as the geometry, biasing conditions, thicknesses, or
cMOs doping levels are analyzed in detail.

Self -Aligned Co ntacts for the 10nm FDSOI CMOS T echnology

For sub -14nm transistor generations, the integration of classical metallic contacts subjected to optical
lithography limitations prevents the fulfillment of alignment performance required by design rules

(64nm gate pitch for the 10nm node) and industrial y ields.

In the frame of this PhD. work, an original transistor architecture featuring self -aligned contacts (SAC)
is studied for CMOS FDSOI technologies.

First, a Self -Aligned Contacts (SAC) module has been integrated and validated on a CMOS 14nm

FDSOI process flow. The feasibility of SAC integration at a more aggressive gate pitch (10nm node)

has also been demonstrated morphologically. The impact of such integration on the transistor and

circuit performance, in terms of parasitic capacitances especially , has been evaluated through
numerical simulations (TCAD, SPICE) in the case of the 10nm FDSOI technology. Finally, several
techniques inducing mechanical stress within the transistor channel have been analyzed in order to

improve the device performance. A mong those, the use of contacts on source -drain to induce such
stress has been particularly investigated.

Technological Optimization and Electrical Characterization of Oxide
Based Resistive Memories (OXRRAM) for Low Power A pplications

Today, non -volatile memory market is dominated by charge storage based technologies. However,

this technology reaches his scaling limits and solutions to continue miniaturization meet important
technological blocks. Thus, to continue scaling for advanced n odes, new non -volatile solutions are
developed. Among them, oxide based resistive memaries (OxRRAM) are intensively studied. Based on
resistance switching of Metal/Isolator/Metal stack, this technology shows promising performances and

scaling perspective b u't i sndt mature and still suffer from a
understanding.

Results presented in this thesis aim to contribute to the development of OXRRAM technology. In a first

part, an analysis of different materials constituting RRAM allow us to compare unipolar and bipolar
switching modes and select the bipolar one that benefit from lower programming voltage and better
performances. Then identified memory stack TiN \HfO,\Ti have been integrated in 1T1R structure in
order to evaluate pe rformances and limitation of this structure. Operating of 1T1R structure have

been carefully studied and good endurance and retention performances are demonstrated. Finally, in

the last part, thermal activation of switching characteristics have been studie d in order to provide
some understanding of the underling physical mechanisms. Reset operation is found to be triggered

by local temperature while retention performances are dependent of Set temperature.

16



Contribution to the Electrical Characterization and to the Numerical
Simulation of the Silicon H eterojunction Solar Cells

By combining the advantages of thin -films and crystalline silicon (c - Si), the silicon heterojunction solar
cell technology (HET) achieves a better cost -performance compromise than the technology based only
on ¢-Si. The aim of this thesis is to improve the understanding of the physical mechanisms which
govern the performance of these cells by taking advantage of spec ific characterization and simulation
skills taken from microelectronics. Our study focuses on the front -stack of the n type cell composed of
thin layers of indium tin oxide (ITO) and hydrogenated amorphous silicon (a -Si:H). We begin with a
theoretical and  experimental study of the conductivity of a -Si:H layers as a function of temperature,
doping concentration and bulk defects density. It is important to properly take into account the
dopant/defect equilibrium of these layers but we also show that the work function of the electrodes in
contact, such as the ITO, can strongly influence the Fermi level in the nano -films of a -Si:H. Then, we
evaluate seven characterization techniques dedicated to the work function extraction in order to
identify the most suitable one for studying degenerate semiconductors such as the ITO. We
particularly show the interest of using original microelectronics techniques such as capacitance C(V),
leakage current I(V) and internal photoemission (IPE) measurements on ITO/bevel oxide/sil icon test
structures. We clearly demonstrate that the 1TO bulk properties can be optimized, yet the interfaces
have a major influence on the extracted values of the effective work function (EWF). A good overall
consistency has been obtained for C(V), (V) and IPE measurements on a silicon dioxide bevel (SiO2)
; the extracted values enabled us to explain experimental results concerning the optimization of HET
cells. We show that the open circuit voltage (Voc) of these devices is finally barely sensitive to w ork
function, unlike the Fill Factor (FF). This is due to the a -Si:H layer. The more it is doped, defective and
thick, the more it is able to screen the electrostatic variations of EWF. Thus, EWF must be sufficiently
high to be able to reduce the p a -SitH layer thickness and, in turn, to gain in short -circuit current
(Jsc) without losing either in FF or Voc. Finally, we successfully applied this methodology to other
types of transparent conductive oxides (TCO) differing from ITO. The best candidate to repla ce ITO
must not only have a high optical transparency, be a good conductor and have a high EWF, but we

\on & Ay, must also pay close attention to the possible interface degradations caused by the deposition

2 o, techniques.

S/'/b(,/

Physical Modeling of Junction Processing in FDSOI Devices for 20 nm

Node and B elow

Complementary metal oxide semiconductor (CMOS) device scaling involves many technological

challenges in t erms of junction formation, in particular for 3D sequential integration and Fully

Depleted Silicon on Insulator (FDSOI) architectures. In this thesis, the physical phenomena involved

during the junction formation at a | oWC)pavesbeen stigliedaSucht e i
a process relies on Solid Phase Epitaxial Regrowth (SPER) of an amorphous region to activate the

dopants. A new model based on Kinetic Monte Carlo (KMC) method has been developed in order to

simulate SPER at the atomistic scale. This model has been used to understand the regrowth
anisotropy and provide an explanation for the formation of defects as well as to get insight into the

influence of a non -hydrostatic stress and the presence of electrically active dopants on the regrowth

we &
o Re kinetics.

Functional Printing: From the Study of Printed Layers to the Prototyping
of Flexible D  evices

In the last decade, functional printing has gained a large interest for the manufacturing of electronic
components. It stands aside to silicon technologies and specifically targets markets of large area
devices (screens, photovoltaics) and flexible electronics (RFID antennas, sensors, smart textiles). In
this work, inkjet printed silver layers are characterized depending on the printing conditions and the
required post -printing annealing. The evolution of their microstructure, electrical and mechanical
properties is investigated as a function of the annealing temperature. The corre lation of the
measurements with theoretical models supports the experimental methods that were developed.
The knowledge of the printed silver layers assets and the optimization of the printing process lead to
the design, fabrication and characterization of flexible electronics devices: a 17GHz band -pass filter
printed on polyimide, a flexible vacuum micro -sensor working on the Pirani
thick membrane switch for keyboards. Finally, all -printed RF capacitors were realized by stacking
Barium Strontium Titanate (dielectric) and silver printed layers. These prototypes exhibit
performances near the state -of-the -art and suggest new opportunities for printing technologies. This
thesis offers a thorough study of inkjet printed silver layers and a ssess their potential for the
manufacturing of flexible devices.
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High -Strain Piezoelectric Materials for MEMS A ctuation

Piezoelectric actuators exhibit low response times and high deflection/actuation voltage ratios. This

PhD thesis aims at optimizing their strain values by increasing the applied field and the piezoelectric

coefficie nts. To target low voltage issues, Aluminum Nitride (AIN) ultrathin layers were deposited and
characterized. e31,eff coefficient was found to be constant between 800 and 50nm, at a value as high

as -0.8C/m2. Piezoelectric behavior was also shown for 12nm -thick AIN layers, by three different
ways. Still in order to apply high electric fields, a study was carried out to improve Lead Zirconate

Titanate (PZT) breakdown field, by inserting lanthanum atoms. Breakdown field was improved by
approximately 35%, with no decrease of permittivity or piezoelectric coefficients. Another optimization
approach consi sts in increasing t he material 6s pi e:
characterized around several phase transitions. Near morphotropic phase boundar y, piezoelectric
effect was found to be enhanced: e31,eff coefficient raises up to -18 C/m2 at low field conditions and -
27C/m2 in actuating conditions. Domain wall pining issue was also discussed. Near Curie transition,

dielectric properties were found to be enhanced, with a dielectric constant rising up to 2640 at 370C,

which is almost twice as high as room temperature value. Furthermore, dielectric loss decreases from

25C to 280C to reach 1.6%. To profit from a critic phase transition, highly Lanthanum d oped PZT was
deposited. Relaxor behavior was shown and an induced piezoelectric coefficient d31 of -25 pm/V was
measured. Materials developed in this PhD thesis can be used to realize microactuators and especially

inkjet print -heads.

(05\‘ 5te’ns
QY

Multi -Physic Modelization, R ealization and Characterization of a
Piezoelectric MEMS Digital Loudspeaker A rray

The Digital Loudspeaker Array (DLA) is an electroacoustic transducer which receives as input a digital

signal and performs the analog conversion directly into the air. It con sists of a plurality of radiating

elements arranged in a matrix. These elements will be designated by the term « speaklet » when they

are reduced in size. The acoustic radiation of a DLA is indeed very sensitive to the size of the matrix

due to differences  in path length, which makes it especially suitable for MEMS technology. This thesis
presents study of a piezoelectric MEMS DLA. After an introduction that is increasingly focused on the

subject, the thesis addresses the multiphysics modeling of the DLA, d imensioning of the speaklets and
experimental tests.

Analytical formulas, numerical simulations and finite element models are developed and used to

predict the mechanical behavior of the presented speaklets, the pressure radiated by the DLA and the

electr ical power consumption. The speaklets are then dimensioned from the technological stack (set in
advance) in order to maximize the pressure level. Experimental tests involving the use of an anechoic

chamber, an optical interferometer, a vibrometer and an im pedance -meter validate most of the
models. Otherwise, these tests are useful for improving some of them or for showing their limitations.

The results have shown the importance of the residual stresses, which cause an initial deformation of

the speaklets an d modify their Eigen frequencies, thus rendering ineffective the use of large radii. In
accordance with the models, the static deflection of the speaklets is nonlinear but their dynamic

behavior is linear. This enables characterizations using transfer func tions. Theory and sound
recordings show that a DLA made of such speaklets can produce in the best case the same pressure

as the one generated by the same matrix driven in an analog way. In our case, more distortions were

obtained in digital reconstructions because of non -uniform responses of the speaklets, due to different
access resistances. However, the presented DLA has other advantages, the most important being the

very low power consumption it is theoretically possible to achieve using the adiabatic ch arge principle.
The piezoelectric MEMS DLA thus appears as a promising technology. The optimization of our first
prototype using the developed tools should indeed lead to a DLA able to generate a pressure
equivalent to the one obtained with analog control , but with a far greater electroacoustic transduction
efficiency. Future work should then focus on the design of nonlinear speaklets and on the shaping of

the pulse of pressure they generate, in order to increase the total pressure level.
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Mechanical P  roperties Characterization of T hin -Film PZT for MEMS

Applications using Picosecond U ltrasonics
MEMS components are today an economic reality and are already used in many mass market
applications. These devices can use a piezoelectric actuation, in particular based on thin -film PZT due

to its high piezoelectric coefficient. To perform predictive design of high performances components
based on PZT actuators, mechanic al properties of the PZT are required. We used the picosecond
ultrasonic technique which probes thin layers with high frequency acoustics waves generated by ultra -

short laser pulses. It allows the transposition of the sonar principle at nanometric scale. D uring this
PhD, we studiedthin -f i | m PZT wusing picosecond ultrasonics. We
Poisson ratio without an approximation of one or the other. We also studied wall domain relaxation

using picosecond ultrasonic measurement at vario us frequencies. Using PZT mechanical properties

obtained from picosecond ultrasonics, we extracted the PZT piezoelectric coefficient, from the
comparison between PZT -based cantilever measurement and numerical modeling. Finally, we applied

these data for th e design of haptic plates using thin -film PZT actuators. The good agreement between
haptic plate measurements and modelization proves all the benefit of picosecond ultrasonics for MEMS
design.

Paul IVALDI

University of Grenoble

AIN based Cantilever Resonator for Gravimetric Ga s Sensors

With the development of micro and nano technologies in the last three decades, the performances of

gas chemo sensors have been improved drastically, paving the way for new applications. Especially,
these new devices with provided low fabrication cost, high sensitivity and miniature size are very good
candidates for applications where high performances are required and heavy, expensive and slow
instruments such as such GC and MS are not viable technically or economically. This is the case, in
parti cular, for on -field detection of warfare agents, monitoring of indoor air pollution and medical
diagnosis. The main objective of this PhD thesis is to investigate the piezoelectric transduction at the

nano -scale for the development of high -resolution reson ant micro -cantilever based gas sensor. To that
mean, we have intended to cover the whole prototyping chain from the development of 50nm thick
Aluminum Nitride (AIN) piezoelectric films with good piezoelectric properties to the gas sensing proof

of principl e experiment using cantilevers resonators actuated and detected piezoelectrically by the
mean of these 50nm thick AIN films. We also have covered the theoretical analysis for sensing
performance optimization of these devices and their read -out and control  electronic circuits.

Julien PHILIPPE

University of Grenoble

Technology of Fabrication and Work's Analysis of a Nanowires Sensor Co -
| ntegrated CMO S for Medical or Environmental A pplications

The Micro Electro Mechanical Systems (MEMS) devices are present everywhere in our daily life, since

they are the  main component of sensors present in many objects: our cars (airbag, pressure sensors)

and our smartphones (microphones, accelerometers) for example. Their sub -pm downscaling has
allowed the emergence of a new kind of devices called NEMS (for Nano Electro Mechanical Systems)
and the possible use of these systems in specific applications in which a high level of sensitivity and

resolution is necessary, such as gas sensing, mass spectrometry and molecules recognition using
traditionally bulky machines. This thesis proposes a new way to fabricate mass detectors by
implementing both NEMS devices and electronic circuit on the same chip in order to get a compact

and high performance sensor for such application.
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Study of T hrough Silicon Via Integration R ealized Through MOCVD for 3D
Stacking of  Microelectronic C omponents

For the past years, Mooreds | aw has pointed mainstre
down to 22 nm and below. Yet, performance, dimension and cost issues make it difficult to foll ow the
trend. Integrating analog functions into CMOS -based technologies enables cost -optimized systems
solutions. These diversified tendencies are known as
of this trend is the TSV, which maintains the contact between two components.

The increasing aspect ratio of via made it critical to obtain a continuous, conformal coverage of the

copper diffusion barrier layer using iPVD.

In the first part of this thesis, a promising deposition technique by MOCVD has been developed at low
temperature to fulfill various integration schemes including via last and via middle processes.

Characterizations of the behavior of these materials in the TSV then became a great challenge in order

to handle the integration protocol. Working at theses scales makes standard methods limited to
evaluate the intrinsic properties inside the TSV. In the second part, the implementations of advanced
characterization into these structures were carried out.

Thermal Effects in 3D Stacks of Electronic C hip: Numerical and
Experimental S tudies

Today we are witnessing an evolution of mobile electronic systems to more advanced features. The

complexity of mobile electronic systems requires an increase in computing power, which can be
achieved either by the use of more aggressive CMOS
called 3D integration (AMore than Mooreo) . Tdhipsegenerates me
an increase of the power density dissipated per unit area. This power, essentially resulting from Joule

effect in transistors and interconnections, contributes to increase the overall temperature of the stack.

The global objective of this thesis is to study the heat transfer in a 3D stack of chips during operation.

We will focus on understanding the geometric and materials effects of the stack and the impact of the

placement of 3D interconnects (TSV, Bumps ...) on these heat exchanges. The study relies on both
numerical simulations and experimental measurements on 3D stacks that validate the numerical

model. These numerical and experimental studies can also be used to establish thermal design rules,

especially for 3D interconnects placement and design. The establishment of such a thermal model is

based on finite element simulations of an industrial 3D process in CMOS 65nm node. This allows an
unprecedented accuracy in our thermal model. Indeed, previous simulations used compact models i
less accurate than finite elements - and a generic method that does not reflect all of the properties of
materials and in particular interfaces. In the experimental part, accurate thermal mapping of the 3D

stack are obtained using a large number of sensors embe dded in the silicon, and under different
conditions of 3D chip process. This provides a numerical model validated and calibrated by
experimental measurements.

Study and  Characterization of | ntermetallics | nterconnections based on
Copper Pillars and SnAgCu Alloys for 3D | ntegration

Technological roadmap of the microelectronic industry is mainly described by Moore's law which aims

a constant reduction of transistors size. Three -dimensional integration of active chips appears more

and more as an alternative way to Moore's law. According to this strategy, chips are interconnected

along the vertical axis thanks to copper pillars and a tin based alloy (SnAgCu).The joining is th en
performed through eutectic bonding using a SnAgCu solder alloy which is at the origin of intermetallic

compounds growing at the copper alloy interface. These intermetallic compounds are sometimes

described in literature as weakening factor of the interc onnection mechanical reliability. Moreover this
interfacial reactivity leads also to the formation of Kirkendall microvoids potentially causing
interconnections breakings, mostly noticed during ageing tests.

