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Abstract  

In recent decades, electronics have made much progress thanks to the scaling of silicon 

complementary metal-oxide-semiconductor (CMOS) very-large-scale integration (VLSI). 

Now, dimensions of state-of-the-art metal-oxide-semiconductor field effect transistors 

(MOSFETs) are as small as tens of nanometers. The size of MOSFETs in VLSI has been 

rapidly scaled down for more than forty years for higher performance, lower power 

consumption, and higher integration. In such aggressively scaled MOSFETs, the 

short-channel effects (SCEs) and variability have large impact on the behavior of devices, and 

other problems are arising.  

   It is well known that the random variability of transistor characteristics is caused by the 

statistical nature of dopant atoms in the transistor channel which is called as random dopant 

fluctuation (RDF). The number and position of impurity atoms in the channel depletion layer 

in determining the threshold voltage of the transistor are randomly distributed. It is well 

known that the variability of transistor characteristics is one of the most critical challenges in 

VLSI. In particular, the instability in static random-access memory (SRAM) cells due to the 

variability of individual transistors in the cells is a serious problem that prevents further 

device integration and supply voltage lowering. Therefore, the analysis of cell unbalances at 

the transistor level, which leads to a severe yield loss of SRAM is needed for better 

understanding of SRAM stability at low VDD operation.  

   Recently, a new concept of post-fabrication self-improvement technique of SRAM cell 

stability has been demonstrated. The self-improvement scheme in SRAM is used to improve 

cell stability after chip fabrication. This technique is simply applying stress voltage to the VDD 

node, when VDD is raised to high voltage, stronger pFET is stressed by ON-state stress, and 



 

 

 

Abstract                                                                                                                                 

 

 

ii 

 

|Vth| is increased and selectively weakened by self-improvement scheme indicating 

self-improvement mechanism works. On the other hand, the weaker pFET is stressed by 

OFF-state stress, and |Vth| is decreased and selectively strengthened by self-improvement 

scheme which is favorable for self-improvement technique. As a result SRAM cell stability is 

self-improved. 

   In this work, experimental study on |Vth| shifts (the difference between |Vth| before stress 

and after stress) and reliability in pFETs by high voltage ON-state and OFF-state stress have 

been intensively done. Variability of |Vth| shifts (∆|Vth|) in pFETs by high voltage ON-state 

and OFF-state stress for post-fabrication SRAM cell stability self-improvement technique has 

been experimentally investigated. It is found that sigma ∆|Vth| and mean ∆|Vth| have universal 

dependence. Large ∆|Vth| is better for self-improvement scheme, however, the sigma ∆|Vth| 

increases as ∆|Vth| increases. The magnitude of |Vth| shifts in pFETs by high voltage ON-state 

and OFF-state stress are also very important because it varies for different transistors. Some 

of the transistors has large |Vth| shift and some has small |Vth| shift. Experimental results show 

that |Vth| shifts in pFETs by high voltage ON-state and OFF-state stress are strongly dependent 

on process technology and transistor size.  

   Recovery behaviors of |Vth| shifts in pFETs by high voltage ON-state and OFF-state stress 

for SRAM self-improvement technique are an important issue. After stress application, |Vth| 

shifted, however, after some relaxation time, |Vth| shift tend to move back to its initial state. 

Therefore, how much |Vth| shift is recover and how much remains (become permanent part) 

have been thoroughly discussed in this dissertation. After stress removal, there is a sudden 

recovery in a very short time. From long-time recovery measurements, it is found that the 

permanent part (∆|Vth|) certainly exists even after 2 to 3 months relaxation period. It is newly 

found that |Vth| shifts in pFETs by high voltage ON-state and OFF-state stress for SRAM cell 
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stability self-improvement technique has no critical recovery issue.  

   One of the major concerns in SRAM self-improvement technique is the reliability issue. 

The transistors particularly pFETs are stressed by high voltage, and therefore, the reliability 

may be degraded. Hence, the reliability measurements of pFETs under the post-fabrication 

SRAM self-improvement technique have been performed. Negative Bias Temperature 

Instability (NBTI) degradation and NBTI lifetime estimation of pFETs under this technique 

are compared with fresh pFETs. It is found that although the NBTI lifetime of pFETs is 

slightly shortened by the application of self-improvement technique, the lifetime difference is 

just a little, indicating the self-improvement scheme has no critical reliability issues.         

   In conclusion, the experimental study on |Vth| shifts in pFETs by ON-state and OFF-state 

stress for SRAM cell stability self-improvement scheme has been performed and their origins 

have been investigated through this study. The experimental results that have been obtained in 

this dissertation show important information on the |Vth| shifts and their variability behaviors 

in pFETs by high voltage ON-state and OFF-state stress for post-fabrication SRAM cell 

stability self-improvement scheme. It is found that the reliability of pFETs under this 

technique has no critical issues. This is an important step for the realization of this 

self-improvement technique. Post-fabrication technique will be essential in improving 

degraded yield of future large-scale SRAM with increased transistor variability.   

