DESIGN, SIMULATION AND PRQ%;’SS
»
DEVELOPMENT FOR SOI SINGLE-SL*ECTRON
O
TRANSISTOR (SET) FABI%L(S*ATION

.\‘\Q
O\
b@*
&Q’b
AMIZA BINTI RASMI
© 0430110001
A
AN
@@
R\
o

’QQ A thesis submitted

© in fulfillment of the requirements for the degree of
Master of Science (Microelectronic Engineering)

—

School of Microelectronic Engineering

KOLEJ UNIVERSITI KEJURUTERAAN UTARA MALAYSIA

APRIL 2006




ACKNOWLEDGEMENTS

The journey towards the completion of this thesis was full of unexpected
challenges and it is almost impossible to complete this thesis singla&&dedly without
the help and support of others. I would like to give my heartfelt t 1 o everyone who

has provided me with such support.
R

\(J

First of all, I would like to acknowledge and q@rfgs the greatest gratitude to the
best responsible and supportive supervisor, Asgt Prof. Dr Uda Hashim, for his
encouragement, non-stop guidance and brilli@ql advice throughout this whole project.
His invaluable knowledge and suggestiob&l developed and grown up my experience
and my skills in this nanolechnologyéga.

x <&

My thanks extend t co-supervisor, Dr. Roslina Sidek from Universiti Putra
Malaysia (UPM) for hcr'u‘a?uable knowledge in simulation and support for this project. I
wish to express my tude for the benefits that I have gained from conversations with
the other mengQg;r\s of the IRPA Single-Electron Transistor (SET) Group. I would also
like to than(\@\/lr. Gary Chin from Trans-Dist Engineering Sdn. Bhd. for providing the
ﬁnanci@upport during this project.

Special thanks go to my friends especially for Shaffiz, S Niza, Nuzaihan,
Hamidah, Faiz, Nik Hazura, Sutikno, Noraini, Hasnizar, and lab technicians who always

understand and their great help during the process to complete this project.

Last but not least, endless thanks to my parents, my sister, and my brothers, who

gave the fully moral and financial support to fulfill and accomplish this project.

Thanks to Almighty ALLAH.




TABLE OF CONTENTS

X
o
\\
CHAPTER TITLE ) PAGES
K
: sz}
ACKNOWLEDGEMENTS .\QS i
ABSTRAK o\ iii
ABSTRACT \Q* iv
TABLE OF CONTEN{%b v
LIST OF TABLES QQJ viii
LIST OF FIGU ix
GLOSSAB\%&' ABBREAVATION Xiv
LIST O &GPENDIX XV
] \,Q/
L] %\
N
1.0 RO DUCTION

1.1 An Introduction to Semiconductor Devices 1

1.2 Single-Electron Technology: History and Recent
Developments

1.3 Problem Aspire

1.4 Research Objectives

1.5 Research Scopes

(= S = SV R

1.6 Dissertation Outline




2.0 LITERATURE REVIEW

2.1 Introduction
2.2 Single-Electron Transistor (SET)
2.2.1 Principles of Operation
2.3 Theory of Single-Electronics
2.3.1 The Coulomb Blockade Effects
2.3.2 The Orthodox Theory
2.4 Single-Electron Transistor (SET) Material r \(’\&
24.1 Introduction of Silicon-on-Insulator %
24.2 What is Silicon-on-Insulator (SC@Q
2.4.3 Silicon-on-Insulator (SOI) antages
2.5  Summary | Q(}Q
&\
3.0 SINGLE-ELECTRON TR STOR (SET) MASK
DESIGN O
x<
Q,(’
3.1 Inlroducti@’\'
3.2 Soﬂwa@&)escription

3.3
3.4

L&

40 © SINGLE-ELECTRON TRANSISTOR (SET) FABRICATION

D. s?é% Methodology
&ﬁult and Discussion

N
3 Summa
\5’ mmary

PROCESS FLOW DEVELOPMENT

4.1
4.2

Introduction

The Process Flow Development

42.1
422
423
424
4.2.5
42.6

Starting Material

Wafer Cleaning Process

Material Deposition

Source/Drain and Nanowire Formation
Thermal Oxidation Process

Polysilicon Deposition

10
13
15
15
19
22
23
23
25
26

28

28
29
30
33
39

40

40
42
43
44
45
46
50
51

vi




4.3  Expected Results and Discussion
4.4 Summary
5.0 SINGLE-ELECTRON TRANSISTOR (SET) PROCES{
PROCESS AND DEVICE SIMULATION .\Q\é\
3
3.1 Introduction (JOQ
5.2 Simulation Tools /&
5.2.1 Taurus TSUPREM-4 .\@Q
5.2.2 Taurus Medici 0&
5.3  Simulation Methodologb*
5.3.1 Mask Layc@esign
53.2 Proccsé’vrnulation and Device Simulation
54