This report is dedicated to the study and metallurgical characterization of the interconnection system
with a size close to that of the actual prototypes wit
SnAgCu alloy microstructure, Cu/SnAgCu and Ni/SnAgCu interfacial reactivity and on the mecha nical

reliability of interconnection system. These topics are investigated in function of thermal constraints

and during different integration steps until chips packaging. The main critical aspect is related to the

fact that system dimensions, already smal |, are planned to be reduced, leading to a more important
proportion of the solder alloy consumed by interfacial reaction.
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Characterization and M odeling of  Mechanical Properties of Thin Films for
the Manufacture of Microelectronic Devices - Application to the Field of
3D | ntegration

The fabrication of microelectronic devices using 3D integration technologies requires a good
knowledge of mechanical issues. Indeed, the thin fiims that are integrated have various
thermomechanical properties and are deposited onto a substrate that is thinned in order to carry out

the interconnections. The level of stresses and strains in devices has to be strictly controlled during
their processing.

The goal of this work is to exploit the characterization techniques available at the CEA-Leti and to
couple them with modeling tools to address this issue. This coupling is used to control the mechanic al

behavior of a complex stack at each step of its fabrication. The experimental techniques that are used

are non -destructive. The modeling tools take into account the elastic and thermal properties of each

material involved in the stack, and also the intr insic strains caused by the deposition of each layer.
Coupled methodologies have been carried out to evaluate these input data. From a material database,

a tool to predict the mechanical behavior of a multilayer stack was developed and validated
experiment ally. It enables to predict the level of strain and stress of the stack.

Mechanical predictions enable to guide the selection of materials in order to improve the devices

integrity and optimize their fabrication. Reliability issues that occur in the long t erm, due to a
significant level of stress and strain can also be anticipated.

Steep Slope Nano  -Transi stors for Ultra Low Power A pplications

Band to band tunneling field effect transistor (TFET) is a PIN -gated architecture able to reach sub
60mV/dec subthreshold slopes at room temperature, which is an advantage over MOSFET in low

power applications. The ob  jective of this thesis is to study and characterize TFETSs fabricated in

CEA-Leti using MOSFET SOl technology. The first generation of devices is realized on planar FDSOI
technology, and studies the impact of source/channel heterojunction, channel thicknes s and annealing
temperature on device performances. The second generation is planar SiGe nanowire architecture,

with research focusing on the impact of the wire geometry. Through measurements we were able to

prove the band to band tunneling injection, whil e the reported performances were compared with
literature and with MOSFET. Furthermore, advanced characterizations led to a better understanding of

the output characteristics. Through low temperature measurements we confirmed existence of defects

close to the junctions (which cause slope degradation), as well as on which process steps to improve

in the future.

Plasma Assisted Chemical Deposition (CVD/ALD) and | ntegration of
Ti( Al)N and Ta(Al)N for sub -20nm Metal G ate

Conformity requirements for the sub-20 nm technological nodes metal are beyond the possibilities of

the currently used PVD deposition technique. CVD techniques, more specifically MOCVD and ALD, are

identified as the best techniques for metal deposition. For metal -gate application, titani um and
tantalum carbo -nitrides alloys are considered as the most promising. In this work, a detailed review of

MOCVD and ALD deposition mechanisms and plasma influence on the deposited material is carried

out. First, process windows for successful tuning o f the metal properties are examined. Plasma impact

on the metal and the inherent reaction mechanisms are also highlighted with the help of plasma

characteri zation. Then great importance is given to the integration of these metals, by careful study of

the i nteractions taking place at the interfaces. Correlations between physico -chemical properties and
electrical behavior of the metal/high -k dielectric stack are introduced thanks to XPS characterization.
Finally, aluminum doping of MOCVD TaN is considered for n-mos and p -mos gate characteristics

achievement. By comparison of the properties and behaviors of Al doped metals deposited by PVD and
MOCVD, diffusion mechanisms are proposed to explain the role of Al in the observed changes.
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Direct B onding o fPatterned S urfaces

Direct bonding is a process by which two sufficiently flat and clean surfaces can bond to each other

without any added adhesive layer. Direct bonding of patterned surfaces is often used for the

fabrication of  Micro -Electro -Mechanical Systems (MEMS), where a silicon wafer with cavities is bonded

to a plain wafer. The fabrication of these devices is expensive and it would be useful to have

guidelines when designing knew devices to know in advance if direct bondin g will be possible.

A 2D simulation model of the direct bonding of two substrates is developed and used to study the

influence of the cavities on the bonding wave velocity. The prediction of the simulation run with

Comsol® are in good coherence with the ex perimental measures and a 2D law of the bonding velocity

is obtained. The bonding of perfectly flat wafers with cavities should always be possible. Limitations to

the bonding of real wafers are due to the elastic energy cost of deforming the non -perfectly flat
wafers. This limit is reached easily when the bonding wave must cross a trench, so a design with a

small bonding guide to help cross the cavity will work best. The width of this wave guide should be

chosen by considering the bow of the wafer. Indeed t he second important design rule is to keep a
bonding area big enough to have more adhesion energy than the elastic energy cost due to non -flat
wafers deformation. The adhesion energy is an important parameter of the direct bonding, as it is the

energy that drives the adhesion. This adhesion energy is different from the more widely known

bonding energy which is the energy needed to separate two previously bonded wafers. In this work a

simple method to measure the adhesion is proposed. Long time measurement o f the evolution of the
adhesion energy lead us to propose a mechanism for its evolution linked to the formation of capillary

bridges between rough surfaces.

Silicon and Silicon Dioxide Direct Bonding . Understanding of the
Involved M echanisms
Direct wafer bonding refers to a process by which two mirror -polished wafers are put into contact and

held together at room temperature by adhesive force, without any additional material. This technology

feasible at an industrial scale generates wide interest for the realization of stacked structures for
microelectronics or microtechnologies. In this context, a precise understanding of bonding
mechanisms is necessary. Consequently, the aim of this work is to study the bonding mechanisms for
hydrophobic silicon reconstructed surfaces and hydrophilic deposited silicon oxides surfaces.

In this study, bonding of hydrophobic silicon reconstructed surfaces and bonding of hydrophilic
deposited silicon oxides prepared eith er by plasma activation or chemical -mechanical polishing were
analyzed, as a function of post -bonding annealing temperature. For this, several characterization
techniques have been used: bonding energy measurement, acoustic microscopy in order to observe
defectivity, infrared spectroscopy and X -Ray reflectivity. Thus the bonding interface closure has been
analyzed from a chemical and mechanical point of view and bonding mechanisms have been proposed

for the studied bonded structures. Finally the study of de posited silicon oxide bonding prepared either
by plasma activation or by chemical -mechanical polishing has led to some recommendations for
efficient and high quality deposited silicon oxides bonding.
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Planar FDSOI is an important device architecture for adjustment. The results from a 140kb programmable
continued CMOS scaling [L  -4] and an attractive alternative dynamic SRAM characterization test module have provided
to more complex FinFET architectures. Its advantages both information about location and cause of failures as well
include: excellent short channel electrostatics, un -doped ~ @s power and performance by mimicking system operating
channels, effective back bias for performance boost and conditions over a wide supply voltage range. A 410mV
leakage lowering; a more conventional, lower cost process ) minimum  operating voltage and less than 310mV data

d hnol desianed retention voltage with less than 100fA/bitcell were
In [1], we presented a 14nm FDSOI technology designed for measured. Improved bitcell read access time and write -

high speed and energy efficient applications using strain *  ability through back -bias were demon strated with less than
engineered FDSOI transistors (i.e. dual SOl/strained SiGeOl 5% of stand -by power overhead.

N/P channels). Compared to the 28nm FDSOI technology,
this 14nm FDSOI technol  ogy provides 0.55x area scaling and Losic SRAM: 1808
delivers a 30% speed boost at the same power, or a 55%

power reduction at the same speed, due to an increase in

drive current and low gate -to-drain capacitance. Using
forward back bias (FBB) we experimentally demonstrate d
that the power efficiency of this technology provides an
additional 40% dynamic power reduction for ring oscillators

working at the same speed. Finally, a full single -port SRAM
offering was reported, including an 0.081 Tm? high -density
bitcell and two 0.0 907 m? bitcell flavors used to address high
performance and low leakage  -low V min requirements . ST — lip well Bicell Hs — single Pwell Blccall rad cument beall (4}

In view of the 10nm node, we reported in [2] FDSOI devices Figure 1: (left) Schematics highlighting logic & SRAM devices
with a 20nm gate length and 5nm spacer, featuring a 1.3 construction for multi VT and pack bias optimiza’Fion. (right) Icell vs
GPa tensile strained Silicon -on-Insulator (sSOI ) channel ISB at Vdd=0.9V for 14FDSOI single port SRAM bitcells (after [1]).

NFET and 35%Ge partially compressive strained SiGe -on-

Insulator (SGOI) channel PFET. At Vdd of 0.75V, competitive 1E-4 1E4
effective current (leff) reaches 550/340 uA/um for NFET, at es] © V=075V 1£5
loff of 100/1 nA/um, respectively. With a fully strained 30% o Vo8V |
SGOI channe | on thin BOX (20nm) substrate and Vdd of

0.75V, PFET leff reaches 495/260 pA/pm, at loff of < ..
100/1nA/um, respectively. Competitive sub -threshold slope s |
and DIBL are reported. With the demonstrated advanced -
strain techniques and short channel performance, FD SOl 1B
devices can be extended for both high performance and low 1B 1 e e e
power applications to the 10nm node. Moreover, a multi - I, (uAfum) I, (WA/um)

scale modeling ( based on mechanical  simulations,
Noneequilibrium Green 6 s unctions  simulations, piezo -

Vdd=0.5V

1E-10

LVT = regular well Bitcell LL - single Pwell

1E-11

Standby Leakage (A)

3
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Figure 2: sSOI NFET (left) lon and (right) leff at Vdd of 0.9V and
0.75V (after [2]).

resistance coefficients, mobility ana lytical modeling, compact
modeling) calibrated on state -of-the -art FDSOI devices was
also developed [3]. It has been shown that h igh - mobility 29w Lo
gains can be achieved for both NMOS and PMOS (sSOI 14 R 1
substrate providing the major NMOS gain (x2); PMOS M 2.0 VoD (v}
mobility bei ng improved by a factor 8 both by the Ge s e 50 . .-
fractions increase in channel/RSD and layout optimization gos Ex.m A pos
(slicing), thanks to the high impact of uniaxial strain). Ty g 1 008
Finally, FDSOI Ring Oscillator simulations showed that a 0z Tétm w0
dynamic power gain of 50% could be achieve d while .08
maintaining circuit frequency performance, thanks to strain "0_1 1 10 100 1000 10000 0.97
boosters. WL pulse width (a.u.) R Vm’a v) 05
In [4], we demonstrated the 28nm ultra -thin body and Figure 3: RS, WA, RA VMIN vs WL pulse width (left) and | orr VS VPW.
buried oxide (UTBB) FD -SOI high -density (0.120pum?) single
p-well (SPW) bitcell architecture for the design of low -power
wide voltage range systems enabled by back -bias
Related Publications
[1] O.Weber etal. , +nhrh BDSOI Platform Technology for High -Speedand Energy -Ef f i ci ent Ap\WwUSIcafte omms.0,Sy mpos
[2] Q.Liu etal ., "FDSOI CMOS Devices Featuring Dual Strained Channel and Thin BOX Extendable to the 10nm Node", IEDM 2014.
[3] B. De Salvo et al ., "A mobility Enhancement Strategy for sub -14nm Power -Efficient FDSOI Technologies", IEDM 2014.
[4] O. Thomas etal., " Dynam ic Single -P-Well SRAM Bitcell Characterization with Back -Bias Adjustment for Optimized Wide -Voltage -Range

SRAM Operation in 28nm UTBB FD  -SOI", IEDM 2014.
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M ethods for
& Basic Circuit

Nano Transistors
Elements

: FDSOI, Reliability, Dynamic Variability

Husseini, G. Reimbold

Negative Bias Temperature Instability (NBTI) is a key
reliability concern which affects the working of digital &
analog circuits. To address NBTI issue at circuit level, one
standard approach is based on the modeling of the NBTI
degradation measured at transistor level stressed under
simple AC mode , i.e. an alternate sequence of '1' & '0' bits.
Nevertheless, the re  al stress seen by the device in a circuit is

not as regular as in this AC stress. We therefore propose a

new fast characterization technique (~1us range) able to
measure the NBTI degradation under arbitrary gate stress
patterns (see Fig.1). The stress sequ ence consists this time
in an arbitrary succession of bi
gate bias values. This sequence of ~20 bits, called pattern,

can be repeated up to 1E ' times. This method allows us
demonstrating that the NBTI aging of a device inte grated in
a circuit mainly depends on the circuit activity and on its
working frequency and not on the bits arrangement. An
effective modeling was also provided to reproduce accurately

the NBTI degradation (solid lines). This model can be
integrated in a s pice simulator to predict the degradation of

a circuit after long working times.

min t,=1ps

wor e At v
‘0 0 9Sequence of

~20bits of ‘1° &'

Vstress<0,

Measured V, shift after each bit

DV, (ua)

Pattern code: 00101010001001101111 l

/\/\/\ _/\ Vava

15 20

H"K?i

Figure 1: AVGP method to measure NBTI aging under C|rcuit working
condition .

AVGP with t, =1us, global DF=25%

o AVGP 1:01111100000000000000

0 AVGP 2:01010101010000000000
[ & AVGP 3:01001001001001000000 1
v AVGP 4 :01001001001000000001

DV, (A.U.)

2

10 10 10 10 10 10 10 10 10
Total Time (s)

Figure 2: Vt shift induced by NBTI for different AVGPs

NBTI also induces a temporal variability of threshold voltage
Vt in nano -scaled transistors which affects the stability and
reliability of a SRAM cell. A new methodology based on the
"Supply Read Retention Voltage" (SRRV) metric was
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therefore proposed to a  ddress this concern in high density
SRAM cells made in 28nm FDSOI technology. This technique
shown in Fig.3 consists in measuring the read margin of the

cell, through a direct measure of the bitline current. The
method is equivalent to the butterfly method but it is faster.
With this original method it is possible to measure how a BTI
stress at strong Vdd impacts the read stability of the cell

(see Fig.3 right).

40p T
50 . T T T ——Stress  0.120 pm]
\ VWL:\:T_ 0.120 un"? —— Recovery IJ g
Bittine | Ve,
40+ 30p] Fresh
s d gspln 2
< 3044 ®
2 = 2014
_E20p] VeuVeo - 00s
10u1t=0
10p tmeasB5HS SRRV
PGcurrent 0 ) s |
0.80 0.85 0.90 0.95 1.00

04 05 06 07,,08 09 10

CELL (V) VCELL (\/)
Figure 3: SRRV measurement (left) and its evolution with stress

Moreover the degradation var ies from one cell to another.
That is why we are talking about "dynamic variability". This

also explains why a statistical analysis must be used to
address this issue. Experimental results are shown in Fig 4
and are well modeled by Monte Carlo SPICE simula tions. This
validates our simulation approach to evaluate the impact of

the BTI stress on the PASS/FAIL of a complete SRAM matrix.

The key result is that, in standard working conditions of the

SRAM cut (VDD=1 V et T<85°C), the impact of BTI on the

read sta bility of the 28nm FDSOI array is very small, even

after 10 years working. This methodology based on
measurements at the bitcell level is very useful for a
complete evaluation of the reliability of large SRAM arrays.

In the future, it will be applied to th e study of the most
advanced technology nodes.
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T 22\
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Figure 4 : (left) Degradation of the SRRV measured on 60cells at

various stress times (right) Read failure probability of 100k SRAM
array before & after a 10 years stress at Vdd=1V.
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Compared with TSV -based 3D ICs, CoolCube ™ or sequential
3D 1| Cs presents Atrueo benefits
dimension as the stacked layers can be connected at the
transistor scale.

CoolCube ™ aims at processing transistors on top of each
other sequentially. Its implementation faces the challenge of
being able to obtain a high performance top transistor
processed at sufficiently Low Temperature (LT) in order to
preserve bottom FET performance.