  



 
 
 
Acknowledgements   

 

 

iv 

 

Acknowledgements 

 

The research work described in this dissertation carried out at Institute of Industrial Science, 

the University of Tokyo, while the author was a graduate student in Department of Electrical 

Engineering and Information Systems, School of Engineering, the University of Tokyo, from 

April 2011 to March 2014.  This work has been supported by many people and the author 

would like to take this opportunity to express his gratitude for their help and contribution. 

First, the author would like to extend his deepest appreciation to the dissertation supervisor, 

Prof. T. Hiramoto, Institute of Industrial Science, the University of Tokyo, for providing 

appropriate guidance and opportunity to pursue the research. This work could not have been 

accomplished without his continuous encouragement. 

The author is also grateful to Profs. T. Sakurai, S. Takagi, M. Takenaka, K. Hirose, and K. 

Kita for valuable comments on this work during the examination of the thesis. The author 

would like to thank T. Saraya, H. Kawai and W. Nagashiro for their technical supports to 

maintain the experimental instruments and equipment.   

The author is also grateful to the former and current members of Hiramoto Laboratory: Dr. 

A. Kumar, T. Mizutani, Dr. K. Mao, Dr. R. Suzuki, M. Nozue, T. Kutuski, H. Nomura, R. 

Hashimoto, T. Nishino, Y. Kurosaki, H. Ohno, A. Ueda, Y. Tanahashi, S.M. Jung, M. Nagao 

and H. Qiu for stimulating daily discussions. The author also would like to express her 

gratitude to F. Oshita for her assistance in the office work. 

This work was carried out as a part of the Extremely Low Power (ELP) project supported 

by METI and NEDO. This work also was partly supported by STARC. The scholarship was 

generously offered by the Ministry of Higher Education, Malaysia from April 2011 to March 



 
 
 
Acknowledgements   

 

 

v 

 

2014.  

Finally, the author would like to dedicate special appreciation goes to her family and 

friends, for being with her all the way through these happy days and tough days. The most 

importantly, the author would like to express her heartfelt gratitude to her parent (Alias Ayub 

and Normala Saimad) and siblings (Mohd Ezwan Alias, Nurul Ezaili Alias and Muhd 

Ezameer Alias), who always encourage her with endless patient. The author also would like to 

thank her soul mate (Nik Muhd Khaidhir) for supported and encouraged her whenever 

possible. None of this would have been possible without their constant source of love, 

concern, support and strength. 

 

 

 

 

 



 

 

 

Contents                                                                                                                                  

 

 

vi 

 

Contents 

Chapter 1  Introduction 

1.1 Background ................................................................................................................... 1 

1.2 Objectives ...................................................................................................................... 4 

1.3 Chapter Organizations ................................................................................................... 4 

References ..................................................................................................................... 6 

Chapter 2  Operation Principles of SRAM Cell Stability 

Self-Improvement Scheme 

2.1 Introduction ................................................................................................................... 9 

2.2 Static Random Access Memory (SRAM) ................................................................... 10 

2.3 SRAM Device-Matrix-Array (DMA) TEG ................................................................. 11 

2.4 SRAM Self-Improvement Scheme .............................................................................. 11 

2.5 Measured |Vth| by High Voltage Stress ........................................................................ 13 

2.6 Summary ..................................................................................................................... 15 

References ................................................................................................................... 16 

Chapter 3  Variability of |Vth| Shift and |IDlin| Change in pFETs 

by High Voltage ON-State and OFF-State Stress 

3.1 Introduction ................................................................................................................. 23 

3.2 Stress Measurement Technique for Variability Study ................................................. 24 

3.3 Stress Voltage Dependence of Variability of |Vth| shifts and |IDlin| change in 

pFETs .......................................................................................................................... 24 



 

 

 

Contents                                                                                                                                  

 

 

vii 

 

3.4 Stress Time Dependence of |Vth| Shift and Variability in pFETs by ON-state and 

OFF-state Stress .......................................................................................................... 27 

3.5 Summary ..................................................................................................................... 28 

References ................................................................................................................... 29 

Chapter 4  Transistor Size Dependence of |Vth| Shift and 

Variability in pFETs by High Voltage ON-State and OFF-State 

Stress 

4.1 Introduction ................................................................................................................. 34 

4.2 Process Dependence of |Vth| shifts in pFETs by ON-state and OFF-state Stress ........ 36 

4.3 Size Dependence of |Vth| shifts in pFETs by High Voltage ON-state and 

OFF-state ..................................................................................................................... 37 

