UNIVERSITAT ROVIRA 1| VIRGILI

COMPACT DC MODELING OF TUNNEL-FETS

Fabian Horst

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigaci6 i docéncia en els termes establerts a 'art. 32 del Text Refds de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacié dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccio o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicacio publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacio del seu contingut en una finestra o marc alié a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacion de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacion de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.




UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

UNIVERSITAT
ROVIRA i VIRGILI

TECHNISCHE HOCHSCHULE MITTELHESSEN

Compact DC Modeling of Tunnel-FETs

FABIAN HORST

-2 gt !
71 % ’

DOCTORAL THESIS
2019



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Fabian Horst

COMPACT DC MODELING OF TUNNEL-FETS

DOCTORAL THESIS

Supervised by Prof. Dr. Benjamin Ihiguez
and Prof. Dr.-Ing. Alexander Kloes

Department of Electronic,
Electrical and Automatic Control Engineering

UNIVERSITAT ROVIRA | VIRGILI

Tarragona
2019



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Statement of Supervision

UNIVERSITAT
ROVIRA 1 VIRGILI

Department of Electronic, Electric
and Automatic Engineering (DEEEA)
Av. Paisos Catalans 26, Campus Sescelades
43007, Tarragona, Spain

Phone: +34 977 558524

Fax: 434 977 559605

I STATE that the present study, entitled: “COMPACT DC MODELING OF TUNNEL-FETS”,
presented by Fabian Horst for the award of the degree of the Doctor, has been carried out
under my supervision at the Department of Electronic, Electrical and Automatic Control
Engineering of this university, and that it fulfills all the requirements to be eligible for the

European Doctorate Award.

Tarragona, Spain, August 30, 2019

Prof. Dr. Benjamin Ifiiguez, Doctoral Thesis Supervisor

Prof. Dr.-Ing. Alexander Kloes, Doctoral Thesis Co-Supervisor



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Statement of Authorship

3| THM

TECHNISCHE HOCHSCHULE MITTELHESSEN

Research Group Nanoelectronics / Device Modeling
Wiesenstrasse 14

35390, Giessen, Germany

Phone: +49 641 309-1968

Fax: +49 641 309-2901

I STATE that this document has been composed by myself and describes my own work, unless
otherwise acknowledged in the text. Parts that are direct quotes or paraphrases are identified
as such. It has not been accepted in any previous application for a degree. All sources of

information have been specifically acknowledged.

Giessen, Germany, August 30, 2019

%é.‘a u

Fabian Horst, M. Sc.



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Acknowledgments

First I would say that my dissertation would not have reached this dimension without the help
of many people. They all helped and supported me in making my dream come true and it is

therefore an honor for me to express my sincerest thanks to them all.

At first and foremost, I offer my deepest gratitude to Prof. Dr.-Ing. Alexander Klos for
his engaged guidance throughout the entire time of my doctoral studies. In addition to the
fruitful discussions with him, he always motivated me to stay focused and created a working

atmosphere in which I always felt comfortable during my time in the research group.

I would also thank my doctoral supervisor Prof. Dr. Benjamin Ifiiguez for his comprehensive
support concerning administrative and professional matters. He has always pushed my work

forward by directing me how and where I could publish my latest research.

Furthermore, I want to acknowledge my former colleague Dr. Fabian Hosenfeld for a pleasant
and worthwhile time at the very beginning and the first three years of my researches. The
constructive but also critical discussions with him led not at least to my first useful modeling

results.

I would also like to take this opportunity to thank my colleagues Anita Farokhnejad, Jakob
Priifer and Jakob Leise for their good comradeship, professional and general discussions in
our joint time at the THM. An additional thanks to them for proofreading and optimizing my

dissertation.

In addition, I would like to say thanks to my parents-in-law Sabine and Frank. They have
welcomed me warmly into their family and treat me like their own son. I would also like to
express my deepest thankfulness to my best friends Felix, Jorg and Wiebke who have been

with me since my childhood and have supported me in all stages of my life.

Finally, I want to express my greatest gratitude to my wife Samantha, for her patience and
confidence. Thank you for supporting me in every decisions I have made in the past and I will
make in the future. Together we managed to go through some hard and of course through

pleasant times of our life. For these reasons, I want to dedicate my doctoral thesis to you.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

vi

This thesis was supported by the German Federal Ministry of Education and Research
under contract No. FKZ 13FH010IX5 and the Spanish Ministry of Economy and Competitive-
ness through project GREENSENSE (TEC2015- 67883- R). I would like to thank Keysight
Technologies for the license donation of the software IC-Characterization and Analysis Program

(IC-CAP) and I would also like to thank AAMOS GmbH in Frickenhausen, Germany for the

comprehensive support of my researches.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Fir Samantha und Lennard



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Contents

List of Publications

List of Symbols

List of Acronyms

1.

Introduction

1.1.
1.2.
1.3.
1.4.
1.5.

History of Semiconductor Devices
From MOSFET to TFET Technology . . . ... ... ... ...........
Device Simulation and the Importance of Compact Modeling . . . . . ... ..
State of the Art in TFET Compact Modeling . . . . . .. .. ... ... ....
Challenges and Outline of the Thesis . . . . . . . . ... .. ... ... .....

Mathematical and Physical Preliminaries

2.1.
2.2.
2.3.

Poisson’s and Laplace’s Equation

Complex Potential Theory . . . .

Conformal Mapping Technique .

2.3.1.

Mapping of a Closed Polygon . . . . . ... ... ... ... .......
2.3.2. Potential Solution for Boundary Conditions of First Kind . . . . . . ..

Fundamentals of the TFET
3.1. Tunneling Effect . . . ... ...

3.2.
3.3.

3.1.1.

Tunneling Probability . .

3.1.2. Landauer’s Tunneling Formula . . . . ... ... ... ... .......

3.1.3.

Tunneling Events . . . . .

Device Geometry . . . . . .. ..

Working Principle . . . ... ..

3.3.1.
3.3.2.
3.3.3.
3.3.4.

OFr-State . . . . ... ..
ON-State . ... ... ..
AMBIPOLAR-State . . . .

Channel Potential Pinning

xiii

XVvii

xxiii

© Ot W N

11

13
13
14
17
18
20

23
23
23
30
33
34
35
36
37
37
38



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

X Contents
3.3.5. Drain-Source Voltage Influence . . . . . . . .. ... ... ... ... .. 39

3.3.6. Unidirectional Behavior of the Current . . . . . . . . .. ... ... ... 40

4. 2D Electrostatic Potential Solution 43
4.1. Preliminary Modeling Considerations . . . . . . . . .. . ... ... ... .... 43
4.1.1. Laplace’s Equation . . . . . . . . ... Lo 43

4.1.2. Inversion Charges . . . . . . . . . .. . . e 44

4.1.3. Scaling of the Gate Insulator . . . . . . ... ... ... ... ... .. 48

4.1.4. Decomposition of the Device Structure and Boundary Conditions . . . . 49

4.1.5. Mapping of the Device Structure . . . . . . .. ... ... ... ..... 52

4.2. Closed-Form Potential Solution for the Channel Region . . . .. .. ... ... 54
4.2.1. Solution for a Piecewise Constant Boundary . . . . . . .. ... ... .. 54

4.2.2. Solution for a Piecewise Parabolic Boundary . . . ... ... ... ... 55

4.2.3. Solution for a Piecewise Linear Boundary . . . . . ... ... ... ... 55

4.3. Potential Model Verification . . . . . . . . . ... ... L o0 57
4.3.1. Verification of the Effective Gate-Source Voltage & Center Potential . . 57

4.3.2. Verification of the 2D Channel Potential Solution . . . . . . ... .. .. 61

5. Compact DC Model 65
5.1. Compact Electrostatic Potential Solution . . . . ... .. .. ... ... .... 65
5.1.1. ON-State Compact Potential . . . . .. ... ... ... ... ... ... 66

5.1.2. AMBIPOLAR-State Compact Potential . . . . . ... ... ... ... .. 69

5.1.3. Compact Potential Solution Along the y-Axis . . . . ... ... ... .. 71

5.2. Compact Band Diagram . . . . . . . .. ... ..o Lo 72
5.3. Compact Electric Field Solution . . . . . .. ... ... ... ... ...... 74
5.4. Band-to-Band Tunneling Current Density . . . . . . .. ... ... ... .. ... 75
5.4.1. Tunneling Length (B2B) . . . . . .. ... ... ... ... ........ 75

5.4.2. Tunneling Probability (B2B) . . . .. ... ... ... .......... 78

5.4.3. Tunneling Generation Rate (B2B) . . ... ... ... ... ... .... 82

5.4.4. Compact Current Density (B2B) . . . . . ... ... ... ... ..... 85

5.5. Trap-Assisted Tunneling Current Density . . . . . .. .. ... .. ... .... 88
5.5.1. Interface Trap Density . . . . . . . . . .. .. ... ... ... ... 89

5.5.2. Field-Effect Enhancement Factor and Tunneling Probability (TAT) . . . 90

5.5.3. Tunneling Generation Rate (TAT) . . .. ... ... ... ... ..... 91

5.5.4. Compact Current Density (TAT) . . . . . . .. ... .. ... ..... 94

5.6. Tunneling Current . . . . . . . . . ... . L 95

6. Modeling Results & Verification 97
6.1. Verification by TCAD Sentaurus Simulation Data. . . . . .. . ... ... ... 97
6.1.1. Electrostatic Potential, Band Diagram and Electric Field . . . ... .. 101



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Contents xi
6.1.2. AE WKB Approach . . . . . ... ... .. 117

6.1.3. Tunneling Generation Rate . . . . . . .. ... ... ... ... ..... 124

6.1.4. Tunneling Current . . . . . . . .. ... ... 129

6.2. Verification by Measurement Data . . . . . . .. .. ... ... ... ... ... 152

7. Circuit Simulation & Performance Evaluation 157
7.1. Single-Stage TFET Inverter . . . . . . . . . . ... ... ... ... .. .... 157
7.2. 8T TFET SRAM Cell . . . . . . . ... e 159
7.2.1. Cell Layout . . . . . . . . . . . . e 159

7.2.2. Simulation Setup and SNM Analysis . . . . . . .. ... ... ... 160

7.3. Ring Oscillator . . . . . . . . .. L 164

8. Conclusion 167
A. Separation of Real- and Imaginary Parts of the 2D Complex Potential 171
A.1. Conformal Mapping Function . . . . . .. ... ... ... ... ......... 171
A.2. Potential Solution for a Piecewise Parabolic Boundary . . . . .. .. .. .. .. 172
A.3. Potential Solution for a Piecewise Linear Boundary . . . . . . . ... ... ... 173

B. Verilog-A Suitable Function Approximations 179
B.1. Fermi-Dirac Integral . . . . . . . . ... ... .. oL 179
B.2. Error Function . . . . . . . . ... 180

C. Terminal Input Voltage Limitations 181
D. Impact of the Adjustable Model Parameters on the Transfer |-V Curve 185

References 191



UNIVERSITAT ROVIRA I VIRGILT
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

xii Contents




UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

List of Publications

Journals

e Fabian Horst, Atieh Farokhnejad, Qing-Tai Zhao, Benjamin Iniguez and Alexander Kloes,
“2-D Physics-Based Compact DC Modeling of Double-Gate Tunnel-FETs,” in IEEE
Transactions on Electron Devices, vol. 66, no. 1, pp. 132-138, Jan. 2019.

DOI: 10.1109/TED.2018.2856891, Impact Factor: 2.704

o Fabian Horst, Atieh Farokhnejad, Ghader Darbandy, Benjamin Iniguez and Alexander
Kloes, “Area Equivalent WKB Compact Modeling Approach for Tunneling Probability

2

in Hetero-Junction TFETs Including Ambipolar Behavior,” in International Journal of

Microelectronics and Computer Science, vol. 9, no. 2, pp. 47-59, Dec. 2018.
URL: https://ijmes.dmces.pl/documents/10630/360081 /IJMCS__2_ 2018_ 1.pdf

Conferences

e Fabian Horst, Atieh Farokhnejad, Benjamin Iniguez and Alexander Kloes, “Closed-Form
Modeling Approach of Trap-Assisted Tunneling Current for Use in Compact TFET
Models,” in 2019 MIXDES - 26th International Conference “Mized Design of Integrated
Circuits and Systems”, Rzeszéw, Poland, Jun. 2019, pp. 81-86.

DOI: 10.23919/MIXDES.2019.8787095

e Fabian Horst, Atieh Farokhnejad, Benjamin Ifiguez and Alexander Kloes, “An Area
Equivalent WKB Approach to Calculate the B2B Tunneling Probability for a Numerical
Robust Implementation in TFET Compact Models,” in 2018 25th International Conference
“Mized Design of Integrated Circuits and Systems” (MIXDES), Gdynia, Poland, Jun. 2018,
pp. 45-50.

DOI: 10.23919/MIXDES.2018.8436770

e Fabian Horst, Atieh Farokhnejad, Michael Graef, Fabian Hosenfeld, Gia Vinh Luong,
Chang Liu, Qing-Tai Zhao, Francois Lime, Benjamin Ifiiguez and Alexander Kloes,
“DC/AC Compact Modeling of TFETs for Circuit Simulation of Logic Cells Based on an

xiii


https://doi.org/10.1109/TED.2018.2856891
https://ijmcs.dmcs.pl/documents/10630/360081/IJMCS_2_2018_1.pdf
https://doi.org/10.23919/MIXDES.2019.8787095
https://doi.org/10.23919/MIXDES.2018.8436770

UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Xiv

List of Publications

Analytical Physics-Based Framework,” in 2017 Austrochip Workshop on Microelectronics
(Austrochip), Linz, Austria, Oct. 2017, pp. 6-10.

DOI: 10.1109/Austrochip.2017.10

Fabian Horst, Michael Graef, Fabian Hosenfeld, Atieh Farokhnejad, Gia Vinh Luong,
Qing-Tai Zhao, Benjamin Ifiiguez and Alexander Kloes, “Static Noise Margin Analysis
of 8T TFET SRAM Cells Using a 2D Compact Model Adapted to Measurement Data
of Fabricated TFET Devices,” in 2017 Joint International EUROSOI Workshop and
International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), Athens,
Greece, Apr. 2017, pp. 39-42.

DOI: 10.1109/ULIS.2017.7962595

Fabian Horst, Michael Graef, Fabian Hosenfeld, Atieh Farokhnejad, Franziska Hain, Gia
Vinh Luong, Qing-Tai Zhao, Benjamin Iniguez and Alexander Kloes, “Implementation
of a DC Compact Model for Double-Gate Tunnel-FET Based on 2D Calculations and
Application in Circuit Simulation,” in 2016 46th Furopean Solid-State Device Research
Conference (ESSDERC), Lausanne, Switzerland, Sep. 2016, pp. 456-459.

DOI: 10.1109/ESSDERC.2016.7599684

Co-Authorship

Atieh Farokhnejad, Fabian Horst, Benjamin Ifiiguez, Francois Lime and Alexander Kloes,
“Impact of On-Current on the Static and Dynamic Performance of TFET Inverters,”
accepted for publication at 2019 IEEE SOI-8D-Subthreshold Microelectronics Technology
Unified Conference (S3S), San Jose, USA, Oct. 2019.

Atieh Farokhnejad, Fabian Horst, Benjamin Iniguez, Frangois Lime and Alexander
Kloes, “Evaluation of Static/Transient Performance of TFET Inverter Regarding Device
Parameters Using a Compact Model,” accepted for publication at 49th European Solid-
State Device Research Conference (ESSDERC), Krakéw, Poland, Sept. 2019.

Atieh Farokhnejad, Mike Schwarz, Fabian Horst, Benjamin Iniguez, Francois Lime and
Alexander Kloes, “Analytical Modeling of Capacitances in Tunnel-FETs Including the
Effect of Schottky Barrier Contacts,” in Solid-State Electronics, vol. 159, Sep. 2019, pp.
191-196.

DOI: 10.1016/j.sse.2019.03.062, Impact Factor: 1.492

Atieh Farokhnejad, Mike Schwarz, Michael Graef, Fabian Horst, Benjamin Iiiguez,
Francois Lime and Alexander Kloes, “Effect of Schottky Barrier Contacts on Measured
Capacitances in Tunnel-FETSs,” in 2018 Joint International EUROSOI Workshop and
International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), Granada,
Spain, Mar. 2018, pp. 1-4.


https://doi.org/10.1109/Austrochip.2017.10
https://doi.org/10.1109/ULIS.2017.7962595
https://doi.org/10.1109/ESSDERC.2016.7599684
https://doi.org/10.1016/j.sse.2019.03.062

UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

XV

DOI: 10.1109/ULIS.2018.8354766

e Michael Graef, Fabian Hosenfeld, Fabian Horst, Atieh Farokhnejad, Benjamin Iniguez
and Alexander Kloes, “Capturing Performance Limiting Effects in Tunnel-FETs,” in
ISTE OpenScience Journal Nanoelectronic Devices, vol. 18-1, pp. 1-10, Feb. 2018.

DOI: 10.21494/ISTE.OP.2018.0220

e Michael Graef, Fabian Hosenfeld, Fabian Horst, Atieh Farokhnejad, Franziska Hain,
Benjamin Iiiguez and Alexander Kloes, “Advanced Analytical Modeling of Double-Gate
Tunnel-FETs — A Performance Evaluation,* in Solid-State Electronics, vol. 141, pp. 31-39,
Mar. 2018.

DOI: 10.1016/j.se.2017.11.009, Impact Factor: 1.492

o Fabian Hosenfeld, Fabian Horst, Francois Lime, Benjamin Ifiiguez and Alexander Kloes,
“Non-Iterative NEGF Based Model for Band-to-Band Tunneling Current in DG TFETs,”
in 2017 MIXDES - 24th International Conference “Mized Design of Integrated Circuits
and Systems,” Bydgoszcz, Poland, Jun. 2017, pp. 143-148.

DOI: 10.23919/MIXDES.2017.8005171

e Michael Graef, Franziska Hain, Fabian Hosenfeld, Fabian Horst, Atieh Farokhnejad,
Benjamin Iniguez and Alexander Kloes, “Analytical Modeling of RDF Effects on the
Threshold Voltage in Short-Channel Double-Gate MOSFETSs,” in 2017 MIXDES - 24th
International Conference “Mized Design of Integrated Circuits and Systems,” Bydgoszcz,
Poland, Jun. 2017, pp. 127-131.

DOLI: 10.23919/MIXDES.2017.8005168

¢ Atieh Farokhnejad, Michael Graef, Fabian Horst, Chang Liu, Qing-Tai Zhao, Frangois
Lime and Alexander Kloes, “Compact Modeling of Intrinsic Capacitances in Double-
Gate Tunnel-FETS,” in 2017 Joint International EUROSOI Workshop and International
Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), Athens, Greece, Apr.
2017, pp. 140-143.

DOI: 10.1109/ULIS.2017.7962584

o Fabian Hosenfeld, Fabian Horst, Michael Graef, Atieh Farokhnejad, Alexander Kloes,
Benjamin Iiiguez and Francois Lime, “Rapid NEGF-Based Calculation of Ballistic
Current in Ultra-Short DG MOSFETs for Circuit Simulation,” in International Journal
of Microelectronics and Computer Science, vol. 7, no. 2, pp. 65-77, 2016.

URL: https://ijmcs.dmcs.pl/documents/10630,/212938 /IJMCS_ 2 2016_ 5.pdf

e Michael Graef, Franziska Hain, Fabian Hosenfeld, Fabian Horst, Atieh Farokhnejad,

Benjamin Ifiiguez and Alexander Kloes, “Comparative Numerical Analysis and Analytical


https://doi.org/10.1109/ULIS.2018.8354766
https://www.openscience.fr/Capturing-Performance-Limiting-Effects-in-Tunnel-FETs
https://doi.org/10.1016/j.sse.2017.11.009
https://doi.org/10.23919/MIXDES.2017.8005171
https://doi.org/10.23919/MIXDES.2017.8005168
https://doi.org/10.1109/ULIS.2017.7962584
https://ijmcs.dmcs.pl/documents/10630/212938/IJMCS_2_2016_5.pdf

UNIVERSITAT ROVIRA I VIRGILI

COMPACT DC MODELING OF TUNNEL-FETS

xvi

Fabian Horst

List of Publications

RDF-Modeling of MOSFETs and DG Tunnel-FETs,” in 2016 MIXDES - 23rd Interna-
tional Conference Mixed Design of Integrated Circuits and Systems, Lodz, Poland, Jun.
2016, pp. 47-51.

DOI: 10.1109/MIXDES.2016.7529698

Fabian Hosenfeld, Michael Graef, Fabian Horst, Benjamin Ifiiguez, Francois Lime and
Alexander Kloes, “Modeling Approach for Rapid NEGF-Based Simulation of Ballistic
Current in Ultra-Short DG MOSFETs,” in 2016 MIXDES - 23rd International Conference
Mized Design of Integrated Circuits and Systems, Lodz, Poland, Jun. 2016, pp. 52-57.

DOI: 10.1109/MIXDES.2016.7529699

Fabian Hosenfeld, Michael Graef, Fabian Horst, Benjamin Ifiiguez, Francois Lime and
Alexander Kloes, “Semi-Analytical Model for Leakage Current in Ultra-Short DG MOS-
FET Based on NEG Formalism,” in MOS-AK International CM Meeting, Dresden,
Germany, Mar. 2016.

URL: http://www.mos-ak.org/dresden_ 2016

Michael Graef, Franziska Hain, Fabian Hosenfeld, Fabian Horst, Atieh Farokhnejad,
Benjamin Iniguez and Alexander Kloes, “Numerical Analysis and Analytical Modeling
of RDF in DG Tunnel-FETs,” in 2016 Joint International EUROSOI Workshop and
International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), Vienna,
Austria, Jan. 2016, pp. 64-67.

DOI: 10.1109/ULIS.2016.7440053

Franziska Hain, Christian Lammers, Fabian Horst, Fabian Hosenfeld, Benjamin Ifiguez
and Alexander Kloes, “Continuous Charge-Based Current Model for Organic TFT Derived
From Gaussian DOS,” in 11th International Conference on Organic Electronics (ICOE),
Erlangen, Germany, Jun. 2015.


https://doi.org/10.1109/MIXDES.2016.7529698
https://doi.org/10.1109/MIXDES.2016.7529699
http://www.mos-ak.org/dresden_2016/presentations/T4_Hosenfeld_MOS-AK_Dresden_2016.pdf
https://doi.org/10.1109/ULIS.2016.7440053

UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

List of Symbols

Latin Alphabet

Symbol Description Unit

A Complex constant of the 1D wavefunction ¥ [1/y/cm]

Asl/ d Area under the band diagram, used in the AE WKB approach  [J cm)]

A;/d Area of the triangle, used in the AE WKB approach [J cm]

ar, Parameter of the potential solution for a piecewise linear [cm/V?]
boundary

as/q Parameter of the compact potential in S/D region [V/cm?]

B Complex constant of the 1D wavefunction ¥ [1/4/cm]

bL Parameter of the potential solution for a piecewise linear [cm]
boundary

bs/a Parameter of the compact potential in S/D region [Vem™!]

c Complex constant of the 1D wavefunction ¥ [1/y/cm]

Ci,2 Complex constants of the Schwarz-Christoffel transformation  [cm]

Cly Gate oxide capacitance per gate area [F/cm?]

Cs/d Parameter of the compact potential in S/D region V]

D Complex constant of the 1D wavefunction ¥ [1/4/cm]

D12, D13 Simplification in the calculations of the compact potential in [V cm 1]
the channel region

Dox Dielectric displacement [As/cm?)

E Considered energy level J]

E Electric field vector [Vem ™!

E. Conduction band energy J]

E; Fermi energy level J]

xvii



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

xviii List of Symbols

E, Band gap energy [J]

Eg/q Energy difference due to the degeneration of the semiconductor  [J]

E, Valence band energy [J]

FEoac Energy of the vacuum level [J]

Esy,» x,y,2 component of the electric field vector \% cmfl]

F Complex constant of the 1D wavefunction ¥ [1/y/cm]

F,., Smoothing function of the 1D channel surface potential V]

Fn Fermi-Dirac integral of order n -]

f Fermi-Dirac distribution -]

It Probability that a trap state is occupied -]

G TAT generation rate [s7'em™3)
3D density of states in momentum space [em™]
Planck’s constant [Js]
Reduced Planck’s constant [Js]

Tas Resulting device current of the TFET [A]

Jep Compact current density along the y-axis [A/cm?)

Jiun Tunneling current density [A/ cm2]

Jy Tunneling current density along the y-axis [A/cm?]

j Imaginary number (-]

K4 Simplification in the calculations of the tunneling length V]

k, k12,3 Wave vector of the 1D wavefunction ¥ along the z-axis [cmfl]

k Wave vector of the 3D wavefunction ¥ [em™?]

kb Boltzmann constant [TK™

ks/a Parameter of the compact potential in channel region [V cm)]

kz,y,z Wave vector component of the 3D wavefunction ¥ [em™!]

K, To z-axis parallel wave vector of the 3D wavefunction ¥ [em™]

L Length of a cube [cm]

len Channel length of the TFET device [nm]

ls/a Parameter of the compact potential in channel region [cm]

lsa Length of source/drain region of the TFET device [nm)]

ltun Tunneling length [cm)]

m* Effective carrier mass [kg]

Mg /4 Parameter of the compact potential in channel region V]



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

Xix
N Supply function [J]
Ninv Inversion charge density [cm_3]
Ns,ch,d Doping concentration of source, channel and drain region [em™?]
N? Maximum interface trap density [em™2]
Nt Interface trap density at a considered energy [cmfz]
n, i Electron carrier concentration [em™?]
Ndiode Quality factor of the parasitic diode -]
ni Intrinsic electron concentration in Silicon [em™?)
P Complex Potential function V]
Pis/ d Potential point for the compact potential solution [nm, V]
P, p1 Hole carrier concentration [em™?]
q Elementary charge [As]
r Radius [cm)]
T Temperature K]
TGR Tunneling generation rate [s7'em™3)
Ttun Tunneling probability (-]
ten Channel thickness of the TFET device [nm]
tox Gate oxide/insulator thickness [nm]
fox Scaled gate oxide/insulator thickness [nm)]
U(x) Energy barrier shape depending on x [J]
Up Amplitude of a constant energy barrier [J]
Usgf Tunneling energy barrier height in the AE WKB approach [J]
AU Energy difference J]
v Carrier velocity [ems™]
Vs Drain-source voltage V]
Vib Flat band voltage V]
Ves Gate-source voltage V]
Vs eft Effective gate-source voltage V]
Viox Voltage drop across the gate oxide V]
Vs Source voltage V]
Vin Threshold voltage V]
u Real part of the complex variable / function w [cm] / [TBD]
u Normalized potential value -]



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

XX List of Symbols

Ug/c Normalized surface/center potential value -]
u’ Integration variable along the u-axis [cm]
v imaginary part of the complex variable / function @ [cm] / [TBD]
w Width of a rectangular energy barrier [cm)]
w Complex variable in w-plane / Complex function [cm] / [TBD]
Wg/q Mapping function for the source/drain related case -]
Weh Channel width of the TFET device [nm]
T Cartesian coordinate [cm)]
ac?/ d x values for the compact potential approximation [nm)]
xi/ d Specific z-position at which the tunneling length is derived [cm)]
xi/ld2 Integration limits of the B2B tunneling generation rate [cm]

:;;TAT’max z-position of the maximum TGR value (B2B/TAT) [cm)]
J Cartesian coordinate [cm]
z Cartesian coordinate [cm]
z Complex variable in z-plane [cm]

Greek Alphabet
Symbol Description Unit
rs/d Approximated field-effect enhancement factor in the compact [—]
model
LCepn Field-effect enhancement factor for electrons/holes -]
5y Body factor [VV]
5y Phase angle of the longitudinal wave vector k, [rad]
i Phase angle of the Schwarz-Christoffel transformation -]
A Laplace operator -]
AEE/ d Band gap difference due to band gap narrowing [J]
Oy Exponent of the compact potential along the y-axis -]
€ Permittivity [AsV™'em™!]
n*/d Standard deviation of the compact current density approxi- [cm]
mation, adjustable parameter

O(x) Amplitude function of the 1D wavefunction ¥ [1/+/cm]
91 Simplification in the calculation of xSB/Qiymax V3]
I Simplification in the calculation of xSB/;;max [cm?]



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

XXi

93

s/d
HTAT

/d
st

s/d
Aln,ﬁt

Az As/d

OL,4

s/d
OraT

Se/h

s/d
TraT

o

s/d
@bi,eff

o/

és/d

cen

/d
Py’

/d
oy

Qs/d

sur

¢ZC,L,P

Simplification in the calculation of ;c;/;;,max

Fitting parameter to adjust the slope of the TAT current part
Electric flux

Wavelength

Adjustable parameter to tune the screening length

Adjustable parameter to tune the influence of inversion charges

on the potential solution

Screening length at source/drain-to-channel junction
Electric flux function

Space charge

Standard deviation of B2B TGR approximation, adjustable

parameter

Parameter of the potential solution for a piecewise linear

boundary

Parameter of the potential solution for a piecewise linear

boundary

Standard deviation of TAT TGR approximation, adjustable

parameter

Electron/hole generation lifetime

Capture cross section

Electrostatic potential

Built-in potential of the source/drain region

Effective built-in potential at the source/drain-to-channel junc-
tion

Constant boundary condition of the 2D channel potential
Compact potential in the channel center for any z-position
Linear boundary condition of the 2D channel potential
Parabolic boundary condition of the 2D channel potential
Compact potential at the channel surface for any z-position
Phase function of the 1D wavefunction ¥

Phase angle

Potential solution for a piecewise constant, linear, parabolic

boundary

2

=

L =52 ==

<

I <
=

=



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

xxii List of Symbols

$C,L,P 2D electrostatic solution for a constant, linear, parabolic [V]

boundary condition

0P 1D channel center potential V]

oiP 1D channel surface potential V]

POaRep inv 1D channel surface potential in depletion/inversion mode [V]

o/ eh/d Compact potential solution along the z-axis [V]

Oy Compact potential solution along the y-axis V]

o 2D closed-form channel potential solution [V]

X Electron affinity [J]

v 1D wavefunction [1/+/cmm]
Other

Symbol  Description Unit

v Nabla operator -]

7] Partial differential operator -]



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS

Fabian Horst

List of Acronyms

Symbol Description

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

AC Alternating current

AE Area-equivalent

AlGaShb Aluminum-Gallium antimonide
AT Access transistors

B2B Band-to-band

BGN Band gap narrowing

Ch Channel

ConB Conduction band

cp Compact

D Drain

DC Direct current

DG Double-gate

DIBL Drain-induced barrier lowering
EUV Extreme ultraviolet lithography
FEM Finite element method

FET Field-effect transistor

F-N Fowler-Nordheim

G Gate

GAA Gate-all-around

GaAs Gallium arsenide

GaSb Gallium antimonide

Ge Germanium

HfO,

Hafnium dioxide

xxiii



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS

Fabian Horst

XXiv List of Acronyms
H/R Hold/read
I1C Integrated circuit
IC-CAP IC-Characterization and Analysis Program
InAs Indium arsenide
ITRS International technology roadmap for semiconductors
LaxO3 Lanthanum oxide
MESFET Metal-semiconductor field-effect transistor
MOSFET Metal-oxide-semiconductor field-effect transistor
MuGFET Multiple-gate FET
NC Negative capacitance
NEGF Non-equilibrium Green’s function
NiSis Nickel Silicide
NW Nanowire
PD Pull-down
PU Pull-up
S Source
SB Single-band
SCE Short-channel effect
SD Source-to-drain
Si Silicon
SiGe Silicon-germanium
SNM Static noise margin
SOI Silicon on insulator
SRAM Static random-access memory
sSi Strained Silicon
Taz0s5 Tantalum pentoxide
TAT Trap-assisted tunneling
TCAD Technology computer-aided design
TFET Tunnel field-effect transistor
TGR Tunneling generation rate
TiO- Titanium dioxide
ValB Valence band
VTC Voltage transfer characteristics
\WY% Write
WKB Wentzel-Kramers-Brillouin

Y203

Yttrium oxide



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

CHAPTER 1

Introduction

Looking back at the last five decades of the development in the semiconductor industry, one
can see an outstanding technical improvement in all kinds of electronic devices. At the same
time, society’s demands for these electronic devices have increased over the years. In modern
daily life it is totally usual to have a computer, laptop, smartphone or various consumer
electronic products at home and use them several times a day. This rapid development is due
to the efforts of the entire scientific community around the world. At the moment, the metal-
oxide-semiconductor field-effect transistor (MOSFET) is the technologically most advanced
semiconductor device and is the most common transistor in digital and analog circuits. Due to
the growing demands regarding the speed of the chips, efficiency and size, the transistor density
on a chip also increases, which means the single transistor size decreases. Concerning the
shrinking size of a transistor, the MOSFET technology is going to reach its physical limitations.
Consequently, the scientific community is looking for an alternative to the MOSFET technology
having a steeper switching behavior, a smaller supply voltage or a lower OFF-current. One
promising candidate that offers all these advantages is the tunnel field-effect transistor (TFET).
For this reason, a compact DC TFET current model is introduced in this work.

The following sections give a brief overview of the history of semiconductor devices (Sec. 1.1)
and the technological evolution from the MOSFETs to the current TFETs in Sec. 1.2. Fur-
thermore, the relevance of device simulation and the importance of compact modeling in the
semiconductor development are introduced in Sec. 1.3. A state-of-the-art overview of the
compact TFET models reported in the literature is presented in Sec. 1.4, followed by the

challenges and outline of this dissertation in Sec. 1.5.
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1.1 History of Semiconductor Devices

The first innovation in electronic devices was made by Julius Edgar Lilienfeld in 1926, when he
introduced the first patents that describe the working principle of a transistor [1, 2]. In his
patents he described a three terminal electric device in which two contacts were connected
with a compound of copper and sulfur. The third contact was used to apply an electrostatic
potential between the other two contacts that controls or influences the resulting current. It
is to say that this device was in the broadest sense comparable to certain today’s field-effect
transistors like the metal-semiconductor field-effect transistor (MESFET). In the time of his
patent invention, it was not feasible to manufacture or implement such a device.

In 1934, the German physicist Oskar Heil developed the first semiconductor field-effect
transistor (FET) having an insulated gate contact [3]. Four years later, Boris Davydov [4],
Nevill Mott [5] and Walter Schottky [6] independently rectified the work of Oskar Heil. After
the detection of the p—n junction by Russel Ohls in 1940, the first concepts of bipolar transistors,
so-called point-contact transistors, were invented by the researchers of the Bell Telephone
Laboratories William Shockley, John Bardeen and Walter Brattain [7-10]. In 1951, only three
years later, the first bipolar junction (p-n) transistors were introduced by Shockley [11]. The
first integrated circuit was developed by Jack Kilby of Texas Instruments in 1958 [12]. It was a
flip-flop, based on two bipolar transistors.

In the same year, Leo Esaki invented the tunneling diode during his PhD studies in 1958
[13], which was based on the theory of Zener reported in 1934 [14]. The tunneling diode is
essentially a p-n junction with a highly n- and p-doped region and a sharp doping transition.
The doping concentration must be so high that both regions are in degeneration [15, 16]. In
1973 he was awarded with the Nobel Prize in Physics for the experimental demonstration of
the quantum mechanical effect of electron tunneling in solids. The tunneling diode and thus
the band-to-band (B2B) tunneling effect was first used commercially in the year 1976 [16].

The today’s most important device, the MOSFET, was firstly invented by the Bell Telephone
Laboratories engineers Dawon Kahng and Mohamed Atalla in 1959. They developed an electric
field controlled semiconductor device that was also the first FET with an insulated gate [17].
Based on different doping processes (nMOS and pMOS), Frank Wanlass and Chih-Tang Sah
from Fairchild Semiconductor published the idea of a complementary-MOS (CMOS) technology
in 1963 [18]. The CMOS technology enables a low standby power consumption [19] and has
become the state-of-the-art in circuit design which is still used.

In 1965 Gordon E. Moore established the theory that the transistor count in fixed-size ICs
will increase exponentially [20]. Moore’s law predicts that the transistor count on an IC would
double every 12 months. Ten years later he rectified his theory and said that the transistor
count would double in a time period of two years [21]. Moore’s law predicted this development
very well but today, considering this law is coming to its end, innovations in terms of device
structure and materials are required [22, 23].

With the invention of the CMOS logic in 1963, it was only a matter of time before the first
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microprocessor was developed. The first commercially available microprocessor was introduced
in November 1971 by Intel. It was the Intel 4004, a 4-Bit-processor with a transistor amount of
2300 and a maximum CPU clock frequency of 740 kHz [24].

In the following years more and more complex ICs were developed, which became smaller
and smaller in size with a simultaneously increasing number of transistors on them. As a result,
the transistors had to become continuously smaller and therefore some challenges arose in the
MOSFET technology that had to be considered in the MOSFET and circuit design. These

challenges are accounted in the following section.

1.2 From MOSFET to TFET Technology

The first conventional MOSFET circuits like the Intel 4004 were based on the planar man-
ufacturing process, which was invented by Jean Hoerni in 1959 [25, 26]. Based on Moore’s
statement, the count of transistors in ICs increased exponentially and thus, the transistor size
shrank with the increasing count. The so-called transistor scaling based on Silicon went on for
about 30 years and ended at the beginning of the 2000s with the 70 nm node [27]. From this
point, the leakage current of the transistors reached an unsustainable amount and negatively
affected the switching behavior of the devices. This problem was solved by changing the gate
insulator material from SiO2 to high-x materials and also using strained Silicon technology [28],
so the planar transistor scaling continued for several more years.

Simultaneously to the scaling process, researchers were looking for alternative transistor
structures to improve the behavior of the devices. They introduced transistors with more than
one gate, the so-called multiple-gate FETs (MuGFETS), in order to enhance the electrostatic
control of the transistor channel region and thus to reduce the leakage current [29, 30]. It is to
say that MuGFETs are good candidates to reduce the parasitic effects occurring in transistors
with a channel length below 100 nm. These parasitic impacts are called short-channel effects
(SCEs) [31]. Two examples of SCEs are the threshold voltage roll-off and the drain-induced
barrier lowering (DIBL). The first one describes the channel length dependent reduction of the
threshold voltage Vin. The DIBL characterizes the reduction of the energy barrier within the
channel region of the MOSFET in dependency of the drain voltage and therefore, a reduced
threshold voltage Vin. It should be noted that the reduction of V;1, causes an unwanted increased
OFF-current [32].

A revolutionary invention was presented by Intel in 2011: The 22 nm tri-gate MOSFET [33].
This was the first commercially available 3D device and due to its three gates, SCEs were
reduced, the subthreshold slope was improved and the transistor could operate at lower supply
voltages which results in reduced power consumption. By introducing the 14nm process
technology in 2014, Intel was able to improve its transistor technology again [34-37]. Based on
these technologically improved devices, in 2015 the community of the international technology
roadmap for semiconductors (ITRS) tried to predict future technologies in 2015 and intends to

lead industry and the research community in this direction. In the ITRS roadmap, a future
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with the combination of 3D devices with low power devices has been predicted and has been
called “3D Power Scaling” [38]. Nevertheless, Intel continued with research and presented
the 3" FinFET generation with a 10nm node [39, 40], which is scheduled to go into series
production by the end of 2019. In April 2019, Samsung announced that they have successfully
completed their EUV development for the 5nm FinFET process technology and is ready for
costumers’ samples [41].