This year several key points have been evaluated such as:

- Determination of maximum thermal budget supported by
the bottom FDSOI transistor.

- Evaluation of nanosecond laser anneal as an alternative
to SPER (Solid Phase Epitaxy Regrowth) for top transistor
dopant activat ion.

-Technological modules development such
temperature gate stack, low -k spaceré
- Quantification of Power, Performance, Area (PPA) gain
with CoolCube ™ integration versus planar technology for
FPGA applications.

as low

Determination of maximum thermal budget has been

evaluated for advanced FDSOI technology with in -situ doped
RSD (SiGe:B/ SiC:P) and SiGe channel for pMOS [1].
Various anneals have been applied after the pre -metal

dielectric CMP ranging from 400°C up to 550°C, 2hours.
Fig.1 shows that the transistor's performance is preserved
whatever the thermal budget.

5 7
NMOS After CMPPMD PMOS After CMPMD
vdd 1V vdd-1v . s
Lg 30nm W=1um Lg 30nm W=1pm ,
-5.5 - *a Dy
75 = O
g g
= 3
-6 - -
E- 2 5
3 G g
> o -8 o do
S = o qi’xo
=65 | o &,
o A m
A~ ® No anneal /® @ No anneal
%I)OD 4400°C 2h ," 4400°C 2h
o w450°C 2h -85 1 m450°C 2h
7 4 +500°C 2h +500°C 2h
0550°C 2h 0550°C 2h
x450°C 5h X 450°C 5h
500°C 5h o)
75 ‘ ‘ o ‘ o ‘ 5500°C 5
1100 1200 1300 1400 1500 -600 -700 -800 -900
lon(uA/um) lon(uA/um)

Figure 1: Determination of the maximum TB for bottom FET
performance preservation. The lon /loff trade -off is not degraded
whatever the TB applied (up to 550°C, 2h).

Electrical analysis revealed no EOT regrowth no work
function variation no junction modification. Despite a salicide
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sheet resistance modification beyond 500°C, the NiPtSi
saljgige (Nbpbvyittp] Jg'S% Rt galicidagiop) presents po; eyidence

of agglomeration. ASa  conclusion this technology can endure
relatively high thermal budget (up to 500°C), opening new
options for top FET fabrication.

One of the most critical
thermal budgets in the top
FET process is the dopant
activation. Laser ( 1=308nm,
pulse 200ns) activat ion seems
well adapted to 3D sequential
as it enables a local annealing
of the top MOSFET up to
1200°C while the temperature

of the bottom one stays cool
(500°C, corresponding to the
temperature limit determined
previously).

1200

1000

800

600

400

Fig.2 shows that successful RSD recrystallization has been
obtained thanks to nanosecond laser anneal without melting

the gate thanks to an appropriate capping. Also sheet
resistance measurements shows that laser activation can
largely compete with spike 1050°C anneal.

LDD implant PMOSAfter laser anneal

TEM pictures and
SIMS profiles

Sheet resistance (ohm/sq)

* Spike anneal

—+-As LDD implant
105C°C

-=-BF2 LDD implant
#-P LDD implant
0.8 0.85 0.9 0.95 1
Laser anneal energy J/cm2

0.75

Figure 2: (left) Sheet resistance measurements for As, BF2, P versus
laser anneal energy. RTA spike sheet resistan ce is also plotted as
reference. ( right) TEM cross section of a PMOS FDSOI transistor after
RSD recrystallization using nanosecond laser annea l.

Finally PPA analysis on FPGA with stacked 14 nm -node -FETs
shows an area reduction of 55% and Energy Delay product

of 47% compared to the 14 nm node planar FDSOI
integration [3]. Thus, CoolCube ™ technology appears as an
efficient way to pursue Moore's law in term of area and
performance without resorting to transistor's scaling.

-P. Samson, N. Rambal, V. Benevent," New insights on bottom layer thermal stability
IEDM 2014.
etal. ,
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In -situ boron -doped SiGe Raised Sources and Drains (RSDs) CDE = repetitions of growth and selective etch steps in
are mandatory to  thicken the access regions and lower the order to obtain the required layer thickness

contact resistance of high performance p -type Metal Oxyde

Semiconductor Field Effect Transistors (p -MOSFETSs) built on () Low temperature,
top of Extra -Thin Silicon -On-Insulator (ET -SOI) substrates. non Se_lecwe growth
They can also be handy in order to bo ost the ON current of with Si;Hg + GeH, +

B,H
Tunnel FETs on ET -SOl, improve the electrical performances 2

of Omega -gate SOl Nano -Wire FETs etc. Such RSDs are
typically 15 -20 nm thick, with a Ge content close to 30% and
a boron atomic concentration slightly higher than 1020 cm

Si(001) subs.

They are usually grown at 650°C, 20Torr with a heavily (b) Low temperature HCI

chlorinated chemistry (i.e. with SiH 2Cly + GeH 4 + BoHs + etch removing poly- or

HCI) in order to be fully selective versus SiO » (the isolation) amorphous  materials  on

andSisN,(t he transistoros spacers) [ dielectrics much faster that :
mono-crystalline layers Si(001) subs.

Being able to fabricate those RSDs at lower temperatures

with higher Ge contents (above 35%, typically, in order to Figure 1: Schematics showing how low temperature CDE works on

inject higher levels of uniaxial compressive strain in the patterned ET -SOIl wafers with gate stacks.

2 and

channel) and higher B concentrations (2x1020 cm
higher, in order to benefit from lower contact resistances)
would be most interesting in future FET devices. Process
temperatures less than 600°C indeed minimize the re -
growth of an interfacial layer between the high -K dielectrics
and the semiconducting channel and allow a better control of

short channel effects. They a Iso enable monolithic 3D
integration (the so -called CoolCubeTM approach), i.e. the
stacking of ET -SOlI FETs one upon another thanks a
sequential integration scheme. The thermal budget used for

the fabrication of the top FETs has then to be low enough to

pre serve the stability of the silicide of the bottom FETs and

retain good electrical performances. This leads to peculiar
constraints concerning RSDs. Advanced Cyclic Deposition /

Etch (CDE) strategies have then to be used [2 -3]. The higher
order silanes (gas eous SiHg, liquid Si 3Hg etcé) that yield
meaningful growth rates at low temperatures are indeed
intrinsically non selective versus dielectrics; HCl (or Cl 2)
etches that remove poly - or amorphous materials on
dielectrics much faster that single -crystalline SiGe:B in the
sources and drains regions have then to be used to obtain

the overall selectivity aimed for (see Fig .1).

Rather smooth, facetted SiGe:B raised sources and drains
(with no poly -SiGe:B on top of dielectrics covered surfaces
anymore) were obtained in the end, as shown in Fig 2.

SiGeOl | starting wafers

SiGe35%B ~ 17 nm
530s dep. / 210s etch

We have thus leveraged our know -how on disilane -based
epitaxial growth of SiGe [4] to develop an innovative CDE
process for the selecti ve deposition of heavily in  -situ boron -
doped SiGe:B RSDs at 500°C [5], i.e. a temperature 150°C

lower than in our conventional recipe.

Figure 2 : Top-view and 3D Scanning Electron Microscopy images of
approximately 17 nm thick SiGe3 5%:B RSDs raised sources and
drains grown at 500°C, 20 Torr thanks to on each side of ET -SOl
pFET transistors.
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TFET: In order to propose an energy efficient logic, we
evaluate the interest of Beyond CMOS devices. Our objective

is to design devices with non CMOS like switching properties

to be integrated in addition to CMOS to provide better
energy efficiency for computi ng applications. On one hand
Tunneling Field Effect Transistors (TFET) performance is
boosted thanks to band engineering and architecture
optimization. On the other hand low -temperature
conductance measurements in trigate nanowire FET are done

to investiga te the gate -induced addition of the first few
electrons to the edges modes located in the corners of the
nanowire. This localization leads to quantum dot behavior
being potentially promising candidates for silicon spin qubits.

High drive current TFET:

We i nvestigate the performance of planar SOI tunnel FETs in

fully Depleted configuration and in nanowire architecture, for

narrow band gap channel (SiGe) [1]. The studied tunneling
boosters enable to increase the TFET ON state currents in n -
mode and p -mode ope rations (which outperforms the
previous TFET state -of-the -art).

The physical limit of MOSFET subthreshold slope is 2.3kT/q.

With low supply voltages, this slope degrades the lon/loff
current ratio. Tunneling FETs (TFETs) use band -to-band
tunneling (BTBT) carrier injection, TFETs subthreshold slopes

are thus free from the MOSFET thermionic injection limit of
2.3kT/g (60mV/dec at room temperature). Sub -60mV/dec
experimental results have already been reported, albeit in a

narrow gate -bias range. Yet, experime  ntal TFETs suffer from
low lon, with typical values under 1 -107 A/T m.

P mode TFET
W = 2um, L=1pm

silicide

-8-SGOI 259

Gate voltage (V)

Figure 1: a) STEM picture of transistor; b) Impact of the Ge fraction
in the SiGe channel on the measured Id(Vgs) characteristics.

We present for the first time strained SiGeOl 20% an d 25%
TFETs (co -integrated with CMOS) using SOl CMOS process
featuring High -K Metal Gate.
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Compressive SiGe channels with 25% Ge fraction enable to
increase by a factor of 20 the saturation currents, even at
small gate length (Lg=50nm).

This large gain is  due to the threshold voltage shift and to
enhanced intrinsic band -to-band tunneling injection (both
related to the narrow band gap of SiGe channels).

We also show that both tunneling junctions (Source/channel

and channel/drain) have to be considered simult aneously to
explain TFET behavior correctly [1].
SET: We also investigated the onset of the few -electron

regime through the undoped channel of a Si nanowire FET.

By combining low temperature transport measurements and

self -consistent calculations, we reve aled the formation of
one-dimensional conduction modes localized at the two
upper edges of the channel. Charge traps in the gate
dielectric cause electron localization along these edge
modes, creating elongated quantum dots with characteristic
lengths of D10nm. We observe single -electron tunneling
across two such dots in parallel, specifically one in each
channel edge. We identify the filling of these quantum dots

with the first few electrons, measuring addition energies of a

few tens of milli -electron volt s and level spacings of the
order of 1meV, which we ascribe to the valley orbit splitting.

The total removal of valley degeneracy leaves only a 2
spin degeneracy, making edge quantum dots potentially
promising candidates for silicon spin qubits.

-fold

Vy (V)

Figure 2: a) Layout of the studied sample featuring the thin intrinsic

silicon channel b) Source -drain conductance versus back and front
gate bias (Vb, Vg) at T=0.1K. Five isolated resonances are identified
corresponding to the addition of one electron in th e dots. c) A cut of
the panel (b) along the white dotted line (Vb=0V) at T=0.1K and
T=4.2K.

S. Cristoloveanu, i Fur t hIEEE Tlamsactiogsh t
Vinet, I. Duchemin, Y. -M. Niquet, S. De Franceschi, M. Sanquer,
, Honolulu, HI, USA, 8 -9 June 2014 .

-M. Niquet, S. De Franceschi, M. Sanquer,

-209, 2014 .
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Nanowire (NW) transistors are today widely recognized as A 4

promising to pursue Mooreds Law -5-'”}’br‘d°""°‘°;-_~£0;°'< 5| P-FET

Depleted Silicon -On-Insulator (SOI) CMOS architectures. If . )™ Sicmos «"8eo . g5 channg! ol
aggressively scaled NW transistors have already been 2_7_ " ] 5__74 +90°i vclllaﬁnel ]
demonstrated, strain  -induced performance enhancement in a ® <

short -channel NWs still need to be better understood in N - Y 9o 178 9 )
type and P -type Field Effect Transistor (FET) nanowires. ;:’-9- 3 1 —;'9‘ u 1
Here, a successful co -integration of hybrid Si and SiGe 9104 e N-FET  {S-10; r. @ Hybrid CMOS {
channels in high AC performan ce NW CMOS devices that 1w (a) Si channel |~ _14] (b) wsicmos |
outperform  state -of-the-at SOl nanowires  was 300 400 560 600 700 800 900 100200 300 400 500 600 760 800 900
demonstrated for the first time. I,y (HA/UM) loy (HA/uM)

An optimized Ge enrichment process described in [1] was Figure 2: N -FET (a) and P -FET (b) loff -lon plots sho wing no N -FET
used in p -FET regions (n -FET regions are made of silicon) for performance degradation. lon=520 WA/um at loff=100  nA/um and
the formation of localized SiGeOl | ayers. Nanowire Vdd=0.9 V. P-FET performance is enhanced due to uniaxial
transistors were then fabricated thanks to a top -down compressive strain induced by the SiGe channel - +90% lon
approach with a high -k/metal gate. Fig.l shows cross - | mprovement for h-@deP-FETRWEOS Y

sectional Transmission Electron Microscopy (TEM) images of
Y-Gate p -FET (SiGe -channel) NW transistors with a gate
length and a diamet er down to 15nm and 12nm,
respectively. For long gate length (Lg=10pm), a significant
hole mobility improvement is evidenced for SiGe channel
NWs (+135% compared to Si) due to uniaxial compressive
strain [2].

For short gate length (Lg=20nm), no degradation of n -FET
performance is evidenced when using a hybrid CMOS
integration scheme. However, uniaxial compressive strain in

p-FET SiGe-channel NWs results in a +90% lon current
improvement compared to Si devices (with Vdd=0.9 V) [2].
The uniaxial compressive strain induced by the SiGe channel
improves the linear current by a factor of almost x3 in [110]

SiGe NWs with respect to [100] SiGe NWs (or Si -NWs). This
was explained by valence band structure simulations in NW -
FETs with th e tight -binding approach. Simulations show that

the compressive strain strengthens the light holes of the
highest valence -subbands of [110] oriented NWs by pushing
heavy holes subbands down. Precession electron diffraction

with 1 nm spatial resolution has been used to measure the
strain distribution in the SiGe channel. A uniaxial

compressive strain was evidenced, which is in -line with the
p-FET performance increase achieved with hybrid integration

[2]. Ids -Vgs characteristics of the most aggressively scale d
hybrid CMOS NW reported to date (with W=7 nm for p -FET

and W=11 nm for n -FET with Lg down to 11 nm) with
excellent electrostatic control were demonstrated. Finally,

hybrid channel NW ring oscillators with 80 stages were also
fabricated [2]. A 50% reducti on in RO delay due to SiGe -
channel p -FET was evidenced.

Hybrid channel CMOS integration can thus easily be used
with a high efficiency for NW  -based technology.

From these results where NW have proven to be interesting

Ge content (in the channel) to achieve low power consumption and h igh speed provided
. . by the introduction of strain, next step is now to increase the
Figure 1: TEM images and EDX maps of WGate CMOS nanowire current per unit area by investigating vertically -stacked

transistors (SiGe channel for P -FET) with diameter ~ A=12 nm and
Lg=15 nm. The Ge content of the SiGe channel is close to 30%
(semi -quantitative Energy Dispersive X -ray (EDX) spectroscopy).

silicon nanowire MOSFETs
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Hybrid OXRAM/CBRAM: Controlling Oxygen Vacancies in Doped
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CBRAM is a promising technology for future nonvolatile
memories due to its good scalability, fast read and write
times < 10ns. Using an oxide as electrolyte instead of
chalcogenide  material, CBRAM insures good high
temperature retention and resistance to s oldering, but at the
price of higher forming voltages. In this paper the concept
hybrid CBRAM assisted by oxygen vacancies is presented for
the first time. We study the impact of doping the Metal Oxide
resistive layer with Hf or Al in order to facilitate t
insertion during forming and improve the OFF resistance
after RESET [1].

A Cu-based ion supply layer is deposited as a top electrode.
The resistive layer was doped by co -sputtering with two
types of dopants D (D being Hf or Al) with various
concentr ations, leading to MOx(Hf) and MOXx(AI) alloys
(Fig.1a). Increasing the (M+Hf)/O ratio with Hf dopants
leads to a lower resistance for the fresh state, hence a lower
forming voltage. With Al dopant, two antagonist effects
occur: VF tends to increase as VF(A 1,03)>VF(MOX), while VF
tends to be reduced as the doping content increases due to a
more metallic behavior of the MOX(AI) alloy (higher
(M+AI)/O ratio).

Concerning RESET, in MOx(Hf), for VbI>1.3V a higher
memory window (resulting from a higher HRS resist ance) is
reached in the undoped samples, while R orr Saturates for
doped samples. In other words, a larger memory window

can be obtained in undoped samples for strong RESET
conditions. On the contrary, Al doping of MOx enlarges the
maximum R ofr value: an op timum R o is achieved for 10%
Al doping (~3 decades increase: Fig.1b). Further increasing
Al concentration starts to degrade R orr due to a too high
(M+AI)/O ratio [2].

