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1. Introduction 
 

The Fifth Workshop of the Thematic Network on Silicon on Insulator 
technology, devices and circuits took place in Chalmers University of 
Technology, Goteborg, Sweden from January 19th to January 21st, 2009, 
organized by Prof.Olof Engstrom and his team. 

 
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 and Cork, 2008), 
EUROSOI’09 featured oral and poster sessions, key-note presentations, as well 
as room enough for informal discussions. This year our leitmotiv was “the 
design of SOI circuits”. 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. Sorin Cristoloveanu 

(IMEP, Grenoble) and the opinions were aired by Prof. Jean Pierre Colinge 
(Tyndall) Prof. Jerry Fossum (University of Florida), Prof. Cor Claeys (IMEC), 
Dr.Stephan Monfray (STMicroelectronics), Prof. Francis Balestra (Sinano 
Institute) and Dr. Olivier Faynot (CEA-LETI). The headline of the debate was: 
“What is the killing advantage of multiple-gate SOI MOSFETs: electrostatics 
and scalability, transport or functionality?” 
 

The tutorial, which was defined by the title “SOI from modelling to 
design”, also included Prof.Luca Selmi (Udine) to talk about modelling, Dr. 
Siegfried Mantl (FZ-Julich) on strained channel material, Prof.Jean-Pierre 
Raskin (UCL) on SOI design for RF applications, Dr. Julien Arcamone (CEA-
LETI) to speak about MEMS/NEMS on SOI materials, Prof. Jean-Pierre Colinge 
(Tyndall) on a comparison between partially and fully depleted SOI and Dr. 
David Bol (UCL) about digital SOI design. 
  

A high number of papers have been submitted this year and more than 
50 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. Jerry Fossum 
(University of Florida), and Dr. Stephane Monfray (STMicroelectronics) who 
kindly accepted to deliver outstanding key-note talks. 
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2.- Agenda  

 
 Monday, 

January 19 th, 
2009  

Tuesday, 
January 20 th, 

2009 

Wednesday, 
January 21 st, 

2009 
9-10 Session1:  

Non-planar 
devices 

Session4:  
Low-Power and 
thin film devices 

10-11 

11-12 
Session 5: RF 
and noise 

Session2: 
Devices and 
Characterization 
I 

12-13 

13-14 
Lunch 

Lunch 
 

14-15 Session3: 
Strained 
Material 

Session6: Devices 
and 
Characterization II 
 

15-16 

Tutorial: 
SOI from 
Modelling to 
Design 

16-17 
Visionary 
Panel Session 
 

Session7: 
Materials 
 

17-18 

Welcome 
Reception and 
EUROSOI+ 
Management 
Board Meeting 

18-19 

Poster Session  

 19-20 
 

Gala Dinner 

End of 
EUROSOI 2009 
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3.- List of participants 
 

 First Name  Last Name Company / 
Organization Country 

1.  Afzalian Aryan 
The Tyndall National 
Institute IRELAND 

2.  Agopian Paula University of Sao Paulo BRAZIL 

3.  Alvarado Joaquin UCL BELGIUM 

4.  Angermayer Michael EV Group AUSTRIA 

5.  Arcamone Julien CEA-LETI FRANCE 

6.  Armstrong Dr Mervyn Queen's Univ Belfast UNITED KINGDOM 

7.  Baine Dr Paul Queen's Univ Belfast UNITED KINGDOM 

8.  Bawedin Maryline 
CAPE/ University of 
Cambridge UNITED KINGDOM 

9.  Bazizi El Mehdi 
STMicroelectronics/LAAS-
CNRS FRANCE 

10.  Bengtsson Olof University of Gävle SWEDEN 

11.  Bol David 
Université catholique de 
Louvain BELGIUM 

12.  Buhler Rudolf 
Centro Universitario da 
FEI BRAZIL 

13.  Burignat Stéphane 
Université Catholique de 
Louvain - EMIC BELGIUM 

14.  Byun Ki-Yeol 
The Tyndall National 
Institute IRELAND 

15.  Claeys Cor IMEC BELGIUM 

16.  Colinge Cindy Tyndall National Institute IRELAND 

17.  Colinge Jean-Pierre Tyndall National Institute IRELAND 

18.  De Souza Michelly 
Centro Universitario da 
FEI BRAZIL 

19.  Cristoloveanu Sorin IMEP FRANCE 

20.  Dehadashti Nima 
The Tyndall National 
Institute IRELAND 

21.  Donetti Luca Universidad de Granada SPAIN 

22.  Engström Olof Chalmers SWEDEN 

23.  Faynot Olivier CEA-LETI FRANCE 

24.  Ferain Isabelle 
The Tyndall National 
Institute IRELAND 

25.  Flandre Denis UCL BELGIUM 

26.  Fossum Jerry University of Florida USA 

27.  Gaillardin Marc CEA FRANCE 

28.  Gamiz Fransisco Universidad de Granada SPAIN 

29.  Gimenez Salvador 
Centro Universitario da 
FEI BRAZIL 

30.  Godoy Andres Universidad de Granada SPAIN 

31.  Iñiguez Benjamin Universitat Rovira i Virgili  SPAIN 

32.  Jackson Ruth 
Queen's University 
Belfast UNITED KINGDOM 

33.  Jiménez David 
Universitat Autònoma de 
Barcelona SPAIN 

34.  Kilchytska Valeriya 
Université catholique de 
Louvain BELGIUM 

35.  Kosemura Daisuke Meiji University JAPAN 

36.  Kuo James 
National Taiwan 
University TAIWAN 

37.  Lee Chi-Woo 
The Tyndall National 
Institute IRELAND 

38.  Lemme Max Harvard University USA 

39.  Li Ling-Guang Uppsala University SWEDEN 

40.  Mantl Siegfried 
Forschungszentrum 
Juelich GERMANY 

41.  Martino Joao 
USP - University of Sao 
Paulo BRAZIL 
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42.  Mcneill Dr David 
Queen's University 
Belfast UNITED KINGDOM 

43.  Mitchell Neil Queens University Belfast  UNITED KINGDOM 

44.  Moutanabbir Oussama 
Max Planck Institute 
MicroStruct. Phys. GERMANY 

45.  Nafari Alexandra Nanofactory Instruments SWEDEN 

46.  Norström Hans Uppsala University SWEDEN 

47.  Ogura Atsushi Meiji University JAPAN 

48.  Olsson Jörgen Uppsala University SWEDEN 

49.  Ou Xin 
Forschungszentrum 
Dresden-Rossendorf GERMANY 

50.  Pavanello Marcelo 
Centro Universitario da 
FEI BRAZIL 

51.  Piscator Johan Chalmers SWEDEN 

52.  Ponton Davide University of Udine ITALY 

53.  Popov Vladimir 
Institute of 
Semiconductor Physics RUSSIA 

54.  Put Sofie Imec/SCKCEN BELGIUM 

55.  Monfray Stephane ST Microelectronik FRANCE 

56.  Raeissi Bahman Chalmers SWEDEN 

57.  Rajasekharan Bijoy University of Twente THE NETHERLANDS 

58.  Raskin Jean-Pierre 
Université Catholique de 
Louvain BELGIUM 

59.  Roda Neve Cesar 
Universite Catholique de 
Louvain BELGIUM 

60.  Sabbah Alireza 
Kimia Faravaresh 
Researching Company IRAN 

61.  Sabbah Mohammadreza 
Kimia Faravaresh 
Researching Company IRAN 

62.  Salm Cora University of Twente THE NETHERLANDS 

63.  Sampedro Carlos University of Granada SPAIN 

64.  Scheiblin Pascal CEA-LETI/D2NT/LSCE FRANCE 

65.  Schenk Andreas 
ETH Zurich, Integrated 
Systems Lab SWITZERLAND 

66.  Schmidt Mathias AMO GmbH GERMANY 

67.  Selmi Luca University of Udine ITALY 

68.  Skorupa Wolfgang 
Forschungszentrum 
Dresden-Rossendorf GERMANY 

69.  Svensson Johannes University of Gothenburg  SWEDEN 

70.  Sverdlov Viktor 
Institute for 
Microelectronics, TU Wien  AUSTRIA 

71.  Tachi Kiichi CEA/LETI/MINATEC FRANCE 

72.  Urban Christoph 
Forschungszentrum 
Jülich GERMANY 

73.  Valin Raul 
University of Santiago de 
Compostela SPAIN 

74.  Vallin Örjan Uppsala University SWEDEN 

75.  Van Den Daele  William 
IMEP-LAHC Minatec / 
CEA-Leti Minatec FRANCE 

76.  Vestling Lars Uppsala University SWEDEN 

77.  Widiez Julie CEA LETI D2NT/LTFC FRANCE 
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4.- Selection of papers to be published in Solid St ate 
Electronics Journal 
 

 Title Author 

1. SOI vs Bulk-Si nanoscale FinFETs Fossum M 

2. Junctionless MugFETs Lee Chi Woo 

3. 
Dynamic body potential variation in SOI MOSFETs: Physics, 
model and applications 

Bawedin M 

4. 
Substrate effects in sub32-nm ultra thin SOI MOSFETs with thin 
buried oxide 

Flandre D 

5. Metal contacts to lowly doped Si and ultra thin SOI Rajasekharan B 

6. 
GIDL suppression by optimization of junction profiles in 22nm 
DGSOI nFETs 

Schenk A 

7. Strained silicon on insulator Moutanabir O 

8. Mobility enhancement by CESL strain in SOI MOSFETs Pham-Nguyen L 

9. 
Floating-Body-Effect-Related Gate Tunneling Leakage Current 
Behaviour of 40nm PD SOI NMOS Devices Kuo J 

10. 
Multi-Subband Monte Carlo Study of Device Orientation Effects in 
Ultra-Short Channel DGSOI 

Sampedro C 

11. 
Numerical Study of the Electron Subband Structure in Strained 
Silicon UTB Devices 

Baumgartner O 

12. Applications of the Cross SOI MOSFET in Analog and Digital ICs Gimenes S 

13. Radiation response of Advanced FD SOI Transistors Gaillardin M 
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14. 
Physical modelling of millimetre wave signal reflection from 
forward biased SOI PIN diodes 

Jackson RP 

15. 
High frequency and Niose Compact Model of Gate-All-Around 
MOSFETs Including Quantum Effects 

Nae B 

16. 
Electron Subband Structure and Valley Splitting in Silicon Ultra-
Thin Body SOI Structures from the Two-Band k*p Model Sverdlov V 

17. 
Study of Oxygen Out-diffusion from buried oxide layers in Si/SiC 
hybrid- and SOI-substrates Li LG 

18. 
Three-interface Pseudo-MOSFET model: application to ultrathin 
BOX SOI wafers 

Rodriquez N 

19. 
Carbon nanotube gated carbon nanotube transistor with 5ps gate 
delay 

Svensson J 

20. 
Fabrication of Silicon on Diamond (SOD) Substrates using Bonded 
and Etched-back SOI Technology 

Widies J 

21. Wafer bonding strength increased by mobile ions Raeissi B 

22. Thin film devices for low power applications Monfray S 

23. 
Transconductance and mobility behaviours in UTB SOI MOSFETs 
with standard and thin BOX 

Rudenko T 

24. Increased efficiency in RF-power SOI-LDMOS transistors Vestling L 



EUROSOI+ FP7-216373 9 of 17 31/03/2009 

 

25. 
Effect of rotation gate dielectric and SEG on the noise behaviour of 
advanced SOI MuGFETs 

Put S 

26. Systematic study of SOI SB-MOSFETs with dopant segregation Urban C 

27. 
Hole transport in DGSOI devices: Orientation and Silicon thickness 
effects Donetti L 

28. Effect of high energy nutrons on MugFETs Kilchytska V 
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5.- Minutes of the Management  Board Meeting held i n 
Goteborg, on January 19 th, 2009 
 

 
EUROSOI Management Board Meeting held in 
Goteborg, on 19-01-2009 
 
Attendees: 
Prof. Sorin Cristoloveanu, IMEP, Grenoble 
Prof. Jean Pierre-Colinge, Tyndall Institute, Cork 
Prof. Cor Claeys, IMEC, Leuven 
Prof. Jean-Pierre Raskin, UCL, Louvain la Neuve 
Prof. Olof Engstrom, Chalmers, Sweden 
Dr. Olivier Faynot, LETI, CEA, Grenoble 
Prof. Andrés Godoy, UGR, Granada 
Prof. Francisco Gámiz, UGR, Granada (Co-ordinator) 
 
 
The third management board meeting of EUROSOI+ project (FP7-ICT-2007-
216373) was held in Goteborg, Sweden on January 19th, 2009, 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. Olof Engstrom, organizer and General Chairman of the 5th 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 
 
Task3.1.  Elaboration of the EUROSOI+ Distinguished Lecturers list. 
Deliverable (D3.1) was submitted to the Commission in M6. 
 
Task3.2.  Inventory of the SOI-related training material. Prof. Colinge 
elaborated a draft of the Deliverable (D3.2) which will be submitted to the 
Commission as soon as we put it in format. 
 
Two training events were organized in this year: 
Cork, January 23rd, 2008: Multiple Gate MOSFETs. 
Goteborg, January 19th,2009: SOI from modelling to design. 
 

4.- Scientific Exchange Program 
 
 The following visits were funded by EUROSOI+ during the second 
semester of 2008: 
 
EUROSOI + Scientific Visits – Second Semester - 2008 
 

Origin 
(Person/Affiliation) 

Destination 
(Responsible/Affiliation) 

Start Date 
End Date or 

Duration of the 
Visit 

Total Expenses Topic of the Visit 

T. E. Rudenko 
Institute of 

Semiconductor 
Physics; National 

Academy of 
Sciences of 

Ukraine, Kyiv, 
Ukraine 

Denis Flandre / 
Université Catholique 

de Louvain, Louvain-la-
Neuve, Belgium 

September-
November 2008 

 
27 days 3607€ 

Modeling / 
parameter 

extraction of 
nanoscaled 

devices based on 
ultra-thin-body 

SOI 

Alexei Nazarov 
Institute of 

Semiconductor 
Physics, National 

Academy of 
Sciences of 

Ukraine, Kyiv, 
Ukraine 

J.P. Colinge / Tyndall 
National Institute, Cork, 

Ireland 

November – 
December 2008 

4 weeks 4178,16 

Research and 
analysis of 
electrical 

parameters 
FinFETs with 
buried nitride 

ayer. 

Carlos Sampedro 
Departamento de 

Electrónica, 
Universidad de 

Granada 
 

Antonio García 
Loureiro / 

Supercomputation 
Center, Universidad de 

Santiago de 
Compostela, Spain 

September 2008 2 weeks  1939,89€ 
Parallelization of 
advanced device 

simulators  

Bastien Giraud, 
PhD student 
ISEP, France 

Design department of 
CEA/LETI at Grenoble, 

France 

November 1st 
2008 

4 weeks 3309,52€ 

Evaluate the 
32nm FDSOI 
technology for 

designing SRAM 
memory circuits. 

Benjamín Iñiguez 
/ URV Tarragona, 

Spain 

Denis Flandre / 
Université Catholique 

de Louvain 
December 2008 1 week 2018,02€ 

Compact 
modelling of thin-

film SOI 
MOSFETs, 
including 
FinFETs. 
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Prof. Andres Godoy also reported about the proposals we have received 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 

Tentative budget Topic of the Visit 

Carlos Sampedro 
/ Universidad de 

Granada 

Antonio Loureiro / 
University of Santiago 

de Compostela 

February, 2009 
 

10 days 2000€ 
Parallelization of 
advanced device 

simulators 

Noel Rodriguez / 
Universidad de 

Granada 

Sorin Cristoloveanu / 
IMEP, Grenoble 

February / March 
2009 

3 weeks 3000€ 
Characterization 

of FDSOI 
transistors. 

Ferney Chaves / 
Universidad 
Autonoma 
Barcelona 

Andres Godoy / 
Universidad de 

Granada 
March 2009 3 weeks 3500€ 

Compact 
modelling of 

DGSOI 
transistors 

Sorin 
Cristoloveanu / 
IMEP Grenoble 

Francisco Gamiz / 
Universidad de 

Granada 
April, 2009 1 week 2000€ 

Floating Body 
Memories 

 
All the proposals were approved by the Board, since all of them agreed with the 
procedure and rules approved by the Board in January, 2008. Finally, Prof. 
Godoy announced that in May, 2009 we will launch the Third Call for Proposals  
 
5.- Student Grants 
 

In the EUROSOI Workshop held in Cork in January 2008, we gave 4 
students grants for a total of 3000€. The recipients of the student grants in 2008 
were: Mr. Mustafa Emam (UCL), Ms.Maria Balaguer (UGR), Mr.David Martin 
(Uppsala) and Ms.Carine Pastore (IMEP)  

 
Prof. Gamiz reported that for EUROSOI’2009 we have 9 proposals of 

student grants: 
 
 Student Institution Advisor 
1 Davide Ponton University of Udine Prof. Selmi 
2 Ky Yeol Biun Tyndall Institute Prof.Colinge 
3 Chi Woo Lee Tyndall Institute Prof.Colinge 
4 Nima Deshdati Tyndall Institute Prof.Colinge 
5 Kiichi Tachi CEA-LETI Dr.Faynot 
6 Sofie Put IMEC Prof.Claeys 
7 Luca Donetti University of Granada Prof. Gamiz 
8 William Van de Daelle Grenoble INP Prof.Cristoloveanu 
9 Cesar Roda Neve UCL Prof.Flandre 

 
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 
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EUROSOI Roadmap should be delivered in month 18 (M0+18). In order to be 
successful it is necessary to start to work on these tasks as soon as possible. 
He will develop a specific plan of work in the following days. Different partners 
will be invited to participate in the process. Monothematic meetings are 
foreseen in the future. 
 
7.- Technological platform 
 
Dr. Olivier Faynot reported about the next steps in this WP5. As leader of WP5, 
Dr. Faynot is coordinating the characterization of LETI FDSOI devices which 
have been provided under request to the partners (IMEP and UCL). He also 
mentioned the organization of specific monothematic working groups meetings 
to address this issue. Dr. Olivier Faynot also reported on the organization of 
visits to different industrial companies to promote the use of FDSOI technology. 
Dr.Faynot also reported on the organization of a FDSOI tutorial in Grenoble in 
on November 17th-18th, 2008. Dr. Faynot highlighted the following points: 
 

i) It was indeed a very nice event, very profitable because of the 
quality of the invited speakers, and the quality of the lectures. 

 
ii) Prof. Cristoloveanu from IMEP gave a very nice lecture (as he 

always does) about the physics of FDSOI, highlighting the 
benefits of this technology and also the importance of the new 
characterization techniques which has been and are being 
specifically developed for these devices.  

 
iii) Dr.Andrieu, Dr.O.Rozeau and Dr.A.Valentian from LETI showed 

the devices and the first circuits that LETI is designing, 
fabricating and characterizing using its FDSOI technology. This 
is the technology chosen for the development of a European 
technological platform for the design of low-power high 
frequency circuits, main EUROSOI's goal. 

 
iv) We also enjoyed the nice lecture of Prof.Asenov from Glasgow 

on variability issues, where he showed the importance of SOI 
technology from this point of view. 

 
v) Finally, Mr.Bol from UCL also gave us some tricks about the 

design of ultra-low power circuits using FDSOI devices. 
 
In summary, we greatly increased our knowledge on SOI technology, and 
mainly, in topics such as variability and circuit design. The number of attendees 
was also a measure of success (more than 45 people attended the tutorial - 33 
registered). 
  
Finally, Dr.Faynot reminded that the following event related to FDSOI and the 
development of the platform which will be held in the summer of 2009 in 
Grenoble in coordination with the MIGAS’09 school, devoted exclusively to 
FDSOI technology. 
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8.- Questions and suggestions. 
 
In previous MB meetings, Prof. Gamiz reported about the possibility of joint 
organization of the EUROSOI+ Workshop and IEEE International SOI 
conference, as it has been suggested by IEEE members. The idea was to 
reduce the number of international SOI conferences so that their topics will be 
more focused, more visible and more attended. The joint conference would be 
organized one year in the USA and, in the following year, in Europe. However 
the co-ordinator reported that until the end of this project, EUROSOI workshop 
is a deliverable of the project and therefore it is not possible to organize it 
outside Europe. However, this is in fact a very interesting proposal, and it 
means that we are on the right path. 

Prof. Gamiz reported that in December, 2008 he discussed with 
Dr.Mazuré, Chairman of IEEE SOI conference about this topic. Dr.Mazuré 
commented that because of internal problems in the Steering Committee of 
IEEE SOI Conference, it is not going to be possible the joint event in 2010, and 
therefore we would have to discuss again or reconsider the idea in the future. 
Therefore, this is not an issue for the moment, and we will discuss again, as 
soon as we have a formal proposal from IEEE. 
 
Finally, since there are no more issues to deal with, the co-ordinator thanked 
the attendants for coming to this meeting. 
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The fifth EUROSOI Workshop of the Thematic Network on Silicon on 
Insulator Technology, Devices and Circuits was held in Chalmers (Sweden) on 
19-21 January, 2009 and was focused on recent theoretical, experimental and 
industrial progress on SOI materials, devices, and circuits. The meeting was 
attended by more than 80 researchers from labs, universities and industries all 
over Europe. Fifty six (56) 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. Jerry Fossum, University of Florida, “SOI vs. Bulk-Si nanoscale 
FinFET”  

- Dr. Stephane Monfray, STMicroelectronics, France, “Thin film devices for 
low power applications” 

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. 
There were 21 students. There were 10 industrial participants from Analog 
Devices, SOITEC, INTEL, CISSOID, Innovative Silicon, EV group, ST, and 
Infineon. 

 

We also organized a panel discussion chaired by Prof. Sorin 
Cristoloveanu from IMEP, Grenoble and composed by the following six experts: 

1. Prof.Cor Claeys, IMEC, Belgium 

2. Prof. Jerry Fossum, University of Florida, USA 

3. Dr. Olivier Faynot, CEA-LETI, Grenoble, France 

4. Prof.Francis Balestra, Sinano Institute, France 

5. Prof. Jean-Pierre Colinge, Tyndall, Cork, Ireland 

6. Dr. Stephane Monfray, STMicroelectronics, Crolles,France 

 

After the initial positioning, there was a long and lively debate among the 
panellists and the rest of the audience. As a final conclusion we can highlight 
the following three points: 

1. There are plenty of multiple-gate SOI MOSFETs which could be 
potential solutions for the 22nm node and below (SOI Zoo). At this 
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moment is difficult to designate a single SOI candidate among all 
of them to substitute the traditional planar bulk MOSFET.  

2. It will be essential to take advantage of their unique characteristics 
in terms of SCE control for very low channel length. 

3. The key difference could come from the possibility of 3D 
integration (increasing the density of integration) or specific 
designs that employ the gates independently achieving new 
circuits functionalities. 

 

In summary, the topics which need to be promoted and studied at short 
term are mainly related to device design issues.  

1.- Assess the transport properties of multiple-gate MOSFETs compared to 
traditional planar devices 

2.- Evaluate the possibilities of 3D integration of multiple-gate MOSFETs to 
increase the device density. 

3.- Design of circuits that employ the gates independently to get new 
applications. 

 

Some actions are being taken in this sense: 

1. - A big training event will be held at Grenoble on June 2009 from 
20th to 26th dedicated to SOI Concepts: from materials to devices 
and applications. This event will be organized by Prof. Sorin 
Cristoloveanu and Dr. Olivier Faynot and several specialists will 
present the state of the art on SOI technology. In this course all 
these topics will be presented and discussed in depth. 

 
Once more, the main conclusion we can draw from this workshop is the 

importance that the achievement of EUROSOI+ goals will have for the 
European Semiconductor Industry. In this respect it was highlighted the lack of 
prototyping capability in SOI in EUROPE, in spite of the fact that European 
companies have developed the most advanced SOI devices which are not 
accessible to many fabless companies or research groups whose designs 
would be much more competitive. 

 

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. Olof 
Engstrom, and Chalmers University of Technology 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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Here is the Fifth EUROSOI Workshop! 

When the rate of progress in technology is jeopardized, it often occurs that non-conventional 
methods are invented to pass hurdles which seem severe in the view of an existing paradigm. 
Facilitating the shrinking of transistors to pass the 32 and 22 nm nodes in the flight towards 
vanishing points, SOI technology has been a potential saviour in integrated electronics for a 
long time, adopting a steadily increasing space in the market place. Even if this technology 
makes it easier to circumvent a number of the fundamental problems occurring in bulk MOS, 
new ingenuity is needed for competing development. The present EUROSOI Workshop at 
Chalmers is the fifth in a series, starting in Granada (2005) and touring through Grenoble 
(2006), Leuven (2007) and Cork (2008), with the aim to serve as a forum for inspiring 
discussions to fertilize such on-going SOI development.    
 These proceedings provide a comprehensive demonstration of the possibilities in SOI 
technology. The more than fifty contributions which will be presented orally or on posters and 
headed by two invited talks, include discussions on non-planar, multi-gate and low-power 
devices, strained channel materials, the opportunities in RF, noise effects, radiation hardness 
and device characterization problems. Also, the Workshop is preceded by a Tutorial with 
seven invited lecturers as presented in a special booklet. 
 Working with the preliminaries of EUROSOI 2009 has been an interesting learning 
experience by watching into the wind’s eye of the stream of results submitted as abstracts 
and presented here. The support from the EUROSOI Steering Committee has been highly 
appreciated and the efforts by Bahman, Catharina, Eva, Jeanette and Johan in the 
Organizing Committee are matters of my sincere thanks. 
 Now, let’s dive into it! 

       Olof Engström 
       EUROSOI 2009 Chair 
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1. Introduction
The quasi-planar FinFET, illustrated in Fig. 1, will

most likely become the mainstream CMOS device in the
near future, enabling the technology to be scaled to the
end of the SIA ITRS [1] where gate lengths (Lg) are
projected to be <10nm. We have previously put forth the
idea of pragmatic nanoscale FinFET design [2], [3],
which we believe is viable now. In this paper, we
overview the pragmatic FinFET, including new insights
we have recently gained, and we examine the question of
FinFETs on bulk Si [4], [5], as opposed to the pragmatic
fabrication on SOI.

2. Pragmatic FinFET Design
As we have detailed before [3], pragmatic FinFETs

are designed to simplify the fabrication process while
enabling scalability and good CMOS performance. The
pragmatic FinFET is defined as follows.

a) On SOI. (Rationale for SOI is given later.)
b) Undoped, ultra-thin Si-fin body/channel (UTB). No

effects of random dopant fluctuations; high carrier
mobilities [6] and significant (beneficial) DICE [7].

c) Double-gate (DG). A top, third gate is not beneficial
nor practical due to bulk (a.k.a. volume) inversion [8].
This is true even for short fins, but especially true when
the third dimension is used effectively.

d) One, near-midgap metal gate for both CMOS
devices.

e) Relatively thick SiON dielectric. No high k, which
can actually be detrimental to performance [9].

f) Gate-source/drain underlap, which defines a
beneficial, VGS-dependent effective channel length [10].

g) No channel strain. Carrier mobilities can be high
enough without it [6], provided potential excessive

scattering near the source/drain end of the channel [11]
is, via processing, avoided for short Lg.

h) Source/drain engineering for Vt control, via
controlled dopants in the channel [12], as well as for the
underlap.

3. SOI vs. Bulk Si
Future FinFETs on bulk Si [4], [5] are of interest

mainly because of lower wafer cost. To assess the
viability of bulk-Si FinFETs, we first use 3-D numerical
simulations to compare their electrical properties with
those of SOI FinFETs, assuming quasi-controlled
processing, and then we check the effects of the real, non
pragmatic processing on bulk Si.
A. Electrical Properties

We use Taurus [13] for 3-D simulations of nanoscale
SOI and bulk-Si nFinFETs (Lg = 28nm, wSi = 14nm, hSi
= 56nm, tox = 1nm, undoped UTB, midgap gate), as
illustrated in Fig. 2. We focus on the lower, ungated part
of the Si fin in the bulk device, which can result in
significant S-D punch through if left undoped (like the
upper fin-channel). The Ioff predictions plotted in Fig. 3,
versus the lower-fin doping density [NAL for punch-
through stopping (PTS)] for varying over-diffusion (Δzj)
of the S/D junctions, reflect this significance. The PTS
doping is assumed to underlie the S/D regions as well as
the fin-channel, and this results in junction tunneling for
NAL > 1018cm-3 as evident in the figure. Finite Δzj > 0,
which results in a direct S-D punch-through path under
the channel, clearly necessitates an optimal NAL ~
1018cm-3. Of course, this is not an issue for SOI FinFETs
because of the underlying BOX.

Fig. 1. The basic quasi planar FinFET structure on SOI.
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Fig. 2. The basic structures of the SOI and bulk Si
FinFETs, viewed along the channels.
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Another issue for the bulk-Si FinFET is the possible
up-diffusion of the underlying doping into the fin-
channel. Simulations, based on assumed gaussian NAL(z)
profiles, show that the up-diffusion, for typical straggle,
effectively lowers hSi (the gate width), and hence
increases Vt and reduces Ion relative to the SOI FinFET.
Further, up-diffusion into the S/D extension can
undermine control of the G-S/D underlap as well as Vt.

The speed performance of bulk Si-FinFET CMOS is
degraded by the added S/D-junction capacitance due to
the PTS doping, but not excessively. For the 28nm device
design noted, UFDG [14]/Spice3 RO simulations predict
only about a 5% increase in delay relative to the
counterpart SOI-FinFET CMOS.
B. Processing Issues

Whereas the noted electrical properties (at least for
assumed quasi-controlled processing) of the bulk-Si
FinFET do not clearly negate its viability, we believe that
the processing issues do. Control of the fin and isolation-
oxide heights require multiple processes not needed for
the SOI FinFET. And, clearly, the processing needed to
get optimal NAL (Fig. 3) in the lower fin, with minimal
Δzj and the needed isolation oxide (Fig. 2), is very
complex relative to that of the pragmatic SOI FinFET.
The PTS implant should be nearly vertical for tight fin
pitch, necessitating subsequent lateral dopant diffusion
under the fin and up the lower fin during anneal. Direct
implant to the base of the fins through the channel results
in prohibitive doping in the channel due to subsequent
anneals and finite straggle in the profile. Clearly, the
reliability of the noted multi-directional diffusion in a
nanoscale structure is questionable (like that which is
now stopping conventional bulk-Si CMOS scaling); the
resulting NAL in the lower fin, and in the fin-channel, will
be random. And, this randomness is exacerbated by
varying fin features for different applications on a CMOS
chip, as illustrated in Fig. 4 which illustrates how the
efficacy of the implant/diffusion process depends on wSi.

Other bulk Si-FinFET issues relate to etching the fin
and the deposited isolation oxide, and its effects on the

device performance. The bulk fin height must exceed hSi
significantly because of the need for the isolation oxide
(Fig. 2). The fin is thus unavoidably tapered, implying
uncontrolled wSi, and control of the gated fin height (hSi)
is undermined by tapering of the oxide up the fin. Control
of hSi and wSi in SOI FinFETs is much easier.

4. Summary
We summarize with two educated, personal opinions.
1) The pragmatic DG FinFET on SOI is viable, and

is potentially scalable to the end of the SIA ITRS
(where Lg < 10nm).

2) The bulk-Si FinFET (as currently defined) is not
viable.
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1. Abstract  

 
Planar and non-planar ultrathin silicon devices are 
fabricated in silicon-on-insulator (SOI) complementary 
metal oxide semiconductor (CMOS) platforms. Sub 
10nm thick layers are presented in ultrathin body (UTB)  
MOSFETs and FinFETs. Fabrication issues and impacts 
on electrical characterization are discussed. 
 

2. Introduction 
 

Geometrical scaling of CMOS technology has been the 
key factor to stay on track of Moore´s law for decades. 
Future scaling, however, will require novel materials 
and alternative device architectures in order to meet 
performance and power consumption metrics [1]. 
 
Ultrathin silicon approaches have been shown to cut of 
leakage paths, to provide improved electrostatics, and to 
enable undoped channels leading to a reduction of 
device variability [1][2]. On the other hand mobility is 
reduced in ultrathin layers and inherent high access 
resistances compromise mobility measurements and 
device operation [3][4]. Parameter extraction is, 
however, necessary in order to provide reliable data for 
modelling. 
 
In this work we present two platforms for ultrathin SOI 
devices (Fig. 1): planar ultrathin body (UTB)  devices 
and non-planar FinFETs or nanowire FETs. UTB 
devices with a specific layout suitable for mobility 
extraction are used to investigate layers down to 3nm 
silicon thickness. Furthermore, FinFETs with various 
geometries i.e. long and short channels, single and up to 
320 parallel multiple wires are studied.  
 

3. Device Platforms 
 

UTB MOSFETs have been integrated in a special test 
structure with two “sense” contacts to the inversion 
channel in addition to the conventional source and drain 
contacts [3][5]. These “sense” contacts can be used for 
four-point measurements to avoid high access 
resistances especially in such thin devices. Additionally 
contacts to the body have been implemented for charge 
pumping measurements [6]. UTB MOSFETs have been 

fabricated with body thicknesses down to 3.2nm. A 
cross sectional high resolution transmission electron 
microscope (TEM) image of an UTB MOSFET is 
shown in Fig. 1a.  
 

  
Fig.1: Schematics and TEM cross sections of device channel 
regions (a) planar  and (b) non-planar a non-planar channel 
 
FinFETs have been fabricated as long- and short 
channel devices with gate lengths from L = 50 μm down 
to 300nm (Fig. 2(a)). The number of fins has been 
varied from a single fin up to 320 fins in parallel (Fig. 
2(b)).  
 
SOI substrates with a silicon thickness tSi = 50nm, 
buried oxide thickness BOX = 100nm, and a p-type 
doping of 1e15 /cm3 have been used for both platforms. 
For devices with channel lengths of 1μm and below 
channel doping has been adjusted to 1e18/cm³. In the 
case of UTB devices, channels have been thinned by 
repeated thermal oxidation and subsequent oxide wet 
etch. Electron beam lithography [7] and optical 
lithography have been used for pattern definition of the 
FinFETs and UTB devices, respectively. Highly 
selective HBr-based reactive ion etching (RIE) has been 
used for pattern transfer [8][9]. The fin width after 
etching and oxidation is in the sub10 nm range (TEM 
image in Fig. 1b). Thermally grown gate oxide of 
tOx = 8 nm and 160 nm LPCVD polysilicon gate 
electrodes has been used as gate electrode. Finally, 
arsenic ion implantation and activation by raptid thermal 
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annealing have been carried out to form selfaligned 
source, drain and gate contacts.  
 

 
Fig.2: Scanning electron micrographs of (a) a short channel 
FinFET with LG=300nm  and (b) a long channel multi wire 
FinFET with LG= 50μm and 320 fins in parallel . 

 
3. Results 

 
Electrical characteristics of UTB and FinFETs with 

different geometries are compared in Fig. 3 for silicon 
thicknesses corresponding to Fig. 1. Normalized output 
and transfer characteristics demonstrate fully functional 
devices. FinFET on currents scale properly with device 
dimensions and  match the UTB reference device. This 
demonstrates functionality of the fabrication platforms 
even for fin lengths of more than 50μm. 

  
Further investigations on planar devices including 

measurements of mobility, charge pumping and self 
heating will be discussed at the conference.    

 

 
Fig.3: Normalized output characteristics (a) at VGS-Vth=2V ) 
and (b) transfer characteristic at VDS=50mV ) of long- and 
short channel FinFET devices and planar MOSFET. 

 

4. Conclusions 
 

A real functional CMOS platform for fabrication of 
ultrathin silicon devices with  planar and non-planar 
channels is presented.  FinFETs with up to 320 multiple 
parallel fins have been realized. A special test structure 
has been used to investigate planar layers down to a 
silicon thickness of 3nm. 
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1. Abstract 

 
In fully depleted (FD) SOI MOSFETs, floating-body 
potential variations may lead to strong transient effects 
on the current characteristics. In this paper, a physics-
based model for the potential variation with time is 
proposed and validated by 2D numerical simulations. 
This model reproduces and clarifies the physics 
mechanisms responsible for the transient gate and drain 
currents, which are important in memory applications. 
 

2. Introduction 
 

FD SOI transistors are traditionally assumed to be free 
of Floating-Body Effects (FBE). This assertion is not 
accurate for dynamic mode of operation, where the 
body potential can temporarily escape the gate control. 
The dynamic FBEs (current overshoot and undershoot 
[1], gate-induced FBE (GIFBE) [2], Meta-Stable Dip 
(MSD) [3]) deserve attention because they have strong 
implications for the development of capacitor-less FB 
DRAMs, EPROM programming and history effects in 
integrated circuits. The dynamic variation of the body 
potential is investigated by numerical simulations which 
are extremely time consuming. Since an analytical 
model is not tractable, due to the problem complexity, 
the solution proposed in this paper is to develop a semi-
analytical model which can be easily implemented and 
is valid for fully as wall as partially depleted (PD) SOI.  

 
 
Fig.1: Measured dynamic (a) body potential �B and 
corresponding (b) gate current IG1 versus a decreasing front
gate voltage VG1 scan in a SOI nMOSFET. Variable scan 
speed SS, L  W  100μm, body doping 5x1017 cm 3. The gate 
oxide, BOX and Si film are 4, 400 and 100nm thick. The drain 
and back gate are grounded, whereas the body is floating [4]. 