There is going to be a big dilemma in the future in terms of the MOSFET scalability.
As the devices are further minimized and the supply voltage is reduced due to lower power
consumption, additional parasitic effects occur. The first group is atomic structure related
effects like random dopants [42, 43] or gate line edge roughness [44] that negatively influence
the transistor behavior. The quantum mechanical effects are the second group that affects the
MOSFET performance. When it comes to very thin device thicknesses, quantum confinement
negatively influences the threshold voltage Vi [45]. For a channel length less than lsn < 10nm,
source-to-drain (SD) tunneling starts to worsen the resulting OFF-state current and the threshold
voltage Vin [46-48].

Even before the quantum mechanical effects have been observed in fabricated MOSFET
technology, researchers tried to take advantage of these parasitic effects. The reason for this
is that in the CMOS technology the minimum subthreshold slope Siy, is physically limited to
60 mV /dec at room temperature due to the thermionic-emission based current transport [49].
Regarding the low power applications in CMOS technology, which means a reduction of the
supply voltage, the leakage current in MOSFETS increases due to the DIBL effect and therefore
worsens the fox/Io ratio. In order to avoid these effects, the community looked for a device
whose switching steepness is not affected by a supply voltage reduction. These transistors are
called steep slope devices, since they make it possible to obtain resulting subthreshold slopes
< 60mV /dec. One of these devices is the TFET [50-53].

After the commercialization of the Esaki tunneling diode, in 1987 first attempts were made
to use the B2B tunneling effect in a MOS capacitor acting like a three terminal tunneling
device [54]. The tunneling current between the drain and the substrate was controlled by
a gate contact. The TFET, which is basically a gated p-i-n diode, was firstly fabricated
and reported independently by two research groups in 2004. The first one was published by
Wang from TU Munich, which was based on the planar technology [55] and the second one
introduced by Appenzeller of IBM had a carbon nanotube channel and a resulting subthreshold
slope of 40mV /dec [56]. Based on these ideas, the TFET became more attractive and some
research groups like IBM, CEA-LETI, IMEC, Forschungszentrum Jiilich and the university of
Tokyo started to focus on this device. Silicon and SiGe TFETs based on various fabrication
technologies and with a subthreshold slope < 60 mV/dec were reported between 2007 and
2013 [57]. For example, IBM reported in 2008 a fabricated Silicon nanowire with a resulting
subthreshold slope of 100 mV /dec and an Zov/I ratio of about six decades [58, 59]. An other
example was shown by Knoll of the Forschungszentrum Jiilich in 2013. He reported a fabricated

complementary TFET inverter based on Strained Silicon with a smallest Sin of 30 mV /dec at
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room temperature and ON-currents Ioy > 10pA/pm at Vas = 0.5V [60, 61}.

Considering the feasibility to exceed the subthreshold slope limit of 60 mV /dec at room
temperature and the full CMOS compatibility, the TFETs are handled as a successor of the
conventional MOSFET technology [50, 62]. In general, the TFET is a good candidate for
low power applications, but there are still some challenges to be solved. The first one is
obtaining an acceptably high Iox, secondly a low Sy, over several decades and thirdly a low
Iowe [63]. A possible way to enhance the TFET performance is the choice of the transistor
material. By using heterostructures, which means a different material in the source than in the
channel and drain region, all three problems can be improved. One possibility is a combination
of a small effective band gap at the source-to-channel junction to obtain a high I,y with a
high effective band gap at the drain-to-channel junction to reduce Ioer [63]. In 2011, Dewey
from Intel published a III-V heterostructure TFET with a high Iox and a subthreshold slope
< 60mV /dec in the range of two decades [64]. Researchers from IBM published in 2016 two
different complementary I1I-V heterostructure TFETs, which unfortunately show a relatively
high Sih &~ 70 mV /dec, but an ON-current of 4 1A /pm in the p-type device [65, 66].

Nonetheless, in these presented TFETs the Iosr was too high and therefore, the parasitic
effect of trap-assisted tunneling (TAT) could be seen. The TAT effect occurs mainly in the
TFET OFF-state and causes an Iore and subthreshold slope degradation [67-69]. To this day,
many attempts have been made to eliminate this effect and improve the TFET performance.
Some possibilities are switching to 2D materials [70, 71], using dopant pockets at the source-to-
channel junction [63, 72] or line tunneling [73-75]. In addition, it is possible to combine the
advantages of the TFET technology with for instance the negative capacitance (NC) FET as it
is shown in [76]. In conclusion, it can be said that the development of the TFET technology is
still in its early stages and that further improvements in the technology could make the TFET

a very promising candidate in the field of low power applications.

1.3 Device Simulation and the Importance of Compact Modeling

To this day the complexity of ICs has steadily increased and therefore the transistor count on a
single chip. Looking back at the first commercialized microprocessor, the Intel 4004 with a
transistor count of 2300 [24], it was a big challenge for the engineers to design this chip by hand.
In the today’s chip design with a transistor density of 37.22 MT/mm? (Million transistors per
square millimeter) in the 14 nm node of Intel [39] or a density of 100.76 MT/mm? in the 10 nm
node of Intel [77], it is totally impossible to design a new chip manually. For this reason, it is
indispensable to design the chips with the help of a computer-aided program. This was already
recognized at the end of the 1960s and therefore, the first computer-aided automatic design
program was introduced in [78]. This tool reduced the design errors and the design time.
Due to the high transistor density on a chip and the associated high fabrication costs,
nowadays a new chip design is simulated and tested for its functionality before production.

For this simulation purpose, compact models are required to describe the behavior of the
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used transistors and other components. Compact models are simple mathematical or physical
equations for a very time-saving simulation of e.g. novel transistors. Numerical finite element
method (FEM) simulations of the novel device are performed to verify the compact models.
These numerical simulations also provide an insight into the physical behavior of the device.
After a positive evaluation of the device performance in FEM simulations, first device samples
can be fabricated to validate and refine the compact models or device simulations. Hence, it
can be seen that the development of a compact model is an iterative process and takes some

time before it can be commercially utilized.

Device Simulation

In order to improve the performance of existing semiconductor devices or to develop new
devices, it is now widely practiced to perform FEM simulations before the novel devices are
manufactured. The main advantage of simulating with the FEM method is that the physical
behavior of the semiconductor device can be investigated and evaluated before fabrication.
Considering the fact that producing novel devices is very expensive, device simulation is a very
useful tool to avoid extra costs, in case of a inoperable device, and also helps to save time in
the development process.

The device simulation is commonly done in Technology Computer Aided Design (TCAD)
programs, like TCAD Sentaurus [79], Silvaco Atlas [80], NDS from Global TCAD solutions [81],
DEVSIM TCAD [82] or Cogenda Visual TCAD [83]. In these device simulation tools, the user
is able to generate a virtual 2D or 3D device containing the information about geometrical
parameters, materials and doping, which is afterwards meshed into small grid points, where
within a single grid point all physical quantities are assumed to be constant. After the meshing
of the device, every single grid point is iteratively solved with the help of partial differential
equation solvers. The simulations of a single device can last from minutes to several days or
weeks, depending strongly on the resulting mesh grid and thus the accuracy and the applied
physical models. Once the simulation is done, it is possible to investigate for instance the
electrostatic potential, electric field or current density within the device. This allows the
possible weaknesses such as leakage currents of the device to be detected in the simulation
results and by readjusting the device geometry or parameters, the device performance can be
enhanced. Considering the fact that the simulations are accurate but very time-consuming,

these tools are not suitable to perform complex circuit simulations.

Compact Modeling

In the design of novel semiconductor chips, the engineers are not interested in the detailed
device physics as it can be investigated in single device simulations, they rather prefer a simple
model that characterizes the DC, AC and transient device behavior very time-efficiently and as

accurately as possible. This type of device description is known as the compact model and
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bridges the gap between the single device simulation and the simulation of complex electronic
circuits.
The computer-aided circuit design and simulation using compact models has become an

essential tool for several reasons [31]:

e Designers can reduce errors in the chip design of complex circuits.

o Designers are able to simulate their chips under worst case conditions to consider deviations
in the chip fabrication. To do so, they can give a proper statement whether the chip will

work or not.

e With the help of the simulations, designers are able to predict the circuit performance

and even optimize or enhance the performance.

Some established simulation tools are for instance SPICE [84] from the UC Berkeley, the
Quite Universal Circuit Simulator (Qucs) [85] from Mike Brinson’s research group or Cadence
Virtuoso [86]. A useful tool to extract the compact model parameters is IC-Characterization
and Analysis Program (IC-CAP) form Keysight Technologies [87].

Since the compact models are used to predict the behavior of a novel circuit before fabrication,

there are some requirements that a compact model has to satisfy [31, 88]:

e A compact model has to reproduce the device terminal current-voltage (I-V) characteristics

over all regions of operation of interest accurately and quickly.

e A compact model should include accurate descriptions of the capacitance-voltage (C-
V) characteristics, since the model will be used in both static and dynamic circuits

simulations.

e In transient simulations, the compact model is probably executed thousands of times and
therefore, it is mandatory that the compact model is both computationally efficient and
accurate. In addition, it should be as simple as possible but at the same time as accurate

as possible. There is always a trade-off between accuracy and simplicity.

e The compact modeling equations should be derived in a form that they can easily be
implemented into a SPICE engine or in the hardware description language Verilog-A
[89, 90].

e An accuracy of about 5% between the current and capacitance measurements and the

compact model is sufficient for use in circuit simulations.

e The device behavior should be described with the help of mathematical equations that
are continuous, with continuous first derivatives, although not necessarily in a strictly
mathematical sense. The degree of discontinuity must be so small that the resulting

errors can be captured by the overall error tolerances of the simulator.
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e A compact model should be scalable in terms of device dimensions and doping concentra-

tions.

Basically, it is possible to distinguish between the following three categories of compact
models [31, 88, 91]:

1. Physics-based analytical models: In the physics-based models, all modeling equations are
derived analytically on the basis of physical laws. In addition, the modeling equations
are related to physical parameters of the device such as geometry or doping. However,
it should be noted that the model equations must not cover only a certain bias range,
rather they have to be continuous from e.g. a MOSFET’s subthreshold to above threshold
regime. It is also important that a physics-based model behaves “decently” for bias
conditions far away from the practical working region of the device, since the compact
model may be confronted with unrealistic and impractical conditions during the iteration

process of the simulator and this must not endanger the convergence.

The main advantages of this model type are the feasibility to forecast the electrical device
behavior for varying parameters in the physical process, which is very helpful in the
parameter extraction and in the circuit design. Furthermore, the rules of geometrical
scaling can be confidently applied. The drawbacks of physics-based models are that they
are technology dependent and it takes a lot of time (~years) to develop novel models.
Moreover, new devices or alternative structures often require major model modifications

or even new modeling approaches.

2. Table lookup models: In table lookup models the I-V and C-V characteristics are discretely
stored in a database for different bias points and device geometries. The table can be
filled with measurements or simulation data obtained by FEM or TCAD simulations. If
the table model is executed, the simulator searches for the handover bias point and if this
bias point is not included in the table, a spline interpolation between the adjacent points
is conducted. The main advantage of a table lookup model over the physics-based model
is that they are technology independent and can be developed in relatively short time.
The disadvantages are that there is no possibility to get a physical insight into the device
physics and the table model is only valid in the measured or simulated bias range. The
interpolations outside this range are uncertain and if accuracy is one of the requirements,

memory storage size will lead to problems.

3. Empirical behavior models: In the empirical behavior model, the derived analytical
modeling equations have no relation to the device physics. This model is often used to fit
the discrete data in lookup tables in order to eliminate the spline interpolations. The main
advantage is the reduced development time in comparison to the physics-based models
and the reduced data storage with respect to the table lookup model. The disadvantage
is that this model type is not technologically independent to predict changes in the

geometrical scaling and the correct correlation between parameters.
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In the simulations of a novel circuit it is advantageous to use a physics-based analytical
model, if one is available, due to its flexibility in predicting changes in the device parameters.
On the other hand, if no physics-based model of a novel device is developed yet, it is more

time-efficient to use a table lookup or an empirical behavioral model.

1.4 State of the Art in TFET Compact Modeling

Since the TFET is of interest as a possible successor of the MOSFET technology, many
researchers have started to focus on the compact modeling of TFETs. The fundamentals for the
mathematical and physical description of the tunneling effect in semiconductors were introduced
by E. Kane in 1960 [92, 93]. In 1973, the so-called Tsu-Esaki formula was introduced which
describes the tunneling in a superlattice [94], whereby this approach was originally proposed by
Duke in 1969 [95]. Most of the today’s TFET compact models are based on these approaches.

Because most of the TFET compact model presented in the following are derived for a special
device geometry and are not yet suitable for circuit simulations, some research groups used
table lookup TFET models [96, 97] or empirical models [98] in order to simulate TFET-based
circuits.

In 2008, a research group from IMEC in Belgium published an analytical DC model for a
double-gate (DG) TFET considering point and line B2B tunneling and extended the model for
single-gate and gate-all-around (GAA) TFETs in 2010 and 2011, respectively [99-101]. Their
modeling approach is based on Kane’s model, the effect of inversion charges on the potential is
neglected and SCEs are not considered in the calculations. Bardon, also part of IMEC, published
in 2010 a pseudo-two-dimensional DC model for DG TFETs, which additionally considers the
source and drain depletion regions [102]. The electrostatics were solved analytically in two
dimensions, where the resulting DC current was obtained by numerical calculations which
forbids a usage in circuit simulations. This is also the case in the aforementioned papers.

A surface potential based DC model for a planar TFET was reported in 2011 by Wan et
al. [103]. Bhushan et al. presented in 2012 a physics-based analytical model for a planar SOI
TFET which includes both the AC and DC behavior of the TFET [104]. The 1D calculations
were based on Landauer’s tunneling approach and included the parasitic TAT effect as well
as SCEs, whereby the AMBIPOLAR behavior was not included in the approach. Due to the
characterization of the AC and DC behavior, the model would be suitable for circuit simulations,
but the authors did not show any simulation results.

In 2012, a generalized scaling theory for DG interband TFETs was reported by Liu et
al. [105]. The B2B tunneling current calculations were based on a 2D analytical potential
solution. SCEs are included but inversion charges are neglected, which led to inaccuracies in
the above threshold regime of the TFET. In the same year, Gnani et al. presented an analytical
DC model for the drain-conductance optimization in nanowire (NW) TFETs [106, 107]. The
calculations were based on Landauer’s tunneling formula and a simplified band diagram model.

From 2012 to 2014, Zhang et al. from HKUST published several modeling parts of a DG
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TFET, which were combined to an overall TFET model implemented in SPICE [108, 109].
The model includes both the AC and DC behavior of the TFET and first simulations of basic
TFET circuits were performed. The presented model provided a good accuracy in terms of the
potential and B2B tunneling current. However, the 1D modeling approach did not consider the
influence of TAT and the AMBIPOLAR behavior as well as SCEs. Nevertheless, this modeling
approach was extended for the consideration of hetero-junctions in 2016 by Dong [110] and the
influence of a gate-drain underlap on the B2B tunneling current by Xu in 2017 [111].

Gholizadeh et al. presented a 2D analytical model for DG TFETs in 2014, which incorporated
the source and drain depletion regions but neglected the AMBIPOLAR-state of the TFET [112].
In the same year, Vishnoi et al. introduced a compact analytical DC model for dual material
gate SOI TFETs, based on a surface potential modeling approach [113]. This approach was
extended by the consideration of band gap narrowing and non-abrupt doping profiles [114] and
the considerations of inversion charges [115]. In addition, the model was transferred to a GAA
structure [116] and to a DG TFET considering the source and drain depletion regions and the
AMBIPOLAR behavior of the TFET [117]. Unfortunately, no circuit simulations were performed
to demonstrate the model capabilities.

In 2015, several modeling approaches were reported in literature. A simple analytical TFET
model for circuit simulations was introduced by Lu et al. in [118]. Taur et al. introduced a
hetero-junction DG TFET model [119] and Wu et al. presented an analytical model to consider
SCEs in DG TFETs [120]. A Verilog-A implemented AC and DC DG TFET compact model was
introduced in the same year by Biswas et al. [121], which was based on the approaches presented
in [122, 123]. The depletion regions in source and drain are neglected in the calculations of the
1D surface potential, which limits the model to homo-junction devices. However, it was possible
to perform basic TFET circuit simulations in the sense of a benchmarking of homo-junction
NW TFETs for basic analog functions [124]. Here, the model was calibrated with measurements
of fabricated TFETs.

An analytical DC model of GAA hetero-junction TFETs was reported by Guan et al. in
2018 [125], which is partly based on the work of Vishnoi.

Our workgroup started to focus on the modeling of DG TFETs in 2013. Graef et al.
introduced a DC DG TFET model, which was based on an analytical closed-form potential
solution and a numerical calculation of the B2B tunneling and TAT current [126-131]. The
potential calculations included the depletion regions in source and drain and Gaussian shaped
doping profiles of the source and drain regions, but inversion charges were not taken into
account. The model also included the consideration of hetero-junctions. Due to the numerical
calculations of the device current, circuit simulations were not possible. In 2017, Hosenfeld
et al. presented an alternative non-iterative non-equilibrium Green’s function (NEGF) based
model for the B2B tunneling current in DG TFETs [132].

The model of Graef was transferred to a compact DC model in 2016, where the impact
of inversion charges on the electrostatics was considered in the compact model [133]. This

compact model opens the possibility to perform the first DC circuit simulations in terms of
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a single-stage TFET inverter [133] and an TFET-based SRAM cell [134]. The compact DC
model was extended by an area equivalent WKB approach to calculate the B2B tunneling
current more time-efficiently [135], the consideration of hetero-junctions [136] and the TAT
effect [137]. In parallel to the development of the DC model, a compact modeling approach of
the intrinsic capacitances in DG TFETs was introduced by Farokhnejad et al. [138, 139]. The
combination of both model parts AC and DC allowed for the transient simulation and analysis
of basic TFET circuits [140, 141].

1.5 Challenges and Outline of the Thesis

This dissertation introduces an innovative 2D compact model for the device current calculation
in n-type DG TFETs. The aim of the modeling approach is to find a closed-form equation
package, which is based on an analytical-numerical modeling approach presented in [129, 131].

Thus, the following scientific objectives are defined:

1. Derivation of a compact 2D potential solution for the entire device and all operation
regimes of the TFET. The calculations of the potential should be done using an existing
2D closed-form solution of the electrostatics in a DG TFET. In addition, the effect of

inversion charges and their influence on the electrostatics should be taken into account.

2. The potential solution should be used to derive compact expressions for the band diagram.
The considerations of band gap narrowing and of hetero-junctions should be included in

the calculations.

3. Deriving a compact expression for the current density in the DG TFET, which includes
a closed-form calculation of the tunneling length and tunneling probability. These

calculations should include 2D effects.

4. Finding a compact and closed-form integration of the current density to obtain the
resulting device current. The device current should include the effect of B2B tunneling
and TAT.

5. All modeling equations should be implemented in the hardware description language

Verilog-A for a usage in circuit simulations.

6. The compact model should be verified by TCAD Sentaurus simulations and measurement
data of fabricated TFETs to identify possible fields of application.

7. The continuity and numerical stability of the compact model should be demonstrated in

terms of simulations of basic TFET circuits.

In order to capture all these scientific objectives, the outline of the thesis is presented in
the following. After the introduction showing the scientific field in which this work can be

classified, the used mathematical and physical preliminaries are introduced in Chap. 2. In this
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chapter, Poisson’s and Laplace’s equation, the complex potential theory and the conformal
mapping technique are explained in detail. These techniques are very useful to solve arbitrary
electrostatic problems.

In order to get a solid grasp of the TFET, the fundamentals of this semiconductor device
are outlined in Chap. 3. Within this chapter, the quantum mechanical effect of tunneling is
introduced and the various tunneling events occurring in semiconductor devices are explained.
The investigated device geometry and the working principle of the TFET are also considered
in this chapter.

Chapter 4 reviews and also extends the existing 2D closed-form electrostatic potential of the
DG TFET [128]. The existing potential solution is derived by solving Laplace’s equation with
the help of the conformal mapping technique and is therefore only valid in the subthreshold
regime of the TFET. In order to extend the model for the above threshold regime of the TFET,
the effect of inversion charges is considered in the 2D calculations of the potential. The validity
of the model extension and the entire 2D closed-form potential solution is determined with the
help of TCAD Sentaurus simulations at the end of this chapter.

In Chap. 5, the compact DC modeling approach is presented. At first, a compact description
of the potential within the device is derived in terms of approximations with mathematical
functions. The characteristic points and properties of these functions are calculated by means of
the 2D potential solution from Chap. 4. After that, the band diagram and a compact equation
for the electric field are determined. The compact current density derivation is separated into
two parts: In the first part, the compact current density derivation for the B2B tunneling
effect is explained in detail. Secondly, the TAT current density expression part is presented.
The derivation of a compact equation for the device current including 2D effects finishes this
chapter.

The verification of the compact modeling approach is presented in Chap. 6. Firstly, TCAD
simulations of the DG TFET are performed to verify the electrostatic potential, band diagram,
electric field, tunneling barrier and tunneling generation rate as a part of the modeling approach.
The device current is then validated for various device parameter setups. In a second step, the
compact model is verified by measurements of fabricated complementary NW GAA TFETs.

In order to demonstrate the numerical robustness and flexibility of the modeling approach,
basic TFET circuit simulations are performed in Chap. 7. In this chapter, the compact DC
model is used to simulate a single-stage TFET inverter and a TFET-based SRAM cell. The
combination of the DC model with an AC model opens up the possibility of performing a
transient simulation of an 11-stage ring oscillator.

Chapter 8 concludes and reflects the presented dissertation and presents an outlook on

research perspectives in order to further improve the compact model in the future.
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Mathematical and Physical Preliminaries

In order to calculate the tunneling current of TFETS, it is essential to have an accurate
electrostatic solution. In this chapter the mathematical and physical basics are introduced, which
are used in characterizing the electrostatics of a TFET. The Poisson and the Laplace equation
are presented in Sec. 2.1, which are well-known equations to describe electrostatic problems.
Subsequently, the complex potential theory is introduced in Sec. 2.2, which characterizes a way
to describe Laplace’s equation in a 2D complex plane. In order to simplify finding a closed-form

electrostatic solution within a 2D plane, the conformal mapping technique is detailed in Sec. 2.3.

2.1 Poisson’s and Laplace's Equation

The solution of a potential for a given electrostatic problem can be found by solving a partial
differential equation on the basis of Maxwell’s equations. One of Maxwell’s equations is the

so-called Gaussian law that relates the electric field E to the charge density p:

V-E(r)= @, (2.1)

where ¢ represents the constant permittivity of the homogeneous material [142, 143]. The

electric field and the potential have also a divergence relationship as follows:

—

E(r) = —grad (45(7')) = —Vo(r). (2.2)

A combination of Eq. (2.1) and Eq. (2.2) leads to the so-called Poisson equation which defines

the correlation between the electrostatic potential and the charge density [143]:

Ad(r) = —27) (2.3)

13
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whereby A describes the Laplace operator. The electrostatic problems in this thesis are 2D or

3D problems and for this reason the Laplace operator is written in Cartesian coordinates [142]:

0? o? 0?
A=v.v=2_4+9 4 7 2.4
V-V 3x2+8y2+822’ (2:4)
so the Poisson equation in Cartesian coordinates yields:
Ad(zy,2) — — 2BY2). (2.5)

£

In the special case that there is no space charge existing (¢ = 0), Poisson’s equation is called
the Laplace equation [143]:
AP(z,y,z) = 0. (2.6)

Laplace’s equation is a very important special case because it is quite easy to solve electrostatic
problems analytically.

Poisson’s and Laplace’s equation have in general an infinite count of solutions. In order to
solve Laplace’s equation (Eq. (2.6)), the potential @(z,y,z) must have continuous second-order
derivatives in x, y and z and needs to satisfy the Laplace equation. The solutions of Laplace’s
equation are called harmonic functions and hold the principle of superposition [143]. The
general solution together with some specific boundary conditions yield to a particular solution
of the electrostatic problem. The boundary conditions are distinguished between the Dirichlet

condition and the Neumann condition [142]:

1. Dirichlet condition (Boundary value problem of the first kind): The harmonic function
&(x,y,z) in an enclosed area A, reaches predetermined values @4 at the boundary of A. This

boundary value problem is -if at all- clearly solvable.

2. Neumann condition (Boundary value problem of the second kind): The harmonic function
&(x,y,z) in an enclosed area A, reaches a predetermined normal derivative 9%/a7|a, where 7
defines the normal vector. This boundary value problem is -if at all- clearly solvable except

of one single constant.

In principle, a mixture of both boundary conditions is possible, where one part of the boundary
is determined by Dirichlet conditions and the other part of the boundary is defined by Neumann

conditions.

2.2 Complex Potential Theory

With the help of the 2D complex potential theory it is possible to find analytical solutions for
given 2D field problems more straightforward. The aim of this theory is to find an expression
for a complex function in a 2D plane. This function has to fulfill Poisson’s or Laplace’s equation

in the real and imaginary part to obtain an electrostatic solution for given boundary conditions.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

2.2. Complex Potential Theory 15

In case of the Laplace equation, the derivation starts with the electric field in a region free

of space charges in Cartesian coordinates which is given by:

. 0B, 0B,
VoE= =0, (2.7)

where the z component of the electric field is constant in space region and thus, not of interest.

The electric field components can also be described by the potential, which leads to [144]:

D D
B =2 Eyz—a— — E=-Vo. (2.8)
Oy
In addition, the components of the electric field are also expressible by an electric flux function

= as follows:

0= o=
Pe==%y P %

The electrostatic potential @ and the electric flux function = describe the same electric field.

- E=-Vx (5 &) (2.9)

Both terms are dependent from each other, they are linked by the so-called CAUCHY-RIEMANN

differential equations:
00 0= 0p_ o=
oxr oy’ Oy = 0Ox’

With the electric flux function, the dielectric flux £ in z-direction can be determined between

(2.10)

two points 1 and 2 as follows:

§:E/EdA:—E-AZ-(£1—£2). (211)

A

Since the potential @(z,y) and the electric flux function =(x,y) are both dependent on z

and y, the following complex variable can be introduced as:
zZ=x+]jy, (2.12)

which characterizes an arbitrary point P in the complex z-plane® as it is depicted in Fig. 2.1(a).
Since complex numbers form a closed number system, it is possible to interpret any function
f(2) = w again as covering a plane with w = u + jv. In this case, any point P’(u,v) in w-plane
is then the image of the point P(z,y) within z-plane, as it is illustrated in Fig. 2.1(b). The
following function introduces a complex combination of two real functions, where each function

depends on the real variables « and y [143]:
& = (2) = u(z,y) + o). (2.13)

The complex function must be regular and analytic, which means it requires single valuedness,

continuity and differentiability within the region of interest. The continuity requires that a

1 Z is not related to the Cartesian coordinate z in the following.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

16 2. Mathematical and Physical Preliminaries
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Figure 2.1.: Schematic illustration of a function of a complex variable (a) in z-plane and (b)
the image of the complex function in w(Z)-plane.

change in z-plane AZ is clearly and uniquely related to a change Aw in w-plane. On the other
hand, differentiability implies that the first partial derivatives of u and v exist, with respect to
z and y, and are also continuous. Furthermore the expression 4@/dz must exist. This derivative

is obtained by:

dw . w(z+ Az) — w(3)
= — ]
Az arbo Az
= lim (82 +152) - Ao ) (155 + 53) - A (2.14)
Az, Ay—0 AQ)‘ +JAy ’ ’

wherein only if the this derivative is independent from the direction of Az, then the function is

unique. Defining Ay = aAx [144], then « identifies the AZ direction and the derivative yields:
_ ou : Ov : : Ou v

dw (5« +i%2) +J(—J5Ty+gTy)a

= — 1l
dz Avo0 1+ ja

: (2.15)

where 4%/az is only independent from « if the terms in the parentheses in the numerator are
equal:

u yjov_ j0u oV, (2.16)

Rearranging Eq. (2.16) leads again to the CAUCHY-RIEMANN differential equations [144]:

ou_ov ou_ oo 2
dr Oy dy oxr

The complex function w(z) is called analytical if the CAUCHY-RIEMANN conditions are fulfilled

and furthermore, the derivation at singular points fulfills the conditions 4@/az # 0 and 4¥/d4z # co.

If w is analytical, then the real and imaginary part of the complex function fulfill Laplace’s

equation, which can be proven by taking the derivative of the CAUCHY-RIEMANN conditions in
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Eq. (2.17) with respect to « and y. It follows:

&*u 0%v 9%u %

o= =" 2.18
0x?  0xdy oy?  Ozdy ( )
and eliminating the mixed derivatives regarding = and y, yields:
2 2 2 2
Fu, Ou 0v 9y _y, (2.19)

Ox2 ayZZO’ 822 ' y?

Both functions v and v can represent the potential solution of a 2D electrostatic problem. If u
is the potential, then v represents the electric flux function and vice versa. The electric field is
then directly obtained by the complex function w, which is also called complex potential. The

complex electric field in general is written as:
E=E,+jE, (2.20)
and rewriting Eq. (2.13) in terms of the potential function and electric flux function leads to:
w(Z) = ¢(z,y) + j=(z,y). (2.21)

In the case that u is the potential function (u = @), the electric field is determined by:

_ 0 0p  (0d IS\ [(dw\"
B ig = (5 15) = (&) (2.22)

where w™ is the complex conjugate value of w.

2.3 Conformal Mapping Technique

The conformal mapping is a transformation technique, which allows to transfer a potential
problem of a geometry in the complex Zz-plane into the complex w-plane and vice versa
using an analytic function w = f(z). If the field lines @ in z-plane are perpendicular to the
equipotential lines = (see Fig. 2.2(a)), the field lines ¢’ in w-plane must also be orthogonal to
the equipotential lines =’ (see Fig. 2.2(b)), otherwise the transformation is not analytic and
therefore not conformal.

The conformal mapping simplifies finding a closed-form solution of the complex potential
problem in w-plane, by transforming the complex geometrical problem in z-plane into a much

easier problem in w-plane [143]:
P(w) = &' (u,0) +jZ' (u,v), (2.23)

where the real part ¢’ and the imaginary part =’ both are still harmonic functions and fulfill
the Laplace equation as it is mentioned in the complex potential theory (see Sec. 2.2). Since

Laplace’s equation is invariant to conformal mapping, the electric field in w-plane is required
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Figure 2.2.: Complex potential problem within (a) the z-plane that is imaged with the help
of the mapping function w = f(Zz) into w-plane shown in (b).

to be scaled with respect to the geometry to obtain the electric field in z-plane [143]:

. . dw
Elis = |E|@) - |==]| - 2.24
[Els) = [Elw) - | 335 (2.24)
When considering Poisson’s equation, the space charge g also needs to be scaled by:
dw |72
O(z) = O(w) * FE (2.25)

since Poisson’s equation must be invariant regarding the conformal mapping [143].

2.3.1 Mapping of a Closed Polygon

In a 2D potential problem the geometry of a transistor can be specified by a closed polygon
in the complex z-plane as it is illustrated in Fig. 2.3(a). In order to simplify the solution of
Poisson’s or Laplace’s equation, the Schwarz-Christoffel transformation maps the boundary
value problem in Z-plane into the upper half of the complex w-plane. The Schwarz-Christoffel

transformation is defined by [143]:

C% O (B =) (B = @9) e (D — ) = O - Hl(w @) (2.26)
and maps the real u-axis of the w-plane (see Fig. 2.3(b)) into the boundary lines of the polygon
in z-plane (see Fig. 2.3(a)). The term (w — w;) changes its sign at every single point w; that
forms the polygon. This causes an angle change in dz by exactly a; = 7y;, whereby the
direction is indicated by the sign of ;. The constant C; describes a factor which includes the
scale and rotation and is determined by the correlation of one of the polygon sides (Z; — Zi11)

with its image (w; — w;+1). In order to come to the mapping function z = f(w) and to solve
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for the constant C1, Eq. (2.26) needs to be integrated. The integration yields to:
n
Z(w) = C - /H(w — ;)" dw + Cs, (2.27)
i=1

where the integration constant Cs essentially indicates the origin of the z-plane. Solving the
integral in Eq. (2.27) for a given boundary value problem, it is possible to map every single
point from the w-plane into the complex z-plane. In order to find a solution for the boundary
value problem it is necessary to know the function that maps an arbitrary point z from the
Z-plane into the w-plane. This needed expression is obtained by finding the inverse function of

the solution of Eq. (2.27):
o) = 17() (2.28)

and is called inverse mapping function.

A 5=, (5) =™ A
|

\/

0000 @

(a) (b)

Figure 2.3.: Complex potential problem within (a) the z-plane that is imaged with the help
of the mapping function @ = f(Z) into w-plane shown in (b).

For a practical and easy application of the Schwarz-Christoffel function the following points
should be considered [143]:
1. The order of vertex points in the zZ-plane must be in the same order as in the w-plane.
2. The region to be transformed in z-plane is at the left of the polygon lines (see Fig. 2.3(a)).
3. All angles ~; are counted positive counterclockwise.

4. Three of the vertex images w; can be chosen freely by a conformal mapping in the upper
half of the w-plane. It is to say, that the vertex images should be set that Eq. (2.27) is

solvable as easy as possible.
5. The vertex image w = +o0o does not occur in Eq. (2.26).

6. An angle of 7, = 41 represents a vertex at Z; = co or an intersection of two parallel lines.
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The distance between these two parallel lines is then defined by:

z — zp = —jnCy - 1_[(@,c — )|, (2.29)
ki
whereby, if the corresponding vertices in w-plane are chosen to be wj, = +oco and W)y = —oo,

Eq. (2.29) is simplified to:

—11 —

zy — 2z, = juCh. (2.30)

2.3.2 Potential Solution for Boundary Conditions of First Kind

In case of a more general geometry defined by any closed curve or domain without ordinary
double points®, the interior space can be mapped into the interior space of the unit circle (see
Fig. 2.4(a)) in a one-to-one conformal manner. This technique is called Riemann’s fundamental
theorem [143]. In fact it is challenging to find a suitable mapping function for the original

boundary curve, therefore, in practice several mappings or approximations should be performed.

K K.

w
1// 2// 3// g
2/ 3 4’ Tu
—_—T N —
9y Dy D3 Dy

(b)

Figure 2.4.: (a) Complex potential solution of a Dirichlet boundary problem on a unit circle.
(b) Conformal mapped solution of a first kind boundary condition. The unit circle is mapped in
the upper half of the complex w-plane.

If a function exists, which maps a general geometry into a unit circle, then it would be
possible to solve any potential problem with Dirichlet boundary conditions given by means of

Poisson’s integral:
27

1 1_7"2 ’ ’
@:%-/1_2T.COS(¢_¢/)+T2.¢(¢)d¢7 (2.31)
0

whereby the complex variable in z-plane is defined by z = r - exp(j¢) and shows an arbitrary
point P within the unit circle (see Fig. 2.4(a)) and ¢ describes a point P’ on the unit circle

1 It means that the curve does not intersects itself.
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with r = 1.

Using the complex potential function of Schwarz for an application in z-plane leads to:

27

po L. / exp(j¢’) +

2m exp(j¢’) — )Y =D +E, (2.52)

ISTA RN

0

where the real part @ is defined by Eq. (2.31).

For the most mapping problems it is easier to map in the upper half of the w-plane than
mapping upon the unit circle. Therefore, the unit circle is mapped into the upper half w with
the help of the following function: -

-z
0(z) =j . 2.33
() =i (233)

The complex potential solution of Schwarz can be rearranged by applying:

_ W — j o u —j , 2du’
F= -2l (i) =~ dd = s (2:3)
which results in: -
_ 1+u'w N =
P==. ] du' =®+j=. 2.35
p / (I+u2) (w—u) (') du + (2.35)

This is the general solution of a Dirichlet boundary problem in the upper half of the w-plane.
The term u’ describes the integration variable along the u-axis and w is an arbitrary point
where the potential P exists. The real part of Eq. (2.35) leads to the equivalent representation
of Poisson’s integral on the unit circle (see Eq. (2.31)):

“+oo

1 v ’ ’
Q—f-/(i-é(u)du, (2.36)

™ u—u')? 4 v?

—o0o

thereby the term ®(u’) describes the conformal mapped boundary condition in the area of

interest by using the inverse mapping function (see Eq. (2.28)):

d(u') =o(f1(2)). (2.37)
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CHAPTER 3

Fundamentals of the TFET

This chapter presents the fundamentals and the physical basics of TFETs. Regarding the fact
that the current transport in TFETSs is based on tunneling, firstly the quantum mechanical effect
of tunneling through an energy barrier is considered. After that, the TFET device geometry is
introduced and followed by its working principle. The working principle is explained in detail

by presenting its three operation regimes and the occurring quantum mechanical effects.

3.1 Tunneling Effect

The tunneling effect can be described by highlighting the differences of classical mechanics and
quantum physics. In this case a simple potential well is considered. Starting with classical
mechanics, electrons with lower energy than the energy barrier are completely confined by the
potential walls. The electrons that overcome the energy barrier of the potential wall are able
to escape and contribute to the resulting current. This effect is called thermionic emission. In
contrast to that, quantum mechanics opens the possibility that a carrier can penetrate into
and through an energy barrier. This phenomenon is called quantum mechanical tunneling or
tunneling effect. The effect is described by the fundamental statement that a carrier penetration
through a barrier with a finite width and height has a nonzero tunneling probability [32, 145].
For this reason, the calculation of the tunneling probability is introduced in the following

section for two basic exemplary energy barriers.

3.1.1 Tunneling Probability

In order to find a solution for the tunneling probability, the wavefunction ¥ has to be determined

with the help of the 1D time-independent Schrédinger equation:

_ 2 .dQW(a:)
2m* dz?

+U(z) (z) = E-U(z), (3.1)

23
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where U(z) characterizes a general energy barrier, E defines the considered energy level of the
carrier, h is the reduced Planck’s constant and m™ is the effective carrier mass [145].
The determination of the wavefunction ¥ is derived for a rectangular and a triangular

energy barrier in the following.

Rectangular Energy Barrier

At first a rectangular energy barrier with a height of Uy and a width of W as it is shown in
Fig. 3.1(a) is investigated. The carrier in Region I with its wavefunction ¥ incidents the energy
barrier at the position z1, penetrates into and tunnels through it and comes out at the position
x2. Due to the fact that a part of the incoming wave is reflected at x1, the wavefunction coming
out in Region II has a reduced amplitude.

The term describing the energy barrier U(x) is defined by:

0, z<m:
U)=4q Up, z1<z<wz . (3.2)
0, x>z
A
Region I Region I1
g U(z) g
Uot . . Region I Region IT
A i i U(z)
=
2 . WH y'/\ltl
2] W
T To 'I

(2) (b)

Figure 3.1.: (a) Wavefunctions illustrating carrier tunneling through a rectangular energy
barrier [32]. (b) Wavefunction components [145].
As it can be seen in Fig. 3.1(b) the wavefunction ¥ consists of a linear superposition of
two parts, the incoming wavefunction ¥ and the reflected wavefunction ¥f. Therefore, the
wavefunction ¥r in Region I results in the general solution of Schrédinger’s equation for a free

particle [145]:

Ui(z) = ¥ (z) + ¥f (z) = A - exp(+jk1-z) + B - exp(—jk1-x), (3.3)
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where A and B are complex constants. The wave vector k; is given by:

2m* - FE

Schrodinger’s equation within the energy barrier (I — II) using Eq. (3.1) is written as:

77,2 . d2 SPIHH(I)
2m* dzx?