In Hf -doped samples, VSET decreases with the doping
concentration due to a lower initi al Rorr. Interestingly, the
strongly doped sample is forming free, in the sense that the
forming and SET voltages are equal ( Fig.1c).

Retention was then measured at 200°C for the various
samples. Stable memory window was maintained after 1E
while some degradation appears at 21% Al doping content,
both on LRS and HRS ( Fig.1d). Summarizing, Hf dopant can
be wused for reducing the forming voltage; small
concentration of the Al dopant can be used to improve the
memory window without a huge change of the form ing
voltage. In both cases no major changes of switching
parameters and data retention performances are observed.

Then, we studied the impact of Cu inclusion in the
electrolyte. We calculated (DFT) the formation enthalpy to
add a Cu atom in the resistive | ayer. A high energy of 3.2eV
is required. Assuming oxygen vacancies in the resistive
layer, the energy cost to insert Cu in interstitial site is
strongly reduced (1.3eV), indicating that the formation of a

he Cu
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Cu filament should be easier (1.3eV). Then we show
MOXx(Hf), Cu insertion is easier than in MOx and MOXx(AI),
explaining the lower VF. In MOx(Hf) and MOx(Al) doped
samples, inserting oxygen vacancies strongly facilitates the
Cu inclusion, easing the filament formation ( Fig.2). In an
oxide based CBRA M, the energy cost to insert Cu atoms in

the electrolyte is elevated, leading to the requirement of a

forming operation. During this phase, oxygen vacancies (VO)

may be created in the oxide, facilitating the Cu migration in

the resistive layer. During RESE T, Cu is removed but the
remaining defects in the electrolyte prevent the recovery of

the fresh resistance level. In doped electrolytes, Cu insertion

in VO is strongly facilitated, less VO are required to form the
filament. In MOx(Hf), Cu insertion is faci litated, resulting in
reduced VF (dopant assisted forming). In MOx(Al), lower VO
generation during forming allows reaching a higher R OFF;
enhancing the window margin.

that in

In [2, 3] a phenomenological description of oxide based
CBRAM is presented, elucidating th e role of oxygen
vacancies. Doping the electrolyte with Hf or Al respectively
facilitates the Cu filament formation, reducing the forming
voltage, or allows to take advantage of an alternative alloy

with intrinsic improved window margin (3 decades of

Ror/Ron increase, stable 200°C retention) and keeping
constant the operating voltages.
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Figure 1: (a) doped electrolyte CBRAM schematic (b) RESET
characteristics for various Al doping (c) SET and forming voltages as
a function of Hf doping (d) retention at 200°C for Al doped CBRAM.
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Figure 2: ( left) Energy cost (DFT) to insert a Cu atom in the
electrolyte ; (right ) Calculated formation enthalpy energy using 1st
principal calculations (DFT) for various structural modifications.
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Conductive Bridge RAM (CBRAM) are envisaged as a
promising alternative to Flash memory due to their high
speed, low voltage, low consumption and ease of integration

in the back end of a logic process.

We are currently evaluating the potentiality of CBRAM
memories for Flash replacement and non -volatile memory
applications. To this aim we have investigated the impact of

the CBRAM memory stack on the Forming, SET operations
and retention performances.

Kinetic Monte Carlo simulations, based on inputs from ab
initio calculations and taking into account ionic hopping and
chemical reaction dynamics are used to simulate the
forming process, computing the copper injection in the
electrolyte from the top electrod e during the filament
formation. This model allows to analyze the experimental

results obtained on decananometric CBRAM devices [1 -2].

With this model we can propose guidelines to optimize the
CBRAM stack, targeting Forming voltage reduction,
improved trad e-off between SET speed and disturb
immunity (time voltage dilemma) and insure good retention

as represented in Fig.1 and Fig.2.

Our model was used to fit the experimental forming and SET
characteristics of CBRAM devices. The forming and SET time

is measur ed as a function of the forming and SET pulse
width. The so -obtained t(V) curve shows an exponential
behavior. A steep curve indicates a good trade -off between
short SET time and good immunity to disturb. These
characteristics were fitted with our model fo r various
technological splits, allowing to evaluate the impact of the
CBRAM stack on forming and SET performances. In
summary we demonstrated that:

- Playing with the top and bottom electrode work function
allows to shift the t(V) curve, without changing the slope .

- Playing with the electrolyte thickness and permittivity
can enhance the impact of the applied voltage and
improve the SET speed and disturb immunity.

Then we have evaluated the retention performances and
thermal stability of an optimized CBRA M, composed of a
metal oxide electrolyte and a Cu -based top electrode.
Retention characteristics were measured from room
temperature up to 300°C (as shown in Fig.3), for various
programming currents. We showed that the memory could
remain stable for a prog ramming current of 100pA up to
300°C, and up to 250°C for a programming current of 80pA.

Finally we have extracted the resistance drift as a function

of the programming current. High Iprog insures good low
resistive state stability but degrades high resist ive states.
This allowed us to identify that the operating window
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insuring 10 years retention at 130°C was
30pA<Iprog<125pA [3]. All these results demonstrate the
strong potentiality of this memory for non -volatile memory
applications.
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Figure 1: (a) CBRAM forming time as a function of the forming

voltage for two electrolyte thicknesses. Experimental data and
simulations are represented. (b) Impact of the electrolyte thickness

on the forming voltage. (c) CBRAM stack band diagram showing t he
impact of the electrolyte thickness on the electric field in the
structure.
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Figure 2: (a) forming time as a function of the forming voltage for

two CBRAM electrolytes. (b) Impact of the Cu trap depth in the
electrolyte on the forming voltage (c) Impa ct of the Cu -Cu hopping
distance (during filament formation) and electrolyte permittivity on

the forming voltage.
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Figure 3: Retention characteristics of a metal oxide CBRAM for
various temperatures and programming currents Iprog. Retention
loss rate a s a function of the programming current allowing to
identify the operating window insuring 10 years retention at 130°C.
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Software implementations of convolutional neural networks
(CNNs) have become in recent years the first classification
solutions to compete with human accuracy on tasks such as

the recognition of handwritten characters, traffic signs, or
people faces. State of the art software implementations of

CNNs are based on the implementation of very large
networks using power -hungry GPU clusters. The biggest
challenge is the integraton of CNNs into low - power
embedded systems. Thanks to the use o f HfO ,-based OxRAM
devices, we present a CNN architecture which implements

the computation directly in memory, with the benefits of

non -volatility and energy efficiency, opening the way to the
implementation of CNNs in embedded systems [1]. The
OxRAM devices are chosen due to their low operating
current, short switching time and good endurance [2]. These

aspects are necessary for effectively implementing CNNs.

Feature Extraction Module | I Classification Module
I X

Conv. layer 1 Conv. layer2 || FClayer3 | OUTPUT
6 feature 12 feature |[100 neurons|( FClayer4
maps maps 10 neurons
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Figure 1: Schematic view of the proposed architecture for the
recognition of handwritten characters.
Fig.1 shows a schematic view of the OXRAM -based CNN

architecture. The CNN, is composed of a feature extraction
module and a classification module. The feature extraction
module is used to extract a set of kernel features from the
input image that has to be classified into feature maps. This

is done with convolution operations performed in two
cascaded convolutional layers. Once the complex input
image has been split into a set of feature maps, the
classification module associat  es the obtained feature maps to

the category which the input image belongs to, by activating

the correct output neuron.
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Figure 2: Circuit schematic of the OxRAM -based synaptic kernel. All
OxRAM devices on the same row form an equivalent synapse. A
driv er circuit is used to individually program the OXRAM devices and

to propagate the spi ke signal between neuron layers.
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The circuit schematic of the OXRAM -based synapses, used to
store the kernel features and perform the convolution
operations, is represent  ed in Fig.2. An equivalent synapse is
obtained with the OXRAM devices on the same row of the
memory array. The proposed implementation of CNN
requires 10x less OxRAM synapses compared to a standard
neural network. An application of image recognition on a
database of 60,000 images has been demonstrated in
simulation with a recognition success of 98% (Table I). The

use of weak programming conditions for OXRAM devices
allows to improve the energy efficiency of 85% with respect

to strong programming conditions. The cost is a reduction of
recognition performance of only few units percent.

Weak Strong
programming programming
conditions conditions
SET energy /
5pl 34 pl
device P P
RESET energy /
9pl 58 pJ
device P P
Recognition 94.0% 98.3%
success

Table I: Summary of the network performance obtained for weak
programming conditions, and strong programming conditions. Using

weak programming condition allows a signific ant reduction of the
energy consumption, at the cost of a reduction of the recognition of

few units percent.
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Oxide based RRAMs belong to the family of two terminal
devices whereby an oxide layer is fabricated between two
metal electrodes and whose resistance levels can be
switched between two distinct and stable states generally
referred to as Low Resistance State (LRS) or Ron and High
Resistance State (HRS) or R . LRS is attributed to the
creation/reconstruction of a conductive path called
conductive filament (CF) while HRS is associated with the
rup ture of the CF. Fig.1 (left) shows typical current voltage

(IV) of RRAM. Despite the simple structure of these devices,
many challenging issues still remain concerning their
variability and thermal stability. In this study, we looked at

the low resistance  state thermal stability of hafnia based
RRAM as well as the impact of alloying it with Al.

First we demonstrated that the programming temperature

(even if it has no influence on the initial resistance) has a
strong effect on thermal stability of the conduc tive filament
[1]. The time -dependent evolution of average of LRS
resistance is shown in Fig.1 (right). Ron fails towards high
resistance values as the retention time increases which we
associate to the diffusion of oxygen vacancies forming the CF

(Fig.3 b ottom left). Devices programmed at high
temperature (red curves in Fig.1 right) exhibit stronger
degradation. This phenomenon is even reinforced when
working at lower compliance current (i.e. dash -lines). We
associate the thermal stability to the CF shape: reducing the
conductive filament diameter while keeping high density of

the oxygen vacancies improves data retention.

In addition to the improvement of Ron thermal stability by

low SET temperature, we also looked at the impact of doping

HfO, by Al [2]. Fi g.2 (left) shows that Ron retention gets
improved at all the investigated temperatures with Al
doping. The extracted failure times, based on the failure
criteria, are plotted in an Arrhenius (Fig.2 right). Higher
activation energy, Ea, is extracted for HfA IO and more than
10 years retention of 130°C and 154°C are extrapolated for

the HfO , and HfAIO samples respectively. In order to have a
microscopic understanding on Ron retention, we used ab

ic 10’
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Figure 1: (a)RRAM IV plot and schematic models showing its working
principle (b) High temperature data -retention at 250°C for two SET
temperatures (25°C in blue, 150°C in red) and for two current
compliances (continuous l'ines
characteristics are average on 20 devices.
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initio  based oxygen vacancy (Vo) diffusion barrier
calculations via the Nudged Elastic Band (NEB) technique to
investigate Ron retention which we associated with Vo
diffusion.

To compare Vo diffusion barriers in HfO > with and without Al
doping, we constructed 2 superc ells (Fig.3 top): one being
pure HfO , and the other corresponding to HfO2 alloyed with

Al resulting in Hf ;-xAl,xO,+x stoichiometry (HfAIO). The
results show that Vo diffusion barrier in HfAIO is higher than

in pure HfO , (Fig.3 bottom right). This is in agreement with

the experimental data showing better Ron retention for
HfAIO compared with HfO . The study provides a microscopic
insight on Ron retention improvement in HfAIO via a simple
explanation based on its higher at omic density (atoms/cm %)
associated with shorter bond lengths between cations and
anions in the presence of Al.
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Figure 2: (left) Improvement of Ron retention with Al doping. (right)
Arrhenius plot showing good retention over ten years for both.
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Figure 3: (top left): Atomistic structures of HfO2 and (top right):
HfAIO used for ab initio calculations. (Bottom left): Figure 13. Model

showing Vo diffusion process during Ron retention where the CF
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with an Ea that is calculated with the NEB technique. (Bottom right)
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Among the emerging nonvolatile memory technologies, Thus, PE-MOCVD is a promising route to achieve the
phase change random access memory (PCRAM) is considered deposition of PCM in confined structures for the future
to be one of the most promising technology thanks to its PCRAM applications.
unique set of features such as high scalability, multi -level

But such structures open t remendous questions regarding
the impact of geometrical confinement and ultimate scaling

of PCM on its phase change properties. In that context we

have studied the impact of the nature of interfaces on the
crystallization of thin and ultra -thin PCM films.  All our results
suggest that the crystallization mechanisms of PCM films is

highly dependent on the nature of their cladding layers. As

an example, in GeTe and GST thin films interfaced with Ta
layers, the PCM crystallization temperature T «x is significantl y
higher compared to values reported in literature for films

capped with SiO , [2]. This effect is present in 100 nm thick

films. Such a remarkable difference in T x, only due to an
interface effect, was never reported before. Our synchrotron -
based X -ray diffraction investigations revealed that PCM

films which crystallize at high T exhibit no crystalline texture

(Fig.2b) c ompared to highly textured films crystallizing at

storage capability, good data retention and endurance.
However, the high power consumption during the RESET
operation is a major obstacle for this technology and must

be reduced in order to compete with the current Flash
memory technology. The integration of the phase change
material (  PCM) into high aspect ratio lithographic structures

can lead to reduced RESET currents by improved thermal
confinement. Thus, a highly conformal deposition process is
mandatory. In that context a Plasma Enhanced Metal
Organic Chemical Vapor Deposition (PE -MOCVD) process for
the deposition of GeTe and GeSbTe PCMs was developed in
CEA-Leti on the ALTACVD200, an alpha tool supplied by
Altatech Company . Contrary to atomic layer deposition (ALD)
where the GST composition range is very tight, various
compositions of amorphous Ge -Sb-Te layers can be
deposited by PECVD using commercial organometaliic low T ( Fig.2a) . The suppression of heterogeneous nucleation
precursors TDMA -Ge, TDMA-Sb and DIP -Te. Various fim at the interfaces could al  so explain this spectacular increase
stoichiometry can be obtained thanks to the pulsed injection of the PCM T  (of more than 50°C in case of GeTe)
system of liquid precursors allowing to control films considering that homogenous nucleation is typically much

stoichiometry, which results in a mastering of the PCM films slower than heterogeneous nucleation, the nucleation barrier
characteristics. A morphous and smooth GeTe layers were §G* in a uniform substance being much higher than a ta

successfully deposited on Si, SIO  ,, SIN and TiN substrates. surface.
By tuning plasma parameters, we were able to reduce the C
contamination induced by the M -O precursors in GeTe films
from 20 to 5 at. % [1]. The first electrical behavior
characterization of GeTe deposited with such process and
integrated in a planar PCRAM memory cell is shown in
Fig.1la.
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17 13k | . o 1V 3 5mA Figure 2 : 2D images of the diffracted intensity for crystallized GeTe
z NS The cell 100 nm thick films interfaced with (a) SiO2 and (b) Ta. The GeTe
10? P ... phase in the SiO2 interfaced film is strongly textured, with nearly no
0 10 20 30 40 50 60 diffracted intensity along the i ne X=620. In the Ta interfaced film,
CURRENT [mA] the GeTe phase is almost not textured. The strongly textured rings in

(b) between the 012 and 104 GeTe rings are due to the Ta layers
Figure 1: (a) SET to RESET and RESET to SET tr  ansitions for a GeTe . . .
film deposited by PE -MOCVD and integrated in a mushroom  -type From a more general point of view, design of PCM cells

memory cell. Resistance is plotted against programming current. (b) should take these features in  to account. Many efforts are
Cross section SEM image of a 50 nm SiO  , via which have been filled currently devoted to increase the T « of PCM and the memory
with GeTe by PE -MOCVD with DF plasma. cell retention, either by doping the PCM or modifying its

By using a Dual Frequency mode (DF) GeTe films could be composition. The use of proper interface material could be
successfully deposited in 50 nm SiO . via (Fig.lb) with a T - an interesting alternative, allowing to increase T « and the
Shape: the gap is perfectly filled and the top is covered by a retention of already Optimized materials without Changing t
smooth and homogenous layer. No void or any recess is heir composition and hence keeping their best intrinsic
observed; furthermore CMP s not necessary, PCM is ready to properties such as their transformation speed, cyclability or

be integrated in the final memory device thanks to plasma resistance drift.