 
The transient FBEs we investigate take place for a bias 
range much lower than the flat-band voltage. They are 
relevant for capacitor-less 1T-DRAM device 
applications and are governed by capacitive coupling in 
deep depletion and body charging via band-to-band 
(B2B) tunneling [5]. Figure 1 shows the body potential 
variation and the resulting gate current, measured for a 
front VG scan from positive to negative values, i.e. when 
the top interface moves from inversion (or depletion) 
into accumulation, the back interface being in inversion 
or depletion. A simple and accurate physics-based 
model reproducing these experiments is proposed. 
 

 
 
Fig.2: (a) Modeled hole quasi Fermi �p, front  �S1 and back  
�S2 surface potentials versus decreasing front gate voltage 
VG1 (scan speed SS 1V/s). The corresponding potential 
profile across the body �B(y) is shown for two distinct VG1 
ranges: (b) from 0 to 1.7V (decreasing �B m 
1.7V to 2.3V (increasing �B Si film tSi, 
front  tOX1 and back  tOX2 oxide are 80nm, 6nm and 400nm 
thick, respectively. Doping levels of n type poly Si, p type film, 
p type substrate and N+ source/drain: 1020, 1015, 1015 and 
1020 cm 3. VD  VG2  0V, L  W  1μm. 
 

3. Model principles 
 

Our model uses the standard analytical boundary 
conditions at the front and the back interfaces and the 
discretized form of the two-carrier Poisson equation. 
Since the holes concentration controls the non-
equilibrium body potential in nMOSFETs, the hole 
quasi-Fermi level �P is the key variable to be 
determined. It depends on the injected and/or generated 
majority carriers and consequently is a function of time. 
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By contrast, the electrons are instantly provided by the 
N+ source and drain, hence their quasi-Fermi level can 
be imposed to zero. 
 
The fourth-order Cowell method was chosen to linearize 
the Poisson equation [6] and the corresponding system 
is solved by the Gauss-Newton method. Full details will 
be given on the model assumptions, computing 
procedure and implementation in Matlab simulator.  
 
The model makes the link between the ‘lateral’ hole 
injection and the non-equilibrium ‘vertical’ potential 
profile (Fig. 2b,c). The holes are essentially supplied by 
the drift-diffusion current through the body-drain and -
source junctions and the B2B tunnelling in the gate-to-
drain overlap region. 
 

4. Results and discussion 
 
The model has been validated, by comparison with full 
2D numerical simulations (Fig. 3), for a wide range of 
technological parameters: gate oxide and BOX 
thickness, film thickness from 100nm down to 10nm, 
body and substrate doping, VG1 scan speed (from 1μV/s 
to 1GV/s). It exhibits very short computation time 
(minutes instead of days) even for slow scan speeds.  
 

 
 
Fig.3: (a) Modeled and (b) simulated hole quasi Fermi �p 
and front  surface �S1 potentials plotted versus decreasing 
gate voltage VG1 for several scan speeds (SS  1, 103, 106 V/s). 
The silicon film tSi, the front  tOX1 and back  tOX2 gate oxide 
thicknesses are 10nm, 2nm and 150nm, respectively.   
 
The model allows explaining the typical V-shape 
potential variation (Fig. 2) and identifying the contri-
butions of the different injecting currents. For VG1=0V, 
both interfaces are in depletion. When VG1 decreases 
from 0V to negative values, the potential drops in the 
entire film by capacitive coupling. The body eventually 
enters into deep depletion because the hole charge 
(injected by drift-diffusion through the reversed-biased 
S/D junctions) is not sufficient to reach the steady-state. 
A hump in �P is observed (for VG1 = -1.1V) when the 
body charging by B2B tunneling exceeds the 
contribution of the drift-diffusion current. (SRH 
generation is always negligible.) 

5. Model Applications 
 
Based on the model predictions, we will discuss the 
technological avenues for optimizing the FB DRAMs. 
In particular, B2B tunneling should be maximized for 
fast programming, whereas drift-diffusion should be 
minimized for long retention time. 
 

 
 
Fig.4: Gate current IG1R versus a decreasing front gate 
voltage VG1 scan in (a) measured and (b) simulated SOI 
nMOSFETs. For each current characteristic,the ratio IG1C/C 
is calculated with Eq.(1). The drain and back gate are 
grounded, whereas the body is floating. SS  1V/s. 
 
Fig. 4 shows the dynamic variation of gate current, 
important for EEPROMs.  Two different peaks and 
valleys are observed, whose positions and levels depend 
on the VG1 scan speed (Fig.1). This typical signature is 
related to the transient body potential:  CI C1G �  

� � t )t()t(V 1G ����  (Eq.1), where C is the equivalent 
quasi-static capacitance. Thanks to the body potential 
�B extracted from measurements or simulations, the 
ratio IG1C/C can be calculated and matched with the 
"real" measured or simulated front-gate current IG1R 
(Fig. 4). For very negative VG1 (< -4V), the large 
increases of IG1R denotes the onset of Fowler-Nordheim 
tunneling, which rules out the previous equation. 
 

6. Conclusions  
 
The main mechanisms driving the dynamic body 
potential were investigated.  Our model advantages are:  
easy implementation, low computation time, improved 
convergence for extremely low VG scan speed. The 
model enables separating the B2B tunneling and drift-
diffusion components. Direct applications are in the 
arena of SOI FB memories. 
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1. Abstract 
This paper underpins the influence of space-charge 
condition at the substrate / BOX interface, as a function 
of the gate length, on the front threshold voltage (VTHf) 
and subthreshold slope (S) of sub-32 nm Ultra Thin 
body (UTB) SOI MOSFETs with very thin buried oxide 
(UTB²). 

2. Introduction 
UTB FD-SOI MOSFETs are very attractive to reduce 
short channel effects (SCE) [1], but may be degraded by 
self-heating and coupling between channel potential and 
drain bias, by fringing fields through the silicon film, 
BOX and Si substrate [2-4]. Thin BOX has then been 
proposed to solve these problems. 
Our work demonstrates that while UTB2 can indeed 
achieve better performance for several parameters, a 
particular attention has to be paid to the substrate space-
charge condition and couplings of body with source, 
drain and bulk which dramatically modify the electrical 
parameters as a function of gate length. 

3. Devices description 
Structures used for this study are FD-SOI transistors 
processed at CEA-LETI on both standard 145 nm-thick 
SiO2 buried oxide and extremely thin BOX of 11.5 nm. 
(100) SOI wafers have been thinned down to 

TSi = 11 nm and integrated 
with the FD-SOI CMOS 
process described in [4] (with 
TiN/HfO2, EOT = 17.5 Å). 
Gate lengths from 1 μm 
down to 25 nm are available. 

Fig. 1: TEM picture of the 
studied 25 nm UTB² structure. 

4. Experimental and simulation results 
Fig. 2(a&b) presents the front threshold voltage (VTHf) 
extracted by the double derivative method on drain 
current (ID) – front gate voltage (VG) characteristics at 
low drain voltage (VD) as a function of substrate voltage 
(VSUB) and gate length (LG). All VTHf curves 
demonstrate the linear dependence on VSUB, typical of 

FD SOI MOSFETs. However a clear plateau appears for 
VSUB between 0 V and 1 V (Fig.2(a)) which following 
[5] can be related to depletion conditions at the 
BOX / substrate interface. In such case, the VSUB sweep 
is compensated by the variation of the potential drop in 
the depletion region flattening the VTHf curve. 
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Fig. 2: Threshold voltage extracted for different gate lengths 
as a function of the substrate bias voltage and for the two 
studied BOX thicknesses. VSUB is varying from 3 V to +3 V 
for the 11.5 nm thick BOX and from 80 V to +80V for the 
145 nm one. 

The effect can also be seen in the 145 nm thick BOX 
MOSFETs but is less noticeable due to the much larger 
VSUB range typically used to shift the film / BOX 
interface from accumulation to inversion corresponding 
to the well-known respective top and bottom plateaus of 
the VTHf-VSUB curve. In the devices with ultra thin film 
and BOX (UTB²), these last plateaus could not be 
observed, meaning that back film accumulation or 
inversion cannot be sustained out of the control of the 
front gate voltage [6]. 
In Fig.2, we also notice that the VTHf-VSUB slope is 
larger in substrate accumulation resulting in higher body 
effect than in substrate inversion. In the latter case, the 
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effect is even less pronounced for short channel devices, 
suggesting partial screening of the substrate coupling. 
Further confirmation of these effects is derived from the 
subthreshold slope (S) analysis which is presented in 
Fig. 3 as a function of VSUB and LG for the UTB² 
devices and can be explained as follows. The influence 
of VSUB is twofold: in addition to changing the space 
charge conditions in the substrate, it also changes the 
channel position in the film. Negative VSUB pushes the 
channel to the front film interface which minimizes S, 
while it is degraded by positive VSUB attracting the 
channel at the back interface. 
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Fig. 3: Subthreshold slope (S) of UTB² transistors extracted 
from ID VG @ VD  20 mV for five selected gate lengths. 

This has been confirmed by 2-D numerical simulations 
(Fig. 4.a, inset). Furthermore, the degradation of S 
observed for increasing VSUB from -2 to +3 V for the 
long-channel MOSFET is in excellent quantitative 
agreement with Colinge's model [7] taking the variation 
of the channel depth into account. In the substrate 
depletion regime, the channel position varies less with 
VSUB (inset of Fig. 4.a) as the potential at the BOX / 
substrate remains almost constant as shown by VTHf. 
However, the simulations show a LG-dependence since 
weak inversion at the BOX/substrate interface under the 
N+-doped source/drain regions propagates laterally and 
raises the BOX/SUB potential for short length (Fig. 4b). 
 
In addition, the dip of S clearly observed around 
VSUB = 0 V for the 335 nm device is also in fair 
agreement with depletion extension in the substrate as it 
reduces the vertical coupling between channel and 
ground. This dip lessens and even vanishes for short-
channel transistors when the lateral coupling to source 
and drain through BOX and substrate supersedes the 
vertical coupling to the back contact, as already 
mentioned from the VTHf observations. 2D simulations 
(Fig. 4b) confirm that the substrate depletion is reduced 
for shorter transistors. Finally, the global increase of S 
with LG reduction is also in good quantitative agreement 
with Skotnicki's model [8] taking the effective oxide 
thickness into account. As the latter is larger for positive 
VSUB, it indeed leads to higher short-channel S 
degradation. 
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Fig. 4: 2D Atlas simulations: (a) S vs. VSUB for UTB2 
MOSFET with lengths of 25 and 250nm. VD 20mV. Insert 
gives depth of channel (“zero” corresponds to gate dielectric / 
Si interface, 10 nm to Si film / BOX interface). (b) electrons 
concentration at the BOX SUB interface as a function of 
normalized distance along channel length (LS LD 0.3μm), 
VSUB 0.5V, taken at ID/(W/L) 0.1μA. 

6. Conclusions 
This work reveals the peculiarities of the conditions at 
the BOX / substrate interface and their length 
dependence, on the operation of ultra thin film and 
buried oxide FD SOI MOSFETs, suggesting the need 
for the adaptation of compact models. 
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1. Abstract  

We present our investigations on the fabrication of 
ohmic and Schottky contacts of several metals on lowly 
doped bulk Si and SOI wafers. Through this paper we 
evaluate the fabrication of rectifying devices in which 
no doping is intentionally introduced.  

2. Introduction 
An increasing part of the semiconductor device 
community is using SOI wafers for the fabrication of 
modern CMOS generations (FINFET [1], Schottky 
barrier transistors [2], (bio-) sensor applications, optical 
devices and also as test vehicles to study the 
fundamental properties of 1D and 2D silicon structures. 
For SOI thicknesses below the Debye length it becomes 
interesting to study metal-Si contacts for lowly doped Si 
since the carrier concentration is dominated by the 
workfunction difference and the background doping of 
the SOI wafers becomes irrelevant [3]. We have studied 
the contacts to lowly doped p- and n-type Si wafers as 
well as p-type doped SOI. The choice of metals was 
based on our ultimate goal to combine two or more 
metals that have to be etched selective to each other and 
selective to Si and SiO2 [3,4]. 

3. Device fabrication 
4 inch SOITEC p-type wafers with original SOI 
thickness of 340 nm were thinned down to 40 nm by 
repeated oxidation-etch cycles. Simulations indicate a 
resulting doping concentration of 6.1013 cm-3. The bulk 
wafers were 5 	.cm p-type and 10 	.cm n-type wafers. 
The wafer orientation is (100) unless specified 
otherwise. Figure 1 shows a schematic of the metal-
silicon test structure for bulk wafers and SOI wafers. 
The metals titanium (Ti), titanium-tungsten (TiW), 
erbium (Er), and palladium-titanium (PdTi(0.5%)) were 
 

 
  
Fig.1: Metal Si contacts embedded in 100 nm isolating SiO2
on bulk wafers (left) and planar test structure in SOI.  

sputtererd directly after a 1% HF dip. In the latter case 
0.5% Ti was added to Pd by co-sputtering to enhance 
adhesion (fig. 1 (right)). In case of the SOI tests, the two 
metals can be either equal or different (fig. 1 (left)). The 
probe needles are positioned far from the actual contact 
to avoid effects of mechanical stress. The back of the 
wafers (depending on the wafer type) was metalized 
with either gold (Au), Al, Pd or Ti to form ohmic 
contacts.

4. Device characterization 
The I-V characteristics of the metal-Si contacts (contact 
area 200 �m2) were measured for a large temperature 
range (0 ºC to 150 ºC) to extract the Schottky barrier 
height (SBH) and ideality factor depending on the 
doping type of the wafers. Fig. 2 gives typical I-V 
behaviour for Pd contacts to two types of Si and the 
Schottky characteristics for various temperatures. The 
temperature dependent measurements indicate a good 
agreement with the analytical thermionic emission 
model. 

 
Fig.2: Left: Schottky contact (Pd on n Si) and ohmic contact 
(Pd on p Si); Right: temperature dependent I V curves used to 
extract the Schottky barrier height. Measurements are in good 
aggreement with the analytical model.

Table 1: SBH and ideality factor at room temperature after 
sputter deposition. 

Metal 
bn(eV)      n 
bp(eV)      n 
PdTi (0.5%) 0.78 1.05
Ti 0.55 1.15
TiW 0.57 1.12
Er 0.76 1.1

It can be seen from table 1 and fig. 3 that PdTi shows a 
high SBH with Si and hence good rectification. The 
barrier heights are in quite good agreement with the 
theoretical values [5]. On the other hand metals like Ti 
and TiW have a barrier height that gives a midgap work 
function and hence poor Schottky behaviour (fig. 3). 
The poor rectification in case of Ti and TiW could be 
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due to a thin interfacial layer of oxide and is a topic of 
further investigation. 
 

 
Fig. 3: I V curves for PdTi on n Si and Er, Ti, TiW on p Si. 
PdTi shows good p type metal property and Er good n type 
metal property. Ti, TiW are poor n type metals.

5. Thermal considerations
All metal to Si contacts discussed above were subjected 
to 15 minute exposures to increasing temperatures upto 
150 °C, starting at 0 °C in steps of 25 °C. No 
degradation in the electrical characteristics is observed 
for all metal to Si contacts on bulk wafers up to a 
temperature of 150 °C.  
Due to the thermal isolation of the BOX layer, self 
heating is a significant issue for SOI devices. During 
device manufacturing, sputter depositions can also 
result in several tens of degrees rise in surface 
temperature. During 4 minutes sputtering at 500 W, a 
bulk Si wafer heats up to 60 °C as determined with 
thermostrip measurements. Thermal calculations have 
predicted a rise to approximately 120 °C for a SOI 
thickness of 40 nm [6]. We have observed silicidation of 
Pd (fig. 4) that occurs during the deposition on SOI, 
without any anneal or drive-in step. The same 
conditions on bulk Si wafers do result in pure metal-Si 
contacts. The formation of palladium silicide is good for 
forming contacts. However, for our lateral diodes the 
formation of silicide complicates selective removal, 
impacting the process integration possibilities. 
 

SOI

Pd

PdSix
SiO2

SOI

Pd

PdSix
SiO2

 
Fig.4.: Left:HAADF image showing PdSix (~30 nm) formation 
due to self heating of ultra thin SOI during PdTi sputter 
deposition; Right:EDX compositional profile along the arrow 
shown in left.

6. Aluminum contacts to silicon 

Al-Si contacts made with the standard 1% HF dip were 
compared with Si that underwent additional treatment in 

100% HNO3. The later step forms a chemical oxide of 
1-1.3 nm as measured by ellipsometry, also reported in 
literature [7]. The exposure time to 100% HNO3 was 
varied between 1 min and 15 h. The thickness of the 
chemical oxide reaches a saturation value of 1.3 - 1.4nm 
after 5 min. It has been reported that the introduction of 
an ultra thin isolating film between the metal and 
semiconductor can significantly alter the barrier height 
[8,9]. Figure 5 shows the change from ohmic and p-type 
Schottky to n-type Schottky contacts for n-Si and p-Si 
respectively with the introduction of a 1.3 nm chemical 
oxide (5 min HNO3 treatment). These effects are also 
seen on Si(111) and Si(110). The contact resistance 
increases by a factor of 300 with the introduction of the 
chemical oxide. 
 

 
Fig.5: Aluminum to n Si (left) and p Si (right) contacts after a 
1% HF dip (0nm oxide), 1min HNO3 (1.0nm oxide) and a 
5min HNO3 (1.3nm oxide) clean. 

 

7. Conclusion 

We have shown that PdTi and Al form good p-type 
contact metals to n-Si and Er forms good n-type contact 
metal to p-Si with high SBH. Further improvement is 
necessary for Ti and TiW contacts to lowly doped 
Silicon. We observed silicidation of Pd due to self 
heating of ultra thin SOI during sputter deposition. 
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Abstract
It is shown by TCAD simulations how the gate-induced 
drain leakage which dominates the OFF-current in 
22nm double-gate SOI nFETs with high-K gate stacks, 
can be minimized by proper variations of the junction 
profiles. Based on a microscopic, non-local model of 
band-to-band tunneling, transfer characteristics are 
computed after systematic changes in source/drain 
doping, body thickness, and HfO2 layer thickness. This 
is done under the constraint of a minimal degradation of 
the ON-current. The ITRS target for LSTP devices (10 
pA/�m) can be met.  

Device description 
 
The starting structure of the 22nm SOI nFET was 
defined in the EU project PULLNANO [1] as 
symmetrical double-gate architecture, see Fig. 1. The 
EOT is 1.1nm obtained with a 0.7nm interfacial layer 
and 2.4nm of HfO2. The gate length is 22nm, the body 
thickness 10nm, and 4.6V are chosen for the gate work 
function. The channel is unstrained with <100> 
orientation, the source/drain extensions are 60nm long, 
and the contacts are placed vertically at the ends of 
them. The junction profiles were tuned to meet the 
OFF-current ITRS specification for LSTP devices (10 
pA/�m) [2], assuming thermionic emission as leakage 
mechanism. Structure and doping information were 
translated into Sentaurus-Device [3] input files by the 
PULLNANO consortium [1]. When direct gate 
tunneling 

 
Fig.1: Geometry and doping of the 22nm UTB DGSOI nFET. 

(GT) and non-local band-to-band tunneling (B2BT) are 
taken into account, the picture changes drastically, see 
Fig. 2. Whereas GT is only visible at low drain bias well 
below the ITRS limit, B2BT increases the OFF-current 
at 1V drain voltage by about 3 orders of magnitude. The 
GT assessment is based on the calibrated parameter set: 
�HfO2 = 23, �SiO2 = 3.9, �HfO2 = 2.05eV, mHfO2 = 0.11m0, 
�SiO2 = 0.9eV, mSiO2 = 0.5m0. The B2BT model will be 
described next. 

Fig.2: Transfer characteristics showing the absence of gate 
leakage, but a strong GIDL due to B2BT. 

GIDL model 

Phonon-assisted B2BT is a crucial leakage mechanism 
in strong electric fields of MOS structures. It must be 
turned on in TCAD simulations, if the field exceeds 
approximately 8x105V/cm. The non-local B2BT rate is 
modeled according to the microscopic theory of [4,5] in  
[3]. Non-locality is crucial, as it e.g. prevents tunneling 
where no final states are available. In a MOSFET this 
usually happens close to the gate oxide interface, i.e. in 
a region where the electric field F in the semiconductor 
becomes maximal. In Fig. 3 this region is denoted as 
"dark space".  The indirect B2BT transitions involve the 
emission/absorption of a transverse acoustic phonon 
with energy ��. The tunnel barrier is given by an 
effective band gap which is modified by band gap 
narrowing and DOS tails. The B2BT model was 
validated using IV and CV data of special Si pn-
junction diodes and their SIMS profiles, provided by P. 
M. Solomon, IBM Yorktown Heights [6]. 
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Fig.3: Upper: B2BT rate location close to the gate corners. 
Lower: Spatial distribution of electric field. 

Technology variations for GIDL 
minimization 

 
Increasing the decay length of the lateral Gaussian 
donor profile gives shallower junctions, but as expected, 
the effect on the OFF-current is practically zero, 
because the B2BT rate is not located in the pn-junction 
(see Fig. 3). The ON-current slightly degrades (~2%). 
Decreasing the plateau level of the donor profile results 
in shallower junctions which slightly shift outwards. A 
moderate decrease yields only a moderate improvement 
for the OFF-leakage, but also a moderate degradation of 
the ON-current. A significant reduction of the OFF-
current can only be achieved with a strong decrease of 
the heavy S/D doping, at the price of a strongly reduced 
ON-current (lower S/D conductivity). If the Gaussian 
donor profiles are shifted outwards, the gate overlap 
becomes smaller and the sub-threshold swing improves 
markedly due to the stronger source-drain potential 
barrier. The OFF-current reduction is proportional to 
the size of this shift, see Fig. 4. The ITRS limit is almost 
reached with “PeakPos”=24nm which means that the 
decay of the profile starts 24nm from the centre of the 
device. The pn-junctions are then almost at the position 
of the gate corners (almost zero gate overlap). The ON-
current decreases by only 6%. Decreasing the body 
thickness leads to a small reduction of the OFF-current 
only, but degrades the ON-current because of the lower 
mobility. A larger voltage drop across the gate oxide 
should reduce the voltage drop beneath the gate corners 
and thus reduce the B2BT rate. However, increasing the 
HfO2 layer thickness from 2.4nm to 3.0nm gives only a 
very small reduction of the OFF-current. 

Conclusions

The optimization of doping profile and geometry of the 
22nm DGSOI nFET shows that a reduction of the OFF-
current has to be paid with a degradation of the ON-
current. In trying to find the best compromise it turned 
out that the only efficient measure is a shift of the lateral 
doping profiles such that the pn-junctions become very 
close to the gate corners. This brings Ioff down to almost 
the ITRS limit while decreasing the ON-current by a 
few % only. All other variations studied have either a 
minor effect or are linked with an unacceptable 
degradation of Ion. These findings are restricted to the 
DG SOI architecture with lowly doped body, where the 
maximum of the B2BT rate is not located at the 
metallurgical junction, but close to the gate corner.  
 

Fig.4: Upper: Lateral shifts of the S/D doping profiles. Lower: 
Corresponding transfer characteristics. 

References 
[1] EU IST 4 026828 PULLNANO, http://www.pullnano.eu. 
[2] http://www.itrs.net/reports.html. 
[3] Synopsys Inc, Sentaurus Device User Guide, version Z
2007.03, Mountain View, California, (2007).  
[4] A. Schenk, "Rigorous Theory and Simplified Model of the 
Band to Band Tunneling in Silicon",  Solid State Electronics, 
vol. 36 (1), pp. 19 34 (1993). 
[5] A. Schenk,  "Physical Models for Semiconductor Device 
Simulation", Festkörperprobleme (Advances in Solid State 
Physics), vol. 36, pp. 245 263 (1996). 
[6] P. M. Solomon, J. Jopling, D. J. Frank, C. D'Emic, O. 
Dokumaci, P. Ronsheim, and W. E. Haensch, "Universal 
tunneling behavior in technologically relevant P/N junction 
diodes",  JAP 95(10), 5800 5812, 2004. 

 
EUROSOI 2009 - Conference Proceedings

 
 32

 
January 19-21, Göteborg, Sweden



Φ��������	
�������
�����������	�
	������
	�����
��	���
�

�������	
������������
����������
��������������
���������
��������	��������	�� ! "�������#��$�%� �
���

��&'����(�)�����
*��"�����+���(���%����,-./�0��� �!����+�1�2��$�������3		��	�����	4����5��

��(6&'������)60&(�)�������6��"	��' �	��)��!���,-
7�0��� �!����+�1�
��$������
�$� ��	���8����������������� 3% �����	����� 5������ ! 9%��/�.2��)�9��������(	+ �	&3���: 3 ��;�����7&,.-���<�����

�
�

�� ������
��
=��	�"���	9���������!����	��!�����"	 �� 5��������3�+��	&
��� �	��� $��� �	��� 	�+����+���� 9����� >Φ&$�?�� ���
����	��!���� ���� 	�5!������  5� ���� ������� �	+���  �� � ���
�� ��&������!� �55����� ��+� 	����&9���� � ��!	�9� 	�� �1�;	&
��+�����+� ���1���	;�������+���;��	��!��	;�!��	 �����
�

���������
����
����� ��	�� ��� ���!	�9� 5� 	���9����+��	���	������� !�+� � �
����+�"�! �;���� 5�;�!�	�!�&9���������	�� ������	���������
����� ��� $	�$��� + ��!�@��	�!�&9����� ��+� 0���&�!!&
�� ��+�>0��?�(#�$���A
B��0���(#�$���5�������
���  ��	;�!� �� ��&������!� 	;;��	�%� 	�+���+� �%� ����
;�1	;	C��	 ��  5� 9���&������!� � ��� !�� $������; ����
	�+����+����+ ��!�&9����(#�$���>�0&$	�$��?������
�� � ��+� � � ��+���� � ���� � ���;��	 ��� ����3�� � � ��
� ��� !!��!�� ������ !+�" !��9�� A�B�� ��+� � �;	�	;	C�� ����
��;���� 5������	�� �����D�	��+�5 ��! 9	��!�5����	 ���A�B��
#��� �	;� 	�� � � � ;�	��� 0��� ��+� + ��!�&9����
�+"����9����	��	���	���� �	��� �����	�� �����%� 	�����	�9�
�������� �������� �	� ��� �	����� ��� 	�+����+���� 9����
� ��� !� 	�� ���	��+�A/��.B����	������������������;�+�Φ&
$���	���� 	��� ������ 	���	;	!��� � � ����0���3� !������Φ�� ���
��	�� �������Φ&$�� +�"	���� �	��� ��&����3�+� ��� �	����
���� �1���	;����!!%� 	�"���	9���+�� $	����� ���� +�"	���
5���	���	 �� �� ����� �	!!� ��� +����	��+� ��+� � ;����+� � �
���� $	�$�� ����	��������� ������ ��� �	!!� +	������ ����
��!��������������� ��&������!��55����� ��� !�� 	����&9����
� ��!	�9�� �������� +���	�%� ��+� ����	��� ; �	!	�%� 5 ��
"��	��!���	+��� 5�����������������
�

����	 �
	������
�����
$	9���� 
� ��;;��	C��� ���� 5���	���	 �� �� �����  5� �0&
$	�$��>�?���+�Φ&$��>�?�A.B��$	�����8�+���+�6�������&�
���;	��!� E�� �� ��� �	�	 �� >86&�E�?� ���� ���+� � �
��	��1	�!!%� 9� ���  �� �#�� ��5����� �--�;�  5� �	� 5 �� �0&
$	�$�� ��+� >�.�;&�	� @�.�;&�	0�?1/� �����!���	��� 5 ��
Φ&$�� >$	9�
�� ����� 
?�� � �� �	)� ���+&;��3� ���� �����
+�� �	��+�� �5���� ��� �%��	+� �FE@�&���;� !	�� 9����%��
�������	���������	;;�+�� �+�5	������� ��!	����>5	���	+��G�
=�	H�-�;?�������������1� ��+��	���+�>�	@�	0�?1/�������
����� �������+� �%� ��� ��	� �� �	�� +�%� �!��;�� ����	�9�
>$	9�
�� ����� �?�� ���� ��;�� 8�� ����� �� ���� ���+� � �
��; "�� ���� �	0�� 	� �� �	��!!%� ��	�9� �� �$/� I� #��
���;	���%� 	��  �+��� � � !	������� ���� ������+�+� �	&
��� �	����� $ ��Φ&$�����#� ��+� �	)������ +�� �	��+��

��������	�	 �����������Φ&$�� 	�+����+���� 9����������
5 �;�+� �%� 	������!� �������  ���	��+� �%� ��	� �� �	�� ��+�
	� �� �	�� ����	�9��  5� �	)� ��!���	"�!%� � � ��#� >$	9�
��
������ ��
� ��+� ���?�� �5���� ���;	��!� �!���	�9�  5� ����
������!� ���5����� ���5#��@��	)� @�6 !%&�	� 9���� ����3�����
+�� �	��+�� �����9��������3� "��������	)����+�;��3�����
��; "�+� �%� ���;	��!� (�����	��!� 6 !	��	�9� >�(6?�
>$	9�
�� ����� �?�� � �5���� ���� 9���� ����	�9�� � ����@���	��
	;�!�����	 �����+��������5 �;��	 ���+ ������� ;�������
���	"���+� ��+� ���� �@�� ����� ��!	�	+�+�� ���� 5���	���	 ��
��+�+� �	��� �� ����+��+� ���3&�+� #5� '	��� >�#'?�
�� ������

�

�
��!����������	
�� ���
��	
��������������� ��������
���������

���Φ������

>�?�

�

>�?�

�
��!���� ��������	
����� ���� 
�� ��� ��� ���� ����
����� ����

���Φ������

SiGe
Si

SiGe
Si

SiGe
Si

SiGe
Si

SiN

BOX

Si

Si

Si

Si

SiN

BOXBOX

Si

Si

Si

Si

SiN

BOX

Si

Si

Si

Si

SiN

BOX

Si

Si

Si

Si

SiN

BOX

� � ��� �

�� ��

���(b)

Si

SiN

BOX

Si

SiN

BOXBOX

Si

SiN

BOXBOX

�� ��

� � �(a)

50nm

�� ����

��	

50nm

�� ����

��

��

��

�
���

��	

 
EUROSOI 2009 - Conference Proceedings

 
 33

 
January 19-21, Göteborg, Sweden



"��#	�������������
������
�%���;��	��;������;�����5 ��"��	 ���+�"	���9� ;���	���
��+� 9���� �	��� ����� ���5 �;�+�� ��"��!	�9� 	�������	�9�
��������������	!!����+	������+��$ ���1�;�!���	��$	9�������
���� ������ !+� " !��9��� E��  5� �&������!� Φ&$�� ��+�
$	�$�� ���� �! ���+� ��� �� 5����	 ��  5� ���� 9���� !��9��� '��
$ �� ���� ��;�� 5	�� �	+���� ���� E�� � !!& 55� 	�� ��+���+�
�	9�	5	����!%�	��Φ&$������	��	;�� "�;����	������	����+�
� � ���� ����	�!!%� ���� ��+	�9� 9����� ���� �� ��&������!�
�55����� ��+���	 �� 5 �� �� 9	"����	+��� 	�+	������ �������+�
���!��	!	�%���+�	����;�J �������� 5�����Φ&$�������������
) ���������5 ��9	"���E��� !!& 55������Φ&$���	+����������
��!�1�+��;�3	�9� ���� !	�� 9����%� ��+� ���� ����	�9� 5� ����
5	������	������	������!��+�� ����	;�� "�+�; �	!	�%�5 ����
� ����������'�� ��� !�A.B��
����+��	���������� �+�����;������+������ 5����	 �� 5� ����
5	����9����" !��9��>E0
?�5 ��"��	 ������ �+�9����" !��9���
>E0�?���� �� ��� 	��$	9����/������ ������ !+�" !��9��E�
�
��	5�� +�; ��������� ���� � ��!	�9� �55���� �������� ���� �� �
9����������� ��!	�9�5��� ���α� 5��&Φ$����+��&$	�$��
����-�
.���+�-���� �������	"�!%�����%������1������+�5� ;�
�����! ��� 5� ����E�
&E0�����"�� 	�� 	��� !	����� ��9	 �������
��+���+� � ��!	�9� 5��� �� 	�� ���� Φ&$�� 	�� +��� � � ����
����	�!!%� ���� ��+	�9� 9���� ��	��� ���+�� � � !	;	�� ����
� ��!	�9� �������� ���� �� �  �� �	��� ������!��� ��	��
���� ;�� �� 	�� �	;	!��� � � ���� E�� >E���?� ��+���	 �� 	��
���� ����	�!�&9����$	�$��G��%�� ;���	� ���!�����5�!!%�
+��!���+��#�������	�� ���5�������;�1	;�;�� ��!	�9�A7B��
�� ; ��� +���	!�+� ���!%�	�� 	�� �� � ��+�� ����+�  �� ����
��;��	��!� �	;�!��	 ������!��� ��� ���+� 	��$	9����.�������
���� ������� ��	�3����� =���� ��	��� 	�� ��� �1�!��	"��
����;����� 5 �� Φ&$���� 	�� "��	�+�� ��� =��� ��� ;���
��	�3���� � ��� ���� ���'� ��+� ���� � ��!	�9� 5��� �� α�
	��������� ���+������$	�$��"�!�����#������ ��������+��
5 �� ! �� =���� ���� ���� ��+	�9� 9���� �55���� ��+����� ����
� ��!	�9���+�	;�� "��������!���� ����	��	���9�	�%��
�

$��%�
��������
=�� ���+	�+� �1���	;����!!%� ��+� �	��� ��;��	��!�
�	;�!��	 ��� ����  �� ����	�%� � � 5����	 �� �� $	�$�� 	��
����3�+� ��� �	���� �	��� 	�+����+���� + ��!�� 9������ ��
���� ���������� ��!!�+� Φ&$�� ���� ���+	�+� ��	���
� ;�	���� ��������5	��� 5�0�����+� �0&$	�$����=����
���� ������� �	+��� 	�� ��+���+�� ���� ���'� "�!��� ���� ���
! ����+��%���5��� �� 5���� ;����+�� �$	�$����	�������
��;�� �	!	� �� �	+���� ���� �����	 �� ���!	�9�  5� Φ&$���
�	��� ���� �� ������� ����!��� 5� ;� �� ������� �!���� ����	��
� ��� !���	����!� ����������������	����&9����� ��!	�9��
�
�
��&�	�!	'	����
��	�� � �3� ���� ���� ���+� �%� ���� $������ )��	 ��!� 8��������
�9���%�>�)8?���� �9������ ������	�����5��+	�9��
#	�	�	�
	��
A
B�<�6��� !	�9���(	�� �!���� �	���9���,/������-*
���--*��
A�B�:��K��'	������!�����������#��� �5�������
2���--.��
A�B�(� �����	��9�����!�����������#��� �5�����
�����--/��
A/B��������������!�����������#��� �5������2.���--*��
A.B��������������!�����(����--,��
A7B�8�8	�C�����!�������!���� !	+ ������!���� ����.-����..,���--7��

�

�

��!�����!"�
���	���	��������#��	� ��$�����������	
������ �	��

��� 	��%������&
�	������
����������Φ������
��'(����

�
��!�"���!"�
���	������$ )������	�
�	
����	�#�
����$ '������

��������*����������  �	�� ��� 	�� ���� ��������&
�	�� ���((+�

�������'(���,���"��	
#��-��

�
��!�$���
����	
������ 	���.�/%���"��������&
	���"����&
�	��

0���#�����	������"�
� ����	��α� �2$�)32$�'�

V T
[V

]

L [μm]

Φ-FET
IG-FinFET

VD=50mV

0.60.40.20
0

0.1

0.2
0.3
0.4
0.5

0.6
0.7

V T
[V

]

L [μm]

Φ-FET
IG-FinFET

VD=50mV

0.60.40.20
0

0.1

0.2
0.3
0.4
0.5

0.6
0.7

w
es

=5nm

w
es

=15nm

w
es

=29nm

FinFET

w
es

=20nm

D
IB

L 
[m

V/
V]

Coupling factor αα

wes 5nm wes/wsi 0.2
wes 15nm wes/wsi 0.6
wes 20nm wes/wsi 0.8
wes 29nm wes/wsi 1.16

Si

Si

Wes

WSI=25nm

tSI=25nm

2nm Oxide

�� ��

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

20

40

60

80

100

120

140

Φ-FET

-1 -0.5 0 0.5 1 1.5 2
10-14

10-12

10-10

10-8

10-6

10-4

I D
[A

]

VG1 [V]

ΔΔΔΔVG2= -0.2 V

VG2 = 0 V
VG2 = VG1

VD = 50mV

VG2 = 0.8 to -1.4 V

VG2 = 0.8 V

VG2 = -1.4 V

-1 -0.5 0 0.5 1 1.5 2
10-14

10-12

10-10

10-8

10-6

10-4

I D
[A

]

VG1 [V]

ΔΔΔΔVG2= -0.2 V

VG2 = 0 V
VG2 = VG1

VD = 50mV

VG2 = 0.8 to -1.4 V

VG2 = 0.8 V

VG2 = -1.4 V

-1 -0.5 0 0.5 1 1.5 2
10-14

10-12

10-10

10-8

10-6

10-4

I D
[A

]

VG1 [V]

ΔΔΔΔVG2= -0.2 V

VG2 = 0 V
VG2 = VG1

VD = 50mV

VG2 = 0.8 to -1.4 V

VG2 = 0.8 V

VG2 = -1.4 V

 
EUROSOI 2009 - Conference Proceedings

 
 34

 
January 19-21, Göteborg, Sweden



SESSION 3

Strained material

Chair
D. Flandre

Université Catholique de Louvain

 
EUROSOI 2009 - Conference Proceedings

 
 35

 
January 19-21, Göteborg, Sweden



 
EUROSOI 2009 - Conference Proceedings

 
 36

 
January 19-21, Göteborg, Sweden



Strain- induced Enhancement of Transconductance in Si- nanowire 
Transistors Fabricated by Pattern-dependent Oxidation 

  
D. Kosemura1, A. Seike2, T. Tange2, A. Ogura1, and I. Ohdomari2 

1School of Science and Technology, Meiji University, 1-1-1 Higashimita, Tama-ku, Kawasaki, 
214-8571, Japan Email: d_kose@isc.meiji.ac.jp, Tel: +81-44-934-7324 

2Faculty of Science and Engineering, Waseda University, Ohkubo 3-4-1, Shinjyuku, Tokyo 169-
8555, Japan 

 
We confirmed that transconductance (gm) 
enhancements in Si-nanowire transistors was 
promoted by strain that was induced by pattern-
dependent oxidation (PADOX). Using UV-Raman 
spectroscopy for evaluation, downshift broadening 
was detected implying tensile strain was induced in 
the Si- nanowire transistors with the highest gm. 
The strain induction controlled by the PADOX 
conditions was attributed to the modification of the 
device performance. 