4.2.7 Polysilicon Gate Formation
4.2.8 Source/Drain Implantation

429 Contact Formation

4.2.10 Metal Deposition and Formation
4.2.11 Annealing and Alloying Process

Result an{ %Ecussion

5.4.1 . Mask Layout
o

Process Simulation

)
{&G/ .3 Device Simulation

53> Summary
Q&

6.0 © CONCLUSION

6.1 Introduction

6.2 Conclusion

6.3  Project Problems

6.4 Recommendation
REFERENCES
APPENDICES

52
56
57
59
61
62
64

65
66
68
70
71
71
73
76
76
81
91
99

101

101

102

103

104

105

118

vii




FIGURES

Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

LIST OF FIGURES

ix

X
)
TITLE O PAGES

R
\(/

An illustration of Moore’s Law. The nu@& of the
transistors decreases every year .&\QO
Gate length of MOSFETs prcd’“e?in International
Technology Roadmap for %\&:onducmrs
Schematic structure an ivalent circuit of a
single-electron tran&@br (SET)
Comparison o (a) MOSFETs and (b) a silicon-based
singie-elec‘l@: transistor (SET)
Trans@& electrons is (a) one-by-one in Single Electron
T .f;s‘fstor (SET), which is in contrast with (b) conventional

&\QQ‘OSFET where many electrons simultaneously participate to

©

Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9

Figure 2.10

Figure 2.11
Figure 3.1

the drain current

Single-electron transistor (SET) circuits

Drain current versus input gate voltage characteristics of a SET
Circuit diagram of single-island double tunnel junction SET
Electrical characteristics of the Coulomb blockade

Geometry of a nanoscale SOI SET with charge density

iso-surface

Schematic structure of Silicon-on-Insulator (SOI)

Low-power transistor with SOI technology

The rectangular was designed with size 0.400pum in GDSII
Editor Window

11

11

12
13
14
16
17

19
24

25

31




Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9

Figure 3.10

Figure 3.12

Alignment mark

Flow chart of mask design steps
The source and drain mask was designed using ELPHY
Quantum GDS II Editor Offline Software

The source and drain mask. (a) Structure dimension with
channel or commonly called nanowire, (b) Layout 1: Source
and drain, (¢) Cross-section image for source and drain
S
Polysilicon gate mask designed using ELPHY Qua&ﬁh
GDS II Editor Offline Software OQ

The polysilicon gate mask. (a) Structure dirhenision

(b) Layout 2: Layout 1 and gate, (c) Crc@ection image for
polysilicon gate structure after litho

structure after lithography process

y process
Contact mask designed via the Qxﬂmc Software

The contact mask. (a) Strucére dimension (b) Layout 3: Layout 2

and contact, (¢) Cross-
lithography proce%q’
Metallization designed using ELPHY Quantum GDS Il
Editor Offlin®Software

The: mei? ization mask. (a) Structure dimension

(b&)l}ayout 4: Layout 3 and metal, (¢) Cross-section image for

ion image for contact structure after

N e .
&‘@etalllzatnon structure after lithography process

Figure 3@

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10

Complete mask layout designed via the Offline Software
Wafer cleaning process

4 inch wafer is scribed to 1 inch size

Wafer after the cleaning process

Deposition of 30 nm thick silicon oxide layer

Deposition of 40 nm amorphous silicon layer

The PMMA resist coating on the amorphous silicon layer
Mask | — Source and drain mask

Soft bake of the PMMA resist on the amorphous silicon layer
The PMMA resist on the amorphous silicon layer is exposed
using e-beam lithography

The Mask 1 pattern is transferred on the PMMA resist after

32
32

33

34

35

35
36

36

37

38
38
44
44
45
45
46
46
47
47

48




Figure 4.11
Figure 4.12
Figure 4.13

Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20
Figure 4.21

Figure 4.22
Figure 4.23

Figure 4.24
Figure 4.25

Figure 4@
Figure 4.2
Figure 4.28

Figure 4.29
Figure 4.30

Figure 4.31
Figure 4.32

Figure 4.33

complete the e-beam lithography process

The three dimensional device structure after etching the
amorphous silicon layer and oxide layer