4.4 Variability of |Vth| shifts in 65 nm node pFETs by High Voltage ON-state and 

OFF-state Stress .......................................................................................................... 39 

4.5 Summary ..................................................................................................................... 42 

References ................................................................................................................... 43 

Chapter 5  Recovery of |Vth| Shift in pFETs by High Voltage 

ON-State and OFF-State Stress 

5.1 Introduction ................................................................................................................. 52 

5.2 Measurement of Recovery of |Vth| Shift ...................................................................... 52 

5.3 Recovery Behavior of 40 nm node pFETs by ON-state and OFF-state Stress for 

SRAM Self-Improvement Technique .......................................................................... 54 

5.4 Comparison of Recovery Behavior of 65 nm node pFETs by Mild Stress and 



 

 

 

Contents                                                                                                                                  

 

 

viii 

 

High Voltage ON-state Stress ...................................................................................... 55 

5.5 Summary ..................................................................................................................... 60 

References ................................................................................................................... 62 

Chapter 6  Reliability in pFETs after High Voltage ON-State 

and OFF-State Stress 

6.1 Introduction ................................................................................................................. 70 

6.2 NBTI Lifetime Estimation By Extrapolation Method ................................................. 71 

6.3 Self-Improvement Technique and NBTI Measurement Procedure ............................. 73 

6.4 NBTI Degradation of Fresh pFETs ............................................................................. 74 

6.5 NBTI Degradation in p-ON and p-OFF after Self-Improvement Stress 

Application .................................................................................................................. 75 

6.6 Comparison of NBTI Lifetime Estimation Before and After Self-Improvement 

Stress Application ........................................................................................................ 76 

6.7 Summary ..................................................................................................................... 77 

References ................................................................................................................... 78 

Chapter 7  Conclusions ......................................................................................... 84 

List of Publications and Presentations ................................................................ 87 

 

 

 

 

 

 

 



 

 

 

Chapter 1: Introduction    

 

 

1 

 

 

Chapter 1 

Introduction 

1.1  Background  

For more than three decades, microelectronic industry has benefited enormously from the 

metal-oxide-semiconductor field effect transistors (MOSFETs) miniaturization. The shrinking 

of transistors to nanometer regime allows millions of single transistors in one single chip. The 

“scaling” of MOSFETs, which are the fundamental elements of silicon complementally-MOS 

(CMOS) large-scale-integration (LSI), has realized such a significant advance. As MOSFETs 

are scaled down, the performance and integration density of CMOS LSIs increase, and the 

power consumption and manufacturing cost per transistor decrease.  

In 1965, Moore predicted exponential increase in the integration density of 

large-scale-integration (LSI), which is well known as “Moore’s Law” [1, 2]. Moore’s law has 

been understood differently in different phases of the semiconductor technology industry’s 

development. The general formulation that has been accepted is “the number of components 

per chip doubles every 18 months”. The scaling of CMOS LSIs has continued for more than 

40 years with a great deal of effort, as Moore predicted. LSI performance is improved due to 

scaled down MOSFET because when MOSFET size becomes smaller, number of transistors 

in one chip is increased. Besides, the scaling rule has been accepted as a principal guideline 

for the device scaling. R. H. Dennard et al. presented their pioneering research work on the 

scaling rule of MOSFET devices [3]. The basic principle is in order to increase the 

performance of a MOSFET, the size of the transistor must be linearly reduce, together with 
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the supply voltage, and increase the doping concentration in a way which keeps constant 

electric field in the device [3]. When MOSET is scaling down for higher integration and 

higher performance for decades, the conventional silicon, the basic element in VLSI circuit, 

approaches its scaling limit. Despite achieving this great progress until now, it is clear that 

there is a physical limit at the end of scaling and we can not shrink the device size forever.  

One strategy for overcoming the limitations of current VLSI technology is to introduce 

novel devices with new structure and operation principle different from conventional devices 

and whose performance is enhanced in a smaller dimension, that is to say, which has the 

higher scaling potential. With the help of “nanotechnology”, which has attracted worldwide 

extensive attention for recent years, a lot of promising new-principle devices are proposed to 

aid the further performance enhancement. Nanotechnology has the ability to manipulate 

matter at the molecular and atomic level. Nanotechnology deals with developing materials, 

devices and other structures processing at one dimensional sized from 1 to 100 nanometers. 

So far, various kinds of ultra-small materials such as silicon, compound semiconductors, 

nano-carbon, organic materials, biomedical materials, etc. have been utilized in 

nanotechnology.  