Introduction 
High-performance nanowire metal-oxide-

semiconductor field- effect transistors (nw- 
MOSFETs) have generated a great deal of interest 
as a potential alternative to planar MOSFETs, 
primarily because of their performance gains due to 
one-dimensional transport and their inherent 
immunity against short- channel effects. The gate-
dielectric film is formed after the nanowires are 
fabricated, which generally induces a significant 
amount of uncontrolled strain into them. It is 
mandatory to control the amount of oxidation-
dependent strain in nw- MOSFETs to attain 
enhanced performance. In this study, pattern- 
dependent oxidation (PADOX) was used as a 
guideline to distinguish between controlled stresses 
under different processing conditions in nw- 
MOSFETs with nanowire width of approximately 
80 nm. Using the PADOX, effective tensile stress 
could be employed in Si- nanowires fabricated on 
SOI. In this study, UV- Raman spectroscopy was 
used to evaluate the tensile strain in nw- FETs. 

Experiment 
A p-type SIMOX wafer with a resistivity 

of 7–14 Ωcm, was used as the starting substrate. 
The BOX thickness was approximately 145 nm and 
that of the SOI was about 50 nm. To fabricate 
nanowire FETs, Si wires and pads were patterned 
by EB lithography using an SAL6013 resist, and 
then they were dry etched with a C3F8/O2/Ar 
mixture gas. The channel length was 20 �m. The 

nanowires were then thermally oxidized under 
different conditions; at 900�C for 15 min (sample 
A), at 850�C for 1 h in O2 ambient (sample B), and 
at 850�C for 1 h followed by heating at 1000�C for 
30 min in an N2 ambient (sample C). 
 

 

 
 

Fig. 1 Cross-sectional SEM image of Si- nanowire after 
oxidation at 900�C for 15 min. 

Figure 1 is a cross-sectional SEM image of 
Si nanowire after the PADOX process. The 
lithography width (Wmask) of the nanowires was 80 
nm. The bottom widths of the Si nanowires were 
reduced down to 47–57 nm depending on the 
PADOX conditions. Detailed descriptions of 
sample fabrication and electrical characterization 
have been described elsewhere [1].  
 

 
 

Fig. 2 Optical microscope image of multiple nanowires 
irradiated by quasi- line- shaped excitation source. 
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  UV- Raman spectroscopy with a quasi-
line-shaped excitation source was carried out so 
that data from multiple nanowires could be 
obtained simultaneously [2]. The optical 
configuration between the sample and the quasi- 
line shaped excitation source was found in the 
optical microscope image (Fig. 2). 

Results and Discussion 
  Figure 3 shows the Raman spectra of the 
Si-nanowires. We confirmed that the Raman 
spectra from nanowires were broadened compared 
with the spectrum from bulk-Si. Generally, the 
one-phonon Raman band in bulk- Si is at 520 cm-1 
(Lorentzian), and downshift and broadening of the 
Raman line with increasing laser irradiation can be 
identified as a sample-heating phenomenon [3]. In 
Fig. 3, the Raman peak broadening from Si- 
nanowires were mainly considered to have been 
caused by the sample heating during measurement 
because the nanowires were surrounded by SiO2 
with low thermal conductance. 
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Fig. 3 Raman spectra from nanowires and bulk-Si. 

However, asymmetric broadening and 
downshift  were clearly observed for sample B that 
was fabricated by the 850�C PADOX process for 1 
h, compared with the samples A and C that were 
fabricated by the PADOXs at 900�C for 15 min (A) 
and at 850�C for 1 h with subsequent heating at 
1000�C for 30 min (in N2) (C). Symmetric 
broadening was caused by the heating, while 
downshift broadening was attributed to tensile 
strain. When there was strain in Si crystal, the 
Raman- peak shift should have been proportional 
to the strain; the Raman peak shifts toward a lower 
wavenumber with increase of tensile strain and 
toward a higher wavenumber with increase of 

compressive strain. This is because the frequenceis 
of the Raman modes were modulated [4]. 
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Fig. 4 Values of gm plotted as function of oxidation 
conditions. 

  The electrical characterization of these nw-
MOSFETs is summarized in Fig. 4. Here, the 
transconductance, gm � (�Ids/�Vg) = 
(�n�/tox)(W/L)Vds, is given by the slope of the [Ids–
Vg] curve in the linear region. The average values 
of gm in samples A, B, and C correspond to 0.60, 
1.62, 0.40 �A/V; thus, the gm of sample B is the 
largest of the three samples. We deduce that the 
enhanced gm in sample B can be caused by tensile 
strain introduced in Si-nanowires, which led to 
band splitting and suppressed inter-valley 
scattering [5], whereas the degraded gm in sample 
C can be explained by the viscoelastic relaxation 
build- up of more compressive nanowire stress [6]. 
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1. Abstract 
     The influence of mechanical stress on the gate 
induced floating body effect (GIFBE) has been 
investigated in fully depleted (FD) SOI nMOSFETs 
belonging to a 65nm CMOS technology. This analysis 
was performed by a comparison between the standard 
SOI and the strained devices. Although the floating 
body effect occurs at a lower back-gate voltage for the 
strained devices, a smaller second peak amplitude was 
obtained, without considerable gate current increase. 

2. Introduction 
      As the devices are scaled down and consequently 
the gate oxide becomes thinner, the direct tunneling 
current through the gate oxide becomes the dominant 
tunneling process. The direct tunneling current is 
composed of the following components: the ECB 
(electron conduction band), the EVB (electron valence 
band) and the HVB (hole valence band) current [1]. 
Although the ECB current component is the dominant 
one, the small EVB and HVB components are 
responsible for the appearance of floating body effects 
in SOI MOSFETs in linear operation [2]. 
     In addition, for sub-100nm CMOS technology nodes, 
the use of mechanical strain has been shown as key to 
enhance the device performance by increasing the 
mobility and consequently the drive capability [3]. 
     Several techniques have been used in order to obtain 
the mechanical stress in the devices. One of these 
techniques results in a global wafer-level (biaxial strain) 
and another technique is the local wafer-level (uniaxial 
strain) [4]. 
     This work presents the impact of uniaxial tensile 
strain engineering on the gate induced floating body 
effect (GIFBE). 

3. Device Structure 
     The studied devices were fabricated by IMEC and 
belong to a 65nm planar single-gate SOI CMOS 
technology. The uniaxial tensile strain was induced by a 
100nm nitride contact etch stop layer (CESL). 
     The used gate dielectric was oxinitride with an 
effective oxide thickness of 1.5nm. The silicon film and 
the buried oxide thicknesses are 15nm and 150nm, 
respectively. The channel width was varied from 20nm 
to 20�m and the channel length from 0.25�m to 1�m. 
All the analyzed devices were fully depleted (FD) SOI 

nMOSFETs. 
4. Results and Analysis 

     Figure 1 compares the transconductance behavior 
between the strained and unstrained devices varying the 
substrate bias. From this figure, it is possible to note, the 
improvement of the maximum transconductance for the 
strained transistors due to the low field mobility 
increase. It is also noticed that the CESL devices present 
a higher electric field mobility degradation. The 
effective mobility degradation increase for strained 
devices is related to the presence of neutral defects in 
the material, which consequently increases the electron 
scattering for higher gate voltage [5]. 
     When the focus is on the GIFBE, it is possible to 
notice that the transconductance second peak occurs 
earlier (lower VGB voltage) for SOI CESL devices than 
for conventional SOI ones. In order to better understand 
this phenomenon, it is necessary to evaluate the stress 
distribution in the materials, as illustrated in Fig. 2. 
Figure 2A shows a cross section of the longitudinal 
stress in the device. In despite of the thin silicon film, 
the stress in this region follows the same behavior as in 
the other regions between source and drain. A cut in a 
horizontal plane at 1nm below the gate oxide/silicon 
film interface (figure 2B) shows the existence of tensile 
stress in the channel and compressive stress at the 
source and drain regions. 
     Evaluating the energy band of the strained devices 
pointed out that the mechanical tensile strain is 
responsible for the inversion layer band gap reduction. 
This reduction occurs due to the lowering of the 
conduction band minimum and the increase of the 
valence band maximum. The band gap variation results 
in a higher barrier for the electrons tunneling across the 
gate oxide.  
     Knowing that the channel is submitted to a tensile 
strain, so that the gate material is under compressive 
strain, it is suggested that the reduction of the barrier 
height for the hole tunneling through the oxide is due to 
the polysilicon valence band offset lowering [6]. This 
effect is responsible for the increase in the HVB gate 
current component that in turn causes the gm second 
peak in the strained transistors.  
     Besides the gm second peak shift towards a lower 
gate voltage, it is possible to verify in figure 1, that for 
CESL devices the second peak only tends to occur for 
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VGB = -30 V. It is due to the high effective mobility 
degradation obtained for devices submitted to a tensile 
strain when they are operating at high gate bias, which 
forces the gm down even before the second peak can be 
formed.  
     Another parameter that should be considered is the 
gate tunneling current. As the HVB current is the 
smallest gate tunneling component, the HVB increase 
has no influence on the total gate current level. The 
obtained gate current for strained and conventional 
devices with different gate area showed that both 
devices practically have the same gate current. This 
behavior was observed for all studied gate areas. 
     It is known that, as the channel length is reduced the 
uniaxial tensile strain has more influence in short 
channel devices [3]. From figure 3A, it can be seen that 
for a transistor with channel length equal to 0.25�m, the 
tensile strain is strong enough so that the high effective 
mobility degradation does not permit the second peak to 
occur. By evaluating the channel length influence on the 
GIFBE, via the normalized gm (figure 3B), it is possible 
to notice that the occurrence of this effect occurs earlier 
for shorter devices where the strain is more effective 
due to the higher polysilicon valence band offset 
lowering. 

5. Conclusions 
     The comparison between standard SOI and strained 
SOI devices shows the expected higher low field 
mobility for the strained ones. However the strained 
device presented an earlier GIFBE due to the band gap 
limits variation. As the channel length is reduced, the 

stress becomes more effective and the GIFBE occurs 
untimely, but when the channel length becomes short 
enough the effective mobility degradation increases and 
forces the gm down hindering the second peak 
occurrence.  
      It was also observed from simulations, that devices 
submitted to a mechanical tensile strain present a tensile 
stress in the channel and a compressive stress at the 
source and drain.  
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Fig.2: The longitudinal stress (A); cutline 1 nm below the front interface (B).
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1. Abstract 

In this work, we describe methods of the introduction of 
strain at the wafer level using wafer bonding and thin 
layer transfer. We address also the strain stability during 
nanoscale patterning process–a crucial step in the 
fabrication of SSOI-based devices. The strain 
redistribution was investigated in SSOI nanostructures 
as a function of their size and thickness by using UV μ-
Raman, high resolution XTEM, and detailed 3D finite-
element simulations. Our finding has direct implications 
in the emerging SSOI technology. 
 

2. Technological context and open 
challenges 

The introduction of strain in the fabrication of Si-based 
transistors is the subject of increasing interest as one of 
the promising possibilities to respond to the relentless 
demand of higher performance ICs. Indeed, recent 
models suggest that a strained Si lattice can give hole 
mobilities up to 4× the unstrained value, and electron 
mobilities up to 1.8× the unstrained value [1]. Uniaxial 
or biaxial strain are actually the two different ways for 
the manipulation of the carrier mobility in Si channel 
[see Ref. 2 and references therein]. Each affects the 
performance in a different way, because each has a 
different impact on the silicon band structure. Both 
uniaxial and biaxial strain break the 12-fold symmetry 
of unstrained Si band structure. The mobility 
improvement observed in uniaxially strained Si 
originates from the reduction of both scattering and in-
plane effective mass. Under biaxially strained Si, the 
mobility enhancement originates from scattering 
reduction alone since the effective mass remains near 
the nominal (unstrained) value. Further improvement of 
device performance can be achieved by combining the 
benefits of strained layers with the advantages of 
silicon-on-insulator (SOI) in the same substrate of 
strained silicon-on-insulator (SSOI). The potential 
application of SSOI substrates goes beyond the 32 nm 
technology [2].  
The introduction of SSOI in device fabrication raises 
fundamental questions about the evolution and stability 
of the strain during different processing steps. It was 
demonstrated that the strain in SSOI can be maintained 
during high temperature annealing or processing (up to 

1000 ºC). However, the shrinkage of the dimensions 
during the sub-micro- and nanoscale pattering of 
strained thin films were found to affect the amount and 
distribution of the strain [3,4]. A deep understanding of 
this phenomenon is necessary to develop a quantitative 
and predictive model of the performance of SSOI based 
devices. 
 

3. Fabrication of SSOI wafers 
Fig. 1 describes schematically different steps of the 
fabrication of SSOI wafers by using wafer bonding and 
hydrogen-induced thin layer transfer. Global strain on 
wafer level is mostly induced by the epitaxial growth of 
Si1-x Gex and Si layers. Because the lattice parameter of 
Si1-x Gex (0 M x M 1) alloys varies between 0.5431 nm 
for silicon (x = 0) and 0.5657 nm for germanium (x = 1) 
tensile strain is induced in a silicon layer epitaxially 
grown on top of the SiGe. The strain is generally 
biaxial. 
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����-Si
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Fig.1: Schematic illustration of the fabrication of strained SOI 
by wafer bonding and H ion-induced thin layer transfer 
 
The biaxially strained thin layer is then transfer to a 
handle Si wafer. Figure 2 displays XTEM image of 
SSOI obtained using the process described in Fig.1. The 
thickness of the strained layer is 20 nm. Thicker SSOI 
substrates can be obtained by additional homoepitaxy. 
Uniaxially strained SOI can be achieved following a 
process developed by our group [5]. In this process, two 
wafers were bent over a cylinder thereby creating a 
curved or bowed wafer with a strained state induced. 
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The bending direction was parallel to [110]. The curved 
wafers are brought into contact via direct wafer bonding 
and covalent bonds across the bonded interface form 
upon annealing in the bent state. By combining the 
process with hydrogen-induced layer splitting thin 
strained layers were transferred. 
 

      
Fig.2: XTEM image of SSOI substrate obtained following the 
process described in Fig. 1. The strained Si layer thickness is 
20 nm. 

 
3. The complex evolution of strain 

during nanopatterning of SSOI 
Deciphering the behavior of the strain during the 
nanopattering process is crucial for the optimization of 
the fabrication of SSOI-based devices.  Extended (400 × 
400 Nm2) ordered arrays of rectangles with a lattice 
parameter of about 500-600 nm and lateral dimension in 
the range of 80 to 400 nm were patterned on a negative 
resist capping layer using electron-beam lithography. 
Reactive ion etching was applied to transfer the pattern 
to the strained layer leading to ordered arrays of 
rectangular nanoSSOI. Figure 3 displays a selected set 
of scanning electron microscopy micrographs of the 
arrays of nanoSSOI studied in this work. 

 

(a) (b)

 
Fig.3: SEM images of the ordered arrays of nanostructured 
SSOI investigated in this work. (a) 400 nm × 200 nm and (b) 
80 nm × 200 nm. The scale bar is 1 μm. 
 
UV micro-Raman is used to characterize the biaxial 

strain states for different samples before and after 
patterning. Recently, we developed an analytical 
procedure to extract the intrinsic Si-Si Raman mode for 
each SSOI nanostructures [6]. Figure 4 shows Raman 
data collected for different sizes of SSOI nanostructures. 
The residual strain is evaluated using the peak position 
determined by a voigt function fit. For comparison, Si-
Si peak position of bulk Si and the original strained Si 
are indicated in the plot. We note that all the spectra are 
shifted up with respect to the peak position of the 
strained film. For the largest structures 400 nm × 200 
nm this shift was about 2.2 cm-1. More the size shrinks 
more the intrinsic Si-Si peak position moves closer to 
the bulk frequency. These observations suggest that the 
patterning process induces a reduction of the biaxial 

strain in different SSOI structures.  
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Fig.4: SSOI nanostructures Si-Si intrinsic modes extracted for 
different dimensions. The corresponding residual biaxial 
strain values and the relaxation ratio (RR) are indicated.  
 
To gain more insights into the relaxation phenomenon, 
we performed detailed 3D finite-element (FE) 
simulations. Selected data of our simulations are shown 
in Fig. 5. We note that the post-patterning strain 
displays a complex evolution in agreement with high 
resolution XTEM data (not shown). Expectedly, the 
strain relaxation is found to be very sensitive to the size. 
Detailed description of the phenomenon of strain 
redistribution will be given in our presentation and its 
impact on the performance of SSOI-based devices will 
be discussed.  

 
Fig.5: 3D FE simulations of the strain distribution within 
nanoSSOI with different dimensions: (a) 400 nm × 200nm; (b) 
200 nm × 200 nm; (c) 120 nm × 200 nm; and (d) 80 nm × 200 
nm.. The highly strained regions at the interface of nanoSSOI 
and SiO2 are off scale (~1.4 %). 
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1. Abstract 
The electrical properties of front and back channels in 

advanced SOI MOSFETs (ultra thin film, short length, metal
gate/high K stack, thin BOX) are used to reveal the impact of 
tensile and compressive CESL strain. We discuss the short 
channel effects and mobility behaviour at low temperature. 

2. Introduction 
Over the last few years, strain engineering has been 

extensively studied and adopted to boost carrier mobility and 
performance of CMOS devices. Among different strain 
techniques, silicon nitride contact etch stop layer (CESL) is a 
cost effective solution [1] that can be easily implemented in 
CMOS fabrication process.  

In this paper, we study the impact of tensile and 
compressive CESL on both N  and PMOSFETs with advanced 
gate stack (2.5 nm HfZrO2/5 nm TiN). We investigate the 
mobility behavior of both front and back channels for variable 
gate length and temperature.   

3. Device Fabrication 
State of the art MOSFETs were fabricated on 300

mm UNIBOND SOI wafers with 20 nm thick BOX. SOI films 
were thinned down by thermal oxidation and wet etching to 
achieve a final thickness of around 8 10 nm. The transistor 
channel was left un doped. A 2.5 nm thick high K dielectric 
HfZrO2 was deposited by ALCVD. The gate stack was 
completed by ALD deposition of TiN (5 nm) and PVD 
deposition of poly Si (80 nm).  

An Si3N4 offset spacer was formed to protect the 
metal gate and isolate the gate stack from the subsequent 
elevated source/drain (S/D) extensions. A selective epitaxial 
growth (10 nm) was utilized to optimize the S/D architecture 
[2]. Tilted LDD implantation was performed prior to D shape 
spacer formation (TEOS + Si3N4). Source/Drain implantations 
were then realized.  The devices received a 1080°C RTP spike 
anneal for a few seconds and NiPt silicidation. Nitride layers 
(tensile or compressive) have been added to boost the 
performance. Fig. 1 shows the device cross section. 

4. Results and discussion 
Measurements were performed on NMOS and PMOS 

transistors, with different gate lengths (from 10 μm down to 40
nm). The effective mobility, defined as μeff  
ID.L/W.Cox.VD.(VG Vth)  μ0/[1+ �1(VG Vth)+ �2(VG Vth)2], was 
used to evaluate the low field carrier mobility μ0. This method 
takes into account the mobility attenuation factors �1,2 which 
are related to series resistance and surface roughness, 
respectively. The series resistance RSD, calculated from �1 [3], 
is 180 � μm which proves that the selective epitaxial growth is 
efficient in reducing the access resistance. The effective 
channel length, Leff  Lmask  �L, was derived by evaluating 
�L  5 nm with TEM. 

Figs. 2 and 3 show the increase of DIBL and sub
threshold swing (SS) in very short MOSFETs. No significant 
difference was observed between compressive and tensile 
CESL for N and PMOSFETs. Excellent SS values were 
obtained: ~60 mV/dec for long channels, ~90 mV/dec for 
Lchannel  50 nm. DIBL is also well controlled due to the use of 
thin BOX. The identical electrostatic behaviors of different 
splits allow us to consider that CESL strain is uniquely 
responsible for mobility variations being discussed hereafter.   

The impact of tensile (t CESL) and compressive 
CESL strains (c CESL) on the front channel mobility behavior 
is shown in Fig. 4(a). For long channels (>200nm), the electron 
mobility is similar for both architectures. A stronger short
channel effect is observed for c CESL compared to t CESL. 
This suggests that tensile CESL enhances the mobility of short 
channel thanks to the “stress pocket” approach [4]. By contrast, 
compressive CESL degrades the electron mobility, as reported 
earlier [4 6], leading to a strong Ion degradation in c CESL 
NMOS devices (Fig. 5). However, the threshold voltages (Vth) 
measured (e.g. Leff  1 μm, Vth  0.38 V) in both structures 
show no significant difference. So the difference of Ion is not 
due to Vth shift but directly reflect mobility changes [1]. 
Another remark is the lower front channel electron mobility 
compared to the back channel mobility (Fig. 4(b)), which 
suggests an additional scattering mechanism due to the high k 
dielectric [7 8]. This mechanism is probably responsible for the 
low mobility enhancement in t CESL NMOSFETs. 

 Fig. 6 shows the comparison of hole mobility in front 
channel between tensile and compressive CESL for different 
channel lengths. Tensile CESL strain demonstrates no mobility 
enhancement in PMOSFET, whereas compressive CESL strain 
offers a clear mobility enhancement. The mobility gain is not 
uniform for all the channel lengths. Only for Leff < 1 μm, the 
mobility increases and reaches a maximum value of 180 
cm2/V.s (Leff  150 nm), and then decreases slowly. It is known 
that the stress is mainly localized at gate edges (stress pocket) 
[4 5]. While for long channels the strain impact is invisible, in 
shorter channels these pockets get closer and become very 
effective. But below a certain channel length, the mobility gain 
is compensated by other mechanisms such as short channel 
effect, scattering on neutral defects [8], semi ballistic transport, 
etc. In our case, the optimal channel length is about 150 nm. 

Interestingly, the impact of c CESL is also visible in 
back channels (Fig. 7) which exhibit similar behavior. This can 
be explained by the total transmission of the stress across ultra
thin silicon films. Low temperature measurements (Fig. 8) 
show that, for T < 200 K, the mobility gap between long and 
short channels decreases and disappears at T  100 K. The 
various scattering mechanisms have been identified, from low
temperature measurements with the Matthiessen’s law, and will 
be discussed.  

5. Conclusion 
Detailed measurements revealed the impact of tensile 

and compressive CESL strain on fully depleted N and 
PMOSFETs with ultra thin SOI film. Tensile strain results in a 
weak electron mobility enhancement. Compressive strain 
shows non uniform mobility enhancement with channel length. 
For short channels, compressive CESL is competed by other 
scattering mechanisms. Both architectures exhibit excellent 
DIBL and SS behavior. Additional results documenting these 
main findings will be presented and discussed. 
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Fig. 6: Hole mobility versus channel length for tensile and 
compressive strain.  
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Fig. 7: Front/back hole mobility versus channel length for 
compressive CESL. 
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1. Abstract

Gate length reduction on Double Gate Silicon on 
Insulator (DGSOI) MOSFETs makes more difficult to 
maintain the top and bottom gates self-alignment [2]. In 
this work we study the drain current behaviour and 
threshold voltage for different positions of the top gate, 
keeping constant the position of the bottom gate on a 
DGSOI MOSFET. 

2. Benchmark Devices Simulation 

Six different configurations of the top gate, see Fig. 1, 
were simulated. Each one of these configurations was 
simulated with a 2D DGSOI Monte Carlo simulator [1].  
The gate length of the benchmark devices is 10 nm, the 
drain and source lengths are 15nm and the silicon oxide 
thickness is 1nm. The drain and source regions have a 
constant doping concentration of ND=9×1019cm-3,
whereas the channel is virtually undoped (NA=1015cm-

3). During the simulation the drain to source voltage was 
kept constant to VDS=50mV. The two gates were biased 
with the same voltage between 0.0V and 0.95V. 

2. Results

Fig. 2 and Fig. 3 show the ID�VG characteristics for the 
different gate positions. We can see in the Fig. 3 that the 
top gate positions 13nm and 18nm, have a very similar 
behaviour respect to the aligned gate position (15 nm). 
However the gate positions of 10nm and 20nm have a 
different behaviour. Both locations are symmetrical 
with regard to the aligned gate position.  
Fig. 2 shows that when the distance of the gate starting 
point respect to the alignment position is equal to 5nm 
the behaviour of the curves is very similar for low 
voltages. For example the drain current deviation for 
VG=0.8V is about 8% for the top gate position of 20nm 
and 27% for the top gate position of 10nm. 
Fig. 3 shows that the drain current deviation for 
VG=0.8V is about 9% for the top gate position of 13nm 
and 5% for the top gate position of 18nm.  
Table 1 shows the threshold voltage obtained for each 

configuration of the top gate. The maximum deviation 
for gate positions between 10 and 15nm was found to be 
12%. Moreover, the 10 nm top gate position is the ID-VG
curve which shows the worst behaviour. 
Furthermore, Fig. 4 shows ID�VDS characteristics for the 
different gate positions. During this simulation the 
voltage of the two gates was kept constant to VG=1V. 
The drain was biased between 0.0V and 0.8V. 

4. Conclusions 

This paper presents a study of the influence of gate 
misalignment on drain current and threshold voltage of 
a DGSOI MOSFET simulated with a 2D Monte Carlo 
simulator. Five different configurations of the top gate 
were studied. The results show that a top gate 
misalignment length between 20-30% over gate length 
leads to a drain current deviation between 5-9% and a 
threshold voltage deviation between 2-5%. With this 
value of the top gate misalignment, drain current and 
threshold voltage behaviour are very similar to the self-
aligned situation. However, if we increase the 
misalignment to a 50%, we find up to 27% reduction in 
the drain current when the top gate is near to source. 

Acknowledgments 
This work was supported by Spanish Government 

(MCYT) under the projects TIN2007-67537-C03-01 
and FIS2005-06832, and by Xunta de Galicia under the 
project DXIDI07TIC01CT and the project 
INCITE08PXIB206094PR. We are particularly grateful 
to CESGA (Galician Supercomputing Centre). 

References 
[1] C. Sampedro, F. Gamiz, A. Godoy, and F.J. Garcia Ruiz. 
The Multivalley Effective Conduction Band Edge Method for 
Monte Carlo Simulation of Nanoscale Structures. IEEE Trans. 
Electron Devices, 53:2703 2710, 2006. 
[2] J. Widiez, J. Lolivier, M. Vinet, T. Poiroux, B. Previtali, F. 
Daugé, M. Mouis, and S. Deleonibus. Experimental 
Evaluation of Gate Architecture Influence on DG SOI 
MOSFETs Performance. IEEE Trans. Electron Devices,
52(8):1772 1779, 2005. 

 
EUROSOI 2009 - Conference Proceedings

 
 47

 
January 19-21, Göteborg, Sweden



(10 nm)

(15 nm) 

(20 nm) 

Fig.1: Some of the different top gate positions simulated. Each 
one of the gate configurations is classified by the gate starting 
point. Top gate positions go from 10 nm to 20 nm. 

Gate Position (nm) Vth (V) 
10 0.47 
13 0.44 
15 0.42 
18 0.41 
20 0.41 

Table 1: Threshold voltage for different gate positions. 

Fig.2: Detailed drain current versus gate voltage for 10 nm 
and 20 nm gate positions. 

Fig.3: Detailed drain current versus gate voltage for 13 nm 
and 18 nm gate positions. 

Fig.4: Detailed drain current versus drain voltage for 10 nm 
and 20 nm. 
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1. Abstract 
     This work investigates the influence of the cross-section 
shape on triple-gate SOI MOSFETs analog parameters. 
Long and short channel devices are analyzed through 
comparisons based on three-dimensional numerical 
simulations for different geometries. Higher voltage gains 
were obtained for smaller average Fin widths with the top 
channel width larger than the base channel width. 

2. Introduction 
     The development of multi-gate transistors, as triple-
gate, gate-all-around and FinFETs has been one of the 
answers to the undesirable effects caused by the continuous 
downscaling of transistor dimensions, such as the short 
channel effects (SCE), because these new architectures 
allow better control of the channel charges by the gate, 
even for smaller gate lengths [1-4]. 
    Triple-gate devices and other non-planar architectures 
frequently present some width variations along the vertical 
direction, due to technological limitations, resulting in non-
rectangular channel cross-sections. Most of these resulting 
shapes are nearly trapezoidal [5-6], as represented in Fig 1, 
and a study about the influence of different channel cross-
section geometries caused by imperfections during 
fabrication process is required. To analyze the influence of 
the sidewall inclination angle on the transconductance, the 
output conductance and the voltage gain, the present work 
compares trapezoidal-shaped devices to devices having 
exactly the same cross-section areas, but different 
inclination angles in the sidewall plane, for several average 
Fin widths, through three-dimensional numerical 
simulation. 

3. Simulations and Analysis 
     The simulated devices have channel doping level of 
1x1017cm-3, gate-oxide thickness of 2nm, fin height (HFin) 
of 50 nm, buried oxide thickness of 100nm, and average 
Fin widths ranging from 40 to 60nm. In order to evaluate 
SCEs, two channel lengths are studied: 200nm and 1�m. 
For each value of average Fin width two devices were 
simulated, one having the top channel width (WFin top) equal 
to the base channel width (WFin base) of the other, in order to 
maintain the cross-section area. The drain current is 
normalized by W/L given by eq. 1. The transconductances 
(gm) and output conductances (gd) are also normalized. 
     Simulations were conducted using Atlas3D device 
simulator, first fixing the base channel width at 50nm and 
ranging the top channel width from 30nm to 70nm and 
then fixing the top channel width at 50nm and raging the 

base channel width from 30nm to 70nm, repeating the 
process for both channel lengths of 200nm and 1�m with 
gate voltage overdrives of 0.14V, 0.24V and 0.34V. 
Volume inversion was always observed. Fig. 2b presents 
the transconductance (gm) as a function of gate voltage 
(VGS) for a fixed drain bias (VDS) of 0.6V. The impact 
ionization effect can be better noticed in devices with 
channel length of 200nm. Fig. 2a presents the output 
conductance (gd) as a function of VDS. Fig. 3a presents the 
output conductance as a function of the average Fin width 
extracted at VDS=0.6V, for the several VGT conditions. It is 
observed that output conductance is higher for wider 
channels, and is quite independent of the cross-section 
shape. Similar behavior is observed for both channel 
lengths at all overdrive voltages, with higher values for 
shorter channel lengths. This result is justified by the 
physical interpretation of gd, related to the channel 
susceptibility to the drain potential. The wider is the 
channel, the smaller is the channel immunity against the 
potential influence from the drain junction. Similar effect 
can be observed independently if the wider channel part is 
in the top or in the bottom. 

( )
L

WWHW

L
W FinTopFinBottomFinFinTop

224 −+⋅+
=   (1) 

     The transconductance at VDS=0.6V for the several 
applied VGT is also plotted in Fig. 3b. Differently to the gd
case, the transconductance is a function of the cross-section 
shape, because it depends on how strongly the conduction 
charge is coupled to the gate or to the substrate. As the top 
width is increased, the channel charge becomes better 
coupled to the gate and less coupled to the substrate, 
mainly near the corners, where the corner effect becomes 
stronger. As the top width is decreased the channel is more 
exposed to the substrate potential, and so the 
transconductance is degraded. 
     The resulting intrinsic voltage gain (AV = gm / gd) is 
presented in Fig. 3c with higher values for smaller device 
average Fin width, due to gd improvement, and even higher 
when top channel width is larger than base channel width, 
thanks to the gm performance. 

4. Conclusions 
    Effects over output conductance, transconductance and 
gain were analyzed for different geometries. Higher 
intrinsic voltage gains were obtained for smaller average 
Fin width, due to output conductance improvement. When 
the top width is smaller than the base, the same degradation 
is observed in the intrinsic gain, due to gm decrease. 
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Fig.1: Triple gate device perspective view and cross section 

Fig.2: a) Output conductance (gd), b) transconductance (gm), as 
functions of VDS and VGS.

Fig.3: a) Output conductance (gd), b) Transconductance (gm,) and 
c) Intrinsic Voltage Gain (AV), as functions of the average Fin 
width. 
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Abstract 
 

This paper reports the  floating-body-effect-related gate 
tunneling leakage current behavior of the 40nm PD SOI 
NMOS device. As confirmed by the experimentally 
measured data and the 2D simulation result,  the turn-on 
of the parasitic bipolar device in the thin film, which 
triggers the kink effect behavior, also affects the gate 
tunneling leakage current as observed from the vertical 
electric field distribution in the lateral channel direction. 
 

Introduction 
 

Floating body effects of the PD SOI CMOS devices 
have been reported intensively [1].  For CMOS devices 
in the nanometer regime, the gate oxide becomes very 
thin, gate tunneling leakage current cannot be 
overlooked. Recently, the gate tunneling leakage current 
behavior of a bulk NMOS device has been described [2]. 
Due to the oxide isolation structure, the PD SOI CMOS 
devices have the unique floating body effects [1]. In this 
paper, the floating-body-effect related gate tunneling 
leakage behavior is reported. 

  
Gate Tunneling Leakage Behavior 

 

 
 

Fig.1: TEM cross section of the 40nm PD SOI NMOS device. 
 
     Fig. 1 shows the TEM cross  section of the 40nm PD 
SOI NMOS device fabricated in  the  industry [3].  The  

 

  
Fig. 2 IG versus VD of the 40nm PD SOI NMOS device based 

on the experimental measured data and the 2D 
simulation result. 

 
Fig.3 ID versus VD of the 40nm PD SOI NMOS device based 

on the experimentally measured data and the 2D 
simulation result. 

 
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. A 65-nm LDD region with an n-
type density of 1018cm-3 under a sidewall spacer has 
been adopted.   
    Figs2 & 3 show ID and IG versus VD of the 40nm PD 
SOI NMOS device, respectively, based on the 
experimentally  measured  data  and  the  2D  simulation 
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Fig.4: Net charge in the p region of the thin film versus VD of 

the 40nm PD SOI NMOS device based on the 2D 
simulation result. 

 
result. As shown in Figs 2 &3, when VD increases, IG 
decreases.  When VG decreases, IG also decreases. When 
VG becomes small, IG becomes negative. The trend on 
IG as shown in Fig. 2 is closely related to the kink effect 
behavior as shown in Fig. 3. Fig. 4 shows the net charge 
in p-region of the thin film (normalized by the total 
number of dopants) versus VD of the 40nm PD SOI 
NMOS device based on the 2D simulation result. As 
shown in the figure, the trend on the net charge, which 
reflects the difference between the inversion charge in 
the surface channel and the holes in the parasitic bipolar 
device, is also correlated to the kink effect 
characteristics as shown in Fig. 3. When VD is small, the 
decrease in the net charge for a larger VD is due to the 
decrease in the pre-pinchoff region. When VD increases 
beyond the onset of the kink effect behavior, the 
decrease rate of the net charge is enhanced due to the 
turn-on of the parasitic bipolar device. 
      
 

 
 

Fig. 5 Vertical electric field distribution in the lateral channel 
direction at the oxide side of the front Si/SiO2 interface 
of the 40nm PD SOI NMOS device, biased at VG 0.2V. 

 
Fig. 6 Vertical current density distribution in the lateral 

channel direction at the oxide side of the front Si/SiO2 
interface of the 40nm PD SOI NMOS device, biased at 
VG 0.2V. 

From Gauss Law, the net charge in the p-region of the 
thin film is strongly corrected to the vertical electric 
field distribution at the front Si/SiO2 interface. Figs. 5 
&6 show (a) the vertical electric field and (b) the 
vertical current density distributions in the lateral 
channel direction at the oxide side of the front Si/SiO2 
interface of the 40nm PD SOI NMOS device, biased at 
VG=0.2V,  based on the 2D simulation result. As shown 
in Fig. 5, when VD increases, the vertical electric field 
becomes smaller. As VD is greater than 0.8V, the 
electric field becomes negative in the region close to the 
drain. As VD becomes larger, the negative electric field 
region widens, which may have a dramatic impact on 
the vertical current density distribution as shown in Fig. 
6. Since the local gate tunnelling leakage current is 
closely dependent on the local vertical electric field [4], 
a more negative electric field near the drain for the case 
with VD=1.2V  resulting in a more negative gate current 
as shown in Fig. 2. 