The three-dimensional device structure after removed the
PMMA resist and amorphous silicon layer

The three-dimensional image of source and drain regions,
and silicon nanowire after the etching process

The thermal oxidation process on the superficial silicon\l&c
The cross — section structure after thermal oxidation { ss

The hatched regions of the silicon layer Q

The cross — section structure after depositi lysilicon
po OK y

The PMMA resist coating on the polysili{@layer

Mask 2 — Polysilicon gate mask &\QS

Soft bake of the PMMA resist o tQ polysilicon layer
The PMMA resist on the pt&@icon layer is exposed
using e-beam Iithograph@

The Mask 2 pauem{’ﬁrans ferred on the polysilicon layer
using e-beam li ?raphy process

The po]ysi}@gn ate layer is defined on the oxide layer
The cro@ection structure after stripping the oxide layer
Thé%fce-dimensional structure of the polysilicon gate on

\éth(? gate oxide layer

The cross-section structure after implantation process

The three-dimensional structure after the implantation

Process

The cross-section of the structure after growth the thin

oxide layer

Mask 3 - Contact mask

The PMMA resist is coated onto the wafer surface for the

next lithography processes

The cross-section structure after removed the unmasked region
The cross-section structure after removed the PMMA

resist layer

The cross-section structure after deposition of aluminum layer

xi

48

49

49

50
50
51
31
52
52
53
33

54

54

55

55

55
56

56

57
57

58
58

58
59




Figure 4.34
Figure 4.35
Figure 4.36

Figure 4.37
Figure 4.38
Figure 4.39
Figure 4.40
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14

Figure 5.@

Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19

Figure 5.20
Figure 5.21

The PMMA resist is coated onto the aluminum layer
Mask 4 — Metal mask

The cross-section structure after removed the unmasked of

aluminum region

The cross — section structure after stripping the PMMA resist

The three-dimensional image of the final structure of SET device

The annealing process for SET device
The three-dimensional image of SET structure

Taurus Layout main window

X
©)
'Q\
Mask layout design flow *

TWB Experiment window for process and (Rv(g@ simulation
The process and device simulation flow be

Source layer designed using Taurus [ o t
Poly layer designed using Tauru LQwout
Contact layer designed using Taurus Layout
Metal layer designed us%&ums Layout

Mask layout for SE{@%ulation designed using Taurus Layout
Linear cut for two\gmensional simulation

Rectangular\cyt r three-dimensional simulation

The mcs{Qbr initialize structure

Croséoection view of the initialize structure with boron doped

'Qgés-seclion view of the device structure after deposition

BOX layer and silicon layer

The mesh structure of silicon layer, BOX layer and silicon layer
Cross-section view of the structure after the deposition of
oxide layer

The two-dimensional structure of source mask after etching
process from front view

The two-dimensional structure of source mask after etching
process from the side view

The two-dimensional device structure after thermal oxidation
process

Polysilicon gate formation on the gate oxide layer

Structure of arsenic implantation and drive-in process in source

xii

59
60

83
83

84

85

85

86
87




Figure 5.22
Figure 5.23

Figure 5.24
Figure 5.25

Figure 5.26

Figure 5.27
Figure 5.28

Figure 5.29

Figure 5.30
Figure 5.31

and drain regions and polysilicon gate

The two-dimensional structure after patterning the contact holes
Cross-section view of the device structure after completion of
metallization process

Final meshes for the SET structure

Drain current, I as a function of the gate voltage, Vg

Drain current, Ip as a function of the gate voltage, Vg at various

Q™
Drain current, Ip as a function of the drain voltage, Vi\oo

Drain current, I, as a function of the drain volta%,Q/o at various

drain voltages, Vp

gate voltages, Vg \(J
The I -V characteristics for different va@;z%f the gate voltage
at 300 K [68]. O
Three dimensional structure of S& device
Device temperature 6
x <
@)
x <
©
pas
. Q/é\
N

Xiii

88
89

89
90
91

95
95

97

97

98
99




Xiv

GLOSSARY OF ABBREVIATION

&
SET = Single-electron transistor A&\
Ec = Charging energy (Joule) (,OQ
c = Capacitances (F) rz}
= Resistance (Ohm) § QS(\