= (U(z) - E) - Wi u(x) (3.5)

and by assuming that the considered energy of the carrier is smaller than the barrier height

(i.e. E < Uyp), the solution of the wavefunction is given by:
Uinn(x) = C - exp(kz2-z) + D - exp(—kz2-x). (3.6)
The parameters C' and D are complex constants and the wave vector ks is defined by:

2m* - (U() — E)
ko = — 2 (3.7)
In Region I, the wavefunction of the transmitted carrier can be solved by using Schrédinger’s
equation for a free particle again and since the carrier only has a positive momentum, the
solution yields:

Wni(z) = iy(2) = F - exp(+jki-z), (3.8)

where F is a complex constant and ki is the wave vector defined in Eq. (3.4).

Now the wavefunctions of the three regions can be combined to:

(@) + U (@), @<
V(x) = Visn(z), z1 <z < a2 (3.9)
Uli(x), x> zo.

The complex constants A, B, C; D and F of the wavefunction ¥(z) are solved by defining
specific boundary conditions at the positions * = x1 and = = z2, assuming continuity and
differentiability of the wavefunctions. Applying the first boundary condition at the position

r = x1 leads to:

Ui (z1) = Yin(z)
A - exp(+jk1-x1) + B -exp(—jki-z1) = C - exp(+kz2-x1) + D - exp(—k2-71) (3.10)

and the differentiability results in the second one:

d¥i(z1)  d¥r.n(z)
dz o dz

jk1~(A-exp(—|—jk1~m1) — B~exp(—jk1~x1)) =ko- (C-exp(—i—kgwl) — D~exp(—k2-x1)). (3.11)
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At the x = x2, the first boundary condition reads as follows:

Urn(z2) = Yir(z2)
C - exp(+ka-x2) + D - exp(—k2-z2) = F - exp(+jki-z2). (3.12)

The second boundary condition at x = x3 is defined by:

AW (z2) _ d ¥ (x2)
dx dz
ko - (C -exp(+ke-x2) — D - exp(—kz-:cz)) = jk1-F - exp(+jk1-x2). (3.13)

To solve the five unknown parameters one more boundary condition is considered by the
|2

ratio of the probability density of the incoming carrier \WII and the transmitted carrier |Wf1|2.

The probability density ratio characterizes the tunneling probability:
_ P |F - exp(Hikia)?|FP

Toun = 1L — -2 14
= GE T A exp(tik oF AP (3:14)

which is simultaneously the ratio of squared amplitudes of the incoming and transmitted carrier
wavefunction.

A solution for Tiun is found by applying the boundary conditions of Eq. (3.10) — (3.13) to
Eq. (3.14) [145-147]. For the case E < Uy follows:

1
Ton = R24R2\% . o
1+ (2211@2) -sinh® (ks - (z2 — x1))
1
= oz (3.15)
1+ W[()J*E) . sinh2 (% . 2m* - (UO — E))
and for £ > Up:
1
Ttun — K212 2 ]
1+ (75191132) -sin®(—kz + (22 — 21))

- ! , (3.16)

2
l+ﬁ-sin2 (% Zm*(Uo—E)>

whereby in the case E > Up, Tiun describes the transmission coefficient, which is well known as

thermionic emission.

Triangular Energy Barrier

The rectangular energy barrier is introduced as an initial example to understand the basics of
tunneling. The most of the energy barriers do not have a rectangular shape, which means that

the barrier shape U(z) varies along the z-axis. Since the band diagram in a TFET is more
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similar to a triangle than to a rectangular, the tunneling of carriers through a triangular shaped
energy barrier is examined in this part. A schematic sketch of such a barrier is illustrated
in Fig. 3.2. The solution of Schrédinger’s equation for a varying U is mathematically very
challenging, which brings us to the method developed by Wentzel [148], Kramers [149] and
Brillouin [150], the so-called WKB approximation [151].

A
Region I Region II

Energy
&5

K% !pI

z~z"

T

Figure 3.2.: Illustration of a carrier’s wavefunction tunneling through a triangular energy
barrier [146].

The essential idea of the WKB approach is that a carrier moves through a region with a
“constant” external voltage U(z), which is not constant. But if U(x) varies only slowly in the
distance of the wavelength A = 27/k, then many full wavelengths are contained over a region and
thus the potential is essentially constant and the solution remains practically exponential [151].

For the case that E < U(z) the wavefunction ¥ is exponential within the energy barrier:
U(x) = O(x) - exp(Lks(x)), (3.17)

with:
2m* - (U(z) — E)
k3(z) = — (3.18)
and if U(x) is not constant, but varies slowly in comparison with 1/k;3(=), the solution of the
wavefunction stays practically exponential. Under this condition, both terms ©(x) and ks(x)
are a slowly varying functions in dependency of x.

The approach begins with rearranging Eq. (3.1) as:

d?¥(x)

= (ks(x))® - w(z) (3.19)

and rewriting the wavefunction in terms of its magnitude and phase:

U(z) = O(x) - exp (jqﬁ(a:)), (3.20)
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where O(z) and ¢(z) are both real functions of z. Substituting Eq. (3.20) in Eq. (3.19) yields:

e .. de d¢ d%¢ de\?
A g e o (g) =8l (3-21)

which is equivalent to two real equations describing the real and imaginary part separately:

d?e de\? d’e de\? | o
and de d¢ d%¢ d¢
. . _ 2 _
S @J”@ w07 @ (9 dx) =0 (3:23)

Solving Eq. (3.23) results in the relation between the amplitude © and the phase ¢ of the

wavefunction ¥ shown in Eq. (3.20):

e*. d¢’ _*se--Y , (3.24)

whereby C is a real constant. Equation (3.22) has no general solution and from this point of the
derivation the approximation is introduced. Assuming that the amplitude O(x) varies slowly

with  and for this reason the term d2@/dx2 is approximately equal to zero. Hence, Eq. (3.22)

(d‘z’(x)) = —k2. (3.25)

is rewritten as:

dx

The phase is solved as follows:

:i:]/|k3 )| dx (3.26)

and by using this solution as well as Eq. (3.20) and Eq. (3.24), the wavefunction results in:

|kC - exp ( /|k3 dx) . (3.27)
3

By applying this solution, the wavefunction within the energy barrier (see Fig. 3.2) is given
by:

HZ

w(x)

V [k ()]

where C' is the amplitude of the incoming wave component and D is the amplitude of the

C
Vo (z) & ———= - exp —|—/|k3(a:)|dx + |
3T

—/|k3(1’)\dx , (3.28)

reflected wave component.
The tunneling probability is defined by the ratio of the probability density of the incident
wave and the transmitted part I71%/|4)2 (see Eq. (3.14)). By assuming an energy barrier with

either a large barrier height or a large width, which is the case in most practical situations,
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the wavefunction within the barrier is shaped like it is depicted in Fig. 3.3. Consequently,
the increasing exponential term in Eq. (3.28), which is presented by the constant C, must be
small in comparison to D. Thus, the amplitude ratio of the incoming and transmitted wave is
determined by the decreasing term of Eq. (3.28) within the energy barrier:

17l
] X exp \kd ) dz | . (3.29)

Ut

Figure 3.3.: Schematic wavefunction tunneling through a high or/and broad energy barrier,
located between z1 and z2 [151].

Applying the preliminary considerations in Eq. (3.29) leads to the tunneling probability:

|FP?
Toun = Ap = e —2- [ |ks(z)| dz

x1

2

_ 2m* - (U(z) — E)
=exp | -2 / — dz | . (3.30)

x1

Up to this point the tunneling probability is derived for a energy barrier U(z), that varies
slowly along the z-axis. Now, considering a triangular energy barrier (see Fig. 3.2) represented

by a linear function U(z) between z1 and x2, the tunneling probability is given by:

2m* E
nlm = exp —2. /‘\/ m . (171) ST+ E:| _ E) dl’
T2 — X1

4 2m* U(x1) — E 3/2 3/2
= exp (3 . h2 . m . <$2 — .’L'l > . (331)




UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

30 3. Fundamentals of the TFET

3.1.2 Landauer’s Tunneling Formula

Landauer’s tunneling formula [152] connects the quantum mechanical effect of carrier tunneling
with the classical mechanics, i.e. the band structure and material. This approach allows for a
calculation of the current in a system.

The basic idea of this approach is that carriers can only move from Region I to Region II
and vice versa if there is an energy difference between the two regions. That means that there
are empty states available in the opposite region. For the case that the Fermi energy of both
regions are on the same level (Fig. 3.4(a)), no empty states are available and thus, no carriers
are able to tunnel into the other region. In Fig. 3.4(b) the Fermi energy of Region II is lower

than Region I , which in this case allows an electron to tunnel from Region I into an empty

state in Region II .

A U (3?) A
Ulz)
% Region I Region 11 % Region I Region 11
? egion egion %o egion egion
= B - g' M ] . E—
: . ., Jau
Filled states Filled states Le v . E%I
o Filled states =
T T
(a) (b)

Figure 3.4.: Regions divided by an energy barrier U(z). (a) Fermi energy of Region I and
Region II are in equilibrium (E% = E%I) In Region II there are no empty states to which
e.g. an electron could tunnel. (b) Fermi energy difference between Region I and Region II
(E% > E}I), which opens the possibility for an electron to tunnel from Region I in an empty

state of Region IT [145].
In order to use Landauer’s tunneling equation in compact models some necessary assumptions
are made in the following derivation [153]:
¢ One constant effective mass m™ instead different masses corresponding to the band
diagram.

e The dispersion relation in the semiconductor is approximated by parabolic bands:

CR2RE R (k24 kLKD)

.32
2m* 2m* (3.32)

E

)

with the wave vector k = kz€x + kyéy + k€.

e Only transitions along the xz-axis are considered, therefore the parallel wave vector

-

kp, = ky€y + k.€ is not changed by the tunneling process.

The net tunneling current density from Region I to Region II is defined as the difference
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between the current density flowing from Region I to Region II and vice versa [94, 153]:
Jtun = Jtlu::H - JtIlIJ.:I (333)

The tunneling current density of the two regions depends on the vertical element of the
wave vector k;, the tunneling probability Tiun, the vertical carrier velocity v, the density of
states gr/i1 as well as the Fermi-Dirac distribution fi,1; in both regions. Now the changes in

the current density are defined by:

ATt = q - Toun(ka) - ve - gi1(ke) - fiu(E) - (1 = fu(E)) dk, (3.34)
AI" = g Toun (ko) - e - gri(ks) - fi(E) - (1 — fi(E)) dka. (3.35)

The density of states only depends on the x component of the wave vector which leads to:
gry(kz) = //g(kx,ky,kz) dky dk., (3.36)
0 o

with the 3D density of states in momentum space g(kz,ky, k-). By considering the quantized

wave vector components within a cube having a length of L:

27 2 2
Ak = A Ak, = T Ak, = A (3.37)
the 3D density of states within a cube is given by:

1 11
g/u(ks) Ak, Ak, Ak, L3 4nd (3.38)

where the factor 2 is caused by the spin degeneracy. The velocity as well as the energy

components in the direction of tunneling are obtained from Eq. (3.32):

1 dE  h-k, B k2 1
=2 9B . B, = @ e dks = - - dE,. .
TR Ak, me 2 me h (3:89)
Now, Eq. (3.34) and (3.35) are written as:
At = e B ane [ [ AE) 0= ) asan, o)
0 0

djgiflzﬁ-Tmn(Ez)dEz-//fH(E)-(l—fI(E))dkydkz. (3.41)
0 0
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By rewriting the parallel wave components in polar coordinates:

ky =k, -cos(y), k.=k,- sin(y), (3.42)

ko = \/kZ+ k2, ~ = arctan (;?) , (3.43)
y

dky dk. =k, - dk, dvy (3.44)

and splitting the total energy E into its longitudinal E, and its transversal component E,:

B2 (k24 k2) Kk} 0k, h? - k2
E, = o = S dE, = o -dk,, Eg = py— (3.45)
the current density JizT is written as:
oo 27
q
Jon =157 '/Tmn //fl (1= fu(E)) -k, - dydk,
Eg
= q . . . . —_— . . d p
= I /Ttun(Ex) dE, - 27 /f[(E) (1 fH(E)) o dE dkp
o 0
q-m"
Rt = it [ en(Bab. - [ 5B (- ue) s, (3.46)
Eq 0
Similarly, for JIIJT follows:
-1 _ 9 m”
Jtun - 27_‘_2';13 : /Ttun(Ez) dEz : /fII(E) . (1 - fI(E))dEp (347)
Eq 0
Evaluating Eq. (3.33) leads to the net tunneling current density:
Emax oo
q-m’
Jtun(Ez) = m . / T‘tun dEz / fI fII ))
Emin
Emax
By = LM Town(Es) - N(E,) dE 4
Jtun( x) 271_2.713 tun( x) ° ( ac) X (3 8)
Emin

where NV(E,) is the supply function depending on E, and for this reason it is written inside the

integral over E,. The supply function using the Fermi-Dirac distribution is defined by [153]:

I

oo 1+ exp (_ E:—q{ff)
/ — Ju( )) dE, = koT -In B — B
14 exp ( 7>

kpT

(3.49)
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The values for Fmin and Emax as well as the Fermi-Dirac distribution depend on the considered

tunneling process:

¢ In case of electron tunneling Fmin is defined by the lowest conduction band (ConB) energy
in Region I1 Eil\mm and the highest valence band (ValB) edge in Region I E£|max. The

Fermi-Dirac distribution is calculated for electrons.

e On the other hand, for hole tunneling the energy integration limits are defined as for
electrons, whereby the sign of the integration is changed. Furthermore, the Fermi-Dirac

distribution is calculated for hole carriers.

3.1.3 Tunneling Events

Regarding the tunneling effect, a distinction between two types of tunneling is made. The first
one is the so-called single-band (SB) tunneling and the second one is the band-to-band (B2B)
tunneling.

SB tunneling occurs for example at a Schottky barrier or a Silicon-Insulator-Silicon structure
as it is shown in Fig. 3.5(a). In the SB tunneling process there are three different types of
tunneling: Fowler-Nordheim (F-N) tunneling [32], direct tunneling [32] and trap-assisted
tunneling (TAT) [154].

— F-N

direct
> TAT (elastic)

> TAT (inelastic)
..» TAT (hopping)

TAT

B2B

4 Qi :
n™ " Silicon | Insulator : —
ntT Silicon : pT Silicon

(2) (b)

Figure 3.5.: (a) Tunneling events in a Silicon-Insulator-Silicon structure [153]. (b) Tunneling

processes at a nT+ /pt+ - Silicon junction, which characterize the current transport in TFETs.
The F-N tunneling is defined by the carrier tunneling through a triangular shaped energy
barrier, whereby the carrier tunnels only through a part of the insulator layer. The triangular
part of the barrier in Fig. 3.5(a) is mainly affected by the electric field and less by the thickness
of the insulator layer. The insulator thickness only indirectly affects the tunneling process by
influencing the electric field. F-N tunneling can occur in thick insulator layers, i.e. > 5nm [32].

The tunneling probability in this case is calculated with the help of the WKB approximation.
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The phenomenon of direct tunneling comes into play for insulator thicknesses < 5nm. Even
for low electric fields, carriers are able to tunnel directly through the insulator [32]. In addition
to direct tunneling, the effect of TAT occurs in this kind of structure. Traps are defined as
defects within the band gap of the material, which are caused by the fabrication process or
repeated voltage stress [153]. TAT can be separated into three different types: the elastic TAT
event, where a carrier tunnels to a trap within the insulator at the same energy and then has
the chance to tunnel through the insulator without losing energy. Second, the carrier occupies
a trap, loses energy by phonons emission and then tunnels through the insulator. This is known
as inelastic TAT. The third one happens in an insulator with a high defect or trap density.
In this case carriers are able to hop from trap to trap and subsequently tunnel through the
insulator [153].

In case of a n™ " /p™* - Silicon junction the tunneling process is caused by carriers that
tunnel from either the ValB to the ConB or vice versa. The tunneling event is called B2B
tunneling if a carrier tunnels directly from one band to the other. This effect describes the
main current transport mechanism in a TFET device. The B2B tunneling current is influenced
by the band gap and the effective carrier mass of the chosen device material as well as by
the externally applied bias. For instance, if the bias at the p™™ side increases the resulting
tunneling distance decreases which causes an increase of the B2B tunneling current. Beside
the advantageous B2B tunneling current, in highly doped junctions the TAT effect has to be
taken into account. Since in highly doped junctions the depletion layer thickness is very small,
the tunneling distance is also very small and thus the tunneling probability in the OFF-state
increases to non negligible values [154, 155]. The TAT current determines the OFF current of a

TFET and as a consequence directly influences the resulting subthreshold slope [50].

3.2 Device Geometry

In the following the TFET device geometry is introduced which is under investigation in the
entire thesis. Figure 3.6 illustrates the 3D DG TFET device, whereby a distinction is made
between the n-type TFET (see Fig. 3.6(a)) and the p-type device (see Fig. 3.6(b)). The source,
channel and drain region are out of Silicon, except it is mentioned. The device can also be built
up by hetero-junction materials to enhance the device performance. The insulator is chosen
to be a high-x material (HfO2 or Ta2Os) in order to improve the electrostatic control of the
channel region. The gate contact is made of metal.

Regarding the n-type device, the source region is highly p-doped, the channel stays intrinsic
and the drain region is highly n-doped. In general, the n-type TFET is a gated p-i-n diode. In
case of the p-type device, the source is highly n-doped and the drain is highly p-doped, so the
p-type TFET is a gated n-i-p diode.
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Insulator

y  Ch
+:tox i TZJ i ;Ztox

----- Insulator
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lsd : lch lsd lsd : lch : lsd
(a) n-type (b) p-type

Insulator

~Ch

Figure 3.6.: 3D Schematic of (a) an n-type and (b) a p-type DG TFET structure. The struc-
tural parameters are defined as follows: l.;, — channel length, ¢, — channel thickness, wep —
channel width, tox — gate insulator (oxide) thickness, lsq — length of source (S)/drain (D) re-
gion.

In literature various kinds of TFET geometries can be found, e.g. gate-all-around or
nanowires, which are all 3D multiple-gate devices. Using multiple gate structures enhances

the performance of TFETs. The DG structure represents a good candidate, in order to find a

reasonable trade-off between the complexity of the device and the mathematical practicability.

3.3 Working Principle

The basic working principle of an n-type TFET is detailed in the following. Except for the
different polarity of the charge carriers, p-type and n-type TFETs work in the same way.
Regarding the TFET and its structure, there are three different operation states. These
states are called the OFF-, the ON- and the AMBIPOLAR-state. These three states are successively
introduced with the help of the band diagram along the z-axis within the TFET cross section
(see Fig. 3.7(a)). The selected z-cutline is directly below the gate insulator, since at this position
the gates have the biggest electrostatic influence on the channel region. For this reason, the
current has its highest density at this y-position. Furthermore, the applied gate bias determines
the state of the TFET, whereby these distinctions are explained in the next three subsections.
Subsequently, the effect of the channel potential pinning and the influence of the drain
voltage Vis on the device behavior are investigated. The typical unidirectionality of the TFET

current and its effect on the current characteristics is also discussed at the end of this section.
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TAT ox
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T .
(a) z-cutline within the TFET cross section (b) OFF-state
Source : Channel Drain Source : Channel Drain

TATox

(c) oN-state (d) AMBIPOLAR-state

Figure 3.7.: (a) Cross section of the 3D n-type TFET geometry to illustrate the TFET work-
ing principle using the cutline along the z-axis. (b) OFF-state of the TFET, only TAT current
occurs at the channel junctions. In (c) the ON-state and (d) the AMBIPOLAR-state B2B tunnel-
ing occurs at the source-to-channel and the drain-to-channel junction, respectively. In these
cases, the B2B tunneling current dominates, but the TAT current is still present. Dark red
arrows: TAT. Green arrows: B2B.

3.3.1 OFF-State

Considering the schematic band diagram illustrated in Fig. 3.7(b), the TFET is in the OFF-state

when all of the following conditions are fulfilled:

1. A positive drain-source voltage Vas > 0V is applied,

2. the ConB in channel, determined by the applied gate bias Vs, and the ValB in source do

not overlap and
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3. the ConB in drain does not overlap the ValB in the channel region.

In this case, there are no empty states within the channel region available that would allow for
B2B tunneling.

On the other hand, carriers are able to hop into an empty trap at the channel junctions
by thermionic emission and from there tunnel to an empty state within the channel. So, the
OFF-state current is determined by the TAT current, whereby the TAT current is a compound
of TATox, occurring at the source-to-channel junction and TAT,.s appearing at the drain-to-
channel junction. The current part TAToy occurring at the source-to-channel junction for a
higher Vg is determined electrons. By reducing the gate bias, the TATox decreases and goes
over into a hole based current TAT,\s at the drain-to-channel junction.

The OFF-state current has a direct influence on the resulting subthreshold slope. That
means, the more defects or midgap traps are located at the channel junctions, the higher the

TAT current is and therefore the subthreshold slope worsens.

3.3.2 ON-State

Figure 3.7(c) depicts the ON-state of the TFET. The applied drain-source voltage is positive
Vas > 0V. From a certain gate bias when the ConB in the channel starts to overlap the ValB
in source (Egh < E}), the TFET is in the ON-state. With regards to Landauer’s tunneling
formula (see Sec. 3.1.2), empty states are available in the channel and electrons are able to
tunnel directly from source into the channel. The higher Vi, the larger the tunneling area
becomes, simultaneously the tunneling distance decreases and thus, the amount of the ON-state
B2B tunneling current B2Boy increases. The tunneling area is defined by the ValB edge in
source and the ConB edge in the channel.

The TAT current that characterizes the OFF-state current is still present in the ON-state.
For an increasing Vs, the TAT oy part becomes several orders of magnitude smaller than the
B2B part and thus does not significantly influence the resulting tunneling current. The TAT
current at the drain-to-channel junction TAT s decreases for an increasing Vs and therefore

is negligible.

3.3.3 AMBIPOLAR-State

The TFET is in the AMBIPOLAR-state when the applied drain-source voltage is greater than zero
(Vas > 0V) and the ValB in the channel region starts to overlap the ConB edge in the drain
region. A schematic band diagram showing the AMBIPOLAR-state is given in Fig. 3.7(d). The
AMBIPOLAR-state takes place when the gate bias Vs is decreased to small or rather to negative
values. In this operation regime, hole tunneling occurs at the drain-to-channel junction. For
this reason, B2Bampb is a hole based tunneling current part. By further reduction in Vg, the
tunneling area is increased, the tunneling distance is reduced and hence, the B2B,m, current

part is also increased.
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The TAT current part TAT \ys also occurs in the AMBIPOLAR-state. For reduced or negative
Vgs values it is still possible, that a hole can hop on an empty trap and tunnel from the junction
into the channel. But TAT,ys has a minor impact on the total tunneling current as it is

mentioned in the previous subsection.

3.3.4 Channel Potential Pinning

The channel potential pinning in the ON-state of the TFET takes place when the gate bias
Vgs is increased above the applied drain-source voltage (Vgs > Vas). For that case, an electron
inversion charge layer begins to form within the channel region that effectively shortens the
channel length. Hence, the channel potential saturates approximately to the applied Vgs or in
other words, the channel potential is “pinned” to the drain-source voltage [145].

Figure 3.8(a) illustrates this effect for three various gate-source voltages, where Vs 1 < Vs <
Ves,2 < Vgs,3. In the first case, Vg1 is smaller than Vg and for this reason, the channel potential
follows Vg so it is not pinned. Here, the depletion region at the drain-to-channel-junction
allows a steeper tunneling current. In the second case, it can be seen that the channel potential
pinning approximately starts from the point (Vgs,2 & Vas). In the third case the gate bias Vg 3
is greater than Vis and the channel potential does not follow Vg any more. It is pinned due
to the inversion charge layer. In general, the channel potential increases only slightly for an
increasing Vgs and thus the tunneling current. Nevertheless, the tunneling current still increases
for higher Vg due to the steeper gradient and therefore a smaller tunneling distance at the
source-to-channel junction. As it can be seen in Fig. 3.9(b), the slope of the current transfer
curve worsens in the ON-state when the channel potential pinning (Vgs > Vis) comes into play
and the depletion region at the drain-to-channel junction disappears.

The effect of the channel potential pinning also occurs in the AMBIPOLAR-state as it is
depicted in Fig. 3.8(b). By decreasing Vs to small or negative values, the channel potential is
pinned to the voltage in source region V5 in the same way that is mentioned in the previous
paragraph. Figure 3.8(b) presents a schematic band diagram for three gate biases, where
Ves,1 > Vi > Vs 2 > Vis 3. In the first case, the channel potential follows Vg1, where the
depletion region at the source-to-channel junction leads to a steep tunneling current. In the
second scenario (Vg2 = V5), the potential in the channel starts to be pinned to the source
voltage. Lastly, the channel potential loses its control by Vis when Vg 3 falls below Vi and thus,
the tunneling current only rises by the increasing potential gradient and the subsequent decrease
of the tunneling distance at the drain-to-channel junction. The current transfer curve slope also
decreases in the AMBIPOLAR-state if the gate-source voltage falls below the source potential (see
Fig. 3.9(b)). At the source-to-channel junction, the depletion region has disappeared, which
causes a nearly constant voltage and thus a negligible resistance and also a worsening of the

current gradient.
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(a) Channel potential pinning: ON-state (b) Channel potential pinning: AMBIPOLAR-
state

Figure 3.8.: Schematic band diagram to point out the effect of the channel potential pinning
caused by inversion charges in (a) the ON-state and (b) the AMBIPOLAR-state of the TFET.
ON-state: Vgs,1 < Vs < Vigs,2 < Vigs,3. AMBIPOLAR-state: Vg1 > Vi > Vg2 > Vs 3.

3.3.5 Drain-Source Voltage Influence

A variation of the drain-source voltage effectively influences the behavior of the TFET device.
In the ON-state of the TFET, two different cases can occur for a Vys variation. In the first
case when Vg1 > Vg, as shown in Fig. 3.9(a), the channel potential pinning does not take
place and therefore the existing depletion region at the drain-to-channel junction allows for
a nearly unrestricted electron current flow. So, a high Vs value offers a wide Vg range with
no channel potential pinning and therefore a steeper tunneling current. This case can be seen
in the current transfer curve in Fig. 3.9(b). In the second case when Vis,3 < Vas2 < Vs (see
Fig. 3.9(a)), the channel potential pinning occurs and reduces the gradient of the tunneling
current. The effect can be seen better in the current transfer curve (see Fig. 3.9(b)). In case of
channel potential pinning in the ON-state, a smaller Vg5 causes a degradation of the tunneling
current slope. On the other hand if Vgs > Vg, no channel potential pinning occurs and hence,
the resulting subthreshold slope of the tunneling current, occurring at the source-to-channel
junction, is nearly not affected by Vqs.

The influence of a drain voltage variation can be seen better in the AMBIPOLAR-state. Here,
the tunneling process is located at the drain-to-channel junction. An increase of Vs causes a
downshift of the energy bands in the drain region, thus, the resulting tunneling area is increased,
the tunneling distance is decreased and the tunneling current increases. The influence can
be seen well in the current transfer curve as it is shown in Fig. 3.9(b). By applying a higher
drain voltage Vags,1, the AMBIPOLAR-state current in the transfer curve shifts along the Vgs-axis

in the direction of the ON-state. In case of a smaller Vgs = V4s,3, the AMBIPOLAR tunneling
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Figure 3.9.: Illustration of a drain voltage variation on the device behavior in (a) the band
diagram and (b) the current transfer curve, showing I4s in logarithmic scale. In both plots:
Vis > 0V and Vgg1 > Vg2 > Vas 3. (b) Gray dashed lines: transition to channel potential
pinning.

current part is shifted leftwards along the Vgs-axis and the AMBIPOLAR behavior is reduced.
The resulting subthreshold slope is not affected by a change in Vg, since channel potential

pinning is not yet taking place.

3.3.6 Unidirectional Behavior of the Current

Beside the drain-induced shift of the AMBIPOLAR-state tunneling current, there is another
phenomenon occurring in TFETs. It is the unidirectional current behavior. This effect appears
by applying negative drain voltages, whereby the considered gate-source voltage Vs is not
relevant.

In order to explain the unidirectional behavior, Fig. 3.10(a) illustrates the band diagram for
various Vgs. It can be seen that at Vs 1 = 0V the bands at the source-to-channel junction have
an overlap but due to Landauer’s tunneling formula the resulting tunneling current equals zero.
By reducing Vys to a small negative value Vs 2, the channel potential is also shifted upwards
due to the potential pinning and the band overlap still causes a small negative tunneling current.
This negative current only appears in a small Vs range and decreases quickly to zero. By
further reduction of Vis to Vgs,3 the band overlap disappears and thus the tunneling current
turns to zero, which can be seen in the current output curve in Fig. 3.10(b). But in case of Vys 4
the energy barrier between source and drain is reduced so much, that a negative thermionic
emission based current can flow. So the TFET turns into a parasitic p/n diode, which has to
taken into account in the design of logic circuits [156, 157]. The unidirectionality of the device

is also characterized by the AMBIPOLAR-state current in the output curve (see Fig. 3.10(b)). For
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negative Vs and an increasing Vgs the current increases exponentially with the same polarity

as the ON-state current.
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Figure 3.10.: Visualization of the effect of the current unidirectionality in (a) the band dia-
gram (Vis1 =0V > Vig2 > Vg3 > Vis,3) and (b) the current output curve. (b) Black solid
lines: ON-state, Vgs > 0V. Blue dashed lines: AMBIPOLAR-state, Vgs < 0V.
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CHAPTER 4

2D Electrostatic Potential Solution

In this chapter, a closed-form 2D analytical electrostatic potential solution for the DG TFET is
derived. The potential solution forms the basis of the band diagram calculation, and since the
tunneling probability is calculated as a function of the band diagram, an accurate electrostatic
solution is essential to properly calculating the tunneling current of a DG TFET. In order to
solve the device electrostatics in the channel region, some preliminary considerations are made
in Sec. 4.1, from which 2D potential solution is derived in Sec. 4.2. The verification of the
derived potential model is done in Sec. 4.3, where the modeling results are compared with

TCAD Sentaurus simulation data.

4.1 Preliminary Modeling Considerations

Before the closed-form 2D electrostatic potential solution is derived some preliminaries are
considered to keep mathematics as simple as possible and to obtain a stable potential model.
Firstly, the Laplace equation is introduced in Sec. 4.1.1. The influence of inversion charges
on the electrostatics is detailed in Sec. 4.1.2, followed by the scaling of the gate insulator in
Sec. 4.1.3. The decomposition and the boundary conditions of the DG device are explained in

Sec. 4.1.4, where the conformal mapping of the device structure is derived in Sec. 4.1.5.

4.1.1 Laplace's Equation

Solving an electrostatic potential problem in general needs for a solution of Poisson’s equation as
it is shown in Eq. (2.3). Finding a closed-form solution of Poisson’s equation is very challenging
and a numerical solution is not suitable for a usage in compact models. Due to the intrinsic
channel of the DG TFET the neglect of inversion charges is acceptable. Then, the Poisson

equation reduces to Laplace’s equation:

AD(z,y) = —% —  AP(z,y) = 0. (4.1)

43
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Since neglecting inversion charges in the electrostatics is only valid in the OFF-state of the
TFET, a modeling approach to consider inversion charges in the ON- and AMBIPOLAR-state is

introduced in Sec. 4.1.2

4.1.2 Inversion Charges

The consideration of inversion charges and their influence on the device electrostatics is a very
important issue. As it was mentioned in Sec. 3.3.4 and 3.3.5, the channel potential is pinned
to the applied drain-source voltage Vgs or the applied gate-source voltage Vgs. The channel
potential pinning effect has a direct impact on the resulting tunneling current.

In order to capture the effect of inversion charges on the device behavior, a 1D surface
potential model for planar TFETSs is introduced in the following, which has been reported
in [158]. This 1D potential at the surface of the channel is analytically solved, but it is not
sufficient for an adaption in the 2D electrostatic solution of a DG TFET. For this reason, a DG
TFET surface potential denoted as Vgs e in the following and including 2D effects is derived
based on the 1D potential solution in the surface and the center of the TFET.

1D Surface Potential Solution

The 1D surface potential to screen the gate modulation can be calculated by [158]:

@1 _ ka ~ln (Nch . Ninv) , (42)

2
ni

with the intrinsic electron concentration in Silicon ni, the channel doping concentration Ny
and Niny is the inversion charge density which is empirically set to 1.6 - 10%8cm 3.

In the case when the 1D surface potential is in the Vgs-control regime which is qualitatively
shown in Fig. 4.1(a), the influence of inversion charges and the drain voltage are negligible and

1D ; . .
s in depletion region reads as:

2
2

Spsl,?iep = ‘/gs - Vfb + VZ - % ) (43)

where Vi, is the flat band voltage and the term ~ characterizes the body factor and is calculated

by:

\/2'5ch 'q'Nch
CéX ’

with the gate oxide capacitance per gate area Chy, = ox/t,..

V= (4.4)

Inversion charges come into play when Vg reaches or overcomes the applied drain-source

voltage Vas, as can be seen qualitatively in Fig. 4.1(b) denoted as Vgs-control. In this case, the
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1D surface potential is calculated in dependency of Vs and Vi as follows [158]:

kyT kyT vVVas + @
soi}?nv:(vds+q§1)+b— 1n{q~[b TP Y Vi - Vs — B1)

+ - .
kT q VVas + P91+

1 Vas + D1 v+ (Vas + 91— 2) 2
+-- — s (Vas = Vip — Vigs — @ . 4.5
2 <(\/vds+¢1+w)2 2. (VVas + @1 +7)° (Ves = Vi = Van =) (4.5)

In order to find a closed-form expression for the 1D surface potential, a continuous function

has to be found which connects the depletion with the inversion regime. The following function

changes smoothly from @5 ‘dep to the transition point Vas + @1:

1

Fo =3 (Vds + @1 + pildep — \/(cp;‘?iep — Vs — 1) + 52) , (4.6)

where ¢ is a constant term for a smooth transition. With the help of this connection function,

the surface potential is calculated by:

Fo,
(Vo Vas) = Fp. + kT In % ) k:bT Ve (Vi — Vo — F)
q b V Foo+~

l. Fo. _ 'Y'(Fsos*2) . o _ 2 ) )
& ((\/FTszrw)z 2-(\/F75+v)3> (Vee = Vi F%)H 0

1D Center Potential Solution

The 1D potential in the center of the TFET can be adapted from the center potential of DG
MOSFET with an undoped body. The 1D center potential follows approximately the applied
gate-source voltage Vs and saturates to a constant value when the effect of inversion charges
come into play. The constant saturation voltage is dependent from the applied drain-voltage
Vas and is defined by [159]:

kwT 212 een - kT
c,sa s) — -1 — = 5 s-. 4.
Pesat(Vas) = = n<q2.Nch.t§h>+Vd (4.8)

The smoothing function presented in [160] is used for a continuous transition of the linear

Ves dependency and the constant saturation voltage ¢c sat of the 1D center potential. It follows:

1D 1 Ves — Vi
s,Vs — Pc,sat * 1l—-— 1 1 15 - 1—- = . (4.
A Vo) = g [1 = s (1 (15 (1 B (19)
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Surface Potential Including 2D Effects

The DG TFET surface potential including 2D effects is derived hereinafter and is named as
the effective gate voltage Vgs e in the following. It should be noted that the consideration
of 2D effects means to take into account the potential change along the y-axis. The TFET
surface potential is obtained by solving the 1D Poisson equation in y-direction at z = len/2 with

Fermi-Dirac statistics as follows [109]:

Ech
2 2. Fiy2 (u—vch—ﬁ>
du (1 20" ) . > (4.10)

' . Ech ’
2 Ean kT Fi/2 (_ 2~kng)
whereby F/» is the Fermi-Dirac integral® of order 1/2, w is the normalized potential by ¥»7/q,

ven is the normalized quasi-Fermi potential and Egh is the band gap of the channel material.

An integration of Eq. (4.10) results in the vertical electric field at the surface as follows:

Us

Bgh
du ] 2¢?my 2 Tz \U = a7 e (4.11)
E - 7 ! 9 " Ech ) :
dy y=0 cet kT 5 Fiye (_ 2<kng)

with the Fermi-Dirac integral F3/, of order 3/2. The normalized surface potential us and the

normalized center potential uc are calculated by applying Eq. (4.7) and (4.9) as follows:

us = ;" - T;}T’ (4.12)
1D q

¢ = o . 4.13

u %) T ( )

The normalized surface potential us in dependency of the applied Vs can also be expressed

by the following expression [109]:

vy, 4 Een du
(‘/gs ‘/fb) ko T Us = C(,)x dy

(4.14)

y=0

Since this equation has no closed form solution, a first order Newton correction is performed to

improve accuracy. The function for the Newton method reads as:

Egh Beh
q Ech 2q2 -y 2 ‘7:3/2 Us = 3%, T _]:3/2 Uc = 35, T
flus) = (Vags—Vin) 5 —Us — = - = .
ka C'Ox Ech * ka 3 EC

Fiy (7 2-kiT)

(4.15)

1 A Verilog-A suitable approximation of the Fermi-Dirac integral is presented in App. B.1
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and for the derivative follows:

/ Ech 2q2 * Ny 2
flu) =-1- 5 ¢ : h
. ES
Cox Ech kb 3- F1/2 (_ Qk‘ng>

Ech
3- ]:1/2 (us - 72]5}),1—,)

X . (4.16)
Ech Ech
4-\/./_‘.3/2 (’us—ﬁ)—fg/Q (Uc—ﬁ>
Now, the normalized surface potential is calculated by:
J(tsn1)
s,n — Us n- _7,, :123, 417
Us, Us,n-1 F(tsn1) (n 12,3) ( )

using the normalized 1D surface potential solution us shown in Eq. (4.12) as an initial guess
for us,1 in the Newton method. After three iterations, the surface potential us is obtained with
a sufficient accuracy and can be used in the further calculations, where it is denoted as the

effective gate-source voltage Vs e in the following:

kwT
Vgsyeff(vgmvds) = bT + Us,3- (4.18)

A schematic shape of Vs s in dependency of Vs for various Vg is shown in Fig. 4.1(a).
It can be seen that the smaller Vi the smaller is the range where Vi eg follows Vgs. In the
Vas control regime, the effective gate-source voltage follows the drain-source voltage. If Vg
falls below the source voltage Vs, Vg s is under control of Vi. Figure 4.1(b) illustrates the
Vas dependency on Vs e, where it can be seen that in the control regime of Vys the effective
gate-source voltage follows the applied Vgs and in the Vg control regime Vg o saturates to the

applied gate-source voltage.

A\Vgs,eff AVes,eff

R | “f

] ]
L L
: 0 : Vs ! Vas
i i i
1 1 !
I Vas-control > !—>
Ve —E [Va-control]-{—
(a) (b)

Figure 4.1.: Schematic shape of the effective gate-source voltage Vi g in dependency of (a)
the gate-source voltage Vs and (b) the drain-source voltage Vys. In (a): Vas1 > Vas,2 > Vas,3-
In (b) Vgs,l > Vgs,2 > Vgs,3-
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The verification of the effective gate-source voltage Vgsesr and the channel potential goiD is

presented in Sec. 4.3.1.

