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1. Introduction 
 

The Sixth Workshop of the Thematic Network on Silicon on Insulator 
technology, devices and circuits took place in MINATEC, Grenoble, Sweden 
from January 25th to January 27th, 2010, organized by Prof. Sorin Cristoloveanu 
(Grenoble INP) and Dr. Olivier Faynot (CEA-LETI). 

 
EUROSOI is an international forum for promoting high-level scientific 

research and exchanges between research groups and industrial partners 
involved in SOI activities all over the world. EUROSOI activities are supported 
by the European Commission. Following the lively experience of the previous 
meetings (Granada-2005, Grenoble-2006, Leuven-2007, Cork-2008, and 
Goteborg-2009), EUROSOI’10 featured oral and poster sessions, key-note 
presentations, as well as room enough for informal discussions. This year our 
leitmotiv was “SOI entering a new era”. A Special Issue of Solid-State 
Electronics will contain selected full-length papers. 
 

In addition to the high level technical presentations, EUROSOI 
workshops are also characterized by their fringing events: in this occasion, a 
discussion panel (the opinion of the experts) and a training course were 
organized. 

 
The panel of specialists was moderated by Prof. Raphael Clerc 

(Grenoble INP) and and the opinions were aired by Prof. Jean Pierre Colinge 
(Tyndall), Prof. Krishna Saraswat (Stanford University, USA), Dr. Christophe 
Tretz (IBM), Dr. Frederic Bouef (STMicroelectronics), Dr. Horacio Mendez (SOI 
Industry Consortium) and Jan Hoentchel (Global Foundries, Dresden). The 
headline of the debate was: “SOI Technologies: What kind of research for what 
kind of products?” 
 

The tutorial, which was defined by the title “Exploring new routes with 
SOI”, also included Dr.Jan Hoentschel (GlobalFoundries, Dresden) to talk about 
Advanced SOI technology, Dr. Dr.Sylvain Ballandras (FEMTO-ST) on single-
crystal wafers for RF devices, Prof.Gerard Ghibaudo (Grenoble INP) on SOI 
characterization, Dr. N.Sillon (CEA-LETI) to speak about 3D Integration at wafer 
level, and Dr. Eric Desbonnets (SOITEC) about SOI substrates for RF 
applications 
 

A high number of papers have been submitted this year (more than 60) 
and 56 contributions have been selected. One half of the contributions were 
given as oral presentations and the other half as posters. Many of the 
contributions had their origin in strong national and international co-operations, 
born in previous EUROSOI meetings. Our special guests were Dr. Horacio 
Mendez (SOI Industry Consortium), and Prof. Krishna Saraswat (Stanford 
University) who kindly accepted to deliver outstanding keynote talks. 
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2.- Agenda  

 
 Monday, 

January 25th, 
2010  

Tuesday, 
January 26th, 

2010 

Wednesday, 
January 27th, 

2010 
9-10 Session1:  

SOI platforms 
Session4:  
New SOI 
structures 

10-11 

11-12 
Session 5: RF 
and noise 

Session2:  
Ge based 
devices 12-13 

13-14 
Lunch 

Lunch 
 

14-15 Session3: 
Innovative 
devices 

Session6: 
Advances 
Simulations 15-16 

Tutorial: 
Exploring new 
routes with SOI 

16-17 
Visionary 
Panel Session 
 

Session7: 
Multiple gate 
devices 
 

17-18 

Welcome 
Reception  

18-19 
Poster Session 

 19-20 
 

Gala Dinner 

End of 
EUROSOI 2010 
and EUROSOI+ 
Management 
Board Meeting 

 



EUROSOI+ FP7-216373 5 of 16 28/02/2010 

 

3.- List of participants 
 
 Last name First name Affiliation Country 

1 ADELE Hars ADVANCED SUBSTRATE NEWS France 
2 AFZALIAN Aryan Université Catholique de Louvain (UCL) Belgium 
3 AGOPIAN Paula University of Sao Paulo Brazil 
4 ALAM Muhammad  AMU Aligarh (UP) India 
5 ALLIBERT Frédéric SOITEC France 
6 ALVARADO Joaquin Université catholique de Louvain Belgium 
7 ANDERÅS Emil Radi Medical Systems AB Sweden 
8 ANGERMAYER Michael EV Group E. Thallner GmbH Austria 
9 AUGENDRE Emmanuel CEA LETI MINATEC France 

10 BAE Youngho IMEP-LAHC France 
11 BALLANDRAS Sylvain `FEMTO-ST, CNRS France 
12 BATUDE Perrine CEA-leti France 
13 BAUMGARTNER Oskar Institute for Microelectronics, TUWien Austria 
14 BAWEDIN Maryline IMEP-LAHC France 
15 BEKADDOUR Abderrezak IMEP-LAHC France 
16 BEN AKKEZ IMED IMEP-LAHC France 
17 BENECH Philippe IMEP-LAHC France 
18 BENOIST Thomas IMEP-LAHC France 
19 BILTEANU Liviu Commissariat à l'Energie Atomique France 
20 BOEUF Frederic STMicroelectronics France 
21 BOOS Priscilla NXP Semiconductors Nijmegen Netherlands 
22 BOURDELLE Konstantin Soitec France 
23 BREIL Nicolas IBM Team at Crolles France 
24 BURENKOV Alexander Fraunhofer IISD Germany 
25 BYUN Ki-Yeol TYNDALL NATIONAL INSTITUTE Ireland 
26 CHANG Sungjae IMEP-LAHC France 
27 CHOI Ji Hoon IMEP-LAHC France 
28 CLAEYS Cor IMEC Belgium 
29 CLAVELIER Laurent CEA-LETI France 
30 CLERC Raphaël IMEP-LAHC France 
31 COLINGE Jean-Pierre TYNDALL NATIONAL INSTITUTE Ireland 
32 COLINGE Cindy TYNDALL NATIONAL INSTITUTE Ireland 
33 CORTES Ignacio LAAS-CNRS France 
34 COUSIN Bastien CEA/LETI, MINATEC France 
35 CRETU Bogdan GREYC UMR 6072 CNRS/ENSICAEN France 
36 CRISTOLOVEANU Sorin IMEP-LAHC France 
37 DARBANDY Ghader University Rovira i Virgili Spain 
38 DE SOUZA Michelly Centro Universitario da FEI Brazil 
39 DEHDASHTI AKHAVAN Nima TYNDALL NATIONAL INSTITUTE Ireland 
40 DESBONNET Eric SOITEC France 
41 DORIA Rodrigo LSI/PSI/USP/University of São Paulo Brazil 
42 DRAZEK Charlotte SOITEC France 
43 EL HAJJ DIAB Amer IMEP-LAHC France 
44 EL HUSSEINI Joanna IES- University Montpellier 2 France 
45 EMAM Mostafa Université catholique de Louvain Belgium 
46 ENGSTROM Olof Chalmers Sweden 
47 FAYNOT Olivier CEA-LETI France 
48 FLANDRE Denis Université catholique de Louvain Belgium 
49 FLATRESSE Phillippe STMicroelectronics France 
50 FLORES David CNM-CSIC Spain 
51 FOURNEL Richard StMicrolectronics France 
52 FOURNIER Jean-Michel IMEP-LAHC France 
53 GAMIZ Francisco Universitad de Granada France 
54 GHIBAUDO Gérard IMEP-LAHC France 
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 Last name First name Affiliation Country 
55 GODOY MEDINA Andres Universitad de Granada France 
56 GUIOT Eric SOITEC France 
57 GYANI Jason IES Université Montpellier II France 
58 HABICHT Stefan Forschungszentrum Juelich IBN1 Germany 
59 HARPER Robert IQE United Kingdom 
60 HOENTSCHEL Jan GLOBAL FOUNDRIES Germany 
61 IÑIGUEZ Benjamin Universitat Rovira i Virgili Spain 
62 IONICA Irina IMEP-LAHC France 
63 JANG Doyoung IMEP-LAHC France 
64 JIMENEZ David Universitat Autonoma de Barcelona Spain 
65 KERNEVEZ Nelly SOITEC France 
66 KILCHYTSKA Valeriya Université catholique de Louvain Belgium 
67 KUO James National Taiwan University China 
68 LANDRU Didier SOITEC France 
69 LE COZ Julien CEA - LETI/ STM France 
70 LE ROYER Cyrille CEA LETI MINATEC France 
71 LECESTRE Aurélie IEMN St Microelectronics France 
72 LEE Jae Woo IMEP-LAHC France 
73 LEE Chi-Woo TYNDALL NATIONAL INSTITUTE France 
74 LEFEVRE Rémy IMEP-LAHC France 
75 LI Lingguang Uppsala university France 
76 LIME Francois URV Tarragona France 
77 LOISEAU Alain IBM Team at Crolles France 
78 LOW Yian Wei Queen's University Belfast United Kingdom 
79 MAJKUSIAK Bogdan Warsaw University of Technology Poland 
80 MANTL Siegfried Research Centre Juelich Germany 
81 MARTINEZ Frédéric IES Université Montpellier II France 
82 MARTINO Joao University of Sao Paulo Brazil 
83 MAZURAK Andrzej Warsaw University of Technology Poland 
84 MAZURIER Jérôme CEA LETI France 
85 MCNEILL David Queen's University Belfast United Kingdom 
86 MENDEZ Horacio SOI CONSORTIUM USA 
87 MONTES Laurent IMEP-LAHC France 
88 MORFOULI Youla IMEP-LAHC France 
89 NA Kyoungil IMEP-LAHC France 
90 OHATA Akiko Osaka City University Japan 
91 OKHONIN Serguei Innovative Silicon Switzerland 
92 OLSSON Jörgen Uppsala University Sweden 
93 PARK Ki-Heung IMEP-LAHC France 
94 PAVANELLO Marcelo Centro Universitario da FEI Brazil 
95 PEKARIK John IBM France 
96 PIJOLAT Mathieu CEA-LETI-MINATEC France 
97 PINILLOS GIMENEZ Salvador Centro Universitário da FEI Brazil 
98 RAFHAY Quentin IMEP-LAHC France 
99 RAÚL Valín Universidade de Santiago de Compostela Spain 

100 RAZAVI Pedram TYNDALL NATIONAL INSTITUTE Ireland 
101 RIGAL Sophie SOITEC France 
102 RIOU Grégory SOITEC France 
103 RITZENTHALER Romain URV Tarragona Spain 
104 ROCHETTE Florent IMEP-LAHC France 
105 RODRIGUEZ Noel University of Granada Spain 
106 ROLDAN Juan Bautista UNIVERSIDAD DE GRANADA Spain 
107 ROY Urmimala University of Bologna Italy 
108 SANTOS Carolina University of Sao Paulo Brazil 
109 SARASWAT Krishna STANFORD UNIVERSITY USA 
110 SIGNAMARCHEIX Thomas CEA-LETI-MINATEC France 
111 SILLON Nicolas CEA - LETI France 
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 Last name First name Affiliation Country 
112 SOTTA David SOITEC France 
113 SUBRAMANIAN Narasimhamoorthy IMEP-LAHC France 
114 TOULON Gaetan LAAS-CNRS France 
115 TRETZ Christophe IBM STG United States 
116 VALENZA Mattéo IES Université Montpellier II France 
117 VAN DEN DAELE William IMEP-LAHC France 
118 WAN Jing IMEP-LAHC France 
119 WEYBRIGHT Mary IBM France 
120 XU Cuiqin CEA LETI France 
121 YAN Ran (Ruby) TYNDALL NATIONAL INSTITUTE Ireland 
122 ZHAO Qing-Tai Research Center Juelich Germany 
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4.- Selection of papers to be published in Solid State 
Electronics Journal 
 

 Title Authors 

1.  
SOI- the next five years: The critical role that SOI 
will play in the semiconductor ecosystem and how 
it will happen 

H. Mendez, SOI Consortium  

2.  
Modeling the Floating-Body-Effect-Induced Drain 
Current Behavior of 40nm PD SOI NMOS Device 
Via SPICE BJT/MOS Model Approach 

J. S. Su, J. B. Kuo, D. Chen* and 
C. S.Yeh*, National Taiwan 
University, Taipei, Taiwan, *UMC, 
Hsinchu, Taiwan 

 

3.  

Partially Depleted Double-Gate 1T-DRAM Cell 
Using Nonvolatile Memory Function for Improved 
Performance 
 

K. -H. Park*, S. Cristoloveanu*, 
M. Bawedin*, Y. -H. Bae*,**, K. -I. 
Na*, and J. -H. Lee***,  
* IMEP-LAHC, ** Uiduk University 
at Gyeongju, *** Seoul National 
University 

 

4.  
Capacitor-less A-RAM memory cell:Operation, 
scaling and expected performance 
 

N. Rodríguez1, F. Gámiz1, S. 
Cristoloveanu2, 1University of 
Granada, 2IMEP-LAHC 

 

5.  
The Relationship Between SEG and Uniaxial 
Strain in the FinFET Performance 
 

V. H. Pacheco1, P. G. Der 
Agopian1, J. A. Martino1, E. 
Simoen2 and C. Claeys2, 3; 1 
University of Sao Paulo, 2 IMEC, 
3 KU Leuven. 

 

6.  

Synthesis and characterization of crystalline 
silicon ribbons on insulator using catalytic Vapor-
Liquid-Solid growth inside a cavity 
 

A. Lecestre 1-2, E. Dubois1, A. 
Villaret2, P. Coronel3, T. 
Skotnicki2, G. Patriarche4, C. 
Maurice5, David Troadec1,  
(1) IEMN, (2) STMicroelectronics, 
(3) CEA-LITEN, (4) Laboratoire 
de Photonique et de 
Nanostructures, (5) Ecole des 
Mines. 

 

7.  

Gate-edge charges related effects and 
performance degradation in advanced multiple-
gate MOSFETs 
 

V. Kilchytska1, J. Alvarado1, N. 
Collaert2, R. Rooyakers2, S. 
Put2, C. Claeys2 and D. 
Flandre1, 1 Université catholique 
de Louvain, 2 IMEC 

 

8.  Simulation of stacked nanowires 
F. G. Ruiz, I. M. Tienda-Luna, A. 
Godoy, C. Sampedro, F. Gámiz 

and L.Donetti, Dpto. de 
Electrónica y Tecnología de 

Computadores, Granada 

9.  Electric Field in Junctionless MuGFETs  

J.P. Colinge, C.W. Lee, I. Ferain, 
N. Dehdashti Akhavan, R. Yan, 
P. Razavi, R. Yu, A.N. Nazarov+, 
R.T. Doria*#,  
Tyndall National Institute, + 
Lashkaryov Institute of 
Semiconductor Physics, Kiev, * 
CentroUniversitário da FEI and # 
LSI/PSI/USP/ University of São 
Paulo 
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10.  
High Mobility CMOS: First Demonstration of 
Planar GeOI pFETs and SOI nFETs 
 

C. Le Royer, J.-F. Damlencourt, 
K. Romanjek, Y. Lecunff, H. 
Grampeix, V. Mazzocchi, V. 
Carron, F. Némouchi, C. Arvet, 
C. Tabone, M. Vinet, L. Hutin, P. 
Batude, L. Clavelier, CEA-LETI 

 

11.  
Improved extraction of effective electric field and 
hole mobility in Ge and GeOI MOSFETs 
 

W. Van Den Daele1, C. Le 
Royer2, J. Mitard3, G. 
Ghibaudo1, S. Cristoloveanu1, 
1IMEP-LAHC, 2CEA LETI, 
3IMEC 

 

12.  
Characterization of the back interface in GeOI 
pMOSFETs by low frequency noise 
measurements 

J. Gyani1, M. Valenza1, S. 
Soliveres1, F. Martinez1, C. Le 
Royer2, E. Augendre² and L. 
Clavelier2, 1IES - Université 
Montpellier II , 2CEA-LETI 

 

13.  

RF acoustic resonators with single crystal 
piezoelectric thin films transferred by the Smart 
Cut™ technology 
 

M. Pijolat1, J.-S. Moulet1,2, J. 
Dechamp1, A. Reinhardt1, E. 
Defaÿ1, S. Ballandras3, C. 
Deguet1, B. Ghyselen2, L. 
Clavelier1, M. Aïd1, 1CEA-LETI, 
2SOITEC SA, 3Femto ST. 

 

14.  
An analytical compact model for Schottky-Barrier 
Double Gate MOSFETs 
 

M. Balaguer1, B. Iñiguez2, J.B. 
Roldán2, 1 Universidad de 
Granada, 2 Universitat Rovira i 
Virgili. 

 

15.  

Steep subthreshold slope transistors using 
ferroelectric insulators 
 
 

D. Jiménez, E. Miranda, F. 
Campabadal*, J. M. Rafí* and F. 
Sánchez#,  
Universitat Autònoma de 
Barcelona, *Instituto de 
Microelectrónica de Barcelona, 
#Instituto de Ciencia de 
Materiales de Barcelona. 

 

16.  
Germanium Integration on Silicon for High 
Performance FETs and Optical Interconnects 
 

K. Saraswat, Stanford University 
(Invited) 

 

17.  

Variable Barrier Resonant Tunneling Transistor: A 
New Path Towards Steep Slope and High On-
Current ? 
 

Afzalian 1,2, J.-P. Colinge2, and 
Denis Flandre1, 1 Université 
Catholique de Louvain, 2 Tyndall 
National Institute 

 

18.  

High Performance Fully Depleted Transistors on 
(110) Surface for Hybrid Orientation Technologies 
 
 

T.Signamarcheix1, F.Andrieu1, 
B.Biasse1, M.Casse1, A-
M.Papon1, E.Nolot1, 
B.Ghyselen2, O.Faynot1 and 
L.Clavelier1, 1 CEA-LETI, 2 
SOITEC 

 

19.  

A 2D analytical model of threshold voltage for Pi-
gate FinFET transistors 
 
 

R. Ritzenthaler1, M. Tang2, O. 
Faynot3, F. Lime1, F. 
Prégaldiny2, C. Lallement2, S. 
Cristoloveanu4, and B. Iñiguez1,  
1 Rovira I Virgili University, 2 
Université de Strasbourg, 3 CEA-
LETI, 4 IMEP-LAHC 
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5.- Minutes of the Management  Board Meeting held in 
Grenoble, on January 27th, 2010 
 

 
EUROSOI Management Board Meeting held in 
Grenoble, on 27-01-2010 
 
Attendees: 
Prof. Sorin Cristoloveanu, IMEP, Grenoble 
Prof. Jean Pierre-Colinge, Tyndall Institute, Cork 
Prof. Cor Claeys, IMEC, Leuven 
Prof. Denis Flandre, UCL, Louvain la Neuve 
Dr. Carlo Reita, LETI, CEA, Grenoble 
Prof. Andrés Godoy, UGR, Granada 
Prof. Francisco Gámiz, UGR, Granada (Co-ordinator) 
The four management board meeting of EUROSOI+ project (FP7-ICT-2007-
216373) was held in Grenoble, France on January 27th, 2010, with the following 
agenda: 
 
1.- Welcome. 
2.- Running Guidelines. 
3.- Training activities. 
4.- Scientific Exchange Program. 
5.- Student Grants. 
6.- Reports upgrading (SoA and Roadmap). 
7.- Technological platform. Working plan. 
8.- Questions and suggestions. 
 
1.- Welcome. 
 
Prof. Sorin Cristoloveanu, organizer and General Chairman of the 6th EUROSOI 
Workshop welcomed all the attendees to the MB meeting.     
 
2.- Running Guidelines. 
 
Prof. Gámiz, EUROSOI Co-ordinator, thanked all the attendees for being 
present at the meeting. He summarized the objectives of the project, and 
highlighted the tasks performed during the first year of EUROSOI+ project. 
Basically, we have followed the plan of activities detailed in the Annex I of the 
contract, Description of the Work (DoW).  
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3.- Training activities 
 
Two training events were organized in 2009: 
 

i. SOI Concepts: from materials to devices and applications  
(June 20th-26th, Autrans, France, 2009). MIGAS Summer School 

ii. Exploring new routes with SOI (January 25th, 2010, Grenoble, 
France). 

 
 

4.- Scientific Exchange Program 
 
 The following proposals have been approved by the Management Board 
for the first semester of 2009: 
 
EUROSOI + Scientific Visits – First Semester, 2009 
 

ORIGIN 
(PERSON/AFFILIATION) 

DESTINATION 
(RESPONSIBLE/AFFILIATION) 

START 
DATE 

END DATE 
OR 

DURATION 
OF THE 

VISIT 

TOTAL 
EXPENSES 

TOPIC OF THE 
VISIT 

Carlos Sampedro / 
Universidad de Granada 

Antonio Loureiro / University of 
Santiago de Compostela 

February, 
2009 

 
1 week  1332 € 

Parallelization 
of advanced 

device 
simulators 

Noel Rodriguez / 
Universidad de Granada 

Sorin Cristoloveanu / IMEP, 
Grenoble 

February / 
March 2009 

3 weeks 2674 € 
Characterization 

of FDSOI 
transistors. 

Ferney Chaves / 
Universidad Autonoma 

Barcelona 

Andres Godoy / Universidad de 
Granada 

March 2009 3 weeks 2335€ 

Compact 
modelling of 

DGSOI 
transistors 

Sorin Cristoloveanu / 
IMEP Grenoble 

Francisco Gamiz / Universidad 
de Granada 

April, 2009 1 week 684€ 
Floating Body 

Memories 

 
The following proposals have been approved by the Management Board for the 
second semester of 2009: 
 
EUROSOI + Scientific Visits – Second Semester, 2009 
 

ORIGIN 
(PERSON/AFFILIATION) 

DESTINATION 
(RESPONSIBLE/AFFILIATION) 

START DATE 

END DATE 
OR 

DURATION 
OF THE 

VISIT 

TOTAL 
EXPENSES 

TOPIC OF 
THE VISIT 

Isabel Tienda-Luna / 
Universidad de Granada 

Aldo di Carlo / University of 
Roma 

September, 2009 
 

4 week 4654€ 
Semiconductor 

Nanowires 
Antonio Garcia Loureiro / 

Centro de 
Supercomputación. 

Universidad de Santiago 
de Compostela 

Andres Godoy, Universidad de 
Granada 

September, 2009 2 weeks 1533€ 

Multisubband 
Ensemble 

Monte Carlo 
simulators for 
SOI devices. 

Raúl Valín Ferreiro / 
Centro de 

Supercomputación. 
Universidad de Santiago 

de Compostela 

Andres Godoy / Universidad de 
Granada 

September, 2009 2 weeks 1482€ 

Multisubband 
Ensemble 

Monte Carlo 
simulators for 
SOI devices 
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Alexei Nazarov / Institute 
of Semiconductor 

Physics, Kiev 

J.P. Colinge / Tyndall, Cork, 
Ireland 

November/December, 
2009 

4 weeks 1850€ 
Junctionless 
transistors. 

 
After the visit, each participant has provided to the coordinator a report 
describing the work developed during the visit. The reports of the visits 
performed during this reporting period (M1-M26) have bee used as a basis to 
elaborate Deliverables D2.3 and D2.4. 
  
A total of 31596,59 € have been used to fund the 13 visits (35 weeks) 
performed since the beginning of the project (M1-M26). 

 
A Fourth Call for Proposals of Scientific Visits was launched in January, 

2010. These visits will take place in the first semester of 2010: 
 
 
EUROSOI + Scientific Visits – First Semester, 2010 
 

ORIGIN 
(PERSON/AFFILIATION) 

DESTINATION 
(RESPONSIBLE/AFFILIATION) 

START 
DATE 

END DATE 
OR 

DURATION 
OF THE 

VISIT 

TENTATIVE 
BUDGET 

TOPIC OF THE 
VISIT 

Jean Pierre Raskin / 
Universite Catholique du 

Lovain 
University of Newcastle, UK 

February, 
2010 

 
4 weeks 4000€ 

Electromechanical 
analysis of Si 

Nanowires 
David Jiménez / 

Universidad Autónoma 
de Barcelona 

Andres Godoy, Universidad de 
Granada 

March, 2010 2 weeks 3000€ 
Ferroelectric 

Gated transistors 
based on SOI. 

 
The Board approved all the proposals since all of them agreed with the 
procedure and rules approved in January, 2008. Finally, Prof. Godoy 
announced that in May, 2010 we will launch the Fifth Call for Proposals  
 
Finally, Prof. Godoy announced that a Fifth Call for Proposals of Scientific Visits 
will be launched in May-June, 2010. These visits will take place in the second 
semester of 2010 
 
5.- Student Grants 

 
Prof. Gamiz reported that for EUROSOI’2010 seven student grants were 

allocated to the following PhD students: 
 
 Student Institution Advisor 
1 Pedram Razavi Tyndall J. P. Colinge 
2 Jason Gyani Université Montpellier M.Valenza 
3 Rachida Talmat University of Caen R.Carin 
4 Carolina Davanzo Grenoble INP S.Cristoloveanu 
5 Raul Valín Universidad Santiago A.Garcia-

Loureiro 
6 Ghader Darbandy Universidad Tarragona B.Iñiguez 
7 Andrzej Mazurak Warsaw University of 

Technology 
B.Majkusiak 
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The MB agreed to fund all the proposals with a maximum of 750€/each. 

 
6.- Report Upgrading 
 
Prof. Godoy, Leader of WP2 (Networking activities), reminded that according to 
our Plan of Activities, Upgraded versions of State-of-the-Art report and 
EUROSOI Roadmap should be delivered for the next review meeting. He 
mentioned that we have already composed preliminary versions of these 
reports, and that they will be distributed for critical reading in the following days. 
 
 
7.- Technological platform 
 

Dr. Carlo Reita (LETI) announced to the partners the possibility to design 
some small circuits in the upcoming new LETI testchip called SNOW (see 
following slide). This new testchip is planed for the end of June 2010. 

 

 
 

 
 
8.- Questions and suggestions. 
 

Prof. Gamiz commented to the Board on the need of elaborating a plan 
for extending EUROSOI activities after the end of the financial support of the 
Commission.  
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The sixth EUROSOI Workshop of the Thematic Network on Silicon on 
Insulator Technology, Devices and Circuits was held in Grenoble (France) on 
25-27 January, 2010 and was focused on recent theoretical, experimental and 
industrial progress on SOI materials, devices, and circuits. The meeting was 
attended by more than 120 researchers from labs, universities and industries all 
over Europe. Fifty six (54) accepted contributions were presented and widely 
discussed, successfully covering SOI topics, such as: i) SOI Materials, 
Devices and Systems; ii) Modelling and characterization; iii) Simulation; 
and iv) SOI Circuits and Applications.  
 This workshop became the appropriate forum to promote interaction and 
the exchange of information between research groups and industrial partners 
working in SOI. The main idea of the meeting was that each participant group 
should communicate their findings, opinions, experiences and conclusions 
about SOI questions. In this sense, the main workshop’s goal is becoming a first 
step towards preparing future European task forces in SOI (RTD projects, 
collaborations, etc.) 

We also wanted to have the point of view of different specialists coming 
from Industrial Centers. We had two invited talks given by well-known experts in 
the field of SOI:  

- Prof. Krishan Saraswat, Stanford University, USA “Germanium Integration 
on Silicon for High Performance MOSFETs and Optical Interconnects”  

- Dr. Horacio Mendez, SOI Industry Consortium, USA, “SOI - The next five 
years: The critical role that SOI will play in the semiconductor market” 
 

We organized this rather informal and lively meeting, whose main objective 
was to discuss the situation of SOI technology in Europe. We had people from 
the EU, Switzerland, Japan, South Korea, Taiwan, Brazil, Ukraine, Russia, 
India. There were 41 students. There were 25 industrial participants from Global 
Foundries, SOITEC, IBM, CISSOID, Innovative Silicon, EV group, ST, and 
Infineon. 

 
We also organized a panel discussion chaired by Prof. Raphael Clerc 

from IMEP, Grenoble and composed by the following six experts: 
1. Dr. Christophe Tretz, IBM, USA 
2. Prof. Krishna Saraswat, Stanford University, USA 
3. Dr. Jan Hoentschel, GlobalFoundries, Dresden, Germany 
4. Dr.Horacio Mendez, SOI Industry Consortium, USA 
5. Prof. Jean-Pierre Colinge, Tyndall, Cork, Ireland 
6. Dr. Frederic Bouef, STMicroelectronics, Crolles,France 

 
After the initial positioning, there was a long and very live debate among 

the panellists and the rest of the audience. Prof. James B. Kuo from National 
Taiwan University manifested that the main problem of “SOI for business” is 
yield, and he wondered how we could improve the yield of SOI compared to 
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bulk devices. Horacio Mendez answered that there’s no difference between SOI 
and bulk with regards to yield, and he cited the ARM1176 experience. Finally, 
he added that mobile Internet devices will create one of the largest 
semiconductor demands in history. To successfully face these demands, 
technology will have to provide stable high-density memory and very low power 
consumption. SOI technology provides viable solutions to these challenges: 

 
1. Partially-Depleted SOI with a proven +40% power reduction (ARM 1176 

data). This power reduction is important for Networking applications. 
2. The significantly reduced variability of FD SOI is a practical solution for 

mobile (low-power) applications. 
 
However, the main drawbacks are 

1. the lack of available IP for SOI foundry offerings, 
2. the lack of education on SOI design. 

 
These problems become a barrier to broad adoption of SOI. 
 

In summary, SOI technology can provide significantly higher chip 
performance improvement and extraordinary power reduction compared to 
standard bulk silicon technology, and is used broadly today in applications 
ranging from enterprise servers to consumer game consoles. But, more 
importantly, SOI is now moving to other markets dedicated to low-power and 
mobile Internet applications. For the success of these new markets two 
important tasks have to be addressed: 

i) Make public already available existing IP on SOI. 
ii) Train designers on how to design with SOI but also on how they 

can access the IP and the advantages of SOI. 
 

The final outcome of this meeting is a consequence of the quality of the 
contributions and the spirit of friendly cooperation shown by all the contributors. 
We wish to thank all of them for their effort. We would also like to thank all the 
people who allowed this meeting to take place, in particular Prof. Sorin 
Cristoloveanu, Dr.Olivier Faynot and MINATEC for their support.  
 

A selection of the contributions presented at the Workshop will be 
published in a special issue of Solid State Electronics Journal devoted to the 
Fifth Workshop of the Thematic Network of Silicon on Insulator Technology, 
Devices and Circuits. 
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WELCOME
 

 
 
 
SOI is entering a new era.
 
Originally used for high performance technologies dedicated to the microprocessors market and gaming, SOI is now moving to other markets
such as the Low Power and mobile applications, memory and power devices. These new markets offer a huge opportunity to take full benefit of
the advantages provided by SOI in terms of energy harvesting and speed improvement. The inherent energy saving properties of SOI will enable
us to make a smooth transition to a greener world!
 
EUROSOI is designed as an international forum for promoting high-level scientific research and exchanges between research groups and
industrial partners involved in SOI activities all over the world. Following the lively experience of the previous meetings, EUROSOI’10 features
oral and poster sessions, key-note presentations, a training course as well as room for informal discussions. EUROSOI covers recent progress in
SOI, including: (1) Synthesis of advanced SOI wafers (Ge, SiGe and strained layers, SOI heterostructures); (2) Materials evaluation, properties
of ultra-thin films and buried oxides; (3) SOI MOSFETs: characterization, modeling and simulations, parameter extraction, reliability issues; (4)
High performance and Low Power CMOS, (5) New domain of applications such as memories, sensors and MEMS; (6) Innovative devices:
multiple-gates, tunneling transistors, etc.
 
Following the great success of the previous editions in Granada (2005), Grenoble (2006), Leuven (2007), Cork (2008) and Göteborg (2009),
Grenoble has been chosen to organize the sixth edition.
 
This year’s workshop features a tutorial on ‘exploration of new routes with SOI’. Such topic is of primarily importance in a period where SOI is
capturing new markets. The lectures are given by world-leading experts and explore the new opportunities offered by SOI. During the workshop,
our special guests are Professor Saraswat from Stanford and Horacio Mendez from the SOI consortium who kindly accepted to deliver
outstanding key-note talks. A Special Issue of Solid-State Electronics will contain selected full-length papers.
 
Grenoble will not miss the opportunity to preserve and develop the tradition of a warm Social Programme: the Welcome Reception (Monday
evening) and the Gala Dinner (Tuesday evening) at the Chateau de la Baume which overlooks Grenoble area and mountains. Grenoble is a high-
tech city, with wonderful surroundings in the heart of the Alps, offering attractive skiing opportunities for an extended stay over the weekend.
 
It is our duty and pleasure to thank the authors for their contributions, the members of the Technical Committee and the Local Organizing
Committee for their enthusiastic work, and our sponsors. Looking forward to a successful conference, with exciting scientific contents and rich
human interactions, we warmly welcome you in Grenoble.
 
 
 
 
 Sorin Cristoloveanu and Olivier Faynot

 
EUROSOI 2010 Chairs
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                CONFERENCE

 

Tuesday, January 26th, 2010
 
 

WELCOME : Laurent Malier (CEA/LETI CEO)
 

SESSION 1 : SOI platforms. Chairs : S. Cristoloveanu (IMEP), O. Faynot (LETI)
 
SOI- the next five years: The critical role that SOI will play in the semiconductor ecosystem and how it will happen
H. Mendez, SOI Consortium (Invited)
 
Modeling the Floating-Body-Effect-Induced Drain Current Behavior of 40nm PD SOI NMOS Device Via SPICE BJT/MOS Model Approach
J. S. Su, J. B. Kuo, D. Chen* and C. S.Yeh*, National Taiwan University, Taipei, Taiwan, *UMC, Hsinchu, Taiwan
 
Digital Frequency Locked Loop for Low Power Operation in Complex Multi-Core Systems
C. Tretz, C. Guo, L. Jacobowitz, IBM Almaden
 
Power Switch Optimization in 65nm PDSOI Considering Physical Implementation Constraints
J. Le-Coz1,2, A. Valentian2, P. Flatresse1, M. Belleville2, 1 STMicroelectronics, 2 CEA/LETI
 

SESSION 2 : Ge based devices. Chairs :  L. Clavelier (LETI), K. Saraswat (Stanford).
 
High Mobility CMOS: First Demonstration of Planar GeOI pFETs and SOI nFETs
C. Le Royer, J.-F. Damlencourt, K. Romanjek, Y. Lecunff, H. Grampeix, V. Mazzocchi, V. Carron, F. Némouchi, C. Arvet, C. Tabone, M.
Vinet, L. Hutin, P. Batude, L. Clavelier, CEA-LETI
 
Improved extraction of effective electric field and hole mobility in Ge and GeOI MOSFETs
W. Van Den Daele1, C. Le Royer2, J. Mitard3, G. Ghibaudo1, S. Cristoloveanu1, 1IMEP-LAHC, 2CEA LETI, 3IMEC
 
Strained-SiGe p-MOSFET with LaLuO3 as high-k gate dielectric and TiN as metal gate
W.Yu1,2, B. Zhang1,2, Q.T. Zhao1, J.-M. Hartmann3, D. Buca1, A. Nichau1, E. Durgun Özben1, J.M. J. Lopes1, J. Schubert1, B. Ghyselen4

and S. Mantl1,
1 Forschungszentrum Jülich, 2 Shanghai Institute of Microsystem and Information Technology, CAS, 3 CEA-LETI, 4 SOITEC
 
Characterization of the back interface in GeOI pMOSFETs by low frequency noise measurements
J. Gyani1, M. Valenza1, S. Soliveres1, F. Martinez1, C. Le Royer2, E. Augendre² and L. Clavelier2, 1IES - Université Montpellier II , 2CEA-
LETI
 

SESSION 3 : Innovative devices. Chairs: Francisco Gamiz (UGR), Denis Flandre (UCL)
 
Partially Depleted Double-Gate 1T-DRAM Cell Using Nonvolatile Memory Function for Improved Performance
K. -H. Park*, S. Cristoloveanu*, M. Bawedin*, Y. -H. Bae*,**, K. -I. Na*, and J. -H. Lee***,
* IMEP-LAHC, ** Uiduk University at Gyeongju, *** Seoul National University
 
Capacitor-less A-RAM memory cell:Operation, scaling and expected performance
N. Rodríguez1, F. Gámiz1, S. Cristoloveanu2, 1University of Granada, 2IMEP-LAHC
 
RF acoustic resonators with single crystal piezoelectric thin films transferred by the Smart Cut™ technology
M. Pijolat1, J.-S. Moulet1,2, J. Dechamp1, A. Reinhardt1, E. Defaÿ1, S. Ballandras3, C. Deguet1, B. Ghyselen2, L. Clavelier1, M. Aïd1,
1CEA-LETI, 2SOITEC SA, 3Femto ST.
 
Temperature Influence on the Behaviour of Lateral Thin-Film SOI PIN Photodiode in the Blue and UV Range
M. de Souza1, O. Bulteel2, D. Flandre2 and M. A. Pavanello1, 1Centro Universitário da FEI, 2UC Louvain
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High voltage MOS transistors on 0.18μm SOI CMOS technology
G. Toulon1,2, I. Cortes1,2, F. Morancho1,2, E. Hugonnard-Bruyere3, B. Villard3 and W. J. Toren3, 1LAAS, 2Universite de Toulouse, 3ATMEL
Rousset;
 
 

VISIONARY RUMP SESSION : What kind of research for what kind of products ?
Moderator : O. Faynot (CEA/LETI)

 
 

POSTER SESSION
 
Impact of Technological Options for 22 nm SOI CMOS Transistors on IC Performance
A. Burenkov, C. Kampen, E. Bär, and J. Lorenz, Fraunhofer Institute for Integrated Systems and Device Technology
 
Contact resistivity and nickel silicidation of strained and unstrained silicon nanowires
S. Habicht, L. Knoll, Q.T. Zhao, S.F. Feste and S. Mantl , Institute of Bio- and Nanosystems (IBN-1), Forschungszentrum Jülich
 
Substrate bias effects in MuGFETs
C.W. Lee, A. Borne*, I. Ferain, A. Afzalian, R. Yan, N. Dehdashti-Akhavan, P. Razavi, J.P. Colinge, Tyndall National Institute, *Phelma,
INPG.
 
The Relationship Between SEG and Uniaxial Strain in the FinFET Performance
V. H. Pacheco1, P. G. Der Agopian1, J. A. Martino1, E. Simoen2 and C. Claeys2, 3; 1 University of Sao Paulo, 2 IMEC, 3 KU Leuven.
 
Study of the Transconductance Ramp in FinFET Devices
P. G.Der Agopian1, J. A. Martino1, E. Simoen2 and C. Claeys2, 3, 1 University of Sao Paulo, 2 IMEC, 3 KU Leuven.
 
Effect of intravalley acoustic phonon scattering on mobility in silicon nanowire transistor
N. Dehdashti, A. Afzalian, C.-W. Lee, R. Yan, I. Ferain, P. Razavi and J.-P. Colinge, Tyndall National Institute
 
Low Temperature fabrication of Germanium-on-Insulator (GeOI) structure using remote plasma activation and hydrogen exfoliation
K. Y. Byun, I. Ferain, M. Goorsky* and C. Colinge, Tyndall National Institute,*UCLA
 
Inter-modulation Non-Linearity Investigation of Nanoscale Gate-Underlap Double Gate MOSFETs
M. S. Alam1, A. Kranti2 and G. A. Armstrong2, 1 Z.H. College of Engineering and Technology, 2 Queen's University Belfast.
 
An analytical compact model for Schottky-Barrier Double Gate MOSFETs
M. Balaguer1, B. Iñiguez2, J.B. Roldán2, 1 Universidad de Granada, 2 Universitat Rovira i Virgili.
 
Power Lateral Split-Gate Field Plate MOS transistor on Thick-SOI substrate
I. Cortés 1,2, D. Flores3, F. Morancho1,2, S. Hidalgo3, J. Rebollo3, 1CNRS; LAAS, 2 Université de Toulouse; 3 Centro Nacional de
MicroElectrónica, Barcelona.
 
Temperature evolution of hydrogen related point defects in silicon
L. Bîlteanu1, N. Rochat2, A. Tauzin2 and J.-P. Crocombette1, 1CEA Saclay, 2 CEA –LETI.
 
Analytical Modeling of Direct Tunnelling Current through SiO2/high-k Gate Stacks for the Determination of Suitable High-k Dielectrics for
Nanoscale Double-Gate MOSFETs
G. Darbandy1, R. Ritzenthaler1, F. Lime1, S. I. Garduño2, M. Estrada2, A. Cerdeira2, and B. Iñiguez1,
1 Universitat Rovira i Virgili, 2 Sección de Electrónica del Estado Sólido, México
 
Analog Performance in FinFETs: Bulk, DTMOS, BOI and SOI
M. G. Cano de Andrade and J. A. Martino, University of Sao Paulo
 
Comparative Study of the Effective Channel Length Between Cynthia and Pillar VSG SOI MOSFETs
Denis Rodrigo de Oliveira and Salvador Pinillos Gimenez, Centro Universitário da FEI, Brazil
 
Drift in thin film SOI piezoresistors
E. Anderås*, Ö. Vallin, L. Vestling, I. Katardjiev, and J. Olsson, *Radi Medical AB, Uppsala, Uppsala University,
 
Steep subthreshold slope transistors using ferroelectric insulators
D. Jiménez, E. Miranda, F. Campabadal*, J. M. Rafí* and F. Sánchez#,
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Universitat Autònoma de Barcelona, *Instituto de Microelectrónica de Barcelona, #Instituto de Ciencia de Materiales de Barcelona.
 
High-temperature characterization of advanced strained nMuGFETs
R. Talmat 1,2, S. Put 3,4,5, N. Collaert3, A. Mercha3, C. Claeys 3,4, W. Guo1, B. Cretu1, A.Benfdila2, J-M. Routoure1, R. Carin1 and E.
Simoen3,
1 University of Caen, 2 Mouloud Mammeri University of Tizi-Ouzou, Algeria, 3 IMEC, 4 KU Leuven, 5 The Belgian Nuclear Research Center
 
Non-linear Behavior of 2-MOS Structures Implemented with Biaxially Strained FinFETs for MOSFET-C Filters
R. T. Doria1, J. A. Martino1, E. Simoen2, C. Claeys 2,3 and M. A. Pavanello 1,4 1 University of São Paulo, 2 IMEC, 3KU Leuven, 4 Centro
Universitário da FEI, Brazil
 
Junctionless Multiple Gate Transistors Performance for Analog Applications
R.T. Doria1, M.A. Pavanello2, C.W. Lee3, I. Ferain3, N. Dehdashti Akhavan3, R. Yan3, P. Razavi3, R. Yu3, J. P. Colinge3,
1 University of São Paulo, 2 Centro Universitario da FEI, Brazil, 3 Tyndall National Institute.
 
Modeling of Single Event Transients and Total Dose in Partially Depleted SOI CMOS Circuits
J. Alvarado, V. Kilchytska, E. Boufouss and D. Flandre, Université catholique de Louvain
 
Channel Inversion Charge Dependence on Silicon Thickness in Ultra Thin Double-Gate SOI MOSFETs
R. Valin1, C. Sampedro2, N. Seoane1, M. Aldegunde1, A. Garcia-Loureiro1, A. Godoy2, and F. Gamiz2, 1 Univ. de Santiago de Compostela,
2 Univ. de Granada
 
Examination of Physical Structure of Experimental Double Barrier MOS Tunnel Diode by Comparison with Theoretical Models
A. Mazurak, B. Majkusiak, J. Grabowski, and R. B. Beck, Warsaw University of Technology
 
Threshold Voltage Dependence on the Temperature in Strained and Standards nFinFETs
R. Trevisoli Doria and M. A. Pavanello, Centro Universitário da FEI, Brazil.
 
3D Simulation of RTS Amplitude in Accumulation-Mode and Inversion-Mode Trigate SOI MOSFETs
Ran Yan, A. Cullen*, A. Afzalian, I. Ferain, Chi-Woo Lee, N. Dehdashti, P. Razavi and J.P. Colinge, Tyndall National Institute,* Trinity
College Dublin
 
Strain-Induced Valley Splitting in Slightly Misaligned Silicon Films
O. Baumgartner, V. Sverdlov, H. Kosina, and S. Selberherr, Institute for Microelectronics, TU Wien
 
An analytical model for square GAA MOSFETs including quantum effects
E. Moreno, J.B. Roldán, F. García-Ruiz, D. Barrera, A. Godoy, F. Gámiz, University of Granada, Spain.

Wednesday, January 27th 2010
 
 

SESSION 4: New SOI structures, Chairs: Nelly Kernevez (SOITEC), J.P. Colinge (Tyndall)
 
Germanium Integration on Silicon for High Performance FETs and Optical Interconnects
K. Saraswat, Stanford University (Invited)
 
Synthesis and characterization of crystalline silicon ribbons on insulator using catalytic Vapor-Liquid-Solid growth inside a cavity
A. Lecestre 1-2, E. Dubois1, A. Villaret2, P. Coronel3, T. Skotnicki2, G. Patriarche4, C. Maurice5, David Troadec1,
(1) IEMN, (2) STMicroelectronics, (3) CEA-LITEN, (4) Laboratoire de Photonique et de Nanostructures, (5) Ecole des Mines.
 
150 mm Silicon–on–polycrystalline-Silicon Carbide
Ö. Vallin, L.-G. Li, H. Norström, U. Smith and J. Olsson, Uppsala University
 
Low Temperature Wafer Bonding using Atmospheric Plasma Activation Treatment
Y.W. Low, P. Rainey, P. Baine, H.S. Gamble and B.M. Armstrong, The Queen’s University of Belfast
 

SESSION 5: Advanced simulations, Chairs: Raphael Clerc (IMEP), Andres Godoy (UGR)
 
An in-depth study of Coulomb mobility in Double Gate MOSFETs
F. Jiménez-Molinos, J.B. Roldán, F.Gamiz, L.Donetti, A.M. Roldán, M. Balaguer, Universidad de Granada.
 