P = Power (Watt) Oﬁ\
Si - Silicon \Q*
Si0, = Silicon dioxide,&eb
SO1I = Silicon—on«;i&@ﬁbﬂmr
Viu = Thresho{Ooltage (V)
Ip = Dr.a'%’grrent (A)
Vo = é voltage (V)
Vo =, {geDrain voltage (V)
Ly \Q) Temperature (K)
[ '\\Q= Electron charge (Coulomb)

AD =

Technology computer aided design



LIST OF APPENDIX

X
)
&\
APPENDIX TITLE Q*
&
>
AT O
A Publication i\
B Input File Simulation *O
C SET Process Flow Develo \Qt
(}Q/
<
X
KO
Q
O
3 Q}Q
N
N

XV

PAGES

118
134
141



iii

ABSTRAK

20y

Transistor Elektron Tunggal (SET) adalah salah satu daripa@ganoteknologi yang
berkebolehan dan berbeza dari segi saiz peranti yang sangat k n pembuangan kuasa
yang rendah. Tesis ini menerangkan mengenai rckabenp\k(wpeng SET, pembangunan
proses aliran SET, dan simulasi proses dan peranti T. Rekabentuk topeng SET
mengandungi empat peringkat topeng iaitu topeng’@%}‘ dan sumber, topeng get, topeng
tingkap, dan topeng logam. Topeng-topeng ini Q'Qabemuk dalam saiz nanometer (107 m)
menggunakan ELPHY Quantum GDS Ib\gimr Software. Topeng salir dan sumber
dihubungkan dengan dawai nano yan &@etak di antara bahagian salir dan sumber. Dawai
nano ini direkabentuk dengan l@m panjang dan 10 nm lebar. Proses aliran yang
mengandungi detail paramete an dibangunkan untuk simulasi proses dan peranti SET.
Proses aliran SET ini men{ay ngi sepuluh proses modul iaitu proses pembersihan wafer,
pemendapan bahan, bentukan salir/sumber dan dawai nano, pengoksidaan haba,
pemendapan palys‘fiaon, pembentukan get polysilicon, resapan salir/sumber, pembentukan
tingkap, pe@an dan pembentukan logam, dan akhir sekali proses pemanasan dan aloi.
Alat si@as Synopsys TCAD telah digunakan untuk melakukan simulasi proses dan
peranti SET. Keputusan dari simulasi proses dan peranti menunjukkan bahawa transistor
elektron tunggal yang mana dawai nano telah direkabentuk dengan 100 nm panjang dan 10

nm lebar beroperasi pada suhu bilik (300 K) dengan kapasitans adalah 0.4297 x 10""* F dan
tenaga pengecasan adalah 186.4 meV.



ABSTRACT

\6&

Single-electron transistor (SET) is one of the promising iagaechnologies and
distinguished by a very small device size and low power dissipah@m This project explains
the SET mask design, SET process flow developmenl.\a{d’ SET process and device
simulation. The SET mask design consists of four ley asks namely source and drain
mask, polysilicon gate mask, contact mask, and me!{\@sk. These masks were designed in
nanometer (10 m) size using ELPHY Quantu: @DS Il Editor Software. The source and
drain mask is connected by a nanowire [a6ed’ between source and drain regions. The
nanowire is designed with dimension QQQpproximately 100 nm long and 10 nm wide. The
process flow which includes the {'@a(ffed parameters is developed for SET process and
device simulation. This proce{\gow consists of ten process modules include wafer
cleaning process, materia\b)d osition, source/drain and nanowire formation, thermal
oxidation, polysilicon @osition, polysilicon gate formation, source/drain implantation,
contact formation’,@%’tal deposition and formation, and finally annealing and alloying
process. The\&%psys TCAD simulation tools are utilized in SET process and device
simulatign wdrk. The process and device simulation result shows that the single-electron
lransistt@esign with a 100 nm length and 10 nm width of the nanowire is working at room

temperature (300 K) operation with a capacitance 0.4297 x 10""%F and a charging energy
186.4 meV.