Conclusions 
In this paper, the floating-body-effect-related gate 
tunneling leakage current behavior of the 40nm PD SOI 
NMOS device has been reported. As confirmed by the 
experimentally measured data and the 2D simulation 
result,  the turn-on of the parasitic bipolar device in the 
thin film, which triggers the kink effect behavior, also 
affects the gate tunneling leakage current as observed 
from the vertical electric field distribution in the lateral 
channel direction. 
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1. Abstract 

After the setting up of the 45nm process as industrial 
standard in the fabrication of microprocessors, industry 
is facing to 32nm node and beyond. Multi-gate devices 
based on SOI technology, are one of the best candidates 
to become a standard solution to overcome the problems 
arising from such aggressive scaling. Moreover, the 
flexibility of SOI wafers and processes allows the use of 
different channel materials and substrate orientations to 
enhance the performance of CMOS circuits. This paper 
studies the electron transport in DGSOI devices with 
aggressive scaling and different confinement and 
transport directions using a Multi-Subband Monte Carlo 
simulator (MSB-MC). 

2. Multi-Subband Monte Carlo and 
Benchmark Device 

Up to now, Ensemble Monte Carlo (EMC) simulators 
including semi-classical approaches or quantum effects 
based on corrected potentials have been successfully 
used [1]. However, when confinement dimensions are 
reduced, it is necessary a detailed description of 
subband structure. Hence, it is mandatory to solve the 
Schrödinger equation to obtain a comprehensive 
description of the quantum effects. In the Multi-
Subband method [2], the 1D Schrödinger equation is 
solved in the confinement direction (Sch in Figure 1) for 
each valley in different slices along the transport 
direction. The quantum solution is then coupled to the 
2D Poisson equation and the Boltzmann Transport 
Equation (BTE) solved by the MC method in the 
perpendicular plane to Sch direction. Each simulated 
super-particle is associated to the wavefunction 
corresponding to the valley, energy level (subband) and 
position in the transport direction. The scattering 
probabilities in each grid point are obtained from 2D 
electron gas models [3]. The DGSOI nMOSFET 
benchmark device used in this study is sketched in 
Figure 1. The channel is kept undoped with a length of 
10nm and a thickness of 4nm. Midgap metal gate 
contacts have been used with an EOT of 1nm. 

S

D

Channel

Sch
MC

Fig.1: Benchmark DGSOI device considered in this work. 1D 
Schrödinger equation is solved for each considered slice in the 
Sch direction.

The wavefunctions in the centre of the channel, i.e. 
x=LG /2, corresponding to the first three levels of un-
primed valleys and the quantum well are represented for 
a (001) oriented device in Figure 2. 
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Fig.2: Quantum well and three first normalized wavefunctions 
for a (001) device in the midpoint of the channel.
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3. Simulation Results 

A set of simulations with VG=1V and different VDS
values have been carried out to study the impact of 
crystallographic orientation in the performance of the 
device. From the electrostatic point of view, a change in 
the confinement direction leads to a redistribution of the 
subbands. Figure 3 shows the subband profile for (001) 
(solid) and (110) (dashed) devices for VDS = 300 mV. 
The fundamental energy level corresponds to the 2-fold 
valleys in (001) and to the 4-fold valleys in (110).  
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Fig.3: Subband profile for (001) and (110) devices.

Moreover, for a given wafer orientation, the transport 
direction can affect the general performance even when 
the energy levels and therefore the drift fields do not 
change in a relevant way. This is a direct consequence 
of the change of the effective transport mass with the 
channel orientation [4]. In this way, drift velocity 
profiles change for each case as can be observed in 
Figure 4 with VDS=50mV. Higher velocities are 
observed for orientations with small transport mass, i.e. 
(001) <110> and (110) <001>. The channel orientation 
dependence can be clearly observed for the (110) 
devices. The device faced to <001> shows a velocity 
profile close to the (001) <110> which presents the best 
performance. However, a 90º rotation of the channel, 
i.e. <1-10>, degrades the drift velocity leading to the 
poorest performance. 
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/s
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VDS = 50 mV

Fig.4: Drift velocity profile for the considered devices

The combined effect of confinement and transport 
directions on ID-VDS characteristics is shown in Figure 
5. Previous results for mobility calculations are 
recovered in this case [4]. The highest performance is 
again obtained for the (001) and the (110) <001> 
devices. Since both transistors present similar inversion 
charge values, there is a direct extrapolation from 
velocity/mobility results to output characteristics.  
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Fig.5: ID vs VDS curve for different device orientation at 
VG 1V

4. Conclusions 

In this paper, a MSB-MC device simulator has been 
used to study the impact of device orientation on the 
performance of ultra short channel DGSOI transistors. 
Our simulations show high drift velocity and drain 
current for (001) and (110) <001> devices. However, 
channel rotations can imply important degradations of 
the characteristics, i.e. (110) <1-10>. As a consequence, 
the confinement direction is not the only parameter 
which plays an important role in the optimization of 
device performance.
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1. Abstract 
In this work, we investigate the total gate capacitance 
CG of circular cross-section Surrounding Gate 
Transistors (SGTs). We present a model for CG that 
accounts for the quantum inversion-layer capacitance, 
and verify it by the self-consistent solution of the 
bidimensional Poisson and Schrödinger equations. 

 2. Model 
The cross-section of the device under consideration is 
depicted in Fig. 1. To obtain the total gate capacitance 
CG, we have followed the same procedure used in [1] 
for the case of a Double Gate (DG) MOSFET. Thus, we 
need to obtain the surface potential sf
 , which can be 
expressed in terms of the metal-semiconductor work 
function difference ( ms� ), the applied gate potential 
(VG) and the potential drop in the gate insulator as: 

 � /sf G ms i d insV Q Q C
 � �� � � (1) 

where iQ  and dQ  are the inversion and depletion 
charge per unit length and the insulator capacitance can 
be obtained from  �2 / log 1 /ins ins insC T R��� �  [2]. 
In our model, we do not consider variations of the 
charge density with the �  angle, according to an 
isotropic model of the silicon effective mass. Then, we 
need to solve the Poisson equation in the cylindrical 
coordinate system: 

 � �1
A

Si

q n N
� �
� � � �

� �� �
� �� �� �� �

(2) 

The integration of the previous equation from 0 to R 
leads to: 

2 4
i i d

sf c
Si Si

x Q Q
 

�� ��

� �
� � � �� �

� �
(3) 

where dQ  is the depletion charge, that can be calculated 
from 2

d AQ qN R�� � , iQ  is the inversion charge per 
unit length., and xi corresponds to the following 
expression: 

Fig.1: Surrounding Gate Transistor geometry with R the 
silicon radius and Tins the gate insulator thickness.

 �

 �
0

0

log
R

i R

R n d
x

n d

� � �
�

� � �

� �
� �
� ��

�

�
(4) 

Substituting (3) into (1), the following relation is 
obtained: 

2
i i d i d

G ms c
Si Si ins

x Q Q Q QV
C C



��

� ��
�� � � � �� �

� �
(5) 

The gate capacitance can be calculated as  
G G GC dQ dV� , where  �G i dQ Q Q� � � . Here we 

assume that dQ  does not vary with the gate voltage, and 

thus if (5) is differentiated with respect to GV  a new 
expression for the total gate capacitance is obtained: 

1
11

2 2
c i i i

G
G Si Si i ins

d x Q dxC
dV dQ C



�� ��

�
� � � �

� � � �� � � �
� �  !

(6) 

This expression is quite similar to that obtained in [1] 
for a DG MOSFET. In order to study the dependence of 

c
  with gate voltage, two SGTs with different size (R = 
3 and 5nm respectively) have been simulated with the 
numerical method described in [3]. The gate insulator is 
SiO2 with a thickness of Tins=1.5nm, and the substrate is 
undoped. The results are depicted in Fig. 2. It can be 
seen that in the depletion and weak inversion regimes, 

/c Gd dV
  is close to 1, and therefore the gate 
capacitance is quite small. However, when the devices 
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reach strong inversion, /c Gd dV
  tends to 0, and 
therefore the dominant term of (6) is the one into 
brackets. In this case, an approximated expression for 
the gate capacitance can be obtained: 

1 1 11
2 2

i i i
G inv ins

Si Si i ins

x Q dxC C C
dQ C�� ��

� � �" � � � � (7) 

From (7), the gate capacitance can be seen as the series 
connection of the gate insulator capacitance and the 
silicon inversion layer capacitance. However, since (7) 
is only valid in the strong inversion regime, we have 
used the model developed in [2] to calculate the 
variation of the potential at the centre of the 
semiconductor with respect to the gate voltage as: 

 �
0

0

c G

G G G G

d Q dQkT
dV q Q Q Q dV



�
� (8) 

With 0 ( / )8 SiQ kT q ��� . Fig. 3 shows c Gd dV

obtained by simulation (solid) and with (8) (dashed) for 
the same SGTs considered in Fig. 2, showing a very 
good agreement. Introducing (8) into (6) and assuming 
again G iQ Q" � , a new total gate capacitance model has 
been found:  

 �
1 0

0

1
2 2

i i i
G

Si Si i ins G G

x Q dx QkTC
dQ C q Q Q Q�� ��

� " � � �
� (9) 

3. Results 
In order to check the validity of (7) and (9), we 
numerically calculated the total gate capacitance per 
unit length for a SGT with R=5nm (the rest of the 
parameters are the same than those used in Fig. 2), and 
compared it with (7) and (9) as shown in Fig. 4. An 
excellent agreement is obtained with both expressions 
when gate voltage is greater than the threshold voltage. 
However, since for smaller values of the gate voltage 
the term  �1 /c Gd dV
�  in (6) cannot be neglected, (7) 
is not appropriate and therefore accurate results in the 
whole range of applied gate voltages have been obtained 
only with (9). 

4. Conclusions 
An analytical model for the total gate capacitance of 
SGTs, accounting for the gate insulator and the 
inversion layer capacitances has been presented. The 
model has been compared with numerical simulations 
showing good agreement.  
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Fig.2: Electric potential at the centre ( c
 ) and at the silicon
insulator interface (

sf
 ) of two SGTs with R 3nm and 

R 5nm.

Fig.3: c Gd dV
 as a function of the gate voltage for two 
SGTs with R 3nm and R 5nm. Solid lines are the simulated 
data, while dashed lines are obtained from (8).  

Fig.4: Total gate capacitance calculated via numerical 
simulation (black circles) and with two different analytical 
models: (7) dashed blue line  and (9) red line  for a SGT 
with R 5nm.
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1. Abstract

A self-consistent Schrödinger-Poission model for the cal-
culation of the electron subband structure is presented,
taking into account the band nonparabolicity and shear
strain based on a two-band k · p Hamiltonian. Empha-
sis is put on the efficiency and accuracy of the numer-
ical, two-dimensional k-space integration by means of
the Clenshaw-Curtis method. Simulation results of a
Silicon ultra thin body double gate device demonstrate
the suitability of the proposed numerical method for the
calculation of the electron density.

2. Numerical Model

The numerical modeling of the electron subband struc-
ture in ultra thin body SOI MOS structures relies on an
accurate description of the bulk Hamiltonian. In this
work, we applied a two-band k · p Hamiltonian [1, 2]
describing the Silicon conduction band around the X
points given by

H =

[
H− Hbc

Hbc H+

]
with

H∓ = Ec(z) +
-h2k2

z

2ml

+
-h2

(
k2
x + k2

y

)
2mt

∓
-h2k0kz

me

,

Hbc = Dεxy −
-h2kxky

M
.

Ec denotes the conduction band edge energy, ml and
mt are the longitudinal and transversal electron masses,
and 1

M ≈ 1
mt

− 1
me

. The shear strain deformation
potential D = 14eV and the shear strain component
εxy describe the effects of strain on the bandstructure.
k0 = 0.15 2π

a corresponds to the distance of the valley
to the X point. The quantization is carried out by the
replacement kz → −i ∂z. The Discretization is realized
with symmetric operator ordering and application of a
finite difference scheme with hard wall boundary con-
ditions. The resulting eigenvalue problem gives rise to
discrete energies describing the subband structure.
The contribution of subband i and valley j to the equi-
librium electron concentration is given by

ni,j(z) = |ψi,j(z)|
2

∫
BZ

d2k
1

(2π)2
f0 (Ei,j (kx, ky) , EF),

where ψi,j is the wave function and f0 is the Fermi dis-
tribution which depends on the Fermi level EF and the
dispersion relation Ei,j (kx, ky) of the subband. There-
fore, to calculate the electron occupation of a subband
a numerical, two-dimensional k-space integration is re-
quired. Since this necessitates to solve the Schrödinger
equation for every discrete point (kx, ky) one seeks after
a numerical quadrature scheme that gives good accuracy
on as few grid points as possible. Our first choice was the
Clenshaw-Curtis method presented in [3]. For the inte-
gration interval [−1, 1] it uses the zeros of the Chebyshev
polynomial given by xk := cos(k π

n ) with k = 0, 1, . . . , n
as nodes. The weights are written explicitely as [4]

wk =
ck
n

(
1−

�n/2�∑
j=1

bj
4j2 − 1

cos
(
2jk π

n

))

with bj = 1 if j = n/2, or bj = 2, if j < n/2, and ck = 1
if k mod n = 0, or ck = 2 otherwise. An advantage
of this method is the ability to use subsets of half the
number of the nodes for a lower degree rule. This al-
lows for adaptive numerical quadrature schemes which
have proven suitable for energy domain integration as
shown for the NEGF method in [5]. For the k-space
integration of the subbands provided by the two-band
Hamiltonian excellent accuracy has been achieved with
only 19 nodes per k direction. The integration inter-
vals have been chosen as ten percent of the width of the
Brillouin zone in each positive and negative direction.
The sum given by the Clenshaw-Curtis rule has been
normalized accordingly.

3. Results and Conclusion

To test the implemented k · p model a rectangular Sil-
icon potential well with 5 nm width and the electron
masses ml = 0.91me and mt = 0.19me has been simu-
lated. Fig. 1 shows the numerically calculated disper-
sion relation of the first and second subband. Fig. 2
illustrates the influence of strain on the dispersion rela-
tion. The results are in good agreement with analytical
considerations [6].

To properly incorporate the electrostatics in realis-
tic devices a self-consistent Schrödinger/Poisson scheme
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Fig. 1: Dispersion relation of the lowest (red) and second
(blue) subband of a 5 nm Silicon quantum well as contour
plot in 20 meV steps.

has been employed. A Silicon ultra thin body DG-
MOSFET with 3 nm film thickness and 1 nm oxide
thickness has been simulated. The donor doping of the
polysilicon gates was ND = 1.0 × 1020 cm−3 and the Si
film was lightly p-doped with NA = 2.0 × 1016 cm−3.
Fig. 3 shows the conduction band edge and the elec-
tron concentration provided by the simulation. Within
the well the squared wave functions for the four lowest,
twofold degenerate subbands are displayed at their cor-
responding energy levels. For each subband the electron
occupation is calculated by k-space integration. The
electron distribution of the lowest subband is depicted
in Fig. 4. The grid lines are distributed according to
the Clenshaw-Curtis method, which gives an accumula-
tion of grid points at the boundary of the integration
domain. Contrary to numerical solutions based on the
one-band effective mass Schrödinger equation this work
considers the nonparabolic dispersion relation. Further-
more, shear strain effects leading to a warping of the
bandstructure are accounted for. These properties are
crucial for transport models relying on subband calcu-
lations.
Acknowledgment: This work has been supported in
part by the Austrian Science Fund, special research pro-
gram IR-ON (F2509).
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1. Abstract 
This work studies the performance of source-follower 

buffers implemented using triple-gate FinFETs, with and 
without the presence of biaxial strain in the channel.  The 
analysis is performed by evaluating the buffer voltage gain 
with respect to the fin width and channel length.  
 

2. Introduction and Device Characteristics 
Efficient analog buffers are of great importance for 

many analog systems for impedance matching. The 
classical implementation of an unit-gain buffer is the 
source-follower configuration (or common drain 
amplifier)  [1], where the device is biased by a current 
source (Ibias) in common-drain configuration, with a bias 
voltage (VD), as presented in Figure 1. These circuits 
present high input impedance and relatively low output 
impedance. Using small-signal analysis the buffer 
voltage gain (AV) can be expressed as a function of the 
device transconductance (gm), output conductance (gD) 
and body factor (n), as given in eqn (1).   
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V IN

VOUT

Ibias

VD

V IN

VOUT

Ibias
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Ibias

 

Dm

m
v gng
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=  (1) 

Fig. 1 - Schematic representation of a source-follower buffer 
and theoretical expression for the voltage gain. 

 

The FinFET is a promising device structure for 
extremely scaled CMOS devices due to excellent short-
channel immunity with respect to planar devices. 
Additionally to its excellent digital performance, 
FinFETs demonstrated high performance when applied 
in analog circuits exhibiting extremely reduced gD [2] 
and improved analog figures of merit with respect to 
bulk planar transistors [3]. These studies were 
performed in common-source configuration. 
The use of controlled process-induced mechanical strain 
demonstrated improvements of the carrier mobility 
leading to higher current drive without penalties in off-
state current. Biaxially strained material (or sSOI) is one 
of the possible options to obtain a strained silicon layer.  
The devices used in this work are triple-gate nFinFETs 
fabricated on SOI wafers with 145 nm buried oxide 

thickness, and on sSOI wafers with 1.5 GPa intrinsic 
biaxial tensile strain with 130 nm thick buried oxide, 
according to the process described in ref. [4]. The top 
silicon layer thickness (which is the fin height -HFin) is 
60 nm and 55 nm for standard and sSOI FinFETs, 
respectively. The gate insulator is composed by a 1 nm 
thick interfacial thermal oxide followed by a 2 nm thick 
deposited HfO2, resulting in an equivalent oxide 
thickness of 1.9 nm. The midgap metal gate is obtained 
by deposition of a 5 nm thick TiN layer and a 100 nm 
thick polysilicon capping. No channel doping or halo 
implantation is applied during the processing. Nickel 
silicidation is used in all device electrodes. Single fins 
with a channel length of 10 μm and Wfin ranging from 
20 nm up to 570 nm, as well as multiple finger 
structures composed by 30 fins with WFin=20 nm and 
variable L were measured. 

 

3. Measurements and Discussion 
Standard and strained FinFETs were measured in the 

source-follower configuration, as shown in Fig. 1, and the 
output characteristics were obtained with a Keithley 4200 
SCS Semiconductor Parameter Analyzer. The drain 
voltage, VD, has been fixed at 1.0 V and the VOUT vs VIN 
characteristics were obtained by sweeping the gate voltage 
(hereafter called the input voltage, VIN), and measuring the 
source voltage, VOUT, for different bias current (Ibias). For 
comparison purposes the devices were biased with a 
normalized bias current (Ibias/(W/Leff)) of 100 nA and       
40 μA, covering the operation in moderate and strong 
inversion regimes, respectively. From the measured      
VOUT vs VIN curves the buffer voltage gain (AV) has been 
calculated as 

INOUTV dVdVA = . Figure 2 presents results 

of AV as a function of WFin for L=10 μm standard and 
strained FinFETs. The open symbols refer to operation in 
moderate inversion and the closed to strong inversion. 
From the presented results and using eqn. (1), one can 
clearly see that the buffer gain is nearly ideal (AV≈1/n), i. e. 
closer to the unity, independently if standard or strained 
material is used, for narrow WFin. As WFin is increased, 
there is a reduction of the gain associated to the increase of 
n and gD. However, independently if biased in moderate or 
strong inversion, there is practically no difference between 
the performance of standard and strained buffers for WFin 
up to 40 nm. 
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Fig. 2: Measured voltage gain as a function of WFin for 
devices biased in moderate and strong inversion regimes. 

 

As demonstrated in ref. [5], the maximum gm of strained 
devices is larger than for standard ones at a rate of 51 % for 
WFin=20 nm and 65 % for WFin=570 nm. Also in [5] it has 
been demonstrated that the gD of narrow strained FinFETs 
is almost 5 times larger than for the standard FinFETs 
whereas it is improved in strained ones in case of wide 
devices. The results of Fig. 2 indicate that the increase of 
gm due to strain overcomes the degradation of gD in narrow 
FinFETs, leading to a similar gain. On the other hand, for 
wide FinFETs the improvements in both gm and gD result 
in a larger AV. When sSOI is adopted, the improvement on 
gm thanks to the strain reduces in moderate inversion with 
respect to standard one for relatively wide WFin. In this 
case, the degraded gD of strained FinFETs leads to a 
smaller AV than the standard one. When biased in 
moderate inversion there is a reduction of gm and in gD 
reducing AV in comparison to strong inversion operation. 
As the bias current is increased and the device operates in 
strong inversion, the increase on gm thanks to strain 
overcomes the degraded gD in strained devices, leading to 
better AV for any WFin under study. 
For comparison purposes the AV of planar fully-depleted 
SOI devices with L=10 μm from a 65 nm technology with 
1.5 nm thick nitrided gate oxide and 15 nm thick silicon 
film [6], made in standard and strained material, has been 
extracted in strong inversion. The obtained results are 
AV=0.980 and AV=0.978 for standard and strained 
transistors respectively, confirming that the presence of 
strain leads to similar AV also for planar transistors. The 
degradation of AV in planar devices with respect to 
FinFETs is caused by the increase of n. These values are 
comparable to the results obtained for FinFETs with WFin 
wider than 120 nm indicating the improvements provided 
by narrow FinFETs in this analog building block. 
The influence of the channel length has been verified for 
standard and strained devices biased in moderate and in 
strong inversion, as presented in Figure 3. 
Independently if biased in moderate or strong inversion 
regimes, the results of Fig. 3 indicate that for any channel 
length the AV of strained devices is larger than for 
standard ones. For shorter L this difference increases. 
Moving the operational point from moderate to strong 
inversion also degrades the AV as for the single fins 
because of the gm reduction.  

Although there is a relaxation in the strain component 
perpendicular to the current flow in narrow FinFETs [7], 
making the strain practically uniaxial, the remaining 
strain improves the gm such that the AV of strained 
FinFETs becomes larger than for standard ones. 
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Fig. 3: Measured AV as a function of L for multi finger devices 

biased in moderate (A) and strong inversion (B) regimes. 
 

4. Conclusions 
The performance of source-follower buffers is 

improved or at least presents similar behavior than for 
standard FinFETs by the application of strain when the 
devices are biased in strong inversion due to the larger 
transconductance. In moderate inversion, if long-channel 
strained devices with wide fins are applied, the degradation 
of the output conductance reduces the gain with respect to 
standard ones. A comparison with planar fully-depleted 
SOI demonstrated that FinFETs can improve the gain due 
to the better body factor. For narrow FinFETs, 
independently if in moderate or strong inversion, the 
improvement provided by the strain holds for any channel 
length indicating that this analog building block can benefit 
from the application of strain. 
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1. Abstract 
We report the effects of device parameters variations on 
the electrical characteristics of rectangular Si nanowires. 
Starting from a basic Triple-Gate Nanowire structure 
with a gate length of 10 nm, variation of gate length and 
channel thickness was carried out in connection with the 
numerical calculation of device characteristics. Our 
three-dimensional (3D) device simulator is based on 
solving the quantum transport equations using the Non 
Equilibrium Green’s Function (NEGF) formalism. In 
this work the NEGF method is applied in the active area 
of the device to obtain the charge density and the 
Poisson’s equation is solved in the entire simulation 
domain to get the potential profile.  

2. Introduction 
Current technology pushes device dimensions 

toward limits where the traditional semi-classical 
Boltzmann transport theory can no longer be applied 
and full quantum mechanical approaches which take 
into account the quantum effercts in nanostructures are 
required. Recently reported device structures have 
metal-oxide semiconductor (MOS) channel lengths in 
the order of 10 nm or even smaller. Multigate devices 
and other nanowire transistors are considered to be the 
promising candidate for the nanoscale regime. 
Numerical device simulation is an important procedure 
for the design and optimization of such novel 
semiconductor devices as prior to the fabrication 
process much can be learned and engineered from the 
calculation of the electrical behavior and the 
visualization of values such as the carrier concentration 
profile and the potential distribution inside a device. 

3. Device simulation 
 The simulation procedure consists in solving the 

Poisson and NEGF equations self-consistently until 
convergence is reached. The NEGF equation is solved 
by discretizing the 3D effective-mass Hamiltonian using 
a Finite Difference Method (FDM). We have used 
COMSOL MultiPhysics® Software to solve the 3D 
Poisson equation.  This package uses the finite element 
method (FEM) with irregular mesh to solve the 
Poisson’s equation. We have parallelized the energy-
dependence of the quantum transport equation using 
Message Passing Interface (MPI) and run it on the local 
LINUX cluster available at the Tyndall National 

Institute. Neglecting the communication overhead 
between CPUs we got a linear speedup of the solver 
with the number of CPUs used. Details about the 
numerical implementation of the NEGF formalism can 
be found in the literature [1]. 

4. Simulation Results 
Figure 1 shows the schematic structure of the Triple-

Gate rectangular nanowire created by COMSOL 
MultiPhysics®. The NEGF mesh can be chosen to be 
uniform or non-uniform depending on the problem at 
hand. Figure 2 shows the 3D electron density in the 
nanowire at saturation. Figure 3 shows the potential 
profile cut in the middle of the device. Figure 4 shows 
the I-V characteristics with varying silicon 
width/thickness (Wsi=Tsi). The variations of different 
electrical characteristics such as Ioff, Vth and 
subthreshold swing (SS) can be readily obtained from 
this graph. Figure 5 shows the transmission function 
versus energy for different silicon thicknesses. The 
quantum confinement effect is evident from the lower 
onset energy and the smaller separation between 
subbands as the thickness increases. Figure 6 shows the 
speedup of the parallel implementation in the recursive 
Green’s functiom (RGF) algorithm neglecting the 
communication time between CPUs and other parts of 
the programme. The speedup is defined as: 

 �
 �CPUsNparallelTime

CPUserialTimeSpeedup 1
� .

Here, the serial and parallel times are the time spent in 
the recursive Green’s function algorithm only. 

Fig.1: Schematic view of the Si Nanowire Transistor. The 
irregular mesh in the geometry is generated by COMSOL 
MultiPhysics® to solve Poisson’s equation.
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 Fig.2: Three dimensional electron density in the active region 
of Triple Gate Nanowire Transistor with 3nm cross section at 
Vds 0.05 V and Vgs 0.1 V.

Fig.3: Potential profile cut in the middle of the device with 
Tsi 3nm, VDS 0.05 V, and Vgs 0.1 V. 

.

Fig.4: Id Vg characteristics of the Triple Gate Nanowire 
device at VDS 0.05 V with Lg 10nm and varying Si 
thickness. The variation of Ioff, SS and Vth is readily obtained 
from the graph.

Fig.5: Transmission Vs Energy for Nanowire with different 
cross section at Vds 0.05, Vgs 0.2. The onset energy and the 
subband spacing vary with silicon thickness.

Fig.6: Speedup from parallelization of the RGF algorithm 
over energy space. An almost unit efficiency (speedup/N 
CPUs) can be achieved. Nx (Np) is the number of grid points 
in the transport (confinement) direction.

5. Conclusions 
In this paper, we have reported the development of a 

3D device simulator based on the real-space NEGF 
formalism that allows us to study the device 
characteristics in multigate nanowire transistor 
geometries. Furthermore, a linear speedup is achieved 
by parallelizing the energy-dependence of the NEGF 
algorithm resulting in a fast simulator that can handle 
large device structures.
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1. Abstract 

 
A comparative study of transconductance over drain 
current as a function of drain current normalized 
behaviour between Cynthia and Pillar Surround Gate 
SOI MOSFETs, regarding the same aspect ratio is 
performed, in order to analyze the potential of Cynthia 
Surround Gate MOSFET in analog integrated circuits 
applications.  The Cynthia presents better behavior 
regarding this important merit figure for analog 
integrated circuits design than Pillar Surround Gate 
MOSFET, based on 3-D numerical simulations.  
 

2. Introduction 
 

Over the past few years, Metal-Oxide-Semiconductor 
Field Effect Transistor (MOSFET) is the most important 
device that has been used to manufacture integrated 
circuits. However, short channel effects (SCE) appear 
when the dimensions are reduced in submicron scale, 
degrading its electrical behavior such as threshold 
voltage (VTH) and speed (frequency response) [1]. 
Looking for higher current drive and reduce SCE 
emerged the Silicon-on-Insulator (SOI) technology, 
reaching improved integrated circuits (IC) performance 
[1]. As the SOI MOSFET dimensions are reduced in 
nanometer scale, drain-induced barrier lowering effect 
(DIBL) becomes important. Double-gate (DG) 
MOSFETs [2] was emerged to overcome the single gate 
SOI MOSFET limitations, but self-aligning problem of 
the lower gate to source and drain regions becomes 
significant in ultra submicron scale [3]. Vertical 
surrounding gate (VSG), Cynthia (circular-section 
device) [4] and pillar surround gate (PSG) (Fig. 1) SOI 
MOSFETs [5] was introduced to overcome the 
limitations of the DG MOSFETs, improving the 
electrical characteristics into the deep submicron 
regime. In the Fig. 1, L is the channel length, R is the 
radius of cylindrical channel, tox and tSI are the gate 
oxide and silicon film thickness, respectively. The 
channel width (W) for the Cynthia/Vertical Surround 
Gate (VGS) is equal to 2πR or π.tSI (WVSG), because 
R=tSI/2 and for the PSG is equal to 4.tSI (WPSG) [5]. In 
order to measure the potential of Cynthia in analog IC 
applications, a comparative study of main merit figure 

[gm/IDSxIDS/(W/L), where gm: transconductance and IDS: 
drain current] [6] of analog IC design is performed 
between these two devices. This universal figure of 
merit is used to determine the transistors dimensions of 
analog circuits and define the electrical performance 
[voltage gain (AV0), unit voltage gain frequency (fT), 
phase margin, etc), such as high AV0 and low fT (biasing 
the devices in weak inversion), medium AV0 and fT 
(biasing the devices in moderate inversion) and high fT 
and low AV0 (biasing the devices in strong inversion). 

 
Fig. 1.  Pillar (PSG) (1.a) and Cynthia/Vertical (VSG) 

(1.b) Surround Gate MOSFETs, implemented with DevEdit3D 
(TCAD/Silvaco) 

 

3. Devices Structures 
 
DevEdit3D [7] is used to implement the Cynthia and 
PSG structures (Fig.1). This comparative study 
considers WCynthia/VSG=WPSG and similar aspect ratio 
(W/L). Regarding the PSG WPSG=4tSI=100 nm, then R 
of Cynthia is calculated to be equal to 63.7 nm 
(WPSG=WCynthia/VSG=2.π.R). Besides, L is defined to be 
equal to 400 nm, tox is equal to 2.5 nm, drain/source (n-
type) and silicon film (p-type) doping concentrations are 
equals to 1x1020 and 5.5x1017 cm-3, respectively. Due to 
they present different geometries forms, the cross 
section area of the Cynthia (12.867 nm2) is larger than 
PSG (10.000 nm2).  The following models were used in 
the 3-D numerical simulations: Concentration-
dependent Shockley-Read-Hall model for 
recombination and generation rates, Selberherr’s Impact 
Ionization, Lombardi’s model and Aurora model for 
mobility, Fowler-Nordheim model for tunnelling and 
Lucky-Electron Hot Carrier Injection model also is used 
in 3-D numerical simulations in order to consider 
electrons emissions into the oxide by first gaining 

L L 

tSI=HFIN 
R 

tox 

tSI=WFIN 

(a) 
(b) 

tSI 

 
EUROSOI 2009 - Conference Proceedings

 
 63

 
January 19-21, Göteborg, Sweden



enough energy from the electric field in the channel to 
surmount the insulator/semiconductor barrier [8]. 

 

4. Simulations Results 
 

Three-dimensional numerical simulations are performed 
in order to generate IDSxVGS curves, regarding 
different VDS for both structures. The extracted 
threshold voltages (VTH) for Cynthia and PSG are 145 
mV and 130 mV, respectively (Fig. 2.a). The Fig. 2.b 
presents the 3-D numerical simulations results of 
IDSxVGS for the Cynthia/Vertical Surround Gate and 
Pillar Surroud Gate MOSFETs, regarding different VDS. 
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Fig. 2.  IDSxVGS curves for Cynthia and PSG SOI MOSFETs, 
regarding VDS=10 mV (2.a) and for different VDS (2.b). 
 
Observing Fig. 2.a, the Cynthia VTH is higher than PSG, 
due to depletion region charge of Cynthia is larger than 
Pillar for the same depletion region thicknees (xdmax), 
regarding the same aspect ratio (W/L) and bias 
conditions, because the Cynthia cross section area (A) is 
larger than PSG A. Additionally, the distance between 
of pinch-off and drain regions of the PSG is more 
affected by drain bias than in the Cynthia, due to high 
electric field effect in the corners of PSG, that reduces 
its effective channel length (Leff). Fig. 3 presents the 
gm/IDSxIDS/(W/L) curves for both devices regarding two 
values of VDS [0.25 V (Fig. 3.a) and 0.8 V (Fig. 3.b)]. 
Analysing Fig. 3, it observes that Cynthia gm/IDS are 
larger (≅10%) than PSG, mainly in weak and moderate 
inversion modes, regarding the same IDS bias and W/L. 
This fact occurs because, although PSG gm is larger than 
Cynthia gm (Fig. 4.a), the Cynthia IDS in these inversion 
modes is smaller than PSV IDS (Fig. 4.b), due to smaller 
total electric field density (Jε) over to the Cynthia 
channel, resulting in a larger values of Cynthia gm/IDS, 
for VDS=0.8 V. The same behaviour of gm and log(IDS) is 
observed for different values of VDS≤0.8 V.  
Analysing Fig. 3, it observes that gm/IDS values of 
Cynthia are larger (≅10%) than PSG, mainly in weak 
and moderate inversion modes, regarding the same IDS 
bias and W/L. This fact occurs because, although PSG 
gm is larger than Cynthia (Fig. 4.a), the Cynthia IDS in 
this inversion mode is much smaller than PSV IDS (Fig. 
4.b), due to smaller total electric field density (Jε) over 
to the channel of Cynthia, resulting in a larger values of 
Cynthia gm/IDS, for VDS equal to 0.8 V. The same 
behavior of gm and log(IDS) is observed for different 
values of VDS smaller than 0.8 V. 
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Fig. 3.  gm/IDSxIDS/(W/L) of Cynthia and PSG for VDS=0.25 V 
(3.a) and VDS=0.8 V (3.b). 
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Fig. 4. gm (4.a) and log(IDS)xVGT (=VGS-VTH) (3.b) of Cynthia 
and PSG, regarding VDS=0.8 V. 
 
    Besides, increasing VDS, gm/IDS curves moves up in 
the direction of larger values of IDS/(W/L) [from 2x10-9-
2x10-5 A to 1.5x10-8-3x10-4 A range], reducing the weak 
inversion region, increasing the moderate inversion 
region, maintaining strong inversion region and 
preserving the gm/IDS advantages of the Cynthia in 
comparison with the PSG. Additionally, the Cynthia 
presents weak and moderate inversion regions better 
defined for different VDS in comparison with the 
counterpart, becoming this device very interesting for 
high AV0 for analog IC applications. 
 

5. Conclusions 
 

    A comparative study of one of the most important 
merit figure for design of analog IC [gm/IDSxIDS/(W/L)] 
is performed between Cynthia and PSG. It is verified 
that gm/IDS of Cynthia are larger (≅10%) than PSG 
mainly for weak and moderate inversion modes, 
becoming this transistor very attractive for high voltage 
gain in analog IC applications. 
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Abstract 
 

This paper reports the shallow trench isolation (STI)-
related narrow channel effects (NCE) on the kink effect 
and the breakdown behavior of the 40nm partially-
depleted (PD) SOI  NMOS device. As verified by the 
experimentally measured data, with a smaller channel 
width, the onset of the kink effect occurs at a higher 
drain voltage and the breakdown  voltage is also larger 
due to the weaker parasitic bipolar device as a result of  
a smaller electron recombination lifetime caused by the 
STI-related NCE. 
 
 

Introduction 
 

 STI-induced effects may influence the performance 
of a small-geometry CMOS device using STI [1][2]. 
The  STI-induced short-channel effects in terms of the 
kink effect and the breakdown behavior of PD SOI 
NMOS devices in the channel length direction have 
reported [3]-[5]. For nanometer PD SOI CMOS devices, 
channel width could also be very small- the influence of 
the STI-induced NCE in the narrow channel direction 
cannot be ignored. In this paper, STI-related NCE 
behavior of the 40nm PD SOI NMOS device is reported. 

 
  

Experimentally Measured Behavior 
 

     Fig. 1 shows the TEM cross  section in the channel-
width direction of the 40nm PD SOI NMOS device 
fabricated in the industry [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. A 65-nm LDD region with an n-type 
density of 1018cm-3 under a sidewall spacer has been 
adopted. A nickel polycide layer is formed on the top of 
the gate. STI has been used in the device. In order to  
focus on the NCE in the channel width direction, an S/D 

 
 

Fig.1: TEM cross section of the 40nm PD SOI NMOS device 
in the channel width direction. 

 
 

 
 

Fig.2: ID versus VD of the 40nm PD SOI NMOS device with 
the channel length of 40nm for various channel widths,  
based on experimentally measured data. 

 
length of 2μm has been chosen. Various channel widths 
have been designed for use in the study. 
 
     Fig. 2  shows  ID  versus  VD  of  the  40nm  PD SOI  
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Fig.3: Output conductance of the 40nm PD SOI NMOS device 
with the channel width of 0.17μm, 0.4μm, and 0.8μm, 
and the S/D length of 2μm, biased at VG 0.8V, based on 
the experimentally measured data. 

 

 
Fig. 4 Subthreshold Behavior of the 40nm PD SOI NMOS 

device with the channel width of 0.17μm, 0.4μm, and 
0.8μm, and the S/D length of 2μm based on the 
experimentally measured data. 