Variable Barrier Resonant Tunneling Transistor: A New Path Towards Steep Slope and High On-Current ?
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A. Afzalian 1,2, J.-P. Colinge2, and Denis Flandre1, 1 Université Catholique de Louvain, 2 Tyndall National Institute
 
Simulation of Bulk and SOI Digital Circuits Including Self-Heating Effects
U. Roy, M. Braccioli, E. Sangiorgi, C. Fiegna, University of Bologna and IUNET
 
Graded Channel MOS Transistors for Low Power Low Voltage Applications
M. Emam1, F. Danneville2, D. Vanhoenacker-Janvier1 and J.-P. Raskin1, 1 Université catholique de Louvain, 2 IEMN
 

SESSION 6 : Device characterization, Chairs: Quentin Rafhay (IMEP), Cor Claeys (IMEC)
 

Evaluation of Electrical Characteristics in Fully Depleted SOI-MOSFETs for Variable Threshold Voltage Scheme
A. Ohata1 and S. Cristoloveanu2, 1 Osaka City University, 558-8585, 2 IMEP-LAHC
 
Gate-edge charges related effects and performance degradation in advanced multiple-gate MOSFETs
V. Kilchytska1, J. Alvarado1, N. Collaert2, R. Rooyakers2, S. Put2, C. Claeys2 and D. Flandre1, 1 Université catholique de Louvain, 2 IMEC
 
High Performance Fully Depleted Transistors on (110) Surface for Hybrid Orientation Technologies
T.Signamarcheix1, F.Andrieu1, B.Biasse1, M.Casse1, A-M.Papon1, E.Nolot1, B.Ghyselen2, O.Faynot1 and L.Clavelier1, 1 CEA-LETI, 2
SOITEC
 
Magnetoresistance technique for mobility extraction in triple gate FinFETs at low temperature
C. D. G. dos Santos1, S. Cristoloveanu2, D. K. Maude3, J. A. Martino1, 1 University of Sao Paulo, 2 IMEP, 3 Grenoble High Magnetic Field
Laboratory
 
SESSION 7: Multiple gate devices, Chairs: Olof Engström (Chalmers), Joao Antonio Martino (University of Sao

Paulo)
 
An Explicit Compact Model of Quantum-Mechanical Effects for Cylindrical Surrounding-Gate MOSFETs
B. Cousin 1,2, M. Reyboz1, O. Rozeau1, M.-A. Jaud1, T. Ernst1 and J. Jomaah2, 1 CEA-LETI, 2 IMEP-LAHC
 
A 2D analytical model of threshold voltage for Pi-gate FinFET transistors
R. Ritzenthaler1, M. Tang2, O. Faynot3, F. Lime1, F. Prégaldiny2, C. Lallement2, S. Cristoloveanu4, and B. Iñiguez1,
1 Rovira I Virgili University, 2 Université de Strasbourg, 3 CEA-LETI, 4 IMEP-LAHC
 
Simulation of stacked nanowires
F. G. Ruiz, I. M. Tienda-Luna, A. Godoy, C. Sampedro, F. Gámiz and L.Donetti, Dpto. de Electrónica y Tecnología de Computadores,
Granada
 
Electric Field in Junctionless MuGFETs
J.P. Colinge, C.W. Lee, I. Ferain, N. Dehdashti Akhavan, R. Yan, P. Razavi, R. Yu, A.N. Nazarov+, R.T. Doria*#,
Tyndall National Institute, + Lashkaryov Institute of Semiconductor Physics, Kiev, * CentroUniversitário da FEI and # LSI/PSI/USP/
University of São Paulo
 
Comparison of Breakdown Voltage in Bulk and SOI FinFETs
P. Razavi, R. Duane, R. Yane, I. Ferain, N. Dehdashti Akhavan, R. Yu, C.W. Lee and J.P. Colinge, Tyndall National Institute
 

END OF THE CONFERENCE



 

 
SOI- the next five years  

 

H. Mendez, SOI Consortium 

 

 

Semiconductor technology has without question provided a path for some of 

the most fundamental technological changes in the last 50 yrs. As the 

number of transistors in a System-on-a-Chip reaches 10 Billion, we will no 

doubt continue to see acceleration in the rate of change. 

 

However, defining the achievable functionality of this very large number of 

transistors will be constrained by factors such as power consumption, design 

verification complexity, cost and the integration of heterogeneous silicon 

technologies. These key obstacles must be solved in the near future.  

 

Bulk Silicon technology is facing difficulties balancing the requirements of 

scalability, power and performance.  As Bulk Silicon is confronting these 

scaling challenges, SOI is gaining momentum. Fully depleted SOI in particular 

offers the opportunity to address some of these challenges cost effectively 

without fundamentally disrupting the current design infrastructure.  

 

This talk will describe the critical role that SOI will play in the next several 

generations, especially at 20nm, where the confluence of these challenges 

will dictate a departure from the traditional forms of scaling. 

  

 



Modeling the Floating-Body-Effect-Induced Drain 
Current Behavior of 40nm PD SOI NMOS Device Via 

SPICE BJT/MOS Model Approach 
 

J. S. Su, J. B. Kuo, D. Chen* and C. S.Yeh* 

Dept of Electrical Eng, BL-528 
National Taiwan University, Taipei, Taiwan 

*UMC, Hsinchu, Taiwan 
 

Abstract -- This paper reports modeling the floating-
body-effect-induced current behavior of 40nm PD SOI 
NMOS device via the SPICE BJT/MOS model approach. 
As verified by the experimental result, based on the SPICE 
BJT/MOS approach, the current behavior is due to the 
floating-body-effect-induced parasitic BJT. The SPICE 
BJT/MOS approach is straight forward, without the need 
of constructing complicated special PD SOI models. 

 
I.INTRODUCTION 

Due to the floating-body-effect-induced parasitic 
bipolar device, the current behavior of a nanometer SOI 
MOS device is difficult to model [1]. Although special 
SOI SPICE models have been reported for the SOI 
CMOS devices, they are independent of the existing 
CMOS and BJT device models[2][3]. In this paper, via 
using the SPICE BJT/MOS device models available, the 
floating-body-effect-induced current behavior could be 
explained in details.  

 
II.40nm PD SOI NMOS DEVICE 

     Fig. 1 shows the TEM cross  section in the channel-
length direction of the 40nm PD SOI NMOS device 
under study [4]. The test device has a 70nm thin film 
doped with a p-type density of  3x1018cm-3 above a 
buried oxide of 145nm and a gate oxide  of  1.5nm.  The  
effective  channel  length  of  the device is 40nm.  
 

 
 

Fig. 1. TEM cross section of the 40nm PD SOI NMOS device 
under study. 
 

III. SPICE BJT/MOS MODEL APPROACH  

 

 
Fig. 2. PD SOI NMOS device: (a) current conduction 
mechanism and (b)  SPICE BJT/MOS model approach. 

In this study, we have regarded the PD SOI MOS device 
as a combination of the MOS device and the BJT using the 
BJT and MOS device models currently available in the  
SPICE program with specific boundary conditions. Fig. 2 
shows (a) the current conduction mechanism of the PD 
SOI NMOS device under study [5][6] and (b) the 
SPICE BJT/MOS approach.  As shown in Fig. 2(a), in 
the high electric field region near the drain, impact 
ionization takes place, resulting in the impact ionization 
current- the generated electron and hole currents (Ih), 
equal in magnitude. A portion of the impact ionization 
current triggers (kIh) the turn-on of the parasitic BJT, 
where a portion of the collector current (k’Ic) also gives 
rise to impact ionization. Thus, the drain current of the 
PD SOI NMOS device is composed of the channel 
current of the surface channel (Ich), the impact 
ionization current (Ih) and the collector current of the 
parasitic bipolar device  (Ic): ID=Ich+Ih+Ic, The  impact 
ionization   current  (Ih)  could be expressed as  Ih=(M-
1)(Ich+k’Ic), where M is the multiplication factor 
determined by the condition of impact ionization.  A 
portion of the impact impact ionization current becomes 
the triggering base current of the parasitic bipolar device:  



Ib=kIh. The source current of the PD SOI NMOS device 
is made of the surface channel current of the MOS 
device, the emitter curent of the parasitic BJT (Ie) and 
the remaining of the impact ionization current ((1-k)Ih):                                 
Is=Ich+Ie+(1-k)Ih. The combination of the MOS model 
with the BJT one linked by the boundary conditions 
consitutes the PD SOI NMOS model in the SPICE 
program. Two parameters- k and k’ are important in this 
compact SPICE model for the PD SOI NMOS device. 
In the following section, the effectiveness of the SPICE 
BJT/MOS approach for the PD SOI MOS device is 
described.   
                        IV. MODEL RESULTS 

 
Fig.3.  ID versus VD of the 40nm PD SOI NMOS device based 
on the SPICE BJT/MOS approach and the experimental 
measured data.  Fig. 3 shows  the drain current (ID) versus 
drain voltage (VD) of the 40nm PD SOI NMOS device 
based on the SPICE BJT/MOS approach and the 
experimental measured data. As shown in the figure, 
without considering the BJT device (k=0), the drain 
current is far away from the measured data. With a 
highest k of 0.99, the SPICE model result is closest to 
the measured one. Using the  SPICE BJT/MOS 
approach, the floating-body-effect-nduced kink effect 
and the breakdown behaviors could be predicted closely. 

 
Fig. 4. Base-emitter voltage (VBE) of the parasitic BJT versus 
drain voltage of the 40nm PD SOI NMOS device based on the 
SPICE BJT/MOS approach for k=0, 0.5, 0.99. Fig. 4 shows 
the base-emitter voltage (VBE) of the parasitic BJT 
versus drain voltage of the 40nm PD SOI NMOS device  

based on the SPICE BJT/MOS approach. As shown in 
the figure, without considering the parasitic BJT (k=0), 
VBE stays low- the parasitic BJT never turns on.  A 
larger VG leads to a later turn-on of the parasitic BJT.  
In addition, a larger k brings in an earlier turn-on of the 
parasitic bipolar device. The trend seen in Fig. 4 is 
strongly correlated to the measured data in Fig. 1. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.  Collector current of the parasitic BJT versus VD of the 
40nm PD SOI NMOS device based on the SPICE BJT/MOS 
approach for k’=0.99 and k=0.5, 0.99. 
      Fig. 5 shows the collector current of the parasitic 
BJT versus  VD of the 40nm PD SOI NMOS device 
based on the SPICE BJT/MOS approach. when VD 
becomes larger, the collector current of the parasitic 
bipolar device becomes more noticeable. The ratio of 
the collector current to the drain current (Ic/ID) also 
becomes larger at a higher VD, which indicates that the 
parasitic BJT has become more imporatant. A larger k 
makes the ratio of Ic/ID larger. As shown in the figure, a 
smaller VG leads to a higher ratio of Ic/ID, which is due 
to a stronger function of impact ionization at a smaller 
VG.  At VD=2V, the ratio of Ic/ID is over 30% at 
VG=0.4V. 

VI. CONCLUSION 
In this paper, modeling the floating-body-effect-

induced current behavior of 40nm PD SOI NMOS 
device via the SPICE BJT/MOS approach has been 
reported. As verified by the experimental result, based 
on the SPICE BJT/MOS model, the current behavior is  
due to the floating-body-effect-induced parasitic bipolar 
device. The SPICE BJT/MOS approach is straight 
forward, without the need of constructing complicated 
special PD SOI models. 
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1. Abstract
SOI technologies enable very low power design due to 
threshold voltage variations when switching. Whereas
floating body effects are highly desirable for digital 
blocks as a result when power supply voltages are 
scaled, they do not provide the same benefits for analog 
blocks where it is often required to stack multiple 
devices for bias conditions or better drive, stability and 
amplification. It is always possible to use separate 
analog supplies and level shift to the digital power rails 
at the boundary, but such techniques become 
cumbersome for larger systems on chip where multiple 
clock generation blocks might be needed. This paper 
proposes an all digital clock generator concept ideal for 
low power operations and immune to hysteresis.

2. Introduction
As servers use an increasing number of multi-core 
processor chips to boost performance, system clocking 
becomes increasingly difficult.  High speed analog 
clock signals are typically routed around the system in 
clock trees that suffer from signal integrity issues and 
layout difficulties that lead to increased costs and 
reduced yield. In addition, the traditional approach of 
using analog phase-locked loops (PLLs) to generate 
clocks require elements not required in standard digital 
logic and suffer from analog signal integrity issues not
of concern to the digital circuitry it controls.  Moreover, 
analog PLLs use stacked devices that make analog 
voltages difficult to scale, and these designs cannot reap 
the same power advantage that SOI offers to digital 
circuits.  As a result, traditional PLLs tend to be large, 
power-hungry, unreliable, and not amenable to remaps.

The above-mentioned limitations to traditional clocking 
make the establishment of multiple clock domains 
extremely difficult.  As a result, although regional 
process variations means that each core in a multi-core 
system will have an optimal clock frequency setting, 
operating frequencies are typically set to accommodate 
the slowest core.  For the same reasons, adaptive 
frequency scaling has had relatively limited use in 
industry as a power-reduction technique.  In an attempt 
to address some of these concerns, digital PLL’s have 
been proposed as alternatives to the traditional PLL.  
However, these digital PLLs typically still rely on a 
control circuit to drive the phase-error to a null, and 

they are thus prone to false locks and still require a 
high-frequency reference clock to be routed around the 
system. 

This paper proposes an alternative all-digital clock-
generator circuit –a digital frequency-locked loop 
(DFLL [1]) - that bypasses the aforementioned issues.  
The DFLL is capable of generating a wide range of 
frequencies using only a low-frequency control signal, 
and Spectre simulations show that it can transition
between those frequencies in tens of nanoseconds.  The 
digital nature of the DFLL allows it to scale with 
technology, process variations, and power supply.  Its 
estimated size is only a small fraction of that an analog 
PLL, making it possible to incorporate a DFLL in each 
local core for the establishment of multiple frequency
domains.  Additionally, a phase aligner circuit can be 
incorporated into the system to allow local clocks to 
achieve phase coherency whenever needed.  The 
proposed implementations can maintain excellent clock 
locking, frequency stability and phase stability in spite 
of changing operating conditions, making it inherently 
immune to SOI hysteresis effects while simultaneously 
benefiting from the power advantages that SOI affords 
to digital designs.

3. Circuit-level Implementation
Fig.1 shows a circuit-level block diagram of a DFLL 
clock-generator circuit.  The DFLL uses a tapped ring 
oscillator (RO) to generate a discrete set of frequencies 
based on the number of tapped inverters, with the initial 
frequency set by the Shift Register’s  INITtap value.  A
digital counter takes a count of the number of rising (or 
falling) edges of the CLK signal for every period of a 
low frequency CTRL signal and sends this data 
(CLKcount) to the Compare-Subtract Block.  The 
Compare-Subtract Block first uses a digital comparator 
(C1) to determine which is larger - the target clock 
frequency (represented by REFcount) or CLKcount.  A 
digital full-subtractor block is then used to compute 
abs(REFcount-CLKcount) and the difference is 
compared using another digital comparator (C2) against 
a chosen threshold value THRESH.  If the positive 
difference between REFcount and CLKcount exceeds 
THRESH, the Compare-Subtract Block generates a 



pulse of the TRIGGER signal that initiates a shift in the 
bi-directional Shift Register.  The output of C1 is used 
to signal to the Shift Register to shift to a lower (higher) 
frequency tap if REFcount < (>) CLKcount.  The circuit 
is considered “locked” once abs(REFcount-CLKcount) 
< THRESH, and the circuit will self-adjust with 
changing operating conditions to maintain continuous 
lock.

Fig.1: Digital Frequency-Locked Loop implementation

A sample Spectre simulation using IBM soi12s0 devices 
showed that a RO with 24 selectable taps could provide 
a range of stable frequencies between 1.62GHz and 
10.71GHz. The above circuit could easily make one 
transition every 10ns using a 100MHz CTRL signal.  A 
slightly more complicated shift would enable the circuit 
to shift more taps if CLKcount >> REFcount to allow 
for faster locking.  The sample implementation had an
estimated size of only 1,225µm^2, whereas even the 
smallest of analog PLLs occupy 42,000µm^2 [2] and a 
typical DPLL occupy 28,000um^2 [3].  The self 
adjustment of the output frequency and dynamic 
response of the loop enable this implementation to be 
immune to hysteresis effects [4].

4. System-level Operation

Fig.2: System-level operation of a multi-core system using 
DFLLs for local core clocking

Fig.2 shows a representative processor chip using the 
proposed clocking scheme.  The chip has one core 
clocked using a Master DFLL circuit, and N cores 
clocked using Slave DFLL circuits.  Each of the Slave 

DFLLs include a Phase Aligner circuit at the output to 
phase align their clock outputs with that of the Master 
DFLL. This allows for data-coherent clocking when 
needed (such as when individual cores interact with the 
L2 CACHE through the BUS interface).  One simple 
implementation of such a Phase Aligner circuit is a 
DDLL, a well-known circuit (shown in Fig.3) that uses 
a variable delay line to align the phase of an input clock 
to that of a reference clock.

Fig.3: Simple DDLL as a Phase Aligner (~425um^2)

In the proposed clocking scheme, each DFLL’s set of 
frequencies can be characterized post-fabrication for 
different supplies and temperatures and stored/recalled 
using a lookup-table.  This allows each core to be 
operated in independent and optimal voltage and 
frequency domains.  The target frequencies can also be 
continuously updated using critical path monitors to 
allow for adaptive frequency scaling.  The phase 
aligners only need to be enabled in the event that data-
coherent clocking is needed. These phase aligners 
further improve hysteresis immunity of the overall 
clocking scheme presented by compensating for the 
random behavior of floating body effects across the chip 
independently for each one of the clocking blocks while 
maintaining coherency between all of them.

5. Conclusions 
In this paper, we presented a digital frequency lock loop 
circuit ideal for multi-core low-power power systems. 
The proposed system is significantly more compact and 
low-power than its analog counterpart and greatly 
simplifies the establishment of independent frequency 
and voltage domains.  It can maintain good clock 
locking, frequency stability and phase stability while 
tracking changing operating conditions.  This allows it 
to self-compensate for floating-body effects such as 
hysteresis while simultaneously benefiting from the 
power savings that SOI offers.
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1. Abstract  
In this paper, several power gating solutions are 

analysed in 65nm PDSOI technology, taking into 
account the implementation area. A new figure of merit 
has been proposed to easily determine the best tradeoff 
between leakage, drive current and area. It shows that 
the best solution is to use a Body-Contacted transistor 
with a non-minimal gate length, enabling leakage 
currents of the same order of magnitude than in Bulk. 

 
2. Context and Objectives 

Low-Power 65nm Partially-Depleted Silicon-On-
Insulator technology (PD-SOI) offers advantages in 
terms of Dynamic Power Dissipation and Speed 
compared to Bulk technology. Low dynamic power 
consumption is obtained thanks to junction capacitances 
reduction, whereas performance gain is essentially due 
to Floating Body (FB) effect [1]. FB effect pulls down 
the threshold voltage Vt, increasing both ION and IOFF 
currents. The IOFF current can, on average, be as high as 
an order of magnitude greater than in Bulk. In deep 
submicron technology, this is a critical issue that has to 
be dealt with [2]. 

One of the most effective means of cutting leakage 
currents is to use power switch transistors. As shown in 
fig1, it consists of a transistor inserted in-between a 
Low-Vt circuit and its supply line, usually a high-Vt 
transistor, hence its name Multiple Threshold MOS 
(MTCMOS) [3]. Ideally, this transistor should have the 
highest possible ION current, to mitigate the IR drop, and 
the lowest possible IOFF current, to reduce the static 
power dissipation when the CORE circuit is not 
supplied. However, using power switch transistors does 
not come for free: it does eat up silicon real estate 
(evaluated at 5-10% of total chip area in 65nm 
STMicroelectronics technology).  

 Fig.1: MTCMOS circuit scheme with ON (ACTIVE) and OFF 
(SLEEP) power switch mode equivalent behaviour. 

 
The aim of this paper is to devise the best power 

switch transistor, in 65nm PD-SOI technology, in an 
implementation-constrained environment. In order to 
have a meaningful comparison between various 
candidates, we propose a new factor of merit. The added 
degree of freedom offered by SOI technology, using a 
Body Contact [4], is evaluated. We finally draw some 
conclusions.  

 
3. Optimization Method 

Cutting leakage currents using power switch 
transistors is now a quite old field of research. Various 
papers can be found, both in Bulk and SOI technologies, 
implementing different solutions, whether it be 
transistor stacking, gate length increase, body biasing, 
multiple VT [5-7]. Nevertheless, to the best of the 
knowledge, each and every solution only considers 
ROFF/RON or ION/IOFF as the optimization ratio. Even 
though the area is considered by the former papers’ 
authors, it is not directly quantified. In order to take into 
account the implementation constraints, the proposed 
idea is to add the area parameter in the optimisation 
ratio. To do so, an obvious solution would be to use the 
ratio ION/(IOFF*AREA) as the optimisation criterion, and 
choose the power switch implementation that gives the 
highest value. But this ratio is not able to discriminate 
between two solutions with the same ION/IOFF and same 
Areas: which is the best in term of ION? In order to be 
able to pick the best solution, the final proposition is the 
following figure of merit: 
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With X and Y being the weight respectively given 

to the IOFF and AREA parameters. For equal weights, 
this equation clearly shows that for similar ION/IOFF, the 
best solution is the one using less area. 

The total area of a power switch network depends 
on the number of power switches Nsw, the power 
switch unitary sizes W, ∆W and LSD and the abutment 
design rules ∆R, as described  fig 2. 

 
 
 
 



 
 
 
 
 
 
 

Fig.2: BC, FB stacked/alone power switch unitary and abutted  

 
4. Results 

Three power switch variants are analysed, namely 
FB, stacked FB and Body Contact (BC), for various 
gate lengths. Stacked BC was discarded at this point 
since it has the same ION/IOFF characteristics than the 
stacked FB solution – because of the extremely small Vt 
modulation in stacked FB transistors – and it only takes 
more area because of its body contacts. Those different 
SOI power switches are benchmarked against a Bulk 
reference.  

For a good estimation of the power switches area, 
a high number of them were abutted, in this case a 
hundred. The implementation area of each candidate 
power switch can therefore be calculated using the 
following equation: 

 
TA=Nsw*(LSD+∆R)*(W+∆W)             Eq.2 

 
∆R is technology dependent while LSD and ∆W are 
design solution dependent. The width W is fixed at 
2.5µm. The Bulk implementation area is similar to the 
BC one, because of the well tap. 
 

The power switches comparison is based both on 
silicon measurements and simulations. Silicon 
measurements were performed on BC and FB 
MOSFETs. Stacked FB and Bulk results are obtained 
thanks to Spice simulations. Eq1 has been used setting 
X=2 and Y=1, for putting a stronger emphasis on 
leakage reduction. This figure of merit shows that at 25 
Celsius degrees (°C), the best candidate is the BC one, 
with a gate length equal to 90nm. For higher gate 
lengths, IOFF becomes dominated by reverse body/drain 
diode current, with the result that the ION current drops 
faster than the IOFF one. For lower gate lengths, the IOFF 
current strongly increases because of the short-channel 
effect, degrading the ION/IOFF ratio. Stacking FB 
transistors also presents a good ION/IOFF ratio, albeit with 
lower ION and IOFF currents and a higher area penalty.  

At 125°C, the BC solution is still leading the mark, 
although in this case the optimal gate length is found to 
be higher – L=140nm instead of 90nm. It is interesting 
to note that at this temperature, the stacked FB solution 
is as effective as the BC one. However, it seems better 
to optimize the sizing of power switches for room 
temperature operation, since chips in idle mode tend to 
cool down, so the BC option is still to be preferred. 
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Fig.3: (Ion/Ioff)2*(Ion/area)1 at 25C. 
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Fig.4: (Ion/Ioff)2*(Ion/area)1 at 125C. 
 

5. Conclusion 
Several PD-SOI power switch candidates have 

been compared in an implementation constrained 
environment. In order to have meaningful comparison, a 
new figure of merit, taking into account the occupied 
area, has been proposed. The comparison results show 
that the best solution is to choose a BC transistor, with a 
higher than minimal gate length. This enables having 
standby leakage currents that are not higher than in 
Bulk. 
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1. Abstract 
We report for the first time the fabrication and the 
electrical operation of a Ge and Si based CMOS planar 
scheme with GeOI pFETs and SOI nFETs, taking 
advantage of the best mobility configuration for holes 
(Ge) and electrons (Si). By using a sub 600°C CMOS 
transistor process featuring High-K / Metal Gate and 
silico-germanidation, we demonstrate functional high 
mobility CMOS transistors (with Lmin=160nm). 
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Fig.1:  CMOS GeOI pFETs & SOI nFETs planar integration. 
 

2. Introduction  
Recent advances in terms of performance and scalability 
of Germanium-channel pMOSFETs have been reported 
[1]-[5], confirming Germanium as a serious contender 
to Silicon for high performance devices (even at 30nm 
gate length [5]). However the Ge based nMOSFETs 
exhibit poor performance compared to the Si 
counterparts (low electron mobility, poor n type dopant 
activation) [6][7]. That is why high mobility Ge based 
CMOS integration scheme involve Ge and Si or III-V 
materials for nFETs: Takagi [7] has described the 
concept of a planar CMOS integration scheme based on 
the use of SGOI or GeOI for pFETs and III-V for 
nFETs. Feng [1] has reported electrical results of a 3D 
monolithic integration of GeOI pFETs (top) with bulk-
silicon nFETs (bottom) using the Rapid Melt Growth 
method. But the gate lengths and the Equivalent Oxide 
Thickness (EOT) values are respectively larger than 
1µm and 10nm, and the Ge pFETs ON/OFF ratio is 
below 1 decade. Moreover this method implies a large 
density loss (due to seed windows). An improved 
monolithic 3D Ge/Si CMOS integration based on 
molecular bounding was successfully demonstrated by 
LETI [8] featuring high mobility GeOI pFETs on top of 
SOI nFETs with smaller gate length and EOT values.  
In this study we investigate the innovative planar 
integration of SOI nFETs & GeOI pFETs featuring  
common TiN/HfO2 gate stack and NiSi/NiGe [9] and 
low temperature process (<600°C). This planar 

integration is based on the Ge condensation technique 
used at the local scale [10][11] in order to fabricate co-
integrated Si & Ge areas on the same wafers.  
 

2. Hybrid Substrates & CMOS process  
50nm thick SOI substrates are used as starting material. 
18x18mm2 dice for Ge enrichment are first defined by 
nitride mask deposition on the top Si layer and 
subsequent windows are etched down to Si. The opened 
Si is thinned down to 20nm by local oxidation. 75nm 
Si0.9Ge0.1 layers are then selectively grown on the 
thinned SOI structures and enriched by oxidation (Fig. 
2-2). “Ge condensation” is performed to obtain 10nm 
Si0.25Ge0.75OI local structures (Fig. 2-3). 40nm Ge layers 
are selectively grown (Fig. 2-4), and then the wafers 
were annealed in H2 ambiance. Consequently, 50nm 
thick SOI-GeOI hybrid 200mm wafers are obtained. 
  

1) Local SiGe growth 2) Local Ge enrichment 3) SiO2 removal

SiO2

4) Local SiGe growth 5) Nitride mask removal 6) Dice patterning

GeSi

1) Local SiGe growth 2) Local Ge enrichment 3) SiO2 removal
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4) Local SiGe growth 5) Nitride mask removal 6) Dice patterning

GeSi

 
Fig.2: Schematics of the process flow used for fabricating 
SOI-GeOI hybrid substrates. 
 

The pseudoMOS measurements performed on the 
fabricated SOI-GeOI wafers (Fig. 3) have confirmed 
that the best holes/electrons mobility configuration is 
obtained with Ge for holes and Si for electrons (250 & 
350 cm²/V/s) [6]. 
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Fig.2: [left] 200mm substrate after local Ge enrichment, and 
[right] corresponding PseudoMOS hole & electron mobility 
extraction [6]. 



We have adapted our low temperature GeOI transistor 
process for fabricating Si nFETs & Ge pFETs on these 
substrates (Fig. 1). As a consequence, the SOI nFETs 
are obtained with a “cold” process (T<600°C). 
Moreover, all the resist process steps have to be 
compatible with Ge. The main process steps are: 
-Active areas definition (Si & Ge mesa structures): a Si-
Ge common etching process has been developed. 
-Gate stack deposition (10nm TiN/ 6nm HfO2/ 1nm Si 
cap), DUV photolithography & etching 
-P level mask: BF2 implantation for Ge pFETs S/D 
-N level mask: As implantation for Si nFETs S/D 
-low temperature dopant activation anneal (600°C) 
-one step silico-germanidation (NiSi & NiGe) [9]. 
No contacts/metal1 were used. 
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Fig.4: SEM pictures of planar GeOI pFET & SOI nFET 
fabricated on the same wafer after gate stack etching. 
 
For this first demonstration the Ge enrichment was used 
with a basic dice mapping. But a layout reflecting the n 
& p areas can easily be considered [11]. 
 

3. CMOS Transistors characterizations 
The fabricated CMOS transistors are functional for gate 
length down to 160nm (Fig. 5). The extracted EOT is 
2.2nm (HfO2 =6nm). It appears that the nMOSFETs 
exhibit positive threshold voltage (Vth,lin~+0.5V), and a 
large ON/OFF ratio (>7 decades at VDD=1V). In spite of 
the low temperature MOSFET process, no significant 
OFF leakage has been evidenced, and subthreshold 
swing values of 66.4mV/dec have been measured 
(L=2.5µm).  

10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

-0.5 0 0.5 1 1.5 2

D

Gate Voltage VG (V) 

VD= +50mV

LG=2.5µm

LG=0.16µm

10-9

10-8

10-7

10-6

10-5

-1.5 -1 -0.5 0 0.5 1 1.5

D
ra

in
 C

ur
re

nt
 I

D
 (

A
/µ

m
)

Gate Voltage VG (V) 

VD= -50mV

LG=2.5µm

LG=0.16µm

GeOI pFET SOI nFET

10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

-0.5 0 0.5 1 1.5 2

D

Gate Voltage VG (V) 

VD= +50mV

LG=2.5µm

LG=0.16µm

10-9

10-8

10-7

10-6

10-5

-1.5 -1 -0.5 0 0.5 1 1.5

D
ra

in
 C

ur
re

nt
 I

D
 (

A
/µ

m
)

Gate Voltage VG (V) 

VD= -50mV

LG=2.5µm

LG=0.16µm

GeOI pFET SOI nFET

 
Fig.5: ID(VG) measurements of GeOI pFETs & SOI nFETs 
cointegrated on the same hybrid Ge-Si wafer.  
 
For GeOI we also demonstrated functional transistors 
(pMOSFETs). However these devices exhibit large IOFF 
current due to the non-optimized process used for this 
first demonstrator. Since, we have improved our process 
(GeOI substrate & transistor) [5], so that the off state of 
the resulting GeOI pFETs was reduced below 0.1nA/µm 

(at LG=55nm, VDS=-1V) [5]. 
Concerning low field mobility, we have extracted from 
the cointegrated Si-Ge CMOS ID(VG) (Fig. 5) large µ0 
values which validate this high mobility CMOS 
integration (Fig. 6): 275 & 142 cm²/V/s for electrons 
(Si) and holes (Ge) respectively (L=2.5µm). 
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Fig.6: Impact of gate length on the extracted low field 
mobility (µ0) for holes and electrons of the GeOI pFETs & 
SOI nFETs (cointegrated on the same hybrid Ge-Si wafer).  
 

4. Conclusions 
As attempts for Ge nFET integration are generally 
plagued by poor experimental electron mobility, we 
propose a high mobility CMOS scheme based on planar 
Ge pFETs and Si nFETs. Ge active areas are defined by 
local Ge enrichment on SOI wafers. Functional Ge- and 
Si-channel transistors (L=160nm) were fabricated for 
the first time using a low temperature process, resulting 
in high mobility CMOS transistors. 
 
Acknowledgment 
This work was partly funded by the French Public Authorities 
through the NANO 2012 program, and performed as part of 
the IBM-ST-CEA/LETI Development Alliance.” 
 

References 
[1] J. Feng et al., “Integration of Germanium-on-Insulator and Silicon 
MOSFETs on a Silicon Substrate”, IEEE Electron Device Letters, 
Vol. 27, N° 11, November 2006. 
[2] J. Mitard et al., “Impact of EOT scaling down to 0.85nm on 70nm 
Ge-pFETs technology with STI”, in Proc. VLSI Tech. Symp. 2009, 
pp. 82-83. 
[3] K. Romanjek et al., “High performance 70 nm gate length 
germanium-on-insulator pMOSFET with high-k/metal gate”, Solid-
State Electronics 53 (2009) 723-729. 
[4] A. Pouydebasque et al., IEEE Transactions On Electron Devices, 
Vol. 56, N° 12, December 2009. 
[5] L. Hutin, et al., “GeOI pMOSFETs Scaled down to 30nm Gate 
Length with Record Off-State Current”, Electron Device Letters (to be 
published). 
[6] Q.T. Nguyen et al., SOI Conference 2008. 
[7] S. Takagi et al., “Device structures and carrier transport properties 
of advanced CMOS using high mobility channels”, Solid-State 
Electronics, Vol. 51, pp. 526-536 (2007). 
[8] P. Batude et al., “GeOI and SOI 3D Monolithic Cell integrations 
for High Density Applications”, 2009 Symposium on VLSI 
Technology, 16-18 June 2009, pp. 166-167. 
[9] F. Nemouchi et al., MRS Spring 2008, San Francisco, CA, USA, 
Abstract E2.4. 
[10] J.-F. Damlencourt et al., “Fabrication of SiGe-On-Insulator by 
Improved Ge condensation technique”, ISTDM, pp. 202-208, 2006. 
[11] B. Vincent, “Development of GeOI subtrates and structures by 
the Ge condensation technique”, INPG thesis (Grenoble, France), 
2008. 



Improved extraction of effective electric field and
hole mobility in Ge and GeOI MOSFETs

W. Van Den Daele1, C. Le Royer2, J. Mitard3, G. Ghibaudo1, S. Cristoloveanu1

1IMEP-LAHC Minatec grenoble-INP, BP257, 38016 Grenoble cedex 1, France
2CEA LETI, Minatec, F38054, Grenoble, France
3IMEC, Kapeldreef 75, B-3001 Leuven, Belgium

Email: vandendw@minatec.inpg.fr

Abstract—The η empirical parameter, linking the inversion
charge and the effective field, has been extracted for holes in
Ge-on-Si and fully-depleted (FD) GeOI (Germanium-on-Insulator)
pMOSFETs. The novel extraction methodology has been validated
for both technologies, and a difference of 20% has been found be-
tween the two structures. This correction has a serious impact on
effective mobility analysis for advanced GeOI-based pMOSFETs.

I. INTRODUCTION

Germanium has regain interest in the last decade mainly due
to its high hole mobility [1]. Thanks to recent improvements
of GeOI (Germanium on Insulator) substrates, 70 nm gate-
length pMOSFET with pockets, LDD extensions and adjusted
VT were achieved [2]. The effective mobility µeff is one of the
key parameters to characterize the carrier transport in inversion
layers. The µeff vs. Eeff (the effective electric field in the
film) curves provide major information on the carrier scattering
mechanisms. Consequently, errors in Eeff calculation may
lead to misinterpretation of mobility data. The electric field
is generally expressed by Eq. (1) for bulk architecture and Eq.
(2) for fully-depleted ”on-Insulator” devices [3]:

Eeff =
ηQinv + Qdep

εge
with Qinv = ±Cox (Vg − Vth)

(1)

Eeff =
ηQinv ± qNtge

εge
± Cbox

εge
(ψsb + V B

fb − Vbg) (2)

where Cbox is the BOX capacitance, N the film doping, tge

the film thickness, ψsb the back surface potential, V B
fb the back

flat-band voltage and Vbg the back-gate voltage. The ”+” sign
refers to nMOS and ”-” sign to pMOS. Parameter η is usually
considered to be universal: η = 1/2 for electrons and η = 1/3
for holes in silicon. Nevertheless this assumption, used in Eeff

calculations, is far from being true since a significant deviation
has been demonstrated for FD-SOI structures [4] or strained Si-
nMOS [5]. In this work, we propose a reviewed η extraction
methodology for n/pMOS and evaluate this parameter for holes
in two different structures, Ge-on-Si and FD GeOI.

II. DEVICE AND MATERIAL DESCRIPTION

The methodology has been tested on pMOSFETs fabricated
on Ge-on-Si at IMEC (sample (a)) and on FD GeOI pMOS-
FETs fabricated at the CEA-Leti by Smart-Cut™ (sample (b)).
Ge pMOSFETs were fabricated on 200 mm Ge-on-Silicon
(GeOnSi) wafers from ASM with an epitaxial (fully relaxed)
Ge layer of 1.5 m grown directly on Si. The basic Si-compatible
process flow used can be found in [1]. GeOI MOSFETs were
made on a 30 nm thick n-type doped Ge film over a 380

nm thick BOX (Buried Oxide). After mesa isolation, a 0.5
nm partially oxidized Si-capping was formed, followed by the
deposition of 6 nm HfO2 layer by ALCVD (EOT ' 2.6 nm),
10 nm TiN PVD metal-gate and N+ Si-poly shunts.

III. PRINCIPLE OF THE η EXTRACTION

This method is based on the effective mobility sensitivity to
the front-gate voltage Vfg and to the back-gate voltage Vbg (or
bulk voltage Vb in the case of bulk Ge). Former work for bulk
MOSFET [6] yields:

ηbulk =
R

1 + R
with R = − Cd

Cox

∂µeff/∂Vg |Vb

∂µeff/∂Vb |Vg

(3)

where Cd is the depletion capacitance and Cox the gate oxide
capacitance. The Cd/Cox ratio is obtained from the threshold
voltage Vth vs Vb slope (Cd/Cox = −dVth/dVb).

For FD devices, the variation of Eeff with Vbg leads to a
distinct approach. Considering the front-interface is turned into
strong inversion and the back interface into depletion, we have:

(
∂µeff

∂Vfg

)

Vbg

=
1

εge

∂µeff

∂Eeff
(±ηCox) (4)

(
∂µeff

∂Vbg

)

Vfg

=
1

εge

∂µeff

∂Eeff
(±ηCb ∓ Cbox) (5)

where Cb = CgeCbox/(Cge + Cbox + Cback
it ) is the coupling

capacitance between front and back interfaces. After dividing
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Fig. 1: Typical Id(Vfg) characteristics for a FD GeOI pMOSFET illustrating
the front-to-back interface coupling. Inset shows the variation of front-threshold
voltage VF

th as a function of back-gate voltage Vbg . Vd = −50 mV and
W/L = 10µm/9µm.
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(4) by (5), we obtain for n/p MOSFETs:

ηGeOI =
ACbox

ACb − Cox
with A =

∂µeff/∂Vfg |Vbg

∂µeff/∂Vbg |Vfg

(6)

This general equation (valid also for DG-MOSFETs) can be
simplified for a thin Ge film on a thick BOX (Cb ' Cbox) to
match Eq. (3):

ηGeOI ' R′

1 + R′
with R′ =

dV F
th

dVbg

∂µeff/∂Vfg |Vbg

∂µeff/∂Vbg |Vfg

(7)

IV. RESULTS AND DISCUSSIONS

Eq. (7) provides a simple and powerful method to extract
the η coefficient, only from experimental data. Typical Id(Vfg)
characteristics as a function of back-gate voltage Vbg for FD
GeOI pMOSFET are shown in Fig. 1. The inset highlights
the front/back-interface coupling through the variation of the
front-threshold voltage V F

th with Vbg. The coupling coefficient
Cb/Cox is obtained from dV F

th/dVbg for back-interface in
depletion regime (linear region of V F

th vs. Vbg curve). The
effective mobility is given by:

µeff =
LId

WQinvVd
(8)

Split C-V measurements have been used to determine the
inversion charge from Cgc(Vfg) as a function of Vbg . Variations
of µeff with Vfg and Vbg are plotted in Fig. 2. The effective

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
0.0

0.1

0.2

0.3

0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.1

0.2

0.3

0.4

 FD GeOI pMOSFET

 

 

 Inversion Charge Density N
inv

 (cm
-2
)

pa
ra

m
et

er
 fo

r 
ho

le
s

(b)

 Ge-on-Si pMOSFETEOT  1.5 nm

 

 

 

EOT  2.6 nm

(a)

Fig. 3: η vs. Inversion charge density Ninv for (a) Ge-on-Si and (b) FD GeOI
pMOSFETs. The difference of η for holes in FD GeOI and Ge-on-Si reaches
20%.
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mobility sensitivity to front/back-gate bias is extracted in the
strong inversion regime (for front channel) to calculate the ratio
”A” (eq. (6)). Hence it is possible to evaluate η for a large range
of inversion charge density values (Fig. 3).

The curves only merge towards a plateau for high value of
Ninv , meaning that η can be considered as a constant only
in very strong inversion. The extraction of η for samples (a)
and (b) reveals a difference of 20% between the two structures
(ηmax(bulk) ' 0.34 and ηmax(GeOI) ' 0.41). Besides, no
significant difference is found between η in bulk Si and bulk
Ge for holes (around η = 0.33). Former study [4] established
that in FD SOI, η reaches values of 0.35-0.4. It implies that the
change in η would depend on device architecture rather than
on channel material.

To illustrate the importance of a variation in η value, we
plotted the effective mobility of sample (b) for two effective
fields calculated with η = 0.34 and 0.41 (Fig. 4). Taking
η = 0.34 for FD GeOI technologies leads to a serious mobility
underestimation especially at high effective field (Eeff > 1
MV.cm−1) and thus to an overestimation of the surface rough-
ness scattering factor.

V. CONCLUSION

For the first time, coefficient η has been evaluated for hole
mobility in Ge based devices. The extraction methodology has
been validated for bulk architecture and a general expression
has been established for GeOI (and a fortiori SOI) devices.
Values differ of roughly 20% between the two technologies
(ηbulk ' 0.34 and ηGeOI ' 0.41) leading to significant
mobility corrections.
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1. Abstract  
 

P-MOSFETs using compressively strained SiGe 

with a Ge content of 50 at.% as channel, LaLuO3 as gate 

dielectric and TiN as metal gate were fabricated and 

characterized. The devices showed good output and 

transfer characteristics with a subthreshold swing of 

92 mV/dec and an Ion/Ioff  ratio of 10
5
. The hole mobility 

extracted using split C-V measurements, is comparable 

with reported values for other high-k materials on SiGe 

layers. A hole mobility of about 100 cm
2
/Vs was indeed 

obtained for an inversion charge of 5x10
12

 cm
-2

. 

 

2. Introduction 

 
Novel high mobility channel materials and new 

dielectric materials with dielectric constant k higher 

than 30 are required for advanced nanometer devices. 

For p-MOSFETs, SiGe is seen as the most promising 

channel material due to its high hole mobility and easy 

integration within existing Si technology processes [1-

3]. Moreover, the compressive strain is expected to 

further enhance the SiGe hole mobility. Lanthanum 

lutetium oxide (LaLuO3), which has a large optical band 

gap of 5.2eV and band offsets to Si of 2.1eV, is a very 

attractive gate dielectric. The measurements of MOS 

diodes using LaLuO3 on Si substrates showed a k value 

of 32 and small leakage currents. Additionally, LaLuO3 

maintains its amorphous phase up to a temperature of 

1000°C [4]. In this paper, we present the first results of 

p-MOSFETs with a LaLuO3/TiN gate stack on 

compressively strained Si0.5Ge0.5 channel.  

 

3. Device Fabrication 

 
25 nm thick Si0.5Ge0.5 layers were grown at 550°C 

by reduced pressure – chemical vapor deposition on 

biaxially tensily strained SOI (SSOI) substrates [5]. The 

strain in the SSOI layers is biax-Si = -0.8% 

( = 1.35 GPa), corresponding to a Ge content of 20 

at.%.  The pseudomorphic Si0.5Ge0.5 layers are thus 

under a biax-SiGe = +1.4% biaxial compressive strain. 

Those Si0.5Ge0.5 layers were capped at 600°C with 5 nm 

thick Si layers. 

After mesa formation which was used to electrically 

isolate devices from one another, 10 nm of LaLuO3 was 

deposited as the gate dielectric by molecular-beam 

deposition (MBD).  The original 5 nm of Si cap was 

thinned to approximately 3 nm by the cleaning process 

before LaLuO3 deposition. Subsequently 40 nm of TiN 

was deposited as gate metal.  

 

 

After patterning the TiN gate, source/drain 

implantation through the LaLuO3 layer into the Si/SiGe, 

was carried out using B
+
 to a dose of 2x10

15
 cm

-2
 at an 

energy of 4 keV. The implanted dopants were activated 

at 650°C for 1 min which insures strain conservation in 

the SiGe layer and reduces the Ge interdiffusion into the 

Si adjacent layers. Fig. 1 indicates schematically the 

channel and gate stack structure. 
 

 
 

Fig.1: Schematic view of the channel and gate stack structure 



4. Electrical Measurements 
 

Fig.2 shows the transfer characteristics of a long 

channel (L= 5 µm) p-MOSFET. The device presents a 

subthreshold swing of 92 mV/dec and a good Ion/Ioff 

ratio of about 10
5
. The gate stack induces a large 

subthreshold voltage VT of -1.5V because no threshold 

voltage adjustment was implemented in our process. 

The Si/SiGe/Si heterostructure is expected to be lightly 

p-doped (<1×10
15

 cm
-3

) as no channel implantation was 

performed. The inset in Fig. 2 shows the output 

characteristics of the transistor with a good saturation.  

The measured gate capacitance-voltage (split C-V) 

curve at a frequency of 1 MHz is shown in Fig. 3. The 

C-V measurements indicate a CET value of 1.95 nm. 

The extracted hole effective mobility is presented in 

Fig. 4. The obtained mobility values are comparable 

with the ones reported for HfSiOx on SiGe [2]. The hole 

mobility is however degraded compared to SiO2 on 

Si0.5Ge0.5 [3], which has been also observed for other 

high-k dielectrics [3,6].  

 

 
Fig.2: Transfer characteristics of a 5µm gate length strained 

Si0.5Ge0.5 p-MOSFET. The subthreshold swing is 92 mV/dec. 

The inset shows the output characteristics of the device. 

 

 
Fig.3: Measured gate C-V for a 5µm long gate p-MOSFET 

with a gate width of 20µm.  