CHAPTER ]

INTRODUCTION

* Q%
1.1 An Introduction to Semiconductor Devices .\
ﬁ\
O
O\
Recent advances in deep-submic@complememary metal-oxide semiconductor
(CMOS) technologies have made iéﬁ&siblc to load a small Silicon (Si) chip with an
enormous number of lransistors.@h’wcver, the power consumption of the chip increases
due to the increased numbe transistors [1, 2]. This will limit the integration scale
because the power mn&qbtion will go beyond the cooling limit [1].
<2
N
Gordon\ﬂoore, the co-founder of Intel Corporation, noted that the number of
transistors’ﬁ& chip roughly doubled every 18 months [3]. A consequence of this
doublin@ that the individual feature sizes of the electronic components decreases
every year (Figure 1.1). Another consequence of Moore’s Law is that as transistors get
smaller they contain fewer and fewer electrons.

According to the latest roadmap for the microelectronics industry, chips
containing one billion transistors and operating with a clock cycle of a billionth of a
second will be on the market just a few years into the new millennium. Christopher
Wasshuber, a Texas Instruments (TI) scientist said that, in the next 15 years the industry
will reach a point where it can no longer scale metal-oxide semiconductor (MOS) field-

effect transistors (FETs) any more [6]. “We'll have to do something different if we want



to continue Moore’s Law and continue to shrink these devices and make them cheaper

and faster with low power and so on [7].”

MOORE'S LAW

intel
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Figure 1.1: An illustration oore’s Law [4, 5]. The number of the
trng&rs decreases every year.
\\

Nowadays, sitgi@ectron devices (SEDs) [2, 8-9] are believed to be one of the
top-candidates to_replace standard complementary metal-oxide semiconductor field-
effect transisgog_)t‘échnology at the end of the conventional semiconductor roadmap.

\ -
SEDs m@'mg a lot of attention for future large-scale integration because of its low-
power {@@ure and small size [10].

Among various single-electron devices, the single-electron transistor (SET) [11-
15] is the most fundamental. Christopher Wasshuber, a Texas Instruments scientist said
that, it is starting to look viable for CMOS to continue to play a major role by providing
a traditional system interface to millions of radically smaller, lower power, single
electron transistors [16]. The functionality of these transistors (SET) is different and
higher than with MOSFET. “1 can do more with these than 1 can with 20 MOSFETs. 1

can put more functionality into a smaller area for lower power and lower cost,” said
Wasshuber [6].



In addition, SET is believed to be able to replace standard MOSFETS in the nano
scale regime. SET can potentially take the industry all the way to the theoretical limit of
electrons for computing applications by allowing the use of a single electron to
represent a logic state. SET, currently being investigated by many research groups as
possible devices for ultra-high density, low-power information processing or storage
systems [1-2, 10]. Therefore, the development of SET needs to consider all type of

aspect which is comfortable for microelectronic industry.

N

1.2 Single-Electron Technology: History and Recent Deve@ents

QOQ

>

Single-electron technology is based on cony ﬁ\fng the transport of individual
electrons. The importance of charging ef’feﬁs ue to individual electrons was
recognized in 1951 by Gorter [17]. This omenon is known today as Coulomb
blockade. In 1987, Likharev had propos€d a single-electron transistor (SET) in which
the tunneling of electrons can be c@folled by a bias applied at the centre electrode

[15]. X
\O

The first SET .prerimentally demonstrated by Fulton and Dolan [18] and
single-electron chg@ﬁ effects were observed. Dolan [19] developed the double
shadow evapotady}t technique and its variations are untill today the most prevalent ones
to manuféu(kmingle-electmn devices in metallic material systems (mainly Al/ AL, O;).
The pioneering work on silicon (Si) SET was done in 1989 by Scott-Thomas ef
al {20, 21], which also reported the first observation of Coulomb blockade oscillation in
semiconductors. The observed Coulomb blockade oscillation in conductance was

attributed to Si islands unintentionally formed in a narrow one-dimensional channel in a
double-gate Si MOSFET.

In 1991, similar characteristics were observed in a double-gate Si MOSFET with
a point contact [22]. Before that, in 1990, Meirav er al [23] reported on a SET fabricated

with a GaAs/AlGaAs two-dimensional electron gas system. The operating temperature



of these early-era SET was below 1 K because the Coulomb blockade islands were not

small enough.

Ono et al [24] used a technique called pattern dependent oxidation (PADOX) to
make a small silicon SET. These SET had junction capacitances of about 1 aF and a
charging energy, l5c of 20 meV. Postma e/ a/ [25] made a SET that operates at room
temperature by using an AFM to buckle a metallic carbon nanotube in two places. The

total capacitance achievable in this case is also about 1 aF.