 
NMOS device with the S/D length of  2μm, the  channel 
length of 40nm  and various channel widths of 0.17μm, 
0.4μm and 0.8μm, biased with body floating, based on 
the experimentally measured data. As shown in the 
figure, with a smaller channel width the onset of the 
kink effect behavior occurs at a larger VD.  
 

Fig. 3 shows the related output conductance versus 
VD characteristics of the PD device with the S/D length 
of 2μm, biased at VG=0.8V for various channel widths, 
biased with its body floating, based on the 
experimentally measured data. As shown in the figure, 
with a smaller channel width, the onset of the kink 
effect behavior indeed occurs at a larger VD due to the 
weaker function of the parasitic bipolar device as a 
result of the smaller electron recombination lifetime in 
the channel, which is caused by the STI-related NCE as 
confirmed by the larger leakage current as shown in Fig. 
4, similarly as reported in Ref. [6]. With the smallest 
channel width of 0.17um, the function of the parasitic 

bipolar device is the weakest due to the smallest 
electron recombination lifetime. Hence, the parasitic 
bipolar device turns on latest and the onset of the kink 
effect behavior occurs  at the largest VD. 
 

 
Conclusions 

 
In this paper,  the STI-related narrow channel effects 

on the kink effect and the breakdown behavior of the 
40nm partially-depleted (PD) SOI  NMOS device have 
been reported. As verified by the experimentally 
measured data, with a smaller channel width, the onset 
of the kink effect occurs at a higher drain voltage and 
the breakdown  voltage is also larger due to the weaker 
parasitic bipolar device as a result of  a smaller electron 
recombination lifetime caused by the STI-related NCE. 
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Abstract 
Total ionizing dose effects are investigated on scaled 

planar single-gate fully depleted SOI transistors with 
innovative technological options.  Their radiation behavior 
is discussed in transistors processed with a standard thick 
buried oxide, an extremely thin buried oxide or with a 
strained SOI layer. 
 

Keywords: SOI, thin-BOX, strained silicon, total ionizing 
dose. 
 

1. Introduction 
SOI technology is often used to design circuits that can 

operate in radiative environments. The Buried OXide 
(BOX) reduces the silicon volume sensitive to ionizing 
particles and allows a complete dielectric isolation between 
devices. However, shrinking the SOI transistors dimensions 
leads to a complex charge trapping properties in the 
insulators. This has been previously investigated in several 
studies on SOI transistors [1-6]. The purpose of this study is 
to investigate the total ionizing dose response of planar 
single-gate FD SOI devices processed with advanced 
technological options such as an extremely thin BOX or a 
strained silicon layer. 

 

2. Experimental Details 
The tested devices were produced at CEA/LETI. They 

are planar single-gate fully-depleted SOI NMOS transistors. 
As described in Table I, the major device process variations 
concern the buried oxide thickness and the use of a 
mechanically stressed active silicon layer. 

 

Device #A #B #C 
TSi 8 nm 8 nm 8 nm 
TBOX 145 nm 12 nm 145 nm 
Strained-SOI - - x 
Table I: Each technology variant (#A, #B and #C) is summarized 
as a function of the active silicon thickness (TSi), the BOX 
thickness (TBOX) and the presence of a strained silicon layer. 
 

The devices were irradiated with 10 keV X-rays at a 
constant dose rate of 1 krad(SiO2)/s. The bias condition 
during irradiation was the OFF-state, where the drain 
electrode is biased at the nominal drain voltage VDD = 1 V, 
and the other electrodes are grounded (VS = VG = VB = 0 
V). The substrate (back side of the chip) is always 
grounded. This study is focused on the response of both 

gate and buried oxides. The total dose was deposited in 
several steps: 0, 50, 100 and 200 krad(SiO2). 

 

3. Results and discussions 
A total ionizing dose irradiation induces interface states 

at silicon-oxide interfaces and positive charge trapping in 
insulators. In current and future technologies, charge 
trapping in thin front-gate oxides is a lower concern than 
that related to  the thick buried oxide of fully depleted SOI 
devices. Indeed, references [2, 4, 7, 8] have shown that 
charge trapping in the thick BOX layer affects the front-
gate electrical characteristic due to interface coupling. 
Furthermore, reference [9] demonstrated that thinning the 
BOX decreases the influence of total ionizing dose on the 
electrical response of FD SOI transistors.  

Recent advances in the SOI process enable either the 
production of wafers with thin BOX or the improvement of 
electrical performances by applying a mechanical stress in 
the active silicon layer [10, 11]. Thus, experimental results 
on the “thin BOX” FD SOI devices are presented before 
those of the strained-SOI devices. Finally, the radiation 
sensitivity of each device are summarized and compared as 
a function of device scaling. 
 

3.1 “Thin BOX” FD SOI devices 
Reference [9] has shown previously that decreasing the 

BOX thickness after irradiation lowers the measured 
radiation-induced threshold voltage shift.  
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Fig. 1: Drain current ID versus front gate voltage VGS 
characteristics for FD SOI device #B with LG = 40 nm and 
TBOX = 12 nm, pre rad, 50, 100 and 200 krad(SiO2). The drain 
voltage is VDS = 1.0 V. 
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In Figure 1 the front-gate characteristics for thin BOX 
device with a short gate length LG = 40 nm and an 
extremely thin BOX (TBOX = 12 nm) are displayed. The 
drain voltage is VD = 1.0 V and the total dose steps are the 
0, 50 , 100 and 200 krad(SiO2). 

The front-gate threshold voltage shift is limited to 
�VTH = 12 mV after a total dose of 200 krad(SiO2) 
(�VTH = 60 mV on the reference FD SOI transistor under 
the same irradiation condition, not shown here). Obviously, 
thinning the BOX decreases the total amount of charge 
trapped in the buried oxide. This SOI structure with a thin 
BOX is a very efficient way to improve the total ionizing 
dose tolerance of a scaled planar FD SOI technology. 
 

3.2 “Strained SOI” devices 
The last technological option investigated in this paper 

concerns strained-SOI devices. This is a promising way to 
improve the electrical performances of semiconductor 
devices, and it is already used in today bulk technologies. 
Device #C is a strained-SOI transistor [10, 11] with a 
similar geometry than devices #A and #B. In this case, the 
BOX thickness is TBOX = 145 nm. Consequently, the 
radiation-induced trapped charge profile should be close to 
that of device #A (also TBOX = 145 nm) inducing a similar 
electrical device response. According to our ID-VGS 
measurements, the threshold voltage shift for strained 
devices with LGATE = 40 nm is �VTH = 40 mV after a 
200 krad(SiO2) irradiation in the OFF-state bias condition 
during irradiation.  

 

3.3 Scaling trend 
Figure 2 displays the front-gate threshold-voltage shift 

�VTH versus transistor gate length LG. This figure shows a 
direct comparison between each process options as a 
function of technology scaling. 
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Fig. 2: Front gate threshold voltage shift �VTH vs gate length LG 
at 200 krad (SiO2) on reference device (#A, blue triangles, TBOX = 
145 nm), thin BOX device (#B, black squares, TBOX = 12 nm) and 
strained SOI transistor (#C, red circles, TBOX = 145 nm). 

 

For reference device #A (blue triangles), the shape of the 
�VTH-LG characteristic is consistent with the literature [1, 
4] with a maximum at LG ~ 80-100 nm.  

As presented in part 3.1, reducing the BOX thickness  
(#B, black squares) may lead to differences in electric field 
within the thin BOX layer, forcing charges to be trapped 
not directly under the body, but either near the BOX-
substrate interface or under highly doped region. That 
induces less modification of the electrostatic potential in the 
active silicon layer, and the �VTH is then limited and more 
constant as a function of device scaling. 

The shape of the �VTH  vs LGATE of strained-SOI devices 
(#C, red circles) is similar to the one of “standard” SOI 
transistors. However, the threshold voltage shift is strongly 
reduced whatever the gate length. This suggests that 
another physical mechanism is involved in addition to the 
hole trapping in the bulk of the BOX. This limited value of 
�VTH may be due to the buildup of interface traps at the 
strained silicon-BOX interface that does not occur in 
standard SOI transistors. This leads to a limited value of 
�VTH but induces a degradation of the electrical 
performances (subthreshold slope and IOFF) of such devices. 
 

Summary 
The radiation response of FD SOI devices processed with 

innovative technological options is investigated. The impact 
of a thin BOX and of a mechanical stress in the active 
silicon layer is discussed. For the shortest devices (LGATE = 
40 nm), the front-gate threshold voltage shift is limited to 
few mVs after a 200 krad(SiO2) exposure. Particularly, the 
thin BOX device shows threshold voltage shift of 12 mV 
revealing the efficiency of this structure to improve the total 
ionizing dose tolerance of such scaled FD SOI devices. On 
the other hand, strained-SOI transistors exhibit a more 
complex behavior. This needs to be further investigated 
with extended experimental results and numerical 
simulations to help understand some of the features 
depicted in this abstract. 
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1. Abstract  

SOI nanowires with ohmic contacts provided at 
their ends and with free surface allow using such 
nanowires as highly effective field-effect sensing 
elements [1, 2]. Charge from adsorbed particles induces 
a compensating charge in the nanowire that modulates 
the nanowire conductance and, hence, the current that 
flows between the two (source and drain) electrodes. 
This device acts as a gas-sensitive field-effect transistor, 
with adsorbed charged species acting as the “top gate” 
(TG). A most important feature displayed by SOI NWs 
is that the SOI substrate can be used as an additional 
back-gate (BG) electrode to obtain maximum sensitivity 
at the operating point. We demonstrate using model 
protein BSA molecules the sensitivity of standard SOI 
nanowire transistors (SNWT) as high as 10 femtomoles.  
 

2. SNW transistors as sensor of charge 
Figure 1 shows typical IDS-VBG characteristics of 

SOI NWs with different charges Qs absorbed on the free 
surface. The adsorbed charge, depending on its sign, 
leads to accumulation of either positive or negative 
charges on the NW surface, thus shifting the IDS-VBG 
characteristics to the left or to the right. The overall 
picture is analogous to that observed during the charge 
accumulation in the gate oxide layer of MOSFETs 
exposed to irradiation. The sensitivity of NWs (change 
of IDS with a change of Qs) depends on the chosen 
operating point in the IDS-VBG curve of a particular SOI 
NW (point 1 in Fig.1). Furthermore, from the shift of 
the threshold voltage or from the parallel shift of IDS-
VBG curves in the subthreshold region at constant 
current (point 2 in Fig.1), the charge adsorbed on the 
NW surface can be determined.  

Thus, SOI nanowires have additional opportunities 
in change of their sensitivity and operating mode. 

In the present study, lateral nanostructuring of SOI 
was achieved using electron lithography followed by 
plasma reactive etching of patterned samples. High 
etching selectivity of the Si/SiO2 pair with respect to the 
etchant, and low density of process-induced defects 
(eliminating the need in defect removal by subsequent 
annealing), are features for which the adopted process is 

distinguished to advantage among other nanostructuring 
methods [3]. 
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Fig.1: Typical back gate subthreshold characterictics of SOI 
nanowires with different surface charge densities.] 

 

Another problem in the formation of NWs is 
preparation of ohmic contacts to the semiconductor 
strips. In the present study such contacts were prepared 
by doping contact regions, from a top Al layer, with 
aluminum diffusing through a pre-deposited poly-Si 
layer. 

Properties of SOI NWs fabricated in this manner 
were examined after various treatments given to the SOI 
surface by exposing it to various ambient media. The 
study has allowed us to identify treatments of two types 
capable of stabilizing SOI NW surface properties. Such 
treatments may prove useful both in preconditioning, 
i.e., defining the sensitivity range, of SOI NWs used as 
absorbed-charge sensors and in characterizing Si 
nanolayers on insulating substrates. 
 

3. SNW transistors as sensor of organic 

molecules in bioliquids 
Currently SOI nanowire transistors (SNWT) are the 
most promising biosensor elements, having more than 1 
to 2 orders of magnitude higher sensitivity over 
traditional systems of proton diagnosis. Among the 
overwhelming merits SNW transistors are compatible 
with modern CMOS technology, which allow to create 
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highly integrated nanobiosystems - on - chip (nanobio-
SOC) using unified technological basis.  
In this study the prospects for the use of nanostructured 
ultra thin (less than 50 nm) SOI layers as biosensors 
were investigated and, in particular, as detectors for 
organic molecules in biological liquids. To demonstrate 
their characteristics the investigations were conducted in 
the framework of proactive work, partially supported by 
state contract.  
SNWTs were produced using optical and electronic 
lithography (Figure 2) and technological processes very 
similar to the standard CMOS chip technologies. 
Homemade ultra thin (UT) SOI wafers with undoped Si 
layer were used. The Si substrate serves as a back gate 
plate to control an operating point Vg of SNWT. 
SNWT chips with the following parameters were 
obtained:  
- the thickness of the SOI films 10 ÷ 50 nm;  
- the width of the nanowires 20 ÷ 200 nm; 
- the number of SNWTs does not less than 6 on the 
chip; 
- the diameter of the chip sensitive area does not less 
than 2 mm. 
 

 
 
Fig. 2. Scanning electron microscopy image of central part of 
SOI nanowire transistor, consisting of source  drain areas 
with s  100x100 �m2 and nanowire with cross section 20x70 
nm (shown in the insert at 10 times more multiplication). 
 
Test SNWTs were isolated from each other using 
protective deposited dioxide layers (TEOS), allowing 
multiple measurements by test module (Figure 3) in the 
various chemical solutions and biological liquids, as 
well as providing the reproducibility for measurements 
of test protein molecules of bovine serum albumin 
(BSA) content in aqueous solutions in the range 10-14 - 
10-4 Moles.  
Confirmed measured (Figure 4) sensitivity to the model 
BSA molecules was not less than 10 femtoMoles (about 
100 molecules per 1 cubic mm of liquid). It allows to 
suggest the sensitivity that will be enough for 
registering single virus particles and cancer cells by 
using this type of biosensor. 
 

 
 
Fig. 3. Test module with fluid cell and packaged biochip (in 
the insert  a scheme of immobilizing for BSA molecules on 
the surface of SOI nanowire with optical image of single 
SNWT).  
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Fig. 4. Source  drain (IDS VDS) characteristics at the 
operating point at Vg  50 V for the same SNWT with 150 nm 
width before and after immobilizing of BSA molecules with 
different content in the solution. Only small hysteresis was 
observed during the real time measurements. 
 
Sensetization technique is being developed with 
medicobiologic institutes for immobilizing antibodies 
on SOI nanowire transistors to increase its sensitivity up 
to 1 femtomole of protein and selectivity in the 
identification of single cancer and virus cells. 

 

4. Conclusions  
Standard SOI CMOS technology were used to fabricate 
nanowire transistor chips applicable for multiple 
measurements of model protein (BSA) content in the 
interval 10-14 to 10-4 Moles at different operating points 
and modes. Maximum of sensitivity higher than 10 
femtomoles and real time measurements provide the 
convenient methods for medical applications. 
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1. Abstract 

 
This paper study the Cross SOI MOSFET, proposed by 
AT&T Bell Labs. This device is used to reach high-
accuracy performance for analog and digital 
applications, in order to reduce the systematic and 
random errors effects of fabrication process that appears 
in the silicon die. Experimental and three-dimensional 
numerical simulations are performed in this work. 
 

2. Introduction 
 

There are some applications, such as operational 
transconductance amplifiers (OTAs), current mirrors 
and ADC/DAC, which need the electrical characteristics 
matching of two or more devices, in order to reach a 
good electrical performance. The possible errors sources 
are divided in systematic and random errors. The 
random errors act of differ ways from device to device 
and can not be corrected by improving matching 
techniques and represent the ultimate limitation on the 
desirable accuracy, while the systematic errors affect 
adjacent elements with identical geometries similarly 
and can be reduced by appropriate matching techniques 
[1-5]. The Common-Centroid Geometries (CCG) is thus 
particularly important to reduce these errors [6]. An 
optional layout for CCG is shown in Figure 1, called 
Cross SOI MOSFET (CrossSM), where there are four 
drain/source and a common gate contacts. 
 

 
 
Fig.1: The Cross SOI MOSFET and its equivalent circuit. 

 
3. Cross SOI MOSFET Operation Modes 

 
It can configure the Cross Transistor with different 
operations modes. One of these modes is called Four 
Direction Transistor (FDT), which contains four SOI 

nMOSFETs (SM) connected in parallel, connecting 
PAD 1 with PAD 4 (drain contact) and PAD 2 with 
PAD 3 (source contact), as presented in figure 2. 

 
Fig.2: The Cross SOI MOSFET configured as FDT (structure 
and equivalent circuit). 
 
The main advantage of this configuration over the 
multifingers layouts is that the systematic and random 
errors effects, that appears in x and y directions, are 
distributed and compensated, due to cross connections, 
while the multifingers are positioned in only one 
direction (x or y) over the die. The FDT total drain 
current (IDS) is composed by the sum of four 
components (IDS1 to IDS4), where each current flows in 
an only direction, i.e., IDS1 flows from left to right, IDS2 
flows from down to up, IDS3 flows from right to left and 
IDS4 flows from up to down, resulting in a FDT. The 
equivalent SOI nMOSFET presents IDS four times larger 
when compared to a single SOI nMOSFET, where its 
aspect ratio is equal to 4W/L, regarding W/L the aspect 
ratio of a unique SOI nMOSFET that is each “arm” of 
the FDT configuration. Another possible configuration 
of CrossSM is called Double Transistor (DoubleT), that 
is given by two transistors connected in parallel, by 
connecting PAD 1 with 2 (drain contact) and PAD 3 
with 4 (source contatct). This kind of configuration 
presents similar problems as described for the 
multifingers regarding systematic and random errors of 
fabrication process. Additionally, it can configure the 
CrossSM as Four Direction Current Mirrors (FDCM), 
for example, using SOI pMOSFETs, through of 
connections between PAD 1 and 4 (connected to supply 
voltage, VDD), between common gate PAD and PAD 2 
(connecting to reference current, IREF) and PAD 3 is the 
output current (IOUT). This same configuration can be 
used for FDCM implemented with SOI nMOSFETs, as 
showed in Figure 3. Note that these FDCMs 
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implemented with pMOSFETs and nMOSFETs present 
the same electrical characteristics than FDT (four drain 
currents in different directions) and therefore we believe 

that CrossSM would be very efficient for high accuracy 
digital and analog integrated circuits. 
Fig.3: The CrossSM configured as FDCM (pMOS/nMOS) 
equivalent circuit. 
 
Additionally, it can further enhance the devices 
matching of CrossSM, replacing each “arm” of cross 
through others arrangements such as FDTs, multifingers 
[7], waffle [8] or annular-gate [9, 10]. 
 

4. CrossSM Electrical Behavior 
 

The CrossSM is fabricated at IMEC/Belgium with 0.13 
μm partially-depleted SOI CMOS technology, where 
the silicon film (tSi), the gate-oxide (tox) and buried 
oxide thickness (tbox) is 100nm, 2.5 nm and 390 nm, 
respectively. The channel length (L) is 5 μm and the 
width (W) assumes 20 μm of each transistor of cross. 
The CrossSM configured as FDT presents threshold 
voltage (VTH) equal to 300 mV. In Fig. 2 are presented 
IDSxVGS experimental curves, regarding VDS=400 mV, 
for the CrossSM configured as FDT and DoubleT. 
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Fig.Fig. 4: Experimental results for IDSxVGS curves for 
VDS=0.4 V. 
 
For any operation region, we can observe that ratios 
between the drain currents of FDT over DoubleT 
(IDS_Cross/IDS_DoubleT) is smaller than two (in this case 
equal approximately to 1.9), because the charges 
induced under the gates crossing region that contributes 
for the IDS, present different behaviors, according 3-D 
numerical simulations of drain current density (JDS) of 
these devices, as showed in Fig. 5.  
DevEdit3D/TCAD (Silvaco) devices editor [11] is used 
to implement CrossSM with the same characteristics of 

physical devices. The mathematics models used were, 
for mobility: Klaassen, for carriers recombination: 
Shockley-Read-Hall and AUGER, for impact 
ionization: Selberherr. From the simulations results, we 
can note that the JDS in the middle of the gate crossing 
region in the FDT assumes zero, once the sum of 
electric field components in the x and y directions (εx 
and εy), is also zero, due to corner effect, in contrast of  
DoubleT, becoming IDS_Cross/IDS_DoubleT smaller than 2, as 
experimentally was observed for these devices operating 
at same bias conditions. 
 

 
Fig.5: The Drain Current Density for CrossSM configured as 
FDT and DoubleT. 
 

4. Conclusions 
 
In this study, it was explored the range of applications 
for the CrossSM operating as Four Direction Transistor 
(FDT), DoubleT and Four Direction Current Mirrors 
(FDCM) configurations, in order reduce the devices 
mismatching due to systematic and random errors 
effects that occurs in the x and y directions and to 
improve the accuracy in digital and analog integrated 
circuits. Also, it was analyzed the electrical behavior of 
FDT and DoubleT structures. The results shown that JD 
in the FDT is equal to zero in the middle of gate 
crossing region, once the total electrical field observed 
in this region is also equal to zero, while the total drain 
current density is higher in the cross transistor 
configured as DoubleT, resulting in a ratio between IDS 
of FDT and DoubleT smaller than 2, mainly in the 
triode and saturation regions, regarding the same bias 
conditions. 
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1. Abstract
This paper examines the DC power requirements of SOI 
PIN diodes which, with suitable applied DC bias, have 
the potential to reflect or to permit transmission of 
millimetre wave energy through them by the process of 
inducing a semiconductor plasma layer in the I-region. 
The study is conducted using device level simulation of 
SOI PIN diodes and reflection modeling based on the
Drude conduction model. Five diode thicknesses (4, 8, 
16, 50 and 100�m) were simulated and subsequently 
modeled for 100 GHz operation. 

It is shown that substantially high DC input power is 
required in order to induce near total reflection in SOI 
PIN diodes at 100 GHz. Thinner devices consume less 
power, but reflect less incident radiation for given input 
DC power. Earlier reported feasibility studies on 
reconfigurable plasma diode antenna arrays have 
considered lower operating frequencies (2-3 GHz) [1]. 
This work suggests that large area array antennas may 
prove impracticable at higher frequencies. 

2. Introduction 
The high frequency conductivity of silicon is dependent 
on the number of carriers present, and at sufficiently 
high carrier densities it can appear metallic [2] (totally 
reflective) to incident MMW radiation, while at low 
carrier densities it can appear substantially transparent 
[3], Considerable interest has been shown by the 
microwave community in the use of silicon for this 
purpose, both for direct control by carrier injection [4] 
and for control via optical illumination to generate 
electron-hole pairs [5]. 

Electrical control of conductivity is possible using PIN 
diodes under forward bias. The bias controls the carrier 
density within the I-region, and hence its reflectivity. 

3. Device simulation 
The Silvaco Atlas [6] software used for the simulations 
allows determination of carrier densities and IV 
characteristics for specified device dimensions. All 
simulations assumed a temperature of 300K; self-
heating effects were neglected. 

Modelling focused on planar PIN diodes (as shown in 
ig.1), with uniformly heavily doped (1020cm 3) P and N 

regions. In all cases high resistivity n-type silicon 
(impurity concentration of 1013cm 3) was specified for 
the device layer and carrier wafer. This maximizes 
transmission through the wafer when the diodes are at 
zero bias and hence improves the contrast between the 
high carrier density (‘ON’) and low carrier density 
(‘OFF’) states. 

As a starting point, the simulations used the PIN diode 
dimensions suggested in Fathy et al [1], primarily an I-
region with a length of 100�m. 

Fig.1: Diode structure used for Atlas electrical simulations 

3. Carrier density profiles 
A DC bias generates a time-invariant carrier density 
profile within the I-region (see Fig.2) with the electron 
density equalling the hole density at each point [7]. 
However, as the carriers are not evenly distributed 
across the I-region there will be non-uniform reflectivity 
across the diode. This may have implications for the RF 
performance of a system based on PIN diodes. Careful 
selection of the diode operating point is necessary to 
ensure quasi-metallic conductivity even at the midpoint 
of the I-region.  This observation has been generally 
overlooked by earlier workers examining this problem.   

Our simulations suggest that a SOI diode requires 
slightly more injected power to achieve a desired carrier 
density than a diode without a buried oxide layer (due to 
increased recombination at the oxide interface) (see 
Fig.3). However the buried oxide layer confines the 
carriers within the thickness of the device layer, and 
gives a well-defined conductive volume. This desirable 
property compensates for the slightly higher power 
requirements of the SOI diodes. 
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Fig.2: Surface carrier profiles for diodes biased at +3V 
(L 100 �m; T 4, 8, 16, 50, 100 �m, W 100 �m) 

Fig.3: Surface carrier profiles for diodes with injected power 
of 0.4W (L 100 �m; T 5, W 100 �m) 

The operating characteristics of the SOI diodes are 
highly dependent on the oxide interface parameters set 
in the Atlas model. High interface charge can lead to 
inversion at the oxide / Si interface [8]. This parameter 
sensitivity suggests that oxide quality and bonding 
processes are of paramount importance if a high carrier 
density is to be achieved at a reasonable power level. 

4. Millimetre wave reflection modelling 
A MATLAB script was written to calculate reflectivity 
data using the Drude model for conduction, as set out in 
[9]. Values for the relaxation frequencies were taken 
from [2]. Electrical simulation provided input data for 
the model (i.e. carrier profiles and IV characteristics). 
At each simulated bias point the complex refractive 
index of the I-region was calculated (εr,plasma). 

The input EM impedance in air was then calculated 
using the following transmission line formulae [10], 
applied recursively to the three layers of the wafer: 
carrier wafer (εr = 11.9), buried oxide layer (εr = 3.9) 
and device layer (εr = εr,plasma). Overall reflection was 
then calculated using the usual plane wave reflection 
equation. 
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Assumptions made in this modelling are listed below: 
• Uniform carrier densities: the distribution of carrier 
densities was averaged across the I-region  
• Tuned handle wafer thickness: the total SOI thickness 
was chosen to be one half-wavelength of the incident 
radiation to maximize transmission in the ‘OFF’ state. 
• Constant oxide layer thickness: 0.8 �m of buried oxide 

• Doped regions and bias lines neglected: these areas of 
fixed conductivity are small compared to the area of the 
I-region 
• Front MMW illumination: diodes are illuminated from 
the surface (device layer side) of the wafer only. 

4. Power density for reflection 
Power density was defined as DC power injected 
divided by the surface area of the I-region of the diode 
(L x W). Power densities required to achieve high 
reflectivities are universally high (Fig.4), but for a given 
reflectivity thicker diodes require less power.  

Fig.4: Plane wave reflectivity at 100 GHz 

4. Conclusion
Power densities of >1Wmm 2 are required in order to 
achieve levels of reflection > 0.6—0.8 (Fig. 3). Little 
advantage is gained for very high device thicknesses. 
These high injection levels may cause difficulties with 
self-heating and heat removal, especially on SOI 
fabricated devices. Further work is necessary to 
determine the effect self-heating has on the carrier 
density and thus the permittivity of the device. 

These results indicate that a fully reconfigurable 
semiconductor plasma antenna system based on PIN 
diodes biased to induce near-total (i.e. quasi-metallic) 
reflection may be impractical for a ‘full-wafer scale’ 
implementation at 100 GHz, as the total power 
consumption would be prohibitively high. Designing a 
practical system with controllable surface reflectivity 
may involve minimising the area, or accepting a less 
reflective ‘ON’ state.  
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Abstract 
 

This paper reports a 0.5V SOI CMOS dual-threshold 
circuit technique via dynamic threshold MOS (DTMOS) 
for design optimization of low-power VLSI system 
applications. Via the DTMOS/Non-DTMOS technique 
for implementing the SOI version of the gate-level dual-
threshold static power optimization methodology 
(GDSPOM), a 16-bit multiplier circuit has been 
designed, showing a performance with 30% less power 
consumption as compared to the one designed purely in 
DTMOS, at VDD=0.5V. 
 

Introduction 
 

 Nanometer SOI CMOS technology has been 
becoming a mainstream technology for realizing low-
power VLSI system for SOC applications using a low 
VDD [1].  Dynamic threshold CMOS (DTMOS) circuit 
technique has been reported for enhancing the speed 
performance of an SOI CMOS digital circuit using a 
low VDD [1]. CMOS dual-threshold techniques have 
been renowned for their capabilities in optimization of a 
VLSI system balanced between low power and high 
speed. Recently, the gate-level dual-threshold static 
power optimization methodology (GDSPOM) for VLSI 
systems has been reported [2]. In this paper, via the 
DTMOS/non-DTMOS technique for implementing the 
SOI version of GDSPOM, a 16-bit multiplier circuit has 
been designed, shows 30% less power consumption at 
VDD=0.5V. 

 
 

SOI DTMOS Circuit Technique 
 

   Fig. 1 shows a 0.5V NAND logic gate using  
DTMOS technique in a 90nm SOI CMOS technology. 
As shown in the figure, the dynamic control of the 
threshold voltage is carried out by adding an auxiliary 
device to control the body voltage of the main transistor.  
     

 
Fig.1: A 0.5V NAND logic gate circuit with its layout using 

the DTMOS technique in a 90nm SOI CMOS 
technology. 

 

 
 
Fig. 2 Propagation delay time versus load capacitance during 

pull up and pull down transients of the 0.5V NAND 
logic gate using the DTMOS technique. 

 
Along with the gate of the auxiliary transistor, its drain 
is also connected to the gate of the main transistor to 
achieve the dynamic threshold voltage control. Fig. 2 
shows the propagation delay time versus load 
capacitance during pull-up and pull-down transients of 
the 0.5V NAND logic gate using the DTMOS technique. 
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Fig. 3 Flow chart of the SOI version of GDSPOM 
 

 
Fig. 4 Timing path from IN110 to P28 in the SOI DTMOS/non

DTMOS multiplier 
 

As shown in the figure, using the DTMOS technique, a 
consistent improvement in the propagation delay time 
could be observed. In order to facilitate the design 
procedure of the SOI version of GDSPOM using EDA 
tools, the DTMOS technique has been implemented for 
key digital logic circuits as a part of the cell libraries.  
 

SOI DTMOS GDSPOM 
 

Fig. 3 shows the flow chart of the SOI version of  
GDSPOM used for optimization of the power 
consumption of  a VLSI circuit using the SOI DTMOS 
technique.  As shown in the figure, an RTL design is 
synthesized into gate-level netlist of cells using SOI  
non-DTMOS cells. Then, static timing analysis (STA) is 
performed to report a list of cells that are required to 
swap from non-DTMOS to DTMOS for meeting the 
timing requirements.  Cell-swapping script is executed 
to create the net list of DTMOS/non-DTMOS cells and 
calculates the signal propagation delays of the final 
static power consumption. This completes the procedure 
of the SOI version of GDSPOM. 

 
Fig. 5 Power consumption of the 16 bit multiplier using all 

non DTMOS, all DTMOS, and DTMOS/non DTMOS 
cells. 

Performance 
In order to study the effectiveness of  the SOI 

version of GDSPOM for  designing low-power VLSI 
circuit using a 90nm SOI CMOS Technology, 16-bit 
multipliers with the Wallace tree reduction architecture 
has been designed.  All of them are produced  based on 
the same RTL code except that one multiplier uses all 
non-DTMOS cells, another has all DTMOS cells, and 
the third one contains both DTMOS and non-DTMOS 
optimized by SOI DTMOS GDSPOM.  Modified 
DTMOS cell libraries for including the DTMOS 
technique have been developed for  use here. Under a 
propagation delay of 2.5ns, using the SOI DTMOS 
GDSPOM, 2574 out of 5371 cells in the multiplier 
circuit  are swapped from non-DTMOS to DTMOS. 
      Fig. 4 shows the signal path from the input IN110 to 
the output P28 of the multiplier circuit using the 
DTMOS/Non-DTMOS  approach. After performing the 
SOI GDSPOM flow, seven cells have been swapped 
from non-DTMOS to DTMOS. The data arrival time of 
this path is 2.28ns, which meets the operating frequency 
requirement. Among three multipliers using all-non-
DTMOS, all-DTMOS, and DTMOS/non-DTMOS cells, 
the all-non-DTMOS one has the smallest power 
consumption of 48μW, not meeting the speed 
requirement, while the all-DTMOS one has the largest-
171μW. Using the DTMOS/non-DTMOS cells adopting 
the SOI DTMOS GDSPOM flow, the power 
consumption is 119μW, which is 30% less as compared 
to the all-DTMOS one. To further evaluate the 
performance of this DTMOS/non-DTMOS design flow, 
multipliers meeting different clock cycles are generated 
and their static power dissipations are calculated by the 
power estimation tool. Fig. 5 shows that the  
DTMOS/non-DTMOS multiplier dissipates less static 
power as compared to the all-DTMOS one. The slower 
DTMOS/non-DTMOS multiplier needs fewer DTMOS 
cells, hence, consumes less static power. 
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1. Abstract 

The surrounding gate (SGT) MOSFET is one of the 
most promising candidates for the downscaling of 
complementary CMOS technology toward the sub-50 
nanometre channel length range. However, for those 
dimensions quantum effects must be considered in order 
to develop accurate compact models useful for circuit 
simulations. In this paper we study the influence of the 
quantum effects on DC, RF and microwave noise for 
nanoscale SGT transistors including nonstationary 
effects. 
 

2. Introduction 
The scaling of planar MOSFETs has been the 

dominant technology option for the past decades [1]. 
However, we have reached a point where materials and 
device issues arise, opening the door for alternative 
device structures. SOI devices are excellent candidates 
to replace conventional bulk CMOS. The most 
promising SOI devices for the nanoscale range are 
based on multiple gate structures like the double gate 
(DG), triple gate or FinFET, and surrounding gate 
(SGT) or Gate-All-Around (GAA). These advanced 
structures can be scaled more aggressively than the 
bulk-Si structures, offering a higher drive current than 
its single gate (SG) SOI counterpart due to larger 
control over channel region. 

In a previous paper [2], an analytical method for RF 
and noise modeling applied to SG and DG SOI 
MOSFET devices was presented. Here the model is 
improved, taking into account a novel quantum charge 
control model, and including effects such as velocity 
overshoot through a one-dimensional (1D) energy-
balance model [3], the effect of the saturation region, 
the channel modulation length effect and the mobility 
degradation produced by quantum effects. 
 

3. Summary of the Model 
A simple diagram showing the structure and the cross-
section of the studied SGT is given in Fig.1. It can be  
 
 

observed that the gate surrounds the cylindrical silicon 
channel. The model uses the conventional definition of 
the inversion layer centroid which was adapted to the 
SGT geometry.  In order to model the centroid data, the 
following empirical equation is used [4]: 
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The noise is modeled using the segmentation method. 
This method has been used in other devices such as 
MESFETs, HEMTS, MOSFET, SG SOI [2],[3], DG [3], 
as well as SGT or GAA devices [5]. The cut-off 
frequency (fT) and maximum oscillation frequency (fmax) 
are the most important RF figure of merit parameters, 
and are given by: 
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where Cgs and Cgd, are the gate to source and gate to 
drain small signal capacitance respectively, including 
fringing and overlap capacitances, gm is the gate 
transconductance, Ri (in series with Cgs) takes into 
account the distributed nature of the MOSFET and gds is 
the drain-to-source conductance. 
 

4. Simulated Results 
Fig.2 and Fig.3 compare the fT and fmax calculated with 
drift-diffusion and hydrodynamic transport models, 
using a quantum and a classical charge control, for a 
SGT (R=5nm, VGS−VT=0.5V, VDS=1V). Due to the  
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overshoot effect the values of fT and fmax are 
considerably higher in the temperature transport model. 
Fig.4 shows the intrinsic and extrinsic noise figure for 
SGT (R=5 nm, tox=1.5 nm, Vds=1 V, Vgs-VTH=0.5V) at 
10 GHz calculated using the drift-diffusion and 
temperature models. 
 

 
Fig.1. a) Cross section of the surrounding gate MOSFET; b) 
Simulated surrounding gate MOSFET structure 
 
 

 
Fig.2 Transition frequency fT and maximum oscillation 
frequency fmax vs. gate length for the drift-diffusion transport. 
Radius R=5 nm, VGS-VTH=0.5V, VDS=1V 
 
 
 
 

 
Fig.3 Transition frequency fT and maximum oscillation 
frequency fmax vs. gate length for the hydrodynamic transport. 
Radius R=5 nm, VGS-VTH=0.5V, VDS=1V 
 

 
Fig.4. Intrinsic (a) and extrinsic (b) Minimum Noise Figure 
NFmin(dB) as function of gate length. Radius R=5 nm, VGS-
VTH=0.5V, VDS=1V 
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Abstract—The influence of temperature on front and back
channel properties (mobility, threshold voltage and substhreshold
swing) of GeOI pMOSFETs is reported. We discuss the carrier
scattering mechanisms, the interface defects and the residual
body doping extracted from the temperature-dependent threshold
voltage. Exceptionally high values of hole mobility have been mea-
sured (420 and 730 cm2.V−1.s−1 at 300 K and 77 K, respectively).

I. INTRODUCTION

Since the high-κ metal gate development, germanium is

considered as a promising candidate to replace silicon for

’Beyond CMOS’ technologies, mainly due to high hole mobility

values in pMOSFETs [1]. High performance 70 nm GeOI

pMOSFETs with pockets, Source/Drain extensions and VT

adjustment have recently been demonstrated [2]: very good ON-

State (ION = 330 μA/μm) and OFF-state (IOFF = 1 μA/μm)

currents were achieved. A positive VT shift was observed; it was

speculated that this critical issue originates from the presence of

dangling-bond charge states or parasitic doping species [3]. In

this work, we further explore, using systematic low-temperature

measurements, the doping problem as well as the hole mobility

behavior.