  

 Analysis of the device showed significantly higher 

leakage currents as compared to MOS diodes of LaLuO3 

on a Si bulk substrate. The possible reason is that the 

LaLuO3 deposition using MBD is non-conformal which 

can lead to higher leakage currents from the gate 

contacts at the mesa side wall where the high-k layer 

can be much thinner. As we found that the gate leakage 

current flows from the source to gate at high VGS, the 

gate leakage from drain to gate at small VDS reduced the 

measured IDS. As a consequence, an apparent smaller 

mobility was extracted. However, compared to the 

results of ALD HfO2 on SiGe [6], our devices showed 

similar mobilities at low field, but smaller mobility 

values at high filed due to the drain to gate leakage, and 

the smaller compressive strain in our SiGe channel 

layer. Further improvement can be achieved by ALD  

high-k deposition and optimized interface passivation. 

5. Conclusions  

In conclusion, a compressive strained SiGe channel 

p-MOSFET with LaLuO3 as gate dielectric and TiN as 

metal gate has been fabricated and characterized. The 

device showed good transfer characteristics with a 

subthreshold swing of 92 mV/dec and an Ion/Ioff ratio of 

10
5
. The mobility extracted from split C-V 

measurements is comparable to values reported for 

other high-k materials on SiGe. 

  
 

Fig.4: Extracted hole mobility using split C-V as a function of 

the inversion charge density.   
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1. Abstract  
We present back gate oxide trap characterization of 
germanium-on-insulator pMOSFET transistors (L down 
to 120nm) using low frequency noise (LFN) 
measurements. We underline a correlation between rear 
interface trap density and rear interface mobility 
degradation. Devices having undergone counter-doping 
show up to a ten-fold increase in trap density and a 
three-fold reduction in mobility of the at the Ge/buried 
oxide (BOx) interface. These results illustrate the 
potential of noise investigation for back oxide 
characterization. 
 

2. Introduction 
 
New materials and architectures are being taken 
advantage of in order to improve future MOSFET 
performance. Germanium (Ge) is a promising candidate 
to achieve sub-22nm node high performance 
pMOSFETs thanks to its higher hole mobility compared 
to Silicon (Si). Furthermore, thin film fully depleted 
SOI MOSFET devices attract great interest as they 
present many advantages over bulk transistor 
technology such as high transconductance, improved 
sub-threshold slope and short channel effect (SCE) 
control and suppression of the latch-up in CMOS 
technology [1]. Therefore, it is not surprising that 
Germanium-On-Insulator (GeOI) technology is 
considered a serious contender to bulk silicon devices 
[2]. Nevertheless, parameters such as the threshold 
voltage and the sub-threshold slope can be influenced 
by the back interface quality due the coupling between 
front and back depletion. It is therefore crucial to be 
able to determine the impact of GeOI fabrication 
processes on the quality of the back interface. 
In this contribution, we present results showing the 
influence of Ge n counter-doping on the trap density at 
the Ge/buried oxide (BOx) interface in state of the art 
GeOI devices using low frequency noise 
characterization. 
 
 

3. Experimental details 

 
The studied devices are elaborated on 200mm GeOI 
substrates with a 40-80nm thick Ge active layer 
obtained using SmartCutTM technology. The Ge film in 
these devices is unintentionally doped and requires 
counter-doping in order to control the threshold voltage 
as well as suppress rear interface current leakage. The 
devices under test are from different process splits; one 
set of devices received CD1 n counter-doping, a second 
set received CD2 n counter-doping (for process details 
[2] and a third set did not receive any counter-doping. 
The devices have a width W=1 µm and a length L 
between 0.12 and 5 µm. BOx thicknesses vary between 
200 and 300 nm. Concerning front gate conduction, 
encouraging results have been reported for these devices 
[3,4,5]. 

 
Device Counter-doping Box 

A1 None type B 
B1 None type B 
C1 CD1 type B 
C2 CD1 type B 
C3 CD2 type B 
C4 CD2 type B 
C5 CD2 type B 
D1 CD1 type A 
D2 None type B 
D3 CD1 type B 
D4 CD1 type C 

 
In order to measure the electrical characteristics at the 
Ge/buried oxide (BOx) interface, the back of the 
substrate is polarised (VBG) so as to use the BOx as a 
back gate. A voltage is applied to the front gate (VFG) to 
suppress the front interface channel conduction. Noise 
measurements were carried out at VDS=50mV, and from 
weak to strong inversion. The back interface mobility is 
extracted using the Y method [6]. 
 

4. Results and discussion 
 

Typical back interface drain current and conductance 
(gm) evolutions versus back gate voltage VBG for a given 
front gate voltage VFG are shown in figure 1. We 
observe normal transistor operation. Back gate threshold 
voltage and carrier mobilities are extracted. For devices 
without counter-doping the threshold voltages are about 



10 V, whereas for devices with counter-doping the 
threshold voltage are between -20 V to -30 V. The 
extracted mobilities are between 80 and 300 cm²/V.s. 
(see figure 3). 
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Fig.1: Typical variation of the back gate ID/VBG 
characteristics and gm/ VBG , VDS=-50mV, W=1µm. 
 
Noise measurements have shown pure 1/f noise, which 
indicates that the distribution of the traps is uniform. 
Typical normalised drain current spectral density carried 
out at 1 Hz is reported as a function of the overdrive 
back gate voltage in Figure 2. 
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Fig.2: Typical normalized drain current spectral density at 1 

Hz plotted versus VT-VBG at VDS=-50 mV. 
 
The 1/f noise PSD (Power Spectral Density) measured 
at the back interface follows McWorter’s number 
fluctuation (�N) model [7] described by equation (1), 
and is therefore attributed to charge trapping by slow 
oxide traps in the BOx: 

( )D
2

I T F
2 2

oxD

S (f) q kTN E 1 1  1   
=

2 fI C WL (V  - V )GS T
γ

(1), 

where � is the tunneling factor and all other parameters 
have their usual meaning. Following this model, the 
slow oxide trap density NT(EF) of the BOx can be 
extracted. The obtained values are comprised between 5 
1017 and 8 1018 cm-3eV-1. 
Figure 3 shows the evolution of trap density at the 
Ge/buried oxide (BOx) interface versus carrier mobility 
for the different studied devices. It can be seen that 
there is a correlation between the trap density and the 
mobility. The reduction of the mobility may therefore 
be due to coulomb scattering by defects at the rear 
interface. Furthermore, the impact of dopant 

implantation is clearly shown; devices having 
undergone counter-doping show a three-fold reduction 
in rear channel mobility and up to a ten-fold increase 
rear interface trap density.  
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Fig.3: Evolution of extracted trap densities versus carrier 

mobility 
 
To our knowledge, few values of trap densities for 
buried oxide interfaced with germanium have been 
published to date in the literature [5]. In comparison, 
state of the art buried oxide SiO2/Si interfaces contain 
trap densities of around 1017 cm-3eV-1. 
 

 
4. Conclusions  

 
We successfully demonstrate that low frequency noise 
investigation can be used to characterize the rear 
interface between buried oxide and substrate 
semiconductor. We have investigated the 1/f noise in 
germanium-on-insulator 0.12 µm pMOSFETs fabricated 
following various substrate process. We underline a 
correlation between rear interface trap density and rear 
interface mobility degradation. Devices having 
undergone counter-doping show up to a ten-fold 
increase in trap density and a three-fold reduction in 
mobility of the at the Ge/buried oxide (BOx) interface.  
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1. Abstract  
We propose a new double-gate 1T-DRAM cell 
combining SONOS type storage node on the back-gate 
(control-gate) for nonvolatile memory. The additional 
nonvolatile memory (NVM) function is achieved by FN 
tunneling injection into the nitride storage node. The 
NVM improves the 1T-DRAM retention time and 
current sense margin characteristics. The concept is 
experimentally validated with 0.6 µm gate length 
devices fabricated on SOI wafers. 
 

2. Introduction 
Recently, 1T-DRAM cells based on partially depleted 
(PD) or fully depleted (FD) silicon-on-insulator (SOI) 
technology have been reported [1]-[6]. However, the 
retention characteristics of PD and FD SOI 1T-DRAMs 
are drastically deteriorated when the gate length scales 
down. To overcome this problem, a possible solution is 
to bias the back-gate of PD and FD double-gate (DG) 
SOI MOSFET for improving the hole storage in the 
silicon body. This leads to a longer retention and larger 
sensing margin [4]-[6]. But, a high or continuously 
changing back-gate bias is required during the 1T-
DRAM cell operation. It may induce leakage like GIDL 
(Gate Induced Drain Leakage) current and interference 
in neighboring cells.  
In this work, we demonstrate an advanced concept: PD 
DG 1T-DRAM cell which features SONOS type storage 
node on one gate for NVM function. We investigate 
sensing margin and data retention time characteristics in 
fabricated devices as a function of control-gate bias 
(Vcg) and programmed electron charge (Q) in the nitride 
storage node. 
 

3. Structure, Fabrication, and Operation 
Fig. 1 represents cross-sectional TEM view of 
fabricated device. The inset shows 2-D schematic of 
proposed device structure. The n+ poly-Si was used for 
the top gate and control gate (CG). The silicon body 
thickness (Tsi) and the top-gate oxide thickness (Tox) 
were fixed to 90 nm, and 10 nm respectively. The body 
doping was 1×1018 cm-3.  
 

The PD DG SOI devices with the NVM function were 
fabricated on the UNIBOND wafers. After thermal 
oxidation, thick active regions were patterned 90 nm. 
The O/N/O layer, as a hard mask, was deposited 

sequentially. After removing the BOX under the 
channel by wet chemical etch, the tunneling oxide 
(5nm)/ nitride (4.3nm)/ blocking oxide (6nm) were 
formed. Then, in-situ n+ poly-Si was deposited and 
planarized. The in-situ n+ poly-Si layer was etched by 
performing thin PR (Photo Resistor) ashing and 
isotropic dry etch using SF6 gas. Finally, the oxidation, 
top-gate patterning, source/drain (S/D) implantation and 
activation steps were carried out. The device has 0.6 µm 
width and 0.6 µm gate length. 
 

The CG is used for charging or discharging the nitride 
storage node. By applying positive bias to the CG, 
electrons are trapped in the nitride layer. The injected 
electron charge Q results in the enhanced hole 
accumulation in the silicon body and hence in the 
threshold voltage (Vth) increase at the top gate. Electrons 
were injected into the storage node by Fowler-
Nordheim (FN) tunneling at a CG bias (Vcg) of 15 V 
during 20 µs. The operation conditions of proposed 1T-
DRAM cell are summarized as shown in Table I.  
 

 
 

Fig.1: Cross-sectional TEM image of a fabricated device and 
2-D schematic view of the DG 1T-DRAM cell with NVM 
function on the CG (inset).  
 

4. Measurement Device Characteristics  
Fig. 2 shows transient source current (Is) characteristics 
for different Vcg. After write “1”, the source current 
increases because of the excess hole generated by II in 
the silicon body, inducing the Vth decrease of 1T-
DRAM cell. After write “0”, the Is decreases due to the 
lack of holes in the silicon body by the erase operation. 
For reading at Vcg = 0V, the current sensing margin ∆Is 
between “1” and “0” states (= |Is1-Is0|=|6.5-4.2| µA) is 
2.3µA. As Vcg becomes more negative, ∆Is increases. 
For instance, ∆Is at Vcg =-3 V is 2.7µA. 



 
Fig.2: Transient source current Is characteristics for different 
Vcg. The triangle, circle, square, reverse triangle, and star 
marks stand for the data at the Vcg of 0 V, -0.5 V, -1 V, -2V, 
and -4 V, respectively. Top-gate and drain biases are given in 
Table I. 
 
Fig. 3 shows the retention time characteristics of “0” 
and “1” states for different Vcg under the read conditions. 
As the Vcg decreases from 0 V to -2 V, the sensing 
margins increase even after 200 ms. For Vcg =-2 V, 
much better ∆Is is observed. ∆Is is 2.5 µA at 10 ms and 
is still 1.5 µA at 200 ms. For further increase of Vcg, the 
retention time characteristics of “0” state abruptly 
degrade as shown in Fig.3 (inset). This is due to the 
increased GIDL under the overlapped region between 
the source/drain and CG, which supplies holes into the 
erased floating body. 
 

 
Fig.3: The retention time characteristics for different Vcg. The 
Vcg range is 0 V to -2 V and -3 V to -4 V as shown in the figure 
(inset).  

 
To verify the effect of the injected charge Q in nitride 
storage node, the sensing margin and retention time 
characteristics were measured after FN program. Fig. 4 
shows transient source current Is characteristics with 
and without Q. After FN program in nitride storage 
node, the ∆Is is about 3µA. This clear improvement in 
sensing margin is due to the stored electron charge 
which enhances Q the hole accumulation in the silicon 
body. Fig. 5 shows the retention time characteristics 
with and without Q under the read conditions. For Q = 0, 
∆Is at 10 ms is about 1.5 µA, but the sensing margin 
vanishes after ~200 ms. The key result is that the device 
characteristic with the Q shows much improved ∆Is 

even after 200 ms.  
 

 
Fig.4: Transient source current Is characteristics with and 
without Q. 

 

 
Fig.5: Retention time characteristics with and without Q. 

 
Table I. Bias conditions for device operation. 

 
 

4. Conclusions  
We have demonstrated the properties of PD DG 1T-
DRAM cell device which has SONOS type storage node 
on one gate for additional nonvolatile memory function. 
Experimental results show improved sensing margin 
and retention time characteristics, which are attributed 
to a larger hole excess in the silicon body induced by 
the electrons stored in the nitride node. This device is a 
very promising candidate for future high density, high 
performance, and multi functional 1T-DRAM cells. 
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Abstract. The  A-RAM  capacitor-less,  single-transistor 
memory  cell  features  non-destructive  reading   and very 
simple and practical waveforms for word and bit lines. In 
this paper we detailed its physical operation and explore 
its  possibilities  for  embedded  memory  applications  in 
terms of scalability and retention time.

1 . Introduction
To overcome the scalability process complexity of 

1-transistor+1-capacitor  DRAM cells, capacitor-less 1-
transistor  (1T-DRAM)  cells  have  been  proposed  and 
investigated  [1],  [2],  [3].  The  mainstream  of  1T-
DRAMs consists in the coupling of electrons and holes 
in the same device film: the majority charge is used to 
modulate  the  minority  carrier  concentration  and 
therefore threshold voltage and drain current. However 
this coexistence in questioned in ultrathin films [4] by 
the so called supercoupling effect  [5].

2. The A-RAM concept and operation

The A-RAM [6] has been introduced to enable the 
cohabitation of electrons and holes in the same device 
[7]  achieved  thanks  to  the  physical  separation 
introduced by the  middle oxide (MOX) Fig.1.a which 
acts as an absorber  for  the electric  field (Fig.1.b;  low 
dielectric constant since  ɛMOX·EMOX  = ɛSi·ESi  at the MOX 
Si interfaces) and allows enhanced potential difference 
between the bodies. Therefore large charge differences 
can be simultaneously maintained in the active region as 
compared  with  a  conventional  Fully  Depleted  (FD) 
device  (Fig.  2).  Other  middle  insulators  with  low 
dielectric  constant  can  be  considered  being  air  (SON 
technology  [8])  a  potential  candidate.  In  contrast  to 
other 1T-DRAM concepts, the upper body controls the 
majority  carrier  accumulation  (by  negative  gate  bias) 
and the lower body serves for current sensing. The bias 
map of the A-RAM is presented in Figure 3. State '0' is 
defined when the storage region is discharged (neutral 
or  in  majority  carriers  underpopulation,  Fig.  4a).  To 
read '0' a low drain bias is applied to the cell (Fig. 4b). 
In  this  state,  the  sensed  current  is  very  low 
(subthreshold current). The '1' state is defined when the 
upper body features hole overpopulation (Fig. 4c). This 
can be achieved by impact ionization or Band-to-Band 
tunneling. The electrostatic coupling through the MOX 

and  the  gate  negative  gate  bias  (which  replaces  the 
necessity of a second gate) enhances an electron channel 
in  the  sense  region  of  the  cell.  The  '1'  state  is  read 
applying again a positive drain bias (Fig. 4d).

The cell functionality has been demonstrated by 
numerical  simulations.  In  Fig.5  we  show  the  typical 
sequence  for  writing/reading  '1's  and  '0's.  Note  that 
writing  '0'  is  achieved  by  direct  electron-hole 
recombination  in  the  ultra-thin  upper  body.  Figure  6 
presents  the  electron  and  hole  concentrations  when 
holding  the  '1'  and  '0'  states.  Since  in  this  mode  the 
transistor  is  always  conductive  when  the  '1'  state  is 
stored,  alternative  matrix  configurations  can  be 
conceived.  One of the advantages of the A-RAM is the 
subthreshold  (quasi  zero)  current  '0'  state,  leading to 
easy  discrimination  between  '1'  and  '0'  and  limiting 
variability issues.

Our  simulations  predict  that  the  programming 
time ('1' or '0') is below 10ns in sub-10nm semi bodies. 
The temporal evolution of the '1'  state in presented in 
Figure  7.a  demonstrating  the  viability  of  A-RAM  as 
candidate  for  DRAM  replacement.  Despite  the  hole 
overpopulation  is  lost  with  time,  more  than  a  100 
current factor over the '0' state can be kept even in the 
seconds range. The retention time has been studied as a 
function  of  the  device  thickness  and  MOX thickness 
(Fig.  7,  shown only  as  function  of  MOX).  Since  the 
retention is controlled by the negative gate bias (and not 
by  a  floating  body  in  a  PD-device)  the  hole  loss  is 
mainly due to reverse currents in the drain and source 
junctions; the thicker the MOX layer, the lower junction 
area and the longer retention time. However a trade-off 
between  MOX  thickness  and  silicon  semi-body 
thickness  is  needed  to  maintain  a  large  difference 
between  the  '0'  and '1'  state,  and  prevent  electrostatic 
and quantum limitations (Fig.8)

3. Conclusions
The  A-RAM  memory  cell  features  easy 

discrimination  of  '1'  and  '0'  states,  defined  by  the 
presence or absence of an electron channel reflecting the 
accumulated  hole  overpopulation  stored  in  the  upper 
channel.  Our  simulations  have  demonstrated  great 
potential  for  embedded  memory  applications  and 
compatibility with deep scaling further than other 1T-
DRAMs. 
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Figures

  
Fig. 1: Schematic configuration of the A-RAM (left); A-RAM 
energy-bands structure model. Large potential difference can  
be supported between storage and sense semibodies.

 
Fig. 2: Simulated hole population in an two-gated A-RAM (a)  
and FD-SOI  (b)  transistors.  The  hole  population  is  clearly  
enhanced due to the MOX field suppression. VG1=1.2V, VG2=-
0.8V, Tsi=20nm

Fig. 3: Retention/programming bias map for the A-RAM.

Fig. 4: A-RAM operation principle. (a) Retention '0' state. (b)  
Reading  '0'  state  (no  drain  current).  (c)  Retention  after  
writing '1' by storing holes. (d) Reading '1' state (high drain 
current).

Fig.5: Simulation  waveforms  demonstrating  A-RAM 
functionality.  Lecture of  the  drain voltage (top).  Drain and 
gate signals during operation (bottom). TOX=2nm, TMOX=4nm, 
TSi=16nm, L=100nm.

Fig. 6: 2D-Hole (a & c) and -electron (b & d) concentrations  
in the A-RAM cell when holding '0' (a & b) and '1' (c & d).  
Same device as in Figure 5.

Fig.  7: (a) Evolution  in  time  of  the  '1'  state  current  after  
writing '1' .  (b) Evolution in time of the normalized '1' state  
current with the MOX thickness.

Fig. 8: '1' state current over the maximum possible current for 
that device @VD=0.1V as a function of the MOX thickness.
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1. Abstract 
 
For a next generation of ultra wide band RF filters, we 
propose a potential technology based on the Smart 
Cut™ technology applied to single crystal piezoelectric 
thin layer. With 45% of electromechanical coupling 
factor for bulk acoustic waves, lithium niobate is an 
ideal solution as single crystal wafers exist with 
diameters up to 6 inches. High overtone Bulk Acoustic 
Resonators are test vehicles for the successful layer 
transfer of sub micron single crystal LiNbO3. Material 
and RF characterizations will be presented. 
 

2. Motivations 
 
During the last decade RF acoustic components were 
key elements in telecommunications systems. Reception 
and emission filters as well as frequency sources are 
based on Surface Acoustic Resonators or Bulk Acoustic 
Resonators solutions. For several years one can notice 
the multiplication of standards and new fashionable uses 
of cell phones like video, camera or GPS. Every new 
standard needs its passband filtering solution that leads 
to an increased number of acoustic RF components 
needed. Up to now, both SAW – using LiNbO3 and 
LiTaO3 wafers - and BAW – based on AlN or ZnO thin 
films - solutions are limited in term of bandwidth 
because of limited electromechanical coupling factors 
[1]. This factor describes the transduction efficiency of 
electrical energy into mechanical energy and vice versa. 
For a next generation of ultra wideband filtering 
solutions, both the need of high quality factor and 
electromechanical coupling factor are pointing out the 
advantages of single crystal piezoelectric thin films 
[2,3]. Obtaining such thin films is quite difficult 
although realizations have already been performed 
[2,4,5,6]. In this paper, we propose the Smart Cut™ 
technology in order to transfer a single crystal LiNbO3 
layer with an embedded electrode onto a 4” LiNbO3 
substrate. As a piezoelectric material, LiNbO3 is largely 
anisotropic and the choice of the orientation is guided 
by the largest electromechanical coupling factor 
attainable: kt²=45% for the X-Cut orientation [7,8]. 
 

3. Experimental process 
 

The Smart Cut™ technology has been applied to this 
piezoelectric media, comprising successive electrode 
and oxide depositions, ion implantation, direct bonding 
of the two wafers, splitting and a final step of top 
electrode deposition and its patterning. Full 4” sub 
micron layer of LiNbO3 is thus transferred and the 
resulting stack is thin LiNbO3 / metal / SiO2 / LiNbO3 

handling wafer. Consequently, a second metal layer is 
deposited and then patterned in order to obtain RF 
resonators.  
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Fig.1: Smart Cut™ layer transfer applied to piezoelectric 
material. 

However, the thin layer is acoustically coupled with the 
substrate and the resonators so as realized are High 
overtone Bulk Acoustic Resonators or HBAR. 
Traditional RF acoustic filters like Film Bulk Acoustic 
Resonators or Solidly Mounted Resonators have quite 
identical behaviors: the resonance frequency is 
proportional to the velocity of sound in the piezoelectric 
thin layer and inversely proportional to the thickness of 
this thin layer. On the other hand, for HBAR the first 
resonance mainly depends on the substrate thickness 
and acoustic velocity. 
 
This wafer is more than a hundred times thicker than the 



piezoelectric active layer and thus the first resonance of 
a HBAR is a hundred times lower than for a self 
standing piezoelectric layer. However, the active layer 
maintains its resonance conditions: when the higher 
harmonics of the HBAR are almost satisfying the 
resonance conditions of the piezoelectric layer, the 
peaks on the admittance signal become more significant. 
One can observe this phenomenon on the higher order 
harmonics of the HBAR as a modulation of these peaks 
on the admittance (or impedance) curve.  

Electrodes LiNbO3 Thin film

LiNbO3 Substrate
Propagating
acoustic wave

Electrodes LiNbO3 Thin film

LiNbO3 Substrate
Propagating
acoustic wave  

Fig.2: High Overtone Bulk Acoustic Wave Resonator (HBAR) 
principal with LiNbO3 thin film and substrate 

4. Results 
 
As the transfer of the thin film was successful, material 
characterization as well as RF probing were performed. 
Transmission Electron Microscopy and High Resolution 
TEM will be presented to demonstrate the quality of the 
transferred layer. Devices are tested in RF with a Vector 
Network Analyzer. High product of quality factor and 
frequency are shown, close to the state of the art. Large 
frequency spans such as the modulus of admittance 
shown on fig.3 confirm the quality of the thin layer as a 
high electromechanical coupling constant of 35% is 
extracted from the modulation due to the thin single 
crystal LiNbO3 transferred layer.  

 
Fig.2: Large electromechanical coupling factor can be 
extracted from the modulus of admítance of the enveloppe due 
to the thin piezoelectric single cristal layer . 

 
5. Conclusions  

 
Successful transfer of single crystal lithium niobate thin 
layers has been realized. The preserved integrity of the 
single crystal layer is partially confirmed by both 
material and RF characterizations, and a kt² of 35% is 

extracted from the modulation of the HBAR. A next 
step would be the realization of SMR or FBAR based on 
lithium niobate thin sheet to reach a record Q.kt², 
product, enabling the idea of ultra wide band RF 
filtering solutions. 
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1. Abstract 

This work presents an analysis of the temperature influence on 

the performance of a lateral SOI PIN photodiode when 

illuminated by low wavelength optical illumination, in the 

range of blue and ultra-violet (UV). Experimental 

measurements were performed from 100K to 400K and two-

dimensional numerical simulations were used to analyse the 

physical phenomena responsible for the observed behaviour. 

2. Introduction 

Optical detection at low wavelengths (λ) close to blue and 

UV (i.e. λ<480 nm) finds many applications in biomedical 

and environmental fields [1]. While photodetectors based on 

(Al)GaN can target high optical responsitivity for λ<300 nm, 

Si devices absorb light as a function of their thickness for λ 

up to 1100 nm [2]. Blue light is absorbed close to the surface 

in Si [3] and therefore, a solution to efficiently absorb low 

wavelengths with Si-based technologies would be to 

implement sensors in thin Si layers based on SOI wafers [4]. 

With this purpose, lateral PIN photodiodes can be easily 

obtained using a standard SOI CMOS standard process flow.  

3. Devices Characteristics and Measurements 
Lateral PIN photodiodes were implemented in a thin-film SOI 

wafer featuring an 80 nm-thick silicon layer, separated from 

the substrate by a 390 nm buried oxide layer. The thin film 

‘intrinsic’ (actually a p-type lightly doped region), P and N 

doping concentrations were about 1×1015 cm-3, 1×1020 cm-3 

and 4×1020 cm-3, respectively. An anti-reflection coating 

(Al2O3) of 50 nm was realized on the top of the wafer. Other 

dimensions are indicated in Fig. 1. For the measurements, the 

photosensor has been cooled down to 100K or heated up to 

400K, the substrate has been grounded and the device was 

illuminated with blue and UV lights while the cathode voltage 

(VD) was swept. 

 
Fig.1: Cross-section of one finger of an interdigitated PIN 

lateral photodiode studied in this work. 

4. Experimental Results 
Fig. 2 presents the current obtained from the measurement of 

PIN photodiodes, in the temperature range of 100K to 400K, 

under the absence of light (IDark) and under illumination close 

to UV (λ=400 nm). As presented in these curves, with applied 

reverse bias, IDark increases considerably with the temperature 

(T) rise. On the other hand, under UV illumination, the reverse 

current ID is weakly dependent on T. A similar behaviour has 

also been observed for blue light illumination (λ=470 nm). 
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Fig.2: Dark current and photodiode current under UV 

illumination, measured at different temperatures. 

The dark current has been extracted from the previous curves, for 

several values of VD and plotted as a function of T (Fig. 3). These 

results show that IDark reduces considerably as T is lowered. Also, 

for T < 250K, the current reduction cannot be seen, due to 

limitations of the experimental setup, which is not capable of 

measuring such a low current level. The IDark reduction indicates 

that higher signal-to-noise ratio and sensitivity can be obtained 

for the photodetector operating at cryogenic environments. 

100 150 200 250 300 350 400
1E-18

1E-17

1E-16

1E-15

1E-14

1E-13

1E-12

 

 

|I
D

ar
k
/W

| [
A

/µ
m

]

T [K]

V
D
= -0.50V    V

D
= -0.75V

V
D
= -1.00V    V

D
= -1.25V

V
D
= -1.50V

L
i
= 8 µm

W=14500µm

Absence of light

Fig.3: Dark current as a function of T, measured at different 

values of reverse voltage. 

The photodiode current under UV light has also been 

extracted and plotted as a function of T (Fig. 4A). The results 

show that the current generated by the incidence of low 

wavelengths is reduced both at cryogenic and high T, 

presenting a maximum (around room T in these curves). In 

addition, the applied VD has negligible effect on the current at 

low T, while at higher T it is shown to significantly affect the 

measured ID. A similar behaviour has been obtained when 
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illuminating the photodiode with blue light. Fig. 4B presents 

the resulting ID vs. T measured under blue light, with two 

different values of luminous intensity. Besides presenting ID 

behaviour similar to that observed for the UV light with the 

temperature, the curves presented in Fig. 4B show an ID 

increase at higher T, giving rise to a “valley” in the ID vs. T 

characteristic for both luminous intensities. 
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Fig.4: Current as a function of T, for photodiode illuminated 

with UV(A) and blue(B) light with different luminous intensities.  

5. Two-dimensional Numerical Simulations 
In order to have some insight into the physical phenomena 

related to the experimental behaviour of PIN photodiodes, 

two-dimensional numerical simulations with Atlas software 

[5] were performed. A photodiode with the dimensions 

indicated in Fig. 1 was simulated considering physical 

models accounting for mobility (µ) dependence on doping 

concentration (N), T and electric field, bandgap narrowing 

(BGN), N and T-dependent lifetime (τ) and incomplete 

carrier ionization for the lightly doped region. No 

optimization of model parameters has been made, which is 

beyond the scope of this work and may not affect the 

qualitative analysis and trends. Blue and UV light were 

considered, both with power of optical beam of 1mW/cm2.  

As can be seen in Fig. 5, the simulated ID/W curves present 

the same tendency with T as the measured data suggesting 

that the selected set of physical models is able to describe the 

experimental photodiode behaviour. Furthermore despite 

having the same power, the UV illumination results in larger 

ID than the blue one, since the Si thickness used in this 

photodiode yields a 2-3 times larger responsitivity around 

λ=400 nm than 470 nm [4]. In addition, the higher ID 

dependence on VD with T increase has been reproduced, in 

accordance with the experimental data. 

Fig. 6 presents the ID vs. T curves for the photodiode 

illuminated by UV simulated with different sets of models. 

The closed squares represent the ID values obtained with the 

complete set of models, as in Fig. 5. According to the results 

presented in Fig. 6, if none of the previously effects were 

considered, quasi-constant ID vs. T is obtained (open 

triangles). As shown by the curve with open diamonds, the 

current level and its increase at higher T are related to the τ 

dependence on N and T. However, this curve shows an 

increase of ID at low T and almost constant ID at moderate 

temperatures, which is in contrast with measured data. 
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Fig.5: Simulated ID/W vs T curves, for photodiodes illuminated 

with UV and blue light with incident power of 1mW/cm
2
. 

It has been observed that the ID lowering at cryogenic T is 

caused by the BGN (open squares), which is more 

pronounced at low T [6]. Through the curve represented in 

open stars it is possible to see that if N and T-dependent τ and 

BGN are considered, the ID trend at very low and high 

temperatures is well-described. Finally, the ID reduction 

observed for moderate T is related to the µ degradation caused 

by the T increase. On the contrary, the µ improvement at low 

T, partly compensates the ID reduction caused by the BGN, as 

can be noted through the comparison of the curves represented 

by stars and closed squares. 
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Fig.6: Simulated ID/W vs T curves, considering λ=400 nm with 

incident power of 1 mW/cm
2
 and different sets of models. 

6. Conclusions 
In this work an analysis of the influence of the temperature 

behaviour of lateral SOI PIN diodes for the detection of blue 

and UV light was presented. Experimental results showed that 

the current generated by these wavelengths incidence reduces 

both at cryogenic and moderately high temperatures, reaching a 

maximum value around 250K–300K while further temperature 

increase causes another current rise. Two-dimensional 

numerical simulations showed that the current reduction 

observed at low temperatures is caused by the bandgap 

narrowing, whereas its increase at high temperatures is related to 

the doping and temperature dependence of carriers lifetime.  
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1. Abstract 

This paper analyses the voltage capability of lateral 

power (VBR>120V) N and P-channel MOS transistors 

manufactured on a 0.18µm SOI CMOS technology by 

means of TCAD simulations in order to explain the 

electrical results of the measured structures. Some 

solutions are finally proposed in order to improve the 

performances of the LDMOS structures. 

 

2. Introduction 
Lateral double diffused MOS (LDMOS) transistor is the 

best suited power device for integrated circuits thanks to 

its ease of integration with CMOS technology. LDMOS 

transistors are used in many industrial and domestic 

applications such as motor drivers or display panels. 

Complementary (P and N-channel) LDMOS transistors 

are also employed in level shifters for high voltage 

applications. The main constraint of power LDMOS is 

the reduction of the specific on-state resistance (Ron-sp) 

for a given breakdown voltage (VBR). However, the 

Ron-sp and VBR are linked to the silicon material, the well 

known Ron-sp/VBR trade-off. Then, some design 

possibilities have been developed in order to improve 

the aforementioned Ron-sp/VBR trade-off, such as placing 

an STI covering the drift region which guarantees a 

better electric field distribution [1], leading to higher 

hot-carrier immunity.  

 

3. Structure analyzed 
In this paper, a high voltage (150V) P and N-channel 

LDMOS based upon a 0.18µm CMOS technology on 

thin film SOI is extensively analyzed in terms of voltage 

capability. Both P and N-channel LDMOS structures, 

also called LUDMOS, have an STI covering the entire 

drift (LDD) region and the same design considerations. 

The SEM image (a) and the equivalent simulated 

PLUDMOS (b) and NLUDMOS (c) structure cross 

section are represented in Fig. 1. All the analyzed 

LUDMOS structures have the same Thin-SOI substrate 

with a SOI layer (TSOI) and buried oxide (TBOX) 

thicknesses of 1.6 µm and 1 µm, respectively. The P and 

N-well regions are defined with high energy multi-ion 

implantation sequences, including a low energy high 

dose on the surface in order to adjust the threshold 

voltage. The P-well and N-well regions of the 

complimentary LDMOS are realized with the same 

masks.  

 
Fig.1: (a) SEM image and simulated cross-sections of the (b) 

PLUDMOS and (c) NLUDMOS structures. 

 

4. Electrical results 
The complete set of the measured electrical 

characteristics presented in this article are investigated 

using technological TCAD tools [2]. The reverse biased 

simulations and measurements are carried out with the 

electrode polarizations defined as indicated in Fig. 1. 

The comparison between simulation and measurement 

results of the breakdown voltage (VBR) as a function of 

the handle wafer voltage (HWV) for both P and 

NLUDMOS transistors is represented in Fig. 2. 



-100 -50 0 50 100
0

20

40

60

80

100

120

140

160

180
RESURF

RESURF

Fully

 depleted

B
re

a
k

d
o
w

n
 v

o
lt

a
g
e 

(V
)

Handle wafer voltage (V)

 PLUDMOS

 NLUDMOS

Line: measurement

Line + symbol: simulation

Fully depleted

 
Fig.2: Breakdown voltage variations versus handle wafer 

voltage comparison between measurement and simulation for 

the P and NLUDMOS transistors. 

 

The bell shaped curves on Fig. 2 can be divided in two 

regions defining the breakdown localisation zones 

(zones 1 and 2 on Fig. 1) in the LUDMOS structures 

[3]. The breakdown localisation and electric field (Eel) 

distribution are summarized in Table 1. 

 

 Fully depleted RESURF 

NLUDMOS 
HWV↑→Eel improves. 

(Breakdown in zone 1) 

HWV↑→Eel gets worse. 

(Breakdown in zone 2) 

PLUDMOS 
HWV↑→Eel gets worse. 

(Breakdown in zone 2) 

HWV↑→Eel improves. 

(Breakdown in zone 1) 

Table.1: PLUDMOS and NLUDMOS electric field 

distribution evolution and breakdown localization for each 

region in Fig 2. 

 

Both fully-depleted and not fully-depleted or RESURF 

regions are inverted between N and PLUDMOS due to 

the polarization conditions, as described in Fig 1. The 

difference between simulated and measured VBR on 

Fig. 2 is related with the termination layout in the third 

dimension, which is not considered in our simulations. 

The potential lines of the simulated (a) PLUDMOS and 

(b) NLUDMOS (Fig. 3) with the handle wafer grounded 

(HWV = 0V) show the excessive Boron and Phosphorus 

implanted dose in the P-well and N-well drift regions, 

respectively. As seen in Fig. 2, the VBR maximum value 

is followed by a quick VBR fall down as HWV increases. 

This fast voltage capability degradation is related with 

the N-well and P-well high concentration at the drift 

region surface, leading to a high electric field under the 

gate electrode. The electric field and impact ionization 

as a function of HWV (Fig. 4) for the NLUDMOS at the 

nodes (N1, N2 and N3) defined in Fig. 1 (a) shows a 

harmful electric field and high avalanche generation at 

the N3 when the structure is in the RESURF region. The 

electric field and impact ionization for the case of 

PLUDMOS structure presents an inverted tendency 

evolution in the previously defined nodes.  

 

 
Fig.3: Potential contours of the (a) PLUDMOS and (b) 

NLUDMOS structures at HWV = 0 V.  
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Fig.4: Electric field and impact ionization values as a function 

of the handle wafer voltage at three different Nodes shown in 

Fig.1 

 

Reduction of the N-well and P-well doping 

concentrations at the drift surface along with the 

possibility of using an STI partially covering the LDD 

region are necessary to improve the voltage capability. 

Then, different LDD region design configurations will 

be proposed in this work in order to improve the electric 

field distribution and improve the Ron-sp/VBR trade-off in 

both P and NLUDMOS transistors.  

 

5. Conclusions 
Complementary 120V LDMOS transistors compatibles 

with a 0.18µm CMOS SOI technology were fabricated 

and analyzed by means of technological TCAD 

simulations. 
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1. Abstract  

Technological performance boost options for 22 nm 
fully depleted SOI transistor based CMOS circuits were 
studied by means of TCAD and SPICE simulations. The 
impact of two different rapid thermal annealing (RTA) 
schemes, including spike annealing and flash annealing, 
on IC performance was investigated using recently 
advanced models. Mechanical stress was used to 
improve the electrical performance of PMOS 
transistors. Parasitic interconnect capacitances of a state 
of the art low-k inter-metal dielectric and air-gap 
structures were extracted from topography simulations 
and used in SPICE simulations to observe the dynamic 
performance differences. 
 

2. Introduction  

Low power single-gate fully depleted silicon on 
insulator (SG FD SOI) CMOS transistor architectures 
with a physical gate length of 22 nm were studied in this 
work with respect to the impact of technological options 
on the performance of integrated circuits. A gate oxide 
thickness of 1.1 nm, a silicon body thickness of 6 nm, 
and a buried oxide of 10 nm thickness were used. The 
source/drain contact lengths were designed to be 80 nm 
which is nearly four times the gate length. Furthermore, 
the source/drain regions were elevated by 20 nm 
epitaxial silicon, and 5 nm silicide was used for 
formation of the source/drain contacts. The gate 
electrode was assumed to be a metal gate with a near 
midgap workfunction. The channel of the MOSFETs is 
undoped, while a heavy ground-plane doping of 
1·1020 cm-3 of boron or arsenic was used for NMOS and 
PMOS transistors, respectively. As an example, the 
geometrical shape and the doping distribution of an 
NMOS transistor are shown in Figure 1. All numerical 
simulations were performed using Sentaurus TCAD [1] 
of Synopsys. Recently developed advanced models for 
simulating the activation and diffusion of arsenic and 
boron during the rapid thermal annealing [2] were used. 

3. Choice of Technological Options 

Two options for the final annealing of both NMOS and 
PMOS transistors were applied: 1) flash annealing and 
2) spike followed by flash annealing. The technical 
details of these annealing schemes are presented 
elsewhere [3]. The second variant of the rapid thermal 
annealing (RTA) results in slightly increased diffusion 

and a higher activation level of the source and drain 
near-surface doping. For PMOS transistors, options 
without performance enhancement by mechanical stress 
and with mechanical stress designed to maximize the 
electrical performance were considered. The option 
labeled “Stress” always included the annealing option 
“Spike+Flash”. The mechanical stress in PMOS 
transistors was optimized [4] in order to obtain 
approximately equal on-currents for NMOS and PMOS 
transistors. Furthermore, the impact of air gaps in the 
inter-metal isolation on the dynamical performance of 
6-transistor SRAM integrated circuits was investigated 
as a back-end option which is most promising for 
reducing delay times in integrated circuits. Besides, the 
impact of the transistor widths on the switching delay 
times of integrated circuits was investigated.  

 
 

Fig.1: Geometry and doping distribution of a single-gate thin 
body SOI NMOSFET 

To study the performance of integrated circuits, 
compact models for the CMOS transistors with different 
technological options are necessary. The compact 
models were extracted from results of numerical device 
simulation for each version of the transistors considered 

4. Circuit Performance 

Two kinds of integrated circuits, an inverter and an 
SRAM circuit were simulated. Figure 2 shows, for 
example, the transient behavior of the inverter for the 
RTA annealing option ”Flash”. The transition time of 
the output voltage from high to low depends mostly on 
the properties of NMOS transistor, while the opposite 
transition from low to high is determined by PMOS 
transistor properties. Table 1 summarizes the delay 



times for different layout and technology options. The 
delay times are defined as the delay at the half-value of 
the supply voltage. In an optimum choice of layout and 
technology options, delay times for the signal-fall and 
signal-rise should be approximately equal and as short 
as possible. 

 
Fig. 2: Transient characteristics of the inverter circuit with 
CMOS transistors of different widths for the RTA annealing 
option “Flash”. 

Table 1: Delay times for the output-fall (TF) and output-
rise (TF) switches 

Option Flash 
No Stress 

Spike+Flash 
No Stress 

Spike+Flash 
Stress 

Layout TF 
(ps) 

TR 
(ps) 

TF 
(ps) 

TR 
(ps) 

TF 
(ps) 

TR 
(ps) 

Wp=Wn,  5.3 10.3 4.9 9.3 4.8 4.8 

Wp=2·Wn 5.6 7.1 5.2 5.0 5.1 2.7 

As it is seen in Table 1, “Flash” and “Spike+Flash” 
options require a double width for the PMOS 
transistors, while for the option “Stress” a simple layout 
with equal device widths Wp=Wn is sufficient to make 
the fall and rise delay roughly equal. The last option is 
especially attractive because less chip area is needed for 
layouts with Wp=Wn. To sum up, the “Stress” option 
allows to reach the minimum delay time at a minimum 
layout area. 

 

Fig. 3: Impact of air gaps on the READ characteristics of the 
SRAM circuit with CMOS transistors with front-end option 
“Flash” 

The layout of the SRAM cell used in the simulation was 
chosen as presented in the literature [5] but all sizes in 
this work were proportionally shrunk to obtain the cell 
layout area of 0.124 µm2. The transient characteristics 

of the SRAM circuit were simulated for a 100×100 cells 
SRAM matrix. The usage of air gaps reduces the delay 
in the READ cycle (Figure 3) of the SRAM circuit by 
roughly 25% independent of the front-end options. The 
transient behavior of the SRAM in a WRITE cycle 
(Figure 4) is mainly dependent on the performance of 
transistors. 

 
Fig. 4: WRITE cycle of the SRAM circuit with CMOS 
transistors with different front-end options - “Flash”, 
”Spike+Flash”, and ”Stress”. 

Therefore, the front-end options have a larger effect on 
the WRITE cycle delay times than the back-end options. 
The impact of the front-end options is summarized in 
Table 2. The delay times tabulated are defined at 50% 
of the voltage change from the one state into the 
opposite one. 

Table 2: WRITE delay times (picoseconds) for internal 
nodes n1 and n2 of an SRAM cell 

Options  Flash 
No Stress 

Spike+Flash 
No Stress 

Spike+Flash 
Stress 

SRAM (n1) 

SRAM (n2) 

33 

13 

28 

14 

28 

19 

5. Conclusion 

The impact of several technological options for 22 nm 
SOI CMOS transistors was studied by simulations. 
Different technological options have specific effects on 
the dynamic behavior of integrated circuits. For 
example, the SRAM WRITE delay times and inverter 
delay times are mostly determined by the transistor 
performance. Interconnects are important for the 
dynamics of the SRAM READ cycles. 
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1. Abstract  
We present electrical characterization of nickel 

monosilicide (NiSi) contacts formed on strained and 

unstrained silicon nanowires (NW), which were 

fabricated by top down processing of initially As
+
 

implanted and activated strained and unstrained silicon-

on-insulator (SOI) substrates. Contact resistivities as 

low as 1.2x10
-8 

∙cm
2
 were obtained for NiSi contacts 

to both, strained and unstrained Si NWs. Compared to 

planar contacts, the NiSi/Si NW contact resistivity is 

two orders of magnitude lower. Strain seems to have no 

effect on the silicidation speed and on the contact 

resistivity of the NiSi/Si NWs. 

 

2. Introduction 

 
The reduction of source/drain (S/D) series resistance is 

most essential for NW based electronics. Hence, 

investigations on the contact resistivity of nickel-

silicides to Si NWs and, especially, to advanced channel 

materials like strained Si, is of particular interest. 

Studies on the silicidation of Si NW indicate the 

formation of several phases of nickel-silicide, 

depending on the thermal budget and the Ni contact size 

[1-4]. However, most of these reports on the silicidation 

and electrical properties deal with NWs grown by the 

vapor-liquid-solid method [1, 4, 5] and only few 

experimental studies discuss top-down fabricated Si 

NWs [2, 3].  
 

3. Experimental details 

Si NWs were fabricated on SOI with a Si layer 

thickness of 88nm and a biaxially strained layer of 

70nm SSOI, respectively. The substrates were (100) 

oriented and the thickness of the buried oxide (BOX) 

amounts to 145nm for both materials. The biaxial 

tensile strain in the SSOI layer was determined by 

Raman spectroscopy and Rutherford 

backscattering/channeling spectrometry to be 

biax=0.8%, corresponding to a stress of biax=1.35GPa. 

All wafers were first implanted with As
+
 ions at 30 keV 

to doses of 5x10
14

cm
-
², 1x10

15
cm

-
² and 2x10

15
cm

-
², 

respectively. Raman spectroscopy measurements 

indicate epitaxial regrowth and full strain conservation 

of the implanted SSOI layer after activation at 1000°C 

for 1 min. The NWs were patterned along the <110> 

direction using electron-beam lithography (EBL) and 

reactive ion etching. Three different NW widths of 45, 

80 and 160nm were defined on each sample. Six Ni-

electrodes were defined by EBL and connected to a Si 

NW with distances ranging from 2 m to 10 m to form 

the TLM structure. In the final step, the samples were 

annealed at 500°C for 10sec in an atmosphere of N2:H2 

with 9:1 to form the nickel-silicide. 