N

Pashkin et al [26] fabricated A/Al;O3 SET by means ofé}led evaporation, a
technique that is commonly used for metal SET using e-l@Qm lithography with an
aluminum island that had a diameter of only 2 nm. They ;%ve oped an oxidation process
to shrink the island and reported Lc of 115meV, {tion capacitance of 0.7 aF and
operated at room temperature. Matsumoto ef d& ] fabricated SET with Ti/TiOx

systems, They employed an atomic-force-micrascope (AFM) based oxidation technique
to define islands and achieved E- of a f'eébens of meV.
>

A promising way to fur@v reduce the island size is to use a two-dimensional
silicon-on-insulator (SOI) lé)y@ of separation-by-implanted-oxygen (SIMOX) or bonded
i

wafers, instead of bulk sili¢on wafers. The use of SOI wafers in SET fabrication was
first reported by @ Ahmed [28]. In a more recent study, SET operating at room
temperature h%hem fabricated in a process which is compatible with silicon

technology@. This dissertation reviewing the background of SET, designing of SET

masks, @T process flow development, and demonstrate SET process and device
simulations.

1.3 Problems and Parameters

In the past several decades, many companies in Malaysia and also in other parts
of the world have been involved in semiconductor industry especially in producing the
transistors as the main components for computation and communication. Indeed, these

transistors are transferring millions of electrons at a time on single semiconductor chips,



whereas the power consumption of the chip increases as the number of transistor

increases [3, 4-5].

Additionally, the current size of circuit components in the conventional
microelectronic industry is around 0.13 pum [3] However, this size is not too small since
the current semiconductor technologies are focused towards on device dimensions down
to or even below 10 nm. At the end of the semiconductor roadmap, devices with 10 nm

gate length should become commercially available.

N
| o N RPN NSO (7
To overcome this problem, SET’s are being lnvestlgateéw many scientists and
researchers. In this research, the development of SET is @' Ip the microelectronic
industry to decrease power consumption and device dirr@\sions for the higher devices
performance. Basically, SET has only one elcctrcm\. eath the gate at any given time
whereas CMOS transistors still operate with @lﬂldreds electrons at any given time
underneath the gate [7, 16]. \Q*

e

Therefore, the deve!opmenéﬁ ET needs to consider all type of aspects which
are comfortable for the micm{@’%'ronics industry. Meanwhile, the SET structure must
be in a nano scale regin.lec)(‘gialler size), low power consumption and also operate at
room temperature, Thze\}hree requirements can be achieved from the SET mask design
using ELPHY Quitum GDS II Editor Software and SET process and device

simulations usi{g Synopsys TCAD simulation tools. The difficulty of doing the process
and devicé&ulations of SET will be taken as a challenge in this project.

1.4 Research Objectives

This research consists of three main objectives which are:

[ To design a mask for single-electron transistor using ELPHY Quantum GDS

II Editor Software.

To develop process module for silicon-on-insulator (SOI) single-electron
transistor simulation and fabrication.

To do process and device simulation using Synopsys TCAD tools.



LS

1.6

Research Scopes

The SET which is being investigated covers the following scopes:

1.

Reviewing the theoretical aspects of the single-electron transistor such

Coulomb blockade effects and orthodox theory.

.

Designing masks for single-electron transistor namely ‘Qﬁ?’ce and drain
mask, polysilicon gate mask, contact mask, and metal Qp

Developing and integrating the process modules f@@ngle-electron transistor
simulation and fabrication which include ning, material deposition,
source/drain and nanowire formati9 ’\Q}lermal oxidation, polysilicon
deposition, polysilicon gate formatj \sourcddrain implantation, contact
formation, metal deposition @ormation, and annealing and alloying
process. 6

Performing the process s'(’gﬂ:rlation for single-electron transistor to get device

structure and devicecgsfameter, and device simulation to obtain the device
characteristics. Q&
o
<

i X
Dlssemnj}n Outline

~

©

A brief outline of the objectives and scopes of this project had been given in the

preceding pages. In the following pages, the project is broken down to the chapters as
given following this.

In Chapter 11, the subject matter of single-electron transistor (SET) is introduced.

Here a SET structure and its equivalent circuit, and also operation principle of SET is

presented. Then, the theoretical background of SET which is Coulomb blockade effects
and orthodox theory is briefly discussed. This chapter ends up with discussion about

silicon-on-insulator (SOI) which is utilized as a starting material for SET.