II. DEVICE AND MATERIAL DESCRIPTION

200 mm GeOI wafers with 60 nm germanium thickness and

145 nm buried oxide were fabricated, using the Enrichment

technique (”Ge Condensation”), in CEA-Leti [4] [5]. First, Ge

mesa structures were patterned, followed by silicon passivation

and oxidation. 6 nm HfO2 ALCVD, 10 nm TiN PVD, Poly-

Si and a SiO2 hard mask were deposited. The measured EOT

is 2.1 nm. Source and drain were then implanted (using BF2)

and annealed (600C), followed by a standard Ti/TiN/W contact

formation and Al metallization. The structure of Fully-Depleted

(FD) GeOI pMOSFETs is illustrated on Fig. 1. No pockets, S/D

extensions or N+ type channel doping were implemented.

Fig. 1: Schematic structure of a FD GeOI pMOSFET and corresponding drain
current vs. front-gate voltage characteristics at T = 77 K, for variable back-gate
bias. VD = −50 mV and W/L = 10μm/9μm.

Fig. 2: Typical drain current vs. back-gate voltage curves at T = 77 K,
for variable front-gate bias. Minimum of back-channel current is reached for
VBG � 60V . VD = −50 mV and W/L = 10μm/9μm.

III. LOW TEMPERATURE MEASUREMENTS

Low-temperature measurements (77–300 K) have been

performed on a 8” Suss Microtec cryogenic probe station.

The front-channel characteristics ID(VFG) were recorded

as a function of back-gate bias VBG (Fig. 1). Reciprocal

back-channel curves ID(VBG), for variable VFG are shown

in Fig. 2. Standard ’Y’ function (Y (VG) = ID/
√

gm) was

used to extract the low-field mobility values [6]. The threshold

voltage was determined from the maximum of the drain current

second derivative. The measurements were performed on long

pMOSFETs (W = 10 μm, L = 9 μm), with drain voltage fixed

at VD = −50 mV. Typical ID(VFG) and ID(VBG) curves T

= 77 K, reproduced in Figs. 1 and 2, show a strong coupling

effect between the two channels. To minimize this coupling,

we focus on the front and back interface parameters extracted

with the opposite interface in accumulation (respectively at

VBG = +60 V and VFG = +0.5 V).

Fig. 3: Front-channel current and transconductance characteristics as a function
of temperature. VBG = 60 V, VD = −50 mV and W/L = 10μm/9μm.
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Fig. 3 shows the influence of the temperature on ID(VFG)

curves. As expected the OFF-state, driven mainly by TAT (Trap

Assisted Tunneling) and BTBT (Band To Band Tunneling), is

very sensitive to temperature variations [7]. TAT, dependent

on ni(T ), reduces the leakage current at lower temperature,

whereas BTBT, rather independent of T , dominates for VFG >
1V . A similar leakage current behavior is observed on back-

channel characteristics (not shown).

IV. EXTRACTED PARAMETERS & DISCUSSION

A. Mobility and Subthreshold Swing

The ’Y’ function cancels the impact of series resistance [8].

The series resistance can be determined from the transcon-

ductance reduction in strong inversion (not shown). In gen-

eral, for GeOI pMOSFETs without germanide (e.g. NiGe) on

S/D contacts, the series resistance reaches high values around

Raccess ≈ 900 Ω.μm [2]. Fig. 4(a) illustrates the influence of

temperature on front/back channel hole mobility. At T = 300

K, we report one of the highest front mobility ever observed on

GeOI pMOSFETs, μ0 = 420 cm2.V−1.s−1, which is 4x higher

than in FD SOI pMOSFETs [2] [9] [10]. In order to reveal

the contribution of the various scattering mechanisms, we fit

the μ0 = f(T ) curve with the Matthiessen’s rule (Fig. 4). We

will show that phonon scattering prevails at the front channel.

At the back channel, the mobility is degraded and features an

attenuated temperature dependence. The subthreshold swing S
(Fig. 4(b)) exhibits similar trends at front and back channels.

The variation of S(T ) is no longer linear below 200 K, implying

an increased density of interface traps close to the valence band

edge [11].

B. Front Threshold Voltage and Doping Level Extraction

Fig. 5 shows the variation of front-channel threshold voltage

VT with temperature. For a range of T∈[200 K; 300 K], VT (T )
is linear with a slope equal to 0.9 mV.K−1. We assume that

in this temperature range, VT is dominated by the Fermi level

variation, hence ΔVT /ΔT = ΔφF /ΔT with φF = −kT/q ·
ln(ND/ni(T )) [12]. It is found that the film doping level is

ND = 4x1015 cm−3, which is the expected value of residual

doping in Ge film. For T < 150 K, VT (T ) shows a saturation,

resulting from the competition between the variations of the

Fermi level and effective density of traps. A detailed analysis

will be provided showing that Dit is no longer negligible in the

VT definition. The main point is that the extracted value of ND

infirms the possibility of any type of parasitic film doping to be

Fig. 4: Influence of temperature on (a) front/back channel hole mobility μ0

and (b) subthreshold swing S for a 9 μm long GeOI FD pMOSFET. Dash lines
correspond to Matthiessen’s rule fit for front and back channel mobility.

Fig. 5: Front threshold voltage versus temperature for a long pMOSFET on
GeOI. For T > 200K, VT (T ) is linear and only depends on the Fermi level.
By adjusting the doping level to ND = 4x1015cm−3, the derivatives of the
threshold voltage and Fermi level can be superposed.

responsible for the VT shift toward positive values. Indeed, the

VT shift observed in Fig. 1 would correspond to an apparent

doping level of 1017 cm−3. Our result tends to confirm that

the VT shift is actually due to negative charges, located at the

Ge/high-κ interface and probably linked with charged dangling

bonds [3] [13].

V. CONCLUSION

Advanced GeOI FD pMOSFETs, with excellent hole mo-

bility, have been fabricated and characterized. The variation

of mobility, threshold voltage and subthreshold swing at low

temperature reveals interesting mechanisms occuring in GeOI:

carrier scattering, interface coupling, variation in leakage cur-

rent and effective trap density, etc. These measurements also

show that the residual film doping is very low (ND = 4x1015

cm−3), which rules out the usual hypothesis of parasitic doping

species being responsible for a positive VT shift.
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1. Introduction
Multi-gate FinFETs and ultra-thin silicon body SOI FETs 
are considered as perfect candidates for the 22 nm 
technology node and beyond. Strong quantization leads to a 
formation of quasi-two dimensional subbands in carrier 
systems within thin silicon films.  For analytical hole 
subband structure calculations we employ a six-band k·p 
Hamiltonian. The electron subband structure consists of six 
equivalent minima located close to the X-points in the 
Brillouin zone. Close to the minimum the dispersion is 
usually described by a parabolic approximation with the 
transversal masses mt and the longitudinal mass ml.
Isotropic non-parabolicity takes into account deviations in 
the density of states at higher energies. A more general 
description is however needed in ultra-thin silicon films [1], 
especially in the presence of shear strain.  The two-band 
k·p Hamiltonian accurately describes the bulk structure up 
to energies of 0.5 - 0.8 eV [2]. It includes the shear strain 
component neglected in the parabolic approximation [2-4]. 
Shear strain is responsible for an effective mass 
modification and is therefore an important source of the 
electron mobility enhancement in ultra-thin silicon films 
[5,6].  

2. Method and Results
The two-band k�p Hamiltonian of a [001] valley in the 
vicinity of the X point of the Brillouin zone in Si must be in 
the form [6]:  
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where zy ,#  are the Pauli matrices, I is the 2$2 unity 

matrix, ak /215.00 �$�  is the position of the valley 
minimum relative to the X point in unstrained Si, xy�
denotes the shear strain component, , and 1

0
11 ��� � m" mM t

D =14 eV is the shear strain deformation potential [2-6].  
The confining potential U(z) along the <001> direction 
modulates profiles of the conduction bands. A good 
approximation for the confining potential in an ultra-thin 
silicon film is a square well potential with infinite walls 
(Fig.1). It allows to use the zero boundary conditions for the 

wave functions at the interfaces, which simplifies the 
analysis of the subband structure.  

For each energy E there are four solutions for the 
wave vectors ki (i=1,..,4) (Fig.2). For energies within the 
gap the two wave vectors are imaginary. The wave function 
is then a superposition of the solutions with the four 
eigenvectors. In the two-bands model the wave function is a 
spinor with two components. The subband quantization 
energies are obtained by equating both components of the 
spinor at both interfaces to zero. It results in a system of 
four linear homogeneous equations for the coefficients in 
the linear combination. Non-zero solutions exist when the 
following equations are satisfied: 
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Interestingly, the equations (2) coincide with the ones 
obtained from an auxiliary tight-binding consideration [7]. 
The ratio in the right hand side depends on the energy E,
wave vector k1, and strain . For zero 
stress the ratio is equal to one, and the standard quantization 
condition 

2
0 )/( kDm xyl ��& �

ntkk ��� 2/)( 21 is recovered. This condition is 
obtained from either of the two equations, therefore, the 
subbands are two-fold degenerate. Shear strain opens the 
gap between the two conduction bands at the X-point 
making dispersions non-parabolic. Shear strain makes the 
equations (2) non-equivalent removing the subband 
degeneracy and introducing a valley splitting. The valley 
split is linear in strain for small shear strain values and 
depends strongly on the film thickness [7]: 
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For higher strain values (2) must be solved numerically. 
The value 22

1
2

12 44 &���� kkk  becomes 
imaginary at high strain values. In this case the 
trigonometric functions in (2) are replaced by the 
hyperbolic ones. Special care must be taken to choose a 
correct branch of 22

2 &�k  in (2). The sign of 
22

2 &�k must be alternated, when the argument becomes 
zero as displayed in Fig.3. Results of the numerical 
solutions of (2) for valley splitting are shown in Fig.4 and 
Fig.5 for two different film thicknesses. For high strain 
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values the dispersion of the lowest conduction bands 
becomes parabolic again. The quantization levels in a 
square well potential are therefore recovered in this limit. 
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Fig.2: Conduction band profile close to the X point for 0�&
(solid lines), 5.0�&  (dashed lines), and 4�&  (dashed dotted 
line).       

 Fig.4: Subband quantization energies En  from (2) (normalized to 
the ground subband energy) for a film thickness of 6.5 nm. The 
valley splitting appears for non zero shear strain & .

 
 
 

1E

0E

 
 
 
 
 
 
 
 
 
Fig.1: Potential in an ultra thin SOI film of a single gate 
MOSFET (left) and a corresponding model square well potential 
with infinite walls. 

 
Fig.3: The right hand side of equation (2) plotted close to the 
point 022

2 ��&k . It is clearly seen that the sign of the square 
root must be alternated at this point .   

 
Fig.5: The same as in Fig.4, for a film thickness of 3.3 nm. The 
valley splitting depends strongly on the film thickness. The valley 
splitting is maximal at high strain values. 
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1. Abstract 
 
Rapid dopant diffusion in tungsten silicide conduits has 
been characterised for application to complementary 
bipolar transistor fabrication on SSOI substrates. Boron 
and phosphorus can be transported by a short anneal at 
900oC from implant sites more than 50 μm away. 
Polysilicon liners are shown to optimise the dopant 
transport. The grain structure of the tungsten silicide 
also plays an important role. 
 

2. Introduction 

 
Silicon on silicide on insulator (SSOI) [1] can provide a 
low resistance buried collector contact for bipolar 
transistors. Tungsten silicide (WSi2) is an ideal buried 
metallic layer as it is a refractory material which offers 
low sheet resistance (typically 2 �/� for a 200 nm 
layer) and excellent thermal stability. The silicide 
requires a shallow diffused layer to make an ohmic 
contact with the overlying collector. 
 
It has been shown that the diffusivity of both boron and 
phosphorus in tungsten silicide is approximately 
100,000 times greater than in polysilicon [2]. A 
potential application of this is at the back end of the 
SSOI bipolar process. The dopant species can be 
implanted into the buried silicide at a remote site and 
diffused rapidly to ensure ohmic contact between the 
tungsten silicide and the overlying collector. This 
approach minimises disturbance of the emitter/base 
doping profiles. 
 

3. Test Structure Design 
 
In order to evaluate dopant diffusivity in tungsten 
silicide, it is not necessary to create buried silicide 
structures. Instead, surface structures, similar in design 
to that shown in Figure 1, have been used. 
 
The dopant implant window is connected to a substrate 
contact window by a tungsten silicide conduit of 
varying length. The tungsten silicide contact to the 
silicon initially forms a Schottky diode. A diffused 

diode can potentially be formed by diffusing dopant of 
the opposite type to the substrate along the conduit. 
Alternatively, an ohmic contact will result if dopant of 
the same type as the substrate is diffused along the 
conduit. The same structure can then be probed 
electrically. Conduit lengths range between 8 μm and 98 
μm. 

 
Fig.1: Conduit Diffusion and Diode Test Structure 
 

4. Test Structure Fabrication 
 
The tungsten silicide which was used to form the 
conduits was deposited at 370oC in a Varian 5101 
LPCVD reactor using WF6/SiH4 chemistry. As 
deposited, the tungsten silicide is amorphous and 
slightly silicon rich (Si:W ratio of 2.2). Subsequent 
annealing at temperatures of at least 600oC converts the 
tungsten silicide to the highly conductive tetrahedral 
WSi2 phase. 
 
In the simplest test structures, a contact window to the 
p type substrates was opened in a thermal oxide layer. 
After tungsten silicide deposition and patterning, a low
temperature oxide was deposited. This was followed by 
a 1050oC anneal for 2 hours to form the WSi2 phase. 
Boron or phosphorus was then implanted through an 
implant window and diffused along the conduit using a 
30 minute anneal at either 900oC or 1000oC. 
 
In one variation to this process, a thin polysilicon liner 
was deposited above and below the tungsten silicide to 
compare the effects of dopant segregation at different 
silicide interfaces. Another process variation involved 
the omission of the 1050oC anneal, in order to compare 
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dopant diffusion in silicide of different grain structures. 
 

5. Electrical Results 
 

Long range diffusion of both dopants along the tungsten 
silicide conduits has been observed. For boron diffusion 
at 900oC, the standard test structures yielded good 
ohmic contacts to the substrate for conduits up to 38 μm 
in length. When polysilicon liners were used, however, 
ohmic contacts were obtained for even the longest (98 
μm) conduits. 
 
For phosphorus diffusion at 900oC, the standard test 
structures yielded n+ p diodes only for the shorter 
conduits (up to 16 μm). At 1000oC, this was extended to 
longer conduits (up to 68 μm). When polysilicon liners 
were used, n+ p diodes were obtained for longer 
conduits (up to 68 μm) at 900oC (see Figure 2), and all 
conduits (up to 98 μm) at 1000oC. The results for the 
unannealed tungsten silicide conduits were similar to 
those for the polysilicon lined conduits, even though the 
former were lined with oxide. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: IV characteristics of n+ p diodes formed by phosphorus 
diffusion at 900oC along polysilicon lined WSi2 conduits (a)16 
μm, (b) 68 μm, (c) 98 μm and (d) an un implanted reference 
 
The recombination current in the n+ p diodes is higher 
for the longer conduits and this is attributed to gated 
diode effects inherent in the test structures. 

 

6. Discussion 
 
The electrical results have demonstrated long range 
diffusion of both boron and phosphorus in tungsten 
silicide. SIMS profiles show that phosphorus tends to 
segregate out of the conduits into the oxide liner. 
Electrical results demonstrate that the segregation is 
detrimental for conduit diffusion of phosphorus, but that 
the problem can be significantly reduced when 
polysilicon liners are used. 
 

 Electrical results have also shown that the grain 
structure of the tungsten silicide has a major impact on 
conduit diffusion. SEM photographs have been used to 
study the evolution of the silicide grain structure. High
temperature annealing is seen to result in WSi2 grain 
growth, but the excess silicon also tends to form 
separate silicon grains within the layer, particularly 
when it is lined with oxide (see Figure 3). The 
microcrystalline grain structure is thought to account for 
the enhanced dopant diffusion in the unannealed silicide 
conduits. Moreover, the retarded silicon grain growth in 
the polysilicon lined conduits may contribute to the 
enhanced dopant diffusion in these samples.  
 

 

 
 
 
 
 
 
 
 
 
 
 
Fig.3: SEM photograph of WSi2 layer on oxide annealed at 
1050oC, showing darker silicon grains within film 
 

7. Conclusions 

 
The authors have previously reported long range 
diffusion of boron and phosphorus in tungsten silicide 
conduits [3]. The data presented in this paper indicates 
that optimisation of the conduit diffusion process for 
both dopants can be achieved by using polysilicon liners 
rather than oxide liners. For the SSOI application, a 
polysilicon layer should be deposited on the silicide 
before wafer bonding. In addition, it has been shown 
that excessive grain growth is detrimental to phosphorus 
diffusion along the conduits, and that heat treatments 
after silicide deposition should be kept to a minimum. 
 
SSOI substrates with a buried tungsten silicide dopant 
conduit have been shown to be ideally suited to 
complementary bipolar technology. 
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1. Abstract
We have studied the SiO2 out-diffusion (Ox-away) 
process from Si/SiC hybrid substrates (Si-SiO2-
SiC), thin BOX SOI and commercial SOI. For the 
former two kinds of substrates, HRXTEM 
micrographs show that after complete oxygen out-
diffusion, the Si/SiC or Si/Si interfaces are sharp, 
and apparently defect-free. The BOX of 
commercial SOI has partially been diffused away. 
For all three substrate types, the thickness of top 
thin Si layers has become thinner and the Si 
surfaces have become rougher. An amorphous layer 
was discovered under HRXTEM above the top Si. 
XPS results indicate that it only contains Si. 
 

2. Introduction 
A new Si-on-SiC hybrid substrate was achieved by 
our group recently [1]. It was shown that the hybrid 
substrate has superior thermal conductivity 
compared to ordinary SOI substrates, as well as 
extremely low RF-losses. An intermidiate thin 
oxide layer may facilitate the bonding of the Si and  
the SiC layers. However, this oxide layer may 
degrade the thermal performance and needs to be 
removed. The oxide layer may be reduced by 
oxygen out-diffusion [2]. In this study we will 
compare the Ox-away process for Si/SiC hybrid 
wafers and different SOI-wafers. TEM, 
ellipsometry and interferometry were applied to 
measure the thickness of layers. AFM was used to 
measure the surface roughness. 
  

3. Experimental
Pieces of a 2” 6H-SiC wafers (II-VI Inc.) were 
thermally oxidized resulting in two different oxide 
thicknesses, ~9 nm and ~17.5 nm, respectively.  A 
4’’ SOI wafer (Soitec) was bonded to the oxidized 
SiC at room temperature after treating the surfaces 
to be hydrophilic in warm HNO3. The boding pair 
was annealed at 1000°C in N2 to strengthen the 
bond. Then the handling wafer and the buried oxide 
were etched away in warm TMAH and HF solution, 
respectively. It resulted in Si-on-SiC wafers with 
intermediate oxide layers of 10.8 nm and 19.6 nm, 
respectively. 

Similarly, device Si layers from a 4’’ SOI 
wafer were transferred to float zone 4’’ Si wafers 
(Topsil) with ~ 2 nm chemical oxide and 19.3 nm 
thermally grown oxide, respectively.  

The different samples: the Si-on-Si with 2 nm 
chemical oxide (S 1), 19.3 nm thermal oxides (S 2), 
the Si/SiC with 19.6 nm thermal oxide (S 3), the 
Si/SiC with 10.8 nm thermal oxide (S 4), and 
finally the SOI wafer with 410 nm BOX (S 5) were 
annealed at high temperature in Ar to diffuse away 
the intermediate oxide layers. A simple model was 
applied to calculate the time needed to diffuse away 
the oxide [2, 3]. The temperature and time applied 
for different samples are listed in table 1.  

 
 Temperature (�C) Time (h) 
S 1 1150 10 
S 2 1250 2.5 
S 3 1250 2.5 
S 4 1250 2.5 
S 5 1250 2.5 

Table 1. Temperature and time applied for Ox-
away. For S5, only partial removal of BOX. 

 
4. Results

For S 1 to S 4, the bonding strengh is so strong that 
it is impossible to separate the layers by the crack-
openning method after bond anneal. Only a few 
particle voids for S 1 and S 2 were evident. But for 
S 3 and S 4 microvoids were detected under optical 
microscopy. To analyze the microvoids, we cut 
through the void with focused ion bean (FIB) 
followed by HRXTEM. It shows that in the vinicity 
of the void, the oxide has become thicker in the Si 
side than in the void-free area. This phenomenon 
could be explained as below: the microvoids are 
due to the water molecules, which were impossible 
to diffuse away laterally when annealed at high 
temperature (1000 �C), since the bonding energy 
quickly becomes high. The trapped water then re-
oxidizes the Si [4]. 

Under the annealing conditions listed in table 
1, the intermediate oxide of samples S1-S4 was 
completely removed. For sample S5, 20 nm of the 
BOX was diffused away. For all samples the top Si 
layers were thinner after the ox-away process, due 
to the SiO evaporation from the surface. These 
observations are presented in Fig. 1 and Fig. 2, 
showing HRXTEM images before and after ox-
away for S2 and S4, respectively.  

The HRXTEM revealed an extra amorphous 
layer on the top of the top silicon layer after Ox-
away. XPS analysis of the surfaces for all samples 
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shows no difference before and after Ox-away. 
Only Si element was detected after sputtering 
through the native oxide in the surface.  

The top Si surface becomes rougher after Ox-
away for all of the samples. A blank Si wafer was 
annealed in 1250 �C for 2.5 h in Ar, and it was 
found that the surface becomes as rough as the 
samples after Ox-away. Again, this is probably 
caused by the SiO evaporation. Fig. 3. shows 3D 
AFM of S2, before and after Ox-away. 
 

5. Conclusions
We have presented a method to remove 
intermediate oxide, both from SOI and Si/SiC 
hybrid substrate. HRXTEM shows that after 
complete oxygen out-diffusion, a structurally sharp 
interface was observed. It is also observed that the 
process consumes part of the top Si layer. Finally, 
the top Si surface becomes rougher and an 
amorphous layer appears. Further studies are 
needed to find out its origin and its stoichiometry.  

 

 
Figur 1. HRXTEM micrograph of S 2, before and 
after Ox-away. 
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Figur 2. HRXTEM micrograph of S 4, before and 
after Ox-away. 
 

 
Figur 3. 3D AFM of S2, note the unit of the bar for 
(a) is in pm and (b) nm.  (a): before Ox-away, RMS 
roughness is 0.061 nm; (b): after Ox-away, RMS 
roughness is 4.13 nm. 
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1. Abstract  
 

This paper presents, for the first time, a new 
symmetrical SOI MOSFET, called Diamond, that uses 
the corner effect in order to enhance the parallel 
(longitudinal) electric field density over the channel, 
when compared with conventional transistor, regarding 
the same aspect ratio, die area and bias conditions.  The 
geometric shape of drain/channel and source/channel 
interfaces is triangular. A comparative study between 
conventional and diamond partially-depleted SOI 
nMOSFETs is performed by three-dimensional 
numerical simulations. 
 

2. Introduction 
 

Nowadays, Silicon-on-Insulator (SOI) MOSFET (SM) is 
the technology most used to implement since the classical 
planar single-gate up to the new tridimensional structures, 
such as double-gate MOSFETs, triple-gate MOSFETs, 
and surround-gate MOSFETs, in order to improve current 
drive, reduce the Short Channel Effects (SCE) and Drain-
Induced Barrier Lowering (DIBL) effects [1]. Thinking in 
the classical planar single-gate SM, other new devices 
have been developed and studied, by perform channel 
engineering, such as circular-gate [2] and graded-channel 
(GC) SOI MOSFET [3], in order to improve theirs 
electrical characteristics (IDS: current drive, gm: 
transconductance, VEA:Early voltage and gm/IDS: 
transconductance over drain current ratio, noise and 
THD/AV: effective harmonic distortion, etc), in 
comparison with conventional SOI MOSFETs (CSM), 
that become these devices very attractive mainly for 
analog integrated circuits applications, where the voltage 
gain (AV) performance depends on gm/IDS and VEA, in 
contrast of transistors with nanometers dimensions, that 
they are more extractives for digital integrated circuits 
applications. In the same way, by using conventional 
planar single-gate SOI MOSFET technology and 
performing channel/source and drain interface 
engineering in the conventional device, have been 
developed a new structure SM, called “Diamond SOI 
MOSFET (DSM)” (Brazil, INPI Patent: 018080049795), 

which has the objective to enhance the parallel or 
longitudinal electrical field in the channel in order to 
improve the drain current. This is reached by changing the 
conventional geometric form of channel/source and drain 
interfaces from rectangular to hexagonal (as diamond), 
with an angle α between the triangle edges (E1 and E2), 
as presented in Figure 1.  

 
Fig.1: Diamond SOI MOSFET structure. 
 
Where b and B are the minor and major bases lengths of 
trapezium formed by the half of the DSM total area, 
respectively, α is the angle formed by the triangle part 
edges of the diamond, W is the channel width and tSI is 
the silicon film thickness. The parallel electric field 
density (J//) is modulated depending the value of alfa 
(α), and consequently modulate the IDS. The DSM 
presents similar electrical behavior than CSM, when α 
is near of 180o, and decreasing α up to approximately 
0o, this structure can strongly enhance IDS. The 
corresponding DSM dimensions (b, B and α) can be 
determined from CSM dimensions (W and L), following 
the steps: 1) to define the value of b, as desired; 2) to 
determine the value of B=2L-b; 3) to determine the 
value of α=2.[tan-1(W/(B-b)]. Aditionally, the gate area 
of DSM is two times the trapezium area that define the 
diamond area and is given by 
ADiam.=2.{[(b+B)/2].(W/2)}=L.W, that is equal to CSM 
area than CSM. Table I shows some examples of how to 
get DSM dimensions from CSM dimensions, regarding 
the same area and considering b=1 μm. And, it also can 
determinate the equivalent CSM dimensions from DSM 
following the steps: 1) W is the same of DSM; 2) 
L=(b+B)/2. 
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Table I. Conventional and Diamond SOI nMOSFETs. 

 
                              

3. 3-D Numerical Simulation 
 

Six partially-depleted SOI nMOSFETs structures were 
implemented by using DevEdit3D (TCAD/Silvaco) [4], 
being three CSM and three DSM (CSM2/DSM2 to 
CSM4/DSM4), with similar aspect ratio (W/L), as 
indicated in Table I. The constructive characteristics of 
these devices are: gate-oxide (tox), tSI and buried-oxide 
thickness are 2 nm, 100 nm and 400 nm, respectively, 
and drain/source and channel doping concentrations are 
5.5x1017 cm-3 and 1x1020 cm-3, respectively. Lombardi’s 
vertical and horizontal electric-field-dependent 
mobility, Aurora, Fowler-Nordheim Tunneling (electron 
and holes) and Lucky-Electron Hot Carrier Injection 
models are used in 3-D numerical simulations [4]. 
Figure 2 presents drain current (IDS) as a function of 
drain voltage (VDS) curves in the saturation region 
(VGS=0.4 V) of devices from CSM2/DSM2 to 
CSM4/DSM4 (Table I). These devices do not present 
short channel effects (SCE), because the VTH (=0.32 V) 
are the same for all devices. Figure 3 presents IDSxVDS 

curves in the saturation region for VGS=0.4 V of devices 
from CSM2/DSM2 to CSM4/DSM4 (Table I). 
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Fig.2: IDSxVDS curves for CSM and DSM, for VGS=04V. 
 
Analysing Fig. 2, we can see for saturation region that, 
the saturation drain currents differences (ΔIDS) between 
DSM and CSM, occurs when  α is equal to 53o (65% 
higher), due to the J// in this new device is larger than 
the others, that become this new transistor very 
interesting for current driver applications, regarding the 
same W/L and area, in contrast for analogy applications, 
due to Early voltage degradation (VEA_DSM_α=53

o=5V and 
VEA_CSM=37 V), that can be controlled by “b” 
dimension. Additionally, for α equal to 53o and 90o, it 
increasing VDS, ΔIDS_α=53

o and ΔIDS_α=90
o also are 

increased, because the electric field density is strongly 

influenced by increase of VDS in the triangle region of 
diamond, and consequently, increasing corner effect. 
For α=127o, when VDS is increased, ΔIDS_α=127

o is 
practically the same, because the J// in these structure 
are also practically similar. Therefore, when  α tends to 
180o, the DSM behavior is practically the same of CSM. 
The same electrical behavior between CSM and DSM 
was observed in the triode region. 
 

4. Electrical and Physical Analysis 
 
In order to verify the electric field differences between 
the CSM and DSM in the saturation region, CSM2 and 
DSM2 were biased with VDS=1.2 V and VGS=0.4 V 
(VDS_sat≥ VGS-VTH), resulting an electric field (medium 
value) in the CSM equal to 6.32x103 V/cm, that is 
smaller than DSM (=5.32x104 V/cm), due to corner 
effect in this new structure. Additionally, the total drain 
current densities are presented over the structures of 
DSM (Fig. 5.a) and CSM (Fig. 5.b) and also internally 
over in the middle of the channel in the A-A’ (Fig. 5.c) 
and B-B’ cuts (Fig. 5.d) of diamond transistor. 

 
Fig.3: Drain current density in DSM and CSM devices. 
 
Note that the highest intensity of total drain current 
density of DSM occurs mainly in the central region of 
transistor (Fig. 5.c) and in the edges of minor base (b) of 
trapezium region of this structure, in contrast of 
conventional transistor, due to the influence of electric 
field influence in the region next to minor base (b) of 
this new structure. 

 

5. Conclusions  
 
This paper presents, for the first time, a new planar SOI 
MOSFET, called Diamond, that is be able to generate 
higher drain current than CSM regarding the same 
aspect ratio and area, depending on α (DSM2 has 65% 
of drain current improvement in comparison with CSM2 
in saturation region). We believe that this new device 
would be very efficient for current driver applications.  
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1. Abstract 
A thin buried oxide (BOX) layer with a thickness of only 58 nm is fabricated in silicon by implanting 

oxygen at 185 keV with a very low ion dose of 1×1017 cm-2 and He and/ or H implantation. Efficient oxygen 
gettering into a narrow layer occurs due to the implanted He or co-implanted H and He, which results in the 
accumulation of the implanted oxygen and of oxygen in-diffused from the annealing atmosphere. The 
mechanism and the efficient way of oxygen gettering was explored. Cross sectional transmission electron 
microscopy and cross sectional scanning spreading resistance microscopy were applied to monitor the 
morphology and the resistivity of the resulting silicon-on-insulator structure.

2. Introduction 
The distinguished advantages of SIMOX 

are the excellent uniformity of the fabricated 
superficial Si layer and the simple production steps, 
which is imperative for the fully depleted SOI 
application and the high throughput in SOI 
fabrication. However, the main barrier for this 
technology to attract more interest from the industry 
is the high-dose oxygen implantation that not only 
leads to the remarkable density of defects, but also 
increases the production cost. [1] The present 
investigation is devoted to create a homogeneous 
continuous buried oxide (BOX) layer by extremely 
low oxygen dose implantation. Oxygen 
accumulation into a very thin layer is essential to 
reduce the oxygen dose as well as the thickness of 
the BOX layer. [2-3] The shrinking of the BOX 
layer thickness in the SOI structure is required in 
order to enable down scaling of the SOI CMOS 
architecture with a suppressed short channel effect 
[4] and in order to improve the thermal conductivity. 
[5]  

In this study, an oxygen gettering layer was 
formed consisting of He-filled bubbles or empty 
cavities (after the He out-diffusion [6]) by He and/ 
or H implantation in order to accumulate the 
implanted oxygen in only one narrow layer. 

3. Experiment 
CZ-Si (100) wafers were implanted at 

550 oC with 185 keV O+ ions to a dose of 
1×1017 cm -2. For this dose, the maximum 
concentration of the as-implanted oxygen profile is 
only 10% of the oxygen concentration in 
stoichiometric SiO2 (4.4×1022 cm-3). An oxygen 
gettering layer was introduced by He and/ or H 
implantation at room temperature. The final SOI 
structure was formed by high-temperature annealing 
at 1350ºC. A reference sample was fabricated by a  

Fig.1 (a) reference sample and (b) SOI formed by oxygen 
gettering induced by He implantation  

conventional SIMOX process including only oxygen 
implantation and annealing. The morphology and the 
resistance of the SOI structure were analysed by 
cross sectional transmission electron microscopy 
(XTEM) and cross sectional scanning spreading 
resistance microscopy (SSRM), respectively.    

4. Results and Discussion
Figure 1(a) shows that in the reference 

sample a layer of isolated SiO2 precipitates is 
formed which are distributed over a region with a 
thickness of about 110 nm. In comparison, a 
complete SOI structure was achieved with a thin 
BOX layer (58 nm) [Fig. 1(b)] by enhanced oxygen 
gettering induced by He implantation. The insulating 
characteristics of the BOX layer were confirmed by 
cross sectional SSRM analysis (not shown here).

No SOI structure was achieved by the 
conventional low-dose SIMOX process at such low 
oxygen dose and small BOX thickness. Oxygen  
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Fig.2 Oxygen gettering at the internal wall of the cavity 
induced by He and/ H implantation

doses of 4-5×1017 cm-2 were required to form a 
continuous BOX layer for a similar implantation 
energy (around 185 keV) resulting in a thickness of 
100-125 nm. [7-8] The evidence of efficient oxygen 
getting in the cavity was shown in Fig. 2.  Oxide 
formation proceeds directly at the internal wall of 
the cavity induced by He and/ or H implantation. 
The oxide grows from the facetted surface into the 
Si substrate. Volume expansion (by a factor of 2.27) 
generated by the SiO2 formation results in the 
shrinking of empty volume inside the cavity. 

The internal surface and empty volume in 
the thin oxygen gettering layer consisting of bubbles 
or cavities enhances the growth rate of the 
precipitates in this layer due to the exhibition of 
SiO2 precipitation sites and by balancing the volume 
expansion generated by the oxide formation.  In this 
way, a morphology characterized by a widely 
distributed SiO2 precipitates shown in the reference 
sample [Fig. 1(a)] can be transformed into a 
continuous thin BOX layer [Fig. 1(b)]

4. Conclusions 
A SOI structure with a very thin buried 

oxide layer was formed by the implantation of a very 
low implanted oxygen dose of 1×1017 cm-2 at 
185 keV due to the oxygen gettering resulting from 
He and/ or H implantation. Oxygen gettering at the 
internal wall of the cavities induced by He and/ or H 
was demonstrated by XTEM. 
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1. Abstract
A method to produce carbon nanotube field effect 
transistors (CNTFETs) with a carbon nanotube (CNT) 
gate has been developed. Electrical characterisation 
show that the subthreshold slope is improved using the 
CNT gate compared to a global back gate and that gate 
delay times of 5 ps can be reached. 

2. Introduction
Semiconducting carbon nanotubes (CNTs) are attractive 
as channel material for field-effect transistors (FETs) 
due to their high carrier mobility, small diameter which 
gives good electrostatic control and their compatibility 
with high-k dielectrics. Metallic CNTs can carry high 
current densities and their performance is not degraded 
by surface roughness scattering as dimensions are 
reduced in contrary to bulk metal wires. We have 
developed a method to produce CNTFETs with a local 
CNT gate (see fig. 1) [1]. In combination with a back 
gate this gives bulk switching of the CNT instead of 
relying on changing the width of the Schottky barriers at 
the metal- CNT to allow for tunneling as in 
conventional CNTFETs. 

3. Method and Results
The gate CNTs are grown using thermal CVD from a 
Al2O3/Fe film, a 30 nm thick Si3N4 layer is deposited 
using PECVD and a 2nd growth step is performed to 
produce the upper channel CNTs. Transfer 
characteristics give an inverse subthreshold slope of S = 
259 mV dec�1 for the CNT gate and S = 667 mV dec�1

for the back gate sweep (see fig 2).  

Fig.1: (A) Schematic illustration of a CNTFET with a CNT 
gate. (B) AFM amplitude image of the device showing a 
horizontal semiconducting CNT crossing over a vertical gate 
CNT.

Numerical simulations using the boundary-element 
method are performed to get the potential distribution 
along the CNT. Thermionic emission and tunneling are 
used as injection mechanisms and by solving the 
balance equation in the drift-diffusion regime using a 
finite-difference method the charge distribution in the 
semiconducting tube and the source-drain current is 
calculated. The transfer characteristics obtained from 
the simulations agree well with the experimental results.  
The capacitances between the two gates and the CNT 
channel are extracted and used to calculate the gate 
delay � = CVdd / Ion. The CNT gate has a minimum � = 5
ps with an Ion/Ioff=100 at Vdd=1V but the back gate has 
only a poor � = 57 ps with an Ion/Ioff=15 (see inset of fig 
2). Simulations show that a decrease of the Si3N4 gate 
dielectric to 5 nm improves the gate delay to around � = 
2 ps.
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Fig.2: Transfer characteristics for both back gate and CNT 
gate with Vd 1V. The inset shows the gate delay as a function 
on/off ratio calculated from the experimental (red circles) and  
theoretical (blue diamonds) data for the CNT gate and 
experimental (green squares) and theoretical (black triangles) 
data for the back gate. 