 
Fig.1: SEM image of a 160 nm wide Si NW contacted by Ni-

electrodes. The bright segments along the NW indicate 

silicided areas. The inset shows a XTEM micrograph of an 80 

nm wide NW. 

 

4. Results and discussion 
Figure 1 shows a scanning electron microscopy 

(SEM) image of a Si NW contacted with two Ni-

electrodes after annealing at 500°C for 10sec. Diffusion 

of Ni along the NW during annealing leads to the 

formation of silicided segments adjacent to the Ni pads. 

The length of the silicided NW segments depends on the 

wire cross section, the crystallographic orientation and 

the annealing conditions [4]. The speed of silicidation 

was determined by measuring the length of the silicided 

segments on SEM images and is presented in Fig.2 as a 

function of cross sectional area A. The silicidation 

speed decreases with increasing wire cross section 

(width). Additionally, Fig.2 shows no significant 

difference between the silicidation speed of uniaxially 

strained and unstrained SOI NWs.  As illustrated in the 

inset of Fig.2, the silicidation speed linearly depends on 

the inverse of the NW contact area A. This indicates 

volume diffusion of the silicide along the NW during 



the silicidation process rather than a surface effect. The 

present results suggest that for an infinitely wide  

structure (layer), 1/A → 0, lateral silicidation occurs. 

The different observations are ascribed to the higher 

annealing temperature of the nickel silicide formation.  

 

 
Fig.2: Silicidation speed along the NWs at 500°C as a 

function of the NW cross sectional area A for SOI and SSOI, 

respectively. The inset illustrates silicidation speed as a 

function of the inverse cross section (1/A) of all NWs used. 

 

Energy dispersive X-ray indicated different phases of 

nickel silicide along the silicided NW segment. By 

measuring the volume expansion through silicidation 

from SEM images, various phases of Ni silicide were 

identified: i) Ni2Si is the dominant phase in the NW 

regions very close to and underneath the Ni electrodes, 

in agreement with observations by Zhang et al. [2]; 

while ii) at the silicide/Si interface only the NiSi phase 

is present. Hence, the contact resistance measured using 

the TLM structure represents the NiSi to Si nano-

contact. 

 
 

Fig.3: NiSi/Si contact resistivity of 80nm wide SOI and SSOI 

NWs as a function of As+ ion implantation dose. 

 

The contact resistivity, c, is similar for SOI and 

SSOI and decreases with increasing implantation dose, 

as displayed in Fig.3. Elastic strain is known to split the 

conduction bands and warp the valence bands of Si, 

leading to a reduced band gap [6, 7]. For a 0.8 % elastic 

strain, contained in our SSOI layer, the conduction band 

edge lowering is only about 50meV. Therefore, the 

effect of the Schottky barrier height (SBH) lowering on 

the contact resistance is assumed to be very small 

leading to no significant change of c between SOI and 

SSOI, as experimentally observed. The lowest contact 

resistivity obtained was c = 1.2x10
-8 

Ω∙cm² for an As
+
 

ion dose of 2x10
15

cm
-
². Interestingly, this value is two 

orders of magnitude lower than our recent results on 

planar contacts on SOI substrate obtained under 

identical implantation and annealing conditions [8]. 

Moreover, these values are lower than that reported on 

NiSi/Si and PtSi/Si planar junctions on bulk-Si [9, 10]. 

Silicidation induced dopant segregation has been shown 

to efficiently lower the contact resistance by reducing 

the effective SBH on planar devices [11]. The 

difference in solubility of As in NiSi and Si causes 

dopants to accumulate at the NiSi/Si interface making 

the Schottky barrier more transparent. Due to the longer 

silicidation length in NWs compared to planar contacts 

a much higher As concentration is segregated at the 

NiSi/Si interface. This results in a reduced effective 

SBH and therefore a lower contact resistivity.  

 

4. Conclusions  
We investigated contact resistivity and speed of 

silicidation for uniaxially strained and unstrained SOI 

NWs. Our results indicate volume diffusion of the 

silicide along the NW during the silicidation process. 

The silicidation speed decreases with increasing wire 

cross section, but no difference in silicidation speed of 

strained and unstrained SOI NWs was found. Contact 

resistivities as low as 1.2x10
-8

Ω∙cm
2
 for an As

+
 dose of 

2x10
15

cm
-
² were measured, which is about two orders of 

magnitude lower than for planar structures. The lower 

resistivity of uniaxially strained wires is attributed to the 

improved mobility of electrons compared to unstrained 

SOI NWs. 
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1. Abstract  
This paper investigates the influence of substrate 

bias of junctionless (JL) and Inversion-Mode (IM) 

MuGFETs such as a variation of threshold voltage. The 

JL MuGFET has a similar response to positive substrate 

bias as an IM MuGFET. However, narrow JL 

MuGFETs are far more sensitive to negative substrate 

bias than IM MuGFET. 

 

2. Introduction 
In a MuGFET the gate electrode is wrapped around  

three sides of a silicon wire, forming a multi-gate 

structure with excellent control of the channel potential. 

The excellent gate-to-channel coupling allows one to 

fully deplete the channel region even if it is heavily 

doped. In very short-channel devices the formation of 

source and drain junctions becomes quite difficult and 

imposes drastic conditions on doping techniques and 

thermal budget. Recently, JL MuGFETs have been 

proposed for avoid this problem since devices can be 

fabricated without source and drain implantation [1]. In 

this paper, we investigate the influence of back-gate 

bias on both conventional IM and JL MuGFET using 

both measurements and simulations.  

 

   

3. Device fabrication 
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Fig.1: Schematic view of the silicon nanowire FET and cross 

section view of JL and IM MuGFET. 

 An SOI layer with a thickness of 10-15nm was 

patterned into nanowires using e-beam lithography. A 

10nm gate oxide was grown and ion implantation was 

used to dope the devices uniformly N+ with a 

concentration of 1-2×10
19
 cm

-3
 to realize N-channel JL 

devices. IM MuGFETs have their channel doped by 

boron ion implantation to Nch=2x10
18 cm-3. N-type (P-

type) polysilicon gate is used for IM and JL MuGFETs, 

respectively. The gate length is 1 µm. The source and 

drain region were formed using by arsenic ion 

implantation for IM MuGFET while the JL MuGFET 

skipped the S&D implant step. Figure 1 shows 

schematic view of MuGFETs and the cross-sectional 

view of JL and IM MuGFETs. 
 

4. Results and Discussion 
In fully depleted SOI MOSFETs, the front gate and 

back interfaces are coupled, which influences the 

threshold voltage and drain current [4]. The coupling 

effect is visible in MuGFETs and is dependent on the 

silicon wire width. The substrate bias affects the drain 

current in narrow-fin MuGFETs through variations of 

the S/D extension resistance [5]. Figure 2 shows 

measured drain current as a function of gate voltage in 

JL (a) and IM MuGFETs (b) for various substrate bias 

values with W=20nm, at low drain voltage. Previous 

work carried out on narrow devices shows no threshold 

voltage variation with substrate bias [5]. The nanowires 

presented here have a thickness (Tsi) that is much 

smaller than width (W). The influence of substrate bias 

depends on the aspect ratio (W/Tsi) in MuGFETs. A 

small value of aspect ratio can suppress substrate bias 

effects [6]. Large back-gate biase results in GIDL in the 
IM device, but not in the JL device.  

The measured variation of threshold voltage, ∆VTH 

as a function of substrate bias, VBG (positive) is shown 

in Figure 3 for various nanowire widths in JL and IM 

trigate FETs. It is commonly accepted that wider IM 

MuGFET devices are more sensitive to substrate bias 

than narrow devices [5]. The JL nanowire FET shows a 

different behaviour due to different channel doping 

type. To explain this difference, 3D Atlas device 

simulations were used [2]. Figure 4 shows the electron 

concentration profile in a cross section at the center 

(x=L/2) of the nanowire channel for W=30nm, Tsi=7nm 

in both JL (a) and IM trigate FETs (b) at VBG=-10V, 0V 

and 10V with VDS=50mV and VGS=VTH, obtained 3D 

device simulation. 



-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

10
-15

10
-13

10
-11

10
-9

10
-7

V
BG
=-12V,-15V 

V
BG
=-9V 

Gate Voltage (V)

D
r
a
in
 c
u
rr
en
t 
(A
)

 

 

V
BG
=15V to -6V, step=3V 

Junctionless
W=20nm, V

DS
=50mV

 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

10
-15

10
-13

10
-11

10
-9

10
-7

W=20nm,V
DS
=50mV

Inversion-mode

Gate Voltage (V)

D
r
a
in
 c
u
rr
en
t 
(A
)

 V
BG
=15V to -15V, step=3V 

 
Fig.2: Measured IDS-VGS characteristic of JL and IM device 

with different back gate bias with W=20nm. 
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Fig.3: Measured variation of the threshold voltage versus 

substrate bias of JL and IM device with various silicon 
nanowire widths, VDS=50mV, L=1um. 

 

The electrons in the JL MuGFET are concentrated at 

the center of nanowire while the electron of the IM 

MuGFET they are located near the silicon/gate oxide 

interfaces and corner regions, in absence of substrate 

bias. In this work, the channel doping of IM MuGFET is 

2x1018cm-3. Due to this high channel doping 

concentration, corner effect is observed [6]. Applying a 

positive substrate bias creates an inversion channel at 

bottom of the nanowire, which affect to the potential in 

channel (coupling effect) in the IM MuGFET. In the JL 

MuGFET the positive substrate bias increases the size 

of the conduction channel; there is no corner effect in 

the JL device (Fig. 4). The width of the nanowire is an 

important parameter influencing the influence of a 

positive substrate bias on both IM and JL MuGFETs. 

Figure 5 shows the measured drain current as a function 

of substrate bias for various silicon nanowire widths at 

VDS=50mV, VGS=VTH+0.5V. One can see that narrow 

devices can be turned off by a negative substrate bias. A 

large negative substrate bias can deplete the channel as 

well as the source and drain region, which have the 

same doping type and level than the channel. 
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Fig.4: Simulated electron concentration of (a) JL and (b) IM 

silicon nanowire FET with different substrate bias (VBG=-10V, 

0V and 10V). VGS=VTH, VDS=50mV. 
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Fig.5: IDS-VBG characteristic of JL device with different 

widths. 

 

5. Conclusions 
We analyze the influence of substrate bias in both JL 

and IM n-channel MuGFETs. The JL FET has a similar 

influence of positive substrate bias as IM FET. 

However, the JL FET is far more sensitive to negative 

substrate bias in narrow devices than IM FET. 
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1. Abstract 
This work presents a study of the impact of the source/drain 
Selective Epitaxial Grow (SEG) and uniaxial strain on the 
FinFET performance. Both effects, series resistance and 
tensile strain, are evaluated separately and the maximum 
transconductance point (gmmax) behavior for standard and 
strained devices with and without SEG is studied. Considering 
only the uniaxial stress effects, the gm increases for shorter 
channel devices, while taking into consideration only the 
source/drain series resistance, the gm degrades. A maximum 
point of the normalized gm as a function of transistor channel 
length is observed if both effects are considered. 

2. Introduction 
With the technology development, the FinFET devices are 
being extensively explored and emerge as a promising 
technology for MOS scaling. At the same time, a narrow Fin 
width (WFIN) is necessary to better control the short channel 
effects (SCE). However, in FinFETs, the source/drain 
resistance degrades the device performance. The Selective 
Epitaxial Growth (SEG) technique is frequently used to reduce 
the source/drain series resistance [1,2]. 
In addition, for sub-100nm CMOS technology nodes, 
mechanical strain has been used to enhance the device 
performance by increasing the mobility and consequently the 
current drive capability [3,4]. 
Several techniques have been proposed to obtain mechanical 
stress in the devices. A global wafer-level technique results in 
a biaxial strain, while the local wafer-level approach leads to 
uniaxial strain [5].  
This work discusses the trade-off between the use of SEG and 
the uniaxial strain engineering on the transconductance 
behavior in triple-gate FinFET devices. 

3. Devices Characteristics  
The studied triple-gate nFinFETs are fabricated on SOI 
wafers with the following characteristics: 145 nm buried 
oxide thickness, 60 nm top silicon layer thickness (HFIN) and 
2.3 nm HfSiON on 1 nm SiO2 as gate dielectric. The midgap 
metal gate is obtained by deposition of a 5 nm TiN layer and 
a 100 nm thick polysilicon capping to complete the gate 
electrode. No channel doping is applied during the processing 
resulting in a natural wafer doping (Na=1x1015cm-3) [6]. The 
uniaxial tensile strain was induced by a 100nm nitride contact 
etch stop layer (CESL). For both standard and uniaxial 
devices the channel width (WFIN) was kept constant and equal 
to 25nm and the analyses were performed for a channel 
length (L) ranging from 1.2m down to 50nm.  

4. Results and Analysis  
Figure 1 shows the experimental maximum transconductance 
(gmmax) behavior as a function of the channel length for 
uniaxial devices and standard ones with and without SEG. 
From figure 1 it is possible to notice that the presence of SEG 
results in a drain current increase due to the reduction of the 
series resistance, for both standard and strained device. This 
effect is more pronounced for shorter devices, where the series 
resistance (RS) is more important. When the focus is on the 
uniaxial strain it is comprehensible that for longer devices no 
influence is observed. However, as the channel length is 
reduced the strain efficiency is higher and an additional drain 
current increment is obtained due to the mobility increase.   
In order to eliminate the transconductance dependence on the 
device dimensions, the gmmax curves versus channel length 
were normalized by the L/Weff ratio, when Weff=Wfin+2.Hfin. 
Figure 2 presents the normalized maximum transconductance 
behavior as a function of the channel length for standard and 
uniaxial devices, both with and without SEG. Since the 
transconductance dependence with channel length and channel 
width is eliminated, the resulting transconductance decrease 
observed for a reduction of the channel length for standard 
devices without SEG is caused by the series resistance. For 
devices with channel lengths smaller than 100nm the higher 
reduction is also caused by the short channel effect (SCE). The 
behavior observed for standard devices with SEG is more 
constant due to the higher contact area at drain and source, 
which reduces the series resistance. The same behavior is 
obtained for uniaxial devices, however, in this case an 
additional increase in the transconductance due to strain 
should be considered.  
Aiming to analyze only the uniaxial strain influence on the 
FinFET transconductance, it is assumed that the series 
resistance for uniaxial and standard devices with SEG is 
similar. The same hypothesis is considered for both devices 
without SEG. 
Considering the gmmax value from the standard device as a 
reference, the difference of the gmmax values between an 
uniaxial and a standard device is only caused by the stress 
effectiveness. 
Comparing the gmmax values and considering only the stress 
effect for devices with and without SEG, shown in figure 3, it 
is noticed that for devices with short channel lengths, the 
higher gmmax gain occurs for transistors without SEG. This 
occurs because in the absence of SEG a higher strain 
efficiency caused by the cap layer is obtained, as can be seen 



in figure 4. 
On the other hand, for devices with a longer channel length it 
was not possible to observe any gmmax advantages due to 
uniaxial tensile stress. Although devices with SEG present a 
smaller gain in the gmmax for smaller L, the tensile effect was 
kept for longer devices. 
With the aim to have the better accuracy of the tensile strain 
influence on the gmmax behavior, some simulations have been 
made using the Sentaurus simulator [7] with the same 
characteristics as the experimental devices, as shown in figure 
5. From these simulations it can be noticed that there were two 
opposite behaviors when short and long channel devices are 
compared. For devices smaller than 270nm, the strain 
effectiveness is higher on devices without SEG and promotes 
a higher gm improvement. Although there is a reduction of the 
strain efficiency for channel extensions beyond 270 nm, the 
use of SEG also diminishes the stress effectiveness. The strain 
reduction by both factors results in a lower density of defects 
and as a consequence a higher gmmax is obtained. 

5. Conclusions  
The experimental transconductance improvement due to series 
resistance reduction obtained with the SEG introduction and 
due to the tensile strain was analyzed in triple gate FinFET 
with WFIN of 25nm. When the series resistance influence was 
eliminated from the analysis, only the stress effectiveness was 
evaluated. For short devices the gmmax enhancement that was 
obtained by the stress was higher for devices without SEG 

because the covering cap layer generates a more effective 
strain in this device. At the same time, devices with SEG show 
better results for longer transistors.  
In spite of short channel devices (L<270nm) without SEG 
present higher ∆gmmax due to the tensile strain, the effect of 
series resistance is predominant degrading gmmax. As a result a 
higher gmmax was obtained for the uniaxial strained devices 
with SEG.   
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 Fig.1: gmmax behavior as a function of 
channel length, for standard and uniaxial 
strained devices, with and without SEG 
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1. Abstract 
This work presents a study of the influence of several 
geometrical and electrical parameters on the 
transconductance ramp in FinFET devices. The back gate 
bias and the channel width influences were analyzed by 
experimental measurements, while the analysis of buried 
oxide interface charge, buried oxide thickness, gate oxide 
thickness and top silicon layer thickness was performed by 
three dimensional numerical simulations. 

2. Introduction 
The FinFET has been considered an alternative for sub 
32nm planar devices due to the better short channel effects 
(SCE). Although, FinFET multiple gates devices have 
some advantages as higher drain current, better SCE and 
better subthreshold slope, this architecture is also affected 
by a high series resistance [1].  
A high-k gate materials is required to diminish the gate 
leakage current, but on the other hand it results in mobility 
differences between the front and back interface [2]. This 
difference results in a non-conventional transconductance 
shape [3].  
This work explores the influence of several geometrical 
and electrical parameters on the transconductance ramp in 
FinFET devices.  

3. Device Structure 
For the analysis conducted in this work biaxially strained 
triple-gate SOI nFinFET devices, fabricated following the 
process described in ref. [4], were utilized. Processed on 
strained SOI wafers, the main characteristics of theses 
devices include a buried oxide thickness of 145 nm, a fin 
height (HFin) of 65 nm, a fin width (WFin) ranging from 25 
nm to 3 µm and a channel doping level of NA=1x1015 cm-3. 
The gate dielectric is composed by 2.3 nm HfSiON (50% 
Hf) on 1 nm SiO2. The midgap metal gate is obtained by 
deposition of a 5 nm TiN layer and 100 nm thick 
polysilicon capping to complete the gate electrode. 

4. Results and Analysis 
Figure 1 shows the experimental transconductance (gm) as 
a function of front gate voltage for a back gate voltage 
(VGB) ranging from -2V to 2V. It is possible to notice a 
ramp in the gm curves. The mobility degradation at the 
high-k interface results in a smaller mobility at the front 
interface than at the back one [5-6]. The unusual shape is 
mainly caused by the relation between the mobilities at the 
front and back interfaces [3].  
In order to better understand the ramp effect and which 
parameters have influence on the gm ramp, some 
simulations were performed varying the back threshold 
voltage, front gate oxide thickness, fin height and the 
buried oxide thickness. All simulations were performed 

considering the mobility at the back interface as double of 
the front interface mobility.  
Figure 2 presents the gm ramp behavior when the 
threshold voltage is modified by the buried oxide interface 
charge (Qss). As QSS increases, the back threshold voltage 
is smaller and, consequently, the number of carriers at the 
back interface increases.  
Aiming to promote an early current conduction from the 
back interface, the influence of the buried oxide thickness 
(tbox) is investigated (figure 3). A thinner tbox causes a peak 
before the maximum transconductance (gmmax) and a 
reduction in gmmax as the back gate bias becomes higher. 
The first peak occurs due to the back interface inversion 
and the reduction in gmmax is caused by the partial lost 
control of the drain current, since part of this current flows 
near back interface. The gm behavior obtained for thicker 
tbox shows a more realistic shape because the back interface 
only tends towards inversion. As VGB increases, the 
number of carriers increases near the back interface and a 
ramp appears. 
From the front gate oxide thickness (toxf) influence on the 
gm ramp (figure 4) it is easy to see that the toxf variation 
does not modify the gm shape. The toxf reduction only 
results in a smaller gmmax due to its direct relation with gm. 
Figure 5 shows the transconductance versus gate voltage 
for different fin heights. As the fin height reduces the 
influence of the front gate voltage is higher due to the 
strong coupling between both interfaces. In the 
subthreshold region, the back influence is smaller for the 
HFin=30nm. Although the gm presents a better 
subthreshold behavior, when VGF is higher than the front 
threshold voltage (Vth), the gm behavior is opposite, 
because for smaller HFin the potentials from the front and 
back interfaces have a higher coupling between them. As a 
consequence the potential at the back interface increases 
even more. In accordance with this, there is a more 
significant current conduction at the back interface for 
devices with smaller HFin. 
Figure 6 shows the electron current density in the middle 
of the channel from back to front channel for different VGF 
conditions. While VGF is smaller than the Vth, the 
conduction at the back interface is higher than at the front 
one, even taking into account that this interface is not 
inverted. As the VGF increases, a higher front interface 
conduction is obtained and for VGF higher than Vth, the 
first interface conduction is higher than the back one, since 
this interface is not inverted. Then, a gm ramp occurs due 
to the current interaction between the back and front 
interface conduction. 
Figure 7 illustrates the normalized gm for different fin 
widths. As WFin decreases the ramp tends to disappear due 



to the better coupling between the lateral gates that yields  
a better control of the back channel through the sidewall. 
For narrow WFin it is possible to notice that this back 
channel control results in a back interface conduction 
suppression. It is also possible to observe a threshold 
voltage increase for narrow fins as explained in ref. [7] and 
the reduction of the maximum transconductance due to the 
electron mobility degradation at the sidewall (110) crystal 
orientation compared with the (100) plane [8]. 

5. Conclusions 
The gm ramp was investigated through simulation and 
experimental results. It was observed that the gm ramp 
does not only depend on the mobility degradation at the 
high-k interface, but also depends on the back interface 
condition. As the back interface becomes in inversion, a 
higher quantity of carriers is at this interface and a higher 
deformation of the gm shape is obtained. Thus, all the 
parameters that influence on the back interface inversion 
are also related to the gm ramp.  
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Fig.1: Experimental transconductance versus VGF 
for different back gate voltages. 

Fig.2: Simulated gm curve as a function of 
VGF for different buried oxide charges. 

Fig.3: Simulated gm curve as a function of VGF 
for different buried oxide thicknesses. 
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Fig.4: Simulated gm curve as a function of VGF for 
different front oxide thicknesses 

Fig.5: Simulated gm curve as a function of VGF for different fin heights. (A) VGB=0V and (B) 
VGB=2V  
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         1. Abstract 
Using three-dimensional quantum simulations we 

investigate the effluence of intravalley acoustic phonon 

scattering on the mobility in ultra scaled trigate silicon 

nanowire transistors. The electron transport is modeled 

using the Non-Equilibrium Green’s Function formalism 

and the elastic phonon scattering has been included 

using deformation potential theory and self- consistent 

Born approximation. Device parameters variations on 

ballistic and diffusive operation of the nanowire are 

studied extensively for the [100] channel direction. We 

also show that the elastic phonon scattering dramatically 

degrades the mobility, compared to the ballistic case. 

 

2. Introduction 
Quantum transport in multigate silicon nanowire 

devices has been studied extensively by different groups 

recently [1,2]. Most of these studies have been limited 

to ballistic transport in the multigate nanowire. 

Recently, however, there has been renewed interest to 

investigate the effects of surface roughness scattering 

and electron-phonon scattering [3,4,5]. Here, we have 

considered the effects of intravalley acoustic electron-

phonon interaction on the mobility in the silicon 

nanowire for different gate lengths and nanowire 

thicknesses. The quantum transport equation has been 

solved using an uncoupled-mode-space NEGF 

formalism. We briefly discuss the equation which has 

been used to model the acoustic e-ph scattering and then 

we continue to results and discussions. 

   

3. Device simulation and Results 
 The simulation procedure consists in solving the 

equations governing electrostatics and quantum 

transport self-consistently until convergence is reached. 

The scattering mechanism is considered using 

deformation potential theory. This approach has been 

successfully applied for CNT FET structures and 

Multigate FETs [2]. The details of this computational 

approach can be found in the literature [1, 2]. Here, we 

focus on the mobility results. We have solved G
<
 and 

∑
<
 self-consistently in order to obtain the scattering 

self-energy matrices. Once convergence achieved the 

effective mobility has been computed using the 

following formula: 

D

chm
eff

Nq

LG

1

=µ  

Where Gm is the transconductance, Lch is the channel 

length and N1D is the one dimensional charge in reduced 

channel region[4]. We did the simulation for [100] 

trigate silicon nanowire with different gate lengths Lg 

and silicon thicknesses Tsi. The effective mass was 

corrected for Tsi smaller than 4nm. We have also used 

bulk silicon scattering values in our simulation [1]. 

Figure 1 and Figure 2 show the ballistic and effective 

mobility for different gate lengths and silicon 

thicknesses, respectively. It can be observed that in the 

case of ballistic operation of the nanowire the mobility 

increases when increasing the gate length, whereas 

including acoustic phonon scattering will cause the 

opposite effect to occur. Figure 3 shows the effective 

mobility for nanowire with Tsi=3nm and different gate 

lengths. It can be seen that up to Lg=10nm the mobility 

does not change much, but increasing the gate length 

above 10nm causes the mobility to decrease due to 

significant activation of electron-phonon scattering. The 

magnitude of effective mobility in ultrathin nanowire 

can be as low as 60 cm
2
 V

-1
s

-1
 which is in consistent 

with experimental results [6]. Figure 4a and 4b show the 

effective mobility for two different silicon thicknesses. 

The effect mass quantization in nanowire with Tsi=3nm 

causes both ballistic and effective mobility to increase 

compares to nanowire with Tsi=4nm. Finally our results 

which are obtained by NEGF formalism show higher 

degradation in mobility compared to results obtained 

using a Schrödinger-Poisson solver [7]. 

 

5. Conclusions 
 

We investigated the effects of acoustic-phonon 

scattering on electron mobility in trigate nanowire 

FETs. We showed that in the ballistic regime mobility 

increases with increasing gate length whereas including 

intravalley acoustic phonon scattering causes the 

mobility to decrease when increasing gate length. We 

also observed that nanowires with silicon thicknesses 

smaller that 4nm start to exhibit mass quantization 

effects. 
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Fig.1: Ballistic mobility vs. charge density in the channel for 

silicon thickness of 3, 4 and 5nm. Because there is no 

electron-phonon interaction the mobility increases as we 

increase the silicon thickness and gate length. 
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Fig.2: Acoustic phonon limited mobility versus charge density 

for silicon thickness of 3,4,5 and 7nm. In this case as we 

increase the gate length the mobility decreases due to increase 

of electron-phonon interaction sites along the channel region. 

The highest influence mobility vs. charge is observed for 
Tsi=5nm. 
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Fig.3: Ballistic mobility vs. charge density for silicon 

thickness of 3nm and different gate lengths.  

0 1 2 3 4 5 6 7

x 10
9

0

10

20

30

40

50

60

70

80

Inversion Charge(cm
−1

)

E
ff
e
c
ti
v
e
 M

o
b
ili

ty
 (

c
m

2
 V

−
1
s

−
1
) 

(e
V

)

 

 

Lg=20 nm

Lg=25 nm

Lg=30 nm

Lg=35 nm

 
 

Fig.4a 

 

 

 

 

0 1 2 3 4 5 6 7 8 9 10

x 10
9

0

20

40

60

80

100

120

140

Inversion Charge(cm
−1

)

E
ff
e
c
ti
v
e
 M

o
b
ili

ty
 (

c
m

2
 V

−
1
s

−
1
) 

(e
V

)

 

 

Lg=20 nm

Lg=25 nm

Lg=30 nm

Lg=35 nm

 
 
Fig.4b. Effective mobility vs. charge density for Tsi=3nm and 
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due to effective mass quantization and strong confinement. 
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1. Abstract  
 

  A new low temperature fabrication technique for 

Germanium-on-Insulator (GeOI) structure is reported. 

Hydrophilic donor and host wafers have been exposed 

to oxygen radical prior to in-situ wafer bonding in 

vacuum. After low temperature annealing at 130° and 

300°C, Ge layer transfer from a donor to a host wafer 

has been demonstrated. Thanks to enhanced surface 

activation by remote oxygen plasma, the thermal budget 

for that experiment has been maintained below 300°C 

while ensuring high bond strength and layer transfer. 

 

2. Introduction  

 
  The Germanium on insulator (GeOI) configuration is 

attractive as it conveys carrier transport and SOI-like 

electrostatic benefits and has potential for leakage 

reduction [1]. Besides, GeOI has been studied for use in 

high-speed photodetectors as well as high-quality 

epitaxy template for GaAs growth [2]. Undesirable 

over-oxidation or stacking fault is easier to appear in 

GeOI substrates made with Ge condensation technique. 

The main limitations of the Ge condensation approach 

are the thermal budget (more than 3h at 1050°C) and the 

process induced damage (dislocations generated when 

exceeding the critical thickness for plastic relaxation 

during the Ge enrichment) [3]. Layer transfer technique 

using wafer bonding and hydrogen exfoliation has 

demonstrated the path to the high quality front end 

GeOI fabrication [4]. Recently, a GOI structure 

fabricated by the layer transfer with low thermal budget 

(~150°C) has been reported [5]. However, little 

attention has been dedicated to the characterization of 

the bonded interface. 

  In this study, we demonstrate GeOI structure using 

oxygen radical activation and hydrogen exfoliation with 

low thermal budget. The bonding properties of GeOI 

structure was analyzed by scanning acoustic microscopy 

(SAM), and high-resolution transmission electron 

microscopy (HR-TEM). 

 

3. Experimental 

 
  In the experiment, the 4-inch ‹100› oriented p-type Ge 

(Ga doped, resistivity = 0.016 Ω.cm) has been selected 

for the donor wafer. A 100nm thick layer of PECVD 

silicon dioxide has been deposited and densified at 

600°C prior to hydrogen implant. The germanium 

substrate (donor wafer) was implanted with a dose of 

5e16cm
-2
 of H2 at 180keV. The projected range that is 

expected was estimated at 630nm below the germanium 

surface using Monte Carlo simulation.  Following the 

implant, the silicon dioxide layer was completely 

removed in a dilute HF solution and square-shaped 

patterns were created. On the handle substrate, thermal 

oxide with a thickness of 100 nm was grown on n-type 

Si substrate to form a host wafer. The remote oxygen 

plasma activation was performed in an AML AW04 

aligner bonder, an oxidized Si host wafer and Ge donor 

wafer were cleaned in an SC1-equivalent solution with 

(for Si) and without (for Ge) ozone using Semitool 

spray acid tool prior to surface activation. The wafers 

were exposed for 10 minutes to free oxygen radicals and 

bonded under a pressure of 1kN applied for 5 minutes.  

The wafers were annealed in-situ at 100°C for 1 hour 

with an applied pressure of 500N followed by an ex-situ 

anneal at 130°C for 24 hours in order to enhance bond 

strength. The ramp-up rate was set to 0.5°C/min in both 

cases. The exfoliation was triggered by a 10 min. short 

time anneal at 300°C. Bonding properties and defect 

density of buried interfaces were investigated by 

scanning acoustic microscopy (SAM) and high 

resolution transmission electron microscopy (HR-

TEM).  

 

4. Results  
 

  We realized GeOI structure with low thermal budget 

thanks to oxygen radical activation. The bonding 

property of GeOI was investigated using SAM and 

crack opening method. Typical SAM images of the 

bonded sample using 75MHz tranducer are shown in 

Fig. 1(a). Fig. 1(a) shows that about 95% of the 

germanium wafer surface was properly bonded. The 

presence of two large voids explains incomplete 

bonding is some areas; these voids are likely due to 



particles rather than intrinsic voids generated during the 

interface reaction. The large void can be originated from 

particle during process. After low temperature anneal, 

the bonding energy is so high that insertion of a razor 

blade results in bulk fracture of the material. The 

oxygen radical activation is attributed to the full bond 

strength.  

 Inspection of the host wafer by optical microscopy 

confirms the successful bonding and transfer (H-

induced) of germanium features from donor wafer. Fig. 

1(b) illustrates the square-shaped pattern transferred to 

the host silicon wafer after short 300°C anneal. It shows 

that the bond strength of oxygen radical activated 

samples was high enough to allow layer splitting in 

donor silicon wafer after 130°C 24hours anneal.  

 

 
 

 
 

Fig.1: (a) Scanning acoustic images of GeOI substrates after 

annealing 300°C (75MHz tranducer), (b) optical image are 

shown for the transferred GeOI structure. 

 

 Fig. 2 shows HR-TEM image of buried interfaces after 

layer transfer. The 100-nm-thick transferred Ge layer 

except damaged layer by hydrogen implantation appears 

defect-free and smooth bonded interface is visible. 

Compare to GeOI substrates made with Ge 

condensation [3], it was shown that there were no over-

oxidation or stacking faults thanks to low temperature 

bonding and anneal. Thus, we can conclude that this 

low temperature process using oxygen radical activation 

achieve low defect density interfaces  without stacking 

fault or surface damage by activation. 

 

 
 

Fig.2: HR-TEM observation of buried interfaces after layer 

transfer. 

 

4. Conclusions  

 
 A high quality GeOI structure with low thermal budget 

has been realized by wafer bonding and layer transfer. 

The buried interface quality of GeOI structure was 

mainly evaluated through micro void analysis and HR-

TEM. Our results show that remote oxygen radical 

modify the Ge surface to induce better bond strength, 

which is enough to allow manufacturing GeOI structure 

in low temperature.  
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1. Abstract  
In this paper Mixedmode time domain simulation is 

used to show how the gate underlap concept in a double 

gate SOI transistor enhances the inter-modulation      

non-linearity of a low power low noise amplifier 

(LNA).  When a 5.8 GHz LNA using gate underlap is 

biased at the point of optimal linearity, an overall 

improvement in gain to noise figure ratio of about eight 

is observed. 

2. Introduction 
A double gate (DG) MOSFET with source/drain 

engineering (SDE) has been shown to be advantageous 

in linear mode for low power analog applications [1-2].  

But ultimately a non-linearity study is essential to 

establish suitability of the device to realize emerging 

wireless systems. Non-linear analysis under dc 

simulation can be investigated by taking higher order 

derivatives of transconductance gm with respect to gate 

voltage [3]. However, this approach ignores the        

non-linearity contribution from parasitic resistance and 

capacitance and underestimates the overall circuit    

non-linearity, especially when the frequency of 

operation is high [4]. Large signal non-linear simulation 

is traditionally carried out using harmonic balance 

simulation [5], which requires an accurate SPICE 

model. Such a model is often not readily available, 

particularly for an emerging technology.  Therefore, in 

this paper we consider rigorous non-linear analysis from 

a full time domain Mixedmode simulation [6] that 

combines the merits of device and circuit simulation, 

where the key features of the SOI device comprising 

thin silicon and source/drain doping profile are precisely 

modeled alongside additional lumped elements such as 

contact resistance and overlap capacitance.  In this way 

the effect of appropriate geometric parameters e.g. 

underlap spacer length and silicon thickness on circuit 

linearity can be identified. A new inter-modulation 

figure of merit (FoM), PM3 = Pfund/PIM3, is defined at a 

specific power level where PIM3 is third order inter 

modulation power and Pfund is fundamental power.  This 

measure is easier to evaluate at specific power level 

than third-order intercept IP3 [7] and is more appropriate 

for front-end circuits used in wireless applications.   

3. Device under Study 
Double gate SOI device analyzed here has been defined 

using gate length (LG), oxide thickness (TOX), silicon 

film thickness (Tsi) and spacer length (s).  Source/drain 

region (SDE) was modeled by a gate underlap with a 

Gaussian source/drain profile as described in [1] with 

lateral straggle σ, across a spacer s defined by the 
distance from the start of the profile to the edge of the 

gate.  If s/σ > 1.8 [1-2], the extension region doping 
does not extend beyond the gate edge i.e. the channel 

and extension regions adjacent to the gate are free from 

dopants and the effective channel length exceeds the 

gate length.  Therefore, all comparisons  with simulation 

using an abrupt junction device have been carried out 

with gate length LG of abrupt junction device equal to 

effective length Leff (in weak inversion) of SDE 

transistor [1].  For instance if a SDE transistor has LG = 

60 nm, this corresponds to Leff = 92 nm, if a relatively 

optimal ratio s/σ   = 2.8 is used. 
Fig. 1(a) and (b) show the plot of optimal PM3 under 

two-tone excitation f1 = 1 GHz, f2 = 800 MHz, as a 

function of spacer s and film thickness Tsi.   It is clear 

that PM3 improves with increase in spacer width, until s 

> 0.7×LG, and that PM3 is optimal when Tsi = 0.75×LG. 

As LG is scaled down from 120 nm to 40 nm in a gate 

underlap design, with corresponding parameters Tsi = 

0.75×LG and s = 0.7×LG, respectively, the non-linearity 

sweet spot (PM3 highest value) shown in Fig. 2 shifts to 

a higher value of gm/ID, but does not change 

significantly with gate scaling [8].  PM3 shows the same 

trend for an abrupt source/drain junction, but the “sweet 

spot” in linearity occurs at higher gate voltage, because 

of a higher threshold voltage [1-2].  Under a 50Ω load, a 

high degree of non-linearity can be associated with a 

high value of gm3 [3], the third derivative of ID with 

respect to gate-to-source voltage VGS.  So a low or 

indeed zero value of gm3 can be identified as the optimal 

bias point for a transistor from the linearity point of 

view.  In    Fig. 3, gm3 = 0 occurs at gm/ID ≅ 16V-1, which 

closely corresponds to the high value of PM3 in Fig. 2. 

 

4. LNA Design 
A cascode LNA operating at 5.8 GHz has been designed 

with inductive source degeneration to provide input 

impedance well matched to 50 Ω, as shown in Fig. 4.  

The effective device width Weff = 105.4 µm was taken 

to match 50Ω load and extrinsic gate RG and S/D RCON 



resistances [9] of 2.5 Ω and 1.5Ω, respectively were 

based on specific contact resistivity.  The circuit design 

parameters for the two different DG SOI design are 

given in Table 1.  An overall figure of merit can be 

defined as FoMLNA=G/[(F-1)PDC] [10], where G, F, and 

PDC are power gain, noise factor, and dc power 

consumption respectively. The gain used above at 

operating frequency ω can be written as G 

≅[gm/(2ωCGS)]
2, whereas noise factor (F-1) is 

proportional to channel noise Sid and [(ωCGS )/gm)]
2.  A 

comparison of FoMLNA for the two SOI designs is 

summarized in Table 2. The SDE design predicts a 

factor of approximately ten improvement in FoMLNA at 

optimal bias point (gm/ID ≅ 16V-1), compared to an 

abrupt design. This can be attributed to a two fold  

improvement in F-1 and nearly five times higher value 

of G in underlap design at the specific LNA frequency 

because of lower capacitance and higher fT in gate 

underlap (see Table 3). However in comparing 

simulation with available experimental data from a 

0.13µm bulk technology of comparable effective gate 

length [10], it is clear that SOI offers significant 

potential for performance enhancement (see Table 2). 

5. Conclusion 
Mixedmode simulation has been used to illustrate two 

key aspects of enhancement of linearity in an LNA.  

 

a) Device linearity performance can be enhanced by use 

of an optimal gate underlap profile, which yields both 

higher gain and better linearity than a conventional 

device design with a more abrupt source/drain junction. 

b) Even at the optimal bias for linearity, overall LNA 

performance is not degraded and the gate underlap SOI 

design shows significant potential for improvement over 

experimental results for a conventional bulk technology. 

However scaling gate length below 60 nm does not give 

improvement in linearity but the optimal bias point 

occurs at a higher value of gm/ID  i.e. lower power level.   
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ID (mA) SDE 

FoMLNA 

[mW-1] 

Abrupt 

FoMLNA 

[mW-1] 

Experimental 

FoMLNA 

[mW-1] 

1 7.3 2.9 1.25 

2.38 [gm/ID≅16V-1] 49.3 5.3 2.56 

4 69.4 6.3 4.54 

5 71.5 7.4 5.34 

Parameter SDE Abrupt 

LG1 [nH] 7.5 4.5 

LS [nH] 0.15 0.11 

LO [nH] 0.35 0.20 

CO [pF] 1.2 1.0 

Design Sid [A
2/Hz] [CGS/gm]  [F/S] F-1  G 

Underlap 5.27E-22 1.49E-12 0.64 84.24 

Abrupt 4.83E-22 3.49E-12 1.17 16.3 

Fig. 1.  PM3 plot vs  (a) spacer (b) silicon film thickness Tsi.    

Table 1.  LNA Design Parameter 

Table 2.  LNA Figure-of-Merit 

Fig. 4.  Low noise amplifier (LNA) circuit 
 

Fig. 2.  Sweet spot of PM3 plot versus gm/ID as   

gate length LG is scaled down.  Each tone signal 

=50mV.  Filled =SDE ; Open =Abrupt 
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1. Abstract  
 

An analytical and explicit compact model for undoped 

symmetrical silicon Double Gate MOSFETs 

(DGMOSFETs) with Schottky Barrier (SB) source and 

drain contacts is presented. The proposed model 

reproduces the well known ambipolar behaviour found 

in SB MOSFET for a wide range of metal source and 

drain contact work functions. The transfer and output 

characteristics for several bias configurations have been 

modelled and validated making use of numerical data 

obtained by means of ATLAS device simulator from 

Silvaco. 
2. Introduction 

 
As is well known, conventional bulk MOSFETs are 

approaching the end of the technology roadmap. 

Therefore, new alternatives are currently being 

investigated; DGMOSFETs and SBMOSFET are 

among them. The latter devices present important 

advantages in comparison to their conventional 

MOSFETs counterparts [1]. Among them are the 

following: low parasitic S/D resistance, low temperature 

processing for S/D formation, elimination of parasitic 

bipolar action, and the possibility of reducing channel 

lengths by taking advantage of the abruptness of the 

metallic junctions. In relation to DGMOSFETs, it is 

important to highlight their immunity with respect to 

drain-induced barrier-height lowering, short channel 

effects and threshold voltage roll-off [2]. 

In modelling SB MOSFETs, drift-diffusion processes 

should be taken into account in the channel region, but 

also a tunnelling current which injects carriers into and 

out of the channel should be included. Furthermore, 

leakage currents can be induced by means of the 

coupling of the gate and the channel-end close to the 

drain; in this channel region the surface potential could 

be large enough to induce band-to-band tunnelling 

(BTBT).  

3. Model and results 

 
The calculation of SB DGMOSFETs current was 

performed by modelling the contribution of electrons 

and holes separately. 

 

We used as a starting point the electron current reported 

in Ref. 5 for an undoped DGMOSFET: 
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Following a modelling procedure similar to the one 

presented in Ref. 3 for the calculation of the electron 

current, we have obtained an analogue analytical 

expression for the hole current. 
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We have also introduced a parameter to account for the 

barrier height dependence in the threshold voltage 

model [4] both for electrons and holes.  

In order to adapt the drift-diffusion current models to 

the specific features of the SB DGMOSFET, the 

mobility models both for electrons and holes (µn, µp) 

have also been modified to account for the effect of the 

Schottky barrier formed for electrons and holes at the 

edges of the channel. 

 

A tunneling current has also been introduced to be able 

to model correctly the electron current behavior in the 

subthreshold region, taking into account the dependence 

of the Schottky barrier on the gate voltage: 
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The total electron current is, then, calculated using the 

following interpolation function: 

ntunnelingndiffussiondrift
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It can be seen that in strong inversion, the total current 

tends to the drift component (equation 2) as the 

tunneling current calculated from (equation 3) is, in this 

case, much higher. For lower gate-source voltages, in 

the subthreshold region, both the diffusion component 

of equation 1 and the tunneling components contribute 



to the electron current.   
For the hole current calculation, the BTBT mechanism 

has been included in addition to the drift-diffusion 

current (equation 2). The BTBT model used is based on 

the one reported in Ref. 5: 
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The total hole current is obtained as follows: 

pBTBTbppdiffusiondriftpds III ____ )(φβ+=  
(6) 

 

where the β parameter is dependant on the SB height. 

Finally, the total current model is, therefore, calculated 

by adding the electrons and holes contributions: 

pdsndsds III __ +=  
(7) 

 

 

We have used the model described above to reproduce 

the simulation data obtained for SB DGMOSFETs 

making use of different metal contact work functions in 

a wide range of operation regimes. In all cases a 

reasonable good fit is achieved as can be seen in the 

following figures. 
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Fig.1: Drain current in SB DGMOSFET versus VGS. S/D metal 

contact work function is equal to 4.3 eV. Simulation data are 

plotted in solid lines and modeled data in symbols.  
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Fig2: Drain current in SB DGMOSFET versus VDS. S/D metal 

contacts workfunction is equal to 4.3 eV. Simulation data are 

plotted in solid lines and the modeled data are shown in 

symbols.  
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Fig.3: Drain current for a SB DGMOSFET versus VGS. S/D 

metal contacts work function is equal to 4.8 eV. Simulation 

data are plotted in solid lines and modeled data in symbols.  
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Fig4: Drain current in SB DG MOSFET versus VDS. S/D metal 

contacts work function is equal to 4.8 eV. Simulation data are 

plotted in solid lines and modeled data in symbols. 
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1. Abstract 
The Lateral Split-Gate Field Plate MOS (SG FP 

LDMOS) transistor on thick-SOI substrate is an 
alternative solution proposed and analyzed in this work 
in order to reduce the total cell length (Lcell) and 
improve the current transition between gate and drift 
regions. All this aspects help to further decrease the 
specific on-state resistance (Ron-sp) and improve the 
device switching performance. The feasibility of 
applying the FP concept for splitting the gate in lateral 
DMOS devices addressed to power applications (80 V) 
is analyzed in this paper by means of 1D analytical 
formulation, and by extensive 2D and 3D TCAD 
simulations. 

2. Introduction 
The 3D RESURF technique based on the FP effect (see 
Fig. 1) has been successfully applied to the drift region 
of low power vertical MOSFET devices in order to 
further reduce the drift region resistance (RLDD) and 
improve the Ron-sp/VBR trade-off obtained in classical 
vertical architectures, due to the almost linear 
relationship between Ron-sp and VBR [1]. Unfortunately, 
only some publications concerning the performance of 
the FP effect on lateral DMOS structures for power 
applications could be found [2, 3]. The FP effect applied 
to LDMOS devices consists on placing a trench oxide of 
a certain thickness together with a grounded 
poly-silicon layer inside the trench along the drift 
region. The metal-thick-oxide block acts as a field-plate 
(FP), enhancing the 3D RESURF lateral depletion 
which allows increasing the N-drift doping 
concentration [1].  
 

