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Abstract 

The wide range for applications for microelectronic devices is basically 

due to the scaling down of dimensions of such devices. Unfortunately, the 

scaling down and miniaturization of these devices is not infinite. There 

are some challenges and limitations for scaling down of these devices into 

the nanometer regime. 

Accordingly, researchers are looking now to build new microelectronic 

devices with very small dimensions (nanotechnology). The behavior of 

such devices will be interpreted based on quantum mechanics principles 

due to small dimensions. The single-electron transistor (SET) is one of 

these devices which belongs to the quantum microelectronics family. 

The thesis is organized as follows: 

Chapter 1: The motivation behind searching for new electronic devices to 

be used in the nanometer regime, revision of the challenges facing 

conventional CMOS devices and reVISIon of the promIsIng 

nanotechnology devices. 

Chapter 2: The promising applications for SET devices: hybrid, room

temperature, logic and novel circuits. 

Chapter 3: The physics and operation of the single-electron transistor 

(SET) including different theories used to describe the transport of 

electrons within the device and the Coulomb blockade phenomenon. 
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Chapter 4: The models used to simulate the SET including master 

equation method, Monte-Carlo method, SPICE models and computer 

programs used for each method. 

Chapter 5: Our contribution of building a new fast and accurate model for 

SET devices using the reduced master equation method, also we will 

benchmark our results with that of "Quantum-Transport Group" at Delft 

university . 

Chapter 6: Conclusions and proposed future work. 

111 



Contents 

Page 

Acknowledgment 

Abstract II 

1 Motivation of searching for new electron devices. 

1.1 Introduction 1 

1.2 The concept ofMOS scaling to: 7 

1.2.1 Increase device packing density 8 

1.2.2 Improve frequency response (transit time) 8 

1.2.3 Improve current drive (transconductance gm) 9 

1.3 Challenges and limitations of CMOS scaling down 9 

1.3.1 Lithography 9 

1.3.2 Power supply voltage 10 

1.3.3 Short-channel effect 11 

1.3.4 Gate oxide 1 1 

1.3.5 High field effects 12 

1.4 Nanotechnology overview. 12 

1.4.1 Carbon-nanotubes 14 

1.4.2 Molecular electronics 18 

1.4.3 Single electron tunneling transistors 19 

2 SET applications 

2.1 Hybrid circuits 22 

2.2 Room temperature devices 24 

2.3 Logic gates 30 

2.4 Novel circuits 33 

3 Basic physics of single-electron devices 

3.1 Introduction 37 

IV 



3.2 Coulomb blockade phenomenon 38 

3.3 Hadley derivation for electrostatic energy of single-electron 41 

circuit 

3.4 Tunnel rate calculation 43 

3.5 Single-electron box 45 

3.6 Single-electron transistor 48 

4 Simulation of single-electron systems 

4.1 Introduction 51 

4.2 Master equation (ME) modeling 51 

4.2.1 The ME algorithm 51 

4.2.2 The SENECA algorithm 55 

4.3 Monte Carlo (MC) modeling 57 

4.3.1 The MC algorithm 57 

4.3.2 The SIMON algorithm 60 

4.4 Spice modeling 63 

5 A new fast and accurate steady state model for single-electron 

transistor 

5.1 Introduction 71 

5.2 Single-electron transistor (SET) theory of operation 71 

5.3 The new fast master equation (ME) model 74 

5.4 The fast model summary and algorithm 78 

5.5 Simulation results and comparison with the quantum- 80 

transport (QT) model 

6 Conclusions and future work. 90 

References 92 

Appendix: Our fast model code. 

v 



List of Symbols 

Symbol Description Units 

A Angstrom 

CB Capacitance of Back-Gate Capacitor in SET F 

CD Capacitance of Drain Tunnel Junction in SET F 

CG Capacitance of Gate Capacitor in SET F 

Cs Capacitance of Source Tunnel Junction in SET F 

DiE) The Density of States of the Final Side of the Potential m-3r l 

Barrier. 

Di(E) The Density of States on the Initial Side of the Potential m-3 
rl 

Barrier. 

E 

E 

Electric Field 

Electron Charge 

Charging Energy of Electron 

Vim 

C 

eV 

Ec,f The Conduction Band Edge of the Side where the Electrons is e V 

Tunneling to. 

Ec,i The Conduction Band Edge of the Side where the Electron e V 

Resides Initially. 

Final Energy of a Tunneling Electron. 