4.1.3 Scaling of the Gate Insulator

The second simplification is made because of the different dielectric permittivities of the gate
insulator (e0x) and the channel material (ecn) as it is shown in Fig. 4.2(a). The different
permittivities lead to discontinuities of the electric field at the channel-insulator interface
which complicate the conformal mapping technique and should be avoided. It is to say that
the conformal mapping technique needs a homogeneous permittivity in the area of interest.
Assuming a constant electric field across gate insulator, which means that the potential drop is

linear, the normal component of the dielectric displacement is described by:

Dox:50'5ch'E0:€O'SOX'EOXZSO'SOX.TM’ (419)

ox

with the voltage drop over the insulator Vox, the normal component of the electric field in the
channel Fy and the electric field across the insulator Eox.

To avoid discontinuities in the electric field the gate insulator or oxide thickness tox is scaled
as follows (see Fig. 4.2(b)):

e Ech
tox = - tox 4.20
-~ (4.20)
and Doy yields:
Vox
Dox = €0 - €ch * T (4.21)

Insulator Eox

Ch

et
1 ch
y =

Lox

Figure 4.2.: (a) Default device structure with a gate insulator thickness of tox and two differ-
ent permittivities e for the channel and the gate insulator. (b) Adapted device structure with a
scaled gate insulator thickness tox and a uniform permittivity ecp.

It should be noticed that this assumption is only valid if the channel length is much bigger
than the gate insulator thickness lch > tox [161] and if inversion charges are negligible.

For the case that inversion charges come into play, the gate insulator thickness has to be
scaled in dependency of the effective gate-source voltage Vg em. At first, the screening length

at the channel surface that characterizes the potential bending in z-direction is expressed in
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terms of Vs e

Xs/a(Ves.et) =A(vaa=0) + (Mo = Ava,=0))

Vs s/d )})
X |1l—exp|—In| ——F——+1+A, , 4.22
( |: <|vas _ Vgs,eff| In,fit ( )

whereby )\fidﬁt is a fitting parameter to tune the influence of the inversion charges and the

screening length at Vgs = 0 is given by [122, 162]:

1
1 820(’)x [‘/gs_ gscﬂ(Vds :0)}
(L , , 4.2
)\(Vdsio) \/()\0 + Ech * teh - Vgs,eff(vds = O) ( 3)

The factor 8 in this expression is taken from [162], the factor 2 accounts for the DG structure

in comparison to a SG device in the calculations of C/,. The natural screening length at the

Ech * tch : tox
Ao =4/ ————mm. 4.24
0 \/ 2 eox ( )

Now, the gate insulator thickness t.x can be expressed in terms of s Jd:

channel surface is defined by [163]:

N 2
)\s/d(‘/gs,eff) * Eox
tox(‘/gs,cff) =2 ( 7 e 13 . (425)

By inserting Eq. (4.25) in Eq. (4.20), the scaled gate insulator thickness fox is expressed in
terms of Vs e

< 2
()\s/d(‘/gs,cf‘f))

fox(‘/gs,eﬂ) =2
tch

(4.26)

The obtained expression is suitable for all operation regimes of the DG TFET and is used in

the further calculations.

4.1.4 Decomposition of the Device Structure and Boundary Conditions

The device channel electrostatics of the DG TFET is a 4-corner problem as it is depicted
in Fig. 4.3(a). Solving for the potential solution of the 4-corner structure is mathematically
very challenging and often no closed-form solutions are found. For this reason, the device is
decomposed into 2-corner structures to simplify finding a potential solution. This approximation
is suitable if the channel length is bigger than the channel thickness (lch > tcn) [164].
Regarding the boundaries of the DG TFET channel and gate insulator region, there is a
constant boundary condition at the gate insulator interfaces Vgs st (see Fig. 4.3(a)). At the

source-to-channel and drain-to-channel junction are parabolic boundaries which are denoted as
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the effective built-in potentials @;{iﬁf (see Fig. 4.3(a)) and are given by [128, 165]:

YL (y) = DY + Vepa £ AB L0 (y), (4.27)
with:
¥ s - Nja(y)
qub/iiﬁ’(y) = |Vasett — @b/id — Vaa| + 5%
s/d 4Vs/d
2"Ss/d' ‘/gs,cf'f — @;{d — ‘/b/d
x [ 1-4]1+ (4.28)

A2aW) - q- Nyja ’

using the source/drain doping concentration Ng,q, the permittivity of the source/drain region
€s/d, the built-in potentials of source/drain @Z/id and the source/drain bias V;/q. The sign of
A@i{iﬂ in Eq. (4.27) is negative when (@Z/id + Vija) > Vgs,er and positive for all other cases.
The screening length As/q characterizes the potential bending along the z-axis and is defined
by [128, 166):

NI tN X ° t h Eox Eox
\ — ys/d . [Echtox len (1 i L = . 2)7 4.99
s/a(Y) fit 2 Eox Ech - tox 4 €ch * tox * ten Y ( )

whereby )\Z/td is an adjustable parameter. The built-in potential @i{d is calculated as follows:

. 1 Es/d
ot () o

The term Eg/q describes the difference of the S/D Fermi energy level and the ValB/ConB at
the source/drain edge, whose values are listed in Tab. 5.1 for various Ng/q. This difference is
caused by the high doping concentrations of the S and D region and is called degeneration.

Based on this equations, the 4-corner structure in Fig. 4.3(a) is decomposed in six 2-corner
structures. This simplification can be done since the method of superposition is valid. The
boundary condition at the source-to-channel junction is separated into a constant boundary

i (0) (see Fig. 4.3(b)) and a parabolic one A®Y; .¢(y) as it is shown in Fig. 4.3(d). The
constant boundary condition at the gate insulator interface Vg eq is applied in the 2-corner
problem in Fig. 4.3(b). Regarding the drain-to-channel junction, the boundary condition is
also separated into a constant one (®f; .4(0) — Vgs er) and a parabolic one A®L; 4(y) which
are depicted in Fig. 4.3(c) and 4.3(e).

The boundary condition across the gate insulator is assumed to be linear and is also
separated into a source (see Fig. 4.3(f)) and drain related case as it can be seen in Fig. 4.3(g).
The linear boundary can be expressed in terms of the electric field along the gate insulator
interface as follows [167]:

®/4(2) = Eox - . (4.31)
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qugi,eff(y)
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Figure 4.3.: Decomposition of the DG structure to simplify the conformal mapping and to
separate the boundary conditions. (a) DG 4-corner structure with its original boundary condi-
tions, that are a mixture of parabolic and constant boundaries. (b) Constant boundary for the
source related case and (c) drain related case. (d) Parabolic boundary condition for the source
related case and (e) drain related case. (f) Linear boundary condition across the gate insulator
for the source related case and (g). (b)-(g): For a better overview, only the various boundary
conditions at the source and drain end of the channel are illustrated. However, the constant
boundary condition along the gate insulator is still valid.
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4.1.5 Mapping of the Device Structure

In order to find an analytical solution of the 2D electrostatic potential of the TFET, the device
structure is conformally mapped from the complex z-plane into the upper half of the w-plane.
Since the DG TFET structure can be characterized by two closed polygons as it is depicted in
Fig. 4.4, the Schwarz-Christoffel transformation (see Eq. (2.26)) is used to conformally map

the given geometry.

jy ‘source related case‘ jy ‘drain related case‘

Figure 4.4.: (a) Source related and (b) drain related polygon to map the DG structure from
the complex z into the upper half of the w-plane.

Applying the vertices defined in Tab. 4.1 and using Eq. (2.26), the conformal mapping

function yields:

71;201‘(@_1)7%'(11_)"‘1) %:f' (4.32)

Table 4.1.: Definition of the vertices to map the DG structure.

T w; Z; gy = T4 Yi
1 —o0 00 + j(2fox + ten) +m +1
2 =1 0 + j(2fox + tcn) +m/2 +1/2
— 0 + j(fox + ten) 0 0
4 — 0 + jtox 0 0
+1 0+jo +m/2 +1/2
1’ +o0 “+oo +j0 +7 +1

An integration of Eq. (4.32) leads to:
Z(w) = Cy-In (‘w + w2 — 1‘) +Cy = C - cosh™ ' () + Ca, (4.33)

where the integration constant Cy defines the origin of the z-plane. Since the origin is defined

by the vertex 5, the integration constant results in: C2 = 0+4j0. The scale and rotation constant
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(1 is calculated in terms of Eq. (2.30) since the vertices 1’ and 1” in Fig. 4.4 are parallel lines:

Zin — Zp = jrC1 = lim (zRe +3(2tox + ten) — (2Re +j0)) = j(2fox + ten)

ZRe 00

2o + te A
=>C1:7+ h:7y,

- - (4.34)

with the channel thickness t., (see Fig. 3.6) and the scaled gate insulator thickness fox as it is
shown in Eq. (4.26). Now, the final function to map a point in w-plane into z-plane is defined

by:
_ 4y

- cosh™ (w). (4.35)

z(w)
With the help of the inverse function of Eq. (4.35), the DG structure is mapped from the z-

into the upper half of the w-plane as follows:
@(2) = f ' (2) = cosh [ — -z | = cosh [ — - (z + jy) (4.36)
- a Ay - Ay W) '

Equation (4.36) can be applied in order to map an arbitrary point P; within the channel (see

Fig. 4.4(a)) of the source related case into w-plane by:
ws(Z) = cosh <A7ry (x Jrj?l)) . (4.37)

On the other hand, in the drain related case (see Fig. 4.4(b)) an arbitrary point in the channel

P is mapped into w-plane by:

wa(Z) = cosh (Aﬂ-y “(len — +jy)> ) (4.38)

which is the solution for the source related case mirrored on the y-axis.

By using the inverse mapping function (see Eq. (4.36)) the vertices of the 2-corner structure
in z-plane are mapped onto the real u-axis of the w-plane. In order to represent both points
1”,1’, whose real values are lying in infinity, the z-values are chosen to be three times the
value of the channel length lq, [167]. Mapping the vertices in Tab. 4.1 for the source and drain

related case yields:

’ ™ cr0f ’ ™ craT
uy» = cosh (Ay . [3 “len +j(2tox + tch)]); uy = cosh (Ay . [0 +j(2Lox + tm)}) =-1,

uy = cosh <A7Ty . [O +j(tox + tch)]), ujy = cosh (Aﬂy . [0 +jfox]> ,

’ ™ . / ™ .
us = cosh (Ay . [0 —|—J0}) =41, wuyp =cosh (Ay . [3 len +J0]> . (4.39)
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4.2 Closed-Form Potential Solution for the Channel Region

The closed-form potential solution within the channel region of a DG TFET is introduced in
the following. The electrostatic solutions for the various boundary conditions mentioned in
Sec. 4.1.4 are presented separately.

The 2D channel potential ¢S is obtained by solving Poisson’s integral in the complex
w-plane and superposing the electrostatic solutions ¢c p1, for constant boundary conditions

®¢, parabolic ones @p and linear boundary conditions &y,:

P (ws/a(2)) = pc(Ws/a(2)) + op (Ws/a(2)) + oL (Wsa(2)), (4.40)

where zZ = x + jy defines an arbitrary point within the channel region of the DG TFET.

4.2.1 Solution for a Piecewise Constant Boundary

A solution for a piecewise constant boundary condition @¢ in an interval between two arbitrary
points u, and uy, is found by solving Poisson’s integral (see Eq. (2.36)) in the complex w-plane

as follows:

’
Uy

o 1 v Pc u—u
¢C(ws/d(z)) :W'/MW~¢cdu'=—W~arc’can< . )

’
uy,

!
b

(4.41)

i

ua

The potential solutions for the piecewise constant boundary conditions ¢¢c are obtained by
applying the parameter listed in Tab. 4.2 to Eq. (4.41). It should be noted that the potential
solutions ¢3" and ¢%° are part of the linear boundary conditions (see Fig. 4.3(f) and 4.3(g))
and describe the constant offset of the linear potential solution. Now, the potential solution for

piecewise constant boundary conditions is obtained by superposition:

po(Wsa(2)) = 08" + 68 + o' + 037 + 08” + 6. (4.42)

Table 4.2.: Potential solutions for the piecewise constant boundaries between the points u,
and u/ .
b

bc Ws/a(Z) Pc ul uy,
qb%l ws(Z) Vigs eff U,l// uf
¢§'2 ws(Z) Vigs.eff ug ul,
o Ws(Z) Vigsoft ul uf
¢22 Ws(Z) Dy ¢ (0) uj uy
¢2? Ws(Z) Ves.eft uy ug

¢dc w4 (Z) ';bgi,eff(o) — Veseeff ":,3 uy
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4.2.2 Solution for a Piecewise Parabolic Boundary

The parabolic boundary problem is solved by using Poisson’s integral and applying the geometry
dependent boundary condition. The parabolic shaped boundary problem in z-plane needs to

be mapped in w-plane, which is approximated by an elliptical shape [168]:
Pp(u') = Adp - /1 — (u')2, (4.43)

where this approximation is valid for len > ten [168]. A®p is the difference of the effective

built-in potentials and is given by:
s/d s/d s/d
A¢P/ = ¢b/i,cﬁ'(y = ten/2) — gpb/i,cﬁv(y =0). (4.44)

Now, solving Poisson’s integral leads to the potential solution for a parabolic boundary condition:

1

¢P<w5/d(2)) -1 / % CAPp - /1 — (u)2du

T u—u')?+v?
21

:Aqﬁp-[f <\/1— u—jv)?2 4+ /1= (u+jv) )—u]. (4.45)

Since there is a source and drain related case of the parabolic boundary condition (see Fig. 4.3(d)
and (e)), Eq. (4.45) is calculated for both cases as follows:

¢%(ws(§)):A¢%-[ ~(\/17 u — jv) +\/1 (u+jv) >7v] (4.46)
qbdp(u_}d(i)) = APY - [5 (\/1—(u—3v +/1 = (u+jv)? ) —v} (4.47)

Finally, the potential solution for a piecewise boundary condition yields:
_ _ s d
op (ws/d(z)) = ¢p + Pp. (4.48)

4.2.3 Solution for a Piecewise Linear Boundary

The potential drop across the gate insulator is assumed to be linear as it is depicted in Fig. 4.3(f)
and (g). In order to solve Poisson’s integral, the linear boundary condition in Eq. (4.31) is
mapped in w-plane [167]:

BL(W) = Fox - %X cosh™ (). (4.49)

The Poisson integral is rewritten as:

up,
_ _ 1 tox — ’ ’
oL (ws/d(z)) =_ / % - Eox - - -cosh™ (u') du/, (4.50)
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where this expression has no analytical solution. For this reason, the boundary condition is

approximated by a square root function:

tox _ ' —b
Eox - = .cosh ' (u) = + e (4.51)
™ ar
and inserted into Poisson’s integral which leads to:
uy,
_ _ 1 v u —by
w, z))=—"- -+ du
¢L( s/ )) T /(ufu’)erv2 V  av
u,
j ay-%-01,1-0L,3 — arL-bL-ov;1-0L,3 + j-aL-v-oL,1-0L,3
=+ = |oL,3 -arctan
T oL4
'll./
ar -br - . —ar -u- . i-ar v .
+ UL,2~arctan< LOLOL1 1oL, LW OL1OL2 +) ALV 0L, GL’Q)] ) (4.52)
OL4 u,
with:
by, — v’ by, —u —jv by, —u+jv
OL1 =\ ———— OL2=\/———— OL3={/—
ar, ary, ar,
ULV4:bi—2~bL~u+u2+02. (4.53)

The sign of the square root is determined by the boundary potentials ®r,,1 and @1, 2. The sign is
positive when @11 < @1, 2 and negative for &1,1 > Pr, 2. The parameter ay, is defined by [167]:

/
ustep - bL

(Pr2 — Pr1)?’ (454

ar, =

For a detailed derivation of the potential solution for a piecewise linear boundary condition the
reader is kindly asked to refer to [167].

Table 4.3.: Potential solutions and applied parameters for the piecewise linear boundary
conditions between the points u} and uj,.

P Ws/a(Z) Uiep b PL1 P2 u! up
o ws(2) b wh Ve B oy = 0) wh
672 ws(Z) ul ug Vigs.eff B ey = 0) )y ul
d)i'l 216 up uf 0 ‘Pgi,efr(y = 0) — Vgseft ul, A
¢ w4 (Z) ul ug 0 B i (y = 0) — Viserr )y ul,

The linear potential solution ¢r, at an arbitrary point Zz is now calculated with the help of
the parameters listed in Tab. 4.3 applied to Eq. (4.52):

oL (Ts/a(2)) = 63" + 012 + o' + o2 (4.55)
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4.3 Potential Model Verification

The verification of the derived potential model is done with the help of numerical TCAD
Sentaurus simulation data [79]. TCAD simulations are performed with the configuration
described in Sec. 6.1. At first, the effective gate-source voltage Vgs s and the center potential
iP are verified in Sec. 4.3.1. The 2D channel potential solution verification is presented in
Sec. 4.3.2.

4.3.1 Verification of the Effective Gate-Source Voltage & Center Potential

The effective gate-source voltage Vgs emr is applied as a boundary condition in the 2D potential
solution in order to consider the effect of inversion charges in the potential calculations. For
this reason, Vg eqr is verified by TCAD simulations to ensure a correct modeling approach. It
should be kept in mind that the effective gate-source voltage Vgs o denotes the surface potential
of the TFET in the middle of the channel (z = ln/2). Since Vg o is calculated in dependency
of P, the center potential is also verified. The TCAD potential values for Vis,er and il are

extracted at the positions as it is depicted in Fig. 4.5.

Insulator

JY Ch

Insulator

Figure 4.5.: DG TFET channel region sketch which highlights the positions from which the
effective gate-source voltage and the center potential is extracted. Both values are taken from
the position z = len/2, where Vg off is extracted directly under the gate insulators (y = Onm)
and plP at (y = ten/2).

At first, the effective gate-source voltage Vgs e is simulated in dependency of Vg for various
fixed drain-source voltages Vas. The modeling results of Vg e vs. Vs are shown in Fig. 4.6(a)
by applying a flat band voltage of Vi, = —0.54 V. The effective gate-source voltage matches
well in comparison with TCAD simulations for various Vgs. It can be seen that Vs es follows
the applied gate-source voltage when the TFET is in the Vgs-control regime as it is depicted
in Fig. 4.1(a). At a drain-source voltage of Vgs = 0V the TFET is under Vgs-control in the
range from Vg = —1.1V to 0V and by increasing Vas to 0.7V the Vgs-control range expands
to [-1.1V < Vg < 0.7V]. If the gate-source voltage overcomes the applied Vgs, Vg e is under
control of the drain-source voltage (see Fig. 4.1(a)). For a gate-source voltage Vgs < —1.1V,
Ves,er is under control of V.

Figure 4.6(b) presents the modeling results of Vg e vs. Vas for various fixed gate-source
voltages Vgs. It can be seen that the effective gate-source voltage follows the drain-source

voltage when Viy < Vs, 80 Vg enr is in the Vgs-control regime (see Fig. 4.1(b)). For instance at
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Ves = 0.5V, the effective gate-source voltage switches at Vgs = 0.4V from Vgs-control to the
Vgs-control regime. It can be seen that the Vs .q modeling approach shows a good fit compared
to the TCAD simulations with some small deviations occurring for negative Vys values. These
deviations are acceptable since the n-type TFET is driven for positive Vgs.

In a next step, the potential in the center of the channel ¢'P is verified in dependency of
the gate-source voltage for drain-source voltages from Vgs = 0V to 0.7 V. The modeling results
are depicted in Fig. 4.7(a) and it can be seen that the modeling approach fits well for various
Vas values compared with TCAD data. Finally, the drain-source voltage Vgs is used as the
sweep variable for different fixed Vs values. The results are depicted in Fig. 4.7(b) and show a
good match in comparison to the TCAD data for a gate-source voltage range from Voo = 0.5V
to 1.2'V.
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Ves [V]
(a) Vgs,et vs. Vgs for various Vys.
- Vgs,eff(vgs: Vds) -
1.5|.-. TCAD
‘Z‘ 1.0
=
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&
N Vgs =0.5...1.2V,
Step=0.1V
0.5
1!
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Vds [V]

(b) Vgs,err vs. Vs for various Vgs.

Figure 4.6.: Model results of the effective gate-source voltage Vg o, where in (a) Vgs is used
as the sweep variable and Vg is fixed. In (b) Vs is used as the sweep variable and Vs is fixed
for different values. The results of Eq. (4.18) are illustrated in blue solid lines and TCAD simu-
lation results are highlighted in black dashed lines.
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(a) @g~ vs. Vs for various Vys.
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(b) cp(lzD vs. Vs for various Vgs.

Figure 4.7.: Center potential ¢!P in dependency of (a) the gate-source voltage Vs and var-
ious fixed Vs values and (b) the drain-source voltage Vys and different fixed Vs values. The
modeling results are calculated by Eq. (4.9) and shown in blue solid lines. TCAD data are
plotted in black dashed lines.
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4.3.2 Verification of the 2D Channel Potential Solution

The closed-form 2D potential solution within the channel region of the DG TFET is also
verified by TCAD Sentaurus simulation data. The 2D electrostatic potential is calculated
along the z-axis at two characteristic y-positions, the surface (y = Onm) and the center of
the channel region as it is illustrated in Fig. 4.8. Simulations are performed for gate-source
voltages from Vg = —1.5V to 1.5V in order to verify the potential solution in the ON-, OFF-
and AMBIPOLAR-state at Vgs = 0.1V and 0.7V. The adjustable parameters for all simulations
are as follows: § =0V, Vi, = —0.54V, )\i{flﬁt =0.2 and )\Sﬁ/td =1.0.

Insulator

Yy = tch/g

y = 0nm

Insulator

Figure 4.8.: Sketch of the DG TFET channel region where the 2D electrostatic potential is
solved. The cutlines show the surface (y = O0nm) and center (y = tcn/2) of the channel region.

The modeling results at the channel surface are shown in Fig. 4.9(a) and the results in the
center of the channel are depicted in Fig. 4.9(b). In both cases simulations are performed at a
drain-source voltage Vgs = 0.7V in the aforementioned gate-source voltage range.

In Fig. 4.9(a) it can be seen that the surface potential matches well in comparison to the
TCAD simulations from Vgs = —1V to 1V with some small deviations occurring at the channel
junctions. These deviations could be avoided by decreasing the parameter )\;/td, whereby the
decrease of )\;/td would increase the deviations of the potential solution at the junctions in the
channel center. Thus, the chose of )\;/td = 1 represents a good compromise. At the gate-source
voltages Vg = —1.5V and 1.5V one can see that the channel potential pinning occurs. For
Ves = 1.5V (ON-state) some inaccuracies occur between z = Onm and 5nm and at Vs = —1.5V
(AMBIPOLAR-state) there are some deviations in the range of = 15nm and 22 nm, which are
caused by the parameter )\iﬁlt. Increasing this parameter would improve the fit at these biases
but on the other hand worsens the potential solutions for Vs < 1.5V and > —1.5V.

Figure 4.9(b) presents the results of the center potential and it can be seen that the modeling
approach shows a good fit compared to the TCAD simulation data. Some small deviations
occur at the channel junction due to the chosen value of )\;/td as it is mentioned in the previous
paragraph. The channel potential pinning comes into play for Vg > 1V and Vg < —1V and
some small inaccuracies occur in the range of x = 4nm to 18 nm. These deviations are to
explain by solving Laplace’s equation instead of Poisson’s equation and using the effective
gate-source voltage Vs o to consider inversion charges. This simplification causes the biggest
error in the channel center and decreases towards the channel surface.

The results of the potential solution at the channel surface for Vgs = 0.1V are illustrated in
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Fig. 4.10(a). The comparison with TCAD data shows a good agreement in the whole applied
Vgs range. At this Vgs value it can be seen that the potential pinning in the ON-state occurs
already from Vs = 0.5V as it has been shown in Fig. 4.6(a). The potential solution in the
AMBIPOLAR-state, i.e. Vg < —0.5V, is not affected by the potential pinning effect. Regarding
the channel junctions some small deviations can be seen which are to explain by the choice of
the parameter )\;/td as it is mentioned in the last paragraph.

Finally, the potential solution in the center of the channel (y = ten/2) is verified for
Vas = 0.1V. The modeling results compared to numerical TCAD data are depicted in
Fig. 4.10(b), where the 2D potential solutions correlate well with the TCAD simulations. In
the ON-state one can see the potential pinning effect again for Vs > 0.5V. The occurring

inaccuracies can be ascribed to )\Z/td =1 as it has been described in the paragraphs before.
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Figure 4.9.: 2D closed-form potential modeling results for Vgg = 0.7V at (a) the surface of
the channel and (b) the channel center. The 2D potential solution (blue solid lines) is com-
pared to TCAD simulation data (black dashed lines).
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(b) Center Potential (y = tcn/2).

Modeling results of the 2D closed-form potential at (a) the surface of the chan-

nel and (b) the channel center for a drain-source voltage Vgs = 0.1V and compared to TCAD
data. 2D potential solution: blue solid lines. TCAD simulations: black dashed lines.
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CHAPTER b

Compact DC Model

The direct current (DC) in the DG TFET between the source and drain contact (see Fig. 5.1)
is composed of the B2B tunneling and the TAT effect. For this reason, it is required to have an
accurate and simultaneously a numerically efficient electrostatic potential solution, which is
introduced in Sec. 5.1. The compact potential solution is used to estimate the device band
diagram in Sec. 5.2. Based on the potential solution, a compact expression for the electric field
is derived in Sec. 5.3. A compact description of the B2B tunneling current density is detailed
in Sec. 5.4, where an expression for the TAT current density is introduced in Sec. 5.5. Finally,
the total tunneling current of the DG TFET is presented in Sec. 5.6.

All derived compact model equations are in closed-form and are suitable for an implemen-

tation in the hardware description language Verilog-A. Altogether, this chapter connects all
single modeling parts that has been published in [133, 135-137, 169].

G

Insulator

Figure 5.1.: 2D sketch of the n-type DG TFET device geometry, showing the channel thick-
ness tcp, the channel length l¢, the gate oxide thickness tox and the length of the S/D region
lsq. Source (S) and drain (D) region are highly p/n-doped with a doping concentration Ng/q.

5.1 Compact Electrostatic Potential Solution

The compact electrostatic potential solution of the DG TFET device is introduced in the
following. Compact expressions are derived separately for the S, D and Ch region, whereby the

channel potential is divided in an expression which characterizes the source-to-channel junction

65
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(ON-state) and an expression to define the AMBIPOLAR-state addressed at the drain-to-channel
junction. A schematic potential shape along the x-axis is depicted in Fig. 5.2. The ON- and the

Source Channel Drain

Co , HE S—
ON . AMBIPOLAR : de

A

Figure 5.2.: Schematic electrostatic potential ¢, of the DG TFET along the z-axis for an ar-
bitrary y-position. The compact potential within S and D region is characterized by a parabolic
function (o< x2). A compact expression to define the potential within Ch region is found by

a rational function o< 1/x. The compact potential expressions are derived by applying the

characteristic points Pis/d.
AMBIPOLAR-state compact potential are modeled separately. The expressions are based on the
characteristic potential points Pis/ d (see Fig. 5.2), which are calculated by the 2D electrostatic
potential solution presented in Chap. 4. For a Verilog-A implementation of this 2D complex
potential solution, it is necessary to separate the real and imaginary part, since Verilog-A is not
able to handle complex values. The separation of the complex electrostatic solution is detailed
in App. A.

In the calculations of the compact electric field it is necessary to include the y component of
the potential. For this reason, a compact modeling approach of the potential along the y-axis

is introduced in Sec. 5.1.3.

5.1.1 ON-State Compact Potential

The main part of tunneling in the ON-state occurs at the source-to-channel junction and
therefore, the compact electrostatic potential along the z-axis for any y-position is characterized
within two separate intervals. In the first interval the source potential is approximated and in

the second one the potential in the channel is defined, which are derived in the following.

Source Potential

The potential in the S region can be described in the interval [—z3(y) < = < Onm] by a

parabola as follows:
03 (@) = as(y) - 2* + b (y) - = + es(y)- (5.1)
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The unknown parameters as, bs and ¢s are determined with the help of the potential points P
and PS5 (see Fig. 5.2) and the first derivative at Pf, which read as:

i) = (), ¥, 5.2
P5(y) = (25, Priea(y)), (5.3)
degs (23(0) _ 0. (5.4)

whereby x5 describes the x-position of the source-to-channel junction and is therefore set to

zero. The z-value z§ characterizes the z-position, where the potential bending equals zero [128]:

S 2'55' gzsSi""‘/s_‘/'s,eﬂ”
x1<y>—xs<y>—\/Az<y>i Ot b= Toner), (5.5)

using the screening length A at the source-to-channel junction (see Eq. (4.29)), the source
built-in potential @};, the permittivity es in S, the source voltage Vs, the doping concentration
N in S region and the effective gate-source voltage Vs eq. To ensure only positive values in the
argument of the square root, the sign in front of the fraction within the square root is positive
if (P}; + Vi) > Vgs,er and negative for the other case.

By applying Eqgs. (5.2)—(5.4), a linear equation system is set up to solve for the needed

parameters as, bs and cs:

b o= as(y)- (3351)2 + bs(y) 21 4+ es(y)
Prieny) = as(y)-(23)* + bs(y)-23 + o(y) |- (5.6)
0 = 2-ay)-21 + bs(y)

Solving the linear equation system results in:

éii,eﬂ(y) — Dy

as( ) = 20 (57)
Y (25 — 25(1))
225 (y) - (qjii e(Y) — ii)
ba(y) = — e o)
Y (mg — mﬁ(y))
) = B + i) - e = D 59

2
(5 —23(v))
Channel Potential (Source Related)

After investigating the potential shape in TCAD simulation results, the compact potential in
the channel at the source-to-channel junction is approximated by a rational function. So, the
potential in the interval [0 < z < len/2] is defined by:

ch,s

P () = mk_il()y) + ma(y). (5.10)
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The three unknown parameters ks, ls and ms are solved with the help of three characteristic

potential points P; in the first half of the channel. The points are chosen to be (see Fig. 5.2):

Pi(y) = (23, B5iealy)), (5.11)
P(y) = (a3, ¢5b(a5,9)), (5.12)
P y) = (a4, s y)), (5.13)

where xi/d is set to lch/z. In order to consider the influence of the gate insulator thickness tox

and the channel length lc, on the electrostatics, the z-value of P5 is empirically defined by:

s lch 3
Z5 =2 tox - , (5.14)

22nm

using a channel length of 22 nm as a reference. That means, for a smaller l., the value of x3
decreases to cover the potential drop at the source-to-channel junction. The potential values
in P5 and PZ/ 4 are calculated with the help of the 2D electrostatic potential solution (see
Eq. (4.40)).

With the help of these three potential points the following linear equation system can be

defined to solve for the unknown parameters:

Sbi,eff(y) = I;j%gy) + ms(y)
C s ks
o5 (a5,y) = xg,ﬁfgy) + ms(y) |. (5.15)
5/d ks (1
ety = e+ ma)
z s(y)

The first unknown parameter ls results in:

D3 - (305 + xi/d) — D12 - (x5 +23)

ls = — Nl
s(y) 3 (Dis = Diy) (5.16)
2
n _D13 : (ZCZ + xz/d) — Dio - (25 +25) - Di2- a5 — Dis ~xz/d
2 - (D12 — Dld) 2 D12 - D13
. o5 (3, y) — B e(y) oS (2%, y) — By ea(y)
Dia(y) = = , Dis(y) = — (5.17)
2 3 1'2 — 1'4

It should be noted that the parameter Is must be negative and therefore, the sign of the
square root in Eq. (5.16) must also be negative. The y-dependency of Is is obtained by the
y-dependency of the potential values considered in D12 and Di3. Now, solving for the next
unknown parameter yields:

ch (s — P,
ke(y) = 55 (73, Y) bll,eff(y) (5.18)

1
z5—-ls(y)  @5-ls(y)
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and the last one is given by:

ms(y) = Phien(y) — 55— (5.19)

Now, the compact potential solution at the source-to-channel junction can be calculated in

dependency of x and y and the applied bias Vs and Vis.

5.1.2 AMBIPOLAR-State Compact Potential

In contrast to the ON-state, the tunneling events in the AMBIPOLAR-state occur at the drain-to-
channel junction. For this reason, the electrostatic potential along the z-axis for an arbitrary
y-position is characterized by an approximation in the drain region and one in the channel
region. These approximations are done in the same way as in the ON-state and are introduced

in the following.

Drain Potential

The electrostatic potential in the D region follows approximately a parabolic shape and therefore

the potential in the interval [len < = < 2$(y)] is defined as:
¢e(wy) = aaly) -o® + baly) - = + caly), (5.20)

where z{ defines the z-position at which the potential bending equals zero [128]:

2-eq- (P + Vas — Vise
x?<y>=zch—xd<y>+\/A3<y>i 4 N weot) (5.21)

In this equation Ag is the screening length at the drain-to-channel junction (see Eq. (4.29)),
&% shows the built-in potential , Ny represents the doping concentration of the drain and &4 is
the dielectric permittivity of the D region. The sign before the fraction within the square root
is positive for the case (®f; + Vis) > Vis.er and negative in the other case.

Similar to the source potential approximation, the unknown parameters aq, bq and cq are

specified by the potential points P! and Pg as follows:

ld ( ¢b1)7 (522)
2d (3:27 dsbl eff ) (523)
d

The z-value zd is located at the drain-to-channel junction and therefore is equal to the channel
length lcp,.
With the help of these three boundary conditions, similar to Eq. (5.6) a linear equation
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system is set up to determine the unknown parameters which results in:

égi eff(y) B ¢§1
aa(y) = Doen(®) =P (5.25)
T )
2- x‘f(y) : (45& et(y) — 45&)
baly) = , . 7 (5.26)
Wy (mg — w?(y))

(25 — 25())°

ca(y) = By + 25 (y) (5.27)

Channel Potential (Drain Related)

The channel potential for the AMBIPOLAR-state at the drain-to-channel junction in the interval

[len/2 < & < lon] is approximated by a rational function (o 1/z) as it is shown in Fig. 5.2:

ch,d _ ka(y) m
Po (m’y)*ix—zd(yfr d- (5.28)

In order to solve the three unknown parameters kq, lq and mgq, three potential points P2 in

the second half of the channel are applied, which are defined as follows:

Ps(y) = (a5, Phien(y)), (5.29)
Ps(y) = (25, ¥5b(25,)), (5.30)
Py = (24, o5 (¥ ), (5.31)

thereby z§ is defined by la, — @5 (see Eq. (5.14)) and mz/d = len/2. The associated potential
values of P§ and P§ are calculated in terms of the 2D electrostatic potential solution presented
in Eq. (4.40).

A linear equation system is set up to determine the three unknown parameters in the same

way as it is done in Eq. (5.15). The first unknown parameter is given by:

Ds3 - (wczl + xi/d) — D12 - (25 + 9)

la(y) = - 5.32
av) 2- (D12 — D13) ( )
s 2
+ D (3 + m4/d) — Dz - (a5 + a3) _gd. D2 @} — Dz -af/*
2+ (D12 — D13) 2 D1y — D13 ’
using:
h ¢ d d ch ¢ s/d d
wsp (5, y) — ¢bi,eff(y) oo (zy “,y) — ¢'bi,eff(y)
Dia(y) = g p— , Dis(y) = e (5.33)
2 3 9 — T

In this case, the parameter lq > lcn and therefore the sign of the square root in Eq. (5.32) must
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be positive. The next parameter is determined as follows:

ch d d
O5b (25, y) — Phs er(¥)
kaly) = =22 el (5.34)

oS —la(y)  2d-la(y)

Solving for the last parameter results in:

maly) = 8 oa(y) — — 1Y) (5.35)

x5 —la(y) .
5.1.3 Compact Potential Solution Along the y-Axis

A compact description of the potential along the y-axis is needed to find a compact expression
for the electric field in y direction. The shape of the potential along the y-axis has been
investigated in TCAD Sentaurus simulations at several xz-positions. The results show that the
potential in the ON-state is schematically shaped as it is shown in Fig. 5.3. The potential shape
in the AMBIPOLAR-state looks similar to that in the ON-state, with the difference that in this
case Psur < Pcen. In the regime of Vis-control, the surface potential or the effective gate-source
voltage Vgs.eff is under the control of the applied gate-source voltage. In this state, the TFET
channel is in depletion region and the potential along the y-axis follows nearly a parabolic
shape (o< y?), as it is illustrated in terms of the black curve in Fig. 5.3. When inversion charges
come into play, the shape of the potential changes. The potential at the surface as well as
the gradient around the surface increases. The center potential stays constant and the slope

around the center potential decreases.

ésur 1

@cen i

0 tCl:/2 teh Y

Figure 5.3.: Sketch of the potential shape ¢, along the y-axis showing the influence of an
increasing Vgs and therefore the existence of inversion charges on the curve shape of ¢,. In
depletion region (black solid line) the potential follows nearly a parabola. In inversion mode
(blue and red dashed lines) the potential is proportional to y‘sy.

The influence of inversion charges on the potential shape is modeled by the following
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expression:

s i (x) — P ( s
o (o) = Py g+ i), (5.36)

in which the potential values dﬁéf and @iég are respectively calculated for a specific z-position at

the channel surface (y = Onm) and center (y = ten/2), using the compact potential expressions
derived in Sec. 5.1. The exponent in Eq. (5.36) takes empirically into account the influence of

inversion charges on the potential shape and is defined by:

2- (Vs — Ves.enr)

=2
Oy + v

(5.37)

In this equation, when inversion charges come into play, the difference between the applied
gate-source voltage Vs and the effective gate-source voltage Vgseos increases and hence, the

exponent d, also increases and the resulting potential tends the expected curve shape.

5.2 Compact Band Diagram

In order to derive the tunneling probability Tiun, a compact description of the device band
diagram is necessary. The calculation of the band diagram is based on the compact potential
solution ¢, (see Sec. 5.1) and the material parameters electron affinity x and band gap E;.
It should be noticed that due to the high doping concentration of S/D, the effect of band
gap narrowing (BGN) has to be taken into account. A schematic band diagram of the DG
TFET along the z-axis is depicted in Fig. 5.4. The band diagram including the consideration

of hetero-junctions is calculated as follows:

S S ES
Ei(zy) = —q- ¢a(z,y) + f (5.38)
ch
B (ey) = —q 95 (@) + X6 — Xen + -, (5.40)
Ech,s _ ch,s EgCh
v (@) = = e (@) X = Xen — = (5.41)
Ech,d _ ch,d Egh 4
c ($7y) = —q Pz (l‘7y) + Xs — Xch + 73 (5 2)
Ech,d _ ch,d Egh
vUNy) = —q - 95 (T,y) + Xs — Xen — - (5.43)
Ed(zy) = d By 44
c(@y) = —¢- vu(@y) +xs —xa+ =7, (5.44)
4\ a Eg
Eg(zy) = —q- 0o(x,y) + Xs — Xa — ER (5.45)

with the electron affinity in source xs, in the channel ycn and in drain x4. The band gap

considering BGN in source Ej, channel E;h and drain region Eg.
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Source . Channel Drain

Figure 5.4.: Schematic band diagram of the n-type DG TFET along the x-axis for an ar-
bitrary y-position, which is based on the compact potential solution ¢,. The plot shows the
Fermi energy Ef, the ConB E¢, the ValB E, and the device material parameters. The kink at
the source-to-channel junction indicates a hetero-junction.