3. SG FP LDMOS structure design 
Optimal drift designs of the FP LDMOS structures 
(Fig. 1) basically depends on the trench oxide thickness 
(ToxTr), the drift active Silicon width (WLDD) and the 
N-drift doping concentration (Ndr), and can only be 
obtained with the aid of TCAD tools due to the inherent 
2D and 3D effects. However, a 1D analytical model 
could be useful as a starting point for device 
simulations. For this reason, an analytical expression of 
the maximum Ndr value is derived from 1D MOS 

system [3]: 
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A similar expression is obtained from [4] when a 
Vox/VSi factor equal to 1 is considered. However, for 
80 V applications, a drift region length (LLDD) of at least 
3 μm is usually considered. Then, a minimum trench 
oxide thickness (ToxTr) of 0.6 μm must be used since the 
electric field stress is high in the Silicon at the Si/SiO2 
interface, especially at the FP/drain corner [3]. Fig. 2 
shows the analysed SG FP LDMOS structure, including 
the most important design parameters. As seen in Fig. 2, 
the particularities of this structure are the integration of 
the Poly-gate block vertically placed inside the trench, 
which improves the current transition from channel to 
drift regions, and the stripped body contact. 3D TCAD 
simulations [5] have been performed to analyze all the 
possible degradation effects in the Ron-sp/VBR trade-off 
added by the third dimension. A starting Thick SOI 
substrate with Silicon (TSi) and BOX (TBOX) layer 
thicknesses of 2.5 and 1 μm, respectively has been 
chosen. A large TSi/TBOX relation is mandatory to avoid 
excessive self-heating, which is expected to be high 
especially between trench oxides. First simulation 
results of the SG FP LDMOS (Table 1) shows the 
evolution of the Ron-sp/VBR trade-off as a function of the 
FP trench height (hFP) for a constant split-gate height 
hSG of 0.5 μm (see Fig. 2), considering a ToxTr, WLDD of 
0.6, 0.5 μm, and Ndr of 5×1016 cm-3. 2D and 3D 
simulation results plotted in Fig. 3 are compared with 
the theoretical 1D Silicon limit for VDMOS, LDMOS 
and FPLDMOS [4] structures. An hFP of 1 μm is 
considered in all 2D simulations throughout this paper. 
 

4. Conclusions 
The SG FP LDMOS is a promising structure for low 
power applications showing competitive results in terms 
of Ron-sp/VBR trade-off. The performance of this 
structure is highly subjected to the split-gate and field-
plate height in the third dimension. 



 
 

TABLE I 
RON-SP/VBR TRADE-OFF VS FP HEIGHT 

hFP (μm)  
0.8 1 1.2 1.4 

VBR (V) 78 68 51 41 
Ron-sp (mΩ×cm2) 0.65 0.58 0.52 0.48 

 

 
 
Fig.1: Schematic view of the drift region in FP power 
LDMOS structures. 
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Fig. 2: Three-dimensional view (a) and top view (b) of the 
analysed SG-FP LDMOS structure. 
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Fig. 3: Comparison between the theoretical Silicon limits and 
the Ron-sp/VBR trade-off simulated values in the SG FP 
LDMOS structures.  
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1. Abstract 
 

In this paper, analytical models are proposed in order to 

determine suitable high-k dielectrics for a SiO2/high-k 

gate stack in Double-Gate (DG) MOSFET at the 22 nm 

technological node. Due to the process induced presence 

of a silicon interfacial layer in the gate stacks, two 

dielectric layers have been considered. Using a 

simplified compact analytical model and an improved 

model based on a semi-empirical tunneling current 

model, the effects of interfacial oxide thickness, 

Electrical Oxide Thickness (EOT), electron effective 
mass, dielectric constant and barrier height have been 

studied in order to select promising dielectric materials. 

 

2. Introduction 
 

Finding an alternative gate material with high dielectric 

constants for coming CMOS generations is one of the 
most challenging problems in the continuous 

development of electronics [1]. SiO2 has a low dielectric 

constant, but in all other aspects remains an excellent 

insulator. It would be useful to keep the advantages of 

SiO2 and, at the same time, to use a new high k oxide in 

a SiO2/high-k gate stack. Accurate characterization and 

modeling of the tunneling current through high-k gate 

stacks with an interfacial SiO2 layer is essential to 

understand the scaling limitations of gate dielectrics. 

Subsequently, it is very helpful to propose suitable high-
k dielectric materials as gate oxides for DG MOSFETs 

at the 22nm node.  

 

3. Simple analytical model 
 

Schuegraf et al. have derived a simple analytical 
expression to represent direct-tunnelling current through 

a trapezoidal barrier [2]. In this work, a simplified 

analytical model for the gate direct tunnelling leakage 

through a two-layer stack [4] is developed for DG 

MOSFET structures, by incorporating it to our previous 

compact model for the potential and drain current [5, 6]. 
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Fig.1: Band offset between conduction bands for different 

oxides and silicon [3] as a function of k-value, for two 

different oxide thicknesses (EOT=1nm with tSiO2=0.5nm, and 

EOT=0.8nm with tSiO2=0.4nm). m
*
=0.26m0, VG=1V, leakage 

current J= 10
-2

 [A/cm
2
], using the simple analytical model.  
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Fig.2: Band offset as a function of k-value, for EOT=0.6nm 

(with tSiO2=0.2nm and tSiO2=0.3nm). m*=0.26m0, VG=1V, 

leakage current J= 10
-2

 [A/cm
2
], using the simplified 

analytical model. 

 

It is found that Ce2O3, and LaAlO3 are suitable gate 

oxides for EOT=1nm with a SiO2 thickness equal to 

0.5nm (Fig. 1), and that the use of La2O3, and LaLuO3 



dielectric materials leads to good results for 

EOT=0.8nm and tSiO2 =0.4nm (Fig.1). 

Moreover, LiNbo3 is found to be a promising gate oxide 

for EOT=0.6nm with a SiO2 thickness equal to 0.2nm 

(Fig. 2). On the other hand, for EOT=0.6nm and tSiO2 

=0.3nm (Fig. 2) no suitable dielectric materials were 

found using the simplified model. Additionally, it can 

be noticed (Figs. 1 and 2) that when decreasing the EOT 

and the SiO2 thickness, the suitable gate oxide materials 

are changing because of the total physical thickness 

change. 
 

4. Improved analytical model 
 

As oxide becomes thinner, the quantization effects in 

the semiconductor have to be considered in order to 

obtain the oxide potentials as an accurate function of the 

gate voltage. Therefore a correction function is needed 
in order to cover these effects in an analytical model. 

This leads to an improved analytical model [2]. Suitable 

electron tunnelling probability WKB for two layers was 

proposed in [7]. It has been adapted in this work to the 

DG MOSFET structure for the direct tunneling gate 

current [8]. 
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Fig.3: Band offset versus k-value, for EOT=1nm with 

tSiO2=0.5nm, and EOT=0.8nm with tSiO2=0.4nm. m
*
=0.26m0, 

VG=1V, J= 10
-2

 [A/cm
2
] from improved model. 

 

Fig.3. shows the result for a gate stack featuring 

EOT=1nm, and tSiO2=0.5nm. In this case, the suitable 

materials are LaScO3, ZrO2, and HfO2. By changing the 

value to EOT=0.8nm, and tSiO2=0.4nm and using the 
improved model the promising materials change to 

Pr2O3 in the hexagonal phase, La2O3 and La2CuO4. 

Fig.4 shows the result of simulations using an  EOT of 

0.6nm, a SiO2 interface thickness of 0.2 nm, and a 

leakage current density of 0.01 [A/cm
2
] at a gate voltage 

of 1 V. The suitable gate oxide materials for this 

requirements using m
*
=0.26m0 are La2O3, and LaLuO3. 

Increasing the thickness of the SiO2 interface from 0.2 

nm to 0.3 nm and using same parameters, no suitable 

dielectric materials for the gate oxide have been found 

for the considered conditions. 
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Fig.4: Band offset as a function of k-value, for EOT=0.6nm 

with tSiO2=0.2n, and tSiO2=0.3nm. m
*
=0.26m0, Vg=1V, J= 10

-2
 

[A/cm
2
] from improved model. 

 

5. Conclusion 
 

New analytical models of the direct tunneling currents 

from Si substrate through interfacial SiO2 and high-k 

gate stacks have been developed, leading to guidelines 

for the search of an appropriate material for a DG 

MOSFET at the 22 nm technological node. The models 
show the possible suitable gate oxide materials for 

different values of EOT and SiO2 interfacial layer 

thickness, satisfying the 22nm node requirements. 
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1. Abstract  

In this work Bulk, DTMOS (dynamic threshold 
MOSFET), BOI (Body-On-Insulator) and SOI (Silicon-
On-Insulator) triple gate FinFETs have been studied 
through three-dimensional numerical simulations. 
Furthermore, their characteristics were compared with 
different channel doping concentrations. The results 
indicated that DTMOS structures show the best analog 
performance for higher channel doping concentration. For 
low doped one, the results are very similar in all devices 
studied with a slight improvement for SOI FinFET. 
 

2. Introduction 
FinFET devices provide potential advantages, such as: 
higher integration density, better short-channel effect 
and near-ideal subthreshold slope [1]. Although 
FinFETs were originally designed on Silicon on 
Insulator (SOI) wafers there is a certain controversy in 
terms of performance when these devices are fabricated 
on SOI, BOI or Bulk substrates. Figure 1 shows the 
triple gate FinFET structures and fig.2 shows the 
difference between the cross sections channel regions of 
the Bulk, DTMOS, BOI and SOI FinFETs. 
 

 
Fig.1: FinFET Device 
 

                   (a)       (b) 

 
 

                    (c)        (d) 
Fig.2: FinFETs: Bulk (a); DTMOS (b); BOI (c) and SOI (d). 

 
Several studies on the comparison between Bulk 
FinFETs and SOI FinFETs [2, 3, 4], BOI and SOI 
FinFETs [5], Bulk and DTMOS FinFETs [6] have been 
published by the literature. In this paper, it is studied the 
influence of devices structures (Bulk, DTMOS, BOI and 
SOI FinFETs) in terms of analog performance. In the 
dynamic threshold MOS (DTMOS) technique [7], the 
body is tied to the gate terminal and BOI FinFETs 
devices (Body-On-Insulator) [5] are based on bulk-Si 
substrate with localized insulator introduced at the 
bottom of Si-Fin body. 

 

3. Simulation Details 
The simulated structures present the equivalent gate 
oxide thickness equal to 2 nm and buried oxide 
thickness of 145 nm for SOI FinFET. Drain and source 
length is 100 nm with silicon doping concentrations of 
ND = 1 x 1020 cm-3 and interface charge densities equal 
to 3 x 1010 cm-2. The 3-D numerical simulator used was 
Atlas [8] and the threshold voltage was extracted by the 
maximum transcondutance change method - MTC [9]. 
 

4. Results and Discussion 
The subthreshold slope (S) versus channel length for 
low doped devices is presented in fig.3. It is observed 
that for long channel length the subthreshold slope is 
near to ideal for all devices studied, while for short 
channel length the subthreshold is lower for SOI and 
DTMOS FinFETs. This fact occurs because these 
devices present better short channel properties than BOI 
and Bulk FinFETs. 
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Fig.3: Subthreshold slope for FinFET structures in linear 
region extracted at drain voltage (VD) equal to 100 mV. 



Figure 4 shows the transconductance and the drain 
current curves as a functions of gate overdrive in 
saturation region (VGT = VG - VT, where VG is the gate 
voltage and VT the threshold voltage) for different 
FinFET structures with high channel doping 
concentration. It is possible to note that DTMOS 
presents a higher transconductance and drain current 
than the other devices due to dynamic VT decrease of 
DTMOS. The same tendency was observed for low 
doped devices. 
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Fig.4: Transconductance (gm) and drain current (ID) versus 
gate overdrive (VGT). 
 
The transistors efficiency (gm/ID ratio) as a function of 
the normalized drain current (ID) is shown in figure 5. It 
is possible to observe that gm/ID of DTMOS devices are 
larger than the other devices, mainly in weak and 
moderate inversion for high and low doped channel 
region. 
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Fig.5: (gm  / ID) versus normalized drain current. 
 
Figures 6 and figure 7 show the curves of the early 
voltage (VEA) and intrinsic voltage gain (AV), 
respectively. For low channel doping concentration   
(NA = 1 X 1015cm-3), all devices show almost the same 
results, although SOI FinFETs present a slight 
improvement compared to the other devices. 
For high doped (NA = 1 X 1018cm-3), DTMOS FinFET 
presents a better intrinsic voltage gain thanks to its high 
transconductance over drain current (gm / ID) and early 
voltage (VEA). 
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Fig.6: Early voltage (VEA ≅ ID / gD) versus normalized drain 
current in saturation region. 
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Fig.7: Intrinsic voltage gain (AV  ≅ VEA . gm / ID) versus 
normalized drain current in saturation region. 

 

5. Conclusions  
For high channel doping concentration DTMOS 
structure exhibit the best analog performance compared 
to Bulk, BOI and SOI FinFETs devices. However, for 
undoped devices (natural doping around 1015cm-3) the 
analog performance is similar for all structures studied 
with a slight advantage for SOI FinFET structure in 
early voltage (output conductance). 
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1. Abstract 

 
A comparative study between the effective channel 
length of the Pillar and Cynthia Vertical Surround Gate 
SOI nMOSFETs, based on the pinch-off region 
behaviour in the saturation region, is performed by 3-D 
numerical simulations, regarding the same aspect ratio 
and bias conditions, in order to understand the drain 
current differences of these devices. The corner effect is 
responsible for defining a variable profile of the 
effective channel length along the channel width of the 
Pillar, in contrast with Cynthia’s constant profile. 
 

2. Introduction 
 

In order to overcome the Double Gate MOSFETs 
fabrication process limitations into the deep submicron 
regime, Vertical Surrounding Gate (VSG) SOI 
MOSFETs were developed.  The two most used ones 
are the Pillar Surround Gate (PSG), that presents a 
square cross-section, and Cynthia that presents a 
circular cross-section [1-2] (Figure 1). 

 
Fig. 1.  Pillar (PSG) (1.a) and Cynthia (1.b) nMOSFETs, 
implemented with DevEdit3D (TCAD/Silvaco). 
 
In Figure 1, L is the channel length, R is the radius of 
the circular cross-section, tox and tSI are the gate oxide 
and PSG silicon film thickness, respectively. Regarding 
that Cynthia channel width (WCynthia=2πR) is equal to 
PSG one (WPSG=4.tSI), R must be equal to 2.tSI/π [3]. 
The ref. [4] has performed a comparative study, by 
three-dimensional numerical simulations (3D NS), of 
the transconductance (gm) over drain current (IDS) as a 
function of the IDS normalized by the geometric factor 
(W/L), i.e. [gm/IDSxIDS/(W/L)], between PSG and 
Cynthia SOI nMOSFETs and it was verified that 
Cynthia gm/IDS is larger (≅10%) than the PSG one, for 

the same W/L and bias conditions, mainly for weak and 
moderate inversion regimes, due to the corner affect 
(CE) [larger electric field (∈) in the PSG corners, 
reducing the threshold voltage (VTH)] influence in the 
PSG structure, and therefore by using Cynthia, it is 
possible to enhance the voltage gain (Av) of the analog 
integrated circuits (ICs). The ref. [5] is an extension of 
the work performed by the ref. [4], but regarding two 
technologies, the conventional and graded channel 
(GC), and additionally, a detailed study of the CE 
influence over the PSG VTH was performed, in which 
was observed that PSG IDS is larger than the Cynthia 
one, in the saturation region, based on IDSxVGS curves, 
for different VDS, considering the same W/L and bias 
conditions, for both technologies. So, in order to 
understand the IDS differences between these devices, 
the objective of this work is to perform a comparative 
study of the effective channel length (Leff) behaviour, by 
3D NS. 

 
3. Devices Structures 

 
DevEdit3D [6] is used to implement Cynthia and PSG 
structures (Fig.1). This comparative study considers 
WCynthia=WPSG=400 nm (tSI=100 nm and R=63.6 nm), 
L=400 nm, W/L fixed, tox=3 nm and drain/source (n-
type) and silicon film (p-type) doping concentrations are 
equals to 1x1020 and 5.5x1017 cm-3, respectively. 
Cynthia (ACYN) and PSG (APSG) cross-sections areas are 
equals to 12.867 and 10.000 nm2, respectively. 
Concentration-dependent SRH, Selberherr Impact 
Ionization, Lombardi’s and Aurora, Fowler-Nordheim 
and Lucky-Electron Hot Carrier Injection models are 
used in 3D NS [6]. 

 
4. Simulations Results 

 
3D NS were performed in order to obtain IDSxVGS 
curves, regarding different VDS for both structures. The 
extracted VTH of Cynthia and PSG are 130 and 120 mV, 
respectively. As an example, Fig. 2 presents the IDSxVGT 
curve, where VGT is the overdrive gate voltage, for 
Cynthia and PSG SOI nMOSFETs, for VDS=400 mV. 
This same IDSxVGT curves behaviour is observed for 
different VDS (100-900 mV). 

L L 
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Fig. 2.  Example of Cynthia and PSG IDSxVGT curves. 
 
Note that, the PSG IDS is larger than the Cynthia one, in 
the saturation region. So, in order to understand these 
IDS differences, the electrons concentration surfaces of 
5.5x1017 cm-3 are plotted, as an analysis criteria, to 
investigate the pinch-off region profile in the PSG and 
Cynthia, for L=400 nm, regarding W=400 nm (Fig. 3.a 
and 3.b) and W=1000 nm (Fig. 3.c and 3.d), 
respectively (VGS=200 mV and  VDS=800 mV). 

 
Fig. 3.  Electrons concentration surfaces of 5.5x1017 cm-3 for 
PSG and Cynthia for W=400 nm (a, b) and W=1000 nm (c, d), 
respectively, in saturation region. 
 
In Fig. 3, ΔLPSG_min, ΔLPSG_max and ΔLCYN are the PSG 
minimum, maximum and Cynthia distances between the 
pinch-off and the drain regions, respectively, and 
Leff_mim and Leff_max the minimum and maximum PSG 
Leff, respectively. Observing Fig. 3.a, the ΔLPSG_min=18.2 
nm and ΔLPSG_max=218 nm and consequently Leff_max=L-
ΔLPSG_min=381.8 nm and Leff min=L-ΔLPSG_max=182 nm 
and therefore Leff varies as a function of W, in contrast 
of the Cynthia transistor (ΔLCYN=84.8 nm and 
Leff=315.2 nm). In first approximation, if we consider 
that the PSG Leff as arithmetic average between Leff_mim 
and Leff max (=281.9 nm), we can see that PSG Leff is 
smaller than Cynthia Leff, and consequently the PSG IDS 
is larger than Cynthia IDS in the saturation region, as 
was showed in Fig. 2. The reason why the PSG Leff is 
variable as a function of W for the same bias conditions, 
can be explained: (I) as it moves to the corners direction 
of the PSG structure, the ∈ increases (corner effect), 
VTH diminishes, VGT increases and consequently the 
quiescent point moves along the saturation region in the 
triode region direction (VDS-VGT reduces, because the 
saturation region condition is VDS≥VGS-VTH=VGT) and 
therefore the distance between pinch-off and drain 
regions (ΔLPSG) reduces, Leff increases and consequently 
IDS decreases; and (II) as it moves to the central 
direction of the PSG structure, the ∈ decreases (smaller 

influence of corner effect), VTH increases, VGT decreases 
and consequently the quiescent point moves along of the 
saturation region, moving away from the triode region 
(larger VDS-VGT) and therefore the ΔLPSG increases, Leff 
diminishes and consequently IDS increases. One new 
simulation was performed considering a larger W 
(=1000 nm), considering L=400 nm, VGS=200 mV and 
VDS=800 mV, resulting in a pinch-off region profile as 
we can see in the Fig. 3.c and 3.d. Note that, as W is 
increasing, the corner effect in the PSG central region 
tends to be smaller and consequently the PSG Leff (=39 
nm) tends to be similar to the Cynthia one (=44 nm). 
Besides that, as it can be observed in Fig. 3.a and 3.b, 
PSG Leff_min is smaller than Cynthia Leff, regarding the 
same aspect ratio (W=L=400 nm) and bias conditions 
(saturation region). This behaviour can be justified, 
because the PSG ∈ is smaller than the Cynthia one, 
regarding a distance d=5 nm, as an analysis criteria, 
from the gate oxide/silicon film interface of these 
structures and in the middle of the channel (L/2), due to 
the PSG tSI (100 nm) is smaller than the Cynthia tSI’ 
(=2R=127.3 nm) [7], in order to produce a similar W/L, 
as can be seen in Fig. 4, we have gotten PSG 
VTH>Cynthia VTH, PSG VGT<Cynthia VGT, PSG VDS-
VGT>Cynthia  VDS-VGT and consequently PSG 
Leff_min<Cynthia Leff, as we thought at first. 

 
Fig. 4.  Electron field in L/2, regarding W=400 nm and 
W=1000 nm, respectively, for VDS=800 mV and VGS=200 mV. 

 
5. Conclusions 

 
    This paper describes the corner effect influence over 
the PSG pinch-off region profile as a function of W, 
which affects directly the effective channel length and 
consequently the drain current in the saturation region. 
Besides that, it is shown that PSG drain current is larger 
than the Cynthia one in saturation region, due to the 
corner effect observed.  For higher W, the corner effect 
influence in the PSG central region is reduced and PSG 
Leff, it tends to be similar to the Cynthia one. 
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1. Abstract 
 

The properties of SOI nanofilm piezoresistors have been 

studied. 60 nm to 130 nm thin resistors were fabricated 

on SOI-silicon. Measurements indicate a prolonged time 

drift in the resistors as well as that the conductivity is 

extremely sensitive to substrate voltages. The drift is 

explained by hole injection into the buried oxide.  

 

2. Introduction 

 
The piezoresistive effect in silicon has been widely used 

in MEMS applications such as different sensor devices 

[1]. Inspired by the enhanced piezoresistive effect in 

silicon nanowires [2,3], research in the field has been 

made the past few years. However, the manufacturing 

processes are still challenging to industrial fabrication. 

Since the large piezoresistive effect is observed in one 

dimensional resistors (nanowires), similar effects could 

be expected for two dimensional structures as well. In 

making of either of these structures, SOI material would 

be the natural choice. Here thin film resistors have been 

manufactured using different SOI wafers and been 

electrically characterized and the piezoresistive effect 

has been investigated. 

 

3. Experimental 

 
Structures for investigating the piezoresistive effect 

were fabricated on Smart-Cut SOI wafers and SIMOX 

wafers, with a single crystalline device layer of 340 nm 

and 190 nm, respectively. The wafers were implanted 

with boron and subsequently thinned down to 130 nm to 

60 nm by TMAH-etching. P-type silicon was chosen 

because of its high piezoresistive coefficient compared 

to n-type. Several resistors of different sizes and with 

four point resistance measurement configuration and 

with standard ohmic contacts were defined. The devices 

were then characterized by measuring the I-V and C-V 

characteristics. To investigate the piezoresistive effect 

in the thin film resistors a four point bending fixture [4] 

was used.  

 

4. Results and discussion 

 
   The resistivity of the boron doped SOI wafers was 

determined by four point probe measurements and was 

much higher than anticipated, around 2-3 Ωcm. This is 

probably due to boron loss into the buried oxide, i.e 

segregation during annealing. Since the doping was 

fairly low, the conductance of the thin device layer was 

extremely sensitive to the substrate bias, see figure 1. 

By applying a negative voltage to the substrate, the 

concentration of positive charge carriers increases 

resulting in a corresponding decrease of the resistivity. 

When 0V was applied, the resistors became nearly fully 

depleted and the resistance was in the order of gigaohm 

and therefore a negative voltage was applied. A 

prolonged time drift could be observed where the 

resistance varies with time, see figure 2. Resistors with 

doping three times higher were therefore fabricated and 

0V substrate voltage could be used, however time drift 

remained although decreased. The drift is not dependent 

on the type of SOI substrate.  

   To be able to investigate the piezoresistive effect, the 

resistors had to be “burned-in” for several hours prior to 

the measurements. The resistance was then measured as 

a function of the mechanical stress using the bending 

fixture. Figure 3 illustrates such measurements and that 

the piezoresistive coefficient is very close to the bulk 

value of p-Si, i.e. longitudinal piezoresistive coefficient 

πl = 71.8e-11 Pa
-1

. Furthermore it was observed that the 

drift was independent of applied mechanical stress. 

   The reason for the time drift was still not clear so 

further investigations were made. The C-V 

characteristics of a resistor was therefore measured, see 

figure 4. The capacitance curve shows both depletion 

and inversion/accumulation behaviour. Qualitatively 

similar behaviour was observed using TCAD simulation 

of the same structure, see figure 5. It is clear from the 

simulations that for negative substrate bias the top layer 

is heavily accumulated with holes close to the BOX 

interface (B), while the bottom interface is in inversion. 

The opposite is true for positive substrate bias (A). It is 

therefore concluded that the resistance in the top layer is 

dependent on the degree of accumulation, which may be 

affected by injected charge in the oxide. Assuming that 

holes may be injected from the resistor into the BOX a 

drift towards higher resistance is expected.  

   On the other hand, a drift towards lower resistance 

may be explained by mobile charges or slow defects 

behaving as such. A bias-temperature stress (BTS) 

measurement was made on a metal pad, directly 



contacting the BOX, and the result is seen in figure 6. 

From the huge shift in the C-V curves an equivalent 

charge density was calculated to 1.2•10
12

 cm
-2

. 

 

5. Conclusions 

 
The present study shows no extraordinary piezoresistive 

effect in the thin film SOI resistors. However, a drift in 

the resistance was observed, which is explained by two 

competing effects resulting in increased or decreased 

resistance, i.e. hole injection and possible mobile 

charges in the BOX, respectively. The resistance drift 

was observed for resistors made on both Smart-cut and 

SIMOX SOI substrates. 
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Fig.1: Resistance of top layer versus substrate voltage on 

SIMOX substrate. 
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Fig.2: Long time drift of resistors on SIMOX substrate show 
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Fig.4: C-V measurement applying the voltage to all contacts 
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Fig.5: Simulated capacitance curve as a function of applied 

substrate bias. Point A shows inversion and B accumulation in 

the top layer, respectively. Color scale corresponds to the hole 

concentration. 
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Fig.6: Bias temperature stress of MOS capacitor consisting of 

a metal gate contact directly onto the buried oxide, revealing 

a high equivalent charge density of 1.2·1012 cm-2. Smart-cut. 
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1. Abstract 
 

It has been proposed recently, that using a ferroelectric 
gated capacitor operated in its negative capacitance 
region could act as a step-up converter of the surface 
potential, providing a route for the realization of steep 
subthreshold transistors. In this work we present a 
comprehensive study of the metal-ferroelectric-
insulator-semiconductor (MFIS) gate stack including 
the negative capacitance region of the ferroelectric 
material. We have found that the amorphous interfacial 
layer (AIL), generally formed at the 
semiconductor/insulator interface, poses great difficulty 
for experimental observation of such a step up converter 
and should be carefully controlled. For a high-quality 
interfacial layer, virtually free of AIL, electrical 
measurements should reveal a sharp peak on the C-V 
characteristics as a signature of the step up conversion. 
This research is relevant for transistors fabricated using  
CMOS and SOI technologies 
 

 
2. Introduction 

 
One of the most severe problems in the field of 
microelectronics is the evacuation of heat dissipated 
during data processing [1]. Although a single 
semiconductor device produces a tiny amount of heat 
(around 10-16 J), integrated circuits today contain about 
109 devices. The problem has led to a power crisis in 
manufacturing of semiconductor devices, which could 
well end up with Moore's law. To achieve the 
integration of 1012 devices, which would enable new 
features not yet imagined, and a significant reduction of 
integration cost, some radical new solution that allows 
handle the problem of heat dissipation is required. One 
possibility is to dissipate less power (Pactive) during 
transistor switching. The most effective way to reduce 

power is to reduce the supply voltage (Vdd), as Pactive∝ 
CVdd

2f (where C is the total equivalent capacitance to be 
charged and discharged in a clock cycle, and f is the 
frequency of the clock). For high-performance digital 
applications –e.g, microprocessors for personal 
computers- reducing Vdd must be accompanied by a 
reduction of the threshold voltage (Vth), for not to worse 
the delay time. However, reducing Vth implies an 
exponential increase of dissipated power in the OFF 
state (Poff). Accordingly, downscaling of Vdd can not be 
applied without limit as a strategy to reduce power 
consumption, as Poff would grow uncontrollably. The 
reason is that the subthreshold slope (a figure of merit 
that describes the goodness of the transition OFF-
ON/ON-OFF) of a conventional transistor is not 
scalable and presents a fundamental thermodynamic 
limit of S=60 mV/decade at room temperature. This 
limit is known as the Boltzmann tyranny and is widely 
accepted by the scientific community that is not possible 
to obtain S<60 mV/decade without changing the 
principle of operation of the transistor. 
 
 

3. Results 
 

In this work we explore a change in the design of 
conventional transistor in order to achieve subthreshold 
slopes below 60 mV/decade. The proposal is replacing 
the conventional gate insulator (a dielectric material) 
with a ferroelectric material [2-3]. This type of material 
presents a region of negative capacitance in its Q-V 
curve (charge vs. applied voltage) (Figure 1). A 
negative capacitance means that by increasing the 
applied voltage then the stored charge decreases. This 
region of negative capacitance is not directly observable 
in experiments but, if the ferroelectric material is 
associated in series with a small capacitance, the 
conditions for its observation should be fulfilled. The 
role of this capacitance is played by the channel-
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1. Abstract 

DC measurements at high temperature of n-channel 
triple-gate transistors with 25 nm fin-width and 65 nm 
fin-height, high-k dielectric and metal gate for strained 
and unstrained substrates are investigated. The 
variations of the main transistor parameters with 
temperature are analyzed from room temperature up to 
200°C. 

2. Introduction 
One of the assets of Silicon-on-Insulator (SOI) CMOS 
technologies is their robust high-temperature behaviour 
which makes them attractive for e.g. automotive 
applications. This potential has recently also been 
explored for Multiple-Gate FinFET devices on SOI 
substrates [1-3]. At the same time, strain engineering is 
one of the enabling techniques to boost the device 
performance further along the ITRS roadmap [4,5]. 
Performance enhancement can be obtained by the use of 
substrate induced (or biaxial) strained material (sSOI) or 
the implementation of strained contact etch stop layers 
(CESL), which leads to uniaxial process induced strain 
in the channel. This work presents the impact of the 
temperature on the DC performance from room 
temperature up to 200oC for standard and strained 
nFinFETs.  

3. Experimental 
The n-channel transistors have been fabricated on 
standard and strained-SOI (sSOI) substrates. Additional 
splits utilize tensile stress induced by CESL across the 
gate stack and Selective Epitaxial Growth (SEG) for 
source and drain regions. The different wafers are 
indicated by SOI, sSOI, sSOI+tensile CESL, 
sSOI+SEG+tensile CESL. The gate stack consists of a 
high-k dielectric (HfSiON) on top of  1 nm interfacial 
SiO2, resulting in an equivalent oxide thickness (EOT) 
of 1.5 nm. The gate metal consists of 10 nm TiN 
covered by 100 nm polysilicon. Further processing 
details can be found in [6]. The dimensions of the tested 
devices were: gate length from L= 40 nm up to 1 µm, fin 
width Wfin= 25 nm and 5 fins in parallel. The results in 
this work are focused on the transistors with gate length 
L = 60 nm. The temperature variation of the basic 
parameters, such as threshold voltage (Vth), subthreshold 
swing (S), mobility (µ) and parasitic series resistance 

(RSD) are extracted using the Y function method 
(Y=ID/(gm)1/2) [7], by comparing devices with different 
strain under linear operation (VD = 50 mV).  

4. Results and discussion 
The reduction of the threshold voltage Vth with the 
temperature increase for the unstrained and strained 
nFinFETs is shown in Figure 1. The slopes of the 
characteristics do not differ much for the different types 
of nFinFETs. The threshold voltage decreases with 
increasing temperature at a rate of -0.57 mV/°C in the 
standard nFinFET. Similar values are obtained for 
strained nFinFET except for sSOI + tCESL 
(-0.45 mV/°C). The threshold voltage decrease with 
temperature was relied to Fermi potential reduction with 
temperature [1-3]. The values of the ∆ΦF/∆T are about 
1 mV/°C (NA= 1015 cm-3). This disagreement could be 
explained by using analytical model of the threshold 
voltage as in [1,2] where the threshold voltage is 
described as a function of the potential surface and the 
flatband voltage, the top conduction of the triple-gate 
FinFET were neglected due to the narrow WFin under 
study. This analytical model predicts values in 
agreement with the experimental results. 
Regarding the subthreshold swing, the variation versus 
temperature can be seen in Figure 2. The obtained 
values are higher than the ideal one due to charge 
sharing effect. For temperatures higher than 175°C, one 
can note a slight increase of the subthreshold swing in 
strained nFinFETs. This increase could be explained by 
the gate-to-surface potential coupling and a not ideal 
exponential dependence of the inversion charge on the 
surface potential [2].  
The drift – diffusion mobility for all studied devices and 
temperatures investigated were obtained by substracting 
from the extracted low field mobility (µ0) the ballistic 
mobility (µbal) using the procedure of [8]. The 
backscattering coefficient r values at 25° and 200°C are 
shown in Table 1. One can observe that the ballistic 
transport is more important in strained devices at room 
temperature. The drift – diffusion mobility variation 
with temperature is showed in Figure 3. A good 
correlation with the T-1.5 variation law (solid lines in 
Fig. 3) can be observed. This suggests that for studied 
devices, the dominating phenomenon is the phonon 
scattering mechanism. One of the problems related with 



the use of narrow nFinFETs is the increase of the 
parasitic series resistance. The values of RSD at 25°C and 
the rate ∆RSD/∆T are showed in Table 1. The series 
resistance is quite similar in SOI and sSOI+ tCESL 
devices, but we notice a higher variation rate for the 
latter. Compared with standard devices, the introduction 
of SEG allows to obtain approximately 70% reduction 
of RSD for all temperatures investigated. 
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Fig.1: Extracted threshold voltage (VDS=50mV) as a function 

of the temperature. 

0 50 100 150 200

60

70

80

90

100

110

120  SOI
 sSOI
 sSOI+ tCESL
 sSOI+SEG+ tCESL
 kT/q Ln10 (Ideal S)

S
ub

th
re

sh
ol

d 
sw

in
g 

(m
V

/d
ec

)

Temperature (°C)

 
Fig.2: Extracted subthreshold swing (VDS=50mV) as a 
function of the temperature. 
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Fig.3: Drift-diffusion electron mobility (VDS=50mV) as a 
function of the temperature. 
 
As the temperature increases, the off-current is 
increased. The variation of Ioff is dominated by the 
degradation in subthreshold swing and by the reduction 
of the threshold voltage. The values of the estimated 
energy activation Ea, extracted from the slope of log (Ioff) 
versus the temperature and the values of the Ioff current 
at room temperature are shown in Table 1. One can 
notice that the Ioff current is higher in strained devices. 
Finally, in designing digital and analog circuits for high 
temperature application, it is desirable to bias the 
circuits at a point where the drain current remains 
constant as the temperature varies, this point is known as 

the zero temperature coefficient biasing point; VZTC are 
values of VGS at which the reduction of Vth is counter 
balanced by the reduction of the mobility, and as a 
result, the value of the drain current remains constant as 
the temperature varies. For gate voltages lower than 
VZTC, the decrease of Vth is dominant and the drain 
current increases with temperature while for gate 
voltages higher than VZTC, the mobility degradation 
predominates and the drain current decreases with 
temperature [9]. The values of VZTC for studied devices 
are reported in Table 1. One can note a reduction of the 
VZTC between the standard and strained devices. 
 

Table 1: Summary of the extracted transistor parameters for 
the studied devices.  

5. Conclusions 

In this paper, the main electrical parameters for strained 
and unstrained nFinFETs were investigated from 25 up 
to 200°C.  One noticed that the lowest threshold voltage 
shift is obtained for sSOI+tCESL devices; while the 
highest mobility is obtained for the sSOI+SEG+CESL. 
The ZTC voltage was pointed out and the lowest is 
found in strained nFinFETs. The use of strain techniques 
prevents the degradation of these parameters at high 
temperatures; the strain can counteract the high 
temperatures effect. These devices seem to be less 
sensitive to the temperature variation than the standard 
nFinFETs, indicating an additional benefit of strain 
engineering. 
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 SOI sSOI sSOI+ 
tCESL 

sSOI+ 
SEG+ 
tCESL 

∆Vth/∆T 
(mV/°C) 

-0.57 -0.60 -0.45 -0.57 

∆S/∆T(mV/ 
dec/°) 

0.24 0.28 0.2→0.28 0.2→0.4 

RSD @ 
25°C(Ω) 

367 256 355 116 

∆RSD/∆T 
(Ω/°C) 

0.64 0.72 1.4 0.31 

Ioff @ 25°C 
(A) 

1 10-12 1.8 10-12 1.4 10-10 1.1 10-11 

Ea (eV) 0.23 0.23 0.17 0.20 
VZTC (V) 0.71 0.58 0.37 0.59 
r @25°C 0.94 0.86 0.84 0.80 
r @200°C 0.98 

 
0.97 
 

0.97 
 

0.95 
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1. Introduction 

   In several analog circuits such as audio systems, A/D 
converters and filters, the linearity becomes extremely 
important. Balanced structures composed by at least two 
transistors (2-MOS) were developed aiming at the reduction 
of the non-linearities (or harmonic distortion) exhibited by 
single transistors [1]. These structures play a key role in 
MOSFET-C filters where they are applied for resistive 
purposes. Transistors are preferred instead of resistors for 
allowing smaller die area and on-chip tuning for process and 
temperature variations. FinFET transistors are presented as a 
good alternative for the evaluated resistive structures, since a 
number of studies have shown their improved scaling 
properties and their superior analog performance [2,3]. Filters 
generally require an on-resistance (RON) of a few hundred 
kOhms, which can be reached through the use of long-channel 
transistors [4].  
   Biaxially strained devices under tensile stress improve 
nMOS devices mobility with respect to the conventional ones 
[5] due to their lower carrier effective mass. In contrast to 
uniaxial stress, the biaxial one privileges long transistors, 
which are more interesting for analog purposes. This paper 
evaluates for the first time the harmonic distortion of 2-MOS 
structures composed by biaxially strained triple gate nMOS 
FinFETs, as a function of the channel length (L) and the fin 
width (Wfin), comparing these characteristics to the ones 
observed in standard FinFETs. 

2. Circuit and Devices Characteristics 
   Both standard and strained triple gate FinFETs were 
fabricated according to the process described in [6], with low 
doped p-type body (concentration of 10

15
 cm

-3
), TiN gate 

material, effective gate oxide thickness of about 2 nm (1 nm of 
SiO2 and 2 nm of HfO2), silicon height (Hfin) of 60 nm in the 
standard FinFETs and of 55 nm in the strained ones, several 
fin widths and channel lengths. The channel width (W) is 
estimated as W=2Hfin+Wfin due to the presence of three gates. 
The harmonic distortion has been determined through the 
Integral Function Method (IFM) [7]. The 2-MOS structures 
are responsible for the suppression of the odd order harmonics 
exhibited in the output of single transistor circuits. As a result, 
the second order harmonic distortion (HD2), usually the 
dominant non-linearity component, becomes less important 
than the third harmonic distortion (HD3). Thus, HD3 will be 
taken as the figure of merit for the current work. Fig. 1 shows 
the 2-MOS structure under analysis where Vo is the DC bias 
(set to 0 V), VG is the gate bias (common to both transistors) 
and Va is the amplitude of a sinusoidal signal applied 

symmetrically to the drain of the devices. In this work Va has 
been set to 0.15 V, which implies a peak-to-peak input 
amplitude of 0.3 V. 

 
Fig.1: 2-MOS balanced structure scheme 

3. Harmonic Distortion Evaluation 
   Firstly, the non-linearity was extracted for single fin standard 
and strained devices with several Wfin and L = 10 m. Fig. 2 
shows HD3 as a function of the gate voltage overdrive (VGT).  
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Fig.2: HD3 vs. VGT for 2-MOS structures with 10 µm-long FinFETs. 

   Except for the linearity peaks region, one can observe an 
improvement in HD3 as VGT is increased for both standard 
and strained devices, associated with the saturation voltage 
increase with VGT. The non-linearity presented by 2-MOS 
structures results from the body effect (which dominates HD3 
for lower VGT) and the mobility degradation (which becomes 
the major HD3 source for higher VGT) [8,9]. In the peaks 
region both effects occur simultaneously and a compensation 
of the non-linearities generated by each of them takes place. 
Biasing the devices in the peaks region is unpractical due to 
the sensitivity of the peaks along VGT for process and 
temperature variations. Considering that a poorer linearity is 
obtained for lower VGT where the devices operate in the 
saturation region, the optimal bias stands for VGT greater than 
0.4 V, for both conventional and strained devices. Indeed, the 
influence of the strain in HD3 for transistors of different Wfin 
has shown to be very slight, improving HD3 with respect to 
standard FinFETs as can be clearly observed in Fig. 3.  
   At VGT = 0.5 V, the strained transistor of Wfin = 40 nm 
exhibits 2 dB better HD3 than the unstrained device of the 
same dimension. In order to attain the same HD3 level in a 
conventional transistor at the same bias, Wfin must be 
increased to 100 nm. This behaviour is related to the higher 
mobility degradation observed in strained transistors with 
respect to the conventional ones, since the mobility 
degradation influences positively HD3 in 2-MOS composed 



by FinFETs as stated in [10] where expression (1) correlating 
HD3 and a quadratic mobility degradation factor θ2 is 
developed from expression (2).  
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Fig.3: Extracted HD3 vs. Wfin curves for 2-MOS balanced structures 
with 10 µm-long FinFETs at Va = 0.15 V. 

   However, the higher drain current promoted by 10 m-long 
strained devices in comparison to the standard ones is 
responsible for a reduction in RON, which is undesirable for 
resistive structures. Comparing Figs 4(A) and (B), one can 
note that at a similar linearity level in both conventional and 
strained devices of the same dimensions (by setting a similar 
gate bias), the on-resistance multiplied by the total device 
width (RON.W) reduces by a factor of 2 in strained FinFETs. 
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Fig.4: HD3 vs. RON.W curves for 2-MOS balanced structures with 
(A) standard and (B) biaxially strained FinFETs at Va = 0.15 V. 

   To determine the influence of the channel length in HD3, the 
non-linearity has been extracted for multiple fin (with 30 fins) 
standard and strained devices of several channel lengths and 
Wfin = 20 nm. Fig. 5 presents HD3 vs. VGT for conventional 
and strained devices with L varying from 150 nm up to     
2910 nm, where a slightly better linearity of 2 dB is obtained 
in favour of strained devices for VGT > 0.2 V.  
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structures with    20 nm-Wfin FinFETs at  Va = 0.15 V. 

    As presented in Fig. 6, at a fixed value of VGT = 0.4 V, a 
better HD3 can be observed for all the strained devices with 
respect to the conventional ones and the non-linearity 
reduction due to the strain is even greater for longer devices. 
This is related with the higher influence of biaxial stress in 
longer devices compared with the shorter ones. In such 
transistors, both a higher transconductance and higher 
mobility degradation are obtained, which improves HD3 [10]. 
   Thus, shorter strained transistors can be used to attain the 

same linearity level of a conventional device at similar VGT. 

For larger values of VGT, a reduction of the mobility 

degradation is responsible for a closer HD3 between strained 

and standard devices. Also in Fig. 6, HD3 vs. L is obtained for 

a fixed RON.(W/L) = 6.5 k . A significant reduction of HD3 

up to 5 dB is noted for shorter strained devices (L  210 nm) 

with respect to the conventional transistors of same L, while 

the longer ones attain such fixed RON.(W/L) when operating in 

the linearity peaks region, which is unpractical. 
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Fig.6: Extracted HD3 vs. L curves for 2-MOS balanced 
structures with 20 nm-Wfin FinFETs at Va = 0.15. 

   When multiplying RON.W, the analyzed devices have 

presented on-resistances between 100 k  and 250 k , which 

are values interesting for 2-MOS structures applications. 

4. Conclusions 
   This work demonstrated that strain slightly affects non-

linearities exhibited in 2-MOS structures composed by 

FinFETs. When evaluated in terms of VGT, the distortion 

exhibited by strained devices operating in the linear region is 

always lower than the one exhibited by standard devices of the 

same dimensions independently of the Wfin or L. This 

behavior is related to the higher mobility degradation for the 

strained structure. On the other hand, the evaluation of HD3 in 

terms of the RON at a fixed VGT, showed that longer strained 

devices promote a reduction of RON.W by a factor of 2 with 

respect to the standard ones, maintaining similar HD3, which 

is undesirable for resistive structures. However, for shorter 

devices the reduction of RON.(W/L) due to the strain is lower.  
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1. Abstract 

Several papers have recently demonstrated the outstanding 

properties of Multi-Gate Junctionless transistors [1],[2] in 

comparison with Trigate FETs for digital applications. Here, 

for the first time, junctionless transistor properties are 

investigated for analog purposes [3]. The physical 

characteristics of Junctionless transistors can provide better 

analog performance than standard inversion-mode trigate 

devices. 

2. Devices Characteristics 
The Junctionless transistor is a multiple gate device where 

the channel region presents doping concentration the same 

as in the source and drain (N
+
-N

+
-N

+
 for an nMOS). Thus, 

these transistors have no junctions. They have been shown to 

provide several advantages with respect to inversion-mode 

multi-gate devices [2] such as improved subthreshold slope 

and DIBL. The studied devices were built on SOI wafers 

according to the process described in ref. [4]. The fabricated 

devices present an n-type body doping concentration of    

5x10
19

 cm
-3
, a channel length of 1 m and fin widths (Wfin) 

of 30 nm, 40 nm and 50 nm. The fin height (Hfin) is 

approximately 10 nm. The threshold voltage has suitable 

values owing to the use of P
+
 polysilicon as gate material. 