4. Conclusions 
In summary, we have used a two step CVD method to 
produce CNT gated CNTFETs. In spite of the poor yield 
of devices the results show promise that all carbon 
nanotube based devices and circuits can be created. 
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Wafer bonding strength increased by mobile ions 
 

B. Raeissi, A. Sanz-Velasco, O. Engström 
Chalmers University of Technology, Department of Microtechnology and Nanoscience 

SE-412 96 Göteborg, Sweden 
 

1. Abstract  
Mechanical bonding energies of oxygen plasma treated and 
room temperature wafer bonded silicon surfaces have been 
measured as a function of storage time in parallel with 
measurements of electrical interface properties. We find that 
the surface energy increases with a time dependence similar to 
that of decreasing interface state concentration. The current 
versus voltage behaviour reveals the existence of mobile ions. 
We conclude that these mobile charges after reaction with the 
interface states give rise to the increased surface energy 
responsible for the bonding. 

2. Introduction
A promising method for low temperature wafer bonding 
includes the use of plasma treated surfaces [1]. This 
allows bonding at room temperature with surface 
energies similar to those found for high temperature 
bonding. 
 In earlier studies of room temperature plasma 
enhanced bonded silicon interfaces, we found 
indications that the bond forces are related to the 
presence of mobile ionic charges, influencing the 
electrical properties of unipolar silicon�to�silicon 
structures [2,3]. Continued experiments presented in this 
work, make it possible to quantify the charge exchange 
taking place between an interlayer and its interface to 
the silicon crystals. Our results suggest that the mobile 
ions react with interface states, create bonds and 
increase sticking forces between the silicon surfaces. 
 

3. Experimental  details 
The experiment was performed by measuring the 
increasing surface energy as a function of time after 
making contact between the oxygen plasma treated 
silicon surfaces and simultaneously measuring electrical 
interface properties. This made it possible to compare 
the development of surface energy and charging 
processes. The measurement series spanned over a 
period of 52 hours (3100 minutes). N�type, six inch 
(100) silicon wafers of 1�10 �cm resistivity were 
bonded at room temperature after oxygen plasma 
exposure in an STS Multiplex ICP reactive ion etcher 
by following the processing procedure described in Ref. 
1. Immediately after bonding, one quarter of each wafer 
pair was cut into 5×5 mm2 pieces for electrical 
characterization of the bonded interface. The surface 
energy of the bonded surfaces was measured on 12 
stripes with different storage times during 52 hours after 
the bonding procedure. In parallel, electrical measure-
ments (I-V and C-V) were carried out on 17 samples at 
seven different points of time during the same period. 

 
Fig.1: Current vs. voltage characteristic for a low voltage 
ramp rate. Inset: TEM result of sample cross section showing 
an interlayer with a thickness of 6.3 nm. 
 

4. Results 
Fig. 1 shows a typical I�V characteristic measured 200 
minutes after bonding by using a slow (2.4 V/s) linear 
ramp rate of applied voltage. Two characteristic features 
are distinctive of this graph: (i) the kinks at +2.2 V and -
2.2 V and (ii) the noise inside the kink voltages. This 
noise decreased with storage time and was absent in 
majority of samples at the end of the 52 hours 
experiment period.

When increasing the voltage ramp rate to 240 
V/s for the same sample immediately after measurement 
at 2.4 V/s, a pronounced hysteretic behaviour was 
observed inside the interval between the kink voltages 
as shown in Fig. 2.  We interpret the noise in Fig. 1 as 
randomly moving ions in an interlayer between the two 
silicon interfaces. This layer with a thickness of 6.3 nm 
was revealed by TEM as shown in the inset of Fig. 1. 

 

Fig.2: Current vs. voltage characteristic at 240 V/s ramp rate. 
At points 1 and 5, ions are pushed to the interlayer silicon 
interfaces, during the course 2,3,4, ions travel across the 
interlayer. 
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Fig.3: Typical capacitance vs. voltage characteristics for a 
sample after 200 and 3100 minutes storage, respectively 
(points) compared with theoretical fits (solid curves). 
 
The ions, therefore, are drifted by the applied voltage 
until they reach the silicon surface where they are 
stopped.

In Fig. 3, capacitance versus voltage data is 
shown for a signal frequency of 10 kHz and for two 
storage times, 200 and 3100 minutes. A dramatic 
change in capacitance is seen at the kink voltages and a 
decrease in central main peak of about 20% is observed 
after the longer storage. Furthermore, two satellite peaks 
exist just inside the kink voltages. Together, Figs. 1 and 
2 indicate that the structure includes an interlayer with 
moving ions, while Fig. 3, with steep capacitance 
changes, reminds about the characteristic of a metal� 
insulator�semiconductor (MIS) structure. 
 Therefore, a model near at hand is to consider 
the semiconductor�insulator�semiconductor combina-
tion similar to two MIS structures connected gate to 
gate. Analyzing such a structure and using the method 
described in Ref. 4 to find the influence of interface 
states and interlayer charge, we obtain the theoretical 
graphs drawn for comparison in Fig. 3. We interpret the 
difference between experimental and theoretical top 
values as due to a shift in voltage when the mobile ions 
move across the interlayer. As shown in Table 1, from 
this calculation, we found that the interface state 
concentration, Nit, decreased after 3100 minutes of 
storage by about the same amount as the decrease in 
concentration of total interlayer charge NIL. The 
decrease in transported oxide charge as estimated from 
the I-V characteristic in Fig. 2 gives a 20% deviating 
value. Furthermore, the difference in the central 
capacitance peak at zero volts, can be attributed to a 
 
Table 1 Elementary charge concentrations after two different  
storage times. Transported charge concentration, NTC, calcu
lated from the dynamic I V characteristic (Fig. 2), interface 
state concentration, Nit , and total interlayer  charge, NIL,,  
from the C V characteristics (Fig. 3). 

NTC [cm-2] Nit [cm-2] NIL [cm-2]
Storage: 
200 min. 2.0 1013 1.84 1013 3.15 1013 

Storage: 
3100 min. 1.2 1013 0.86 1013 2.20 1013 

Difference 0.8 1013 0.98 1013 0.95 1013 

 
 

Fig.4: Dependence of surface energy, dynamic top current 
and capacitance on storage time. 

decrease of the dielectric constant of the insulator from 
15 to 8. 

Fig. 4 demonstrates the change in surface energy 
as a function of storage time in comparison with the 
change in top current of the dynamic I-V characteristic 
(Fig. 4(a)) and the change in the capacitance central 
peak (Fig. 4(b)).  The changes in surface energy and in 
these electrical quantities have about the same 
development as a function of time. Together with the 
quantitative results shown in Table 1, this indicates that 
the bonding force is related to the exchange of charge 
between interfaces and oxide bulk  in the silicon-
insulator-silicon structure. 
 

4. Conclusions 
The noise shown in Fig. 1 and the dynamic behavior in 
Fig. 2, indicate that mobile charges are present in the 
oxide, freely diffusing between and drifted towards the 
interfaces beyond the I-V kink points. When fitting the 
capacitance data as shown in Fig. 3 with a theoretical 
treatment for interface and oxide charge, we found that 
the decrease in the concentration of interlayer charge 
corresponds to the decrease in interface state concent-
ration. As the dependence of electrical characteristics 
and surface energy on storage time follows the same 
course (Fig. 4), we conclude that the mobile ions  play 
important roles in increasing bonding strength by 
reacting with and neutralizing interface states. 
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 Abstract 
The degradation of the analog performance of Fully 
Depleted SOI n MOSFETs working in saturation, upon 
neutron radiation, is investigated. Damages similar to 
those caused by γ rays are revealed for regular and 
edgeless devices. Degradation of the threshold voltage, 
mobility and intrinsic gain at different radiation doses is 
discussed. 

1. Introduction 
Due to the small silicon volume enclosed by oxides, the 
Fully Depleted (FD) SOI CMOS presents high tolerance 
to single event phenomena but becomes more sensitive 
to the total dose effects [1]. Neutron radiation mainly 
concerns aerospace applications but may become of 
importance for all electronic advanced designs. The 
neutron induced damage in MOSFETs is barely 
addressed in literature. This work demonstrates that fast 
neutrons with energies of 20MeV can create enough 
damage in the oxides of FD SOI MOSFETs to shift the 
threshold voltage and degrade the carriers mobility 
similarly to γ rays [2], whereas fairly good analog 
performance can be preserved. 

2. Experimental 
Edgeless FD SOI n MOSFETs (E) with W/L 72/2 μm 
and regular FD SOI n MOSFETs (FD) with W/L 20/2 
μm fabricated on the same dies were studied. Both 
kinds of transistors were processed on the UNIBOND 
wafers with an analog SOI CMOS process featuring 
30nm thick gate oxide, 80nm thick silicon body and 
400nm thickburied oxide. Devices with different boron 
doping channel concentrations (I  NA 2x1015 cm-3, PI  
NA 2x1016 cm-3, P2  NA 5x1016 cm-3 and P12 
NA 2x1017 cm-3) were irradiated. High flux fast neutron 
source with 20MeV of maximum energy was used for 
irradiation [3] up to doses of MD 105 rad and HD 106

rad, at room temperature (RT) with the terminals left 
floating. Linear (VD 50mV) and saturated (VD 1V) 
drain current characteristics with different substrate bias 
(VG2) were measured at RT, as a function of front gate 
voltage (VG). Output characteristics were also measured.  

3. Methodology 
Fig. 1a shows the ID VG characteristics for FD                 
n MOSFETs. The double derivation method was 
implemented to extract the shift in the threshold voltage 

VT, where its values are reported in Table 1. The mobility 
of the carriers in the front channel μ1 was estimated from 
the maximum transconductance with a depleted back 
interface, gm,MAX. Mobility of the carriers in the back 
channel μ2 can be determined from the plateau in the 
front channel transconductance gm,plateau as in [2]. Fig. 2 
shows the calculated values of μ1 and μ2 before and after 
irradiation. The ID  VD curves measured at a gate voltage 
overdrive (VGO,pre  VG  VT,pre) of 400mV for different 
neutron doses are shown in Fig. 1b. Then, Eearly 
voltage, VEA, was extracted from ID VD curves as VEA  gd 
/ ID, where gd is conductance, at different VGO,pre (200, 
400 and 600mV) and at different doses (Fig. 3). 
Additionally, the intrinsic gain AVO  gm / gd  gm / ID VEA
was used to evaluate the analog performance (Fig. 4).  
Both Early voltage and intrinsic gain were determined 
before and after irradiation at the same VGO,pre evaluated 
from the pre irradiated threshold voltage VT,pre.  

3. Results and discussion 
It is clearly observed that after irradiation, both front 
gate and back gate threshold voltages shift to negative 
values. A comparison with edgeless transistor with a 
5x1016 cm-3 channel doping irradiated with γ− rays [2] is 
included in Table 1, showing similar values of VT shifts 
at equivalent doses. The slight percentage of γ−rays 
always concomitant with neutron irradiation (2.4% for 
CRC UCL fast neutron source [3]) cannot explain the 
large increase of gate and buried oxide charges and sur
face states densities due to neutrons in our case. Positive 
charge build up in buried oxide leads to activation of 
the back channel conduction, which is unacceptable for 
digital operation but does not affect directly analog 
figures of merit. Reduction of μ1,2 shown in Fig. 2 can 
be correlated with the increase of trapped charges as [5]: 

2,12,1

2,1

1 ititotot NN ⋅+⋅+
=

αα
μ

μ

where αot and αit are fitting parameters calculated as in 
[5], Not1,2 the gate and buried oxide charge densities and 
Nit1,2 the surface states densities at the gate oxide Si film 
and buried oxide  Si film interfaces. Table 1 gives the 
values of Not1,2 and Nit1,2 extracted in our case.  
As is evident from Fig. 3 for FD n MOSFETs (similar 
results have been obtained for E n MOSFETs), VEA
increases with the radiation dose in all cases at VD 1.5 
and 2V due to reduction of gd, presumably linked to a 
reduction of impact ionization effect, whereas the VT
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shift induces a reduction in VEA at VD 1V, since it moves 
the operation towards the linear region when the 
radiation dose increases. The same effect on AVO is 
shown in Fig.4 before irradiation, where devices 
operating at VGO,pre 600mV with VD 2V are affected by 
the impact ionization, whereas after 106 rad, the devices 
operating at VGO,pre 200mV with VD 1V are more 
affected by the operation point shift to the linear region. 
Inset into Fig.4 shows the improvement in gm at 
VGO,pre<0.75 V due to the VT shift. However, the increase 
in gm does not mean directly an improvement of AVO,
since it can be decreased through the degradation of VEA
due to the impact ionization or the shift of operation 
point in the linear region. Device dependent response 
upon the neutron irradiation does not allow us, however, 
to directly identify the best and the worst device, since 
the radiation induced analog parameters variation shows 
more dependence on the operation point. 

4. Conclusions 
The influence of the fast neutron irradiation on Fully 
Depleted SOI MOSFETs featuring two types of layout 
and four different channel dopings has been studied. 
Shift in VT and degradation in the mobility due to the    
increase of the oxide charges and surface states densities 
yield degradation in the analog performance assessed by 
the intrinsic gain and the VEA. It was found that the 
analog parameters degradation upon the neutron 
irradiation depends more on the chosen operation point 
(VGO,pre and VD) than on the channel doping and layout.  
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Fig.1 ID VG characteristic before and after irradiation for FD
layout (a), ID VD curves at VGO,pre=400mV (b).
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Abstract 
The power consumption and the matching will be the 
principal issues at the 32nm node and below. In this 
context, Ultra-Thin Body devices are extensively 
studied for the end-of-roadmap CMOS. In this paper we 
present thin-film technologies (FDSOI, LSOI) leading 
to the integration of single gated thin films devices for 
22nm nodes and below. 

Index Terms—FDSOI, Ultra Thin Body Devices, 
Localized SOI, Low Power 

I. Introduction to thin-film devices 
The power consumption and the matching are the 
principal issues at the 32nm node and below. In order to 
achieve the continuous scaling of the gate-stack 
capacitance, the use of a high-K dielectric together with 
a metal gate is mandatory. While dual metal gates are 
required to adjust the threshold voltage of N- and P-
MOSFETs of bulk technologies, the use of a single 
midgap metal gate such as TiN on thin film channel 
provides suitable threshold voltage for n-channel and p-
channel devices simultaneously while keeping the 
channel undoped [1].  
Indeed, the better scalability (improved Electrostatic 
Integrity, [1, 2, 3]) of Ultra Thin Body devices helps 
with respect to gate leakage. Those intrinsic advantages 
of Ultra Thin Body structures (reduced gate and 
junctions capacitances, undoped channel, Ioff reduction) 
lead to strong improvement in Ion/Ioff characteristic and 
in Ring Oscillators (RO) speed. But such improvement 
is possible only with some requirements: the conduction 
channel and the buried oxide have to be ultra thin and 
coupled with ground plane implantations [2]. If the 
buried oxide (BOX) of those structures is thinned and 
Vdd maintained, DIBL and Sub-threshold slope are 
reduced that permits lowering Vth and thus buying 
additional speed at constant Ioff. Of course, higher speed 
at constant Vdd is paid with more dynamic power. The 
solution is then to maintain the performance (stage 
delay) for a constant Ioff by reducing Vdd, thank to the 
DIBL reduction. In that case, working with a thin BOX 
allows now 25% of dynamic power reduction [2]. Those 
Ultra Thin Body (UTB) structures combined with thin 
BOX (that can be named UTB²) can be in consequence 
proposed as a good option to reduce the power 
consumption. 
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II. FDSOI Devices 
For Low Standby Power applications, Vth values about 
~0.4V-0.6V are targeted in order to achieve Ioff < 
100pA/μm. Using a band-edge gate electrode would 
require a high channel doping level, that is difficult to 
implement on ultra thin-films. On the contrary, a 
midgap TiN gate electrode in combination with an Hf-
based dielectric in order to scale the gate-stack 
capacitance, with an undoped channel is perfectly 
adapted and allows nMOS and pMOS with symmetrical 
threshold voltages. The choice of film thickness (Tsi) is 
mainly linked to Lgate, through the rule-of-thumb 
Tsi=Lgate/3. In order to satisfy a proper design rule 
scaling with respect to the previous node, a gate length 
of 32nm is chosen together with a 10nm film thickness. 
0.179μm²-SRAM bit-cells are among the smallest ever 
reported in literature with FDSOI technology. SNM 
value of 214mV at Vdd=1V was obtained [5]. 
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Fig.2: TEM cross section inside a 0.179μm² 6T-SRAM bit-cell on 
FDSOI

III. Thin BOX for FDSOI Devices  
The fig.3 demonstrate a FDSOI device integrated with a 
20nm BOX and GP implantation conditions to place the 
peak of concentration under the BOX while the channel 
itself remains undoped [6]. As predicted by simulation 
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[4] the DIBL is reduced by using a thin BOX instead of 
a thick BOX. Ground plane provides an additional 
DIBL reduction of 50mV to keep values ½100mV for 
devices as short as 30nm (figure 4). 

Fig.3: TEM picture of a 
NMOS FDSOI devices 
with Lg 32nm and thin 
BOX 20nm
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IV. SON for Localized SOI devices 
Thanks to today’s high quality of epitaxial growth 
processes, the SiGe material can be buried between 
mono-Si layers without modifying their conduction 
properties, and be used here as a sacrificial layer.  
Employing a selective lateral etching of SiGe (this 
process is called SON – Silicon On Nothing) can 
provide a thin single-crystal Si-film isolated from the 
substrate by a cavity. The process is self aligned, and 
forms a device structure with a buried dielectric located 
below the complete active. This approach is named 
“Localized SOI (LSOI)”, fig 5(a) & [7]. By taking the 
advantage of Si-channel thickness definition by epitaxy, 
various and extremely thin conductive channels can be 
obtained, starting from a conventional low cost bulk-Si 
substrate. Electrical results in [7] show that the 
reduction of the conduction film leads to the reduction 
of SCE&DIBL and improves the Ioff control down to 
90pA/μm (compatible with Low Power applications). 
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Fig.5: (a): realization of the Localized SOI structure by selective 
SiGe removal. (b): cross section of the final Localized SOI structure. 
The entire active becomes isolated from the substrate by the 
dielectric SiO2/Si3N4/SiO2 layers. 

One additional technique to reduce the Ioff is the power 
management, were a bias is applied to the body of the 
device to increase the Vth and to reduce in consequence 
the off current. It is important since substrate biasing 
techniques are commonly used to modulate the Vth of 
the devices, in order to reduce the static power 
consumption. Thank to the thin buried dielectrics, thin 
film transistors can show 80mV/V body factor 
(G=�Vth/�Vb), allowing one decade of leakage current 
reduction for 1V of backbias on short devices (fig.6).  
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V. Conclusions 
In this paper, we address the interest of thin BOX with 
ground plane implantation in terms of electrostatics 
control for NMOS and PMOS thin films devices. Those 
Ultra Thin Body (UTB) structures (such as FDSOI or 
LSOI devices) can be in consequence proposed as a 
good option to reduce the power consumption. 
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1. Abstract 

In this paper, we analyze the effects of the front and 
back interfaces on the transport properties in undoped 
ultra-thin body (UTB) SOI MOSFETs with standard 
and ultra-thin buried oxides (BOX), using 
measurements of the transconductance, gate-to-channel 
capacitance and carrier mobility at various back gate 
biases. 

2. Introduction 
Fully-depleted (FD) SOI MOSFETs with undoped ultra-
thin silicon bodies and metal/high-k gate dielectric 
stacks are needed for future nano-scale CMOS devices 
to satisfy the ITRS specifications [1]. The use of ultra-
thin Si bodies provides an effective suppression of the 
short-channel effects (SCEs) without using channel 
doping [2], [3]. An additional improvement of the SCEs 
can be achieved by thinning the buried oxide layer [1], 
[4]. The transport properties of FD UTB SOI, depending 
on the quality of both SOI film interfaces, have been the 
subject of extensive studies in the recent years [5], [6]. 
In this paper, we present further investigations of the 
transport properties of undoped UTB SOI with standard 
(145-nm-thick) and ultra-thin (12.5-nm-thick) BOX, 
using an analysis of the transconductance, gate-to-
channel capacitance and carrier mobility in long-
channel MOSFETs at different back-gate biases. 

3. Experimental Details 
The devices were fabricated at CEA-LETI using 
UNIBOND (100) SOI wafers with 145-nm- and 12.5-
nm-thick BOX. In the channel region, the Si body was 
thinned down to about 11 nm. Elevated source-drain 
structures were employed to reduce parasitic resistance. 
No channel doping was used. The gate stack consisted 
of ALD HfO2 with EOT of 1.75 nm, and TiN gate 
electrode. The measured devices were n-channel 
MOSFETs with the channel length L=10 �m and the 
channel width W=10 �m. The carrier mobility was 
determined by split-CV, using measurements of the 
drain current (Id) at a low drain voltage (Vd) and gate-to-
channel capacitance (Cgc) versus the front gate voltage 

(Vgf) at various back gate voltages (Vgb) [5], [6]. 

4. Results and Discussion 
Fig.1 shows Id(Vgf)-characteristics for various Vgb 
measured at Vd=50 mV for tBOX 145 nm. One can see 
that in the case of UTB SOI device, it is very difficult to 
decorrelate the front and back channel conductions 
using the Id(Vgf)-characteristics. Indeed, as shown in the 
inset in Fig. 1, for high positive Vgb, only one 
pronounced peak is observed in the d2Id/dVgf

2-curve 
corresponding to the formation of the inversion channel 
at the back interface, while the onset of front channel 
inversion is not clearly visible. 
Shown in Fig. 2 are gm(Vgf)-curves for various Vgb in 
thick (full symbols) and thin (open symbols) BOX 
devices. gm(Vgf)-curves for positive Vgb feature two 
distinct humps related to the back and front channels. 
For Vgb�0, only a single peak originating from the front 
channel is observed. The fact that the first peak in Fig. 2 
related to the back channel is higher than the second 
peak associated with the front channel, suggests that the 
electron mobility at the back interface is higher than at 
the front interface. This is confirmed by gm(Vgb)-
characteristics for various Vgf  (Fig. 3). 
Fig. 4 presents Cgc(Vgf)-characteristics measured for the 
thick BOX device at various Vgb. The capacitance 
plateau observed at high positive Vgb is due to back 
inversion channel. This disappears at Vgb�0, when only 
the front channel is activated [7]. Integrating the 
Cgc(Vgf)-curves yields the inversion carrier density 
Ninv(Vgf, Vgb) [5], which is then used in the 
determination of the effective mobility (�eff). Besides, 
the derivative of the gate-to-channel capacitance 
(dCgc/dVgf) provides the values of Vgf at a given Vgb 
corresponding to the onset of inversion at the back and 
front interfaces, which is in essence identical to the 
second derivative of the drain current but offers much 
better resolution (inset in Fig. 4) because it is unaffected 
by the front channel/back channel mobility ratio. The 
arrow in Fig. 4 indicates Vgf at which the maximum 
transconductance is observed. 
Fig. 5 shows �eff obtained by split-CV and plotted as a  
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Fig. 1: Id(Vgf) characteristics measured in a thick BOX device 
at Vd 50 mV for various back gate biases varied from +40 V 
to 30 V with a 5 V step. Shown in the inset is the second 
derivative of the drain current for Vgb +40 V. 

 
Fig. 2: Transconductance vs. the front gate voltage for various 
back gate biases: full symbols  tBOX 145 nm; open symbols  
tBOX 12.5 nm (Vd 50 mV, W/L 10 μm/10 μm). 

 
Fig. 3: Transconductance of a thin BOX device as a function 
of the back gate voltage with front gate voltage as a parameter 
varied with 0.1 V step (Vd 10 mV). 

function of Vgf for various Vgb. It can be noted that �eff 
is nearly twice higher when controlled by the back 
interface (in a thick BOX device, this occurs at 
Vgf<0.4V for Vgb=+40V and +35 V), than when 
controlled by the front interface (Vgb�0). One can note a 
good agreement between behaviors of �eff in Fig. 4 and 
gm in Fig. 2. The maximum �eff and gm are observed 
when two inversion channels co-exist and the inversion 
charge centroid is located near the center of the film (~6 
nm from the top). This suggests that in the vicinity of 
the maximums, the transconductance and mobility are 
enhanced by volume inversion. As follows from Figs. 2 
and 5, in thin BOX devices, no degradation of gm and 
�eff compared to thick BOX is observed.  

 
Fig. 4: Gate to channel capacitance measured as a function of 
Vgf in a thick BOX device for various Vgb varied from +40 V to 
10 V with a 5 V step (W/L 10 μm/10 μm, f 100 kHz). 

 
Fig. 5: Effective electron mobility in the thick BOX device (full 
symbols) as a function of Vgf at various Vgb. For comparison 
open symbols show �eff in a thin BOX device at Vgb 0 V and 
Vgb 3V when gm max is achieved. 
 

5. Conclusions 
The mobility at the back interface in the UTB SOI 
MOSFETs with high-k gate dielectric and both thick 
and thin BOX is found to be significantly (nearly twice) 
higher than that at the front interface, which is 
presumably due to different front (TiN/HfO2) and back 
(Si/SiO2) gate stacks. The maximum mobility in the 
studied undoped ultra-thin SOI devices is slightly 
enhanced by volume inversion. BOX thinning does not 
degrade �eff. 
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1. Abstract  
This work presents an evaluation of the low 

temperature (LT) impact on the linearity of fully depleted 
(FD) SOI nMOSFETs biased in the saturation region. The 
influence of using asymmetric doping profile and 
mechanical strain in the channel on the harmonic distortion 
of SOI transistors is also evaluated, showing that both 
channel engineering techniques are able to improve the 
linearity of FD SOI transistors, although the reasons for 
this improvement are different in each case. 
2. Device Characteristics and Measurements 

For this study FD SOI nMOSFETs from two 
technologies were used. The first group of devices is from 
an UCL technology, referred as thick SOI (tSi=80 nm, 
toxf=31 nm, toxb=390 nm, NA'6$1016

 cm-3)[1] with channel 
width (W) of 20 �m and length (L) of 2, 1 and 0.75 �m. 
The second group is from a 65 nm technology from 
IMEC[2], referred as thin SOI (gate stack: 1.5 nm-thick 
silicon oxynitride and 100 nm-thick polysilicon, tSi=15 nm, 
toxb= 150 nm) with W=1 �m and L=0.91 and 0.16 �m. All 
devices have been cooled using a Variable Temperature 
Micro Probe System K20 from MMR Technologies.  
3. Harmonic Distortion Analysis and Discussion 

For this analysis, the total harmonic distortion (THD) 
has been chosen as figure of merit and has been extracted 
by using the Integral Function Method (IFM) [3], which 
allows for obtaining distortion characteristics through DC 
measurements. The distortion was extracted from IDS vs 
VGT curves (VGT=VGF–Vth is the gate voltage overdrive, 
VGF being the gate voltage and Vth the threshold voltage) 
measured at VDS=500 mV for temperatures ranging from 
90 K to 380 K. The bias voltage (VGT) was varied and the 
amplitude of the equivalent input sinusoidal signal, Va, 
superposed to VGT was set to 50 mV.   
A) Temperature Influence on the Linearity 

It is known that there is a relation between the transistor 
open-loop voltage gain (AV) and harmonic distortion [4]. In 
order to evaluate the linearity independently of the gain, 
THD has been normalized by AV. Also, to relate the current 
consumption to the linearity, THD/AV has been plotted as a 
function of gm/IDS. The analysis is performed in strong 
inversion, i. e. for gm/IDS<10 V-1. 

Fig. 1 presents THD/AV extracted at different 

temperatures (T) for standard transistors with L=0.75 �m 
from the thick SOI technology (A) and L=0.16 �m from 
the thin SOI (B). From these curves one can note that 
independent on the technology, a T reduction promotes 
the THD/AV decrease. This improved linearity behavior 
can also be seen in Fig. 2, which presents the values for 
THD/AV extracted at gm/IDS=5V-1 for transistors with 
different channel lengths.  
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Fig.1: THD/AV vs gm/IDS extracted at VD 500mV and Va 50mV 
for standard transistors from two different technologies. 

100 150 200 250 300 350 400
-68
-66
-64
-62
-60
-58
-56
-54
-52
-50
-48

 

TH
D

/A
V
 [d

B
]

T  [K]

 L  2�m        L  0,91�m
 L  1�m        L  0,16�m
 L  0 75�m

gm/IDS=5 V 1

VD=500 m V
Va=50 m V

Thick SOI

Thin SOI

Fig.2: THD/AV as a function of T extracted at VD 500 mV, 
Va 50 mV and gm/IDS 5 V 1 for different transistors. 

According to [5], for devices operating in saturation 
with low Va, THD is dominated by the second order 
harmonic distortion (HD2). Then, THD/AV is given by  
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gm being the transconductance and gD the output 
conductance. In order to investigate the reduction of 
THD/Av Table I presents gm

2, gD and dgm/dVGT for 
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different T, for the device with L=0.75 �m at gm/IDS=5 V-1.   
Table I  gm

2, dgm/dVGT and gD extracted with gm/IDS 5V 1 for 
the 0.75�m long from thick SOI technology for different T. 

T [K] gm
2 [�S2] dgm/dVGT

 [mS/V] gD [�S] 

90 1.056 1.590 91.55 
150 0.761 1.500 82.27 
200 0.503 1.310 71.52 
300 0.212 0.887 46.85 
380 0.110 0.718 36.61 

From the presented table, one can see that all 
parameters in eqn. (1), increase as T diminishes. 
However, the increase of gm

2, caused by the mobility 
enhancement at LT, is larger than the increase of 
[gD$(dgm/dVGT)], finally reducing THD/AV. The same 
behaviour has been observed for all studied devices. 

In addition, the results from Fig. 2 show a worsening 
of THD/AV as L is reduced, in both technologies. This 
behavior is caused by the larger mobility degradation 
(increasing dgm/dVGT) and gD worsening for shorter 
devices, which are larger than the observed increase of gm

2 
for a given temperature. 
B) Influence of Asymmetric Channel Doping Profile  

The Graded-Channel (GC) SOI nMOSFET is an 
asymmetric channel device that efficiently improves the 
SOI analog characteristics [3]. In this device the Vth ion 
implantation is performed at the source side only, and the 
remaining channel is kept with the natural wafer doping 
concentration. This lightly doped (LD) region acts as an 
extension of the drain region, reducing the effective channel 
length (Leff=L–LLD, LLD is the LD region length). Despite 
several works reported advantages of GC transistors over 
standard ones for analog applications, no information on the 
distortion behavior at LT is available in the literature yet. 
Fig. 3 presents THD/AV extracted at gm/IDS=5V-1 for 
standard and GC transistors with L=1 and 0.75 �m from the 
thick SOI technology.  
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Fig.3: THD/AV as a function of T extracted at VD 500mV, 
Va 50mV and gm/IDS 5V 1 for different transistors. 

As can be seen in this figure, the distortion is reduced in 
GC SOI with respect to standard SOI with the same L. For a 
given T, this reduction is associated to the larger gm, due to the 
reduction of Leff, and reduced gD, caused by the presence of 
the LD region. As the temperature is reduced, the 
improvement on the linearity provided by the GC architecture 
increases, indicating that the increase of gm is larger than the g-
D degradation at LT. By comparing the set of presented results 
one can see an improvement of 2 dB for the GC devices with 
L=1 �m at room temperature, which increases to 6 dB at 90K.  

C) Influence of Uniaxial Mechanical Strain 
Mechanical tensile strain is an effective way of 

increasing the mobility, and hence drive current, in deep-
submicrometer nMOSFETs, contributing to the continuous 
device downscaling [6]. In this study, uniaxially strained 
devices were used. The uniaxial strain along the channel has 
been obtained by depositing a 100nm tensile nitride contact 
etch-stop layer (sCESL) in an additional process step[2]. 

Fig. 4 presents the obtained THD/AV curves as a function 
of gm/IDS for transistors with L=0.16 �m with and without the 
tensile liner. As can be seen, the use of uniaxial strain is able 
to promote improvement on the linearity. According to [7], 
the use of sCESL gives rise to a slight degradation of gD with 
respect to standard devices in this T range, due to the DIBL 
occurrence. However, the gm enhancement provided by the 
sCESL is large enough not only to compensate for the gD 
degradation but also to reduce the harmonic distortion. As the 
gm enhancement increases with T reduction [7], the 
improvement on THD/AV is also larger at LT. Considering 
gm/IDS=5 V –1, the device with sCESL presents 7 dB less 
distortion than its standard counterpart at room temperature 
whereas this difference increases to 10 dB at 150 K. 
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 Fig.4: THD/AV vs gm/IDS extracted at VD 500mV and 
Va 50mV for 160nm long transistors with and without sCESL. 

4. Conclusions  
In this work an analysis is made of the influence of low 

temperature, asymmetric channel doping profile and uniaxial 
strain along the channel on the total harmonic distortion of 
FD SOI nMOSFETs. It has been shown that the temperature 
lowering is able to improve the linearity of these devices. In 
addition, it was demonstrated that GC and strained transistors 
promote further improvement of the linearity. In the case of 
GC transistors, the enhancement is due to the presence of an 
undoped region near the drain, which both reduces the 
effective channel length, increasing gm, and reduces gD. On 
the other hand, the improved linearity of uniaxially strained 
devices is associated to the mobility increase. 
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Abstract—The effect of substrate resistivity on efficiency in
high-power operation of high-frequency SOI-LDMOS tran-
sistors is for the first time investigated using computational
load-pull simulations. Identical SOI-LDMOS transistors have
been studied on different substrate resistivities. Their high-
power performance has been compared to previous inves-
tigations concerning the off-state ROUT to high-efficiency
relation. It is shown that albeit high off-state ROUT is a
good indication it may not always be sufficient for high
efficiency operation. The bias and frequency dependency of
the coupling through the substrate makes a more detailed
on-state analysis necessary. SOI-substrates with very low and
very high resistivity both result in high efficiency at the
studied frequency and bias-point. A normally doped, medium
resistivity, substrate results in significantly lower efficiency.

I. INTRODUCTION

Traditionally high-resistivity (HR) SOI-substrates have

been used for high-frequency SOI-devices to get high

performance in terms of cross-talk, cut-off frequencies and

passives [1]–[3]. On the other hand, it has been proposed

that very low resistivity (LR) SOI-substrates may reduce

substrate losses for RF-power devices. In previous work

the substrate resistivity dependency on off-state output

resistance, ROUT , was studied and it was shown that either

a very high resistivity or a very low resistivity substrate

produce a high output off-state resistance expected to

be favorable for high efficiency operation [4]. In this

paper computational load pull (CLP) is used to verify the

efficiency dependency of ROUT and to further study the

impact of SOI substrate resistivity on efficiency.

II. SIMULATIONS

The simulated structure is shown in figure 1. It consists

of an LDMOS transistor in a 3 μm device layer on 1 μm

buried oxide. To the right of the structure is drain metal on

thick oxide resembling the drain metal outside the active

device, the area relation is comparable to a real device. The

substrate is 150 μm thick and has three different doping

resistivities: HR, 1 kΩcm, MR, 1 Ωcm, and LR, 10 mΩcm.

Initially small-signal simulations of the devices were

performed for comparison with previous investigations.

From these simulations ROUT =1/Re(Y22) in off- and on-

state were extracted. Then, large-signal time-domain CLP

simulations were conducted in an expected low class-AB

bias point at 1 GHz. The bias point was selected from

the IV-characteristics at 10% of class-A quiescent current

at a gate voltage VG=1.3 V expected to give an optimum

high efficiency operating point. The methodology for the

Fig. 1. The simulated structure. In the top-left corner is the active
LDMOS device, in the top-right corner is drain metal on thick oxide.
The substrate is grounded.

CLP simulations were then performed as described by

Bengtsson [5].

III. RESULTS

A study of the small-signal ROUT from simulations in

off-state indicates that the HR and LR substrates should

have lower losses than the MR substrate at 1 GHz ac-

cording to the previously suggested theory and model

[4]. The difference in output resistance is in the order

of 10 in magnitude between the three substrates at the

selected frequency 1 GHz. These simulations also shows

the thickness dependent plateau that has been previously

described and modeled [4]. The bias dependency however

reveals a somewhat different behavior, figure 2. Given that

the drain voltage is now at 28 V the output resistance

at VG=0 V is now lower especially for the LR substrate

due to less depletion of the drift region (higher CDS).

In the on-state around VG=1.3 V there is a great bias-

dependency on the output resistance and the LR and HR

substrate have almost the same values indicating similar

efficiency performance.

By studying the time-domain waveforms, figure 3, it can

be seen that the HR substrate has significantly lower peak

current and this is due to the lower output capacitance. For

LR and MR it is seen that for LR the current is higher most

of the period and since the drain voltage is almost the same

the output power for MR is significantly lower than for

LR. The HR substrate that has a very different waveform
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shows almost identical output power as the LR substrate

and this is also seen in the final efficiency plot, figure 4. A

significant difference in the efficiency is observed, where

the MR substrate shows a 10% lower efficiency than the

LR and HR substrates decreasing from 67% to 57%. The

decrease in efficiency is due to a decreased output power

for the MR substrate at 28.7 dBm compared to 29.4 dBm

for the HR and LR substrates.

Further analysis of the small-signal results shows that

the output resistance has break points which depend on

other parameters such as area and thickness of the sub-

strate. These breakpoints create a frequency dependence

of the output resistance that may favor one substrate to

another at a certain frequency. However, when design-

ing a high-frequency, power transistors the LR substrate

have advantages that should be considered. Using a HR

substrate in combination with high voltage can result in

problems with depletion/accumulation in the region under

the buried oxide [6]. This problem is completely avoided

using an LR substrate. By using LR substrate much of

the substrate generated voltage dependent capacitances are

also avoided, which can be expected to reduce the inter-

modulation distortion compared to using HR substrate.
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simulations (class AB, VD=28V, VG=1.3V, 1 GHz).