DF mode.
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Block -copolymers (BCP) self -assembly has been identified
as an complementary approach to conventional lithographic
techniques in order to further decrease accessible
dimensions for microelectronic [1,2]. However, the self -
assembly properties are intimately linked to the chemical

nature and architecture of the BCP material.

In 2014, CEA-Leti presented advanced progresses in Block
Copolymer material development  and associated
char acterization. Used in conjunction with "conventional”
lithography, these systems lead to long -range ordered
structures by combining both high density and sub -20nm
resolution.

Recently CEA-Leti's industrial partner Arkema showed that
PS-b-PMMA copolymers s ystems can be produced efficiently
at the industrial scale to fulfill the future needs of
microelectronic [1]. We demonstrated that PS -b-PMMA
polymer natural period can be tuned down to 23nm, as
depicted in  Fig.1-A. Further CDs scaling down can be
achieved with "high chi" materials. In collaboration with
Arkema and LCPO, high resolution has been demonstrated

by using a new BCP chemistry: PLA -b-PMMA. An example of
this polymer with a natural period of L o = 18nm is reported
in Fig.1-B [2] .

200nm
rrre

Figure 1: SEM pictures illustrating perpendicular self -assembly for A/
high resolution PS -b-PMMA polymer (LO = 23nm) [3] and B/ a PLA -
b-PDMS high chi BCP (L o = 18nm) [2]

A successful control on both period and morphology can be
obtained by blending block copolymers. T he self -assemblies
of the blends present interesting characteristics, such as
defect -free self -organization with thicker film thicknesses,

as compared to pure BCPs [1]. We have also highlighted

that these blends and pure BCPs share at least the same
proces s-window for the contact shrink DSA process flow as
depicted in  Fig.2.

Related Publications

[1] X. Chevalier et al ., "Improvements of self
Alternative Lithographic Technologies VI, 90490T (2014).
[2] C. Reboul

-assembly properties via homopolymer addition or block

et al ., "Self -assembly o f Si-containing block copolymers with high

« Pure C34»
Lo~ 34.0nm

« Blend C34 »

Guiding pattern L, = 34.0nm

Missing contacts

Figure 2: CD -SEM images and related critical dimensions measured
on 300mm wafers processed with both pure and blended BCP [1]

Moreover, fundamental understanding of self -assembly
process is capital in material development and allows
process optimization and order control. We demonstrated

that long range order in thin films of block copolymers could

be monitored by using Grazing -incidence small -angle
scattering (GISAXS) techniques. In Fig.3 are reported
GISAXS patterns for BCP films self -assembled jointly on the
line grating (B/) and on a neighbor un -patterned area (A/).
The 11 ray is missing for the guided BCP, confirming the

form ation of a zero defect macroscopic crystal and long
range order when grapho  -epitaxy approached is used.
Combining fundamental studies and R&D, CEA-Leti in
relationship with A rkema put in place a unique working
environment that aims to secure the technology take -off of
DSA lithography for sub  -10nm CMOS technology node.

i A/ Un-patterned area

EEE|TR

20

B/ patterned area

C/ patterned area

ay (deg)

T

04 02 00 02 04 02 00 02
20, (deg) 20; (deg)

Figure 3: GISAXS results for a PS -b-PMMA polymer with cylindrical

morphology on Alunpatented surface and B/patt erned surface using

line grid guiding patterns as illustrated on C/ [4]

-copolymer blends", Proc. SPIE 9049,

-segregation strength: toward sub -10nm features in

directed self -assembly”, Proc. SPIE 9049, Alternative Lithographic Technologies VI, 904925 (2014).

[3] X.Chevalier

et al ., "Self -assembly of high -resolutions PS -b-PMMA block -copolymers: processes capabilities and integration on 300mm

track", Proc. SPIE 9049, Alternative Lithographic Technologies VI, 90490Y (2014).

[4] M.Maret
Angle X -ray Scattering: The Attractive Case of Graphoepitaxy",

et al ., "Probing Self -Assembly of Cylindrical Morphology Block Copolymer Using in Situ and ex Situ Grazing Incidence Small -
Macromolecules , 2014, 47 (20), pp 7221
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Thanks to the intrinsic high -resolution of block copolymers
(BCPs) associated with simple and low -cost processes,
Directed Self -Assembly (DSA) comes out today as a
promising patterning technique foreseen to be used for

advan ced lithography for sub ~ -10nm technological nodes. The
article summarizes the 2014 achievements on Leti 6 sDSA
works and especially highlights its potential to be considered

as a manufacturing solution for advanced CMOS circuits. The
work is performed on a D  SA-dedicated 300mm pilot line
available at CEA-L et i using Arkemads
BCP materials with the support of STMicroelectronics.

First, to confirm the first step maturity of DSA for high
volume manufacturing, the stability of the BCP self -assembly
process was studied over time. A 300mm baseline process
monitoring was implemented with a 35nm -period
polystyrene -b-polymethylmethacrylate (PS  -b-PMMA) BCP
self-assembled on unpatterned surface. Several key
parameters are regularly controlled such a s copolymer
thickness, BCP period and CD uniformity at different steps of

the process [1,2]. Statistical analysis results demonstrated

that +/ -4% specification is respected for all parameters. For
example, Fig.1 shows the measured BCP period variation as
function of weeks; in this case +/ - 1% variation was reached.

BCP period follow-up

® Thickness per week (nm)
——Mean target
= = Mean target -4%
= = Mean target +4%

w
o
=]

BCP period (nm)
S
L
1o i.

w
B
=]

33.0
120
310 -
300 - . .
e G T
Weeks

Figure 1: BCP period follow -4% is

respected.

-up through time. Specification +/

In CEA-Leti pilot line, the primary application of DSA was
mainly focused to pattern self -aligned contact holes (CHs)
using PS -b-PMMA BCP. We used the so -called graphoepitaxy
approach where BCP is self -assembled inside hard mask
guiding patterns predefined by conventional lithography [3].

Based on statistical analysis of defectivity and CD uniformity
measurement aft er DSA, process windows (PWs) of CH
shrink  (hole -in-hole  structure) are  experimentally
determined as function of guiding pattern dimensions for

Related Publications:

[1] M. Argoud et al ., "300mm pilot line DSA contact hole process stability",
[2] I. Servin et al ., "Contact hole shrink by Directed Self

Japanese Journal of Applied Physics , 53, 06JCO05 (2014).

[3] A. Gharbi et al. , " Contact holes patterning by directed self

SPIE 9049 , Alternative Litho. Techno. VI, 90491N (2014).

[4] P. Pimenta -Barros et al ., "Etch challenges for DSA implementation in CMOS via patterning”,

for Nan opatterning Ill, 90540G (2014).

-assembly of blo ck copolymers: What would be the Bossung plot?",

different BCP molecular weights (corresponding to different

BCP periods). These PWs enable to identify the suita ble BCP
molecular weight and the best guiding CD ranges required

for CH patterning by DSA. As example, Fig.2 shows the CD
and hole open yield (HOY) variations after DSA process as
function of the guiding pattern CD using a 35nm -period PS -
b-PMMA BCP. Accord ing to this graph, the corresponding PW

of CH shrink (region (b)) is defined at [47nm;57nm] guiding

CD range within which a 100% HOY is achieved. Inside this

mi c rPWe thee @S rCDB wariatien isgless ttham 2nm, showing that

DSA can absorbs high guiding CD variation. Outside the PW,
the defectivity becomes critical with missed or multiplied
contacts (regions (a) and (c)).

©

25 | —*i=—CDosm
—

CDygs (nm)
3
(%) AOH

CD,iding (nm)

Figure 2: DSA hole CD (markers) and open yield (curve) variations as
function of guiding pattern CD after CH shrink using a 35nm
BCP.

- period

Finally, etching transfer of DSA patterns was also
demonstrated into typical MEOL and BEOL stacks of CMOS
via patterning [4]. Good CD uniformity and high pattern
fidelity are obtained as shown in Fig.3.

Guiding pattern DSA of BCP DSA pattern transfer

—
— §

x180K T Lb7nn )

CDpsa=24 nm

CDygyige = 55nM
CDU (30) =2.5 nm

CDU (30) =4.5 nm

Figure 3 : Schematic representation and associated
shrink integration at different steps of DSA process

SEM images of CH

Proc. SPIE 9049, Alternative Litho. Techno. VI, 904929 (2014).

-Assembly: Process integration and stability monitored on 300mm pilot line",

Proc.

Proc. SPIE 9054, Advanced Etch Technology
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Electron Beam (e -beam) lithography enables flexibility, fast

short -loop developments and high  -resolution patterning
which make this technique interesting for Silicon Photonics
developments. Prior to the lithography process step, the e -
beam Proximity Effect Correction (PEC) for photonics
consists in fracturing the design and defining the proper

doses. The fracturing was adapted to the shots allowed by

the VISTEC Variable Shaped Beam (VSB) tool installed inside
CEA-Leti premises: size -limited rectangles (0 and 45°) and
triangles as well. In this way, the correction is more robust

(no post -fracturing is performed by the VSB tool) and the
exposure time which is closely related to the number of

shots can be quickly estimate d. The patterning of photonics
designs has to fulfill specific dimension and Line Edge
Roughness (LER) requirements. The LER has to be
sufficiently low to avoid power losses and malfunctions of
photonics devices. In order to minimize the LER, the
fractured design has to be the closest as possible from the
original target, which imposes a large number of shots

Fig.2). As a drawback, the exposure time is increasing with
the number of shots. The fracturing strategy becomes a real
tradeoff between the reso  lution and the throughput and then
has to be optimized [1]. The use of high -sensitive e -beam
resists significantly improves the throughput by decreasing

the exposure dose together with the total number of shots.

In addition, for large exposed areas, we emp loyed larger

(see

shots of 2.4 microns x 2.4 microns (Fill Patterns) to further
reduce the writing time.

Figure 1: Fractured photonics wave guide with the resulting
simulation in red and the metrology points in blue.
The dose assignment in the correction is based on a

lithography model. This model is calibrated by successively
exposing a dedicated layout of calibration and analyzing a
set of different CD -SEM images. The model is considered to
be well calibrated once the patterning of both dense and
isolated  patterns designed with the smallest targeted

Related Publications:
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dimensions/pitches is properly performed. Once the model is
calibrated, it can be used for different photonic projects as

long as the stack and tool conditions remain the same.
Moreover, photoresist processes we re especially optimized to
improve line edge roughness (LER), pattern definition, and
critical dimension (CD) homogeneities on full 8" and 12"
wafers [2], which are main critical parameters for Photonics.

(a) (b)

Figure 2: (a) SEM images of a t -beam

VSB equipment at CEA- Leti

ip structure patterned by our e
with (top) and without (bottom)
optimizing the fracturing. The red curve shows the simulated contour.

(b) Typical curvilinear photonic structure (c) Other typical photonic
patterns.

In conclus ion, we succeeded in patterning photonic circuits

on our VSB tool at CEA-Leti with high throughput and low
Line Edge Roughness (Fig.1). These achievements were
possible by optimizing in advance the fracturing and by
patterning on highly sensitive e -beam re sists with an over -
dose strategy.

-C Marusic, P. Schiavone, AP

lery, S. Pauliac, K. Hassan, J. Harduin, H. Duprez, U. Weidenmueller, D.F.G. Gallagher, S. Menezo,
-Insensitive Echelle Grating Demultiplexers on Silicon

-on-1 n s ul alEBE Rhotonics Technology
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Today, the silicon nitride spacer etching is considered as one implanted in the silicon nitride film. This leads to the higher

of the most challenging step in the high performance Fully sensitivity to HF dip with respect to the pristine silicon
Depleted Silicon On Insulator (FDSOI) devices realization. A nitride.

trade -off has to be found between silicon ge rmanium (or Using the new etch approach, the thickness of the silicon
silicon) recess, foot formation and nitride spacer faceting on nitride film modification can be adjusted by tuning Hydrogen

top of the hard mask (as shown in Fig 1) directly impacting or Hel ium plasma operating conditions such as ion energy
the device perfermances. Lowering elec_tron temperature and processing time, impacting the ion depth penetration
(low Te) or pulsing the plasma (synchronized or bias) are and the ion dose implanted in the film, respectively. This last
proposed  today as solutions, presenting different advantages parameter is critical since there is an ion implanted dose
and drawbacks. threshold from which the layer is enough modified to be

etched by the HF dip [1].

The interest of this alternative etch process has been
demonstrated on patterned wafers where the silicon nitride
(9nm, deposited by PE  -ALD - Plasma Enhanced Atomic Layer
Deposition) must stop on Sil icon Germanium (which is most
critical than Si in term of damage/consumption). The
Hydrogen or Helium ion implantation conditions have been
adjusted to target 13.5nm silicon nitride film removal,
corresponding to 50% over  -etch. After silicon nitride film
modification by H , ion implantation followed by 60s 1%HF
dip (to remove the modified layer) the SiGe recess is less
than 6A (similar results is observed when using He plasma),

Sio, as shown Fig .3a.

After spacer etching, a pre clean step (30s 0.3% HF) is
Figure 1: lllustration of silicon nitride spacer issues during etching: performe d, followed without waiting time by a 10nm Silicon
(@ Corner faceting, (b) Sili ~ con Germanium Recess, (c) foot Germanium epitaxial growth. Fig .3b shows that the Silicon
formation . Germanium interface presents no defects after Helium
In a recent study, we proposed a new etch approach [1 ,2] to processes (_similar results i§ opserved for H 2 plasn_1a) which is
overcome these issues and meet the highly complex characteristic ofagood_ ep!taX|aI growth. Furthermore Flg _ .3b
requirements imposed by device fabrication processes. This zzg\éﬁ eéhat after epitaxial step, no foot formation is

new etching process is based on two steps. In a first step, -
the film is modified in volume by a H » or He plasma ieil
performed in a ¢ onventional etch tool (ICP or RIE) followed

in a second step by a 1%HF wet cleaning with respect to
remove the modified layer selectively to the non -modified
materials (SiN, Si or SiGe) (Fig .2).

(a) H, or He ion (b) Selective removal of the

implantation by plasma modified layer to non
‘ modified films using HF dip

5.690M

0.60nm  0.36nm 5 64nM

Figure 3: TEM pictures after silicon nitride etching using H2 plasma
(@) or He plasma followed by an SiGe epit axial growth (b),
respectively.

Figure 2: Description of nitride spacer etching using the new  Based on this description, this alternative etching approach
approach based on two steps: H  , or He plasma (a) followed by HF dip brings new opportunities in the field of etching in terms of
to remove the modified layer selectively to the non -modified films precise control of the film damage. Indeed the depth and
(). profile of the ion implantation are tuned by playing on the

operating conditions, allowing a precise control of the profile
film modification. With this process no reactive layers are
formed presenting a good compatibility with epitaxial step.

The etch mechanism is based on the fact that after Hydrogen
or Helium plasma exposure, higher Hydrogen dose is
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With the recurrent introduction delay of EUV lithography for

High Volume Manufacturing and its constant increasing cost

of ownership, mask less lithography (MLL) remains a credible
alternative to answer to CMOS manufacturing industry
expectations thanks to its cost attractiveness, its intrinsic
resolution capability and the high -throughput of the
massively parallel writing concept. Since 2009 inside the
collaborative program IMAGINE, CEA-Leti  works with
MAPPER Lithography to push the insertion of the Mask L ess
Lithography approach.

After technology demonstration achieved on the pre -alpha
tool at CEA-Leti, Mapper lithography introduced a new pre -
production 300mm technological platform compatible with

CMOS 28/20/14 nm technologies ( Fig.1 & 2).

Figure 1: Pict ure of first MLL cluster in CEA-Leti clean room.

Figure 2: Top View and Cross

-section of 32nm HP pattern printed
with 5k eV Mas Less Lithography

Related Publications:
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[ 3] M. L. Pourteau, ACarbonaceous
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contamination

et al ., "Assessment of carbon layer growth induced by resists outgassing in multi e

results are now available on the first
lithography cluster installed in CEA-Leti clean room. This
equipment is now using a so  -called static blanker. CEA- Leti
and Mapper were able to demonstrate that MLL is able to

print a complete 300mm wafer in 1 hour independently of

the design [1].

CEA-Leti was able to etch and to transfer in Spin On Carbon
material the resist film for 32nm HP processes. The wafer

was exposed with 5keV lithography prototype tool. Some

etch transfer examples are presented in Fig.2.