The gate oxide thickness is 10 nm. A cross-section TEM of a 

Junctionless transistor is presented in Fig. 1. The analog 

parameters obtained for the Junctionless devices are 

compared with those of Inversion-Mode (N
+
-P

-
-N

+
) SOI 

Trigate transistors of similar dimensions. Inversion-Mode 

devices present p-type body doping concentration in the 

order of 10
18

 cm
-3
. 

 
Fig.1: Cross-section TEM picture of a Junctionless Transistor. 

3. Analog Performance Evaluation 
The analog parameters analysis has been carried out 

considering Junctionless and standard Trigate devices biased 

in saturation operating as single-transistor amplifiers. Thus, 

the curves of the drain current (IDS) as a function of the gate 

overdrive voltage (VGT = VGS - VTH) were measured on both 

standard Trigate and Junctionless transistors at VDS = 1V as 

shown in Fig. 2.  
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Fig.2: Curves of IDS vs. VGT of measured Inversion-Mode 

Trigate and Junctionless devices at VDS = 1.0 V. 

From the IDS-VGT curves shown in Fig.1 and from IDS-VDS  

curves, several analog parameters have been obtained for 

both Junctionless and Trigate devices such as the 

transconductance-to-drain current ratio (gm/IDS) as a function 

of IDS(W/L) where W is the total device width (W= 

2Hfin+Wfin), the open-loop voltage gain (AV) and the total 

harmonic distortion (THD). 
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Fig.3: Curves of gm/IDS vs. IDS/(W/L) of measured Trigate and 

Junctionless devices at VDS = 1.0 V and Va = 50 mV. 

Fig. 3 (A) exhibits the curves of gm/IDS vs. IDS/(W/L) at    

VDS=1.0V. According to the figure, in moderate and strong 

inversion, Trigate devices present larger gm/IDS than 

Junctionless devices. The gm/IDS parameter is related to the 

unity gain frequency (fT), which an important analog 

parameter, as presented in expression (1). 
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For higher values of gm/IDS, larger fT is obtained. The lower 

gm/IDS shown by Junctionless transistors in moderate/strong 

inversion can be explained by its lower mobility in the 

channel region, resulting from the higher body doping 

concentration. In Fig. 3 (B), the curves of gm/IDS are shown 

as a function of VGT. From these curves one can note that for 

the same VGT, Junctionless and Trigate devices have similar 

efficiency for converting IDS in gm. 

Although related with to, the open-loop voltage gain        

(AV=gm/gD, gD being the output conductance) of the 

Junctionless is not affected by its poorer transconductance at 

higher values of gm/IDS as shown in Fig. 4. This figure 

presents AV vs. gm/IDS at VDS = 1V. The curves of AV have 

been plotted as a function of gm/IDS to guarantee that all 

devices are biased at similar inversion level.  
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Fig.4: Curves of AV vs. gm/IDS of measured Trigate and 

Junctionless devices at VDS = 1.0 V. 

At higher values of gm/IDS, the lower transconductance 

presented by Junctionless transistors with respect to the 

Trigate ones is compensated by its even lower drain 

conductance and the AV of the Junctionless is superior than 

the one presented by Trigate devices. At gm/IDS = 9 V
-1
, 

Junctionless transistors present AV better up to 10dB better 

than a Trigate device of similar dimensions. On the other 

hand, at lower values of gm/IDS, Junctionless transistors of 

several Wfin present reduced gains with respect to the Trigate 

devices due to a lower transconductance. As the gate control 

in Junctionless devices is obtained by thinning the silicon 

film, the variation of Wfin weakly affect the AV. On the other 

hand, in Trigate devices the increase of Wfin rises the series 

resistance, reducing gm and finally degrading AV. 

The evaluation of the non-linearities or harmonic distortion 

is also important in analog circuits. This analysis has been 

performed through the extraction of the total harmonic 

distortion (THD), which has been determined through the 

application of the Integral Function Method (IFM) [5], 

which allows for the linearity extraction directly from the 

DC characteristics of the devices. This method considers an 

input sinusoidal signal of amplitude Va added to the VGT bias 

associated to the I-V characteristics and VGS=VGT+Va×sin(x) 

with x between 0 and 2 . The curves of total harmonic 

distortion from the I-V characteristics of Fig. 2 are shown in 

Fig. 5 for a sinusoidal input signal of amplitude Va=50mV.  
According to Fig. 5, both Junctionless and Trigate transistors 

present better THD for lower gm/IDS (higher VGT) values and 

in the interval between 1-2.5V
-1
 linearity peaks are observed. 

In this region of the curves devices change their operation 

from saturation to triode, which has no practical interest for 

amplifiers. At higher gm/IDS ratios, the THD of Junctionless 

transistors present reduced distortion with respect to their 

Trigate counterparts. The improvement in THD obtained for 

the Junctionless transistor can be related to its lower mobility 

due to the higher doping concentration in the channel region. 
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Fig.5: Curves of THD vs. gm/IDS of measured Trigate and 

Junctionless devices at VDS = 1.0 V and Va = 50 mV. 

At higher values of gm/IDS (  9V
-1
) an improvement on THD 

in the order of 5dB can be obtained using Junctionless 

transistor instead of the Inversion-Mode Trigate of 30 nm-

Wfin. When varying the fin widths from 30nm to 50nm, 

similar THD behavior is obtained in Trigates. However, the 

THD of Junctionless transistors presents higher dependence 

on Wfin and the harmonic distortion decreases with fin width. 

As THD and AV are correlated variables, THD can be 

normalized by AV for more accurate analysis as shown in 

Table 1 for two different gm/IDS values. 
Table 1: Comparison between THD/AV  (dB) of Junctionless and 

Trigate devices at different gm/IDS. 

Wfin 

[nm] 

Trigate Junctionless 

gm/IDS=3V-1 gm/IDS=7V-1 gm/IDS=3V-1 gm/IDS=7V-1 

30 78.62 75.38 57.78 91.90 

40 76.52 79.04 59.61 95.53 

50 74.40 82.70 68.09 91.72 

According to the table, at higher gm/IDS the Junctionless 

transistors present a THD/AV up to 16dB better than the 

Trigate of similar dimensions, while Trigate transistors 

exhibit an advantage greater than 15 dB for lower gm/IDS. 

4. Conclusions 
Although developed aiming digital circuits, Junctionless 

transistors have shown to pursuit interesting analog 

parameters as AV and THD. On the other hand, the gm/IDS 

characteristics of Junctionless transistors are poorer than the 

ones presents by Trigate devices. The lower gm of 

Junctionless does not affect AV for higher values of gm/IDS 

and a 10dB higher gain is obtained for Junctionless 

transistors. The total harmonic distortion presented by 

Junctionless devices is always lower than the ones exhibited 

by Trigate devices of similar dimensions and an advantage 

up to 5 dB is obtained for the narrower transistors.  
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1. Abstract 
A combined Spice modelling of Total Dose Effects 
(TDE) and Single Event Effects (SEE) in Partially 
Depleted SOI CMOS circuits is presented. This compact 
model is implemented in a Verilog-A module and used to 
describe the transient current generated by an ion-track 
crossing the transistor. In order to have a direct 
connection to the transistor’s channel, the module is 
linked to the body contact terminal, which offers better 
performance (variation with mobility, temperature, LET, 
bias condition) than the standard direct connection of a 
current source to one circuit node. Mixed-mode device 
simulations with different bias, total dose charge densities 
and Linear Energy Transfers (LETs) are used in order to 
validate the compact model. As a result, both methods 
show that the Partially Depleted SOI CMOS D Flip-Flop 
tolerance to SEE is reduced with the increment of charges 
densities produced by TDE as well as by the reduction of 
the bias condition.  

2. Introduction 
Aerospace circuits as well as some biomedical 
applications can be affected by the combination of Total 
Dose and Single Event radiation effects. The increase of 
the charge densities (positive in the oxides and negative 
in the interfaces) due to neutron or gamma radiation 
causes a reduction of the threshold voltage VT. 
Furthermore, neutron radiation can induce damage in the 
silicon crystal, which combined with the increment of 
oxide charge densities may cause mobility lowering.  
This work presents a Spice implementation of a recently 
developed compact model [1] through a Verilog-A 
module, to simulate both kinds of radiation effects in a 
Partially Depleted (PD) SOI CMOS D Flip-Flop. Circuit 
performance degradation is observed with the increment 
of charge densities, which for values higher than 1012cm-2 
can stop the circuit functionality, as well as it can produce 
a reduction of the tolerance to the SEE. Comparisons 
with 2D mixed-mode device simulations show good 
agreement with the circuit simulations performed with 
Spice and the Verilog-A module at different bias 
conditions, LETs and charge densities values.     

3. Simulations 
We consider a harsh-environment PD SOI CMOS 
process featuring 25nm thick gate oxide, 250nm thick 
silicon body and 1µm thick buried oxide. Devices with 
6µm and 12µm channel widths as well as 1µm channel 
length were used in the PD SOI CMOS D Flip-Flop. A 
device structure for each n- and p-FET was developed in 

Sentaurus TCAD simulator [2]. Fitting of these structures 
with experimental I-V curves was carried out by the 
inclusion of the mobility with doping dependence as well 
as transversal and longitudinal electric fields, SRH and 
Auger recombination.  Parasitic capacitances extracted 
from the Flip-Flop layout were included in the mixed-
mode netlist. Since in mixed-mode simulations, at least 
one device is described as a physical structure whereas 
the others are computed by Spice models, extraction of 
the BSIMSOI model parameters [3] was carried out and 
their values were used in the Spice simulations as well. 
Comparison of the agreement obtained in I-V curves and 
Flip-Flop behavior in both simulations has been shown in 
[4].   
In order to include the TDE for thick gate oxide, different 
oxide charge densities Nox (1011, 3x1011, 6x1011, 1012 and 
2x1012 cm2) were introduced in gate oxide, whereas 
interface state densities Nit = Nox/2.3 were used for the 
gate oxide/silicon body interface. Simulation results show 
that higher Nox values are necessary in the buried oxide 
than in the gate oxide to observe an increase of the off-
current. A confirmation of the Nox and Nit values used in 
this work is shown in Fig.1, where their values were 
extracted from n-FET irradiated with γ-rays. This 
irradiation was performed with 60Co source at 
CYCLONE, Louvain-la-Neuve, Belgium, with a total 
dose reached at 22 and 52 Krad in passive mode. 
As BSIMSOI model doesn’t include charge densities 
parameters, the only way to include a variation of VT and 
mobility is by defining user parameters in the Spice 
netlist. Then, the following equations for VT and mobility 
dependence with Nox and Nit were introduced in the Spice 
simulator for both kinds of transistors: 
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where αox and αit are fitting parameters, q is the electron 
charge and Cox is the oxide capacitance per unit area. 
After the inclusion of the TDE in the BSIMSOI 
parameters and TCAD structures, PD SOI CMOS Flip-
Flop (FF) mixed-mode simulations were carried out with 
a heavy ion hit. The FF was simulated operating in 
steady-state condition with clock and input signals at ‘0’ 
logic and initialized by the asynchronous inputs in order 
to have a ‘1’ logic level in the output. A vertical heavy 
ion track at the middle of the gate with different LET 
values and radius r = 0.1µm, starting at 90ns was used in 
these simulations.   



4. Single Event Model 
The transient current generated by an ion track can be 
considered as in [1]: 
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where Jn and Jp are the electrons and holes current 
densities, Dn and Dp the diffusion coefficients of electrons 
and holes, µn and µp the mobilities of electrons and holes, 
n the electron-hole pairs generated by the ion track, NA 
the doping concentration, ∇ρn and ∇ρp the gradients of 
electrons and holes generated by the ion track according 
to [1]. The transistor condition is taken into account by 
the longitudinal electric field E, which depends on the 
irradiated transistor’s terminal voltages in order to 
calculate the inversion charge as in [4]. The ISEU is 
implemented in a Verilog-A module and its value is 
introduced to the irradiated transistor through the body 
contact terminal according to [4]. The VT and mobility 
variations with the increment of Nox and Nit are also 
considered in the same way as in the TCAD simulation, 
through the equations (1-2).    

5. Results and Discussion 
Fig. 1 shows good agreement between the VT and 
mobility extracted from TCAD n and p-FET  simulations 
at different Nox and Nit computed with equations (1-2). 
The VT was extracted using the second derivative 
method, whereas the mobility was extracted from the 
maximum transconductance value. Using these fitted 
equations, mixed-mode simulations of an inverter used in 
the FF output stage were performed in order to verify the 
correct implementation of the TDE in the Spice netlist. 
Good agreement between TCAD mixed-mode and Spice 
simulations of the switching behavior is shown in the 
inset of Fig. 2 for different Nox, where an increase in 
delay switch from ‘0’ to ‘1’ logic is observed with the 
increment of Nox. As is evident, the inverter is always at 
‘0’ logic for a Nox = 2x1012 cm-2, due to the negative VT 
value of the n-FET.  
Fig. 2 shows the comparison between TCAD mixed-
mode and Spice simulations of the FF, which includes the 
Verilog-A module to generate the SEE. Good agreement 
at different Nox is observed in transients caused by a 
heavy ion crossing the FF sensible area with 0.3 pC/µm 
of LET at 90ns. An increase of SEE time duration is 
observed with Nox built-up, which is caused by the 
mobility degradation. Additionally, an increase of the 
minimum transient peak can be observed, which seems to 
be related with the VT lowering. Both effects, increase of 
time duration and minimum transient peak, reduce the FF 
tolerance to flip the stored value.  
Focusing on the sensitive nodes, a set of different LET 
energies were applied in order to find, at different bias 
and Nox, the threshold LET (LETth) which is the 
minimum LET to cause an upset in the output. The 
simulated LETth for both simulations is indeed shown in 
Fig. 3. We can observe the strong tolerance degradation 
of the D flip-flop when VDD = 3.3V, whereas at VDD = 5V, 
an increment in the sensitivity can be observed if the 

TDE increases the oxide charges densities.  
 

10
1 1

10
1 2

-4 .0

-3 .5

-3 .0

-2 .5

-2 .0

-1 .5

-1 .0

-0 .5

0.0

0.5

1.0

1.5

0

10 0

20 0

30 0

40 0

50 0

60 0

70 0

80 0

 V
t
 γ- ray s @ 22Krad

 Vt γ- ray s @ 52Krad

Th
re

sh
ol

d 
V

ol
ta

ge
   

[ V
 ]

N ox   [  cm - 2 ]

 V T n -FE T  
 V

T
 p -FE T 

 E q. 1

        nmos     pmos
α

o x
 = 0.280;    3 .28

α
i t
 =  0. 025;   0. 055

M
obility   [ cm 2 V

-1 s
-1]

 µ
e ff

 n -FE T

 µe ff p -FE T
 Eq.2

 
Fig.1: VT and mobility degradations with Nox (Nit): 
experiments (symbols), TCAD simulations (lines) using 
equations 1-2. 

80 100 120
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

0 50 100 150

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

V
DD

 = 3.3V

In
ve

rt
er

 O
ut

pu
t  

  [
 V

 ]

Time   [ ns ]

 

 N
ox

 = 3E11

 N
ox

 = 6E11

 N
ox

 = 1E12

 N
ox

 = 2E12

 TCAD Sim.
 CLK

Time  [ ns ]

V
DD

 = 3.3V

LET = 0.3 pC/µm
TI = 90 ns

F
F

-O
ut

pu
t  

 [ 
V

 ]

 

 N
ox

 = 3E11

 N
ox

 = 1E12

 TCAD Sim.

 

Fig.2: Comparison between mixed-mode (lines) and Spice 
(symbols) simulations of SEE with 0.3 pC/µm of LET in a 
sensible Flip-Flop node at different Nox. Inset: mixed-mode and 
Spice simulations of an inverter at different Nox.   
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Fig.3: Comparison of the LETTH simulated with Spice and 
mixed-mode at VDD = 5.0 (circles) and at VDD = 3.3 (squares) 
for different charge densities Nox.    

6. Conclusions 
A compact model to simulate in Spice both the Single 
Event Effects and the Total Dose Effects in PD SOI 
CMOS circuits was presented. Comparison between 
mixed-mode and Spice simulations of a D flip-flop at 
different bias conditions and oxide charge densities 
shows good agreement of our SEE Verilog-A 
implemented module. Obtained Threshold LETs suggest 
that the D flip-flop can be strongly affected by an ion 
passing through its volume if the bias is reduced to 3.3V 
or by the increment of charge densities. 
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1. Abstract 

 
The effect of silicon thickness in Double Gate SOI 
MOSFETs have been subject of important research 
efforts to evaluate complex interplay of the different 
factors which influence the transport as the body 
thickness is reduced [1,2,3]. In this work, several 
DGSOI transistors with different thicknesses between 2 
and 10 nm have been simulated using a Multi-Subband 
Monte Carlo simulator [4]. Simulation results show the 
distribution of the electron concentration in the channel 
and the inversion charge dependence on silicon 
thickness. 
 

2. Benchmark devices 
 
The DGSOI template device is depicted in Fig.1. The 
top and bottom gates are 10 nm long and the simulated 
source and drain regions have a length of 15 nm. The 
silicon oxide thickness (tox) is 8 Å and the silicon 
thickness (tsi) was changed from 2 nm to 10 nm in steps 
of 2 nm. The source and drain N-type doping 
concentration is 1020 cm-3. 
During the simulations both gates were biased to 1 V 
(VTG=VBG=1 V) and the drain-to-source bias (VDS) was 
changed from 0 V to 1.2 V.  
 

 
Fig.1: DG-SOI  MOSFET structure. The silicon thickness (tsi) 
was changed from 2 nm to 10 nm in steps of 2 nm. 

 
3. Simulation Results 

 
The ID-VD curves for each silicon thickness, depicted in 
Fig.2, show a higher drain current for thicker silicon 
bodies. This is the expected result since the number of 
available electrons for the transport increases with the 

silicon thickness and so does the drain current. 
However, the drain current does not increase 
proportionally to the silicon thickness. This figure also 
shows that the saturation of the drain current occurs at 
lower drain voltage for thinner silicon channels.  

Fig.2: ID –VD curves for different silicon thicknesses. 
 
The electron concentration in the middle of the channel 
for each silicon thickness, when VTG=VBG=1 V and 
VDS=0.8 V is shown in Fig.3. The electron 
concentration minimum is localized in the middle of the 
channel for tsi=10 nm, 8 nm and 6 nm. However, 
electron confinement is very high when the silicon 
thickness is reduced below 6 nm, and maximum of the 
electron concentration is localized in the middle of 
channel thickness.  
 

 
Fig.3: Electron concentration in the middle of the channel for 
different silicon thicknesses. VTG=VBG=1 V, VDS=0.8 V. 
 

 



Fig.4: Inversion-charge centroid versus the silicon thickness 
for different drain voltages. 
 

Fig.4 shows the dependence of the inversion-charge 
centroid on the silicon thickness for different drain 
voltages. The inversion-charge centroid has been 
evaluated for the upper half of the silicon film, due to 
the symmetry of the inversion-charge distribution [5]. 
 

 
The charge-centroid approaches the oxide surface when 
the drain voltage is decreased for silicon thicknesses 
higher than 6 nm. The centroid is nearer the surface 
independently of the drain voltages for thinner films. 
 

 
Fig.5: Channel electron concentration for tsi=10 nm and 
tsi=2 nm in x=17 nm, x=20 nm and x=23 nm. 
VTG=VBG=1 V, VDS=0.8 V. 
 

Fig.5 shows the evolution of the carrier concentration in 
the channel thickness along the transport direction for 
two simulated devices tsi=2 nm and 10 nm. The electron 
concentration for both devices is higher near the source 
(x=17 nm) and decreases near the drain (x=23 nm). This 
device also shows an increase in the minimum of the 
electron concentration for the position near the drain.  
Finally, Fig.6 depicts the behaviour of the inversion 
charge in the middle of the channel length versus the 
silicon thickness for different drain bias conditions. 
Obtained results show a linear behaviour of the 
inversion charge dependence with the silicon thickness 
for each simulated drain voltage. 

 

 
Fig.6: Inversion charge in the middle of the channel versus 
silicon thicknesses for different drain bias conditions. 

 
4. Conclusions  

 
Several DG SOI MOSFETs with different channel 
thicknesses have been simulated in this work using a 
Multi-Subband Monte Carlo Simulator. Due to the 
Volume Inversion, the maximum value of the electron 
distribution is shifted towards the middle of the channel 
for devices thinner than 6 nm. The main effect is a drain 
current increase comparing to the expected one 
corresponding to the same inversion charge in thick 
devices. Finally, a linear dependence of the inversion 
charge with the silicon thickness has been obtained 
independently of the applied drain voltage.  

(1)
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1. Abstract
Theoretical  simulations  were  used  to  examine  the 
physical  structure  and  parameters  of  the  fabricated 
double-barrier  MOS  tunnel  diodes  with  two  thermal 
SiO2 layers  and the silicon  film grown  in the  plasma 
enhanced chemical vapor deposition process. 

2. Introduction

The  double-barrier  metal-oxide-semiconductor  (DB 
MOS) tunnel diode is a MOS structure with a gate stack 
consisting of two barrier layers separated by a quantum 
well (Fig. 1a). In dependence on geometrical parameters 
of the layers and transport properties of the silicon well 
such  a  structure  can  be  exploited  in  different  kind 
tunnel,  resonant  tunneling,  floating  gate  or  single 
electron transistor or memory devices. 
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Fig.1: (a) Double Barrier and (b) Single Barrier MOS tunnel  
structures considered as models of the fabricated diodes. 

In order to fabricate the DB MOS structures the process 
of  plasma  enhanced  chemical  vapour  deposition  of 
silicon  has  been  developed  [1].  This  silicon film was 
grown on the bottom ultrathin thermal SiO2 layer. The 
top SiO2 layer was realized by thermal oxidation of the 
previously grown ultrathin silicon film. It  might  have 
happen that the oxide consumed the total volume of the 
silicon  film  and  the  fabricated  structure  constitutes  a 
single-barrier (SB) MOS tunnel diode (Fig. 1b). In order 
to examine the real physical structure and parameters of 
the  fabricated  devices,  we  interpret  the  measured 

capacitance-voltage  (CV)  and  current-voltage  (IV) 
characteristics  by means of  theoretical  simulations for 
two possible models: SB MOS and DB MOS diode. 

3. Theoretical model

Simulations  of  the  IV  and  CV  characteristics  of  the 
double barrier MOS structures were performed with the 
use of the model [2] based on self-consistent solution of 
Poisson and Schrödinger equations in the quantum box 
between  the  metal-oxide  and  oxide-substrate  planes. 
Since the measured IV curves do not exhibit negative 
resistance ranges resulting from resonant tunneling, the 
current is calculated at the assumption that the tunneling 
carriers  are  totally  scattered  in  the  amorphous  silicon 
well. The electron and hole tunnel currents charge the 
silicon well to a floating potential at which the balance 
of  the  electron  and  hole  fluxes  and  the  thermal 
generation-recombination  processes  is  equilibrated. 
Similarly,  the  equilibrium  between  the  hole  tunnel 
current and the generation-recombination current at the 
substrate  surface  determines  the  physical  state  of  this 
region.  In  modelling the tunnel  currents,  we used the 
standard values of the parameters of the SiO2/Si system.

4. Results

Fig.  2  and  Fig.  3  show  the  measured  capacitance-
voltage  and  current-voltage  characteristics  for  the 
exemplarily chosen experimental diode B7b0k4 (closed 
symbols). These characteristics were first analysed with 
the  use  of  the  SB MOS model.  From the  maximum 
capacitance  in  the  accumulation  range  the  equivalent 
oxide thickness of 5.0 nm was determined. From a slope 
of  the  1/C2-VG plot  in  the  depletion range,  the  donor 
concentration 8.2x1017cm-3 was determined. In turn, to 
set the appropriate position of the straight line on this 
plot, the fixed charge density Nf = 1012 cm-3 was set at 
the substrate surface. Fig. 2 shows the CV characteristic 
of  the  SB  MOS  diode  simulated  for  such  a  set  of 
parameters  (open  squares).  The  CV  curve  exhibits  a 
knee  near  the  zero  bias.  In  order  to  reflect  it,  the 
acceptor-like interface traps 4.20 eV below the vacuum 
level and of the density Nit

a = 8.5x1012 cm-2 were set. 



Fig.2: Capacitance-voltage characteristics  of  the  fabricated 
structure and simulated SB MOS and DB MOS diodes. 

Fig.3: Current-voltage  characteristics  of  the  fabricated 
structure and simulated SB MOS and DB MOS diodes.  
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Fig.4: Parameters of the simulated SB MOS tunnel diode. 

Although  it  was  possible  to  obtain  a  good  fit  (open 
triangles in Fig.2) to the experimental CV characteristic 
assuming  parameters  shown  in  Fig.  4,  the  simulated 
tunnel current was many orders lower than the measured 
one (see Fig. 3). Also, the tunnel current of holes was 
too small to cause the deep depletion and a continuous 
decrease  of  the  capacitance  at  large  negative  bias 
voltages (see Fig. 2). Concluding, the SB MOS model 
was not adequate to represent the fabricated diodes. 

Next, we considered the DB MOS structure assuming 
that  the  thicknesses  of  the  layers  correspond  to  the 
equivalent  oxide  thickness  5.0  nm.  Finally,  we  have 
obtained the fit to both the CV and IV characteristics, as 
marked  in  Figs  2  and  3  by  the  grey  circles.  The 
parameters are specified in Fig.5. The energy position of 
the interface traps was changed to 4.22 eV, i.e. 0.17 eV 
below the silicon conduction band, and they were set on 
the  top  and  the  bottom  SiO2/Si  interfaces  with  the 
densities 7x1011cm-2 and 4.2x1012cm-2, correspondingly. 
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Fig.5: Parameters of the simulated DB MOS tunnel diode. 

5. Conclusions

The  simultaneous  good  fit  to  both  the  CV  and  IV 
characteristics  of  the fabricated  MOS tunnel  structure 
with  the  use  of  standard  physical  parameters  of  the 
Si/SiO2 system validates the theoretical model. With the 
use of it  we concluded that  the large  current  flowing 
through the structure proves the sequential conduction 
through  the  double  barrier  tunnel  system  instead  of 
tunneling through a single barrier. This  convinces that 
the  fabricated  MOS  structures  contain  the  silicon 
quantum  well  and  the  developed  low  temperature 
PECVD  process  can  be  used  to  fabricate  MOS 
structures  with  ultrathin  silicon  layers  provided  the 
quality of the interfaces will be improved. 
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1. Abstract 

Strain engineering has been used to boost the carrier mobility 

increasing the drain current. However, it influences other 

parameters such as the threshold voltage. Although the 

threshold voltage shift due to strain has been widely studied, 

the effects of the temperature have not been evaluated. This 

paper describes the threshold voltage variation with the 

temperature for biaxially strained and standard FinFETs 

showing that the higher the effective stress, the lower 

threshold voltage dependence on the temperature. 
 

2. Introduction 
Multiple gate devices have been the focus of several researches 

due to the improved control on the channel charges leading to 

short channel effects reduction [1]. Fig. 1 shows the schematic 

view of a triple gate FinFET device. The inversion layers are 

formed at three surfaces (the sidewalls and the top interface). 

The carrier mobilities depend on the crystallographic orientation 

of the conduction plan. The most common orientation is the 

(110) for the sidewalls and (100) for the top gate. Electrons have 

a lower mobility in the former orientation than the later one [2]. 

 
Fig.1: Schematic view of a FinFET device. 
 

Mechanical stress improves the carrier mobility and can be 

applied locally or globally. This later is generated by growing an 

epitaxial silicon layer over a silicon/germanium alloy and 

provides stress in direction of channel length and fin width [3]. 

Stress suffers a relaxation during the device fabrication and, for 

narrow fins, the stress along the fin width is reduced [4]. 

Consequently, for wider devices, the effective strain is higher 

than for the narrower ones. The purpose of this work is to 

investigate the combination of temperature variation and the 

application of strain in the threshold voltage of triple gate 

FinFETs.  
 

3. Simulation results and discussion 
The drain current (IDS) as a function of gate voltage (VGF) for a 

drain voltage (VDS) of 50 mV have been obtained in the 

temperature range of 100 K up to 400 K using three 

dimensional simulations with Synopsys tool [5]. The fin of 

simulated devices was divided in three regions according ref. [6] 

and different mobility degradation coefficients were applied to 

these regions aiming to consider the crystallographic orientation. 

The devices dimensions are channel length (L) of 1 µm, gate 

oxide thickness (tox) of 2 nm, fin height (HFin) of 60 nm and fin 

width (WFin) varying from 5 nm to 1 µm. The simulations for 

WFin of 5 nm and 10 nm accounted for the quantum mechanical 

effects. 

The effects of the strain on the carriers’ effective mass and 

density-of-states (DOS), on the mobility and on the conduction 

and valence band energies were considered. It was considered a 

non-uniform distribution of the strain: at the sidewalls interfaces 

the stress in the fin width direction approaches to zero while at 

the centre of a large fin it approaches to 1.5 GPa using the 

Boltzmann function. The maximum transconductance (gm,max) 

improvement of strained FinFET with respect to standard one 

was extracted for a long channel device (L = 10 µm) with 

several fin widths and varies from 42 % (for a 20 nm wide 

device) to 60 % (for a 1 µm wide FinFET). These values agree 

with the measured ones from the ref. [7] which present similar 

device characteristics than the simulated. 

Fig. 2 presents the threshold voltage (VTH), which has been 

extracted using a charge-based method [8], versus the 

temperature for devices with and without the application of 

strain and WFin=20 nm . In case of the devices with strain, the 

results from the several combinations of models used for the 

simulations are also included in Fig. 2. Using the results of Fig. 

2 the dVTH/dT has been extracted for each case and the results 

are presented in Table 1. 
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Fig. 2: VTH versus the temperature for a 20 nm wide FinFET 

analysing the influence of each effect of the stress. 
 

Table 1: Threshold voltage variation with the temperature 

obtained through linear fit of the data presented in Fig. 2. 

Model used in the simulations 
dVTH/dT 

 [mV/K] 

Standard (no presence of strain) -0.480 

Strained (all effects of strain are considered) -0.432 



The presence of strain reduces the threshold voltage variation 

with temperature from |dVTH/dT| from 0.480 mV/K to 0.432 

mV/K in comparison to standard FinFET.   

Fig. 3 exhibits the dVTH/dT variation for several fin widths. It 

can be noted that strained FinFETs always presents a lower VTH 

dependence on T. For devices with WFin between 5 nm and 20 

nm the reduction in dVTH/dT for strained devices remains 

constant, as the stress component for all of them in the fin width 

direction is negligible. For wider devices, the |dVTH/dT| 

reduction increases, as the effective strain becomes higher. 
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Fig. 3: VTH variation with T as a function of the fin width for 

the simulated strained and standard devices. 
 

In order to get some insight into the causes of the dVTH/dT 

variation dependence on the strain, simulations using different 

set of models have been executed. The VTH as a function of T 

results from these simulations are also included in Fig. 2. The 

resulting dVTH/dT are presented in Table 2.  
 

Table 2: Threshold voltage variation with the temperature 

varying the set of models used in the simulations of Fig. 2. 

Model used in the simulations 
dVTH/dT 

[mV/K] 
Carriers’ 

mobility 

Effective mass 

and DOS 

Conduction and 

valence energies 

X X X -0.432 

X   -0.479 

X X  -0.424 
 

It can be seen that when accounting only the effect of strain on 

the carrier mobility the threshold voltage varies with 

temperature similarly as for the unstrained FinFET. It can be 

also noted that when the effects are considered on mobility and 

DOS, there is an increase in VTH, however, this rise is larger for 

higher temperatures which leads to a smaller |dVTH/dT| 

variation. When the effects on the bandgap are also included, 

there is a decrease in VTH. This reduction is constant for all 

temperatures when compared to the results of the case in which 

the DOS effect is considered. 

From the data of Tables 1 and 2 it can be seen that for the 

standard (no stress effects accounted) and the second (stress 

effect on mobility only) cases the dVTH/dT variations are the 

same. For the first (all effects of stress) and third (stress effects 

on mobility and DOS) cases the dVTH/dT variations are very 

similar. This leads to a conclusion that, while the bandgap 

effects is the responsible for the VTH reduction, the effects on the 

DOS (effective masses) are the responsible for the change in the 

VTH variation with the temperature. 
 

4. Experimental data 
In order to verify if the expected VTH variation with T obtained 

from simulations can be experimentally observed the 

measurements presented in refs. [9] and [10] were used. The 

measured devices were fabricated according to ref. [11] in a SOI 

wafer with a 145 nm buried oxide thickness. The HFin is 60 nm 

for the standard devices and 55 nm for the strained ones. Both 

devices are undoped and have a midgap gate material. The 

channel length is 10 µm and the gate insulator is composed by 1 

nm thick thermal oxide followed by 2 nm of HfO2. Two 

different WFin of 30 nm and 570 nm were considered in a 

temperature (T) range from 200 K to 400 K. The strained 

devices present 1.5 GPa of biaxial stress. 

Table 3 presents the experimental dVTH/dT results from 

standard and strained FinFETs with WFin= 30 nm and 570 nm. 
 

Table 3: Experimental threshold voltage variation with the 

temperature for WFin=30 nm and 570 nm. 

WFin 

[nm] 

dVTH/dT [mV/K] dVTH/dT reduction 

due to strain [%] standard strained 

30 -0.377 -0.365 3.2 

570 -0.538 -0.428 20.4 
 

It can be seen that for both devices there is a reduction in the 

|dVTH/dT| variation with the strain application, as for the 

simulated devices. However, the reduction for the wider device, 

which present higher effective strain, is around 20% while for 

the thinner one is only 3%. The |dVTH/dT| variations obtained 

for the simulated devices are higher than the values for the 

measured ones. These differences can be related to the 

dimensions of the devices. The simulated ones present tox of 2 

nm, while the measured ones would have an approximated 

effective tox of 1.7 nm. When decreasing tox, the |dVTH/dT| 

variation decreases [12]. 
 

5. Conclusions 
The threshold voltage dependence on the temperature was 

analyzed for standard and biaxially strained SOI nFinFETs 

through simulations and experimental data. It is clear that the 

presence of the stress reduces the VTH variation with the 

temperature. As the stresses components depend on the 

dimensions of the devices, the wider device, which have a 

higher effective stress, presented a higher reduction in dVTH/dT 

variation than the thinner device. The causes of this reduction 

are related to the effects of the stress on the carrier effective 

masses (and consequently the density-of-states), which leads to 

a lower dependence of the VTH on T, while the effects on the 

bandgap are the responsible for the reduction in the VTH. 
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Abstract 

The amplitude of random telegraph signal (RTS) is 

studied in Accumulation-mode (AM) and Inversion-

mode (IM) Trigate SOI MOSFETs using numerical 

simulations. The presence of a single trapped electron 

at the Si/SiO2 interface decreases the drain current 

(ΙD). The impact of RTS on electrical parameters 
varies with the channel polarity and the physical 

location of the trapped electron. 

Introduction 

Trapping of a single carrier charge in a surface state 

at the Si/SiO2 interface can have a significant effect 

on the drain current [1]. RTS with amplitudes larger 

than 60% have been reported at room temperature in 

sub-100-nm MOSFETs [2], which makes RTS one of 

the greatest reliability issues in downscaled 

transistors. In this paper we investigate the effect of a 

single trapped electron placed at different position in 

a trigate device with a 60nm channel length, 11nm 

width and 58nm height and a lightly doped channel. 

Both NMOS and PMOS accumulation-mode (AM) 

and inversion-mode (IM) results are reported.  

Device Simulation 

Three-dimensional simulations of trigate FETs were 

carried out by solving the 3D Poisson, Drift-Diffusion 

and Continuity equations numerically. The devices 

have a 2nm-thick gate oxide; the silicon in the 

channel is nominally undoped. A single electron is 

represented by a small sphere with a diameter of 

0.5nm containing an equivalent negative charge 

density ρ=-q/V, where V is the volume of the sphere. 

The trapped electron can be placed at any location at 

the Si/SiO2 interface. Figure 1 shows the simulation 

results of a Wsi=11nm tsi=58nm and L=60nm trigate 

FET. The presence of trapped electrons at the Si/SiO2 

interface decreases the drain current below threshold. 

Figure 2 shows the distortion of an equipotential 

contour due to the presence of a single trapped 

electron in an IM-NMOS (a) and an AM-PMOS (b) 

device. We simulated a single electron trapped at 112 

different positions in 7 slices located between the 

source and the drain of the transistor (Figure 3). A 

trapped electron induces an increase of VTH and 

decreases the ΙD. ID(VG) curves are computed in each 

case. The undoped structure is taken as a reference. 

RTS amplitude is calculated as ∆ΙD/ΙD and is 
expressed in percents (%). 

The dependence of relative RTS amplitude on the 

position of a trapped electron charge at the interface 

is illustrated in Figure 4. The RTS amplitude at low 

drain voltage reaches a maximum for a charge 

trapped in the middle of the channel and is close to 

zero for a charge trapped near the source and drain. 

Near the S/D the carrier concentration determined by 

the junctions doping level and is so high that the 

trapping of electron can only produce minor RTS 

amplitudes.  The RTS amplitude is close to zero until 

the trapped electron is out of the S/D-induced 

depletion junction IM device. In all cases, the 

amplitude is small for a charge trapped at the top or 

bottom corners of the channel due to the smaller 

region of influence of the electron. A charge at the 

bottom interface has higher amplitude than at the top 

interface because the BOX is much thicker than the 

gate oxide. For PMOS devices, the trapped charge 

influence does not "radiate out" like in NMOS as 

show in Figure 2. Figure 5 shows the RTS amplitude 

on the position of the trapped charge along a line 

running from the source to the drain through the 

center of the channel. The amplitude of RTS in a P-

channel transistor is significantly less than in an N-

channel.  

Conclusion 

RTS amplitudes are modeled by introducing a single 

electron trapped at the Si/SiO2 interface of a trigate 

FET. The maximum amplitude of RTS per electron is 

35% for NMOS and 13% for PMOS and it depends 

on the position and doping type. The amplitude is 

larger for NMOS than PMOS and is greatest when the 

electron is near the center of the channel region. 
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Figure 1 Simulation log10(Id)/Vg curves of a IM-

NMOS trigate FET. 

 

 
Figure 2 Potential distribution at VG=0V, VD=50mV. 

(a) -0.5V equipotential contour in an IM-NMOS with a 

single trapped electron; (b) +0.5V contour in an AM-

PMOS with a electron trapped at the same location. 

 

 
Figure 3 A single trapped electron is placed in one of 
7 slices along the silicon channel. For each slice, 9 

positions (white dots) were simulated. Because of the 

transistor bilateral symmetry, 16 data points (black and 

white dots) were simulated in each slice.  
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Figure 4 RTS amplitude at VD=50mV at top, side and 

bottom interfaces in an IM-NMOS (a), AM-NMOS (b) 

and AM-PMOS (c) trigate FET device. 
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Figure 5 RTS amplitudes of AM-NMOS, AM-PMOS 

and IM-NMOS at position 5 along the channel. 

Amplitude in PMOS is much smaller than in NMOS. 
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1. Abstract

The subband structure in thin silicon films is com-
puted using the Hensel-Hasegawa-Nakayama model for
the conduction band. It is demonstrated that unprimed
subbands in (001) thin films are not equivalent. Applica-
tion of tensile stress in [110] direction lifts the subband
degeneracy. The value of splitting increases with de-
creasing film thickness. In films slightly misaligned from
the (001) orientation, significant suppression of valley
splitting in weak magnetic fields was predicted [1, 2].
We show that for stress values achieved by the semi-
conductor industry the large value for valley splitting is
recovered.

2. The Model

We apply the following Hamiltonian [3, 4], which de-
scribes the dispersion of the [001] valleys relative to the
X point

H =

[

H− Hbc

Hbc H+

]

with (1)

H∓ = Ec(z) +
-h2k2

z

2ml

+
-h2

(

k2
x + k2

y

)

2mt

∓
-h2k0kz

ml

,

Hbc = Dǫxy −
-h2kxky

M
.

Here Ec is the conduction band edge, ml and mt are the
electron masses, 1

M
≈ 1

mt

− 1
me

, and k0 = 0.15 2π

a
is the

distance from the valley minimum to the X point. The
shear strain deformation potential D = 14eV and the
shear strain component εxy describe the effects of strain
on the bandstructure. To find the structure of unprimed
subbands in a (001) film, the substitution kz → −i ∂z in
(1) is performed. In order to obtain a numerical solu-
tion, a finite difference discretization scheme with sym-
metric operator ordering is implemented. For an arbi-
trary substrate orientation an appropriate rotation of
(1) must be performed before substituting kz → −i ∂z .

3. Results and Conclusion

Unprimed subband dispersions along the [100] and [110]
axes in an unstrained (001) film with a thickness of

1.6nm are shown in Fig. 1. The subbands are two-
fold degenerate at the minimum and parabolic along
the [100] direction. The degeneracy of the unprimed
subbands along the [110] axis is lifted. The dispersion
in [110] direction is non-parabolic and depends strongly
on the subband index. The effective masses given by the
subband curvature in [110] direction for the two ground
subbands are shown on Fig. 2. Although these masses
are different, the subband minima remain two-fold de-
generate. This is a consequence of the purely parabolic
band dispersion (1) in z-direction for Hbc = 0 (Fig. 3
for εxy = 0).

Shear strain εxy due to [110] stress opens the gap be-
tween the conduction bands at the X point and makes
the z dispersion non-parabolic (Fig. 3). Hence, the de-
generacy of the unprimed subbands is lifted (Fig. 4).
The band splitting of the two ground subbands as a
function of thickness for εxy = 0.4% is shown in Fig. 5.
This strain level is achived by applying tensile [110]
stress of 2GPa, a value routinely used in the semicon-
ductor industry.

For a film slightly misaligned from the (001) direction
the ground subband develops the two minima symmet-
rically situated around the point k = 0 (Fig. 6). These
two minima produce the two ladders of the Landau lev-
els in the external magnetic field. Due to Zener tunnel-
ing between the two minima the difference between the
cyclotron frequencies decreases exponentially with the
inverse of the magnetic field. However, for stress values
employed by the semiconductor industry there is only a
single minimum (Fig. 6), and a large value for the valley
splitting is recovered.
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1. Abstract 

In this work we introduce an analytical model for square 
Gate All Around (GAA) MOSFETs (see Fig. 1). The model 
allows the analytical description of the two-dimensional 
inversion charge distribution function (ICDF) in square 
GAA MOSFETs of different sizes, and for all the interesting 
operation regimes. The ICDF model is used to calculate 
important parameters like the inversion charge centroid 
(ICC) and the gate-to-channel capacitance for different 
device geometries and biases. 

 
Fig.1: Cross-section and 3D geometry of the square GAA 
MOSFETs under study. 
 

2. Introduction 
Multiple-gate MOSFETs are being considered serious 
alternatives to keep up with the continuous reduction of 
device dimensions imposed by Moore’s law. One of these 
structures, the square GAA MOSFET, shows promising 
possibilities in relation to the control of short channel effects 
(SCEs) and the achievement of nearly ideal subthreshold 
swing values; this is why the square GAA MOSFETs is 
currently under intense study from the simulation and 
modeling viewpoint. In these devices, the study of quantum 
mechanical effects (QMEs), due to both structural and 
electrical confinement is essential [1, 2]. 
GAA MOSFETs are part of the Silicon-On-Insulator (SOI) 
transistor family which presents promising unique features 
to be considered for future CMOS mainstream technologies. 
 

3. Simulator Description 
The accuracy of the presented model was verified by 
comparing with data obtained by means of a simulator that 
self-consistently solves the 2-D Poisson and Schrödinger 
equations [1, 2]. These equations have been solved using the 
predictor-corrector scheme proposed by Trellakis et al. [3] 
including the energy valley degeneration of the silicon 
conduction band.  
The simulator achieves accurate results for different 
structures, materials and gate voltages if the number of 
energy levels and their corresponding wave functions 
employed in the calculation is high enough to capture all the 
occupied levels.  

4. Inversion Charge Modeling 
For the development of the model for the quantum ICDF of 
square GAA MOSFETs, we used as starting point an 
approach similar to the one followed by Ge et al. for 
symmetrical DGMOSFETs [4]. In this respect, we tried to 
obtain a 2D analytical model generalizing a previously 
introduced one for the 1D DGMOSFET. However, in order 
to reproduce the ICDF in this strongly bi-dimensional 
geometry we had to follow a different approach. We did so 
by using of several trial functions. The best results were 
achieved making use of the following inversion charge 

distribution function ( ) 2
f y,z , where ( )f y,z is given below:  

( )
( ) ( )Si Si

Si Si Si Si

-b t -y -b t -z-by -bz

t t t t

Si Si

πy πz
f y,z =A Sin Sin e +e e +e

t t

     
              

 

where SiA=A(b,t )  is a normalization constant. In this way, 

the electron density can be obtained as  
2

invn(x, y) =N | f(y, z) | , where invN (cm-1) is the value of 

the electron density integrated over the square area of the 
silicon channel. An heuristic algorithm was developed to 
determine the value of the b coefficients, b(Ninv, tSi). To do 
so, we calculated and minimized the root mean square error 
of the simulated and modeled data for the ICDF in all the 
mesh points used in the simulation.  
A 3-D comparison of the ICDF simulated and modeled data 
is shown in Fig. 2. As can be observed, the fit is good. We 
have also analyzed in depth the accuracy of the model by 
plotting different ICDF cross sections for several device 
sizes and gate voltages. The fit is also good for all the gate 
voltages considered, as shown in Fig. 3. 

 
Fig.2: Three-dimensional view of the inversion charge distribution 
function for a square GAA MOSFET. The modeled (simulated) 
data are represented by the surfaces with red (black) borders. 



 
Fig.3: ICDF cross sections along the y axis for several z values for 
a square GAA MOSFET. 
 