The BGN effect in the p-doped S region is considered in terms of the model of Slotboom [170],
which characterizes the band gap reduction in dependency of the acceptor (source) doping

concentration Ns. For the band gap in source follows:
E; =Ey° — AE®, (5.46)

with the intrinsic band gap of source Ez’o at the considered temperature T and:

2
ar —am2 107w [ (o) o (i () + 1| Gan

1.3-107cm ™3 1.3-107¢m ™3

Due to the high n-doping concentration N4, the BGN effect in D region is calculated by the
model of Del Alamo [171]:
Ef = B$* — AES?, (5.48)

using the intrinsic band gap in D region Eg’o at the considered temperature 7" and the band

gap difference, which is defined by:

18.7-107%V - In (—24—3) , Na>7.0-10"cm™®

7.0-1017cm 3

d,0
AE," = .
0eV , otherwise.

(5.49)

In the calculations of the built-in potentials @i/id (see Eq. (4.30)), it is important to know
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the difference between the Fermi level and the ValB/ConB at the S/D edge. This energy
difference is denoted as E/q. Due to the high doping concentrations, the semiconductor is
degenerated which needs to be taken into account. The values are extracted from TCAD

Sentaurus simulation results for various doping concentrations Ny/q and are listed in Tab. 5.1.

Table 5.1.: Energy difference E;/q in dependency of the doping concentration Ng/q. Eg/q is
applied in Eq. (4.30).

N, [em—3] (p-type) E; [meV] Ny [em—23] (n-type) Ey [meV]

1.0 - 10%? —29.289 1.0 - 10%° —27.150
3.0 - 10" —0.886 3.0-10%° 1.253

5.0-10%° 12.320 5.0 -10%° 14.459
7.0-10%° 21.018 7.0-10%° 23.157
9.0 -10%° 27.515 9.0 -10%" 29.654
1.0 - 102%° 30.239 1.0 - 10%° 32.378
1.1-10%° 32.703 1.1-10%° 34.842
il.9) o TI0FY 34.952 1121020 37.091
1.5-102%° 40.721 1.5-102%° 42.860

5.3 Compact Electric Field Solution

The compact electric field solution which is introduced in the following, is based on the potential
solution presented in Sec. 5.1. The electric field is needed in the calculations of the tunneling
current density, which is defined within the channel region [0 < z < [, and therefore, the
electric field is also defined in this interval. By taking advantage of the electrostatic potential
solution in the channel along the z-axis (see Eq. (5.10) and (5.28)), the  component of the

electric field reads as:

A @y d ( ks/a(y)
x

ksa(y)
“la) ms/d(w) T

S/d (0 ) = _— .
By () (w _ ls/d(y))2 (5.50)

dx dx

The y component of the electric field is obtained by deriving Eq. (5.36), which results in:

s/d s/d s/d
s/d _ _d@y (xyy) _ _i Psur (3,’) — ¢cen(x) X —ten é s/d
E)(xy) = T day ay\ T e (y — ten/2)’" + &3 (x)
DU () — D () 5y—1
= S nm ay - (= rasal)™ (5.51)

with the surface potential @<, and center potential @cen at the considered z-position, calculated
separately for the ON- and AMBIPOLAR-state with the help of Eq. (5.10) and (5.28).
The absolute value of the electric field, considering the x and y component, is calculated as

follows:

|E¥ Y (z,y)| = \/(E;/d)2 + (B (5.52)
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5.4 Band-to-Band Tunneling Current Density

The B2B tunneling current density along the transversal energy component F, can be expressed
in terms of the Tsu-Esaki formula [94, 153], which was originally proposed by Duke [95]. It
follows from Eq. (3.48):

Emin

*

_ga-m
T on2.p3

Jtun(Ex)

Since the calculations of the electrostatics are derived in dependency of z and y, the
integration over energy E, in Eq. (5.53), which indicates the energy shape in = direction, is

replaced by an integration along the x-axis. The current density is rewritten as follows:

Emax
m” dx
Jtun(Ex) =q- / m . Ttun(Ea:) N(E;L)dEx . a
Emin
2
m* dE; . dE, dtp —e/a
q 2B Thun (E(m,y)) ./\/(E(:c:y)) I dz, with: = _q.a = q-|E¥Y
z1
z2
n S
Joun(y) = q- PR - Thun (E(x,y)) N(E(:c>y)) g |EYY(z,y)| da, (5.54)

whereby the integration limits z1(Emin) and z2(Emax) substitute the minimum and maximum
energy Fmin and Fmayx, respectively. The electric field |E¥9| is calculated with the help of
Eq. (5.52). The expression A defines the supply function (see Eq. (3.49)), whereby a compact
expression for the tunneling probability Tiun is derived in the following. Both expressions are
now dependent on the band diagram, which is on the other hand dependent on specific  and y

coordinates.

5.4.1 Tunneling Length (B2B)

In order to estimate the B2B tunneling probability Ty, it is essential to know the tunneling

length ltun in the ON- and the AMBIPOLAR-state of the DG TFET. The estimation of the

tunneling length is done in terms of the device band diagram as it is depicted in Fig. 5.5.

The tunneling length represents the distance between the overlapping energy bands at one
B2B

specific z-position. The derivation of I, is separately presented for the ON-state and the
AMBIPOLAR-state in the following.
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(a) B2B tunneling length in the ON-state. (b) B2B tunneling length in the AMBIPOLAR~

state.

Figure 5.5.: Schematic band diagram of (a) source-to-channel junction (ON-state) showing
the B2B tunneling length 12285 and (b) the drain-to-channel junction to illustrate the B2B

tun
B2B.d i1 the AMBIPOLAR-state.

tunneling length [

ON-State

The tunneling length in the ON-state of the device, which is located at the source-to-channel
junction, consists of two parts as it is shown in Fig. 5.5(a). The tunneling length is derived
at a specific z-position zf, on which the tunneling event takes place. The first part describes
the distance from the ValB in source, which is on the same energy level as the ConB in the

channel, to source-to-channel junction. By forming the inverse function of E} one obtains:

S — S — S Eq — ES
(B = (B) = 17 (—q-mw) - 2) =/ (—q- (0 a® +bs o+ e) - 2)
bs 1 Ey b2 Es
= _20,5 + az . <_ q + 4(15 — Cs — 2q> . (555)

The first part of [p.2° is given by assuming ES = Egh’s(mf). It follows:

tun

esis s b 1 EMS (g3 b2 Es
Fan (#0y) = —5— 4| — (—C q(xt) + 1 —cs—g> (5.56)
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and by applying Eq. (5.40) together with Eq. (5.10) yields:

be L (ks B Xew = xs _ Bg' + B
2as as s

x5 — s das q 2q
bs 1 ks
= - —. s+ K35 ), 5.57
2as+\/as (xi—ls+m‘+ 1) (5.57)

whereby the needed distance is contained in the positive square root and zf € {0...%n/2}.

The second part of the tunneling length at the source-to-channel junction is defined by the
specific x-position x} since it refers to the distance from the origin to the chosen position. The
second term is given by:

o™ () = at. (5.58)

By adding these two values and considering an arbitrary z-value as x} one receives a

closed-form expression, which describes the resulting tunneling length in the ON-state:

[B2B;s s j—ch

tun (J:,y) = tun (xyy) + ltun (l‘)

R _\/1.< ks +ms+K§>, (5.59)

2as as \x —ls

here it should be noted that the first part is negated to obtain a positive tunneling distance.
The reason for that is that Eq. (5.57) defines the z-value at the ValB edge and is always

negative.

AMBIPOLAR-State

B2B,s

The tunneling length at the drain-to-channel junction is derived in a similar way as l;,, " in

the ON-state. Figure 5.5(b) illustrates a sketch of the band diagram at the considered junction

lB2B,d

tan - It also consists of two parts, the distance between the

showing the tunneling length
ConB in D region and the junction (x = lcn) and the distance between the junction and the
ValB in the channel.

The first tunneling length part is derived by finding the inverse function of the ConB in D
region:

d
w(BS) = [ (B) = /7 (—q-wi(wyy)Jr % +Xs _Xd)

_ Ed
f 1<—q~(ad~w2+bd~x+0d)+2g+xs—xd>

_ ba 1 Ed b3 Eg | Xs —xa
_—Qadi\/ad-(—q+4ad—cd+2q+ . (5.60)
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and assuming an equal energy level (ES = E®(zf)) at the specific z-position z{, where

tunneling length is calculated, yields:

. b 1 E\C,h d b2 Ed < —
B (@) = —5 0 = \/ : (_(:n) 4 g+ By XX“‘) —lan,  (5.61)
ad aq q aq q q

in which the required distance is obtained by using the negative square root and subtracting the
channel length lch. Inserting Eq. (5.43) and (5.28) into Eq. (5.61) leads to the final expression:

tn (@) = =5~ = | —
un 2L1d aq

ba 1 ka
=———4/—" K¢ —len, 5.62
2aq \/ad (x?—ld+Md+ 1) ! ( )

with zd € {len/2.. . len}.
The second part of the tunneling length

jid ba 1 < ka b3 ) Xeh —xa . B+ ES >

lBQB,d

tun  at the drain-to-channel junction is given by

the distance to the junction and the specific z-value z2:

o (@) = lon — 2. (5.63)

A summation of Eq. (5.62) and (5.63) and considering an arbitrary z-position lead to the

final expression for the tunneling length in the AMBIPOLAR-state:

leB,d _ lj~>cl ch—j

tun (l‘vy) tun (‘T7y) + ltun (:U)
ba 1 ka
- _r_ — = K¢ ). 5.64
x 2aq \/de (aj‘é—ld+md+ 1) ( )

5.4.2 Tunneling Probability (B2B)

The B2B tunneling probability is calculated with the help of an area-equivalent (AE) WKB
approach, which has been proposed in [135, 136]. The main goal of this approach is to define
the triangular energy barrier shape used in the WKB approximation with the help of an area
equivalence of the triangle area and the area of the energy barrier formed by the band diagram.
Looking back to Sec. 3.1.1, the general equation to calculate the transmission coefficient using
the WKB is defined by (see Eq. (3.30)):

T2

Tiun ~exp | —2 /

1

dz | . (5.65)
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In the following, the tunneling energy barrier shape U(z), that defines the tunneling barrier
of the DG TFET in the ON- and AMBIPOLAR-state, is expressed in terms of the area of the
tunneling barrier. In addition, the term (o< 4/U(x)) must be solvable in a closed-form to obtain
a compact expression for the tunneling probability Tia. Figure 5.6(a) illustrates a sketch
of the band diagram at the source-to-channel junction showing the tunneling energy barrier
at one specific z-position z} in the ON-state of the TFET. On the other hand the tunneling
energy barrier at a chosen z-value z in the AMBIPOLAR-state at the drain-to-channel junction
is depicted in Fig. 5.6(b). In both cases the area of the tunneling barrier is highlighted by red
solid lines (hatched areas A5 and A{).

Source i Channel Channel i Drain
\ : B2B,d
Ee : : ltun
Ubar N—
d
Ev szu
B2B,S
tun EV
> T
x =lch

Figure 5.6.: Band diagram sketch of (a) the source-to-channel junction and (b) drain-to-
channel junction, showing the shape of the tunneling barrier (red solid lines) of the DG TFET

atx = a:i/ 4 for an arbitrary y-position. The enclosed area Ai/ d (red hatched area) as well as
the AE triangle (blue dashed area Az/d) with its energy barrier height Uzgf and the tunneling
length [B28:s/d

fun are illustrated for both cases.

In order to come to a numerically robust modeling approach, the energy barrier height Uséf
is calculated in terms of an AE derivation. In Fig. 5.6, it can be seen that the tunneling barrier
(red hatched area Ai/ d), which is formed by the band diagram, equals the area of a triangle
(blue dashed area AZ/d). In the first step, the area of the energy triangle is described by:

. Us/d 'lB2B,s/d ,
Ag/d(m,y) — bar tu; (.ZC y) . (566)

Now, assuming an area equivalence A; = Aj, the area Ai/ 4 has to be determined in order
to replace A;/d in Eq. (5.66). The area Aj (see Fig. 5.6(a)) of the tunneling barrier in the
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ON-state is formed by the ConB and is calculated by:

s

T
Ai(E.) = / (Be(z,y) — B (af,y)) da
0 zy zy
- / Ei(ey)da + /EshvS(x,ymx— / B (a8 ) da, (5.67)
£5—1B2Bs 0 25 —iB2B.s

the E™S(25,y) defines an ConB offset at the specific z-position z for a correct area calculation
under the curves and to avoid negative area values. Inserting the compact band diagram
expressions (see Eqgs. (5.38) and (5.40)) in Eq. (5.67) leads to:

Hita) = 0 % (o) O (- ) (o 5 ) (- )

ls ch s C S ch,s S s
+ ks . ll’l < ) + —Msg + qu + Xth> : xt:| - Ech7 (xmy) . lﬁi?’ )

(5.68)

where the tunneling length is calculated with the help of Eq. (5.59).
The tunneling energy barrier in the AMBIPOLAR-state is formed by the ValB as it is shown
in Fig. 5.6(b). The area A$ is defined by:

e
AS(By) = (By(z,y) — B (2l y)) do
:Ed
t
len SR o
= /Ef,h’d(x,y) dz + / Es(x,y) dx — / Ef;h’d(xf,y) dz. (5.69)
zd lch zd
t t

The last term E‘f}"d(x?7y) is used to compensate the ValB offset at the position z¢ to obtain
the correct tunneling area. Solving the integrals with the help of Egs. (5.43) and (5.45) leads
to:

la —af B Xs = Xe
Alzy) =q- [kd In (z: - f;) + (—md - 2—2 + Xq“) (len — ) (5.70)

ad 3 ba 2
+ 5 (- @) 2 (- @)

. — E4 .
- (_cd A Qq) (ton = (ot + l?ﬁf’d))] — B )



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

5.4. Band-to-Band Tunneling Current Density 81

In order to calculate the tunneling length in the AMBIPOLAR-state, Eq. (5.64) is used. It should
be noted that Eq. (5.70) results in a negative area and for this reason, the absolute value of A
is used in the following to ensure the absolute value within the integral in Eq. (5.65).

With the help of the equal areas \Asl/d| = A;/d and by rearranging Eq. (5.66), the energy

barrier height is determined as:

: ’Ai/d (may) |
leB,s/d (m7y)

tun

Uil (zy) =

bar

(5.71)

In the next step, the energy barrier shape U s/ 4(z,y) along the z-axis for an arbitrary

y-position is defined by a linear function:

Us/d _ USQ?(:U?:U) z+ Ech ,s/d, s/d 5.72
(z,y) = m c/v (" ",y), (5.72)
tun I
with the term ECh /4 that represents the energy offset at the position :/Ef/d,

The linear funct1on in Eq. (5.72) is inserted in the general tunneling probability equation
(see Eq. (5.65)). Now, the transmission coefficient is derived separately for the ON- and
AMBIPOLAR-state. Firstly, for the ON-state follows:

»S 2 S US r C. s 3 C. s S
T2 (z,y) =exp | —2 / \/ ms |:< le}g# cx+ B (CCH/)) R (5027?/)} dz

tun (xay)
Tl
2-m: 2 Uoulew) ]|™
=exp | —2- E L Yha\BY)
" ( E {3 55 (0g) || e
t tun
4 2-mZ s
- exp <_3 A T Uha@y) - o (%y)) : (5.73)

the parameter m; describes the effective carrier mass of the S region.
Similar to the ON-state expression, the AMBIPOLAR-state tunneling probability is calculated

by using the parameters describing the drain-to-channel junction, which results in:

+ZB2B d

tun
2 . m* U d,r( 7y) C. C.
Tin (z.y) = exp | =2 / \/ 72 d'Klmde(x 2 a B (aly) ) - B (o y) | da
tun )
g
. 42D
2- mz 2 Ubdr( )
SR U G EA mm .
Ty
2-mj

ol i

= exp (—

h2 Ubar( ) lfu?rllgd( vy)> ’ (574)
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with the effective carrier mass m} of the drain region.

5.4.3 Tunneling Generation Rate (B2B)

The tunneling generation rate (TGR) defines the number of carriers generated per second and
per volume in the ConB (ON-state) or ValB (AMBIPOLAR-state) of the channel by tunneling.
The TGR for B2B tunneling is defined by the terms within the integral of Eq. (5.54):

zs/d
t,2 N
s/d Mg/q ,s/d s/d s
Tmpen®) =0 | 5575 Tonl ™ (wy) - Nl (o) -q- |E 4 (wy) de. (5.75)
I:,/ld TGR;/;B(m,y)

In this equation, the tunneling probability for the ON- and AMBIPOLAR-state is calculated by
using Eq. (5.73) and (5.74), respectively. The supply function A has already been introduced
in Eq. (3.49) and by applying the compact band diagram expressions (see Sec. 5.2), the supply
function for the ON- and AMBIPOLAR-state yields:

Cha
1+ exp ( ]iig) B )
pon(T,y) = kuT - In - , (5.76)
B¢ (a,y) - BE
1+ exp ( — T >
ch,d d
1+eXP(E ;(::ﬁ) = )
Nizs(z,y) = kpT - In (5.77)

ch,d . y_ps ’
1+exp (EV zib;“/) Ef)

considering the Fermi energy in source and drain, Ef and Ef, respectively.

A schematic sketch of the B2B TGR along the z-axis for an arbitrary y-position is shown
in Fig. 5.7(a). Both, the ON-state and the AMBIPOLAR-state are illustrated and the maximum
TGR values are highlighted, which are used for a compact description of the TGR in the
following. Figure 5.7(b) shows the corresponding band diagram for the TGR along the z-axis.
In the ON-state (Vgs,on), @ B2B tunneling area is formed at the source-to-channel junction in
the interval [zf; < @ < 2% 5] and in the AMBIPOLAR-state (Vg auz) the resulting B2B tunneling
area is located at the drain-to-channel junction defined in the interval [l‘?,g <z < xtdyl}.

With the help of Eq. (5.75), it is possible to calculate the TGR in every single point
within the channel region, but this equation is not integrable in a closed-form. This fact
forbids a usage in compact models and therefore, the TGR has to be described by an analytical

function. Considering Fig. 5.7(a), it can be seen that the TGR follows approximately a Gaussian
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Figure 5.7.: (a) Schematic shape of the TGR along the z-axis and an arbitrary y-position,
showing the maximum value of the TGR in the ON- and AMBIPOLAR-state of the DG TFET.
(b) Band diagram sketch of the ON- and AMBIPOLAR-state to highlight the B2B tunneling areas

at the channel junctions. The limits of the B2B tunneling areas are denoted as xi/ld and mi/;.

The z-values, where band bending in S/D region equals zero, are denoted as :ci/ 4. In both
plots: Red solid lines: ON-state. Blue dashed lines: AMBIPOLAR-state.

distribution function, hence a compact (cp) TGR expression is defined as:

s/d 2
zr — xB2B,max)

TGRY 2p (2,) = TGRY;p max (y) - exp ! a2 ; (5.78)
(0B2B)

by using the variance (012/2%)2 of the Gaussian distribution as an adjustable parameter. The

maximum TGR value is calculated with the help of Eq. (5.75):
TGRY;b max(¥) = TGRS (2555 max: V). (5.79)

whereby wSB/;LmaX defines the z-position of the maximum TGR value. It is assumed that the
maximum TGR value is found at the z-position, where the tunneling length (see Eq. (5.59)) is
the smallest and hence the first derivative of the tunneling length leads to the required z-value.

For the ON-state follows:

d (Lo *(zy))  d oy b _¢1 ( ks

+ms+K§) =0

dzx T dz 2. as ai T — g

1+ s 0. (5.80)

2-(mfls)2‘as~\/a—ls-(xkfslermerKf)
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Solving Eq. (5.80) for x leads to the position of the maximum TGR in the ON-state:

s 1 98 4.2 k2 98
‘rBZB,max(y) =3 3 L - S + 2 + 79%
2 1292 a5 K U3 5 9 18- Y3k2 | 3-k2
N\ Vaery T T 9% (K9)?
1 93 482 k2 3-kZ ke —4-K5 -
+ e - f + - — L= (5.81)
4.3 V2 as- K 95 (K1) 4. K3
using the abbreviations:
9 = — §/432 ca2 - k2 + /186624 - a2 - kS + 442368 - a3 - kS - (K3)3, (5.82)
: ke —4-K5-1)%  12-(2- K512 — ks 1s) - (ks —4- K5 - 1s)
195 — \/é . 7( 1 + s
’ ( (K3)? (K5)?
8 (3-ks-12—-4-K5-12)
- K3 , (5.83)
s s ks ls—2-as K512 (ke —4-K5-1)? 3-(2-K5- 12— ke ly)
: a- K3 MERPRIHE K (584

The z-position, which refers to the maximum TGR in the AMBIPOLAR-state, is derived in a
similar way. The first derivative of the tunneling length (see Eq. (5.64)) at the drain-to-channel

junction yields:

d (1Y)  d b 1 ka \
un b _ _ _ _ . d :
dz dz v 2. aq ad zd —la +ma+ K 0

ka

—120 (5.85)
2'(3?—ld)2'ad-\/ii'(zkﬁd-i-md—i—[(?)
and solving for x leads to:
x’é2B,max(y) =
1 9 4-92-k3 94 L
2 | 12:92-aq-K{ 0§ ) 94 a5 V2K sk2
WV Vaaxy ] (KD)?

1 ¢ C48-V2-K3  3-k]  ka—4-K{-l (5.86)
4-v3 \ V2-aqa- K th (K1) 4-K§ '
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with:
99 = /43203 kd + /186620 o - 1§ + 442368 - o, kG- (K})P, (5.87)
9 3. (ka—4-K{ - la)® N 12 (2 K{' 13 —ka - la) - (ka — 4- K - la)
’ (Ki)? (Ki)?
8- (3-ka-13—4-K¢-13)
_ ;(? 1)) (5.88)
ﬂd:adk‘dld*2adKflc21+(kd_4K1dld)2_3(2K1dl(2i_kdld) (589)
3 aaq - K9 2. (K9)2 Kd ' '

5.4.4 Compact Current Density (B2B)

With the help of the closed-form expression for the B2B tunneling generation rate (see Eq. (5.78)),
it is possible to find a compact expression for the B2B current density. An integration of
Eq. (5.78) results in:

% o
J;,B2B (y) =q- / TGR(S:I/;)(?BQB (z,y) dz
L
—q- ﬁ - Opap - TGRSBzB,max(y) Nert T — szZB,max Fe2 7 (5.90)
2 OB2B o5
t,1
I?,l
J;,BZB (y) =4q- / TGR(C:lp,B2B (w7y) dz
zd
t,2
2d
=q- \/7? . Ug2B . TGR(Ei;QB,max(y) . |:€I'f <.T — $§23,max>:| o , (591)
2 Op2B ad,

whereby the term “erf” describes the error function®. The integration limits in the both cases
are calculated in dependency with the band diagram.
The limit z{ ; in the ON-state describes the z-position, where the ValB in source E3(z7,y)

starts to overlap the ConB in the channel E™*(x{ ,,v) as it is depicted in Fig. 5.7(b). Solving

1 A Verilog-A suitable approximation of the error function is presented in App. B.2
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the expression ES(z3,y) = Egh’s(:cﬁ’l, y) for the needed value xf ; yields:
E\S;(xia y) = E((Z:hys(xi,la y)

By _ ki Eg"
.+ V. g . . — Yen + —&-
q- (Ppi +Ve) — 5 q <w§’1_ls+m>>+x‘ Xeh + —

s ks
S () = L) + Y )
¢i1+\/s*ms(y)+%< g+Xs Xch)

where the resulting value xf; must be greater or equal to parameter ls (zf; > I5). If the
resulting x value falls below Is, the integration limit is smoothly set to ls (z%, = Is) to avoid
discontinuities.

In the AMBIPOLAR-state, the integration limit xﬁl is determined with the help of the
condition Ed(z{,y) = B (xal, y). This condition describes the z-position in the channel,
where the ConB in drain starts to overlap the ValB in the channel (see Fig. 5.7(b)). It follows:

Ef(mcf, y) = Esh’d(mah Y)
Ed k ch
—q+ (Phi+ Vas) +xe —xa+ 5 = —q¢- (dd+md> X~ Xen -

ka(y)
1 ) EdJrE(‘l]
1. (EE

= afi(y) = laly) — (5.93)

Qgi + Vas — ma(y) — —Xda+ Xch)
In this expression, the resulting xf,l must be smaller or equal to the parameter lq (1’?,1 <la).
When xﬁl overcomes the value of lq4, it is smoothly set to lq.

The second integration limit is in general set to x:/zd = len/2 in case of Vi on/amm,1 (s€€
Fig. 5.8), since from this x-position the contribution of the integration to the current density
can be neglected. But in that case that the channel potential pinning or inversion charges come
into play (Vgs,ox/ams,2), the integration limit x shlfts In ON-state, if the ConB in the channel
middle falls below the ConB at the drain reglon edge (B (ten/2,y) < Ed(len + lsa,y)), as it is
shown in Fig. 5.8(a), the limit zf » moves to the direction of the source-to-channel junction.
This parameter is determined by the point, where the ConB in the channel equals the ConB at
the drain edge. It follows:

Eg (lCh + lsd: y) = ECCh’ (‘Tt 2,Y

Ed ch
—q- (¥ + V. - - N ot -2
q- (D5 + Vas) + xs — xa + 5 q ( )+xs Xeh +
T — ls

= aio(y) = ls(y) + kil BB - (5.94)
Py + Vas —ms(y) — ¢ - (7 + Xen — Xd)

In the AMBIPOLAR-state, the second integration limit shifts when the ValB in the center
of the channel overcomes the ValB at the S region edge (ES"(ten/2,9) > ES(—lsa,%)). In this

Q=
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Channel Drain

Drain Source

Source - Channel

(a) ON-state. (b) AMBIPOLAR-state.

Figure 5.8.: Band diagram sketch showing the influence of channel potential pinning or in-

version charges on the second integration limit of the B2B current density in (a) the ON-state
(Vgs,on,1 < Vis,on,2) and (b) the AMBIPOLAR-state (Vgs amp,1 > Vigs,amp,2) of the DG TFET. In
both cases xi/Qd moves to the tunneling junction for increasing/decreasing Vgs-values. Solid

lines: No inversion charges and no channel potential pinning. Dashed lines: The effect of inver-
sion charges causes the pinning of the channel potential.

case xf,z is given by:

Il
=
<0
=
0
—
8
o
N
<
=

Ei(_lSCh y)

. ES k Ech
—q- (B 4+ Ve) — =& = —¢- <dd+md> 4 Xs — Xen — —2—
2 xy la

= afs(y) = la(y) +

, (5.95)

ch _ s
4‘>ii+vs—md(y)—1-(ngg +Xch_Xs)

in the other case, xﬁQ is defined by len/2.

After deriving the integration limits for the tunneling areas shown in Fig. 5.8, the B2B
tunneling current density can be calculated at any y-position in the channel. In order to
characterize the B2B tunneling current, the current density has to be expressed by an analytical
function that is integrable in closed-form. A schematic shape of the B2B current density is
depicted in Fig. 5.9. It can be seen that Jy g.p follows approximately a Gaussian distribution
function for both, the ON- and AMBIPOLAR-state. The maximum of the Gaussian distribution
is assumed to be at the channel surface, since the highest electrostatic control is directly under
the gate insulators. By picking only two points JZ,/deB (y1 = 0nm) and J;(gm (y2 = ten/2), the
compact B2B current density in the first half of the channel [0 < y < ten/2] is expressed as
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follows:

2
T o) = (FBan () = Jyn(v2) ) - exp (—“{n/y))) (), (5:96)
where the term Jz/ 5 (y2) compensates the offset in the center of the channel. The variance
(775/ 4)2 of the Gaussian distribution is used as a fitting parameter. Due to the symmetry of the
DG TFET, it is not necessary to model the second half of the channel. With the help of this
compact B2B tunneling current density, it is possible to derive a closed-form expression for the
B2B tunneling current of the DG TFET in Sec. 5.6.

*Jy,BQB

\JS

y,B2B (yl)
‘];z(/l,nzrs (yl)

J;,/[(}zm (3/2)
0 ten/2 ten ¥

Figure 5.9.: Schematic shape of the B2B current density along the y-axis in the ON-state
(red solid lines) and the AMBIPOLAR-state (blue dashed lines) obtained after careful TCAD

investigations. The highlighted characteristic points J;{ng(yl) and JZ,/ng (y2) are used for a
compact description of the current density.

5.5 Trap-Assisted Tunneling Current Density

In the calculations of the device current of TFETS, it is absolutely indispensable to consider
the effect of TAT, which worsens the resulting subthreshold slope as well as the ON/OFF-ratio
of the TFET [67, 68]. The following modeling approach was introduced in [137]. In order to
take into account the effect of TAT in FEM device simulation, a generation model has been

introduced by Hurkx [154]. The generation rate formula reads as:

2

p-n—n

G = , 5.97
YT tn) o 0t (5.97)
ni = n; - exp ( T ) , P1=mni-exp ( T ) , (5.98)

with the intrinsic carrier concentration ni, the electron/hole carrier concentration n/p, the
electron/hole generation lifetime ¢/, and the relative position of the trap energy level with
respect to the intrinsic Fermi energy AFEs. The parameter I'y/, describes the field-effect

enhancement factor and covers the influence of both the Poole-Frenkel effect and the effect of
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trap-assisted tunneling. This factor is given by [172]:
1 Ec/v - E; TAT
Top = —— p Do T B ) AT p 4R, 5.99
e/h 4. ka /exp ( ka > tun ( ) ( )
B

where E, is the energy to which an electron or hole is tunneling to and Tis" is the tunneling

probability that a carrier is able to tunnel from a trap state into the ConB/ValB.
By modifying Eq. (5.97), the generation rates for electrons and holes can separately be
expressed as follows [173]:
ni - (1+Fe) 'ft

Gi ==, (5.100)

L E(ESOELES )
h

(5.101)

using the probability f; that a trap state at the considered energy is occupied. In case that
electrons are dominating the TAT process, which means I'c > I't,, the term f; can approximately
be expressed by the Fermi-Dirac distribution for electrons [173].

In order to characterize the TAT current density along the y-axis similar to the B2B
tunneling case for both the ON- and AMBIPOLAR-state, Landauer’s tunneling formula (see
Eq. (3.48) and (5.54)) is combined with Hurkx’s TAT generation rate, which leads to [174]:
Tmaar(y) = q- % ke N ) N () [T+ T @) - g |EY ()] da,

x

=q~/TGRSTfT($,y), (5.102)

x

where TGR?F/,ST defines the TAT generation rate, by considering the capture cross section 7i,r,
the supply function J\/'Ts,/é, the enhancement factor I'™/4 including the tunneling probability
ToiT and the electric field |Es/d|. The trap density Nf/d is used in order to replace the carrier

concentration n1/p; in Eq. (5.100) and (5.101) and is introduced in the next section.

5.5.1 Interface Trap Density

The interface traps or midgap traps at the channel junctions determine the OFF-state current
of the TFET as it is introduced in Sec. 3.3.1. The traps are a consequence of the high doping
concentration of the S and D region and are assumed to be exponentially distributed along the
junctions with respect to the energy as it is shown in Fig. 5.10.

Due to the high p-doping concentration of the S region, the maximum value of the exponential
trap density is located at the ValB edge of the junction, which is shown in Fig. 5.10(a). In
this case, the electrons can hop from the ValB onto an empty trap at the junction and from
there they can tunnel into the ConB of the channel. On the other hand, Fig. 5.10(b) shows the
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(a) ON-state. (b) AMBIPOLAR-state.

Figure 5.10.: Schematic band diagram to show the working principle of the TAT process

at the channel junctions. (a) Electrons are able to hop on an empty state at the source-to-
channel junction and tunnel into the channel ConB. (b) Holes can hop on an empty state at
the drain-to-channel junction and penetrate into the ValB of the channel. In both cases traps,
are exponentially distributed regarding energy.

drain-to-channel junction, where due to the high n-doping concentration of the D region the
maximum trap density is located at the ConB edge of the junction. Here, a hole is able to hop
from the ConB onto an empty state at the junction and tunnel through the energy barrier into
the ValB of the channel region. The trap density over energy is defined by:
AE/4 (m,y)>

)= 8- (28

(5.103)
Siar - kT

by using the maximum trap density N and the adjustable parameter %STTT to tune the resulting
slope of the TAT current, whose influence is shown in the model verification (see Chap. 6). The

energy differences AF are given by:

AE(z,y) = B (2y) — EY7°(0,y), (5.104)
AEY (zy) = B (len,y) — EY (2,y). (5.105)

5.5.2 Field-Effect Enhancement Factor and Tunneling Probability (TAT)

The field-effect enhancement factor characterizes the influence of tunneling in Eq. (5.97). If the
enhancement factor is small (I' < 1), e.g. for weak electric fields, Eq. (5.97) reduces to the
well-known SRH generation formula [154].

The tunneling probability that a carrier is able to tunnel from a trap to the ConB/ValB
in the channel is calculated by using the AE WKB approach presented in Sec. 5.4.2. In case
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of TAT, the tunneling length is adapted because here, the tunneling process starts from the
channel junctions and ends in the channel. Hence, the part of the tunneling distance within the
S/D region is equal to zero and therefore the tunneling length in Eq. (5.59) and (5.64) reduces
to:

L (@) =x, Ll d(x) =l — . (5.106)

So, the tunneling probability at the source-to-channel junction (ON-state) is calculated by

replacing the I522° in Eq. (5.73) as follows:

tun

4 2-mg s
Tt?:?xT’s(xyy) = exp <3 ' h;n ' Uts)ar(xvy) : laﬁ:n (:C)) . (5107)

In the AMBIPOLAR-state, Tyy' is obtained by replacing the tunneling length in Eq. (5.74):

4 2-m}
T () = exp <—3 o Tt Utle) ﬁif%)) : (5.108)

Regarding Eq. (5.99) and inserting the compact expression for the TAT tunneling probability
ToiT it is not possible to find a closed-form solution for the integral over the energy. For this
reason, it is necessary to approximate the enhancement factor. After some investigations using
a numerical solution of Eq. (5.99), the enhancement factor along the z-axis in the ON-state

follows approximately the expression:

Fs(x,y) = exp (_ AE (mvy) ) . TTAT,s

z,Y), 5.109
%%AT i ka tun ( y) ( )

whereby for the AMBIPOLAR-state yields:

I'(z,y) = - ), 5.110
(.Z' y) exp ( %%AT K ka tun (33 y) ( )

AEd(w)) qrard
where the parameters AE*¢ and %i/AdT are used in the same manner as in the calculations of

the interface trap density.

5.5.3 Tunneling Generation Rate (TAT)

The number of carriers that are generated per second and volume by TAT are called TAT
generation rate and can be determined by Eq. (5.102). A schematic sketch of the TGR along
the z-axis is shown in Fig. 5.11(a) and the related band diagram, which addresses the tunneling
areas for the ON- and AMBIPOLAR-state TAT current parts, is depicted in Fig. 5.11(b). With
the help of the interface trap density, the field-effect enhancement factor and by considering the
integration limits of the TAT process (see Fig. 5.11), Eq. (5.102) is rewritten for the ON-state
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as follows:

lch

*

2
s mg s s S s s
Jtun,TAT(y) =q- / o 13 “ Trat * Vg (1’7?!) 'NTAT(-T>y) : [1 +T (%y)} "q- |E (-Tay)| dz

-~ O

o
=

Jtsun,TAT(y) =q- TGRSTAT(x7y) dz. (5111)

o\w‘

For the AMBIPOLAR-state Eq. (5.102) leads to:

len

mi =
Jtdun,TAT(y) =4q- / — s Ng(xyy) ’N’gAT(x7y) : [1 + Fd(xay)] *q- ‘Ed(x7y)| dZE,

2. 13 * ToaT *

lch
2

lch

Jtdun,TAT(y) =q- / TGR%AT(IJ/) dz, (5-112)

1

=

c

l\)‘

whereby it should be noted that an integration over the half of the channel length is sufficient,

since the tunneling length at bigger (ON-state) or smaller (AMBIPOLAR-state) z-positions

increases and thus the tunneling probability Tiia' is almost equal to zero (see Fig. 5.11(b)).

Source - Channel Drain

TGRTAT

d
< TGRTAT.max
TGR’TAT, max

AMB

——

™

T T T T
s - d €T
0 25,0 max len/2 TS ar max len

(2)

Figure 5.11.: (a) Sketch of the TAT generation rate along the z-axis for any y-position.

The maximum TGR values for the ON- and AMBIPOLAR-state are separately illustrated. (b)
Schematic band diagram to illustrate the areas, where TAT can occur are highlighted. In both
figures: Red lines: ON-state. Blue lines: AMBIPOLAR-state.
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The supply function N has been introduced in Sec. 5.4.3 and is adapted for the TAT model.

It follows:
(,h s E
1+ exp ( (z’i) = )
Niar(z,y) = kpT - In “rar e (5.113)
1 + ox Ech 5(:13,1;) Ed
P #TAT  qarkeT
ch,d
1+ exp (E (e, i = )
Niar(z,y) = kT - In “rar (5.114)

B (z,y) -~ ES
1+ exp —a T
TAT b

using the compact band diagram expressions for the ConB in the channel E®S (see Eq. (5.40))
and the channel ValB EX¢ (see Eq. (5.43)). The parameter sy is used to adapt the resulting
slope of the TAT current as it has been mentioned in the previous section. Now, the generation
rate due to TAT can be calculated at every x and y-position within the channel region.

In order to solve the integral of the current density in closed-form, it is necessary to
approximate the TGRy,r along the z-axis for any y-positions in the channel.

After investigating the curve shape within the integral of Eq. (5.111) and (5.112), the
TGRrar can be approximated by a Gaussian distribution function (see Fig. 5.11(a)), which

leads to the following compact expression:

/d 2
(T — THAr max)
TGRZé?TAT(xay) = TGR’SI‘C\dT,max(y) - €Xp _# s (5'115)
(OTAT)
s/d

whereby the variance (o3;)? of the Gaussian distribution and the position of the maximum
TGR value ZTar max in the ON-state are used as adjustable parameters. This z-position in the

AMBIPOLAR-state is defined by:
m%AT,max =len — xSTAT,max (5116)
and the maximum TGR value is given by Egs. (5.111) and (5.112):

d d d
TGR’SI‘/AT,max(y) = TGR’SI‘/AT ('TST/AT max) y) . (5117)
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5.5.4 Compact Current Density (TAT)

The TAT current density along the y-axis is now obtained by integrating the compact TAT
generation rate (see Egs. (5.111) and (5.112)). The integrals read as:

leh

J;,TAT(y) =4q- TGR(S:p,TAT (l’ay) dz

o

g VRO TORmn®) (:prATm ) - (5.118)
2 OraT 0
len
JZCII,TAT(y) =4q- / TGRSP,TAT (z,y) dz
len
2
a a d lch
. - TGR -
—q ﬁ OTAT TAT,max(y) . erf M , (5.119)
2 U’(%‘AT Lep
%

with the error function erf. Due to the symmetry of the error function and by taking advantage

of the dependency of a1 max ON Thar max, £gs. (5.118) and (5.119) are rewritten as:

ch
2

(5.120)

d d s
Js/d _ ﬁ i U’SI‘CAT ) TGR’SI‘/AT,max (y) £ T — TpAT,max
y,TAT(y) =q- B) B L

OraT 0

d
Sy ear (Y1)

I3 (2)
0 tCh/Q teh y

Figure 5.12.: Sketch of the TAT current density shape along the y-axis. The ON-state
is shown in solid red lines and AMBIPOLAR-state in dashed blue lines. The shown points

J;{.}iAT (y1) and J;’/.}iAT (y2) are used for the compact current density expression.