Chapter 111 discuss on the mask design for single-electron transistor (SET).
Explanation on the design methodology using ELPHY Quantum GDSII Editor Software

and its result is covered.

Chapter 1V explains and describes the process module development of SET prior
SOI SET fabrication. This process module will be used for SET simulation (for both

process and device) and also for actual SET fabrication.

Chapter V presents the simulation of SET that includes &ss and device
simulation by using the Synopsys TCAD tools. First, the ﬁ}e odology of the

experiment is presented and followed by the simulation res hich are based on this

tool. The Taurus TSUPREM-4 is employed as a proce;%o\qﬁﬁulator whereas the Taurus
Medici is used as a device simulator. \Q
ﬁ\%

Chapter VI summarizes the over%&ope of the project. The suggestion for
future developments is also included. 6



CHAPTER Il

X
LITERATURE REVIEW *&\Qo
R
@)
N\
>
NS
K\
2.1  Introduction @)
Na
,&6
Scaling down of electronicéwice sizes has been the fundamental strategy for

improving the performance of&é&'ﬁ-large-scale integrated circuits (ULSIs). Metal-oxide-

semiconductor ﬁe!d-ef‘fegt a)szistors (MOSFETs) have been the most prevalent electron
devices for ULSI appli %ns, and thus the scaling down of the sizes of MOSFETs (9] has
been the basis of d\\&qevelopmenl of the semiconductor industries for the last 30 years.
N
'I’héﬂ;gst authoritative industrial forecast, the International Technology Roadmap
for Sen@nductors [30] predicts that this exponential (Moore’s Law) progress of silicon
MOSFETSs and integrated circuits will continue at least for the next 15 years [31].

Figure 2.1 shows predicted features sizes of transistors. Within 15 years, the
device size will be on the nanometer order {30]. However, higher levels of integration
produce greater power dissipation in a small silicon chip. Even now, the power

consumption of some microprocessor chips used in personal computers is more than
S0W [32]
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Figure 2.1: Gate length of MOSFETs predi.cte@i%temationa] Technology
Roadmap for Semico ors [30].

Currently, several tentative techn@gz are investigated in order to overcome the
problems arising from scaling dcviceémensions (transistor gate length L) down to or even
below 10 nm [31-35]. Eventuall{’)&gﬁakes device to be extremely difficult to fabricate and
to achieve high perfonnance@no{her difficulty in current large-scale integration circuits
(LSIs) is increasing povgi\g?ssipation in a small silicon chip [10].

X

However\(,)& the minimum feature size is reduced below ~10 nm, quantum
mechanical«}%cts such as tunneling affect device performance significantly [14]. The
scaling c@m of devices also leads to a reduction in the number of electrons available for
digital switching operations. However, a continuous success in device scaling is necessary

for the further development of the semiconductor industries in the coming years.

Especially, single-electron devices (SEDs) [2, 8-9] are believed to be able to replace
standard MOSFETs in this nanoscale regime. SEDs is drawing a lot of attention for future
large-scale integration because of its low-power nature and small size [10, 32] Besides,

SEDs are the key to minimizing power consumption because they can control the transfer
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of individual electrons [32, 36-38] based upon the Coulomb blockade effect will be

discussed in the next section.

In addition to their low-power nature, SEDs have a rather simple operation principle.
The operation principle is basically guaranteed even when device size is reduced to the
molecular level. Additionally, their performance improves as they become smaller [2]
These properties are quite beneficial for large-scale integration. Furthermore, SEDs can
work not only as simple switches, but also have high functionality. Tht@ these special

°

features should be exploited to achieve high performance and lower & dissipation.
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2.2 Single-Electron Transistor (SET) - O
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“The Smaller We Are, The Better Vggrform.“ That is the siren song of SEDs, in

which electrons skip on and off q m dots or tunnel through barriers thought

impenetrable in the world of classi@p ysics [39]. The SEDs are the ultimate low-power

consumption device because, QQ name implies, they operates on just a single electron
based on the Coulomb bloc@e

Q

The most fipdamental three-terminal SEDs are called single-electron transistor

d quantum size effect [40].

(SET) [ i2-13~é§ SET is always three-terminal devices with gate, source, and drain,
unlike quantum dots (QDs) and resonant tunneling devices (RTDs) which may be two
terminal devices without gates [11]. The SET is expected to be a key device for future
extremely large-scale integrated circuits because of its ultra-low power consumption and

small size. The schematic structure of SET is shown in Figure 2.2