Initial Energy of a Tunneling Electron. 

ev 

ev 

I(E) Fermi-Dirac Distribution Which gives the Occupation -

Probability of Energy Levels in Equilibrium 

H 
-
h 

I 

K 

Transconductance 

Plank's Constant = 6.626E-34 

Modified Plank's Constant = hl21C = 1.055E-34 

Current 

Constant Field Scaling Factor 

Boltzman Constant = 1.381E-23 

Momentum of State i 

N Number of Free Electrons 

f1;(t) Time Dependent Occupation Probability of State i 

Pn The Occupation Probability of the State n 

VI 

S 

Js 

Js 

A 

JIK 

Kgm/s 



Symbol Description Units 

Pth Threshold Probability 

RD Resistance of Drain Tunnel Junction in SET n 
Rs Resistance of Source Tunnel Junction in SET n 
RT Tunneling Resistance n 
Tif Tunnel Transmission Coefficient from State i to a State f 
V Voltage V 

VB Back-Gate Voltage for SET V 

VDD Drain Bias Voltage for SET V 

VG Gate Voltage for SET V 

V,h Threshold Voltage for SET V 

Z' Total Capacitance of SET F 

rHj The Tunnel Rate from an Initial State i to a Final State f 1/s 

rij Tunnel Rate From State j to State i 1/s 

r(n-lIn) The Tunneling Rate From State n to State n-J 1/s 

J1.E Quantum Level Spacing eV 

J1.F Change in Free Energy in SET eV 

J1.V The Voltage Difference across the Tunnel Junction. V 

l' Tunnel Time s 

VII 



List of Acronyms 

2-D 

ASIC 

BiCMOS 

BJT 

CMOS 

dnaSET 

DRAM 

FET 

ITRS 

KOSEC 

LTG 

MC 

ME 

MIPS 

MOS 

Two Dimensional 

Application Specific Integrated Circuit 

Bipolar CMOS 

Bipolar Junction Transistor 

Complementary Metal Oxide Semiconductor 

Deoxyribonucleic acid SET 

Dynamic Random Access Memory 

Field-Effect Transistors 

International Technology Roadmap for Semiconductors 

Korea Single Electron Circuit Simulator 

Linear Threshold Gate 

Monte-Carlo 

Master Equation 

Millions of Instructions per Second 

Metal Oxide Semiconductor 

MOSES Monte-Carlo Simulator for Single-Electron Systems. 

MOSFET Metal-Oxide Semiconductor Field-Effect Transistor 

MPU 

MTJ 

nMOS 

NRSC 

NVM 

pMOS 

QD 

QT 

rf 
RNG 

SEM 

SENECA 

SET 

SIA 

Microprocessor Unit 

Multiple-Tunnel Junction 

n-channel MOSFET 

National Radio Science Conference 

Non-Volatile Memory 

p-channle MOSFET 

Quantum Dot 

Quantum Transport 

Radio Frequency 

Random-Number Generator 

Scanning Electron Microscopy 

Single Electron Nano-Electronic Circuit Analyzer 

Single-Electron Transistor 

Semiconductor Industry Association 

... 
Vlll 



SIMON SIMulation Of Nanostructures 

SoC System on Chip 

ssDNA Single-Stranded DNA 

STM Scanning Tunneling Microscope 

ULSI Ultra-Large Scale Integration 

IX 



List of Figures 

Fig. 1.1 

Fig. 1.2 

Fig. 1.3 

Fig. 1.4 

Fig. 1.5 

Fig. 1.6 

Fig. 1.7 

Fig.l.S 

Fig. 1.9 

Fig. 1.10 

Fig. 1.11 

Fig. 1.12 

Fig. 1.13 

Fig. 2.1 

Fig. 2.2 

Fig. 2.3 

Fig. 2.4 

Fig. 2.5 

Fig. 2.6 

Semiconductor technology minimum feature size trend. 

Page 

2 

Intel central processing unit (CPU) transistor count trend. 2 

DRAM Y2 pitch and Microprocessor gate length from year 2005 4 

up to 201S. 

Generation and Chip Size for DRAM from year 2005 up to 5 

201S. 

Number of Mega Transistors per chip for both Microprocessor 6 
units and Application Specific IC's from the year 2005 up to 
201S. 

Feature size and number of electrons as projected on the SIA 6 

roadmap under a CMOS SRAM gate. 

Dimension scaling down for MOSFET transistor. 7 

Emerging Technology Sequence. 13 

Future IC. 14 

Carbon-nanotube field-effect transistor. 16 

A nanotube as a light emmiter. 17 

Molecular wire. 19 

Capacititvely coupled SET transistor. 20 

Schematic diagram of the proposed SET/CMOS hybrid 23 
multiband filter. Input voltages goes two ways: One is to the 
control gate of SET and the other is to the output through a 
resistor [4]. 

DC transfer characteristics of the SET/CMOS hybrid mutilband 24 

filter. 

Principle of programmable SET logic. 25 

SET-pMOS circuit. 26 

Output voltage of the SET -pMOS circuit and the CMOS 27 

inverter. 