In the next step, a closed-form expression for the TAT current density has to be found in
the same way as it is mentioned in Sec. 5.4.4. The shape of the TAT current density along
the y-axis is schematically shown in Fig. 5.12. That is to see, that the current density follows

approximately a Gaussian distribution. For this reason, the compact TAT current density in
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the first half of the channel [0 < y < ten/2] is defined by:

_ 2
Tehonn @) = (T n) = T3 () - exp (—W) T e), (521)
nS

using two points of the TAT current density calculated by Eq. (5.120). The first value is
calculated at the channel surface (y1 = Onm) and the second one is determined in the center of
the channel at yp = ten/2. The maximum of the Gaussian distribution is located at the channel
surface due to the highest electrostatic control of the gate electrodes. The center TAT current
density is used to compensate the offset in the middle of the channel. The variance (7%/4)? of
the Gaussian distribution is used as a fitting parameter and has the same value as the variance

of the B2B tunneling current density shown in Eq. (5.96).

5.6 Tunneling Current

In the final step of the compact DC model, an expression for the total device current Iqs is
derived. The device current considers the B2B tunneling as well as the parasitic TAT current
part and is determined with help of the compact current density expressions for B2B tunneling
(see Eq. (5.96)) and TAT (see Eq. (5.121)). In addition, due to the symmetry of the DG TFET,
it is sufficient to calculate I4s only for one half of the channel, which means an integration in
the interval [0 < y < ten/2], and multiplying the resulting current by the factor 2. The device

current is obtained by integrating the current densities and defined by:

las = Igs,p28 + las,taT (5.122)
teh
p)

=2 Wen - / (Jsp,BQB(y) + J((:ip,B2B (y)) + (Jcsp,TAT (y) + Jgp,TAT(y)) dy, (5~]—23)

0

with the channel width we. The integration results in:

lgs = 2 - Wen

[\F 7" (T 1) = Ty o (1)) .erf<y_

B ) + Jy,B2B(y2) )

f n? ( yoman (Y1) — J?(Ji,B?B(yQ)) . erf (

B )+JyB2By2 Y
f n° rar(y1) — Jy rar(y2)
(yTT2 y, TAT )~erf +JyTATy2 oy

teh
2

L VR (Fyrar () = Tyear(2) (yyl (5.124)

B e ) + JS,TAT(yQ) 'ZJ|

0
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It should be noted that the hardware description language Verilog-A does not have an
implementation of the error function and therefore, a Verilog-A suitable approximation of the
error function is introduced in App. B.2.

Furthermore, it should be noted that in order to ensure a decent model behavior for bias
conditions far away from the practical working region of the TFET, the terminal voltages Vas
and Vs are smoothly saturated to constant values. The smooth limitation of the terminal
input voltages improves the convergence of the compact model during the simulation iterations
and is presented in App. C.

In the case that the device is biased with negative drain-source voltages Vis < 0V, the
TFET turns into a parasitic forward-biased p/n diode (see Sec. 3.3.6), which is not considered
in the compact modeling approach. In order to incorporate this effect, a simple equation to

calculate the diode current is applied. It follows:

laiode = —Jaiode * Wen - {exp (—%) - 1] , (5.125)
with the reverse bias saturation current density Jdiode = 10*18A/}1m7 the input terminal
drain-source voltage Visin and the quality factor ngiode of the diode. The resulting diode
current is added to the compact tunneling current I4s and ensures the model continuity for
negative Vs values.

The compact equations and expression of the tunneling current I4s are derived for an n-type
DG TFET, but are not limited to this type of device. The p-type TFET can simply be emulated

from the equations of the n-type modeling approach.
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CHAPTER 6

Modeling Results & Verification

The verification of the compact model derived in Chap. 5 is done in the following. First of all,
the compact model is validated in Sec. 6.1 with the help of TCAD Sentaurus simulation data.
Beside the resulting device current, partial results like electrostatics or tunneling generation
rate are examined and verified. After the verification by TCAD simulations, the device current
is validated by measurement data of complementary NW GAA TFETs in Sec. 6.2. The compact
model simulations of the partial results are calculated in MATLAB [175]. The simulations of
the I-V characteristics and their derivatives are performed with a Verilog-A implementation
of the compact model equations in the IC-Characterization and Analysis Program (IC-CAP)
from Keysight Technologies [87] and Cadence Virtuoso [86].

6.1 Verification by TCAD Sentaurus Simulation Data

In this section the compact modeling approach presented in Chap. 5 is verified with the help of
2D TCAD Sentaurus simulations of the n-type DG TFET shown in Fig. 6.1.

G

Insulator

S 5 Ch
+F :

T 1
Insulator

Figure 6.1.: 2D sketch of the n-type DG TFET device geometry, showing the channel thick-
ness tcn, the channel length l¢, the gate oxide thickness tox and the length of the S/D region
lsa. Source and drain region are highly p/n-doped with a doping concentration Ng/q-

For verification a standard Silicon device (Si TFET) is defined with the geometrical
dimensions and the doping concentrations listed in Tab. 6.1, where a homogeneous distribution

of current density along the channel width wep, is assumed. Furthermore, the standard device is

97
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made of Silicon, the gate insulator is HfO2 and the gate contacts consist of Aluminum, unless
otherwise is stated. TCAD simulations are performed by applying a non-local B2B tunneling
model and the TAT model of Hurkx with a maximum interface trap density N{ to consider the
influence of the parasitic TAT effect [79, 154]. The values of the carrier rest masses My, roan
are also listed in Tab. 6.1, since the tunneling processes strongly depend on these masses. Due
to the high doping concentration of the source and drain region, it is essential to consider the
BGN effect in the numerical simulations of the DG TFET. The model of Slotboom is applied
in TCAD simulations to capture the BGN effect in the highly p-doped source region [170],
whereas the model of Del Alamo BGN is considered in the highly n-doped drain region [171].
The doping profiles at the channel junctions have a slight Gaussian shape with a standard
deviation of 0.5 nm, thus they are almost abrupt. The effect of quantum confinement can be
neglected in the numerical simulations due to the chosen channel thickness of tcn > 10nm [45].
Beside the Si TFET, further simulations are performed for various device dimensions, gate
insulators and source materials to investigate the influence of varying device parameters on the
TFET behavior. The corresponding values, e.g. dielectric permittivity €, are also contained in

Tab. 6.1.

Table 6.1.: TCAD Sentaurus simulation parameter set for simulating the n-type DG TFET.

Parameter Value Parameter Value
len 22nm tox 2nm
lsd 20 nm ten 10 nm
Weh 1pm N 10%%cm—3 (p++)
Drain Material Silicon Ny 10%°cm 3 (n++)
Channel Material Silicon NtO 10'%2ecm ™2
Insulator Material Eox [A3/V cm] Insulator Material Eox [A8/V cm]
Y203 15 - g9 Laz O3 30 - ¢gg
HfO2 22 - g9 TiO2 80 - go
Taz05 26 - gg — _
Source Material mZreap kel my reap [ke] €s [A5/Vem] xs [eV] E;’O [eV]
Silicon 0.26-mg 0.36-mo 11.70-9 4.05 1.124
Germanium 0.15-mg 0.17-mgo 16.20-g¢ 4.00 0.664
SiGe 0.18-mg 0.20-mg 13.95-e0 4.04 0.830
GaAs 0.065-mg 0.30-mg 13.18-€9 4.07 1.620

The compact model simulations are performed by applying the same device parameters
as in the TCAD setup except for the carrier rest mass m} Jd> which is used as an adjustable
parameter. Despite the fact that the compact model equations are derived in closed-form, the
usage of a handful of adjustable parameters is unavoidable. A list of the used fitting parameters
is presented in Tab. 6.2, where it should be noted that the listed parameters are extracted to

obtain a correct device current. In order to be able to carry out a parameter extraction, the
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used adjustable parameters are explained in detail below:

e The parameters \§, and )\gt can be used to tune the resulting screening length at the
source-to-channel and drain-to-channel junction in the electrostatic potential model in weak
inversion mode of the TFET. The screening length Ag/4 is calculated by Eq. (4.29). The
typical range of /\;/td is from 0.5 to 2.0.

e A smooth transition from weak to strong inversion in the 2D closed-form potential solution
for the channel region is obtained by Eq. (4.22). The parameters A}, 5, and )\{imﬁt can be
tuned to change the influence of the inversion charges on the resulting potential solution
at the channel junctions. The parameters are defined in the interval [0.2 < )\féfiﬁt < 00).
The smaller the value of Alsr/‘j%, the higher is the influence of the inversion charges on the

electrostatics.

o The effective carrier masses m; and m} have a linear and an exponential impact on the
TGR and therefore on the resulting B2B tunneling and TAT current. The TGR is linearly
dependent on mg,q and Tiun (see Eq. (5.75)), where the exponential dependency comes from.

The effective carrier masses should be chosen in the range from 0.05-mg to 0.7-myo.

e The variance (775/ 42 of the B2B tunneling and TAT current density along the y-axis in the
ON- and AMBIPOLAR-state occurs in the Egs. (5.96), (5.121) and (5.124) and has a linear
dependency on the device current and an inverse proportionality to the error function term
in the current calculation. Since the error function saturates to the value 1, the linear
dependency dominates in the calculations of the current. The value of the variance should

be chosen to be (ns/ 2 < 3, otherwise the influence on the current disappears.

o The variance (0;3/2(]13)2 of the B2B TGR along the z-axis occurs in Eq. (5.78) and has nearly
the same influence on the resulting tunneling current in the ON- and AMBIPOLAR-state as
the variance (775/ 42 of the current density along the y-axis, but in this case only the B2B
tunneling current part is tuned. The difference between (0153/2‘113)2 and (7/%)? is how they
affect the device current in the presence of the inversion charges. When these charges come
into play and a too high value for (0153/2(]13)2 is chosen, the B2B current saturates. Thus, the
variance should be smaller than (len/a)2.

e The parameter (UiQdT)Z is the variance of the TAT generation rate approximation along

the z-axis in Eq. (5.115). The influence is the same as in the parameter (7/9)?, with the
difference that only the TAT current part is tuned. The value should be smaller than
((tenfa).

e The fitting parameter %iffT can be used to tune the resulting slope of the TAT current part,
separately for the ON- and AMBIPOLAR-state. The smaller the value of %Z/AC}F, the steeper the
resulting slope, whereby the amount of the TAT current has to be adapted by the parameter
73/3 afterwards. This parameter is used in the Egs. (5.103), (5.109), (5.110), (5.113) and
(5.114). The parameter %;/AdT is in the range from 1.0 to 100.
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The capture cross section T;QdT is used as a linear adjustable factor in the Eqgs. (5.111) and

(5.112). The amount of T;{ﬁr has to be positive and is typically in the range from 10~23cm?

to 107 '8cm?.

The flat band voltage Vi, is used to shift the applied gate-source voltage Vs in order to
consider a change in the work function of the gate contact material. A negative Vi, causes
an increase of the applied Vs and hence a shift to the left in n-type devices of the resulting
I4s in the current transfer curve. In p-type device the influence is vice versa. The flatband

voltage is used in the calculations of the effective gate-source voltage in Sec. 4.1.2.

The last adjustable parameter &5 or max is the z-position of the TAT generation rate maximum
and is valid in the range [0 < a1 max < 'eb/2]. The influence of this parameter is as follows:
If 2341 max is increased starting from zero, then the TAT current increases up to the position
where the TGRar in Eq. (5.111) has its maximum. After that, the TAT current decreases

again.

The influence of these adjustable parameters on the transfer I-V characteristics is qualitatively

demonstrated in App. D.

Table 6.2.: Adjustable parameters of the DG TFET compact model for the Silicon TFET (SI
TFET) and TFETs with various source materials (Mat. S).

Parameter Unit Si TFET Mat. S: Ge Mat. S: SiGe Mat. S: GaAs
X [ 1.47 1.20 1.35 1.40
PV H 1.39 1.25 1.25 1.13
N it H 0.76 0.60 0.20 0.50
A e [ 0.25 0.40 0.40 0.40
m; [kg] 0.26-mq 0.30-mg 0.24-mg 0.18-mg
my [kg] 0.30-mg 0.30-mg 0.28-mg 0.30-myg

(n°)? [cm?] 3.65-10716 1.20-107 14 5.90-10716 3.80-10716
(nd)2 [cm?] 3.50-10~ 16 4.00-107 16 6.50-10~16 5.60-107 16
(0808)? [em?] 2.00-1074 3.00-1071° 6.80-10714 4.80-107
(ag28)2 [cm?] 2.40-107 4 3.30-107 14 1.10-107 14 5.20-107 4
(05a7)? [em?] 1.00-107 5.00-107'° 8.00-1071° 1.80-107 14
(a%w)2 [cm?] 1.00-107 1% 1.00-107° 1.00-107%° 1.00-1071°
AT H 10.0 3.2 5.5 4.5
Pz H 10.0 6.0 8.0 7.3
TSAT [em?] 3.00-10~2* 7.52.107 '8 9.00-1071° 1.62-10718
Tt [cm?] 4.30-10~2* 8.08-1020 1.00-10720 2.25-102°
Vi v] —0.54 —0.54 —0.56 —0.50
TIAT  max [nm] 3.0 3.0 3.0 3.0

After introducing the applied fitting parameters, the compact modeling verification by

TCAD data is presented in the following sections. At first, the compact electrostatic potential

solution, the band diagram and the electric field results are verified in Sec. 6.1.1. Based on
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the band diagram results, the verification of the AE WKB approach is presented in Sec. 6.1.2.
The validity of the B2B TGR for different source materials is proven in Sec. 6.1.3. In the last
part of the TCAD verification, the current characteristics of the DG TFET are investigated for
various simulation setups like various terminal voltages or device parameters. The compact

model is validated by numerical simulations in Sec. 6.1.4.

6.1.1 Electrostatic Potential, Band Diagram and Electric Field

The electrostatic potential forms the base of all further calculations of the device current
Ias and therefore, the compact modeling results of the potential solution are presented first.
Since the current density J;/ ng /AT is only needed at the surface (y = Onm) and the center
(y = ten/2) of the DG TFET as it has been introduced in Eq. (5.96) and (5.121), the potential
along the z-axis is also only solved at these y-positions (see Fig. 6.2). The band diagram is
then estimated at the same y-positions based on the potential solution. Since the potential
solution in y direction is needed to calculate the electric field, the solution of cpf’/ 4 is verified at
the z-positions £ = Onm, len/2 and len. After this step, the electric field along the z-axis at
the two y-positions is compared to numerical simulations. In all cases, the needed data are

extracted exactly at the positions shown in Fig. 6.2.

Insulator

S , Ch

r 1

Insulator

1
z=0nm x=la/2 =l

Figure 6.2.: Sketch of the DG TFET channel region, where the compact potential, band
diagram and electric field along the z-axis are solved. The cutlines show the surface (y = 0 nm)
and center (y = tcn/2) of the device. In addition, three cutlines in y direction are shown, where
the potential along the y-axis is calculated.

Electrostatic Potential

The potential solution at the source-to-channel junction (ON-state) is obtained by applying
Egs. (5.1) and (5.10) and the potential at the drain-to-channel junction (AMBIPOLAR-state) is
calculated with the help of Egs. (5.20) and (5.28).

The modeling results at a drain-source voltage of Vgs = 0.7V in a Vs range from —1.2V to
1.0V are presented in Fig. 6.3. It should be noted that the potential results for < len/2 are
assigned to the ON-state and the potential results for x > Ien/2 are related to the AMBIPOLAR-
state. Figure 6.3(a) shows the potential at the surface of the TFET (y = Onm) and it can
be seen that the ON-state and the AMBIPOLAR-state potential are very well predicted by the
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compact model in comparison to TCAD data. In the case, when inversion charges come into
play in the ON-state at Vg = 1.0V, the compact potential shows a small deviation compared to
TCAD data in the range of z = 1nm to 9nm. A similar deviation can be seen in AMBIPOLAR-
state at Vg = —1.2'V within the distance between z = 13nm and 21 nm. At this voltage
inversion charges get involved as it can also be seen in Fig. 4.6(a). These, deviations are a

d d . .
cause of the chosen values for the parameters )\Z/t and )\lsr/‘ ¢ to obtain a correct device current.

The compact potential results in the channel center y = ten/2 in the same Vs voltage range
are illustrated in Fig. 6.3(b). It can be seen that the compact model also fits well compared
with the numerical simulations, where the same deviations at Vgs = 1.0V and —1.2'V occur in
comparison to the channel surface. These deviations are caused by the chosen fitting parameters

s/d s/d . .
)\E/t and /\;{ ¢ to obtain a correct device current.

In a next step, the drain-source voltage is decreased to Vgs = 0.1 V. The comparison of the
compact modeling results and the TCAD simulations within the same Vs range as in the plots
before are depicted in Fig. 6.4. The potential at the device surface is presented in Fig. 6.4(a)
and it can be seen that the compact potential solution fits very well in the voltage range
from Vg = —1.2V and 0.4V in comparison to TCAD simulations. For an applied gate-source
voltage of Vs > 0.4V, inversion charges interfere (see Fig. 4.6(a)) and the channel potential
in ON- and AMBIPOLAR-state is a bit overestimated. The compact potential in the center in
Fig. 6.4(b) shows also a good fit compared to TCAD data, where some small deviations occur
for Vgs > 0.6V and Vg < —1.0V. The inaccuracies are due to the applied aforementioned

adjustable parameters.

Band Diagram

After proving the correctness of the electrostatic potential, the compact band diagram results
are under investigation. The band diagram of the DG TFET is calculated with the help of the
Egs. (5.38)—(5.45).

For a better overview, the gate-source voltage range is separated into two parts for the
applied Vgs. The first range, showing the ON-state of the TFET, is depicted in Fig. 6.5 for
applied Vg values from 0.0V to 1.0V and Vgs = 0.7 V. The results at the surface y = Onm are
illustrated in Fig. 6.5(a) and show a good match in comparison to TCAD. The small kinks
occurring at the channel junctions are caused by applied band gap narrowing models (see
Egs. (5.46) and (5.48)). Figure 6.5(b) presents the band diagram at y = ten/2 and also shows a
good match to the TCAD data. The occurring deviations at both y-positions are to explain
in the same manner as in the compact potential verification. In the second Vs range, the
gate-source voltage is varied from —1.2V to —0.2' V and the results of the band diagram at the
surface and in the center are shown in Fig. 6.6(a) and (b). For the applied voltage values of
Vgs, the TFET is in the AMBIPOLAR-state. Again, it is important to note that the parameters

of the compact model are extracted to obtain an accurate device current, and nevertheless, the
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results of the band diagram show a good agreement.

A reduction of the drain-source voltage to Vis = 0.1V affects the resulting band diagram.
Considering the source-to-channel junction in the ON-state of the TFET (see Fig. 6.7), it can
be seen that the area in which the bands overlap is reduced in comparison to the results shown
inFig. 6.5. As a consequence of the Vg5 reduction, inversion charges intervene and therefore, pin
the channel potential for smaller Vs values. At the surface band diagram shown in Fig. 6.7(a),
there is still an acceptable overlap area close to the junction with a relatively short tunneling
length. In the center band diagram of the device, which is depicted in Fig. 6.7(b), the potential
does not vary much regarding the applied Vg5 range and the overlap area of the bands is
dramatically reduced and thus, the tunneling length results in a relatively high value. In this
case the resulting tunneling probability decreases and the contribution of the center TGR
to the current density shrinks. Concerning the influence of a Vis reduction on the bands in
the AMBIPOLAR-state of the TFET, it is to say that the overlap area at the drain-to-channel
junction decreases. This effect is visible in the band diagram results at the surface shown in
Fig. 6.8(a) and in the center shown in Fig. 6.8(b). Furthermore, a reduction in the overlap can
be seen in comparison to the results presented in Fig. 6.6. A main advantage of a Vis reduction

is actually the suppression of the parasitic AMBIPOLAR effect of the TFET.

In order to increase the TFET performance, hetero-junctions are a good choice to increase
the resulting device current and subthreshold slope. For this reason, band diagrams for various
source materials are presented in the following. At first, Germanium is applied as the source
material. This material has a reduced band gap in comparison to Silicon. Simulations for
Germanium are performed by adapting the model parameters as it is listed in Tab. 6.2. The
results of the band diagram at the surface for an applied Vas = 0.7V are shown in Fig. 6.9(a).
The results in the center are illustrated in Fig. 6.9(b). At both y-positions the compact model
predicts the band diagram very well in the applied Vs range from —0.1V to 0.9V. The
characteristic kinks due to the hetero-junction at the source-to-channel junction are also very

well reproduced by the band diagram model equations.

Secondly, the band diagram for a SiGe—Si hetero-junction is presented in Fig. 6.10, where
the modeled results are compared to TCAD data for various Vs values at Vgs = 0.7V. By
applying the adjustable parameters shown in Tab. 6.2 to the compact model, it is possible
to reproduce the band diagram of this hetero-junction at the surface and in the center in an

accurate way.

After that, the source material is changed to GaAs and the compact model parameters are
tuned to the values listed in Tab. 6.2. The results are presented in Fig. 6.11 and compared
to TCAD simulation results for Vg = 0.7V, where Vs is varied from 0.0V to 1.0V. At
both y-positions the model shows a good agreement. Due to the higher band gap of GaAs
in comparison to Silicon, a lower tunneling current is expected and therefore a lower device

performance. This influence will be investigated and discussed in Sec. 6.1.4.
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Potential Along the y-Axis

Before the verification of the electric field, the electrostatic potential approximation along the
y-axis is investigated since the electric field is calculated in terms of the potential in x and y
direction. The potential in the direction of the y-axis is calculated with the help of Eq. (5.36)

and is extracted at the three xz-positions shown in Fig. 6.2.

The first results are determined at the source-to-channel junction (z = Onm) for various
Ves values at Vgs = 0.7V and are illustrated in Fig. 6.12. At this z-position &5, and Pg.,
are calculated by Eq. (5.10). It can be seen that the shape of the potential is well predicted,
whereby a mismatch in the amount of the potential can be investigated. This deviation is a
consequence of the chosen fitting parameter A\§, = 1.47 to obtain an accurate device current.

By slightly reducing this parameter, the amount of the potential ¢, would match better.

Figure 6.13 presents the potential modeling results at & = len/2 for the same applied voltages
as in the previous plot. At this z-position the calculated potential stays in a good agreement
with the TCAD simulations for the whole Vg range from —1.2V to 1.0V. The change in
the sign of the slope of the y potential, which is negative at Vs = —1.2V and positive at
Ves = 1.0V, is correctly predicted by the compact model.

The third potential in y direction is examined at the drain-to-channel junction (x = leh),
by applying the same voltage setup as before. For this reason the needed potentials @3, and
@3 to characterize (py are determined with the help of Eq. (5.28). The compact modeling
results are compared to TCAD simulations and are shown in Fig. 6.14. At this z-position the
shape of the potential in y direction is very well reproduced by the compact model, whereby a
mismatch in the amount can be seen. This mismatch is similar to the one occurring at the
source-to-channel junction and is due to the fitting parameter A3, = 1.39 that is chosen to
obtain a correct device current I4s. A better accuracy could be achieved by slightly reducing

the value of A,.

Electric Field

After the verification of the potential along the x- and y-axis, the accuracy of the electric field
approximation presented in Eq. (5.52) is proven in the following. Figure 6.15 presents the
modeling results in a range of Vg from —1.2V to 1.0 V and an applied Vys of 0.7V. The results
of the absolute value of the electric field at y = Onm are depicted in Fig. 6.15(a) and show a
good agreement in comparison to TCAD data in the whole Vg range for both the ON- and the

AMBIPOLAR-state. The small deviations occurring from x = 5nm to 15nm are negligible since
s/d

max,B2B/TAT A€ always in a range close to

in the calculations of the TGR the applied x-values x

the corresponding junction.

In the center of the channel (see Fig. 6.15(b)), the electric field results show also a match
with the TCAD data. The small inaccuracies that can be seen in the ON-state for Vs > 0.6 V
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and in the AMBIPOLAR-state for Vs < —0.8 V are a consequence of the mismatch in the potential

approximation along the x-axis as it can be seen in Fig. 6.3(b).

1.5 Mat. S: Si
y = 0nm
1.0
> 0.5
R
S
0.0
Ves =-1.2...1.0V,
Step=0.2V
-0.5 -
N " — Compact Model
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z [nm]
(a) y = O0nm.
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Yy = tch/2 i
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Step=0.2V
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-10 -5 0 5 10 15 20 25 30
z [nm)]
(b) Yy = f’ch/2.

Figure 6.3.: Electrostatic potential ¢, along the z-axis at Vg = 0.7V of the DG TFET
at (a) the surface and (b) in the center of the device. The modeling results for the oN- and
AMBIPOLAR-state are separately plotted and compared to TCAD data for various gate-source
voltages Vigs.
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Figure 6.4.: Potential solution along the z-axis of the DG TFET at (a) the surface and (b)
in the channel of the device for an applied Vgg of 0.1 V. The compact model is compared to
TCAD simulations for various Vgs values.
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Figure 6.5.: Band diagram modeling results in the ON-state at Vgs = 0.7V and various Vgs
values are compared to TCAD simulations, where the results at the surface of the device are
depicted in (a) and the results in the center of the device are illustrated in (b).
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Figure 6.6.: AMBIPOLAR-state band diagram for a drain-source voltage of 0.7V and different

Vgs values. (a) shows the modeling results at the device surface and (b) in the center of the
device. In both cases the model is plotted against TCAD simulation data.
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Figure 6.7.: Band diagram in the TFET ON-state for various gate-source voltages and
Vas = 0.1V at (a) the surface and (b) in the center. The results of the compact model are
shown in comparison to numerical simulation data.
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Figure 6.8.: Compact band diagram at Vg = 0.1V, where (a) shows the results at the surface
and (b) in the center of the TFET. The applied Vs values indicate that the TFET is in the
AMBIPOLAR-state.
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Figure 6.9.: Band diagram of the Ge—Si hetero source-to-channel junction at (a) the surface
and (b) in the center of the TFET. The modeling results are plotted versus TCAD simulations.

The applied drain-source voltage is 0.7 V.
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Figure 6.10.: Compact model simulation results of a SiGe—Si source-to-channel junction for
various Vgs values and Vgs = 0.7V. The modeling results are plotted against TCAD data. (a)
surface and (b) center of the TFET.
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Figure 6.11.: GaAs-Si hetero-junction band diagram for different Vs and an applied drain-
source voltage of 0.7V. The compact model is verified by TCAD simulations, whereby the
band diagram at the surface is shown in (a) and the center band diagram in (b).
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Figure 6.12.: Electrostatic potential along the y-axis at the source-to-channel junction
(z = 0nm) for Vgg = 0.7V and various Vgs values. The compact model is compared to TCAD

data.
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Figure 6.13.: Compact model results of the potential along the y-axis at ¢ = lcn/2 and

Vas = 0.7V, which are plotted in comparison to TCAD simulations for various Vgs values. In

this case, the needed potential values &%

Eq. (5.10).
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Figure 6.14.: Modeling results of the y potential at the drain-to-channel junction (z = l.,) for
an applied Vyg of 0.7V, which are plotted against TCAD simulation data.
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Figure 6.15.: Electric field approximation for various Vgs values and Vgs = 0.7V plotted along
the z-axis. The modeling results at (a) the surface and (b) in the center of the channel are

shown in comparison to TCAD simulations.
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6.1.2 AE WKB Approach

The verification of the tunneling energy barrier can be done after demonstrating the validity of
the compact modeling equations of the band diagram in the previous section. The tunneling
energy barrier is determined by the AE WKB approach, which is derived in Sec. 5.4.2 for the
B2B tunneling and in Sec. 5.5.2 for the TAT current part. Hereinafter, the accuracy of the
tunneling energy barrier for B2B tunneling is examined. In doing so, Egs. (5.73) and (5.74)
are used to illustrate the approximated triangular energy barrier within the band diagram
of the device at various external voltages. In literature, a quasi-2D approach for the WKB
approximation assuming a triangular energy barrier shape was already published in [129]. In
this approach, the tunneling barrier height Upar was calculated in dependency of an analytical
closed-form 2D electric field solution EQD [176], which is very time-consuming. Due to the
facts that in the calculations of the 2D electric field solution the presence of inversion charges
is neglected and the resulting barrier height depends only on the electric field at one single
point, the quasi-2D approach is very sensitive to any inaccuracies. Therefore, this model is not
appropriate for a robust compact model, but it can be used to demonstrate the advantages of
the AE WKB approach in the following.

The first results for Vgs = 0.7V and y = Onm are presented in Fig. 6.16. At a gate-source
voltage of 0.0V shown in Fig. 6.16(a) it can be seen that the ConB in the channel region starts
to overlap the ValB in source region and for this reason the maximum 3. max Of the TGRgsp
approximation has its maximum close to len/2. The TFET is in the transition from the OFF-
to the ON-state. For this special case, the triangular tunneling barrier shape is not very well
suitable to reproduce the tunneling barrier formed by the band diagram. Nevertheless, in this
case the tunneling length ¢y, results in a high value and therefore, the tunneling probability
anyhow tends to be very small. So, this occurring error can be accepted in the compact modeling
purpose. By increasing the applied Vs values to 0.5V, 1.0V and 1.5V (see Fig. 6.16(b)—(d)),
the band overlap area also increases. Now, the z-position Zg,p max Of the maximum TGR value
can be found close to source-to-channel junction, the shape of the tunneling barrier formed
by the band diagram becomes steeper and is very well approximable by the energy triangle of
the AE WKB approach. In these cases, the tunneling energy barrier is reproduced well by the
compact approach, whereby the quasi-2D approach overestimates the tunneling barrier height

Ubar when inversion charges come into play (Vg > 1V).

The results in the center of the channel for the same applied voltages as before are shown
in Fig. 6.17. At the transition from the OFF- to the ON-state (Vg = 0.0 V), it can be seen that
the bands have no overlap region, thus no B2B tunneling can occur and so no tunneling barrier
height can be calculated (Us,, = 0€eV). In this special case, the AE WKB approach would result
in a wrong T, = 1, hence if the bands have no overlap, the AE WKB approach smoothly sets
the tunneling probability to 0. By increasing Vs to ON-state values (see Fig. 6.17(b)—(d)), the

AE WKB approximation shows a good match in comparison the tunneling barrier defined by
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the band diagram. The quasi-2D WKB approach underestimates the tunneling barrier height

Upar in all cases, which consequently results in an overestimated tunneling probability.

Figure 6.18 illustrates the tunneling energy barrier at the channel surface for a reduced
Vas of 0.1 V. It can be seen that the AE WKB approach is able to cover the change in the
drain-source voltage. In the TFET ON-state (Vs = 0.5...1.5V), the modeled energy barrier
matches well in comparison the tunneling barrier formed by the band diagram. The deviations

at Vg = 0.0V are to explain in the same manner than in Fig. 6.16(a).

The resulting tunneling energy barriers in the AMBIPOLAR-state of the TFET for various
Ves and Vs values at y = Onm are depicted in Fig. 6.19. Firstly, the validity of the AE WKB
approach is investigated at Vis = 0.7V, showing the results for Voo = —0.5V and —1.0V in
Fig. 6.19(a) and (b), respectively. For the first gate-source voltage, a mismatch of the tunneling
barrier height can be seen. At this bias, the TFET is at the transition from the OFF- to the
AMBIPOLAR-state and the resulting Tiun tends to small amounts, so this occurring inaccuracy in
the compact modeling approach is acceptable. The tunneling energy barrier is better reproduced
at Vos = —1.0V, where the TFET is in the AMBIPOLAR-state and the tunneling barrier shape
defined by the band diagram is steeper and thus it can be approximated by a triangle. By
reducing the applied Vis to 0.1V, the band overlap region at the drain-to-channel junction is
reduced and the AMBIPOLAR-state is suppressed (see Sec. 3.3.5). For these reasons, the AE
WXKB approach is examined for Vs = —1.0V and —1.5V, shown in Fig. 6.19(c) and (d). Here,
one can see that the transition from OFF- to AMBIPOLAR-state takes place at the gate-source
voltage of —1.0V and explains the underestimated tunneling barrier height in Fig. 6.19(c). The
reduction of Vg to —1.5V causes a better agreement of the modeled tunneling barrier and the

one formed by band diagram.

In order to show the robustness and flexibility of the AE WKB approach, the resulting
tunneling energy barriers in the hetero source-to-channel junctions are presented in Fig. 6.20.
Simulations are performed at the channel surface for Vg = 0.7V and Vg = 1.0V, so the TFET
is in the ON-state. The Si TFET is shown in Fig. 6.20(a) as a reference. The tunneling barrier
of the Ge-Si hetero-junction is depicted in Fig. 6.20(b) and it can be seen that the modeled
tunneling barrier matches well in comparison to the barrier formed by the band diagram. Due
to the lower band gap of Germanium and lower effective carrier mass, the resulting tunneling
barrier height is lower than the one in Silicon. As a consequence, the tunneling probability
and the device current increase for the same applied external voltages. A similar result is
achieved in the investigations of a SiGe-Si hetero-junction shown in Fig. 6.20(c). In these two
cases the quasi-2D approach overestimates the resulting tunneling barrier height and therefore
underestimates the tunneling probability. In a last step, the source material is GaAs, which
has a higher band gap F in comparison to Silicon. The tunneling energy barrier calculated by
AE WKB approximation is shown in Fig. 6.20(d) and it can be seen that the model predicts

the barrier defined by the bands very well with only a small overestimation of the amount. In



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

6.1. Verification by TCAD Sentaurus Simulation Data 119

this case, the quasi-2D approach shows a better match to the tunneling barrier formed by the

band diagram.
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Figure 6.16.: Visualization of the AE WKB approach within the band diagram of the DG
TFET at the surface of the channel region for Vgs = 0.7V. The applied Vg in (a) is 0.0V,
(b) 0.5V, (c) 1.0V and 1.5V in (d). In (a) the TFET is at the transition from the OFF- to the
ON-state and in (b)-(d), the TFET is in the ON-state. The AE WKB approach is compared to
a quasi-2D WKB approximation and the z-position of the maximum TGRg,5 value is high-

lighted by a green cross.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

6. Modeling Results & Verification

120
1.5 — AE WKB 1.5 — AE WKB
- Quasi-2D WKB -+ Quasi-2D WKB
1.0 ?\ Vis = 0.7V, LOTE, Vas = 0.7V,
Ves = 0.0V Ves = 0.5V
2 0.5 2 0.5
> >
80 80
€ 0.0 € 00[F
=) : =) :
= T = I
TB2B,max THoB, max
-0.5 -0.5
Mat. S: Si Mat. S: Si
-1.0 = top/2 -1.0 U top/2
-5 0 5 10 -5 0 5 10
z [nm] z [nm]
(a) y = ten/2, Vgg = 0.0V. (b) y = ten/2, Vs = 0.5V.
1.5 — AE WKB 1.5 — AE WKB
-+ Quasi-2D WKB -+ Quasi-2D WKB
1.0 Vas = 0.7V, 1.0 Vas = 0.7V,
Ves = 1.0V Ves = 1.5V
2 0.5 2 0.5
> >
&0 &0
€ 0.0 € 0.0
=) : =) :
£ £a|
-0.5 -0.5
-1.0 -1.0
-5 0 5 10 -5 0 5 10
2 [nm] 2 [nm]
(¢) y = ten/2, Vgs = 1.0V. (d) y = ten/2, Vgs = 1.5 V.

Figure 6.17.: AE WKB visualization in the center of the channel region (y = tcn/2) for the
same simulation setup shown in Fig. 6.16.
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Figure 6.18.: Illustration of the resulting tunneling barrier at the channel surface using the
AE WKB approach, examined for a drain-source voltage of V33 = 0.1 V. The gate-source volt-
age is varied from 0.0V in (a) to 1.5V in (d) with a stepping of 0.5V. The AE WKB approach

is compared to a quasi-2D approximation.
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Figure 6.19.: AMBIPOLAR-state AE WKB modeling results at y = Onm, which are compared
to a quasi-2D approach. (a): Vgs = 0.7V and Vgs = —0.5V. (b): Vs =0.7V and Vs = —1.0V.
(¢): Vas = 0.1V and Vg = —1.0V. (d): Vg =0.1V and Vg = —1.5V.
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Figure 6.20.: Visualization of the AE WKB approach for various materials of the source
region, simulated at Vgs = 0.7V and Vgs = 1.0V. The source material in (a) is Si, (b) Ge, (c)
SiGe and GaAs in (d). The resulting tunneling barrier is shown in comparison to a quasi-2D

WKB approach.
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6.1.3 Tunneling Generation Rate

In the next verification step, the tunneling generation rate for the B2B tunneling part is
examined. The calculations of the TGRg,g are done with the help of Eq. (5.75) in order to
show the validity of the derived expression for the current density. Furthermore, the TGR
is used to verify the AE WKB approach shown in previous section by numerical TCAD
simulations, because in TCAD Sentaurus the transmission coefficient cannot be displayed.
The TCAD tunneling generation rate for B2B tunneling is denoted as eBarrierTunneling and
hBarrier Tunneling for electrons and holes, respectively. The compact model simulations are
performed with the parameters listed in Tab. 6.2 to obtain a correct device current, thus some

deviations to TCAD data can occur in verification process of the TGR.

Figure 6.21 presents the results of the TGR in the ON-state of the TFET for an applied Vqs
of 0.7V and a Vg range from 0.3V to 0.6 V. The TGR modeling results at the surface of the
channel are shown in Fig. 6.21(a) in comparison to the extracted eBarrierTunneling values from
TCAD simulations. It can be seen that the shape and the amount of the modeled TGR matches
very well with TCAD data, whereby a horizontal displacement along the x-axis can be observed.
This mismatch can be explained by the inaccuracies in the compact band diagram and thus by
the chosen fitting parameter A%;. It should be noted that the horizontal displacement has no
influence on the resulting B2B current density, which is obtained by integration. The TGR
in the channel center is shown in Fig. 6.21(b), examined for the same applied voltages as at
the surface. Here, the amount of TGR is significantly underestimated, which is to explain by
the applied adjustable parameter to obtain an accurate I4s. In the verification of the modeled
band structure (see Fig. 6.5(b)) one can see some small deviations that cause an overestimated
value for the tunneling length ltyn and hence an underestimated tunneling probability since
Tiun x exp(—leun). In addition, the inaccuracies of the electric field in the channel center may
cause consequential errors. Nevertheless, the TGR in the center of the channel is three orders
of magnitude smaller than the surface TGR and thus, the contribution to the resulting B2B
current density is small. It is to say that these inaccuracies in the center are tolerable in the

entire current calculations.

The oN-state TGR at the surface of the TFET with a reduced applied Vs of 0.1V and the
same Vs values as before is illustrated in Fig. 6.22(a). It can be seen that the shape is well
reproduced but a deviation in the amount and z-position can be investigated. As mentioned
before, the horizontal displacement has no influence on the integration to obtain the current

density. The error in the amount is due to the fitting parameter A%, .