5. Inversion Charge Centroid Calculation 
The inversion charge centroid (ICC),I∆ , in conventional 

silicon bulk MOSFET is defined as the first-momentum of 
the inversion charge distribution (the oxide-semiconductor 
interface is chosen to be the origin for this calculation) [5].  
We have defined the ICC in square GAA MOSFETs by 
defining an ideal square (depicted in red lines in Fig. 4) with 
its sides parallel to the semiconductor-oxide interfaces. The 
sides of the square represent, on average, the zones where 
most of the inversion charge is placed for a given gate 
voltage. The interest of calculating the ICC,I∆ , is connected 

with the inclusion of QMEs on the device gate capacitance, 
as well as for the inversion charge modeling. In this respect, 
the calculation of the first momentum of the inversion 
charge distribution, R(θ), is done considering the origin at 
the center of square silicon body (see Fig. 4). The R(θ) 
function is plotted in Fig. 5. It can be seen that the R(θ) 
values obtained with the simulation data are correctly 
reproduced with the model introduced for the ICDF. 
 

 
Fig.4: Representation of( )R θ , R  and I∆ in a GAA MOSFETs. 

 
Fig.5: R(θ) polar plots for a square GAA MOSFET. 
 

6. Gate-To-Chanel Capacitance  
The gate to channel capacitance, GCC , is an essential 

MOSFET parameter since it determines the transconduc-
tance of the transistor. The GCC  can be calculated as the 

series combination of the gate insulator capacitance, OxC , the 

inversion capacitances,invC , and the center capacitance 

CenC [6]. The analytical expressions used are given as insets 

in Fig. 6, where we compared the simulated and modeled 

GCC . An excellent agreement is achieved.  

 
Fig.6: GCC versus gate voltage. Simulated data are shown in solid 

lines and the modeled data in symbols. 
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1. Abstract 

In this paper we will review recent results on 
heterogeneous integration of Ge devices on Si. First 
application of Ge for high performance MOSFETs will 
be reviewed. Technology for surface passivation of Ge. 
Next Ge devices for optical interconnects will be 
described. Finally heteroepitaxial growth of Ge on Si will 
be discussed. Successful integration of Ge on Si should 
allow continued scaling of Si CMOS to below 22 nm 
node. 

2. Ge MOSFETs 
Si CMOS technology has dominated the 

microelectronics industry, with continued scaling. 
However, future Si CMOS scaling is reaching practical 
and fundamental limits. To go beyond these limits on Si 
based devices, novel materials and structures are being 
aggressively studied. Ge shows much promise as an 
alternative to Si for both electronic and optical devices. 
Its high carrier mobility has the promise to provide better 
performance in MOSFETs. Replacement of Si channel by 
Ge requires several critical issues to be solved, including 
high quality gate dielectric for surface passivation. Direct 
formation of a high-k dielectric on Ge has not given good 
results in the past. Ge oxidation by ozone [1] or oxygen 
plasma [2] to grow GeO2 provides a good quality 
interface layer before the deposition of a high-K 
dielectric. Electrical and physical characterizations and 
stability analysis demonstrates high quality Ge/insulator 
interface with low interface trap density. Ge PMOS have 
been shown to have better performance than Si PMOS 
with this technique [3]. Innovative Si/Ge MOS 
heterostructures will be described with high on current 
and low off currents [4]. In the past Ge NMOS showed 
poor performance, however, recently high electron 
inversion mobility has been demonstrated by careful 
engineering of the gate dielectric [3,5,6]. 

3. Ge Devices for Optical Interconnects 
The scaling paradigm is also threatened by 

interconnect limits including excessive power dissipation, 
insufficient bandwidth, and signal latency for both 
off-chip [7] and on-chip applications [8]. Many of these 
obstacles stem from the physical limitation of Cu-based 
electrical wires, exacerbated by the increase in Cu 
resistivity, as wire dimensions and grain size become 
comparable to the bulk mean free path of electrons in Cu 
(~40nm). Therefore for the interconnect technology, the 
idea of bringing high speed optical signals directly to 
CMOS chips offers opportunities for using photons to aid 
electrical functions in novel ways [7,8]. Ge’s small direct 
bandgap of 0.8 eV allows Ge p-i-n [9] and 
metal-semiconductor-metal photodetectors [10], optical 

modulators [11] and recently light emitters [12] to 
operate in the low-loss optical fiber range of about 1300 
to 1550 nm and makes it a strong candidate for optical 
interconnect applications.  

4. Ge Growth on Si 
However, Si technology enjoys decades of capital 

investment and offers advanced fabrication ability. 
Furthermore, Ge substrate is not easy to handle and is not 
easily available. Therefore to utilize above mentioned 
advantages of Ge it is imperative to develop technology 
for heterogeneous integration of Ge on Si-based platform. 
It is crucial to be able to grow high quality Ge layers 
selectively. Ge has large (4.2%) lattice mismatch with Si, 
which causes strain to Ge layers grown directly on Si 
which results in high density of dislocations and rough 
surface. Growth of Ge on Si by Multiple Hydrogen 
Annealing for Heteroepitaxy (MHAH) technique yields 
very low dislocation density and surface roughness [13]. 
Selective growth of Ge on Si through a thermally grown 
SiO2 windows combined with H2 anneal yields very high 
quality Ge on Si [14] and can be extended to grow Ge 
laterally on SiO2 for GOI applications. In-situ doping 
allows very abrupt p-n junctions. Fabrication of high 
performance MOSFETs and optical devices in MHAH 
Ge on Si has demonstrated future promise of continued 
CMOS scaling. 
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1. Abstract 
We demonstrate the growth of nanometer thick 
crystalline silicon ribbons on an amorphous silicon 
dioxide surface using a catalytic Vapour-Liquid-Solid 
(VLS) method in a confined volume. Confinement is 
provided by a lithographically fabricated horizontal 
cavity that contains a catalytic ingot at its closed 
extremity. The silicon ribbon resulting from the VLS 
growth mechanism fills the cavity volume while its 
position and dimensions are controlled. The structural 
analysis of the obtained SOI-like silicon ribbons is 
studied by Electron Backscattered Diffraction (EBSD), 
revealing the formation of a single crystal growth and 
the presence of a limited number of twinned domains. Si 
ribbons have also been electrically characterized using a 
back-gated transistor configuration. 
 

2. Confined VLS growth  
Recently, the confined VLS growth1 has been 
demonstrated inside vertical2 3 and horizontal4 alumina 
templates, in order to synthesize Si nanowires (NWs) 
while controlling their positions and diameters. 
Horizontal cavities5 have also been used to obtain Si 
nanoribbons (NRs) starting from an amorphous 
substrate. In the latter case, the cavity fabrication route 
involved the etching of a gold (Au) sacrificial pattern 
suspected to bring metallic contamination. Moreover, 
the nature of the grown semiconductor was identified by 
Raman spectrometry5 but a spatially resolved 
characterization of the crystal quality is still lacking. In 
this work, a new process for the fabrication of cavities 
and for the placement of the catalyst ingot has been 
developed using Ge sacrificial patterns6. To illustrate 
the added value of our approach in controlling both size 
and position of grown layers, Fig.1 compares results 
from unconstrained growth starting from catalyst ingots 
covering a free surface of SiO2 and the confined growth 
of Si-NRs guided by the inner volume of a cavity. On 

the free substrate surface, the position and diameter of 
wide nanowires can be controlled, but their orientation 
and shape are much more difficult to reproduce7 (Fig.1-
a). Conversely, guided and confined VLS growth 
produces crystalline Si ribbons with perfect control of 
position, shape and dimensions without resorting to 
seeding (Fig.1-b). In both cases, the parasitic diffusion 
of the catalyst, Au in this case, constitutes the main 
challenge faced the VLS process.  
 

a) 

Au
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200nm

Au droplets

 

b) 

Au Si (VLS)

SiO2 SiN

200 nm
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Fig.1: SEM top view after the VLS growth (500°C, 30min, 
0,5mb, 5% SiH4/H2) starting from a 50nm thick and 200nm 
wide Au ingot: a) Free Si NW grown on amorphous plane 
substrate. b) Constrained Si NR grown inside a confining 
cavity. 
 

3. EBSD characterizations 
Based on the exploitation of Kikuchi diffraction bands, 
EBSD provides spatially resolved crystal quality and 
orientation maps over a large extent. It is therefore well 
suited for exploring the crystalline structure of thin 
crystal ribbons standing on an amorphous layer. 
Moreover, EBSD is non-destructive and does not 
require any specific preparation steps. Fig.2 shows 
typical SEM and EBSD characterizations performed on 
a ribbon of 2.8µm long grown inside a 500nm wide and 
50nm thick cavity after the selective etching of the 
cavity walls. These analyses reveal that VLS growth 
partially fills the cavity, resulting in the formation of an 
irregular ribbon. Under the considered growth 
conditions (100 sccm 5% SiH4 diluted in H2/Ar, 0.5 



mbar, 500°C), systematic experiments unveiled that the 
cavity width should be comparable to the diameter of 
unconstrained nanowires to obtain a complete filling of 
its inner volume, as shown in Fig.1. Orientation maps in 
the X, Y and Z directions associated to their respective 
inverse pole figures show the formation of a single 
crystal organized with a limited number of Σ3 twinned 
domains. It is confirmed that growth direction can not 
be controlled in the absence of seeding. 
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Fig.2: EBSD analysis showing the crystalline nature of the 
silicon ribbon grown in a 500nm wide and 50nm thick cavity: 
a) SEM image (top view) of a Si NR grown by VLS (500°C, 
0,5mb, 5% SiH4/H2, 100sccm) after cavity walls etching. b), c) 
and d) Crystal orientation maps with corresponding inverse 
pole figures in X, Y and Z directions respectively. 
 

3. Electrical characterizations 
Back-gated MOS transistors8 were fabricated based on 
50 nm thick silicon ribbons grown on a 95 nm thick 
layer of SiO2 obtained by thermal oxidation of a Si 
10Ω.cm p-type substrate. Source and drain contacts are 
formed by silicidation9 10 (PtSi) at each side of the 
ribbon followed by the structuration of 200nm thick Al 
pads to reduce extrinsic resistances. Fig.3-a shows the 
morphology of a selected 1µm ribbon fabricated as 
described above. The silicided source and drain regions 
were separated by 490nm. Typical Ids–Vds 
characteristics with a back-gate voltage varied from 0 to 
-40V by steps -5V reported in Fig. 3-b confirm well 
behaved p-type MOS operation. Fig. 3-c and 3-d 
associated to the Ids–Vgs characteristics in both linear 
and logarithmic formats reflects an excellent gate field 
control over the current. Based on the Y function 
extraction methodology, a hole low field mobility of 53 
cm2s-1V-1 was obtained indicating that crystal twins and 
gold contamination moderately affect transport 
properties. 
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Fig.3: Electrical characterization of back-gated MOS 
transistor that integrates a silicon ribbon synthesised by 
guided VLS growth: a) top view SEM image showing Schottky 
S/D contacts. b) Ids–Vds characteristics (from 0V to -2V by step 
-20mV) for different back-gate voltages VG (from 0V to -40V 
step -5V). c) and d) Ids–Vgs characteristics in linear and log 
formats.  
 

4. Conclusions  
We have demonstrated that guided and confined VLS 
growth can be used to produce single crystalline thin 
silicon ribbons on an amorphous substrate at a 
temperature as low as 500°C. For the first time, their 
crystalline nature has been revealed based on EBSD 
characterization. Structural analysis has shown the 
formation Σ3 twinned domains and random crystal 
orientation. VLS grown nanoribbons have also been 
integrated in a back-gated MOS structure to 
demonstrate device functionality. Considering that VLS 
growth features a low temperature process without 
starting from an epitaxially organized substrate, a low 
field mobility as large as 53 cm2s-1V-1 places the 
proposed synthesis technique in favourable position to 
develop a high performance TFT technology. 
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1. Abstract  

 
150 mm Silicon–on–polycrystalline-Silicon Carbide 
(poly-SiC) hybrid substrates, without intermediate 
oxide layers have been realised by hydrophilic wafer 
bonding of SOI- and poly-SiC wafers. A novel rapid 
thermal treatment step was introduced before furnace 
annealing to avoid bubble formation, cracks and 
breakage. After removal of the Si handle and the buried 
oxide, the remaining Si device layer was shown to be 
stress free by Raman spectroscopy and X-ray 
diffraction (XRD) measurements. 

 

 

2. Introduction 

 
In our previous works [1-3], it has been shown that 
replacing the buried oxide and the Si handle wafer in 
SOI with SiC reduces high-frequency substrate losses 
greatly and significantly improves the thermal 
conductivity. The substrate has no thermal oxide as 
intermediate layer, but instead a polycrystalline silicon 
layer, originally deposited as amorphous silicon (a-Si) 
that has several functions. 
In these previous works either 2-inch crystalline SiC or 
100 mm poly-SiC were used. When used only as an 
insulating carrier for the silicon, it is of course much 
more economic to use poly-SiC. In addition poly-SiC is 
available in larger wafer sizes.  
In this study we present for the first time the full process 
scheme for realising void- and stress-free 150 mm 
Silicon–on–polycrystalline-Silicon Carbide wafers, 
without any intermediate oxide [4]. These substrates are 
suitable for foundry processing. 
 
 

3. Experimental 

 
150 mm polycrystalline SiC wafers (Saint Gobain) were 
planarised by mechanical lapping, followed by low-
pressure chemical vapour deposition (LPCVD) of 1 !m 
amorphous Si at 560 °C. The surface was again 
processed, this time with chemical mechanical polishing 
(CMP), to achieve sufficiently smooth surface for wafer 
bonding. To provide the crystalline silicon device layer, 
epitaxially thickened 150 mm diameter SIMOX wafers 
were used (Ibis). These wafers had a device layer 

thickness of 5 !m and a buried oxide of 377 nm. 
The wafers were rendered hydrophilic in acid solution, 
megasonically rinsed in de-ionized water and brushed, 
and then spin-dried. The wafers were then contacted in a 
wafer bonder. 
A novel rapid thermal annealing (RTA) step was 
applied before the furnace anneal in order to reduce 
stress and avoid breakage. Heat was applied as a peak of 
a few seconds, rising the temperature to 1000 °C in Ar. 
A furnace anneal at 1000 °C for 1 h in N2 followed. The 
Si handle wafer and the buried oxide from the SOI 
wafers were etched away in warm tetramethyl 
ammonium hydroxide (TMAH), and hydrofluoric acid 
solution, respectively, leaving resulting Si–on–poly-SiC 
wafers. The surfaces were inspected with atomic force 
microscopy (AFM) in between each surface-improving 
step. The curvature of the wafer pairs was measured 
with a laser scanning technique after RTA, furnace 
anneal, and wafer thinning, respectively. The stress of 
the final Si layer was measured by both XRD and 
Raman spectroscopy [5]. A schematic cross-section of 
the hybrid wafer is shown in Fig. 1. 
 
 

4. Results and Discussions 

 
A photograph of a final Si–on–poly-SiC wafer is shown 
in Fig. 2. With the novel RTA treatment, the Si–on–
poly-SiC wafers could be annealed without cracking. 
When omitting the RTA step, bonded wafers either 
cracked or even broke during the furnace anneal. In the 
case where voids appeared, they could be related to 
local polishing and planarity problems detectable before 
bonding. 
The poly-SiC wafers had an initial roughness of about 
300 nm rms, as determined by AFM in non-contact 
mode on 1 x 1 !m2 area. The surface roughness 
improved to approximately 10 nm rms after lapping, 
and ended up with a final surface roughness of 0.15 nm 
rms after CMP of the a-Si. 
After the RTA, the bonded pairs had a curvature of 
about 4 m. After furnace anneal, the curvature decreased 
to about 2 m. But when the Si substrate from SOI wafer 
was removed, the curvature became about 30 m, which 
indicate a great stress release due to the removal of the 
thick Si handle wafer.  
The remaining Si device layer on the hybrid substrate is 



stress-free, which was verified by both Raman 
spectroscopy and XRD. From Fig. 3, it can be seen that 
there is no Raman shift for the Si–on–poly-SiC as 
compared to a stress free bulk Si wafer. To verify the 
Raman method, the measurements were also carried out 
on Silicon-on-Sapphire wafers with known compressive 
stress [5], as also shown in Fig 3. XRD measurement 
verified this statement: in Fig 4, the peak located at 
around 69.13° is attributed to the Si family planes 
(4 0 0). There is no peak shift, which indicates a stress 
free Si film.!
In our efforts to increase the thermal conductivity, the 
buried oxide has to be omitted. The absence of the oxide 
interface often brings increased problems with bubble 
formation during the thermal treatment due to desorbed 
species, such as water. The transaction of a-Si to poly-Si 
together with the RTA seems to relive us from that 
problem, although the reason is still unclear. 

5. Conclusions 

 
We have shown a method to form void-free 150 mm Si–
on–poly-SiC substrates without any intermediate oxide 
layers. A novel RTA treatment was proved to be an 
effective way to avoid cracking and bubble formation. 
The resulting Si–on–poly-SiC wafers are without stress 
in the Si device layer.  
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Fig. 1: Schematic cross-section of the hybrid wafer. 

 

 
 

Fig. 2: Photograph of a 150 mm Si–on–poly-SiC wafer.

  
 
Figure 3: Raman spectra of (a) SOS substrate; (b) Si–

on–poly-SiC substrate and (c) bulk Si reference. The 
empty rings are the original data from Raman 
spectroscopy measurement and the solid lines are the 
Lorentian fitting curves. The SOS shows a shift caused by 
compressive stress. 

 
 
 
Figure 4: XRD spectrum of the Si–on–poly-SiC substrate. 

The peak’s location is attributed to the (4 0 0) planes of Si 

(1 0 0). 
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1. Abstract  
An atmospheric plasma activation system has been 
employed to enhance wafer bond strength when using 
low temperature bond anneal schedules. High bond 
strength (> 2000 mJ/m2) is achieved by optimum 
plasma activation. The process has proved unsuitable 
for use with thin oxides (<0.5 µm) as it causes physical 
damage.  This damage is not observed when high 
resistivity handle wafers are employed. The technique is 
therefore best suited to standard SOI, MMIC and 
MEMS technology. 
 

2. Introduction 
 
Direct wafer bonding enables the transfer of one 
material from a donor wafer onto another substrate 
material. This offers significant applications for 
functional layer transfer, combining different 
semiconductors together, for silicon on insulator (SOI), 
for germanium on insulator (GeOI), and MEMs. 
Generally the temperature coefficient of expansion of 
the materials to be bonded can be significantly different. 
This means that the donor wafer has to be bonded at low 
temperature and then thinned to the appropriate 
thickness. Thus post bond annealing temperature has to 
be kept less than 300-400OC either because of mismatch 
in TCE or to preserve pre processed structures. Yet if 
the donor wafer is to be thinned by grind/polish back or 
by ion-cut process the bond strength has to be of 
sufficient strength. This can be achieved by activating 
one or both wafers to be bonded in an oxygen plasma. 
Low pressure plasma systems are expensive and can add 
particles to the wafer requiring a wash before bonding. 
A dielectric plasma operating at atmospheric pressure 
offers a fast processing sequence with reduced risk of 
particles. The application of such a system for low 
temperature bonding has been investigated. 
 

3. System and Experimental Results 
 

The system consists of a line discharge and passes over 
the substrate to be activated, which rests on a quartz 
covered table Fig 1. The power to the discharge and the 

height between the line electrode and the wafer are 
adjustable. Initial results on silicon to silicon bonding 
and silicon to oxidised silicon bonding for 300W power 
20 mm/s scan rate, substrate spacing of 250 µm and 50 
slm of oxygen are give in Table 1. The oxide thickness 
grown before bonding was 1µm. It can be seen that 
there is a very considerable increase in bond strength 
with plasma activation and 200oC anneal in both cases. 
No micro voids were observed on any of the bonded 
pairs before or after the anneal. In many applications 
thinner buried oxide layers are required so experiments 
were carried out for silicon to oxidised silicon bonding 
with oxide layers 0.18µm, 0.35µm and 0.5µm thick. 
The standard plasma activation (SPA) was carried out 
on either the bare silicon wafer, the oxidised wafer or on 
both wafers before bonding. The bond strength for the 
various pre-bond treatments is shown in Figue2 as a 
function of post bond annealing temperature for silicon 
bonded to substrates with 0.35 µm oxides. It can be seen 
that for low post bond temperatures increased bond 
strength is obtained when the oxidised wafer is 
activated. Plasma activation of the silicon wafer has 
little influence on final bond strength. The increase in 
bond strength after 600oC anneal is modest and may be 
due to the presence of micro-voids. It was also 
discovered that under bright light inspection of plasma 
activated oxidised silicon wafers a haze was found on 
the wafer surface. While the haze did not prevent wafer 
bonding it was suspected as the cause of the micro-
voids after post bond annealing due to extra trapped 
moisture. A series of experiments was carried out to 
gradually reduce plasma power and increase substrate to 
electrode spacing until no haze was observed on 
<0.5µm oxides. Even by reducing the power by a factor 
of 3 and increasing the substrate to electrode spacing by 
a factor of 3 haze was still found on the wafer surface 
after this minimum plasma activation (MPA). There was 
no apparent change in bond strength of wafers given 
this lower plasma activation compared to non activated 
bonded wafers. When high resistivity slicon wafers > 
4000 Ω-cm were employed there was no haze found on 
0.35 µm oxides even after SPA.  White light 
interferometry was employed to inspect the oxides 
following plasma treatment in comparison to control 
samples.  It is clearly demonstrated that standard 



resistivity handle wafers exhibit a significant increase in 
rms roughness compared to control substrates and 
compared to the high resistivity handle wafers treated 
under the same plasma activation conditions, (Fig. 3).  
The affect of plasma activation on the I-V and C-V 
electrical properties of the oxide was also investigated 
and will be presented.  A typical C-V characteristic of 
the standard resistivity substrate given an SPA are 
shown in Figure 4.  The capacitor exhibits leakage 
current flow in the inversion region which is attributed 
to the plasma damage.  This will be explored in greater 
detail in the presentation. 
 

Conclusions 
 
An atmospheric plasma activation system has been 
employed in the study of low temperature wafer 
bonding.  Bond strength enhancement has been 
observed. High bond strength (> 2000 mJ/m2) is 
achieved by optimum plasma activation. The process 
has proved unsuitable for use with thin oxides (<0.5 
µm) as it causes physical damage.  This damage is not 
observed when high resistivity handle wafers are 
employed. The technique is therefore best suited to 
standard SOI, MMIC and MEMS technology. 

 
 

 
 Bond strength mJ/m2 

Anneal 
Temp 
(OC) 

QUB 
Si-Si 

Suss 
Si-Si 

QUB 
Si-SiO2 

Suss 
Si-Si02 

RT 203 339 112 240 

200 950 2500 950 2066.7 

300 2066 crack   

580 crack crack crack Not meas 

 
Table 1. Bond strength for Si-SiO2  and Si-Si wafer 
pairs following various anneals. 
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Figure 1 Atmospheric Plasma System 
 

 
 
Figure 2 - Bond strength for plasma activated bonding 
with standard plasma conditions for 0.35um oxide. 
 

 
Figure 3 White light interferometer measurements of 
surface roughness. 
 

 
 
Fig 4  C-V curve of oxide with and without plasma 
actication 
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1. Abstract  
A new concept of nanoscale MOSFET, the Variable-
Barrier Resonant Tunneling Transistor, is presented and 
modeled using 3D Non-Equilibrium Green Function 
simulations. Owing to the presence of variable tunnel 
barrier(s) designed to be at the onset of resonant 
tunneling regime, we predict steep subthreshold slope as 
steep as 45mV/dec, together with high on-current and 
high Ion/Ioff current ratios in Si nanowire transistors. 
 

2. Introduction 
In a MOSFET the lower limit for the subthreshold slope 
(SS) is ln(10)×kT/q (kT/q in short) or 59.6 mV/dec at 
300K. This slope sets a practical limit to reduction of 
supply voltage and power consumption of a circuit. 
Achieving steeper subthreshold slope transistors has 
become vital for further CMOS downscaling. Using 
band-to-band tunneling, Tunnel-FETs can achieve SS 
values on the order of 40-50mV/dec [1-3] but only in 
deep subthreshold. These devices suffer from very low 
on-current (typically 2 orders of magnitude lower than a 
MOSFET) and from ambipolar behavior. We have 
recently shown the possibility of achieving sub-kT/q 
subthreshold slope by using a “boosted” CMOS 
transistor, modified to comprise tunnel barriers near the 
gate edges (Fig. 1) [4]. Here, the exact nature and the 
impact of the device physical parameters on the 
observed phenomenon are thoroughly investigated 
through quantum simulations in silicon nanowires. We 
show that the effect results from combination of relative 
movement between channel and tunnel barriers that 
modulate resonant tunneling states created by the 
longitudinal (transport direction) confinement.  
 

3. Device Simulation 
SOI nanowire transistors were simulated using our Fast 
Coupled Mode Space (FCMS) self-consistent three-
dimensional Non-Equilibrium Green Function (NEGF) 
quantum simulator [4]. Fig. 1 shows a schematic device 
representation and gives the parameters of the SOI 
Gate-all-around n-channel nanowire with constrictions 
of width LC and section reduction ∆tsi, located at a 
distance Lout from the source (S) and drain (D)/channel 
junctions. Using constrictions, barriers between a few 
meV to several hundreds of meV can be obtained by 

tuning ∆tsi [4]. The gates can overlap over the S-D 
extensions side by a length Lov. 

 
Fig. 1: Rectangular [100] Gate-all-around SOI N nanowire with 
constrictions (for figure clarity the lateral gates and their gate oxides 
are not shown). tsi=wsi=2nm. Channel: L=10nm, doping N-=1015cm-2. 
Source/Drain extensions: Lsd=5nm, doping N+=1020cm-2 Oxide: 
tox=1nm, EOT=0.5nm. T=300K. 

In Fig. 2, ID(VG) and SS(VG) curves of devices with 
tunnel barriers (TBs) with different parameters and 
different Lout and Lov are shown and compared to those 
of an identical classical “reference” nanowire transistor 
without barrier, Tref. Different regimes can be found. 1) 
The tunnel barrier transistor (TBT) characteristics are 
identical for a given VG range to those of Tref (i.e. for 
TBT with Lout=1nm and Lov=0 and VG<0.1V). 2) The 
TBT current is reduced and the SS can be a) identical, b) 
improved and below the kT/q limit of 59.6mV/dec, or c) 
degraded. In Fig. 2.A, we also show and define the 
current ratio, IR vs. VG which is a convenient way to 
assess the impact of SS variations on the current. Fig. 
3.A shows the band structure (EC) and the transmission 
(T) of the TBT with Lout=1 and Lov=2nm at VG=0.075V, 
where SS is 58mV/dec and at VG=0.18V where 
SS=45mV/dec (Fig. 2). Fig. 3.B shows the same in the 
case of Tref for comparison. The transmission of the 
device with constriction is quite different from that 
without constrictions and shows very sharp peaks. This 
is the signature of resonant tunneling states. When the 
height of the TBs become typically comparable to that 
of the channel barrier, they can induce resonant energy 
states in the quantum wells formed between tunnel-
channel and/or tunnel-tunnel barriers. This decreases the 
current, compared to the reference transistor. In 
addition, the TBs can locally move differently than the 
top of the channel barrier through 3D electrostatics 



effects at the gate edges and mixed influence between 
gate/source and gate/drain voltages (Fig. 3.A). A change 
in the relative shape of the wells with VG (i.e. a non-
translational invariant movement) can induce changes in 
energy levels and their broadening (γ) which influence 
the density of state (DOS), transmission, current, and 
subthreshold slope. A reduction of SS below kT/q can be 
achieved by this mean even if the transparency of the 
TBs decreases relatively compared to the channel 
barrier because the electron concentration (and therefore 
ID) is increasing faster than the Fermi-Dirac distribution 
of carriers with energy due to the strong non-linear 
change of DOS (and therefore transmission) with VG 
(Fig. 3.A) . 
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Fig. 2: ID(VG) and SS(VG) curves of the nanowire without (1) and with 
2 constrictions of the semiconductor cross-section with Lout=0, 
LC=1nm, TBS=0.26, TBD=0.46eV (2), Lout=1, LC=2nm, TBS=0.2, 
TBD=0.36eV Lov=0 (3) and idem (3) but Lov=2nm (4). Vd=1V. 
L=10nm. The current ratio, IR(VG)=IdTBT(VG)/IdTref(VG) is also shown. 
 

By placing the barrier at Lout in the range from 1 to 
2.5nm together with some gate overlap (Fig. 2, Lout=1, 
Lov=2), simulation results show that a region of steep SS 
with values of 40-50mV/decade can be achieved just 
under threshold voltage (Vth=0.225V), together with 
high on-current. The location and number of the 
resonant energy states are strongly determined by the 
distance between the barrier (related to Lout) and the 
exact shape of the well related to the potential profile in 
the device. An overlap is needed because if Lout is 
increased the TBs get rapidly out of the range of 
influence of the gate voltage. This reduces the range 
where resonant tunneling due to the interaction between 
TBs and channel appears to a very narrow region (Fig.2, 
Lout=1nm and Lov=0).  
The barrier height and width must be adjusted to keep 

the device operating close to the onset of resonant 
tunneling effect (RTE) and not in strong resonant 
tunneling regime. By keeping LC in the range of 1 to 
3nm and the barrier height typically in the range 0.1-
0.3eV at the source side and 0.25-0.45eV at the drain 
side, we ensure: 1) adequate broadening (γ) and 
maximum sensitivity to the barrier movement and 
therefore steep slope and low off current. The steep 
slope allows for a very fast transition between off- and 
on-currents compared to the reference nanowire (IR 
increases from 7% at VG=0.1V to 18% at VG=0.2V); 2) 
Above threshold, when increasing VG, the TBs are 
progressively pulled below the Fermi level, ensuring 
that part of the current is not reduced by the RTE, 
enabling further improvement of the slope and current 
ratio and enabling very high on-current.  
In conclusion, a Variable Barrier Resonant Tunneling 
(VBRT)-Transistor as presented here could operate with 
very low threshold voltage (~ 0.1V) under 0.7V supply 
voltage with Ion/Ioff ratio as high as 4.104 (over 7-fold 
improvement over Tref) and Ion as high as 60% that of 
Tref.  
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Fig. 3: EC vs. normalized x, and T (non normalized) vs. energy at 
VG=75 and 180mV (the curves for VG=75mV have been shifted down 
in energy by 102mV for comparison) for A) TBT with Lout=1 and 
Lov=2nm and B) Tref. In this case, the normalized spectral current 
density, J(E) is also shown. 
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1. Abstract 
We  study  the  impact  of  self-heating  on  device 
characteristics  to  compare  advantages  of  double-gate 
silicon  on  insulator  (DGSOI)  over  bulk  technology. 
Performance  comparison  of  digital  circuits  like  three 
stage  ring  oscillator  has  been  made.  Impact  of  self-
heating  on  the  performance  of  oscillator  implemented 
with SOI double gate FETs and bulkFETs has also been 
investigated.  Although  self-heating  affects  the 
performance  of  digital  circuits  for  scaled  SOI 
technologies  considerably  due  to  poor  thermal 
conductivity of the buried oxide layer,  DGSOI circuits 
retain a significant advantage over bulk counterpart.

2. Introduction
SOI  is  preferred  over  bulk  for  the  scaled  CMOS 
technologies,  due  to  improved  short  channel  effect 
robustness of the  former over the other. However, SOI 
FETs  are  more  susceptible  to  device  self-heating  as 
compared  to  bulk,  because  the  buried  oxide  layer  has 
several order of magnitude lesser thermal conductivity as 
compared  to  bulk  silicon.  Moreover,  the  thermal 
conductivity is  less for  thin silicon film,  as  in DGSOI 
FETs, as compared to bulk silicon substrate. As a result, 
there is considerable lowering of drain current in the SOI 
FETs due to device self-heating[1].   The drain current 
lowering due to self-heating is reported to impact analog 
circuit design[2]. Scaling trend in CMOS technology is 
expected to exacerbate the situation and self-heating has 
been anticipated to reflect  itself  in the performance  of 
digital circuits as well[3].
   In this paper, we study the impact of self-heating on 
device characteristics of planar  DGSOI  and bulk FETs 
of 25nm gate length and equivalent gate oxide thickness 
of 0.75 nm. Device parameters are kept similar for the 
two technologies,  to ensure a fair comparison.  Electro-
thermal  mixed-mode  simulation  of  three-stage  ring 
oscillator  demonstrates  a  considerable  performance 
degradation  caused  by  higher  average  operating 
temperature  during oscillator  operation for  the SOIDG 
FET ring oscillator due to larger impact of self-heating in 
DGSOI FETs, as compared to the bulk counterpart. All 
the device and circuit simulations are carried out using S-
Device simulator[4]  with  tuned  thermal-conductivity 
parameters in thin films[5,6].

             3. Device Characteristics
Device parameters selected for the bulk and SOI double-
gate devices are described in table 1.

DGSOI FET Bulk FET
LG(nm) 25 25
NSUB(cm-3) 1e15 6e18
NSD(cm-3) 1e20 1e20
Xj(nm) - 30
LS(nm) 37.5 37.5
tSi (nm) 10 -
G  NMOS(eV) 4.35 4.12

G PMOS (eV) 4.88 5.22
Table 1: Device parameters for DGSOI FETs and bulkFETs
   Proper  representation  of  the  interconnects  and  the 
substrate  in  the  simulated  devices is  taken  care  of 
carefully so as to ensure realistic path for the dissipation 
of  the  heat generated  in  the  channel.  As  3D  electro-
thermal  mixed-mode simulation would  demand a huge 
simulation  time,  we  restrict  the  representation  of  the 
devices in two dimensions (2D),  for the present  study. 
Although 2D simulation is faster compared to 3D, this 
approach represents the worst case scenario in terms of 
device self-heating, because it neglects  the contribution 
to cooling from heat dissipation in the direction of device 
width[7].  The figures of merit  of the bulk devices and 
SOI are tabulated in table 2 and  3 respectively.  Work 
function values  of  the metal  gates have been tuned  in 
order to obtain acceptable leakage drain currents.

NMOS PMOS
Vth (V) 0.238 -0.214
Ion (mA/µm) 1.545 0.97
Ioff (µA/µm) 0.362 1.49

Table 2: Main figures of merit for the bulkFETs 

NMOS PMOS
Vth (V) 0.168 -0.246
Ion (mA/µm) 3.094 1.78
Ioff (µA/µm) 1.16 0.133

Table 3: Main figures of merit for the DGSOI FETs:  device  
performance is severely limited due to mainly two factors, the 
considerable self-heating, and also larger source-drain series  
resistance

   To investigate the impact  of  device self-heating  on 
device  on  current,  we  have  simulated  the  transfer 
characteristics of the DGSOI FET with and without the 
model for device self-heating with drain bias of 1.0V. It 
has  been observed that  the on current  decreases by as 
much  as  39.6%  due  to  self-heating  in  the  N-channel 
DGSOI FET.  Average temperature of  the silicon body 
increases to 536K, while carrying the on current. Thus, 
although it is expected to have a much larger on-current 
in the DG case, due to larger gate control owing to two 



gates,  it  is evident that  device performance is  severely 
limited due to mainly two factors, the considerable self-
heating, and also larger source-drain series resistance due 
to the lesser cross-sectional area of the source and drain 
of the DGSOI FETs. However, the impact of self-heating 
is less severe for the P-channel DGSOI FET, and lesser 
for the bulk technology. Transfer characteristics of the N-
channel  SOIDG  FETs  with  and  without  device  self-
heating are shown in figure 1.

Fig.1: Transfer characteristics of the N-channel DGSOI FET 
(at drain voltage of 1.0 V)

4. Ring Oscillator Transient Electro-
thermal Simulations

By using S-Device mixed-mode simulation, we estimate 
the  time period  and  hence  the frequency and  also  the 
amplitude of  a three-stage ring oscillator,  implemented 
with  DGSOI  FETs  and  bulkFETs,  separately,  with  a 
supply voltage of 1.0 V. Frequency of the oscillators, in 
the  two  different  technologies,  both  with  and  without 
self-heating in the devices are tabulated in table 4. As can 
be seen, the frequency of oscillation is much higher in the 
DGSOI FET circuit, as single stage delay of the DGSOI 
FET ring oscillator circuit is much less, because of the 
lesser drain parasitic capacitance in the DGSOI FET.

Frequency 
without  self-
heating (GHz)

Frequency  with 
self-heating
(GHz)

DGSOI FET 86.26 80.78
BulkFET 50.62 50.25

Table 4: Impact of self-heating on the performance of the ring 
oscillator implemented with DGSOI FETs and bulkFETs

   The  DGSOI  ring  oscillator  suffers  a  percentage 
degradation in frequency of oscillation by approximately 
6%  due  to  self  heating,  where  in  case  of  bulk,  the 
degradation is less than 1%. Average temperature of the 
silicon  body  of  the  N-channel  FETs  is  approximately 
345K during the ring oscillator operation for the  DG SOI 
oscillator,  whereas  it  is  much  lower  for  the  bulkFET 
oscillator.  The  variation of  average temperature  of  the 
silicon body for the DGSOI FET and that of the same 
volume in the channel are shown for both technologies in 
figure  3.  It  should  be  noted  that  during  oscillator 
operation the average temperature for the DGSOI FETs 

is  not  very  high  compared  to  the  temperature  under 
nominal  “ON”  conditions  (VGS=VDS=1.0V). In  fact 
during  oscillator  operation  devices  never  reach   such 
condition, moreover the average drain current over time 
is  lesser than the peak current attained; this is the reason 
why  self-heating  has  been  observed  not  to  impact 
performance  of  digital  circuits,  for  the  previous 
technology nodes.

Fig.2: Oscillator output  for DGSOI FETs,  with and without  
device self-heating, showing difference in time period

Fig.3: Variation of average temperature of the channel for the  
SOI and bulk NMOSFETs with time during oscillator opera-
tion

5. Conclusions
We  conclude that device self-heating has considerable 
impact in case of DGSOI FET digital circuits, compared 
to bulk technology, for the same scaled technology node. 
However, in spite of the larger impact of self-heating in 
the  SOI  technology,  DGSOI  retain  better  electrical 
performance compared to the bulk technology.
References
[1] Jenkins, K. A., et al., IEEE EDL 16, pp. 145-147 (1995)
[2] Tenbroek, B. et al., JSSC 33, pp. 1037-1046 (1998)
[3] Jenkins, K. A., et al., Proc. of IEEE Int. SOI Conference, 
2003
[4] Sentaurus User Manual Version A-2007.12. 
[5] W. Liu et al., trans. ASME. J. Heat Transf., vol 128, no. 1, 
pp. 75-83, Jan. 2006
[6] E. Pop et al., IEDM Tech. Dig.,2003, pp. 883-884
[7]M. Braccioli et al., SSE vol.53(4), April 2009, pp 445-451 



Graded Channel MOS Transistors for  
Low Power Low Voltage Applications 

 
M. Emam1, F. Danneville2, D. Vanhoenacker-Janvier1 and J.-P. Raskin1 

1 EMIC, Microwave Laboratory, Université catholique de Louvain, Louvain-la-Neuve, Belgium. 
2 Institut d’Electronique de Microélectronique et de Nanotechnologie (IEMN), Villeneuve d’Ascq Cedex, France. 

E-mail: mostafa.emam@uclouvain.be 
 

1. Abstract 
This work presents the low power low voltage behavior 
of the Graded Channel MOS transistors in dc and RF as 
compared to classical MOSFETs. The analysis and 
understanding of the RF behavior is supported by the 
extraction of a small-signal equivalent circuit. 

2. Introduction 
Portability is the keyword for most of the emerging 
consumer electronic products  [1]. Hence, extended 
battery life time and high reliability motivate the 
operation of transistors in what is know as the Low 
Power Low Voltage LP LV scheme. In this mode of 
operation, the device is optimized to operate in the 
lowest possible power consumption budget using the 
minimum available voltage supply while maintaining 
the highest requested performance. LP LV scheme 
becomes more challenging as the frequency of operation 
increases since the best High Frequency (HF) 
performance of new devices does not occur at low 
operating voltages  [2]. 
Metal-Oxide-Semiconductor Field-Effect Transistors 
(MOSFETs), known as being the mainstream devices 
for digital applications, have gained increasing market 
shares in RF applications benefiting from the 
continuous downscaling, which results in improved RF 
performance reaching the point where MOSFETs are 
able to replace traditional RF devices like HEMTs  [3]. It 
has been shown that laterally asymmetric doped channel 
MOSFETs, also known as Graded-Channel MOS 
(GCMOS) devices, outperform classical MOSFETs in 
almost all aspects of operation (dc, analog, RF, non-
linear, RF noise, etc.)  [4]. In this paper, the LP LV 
performance of GCMOS is presented for dc and RF 
applications and compared to classical MOSFET. 

The devices used in this work are all fabricated on a 
Partially-Depleted (PD) SOI 0.25 µm technology. 
Results shown are for n-type classical MOSFET 
(nMOS) and GCMOS of 0.5 µm channel lengths. Both 
devices feature gates with 12 fingers of 13.2 µm width 
each. In GCMOS, the ratio of the lightly-doped channel 
length to the total channel length (LLD/L) is 
approximately 0.5  [5]. Results are based on dc and RF 
measurements from 40 MHz till 40 GHz. 

3. DC Behavior 
As already published  [4]- [5], Fig. 1 shows a better 
transconductance Gm for GCMOS over classical nMOS. 
It is worth to notice that the maximum of Gm occurs at 
VGT = 0.47 V for GCMOS and VGT = 0.63 V for nMOS, 
where VGT = VGS - Vth, knowing that both devices have a 
threshold voltage Vth of 0.4 V. This difference of nearly 

150 mV puts GCMOS ahead of classical nMOS for 
better LP LV performance. Fig. 2 shows that this better 
Gm is valid for the whole range of drain bias VDS. 
However, the maximum of Gm does not occur at low VDS 
(e.g. considering VDS = 0.5 V for LP LV), but this will 
be traded off for lower dc power consumption (Fig. 2). 

4. RF Behavior 
The higher Gm occurring at lower VGT is directly 
translated into optimized current gain cutoff frequency 
fT which is shown to present its maximum at a lower VGT 
for GCMOS compared to nMOS (Fig. 3) at VDS = 0.5 V. 
On the other hand, the maximum oscillation frequency 
fmax is shown to be lower for GCMOS compared to 
classical nMOS at VDS = 0.5 V as shown in Fig. 4. 
Nevertheless, maximum fmax occurs at lower VGT for 
GCMOS compared to nMOS, which favors again the 
LP LV performance of GCMOS. 
The explanation of fT and fmax behavior is achieved 
through the extraction of a small-signal equivalent 
circuit using  [6]- [7] for extrinsic resistances and  [8] for 
intrinsic parameters. GCMOS presents a lower Cgs (Fig. 
5) and a higher Cgd (Fig. 6) compared to nMOS. These 
two capacitances nearly compensate to give comparable 
total gate capacitance Cgg (Fig. 7), while the intrinsic 
transconductance Gmi is in favor of GCMOS (Fig. 8). As 
a result GCMOS outperforms nMOS in fT behavior 
since fT = Gmi/(2πCgg). 
The higher Cgd of GCMOS is explained by the fact that 
the lightly doped region near the drain is in strong 
inversion but not yet in pinch-off at this low VDS value 
 [5]. The non pinched-off channel also results in higher 
Gdsi for GCMOS compared to nMOS (Fig. 9). 
Therefore, the higher fmax of GCMOS can be explained 
using (1)  [9]. 
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As VDS increases, the pinch-off region is created near the 
drain in the GCMOS. As a result, Cgd decreases to reach 
a value near that of nMOS (Fig. 6). The same applies 
for Gdsi where the difference between GCMOS and 
nMOS is clearly decreased (Fig. 9). This transition starts 
to happen at VDS = 0.7 V and is highly manifested at 
higher values of VDS as can be seen from the intersection 
point in fT and fmax curves (Fig. 3 and Fig. 4) which goes 
to higher VGT as VDS increases. 

5. Conclusion 
GCMOS demonstrates better dc and RF performances 
for LP LV applications. The lower fmax at lower VDS can 



be optimized by using slightly higher VDS and lower VGT 
in order to put the GCMOS device in pinch-off 
condition at the drain side. 
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Fig. 1.  DC transconductance Gm as a function of VGT = VGS – Vth for 
both GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 2.  Maximum of DC transconductance Gm,max and corresponding 
dc power consumption Pdc as a function of VDS for both devices. 
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Fig. 3.  Current gain cutoff frequency fT as a function of VGT for both 
GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 4.  Maximum oscillation frequency fmax as a function of VGT for 
both GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 5.  Gate-to-source capacitance Cgs as a function of VGT for both 
GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 6.  Gate-to-drain capacitance Cgd as a function of VGT for both 
GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 7.  Total gate capacitance Cgg = Cgs + Cgd as a function of VGT for 
both GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 8.  Intrinsic transconductance Gmi as a function of VGT for both 
GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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Fig. 9.  Intrinsic output conductance Gdsi as a function of VGT for both 
GCMOS and nMOS at VDS = 0.5, 0.7 and 0.9 V. 
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1. Abstract 
To evaluate the impact of threshold voltage(VTH) 

control by a back-gate bias(Vg2) for low power operation 

on the electrical characteristics in high-k/metal gate 

fully depleted(FD) SOI-MOSFETs, the mobility(µ) 
under various Vg2 and coupling effect were investigated 

by the split-CV method. The results show that µ 
decreases considerably at lower electron density when 

negative Vg2 is applied to adjust threshold voltage(VTH) 

and there exists an optimum condition for the mobility 

enhancement by positive Vg2. 

2. Introduction 
For low power operation in LSIs, it is necessary to 

lower both the supply voltage and VTH
1
. However, this 

causes fluctuations in VTH and increases the standby 

power dissipation. These problems can be effectively 

solved by controlling VTH by Vg2 (=biasing to the Si 

substrate under the buried oxide layer) in FD-MOSFETs. 

However, in high-k/metal gate FD-MOSFETs, the 

impact of the back-gate biasing on the electrical 

characteristics has not yet been fully clarified. In this 

study, the mobility(µ) under various operation modes, 

i.e., under various Vg2 conditions, is discussed. 