Some extensive works have been driven and are
continuously performed to better understand the Line Width
Roughness root causes due to the interaction between
electron and matters and potentially induced by the chemical
amplified resist behavior. This work was already concretized
through articl e in important proceeding [2].

First printing

E(au)

130 nm

1 1 202 M8 _p2/82 Ty 2742 N5 _p2/42
s | +,g_2€ /f +’T‘;(, /v +ﬁ(f 19%]

(1 +ng + 1y + 05) [02

PSF(r) =

Figure 3 : Simulation electron interaction with resi st for thick resist

application.

Complementary to the assessment of the MAPPER
lithography platform, CEA-Leti drove extensive works to
characterize and understand the o utgassing of resist under
5kV electron beam bombardment and its associated
contamination impact on the electronic optics with exposure
conditions similar to a MAPPER production tool [3 ,4].

As conclusion, CEA-Leti is setting -up all the required
infrastructures for the insertion of Mask Less Lithography for
advanced node technology.

-9 2014, Grenoble, France.
-beam

g tbevatmh eixrpd Baumak\Eguym Scerce & t

-beams lithography", Proc. SPIE 9235,
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Nanolmprint lithography (NIL) is a patterning technique,

offering sub -10-nm  spatial resolution, 3D  shape
manufacturing, large scale patterning. This represents a

great interest for the cost  -efficient manufacturing of hard
disk drives, photonic devices, hig h-efficiency large -area
photovoltaic, and integrated circuits. In spite of the many
advantages related to this technology, many challenges
regarding the process simulation are still unsolved [1]. An
accurate knowledge of the mechanical properties of polyme rs
at the nanoscale, such as the material viscosity or the
viscoelastic modulus, is a key step towards relevant
simulations of NIL processes. However, a general, low

and fast method is still lacking to measure the mechanical
properties of polymer melt ~ s. In CEA-Leti, we developed such
a method based on the surface leveling ( Fig.1) of a pattern
that was manufactured with Nanolmprint lithography [2].

The specific designs of the pattern we used are all patented.

-cost

Because of the extremely small length scales involved, a
classical approach to extract the velocity field of the flow,

such as micro -PIV, is not relevant here. As a matter of fact,

the latter consists in following submicron fluorescent beads

as embedded tracers in the material. Although 25nm
fluorescent tracers are now available (for the smallest), this

size of bead still makes the method highly invasive for sub -
100 nm film flows. The general method implemented in this

work is based on the characterization of the free interface of

the flow ( Fig.1 left). Indeed, if the motion of the free surface

is known, with use of an appropriate model, we can extract

some information about the flow inside the fluid. We benefit

from the fact that polymers have a solid like behavior at

room temperature. By a ser ies of annealings and quenches
of the resist, we could then observe a time sampling of the

flow. This method allows the observation of the free interface

to be made by common microscopy techniques, in this case
AFM.

The leveling of the topography of a thin film can be then
modeled by a capillary wave approach. In this theory, the
topography of the film is expanded in terms of surface
waves. Under the assumption of no slip at the bottom
interface and when surface tension is the only driving force,

the leveli ng dynamics is constrained by a dispersion relation

(in Fourier space). In other words, this is a necessary
condition that binds the wave vector k and the complex
frequency w.

Starting from this approach many materials model
(Newtonian or  Maxwell viscoela  stic model)
implemented to extract the material parameters such as the
Newtonian viscosity and the terminal relaxation time [3] of
coated polymer films for sub 100 nm film thickness (

were

Fig. 2).

(a) AFM Profiles

(a) Material coating 250
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200
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Figure 1: (Left) Main steps of the viscosity measurement method

(Right) Single temperature measurement example from a line array
reflows. Polystyrene (Mw = 130kg/mol) was annealed at Tg +40°C
during 30s. (a) AFM measurements of the imprinted profile before
and after annealing. (b) Fourier transforms of the AFM profiles.

Our results revealed that the long -wave part of the spatial
spectral density, in other word general shapes and largest
features of the pattern, experience a viscous, Newtonian
flow. On the contrary, the short -wave part of the spectral
density (shortest features, edges and corners) exhibits
elastic relaxation. The transition between the two regimes is
located around a critical wavelength that depends on surface
tension, on the elastic plateau modulus, and on the film
thickness (only for ultra  -thin films ). Thanks to this new
material characterization method at nanoscale, a complete

and reliable toolkit for NIL process simulation is now feasible.
CEA-Leti is currently working on such approach to make
easier and faster the adoption of this technolog y in industrial
environment.

Damping factor

. Experiment

Fit: viscoelastic model

—————— Fit: viscous model s
IGA: 1 1 - n
Q 2 4 6 8 10 12
kx ho

Figure 2: Damping factor of the feature height as a function of the
normalized wave vector. Experimental points are fitted with two
models: a purely viscous model (tx = 0) and a viscoelastic single
mode Maxwell model.
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In the last years, many investigations have been conducted
towards the development of new generation of interleaved
power converters leading to reduced filtering ratings and
significant savings in terms of space, volume and cost
(Fig.1). However, these con  verters require an extended
amount of active power devices making their implementation

and reliability critical issues for their market and application
spread. Further investigations and breakthroughs on power
module integrating multiple active devices but also control

transistors on the meta  llic substrate on the high side of the
frame and the Cu/Cu bonding of the diodes on the metallic
substrate on the Low side. Either the full assembly is realized

at this stage or it can be carried out in two steps, depending

on the handling complexity.

>

&

signal units may offer the opportunity to improve the
reliability and to simplify their implementation. In such ways,
working on the assembly of power devices at wafer level is a
logical research path (Fig.1).

Substrate

0.2 um

P Figure 2: Successful direct bonding of a th
V Q bulk Cu substrate. Left: pictures of back -side (40606 Cu bul k) a8
Q \ 2 . -~ side (Si power diodes before DRIE) Right: TEM image of the bonded
A ‘ B (&7 stack.
An underfill is inserted in order to guaran tee the electrical
Figure 1: A. Schematic of the classical packaging approach: the paSS|vat|0n. of the' modgle, and gvgn_tually to fill up the deep
vertical devices are diced , individually assembled and interconnected trenches with a d'ele?tnc ma_te“al if it ha_s not been done at
in a module integration approach relying on numerous soldered and wafer level. Double side cooling can be implemented to ease
bonding interfaces . B. 3D packaging approach: two matrices of the heat extraction (Fig  .3D).
vgrtical power devices_ are diced, and then assembled in 3D with a Co surface before CMP
direct bonding at each interface. 8)
Taking benefits from the possibilities offered by deep
trenches isolation techniques and by wafer level packaging
(using direct bonding technology), a novel 3D packaging
approach is hereby introduced. A process flow that entails T
transferring at wafer level diodes and transistors (VMOS)
onto a metallic substrate was developed. The process starts
with the bonding of the active silicon layer onto a temporary
substrate. So the vertical device can be processed and l>
thinned down to an optimized thickness with respect to
desired voltage breakdown. Finally the fabricated device is
bonded to a metallic substrate using copper deposited Figure 3: Right - 3D module assembly successive steps, after dicing
layers. First results were obtained with Mo and W bulk two matrices of power devices. Left - Optical int_erferometer
substrates. We recently demonstrate successful power measurements of the power lead frame before and after preparation.
devices transfer on copper bulk substrate (Fig.2). We A novel 3D packaging approach for interleaved power
changed our process using in  -situ pressure and annealing converters has been introduced. This approach combines
during the bonding step to obtain defect free bonding. both a wafer level packaging and a module level assembly.
After fabrication and transfer on a meta llic substrate at wafer The fabrication and partial packaging at wafer level for
level, identical matrices of devices are diced and prepared vertical power diodes have been characterized from -50°C to
for the 3D assembly and interconnections (Fig.3A). The lead +175°C without showing any abnormalities. The result is a
frame in Copper is polished to obtain a surface flat enough to true compact 3D assembly with outstanding electromagnetic
be bonded using a thermo -compression technique. T he interference and thermal characteristics.
surface roughness before treatment (RMS=1.3 im) is
drastically reduced after planarization (RMS=1.65nm) (Fig.3 -
right). This polishing step is realized on both surfaces of the
frame. It makes possible the Cu/Cu bonding of the power
Related Publications
[1] N. Rouger, J. Widiez, L. Benaissa, B. Imbert, P. Gondcharton, B. Letowski, JC. Crébier, "3D packaging for vertical power devices", CIPS

2014 , Feb. 2014, Numberg, Germany.

[2] N. Rouger, J. Wi diez, L. Benaissa, B. Imbert, P. Gondchart on Techology et «
by Layer Trans f er Engi neering Application to 3D P aMAPS goursdgrafice 2014 er t i cal power
[3] L. Di Cioccio, Y. Beillard, S. Mermoz, R. Estevez, P. Coudrain, S. Moreau, J. Widiez "Low temperature metal bonding for 3 D and power

device packaging ", 4™ IEEE International Workshop on Low Temperature Bonding for 3D Integration (LTB -3D), Tokyo, 2014. Invited paper.

46



Annual Research Report 2014 « Let&

Silicon Technologies and Components

High Efficiency  Multijunction Solar Cells

for Concentrated PhotoVoltaics

Research topics : CPV, Advance d Substrates

A. Tauzin, B. Imbert, E. Lagoutte, F. Piegas -Luce, T. Chaira, C. Lecouvey, F. Fournel, S. Reboh,
J. Guelfucci, T. Salvetat, T. Signamarcheix

Partnership: SOITEC, InPact, Fraunhofer

Sponsorship: ADEME - Guepard

Current industry standard CPV cells are three  -junction (3J) 90 a0~ '

cells consisting in GalnP and GalnAs layers monolithically F S " ]
. = 60_ 4

grown onto a Ge substrate by means of epitaxy. These L lot12-01-x17y04

structures had reached efficiencies up to 41,6% under 75', ) ) ) ]

concentrated sunlight illumination. Ad vanced 3J technologies 45 - e—opea_, 4

even led to a 44,4% efficiency at 302 suns, but the F 40 — / "\.\' ]

performance can be further improved by adding additional oy 2 Nnax = 44.7 % @ C=297

junctions. Among the different potential technologies, wafer w 4A4: : . . y

bonding is the most versatile one, allowing combination of 0] ___‘_JJAA_.MA ]

non lattice matched Il -V compounds. Here we present the ="

record result of a bonded 4J cell and a path for cost >3 3'6" ]

i 3247 - . -
effectiveness. 1 10 100 1000

In this work, two separate growth runs led to an inverted Concentration [x, AM1.5d, ASTM G173-03, 1000 Wi/m]

GalnP/GaAs top tandem cell on GaAs and an upright

GalnAsP/GalnAs bottom tand em cell on InP [1]. Excellent
material quality was reached for all junctions, as they were
grown lattice matched to the underlying substrate. Both
wafers were chemical -mechanical polished to reach a root

Figure 2 : Summary of IV characteristics under concentration for the

best four -junction GalnP/GaAs//GalnAsP/GalnAs solar cell. The
efficiency maximum of 44.7% is reached at 297 suns. All
measurements were performed by the Fraunhofer ISE CalLab at
temperature  of 25°C.

mean square surface roughness below 0.3nm as measure d
by atomic force microscopy. Wafer bonding process was
optimized [2] to achieve a high bonding energy, a low

technol ogy
[3,4]. The

In parallel the Smart -Cut E applied t

transfer has been extensively developed

. - . ; . Smart-Cut E technology can proviagkse engi

electrlc_al interface ) resstaqce and a high optical consisting on thin InP layer reported onto a host substrate,

transmittance. _Followmg bonding, the GaAs substrate was with advanced functions compared to the bulk InP

_remo_ved, leading to a Galn_P/GaAs/{GaIn . AsP{GaInAs four - substrates, especially in the field of optical efficiency,

Junc_tlon solar cell (see_ .Flg'l)' This co_mblnahon is close to mechanical robustness or cost effectiveness. Moreover it

the ideal bandgap combination for a 4] device. offers the opportunity to re -use the same bulk InP wafers for
multiple layer transfer, limiting both the cost and the
consumption of InP raw material. We have experimentally
demonstrated up to 5 full Smar t
subsequent InP wafer refresh cycles, with no degradation of
the transferred InP film defectivity.

Figure 1 : Left: Scanning acoustic microscopy image of a 100mm 4J

solar cell wafer after bonding. Right: SEM cross section of the stacked

junctions.

Front side and back side contacts were prepared at Figure 3: (Left) 100mm wafer with thin InP transferred film on a new

Fraunhofer ISE. IV -characteristics were measured using a support substrate (sapphire in this case) following Smart -Cut E

spectrally adjustable solar simulator. Two consecutive world technology. (Right) remaining InP wafer ready for recycling

ici i 0, 0, -

[ﬁ::g;d Eﬁéﬂggglt?;ﬁzfnﬂ% /00? tti?: thz/alrllfsu(;th(e';;%f %15??? -03) Combirlation of  wafer -bonded 4J architecture with Smart -

spectrum were obtained (see Fig.2). Cut E t_ec h_nol 09y .f or I'nP bulk wafer
competitive high efficiency CPV cells in the future.

Related Publications:
[1] F. Dimroth et al. , "Wafer bonded four -junction GalnP/GaAs//GalnAsP/GalnAs concentrator solar cells with 44.7% efficiency"”, Progress

-282, 2014.
oft

in Photovoltaics: Research and Applications , Vol. 22, Issue 3, pp. 277
[2] B. Imbert etal . , AMechanical Under standing
Microsystems and Wafer Level Integration , 4 -6 Dec. 2013, Stockholm, Sweden.
[8] F. P. Luce etal. , Alnfluence of Il mpl antation
Technology Conference  (IIT 2014) ,June 6 i July 4, 2014, Portland, USA.

[4] E. Guiot et al. , "Enabling InP based high efficiency CPV cells through substrate engineering and direct wafer bonding”,
Semiconductor Week (CSW 2014) , May 11 -15 2014, Montpellier, France.
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Temper atured abedt Def & olonshanplan@mtibm €
Compound

Dec. 2014.

47



Annual Research Report 2014 - Let&

Silicon Technologies and Components

Flexible Composites of Thermal Shape Memory Alloys and
Piezoelectric Organic Materials

Research topics  : Energy Harvesting, Functional Materials, Composites

B. Viala, B. Gusarov (G2ELab), S. Boisseau

Partnership: G2ELab

Energy harvesting (EH) is now considered as an alternative 200 %. Finally, the energy density is 0.38mJ/cm 3 which is
to battery -powered solutions. Recently a new class of much higher than that of the previous composite using MFC
harvesters based on smart materials or composites (0.095mJ/icm %),
combining crossed -physical effects have been reported [1].
They open t(_)day. novel hybrid -EH eng.ineering for consumer 4 composite PVDF+2TiNi on each side
products which is expected to play an important role to 800 o pyroelectric effect alone i
bridge the gap with conventional solid  -state materials such 2
as thermoelectricity (Seebeck effect) or pyroelectricity. . I
When considering thermal sources which are the most = 600+ 14 VF'C
prevalent in our environment, small spatial and time %
dependent temperature gradients are usually disregarded = 4001
because it requires complex cold source management ; 27 VG
systems. The cold source usually consists in a radiator whose 2
size and shape can be hardly optimized. Moreover, when O 200}
wearable and flexible devices are targeted, solid -state
materials combined with radiators can become a major :
constraint. We propose another_sche_me tq g_et thin flexible 020 30 40 50 50 70
thermal harvesters (TEH). The idea is to indirectly convert Temperature (°

. . . : . perature (' C)
heat into electricity through mechanical transformations with
a thermal shape memory alloy (SMA) couple d to a Figure 2: Experimental temperature dependence of output voltage for
piezoelectric material. In Fig.1, a thin flexible TEH composite TEH laminated composite and PVDF alone, respectively.
is shown based on laminations of SMA and organic . . .

To conclude, a novel flexible and thin composite thermal

piezoelectric PVDF layers. This hybrid structure can generate
voltage from temperature variations using two different

energy conversion principles at once: pyroelectric and
piezoelectric effects driven by SMA. So far only ceramic PZT -
based composites have been experimentally demonstrated

[1]. It may not however be an optimal choice, since even the

flexible MFC piezoelectric composite from Smart Materials is
limited to 0.45 % strain, whereas SMA can develop strain up

energy harvester is reported, which combines pyroelectric,
piezoelectric and shape memory effect. The harvester
combines superior flexibility of PVDF with large temperature -
induced strain of the shape memory alloy (SMA) to harvest

small and quasi -static temperature variations. The energy
density is 0.38mJ/cm 2 for a temperature change of 20°C in
volume of 30mm 3. The harvester can successfully power a

to 3 %. In this work, PVDF is used as it withstands much light -emitting  diode  (LED) instantaneously without any

larger strains and flexibility than ceramics and composites storage unit, see Fig.3. The u _ se of PVDF quadruples the
2] energy output, compared to previously reported PZT -based

composites.