The extracted hBarrier Tunneling values from TCAD are compared to the compact model in
order to validate the TGR in the AMBIPOLAR-state of the device as it is presented in Fig. 6.22(b).
The comparison shows the modeling results at y = Onm and Vgs = 0.7 V. In the whole Vs
range from —0.7V to —1.0V the amount of TGR is underestimated which is the cause of the

errors appearing in the calculations of the electric field as well as the band diagram. The chosen



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

6.1. Verification by TCAD Sentaurus Simulation Data 125

adjustable parameter A3, = 1.39 also reduces the amount of the TGR in the AMBIPOLAR-state.

In the following, the source material is changed to a combination that forms a hetero-junction
and the validity of the compact model is investigated. In Fig. 6.23, the results of the TGR at
the channel surface of a Ge-Si hetero-junction in the TFET ON-state are depicted. It can be
seen that also in this case the amount of the modeled TGR does not match with the TCAD
simulation. The reasons for that can be found in the applied model parameters (see Tab. 6.2).
For instance, the effective electron mass m; is increased in comparison with the value mg rcap
used in TCAD simulations to obtain a correct device current I4s. If the TCAD value had been
applied to the compact model, then the TGR would have resulted in the correct amount, but

in this case it is not possible to achieve a good fit in Igs.

An investigation of the SiGe—Si hetero-junction, which is depicted in Fig. 6.24, shows the
same deviations at y = O0nm in the amount of the TGR as in the aforementioned results. The
reasons for the underestimated compact model TGR amount is the used effective electron mass
my in combination with the applied parameter Ag;. Nevertheless, using the parameters listed in

Tab. 6.2 leads to a good fit in the current characteristics, which are shown in the next section.

The last examined source material is GaAs. The compact modeling results of this hetero-
junction are presented in Fig. 6.25 and are compared to TCAD simulations. The results are
obtained at the channel surface and the compact model shows a good match in the amount
and z-placement in comparison to numerical data. Only small deviations occur in the part
when the TGR starts to decrease again (z > 2nm). This is again a consequence of the chosen
value of the parameter A, but in this case has only a minor impact on the resulting tunneling

current density.
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Figure 6.21.: Compact model results of the
Vis = 0.7V and various gate-source voltages.

TGRg,p in the ON-state of the TFET at
(a) illustrates the results at the surface and (b)

the results in the center of the device in comparison to TCAD data.
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Figure 6.22.: (a) ON-state B2B tunneling generation rate at y = Onm and Vgg = 0.1V. (b)

TGRg,5 in the AMBIPOLAR-state simulated at the surface of the TFET and Vgs = 0.7V. Both
result plots are simulated for various Vs values and compared to numerical simulation results.
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Figure 6.23.: Modeling results of the TGR3,p5 of a Ge-Si hetero-junction at y = Onm, an
applied drain-source voltage of 0.7V and various Vs values. The compact model is shown in
comparison with TCAD data.
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Figure 6.24.: SiGe-Si source-to-channel junction B2B tunneling generation rate in compari-
son to TCAD simulations. The simulation setup is the same as in Fig. 6.23.
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Figure 6.25.: Resulting B2B tunneling generation rate of the GaAs—Si hetero-junction at the
surface of the channel for Vg = 0.7V and various Vgs. The compact model is compared to
TCAD simulations.

6.1.4 Tunneling Current

In the last verification step by TCAD simulations, the tunneling current characteristics are
under investigation, which is the most important step from a compact DC modeling point of
view. At first, the current output characteristics and its first two derivatives are studied and
verified by TCAD simulations. After that, the gate-source voltage Vg is chosen as the sweep
variable in order to prove the accuracy in terms of the current transfer characteristics and its
first two derivatives. Finally, the TFET parameters, e.g. device dimensions, device materials or
doping concentrations are varied to show and verify the flexibility of the compact DC modeling
approach. The compact tunneling current Iqs, which considers both the B2B tunneling and
TAT effect, is calculated with the help of Eq. (5.124) and by applying the parameters listed in
Tab. 6.2.

Output |-V Characteristics and Derivatives

The current output curves of the DG TFET are illustrated in Fig. 6.26, where (a) shows the
output I-V curves in the ON-state for various positive Vg values and (b) the results of negative
applied Vgs, where the TFET is in the AMBIPOLAR-state. In the ON-state output curve, the
compact model stays in good agreement with the TCAD simulations in the shown Vs range.
The exponential increase of I4s & Tiun, in case when no inversion charges exist, is very well

reproduced by the modeling approach. The current starts to saturate when the inversion
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charges come into play as a consequence of the channel potential pinning (see Sec. 3.3.4).

In the AMBIPOLAR-state output curve (see Fig. 6.26(b)), one can see an exponential increase
of Iqs over the whole applied Vs range. In this case, B2B tunneling occurs at the drain-to-
channel junction and at a fixed Vg < 0 no channel potential pinning can occur. Therefore,
the effect of inversion charges does not play a role in this operating area of the TFET. The

comparison to the reference data obtained by TCAD simualtions shows a good agreement.

A very important aspect in the compact modeling is the numerical stability of the device
current I4s and for this reason the first two derivatives of I4s with respect to Vys are examined
in the following. The ON-state output conductance gqs = 9Zas/avy, is presented in Fig. 6.27(a).
It can be seen that no kinks or any discontinuities appear in the first derivative. In addition,
the compact model derivative shows a good agreement to the derivation extracted from TCAD
data. An equally good match with TCAD simulations is achieved in the output conductance in
the AMBIPOLAR-state, which is presented in Eq. (6.27(b)). In this plot, also no discontinuities
occur in the whole Vg range from —0.4V to —0.95V and the first derivative also follows an

exponential shape.

Evaluating the second derivative of the output I-V curve is a next step to demonstrate the
numerical robustness of the compact DC modeling approach. Therefore, the second derivative
in the ON-state in the same applied Vs range is depicted in Fig. 6.28(a). The results of the
compact model show again no discontinuities or any kinks and are very consistent with the
simulated results in TCAD Sentaurus. But at Vgs values from 0.3V to 0.45V one can see some
extraordinary change in the slope of the curve, which can be interpreted as an inflection point.
Here, the effect of inversion charges comes into play and shows some vulnerabilities of the
modeling approach. This inaccuracy has no impact on simulating basic TFET circuits and is
shown in Chap. 7. Figure 6.28(b) shows the second derivative of I4s with respect to Vgs in the
TFET AMBIPOLAR-state and one can see that the model is continuous in this operation regime
of the TFET and fits well.

The presented continuity of the compact DC model in terms of the output characteristics is
the first step for a usage of the model in circuit simulations. However, the continuity regarding

the transfer I-V characteristics must still be checked, which is done in the next section.
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Figure 6.26.: Output I-V characteristics of the n-type DG TFET for (a) the oN- and (b) the
AMBIPOLAR-state of the device. Simulations are performed for various Vgs values and compared

to TCAD Sentaurus simulations.
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Figure 6.27.: Resulting output conductance gqs of the DG TFET in comparison to TCAD
data. The ON-state is shown in (a), where the AMBIPOLAR-state results are illustrated in (b).
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Figure 6.28.: Second derivative of the output I-V curve in a Vgs range from 0.7V to 1.0V.
The compact model is verified by TCAD simulations. (a): ON-state. (b): AMBIPOLAR-state.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

134 6. Modeling Results & Verification

Transfer Characteristics and Derivatives

Before the compact model can be used in circuit simulations, the validity and continuity with
respect to Vs must be proven. For this reason, the transfer I-V curve in the gate-source voltage
range from —1.5V to 1.5V and various Vgs values is presented in Fig. 6.29. In order to better
understand the influence of the two current components, the B2B and the TAT current part,

Fig. 6.29(b) illustrates the separated current parts in comparison to TCAD simulations.

The results in Fig. 6.29(a) are plotted in linear and logarithmic scale and both show a
good agreement with the TCAD simulations. It can be seen that an increasing Vis does
not much influence the ON-state subthreshold slope St and the threshold voltage Vin. For
instance, the inverse slope at Vg = 0.1V changes only from Sin(Vas = 0.1 V) = 37.9mV /dec to
Stn(Vas = 0.7V) = 37.5mV /dec. This effect is a consequence of the fact that in the ON-state,
the B2B tunneling occurs at the source-to-channel junction and this junction is not affected
by Vis in the subthreshold regime of the TFET. But when the effect of inversion charges or
the channel potential pinning comes into play, the source-to-channel junction is affected by
the applied Vas. At Vas = 0.1V, this effect becomes visible at Vg =~ 0.3V, where it can be
seen that the slope of the transfer curve decreases and the B2B tunneling current saturates.
For an increased Vgs of 0.3V, the effects of inversion charges affects the transfer I-V curve
starting from Vs &~ 0.6 V, whereby the resulting current Iqs at Vgs = 1.5V is ten times higher
in comparison to Vgs = 0.1 V. The effects of the slope degradation and current saturation

diminish for an increasing Vgs.

In the AMBIPOLAR-state the increase of Vys causes a shift to the right along the Vgs-axis in
the amount of the increased Vs, hence the AMBIPOLAR threshold voltage Vi1, is also shifted to
more positive values. This impact is caused by the B2B tunneling occurring at the drain-to-
channel junction, which is strongly influenced by the applied drain-source voltage. The amount
of the AMBIPOLAR subthreshold slope is also less affected by the applied Vgs as it is observed
in the oN-state. The slope at Vgs = 0.1V and Vs = —1.05V results in Sy, = 38.2mV /dec
and at Vas = 0.7V and Vg = —0.45V the subthreshold slope yields Sy, = 40.8 mV /dec. The
difference in this case is caused by the parasitic TAT current part that has an increasing impact

on the current for an increasing Vys.

The oFF-state of the DG TFET is determined by the TAT effect and defines the transition
from the ON- to the AMBIPOLAR-state. The range and the amount of the OFF-state depends
on the applied Vis as it can be seen in Fig. 6.29(a) and (b). For a drain-source voltage of
0.1V, the OoFF-state range is from —1.0V to 0.05V and the amount of the current is five times
lower in comparison to the amount at Vgs = 0.7V. The reduced amount is caused by the
decreased difference of the Fermi energy levels in source and drain region and therefore by the
reduced electric field. In case of an applied Vys of 0.7V, the range of the OFF-state is only
from Vgs = —0.4V to 0.05V. It should be noted that the TCAD simulations only consider the

traps at the junction interfaces and the traps within the gate insulator material are neglected.
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Due to this negligence, the TAT OFF-state current has a very flat steepness and the resulting
subthreshold slope is not affected that much. By taking the gate leakage current into account,

the very steep subthreshold slope would be worsened. But this effect is discussed in Sec. 6.2.

The numerical stability in terms of the transfer characteristics is under investigation in
the following. First of all, the transconductance gn is presented in Fig. 6.30 and in order
to demonstrate the continuity of the modeling approach in all TFET operation regimes, the
transconductance is plotted in linear scale in Fig. 6.30(a) and in logarithmic scale in (b). The
compact modeling results are verified by TCAD data. It can be seen that gm shows no kinks and
discontinuities in linear scale. A small deviation in terms of a change of the curve shape occurs
at Vas = 0.7V and an applied Vg < —1.0 V. The reason for that extraordinary slope change is
again that inversion charges come into play and influence the electrostatic potential. In the
transition area from subthreshold to the above threshold regime the compact model shows
some inaccuracies, which are caused by the calculation of the screening length in dependency
of Vg, shown in Eq. (4.22). It should be noted that this small deviation has no impact on
the TFET circuit simulation in Chap. 7. To inspect the continuity of the subthreshold regime
of the TFET, g, is shown logarithmic scale (see Fig. 6.30(b)) and one can see no kinks or
discontinuities in both the ON- and AMBIPOLAR-state subthreshold regime. In the OFF-state,
there seems to be a kink at the point, where the TAT current in the AMBIPOLAR-state switches
to the ON-state TAT current. But looking at the second derivative of I4s with respect to Vs in
Fig. 6.31(b), one can see that the compact model is continuous at this transition. The model
transconductance shows a good agreement with the data extracted from TCAD simulations in

linear and logarithmic scale for the whole examined Vg5 and Vg scope.

The second derivative of the transfer I-V curve is finally used to check the numerical stability
of the compact model. Figure 6.31 presents the results of 2°las/6?v,, in (a) linear and (b)
logarithmic scale and demonstrates the continuity of the compact model. In both pictures
one can see that the second derivative of the modeling approach fits well in comparison to
the data extracted from TCAD. Here, the inaccuracies of the screening length calculations
are better visible. The extraordinary change in the curve shape can now even be observed at
Vas = 0.3V and 0.5V for an applied Vs < —1.0 V. However, these extraordinary changes have
no impacts on the simulation of TFET circuits. The kinks that occur in the logarithmic plot at
a gate-source voltage Vs > 0.8V are due to the changing sign of the second derivative and are

not caused by compact model.

After stating the continuity of the compact model, the flexibility of the compact model is

demonstrated in terms of device parameter variations in the next section.
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Figure 6.29.: (a) Current transfer characteristics of the DG TFET for various drain-source

voltages Vys. (b) Separated current parts of (a). In (b): Red lines with triangles: B2B current
part. Blue lines with diamond symbols: TAT current part. In both plots: The compact model
current Iqs = Igs,g2 + Ids,Tar is shown in comparison to numerical simulation results obtained

by TCAD Sentaurus.
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Figure 6.30.: Transconductance gm of the DG TFET for various Vys values, where (a) shows

the simulation results in linear scale and (b) in logarithmic scale. The compact model is com-
pared to TCAD simulations.
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Figure 6.31.: The second derivative of the compact model transfer curve is shown in linear
scale in (a) and in logarithmic scale in (b). TCAD simulations are used to verify the compact

model.



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

6.1. Verification by TCAD Sentaurus Simulation Data 139

Parameter Variation

In the first part of the parameter variation the device dimensions are changed in order to
demonstrate the flexibility of the compact modeling approach in terms of variations in the
fabrication process of TFETs. The values of the geometrical parameters lch, tch and tox are
changed. The length of the S/D region lsq is kept constant, because an influence on the resulting
I4qs could only be seen by reducing lsq to a few nanometers. So, from a fabrication point of
view, the investigation of a varied lsq is not necessary. For the device dimension variations
in the compact model, only the related geometric parameters are varied and all other fitting
parameters remain unchanged. Hence, the compact model is executed with the parameters
extracted for the standard device (Si TFET) as shown in Tab. 6.2.

Firstly, the thickness of the gate insulator is varied in the range from tox = 1.0nm to 3.0 nm.
The resulting transfer I-V curves for Vgs = 0.7V and 0.1V are depicted in Fig. 6.32. The
compact modeling approach shows a very good match to TCAD simulations for a varying
tox in the applied Vs and Vgs range, thus the influence of the gate insulator thickness on the
device electrostatics is well represented in the modeling approach. A thinner gate insulator
leads to an improved electrostatic control of the TFET channel region and for this reason,
steeper subthreshold slopes and ON currents are achievable and for thicker tox values it is vice
versa. At a drain-source voltage of 0.7V (see Fig. 6.32(a)), the steepest subthreshold slope
for tox = 1.0nm is extracted at Vg = 30mV and yields Sin = 20.1mV/dec. The increase
of tox to 3.0nm worsens the steepest subthreshold slope to Sy, = 50.7 mV/dec, extracted at
Vas = 0.13 V. In case of tox = 1.0nm and Vgs = 0.1V, the compact model underestimates the
device current in both the ON- and AMBIPOLAR-state, which is due to the model to consider
inversion charges in the electrostatics (see Eq. (4.22)). By slightly increasing the parameter
)xi{iit, these deviations would disappear. The OFF-state current is less influenced by a fox
variation since the gate leakage current is not considered in the compact model. Here, some

small deviations occur that could easily be adapted by slightly changing the parameter T;/AdT.

In the next step, the channel thickness t., of the standard device is varied from 8 nm to
15nm. The resulting current transfer curves for Vgs = 0.7V is shown in Fig. 6.33(a) and for
Vas = 0.1V in (b). In both cases, one can see a small increase in I4s for a decreasing channel
thickness, which is well predicted by the compact model and verified by TCAD data. That
is to say, in practice a varying tcn in the shown range has only a minor impact on the device
current, neither in the ON- nor in the AMBIPOLAR or the OFF-state of the TFET. In addition,
when ¢, falls below 10 nm, the effect of quantum confinement has to be taken into account [45].
In TCAD simulations and in the compact model, this effect is neglected and may cause the

increasing Iqs for tcn = 8 nm.

As the last geometric parameter, the channel length [y, is varied in the range from 14 nm
to 65 nm and the influence on the device current is examined. The compact model is validated
by TCAD simulation and the results for Vg = 0.7V and 0.1V are illustrated in Fig. 6.34(a)
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and (b). For a channel length of 14 nm the resulting ON- and AMBIPOLAR-state I4s increases.
Furthermore, the OFF-state current rises and worsens the subthreshold slope. These effects can
be explained as a result of the relatively short [, that opens up the possibility of source-to-drain
tunneling [46]. The deviations of the compact model could be minimized by slightly tuning the
parameter %;TT to smaller values. The investigations of the channel lengths lch, = 32 nm, 45 nm
and 65 nm show a nearly equal resulting Iqs, which is a bit higher in comparison to the device
current for I, = 22nm. In a device with a channel length of 22 nm, the drain-source voltage
has some impact on channel electrostatics that determines the tunneling process. This control
disappears for an increasing channel length and thus, the tunneling process is only determined
by the applied Vgs and hence, the tunneling current is able to increase a little bit [177]. Finally,
it can be seen that the compact model represents the change in the channel length well for the

applied Vys values in comparison to TCAD simulation data.

After the variation of the device dimensions, the influence of a change in the permittivity
€ox Of the gate insulator material is under examination. The electrostatic control of the channel
region is determined by the ratio of the gate insulator thickness and the permittivity of the
material (fox/e.x). Due to this fact, the device performance can be enhanced by increasing
the permittivity eox instead of reducing tox (see Fig. 6.32). The influence of a varying eox is
evaluated for five different insulator materials that are listed in Tab. 6.1 and two drain-source
voltages. The compact modeling results are again validated by TCAD simulations and are
presented in Fig. 6.35. In Fig. 6.35(a), it can be seen that the compact model very well
represents the permittivity change and shows a good match to TCAD data at Vgs = 0.7V in
the whole applied Vs range, with one exception for eox = 80 - €0. In this special case, the
compact model underestimates Igs for Vs < —1.25V and Vg > 0.9V, which is again a cause
of the inversion charge model. By slightly tuning the parameter )\fﬁit, these deviations would
be improved. This effect can be seen better at a reduced Vgs of 0.1V, which is depicted in
Fig. 6.35(b). Another advantage of an increased insulator permittivity is the improvement
in the resulting subthreshold slope and in the device current. A comparison of the ON-state
inverse subthreshold slopes in Fig. 6.35(a) lead to S¢n = 15.0mV/dec at Ve = 10mV and
€ox = 80 - €9. Furthermore, the subthreshold slope at Vg = 0.13V and €ox = 15 - €9 results in
Sth = 47.0mV /dec. The ON-state current at Vs = 0.95V is 16 times higher when comparing
the highest (80 - €9) and the lowest (15 - &) permittivity €ox.

In the next variation step, the doping concentration of the source region is changed in the
range from Ny =1 - 10°cm ™2 to 1.5 - 102°cm™3. The transfer I-V curves for Vys = 0.7V and
0.1V are depicted in Fig. 6.36(a) and (b), whereby the compact modeling results are shown in
comparison with the results obtained by TCAD simulations. At both applied Vys values one
can see that a reduction of Ny to 1-10"cm™ significantly reduces the ON-state current of the
DG TFET and this variation cannot be captured by the compact model without readjusting
the model parameters. Thus, the model parameters are extracted separately for any change

in the source doping concentration and are listed in Tab. 6.3. However, it should be noted
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that by changing Ns, the compact model shows the right trend but results in an error in the
amount and subthreshold slope of the device current. After readjusting the necessary model
parameters, the compact model shows a good match with TCAD data. In practice, the source
doping concentration should be as high as possible in order to obtain a ON-state current that is

higher than the Iss in AMBIPOLAR-state.

Table 6.3.: Adapted fitting parameters for various doping concentrations of the source and
drain region and various interface trap densities.

Various Source Doping Concentrations Ny

Ns [Cm_S] >‘Isn,ﬁt [l m] [ke] (715)2 [Cm2] (0'5325)2 [sz] "'1S'AT [Cm2] T’IqAT [Cm2] ”"SI'AT [-] ”‘T'AT [-]

ilo7l@Y 3.0 0.15-mg  7.0-1071° 9.6-10714 2.3.1072%  2.0-107° 50 5

3.10%° 1.3 0.19-mg  4.0-1071? 5.6-10714 8.4-1072% 3.5.102! 9.5 11
5-101° 0.85 0.237-mg  4.0-1071° 2.7-10714 1.2:.10722  4.3.1072! 20 10.5
7-101° 0.85 0.253-mg  2.0-1071° 2.0-107 14 8.0-10722 2.5.107% 12 12
9.10%° 0.55 0.245-mq 2.5-10716 3.0-107 14 1.4.1072Y  3.2.1072! 12 11
1.2.10%° 0.69  0.29-mo  3.65-107 16 2.0-107 3.2.10721  2.0.107% 10 12
1.5-10%° 0.70  0.34-mg  3.65-1071¢ 2.0-10714 7.6-10721  2.3.1072¢ 8 12

Various Drain Doping Concentrations Ny

_ - 2 2

No [em™®] Mo ] my kel (n!)” [em?] (ofs) [em?®] wiar [om?] miar [em?] sdfar [ sfar [
1-10%° 0.2 0.16-mg  5.0-10713 6.0-1071° 1.3-1071%  6.2.10728 5 50
3.10%° 0.34  0.185-mgo 4.0-107 3.8.1071° 3.5-1072'  1.2.10722 9.5 11
5.101° 0.27  0.24-mo  4.0-107 14 3.9.107 15 2510721 3.6.107%2 10.5 10.5
7-101° 0.30 0.265-mg 2.0-107 14 3.2.107 15 1.6-.10~2!  8.3.10722 12 12
9.10%° 0.40  0.29-mo  7.5-1071° 3.7.107 1 1.9.1072Y  1.5.1072! 11 12
1.2.102%° 0.48 0.325-mg 3.0-1071° 2.8.107 1 1.4.1072Y  2.2.1072! 12 12
1.5-10%° 0.48  0.36-mg  2.0-107%° 2.7.10715 1.8:1072Y  3.4.1072! 11 11

Various Interface Trap Densities Nt0

Nto [Cm_2] TIAT [Cm2] 7'1'!A‘r [sz] star [-] %'(Ij'AT -]
1010 1.1-10720 171020 11 11
10! 4.95-1072% 7.3-1072¢ 11 11
1013 1.4.1072¢ 2.1.10~21 9.5 9.5
101 2.3.1072¢ 3.3.1072! 7 7
10t 2.45.1072¢ 3.95.1021 5.7 5.7
1016 9.3.10~22 1.55.1072¢ 5.6 5.6
10'7 1.9-10722 1.65-10722 6.4 7.4
1018 1.1-107%8 2.6.10723 10 10

The TFET working principle is based on asymmetrical doping types of the source and drain
region. For this reason, the TFET shows its typical AMBIPOLAR behavior, which is from a
circuit designer’s point of view an undesirable effect and should be suppressed. One possibility

to suppress the AMBIPOLAR-state is the reduction of the drain region doping concentration.
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Thus, a variation of the parameter N4 is examined in the following. Figure 6.37 presents
the compact modeling results for Vas = 0.7V and 0.1V in a Ny range from 1-10%cm™2 to
1.5-10*°cm ™2 in comparison with TCAD Sentaurus simulation data. As it can be seen, the
modeling approach stays in a good agreement with the TCAD data, where it should be kept in
mind that similar to the Ny variation, the model parameters are separately extracted for each
Ng value. The extracted parameter values are shown in Tab. 6.3, whereby not all parameters
had to be adapted. The not mentioned fitting parameters are the same as for the Si TFET
(see Tab. 6.2). At a drain-source voltage of Vg = 0.7V (see Fig. 6.37(a)), a reduction in
Ngq of 1-10¥%cm—3 suppresses the device current Iqs at Vgs = —1.5'V by factor 2.7 - 10% in
comparison to the standard device and by further reducing Nq to 1-10"¥cm™ the resulting
AMBIPOLAR-state current would be in the range of the OFF-state current. In Fig. 6.37(b), one
can see that a reduction in Vys of 0.1V causes a left shift of the AMBIPOLAR-state along the
Vgs-axis. In this case, the AMBIPOLAR-state is shifted out of the working area of the TFET. A
combination of the left shift and the Ny reduction to 1-10'"%cm™2 causes a suppression of the
AMBIPOLAR-state current by factor 2 - 10° in contrast to the standard TFET. In conclusion,
it can be said that the AMBIPOLAR-state can be suppressed by a trade-off of the used doping
concentration Ng and the applied Vys by keeping the standard TFET geometry. Nevertheless,
the AMBIPOLAR-state is also suppressible by optimizing the TFET device geometry with e.g. a
reduction of the gate length [178, 179], but this is not investigated in this work.

In order to show the influence of the interface trap density on the resulting transfer I-V
characteristic, N{ is varied in the range from 10" cm™2 to 10'%cm™2. Because a varying trap
density affects the resulting subthreshold slope, the model parameters to characterize the TAT
current are extracted separately for each N and shown in Tab. 6.3. The modeling results
for Vgs = 0.7V and 0.1V are depicted in Fig. 6.38(a) and (b). The verification is done with
the help of TCAD data. It can be seen that it is possible to capture the change in N by the
compact model and to obtain a good agreement to TCAD data for both drain-source voltages.
The subthreshold slope degradation is well visible at Vgs = 0.7 V. The steepest subthreshold
slope for Nto = 10'"%m™? is achieved at Ves = 40mV and yields Stn = 26.0 mV /dec, whereas
the steepest slope for N = 10"¥cm™2 is Sy, = 121.3mV/dec, extracted at Vgs = 0.26 V. In
addition, the ratio fov/Io is affected by the interface trap density. For a low N of 10*°cm ™2,
the ratio results in fox/Ioe = 1.2 - 1097 whereby this ratio worsens to fov/Iom = 1.7 - 10* by
examining Nto = 10®¥cm™2. The current value for I,y is extracted at Ves = 1.0V and Ioer at
Ves = 0.0 V. By reducing Vgs to 0.1V, the Tox/14-ratio is shrunk by the factor 10 for the both
investigated trap densities. So, it can be concluded that the trap density has a higher impact
on the TFET behavior when Vs is reduced.

In the last step of the parameter variation, the source material is modified to enhance the
performance of the DG TFET and to demonstrate the capability of the compact model in
terms of simulating hetero-junctions. The three aforementioned source materials Ge, SiGe

and GaAs are examined. The compact modeling results are obtained by applying the model
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parameters listed in Tab. 6.2. The verification of the model is demonstrated with the help of
TCAD simulations of transfer I-V curves at Vgs = 0.7V and 0.1 V. The comparison between
the compact model and TCAD is presented in Fig. 6.39 and it can be seen that the model shows
a good agreement with the numerical simulations for both applied Vis values. A comparison of
the steepest resulting subthreshold slope St at a certain voltage Vg and the resulting ON-state
current for a drain-source voltage of 0.7V is shown in Tab. 6.4. The subthreshold slope for
Ge and SiGe results in nearly the same values in comparison to the Si TFET, where in case
of GaAs the slope is 5mV /dec worse than the subthreshold slope of the standard device. By
applying a source material with a smaller band gap E, than Si, one would expect a steeper
subthreshold slope, but the TAT effect prevents this improvement. By comparing the ON-state
current, it can be seen that the TFET with a Ge source region has the highest gain in 4
at Vg = 1.0V, which is 17 times higher than in the Si TFET. The ON-state Iqs is SiGe is
little bit lower, but still 5.5 times higher than in the standard device. The chosen source
material GaAs has a wider band gap compared to Si and the current in the ON-state is three
times lower than in the standard device. In summary, it is to say that an improvement in the
TFET performance is only achievable by choosing a III-V material as the source material [180].
Another improvement of the TFET performance could be achieved by applying I1I-V materials
to the whole TFET device. Two possible combinations could be (S: p-GaSb, Ch: i-InAs, D:
n-InAs) [181] or (S: p-AlGaSb, Ch: i-InAs, D: n-InAs) [97].

Table 6.4.: Comparison of the resulting subthreshold slope and ON-state current for various
source materials and Vgg = 0.7 V. Vg’S indicates the voltage value, where Sy}, is extracted.

Source Material Sin(Vge) [mV/dec] Vg [mV] I4s(Vgs = 1.0V) [pA/pm]
Ge 38.6 10 93.6
SiGe 38.7 60 29.4
Si 37.5 100 5.43

GaAs 42.4 100 1.84
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Figure 6.32.: Transfer I-V characteristics at (a) Vgs = 0.7V and (b) Vgs = 0.1V and various
gate insulator thicknesses tox. The compact model is compared to TCAD data.
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Figure 6.33.: Resulting transfer characteristics for a varied channel thickness t., at (a)

Vas = 0.7V and (b) Vgs = 0.1 V. The compact model is shown in comparison to numerical
data extracted from TCAD simulations.
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Figure 6.34.: Transfer characteristics for various channel lengths I, and Vgs. (a) shows the
results obtained by the compact model for Vys = 0.7V and (b) for Vgs = 0.1V in comparison to
TCAD data.



UNIVERSITAT ROVIRA I VIRGILI

COMPACT DC MODELING OF TUNNEL-FETS

Fabian Horst

6.1. Verification by TCAD Sentaurus Simulation Data

147

— Compact Model
--- TCAD

Eox = (157 22,
26, 30, 80) - €0

Ves [V]

(a) Vds =0.7V.

‘102

1071t

1074

107

1.0

0.87

0.4

Iqs [pA/pm]

0.2

— Compact Model
--- TCAD

fox = (15,22,

26, 30, 80) - £o

-0.5 0.0
Ves [V]

(b) Vag =0.1V.

10!

[uad /] (5P7)Sor

[wad /] (SP7)Sor

Figure 6.35.: Transfer curve modeling results for (a) Vgs = 0.7V and (b) Vgs = 0.1V shown
in comparison to TCAD simulation. In addition, the permittivity eox of the gate insulator is

varied.
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Figure 6.36.: Simulation results of transfer I-V curves for various doping concentrations Ny
of the source region for (a) Vgs = 0.7V and (b) 0.1 V. Numerical simulation data are extracted
from TCAD Sentaurus to verify the compact model. The compact model is separately fitted for

every Ng value.
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Figure 6.37.: Transfer curves at (a) Vgs = 0.7V and (b) Vgs = 0.1V and various drain region

doping concentrations Ng. The compact modeling results are verified by TCAD simulations.
For all applied Ny the compact model is separately adjusted.
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Figure 6.38.: Varied interface trap concentration Nt0 and its influence on the resulting OFF-

state current. The validity of compact modeling approach is proven by TCAD data in terms of
the current transfer characteristics. (a): Vgs = 0.7V. (b): Vgg =0.1V.
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Figure 6.39.: Transfer I-V curves for varied source materials and drain-source voltages. (a)

presents the results for Vgg = 0.7V and (b) shows the resulting curves at Vgs = 0.1V. TCAD
data are used to verify the compact model.
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6.2 Verification by Measurement Data

After verifying the compact model by TCAD simulations of a DG TFET, the adaptability and
flexibility of the modeling approach is demonstrated with the help of fabricated devices. The
examined devices are complementary nanowire (NW) gate-all-around (GAA) TFETS, fabricated
in the Forschungszentrum Jilich [182]. Figure 6.40(a) depicts a 3D sketch of both the n- and
p-type NW GAA TFET, whereby both types consists of 60 parallel NWs per device. The source
and drain region of the TFET consist of NiSiz, whereby the junctions to the channel region are
doped by an implantation process. In case of the n-type device, a high dose of Boron (BF2+ ) is
implanted into NiSi> at the source-to-channel junction and the drain-to-channel junction is
implanted with a high dose of Phosphorus (P1). For p-type devices, the implantation process
is done vice versa. The gate contact is TiN, the gate insulator material is HfO2 and the channel
is made of strained Silicon (sSi). A detailed explanation of the fabrication process can be found
in [182].

The cross section within a single NW is illustrated in Fig. 6.40(b), with the implantation
regions S and D highlighted in yellow and green, respectively. A single NW has the following
device dimensions: lq, = 350nm, ten, = Snm, tox = 3nm and wen, = 40 nm. Regarding the cross
section from gate to gate (cutline along the y-axis), the NW shows a rectangular shape and
since the channel width is much bigger than the channel thickness (weh > ten), the compact
model for a DG TFET can be applied to a single NW of the GAA device. The contributions of
the gates at the front and backside of the NW to the device current are small and thus can be
captured with the model parameter fitting. The total device current of the NW GAA TFET is
obtained by multiplying the resulting current of a single NW by the count of the parallel NW

as follows:
Ids, caarrer = 60 - Ids, NW - (61)

It should be noted that due to the implantation process of the S/D region, no precise
information about the doping concentrations is available, so that the parameters Ns and Nqg

are used as adjustable values in the compact model.

The verification of the n-type NW GAA TFET for a Vg range from 0.1V to 0.5V is
presented in Fig. 6.41(a). This figure illustrates the measured device current (black dashed
lines), the measurements of the gate leakage current I\ (red triangles), the compact modeling
results (magenta dashed lines with markers) and the blue solid lines shows the summation of

the compact model I and I e The compact model is simulated by applying the structural

g,leak*
parameters of a single NW and with the help of the extracted model parameters listed in
Tab. 6.5. The modeling results stay in a good agreement with the measured values for all
applied Vys values. Only a small deviation of the modeled and the measured I4s occurs for

Vas = 0.1V at the transition from the AMBIPOLAR- to the ON-state. As it can be seen, this
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(b)

Figure 6.40.: (a) 3D sketch of the strained Si NW GAA TFET, whereby both n- and p-type
TFET devices consist of 60 parallel NWs. (b). Cross section within a single NW, showing the
structural parameters applied in the DG compact model. Material S and D region: NiSip. Gate
material: Stack of TiN/HfOo. Channel material: Strained Silicon (sSi) [182].

error is a cause of the gate leakage current I and this effect is not yet considered in the

compact model.

The results of the p-type device are shown in Fig. 6.41(b) for applied drain-source voltages
from Vgs = —0.1V to —0.5V. The compact model is executed by using the adjustable
parameters listed in Tab. 6.5. The modeling approach shows a good match to the measured
data in the ON- and AMBIPOLAR-state of the TFET. Some small inaccuracies occur in the
OFF-state of the device for Vg = —0.1V and —0.3V due to the reasons mentioned in the
n-type verification. Adding the measured gate leakage current I; s, to the modeled Iqs, the
results show a nearly perfect match. For this reason, a gate leakage current model should be

considered in an extended version of the compact model in the future.



UNIVERSITAT ROVIRA I VIRGILI

COMPACT DC MODELING OF TUNNEL-FETS

Fabian Horst

154

6. Modeling Results & Verification

Table 6.5.: Compact model fitting parameters applied in the simulations of the fabricated

complementary NW GAA TFETs.

Parameter Unit n-type p-type
PN - 0.65 0.65
A [ 1.25 0.60

e - 0.95 0.90
A e H 0.90 0.30
m} [kg] 0.50-mgq 0.49-mq
my kgl 0.525-mg 0.54-mg
(n)? [em?] 1.3.107 1 3.5:1071°
(n*)? [cm?] 1.410713 5.0-101%
(0828)° [cm?] 6.0-107 14 8.6:1071°
(o82)” [em?] 8.6:10~ 14 3.0-107 14
(05a7)? [cm?] 9.0-10716 1.0.107
(o%r) [em?] 1.0-10~ 4 1.0.107 1
. H 3.2 2.8
ar H 2.2 2.8
ToaT [em?] 6.19-1072° 6.11-10~2
Ty [em?] 1.89:107 1% 2.02:10~%°
Vi Y 0.95 0.35
ISTAT,max [nm] 4.0 1.8
NP [em™2] 5.1012 5.1012
N, [em~3] 4-102%° 3.10%°
Ny [em ™3] 2.102° 3.102°
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Figure 6.41.: Transfer I-V characteristic measurements of the (a) n- and (b) p-type NW
GAA TFETs to validate the compact modeling approach for various Vys. Black dashed lines:

Measurements of I35. Red triangles: Measured gate leakage current I;nl?ask. Blue solid lines:

Compact model including Igl?ask Magenta dashed lines with markers: Compact model results.
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CHAPTER 7

Circuit Simulation & Performance Evaluation

In this chapter, the feasibility of using the Verilog-A compact model in basic TFET circuit
simulations is demonstrated. The aim of this step is to show and prove the numerical stability,
robustness and flexibility of the derived modeling approach. At first, a single-stage inverter is
simulated and verified by measurements in Sec. 7.1. Based on the single-stage inverter, a TFET
SRAM cell is under investigation in Sec. 7.2. Finally, in Sec. 7.3 an 11-stage ring oscillator
simulation is performed to show the capability of the compact model in simulating multiple
connected TFET devices. The circuit simulations are performed in the device modeling software
IC-CAP from Keysight Technologies [87] and Cadence Virtuoso [86].

7.1 Single-Stage TFET Inverter

In [182], a fabricated single-stage inverter based on complementary TFET technology has
been introduced. This is a very good possibility to demonstrate the numerical stability and
robustness of the compact model. A schematic TFET inverter layout is shown in Fig. 7.1(a),
where Fig. 7.1(b) depicts a microscope image of the fabricated inverter. Each of the fabricated

devices, n- and p-type TFET, are verified in terms of the transfer I-V curves in Sec. 6.2.

The available DC measurements of the TFET inverter’s voltage transfer characteristics
(VTC) are used to verify the simulations using the compact model as it is shown in Fig. 7.2.
The simulations are performed in a supply voltage range from Vgg = 0.6V to 1.0V. It
can be seen that the simulated results show a good agreement with the measured VTC
for [0.7V < Vaa < 0.9V] in the whole input voltage range. At Vaa = 0.6V, a horizontal
displacement of the inverter’s switching voltage can be seen. This is maybe caused by the
small inaccuracies of the current transfer curves (see Fig. 6.41) and the neglected gate leakage
current in the compact model. However, it can be seen that the switching steepness is predicted
correctly as well as the amount of the output voltage Vout in the high- and low-state of the
inverter. For an applied supply voltage of Vaa = 1.0V one can see a mismatch in the switching

steepness of the inverter. The simulation results show a steeper switching behavior than the

157
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Vin Vout

T1

(a) (b)

Figure 7.1.: (a) Schematic of the complementary TFET inverter layout, where T1 is the n-
and T2 the p-type TFET. (b) Fabricated inverter layout, built with p- and n-type NW GAA
TFETs with 60 parallel NWs per device. The source of the p-type TFET is connected to the
supply voltage Vgq and the source of the n-type device is connected to ground level (GND).
Both gates are connected to the inverter’s input voltage Vin. The output of the inverter is
marked by Vout [182].

measured VTC. This is caused by an underestimation of the TAT current in the compact model.
In addition, the impact of the AMBIPOLAR TFET behavior becomes visible in the inverter’s
VTC in terms of a output voltage degradation in the low-state of the inverter. The output
voltage Vous starts to re-increase when the inverter switches from the high- to the low-state
for all applied Vaq values. In conclusion, it is possible to obtain simulation results with the

compact model that are really close to the measurements of the fabricated TFET inverter.