Among all the issues which arise to handicap the continuous device scaling, two issues 

are with most great importance, one is the short channel effect (SCE), and the other is the 

variability. To curb the short channel effect, devices with multiple gates have been developed 

to improve the gate-channel controllability for better electrical characteristics with the 

progress in nano-scale fabrication technology. In the past decade, performance has progressed 

through introduction of transistor architecture innovations. In 2002, 50 nm transistors with 

strained silicon channels were successfully introduced [4]. In 2007, 45 nm transistors with 

high-k/metal-gate technologies were successfully demonstrated [5].  
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Now, the gate length of MOSFETs in most advanced CMOS LSIs is as small as 30 nm 

[6]. Aggressive scaling has realized an excellent integration density and performance of 

today’s CMOS LSIs. In addition, novel channel structures are now being introduced, 

including ultra-thin-body MOSFETs with 22 nm technology node [7] and FinFETs with 22 

nm process technology [6]. In this work, 40 nm and 65 nm nodes pFETs are used for 

experimental studies. 

Advance technology scaling has led to a significant increase in process variability caused 

by random dopant fluctuations, imperfections in lithographic patterning of small devices, and 

some other related effects [2]. The threshold voltage (Vth) variability considerably degrades 

the stability of integrated circuits [8-13]. In particular, some of the SRAM fails due to cell 

unbalance caused by transistor variability of individual transistors in the cells which is known 

as a serious problem that will prevent further device integration and supply voltage lowering 

[14-18]. It is now very important to take this variability into consideration in circuit design to 

maintain a high yield.  

Recently, a new concept of post-fabrication self-improvement technique of SRAM cell 

stability has been demonstrated [19-21]. In this technique, high stress voltage is simply 

applied to the VDD terminal of SRAM cell array. The ON-state stress is selectively applied to 

the stronger pFETs resulting in |Vth| increase, while the OFF-state stress is selectively applied 

to the weaker pFETs resulting in |Vth| decrease. As a result, cell stability is automatically 

improved [21].  

However, there are some other major concerns in this technique which are the variability, 

recovery and reliability issues after SRAM self-improvement stress application. In SRAM 

self-improvement scheme, both nFET and pFET are being stressed by high voltage. However, 

nFET’s shift is very small (not shown in this dissertation) compared to pFET and can be 
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negligible. pFET is stressed by high stress voltage, and therefore, the reliability may be 

degraded. This work is concerning on the pFETs’ reliability due to its major shifts by high 

stress voltage after the self-improvement stress application. The variability dependence on the 

pFETs’ size should be experimentally studied to investigate the variability behavior for the 

possibility of further variability suppression. These measurement data will provide clear 

device design guidelines for the post-fabrication self-improvement scheme of SRAM cell 

stability. 

1.2  Objectives 

The objective of this work to find out the best stress conditions of pFETs for SRAM 

self-improvement scheme in terms of threshold voltage shifts and their variability, recovery 

and reliability issues. Specifically, the objectives of this work are divided into following parts. 

1.  To clarify the relationship between |Vth| shift and variability in pFETs by systematic 

measurements of high voltage stress application. 

2.  To clarify the origins of transistor size dependence of |Vth| shifts and variability 

behaviors in pFETs. 

3.  To clarify the mechanisms of the recovery behaviors in pFETs after high voltage stress. 

4.  To clarify the mechanisms of reliability in pFETs after high voltage stress. 

1.3  Chapter Organizations 

In chapter 2, post-fabrication SRAM self-improvement scheme and its operational 

principle were reviewed. The self-improvement technique utilizes nonvolatile Vth shift by 

high voltage stress. In chapter 3, the variability of |Vth| shifts in pFETs by high voltage 

ON-state and OFF-state stress for post-fabrication SRAM self-improvement scheme is 
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experimentally investigated. To be specific, the stress techniques, stress voltage and stress 

time dependences of the variability of |Vth| shifts are discussed. In chapter 4, the process 

technology and transistor size dependences of the |Vth| shifts and variability in pFETs by 

high-voltage ON-state and OFF-state stress are experimentally investigated. To be specific, 

the gate length (L) and gate width (W) dependences of |Vth| shifts in pFETs under high voltage 

ON-state and OFF-state stress are experimentally investigated. Their variability dependence 

of L and W of pFETs before and after stress is discussed. In chapter 5, the recovery behaviors 

of pFETs by high voltage ON-state and OFF-state stress are experimentally investigated. The 

contour plots of permanent and recoverable parts of |Vth| shifts after high voltage ON-state 

and OFF-state stress are determined. In chapter 6, the NBTI reliability of pFETs under SRAM 

self-improvement scheme is experimentally investigated. NBTI degradation and NBTI 

lifetime estimation of pFETs under self-improvement scheme are compared with fresh pFETs. 

Finally, in chapter 7, the conclusion of this thesis is discussed. 
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