IV. CONCLUSION

This investigation verifies the results that an LR SOI-

substrate is an alternative to a HR substrate for RF-power

devices. It also verifies that the output resistance in the off-

state is an indication of the efficiency although an on-state

investigation is necessary for a full analysis. For the first

time computational load-pull simulations have been used

to study efficiency on SOI power transistors. From large

signal simulations an optimum match model extracted in

compression shows that the combination of large output

capacitance and high optimum load resistance makes the

medium resistivity substrate a poor choice. For the low

resistivity substrate the output capacitance is high but gives

small losses during charging-discharging. For the high

resistivity substrate the depletion capacitance below the

buried oxide cause a generally lower output capacitance

that gives small losses in the charging-discharging cycle.

The results show that devices on LR substrates perform

as good as devices on HR substrates or better from an

efficiency point of view. A significant increase of 10%

in efficiency is obtained compared to medium resistivity

substrates.
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1. Abstract
In order to reduce substrate crosstalk on oxidized High 
Resistivity (HR) Si substrates, a technological solution 
that consists in locally forming a trap rich passivation 
barrier is presented in this work. This solution is 
compatible with current SOI CMOS technology, and 
presents the same crosstalk reduction efficiency as when 
a full passivation layer is used across the wafer. Two 
different barrier designs are investigated and compared 
through experimental measurements. 

2. Introduction 
Substrate crosstalk reduction and isolation are critical 
areas of concern for SoCs applications. Among 
others,the use of HR SOI substrates is an efficient 
technique to reduce substrate crosstalk [1]. However, 
the performances of oxidized HR Si substrates are 
affected by parasitic surface conduction (PSC) effects, 
which result from the presence of a bias dependent 
layer of free carriers at the Si/SiO2 interface. As shown 
in [2], PSC leads to a 10 dB increase of crosstalk at 
frequencies below 1 GHz compared to a lossless Si 
substrate. Fortunately, all known PSC related effects 
can be efficiently suppressed by passivating the HR Si 
substrate with a trap rich layer such as polysilicon [3]
[4]. Yet, as passivated HR SOI wafers are still 
commercially unavailable, we investigate in this paper 
another approach to reduce the crosstalk in oxidized HR 
Si wafers. The technique consists in locally forming a 
trap rich passivation barrier around the noisy signal 
sources or sensitive circuits, which differs from the 
traditional full layer passivation approach. 

3. Investigated structures 
The crosstalk structure and dimensions studied in this 
paper are shown in Fig. 1a. Two different types (I and 
H) of passivation barriers between the pads were 
investigated, as shown in Fig. 1b and 1c The width of 
the barrier goes from WW 10 to 50 μm, covering in 
some cases the whole separation between the pads. 
The passivation barriers were fabricated by patterning a 
260 nm thick amorphous (À ) Si layer deposited onto a 
HR Si substrate with Á  2 k� cm. All undesired À Si 
was etched away using TMAH, which also removed 
aprox. 100 nm of Si. This step was followed by a wet 
thermal oxidation and Al metallization. The final cross

section of the crosstalk structure with a passivation 
barrier is shown in Fig. 2. For comparison purposes, 
five other substrates were used to fabricate identical 
crosstalk structures without passivation barrier: a quartz 
substrate, an oxidized standard Si (Á 20 � cm), an 
oxidized HR Si (Á 5 k� cm), an oxidized HR Si (Á 2 
k� cm) which followed a TMAH etching process, an 
oxidized HR Si (Á 2 k� cm) that included a 
sandwiched layer of 260 nm thickness À Si. In all cases  
the thickness of the SiO2 and of the metal layers are, 
respectively, tox  50 nm and tm  1 μm. 

4. Experimental Results 
Fig. 3 shows the crosstalk ([S21]) measured on the 
classical structures. From the analysis of the frequency 
of the second knee point [1], it can be seen that due to 
PSC effects the HR Si substrates behave like lossy   
substrates with Á 50 and 300 � cm instead of 5 and 2 
k� cm, respectively. On the other hand the fully 
passivated HR Si has almost recovered its nominal 
resistivity value (1.5 k� cm). Figs. 4a and b 
respectively illustrate the effect of the H and I type of 
passivation barriers for a fixed pad separation. The 
crosstalk is seen to be effectively reduced below 1 GHz, 
which is attributed to the interruption of the parasitic 
conduction layer below the substrate. In both figures it 
is also shown that as the width of the passivation barrier 
is increased the crosstalk level becomes similar to the 
one measured on the fully passivated wafer. 
A comparison of crosstalk level obtained for different 
barrier widths and pad separations is presented in Fig. 5 
for both types of barrier. In all cases WW S. It is seen 
that for all these barriers, the crosstalk reduction attain 
similar values. 
From the results presented here, we can conclude that to 
obtain a crosstalk level similar to that of a full 
passivation layer, the passivation barrier must cover the 
whole separation area between taps or, if the separation 
between taps is wide enough, at least a barrier of WW  
30 width must be used. 

5. Conclusions 
In this work we have presented a new solution to reduce 
substrate crosstalk in oxidized HR Si substrates, which 
typically suffer from parasitic surface conduction 
effects. The method is compatible with current SOI 
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CMOS technology and multilevel metal 
interconnections. The method consists in locally 
forming a passivation barrier with a trap rich material 
around the noisy components and the possible victims. 
The results indicate that for a barrier width at least equal 
to 30 μm the crosstalk is reduced as efficiently as when 
the substrate is fully passivated.
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Fig.2: Cross section of a coplanar test structure 
including a passivation barrier.
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1. Abstract
The trade-off between gate length (Lgate), flicker noise
and power consumption in Low-Noise-Amplifiers (LNA)
designed with 45nm FinFETs (FFs) has been investi-
gated, in order to draw new design guidelines for this
novel technology. The simulation results highlight the
existence of an optimum Lgate which reduces the impact
of flicker noise at minimum power consumption.

2. Introduction
FinFETs appear to be very promising devices to ex-
tend CMOS beyond the 45nm technology node [1]. FF
processes adopt several technology innovations such as
the SOI substrate and new gate-stacks featuring high-
κ dielectrics and metal gate. While the advantages of
these options at the device-level are clear, the implica-
tions at the circuit-level need to be assessed [2, 3]. To
this purpose, LNAs are a good testbench, since differ-
ent constraints have to be satisfied simultaneously, i.e.,
input matching, bandwidth, voltage gain and noise per-
formance. In this work we consider LNAs implemented
with a state of the art FF technology. The adoption of
high-κ dielectrics increases the amount of 1/ f noise gen-
erated by the devices [4], and thus we analyze in detail
the possibility to use large area devices to reduce the im-
pact of this noise source without compromising the other
figures of merit.

3. Schematic, Technology and Models
We have considered the gm Boosted (GmB) topology be-
cause of its broadband nature and low noise factor. The
schematic is reported in Fig. 1 [5]. The cascode (M3,
M4) prevents the load from affecting the input matching.
The two coils Ls should be as large as possible. Although
an LNA inserted in a receiver chain needs a complex out-
put network to compensate for the input capacitance of
the I/Q mixer [6], in this work, to ease the comparison
between different sizing of the GmB transistors M1-M2,
we used instead a simple resistive load Rout .
The FF technology features 45nm minimum gate length,
HfO2 dielectric (which is the worst case in terms of
flicker noise [4]) and TiN metal gate [7]. The fins are
60nm high and 20nm wide. The FF devices are modeled
by a MM11 model [8], improved by a dedicated parasitic
capacitances network [9], derived by scaling the one of a
65nm technology and by comparison with experiments,
including flicker noise measurements.
gm and fT are the key design parameters of the GmB
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Fig. 1: Schematic of the GmB LNA; the biasing is not shown.
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LNA [6]; lines in Fig. 2 report the simulated fT and
gm/W vs. ID/W with Lgate spanning from Lmin to 10Lmin.
Preliminary measurements for similar processes (sym-
bols) are reported for Lmin and 2Lmin.

4. Design Procedure
The design flow of a GmB LNA is described in [6], and
it is based on the fact that the LNA input impedance is
Zi ≈ 1/gm for f � fT/2 of M1 and M2, while the voltage
gain is G�2gmZload , being Zload the load impedance. fT
is then chosen in order to satisfy the bandwidth require-
ment. The “ fT vs. ID/W” curves (as in the left plot of
Fig. 2) give ID/W for a given Lgate. Then gm/W is deter-
mined from the “gm/W vs. ID/W” curves (as in the right
plot of Fig. 2). Finally the transistor width W (and also
ID) is given by the input matching condition gm=1/Rdiff

s ,
where Rdiff

s =100Ω. Lgate has to be chosen within the set
of gate lengths that can provide the selected fT . This
choice is not trivial and affects both power consumption
and noise performance. Considering power consumption,
from Fig. 2 it is clear that for a given fT , the longer Lgate
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the larger ID/W , the deeper in strong inversion the de-
vice operates. This means that, for a given gm, the device
operates far from the minimum power consumption [6].
From the noise point of view, no effect on the thermal
noise is expected, since gm is fixed. On the other hand,
flicker noise is inversely proportional to the device area
(i f n1i∗f n1=(Kf / f ) · [g2

m/(WLgateC2
ox)] ·Δ f [10]). This can

be strongly affected by the choice of Lgate and suggests
us to avoid Lmin devices. However the implications of
this statement are not obvious: given fT , the longer Lgate
the larger ID/W thus the larger gm/W (see Fig. 2); this re-
sults in smaller W under matching conditions. The simple
square-law model tells us that W is reduced by the same
amount of the increase in Lgate, thus the device area re-
mains unchanged whereas ID increases. Then possible re-
duction of flicker noise related to having Lgate>Lmin can
be assessed only by simulations using accurate models.

5. Power and Flicker Noise analysis
We have chosen three different values of fT (5GHz,
10GHz, 20GHz) and we have designed the LNA for each
fT as described above, spanning from Lmin to 8Lmin, while
maintaining the input impedance to 100Ω. Rout=200Ω in
order to achieve 12dB voltage gain.
Fig. 3 shows the results of the Lmin design for
fT =20GHz. The input matching is good over a wide
band. The voltage gain shows a dominant pole much
lower than fT/2. This is due to the high value of Rout :
in a real implementation a complex load network would
be needed [6]. We also see that flicker noise has a strong
impact on the noise figure up to high frequencies.
Fig. 4 reports the outcome of the design procedure, plot-
ting W and ID vs. Lgate for the three values of fT . The
higher the fT the smaller the maximum Lgate that can
achieve such fT . We can see that the decrease in W shows
two different slopes, depending on the region of operation
of the devices. At the same time ID increases approxi-
mately in a quadratic way when Lgate increases.
Fig. 5 focuses on the flicker noise analysis. The left plot
shows that for all the choices of fT there is an Lgate that
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corresponds to a maximum in the device area, and, as
a consequence, to a minimum in the flicker noise (right
plot) and, furthermore, to a minimum in ID. Thus the
corresponding Lgate can be considered an optimum gate
length. We have performed the same analysis by chang-
ing the level of the 1/ f noise obtaining similar trends.
This is a general approach to addres the increase of 1/ f
noise due high-κ gate dielectrics in novel devices.

6. Conclusions
The tradeoff between gate length, power and flicker noise
in a broadband LNA implemented with 45nm FinFET has
been analyzed. The existence of an optimum Lgate, which
minimizes the flicker noise with low power consumption
has been demonstrated.
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1. Abstract 

 
We studied the performance of n-type Schottky-
barrier MOSFETs (SB-MOSFET) on SOI with 
silicidation induced dopant segregation for different 
gate lengths. A statistical analysis of the MOSFETs 
with different arsenic implantation doses reveals an 
enhancement of the device characteristics at higher 
doses. 
 

2. Introduction 
 
As scaling of field-effect transistors reaches the sub-
50 nm regime, SB-MOSFETs are regarded as an 
alternative to conventional MOSFETs, because of their 
low extrinsic resistances of the metallic S/D contacts 
linked with superior scaling ability. However, SB-
MOSFETs exhibit an intrinsic performance inferior to 
conventional MOSFETs due to the high Schottky 
barrier at the metal-channel interface. Intensive research 
over the last few years resulted in optimized silicidation 
techniques such as the silicidation induced dopant 
segregation (SIDS) and implantation to silicide (ITS) 
using materials like NiSi and PtSi [1-3]. A thin highly 
doped layer formed at the silicide/silicon interface 
during (SIDS) or after (ITS) the silicidation, causes 
strong band bending. As a consequence, the tunneling 
probability of carriers through the effectively lowered 
Schottky barrier increases significantly. This paper 
focuses on the systematic study of n-type SB-MOSFETs 
on SOI using nickel SIDS with different arsenic 
implantation doses. 
 

3. Device Fabrication 
 

For the fabrication of the SB-MOSFETs we used 
intrinsic SOI substrates with a thickness of tSi = 30 nm. 
After mesa isolation and an RCA cleaning, a 4.5 nm 
gate oxide was grown by dry oxidation at 800°C for 
30 min. Subsequently, 100 nm n+-poly-Si was deposited 
by low pressure chemical vapour deposition (LPCVD). 
The gate stacks were patterned by inductive coupled 
plasma etching of the poly-Si. For the arsenic ion 
implantation of the S/D regions an energy of 5 keV and 
doses ranging from 5×1013 cm-2 to 6×1015 cm-2 were 
chosen. Fig. 1 (a) shows a schematic illustration of the 

process flow. For the formation of gate spacers, LPCVD 
oxide was deposited and etched back by reactive ion 
etching. Finally, a 16 nm thick Ni layer was deposited 
by e-beam evaporation and silicidation was carried out 
in a rapid thermal processor to facilitate the 
encroachment of NiSi into the channel region as 
depicted in Fig. 1 (a). The segregation of the implanted 
ions at the NiSi/Si channel interfaces leads to lowered 
effective Schottky barrier heights at source and drain. 
Fig. 1 (b) shows a cross-sectional TEM image of a 
readily fabricated device with tSi = 30 nm and a spacer 
width of around 50 nm. The initial Si film at source and 
drain was fully silicided to NiSi. Here, we should 
mention, that all samples were processed together with 
exception of the ion implantation. 
 

 
 
Fig. 1: (a) Silicidation process for SB MOSFETs with dopant 
segregation on SOI. (b) Cross sectional TEM image of a SB
MOSFET on SOI with tSi  30 nm and tox  4.5 nm. 

 
4. Electrical Characterization 

 
The processed SB-MOSFETs with gate lengths of 
1.5 �m to 4.0 �m were electrically characterized with an 
automatic measurement setup composed of a 
semiautomatic probe system (Suss PA 300) and a 
semiconductor parameter analyzer (HP 4155 B). 
Around 200 devices were measured for each As+ ion 
dose, to facilitate a statistical analysis, in order to take 
any device fluctuations into account. Such variations 
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can be attributed to substantial variations of the 
underlap between the gate stack and the silicide contact 
and inhomogeneities of the oxide and silicon thickness. 
 

 
 
Fig. 2: Transfer characteristics of SOI SB MOSFETs using 
different As+ ion doses (LG  1.5 μm). With increasing dose 
the p type branch is more suppressed. 
 
Fig. 2 shows typical transfer characteristics of SB-
MOSFETs with a gate length of 1.5 �m and different 
arsenic concentration at VDS = 0.6 V. For a better 
comparison of the devices, ID is plotted over VGS-VT. As 
expected for a SB-MOSFET with dopant segregation, 
we observe for all devices an ambipolar behavior with a 
significantly suppressed p-type branch if compared to 
devices without dopant segregation. Moreover, we 
observe a drastic decrease of the p-type branch by two 
orders of magnitude with increasing arsenic dopant 
concentration. This can be attributed to a lowering of 
the effective Schottky barrier height for electrons, and 
therefore, an increase of the effective Schottky barrier 
for holes. An inverse subthreshold slope of 
S = 93 mV/dec can be extracted from the transfer 
characteristics.  
 

 
 
Fig. 3: Output characteristics of typical SOI SB MOSFETs 
with different implantation doses (LG  1.5 μm). 
 
Fig. 3 shows the corresponding output characteristics 
for typical devices with different As+ ion doses at  
VGS-VT = 2 V. It is evident, that the shape of the curves 
changed substantially. While we observe an exponential 
onset for small VDS and a low on-current of around 

100 mA/mm at VGS-VT = 2 V and VDS = 1.8 V for the 
device with the lowest ion dose of 5×1013 cm-2, we 
measured a perfectly linear onset comparable to 
conventional MOSFETs for devices with higher 
implantation doses. The lower As+ ion dose results in a 
higher source/drain resistance due to the higher 
effective Schottky barrier. The change in the on-current 
with increasing dose is more clearly shown in Fig. 4 
where averaged on-currents are plotted over the As dose 
for devices with different gate length. The curves reflect 
the trends, which were found in Fig. 3 for all chosen 
implantation doses and gate lengths. The largest change 
in the on-current is achieved by increasing the 
implantation dose from 5×1013 cm-2 to 1×1014 cm-2, 
which agrees very well with former studies of the 
effective Schottky barrier height on diode structures [4]. 
For the lowest implantation dose of 5×1013  cm-2 the on-
current is less dependent on the gate length compared to 
higher doses, because the effective Schottky barrier 
height is still large, causing a large contribution to the 
total resistance. 
 

 
 
Fig. 4: On currents of SOI SB MOSFETs with different 
implantation doses and channel lengths at VGS VT  2 V and 
VDS  1.8 V. 
 

5. Conclusions 
 

We studied effective Schottky barrier tuning in SOI SB-
MOSFETs with different gate lengths by using SIDS 
with different arsenic ion doses. The statistical analysis 
of devices showed that increasing the implantation dose 
results in a better performance of the SB-MOSFETs 
with higher on-currents and a more pronounced 
suppression of the p-type branch. 
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1. Abstract
Physical understanding of the effects of the Buried 
Oxide (BOX) interface on defect evolution in silicon
on insulator (SOI) wafers is mandatory to accurately 
control dopant diffusion and activation. In this article, 
the influence of the Si/BOX interface on the interstitial 
point defects recombination is experimentally studied 
by TEM analysis and interstitial supersaturation (SInt) 
measurements in a set of Bulk and SOI wafers. Based 
on the data obtained in these experiments new models 
for the evolution of extended defects and TED in SOI 
were developed. 

2. Introduction 

Recently, SOI structures have stood as a possible 
candidate to fulfil the requirements as defined in the 
ITRS [1]. Reduced short channel effects, improved 
speed and reduced power consumption in CMOS 
devices are all achievable with these substrates [2]. 
Direct observations of extended defects have already 
been carried out on SOI structures but a controversy still 
exists on the effects acting on End of Range (EOR) 
defects evolution in SOI. Indeed, defect evolution 
following Si non amorphizing implants was studied in 
SOI structures [3]. It was suggested that the observed 
reduction of defect density, with reference to Bulk Si, 
was entirely due to the ‘cutting off’ of the as implanted 
excess interstitial point defects profile within the BOX. 
On the other hand, experiments on source/drain 
fabrication were recently reported [4], showing that 
Boron (B) deactivation is strongly reduced compared to 
Bulk Si, when Ge Pre Amorphizing Implants (PAI) and 
Solid Phase Epitaxial Re growth (SPER) are used in 
SOI samples. The authors associate this effect to the fact 
that the Si/BOX interface acts as a sink for the Si 
interstitial atoms diffusing from the EOR extended 
defects created by Ge amorphization. Finally, in [5] a 
reduction in defect density is observed after B implants 
but it is concluded that this reduction is not due to the 
BOX interface acting as a sink for interstitial but to an 
enhanced Boron Interstitial Clusters (BICs) formation in 
SOI compared to Bulk Si. 
In this article, we first used two dedicated structures to 
study the role of the Si/BOX interface on extended 
defect evolution and on depth distribution of the SInt, by 
a combination of secondary ion mass spectrometry 

(SIMS) and plan view transmission electron microscope 
(TEM) measurements. Based on the experimental 
results, new models for the evolution of extended 
defects and Transient Enhanced Diffusion (TED) in SOI 
were developed. 

3. Experiment

In the first experiment, a set of three wafers is studied: 
Two SOI wafers having a Si overlayer thickness of 
41nm and 55nm, and a reference Bulk Si wafer. All the 
wafers were pre amorphized with a 1015 ions/cm2 Ge 
implantation at 13 keV Ge. The implant energy was 
chosen to minimize the initial interstitial loss effects due 
to the BOX. The Ge PAI provides an as implanted 
amorphous layer thickness of ~ 25 nm corresponding to 
the depth of EOR defects. The amorphized wafers were 
annealed using different thermal budgets: 700°C for 
300s and 1000s, and 800°C for 30s and 300s. 
TEM analysis was used to study the EOR defects 
evolution (Dislocation Loops and {311}s [7]) formed in 
the annealed samples. 

Fig.1: Schematic representation of the experimental setup, 
a)Bulk Si and b) SOI 160 nm.

In the second study B “delta layer” structures were used 
to measure the SInt depth distribution following Si non
amorphizing implants. The planned experimental set up 
is schematically represented in Figure 1. It consists of 
one Si wafer (reference) and two SOI wafers with 
different Si top layer thickness (70 and 160 nm, 
respectively). A 1 μm thick CVD Si layer containing 
three B marker layers with a peak B concentration of 
2x1018 cm-3, located at a depth of 0.3, 0.6 and 0.9 μm, is 
grown on each wafer. Implantation damage is then 
introduced in all wafers by a non amorphizing Si+

implant at 40 keV at a dose of 6x1013 cm-2, followed by 
annealing at 740°C in flowing N2 for times ranging 
from 1 sec to 2 hours. In such conditions, the EOR 
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defects (the “source” of the SInt) are located at a depth of 
about 100 nm. In the two SOI wafers, it is therefore 
expected that the enhanced diffusion of the various B 
marker layers during annealing will strongly depend on 
the distance between defects and BOX interface. 
Finally, for the diffusion data analysis, we have used a 
fitting methodology based on the interstitial kick out 
mechanism of B diffusion [6] that allows to extract the 
diffusion enhancement, DB/DB* which gives, in turn, a 
direct measurement of the silicon point defect 
supersaturation, SInt as SInt  DB/DB*  CI/CI*.where CI is 
the Interstitial point defects concentration. 

4. Results, discussion and modeling 

Two typical TEM images obtained on a Bulk Si and on
SOI wafers are reported in Figure 2, in which the 
reduction of EOR defects density and size in SOI is 
evident. Using the obtained set of TEM images, we 
have measured the characteristics of the different types 
of defects to calculate the total number of trapped
interstitials (Nb) that will act during TED on B diffusion 
profiles. The effect of the Si/BOX interface can be 
quantitatively analyzed comparing the Nb evolution over 
time and temperature in Bulk Si and SOI. 

Fig.2: TEM images (g=422 s<0) taken from the bulk Si and 
41 nm SOI wafers after an anneal of 300s at 800°C.

Several remarks can be made when analysing Nb 
evolution. First, defect evolution in SOI has the same 
trend than observed in Bulk Si and in particular, the 
known facts about defects, such as the accelerated 
formation of loops compared to {311} at high 
temperatures [7]. Only loops are surviving in the 41nm 
SOI at 800°C. 
The decrease of Nb over times is compatible with a non
conservative ripening process [7], in such process, the 
decrease in Nb is associated with the absorption of 
interstitials by the interfaces. We can conclude that 
defect evolution in SOI follows the same mechanism 
than in Bulk Si and that the observed difference in terms 
of the absolute values of defect density and Nb is 
associated to a contribution of the interfaces to the 
recombination of interstitials in the three wafers.
The Nb measured in the SOI wafers is systematically 
lower than the one measured in the Bulk Si wafer. 
Moreover; Nb decreases when passing from the 55 nm 
SOI to the 41 nm SOI. This is compatible with the fact 
that the point defects recombination from the Si/BOX 
interface increases when the distance between the EOR 
defects and the BOX interface decreases. As a result, 

EOR defects dissolution is enhanced passing from Bulk 
Si to SOI and from 55 nm SOI to 41 nm SOI. 
SInt was extracted first (as a reference) from the three B 
� layers on the Silicon wafer. The results obtained from 
this wafer are in agreement with the well known 
evolution of the implantation induced defects which are 
responsible for the diffusion enhancement [9,8]. 
The SInt extracted from the SOI wafers, is systematically 
lower than what is observed in the Si reference wafer. 
Moreover, it continuously decreases when approaching 
the BOX interface. 
Based on these experimental studies, new simulation
models in SOI material were developed based on 
existing bulk silicon models [9]. After modeling the 
presence of the additional interface to take into account 
the BOX effect on the point defect evolution, the 
simulation results were in good agreement with 
experiments and clearly confirm that the observed 
phenomenon in SOI wafers can be modelled in terms of 
an additional capture of interstitials at the buried 
Si/BOX interface. 

4. Conclusions  

Two sets of experiments were investigated. The first set 
of specimens has been observed by TEM to measure the 
evolution of EOR defects in SOI. It has evidenced a 
decrease in Nb passing from Bulk to SOI and from a 
thicker SOI film to a thinner one. In the second set of 
experiments, TED measurements were investigated. The 
obtained data from these experiments clearly confirm 
that the Si/BOX interface is an efficient trap for the Si 
interstitial atoms diffusing out of the defect region. 
Based on these experiments, new models for B TED and 
defect evolution in SOI were developed. 
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1. Abstract  

Compound buried insulating layers were produce by 
nitrogen ion implantation (1015÷1016cm-2) in thermally 
grown dioxide on silicon substrate before hydrogen 
induced transfer of SOI film. Charge accumulation was 
investigated after (-irradiation up to TID = 10 Mrad. As 
was shown by comparison with nitrogen unimplanted 
SOI structures the rate of charge accumulation in 
nitrided SOI dielectrics was at least five time less due 
nanometer thick compound SiON layer, which was 
formed at the interface and can trap the negative charge. 
 

2. Motivation for using the compound 

BOX layers 
As known nitrided silicon dioxide SiON is a common 
material for gate dielectric in modern CMOS 
technology. But the nitrogen content in SiON is lower 
than 10% to avoid DIBL and NBTI effects [1]. Another 
interesting property for SiON is a reduced rate of 
positive charge accumulation.  
The goal of our efforts was to introduce nitrogen atoms 
in buried oxide to improve a radiation tolerance of SOI 
fully depleted CMOS transistors with undoped channels 
on thin (30 nm) silicon film. 
Compound buried oxide (BOX) layers may be obtained 
by direct bonding of silicon wafers covered by Si3N4 
and SiO2 respectively [2]. But due to initial 
hydrophobity and hydrophility of such films high 
strength of bonding is possible only after plasma 
treatment of the surfaces [3].  
An effective method of interface mediated endotaxy 
(IME) to produce semiconductor heterostructures on 
insulator was suggested by us using implantation of 
respective ions in thermally grown dioxide on silicon 
substrate before wafer bonding and Si layer transfer 
from another (donor) wafer by implanted hydrogen [4]. 
We used in this work the same operations as described 
in [4,5] to produce a SiON layer at the bonding interface 
between silicon layer and buried dioxide with 300 nm 
thickness in SOI structure. Different dose of 40 keV N+ 
ions were used: 1x1015, 3x1015, 6x1015, 1x1016cm-2.  
SOI structures with buried silicon oxinitride layer are 
labelled next as SOIBON.  
Test MOS mesa structures were produced by standard 
CMOS technique, which were irradiated then by 60Co (-
rays up to total irradiation dose (TID) 10 Mrad. All 
MOS structure contacts during irradiation were 

grounded. 
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Fig.1: C V curves of SOIBON structure (N+ 6x1015cm 2) with 
p type substrate and n type SOI film before and after (
irradiation with TID 1 Mrad. The intervalswith arrows show 
flat band voltage shifts �Vth, due to positive charge 
accumulation at the both intrfaces: left at the bottom interface 
between substrate / BOX: right at the upper interface between 
BOX / SOI film . The breaks in the curves near O V and the 
increase in capacity near +20 V are due to the injected 
charges trapped at the slow states inside the BOX. The square 
of the MOS structure is 300$300 �m2. 
 

3. Results and discussion 

 
Figure 1 presents the results of CV high frequency 
(1 MHz) measurements of SOI MOS structure. The 
voltage shift �Vth at the upper interface (right) is about 
10 times less than for botom one as a result of 
nitridation of the upper SOI / BOX interface. The breaks 
in the curves near O V and the increase in MOS 
capacity near +20 V almost disappear for the square of 
the MOS structures 1000$1000 �m2 following the 
decrease in the contribution of square angles and 
volume BOX states in the total capacity. 
The radiation induced effective charge �Q, equal to the 
sum of interface and volume charges and reduced to the 
respective interface was estimated by  
�Q = �Vth·Cox   (1) 
where Cox is the buried oxide capacity, which is the 
same for both interfaces. 
Figure 2 shows about five time lower rates for effective 
charge accumulation, that were observed for all nitrided 
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interfaces of SOIBON structures. Effective negative 
charge accumulation was obtained at the upper interface 
for more heavily nitrided BOX at the total irradiation 
dose lower than 1 Mrad. Weak dependence on nitrogen 
content coincides with the HREM analysis, according to 
which the interface SiON layer thickness is a constant. 
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Fig.2: Plots of the effective charges reduced to the both 
interfaces of SOIBON structures for different content of 
implanted nitrogen in dependence on the TID for different 
nitrogen content.  
 
Figure 3 presents the results of comparison for effective 
charge accumulation at the upper interface SOI / BOX 
for different SOI wafers from [6]: Smart Cut, SIMOX, 
DeleCut to compare with SOIBON. DeleCut is the test 
structures produced similar to SOIBON, but without 
nitrogen implantation.  
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Fig.3: Plots of the effective charges reduced to the SOI/BOX 
interface for different SOI structures with about the same BOX 
thickness(350 nm) in dependence on the TID.  
 
It is interesting to compare the values of effective 
charges accumulated in these structures after TID equal 
to 1 and 10 Mrad. The lowest value after 1 Mrad is 
equal to 3x1010cm-2 for SOIBON structure with optimal 

nitrogen content, the highest value is equal to 
1.4x1012cm-2 for SIMOX structure. For 10 Mrad TID 
the differences between DeleCut and SOIBON are 
lower: 3x1011cm-2 for SOIBON structure and 
1.3x1012cm-2 for DeleCut SOI wafers. 
Obtained values of the effective charges were used for 
modelling by TCAD Sentaurus™ the characteristics of 
fully depleted CMOS transistors with undoped channels 
on 30 nm SOI layer and nanometer thin inversely doped 
layers with the design similar to Oki’s FD-FETs [7], 
which are aimed for supercollider electronics.  
The results of simulation are shown on the Fig.4. As can 
be seen from Figs. 3 and 4 only SOIBON SOI structure 
has the acceptable voltage threshold shift lower than 
�Vth  = 100 mV after TID = 10 Mrad and lower than 
�Vth  = 20 mV after TID = 1 Mrad. 

-1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8
1E-16

1E-15

1E-14

1E-13

1E-12

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

Gate: n PolySi
Gate: 150nm
SOI: 30nm
with  2x200nm 
Si B1e19cm 3

Id(Vg), Vsd=0.1V
Charge:

 1e12 cm 2

 3e11 cm 2

 1e11 cm 2

 3e10 cm 2

 1e10 cm 2

 0 cm 2

 

 

d
 A

/m
km

Vg, V

 

Fig.4: Simulated Id Vg plots for fully depleted n MOS 
transistors with different effective charges at the SOI/BOX 
interfaces.  

 

4. Conclusions  
The obtained results are evidence that suggested in [4,5] 
IME process is acceptable not only for semiconductor 
heterostructure-on-insulator, but for compound buried 
dielectrics like in SOIBON, providing excellent 
radiation tolerance for fully depleted SOI CMOS 
transistors in radiation harsh environment. 
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1. Abstract

A low temperature (400 ºC maximum) process has 
been established on germanium for the manufacture of 
self-aligned W gate MOS transistors.  Hole carrier 
mobility of 550 cm2V-1s-1 has been achieved wit sub-
threshold slope 120mV/dec.   Germanium on sapphire 
technology has been established for MOS transistor 
manufacture. This technology has been extended to 
include the use of lower cost polycrystalline alumina. 

2. Introduction 
The main driving forces for the future development of 
MOS integrated circuits are high performance and 
System-On-a Chip (SOC).  Silicon on Insulator (SOI) 
and Germanium on Insulator (GeOI) technologies offer 
reduced parasitic capacitance, resultant increased 
transistor switching speed and/or reduced power 
dissipation and higher packing density.  They may also 
offer potential solutions for SOC, allowing integration 
of mixed signal CMOS circuits and high quality rf 
passives{1}.  The higher carrier mobility in germanium 
provides faster switching speed.  In GeOI technology 
the handle wafer employed is normally oxidised silicon. 
Germanium on sapphire and on alumina offer 
alternative substrates well suited to production of 
CMOS and rf circuits and components.  Sapphire and 
alumina have a coefficient of thermal expansion which 
is well matched to that of germanium, therefore 
reducing stress issues associated with thermal cycling 
during processing. Process temperatures for device 
manufacture should be limited to below 500)C. This 
will ensure that no crystallisation will occur when thin 
high k gate dielectrics are employed as the gate 
insulator, and will also minimise Ge diffusion into front 
and back gate dielectrics  This paper therefore describes 
a low temperature process for MOS transistor 
manufacture on germanium and germanium on insulator 
platforms.  

3. Low T process for Ge - MOST
A self-aligned metal gate process has been established 

in order to avoid the depletion effects associated with 

polysilicon gate devices. Tungsten was chosen for this 
application as it is has a work function of 4.5eV which 
is well suited to production of MOSTs on germanium. 
The initial process has been developed using APCVD 
SiO2 as the gate dielectric. The germanium substrates 
employed in the bulk technology were of resistivity 2.7 
– 2.9 ohm-cm.  Following standard cleaning schedules 
for the germanium substrates, a 20 nm layer of SiO2 was 
deposited by APCVD at 400ºC.  This was followed by 
deposition of a 200 nm W layer using magnetron sputter 
deposition in an argon ambient at a power of 350 W. 
The sputtered W layer had a resistivity typically of 20 
�	-cm.  ICP etch was employed to pattern the tungsten 
layer using an SF6 environment.  at 400W  with an  etch 
rate of approximately 140 nm/min.  Source/drain 
junctions were then produced using boron ion 
implantation performed at 30keV with a dose of 5$1015

cm-2. These junctions are therefore self-aligned to the 
metal gate and the 200nm W gate electrode was thick 
enough to prevent any penetration of the implant species 
into the gate dielectric.  A 200 nm layer of APCVD 
SiO2 was deposited at 400ºC to act as passivation for the 
transistor.  This process step anneals out the damage 
caused to the gate dielectric by the W sputter deposition 
process and also acts as the implant activation anneal.
Finally contact windows were etched in the device 
structure and metallization was completed with 
sputtered aluminium. A 30 minute anneal at 300)C in a 
forming gas ambient completed the processing. 

Typical output characteristics of enclosed geometry 
MOS transistors manufactured using this process flow 
are shown in Figure 1. Extracted mobility values are 
shown in Figure 2.  A threshold voltage of -0.2V was 
measured indicating that sputter damage had been 
satisfactorily annealed.  The hole mobilty achieved was 
typically in the range 450-500 cm2V-1s-1 with the sub-
threshold slope was typically 170 mV/dec.  The 
characteristics also exhibit low source drain series 
resistance indicating good activation of the boron  
implantations at 400)C.  The transistors were given a 
second 30 minute post-metal anneal at 300)C.  The 
characteristics showed further improvement with 
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mobility typically of 550  cm2V-1s-1 and sub-threshold
slope of 120 mV/dec.  Further PMA steps produced no
further improvements in these values.

Fig.1: Output characteristics for acircular geometry  channel
Ge MOST of channel length 8 microns]

Fig.2: Mobility values measured on the MOST
transistor of Figure 1 

4. Ge on insulator platforms 

Germanium on insulator technology offers many
potential advantages as outlined earlier.  Production of
Germanium on sapphire is of particular importance for
SOC where mixed signal, rf, optoelectronic and 
quantum devices may be integrated on a single
substrate.  A GeOS platform technology has been
established using wafer bonding technology.
Intermediate dielectric layers are essential to ensure out

diffusion paths for trapped water vapour and void free
bonding   A typical GeOS bonded wafer pair is shown
in Figure 3.  Ge MOS transistors have been
manufactured on both thick germanium produced by
grind and polish back technology on thin germanium
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Fig.3: A GeOS substrate produced by wafer bonding

produced by an ion cut technology.  The measured hole
mobility in the thick GeOS technology was of the order
900cm2V-1s-1. Much lower values were obtained in the
ion cut layers.  This is currently attributed either to 
H/He induced defects in the germanium layer and/or
interface states at the BOX-germanium interface. Initial
technology for MOSTs has been established and is
being refined. The GeOs work has been extended
further to employ polycrystalline Alumina as an
alternative to sapphire as it is a much lower cost
material for the handle wafer.  Fine grain alumina was
employed.  This has a surface roughness of 25nm
which is unsuited to wafer bonding.  The alumina
substrates are therefore coated with polycrystalline
silicon and polished to provide a reliable bond surface.
Detailed results will be presented concerning the
refinement of the GeOS technology and devices and
also the germanium on alumina substrates.
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5. Conclusions

A low temperature process has been established for the
production of germanium self-aligned gate p channel
MOS transistors.  Hole mobility in the range 500cm2V-

1s-1 has been achieved.  MOS transistors have also been
manufactured successfully on GeOS platforms and 
technology has been established for the production of
germanium on low-cost polycrystalline alumina handle
wafers.
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