NITH (b)
ribbons
(@)
4
23
(a) [ (T 5.
gl ' i =
IBT 7% w==iyN
! o
C—175_|_pF :L C,=560mF 04
=T Tk comverier  Bieeiric foad B
_fem
Plastic support g ]
Figure 1: Schematic and optical images of the TEH laminated Figure 3: Circuit schematic and electric response of the Led -powered

flexible hybrid TEH (raw harvested voltage in blue and voltage after

composite and PVDF alone, respectively. LT d)
conversion in re

Fig.2 shows the produced voltage of the composite with SMA
effect which is 75% higher than the single pyroelectric
output of PVDF. The corresponding energy is increased by

Related Publications:

[1]D . zakharov,B . Vi al a, ABeyond CMOS NafhbedemakceEn&ogy Har vest i r204, Claeip Balestra , (Editq),
Wiley -ISTE, May 2014 .

[2] B. Gusarov, D . Zakharov , E. Gusarova, B . Viala, O . Cugat, J. Delamare , L. Gimeno, Tlermal energy harvesting by co mbined
pyroelectric, piezoelectric and shape memory effects 0 ,Sensors, Energy Harvesting, Wireless Network and Smart Objects (SENSO 2014 ),
Oct. 22 -24, 2014, Gardanne, France.
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M aterials for

Microbatteries

. Energy , Microbatteries

Porthault, S. Martin, R. Salot

Electrode  materials  conditon the main  practical
characteri stics of lithium microbatteries that are their
nominal voltage and nominal capacity, as well as their
operation kinetics (i.e. current rates). These features are

depe ndent on the redox couples involved along the lithium
insertion/deinsertion process, the composition, the crystal

structure, the electronic and ionic conductivities and the

microstructure  of the material, and also on the
electrode/electrolyte interface pro perties.

Among positive electrode materials, LiCoO 2 is looked on as
an ideal material; hence, it has been widely used in
conventional Li -ion battery for more than 20 years. Indeed,

its layered structure combined with the semiconductor to

metal transition o ccurring in the early stages of the lithium
deinsertion allow facile lithium and electron transports, and

the involvement of the Co  4,+/Co 3+ couple leads to a high
nominal voltage (4.2 V/Li+/Li). The main interests in using
LiCoO, thin film electrodes is to build microbatteries able to
supply the same voltage as the main power supply used in
portable electronics (i.e. a Li -ion battery), and/or able to
deliver high surface capacities, its superior transports
properties allowing to use thicker electrodes. Cryst allization
of LiCoO , films deposited by sputtering requires a post
annealing at high temperature (~700°C) which is not
compatible with the underlying substrate. Thus, a complete

study of the sputtering process was performed in order to
enhance the ordering in the as -prepared film and to
minimize  the thermal budget for getting the
electrochemically active R -3m phase. Finally, a bias  -assisted
deposition process allowed to decrease the crystallization
temperature to 500°C [1,2]. Nevertheless the deposition

rat e for the LiCoO , film, which directly influences the cost of

the whole microbattery, is still a real issue especially when a

high film thickness is required. So, alternative deposition
processes where also investigated, including sol -gel and
hydrothermal r outes. An innovative process combining
electrodeposition and hydrothermal conditions has been
identified and is under development ( Fig.1). Present
optimized process conditions allow a high rate deposition of
LiCoO, on metallized Si wafers, i.e. 500 nm.min -1, and the
achievement of thick electrode films [3]. Parallel to the
optimization of deposition processes, the understanding of

the electrochemical phenomena involved in the complete
Li/LIPON/LICoO , cell and further identification of
manufacturing defects and ageing phenomena are crucial to
assess and to enhance the quality of the industrial
fabrication process (EFL700 by STMicroelectronics).
Therefore, a dedicated fast characterization tool by
Electrochemical Impedance Spectroscopy (EIS) is currently
devel oped [4].

Related Publications:

[1] S. Tintignac, R. Baddour
solid - state lithium microbatteries
[2] S. Tintignac, R
in liquid electrolyte
[ 3] T. Azib, H.
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[4] S. Larfaillou, D. Guy -Bouyssou, F. Le Cras, S. Franger,
Spectroscopy 0 [ECS Transactions , 61 (27) , pp. 165-171, 2014.
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Figure 1 : Voltage profiles of LiCoO , thin films electro -deposited in
hydrothermal conditions at various temperatures. Inset: Cross
section of a LiCoO2 film deposited on a titanium plated Si wafer.

Alternative electrode materials to LiCoO 2, providing much
higher volumetric capacities and lower operating voltage,

much suitable for energy harvesting devices and low -
consumption components, are developed for the next
generations of microbatteries. Contrary to intercalation
reactions (as in LiCoO ;) which involve a limited amount of
lithium due to the limited number of crystallographic sites,
conversion reactions lead to the insertion a far larger amount

of lithium per formula unit. Among promising materials, FeS 2
(pyrite) [5] and CuO [6] were synth esized by sputtering and
studied at first. The electrochemical behavior of FeS 2 is quite
interesting as it exhibits a very stable capacity, 5 times

higher than LiCoO , (Fig.2). By the way, other candidate
materials are also identified and yet under study.
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Figure 2 : Voltage profile of a pyrite thin film electrode deposited by
sputtering, then embedded in an all -solid -state  Li/LIPON/FeS2
microbattery. Inset: Volumetric capacity retention over 500 cycles

HS gylhotr,atfe bias sputtered LiCoO2 thin

1476, 2014.

Eardclemical piioperties of high rate bias sputtered LiCoO2 thin films
-Hydrothermal Route o ,226 ™
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fiPerfect reversibility of the lithium insertion in FeS2: The combined effects
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OxRRAM made with HfO , [1]
We have shown through experiments and ab initio
simulations that the conductive state in nonpolar Pt/HfO /Pt

RRAM cells can be explained by local suboxide HfOx
filaments, where x is close to or below 1.5 (Fig.1, left). The

initial electroforming step not only promotes charge
injection, but also stabilizes neutral O Frenkel pairs against
charged O Frenkel pairs. This is important for filame nt
formation that results from the accumulation of neutral O
vacancy clusters. As the flow of electric current increases,

high  temperature leads to O vacancy 1 interstitial
recombination, and thus RESETs the device. The OFF -state
resistance may further incre ase by thermal heating,

indicating that there are O interstitials available near the
suboxide filaments to recombine with O vacancies present in
the filaments, (see Fig.1, right).

——
o l %

Heating l

N

A: 2e — 0+ Vo
B: 027 transport

C: 0" —=0 + 26

Figure 1: Embedded Hf203 filament; Schematic

(left)
representat ion of the switching mechanism (blue regions are HfOx

(right)
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Figure 2: VEELS spectra measured and calculated with TDDFT (up
panel: various crystallographic directions of monocrystal; down
panel: av erage of polycrystalline sample.

XPEEM of graphene on SiC(0001) [3]

We have used high -resolution energy -filtered XPEEM and
DFT calculations of a relaxed interface model to determine

the work function (WF) of few layers graphene (FLG) on
SiC(0001). WF values obtained from theory and experiments

are found to be in qualitative agreement with an increase of

the WF with each additional graphene layer, (Table 1).
Compared to isolated graphene, the WF is modulated by the
charge transfer from interface states to graphene, creating

an interface dipole momen t. In the calculations, the charge
transferred is independent of the number of graphene

with x<=1.5) planes, and this is consistent with the constant C 1s -SiC
core -level binding energy measured by XPEEM. A layer
VEELS spectroscopy of HfO 5 [2] dep;ndednth partiql IIspiII d-outI (_)f tfr:e transferred Icct;alrge is
. predicted theoretically, and explains the experimental S -
We have measured VEELS spgctra of pure m -Hf02 in graphene core -level binding energy variations.
correspondence to  well -defined momentum transfer
crystallographic  directions. We have compared the
experimental spectra to TDDF T calculated, finding a good SiCslb  SIC/BL  SiC/BL/ILG  SIC/BL2LG  SiC/BLALG  SiC/BLALG
agreement; (Fig.2). This has allowed us to correctly interpret WE, (eV), calculated 360 365 431 455 475 476
and understand the dielectric properties of polycrystalline or i peasured 27 SHerl00s  siaseovs  deraosots
monocrystalline m  -HfO; samples. We have found a Chageramtersd(¢A®) 00020001 00090010 0003 009 000300007
significant anisotropy in the dielectric properties, mostly on Charge spill-out (%) — — 16.1 103 9.7 8.4
the bulk plasmon at ~16 eV and on the dielectric constant.
Table 1: Calculated and measured WFs, measured core -level binding
energies, calculated interface dipoles, calculated charge transferred
from SiC to FLG, and calculated charge spill -out.
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Non -Planar Devices
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CEA-INAC and CEA -Leti have developed a 3D quantum
transport solver based on the Non -Equilibrium Green's
Functions (NEGF) method [1]. It allows the simulation of
realistic device geometries with interface roughness and
random distributions of charged impurities. In 2013, the
ability of this solver to address the silicon devices fabricated

at CEA-Leti and STMicroelectronics was demonstrated. In
2014, the NEGF solver has been extensively used to study
carrier mobility in FDSOI devices. A very good agreement

with experiments has be  en shown for planar devices [2,3].
Then the NEGF solver has been successfully applied to the

tri -gate silicon devices fabricated at CEA-Leti [3]. Besides
this, the performances of short channel FDSOI devices in the

quasi -ballistic regime have been investig ated by means of
Monte Carlo simulations [4].

pFDSOL @ Vi = =8 V 1= 1.0 x 10" em

z (nm)

S0

It (emfV/s)

an |f 2z (nm)

[ ® —
o I

Figure 1: Left: Hole mobility vs. density in a planar UTBB -FDSOI

device at room temperature and back -gate voltage Vbg = -8V, for

various interfacial layer thicknesses (solid lines: NEGF simulation,
dotted lines: experiment). Right: hole density map from the NEGF
simulation.

FDSOI devices with ultra  -thin body and BOX ( UTBB) feature
back -gate electrostatic control, which allows tuning the
threshold voltage and can also increase the carrier mobility

in the ON state. The mobilities computed with NEGF (see
methodology in [1]) have been calibrated on the extensive
experiment al database available at STMicroelectronics. This
validation task on planar devices was mandatory before
applying the NEGF solver to non -planar architectures. The
calibration, which consists in the adjustment of the
scattering parameters, was successful. B oth electron and
hole experimental mobilites were reproduced using the
same structural parameters (material thicknesses, interface
roughness amplitudes, and density of remote charges in the

gate stack). Moreover, without changing any parameter,
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[1] Y. -M. Niquet etal., " Quantum calculations

approaches”, Journal of Applied Physics 115, 054512 ,2014.
[2] V. -H. Nguyen et al ., "Quantum modeling of the carrier mobility in FDSOI devices",
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simulation s matched a large set of experimental data with
different interfacial oxide layer (IL) thicknesses, different
temperatures, and different back -gate and front
voltages [2,3]. A typical NEGF simulation of hole mobility is
shown in  Fig.1, together with t he experimental mobility, at
back -gate voltage Vbg = -8 V. In this back channel inversion
regime, the IL thickness has a weak impact on the mobility.

The NEGF solver shows its full potential for non -planar
architectures, in which quantum confinement plays a
prominent role. We have simulated the mobility of the tri -
gate silicon transistors fabricated at CEA- Leti. Again, keeping
the same structural parameters for NMOS and PMOS, the
experimental electron and hole mobilities were well
reproduced at different te  mperatures [3]. Fig .2 shows the
simulation of hole mobility at room temperature.

-gate
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Figure 2: Left: Hole mobility vs. density in a tri -gate silicon transistor
at room temperature (red line: 3D NEGF simulation, blue line:
experiment). Right: hole density m ap from the NEGF simulation.

All these calibration studies only addressed the long channel

low field mobility. The next step is the simulation of the next
generations of ultra -short channel devices in their target
operating voltages. The importance of contact and ballistic
resistances in short channels has been evaluated by Monte

Carlo simulations [4]. Recent developments of the NEGF
solver allow a realistic description of the access regions
(discrete dopants distributions) and the inclusion of non -
unif orm strain fields. This offers promising perspectives for

the simulation and optimization of future CMOS technologies.

The NEGF simulations were performed on the TGCC/Curie
machine using PRACE and GENCI allocations.

carrier mobility: Me t h o d-elassialy ,

IEEE Transactions on Electron Devices , Vol. 61,
-Equilibrium Greenow™F

2014 International Conference on
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-house TCAD

In the Simulation and Modeling Laboratory, in
simulation tool and compact model dedicated to Oxide
Resistive Memory (OxRRAM) and Conductive Bridging

Random Access Memory (CBRAM) are bei ng developed. The
main target is to support technological developments and

the design of innovative circuits using OXRRAM and CBRAM
cells.

TCAD Simulation

An electro -thermal resistive switching model based on O -

Frenkel pairs has been developed [1] to simulate reset and

set mechanisms for HfO  ,-based OxRRAM devices. It relies on

a filamentary conduction mechanism based on the breaking

of Hf-O bonds, generation of O -Frenkel pairs ( 6 // ),
migration of / under high electric field and elevated
temperature. Breaking of conductive filament is modeled by
recombination of 6 // asillustrated by Fig.1.

Simulated devices are 1T/1R HfO
on 65nm CMOS technology

mm 2) t=0s b) t=4-10s
l-h-

2-based RRAM cells relying

“a 1.5=102%
= 102%

¢) t=9-106s

a

2

O S A}

0 0 0 0 ¥ ¥ ¥
N b

4500 (1) = My,
If r<2nm

w a6€=1017

Figure 1: Evolution of &  during reset simulation

Broadly accepted physical mechanism involved in CBRAM is a
resistance swit ching induced by electro -chemical driven
growth and rupture of a metallic -like filament in an
electrolyte. Our TCAD simulation tool based on the finite
element discretization of a system of partial differential
equations coupled to the Level Set method [2] has been

extended to take into account the presence of Ag -rich
clusters in GeS2 electrolytes as illustrated by Fig.2.

¥
3

30

100 120 140

60

Figure 2: Ag filament (in blue) growth with Ag -rich clusters (in red)
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Compact model

To design innovative circuits using CBRAM, a compact model
is mandatory. This model should be fast, robust and
accurate. We proposed a continuous physical compact
model, written in Verilog -A valid for chalcogenide and metal
oxide based CBRAM.

Main charact eristics of CBRAM cells are simulated with the
developed model and calibrated on electrical measurements
as the set and reset switching time on Fig.3.
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Figure 3: comparison between measurements and model of the
switching time versus applied voltage for S ET and RESET.

Moreover, variability is a crucial issue for this kind of
memory. Thus, we define the typical case (TT) and four
corners which represent extreme values of the low (L) and
high (H) resistances, Fig.4, for the typical programming
condition [4].  In order to design robust circuits, the worst
case (HL) should be chosen and to design innovative circuits,
designers should use the best case (LH).

. Exp data
Best case ® / A Simdata
R, /R, >1000 19 HH
3
= & TT
2 | R,..(60%)
T

,.' = Worst case
e HL R, /R,=25

R, (50%)!
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Figure 4: corner plot of the Low (LRS) and High (HRS) Resistive
States.

The model is incorporated in Cad ence design flow using Eldo
simulator allowing design of innovative circuits. Different
electrical circuits are tested to prove the robustness of the
proposed mode |.

-Frenkel pairs to study reset and set
Simulation of Semiconductor Processes and Devices (SISPAD
2014 International Conference on Simulation of
-GeS2 Conductive Bridge Memories", 2014 IEEE 6 "

14" Non-Volatile memory Technology Symposium (NVMTS
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Fabrication of Application Specific Photonics Integrated
Circuits (ASPICs) will bring substantial breakthroughs in very

high speed data communications, telecommunications and
supercomputing. Among other photonics integration
technologies, silicon photonics is probably one of the most
serious industrial candidates due to its potential large -scale
and low -cost production capability in existng CMOS
foundries. To duplicate the success story of integrated
circuits to ASPICs, the industry must fully adapt the
technology  platform to  address photoni cs-specific
requirements. One of the key challenges at the design level

is to develop an Electronic Design Automation (EDA) flow

fully compatible with standard CMOS methodology and tools.
Efficient CAD tools are required all along the design process,

in pa rticular during modeling of silicon photonics devices and
circuits.