Bias conditions for the SET-pMOS circuit. 2S 

x 



Fig. 2.7 

Page 

Experimental room-temperature demonstration of the SET - 29 

pMOS circuit. 

Fig. 2.8 Generic threshold gate circuit implementation. 30 

Fig. 2.9 SET buffer/inverter circuit. 32 

Fig. 2.1 0 The dnaSET. 33 

Fig. 2.11 The dnaSET structure that has been simulated. 34 

Fig. 2.12 The dnaSET electrical model. 35 

Fig. 3.1 Free energy of tunneling events. 40 

Fig. 3.2 Product of two Fermi functions for the different temperatures. 45 

Fig. 3.3 Single-electron box. 46 

Fig. 3.4 

Fig. 3.5 

Fig. 3.6 

Fig. 3.7 

Fig. 4.1 

Fig. 4.2 

Fig.4.3 

Fig. 4.4 

Fig. 4.5 

Fig. 4.6 

Fig. 4.7 

Fig. 4.8 

Fig. 4.9 

Charging energy of a single-electron box as a function of the 47 

gate voltage. 

Average number of electron charges <n>on the island of a 47 

single-electron box. 

SET transistor. 48 

Energy band diagram for an SET island. 49 

State transition diagram for a five state system. 52 

The 5-junction pump. 53 

The 8-junction turnstile. 54 

The 6-junction h-pump. 55 

The SENECA algorithm. 56 

State transition diagram for a Poisson process. 57 

Graphical representation for MC modeling method. 59 

Partition of the state into a frequent state domain and a rare state 61 

domain. 

Direct calculation of the contribution of rare events and states by 62 

stepping through the event tree. 

Xl 



Page 

Fig. 4.10 Circuit diagram for a single-electron inverter consisting of two 64 

SET's in series. 

Fig. 4.11 Macromodeling of an SET. 65 

Fig. 4.12 

Fig. 4.13 

Fig. 4.14 

Fig. 4.15 

Current-voltage characteristics of an SET at various gate biases. 66 

Current-voltage characteristics of an SET at various 67 

temperatures. 

Schematic diagrams of SET hybrid circuits. 68 

SPICE macro-model simulation results of a hybrid circuit. 69 

and and 

Fig4.16 70 

Fig. 5.1 State transition diagram for one tunnel junction considering only 72 

one electron tunnel at a certain time. 

Fig. 5.2 

Fig. 5.3 

Fig. 5.4 

The equivalent circuit of a capacitively- coupled single-electron 73 

transistor (SEn. 

State transition diagram for SET device considering only three 74 

charge states ( n-l ,n,n+ 1 ). 

A flow chart of the proposed fast model. 

Fig. 5.5 - 1-V curves for SET device with different parameters. 

Fig. 5.18 

82 

XII 


	52878-0001
	52878-0002
	52878-0003
	52878-0004
	52878-0005
	52878-0006
	52878-0007
	52878-0008
	52878-0009
	52878-0010
	52878-0011
	52878-0012
	52878-0013
	52878-0014
	52878-0015
	52878-0016
	52878-0017
	52878-0018
	52878-0019
	52878-0020
	52878-0021
	52878-0022
	52878-0023
	52878-0024
	52878-0025
	52878-0026
	52878-0027
	52878-0028
	52878-0029
	52878-0030
	52878-0031
	52878-0032
	52878-0033
	52878-0034
	52878-0035
	52878-0036
	52878-0037
	52878-0038
	52878-0039
	52878-0040
	52878-0041
	52878-0042
	52878-0043
	52878-0044
	52878-0045
	52878-0046
	52878-0047
	52878-0048
	52878-0049
	52878-0050
	52878-0051
	52878-0052
	52878-0053
	52878-0054
	52878-0055
	52878-0056
	52878-0057
	52878-0058
	52878-0059
	52878-0060
	52878-0061
	52878-0062
	52878-0063
	52878-0064
	52878-0065
	52878-0066
	52878-0067
	52878-0068
	52878-0069
	52878-0070
	52878-0071
	52878-0072
	52878-0073
	52878-0074
	52878-0075
	52878-0076
	52878-0077
	52878-0078
	52878-0079
	52878-0080
	52878-0081
	52878-0082
	52878-0083
	52878-0084
	52878-0085
	52878-0086
	52878-0087
	52878-0088
	52878-0089
	52878-0090
	52878-0091
	52878-0092
	52878-0093
	52878-0094
	52878-0095
	52878-0096
	52878-0097
	52878-0098
	52878-0099
	52878-0100
	52878-0101
	52878-0102
	52878-0103
	52878-0104
	52878-0105
	52878-0106
	52878-0107
	52878-0108
	52878-0109
	52878-0110
	52878-0111
	52878-0112
	52878-0113
	52878-0114
	52878-0115
	52878-0116
	52878-0117
	52878-0118