3. Measurement method 
SOI n-MOSFETs used in this study were 

fabricated at CEA-LETI on standard Unibond SOI 

wafers. Details of the device structures are listed in 

Table I. µ was determined from the electron density(�s) 

of the channel obtained using the front- and back- gate 

split-CV method
2
 and from the channel current(Id). In 

addition, in order to evaluate the role of the front 

channel(FC) at the interface of the high-k gate insulator 

and the back channel(BC) at the interface of SiO2 buried 

oxide layer in the SOI film, the coupling effect
3
 between 

these interfaces was investigated by the split-CV method 

as follows. In Fig. 1, ■ indicates the Vg1 value at the 

first peak of the δC/δVg1 curves (inset of Fig. 1). This 

curve coincides with the Vg1 value corresponding to �s = 

1×10
11 

cm
-2
 that is calculated from the capacitance 

values. Therefore, in Fig.1, ■ indicates the front-gate 

threshold voltage VT1 in the case of δC/δVg1 curves with 

single peak and the back-gate threshold voltage VT2 in 

the case of δC/δVg1 curves with double peak
2
. The 

second peak in the δC/δVg1 curves indicates the VT1 

value at which FC starts to form after BC is activated. 

The point on the VTH curve at Vg1 = 0.26 V (second peak 

voltage in the δC/δVg1 curves) coincides with the 

intersection (point X) of the VT1(Vg2) and VT2(Vg1) curves. 

In a previous study
4
, X has been used to determine the 

condition in which FC and BC are simultaneously 

inverted. 

4. Results 
Coupling effect in high-k/metal gate SOI-MOSFETs 

Figure 2 shows the coupling effect observed from the 

δC/δVg1 curves for device B. Vg2 on these lines for the 

second peak voltage Vg1 is rather close to 0 V, i.e. 

Vg2(X) ≈ 0, suggesting that when positive Vg2 is applied 

for adjusting VTH, BC is first activated even by sweeping 

Vg1 before FC is activated. 

Impact of negative Vg2 

When VTH is adjusted to minimize the fluctuations of 

VTH, a constant Vg2 is applied. As shown in Fig.3, the 

negative Vg2 causes a large degradation of µ, especially 

at lower �s. This is due to the use of the high-k 

dielectric. 

Impact of positive Vg2 

When VTH is controlled dynamically, the positive Vg2 

is used to enhance the channel current in the active state. 

As shown in Fig. 4, the value of µ is saturated for 

positive Vg2. Figure 5 shows µ vs. Vg1.  µ becomes 

maximum when the main activated channel moves on to 

the other side. These results indicate that there exists a 

tradeoff between the mobility enhancement due to the 

decrease in the electric field at the center of the SOI 

film
5
 and due to the decrease in the Coulomb scattering 

rate when the active channel region moves on to the 

Si/SiO2 interface, i.e., the back interface. 

5. Summary 
To evaluate the impact of VTH control by Vg2 on the 

electrical characteristics of high-k/metal gate FD SOI-

MOSFETs, µ under various Vg2 and the coupling effect 

were investigated by the split-CV method. µ decreases 
considerably at lower �s when negative Vg2 is applied to 

adjust VTH, and there exists an optimum condition for 

the mobility enhancement by positive Vg2. It is 

necessary to control VTH through back–gate biasing by 

considering the optimum µ in order to realize better 
device performance. 
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 TSi 

(nm) 

TBOX 

(nm) 

-a 

(cm-3) 
Gate Gate Oxide 

A 15 400 1017 

-1018 
Poly-Si SiO2 (2 nm) 

B 8-12 145 1015 

-1016 
Ti- HfO2 (3 nm) 

+SiO2(1.4nm) 

 

Table I: Summary of devices used in this study. 

 

Fig.1: Coupling effect in device A. ■: First peak voltage in 

δC/δVg1 curves. □: VTH corresponding to �s = 1 × 1011 cm-2. 

○: Second peak voltage in δC/δVg1 curves. X: Intersection of 

VT1(Vg2) and VT2(Vg1). Inset shows δC/δVg1 curves. Two peaks 

can be observed at large Vg2 values. L/W = 100/100 µm. 

Fig.2: Coupling effects in device B. First peak (solid symbols) 

and second peak (open symbols) voltages in δC/δVg1 curves. 

Inset shows δC/δVg1 curves in device #1. 

 

 
Fig.3: Id vs. �s for Vg2 = 0V and –5 V and ∆Id{(Vg2=0V) – 

(Vg2=-5V)}/Id(Vg2=0V) vs. �s. 

 
Fig.4: Mobility vs. Vg2. Solid symbol for each Vg1 is the 

mobility at the condition of �s(Vg2=0V) = 2�s(Vg2 at the solid 

symbol), i.e., double-gate mode operation. L/W = 10/10 µm. 

 

 

 

 
 

 

Fig.5: Mobility vs. Vg1 at Vg2 = 30 V. Mobility becomes 

maximum when the front channel starts to form by sweeping 

Vg1. L/W = 10/10 µm. 
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1. Abstract  
This paper analyzes the influence of the negative 
charges (NC) located at the gate edges on the advanced 
MOSFETs behavior, paying particular attention to the 
subthreshold slope, S, maximum transconductance, 
Gmmax, and analogue figures of merit, such as 
transconductance over drain current ratio, Gm/Id, Early 
voltage, VEA, and intrinsic gain. General trends obtained 
by 2D numerical simulations on double gate (DG) 
structures are whenever possible qualitatively correlated 
with experimental data obtained on FinFETs.  
 

2. Introduction 
In order to satisfy the ITRS requirements for the 
continuous device downscaling, employment of novel 
high-k gate dielectrics, on one hand, and architectural 
solutions as multiple-gate FETs and ultra-thin body 
MOSFETs, on another hand, is unavoidable. High-k Hf-
based gate dielectrics, while allowing for the requested 
electrical gate dielectric thinning (and hence better 
channel control from the gate), may cause device 
performance degradation, due to higher interface states 
densities and mobility lowering, as well as reduce 
device reliability [1-4]. Furthermore, process induced 
NC at the gate edges in devices with Hf-based dielectrics 
were evidenced to be responsible for enhanced mobility 
and noise degradations of short-channel devices [2]; the 
impact of gate dielectric processing was analyzed in [3]. 
Presence of highly-damaged regions near gate edges 
were later on identified as a reason for length, L, 
dependent FinFETs degradation under radiation [4].  
In this work we analyze how the presence of NCs at the 
gate edges may change device parameters, such as S, 
Gmmax, Gm/Id, VEA and intrinsic gain, which are of 
particular importance for analogue applications. We will 
show that even long-channel device performance can be 
strongly affected by the presence of such charges. 
 

3. Simulation and experimental details 
2D numerical Atlas simulations were performed using 
simplified DG MOSFET structure with uniformly 
distributed fixed negative charges, NC, located in the 
gate Si oxide at the gate edges within a lateral distance 
of LNC=20nm under the gate (Fig. 1). Experimental 
results used in this paper come from different FinFETs 
processes of IMEC: #1 – SiO2/poly-Si gate stack, # 2 

and # 3 – high-k/metal-gate stack with HfO2 and 
HfSiON, respectively. More details about those devices 
could be found in [5], [4], [3]. It must be emphasized 
here is that HALO implantation was not employed 
during device processing. It is worth to point out that we 
do not aim at quantitative but only qualitative agreement 
in main trends between experiments and simulations.  
 

4. Results and discussions 
Fig.1a summarizes the experimental L dependence of 
VT for the different processes. While devices with 
SiO2/poly-Si stack exhibit a normal VT roll-off, the 
introduction of HfO2 results in unexpected VT roll-up, 
which is however attenuated in the case of HfSiON. 
This behavior is qualitatively reproduced by simulations 
(Fig. 1b), in which different NC concentrations are 
introduced at the gate edges in order to obtain VT roll-
up. The metal-HfO2 and HfSiON stacks correspond to 
the simulated case with high and low NC concentrations, 
respectively, while polySi-SiO2 stack is qualitatively 
reproduced by “no NC” case. It is worth to point out 
that the presence of NC can pass unnoticed. Moreover, 
devices with relatively low NC concentration at the gate 
edges can even be considered as more successful (since 
the VT roll-off is partially compensated by the effect from 
NC). However, we will show that other performance of 
these devices can be affected by the gate-edge charges.  
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Fig.1: (a) Experimental VT vs. L dependence for different 
process; (b) Simulated VT vs. L dependence for different NC 
concentrations (“0” - diamonds; 1012 cm-2 – triangles and 
5·1012 cm-2 – squares) at the gate edges. Inset in Fig. 1a 
schematically shows the simulated DG MOSFET. 
 
Fig.2a shows L-dependence of normalized Gmmax for 
devices with and without NCs. It can be seen that, 
indeed, presence of NCs results in stronger Gmmax norm L- 
degradation in the case of the short devices. However, 
strong Gmmax norm enhancement appears in the long devices 
with NCs at the gate edges as discussed hereafter. The 
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Fig.2: Simulated (a) and experimental (b) normalized Gmmax 
vs. L dependences. 
 
observed tendencies are qualitatively supported by 
experimental data (Fig. 2b). 
Fig. 3a evidences the change in the global device behavior 
in the subthreshold region. The presence of NCs does 
not result in a simple VT shift (or parallel shift of the 
curves), but changes their slope delaying the onset of 
strong inversion (SI). The reason is that “normal” carriers 
transport is blocked by the narrow region with NC located 
at the gate edge near the drain which requires higher 
gate voltage to achieve SI condition. Once the applied 
Vg becomes higher than the local VT of this “NC-
region”, SI conditions are achieved everywhere under 
the gate and “normal” current flow is restored. This 
effect results in a sharp change in the device operation 
regime, which can explain the abnormal Gmmax increase in 
long channel devices with NCs. Gmmax norm values in this 
case have no relation to the physical device features (as 
µ, Cox, etc.), but are determined by a sudden jump in 
device operation regime. One should then take care that 
high Gmmax values in long devices with NCs can be erroneously 
attributed to improved device performance, and 
“problematic devices” be selected as the “best choice”.  
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Fig.3: Simulated Id-Vg curves of 150 nm-long devices with and 
without NCs (a) and Idnorm.vs. L at a fixed Gm/Id =30 V-1 (b). 
 
S degradation in the weak-to-moderate inversion region 
directly results in enhanced Gm/Id degradation. Gm/Id vs. 
Idnorm=Id/(W/L) plot (Fig.3), being independent on VT, 
clearly reveals this effect even in short channel devices. 
Very strong degradation of Idnorm is observed at the fixed 
Gm/Id of 30 V-1, i.e. around VT region which is now widely 
requested for the low-voltage, low-power applications. It 
is worth to point that even devices with low NC (i.e. 
unnoticeable from VT behavior) exhibit Idnorm 
degradation. Nevertheless, very short devices, with 
L≤2*LNC, corresponding to devices with uniform NC 
distribution under overall gate, do not exhibit such 
particularity, but only pure VT shift. 
Fig. 4 presents the effect of NC at the gate edges on the 
analog figures of merit (taken at fixed bias Vg=Vd=1V, 
i.e. in SI and saturation regime) and their evolution with 

length. While the performance of the short devices, 
being dominated by short-channel effect, stays almost 
unaffected by NC at the edges, the performance of the 
long-channel devices is strongly degraded. Similar 
trends are confirmed by experimental results. The main 
reason lies in the saturation of VEA with L increase (especially 
pronounced for high NC concentration), which was not 
observed in the devices with polySi-SiO2 gate stack (#1) 
[5]. The reason is that applied Vd mainly modulates the 
barriers created by NC near gate edges and less the 
potential in the channel pinch-off region. VEA saturation 
with L was previously observed for the devices with 
HALOs [6] and was explained in a similar way. It is 
worth to notice that 5-8 dB lower intrinsic gain in long-
channel devices with NC is observed even for the 
devices in which presence of NC stays undetectable 
from VT vs. L variation, while more than 30 dB 
degradation can be expected for the device with high NC 
concentration. 
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Fig.4: Simulated VEA and Intrinsic gain vs. L at Vg=Vd=1V in 
the MOSFETs with and without NCs at the gate edges. 
Experimental data are from FinFETs with HfSiON (#3).  
 

5. Conclusions 
The effect of the process-induced negative charges at 
the gate edges on the advanced MOSFETs performance 
has been analyzed in details. It has been shown, for the 
first time to our best knowledge, that these charges can 
result not only in anomalous VT vs. L dependence, but 
affect the global device performance, by degrading 
subthreshold behavior, VEA and intrinsic gain. Surprisingly, 
this degradation is even more severe for the long channel 
devices particular important for the analog applications. 
Furthermore enhanced Gmmax values and apparent better 
short-channel effects control can in reality be a result of 
the NC at the gate edges. Special care should be taken 
and complete set of device parameters/characteristics is 
necessary in order to perform a correct technology 
assessment. We believe that such behavior is not a 
FinFET specific feature, but may appear in any other 
advanced technology and hence is important to be taken 
into account in device modeling.  
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1. Abstract] 

In this paper, an alternative technology is studied to 

elaborate hybrid orientation Silicon-On-Insulator (SOI) 

films above a continuous Buried Oxide (BOX). To this 

purpose, a “deep-amorphisation” followed by Solid 

Phase Epitaxial Regrowth (SPER) of SOI films is 

investigated. Particularly, the effect of the deep-

amorphization and SPER on p-type Fully-Depleted 

Metal Oxide Semiconductor Field Effect Transistors 

(FD-MOSFETs) is here presented and discussed 

especially for (110) oriented SOI films. 

 

2. Introduction 
Hybrid Orientation Technologies (HOT) have received 

a renewal of interest during the past decades to 

overcome the problem of the mobility degradation in the 

conduction channel. Indeed, it is well known that hole 

mobility could be increased on a (110) oriented Si 

surface assuming a standard <110> channel direction 

but this significantly degrades the electron mobility [1]. 

It is thus desirable to enclose hybrid (110) and (100) Si 

oriented areas on a same layer to maximize both the 

mobilities. In this context, different approaches were 

proposed based on Direct Silicon Bonding and Solid 

Phase Epitaxy [2]. It was also previously reported that 

high performance devices require a continuous BOX 

under the hybrid areas and an alternative technology 

was then proposed by J.P.De Souza et al. [3]. Figure 1 

illustrates this process. 

 

 
 
Fig.1: Elaboration of hybrid SOI films above a continuous 

BOX as proposed by J.P.De Souza et al. [3] 

 

It is based on the local deep-amorphization of an 

(110)/(100) bi-layer SOI film, keeping a quasi 

crystalline superficial layer. This superficial layer then 

acts as a seed for the SPER and the local conversion of 

crystal orientation from (100) to (110). We previously 

reported on the successful deep-amorphization and 

SPER of both (100) and (110) blanket single-layer SOI 

films [4]. We report here on the impact of the deep-

amorphization and SPER on the electrical functioning 

of p-type FD-MOFETs. 

 

3. Substrates engineering for HOT 

applications 
The initial SOI wafers were both (110) and (100) 

oriented and provided by SOITEC. The SOI layer and 

BOX thickness were tSi=70nm and tBOX=145nm, 

respectively. Doping was p-type with a concentration 

around Na=1x10
15

cm
-3

. The deep-amorphization was 

achieved using Si implantation to conserve the quasi-

intrinsic doping level of the channel required for FD 

devices [5]. Dose was fixed below the limit dose of 

amorphization in Si (D=1x10
15

cm
-2

 [6]) and ion beam 

density was carefully tuned to control the surface self-

heating during the implantation. As we previously 

determined, the SPER was achieved at a temperature of 

900°C to ensure the electronics recovery in the films 

[4]. Fig.2 is a Transmission Electron Microscopy 

(TEM) observation of a (110) oriented SOI films (a) 

after amorphization and (b) after the following SPER. 

 

  
Fig.2: TEM observation of a (110) oriented SOI films (a) after 

the deep-amorphization and (b) after the subsequent SPER 

performed at a temperature of 900°C. 
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After implantation, these observations confirm the 

presence of an amorphous underlayer (white contrast) 

and of a quite-crystalline surface layer (dark contrast). 

After the SPER (Fig.2-b), the observations indicate that 

the whole layer becomes crystalline. It thus confirms 

that the surface layer remains quite crystalline after the 

deep-amorphization and acts as a seed layer for the 

SPER. 

 

4. FD-MOSFETs performances 
FD-MOSFETs were then realized on such (110) as well 

as (100) oriented SOI single-layer after the deep-

amorphization and the SPER in order to evaluate their 

impact on the electrical functioning of the devices. 

Transistors were p- type MOSFET, with a 10nm thick 

TiN metal gate and a 3nm thick HfO2 high-k gate 

dielectric (EOT=1.66nm). The gate lengths were in the 

range LG= [0.2-10]µm. First of all, the mobility was 

measured and Fig.3 presents the evolution of the 

effective hole mobility as function of the effective field 

for (110) and (100) oriented SOI films. For comparison, 

the mobility extracted on blanket (110) and (100) SOI 

films is also shown in Fig.3, as references. 
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Fig.3: Effective hole mobility evolution as function of the 

effective field for (100) and (110) SOI films without (REF) or 

with (SPER) deep-amorphization and SPER. Results obtained 

on long channel LG=W=10µm. 

 

Concerning the results obtained on both the (110) and 

(100) oriented films, no significant degradation is 

observed before and after the deep-amorphization and 

SPER. A slight dispersion is observed but has not yet 

been attributed to the processes. By comparing the 

mobility at high field for the (110) and (100) oriented 

films, a +150% improvement is obtained. The maximal 

hole mobility for the (110) orientation is estimated at 

µh=160cm²/V.s that is lower than the theoretical value 

of µh~200cm²/V.s [7]. Nevertheless, this small 

attenuation of the mobility could be explained by 

considering the gate stack (metal gate/high-K) and is 

thus in good agreement with previously reported results 

[8]. The Fig.4 presents the evolution of the drain current 

saturation Isat as function of the threshold voltage VG 

and for different gate lengths. 
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Fig.4: Drain current saturation as function of the threshold 

voltage and for different gate lengths (LG=0.2, 0.35, 1, 10µm). 
 

A small Vth shift is first observed between the (110) and 

(100) oriented SOI films. It is attributed to the device 

process that was not optimized for the (110) orientation 

and not to the deep-amorphization and SPER. For a 

constant Vth, a significant improvement of +30% is 

obtained for the (110)/<110> oriented FD-MOSFETs, 

confirming thus the potential of the technology. No 

degradation of the functioning was observed by 

comparing the reference with the deep-amorphized and 

SPER films. 

 

4. Conclusion 
FD-pMOSFETs were realized on single-layer (110) or 

(100) SOI films and no degradation due to the deep-

amorphization and SPER was found. A strong 

improvement of the hole mobility and drain current 

saturation was also obtained for (110)/<110> FD-

pMOSFETs as compared to (100)/<110> FD-

pMOSFETs. It demonstrates the potential of hybrid 

orientation technologies for SOI films for high 

performances FD devices. 

 

Results were obtained in the frame of the CEA/SOITEC 

collaboration. F.Mazen is kindly acknowledged for the 

substrate implantations. 
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1. Abstract 
 

     The Geometric Magnetoresistance technique was 
introduced to accurately extract the carrier mobility in 
SOI devices without a need of a precise determination 
of the channel length. This work presents an analysis of 
magnetoresistance mobility for FinFET triple-gate 
devices as a function of the channel length and low 
temperature down to 77K.  
 

2. Introduction 
 

     Multi-gate FinFET devices are presently known as 
the best candidates for nano CMOS technologies [1-3] 
due to the better short channel performance and the 
compatibility with planar CMOS processing [4]. 
     The mobility is one of the key parameters that define 
MOSFET technologies performance, like maximum 
drive current, transconductance, intrinsic gain and 
transition frequency [5].  
      This work is based on experimental geometric 
magnetoresistance (MR) technique [7,8] applied in 
FinFET devices. This kind of measure is based on 
carrier transport in the presence of a magnetic field 
perpendicular to the plane of the current flow [9,10,11]. 
The magnetoresistance mobility (μMR) is determined by 
the change of device resistance for increasing magnetic 
field. The presence of magnetic field, B, perpendicular 
to the transport plane does not affect the electron 
confinement. The geometric MR mobility is given by: 

)(
)0(1

0

022

0 B
BMR

B

μ
μμ

ρ
ρ

=+=                       (1) 

where ρB and ρ0 are the resistivity dependent of 
magnetic field and the resistivity in zero magnetic field, 
respectively, B is the magnetic field, μ0(B) and μ0(0) 
low field mobility with and without magnetic field 
applied, respectively. The method works for transistor 
length much smaller than the width (typically W/L > 5). 
 

3. Experimental 
 

     The devices studied in this work are triple-gate 
FinFET devices from IMEC, Belgium. The devices 
were fabricated starting from SOI wafers with 145 nm 
buried oxide thickness, following the process described 
in Ref. [12]. The top silicon layer thickness, which is 
the fin height (Hfin), is patterned with 60 nm. After the 

silicon film definition, a 1 nm thick interfacial thermal 
oxide is grown, followed by the atomic layer deposition 
(ALD) of 2 nm HfO2, resulting in a effective oxide 
thickness of EOT ≅ 2.0 nm. The gate stack is completed 
with a 5 nm thick TiN ALD film and a 100 nm 
polysilicon layer. No channel doping is applied during 
the process (Nfin = 1x1015cm-3). The devices 
characteristics used in this work are: channel width 
(Wfin) of 10 μm, and channel length (L) from 90 nm up 
to 910 nm. 
     For the applied method a high magnetic field (B = 0 
– 11T), that was generated by an Oxford Instruments 
superconducting magnetic power supply, was applied 
perpendicular to the wafer surface. The electrical 
characteristics were measured using a semiconductor 
parameter analyzer (HP 4156A). Drain current–voltage 
ID(VG) curves were measured for a wide range of 
magnetic fields, at low temperatures and low drain bias 
(VDS = 50 mV) in order to compute the MR. 
  

4. Parameter Extraction and Analysis 
 

     In order to obtain the μMR, firstly is plotted the MR 
ratio RB/R0 (resistance with and without applied 
magnetic field) for various values of VG in function of 
B2 as shown in Figure 1. This figure shows the results 
for one transistor with channel length of 410nm, fin 
width of 10 μm at 100 K.  
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Fig.1: MR ratio RB/R0 as a function of square of magnetic 

field for different values of gate bias. The symbol line 
represents the “intrinsic” mobility ratio μ0(0)/μ0(B) extracted 

by Y-function. L=410 nm and T = 100K.  
 

     From the slope of this curve for each VG the mobility 
μMR could be calculated using equation (1). The 
mobility μMR is then plotted in function of VG (Figure 
2). In order to make a comparison, also plotted are the 



variations of effective mobility μeff and field-effect 
mobility μFE. These curves have been calculated by 
taking DoxmFE VCLWg )//(=μ  and FEeff μμμ ⋅= 0  
[13] at B=0. The low electric-field mobility μ0 was 
extracted using the ( ) ( )GmDG IVY = Vg/  function, 
which eliminates the first-order mobility attenuation 
factor and source-drain series resistance effects [14]. 
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Fig.2: Variations of MR mobility, effective mobility and field 
effect mobility (corresponding to a zero magnetic field) versus 

gate voltage. L=410 nm and 100K. 
 
     The results for magnetoresistance mobility are 
presented for one transistor at one temperature. The 
same extraction was done for all transistors measured at 
three different temperatures (77K, 100K and 200K). For 
all measures the same behaviour was observed. 
     In Figure 1 the symbol straight line represents the 
low-field mobility ratio μ0(0)/μ0(B) as a function of B2 
that was extracted by the standard relation: 

( ) ( )
22
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0 1
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B
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+

=                         (2) 

From the slope of this line it is possible to extract the 
low-field MR mobility μ0,MR (Fig. 3 and 4) that is 
independent of both gate bias and magnetic field.  
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Fig.3: Low-field mobility μ0 and low-field MR mobility μ0,MR 

versus temperature. 
 

     Figure 3 shows the μ0,MR and μ0 dependence of 
temperature, for transistors with channel length of 140 
and 410 nm. It can be observed that μ0,MR is higher than 
μ0 for all range of temperature. Both mobilities are large 
reflecting the good quality of the Si/High-K top 
interface which governs the electron transport. As the 
temperature decreases there is an increase in the 
mobility due to reduced phonon scattering [15]. 
     A typical problem with short-channel devices at low 
temperatures is the series resistance effect. Figure 4 

shows that there is an apparent reduction of the mobility 
with the decrease of channel length. For long channels, 
the phonon scattering is dominant. However, it is noted 
that the temperature mobility increases is attenuated for 
shorter devices, owing to the large series resistance or 
special scattering mechanisms, which masks the actual 
mobility enhancement at low temperature [15,16]. 
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Fig.4: Low-field mobility μ0 and low-field MR mobility μ0,MR 

versus channel length, for different  temperatures. 
 

5. Conclusions  
 

     This work presented an investigation of the 
magnetoresistance mobility extraction method for 
FinFET triple gate devices at variable channel length 
and temperature. It was demonstrated that the MR 
method can successfully be applied in FinFETs with 
short channel length and large width. The MR allows 
the straight-forward extraction of carrier mobility, at 
zero or variable electric field.   
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1. Abstract 
An explicit compact model of quantum-mechanical 

effects (QME), for undoped cylindrical Gate-All-

Around (GAA) MOSFETs, is developed in this paper. 

After modeling the band gap widening, QME are 

accounted for in a surface-potential-based model by 

making a correction both on the oxide thickness and on 

the intrinsic carrier density. The model, intended for 
small transistors radii, is then suitable for both structural 

and electrical carrier confinement. Results obtained 

from self-consistent Schrödinger-Poisson numerical 

simulations validate this predictive analytical model. 

 

2. Introduction 
Based on ITRS specifications [1], planar bulk 

MOSFET dimensions are increasingly reduced, making 

therefore the CMOS scaling approaching the limit 

mainly due to the increase of parasitic effects. Multiple-

gate MOSFETs such as undoped cylindrical 

surrounding-gate transistors (Fig.1) are considered as 

one of the most promising solutions to reach the CMOS 

roadmap requirements for the 22nm node and beyond 

[2]. Considering the structure and dimensions of the 

GAA transistor, quantum-mechanical effects seriously 

influence the device characteristics [3,4]. Taking 

account of QME is becoming a great relevance to 

accurately investigate Si-Nanowire MOSFETs. In this 

paper, a new analytical compact model of QME for 

undoped cylindrical surrounding-gate transistors, which 

can be easily implemented in a surface-potential-based 

model, is proposed. Compared to a previous model [4], 

this model is more efficient in term of computation time 

and is verified, by comparisons with TCAD self-

consistent Schrödinger-Poisson simulations [5], both on 

quasi-static capacitances and surface potentials. 

 
L

SOURCE DRAIN

GATE

x

ρ

2Rρ=0

ρ=R

Φ(ρ,x)

GATE

tox

tox

L

SOURCE DRAIN

GATE

x

ρ

2Rρ=0

ρ=R

Φ(ρ,x)

GATE

tox

tox

 

θ

ρ

2R
tox

SiO2

Si
GATE

DRAIN

θ

ρ

2R
tox

SiO2

Si
GATE

DRAIN

 
 
Fig.1: Schematic cross sections in the channel direction (left) 

and in the transverse direction (right) of the cylindrical GAA 

MOSFET. 

3. Electrostatic Modeling 
To model QME, the conventional (without QME) 

surface transverse electric field Es is required. To 

express Es, we use an accurate, explicit and continuous 

model for undoped surrounding-gate MOSFETs [6] 

where the 1-D electric potential Φ(ρ) is defined as, 
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 where VC is the electron quasi-Fermi potential, ut is the 

thermal voltage, R is the silicon nanowire radius, LDi is 

the Debye Length written as (2) and β is a parameter 

determined from the boundary conditions and the Gauss 

Law written as (3). 
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where q is the electron charge, εSi the silicon 

permittivity, ni,CONV the intrinsic carrier concentration, 

VGS the gate-source voltage, ∆Φ the work function 

difference between the gate material and the intrinsic 

silicon, Cox the gate oxide capacitance and ∆qmn a term 

related to QME making therefore a previous voltage 

shift according to R and defined as,   

 3.112 R10−=∆ nqm  (4) 

Then, from the computation method in [6], (3) and 

(4), the surface transverse electric field is defined as, 

 
( )

( )2
2

R 1R
ut4Es

β
β

ρ
ρφ

ρ −
=

∂
∂=

=  
(5) 

 

4. Quantum-Mechanical Effects Model 
The first step of this QME analytical model is to 

model the band gap widening ∆Ej corresponding to the 

energy difference between the bottom of the conduction 

band and one level of the energy subbands split. 

Besides, for nanowire radii below 10 nm, the 

quantization of carriers in the silicon is not only due to 

the electric field (electrical confinement) but also to the 

device geometry (structural confinement) [7]. 

Considering these quantification behaviors, the potential 

energy ∆E<pot>j (6) is derived from [8] and the kinetic 

energy ∆E<kin>j (7) from [9]. By summing these terms, 

the band gap widening ∆Ej is defined as (8).   
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where j is the energy level (j=0,1,2,…), ħ the Planck’s 

constant, mSi the effective mass normal to the Si-SiO2 

interface equals to 0.315m0 [10] and An fitting 

constants.  

Considering the first energy level (j=0), the band 

gap widening ∆E0 is validated by comparison with 

TCAD Schrödinger-Poisson numerical simulations for a 

range of nanowire radii from 7 down to 1nm (Fig.2). 

Moreover, this model can be also used to model several 

energy subbands of each valley by modifying the 

effective mass and the energy level values. 

Quantum corrections are thus deducted from (6), 

(7) and (8), resulting to an effective oxide thickness toxeff 

(9) and a quantized carrier density ni,QM (10). Indeed, 

toxeff represents the displacement of the electron 

distribution away from the Si-SiO2 interface and ni,QM is 

derived from the Van Dort’s approach [11]. 
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where εox is the oxide permittivity and Bn fitting 

constants. Expressions (9) and (10) replace respectively 

tox and ni,CONV terms in the conventional electrostatic 

model core in [6] in order to include the quantum 

correction. The β expression is then computed again, 

resulting to a new βQM term. Using (11) and (12) from 

[6], the model is verified by comparisons with self-

consistent TCAD simulations on surface potentials 

(Fig.3) and quasi-static capacitances (Fig.4). 
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Fig.2: Band gap widening ∆E0 for several nanowire radii. 
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Fig.3: Surface potential for R=1nm and 7nm. 
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Fig.4: Quasi-Static capacitance for several nanowire radii. 

 

5. Conclusion 
 A compact QME model for undoped cylindrical 

GAA MOSFETs has been developed and presented in 

this paper. This novel and predictive model is suitable 

for integration into a surface-potential-based compact 

model intended to make circuit design. Results obtained 

with this approach have been verified by comparisons 

with self-consistent Schrödinger-Poisson simulations. 
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1. Abstract 

 
In this paper, a threshold voltage model is derived for 
Pi-gate transistors for the first time. The model shows 
excellent agreement with experimental data. 
Additionally, it is shown that using the correct back-
gate bias, the effect of the fin width on the threshold 
voltage of the transistor can be deactivated. Using this 
model, a method to determine the operation regime of 
the transistor is also proposed. 
 

2. Introduction 
 

Multiple-gate transistors are considered as very 
promising candidates for the 22 nm technological node 
and below. They are named Triple-gate FETs (TGFETs, 
[1]) when the gate controls three sides of the silicon 
body; if the channel etch penetrates into the Buried 
Oxide (BOX), the transistor is named Pi-gate FET ([1], 
fig. 1). There is currently a strong need for models 
dedicated to such architectures, in order to calibrate 
heir dimensions and evaluate the circuit performance. t  
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Fig. 1: Transversal cross-section of a Pi-gate FET. A 
Triple-gate FET corresponds to eOV = 0 nm. 

 
3. Threshold voltage modeling 

 
The assumptions used in the model are: undoped 
channels (mandatory for TG- and Pi-FETs due to 
process considerations), negligible quantum effects (i.e. 
fin width W and height H > 10 nm), long channels 

(these devices, if properly downscaled, show a ‘long-
channel’ behavior down to much shorter channel 
lengths than conventional MOS structures), and 
subthreshold approximation (negligible minority carrier 
concentration). The equation describing the 
electrostatics is therefore the 2D Laplace’s equation 
with the boundary conditions fixed by the front and 
back-gate biases VG1 and VG2. Using the device 
symmetry, the potential can be solved as a Fourier’s 
series development. Applying the Gauss’ theorem at the 
channel/gate oxide and overetched BOX/BOX 
interfaces, the potential is linked to the front and back-
gate biases VG1 and VG2. Then, separating the three 
regimes of the back-gate (accumulation, depletion and 
inversion [2][3]), a general threshold voltage model can 
be derived (see Eq. 1). 
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Fig. 2: Experimental threshold voltage (constant current 
method, squares) as a function of back-gate bias VG2 and 
fin width W (from W = 2 μm down to W = 50 nm) and 
comparison with the analytical model (solid lines). LG = 10 
μm, H = 26 nm, and VD = 50 mV. 

 

The model has been compared with experimental results 
from Pi-FETs (fig. 2; process details and performance in 
[4]). The agreement between the model and the 
experimentally extracted threshold voltage is very good. 
The model is also valid for TGFET transistors 
(simplifying the equations with eOV = 0, see. fig. 1). 
 

4. Existence of an invariant point 
 

The invariant VTH1(W) point, visible in the experiment, 



is predicted by the analytical model (Fig. 2) and occurs 
for VG2 = VFB2 + φST. This point corresponds to the 
onset of inversion at the back-interface; the potential at 
the back-gate interface φS2 attains a value compensating 
the vertical electric field and leading to a flat potential 
in the body. Technologically, this invariant point is 
useful: it means that a difference in the fin width W and 
height H (due to process variability) will not result in a 
variability of the front-gate threshold voltage VTH1. The 
invariant point can be reached by biasing the back-gate 
at VG2 = VFB2 + φST or by engineering its flat band 
voltage in order to have VFB2 + φST ≈ 0 V. 
 

5. Experimental implications 
 

For the transistors used in this work, the flat band 
voltage of the back-gate VFB2 is extracted to be around   
-3 V (Fig. 2). Therefore, any measurement with VG2 
grounded corresponds to back-interface inversion. The 
threshold voltage at VG2 = 0 V increases when the fin 
width W is reduced (fig. 2). This seemingly illogical 
result (compared to electrostatics considerations) is due 
to a progressive alignment of the front and back-gate 
threshold voltages, all channels being activated at VG2 
grounded. 
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Fig. 3: Experimental normalized (using WEFF = 2(W+H)) 
transconductance gm as a function of the front-gate bias VG1 
and fin width W. VG2 = 0 V, LG = 10 μm, H = 26 nm, and VD 
= 50 mV. 

 

 
 

The existence of two distinct threshold voltages (for 
front and back channels) is clearly noticeable on the 
transconductance curves (fig. 3): two peaks for wide 
transistors and a single peak for narrow transistors. The 
consequence is that the mobility extracted under normal 
conditions (i.e. at VG2 = 0 V) will be a mix between top 
and back-channel mobilities, underlying the intrinsic 2D 
operation of these thin film transistors. Additionally, the 
width normalization is to be considered carefully:  
WEFF=2(H+W) for back-interface inversion and 
WEFF=2H+W for back-interface depletion. 
 

6. Conclusions 
 

In this paper, the threshold voltage of Pi-gate FETs has 
been modelled based on completely analytical 
equations. Depending on the back-gate bias, the back-
channel will be driven in different regimes modifying 
the threshold voltage. Using the model, it has been 
shown that devices can operate in back-interface 
inversion when the back-gate is grounded, modifying 
considerably the electrical properties. With the use of 
correct biasing of the back-gate/engineering of the flat 
band voltage of the back-gate, the channel width and 
height influence on the threshold voltage can also be 
completely deactivated. 
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W being the fin with, H the fin height, eOV the overetch depth, εOX1 the gate oxide permittivity, εOX2 the BOX permittivity, εSi the silicon 
permittivity, VFB1 (resp. VFB2) the front-gate (resp. back-gate) flat band voltage, and φST the threshold potential (≈150 mV beyond 2φF).  
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1. Abstract 
In this work, the behavior of 3D stacked nanowires is 
investigated. The devices are simulated with a self-
consistent solver of the 2D Schrödinger and Poisson 
equations to take into account the quantum confinement 
effects. The influence of the devices size and strain on 
the electron mobility is also studied. 
 

2. Introduction 
Multigate (MuG) architectures for MOSFETs based on 
Silicon-on-insulator (SOI) technology have been 
proposed as an alternative to traditional planar 
architectures for sub-22nm nodes [1]. Among the 
different MuG options, stacked nanowires are a very 
interesting option, as they show a high on-off current 
ratio while performing excellent gate control on the 
channel [2-5]. Moreover, with small variations of the 
fabrication processes, independent gate (IG) structures 
can be designed, which can be a good option to reduce 
power consumption due to the threshold voltage control 
provided by the second gate. 
The geometry of the stacked nanowires is shown in Fig. 
1(a) where a high-k/metal-gate stack surrounds a 
number of silicon channels. The fabrication process is 
based on the epitaxial growth of SiGe/Si stacks. 
Subsequently, the SiGe layers are removed and replaced 
by the gate stack to form the channels, as reported in 
[2]. The top channels, A and B, are totally surrounded 
by the gate, while the lower one, channel C, can be 
either totally surrounded by the gate, only covered on its 
top and lateral sides, or directly removed to improve the 
electrostatic control of the overall device [5]. This latter 
case is the one depicted in Fig. 1(a) and considered in 
this work. A certain strain is expected in the channels 
created on the top of the SiGe layers (i.e., channels A 
and B), which can affect the electron density and 
mobility [4]. 
In this work, the electrostatic behavior of the stacked 
nanowires is studied and compared with that of a 
Trigate MOSFET. Also, the effect of the strain on 
channels A and B is studied. 
 

3. Simulation results 
To study the electrical behavior of MuG devices, a self-
consistent solution of the 2D Schrödinger and Poisson 
equations has been used [6]. The two devices analyzed 
in this work (Stacked Nanowires and Trigate MOSFET) 
are shown in Fig. 1. The overall height of the two 

devices is 50nm, but in the case of the SNWs this height 
is divided into three channels, each of them with 
HSi=10nm. Two silicon widths (WSi) have been 
simulated: 10nm and 20nm. The devices are fabricated 
on a standard (001) wafer, with transport direction 
[110]. The stressed Si layers (corresponding to the 
channels A and B) are modeled with a homogeneous 
biaxial strain in the (001) plane, with Ge molar fraction 
xGe=0.2 [3]. 
Fig. 2 shows the total charge per unit length, Nt, as a 
function of VG for the different devices considered. It is 
interesting to note that, while the silicon area is greater 
in the Trigate, the overall perimeter of the stacked 
nanowires is greater. When small values of WSi are 
considered, both devices are close to volume inversion, 
and thus higher Nt is achieved in the Trigate. However, 
for wider devices, the charge is mainly distributed along 
the Si-insulator interface of the devices (see Fig. 3), and 
thus higher Nt is achieved in the stacked nanowires. 
Small differences appear between the maximum 
electron densities of each channel of the stacked 
nanowires due to a reduction of the threshold voltage of 
the strained channels A and B (∆VT ≈25mV), and the 
stronger channel control.  
The electron mobility of the stacked nanowires has also 
been studied. Two different scattering mechanisms have 
been considered: phonon (both optic and acoustic) and 
surface roughness. To calculate the mobility, the Kubo-
Greenwood formula has been used [7].  
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Fig.1: (a) Cross-section of SMC-GAA MOSFETs. (b) Cross-
section of a Trigate device with same overall size. 



Fig. 4 compares the electron mobility for different 
silicon widths: 10nm and 20nm. The effect of the strain 
on the mobility is also included. Two cases are 
considered for channels A and B: uniform biaxial-
strained (xGe=0.2) and unstrained channels. As can be 
seen, the electron mobility of strained channels is 
higher. Also, in each case (strained or unstrained 
channels), the mobility increases with WSi. In Fig. 5, the 
electron mobility of each channel has been plotted as a 
function of the inversion charge. Again, the mobility of 
channels A and B has been estimated in the strained and 
unstrained cases. Assuming a certain amount of strain in 
channels A and B, the unstrained channel C degrades 
the whole device performance. 
 

4. Conclusions 
A 2D simulator has been employed to compare the 
electrostatic properties of stacked nanowires with 
Trigates. It has been shown that the total charge stored 
in both devices strongly depends on the channel width 
due to a transition from volume inversion to surface 
channels. Strain produced by the fabrication process is 
also included in this study and we have demonstrated its 
impact on the electron mobility. A proper comparison 
with experimental results could provide information 
about the strain level on each channel of the device. 
 

 
Fig.2: Electron density per unit length Nt as a function of the 
gate voltage for the stacked nanowires and the Trigate. Two 
channel thicknesses have been considered: 10nm and 20nm. 

  
Fig.3: Electron density on the stacked nanowires and the 
Trigate, both devices with WSi=20nm, at VG=1V. 

 
Fig. 4: Influence of the biaxial strain (xGe=0.2) on the 
electron mobility of stacked nanowires. Blue lines 
correspond to the strained case and black lines to the 
unstrained one. 

 
Fig.5: Electron mobility of each channel of the stacked 
nanowires. The channel thickness is WSi=10nm. 
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1. Abstract 
The electric field perpendicular to the current flow is 

found to be significantly lower in junctionless 

transistors than in regular inversion-mode or 

accumulation-mode field-effect transistors. Since 

inversion channel mobility in MOS transistors is 

reduced by this electric field, the low field in 

junctionless transistor may give them an advantage in 

terms of current drive for nanometer-scale CMOS 

applications. This observation still applies when 

quantum confinement is present. 

 

2. Device Simulation 
Two n-channel devices are used here for comparison  

using the two-dimensional Poisson-Schrödinger solver 

described in Ref.1: an inversion-mode trigate MOSFET 

with a p-type channel doping concentration of 10
17
 cm

-3
 

and a junctionless trigate MOSFET with an n-type 

channel doping concentration of 10
19
 cm

-3
.[2] Both 

devices have a silicon cross section of 5 nm ×5 nm and 

an EOT of 1 nm. The buried oxide thickness is 10 nm 

and the back gate (substrate) is grounded. The gate 

voltage for the junctionless transistor (VG) is chosen in 

such a way that the device is in “flatband” conditions (to 

be more accurate, VG is chosen in such a way that the 

electron concentration, n, averaged over the device 

cross section, is equal to the doping concentration, or 

D

Wsi Tsi

sisi

Ndxdyyxn
WT

=∫ ∫
0 0

),(
1

, where Tsi is the 

silicon thickness, Wsi is the width of the nanowire, and 

ND is the doping concentration). The gate voltage of the 

inversion-mode device is chosen in such a way that the 

electron concentration, n(x,y), integrated over the device 

cross section, is equal to that in the junctionless device. 

Thus, if mobility was constant and equal in both 

devices, they would carry exactly the same drain 

current. Figures 1 and 2 show a 3D view of the electron 

concentration profile in the two devices. Both devices 

have a peak concentration of approximately 1.6×10
19
 

cm
-3
. Figures 3 and 4 show the electron concentration in 

the form of isoconcentration contour lines, 

superimposed to a color-scale representation of the 

norm of the electric field. Some particular values of the 

field are given at locations marked by the symbol “⊗”. 
 

 
Fig.1: Three-dimensional electron concentration profile in the 

inversion-mode trigate MOSFET. 

 

 
Fig.2: Three-dimensional electron concentration profile in the 

heavily doped junctionless trigate MOSFET. 

 

 In the inversion-mode device, the majority of the 

inversion carriers, and in particular the points of peak 

electron concentration, are located in high electric field 

regions. This is quite normal, considering that inversion 

electrons are present because they are attracted by the 

electric field emanating from the gate. Accumulation-

mode devices show results that are basically identical to 

those of inversion-mode devices. In the junctionless 

transistors, on the other hand, the peak electron 

concentration coincides with the region of lowest 

electric field. The field is not quite equal to zero, but it 



is much lower (E < 0.02 MV/cm) than in the inversion-

mode device (E ≥ 0.2 mV/cm). This may offer an 
advantage to junctionless transistors in terms of current 

drive, once device size reaches the nanoscale level. 

 

 
Fig.3: Inversion-mode device: electron concentration contour 

lines superimposed to a greyscale representation of the 

amplitude of the electric field. Field values are given at 

locations marked by the symbol “⊗”. 
 

Fig.4: Same as Fig. 3 for the Junctionless device. 

 

3. Device Fabrication and Measurements 
Both inversion-mode and junctionless devices were 

fabricated. The channel length is 1µm, the gate oxide 
thickness is 5nm and the doping concentration is 10

17
 

cm
-3
 (P-type) and 10

19
 cm

-3
 (n-type) in the inversion-

mode and junctionless FETs, respectively. The TEM 

cross section of a junctionless is shown in Figure 5.  
 

 
Fig.5: Transmission electron microscope photograph of a 

junctionless nanowire transistor. 
 

Figure 6 shows the normalized transconductance in the 

two types of devices. As gate voltage is increased 

beyond VTH, the mobility in the inversion-mode device 

reaches a peak and then decreases rapidly because of the 

high electric field in the channel. In the junctionless 

transistor, the decrease of mobility with gate voltage is 

much less pronounced, as a result of the lower electric 

field perpendicular to the current flow.  
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Fig.5: Normalized transconducance gm/gmmax vs. gate voltage 
in inversion-mode and junctionless trigate nanowire 

transistors at VDS=50mV. 
 

4. Conclusions  
Classical MOSFETs, including FinFETs and trigate 

FETs, are normally-off devices, as the drain junction is 

reverse biased and blocks current flow if no channel is 

created between source and drain.  To turn the device 

on, the gate voltage is increased in order to create an 

inversion channel. Since it is the electric field from the 

gate that attracts inversion carriers, the presence of a 

high electric field in the channel is inherent to the 

operation of inversion-mode MOSFETs. In 

accumulation-mode transistors, an accumulation 

channel is formed beneath the gate insulator because the 

carriers are attracted by the electric field from the gate.  

As a result, accumulation-mode transistors suffer from 

the same field-induced mobility degradation as 

inversion-mode devices.  The junctionless transistor, on 

the other hand, is basically a normally-on device where 

the workfunction difference between the gate electrode 

and the silicon nanowire shifts the flatband voltage and 

the threshold voltage to positive values (we consider 

here an n-channel device). When the device is turned on 

it is in flatband condition and, as a result, there is a zero 

electric field in the directions x and y perpendicular to 

the current flow direction. In other words, the electric 

field from the gate is used to deplete the device and turn 

it off, when the device is on, carriers flow from source 

to drain in a “channel” of neutral silicon, in which there 

is no electric field perpendicular to current flow. 
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