0.8 — Simulation
--+ Measurement
0.6
........... V4a=0.6...1.0V,

0.2

0.7 0.8 0.9 1.0 1.1 1.2 1.3

Figure 7.2.: Voltage transfer characteristic of the complementary single-stage TFET inverter
for various supply voltages Vgq. The simulation results using the compact model are compared
to measurement data of the fabricated inverter.
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7.2 8T TFET SRAM Cell

After the validation of the transfer I-V curves of the fabricated TFETs and the single-stage
TFET inverter, it is possible to simulate a TFET SRAM cell that shows a nearly realistic
behavior. The layout of the SRAM cell is introduced in Sec. 7.2.1. The SRAM cell simulations
and the cell performance evaluation in terms of the static noise margin (SNM) are presented in
Sec. 7.2.2 for various operation regimes of the cell. This study is based on the work published
in [134].

7.2.1 Cell Layout

The examined SRAM cell layout is introduced in this section. The circuit design of an SRAM
cell using complementary TFET technology is a big challenge in the designers’ community,
since TFETs have an unidirectional device current and an AMBIPOLAR behavior in the current
characteristics [157]. Due to these TFET properties, the conventional 6T SRAM cell layout
cannot be applied. In [156, 183], an SRAM cell layout consisting of eight complementary
TFETs is reported and successfully simulated. Based on these experiences, the 8T SRAM cell

layout shown in Fig. 7.3 is investigated hereinafter.

The 8T TFET SRAM cell consists of two cross-coupled inverters, which are defined by the
transistors T1...T4. The transistors T1 and T3 are n-type pull-down (PD) TFETSs, whereby
T2 and T4 characterize the p-type pull-up (PU) TFETs of the inverters. The two inverters are
biased with the supply voltage Vaa and controlled by the n-type access transistors (AT) T5
and T6. Due to the unidirectional device current of the TFETS, the ATs are outward-faced
and thus enable a robust layout solution for writing operation of the SRAM cell [156]. The
output and negated output of the SRAM cell are labeled Q and QB, respectively. The two
remaining transistors T7 and T8 form the decoupled circuit for read operations and are both
n-type TFETs.

Because of the additional two transistors that form the decoupled read circuit, it is mandatory
to use an additional word- and bit line in comparison to the conventional 6T SRAM cell layout.
The additional word line for read operations is denoted as WLgr and the bit line as BLg. The
already existing lines in the conventional layout are used to perform write operations. Therefore,
the word line is marked with WLwy, the bit line with BLw and the negated bit line with BLBw.

In the default simulation setup, the cell ratio CR = wrv/w,, is set to one. That means, the
access transistors have the same channel width w,r as the pull-down transistors wp,. The
reason for choosing a CR = 1 is to achieve simulation results close to the fabricated TFET
devices. Since the n-type and p-type TFETs have the same device geometry parameters, all
transistors T1...T8 have the same device width w; = 40nm. In order to demonstrate the
impact of the AT’s device width on the resulting SNM, w,r is varied by an integer multiple of

the original device width: Warvar = 1 - War, with (n =1,2,3,...).



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

160 7. Circuit Simulation & Performance Evaluation
WLy
’ ' WLp BLg |
(1(1—|— é J— é
oo | A Lo U
1 0 OB 4
T6 [ ) T5 i

T L

Figure 7.3.: Layout of the 8T TFET SRAM cell [156]. The cross-coupled inverters are made
up of the TFETs T1...T4. The TFETs T5 and T6 describe the outward-faced access tran-
sistors. The decoupled read circuit is located in the dashed green box and is formed by the
TFETs T7 and T8.

7.2.2 Simulation Setup and SNM Analysis

The first simulation step shows the analysis of the SNM of the SRAM cell for a hold/read
(H/R) operation. In order to simulate a hold operation, at first, the supply voltage Vaq is
applied, then all bit lines (BLw, BLBw & BLg) and word lines (WLw & WLR) are biased
with zero volts. The state of the flip-flop is not of interest here since Q and QB are swept
separately during the SNM analysis. The simulation of a read operation is done by biasing the
word line WLr with Vaq and pre-charging the bit line BLr with Vad/2 due to the outward-faced
ATs [156], thereby all other lines stay at zero volts.

In order to demonstrate the influence of neighboring SRAM cells on the SNMy/r of the
investigated cell, two additional simulations of a H operation are performed. Since several
SRAM cells are connected in a matrix, the bit lines of all cells in a matrix are interconnected
as well as the word lines. A possible scenario is that one cell is being read out while something
is being written to the cell below. Thus, it can happen that during a read operation of a cell,
the bit line BLw or BLBw is biased. As the word line of this cell is not biased, the values at
the bit lines are not written to the cell. However, it has to be investigated, if the voltages at
the bit lines have an influence on the cell. So, in the first simulation, V4q is applied and the bit
line BLw is biased with Vad/2, whereby all other lines stay at zero volts. In the second one, the
negated bit line BLBw is biased with Vad/2, the cell is supplied with Vaq and all other lines

stay at zero volts.

The simulated butterfly curves of the SRAM cell in H/R operation for a supply voltage of

Vaa = 0.7V are shown in Fig. 7.4(a). The results for hold and read operation are identical in
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consequence of the decoupled read circuit of the examined SRAM layout. The related H/R
SNM is calculated as introduced in [184] and yields SNMy /g = 121.5mV. The two additional
hold operation simulations result in the same SNMy = 121.5mV, so it can be seen that a W
operation to a neighboring SRAM cell does not influence the cell under investigation. It should
be noted that the output voltage degradation of the inverters’ VT'C rather reduce the resulting
SNM, but this effect is not considered in the SNM calculation as it has been presented in [184].

In the next step, simulations are done in order to analyze the SNM for a write (W) operation
of the SRAM cell. For this analysis, the inverter curves for writing a logical ‘1’ and a logical
‘0’ are simulated for a supply voltage Vaqa = 0.7 V. In order to write a logical ‘1’, the bit line
BLw is pre-charged to Vad/2, the negated bit line BLBw stays at zero volts, whereafter the
writing word line WLy is biased with Vaq. In the W operation of the SRAM cell the read
lines WL and BLg stay at zero volts. On the other side, to write a logical ‘0’, the negated bit
line BLBw is pre-charged with Vada/2, the writing word line is set to WLw = Vaq and all other
lines are biased with zero volts. The simulation results of the W operation of the SRAM cell
are depicted in Fig. 7.4(b), whereby the resulting SNMw = 88.9 mV is calculated in the same
manner as mentioned above. The output voltage degradation of the inverters’ VIT'C reduces

the resulting SNMw as mentioned above, which is not considered in the SNM calculation.

Based on the simulation setups for hold, read and write operation, the static noise margin
is analyzed for various device widths of the ATs. This is done in order to show the influence of
different w,r on the resulting SNM. The simulation results are depicted in Fig. 7.5(a), thereby
wyr is varied in an integer multiple as it is mentioned in Sec. 7.2.1. It can be seen that the
SNMy /R stays constant for increasing wur, which is the cause of the decoupled read circuit.
In the W operation, the SNM rises for an increasing “s/we,, due to the improved pull-down

behavior of the cross-coupled inverters for a wider AT.

Similar to the previous simulation and analysis, now the supply voltage Vaq of the logic
circuit is varied and the device width of the ATs war is kept constant. This means that the
simulations are performed with the default SRAM cell layout (war = wpy = wpp). The influence
of the V4q variation on the H/R butterfly curve of the SRAM cell is presented in Fig. 7.4(c).
In this figure, the curves for Vag = 0.6V and 0.8 V are shown as well as the resulting SNMy,/r
squares (1.) and (2.), respectively. The SNMpy/ /g value of square (1.) is 75.8 mV and 163.9 mV
for square (2.). It can be seen, that a smaller supply voltage Vaq causes a reduced area within

the butterfly curves and thus a smaller resulting SNMy /g.

The whole V44 variation in the range from 0.5V to 1.0V and its influence on SNMy/r
and SNMy is presented in Fig. 7.5(b). In Fig. 7.2 and 7.4(c), one can see that a higher
supply voltage causes a higher ON/OFF ratio of the cross-coupled inverters, hence the SNMy /g
increases. The reduction of Vyq results in a smaller SNMw caused by unidirectional device
current of the ATs. This behavior deprives the push-pull action during the write operation

of the SRAM cell [183]. Furthermore, the AMBIPOLAR behavior of TFETs causes an output
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voltage degradation of the inverter’s VT'C as mentioned before.

: — Qu/r (QB) 4 — Qw,1 (QB)
04| ' QBu/r (Q) 0. - Qw.o (QB)
H SNMy/p = 121.5mV | Y SNMyy
) 03173 =88.9mV
o3 1L SN M/ 3
= - > =
o - o 0.2
0.2 T
0.1
SNMyy
Vaa=0.7V T vig =07y
0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
QB [V] QB [V]
(a) Hold/Read operation, Vgq = 0.7 V. (b) Write operation, Vgqg = 0.7 V.
05 B — Qu/r (QB)
' - QBu/r (Q)

01 02 03 04 05
QB [V]

(c) Hold/Read operation, Various Vyq.

Figure 7.4.: (a) Simulation results of the butterfly curve for the 8T TFET SRAM cell in
hold/read operation and a supply voltage Vqq = 0.7V. The SNM square is highlighted by the
red box. (b) Resulting inverter curves of the SRAM cell in write operation. The red square il-
lustrates the resulting SNMyy. Solid black line: Writing a logical ‘1’. Blue dashed line: Writing
a logical ‘0. (c) H/R butterfly curves for Vgg = 0.6V and 0.8 V showing the resulting SNM
squares.
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Figure 7.5.: (a) Simulation results of the SNM for the SRAM cell in hold/read and write
operation for a varying war/w,, ratio and a supply voltage of Vyq = 0.7V. Here, the width of
the ATs war is varied and the width of the PD and PU TFETs stays constant (wpy = wpp).
(b) SNMp, g and SNMw analysis for different supply voltages Vaq and the default SRAM cell

layout (war = wpy = wpp).
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7.3 Ring Oscillator

In the next simulation, the transient response of an 11-stage TFET ring oscillator is examined.
For this purpose, the presented compact DC model is combined with a compact AC model of
the intrinsic TFET capacitances published in [139]. The transient behavior of a TFET-based
single-stage inverter for various device parameters has been investigated in [140] and has shown
the capability of the combined compact AC and DC model. With the help of these simulation
results it is also possible to simulate a TFET-based 11-stage ring oscillator shown in Fig. 7.6.
The impact of the ON-state current on the ring oscillator’s performance has been investigated
in [141].

The results of the transient output voltage Vout and current I,,t response are presented
in Fig. 7.7, where it should be noted that the TFETs used in the inverters are single-gate
devices [141]. In the transient simulation result one can see eleven switching processes in the
output current I,y within one period of the output voltage Vout. Thus, every single inverter
switches once within a period of Vou:. At the applied supply voltage of Vaqa = 0.4V, the output
voltage period results in 7" = 15ns. In addition to numerical stability and flexibility, these
results also show the performance of the compact model when simulating multiple TFET
devices. The transient response of the 11-stage ring oscillator including 22 TFET devices has

been achieved in less than one minute.

Vaa -

[011t

Figure 7.6.: Schematic of the 11-stage TFET ring oscillator showing the output voltage Vout
and current Ioyut.
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Figure 7.7.: Transient simulation results of the 11-stage TFET ring oscillator. The simulated
inverters are based on single-gate TFETs. Left y-axis: Output voltage Vout (blue line) with a
resulting period of one oscillation of 7' = 15ns. Right y-axis: Output current Iout (red line).
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CHAPTER 8

Conclusion

This dissertation presents a compact DC model for DG TFETs considering the B2B tunneling
and the TAT effect in the calculations of the device current. All model equations are analytically
solved, include 2D effects and allow for an implementation in the hardware description language
Verilog-A.

The compact modeling approach is derived on the basis of an analytical-numerical 2D DG
TFET model of our workgroup reported in [128, 129, 131]. It is essential to have an accurate
solution of the electrostatics for the calculations of the device current in TFETs. Hence, the
potential solution in the compact model is derived with the help of the 2D closed-form potential
solution of the analytical-numerical model. However, this closed-form solution is not suitable
for a time-efficient Verilog-A implementation and thus, the device potential in the compact
model is approximated by mathematical functions. After carefully investigating the potential
shape in TCAD Sentaurus simulation results, the potential along the z-axis within the channel
of the TFET is approximated by a rational function o 1/z. The rational function is used to
define the potential in the first and the second half of the channel separately. The potentials
within the source and drain region are approximated by a parabolic function o z? in order to
take into account the impact of the depletion regions on the resulting B2B tunneling current.
The parameters that define the potential approximation functions are extracted by using seven
potential values of the 2D analytical electrostatic potential solution. Based on the potential
approximation along the z-axis, it is possible to describe the potential along the y-axis, which
points in the direction of the channel thickness, by a polynomial function. The parameters
of this function are determined by picking a potential value at the surface and the center of
the channel and the exponent of the function is calculated considering the effect of inversion
charges. For this reason, the analytical potential solution is extended by taking into account
the effect of inversion charges on the electrostatics. Considering the first derivative of the
potential in x and y direction, it is possible to find a compact description for the absolute value
of the electric field.

167
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The band diagram of the TFET is determined by an application of the compact potential
solution. Due to the high doping concentrations of the source and drain region, the effect of
band gap narrowing is taken into account. The compact equations also allow for a calculation

of the consideration in heterostructure TFETs.

The tunneling probability for the B2B tunneling and TAT is calculated with the help
of an area-equivalent WKB approach. In this model part, the tunneling energy barrier is
approximated with the help of a triangular energy profile, which has an equal area as the
energy barrier defined by the band diagram. In the calculations of the area-equivalent triangle,
a compact expression describing the tunneling distance is used, which is derived on the basis of

the band diagram.

Landauer’s tunneling formula is applied to describe the B2B tunneling generation rate
along the z-axis for an arbitrary y-position in the channel region of the DG TFET. A compact
expression is found by approximating the TGR with a Gaussian distribution function, that
allows a closed-form integration in order to obtain the tunneling current density along the
y-axis. In case of TAT, the generation rate formula is rearranged by combining Landauer’s
tunneling formula and the TAT model of Hurkx, where a closed-form expression is obtained
after an approximation by a Gaussian distribution function. The current density along the
y-axis also needs to be approximated since a closed-form integration is not possible. A compact
expression that characterizes the first half of the channel is also found by using a Gaussian
distribution function. An integration of the compact current density results in the tunneling
current of the DG TFET, including both the B2B tunneling and TAT current part in the ON-
and AMBIPOLAR-state of the device. After finding a compact solution of the device current, the

modeling equations are implemented in Verilog-A.

The compact DC model verification is firstly done with the help of TCAD Sentaurus
simulations of an n-type DG TFET for various simulation parameter setups and secondly
by measurements of complementary fabricated TFETs. The electrostatic potential, the band
diagram and the absolute value of the electric field are extracted from the TCAD simulations
to prove the accuracy of the derived compact potential model, the electric field solution and the
band diagram model for various bias conditions and a varying source material. The comparison
of the modeling results with TCAD data shows a good agreement in dependency of x and y.

After demonstrating the accuracy of the compact band diagram, the area-equivalent WKB
approach is investigated. The resulting triangular tunneling energy barrier is illustrated within
the band diagram in order to highlight the feasibility of this approach. The results shows that
the AE WKB approach is very suitable to reproduce the tunneling energy barrier formed by
the band diagram. Furthermore, the AE WKB approach is compared to a quasi-2D WKB
approximation, where the AE WKB approach offers a better match in terms of the tunneling
barrier height for various applied bias conditions and source materials. In contrast to the quasi-

2D approximation, the AE WKB approach is suitable for a numerically robust implementation
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in Verilog-A. In the next step, the B2B TGR is plotted against the TCAD simulation results

and shows a good match for various bias conditions and materials of the source region.

The I-V characteristics of the DG TFET are used to show the flexibility of the compact DC
model. Firstly, the compact model is verified by TCAD simulation data in terms of the current
output characteristics and its first and second derivative for various applied bias conditions.
In a second step, TCAD simulations of the current transfer curve are performed for different
applied bias conditions and various device parameters, like geometrical dimensions, materials or
doping concentrations. The comparison with TCAD data shows a good agreement even in the
first and second derivative of the transfer I-V curve. In addition, the compact model offers a
good scalability regarding a change in the device dimensions and in the gate insulator material
without readjusting the extracted model parameters. Regarding a change in the source material
to heterostructures, the compact model stays in a good agreement with the simulations in
TCAD.

In order to highlight the feasibility of adapting the model approach to other geometries, the
compact model parameters are readjusted so that a simulation of a nanowire gate-all-around
TFET is possible. Here, the p-type model is emulated from the n-type modeling approach.
With the help of transfer I-V curve measurements of fabricated complementary devices, the
compact model validity is proven. The modeling results for various drain-source voltages shows
a good match with the measured data for both the n- and p-type TFET.

Using the compact model parameters that are extracted for the fabricated TFETs, it is
possible to perform a DC simulation of a single-stage TFET inverter. The simulations results
for various supply voltages are compared to measurements of a fabricated TFET inverter and
offer a good match, even the parasitic effects like TAT or the AMBIPOLAR behavior of the TFET
are very well reproduced in the simulations. Furthermore, a DC simulation of a TFET-based
SRAM cell is performed and analyzed in terms of the static noise margin. The simulations
are done with the modeling parameters extracted for the fabricated devices in order to obtain
nearly realistic simulation results. Finally, the DC model is extended by a compact AC model
of the intrinsic capacitances in TFETs, which allows for a transient simulation of an 11-stage
ring oscillator. All the simulations of basic TFET circuits demonstrate the numerical stability,

continuity and flexibility of the compact model.

Finally, in conclusion it is to say that a compact DC model for TFETs is developed which
offers a good possibility to perform TFET-based circuit simulations in a very time-efficient and
accurate way. The modeling approach is derived for a DG TFET but is not limited to this
device structure. Beside the B2B tunneling current model, the approach also considers the
parasitic TAT effect.
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Regarding the state-of-the-art TFET technology, it is to say that there are a lot of problems
to be solved concerning the enhancement of the ON-state current and at the same time the
reduction of the traps at the channel junction. Another important issue is the suppression of
the AMBIPOLAR-state current. The research community is still working in the optimization of
the TFET as a possible successor of the conventional MOSFETs and the presented compact

model allows a fast simulation and evaluation of single TFETs and TFET-based circuits.

Due to the fact that some effects influencing the TFET behavior are not included in the
modeling approach, the compact model should be extended in future work. At first, the effect
of the gate leakage current should be taken into account as it was reported in [185]. Secondly,
a possible way to suppress the AMBIPOLAR-state of the TFET is to consider a gate underlap at
the drain-to-channel junction as it has been demonstrated by TCAD simulations in [178, 179].
A possible model approach was introduced in [111]. A last possible step to extend the compact
model could be the transformation of the DG structure into arbitrarily shaped structures with
the help of scaling concepts as it was presented for MOSFET devices in [186, 187].
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APPENDIX A

Separation of Real- and Imaginary Parts of the 2D Complex Potential

The compact DC model presented in Chap. 5 is derived in a way that it can easily be
implemented in the hardware description language Verilog-A. For that purpose some complex
equations of the 2D electrostatic potential solution must be rearranged, since Verilog-A is not
able to handle complex expressions. The complex expressions are separated into their real and

imaginary parts in the following, that allows a usage the Verilog-A language.

A.1 Conformal Mapping Function

The function to map an arbitrary point within the complex Z-plane into the upper half of the

w-plane has been introduced in Sec. 4.1.5.

Source Related Case

The mapping function for the source related case is given by (see Eq. (4.37)):

Ws(Z) = u + jv = cosh <A7ry - (z +jy)) , (A1)

which can be separated into its real u and imaginary part v as follows:

u(z) = Re{w} = Re {cosh <A7Ty - (z +jy)) } = cosh (7TA;> - COS <7rAy> , (A.2)

v(z) = Im{w} = Im {cosh <A7Ty (x +jy)) } = sinh <7TA;> - sin (ﬂ;) . (A.3)

Drain Related Case

The mapping function for the drain related case is presented in Eq. (4.38):

@a(Z) = cosh (A”y len —z + jy)> , (A.4)

171



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELING OF TUNNEL-FETS
Fabian Horst

172 A. Separation of Real- and Imaginary Parts of the 2D Complex Potential

where a separation of the real and imaginary part yields:

u(z) = Re{w} = Re {cosh (A7ry “(len — +jy)> }
n . ( ch 37) -
= cosh (Aky> cos <Ay>
v(z) = Im{w} = Im {cosh <A7Ty “(len — +jy))

o 7 (len — ) Ty
= sinh (Ay) - sin (Ay) . (A.6)

A.2 Potential Solution for a Piecewise Parabolic Boundary

; (A.5)

The potential solution for a piecewise parabolic boundary condition is introduced in Sec. 4.2.2.
The electrostatic potential solution presented in Eq. (4.45) is separated into its real and

imaginary part in the following. The solution reads as:

¢p(ws/d(z)):msp-{f (\/1— w02+ /1 (utiv) )—v] (A7)

In the first step, the terms (u + j'U)2 within the square roots are rewritten in complex polar

coordinates:

(u+jv)? = ( (u? + v2))2 -exp (i 2 - arctan (%))

= (u2 + 1)2) -exp | £2j-arctan (%)
M 5
=M -exp(£2j-0) =M - cos(20) £ jM - sin(26). (A.8)

In the next step, the square roots are rearranged. It follows:

\/1— IJvQ*\/l—M cos(20) £ jM - sin(26) \/A:I:JB (A.9)

= /A2 + B2 . exp ﬂ:%j - arctan (g) = {/A2 4+ B2 . exp (:I:j : %) .
—_———

Y
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In the last step, Eq. (A.9) is applied to the potential solution in Eq. (A.7):

o) = a5 | FTT o (11:3) v (5 )] | -
2-cos(%)

= Adp - [\4/ A2 4+ B? . cos (%) - v} (A.10)

whereby the obtained equation allows for an implementation in Verilog-A.

A.3 Potential Solution for a Piecewise Linear Boundary

The complex solution for a piecewise linear boundary condition (see Eq. (4.52)) is separated

into a real and imaginary part. The solution is given by:

éL (@s/d(i)) = :I:% |:O'L’3 - arctan <

aL-u-oL,1-0L,3 — ar-bL-oL1-oL3 +j-arL-v-oL,1-0L,3
OL,4

u/
aL-bL-0L.1-0L2 — QL -U-OL.1-0 j-ar,-v-oL1-0 b
+ ous - arctan L-bL-oL1-0L2 L L,1°0L2 +j-aL L,1'0L,2 ’ (A11)
OL4 »
with:
by, —u’ b, —u —jv b —u+jv
oLl ={\/————, OL2=\/—————, OL3=\/———,
ar, ar, ar,
2 2 2
oLa=b —2-brL -u+u” +v°. (A.12)

Firstly, the simplifications o1, 2 and o1, 3 are rewritten in complex polar form with their

magnitude Mr, and argument 6y,:

4] 7L —u\? v\ 2 1 v
OL2/3 = ( - ) +<a) -exp(:FJ§~arctan(bLiu))

= My, - exp (:F_]QL) . (A13)

Next, Eq. (A.11) is rewritten as:

’

" (A14)

’
Ua

u

oL (u_)s/d(é)) = :I:% . |:O'L,3 -arctan (A1 + jB1) + ow,2 - arctan (As —|—jB2)}
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thereby:

A ar-u-oL,1-0L3 — aL-brL-oL,1-0L3 aL * oL,1
1= =

coL,3 - (u—br)

OL.4 OL,4
ay, - o .
LRI Vi exp (+j6r) - (u — br)
oL,4
ar - o .ap - o .
= =B My cos(fr) - (u— br) +j———=% - My, - sin(6L) - (u — br), (A.15)
OL,4 OL,4
By = QLVOLIOLY | QLo
OL,4 OL,4
— M . ML . COS(GL) +Jw . ML . Sin(eL), (A16)
OL,4 OL,4
Ay = ay-bL-oL,1-0L2 —aL-U-OL1OL2 _ AL 0L oLz (b —u)
OL,4 OL,4
— aL - oL, My, - exp (7.]'(911) . (bL — U)
OL,4
= Tl My -cos(f) - (b — u) — JUETEL My sin(0) - (b —w), (AT)
OL,4 OL,4
and
B, = JLUoL1OL2 ALV Ol g -exp (—jfL)
OL,4 OL,4
_aL-v-dL1 M, ~COS(9L) —Jw - Mz, - sin(0r). (A‘lg)

OL,4 OL,4

B

It can be seen that the resulting expressions Eq. (A.15)—(A.18) still consist of complex

values and therefore the expressions are reordered as follows:

ar - oL,1 - ML

A1 +jB1 = . - [(u —br) -cos(fL) —v - sin(&L)]
L4
Cy
. aL-orL1 - ML .
+j B [(u —br) -sin(fL) + v - COS(HL)] , (A.19)
D
A ., _ar-oL1- My .
2+ jB2 = B [(bL —u)-cos(fr) +v- sm(QL)]
Ca
. ar-op1 - My .
+j " [ — (b —u) - sin(fr) + v - cos(@L)] . (A.20)

OL,4

D2
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By inserting these expressions in Eq. (A.14) yields:

oL (@S/d(i)) = :I:% . {0L73 -arctan (Cy + jDi1) + or,2 - arctan (Cs +jD2)] ’ , (A.21)

’
Uy

whereby in the calculation of the parameters C ... D2 in dependency of o1, 1, it is distinguished
between two cases:
Case I (bn.—w)/q; < 0:

ar - oL,1 - ML

€y = BTl L [(u—br) - cos(6r) — v - sin(dL)], (A.22)
Dy — % [(u—br)-sin(6L) + v - cos(6L)], (A.23)
Cy = % (b — w) - cos(6L) + v - sin(6L)], (A24)
Dy = M on My [ = (b — ) -sin(6L) + v - cos(6L)]. (A.25)

OL,4

Case II (bn.=w)/q;, > 0: 01,1 is replaced by:

ol =y (A.26)
ar,
and the parameters are calculated by:
/
. M
o JLLO;L# (=) - sin(0L) + v - cos(0L)], (A.27)
L4
/
. .M,
Dy = TR T ) - cos(0L) — v - sin(6L)] (A.28)
oL,
ol M
Cy = R % Sl [(bL —u)-sin(fr) —v- cos(@L)], (A.29)
oL
’
. .M,
Dy = LT — ) - cos(6) + v - sin(6L)] (A.30)

OL,4

Next, the arctan has to be solved for a complex value. The solution for the first term is

given by:

arctan(Cy + jD1) = E1 + jFi, (A.31)
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with:
2 2
%f%-arctan 175}% Ci>0
2 2
—%—%-arctan % Ci >0
E, = Re{arctan(Cy +jD1)} = 0 CL=0, 1< Dy <1
g 65,220,1)1 >1
*% Ci=0, D1 <1,
(A.32)
. 1 1 2-Dy
Fl = Im{arctan(01 +_]D1)} = 5 - tanh (CM%H) . (A33)
The second term is solved as follows:
arctan(Cs + jD2) = Ea + jF3, (A.34)
whereby:
2 2
%f%-arctan 1722% Cy>0
2 2
—%—%-arctan % Cy >0
E; = Re{arctan(Cs + jD2)} = 0 Cr=0, ~1< Dy <1
g CbA:‘l Dy >1
4*% Cy=0, D2 <1,
(A.35)
. 1 _1 2- Dy
F2 = Im{arctan(CQ +_]D2)} = 5 - tanh (CW[) . (ASG)
By applying these simplifications, Eq. (A.21) reduces to:
o1 (Ws/a(2)) = i% : [aL,g (By +jF) + oLz (B2 + ng)} , (A.37)

a
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Now, using the complex polar form of o, /3 (see Eq. (A.13)) in Eq. (A.37) leads to:

!

oL (Ws/a(2)) =+ [ML exp (+jbv) - (B1 +jF1) + My, - exp (= jov) - (E2 +J'F2)}

Ua

3
[ . cos (6r) +351n(9L)) (BE1+jF1)

’
u

—O—J— . (cos(HL) —Jsm(QL)) - (Ea —Q—ng)}

’
Uy

o1 (Ws/a(2)) =+ [% (B2 — Br) -sin(6) — (Fy + F2) - cos(6L)]
+j% . [(El + E2) - cos(6r) + (Fs — FY) - sin(OL)H ::) (A.38)

Finally, applying the complex potential theory (see Sec. 2.2), the potential solution for
a piecewise linear boundary condition between u, and uj, is determined by the real part of

Eq. (A.38). A separation of this equation into its real and imaginary part results in:

’
u

Re {1, (i@/a(2)) } = + ]‘f (B2 = Br) sin(6u) — (Fy+ F) -cos(0)]| . (A.39)
T { g, (e/a(2)) } = + ]‘iL By + Bz) - cos(61) + (Fs — F) - sin(61)] :" . (A40)

a

whereby the sign of the real and imaginary part is determined by the applied boundary
conditions ®r1,1 and P2 as it is introduced in Sec. 4.2.3.
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APPENDIX B

Verilog-A Suitable Function Approximations

In order to implement the compact DC model (see Chap. 5) in Verilog-A, it is necessary to find a
suitable approximation of the Fermi-Dirac integral and the error function. The approximations

of these two functions are presented hereinafter.

B.1 Fermi-Dirac Integral

In order to consider the effect of inversion charges on the resulting TFET potential (see
Sec. 4.1.2), it is necessary to have a compact description of the Fermi-Dirac integral. In general,

the integral is defined by:

oo

7

im=[] ———d j > —1 B.1

0= [ st 6> 1), (B.1)
0

with the order j of the Fermi-Dirac integral and the variable n, where the integral is calculated.

There is no closed-form solution of the integral and therefore an analytical approximation has

been introduced by Aymerich-Humet [188]. The Fermi-Dirac integral for the whole range of 7

and any real value of j can be approximated by:

1

Filn) = (G+1)-26D) 4+ expem)’ (B-2)
GO T TG
[b+n+<|n—b|c+ac>E
using the gamma function I" and the unknown parameters are defined by:
15 1
=1+ —= -G+ +—- (G+1)2 .
a \/+4 G+1)+ 55 G+13 (B.3)
b=1.840.61-7, (B.4)
c=2+(2-v2)-277. (B.5)
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180 B. Verilog-A Suitable Function Approximations

The approximation in Eq. (B.2) is suitable for an implementation of the Fermi-Dirac integral

in Verilog-A.

B.2 Error Function

The error function is needed to calculate the compact tunneling current density in Sec. 5.4.4 and
Sec. 5.5.4 as well as the compact tunneling current in Sec. 5.6. In [189] a closed-form approxi-
mation of the error function has been proposed which is defined in the interval [0 < z < 0.

The approximation reads as:

erf(z) =1— (a1 t4as-t° +az- tB) - exp (7%2) , (B.6)
with the parameters:

)= (B.7)

T l4p-a’ '
p = 0.47047, (B.8)
a1 = 0.3480242, (B.9)
as = —0.0958798, (B.10)
as = 0.7478556. (B.11)
By using the point reflection of the error function, which means erf(—z) = — erf(x), the

interval of this approximation can be extended to the interval [—oco < z < oo]. So, the

approximation in Eq. (B.6) is appropriated for a closed-form implementation in Verilog-A.
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APPENDIX C

Terminal Input Voltage Limitations

In order to ensure the continuity of the compact model for bias conditions far away from
the practical working region of the TFET, the terminal input voltages must be smoothly
saturated to a constant value [91]. The smooth limitation of the terminal voltages improves
the convergence of the compact model during the simulation iterations.

At first, the input drain-source voltage Vs in is smoothly limited for negative and positive
values. In the case of negative drain-source voltages Vgs < —0.1V, the TFET turns into a
forward biased diode and this effect is not considered in the compact modeling approach. For

this reason, negative Vys values are limited by the following function [31, 160]:
1 Vds,in

Vi=v9 1o —— = In|14exp| s |1—
d ds,sat ln(1+eXP(Asat)) P sat Vd(;)s%

where Vd(s_,)sat is set to —0.1V and the parameter Agas =~ 10. Vs in defines the non-saturated
input terminal voltage. The obtained Vj, is subsequently saturated for positive values as

follows:

+) 1 Vs
= ) Y Ague - [ 1= s 2
=i |~y (1o (2 (15 ) )]

and results in the drain-source voltage Vgs that is applied to the compact model in Chap. 5.
The positive saturation voltage is set to Vd(: s)at = 1.5V. The smoothly saturated drain-source

voltages Vjs and Vys are plotted against the input drain-source voltage Vg ,in in Fig. C.1(a).
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182 C. Terminal Input Voltage Limitations

In the next step, the applied input gate-source voltage Vs, in is smoothly limited for positive
and due to the AMBIPOLAR behavior of the TFET also for negative values. The limitation is
done by applying the aforementioned smoothing functions and hence, for negative values it

follows:

1 V’s in — ‘/fb
o <sat - 1- — .1 1 Asa : 1 s ’ .
vas Visas |: ln(l + eXp(Asat)) ! ( e ( ' < " Ves,sat >)>:| (C 3)

using the saturation voltage Vgssat, the input gate-source voltage Vs in and the flat band
voltage Vi,. The resulting value for Vg5 is then applied to saturate positive applied input

gate-source voltages which leads to:

1 Ve
s =Vassat - [l — ———— < -In (1 Agat - | 1 — £ . 4
‘/g ‘/g sat |: ln(l + EXp(Asat)) " ( * P ( ¢ ( Vgs,sat ) ) >:| (C )

Here, the saturation voltage is set to Vgssat = 2 V. The resulting Vs is applied to compact

modeling approach in Chap. 5. Figure C.1(b) shows the obtained Vg5 and Vg in contrast to

the input gate-source voltage Vs in-
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Figure C.1.: Smoothly saturated input terminal voltages, where (a) shows the saturated
voltage for negative values V3 and Vs considers a smooth limitation for both positive and

negative input voltages Vs in. In (b), the saturated Vi (negative Vs in) and Vgs (negative &

positive Vgs in) are plotted against Vs in.
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APPENDIX D

Impact of the Adjustable Model Parameters on the Transfer |-V Curve

In the derivation of the compact DC model several adjustable parameters are introduced that
have differing influence on the TFET behavior. The impact of the adjustable model parameters,
which are listed in Tab. 6.2, on the transfer I-V characteristics of the TFET is qualitatively
presented in this chapter. Figures D.1 to D.8 show the influence of the corresponding parameter
on the ON-state of transfer curve in (a), whereby the AMBIPOLAR-state influence in each case
is shown in (b). In addition to the qualitative illustration of the parameter influence on
the transfer curve, each parameter is explained in the corresponding figure caption including
suitable parameter ranges.

Impact of the Parameter )\:i{d:

Sﬁt 1 )‘%t i

log (14s)
log (Ids)

Vgs Vg S

(a) Aj¢: ON-state. (b) Ag,: AMBIPOLAR-state.

Figure D.1.: The parameter )\;/td is used to tune the resulting screening length )‘s/d at the
channel junctions in the potential model of the TFET. For an increasing value, the transfer

curve is fanned out and I4g is increased. The typical range of /\;/td is from 0.5 to 2.0.
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Impact of the Parameter )\m/ﬁt

ln ae ln ae T
~~ ~~
9 9
~ ~
SN— N—
o0 o0
o o
— —
VgS Vgs

(a) Ajy qe: ON-state. (b) AfL ge: AMBIPOLAR-state.

Figure D.2.: The parameter X\ /ﬁt is applied to change the influence of the inversion charges
on the resulting potential solution at the channel junctions. The parameters are defined in

the interval [0.2 < )‘fétiit 00). The smaller the value of )\hi ¢ the higher is the influence of

inversion charges on the electrostatics and the transfer curve.

Impact of the Parameter m:/d:

m: m3

~ ~

T 5
=5 =5
N— N—

o0 o0

] @)

—_ —

(a) mJ: ON-state. (b) mJj: AMBIPOLAR-state.

Figure D.3.: The effective carrier masses m7,, have a linear and an exponential impact on

the TGR and therefore on the resulting B2B tunneling and TAT current. The TGR is linearly

dependent on m;‘ d and Ttun is exponentially dependent on m;‘/d. The effective carrier masses

should be chosen in the range from 0.05-mg to 0.7-mg.
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Impact of the Parameter (1%/9)%:

(n°) 1 () 1

log (14s)
log (Ids)

Vgs Vg S

(a) (n°)%:: on-state. (b) (n%)?: AMBIPOLAR-state.
Figure D.4.: The variance (ns/d)2 occurs in the compact current density calculations along
the y-axis and has a linear dependency on I35 and an inverse proportional dependency in the
error function term in the Iy calculations. The linear dependency dominates in the case, when
the error function saturates to the value 1. (n*/9)? is defined in the range [0 < (n*/4)2 < t2.]-

Impact of the Parameter (agz/gd)Q:

(0133213)2 1 (0%23)2 T

log (I4s)
log (Ids)

Ves Ves

(a) (o5op)%: ON-state. (b) (08,5)%: AMBIPOLAR-state.

Figure D.5.: The variance (crISB/;}lB)2 occurs in the calculations of the B2B tunneling generation
rate and has nearly the same influence on B2B tunneling part of Iqs as (n%/4)2. The variance

(0153/2%)2 should smaller than (lcn/4)2.
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Impact of the Parameter (o-?,{d)Z:

(U'SI‘AT)2 i

log (Ids)
log (Ids)

Vg S

Vg S

(a) (o5ar)?: ON-state.

(b) (0341)3: AMBIPOLAR-state.

Figure D.6.: The variance (U;/AdT)Z is used in the TAT generation rate calculations along the

z-axis and scales the resulting TAT current part in the same way than the variance (JB/;;)Z in
the B2B tunneling current calculation (see Fig. D.5).

d
Impact of the Parameter %f,{T :
S
#rar %E[i‘AT 1
—~~ —~~
S 5
~ ~
N— N—
20 )
o) o)
p— p—

(a) »54p: ON-state. (b) »$,p: AMBIPOLAR-state.

Figure D.7.: The fitting parameter %ZST can be used to tune the resulting slope of the TAT
current part. The smaller the value of %ZST, the steeper the resulting slope, whereby the

amount of the TAT current has to be adapted by the parameter T;QdT afterwards. The typi-
cal range is from 1.0 to 1000.
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d
Impact of the Parameter TTS,( :
S
Trar T T%AT fr
—~~ [
3 9
~ ~
~ N—
o0 20
o O
—_ e
Vgs Vgs

(a) Thap: ON-state. (b) 78,1: AMBIPOLAR-state.

Figure D.8.: The capture cross section ’T;QdT is used as a linear adjustable factor in the TAT

current part calculations. The amount of the parameter has to be positive and has a typical

range from 10~23cm? to 10~ 8cm?.

Impact of the Parameters Vg, and 23,

s
vab TT xTAT,n)ax ﬂ

~ ~—

9 9
~ ~
N~— N~—

o0 o0
2 2

(a) Tmpact of Vip. (b) Impact of LA max-

Figure D.9.: The flat band voltage Vg, in (a) is used to capture a change in the work function
of the gate contact metal. An increasing V4, causes a right shift of the transfer I-V curve. The
parameter T5,p ., determines the z-position of the TGRp,p maximum. Typical range: [0 <

xSTAT,max < lCh/Q]'
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