Models developed in the Verilog  -A behavioral language have
the advantage of allowing the devices to be used in
commercial SPICE circuit simulators. However there are
relatively few  publications on modeling of photonics devices
using Verilog -A and their incorporation in a standard design
environment.

Here, we present a new modeling approach and the
introduction of models of photonics devices in standard EDA

tools [1 -2].

Up to now, onl y optical power (in Watt) and phase (in
radian) were considered. However, in some optical devices

light is polarized and passive optical devices are bidirectional

(light coming from left to right or from right to left). So, we
introduced a new concept: an optical signal comp osed of 9
different lines (Fig. 1) which are grouped in an optical bus by
analogy with an electrical bus such as the IEEE -488 bus.

Waveguide (WG

ReX 1> ARgA(1)
ImX > AmA()
ReY [ ARgA()
ImY > Am(A(1)

| N | N J I | -

taar iy

< [QHe

mY - Le AmA()
ReY  [le=  ARgA(1))
ImX e Am(A(1))
ReX  [Je=  ARgA(1))

Figure 1: The 9 lines of the optical bus for a waveguide. Ax and Ay
are the complex amplitudes of the two pol arization
central wavelength during simulation
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We developed a toolbox for Silicon on Insulator (SOI)
photonics (Fig. 2). The following Verilog -A models are
available for passive and active devices: silicon waveguide,

grating coupler, M Ml 1x2 and 2x1 couplers, MMI 2x2
coupler, cross coupler, Ge PIN photodiode, Mach -Zehnder
modulator with heater, laser optical source, optical
termination, etc. Impact of the SOI technology is considered
by taking into account the influence of interconnecti ons,

coupling capacitances and high resistivity of the silicon wafer
at high frequency.
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Figure 2: SPICE toolbox of passive/active silicon photonics devices
and symbols .

The photonics ASPICs d  esign flow is presented in Fig. 3.
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Ll \
Circuit simulation
& design

'Mentor Graphics (Eldo)
+ Cadence (Virtuoso
Schematic Editor)

GDS files

Mentor Graphics
(Calibre nmDRC)

Cadence (Virtuoso Layout Suite)

Figure 3: Photonics PDK
t he

and ASPICs design flow
and 1

-A models for silicon photonics devices and implementation in a
, March 28 -29, 2014.
-A", Proceedings of the 29th Int.



Annual Research Report 2014 - Letid

Silicon Technologies and Components

56



Passive & RF
Components

Silicon Interposer Technology for 2.5D and
3D Integrated RF/mmW Systems

Sol - Gel Ferroelectric Thin Films for RF Tunable Capacitors

Thin Monocrystalline Piezoelectric Films for Acoustic Resonators,
Filters and Sensors

Spin Torque Oscillators for Telecom Applications

57



Annual Research Report 2014 « Let&

Silicon Technologies and Components

Silicon Interposer Technology for 2.5D and 3D

Int egrated RF/mmw

Research topics  : Si | nterposer,

O. El Bouayadi, Y. Lamy, L. Dussopt, B.

Partnership: DGA

Sponsorship: CARNOT Funding

| ntegrated

Systems

Antennas, M etamaterials

Soulier, G. Simon, A. Moknache

The interest in millimeter  -wave (mm w) frequency bands has
been constantly rising across the last decade. New
applications such as sub -THz imaging and automotive radar
are shaping the future of the next generation of smart
devices. As for communication systems, higher data rates in
the range of a few Gbps at short -range are nowadays
achievable thanks to a larger RF bandwidth (up to 9 GHz for
the 60 GHz ISM band). This progress has benefited from the
advances in silicon -based RFIC front -end design; mostly
inherit ed from CMOS technology which was initially
dedicated to digital and low frequency analog applications.
However, the antenna stage's footprint is still an issue due to

the fundament al relation
area and the achievable gain. However, it is known that
CMOS integrated antennas -on-chip (AoC) suffer from low
radiation efficiency (below 20 %).

Antenna -in-Package (AiP) approach using silicon interposer
seems to be a good candidate to solve this issue: vertical
stacking offers compa ct 3D integration capabilities as well as
very good thermal dissipation properties. Moreover, using

high -resistivity silicon substrates ( 0 > 1kn.cm), radiation
efficiencies in the range of 50 % could be targeted [1].

Antenna _ HIS

cavity -less integration

Antenna _ HIS

Figure 1: Novel HIS designs enabling

=i

Figure 2: Microphotograph of the integrated 60GHz antenna with HIS
reflector .

We have investigated a new mmw packaging approach
based on silicon interposer with a new type of integrated and

efficient antennas. The aim of this approach is to mimic an

artificial magnetic conductor's (AMC) behavior with a near -
zero reflection (at least in the frequency band of inte rest)
allowing the reflector to be placed in the vicinity of the
radiating element (from 10 pmto20 pmat60 GHz).

The resulting patterned structure is called High -Impedance
Surface (HIS). This new structure allows moving towards
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"real 3D" integration, w  here the RFIC could be eventually
placed directly below the antenna and fed using Through -
Silicon Vias (TSV) as illustrated in Fig.1.

The 200 pm -thick interposer has been designed and micro -
fabricated in CEA-Leti's 200 mm facilities. Fig.2 illustrates
one of the implemented designs with an overall area of

3x2.5 mm? as referred to in [2]. These integrated antennas

have been fully characterized in anechoic chamber over
multiple frequency points as shown in Fig.3. The realized

gain in reported for different fr equency points in the Fig.4. A

5 dBi gain is achieved with excellent cross polarization
isolation

bet ween_od dbfand banfvicth{(1® " 098 usifyf £168 8E).iTHe®achieved

radiation efficiency extracted from measurement data is
higher than 40% over the band of interest fo r HR silicon
prototypes.
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Figure 3: Reflection coefficient of a single antenna
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Figure 4: Realized gain of the two -element antenna array in H -Plane.

This illustrates the strong potential of silicon in an AiP
approach, and paves the way to compact and
millimeter -wave interposers in the future for demanding
applications such as LTE, 5G telecommunications and THz
imaging.
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As digital systems move toward higher frequencies and high

data rates, it becomes extremely challenging to supply novel

low -cost and highly efficient integrated passives to gradually
replace discrete components. Voltage -tunable capacitors are
essential components in  many radio -frequency (RF)
applications such as voltage -controlled oscillators and
adaptive impedance matching circuits. Semiconductor
varactors, gener ally used in RF circuits, can provide
considerable capacitance tuning. However, they usually
suffer from a large series resistance that increases with
increasing capacitance tuning. Thus, it is fundamentally
impossible to obtain a large tunability combined with a high
quality factor (Q). Recently, ferroelectric thin films have
particularly attracted considerable interest for voltage
tunable applications since they offer a host of advantages

over varactor diodes. These include low cost simultaneous
fabricati on of multiple parts, large dielectric nonlinearity
under dc bias field, low losses, and minimal frequency
dispersion.

Lead zirconate titanate (PZT) which is actively investigated

and used in a many industrial domains including non -volatile
memories, micro -electro -mechanical systems (MEMS), is
especially well -known candidate materials for tunable
capacitor applications due to their remarkable ferroelectric
properties and stability in device operating ranges. However,

in order to achieve a viable replacement for varactor diodes,
there are several issues that PZT -based capacitor must
address. At first, reported voltage tunability of PZT films in

the high frequency range is relatively low (~35%) and

remains insufficient for microwave tunable devices.
Therefore, performance  optimization needs to be
accomplished by improved material processing and

compositional adjustment. To this end, much attention has

been focused on the madification of PZT by adding a small
amount of dopants. Secondly, the development of low -cost
procedures to prepare PZT -based thin films is an inevitable
step towards meeting the requirements of today's
microelectronics industry.

Here, manganese (Mn) -doped PZT (PMZT) RF capacitors
have been developed using a sol -gel process [1]. Indeed, the
soli gel deposition route is of significant interest for thin film
capacitors applications from an industrial point of view. It
provides a good compatibility to photolithography and allows

low temperature processing, large area coating ability,
precise composi tion control and cost reduction. Metal -
insulator -metal (MIM) capacitors using sol -gel PMZT have
been successfully processed on platinized 200 mm silicon
wafers (Fig .1). On -wafer electrical analyses have been
conducted with a particular attention to leakage current
characterization and radiofrequency measurements under DC

bias voltage. For this, an accurate and reproducible
characterization methodology has been set up beforehand by
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investigating influence of experimental conditions such as
atmosphere on elec trical measurements [2]. Dielectric
properties of PMZT thin films have then been compared to
those of conventional PZT layers.
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Figure 1: SEM cross -section of the sol -gel PMZT thin film capacitors
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Figure 2: Leakage current of pure PZT and PMZT at 20V pC-

The dielectric response analysis of PMZT thin films revealed

an enhanced tunability achieving 85% (~7:1) at 1 GHz.
Besides, the leakage current density decreased from

6.5 pA/cm2to 1 pA/cm? at 850kV/ecm by dop ing PZT with Mn
(Fig.2). Thus, PMZT tunability is among the highest ones
reported in the literature for PZT -derived thin films but also
for other piezoelectric materials. Indeed, in comparison, the
tunability of BST -based materials, typically studied for
voltage tunable applications, does not exceed 5:1. These
remarkable results indicate that Mn -doped PZT thin films are
promising candidates for RF tunable capacitors..
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The increasing complexity of RF front ends, driven by the
multiplication of mobile phone frequency bands (more than
40 currently used in modern data hungry mobile phones),
puts a strong pressure to develop new system architectures.
In this context, the conventional Bulk Acoustic Wave (BAW)
filters used to improve the linearity of the front end are
facing considerable challenges and have to overcome
limitations in terms of insert ion loss, roll -off sharpness,
temperature stability and rejection. This requires the
capability to provide resonators with improved quality
factors, electromechanical coupling factors, ideally with
reduced temperature dependence. Making these filters
frequ ency agile would even be a must.

Currently, conventional resonator performances rely on the
piezoelectric properties of the materials they are made off,
generally aluminum nitride (AIN). Replacing this material by
piezoelectric thin films of lithium nioba te (LINbO 3) would
provide a dramatic increase in electromechanical coupling
factor, which could be traded for improved quality factors,

larger bandwidths, or for frequency agility.

LiINbO3 is however very difficult to grow with the necessary
material quali ty, due to the difficulty to control the Li/Nb
stoichiometry. Moreover, the natural growth orientation (c

axis) is not the one exhibiting the best piezoelectric
properties (a -axis). Therefore, we opted for an alternative
approach, based on the transfer of LiNbO3 films, either
through ion -slicing if sub -micrometer thick films are
required, or wafer -bonding and thinning to reach thicknesses

of several micrometers. The later technique was recently
applied to transfer a 5 pm -thick X -cut LINbO3 film onto a
silicon wafer [1], as shown in Fig.1. W electrodes were
inserted in the material stack before wafer bonding. BAW
resonators were then fabricated by depositing and patterning

Al electrodes, and eventually releasing the piezoelectric film
through deep reactive io  n etching of the silicon substrate.
The electrical response shown in Fig.2 exhibits an
electromechanical coupling factor of 53%, what is suitable
for the implementation of filters with a tuning range of close
to 15 %. Future works will aim at improving the
factors of those resonators

quality

Figure 1: Photograph of a 5 pm -thick LiNbOS3 film transferred onto a

100 mm silicon substrate
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Figure 2: Electric response of a LINbO3 BAW resonator

Such an approach also benefits to sensor applications. For
example, a quartz thin film has been transferred onto silicon
substrates [2], for the purpose of fabricating piezoelectric
gyroscopes. These sensors take the form of tuning forks
that are excited to vibrate into an in -plane vibration mode,
and whose out o f plane vibration mode is used to sense the
mechanical accelerations. Fig.3 shows the process flow
employed to fabricate these devices, including the transfer of

the piezoelectric film onto pre -formed cavities, while Fig.4
shows the resulting tuning forks. Electrical measurements
reveal resonances with quality factors close to 12,300 at

90 kHz under vacuum, close to the viscoelastic limit of
quartz, showing that the single crystal material quality is
maintained throughout the developed process. This opens
interesting perspectives with respect to the integration of
quartz resonators onto silicon.
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Surface preparation
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Figure 3: Process flow for the transfer of quartz onto pre -formed

cavities and the fabrication of a quartz tuning fork

Figure 4: SEM photograph of a transferred quartz tuning fork
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Spin Torque Nano -Oscillators (STNO) are nano  -sized radio -
frequency auto -oscillators whose frequency can be tuned in a
wide range by variation of the bias direct current (DC)
driving the STNO. The STNO frequency tuning originates

from the nonlinear properti es of the magnetization dynamics
induced by spin transfer torque in a multilayered magnetic
nanostructure. STNOs are of interest for the realization of
integrated microwave components in which the modulation is

used to code and process signals. The modulat ion is also
important in the recently proposed STNO -based "dynamic
read head" for data storage, where the modulation signal is
provided by the stray magnetic field of a recorded bit. For

such applications, it is important to understand whether an

upper lim it of the modulation bandwidth exists and, if so,

what parameters drives it.

One of the most critical characteristics of spin torque nano -
oscillators (STNO) is the speed at which an STNO responds
to variations of external control parameters, such as curre
or/and field. Theory predicts that this speed is limited by the
amplitude relaxation rate G that determines the timescale
over which the amplitude fluctuations are damped out. This
limit can be verified experimentally by analyzing the
amplitude and fre quency noise spectra of the output voltage
signal when modulating an STNO by a microwave current
[1]. Modulation is studied in the situation when both the bias

DC current (to generate the oscillation) and an RF
modulation current (to modulate the STNO -gene rated signal)
are applied to an STNO simultaneously. This corresponds to

a direct modulation of the generated microwave signal. It is
illustrated in Fig.1 where the output voltage signal of a
magnetic tunnel junction STNO with a stack composition
PtMn/CoFe /Ru/CoFeB/MgO/CoFe/CoFeB  is shown to oscillate

in time in response to an RF current at the modulation
frequency of fm=4MHz.

nt

The amplitude and frequency noise spectroscopy technique

based on the analysis of time traces of the STNO output
voltage signal V(t ), has been applied to STNOs based on
both MTJ and spin -valves. This technique allows one to
separate the noise signals from the modulated signal and
confirms the general theoretical prediction for non -
isochronous auto -oscillators that the amplitude relaxa tion
rate G is the central parameter that limits the speed of an

STNO response to an external control signal. Such a limit is

shown to play a crucial role not only in modulation, but also

in the injection locking experiments, where the transient
tmefrom t he fAfree runningd to the
is limited by G [2,3]. Furthermore the developed
experimental method allows one to determine the amplitude
relaxation rate of an auto -oscillator with relatively low output
power su ch as spin valves (see  Fig.2).
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Figure 1: Time evolution of the STNO (a) output voltage and (b)
frequency under rf current modulation. (c) to (f): Amplitude noise

PSD from (c) simulation and (e) experiments and frequency noise
PSD from (d) simulation and (f) experiments.

In Fig.1 (c) to (f), red lines are the noise PSD (amplitude and
frequency) of the unmodulated signal. In (e) the blue line is

the measured amplitude noise of the modulated signal.
Superposed onto the unmodulated signal (red) are the peaks
(black) appearing in  the noise PSD of the modulated signal
obtained at different modulation frequencies. The blue
dotted points in (e) correspond to the peak power of the
modulation peaks obtained from different experiments upon
varying the modulation frequency fm. The envelo pe of these
peaks (i.e. dashed lines) show a roll -off at fp (amplitude
relaxation frequency)
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Figure 2: Amplitude noise PSDs for a 100nm spin valve STNO device
modulation based on the following magnetic stack (in nm)  PtMn(20)/
CogoFex(2.5)/Ru(0.8 )/[Co goFez(1)/Cu(0.3)]2/Co  goFexn(1)/Cu(3)/Co
Feoo(1)/ Ni goFexo(2) under rf current.
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fi The yakiecof theorglaxatian éreqeedcy, fpsas deteanined for
the investigated mode is around one hundred MHz for
currents close to the critical current. This is a limitation for
applications that aim at GHz modulation rates in
telecommunications or at Gbit/sec bit data rates in data
storage applications. However numerical studies show that
other STNO excitation modes can lead to values of fp in the
GHz range.
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